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1 INTRODUCTION
In recent years, with the maturity of unconventional petroleum geological theory and the advancement of drilling and fracturing technologies, shale oil and shale gas have begun to gain commercial interest in some petroliferous basins of the terrestrial, marine and sea-land transition strata. Development, especially in Permian Basin, Illinois Basin, Appalachain Basin, Fort Worth Basin in North America, and China’s Sichuan Basin, Junggar Basin, Bohai Bay Basin, Songliao Basin, and Ordos Basin have shown promising prospects for exploration.
Due to the variations in sedimentary and petrographic facies as well as tectonic evolution, the formation conditions and enrichment mechanisms of shales with various facies (terrestrial, marine, and sea-land transition facies) are also different. With the increased exploration activities, more drilling and logging data become available. In addition, advanced analysis and testing tools for cores are widely used. These allow for more in-depth studies on the formation mechanisms, shale sequences, shale sedimentation, shale reservoirs, shale oil and gas formation and enrichment of the organic-rich shales with different facies, which will facilitate the discovery of new geological theories and understanding.
This Research Topic, focusing on the geological theory related to shale oil and gas in terrestrial, marine, and sea-land transition facies, aims to present the latest research progress on each topic and the application of shale oil and petroleum geological theory in major hydrocarbon-bearing basins.
2 RESEARCH ON SHALE DEPOSITION
The Chang 7 black shale in the Upper Triassic Yanchang Formation is the principal source rock of Mesozoic oil-bearing system in the southwest Ordos Basin, containing high abundances of organic matter and hydrocarbon potential. Yuan et al. study discusses the role of lake-bottom hydrothermal activities in the enrichment of organic matter during the deposition of the Chang 7 black shale.
Shanxi Formation Shan 23 Submember transitional shale in Eastern Ordos Basin is characterized by high TOC value, wide distribution, and large single-layer/cumulative thickness. In Gu et al. study, based on section division of Shan 23 Submember, petrographic, mineralogical, and high-resolution geochemical analyses were integrated to reveal sedimentary environment, detrital influx, paleoclimate, paleosalinity, and paleoredox conditions.
In Li et al. study, rock pyrolysis, organic petrology, vitrinite reflectance, gas chromatography-mass spectrometry (GC-MS) analysis, and biomarker compound analysis were performed to comprehensively analyze the organic geochemical characteristics of the Jurassic Da’anzhai Member (J1da) shale strata in Yuanba and Puguang areas in the northeastern Sichuan Basin. Then the organic matter provenance and sedimentary environment were further analyzed. Finally, the significance of oil and gas exploration in J1da shale strata was discussed.
For a more in-depth analysis on the marine chemical condition during the earliest Cambrian, mechanism of organic matter enrichment and exploration potential of shale gas resources, based on the petrology, organic geochemistry, and elemental characteristics of the W207 Well, Zhao et al. study discuss the Early Cambrian paleo-ocean environment and factors controlling of organic matter enrichment during the deposition of black strata Qiongzhusi Formation in the upslope areas, southwestern Sichuan Basin, Yangtze Block, China.
The lithofacies assemblages in the lacustrine shale of the Shahejie Formation in the Dongying Depression have different compositions due to the complex depositional climate, lake water conditions, and sediment supply. In Li et al. study, the lithofacies types and depositional conditions were analyzed based on parasequence division and lithofacies classification.
In Cao et al. study, reservoir space development characteristics and the geochemical parameters of the Permian Longtan Formation in the southeast of the Sichuan Basin at Well X1 was analyzed by using core observations, optical thin-section observations, Ar-ion polishing, scanning electron microscopy, and nitrogen adsorption tests. Major and trace elements of samples, the V/Cr, U/T, enrichment coefficients EF (Mo) and EF (U), chemical alteration indexes CIA and Sr/Cu, and Mo, P, and other index values of different samples were calculated based on the test of organic geochemical parameters. The depositional environment of the Longtan Formation in the study area was systematically analyzed.
In Gu et al. study, The Upper Permian Linghao Formation marine shale and contemporaneous transitional shale are the most potential shale gas targets in the Nanpanjiang basin, which is characterized by considerable TOC content, wide distribution, and considerable shale thickness. On the basis of division in Linghao Formation, petrographic, mineralogical, and high-resolution geochemical analyses were integrated to reveal the sedimentary environment including paleoproductivity, paleoredox conditions, detrital influx, paleoclimate, and the paleosalinity.
In Tang et al. study, due to the dual effects of fluvial and tides, the tidal sand bars in estuaries have complex sedimentary characteristics and complex internal structures, making them difficult to predict and describe. In this paper, the sedimentary dynamics numerical simulation method is used to establish a tidal-controlled estuary model. The effects of tidal range and sediment grain size on tidal sand bars are simulated. The length, width, and thickness of tidal sand bars, as well as the length and thickness of the internal shale layer, are also analyzed.
In Dong et al. study, the distribution characteristics and formation of marine anoxic conditions through the Late Ordovician–Early Silurian (O–S) remain poorly resolved despite their importance in the preservation of sedimentary organic matter and the formation of black shale. In this study, the major, trace, and pyrite δ34S (δ34Spy) contents of 36 shale samples at the edge of the southwest depocenter of the Upper Yangtze Basin (Tianlin and Changhebian sections) were analyzed to understand the redox conditions, terrigenous clastic inputs, and primary productivity changes.
In Yang et al. study, this research studied the genetic types, dynamic mechanisms, and sedimentary models of the gravity-flow deposits of the Chang 6 oil group in the Heshui Area, Ordos Basin, China, aiming to reveal its petroleum geological significance. Core observation, microscopic thin section identification, particle size analysis, and determination of rare earth elements were carried out.
In Wang et al. study, the paleoenvironment during the Early Cambrian is closely related to the accumulation mechanism of organic matter (OM) from the Lower Cambrian black shales. However, paleoenvironment remains a controversial issue. Here, we reported a lot of detailed data of sedimentary stratigraphy and geochemistry of the Lower Cambrian Yuertusi Formation in the Aksu area, Tarim Basin.
In Shen et al. study, mechanism of the organic matter (OM) accumulation in the Middle Permian Gufeng Formation shale in South China is lack of constraints, which restricts the source rock evaluations and shale gas explorations. To decipher the OM accumulation of the Gufeng Formation, geological and geochemical results related to paleo-environmental variations are presented from the shelf Putaoling section in South China.
3 INFLUENCE OF TECTONIC EVOLUTION ON SHALE GAS ACCUMULATION
Li et al. study has investigated the Longmaxi shale from two well locations in Chongqing and Hunan in order to understand whether differences in pore structure are the cause of the difference in commerciality in the two areas. The formation burial histories were established, analyzing samples for mineral composition, total organic carbon (TOC) content, thermal maturity (Ro), and OM pore structures.
In He et al. study, preservation conditions are the key factors that determine the effective accumulation of shale gas. The damage of faults formed by differential structures to the roof and floor and the shielding of lateral edges are the direct reasons for the difference in preservation conditions. Taking the organic-rich shale of the Wufeng–Longmaxi Formation in the south of the Sichuan Basin as an example, this paper reveals different types of shale gas-rich structures by using typical seismic profiles and puts forward the main controlling factors of different gas-rich structures and their influence on preservation.
In Wang et al. study, the Longmaxi Formation in the southern Sichuan Basin is an important target for shale gas exploration and development. The characteristics and stages of structural development significantly impact shale gas preservation and enrichment. Taking the Longmaxi Formation in the Yanjin–Junlian area of the southern Sichuan Basin as an example and based on the results of surface and underground structural analysis, fluid inclusion tests, apatite fission track experiments, and burial-thermal evolution history analysis, a comprehensive study of the development characteristics and structural stages of the Longmaxi Formation was carried out, and an evolution model was developed.
4 RESEARCH ON THE CHARACTERISTICS OF SHALE RESERVOIRS
In Yuan and Yang study, mud shale can serve as source or cap rock but also as a reservoir rock, and so the development of pores or cracks in shale has become of great interest in recent years. However, prior work using non-identical samples, varying fields of view and non-continuous heating processes has produced varying data. The unique hydrocarbon generation and expulsion characteristics of shale as a source rock and the relationship with the evolution of pores or cracks in the reservoir are thus not well understood.
In Zhang et al. study, marine–continental transitional (hereinafter referred to as transitional) Permian shales are important targets for shale gas in China because of the considerable volumes of shale gas resources present in them. In this study, transitional shale samples from the Permian Shanxi Formation in the Daning–Jixian block along the eastern margin of the Ordos Basin were collected to investigate the effects of organic and inorganic compositions on the development of their pore structures through organic petrographic analysis, X–ray diffraction, scanning electron microscope (SEM) observation, gas (N2 and CO2) adsorption, high-pressure Mercury injection (HPMI), and methane adsorption experiments.
In Guo et al. study, organic-rich shale and associated fine-grained sedimentary rocks of marine-continental transitional facies were well developed in the Upper Carboniferous Keluke Formation in the Eastern Qaidam Basin, which is expected to be a set of potential shale gas exploration and development target. Mineralogy and pore structure of marine-continental transitional shale were investigated systematically based on thin-section identification, X-ray diffraction (XRD), helium porosity test and pressure-pulse permeability measurement, scanning electron microscopy (QEMSCAN), field emission scanning electron microscopy (FESEM), and high-pressure Mercury injection (MICP) and nitrogen adsorption.
With the development of unconventional oil and gas exploration “from sea to land,” lacustrine fine-grained sedimentary rocks (FSR) have gradually attracted the attention of scholars and become an important topic in the field of unconventional oil and gas, but the research is still in its initial stage. In Yang et al. study, lacustrine FSR in the Dongying Depression of the Bohai Bay Basin are used as the research object, and nuclear magnetic resonance (NMR) and quantitative image characterization are used to characterize the pore structure of the reservoir in the study area on multiple scales, analyze the reservoir characteristics control factors, and classify and evaluate the reservoir.
In Du et al. study, Investigation of pore structure is vital for shale reservoir evaluation and also “sweet spot” prediction. As the strong heterogeneity in pore types, morphology, and size distributions of organic matter-rich shales, it is essential to combine different approaches to comprehensively characterize them. Field emission-scanning electron microscopy (FE-SEM), low-pressure gas (CO2 and N2) adsorption, and high-pressure Mercury intrusion (HPMI) were employed to systematically investigate the pore structure of the lower Longmaxi shale reservoirs in the northern Guizhou area.
In Zhao et al. study, in most organic-rich shale reservoirs, dolomite is widely distributed and has different types and crystal sizes. However, the characteristics and formation mechanism of the dolomites in organic-rich shale are still poorly understood. Petrographic and geochemical analyses were performed to interpret the formation of dolomite in the lacustrine organic-rich shale of the Shahejie Formation, Dongying Sag, Bohai Bay Basin.
In Jiang et al. study, the major sedimentary basins in China contain abundant shale gas resources to be explored, and the exploration of shale gas has received more attention in recent years. Shale gas exists mainly in two states, i.e., free and adsorbed. The latter mainly exists on the surface of media, including organic matter and clay minerals, etc., but its adsorption state remains unknown. In this paper, we take the Longmaxi Formation marine shale in the southern Sichuan Basin of southern China as the research object. The state of methane molecule adsorption on different media in marine shales is analyzed by conducting mineral composition analysis, TOC content analysis, isothermal adsorption experiments, FIB-SEM, and FIB-HIM experiments on the core samples referring to previous research.
In Liang et al. study, in present paper, the mineral and fluid compositions of shale oil from the Songliao Basin are analyzed systematically using core samples, X-ray diffractometer (XRD), and gas chromatography (GC). The effects of shale mineral composition, pore size, temperature, and pressure on the mass density of the adsorbed layers are then studied utilizing molecular dynamics simulation.
In Wang et al. study, the Lower Permian Shanxi Formation in the Eastern Ordos Basin is a set of transitional facies shale, and it is also a key target for shale gas exploration in China. Based on lithofacies classification by X-ray diffraction and kerogen type identification, nanoscale reservoir space, pore volume, pore size distribution, surface area, and fractal characterization were studied using comprehensive methods including N2 and CO2 adsorption, Mercury injection capillary pressure, field emission-scanning electron microscopy (FE-SEM), and nuclear magnetic resonance.
In Chen et al. study, pyrite is widely distributed in the Longmaxi marine shale in the Upper Yangtze area of China. Pyrite, one of the important components of shale, has an important influence on the enrichment of shale gas. However, there are currently only a few studies on this topic. Based on shale samples from drilling cores using field emission scanning electron microscopy, the pore characteristics of pyrite from the Longmaxi Formation in the Upper Yangtze area of China are studied.
In Miao et al. study, both Lower Cambrian and Lower Silurian shale are typical of oil-prone kerogen and siliceous composition, but differ in thermal maturities with 3.56% Ro and 2.31% Ro, respectively. In this paper, pore characteristics were explored between these two shales. All samples were studied by a combination of organic geochemistry, x-ray diffraction, N2 adsorption, helium porosity, and focused ion beam milling and scanning electron microscopy. In particular, N2 adsorption of isolated OM was conducted to compare physical properties of OM-hosted pores, and fractal dimension was exploited to analyze morphologic characteristics of pores.
5 EVALUATION AND TARGET OPTIMIZATION OF SHALE OIL AND GAS RESERVOIRS
In He et al. study, to investigate the geological characteristics and exploration potential of shale gas in the southern Sichuan Basin, we analyze the coupling relationship between the hydrocarbon generation and storage conditions of the Longmaxi Formation and discuss the preservation conditions from the lateral and vertical migration mechanisms of shale gas.
In Wang et al. study, large amounts of conventional gas resources that originated from terrestrial Lower Jurassic shale were discovered in the Tarim Basin, indicating promising exploration prospects for shale gas resources, whereas limited understandings were obtained on the geological and geochemical characteristics of the Lower Jurassic shale. In this study, based on cores of exploration wells and field outcrops, total organic carbon (TOC) pyrolysis, microscopic composition, organic elements, vitrinite reflectance, x-ray diffraction, and methane isothermal adsorption experiments were carried out on Lower Jurassic shale in the Tarim Basin.
In He et al. study, fine-grained sedimentary rock (FGSR) reservoirs in a deep-water sedimentary environment from the Late Triassic Yanchang Formation in the Ordos Basin in central China have huge potential for tight oil production. According to the comprehensive research of fluid inclusion experiment, scanning electron microscopy, cathodoluminescence, thin section identification, and whole rock analysis, the petrographic characteristics, fluorescence spectrum parameters, and the homogenization temperature of oil inclusions and associated brine inclusions in the FGSR reservoir were analyzed to explore the coupling relationship between densification characteristics and tight oil accumulation of the FGSR reservoir.
In Zeng et al. study, the organic-rich shale of the early Carboniferous Jiusi Formation in the Weining area, Southwestern China, has large geological gas reserves, making the Jiusi Formation another target after the Ordovician-Silurian marine shale in South China. The complex superposition of multi-stage tectonic phases since the Himalayan paroxysmal phase has induced a series of controversies in the sedimentology of the Jiui Formation, as only a few drillings were executed. In order to better understand the development potential of the shale associated with the Jiui Formation, five outcrops and a well (YS302) were studied, clarifying the sedimentary evolution of the formation, while two 2D seismic sections were used to analyze the regional structural styles.
In Tang et al. study, lower Permian Fengcheng Formation is considered to be a high-quality alkaline lacustrine shale oil resource in the Junggar Basin, NW China. Based on core and thin section observation, X-ray diffraction, scanning electron microscope, low-pressure N2 adsorption, and high-pressure Mercury intrusion porosimetry, different shale lithofacies, and pore structures were examined.
In Hu et al. study, the classification method of karst formations is widely used in engineering and environmental geology but is seldom used in petroleum geology. In this study, the classification method of karst formations is applied to the sealing study of shale gas roof and floor carbonate rocks, and the influence on shale gas accumulation and drilling is discussed. The Paleozoic black shale in southern China is primarily formed by marine and transitional faces, and the intergrowth between shale and carbonate rocks is a basic geological feature of the Paleozoic strata in southern China. Carbonate karst is an unavoidable problem in shale gas exploration in southern China. Around the black shale target layer, in the Upper Paleozoic trait region, the study starts from the development strength of karst strata, through geological profile survey, spring flow statistics, test, and other methods and means; the shale and the carbonate rock contacted with it are taken as a whole to explore the impact of karst strata on shale gas drilling.
In Chen et al. study, to clarify the implication of alkane carbon and hydrogen isotopes for the genesis and accumulation of over-mature shale gas, we carried out a comparative study on Longmaxi shale gases from eight blocks in the Upper Yangtze area. The results show that the δ13CCH4, δ13CC2H6, and δ13CC3H8 of Longmaxi shale gas are all positively correlated with Ro. According to the distribution model of δ13C with thermal maturity, the Longmaxi shale gas lies in the reversal stage. Shale gas is a mixture of the kerogen cracking gas and secondary cracking gas, and the mixing ratio of the two cracking gas can be estimated by isotopic fractionation experiments of thermogenic gas.
In Cheng study, by means of thin section authentication, physical characteristics analysis, scanning electron microscopy (SEM), X-ray diffraction, and vitrinite reflectance analysis, this paper, based on regional geological research achievements, studies the sedimentary facies and diagenesis of the southern and northern Silurian Xiaoheba Formation areas of Southeast Sichuan and their relationships with the physical characteristics of the reservoirs.
In Dong et al. study, The Jurassic Shaximiao Formation in western Sichuan has made significant contributions to the natural gas reserves and production of China, with many gas fields successively discovered. The accumulation evolution progress and discrepant gathering law are continuously improved with the constantly deepened exploration and development. In order to find evidence for the difference in gas accumulation and the method to reshape the migration and accumulation of natural gas and their dynamic processes based on time and space, this study analyzes the dynamic accumulation process of the Middle Jurassic Shaximiao reservoir in the Zhongjiang gas field using the geochemical parameters, including the conventional composition of natural gas, light hydrocarbon components, carbon isotope, and formation water, of more than 160 natural gas samples from 155 wells.
In Wei et al. study, various studies have shown that geo-catalytically mediated methanogenesis could happen in immature to early-mature source rocks at temperatures ranging from 60 to 140°C based on a series of long-term laboratory heating experimental evidences. The results of those studies show that methane yields at the given temperature are 5–11 orders of magnitude higher than the theoretically predicted yields from early thermogenic methane generation kinetic models. However, different types of source rocks in these laboratory simulation experiments generated varied CH4 and CO2 yields, which suggest that controls on CH4 generation during catalytic methanogenesis are complex. This study summarizes and compares gas yield results from laboratory low-temperature heating simulation experiments. Pre-existing trapped methane in rock chips could mimic newly generated gas during heating. The yields of catalytically generated CH4 from individual source rocks were re-quantified by subtracting the amounts of pre-existing CH4 in the closed pores of the original source rocks from the total methane amounts released from heating experiments and pre-existing CH4 in the closed pores in heated source rocks. The results show that heating temperature and time exert a positive influence on methane catalytic methanogenesis.
In Gu et al. study, the Upper Permian Linghao Formation shale is the most potential shale gas exploration target in Nanpanjiang Basin. In this study, X-ray diffraction, field emission scanning electron microscopy, CH4 isothermal adsorption, and nuclear magnetic resonance cryoporometry are intergrated to reveal comprehensive characterization of Linghao Formation shale collected from a well in Nanpanjiang Basin.
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Mud shale can serve as source or cap rock but also as a reservoir rock, and so the development of pores or cracks in shale has become of great interest in recent years. However, prior work using non-identical samples, varying fields of view and non-continuous heating processes has produced varying data. The unique hydrocarbon generation and expulsion characteristics of shale as a source rock and the relationship with the evolution of pores or cracks in the reservoir are thus not well understood. The present work attempted to monitor detailed structural changes during the continuous heating of shale and to establish possible relationships with hydrocarbon generation and expulsion by heating immature shale samples while performing in situ scanning electron microscopy (SEM) imaging and monitoring the chamber vacuum. Samples were heated at 20°C/min from ambient to 700°C with 30 min holds at 100°C intervals during which SEM images were acquired. The SEM chamber vacuum was found to change during sample heating as a consequence of hydrocarbon generation and expulsion. Two episodic hydrocarbon expulsion stages were observed, at 300 and 500°C. As the temperature was increased from ambient to 700°C, samples exhibited consecutive shrinkage, expansion and shrinkage, and the amount of structural change in the vertical bedding direction was greater than that in the bedding direction. At the same time, the opening, closing and subsequent reopening of microcracks was observed. Hydrocarbon generation and expulsion led to the expansion of existing fractures and the opening of new cracks to produce an effective fracture network allowing fluid migration. The combination of high-resolution SEM and a high-temperature heating stage allowed correlation between the evolution of pores or cracks and hydrocarbon generation and expulsion to be examined.
Keywords: immature shale, in situ heating scanning electron microscopy, hydrocarbon generation and expulsion, microfracture formation, xiamaling formation
1 INTRODUCTION
The use of shale has expanded from traditional applications as source rock and cap rock to that of reservoir, and the hydrocarbon-bearing capacity of this rock is closely related to the characteristics of the pore systems within the shale (Ross and Bustin, 2007; Ross and Bustin, 2008; Ross and Marc Bustin, 2009). Many studies have examined the storage space available in shale in terms of pore characteristics, including the size, shape, spatial distribution and connectivity of pores and fractures as evaluated from two-dimensional and three-dimensional perspectives (Loucks et al., 2012; Clarkson et al., 2013; Sun et al., 2015; Yang et al., 2017; Goral et al., 2019; Maojin et al., 2019; Zhao et al., 2019). In contrast to standard hydrocarbon reservoirs, shale is rich in organic matter and so contains pores and fractures in this organic component in addition to pores in inorganic minerals. These organic pores and fractures play an essential role in the accumulation and development of oil and gas in shale (Curtis et al., 2012). The characteristics and formation mechanisms of organic pores and fractures are fundamentally different from those of pores in inorganic phases, and have both primary and secondary origins. Secondary organic matter pores and fractures are those that are newly generated in the organic matter during the thermal maturation process and represent the primary storage spaces in shale (Zhang et al., 2016; Mastalerz et al., 2018; Misch et al., 2019). The hydraulic fracturing technologies become a necessity to exploit the unconventional shale resources. The swelling of some clay minerals in shale account for large amount of fracturing liquid retention (Meng et al., 2020), which hinders gas flow. Structural transformation of the reservoir caused by thermal treatment after hydraulic fracturing that could allow the secondary exploitation of shale gas and enhance the recovery of shale gas reservoirs (Wang et al., 2019; Yuan et al., 2019; Liu et al., 2020). Shale is also one of the main rocks for underground high-temperature operations. Therefore, the design of formation stability should consider the impact of structural changes resulting from heating (Tsang et al., 2005; Nasir et al., 2014; Zheng et al., 2017).
Structural changes in rocks such as shale, sandstone and coal resulting from thermal effects have been investigated (Castagna et al., 2014; Giliazetdinova et al., 2017; Kim et al., 2019; Saif et al., 2016; Saif et al., 2017a; Panahi et al., 2019; Saif et al., 2017b; Figueroa Pilz et al., 2017; Panahi et al., 2018; Panahi et al., 2013; Saif et al., 2019; Kobchenko et al., 2011; Shu et al., 2020; Gautam et al., 2019; Gan et al., 2021; Nieto-Delgado et al., 2021; Hajpál and Török, 2004; Tian et al., 2012; Mahanta et al., 2020; Sun et al., 2016) through the analysis of samples cooled after heating (Saif et al., 2017a; Panahi et al., 2019; Saif et al., 2017b) or via real-time monitoring and analysis during heating (Figueroa Pilz et al., 2017; Panahi et al., 2018; Panahi et al., 2013; Saif et al., 2019; Kobchenko et al., 2011). The first approach may be affected by modification to the sample structure during cooling. At present, the real-time analysis of structural changes in shale as a consequence of heating/cooling often uses X-ray microscopy four-dimensional analysis (that is, time plus three-dimensional imaging) (Figueroa Pilz et al., 2017; Panahi et al., 2018; Panahi et al., 2013; Saif et al., 2019; Kobchenko et al., 2011). In this manner, real-time changes in structure can be monitored on the millimeter to micrometer size scale, depending on the resolution of the instrumentation[(Saif et al., 2017a; Panahi et al., 2019), (Saif et al., 2017a; Panahi et al., 2019)][ (Panahi et al., 2013; Panahi et al., 2018)]. Therefore, understanding structural changes on the sub-micrometer scale will require more advanced tools with better resolution.
Environmental scanning electron microscopy (SEM) in conjunction with a heating stage has been used to obtain images of polished shale samples during the heating process to evaluate structural changes (Dahl et al., 2015; Camp et al., 2017). Because this technique provides better spatial resolution compared with X-ray microscopy, it has provided additional details concerning structural variations, although the data are not completely satisfactory. When examining structural changes in shale, it is important to note that shale is a source rock. This is important because the generation and discharge of hydrocarbons from source rocks will form new pores and micro-cracks that increase the storage space and migration channels available for hydrocarbons. The evolution of fracture networks in elastic media as a result of the internal generation and expulsion of CO2 has been examined[(Kobchenko et al., 2014)], and the resulting data can be used to understand the formation of pores or micro-cracks in shale. Fluid pressure is also a very important parameter related to the discharge of hydrocarbons from shale during heating (Panahi et al., 2019). Again, environmental SEM with a heating stage is a very helpful means of understanding hydrocarbon generation and expulsion based on observing the movement of shale particles during heating (Yan et al., 2003). However, the generation and discharge of hydrocarbons and the structural evolution of shale have generally been investigated separately, such that the manner in which these processes interact with one another is still unknown.
This paper proposes a new experimental method that elucidates the relationship between hydrocarbon generation and expulsion and structural changes in shale. In this work, immature shale samples were polished using an Ar ion beam and then set on a heating stage inside a high-resolution field emission scanning electron microscope. Samples were subsequently heated from room temperature to 700°C with continuous evaluation of the vacuum level while acquiring images of the sample surface at specific temperatures. Variations in the vacuum level were used to assess the hydrocarbon generation and expulsion process while the high-resolution images were employed to characterize the structural evolution of the sample during the heating process. These data were used to examine the correlation between structural evolution and the hydrocarbon generation and expulsion process.
2 MATERIALS AND METHODS
2.1 Sample Material
The shale sample used in this study was obtained from the Xiamaling Formation in the Xiahuayuan area of Hebei Province, China (Figure 1). The Xiamaling Formation, which is primarily located in the northern Taihangshan and Yanshan regions and is in unconformable contact with the underlying Tieling Formation, is rich in organic matter resulting from marine deposits during the Proterozoic to Lower Paleozoic eras in northern China. A portion of a fresh outcrop with a black coloration was collected using a portable drilling machine to obtain the experimental specimen. The bedding layer associated with this sample was readily identified (Figure 2) and had a TOC value of 6 0.15 wt%. Parts of the outcrop shale sample were ground into powder using a sample crusher and a pyrolysis analysis of the powder sample was performed using a Rock Eval six device. This analysis showed a Tmax value of 429°C, indicating that the sample was at an immature stage of development and thus is suitable for thermal simulation experiments.
[image: Figure 1]FIGURE 1 | The location at which outcrop samples were drilled from the Middle Proterozoic Xiamaling Formation (Shi et al., 2018).
[image: Figure 2]FIGURE 2 | A photographic image and scanning electron microscopy image of the Xiamaling shale specimen.
2.2 Experimental Method
Sample preparation and in situ heating inside the scanning electron microscope were performed at the Core Laboratory of the Institute of Geology and Geophysics, Chinese Academy of Sciences.
2.2.1 Sample Preparation
The shale was processed to fabricate specimens with sizes of approximately 3 × 3 × 0.5 mm, big enough to include all the interested features for this study, such as organic matter and minerals. This size was selected to control gas generation from the samples during the heating process to avoid contaminating the scanning electron microscope. The top surface of each sample was mechanically polished and then further polished using an Ar ion beam polisher (Baygon ArBIB 100). Because shale is normally found in water-based underground environments, each sample was immersed in water for 24 h before being heated.
2.2.2 In-situ Heating SEM Observation
As noted, a field emission scanning electron microscope (Zeiss Crossbeam 540) was used to acquire images, employing a chamber vacuum pressure of 10–7mbar, accelerating voltage of 0.02–30 kV and spatial resolution of 0.9 nm at 15 kV. The instrument was equipped with a heating device (Kammrath & Weiss; Figure 3) that included a water-cooling system, heating stage up to 1,050°C, controller and control software. This combination of a heating device and scanning electron microscope allowed in situ SEM observations while heating the shale samples.
[image: Figure 3]FIGURE 3 | The heating device in the scanning electron microscope.
Before each sample was transferred into the SEM, a heating lamp was used to heat the material for approximately 20 s to evaporate residual moisture from the surface. The sample was then quickly transferred into the groove of the heating stage and moved into the SEM imaging position. The heating rate was set to 20°C/min and the sample was heated to 100, 200, 300, 400, 500, 600 and 700°C and held at each of these temperatures for 30 min, during which time SEM images were acquired over the same field of view. The SEM chamber vacuum level was also continuously recorded during the whole process.
3 RESULTS
3.1 Temperature Control and Chamber Vacuum
3.1.1 Temperature Control Process
The temperature of the heating stage as a function of heating time is shown in Figure 4. The detailed process has already been provided in 2.2 Experimental method.
[image: Figure 4]FIGURE 4 | Heating stage temperature as a function of time.
3.1.2 SEM Vacuum During the Temperature Control Process
The initial SEM chamber vacuum was approximately 5 × 10–6 mbar. The vacuum level was monitored and recorded continuously during the entire heating process from room temperature to 700°C, as shown in Figure 5. It can be seen that the chamber vacuum changed simultaneously with the sample temperature. Specifically, each heating stage caused the system vacuum to drop rapidly (absolute pressure goes up) while the vacuum remained basically unchanged during each constant temperature stage. The extent of the vacuum drop was also different depending on the heating stage, with the greatest vacuum change over the 300 and 500°C heating stages. These changes in the vacuum level are attributed to gases entering the vacuum chamber.
[image: Figure 5]FIGURE 5 | The SEM chamber vacuum level as a function of temperature.
3.2 Structural Changes Caused by Heating
3.2.1 Structural Changes Observed in SEM Images During Heating
During the heating experiments, some fields of view were randomly selected, and images of these fields of view were collected with the same magnification after each temperature was stabilized. For each field of view, eight images were collected at each different temperature from ambient to 700°C. Figure 6 presents an example of the SEM images acquired from one field of view using the same magnification as the temperature was increased.
[image: Figure 6]FIGURE 6 | SEM images of one field of view using the same magnification at eight different temperatures. (A) Black arrows squares indicate characteristic particles used for comparison. (B–H) Blue arrows show the inward movement of characteristic particles, indicating sample shrinkage. Red arrows show the outward movement of characteristic particles, indicating sample expansion.
From these images, it is evident that increasing the temperature caused particles at the edges of the SEM images or within the internal structure of the field of view to migrate. As an example, comparing the image edges at room temperature and 100°C, the particles at the edges at 100°C moved inwards (see Figures 6A,B), indicating that the sample shrunk. When the temperature was increased from 100 to 200°C, some of the characteristic particles at the image edges moved outward (Figures 6B,C), indicating that the sample expanded. Starting from 300°C, the images show that the sample structure changed differently in different directions (Figures 6D–H). Along the direction perpendicular to the bedding plane, the characteristic particles continued to move inward, confirming continuous shrinkage with temperature, while the characteristic particles in the direction parallel to the bedding plane exhibited no obvious changes. After the sample temperature stabilized at each stage, no further significant changes were observed.
Considering the microscale images in Figure 7, more detailed information can be obtained, such as the evident expansion and closure of micro-cracks in the early and middle stages of heating (below 400°C), which was also observed in some earlier work[ (Figueroa Pilz et al., 2017), (Panahi et al., 2018), (Saif et al., 2019), (Kobchenko et al., 2014)]. New, large cracks appeared in most of the field of view between 400 and 500°C and previously existing cracks expanded (Figure 8). The structures in the sample having previously existing fractures transformed earlier than the areas without these previously existing fractures. It is also apparent that, once a large crack was formed, it was not closed again (Figure 8). These large cracks would be expected to grow smaller or even disappear under geological conditions in response to overlying pressure.
[image: Figure 7]FIGURE 7 | The expansion - closure-expansion phenomenon exhibited by micro-cracks in the sample with temperature changes. Images show regions in which micro-cracks (A) occurred, (B-D) expanded continuously, (D,E) closed, and (E-I) continuously expanded again.
[image: Figure 8]FIGURE 8 | The expansion and generation of micro-cracks in the sample with temperature change. (A) A previously existing micro-crack, (B) the expansion of a previously existing micro-crack, (C) the formation of a new micro-crack and expansion of a previously existing micro-crack.
3.2.2 Structural Changes in Different Directions During Heating
It can be seen from the hand specimen that the bedding of the shale sample was well-developed. In addition, striped organic matter can be observed in the SEM images, indicating that the bedding direction was nearly horizontal (Figure 2), and the development of the bedding had a significant effect on the heat transfer within the material. Specifically, the thermal conductivity of the shale was different in different directions, such that the thermal conductivity of the parallel bedding was higher than that of the vertical bedding (Gabova et al., 2020). As inorganic minerals in the sample shrank due to the loss of water, they contracted in both the horizontal and vertical directions during the initial stage of heating and then expanded with temperature, although the magnitude of change was different in both directions (Figure 6). In the later stage of heating, cracks were formed mostly in the parallel bedding direction (Figures 8, 9), with some in the vertical bedding direction (Figure 9), similar to behavior observed in earlier work[ (Panahi et al., 2019)][ (Kobchenko et al., 2011; Panahi et al., 2013; Figueroa Pilz et al., 2017; Panahi et al., 2018; Saif et al., 2019)].
[image: Figure 9]FIGURE 9 | Crack distribution in a sample at 700°C in the parallel and vertical bedding directions.
Characteristic particles were selected in SEM images and the positions of these particles were determined at different temperatures. The majority of these measurement points were concave or protruding regions on the edges of the characteristic particles. Migration distances were measured only perpendicular (about 80–90) and parallel (about 0–10) to the bedding plane, using the entire field of view. A total of 16 measurements were taken at each temperature with 128 measurements over regions with areas from 402 to 9,679 μm2 at eight different temperatures. The linear expansion coefficient (α) for a specific temperature range in a given direction could be calculated as
[image: image]
where ΔL is the difference between the distance measured at temperature Tf and that at a previous temperature Ti, and ΔT is the temperature difference (Tf-Ti). A value of α > 0 indicates that the sample expanded while a result of less than 0 indicates shrinkage. It should also be pointed out that these measurements deliberately avoided newly generated large fractures or cracks, because such fractures tend to be reduced or disappear as a result of the pressure of the overlying formation under actual geological conditions.
The data show that the structural changes in the two directions are different (Table 1; Figure 10). During the initial heating stage from ambient to 200°C, contraction followed by expansion occurred in both directions. With increases in temperature, the dimension along the bedding direction changed minimally while maintaining a slight state of expansion. Along the direction perpendicular to the bedding plane, the sample continued to shrink with increases in temperature and the maximum shrinkage occurred at 500 °C. The minimum shrinkage occurred at 700°C. Overall, the structural change in the direction parallel to the bedding was smaller than that in the vertical direction as the temperature increased from ambient to 700°C, very similar to previous work[ (Figueroa Pilz et al., 2017), (Panahi et al., 2013), (Kobchenko et al., 2011)].
TABLE 1 | The coefficient of linear thermal expansion values (α) at various temperatures (×10–6C).
[image: Table 1][image: Figure 10]FIGURE 10 | The linear thermal expansion coefficient of shale as a function of temperature.
3.2.3 Changes in Organic and Inorganic Components During Heating
As noted, shale contains both organic and inorganic materials and the thermal properties of these components are quite different (Hajpál and Török, 2004), such that the structural changes caused by heating will also vary. To better understand the separate contributions of the organic and inorganic materials during heating, we selected specific organic and inorganic particles to separately assess the structural modifications of these components at different temperatures. Again, the migrations of these particles were measured mainly along the direction perpendicular (about 80–90) to the bedding plane. During these trials, we made certain that the proportion of the corresponding organic matter or inorganic mineral along the measurement direction was more than 90%. At each temperature, seven measurements were performed in the case of the organic particles and seven for the inorganic particles, with a total of 112 measurements covering an area of 402–9,679 μm2 at the eight different temperatures. The linear expansion coefficients for specific temperature ranges in the different directions were calculated as described above, and the results are summarized in Table 1 and Figure 10B.
As the temperature was increased from room temperature to 700°C, the organic matter experienced expansion, shrinkage and collapse sequentially, accompanied by variations in the gray scale within the SEM images. The measurement data demonstrate that the organic matter first expanded and then shrank with increasing temperature, with the transition from expansion to shrinkage at 300°C (Table 1). It can be seen that the maximum shrinkage in the case of the organic matter occurred at 500°C. In addition, the organic matter exhibited shrinkage primarily parallel to the bedding direction.
The majority of the structural change shown by the inorganic materials took place during the early stage of heating, from room temperature to 100°C (Table 1). The shrinkage could have been related to the loss of water from the sample while being held under vacuum in the SEM chamber. The linear expansion coefficient of the inorganic materials was larger than that of the organic matter between 100 and 200°C. Above 300°C, inorganic materials exhibited minimal expansion.
In summary, the SEM observations indicated that the shale sample underwent structural changes during heating. Shale contains organic matter and inorganic minerals and the physical and chemical properties of these components are different, such that their structural changes during heating were also different (Hajpál and Török, 2004). The shale bedding assessed in this work was relatively well developed and showed variations in thermal conductivity depending on direction (Gabova et al., 2020), meaning that changes in the shale structure in different directions were also varied.
4 DISCUSSION
4.1 Variations in the SEM Chamber Vacuum
As noted, during each heating process) followed by a rapid increase (solute pressure goes down) and then a slow rise (see Figure 5). The decrease in the vacuum was caused by the release of gases from the sample, including residual pre-existing hydrocarbons, new hydrocarbons generated by pyrolysis or cracking, water vapor, products from the thermal decomposition of inorganic compounds (Kobchenko et al., 2011), non-hydrocarbon gases such as CO2 (Behar et al., 1995; Zhan et al., 2020; Zhang et al., 2020). The data show that the vacuum dropped rapidly and then increased rapidly as the temperature was increased, although there was only a slow rise in vacuum during each stage at which the temperature was constant. During the temperature increase stages, the fluid in the sample to be discharged rapidly mainly in the form of transient flow (Hao et al., 2003). Once the temperature stabilized, the fluid was primarily discharged via percolation to produce a steady state (Hao et al., 2003).
4.2 Relationship Between Microstructural Changes and Hydrocarbon Generation/Expulsion
Both the rate and extent of variation in the SEM vacuum partly reflected the generation and expulsion of hydrocarbons from the sample. Combining the vacuum data with the SEM images and the measurement data allowed the correlation between microstructural changes in the shale with hydrocarbon generation/expulsion during heating to be evaluated. This analysis identified three stages of the heating process.
Stage 1 spanned the range from room temperature to 300°C. As shown in Figure 5, this temperature increase rapidly decreased the system vacuum, suggesting that more gases entered the vacuum chamber. This stage was associated with the evaporation of water inside the pores and with water in inorganic clay minerals in the sample[ (Saif et al., 2016), (Panahi et al., 2019), (Zhan et al., 2020)] (for which α was-352 × 10–6C), causing the shale to shrink. In addition, residual gaseous and liquid hydrocarbons in the sample expanded to generate pressure (Panahi et al., 2018). Furthermore, part of the kerogen in the shale would have been transformed into hydrocarbons to increase the volume of the specimen, further increasing the internal pressure of the sample (Panahi et al., 2018; Panahi et al., 2013; Saif et al., 2019). Finally, heating the shale would simply have caused the solid material to expand (Hajpál and Török, 2004). All the aforementioned factors would be expected to lead to an initial contraction of the sample followed by expansion. Some microcracks in the sample showed a small degree of expansion (Figure 7D), which would have created transport channels for the rapid discharge of any fluids that were subsequently generated. As the temperature continued to rise, the internal pressure of the sample exceeded the breakup threshold and part of the fluid in the shale was instantly discharged, resulting in a rapid and substantial drop in the SEM chamber vacuum. After the internal pressure of the sample was released and some of the microcracks in the expanded state closed[ (Figueroa Pilz et al., 2017), (Panahi et al., 2018), (Saif et al., 2019), (Kobchenko et al., 2014)] (Figure 7E), the sample transitioned from expansion to contraction. Stage 1 therefore comprised a complete episodic hydrocarbon expulsion process. In stage 2, going from 300 to 500°C, as the temperature was further increased some of the kerogen was converted to low molecular weight hydrocarbons (Zhan et al., 2020)[ (Tiwari and Deo, 2012)] such that the volume of the organic matter was reduced and shrinkage lines were created parallel to the bedding direction. When the temperature was elevated from 300 to 400°C, the internal pressure of the shale was increased as more hydrocarbons were generated and thermal expansion of the fluid in the material continued to play a role. Consequently, some microcracks underwent minimal expansion (Figure 7F). At 500°C, the internal pressure of the sample again exceeded the breakup pressure, meaning that a large amount of fluid was instantly discharged, the internal pressure of the sample was released, and the chamber vacuum dropped sharply and rapidly. In contrast to stage 1, the microcracks did not reclose during stage 2 after the internal pressure of the sample was released. In fact, the existing cracks greatly expanded and new cracks were also generated (Figures 7G, Figure 8) because the elasticity of the organic matter was reduced and there was a lack of external pressure.
Stages 1 and 2 therefore reflect the twice repeated processes of hydrocarbons generation, increases in internal pressure and hydrocarbon expulsion, in conjunction with the opening, closing and reopening of fractures in the sample (Figures 7C–G), reflecting episodic hydrocarbon expulsion. It should be noted that the test conditions did not reflect real-world geological conditions, because the trials were performed under a vacuum and without external pressure. If external pressure had been applied to the sample, the initial expulsion of hydrocarbons may have been delayed and, after the second expulsion of hydrocarbons, there is possibility of less extent of fracture expansion, even reclosing, or multiple expulsions.
Stage 3 was associated with heating from 500 to 700°C, during which the generation of hydrocarbons from the kerogen was gradually weakened[ (Zhan et al., 2020), (Tiwari and Deo, 2012)] and inorganic minerals were decomposed [25、48]. The majority of the hydrocarbons in the shale had been discharged by this point, resulting in fewer cracks appearing and a lower decrease in the chamber vacuum. However, the sample continued to shrink and the cracks in the material continued to expand (Figures 7H,I) as a result of the lack of external pressure.
4.3 Microcrack Changes Based on the Generation and Expulsion of Hydrocarbons
Microcracks provide important seepage channels for shale and can be changed by hydrocarbon generation and expulsion[ (Saif et al., 2016), (Panahi et al., 2013)]、[ (Fan et al., 2012)]. In the original sample, the crack direction was the same as or similar to the bedding direction and there were essentially no cracks in the vertical bedding direction. For these reasons, the cracks were relatively short, the available openings were small and there were no cracks spanning the organic matter and inorganic minerals (Figure 11A). Therefore, an effective crack network system was not present and the rock had limited seepage capacity.
[image: Figure 11]FIGURE 11 | Expansion and opening of cracks during temperature increases.
Increasing the temperature modified existing cracks and also formed new cracks. The existing cracks were able to expand while retaining their original directions, while the newly generated cracks (Figures 8C, Figures 11E–H) formed inside the organic matter or at organic-inorganic boundaries. Both kerogen volume shrinkage based on significant conversion of this component and pressure increases resulting from fluid thermal expansion and hydrocarbon generation caused expansion of the original cracks and the opening of new cracks (Figures 8B,C, Figures 11E–H).
During and after heating, the majority of cracks were parallel to the bedding direction and the lengths and connectivity of these cracks provided good channels for fluid migration along the bedding direction. Cracks in the vertical bedding direction were also developed and allowed the migration of fluid between the bedding regions (Figures 11E–H). In this manner, an effective network of cracks was produced and the seepage capacity of the sample was greatly increased.
4.4 Effect of Temperature on Organic-Rich Shale
Unlike conventional gas reservoirs, shale gas reservoirs have very low permeability. Thus fracturing is required to connect natural micro-cracks with the goal of forming a complex network of fractures to achieve effective shale gas production. The fractures obtained from hydraulic fracturing are relatively large (on the scale of several microns) (He et al., 2017; Lin et al., 2018; Hu et al., 2020a; Diaz et al., 2020; Wang et al., 2021a; Wang et al., 2021b) and typically develop along the boundaries between mineral particles and organic matter (He et al., 2020). The gases in the nano-scale pores within the matrix do not readily enter the cracks and for this reason do not easily migrate to the well. In addition, a large amount of fracturing fluid remains in the reservoir after hydraulic fracturing, which hinders gas flow.
The thermal treatment of shale reservoirs after hydraulic fracturing is a potential stimulation technology that could allow the secondary exploitation of shale gas and enhance the recovery of shale gas reservoirs. Numerical models of shale gas thermal treatments have shown that shale gas production can be increased by heating hydraulic fractures (Wang et al., 2019; Yuan et al., 2019; Liu et al., 2020). Specifically, the evaporation of water at high temperature or clay dehydration can minimize or even reverse the damage caused by water trapping and clay swelling near the well. Combining thermal reformation and hydraulic fracturing, we can take advantage of the different thermal properties of the shale components, the thermal expansion of fluids (such as fracturing fluids and gases in isolated pores) and the generation of hydrocarbons from organic matter via pyrolysis. On this basis, micro-fractures can be generated near the surfaces of existing fractures to form a new fracture network and improve the permeability of the reservoir. At the same time, the organic matter produces micro-cracks (Hu et al., 2020b) through which the organic pores can be connected (Figure 9), allowing the migration of gases. Increasing the shale temperature will also enhance the desorption of adsorbed gases and further increase shale gas recovery.
Shale is also one of the main host rocks for underground high-temperature operations such as nuclear waste storage. The decay of radioactive elements in nuclear waste and subsequent heat release can increase the shale temperature in a relatively short period of time and induce significant structural changes that create additional fluid flow paths. These paths, in turn, will affect the overall performance of the radioactive waste storage system (Tsang et al., 2005; Nasir et al., 2014; Zheng et al., 2017). Therefore, the design of nuclear waste storage should consider the impact of structural changes resulting from radiation-based heating. Based on the present work, the fractures produced by the thermal reformation of shale would be expected to develop primarily along the bedding plane direction (Figure 8). Therefore, when designing nuclear waste storage systems, more safety measures should be implemented along the bedding plane to increase the stability of the formation and prevent the migration of radionuclides.
5 CONCLUSION
This work investigated structural changes and hydrocarbon generation during in situ heating of immature shale samples from room temperature to 700°C in a high-resolution field emission scanning electron microscope. The structural changes were monitored by in situ SEM imaging within the same field of view at different stages under continuous heating conditions. The changes in the vacuum within the SEM chamber were used to characterize hydrocarbon generation and expulsion by the shale. Analyzing both these SEM images and the vacuum data provided correlations between structural variations and hydrocarbon generation and expulsion. The following conclusions can be made.
1) Hydrocarbon generation and expulsion by the shale had a significant effect on the SEM chamber vacuum, and the vacuum within the chamber changed during the various heating stages. The rapid decrease observed in the SEM chamber vacuum during rapid heating suggested that fluid was discharged via a transient flow process. Slower decreases in the vacuum during the constant temperature stages indicated that fluid was released in the form of seepage.
2) Typical particles in the SEM field of view were used to characterize structural changes associated with the different heating stages. These structural modifications were found to depend on both the direction within the sample and type of material being assessed. On heating from room temperature to 700°C, contraction occurred largely along the vertical bedding direction with only limited expansion parallel to the bedding direction. Organic matter in the shale shrank significantly throughout the entire heating process, while inorganic minerals first exhibited shrinkage and then expanded during the initial heating stage, after which these components showed minimal change.
3) A definite correlation was observed between sample structural changes and hydrocarbon generation and expulsion. Throughout the entire heating process, two episodic hydrocarbon expulsion stages were observed, occurring at 300 and 500°C. The opening, closing and reopening of micro-cracks took place during these cycles of hydrocarbon generation and expulsion. In the later heating period, the cracks did not close again after opening, indicating the deterioration of the elasticity of the organic matter and the lack of external pressure intervention.
4) Hydrocarbon generation and expulsion caused the expansion of old fractures and the formation of new ones to generate a large number of micro-cracks along either the bedding plane or vertical bedding directions. Thus, an effective network system could be formed to provide channels for fluid migration.
5) Structural changes in organic-rich shale as a consequence of heating may have negative effects on certain geological projects, such as nuclear waste storage, and should receive special attention in advance.
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Gravity-flow can carry a large number of sediments and organic matters from shallow water to deep lakes with its strong transporting energy, directly or indirectly facilitating the formation of deep-water tight reservoirs and shale reservoirs. Therefore, studying the genetic types, dynamic mechanisms, and depositional models of gravity-flow deposits is essential in the exploration of unconventional petroleum in large lacustrine basins. This research studied the genetic types, dynamic mechanisms, and sedimentary models of the gravity-flow deposits of the Chang 6 oil group in the Heshui Area, Ordos Basin, China, aiming to reveal its petroleum geological significance. Core observation, microscopic thin section identification, particle size analysis, and determination of rare earth elements were carried out. As a result, three types of gravity-flow deposits are detected, namely, slide-slump, sandy debris flow, and turbidity current. A certain slope gradient in bed form is the necessary geomorphic condition for gravity flow formation, and determines its development level, distribution range, and flow transformation efficiency. Sufficient provenance lays the material foundation and determines its depositional composition and development type. Other factors include earthquakes, volcanoes, and floods, which serve as triggering forces. In addition, fragmentation, liquefaction, and fluid mixing are the main dynamic mechanisms driving flow transformation. Based on the flow type of gravity flow, particle size characteristics, gravity-flow transformation relations, development mechanism, and spatial distribution pattern, we distinguished two depositional gravity-flow models, i.e., slump turbidite body and sublacustrine fan. Re-portrait the spatial distribution of deep-water gravity flow in the study area. From the perspective of sedimentology, explain the genesis of sand bodies in the northeast and southwest. The sandy debris flow in the middle fan braided channel microfacies of the sublacustrine fan sways the development of thick massive sand bodies in the study area. Hybrid event beds formed by the fluid transformation in a slump turbidite are the potential dessert area for deep-water tight oil and gas.
Keywords: lacustrine gravity-flow channels, unconventional petroleum, sublacustrine fans, slump olistoliths, tight sandstone reservoir
1 INTRODUCTION
Sand body of deep-water gravity-flow refers to gravity-driven sands deposited in deep-water areas below the storm wave base plane, which is currently a key area for unconventional petroleum exploration (Haughton et al., 2009; Zou et al., 2009; Zou et al., 2012; Cao et al., 2017). The gravity-flow deposit is affected by various factors, including the lake basin bottom shape, provenance supply, tectonic activity, and climate, which means that gravity-flow itself is a key indicator of paleotectonic movement, paleo-source input, and paleoclimatic evolution (Amy et al., 2005; Ma et al., 2017; Yang et al., 2020). Gravity-flow transports huge amounts of deposits from shallow to deep water of the lake basin, forming a favorable space for the transportation, aggregation, and preservation of oil and gas resources (Fic and Pedersen, 2013; Ghanizadeh et al., 2015; Li X. et al., 2018; Wang et al., 2018). In addition, a large amount of organic matter is also carried during the process, promoting hydrocarbon generation and expulsion from the mud shale at the bottom of the lake (Stevenson and Peakall, 2010; Bernhardt et al., 2012). Thus, gravity-flow is closely related to the forming of the deep-water tight reservoir and argillaceous shale reservoir (Zou et al., 2012; Yang and Deng, 2013; Yang et al., 2014; Bell et al., 2018). The study on gravity-flow was initiated from the turbidity current theory proposed in 1950 (Kuenen and Migliorini, 1950). The deep-water gravity-flow deposits formed by the re-transport of marine sediments have been taken as the main research object by later 54 generations (Bouma, 1962; Lowe, 1982; Shanmugam, 1997; Shanmugam, 2000; Mchargue et al., 2011; Shanmugam, 2013; Covault et al., 2014; Shanmugam, 2016; Xu et al., 2016), but the study on lacustrine gravity-flow has been neglected. In recent years, based on the research of marine deep-water gravity flow, great progress has been made in the studies on deep-water gravity-flow in terrestrial lake basins (Yang et al., 2014; Sonnenberg, 2017; Kvale et al., 2017; Pan et al., 2017; Perry et al., 2017; Wang et al., 2018). The genetic types, dynamic mechanisms, and sedimentary gravity-flow models have become the focus in petroleum geology (Mulder and Alexander, 2001, Mulder, 2009; Talling et al., 2012a, 2012b). As research unfolds, multiple geneses of deep-water deposits are recognized. The multi-solution nature and complexity of deep-water sedimentation patterns also become more prominent for lacustrine basin with frequent lake level rise and fall, multiple provenances, and instability (Shanmugan, 2000; Qiao et al., 2013; Pu et al., 2014; Du, 2015 ; Ran and Zhou., 2019). Overall, better understandings of the genetic types, dynamic mechanisms, and depositional models of gravity-flow are conducive to deep-water oil and gas exploration.
The Chang 7 and Chang 6 members of the Yanchang Formation in the Ordos Basin in central China are typical sections of gravity-flow deposits and the key targets for deep-water tight oil and gas reservoirs exploration. Chang 7 oil group in the Jiyuan area is a lithologic reservoir controlled by a large-scale turbidity current discovered earlier (Fu et al., 2008; Zou et al., 2009; Zhang et al., 2016). Then, large areas of deep-water oil-bearing sandstones in Chang 6 oil group in Bai Bao and Huaqing areas were discovered (Zhao et al., 2008; Li et al., 2009; Liu et al., 2015), further expanding the exploration field of the deep-water tight reservoir. Extensive studies have been conducted on the provenance, paleontology, and geochemical characteristics of gravity-flow deposits in Chang 7 and Chang 6 (Luo et al., 2007; Yang and Deng., 2013; Yao et al., 2013; Zhang et al., 2014; Yuan et al., 2015; Fu et al., 2018). However, no universal cognition on the depositional models of gravity-flow has been made, with a single sedimentary model being used in the previous research to explain these deposits in this area (Yang et al., 2014; Zhang et al., 2016; Liu et al., 2017). Most works studied the characteristics of gravity-flow deposits by taking slide-slump, sandy debris flow, and turbidity current as research objects without considering the macroscopic depositional context or depositional patterns (Fu et al., 2008; Li et al., 2011; Zou et al., 2012; Ran and Zhou., 2019). However, we believe that ultra-thick tight sand bodies in deep water are derived from the superposition of multi-phase, multiple, and multi-modal gravity flow, while the models of gravity-flow deposits involve various factors, including flow type, flow transformation relation, and genesis mechanism. Given the diverse sedimentological characteristics of the same deposits in different depositional models, a reasonable and complete correlation model should be established for the facies and deposition modes, which are the foundations for the study on late reservoir and accumulation, etc. The methods only considering flow types are inappropriate, so are the approaches using a single depositional model to explain the gravity-flow deposits of complex genesis.
Based on numerous core observations and comprehensive geological studies, the Chang 6 oil group in the Heshui area of Ordos Basin is taken as a case area to investigate the models of gravity-flow deposits. Sedimentological characteristics are adopted as the reference to identify the flow types in the study area. Referring to existing research results, we elaborated the origin background, triggering mechanism, and flow transformation relationship of gravity-flow deposits based on lithological signatures. Depositional facies, subfacies, and microfacies are also distinguished to establish deposition models of gravity flow. Re-describe the spatial distribution characteristics of deep-water gravity flow in the study area. From the perspective of sedimentology, the genesis of different sand bodies are revealed. It is hoped that by deepening the understanding of the gravity-flow system of semi-deep and deep lacustrine basins, and by establishing a detailed geological model, the exploration and development of unconventional petroleum such as deep-water tight sandstones and mud shales can have clearer guidance.
2 GEOLOGICAL SETTINGS
2.1 Tectonic Characteristics
The Heshui area is an important oil-generating area located in the southwest of the Ordos Basin, which is located in Qingcheng and Heshui County, Gansu Province, adjacent to Qingyang in the west, Ta’erwan in the east, Chenghao in the north, and Ning County in the south, with an exploration area of about 750 km2. It is tectonically located in a tectonic depression in the middle part of the Yi-Shaan Slope in Ordos Basin, which is at the intersection center of multiple depositional systems of Yanchang Formation in Ordos Basin, and local small nose-shaped uplift is developed (Figure 1). The Chang 6 oil reservoir group is gravity-flow deposits of various types developed in the context of the semi-deep and deep lake (Liu et al., 2015; Xu et al., 2016; Li X. et al., 2018; Ran and Zhou., 2019) during a special period of return uplift after the maximum expansion period of Chang 7 Lake Basin (Figure 2). It has been an important exploration section for unconventional petroleum such as deep-water tight sandstone reservoirs and mud shale reservoirs in Ordos Basin in recent years.
[image: Figure 1]FIGURE 1 | Tectonic division of Ordos Basin and the location of the study area, connecting-well profiles, wells in this study, and the wells sampled therein.
[image: Figure 2]FIGURE 2 | Histogram of sedimentary evolution of the Yanchang Formation (histogram of sedimentary evolution of the Yanchang Formation from Ran et al., 2019).
2.2 Depositional and Stratum Characteristics
As the subsidence center of the Ordos Basin during the Yanchang period, the Heshui area inherited the same sedimentary and stratum characteristics as the Ordos Basin. The Ordos Basin, a craton foreland basin located on the North China Plain, is characterized by a stable basement, multi-phase fault depression, obvious migration oscillation, and multi-phase cycle superposition (Zhang, 1989; He, 2003; Yu et al., 2010). During the Triassic period, the thrust and nappe of the North Qinling led to the rapid expansion of the base plane and the deepening of water. Due to the influence of the Indochina movement in the Late Triassic period, the Ordos Basin gradually transformed from marine to lacustrine basin deposits and developed a set of lacustrine terrigenous clastic rocks with a thickness of about 1,300 m, that is, the Yanchang Formation. The bottom of the Yanchang Formation is relatively flat, and the denudation at the top varies greatly. The Yanchang Formation is in pseudo-integrated contact with the overlying Yan’an Formation or Fuxian Formation (He, 2003; Li Z. et al., 2018; Xian et al., 2018). From top to bottom, the Yanchang Formation can be divided into ten oil reservoir sections covering Chang 1 to Chang 10. The features of depositional evolution reflect the entire formation and extinction processes of lake basins, during which a variety of depositional systems such as alluvial fans, rivers, deltas, and lakes were developed (Figure 2). The deep-water gravity-flow deposits of Chang 6 in the Heshui area can be regarded as an underwater extension system deposited in the semi-deep and deep lake. It is formed by front deposits of the large-scale prograded delta, which migrated to the center of the lake basin and collapsed under the action of flood, earthquake, and volcano (Li et al., 2009; Zou et al., 2012; Li X. et al., 2018).
3 SAMPLES, EXPERIMENTS, AND DATA SOURCES
A total of 11 core wells were observed in this study, among which well Zhuang 42 and well Ban 29 are detailed (Table 1).
TABLE 1 | The number, well name, formation, subsection, and depth range of wells used in the core observation and description. See Figure 1 for the location of wells.
[image: Table 1]A total of 82 sandstone samples from Chang 6 oil group of Zhuang 35, Zhuang 37, Zhuang 26, Zhuang 19, Ning 142, Ning 25, Ning 146, and Ning 117 wells (see Figure 2 for the location of wells) were collected for microscopic thin section identification. The samples were all ground in thin sections at Xi’an Shiyou University. Microscopic observation, photography, and mineral statistics were conducted on the polished rock thin sections. Related work was carried out under a Leica ICC50 HD microscope. Eight areas were randomly selected from each thin section for rock mineral statistics, and the sandstone mineral areas were drawn in CorelDraw X16 and filled with different colors. Color pixel counts were completed with Photoshop software, and the content of quartz, feldspar, rock debris, and heavy minerals was classified (Table 2).
TABLE 2 | The number, well name, formation, subsection, and depth range of samples used in the fragment composition analysis and heavy mineral composition analysis under the microscope. See Figure 1 for the location of wells.
[image: Table 2]The Malvern MS-3000 laser particle size analyzer was adopted to analyze the particle size of 62 sandstone samples from Chang 6 oil group of Zhuang 35, Zhuang 37, Zhuang 26, Zhuang 12, and Ban 29 wells. The C and M values obtained from the analyses were cast into the C-M plate to draw an average line parallel to the C = M baseline in the sample point group. The Im value represents the horizontal distance between the average line and the C = M baseline. The smaller the Im value, the smaller the difference between the maximum hydrodynamic force and the average hydrodynamic force, which indicates a better sortability of the samples. A cumulative analysis of the particle size probability was conducted for three typical samples at 1859.3 m of Zhang 42, 1,695.7 m of Zhang 35, and 1,654.4 m of Ban 29 (Table 3).
TABLE 3 | The number, well name, formation, subsection, and depth range of samples used in the sandstone grain size analysis. See Figure 2 for the location of wells. See Figure 1 for the location of wells.
[image: Table 3]ICP-OES + MS, an inductively coupled plasma spectrometer, was employed to determine the content of rare earth elements in nine sandstone samples from Chang 6 oil reservoir group of Le 36, Ban 33, and Zhuang 37 wells, as well as 11 siltstone samples from Chang 7 oil group of Le 36, Ban 33, and Zhuang 42 wells (Table 4).
TABLE 4 | The number, well name, formation, subsection, and depth range of samples used to determine rare earth element content. See Figure 1 for the location of wells.
[image: Table 4]The particle size analysis and trace element determination experiments were completed at the State Key Laboratory of Oil and Gas Reservoir Geology and Exploration of Chengdu University of Technology.
4 RESULTS
4.1 Result of Particle Size Analysis
The samples of 1859.3 m from Zhuang 42 well, 1,695.7 m from Zhuang 35 well, and 1,654.4 m from Ban 29 well were taken. The cumulative curves of particle size probability show large suspended component with low gradient (Figure 3A); suspended component accounts for most of the content with a slight amount of saltation population content with the size less than 1ɸ, and low gradient (Figure 3C); higher saltation population content and the cut-off point between this content and the suspended component is at about 2ɸ, and the gradient is low overall (Figure 3E). The Im values of slide-slump rocks, sandy debris flow, and turbidity current are 3.13, 2.28, and 2.32, respectively (Figure 3B, Figures 3D,F).
[image: Figure 3]FIGURE 3 | Particle size analysis results of different gravity-flow types. (A) Cumulative curve of particle size probability of sandstone samples in slide-slump rocks taken from well Zhuang42, 1859.3 m; (B) C-M particle size distribution map of sandstone samples in slide-slump rocks; (C) Cumulative curve of particle size probability of sandstone samples in sandy turbidity taken from well Zhuang35, 1,695.7 m; (D) C-M particle size distribution map of sandstone samples in sandy turbidity current; (E) Cumulative curve of particle size probability of sandstone samples in turbidity taken from well Ban29, 1,654.4 m; (F) C-M particle size distribution map of sandstone samples in turbidity current.
4.2 Result of Heavy Mineral Identification
Thin section identification is adopted for the zonal statistics of the heavy minerals in the study area, and the results obtained are as follows: the northeast and southwest of the study area are dominated by zircon. However, the former is observed to develop a small amount of tourmaline and garnet, while the latter a small amount of leucite and garnet. As for the central part, zircon still dominates, followed by tourmaline and garnet. A small amount of albite is also developed, showing its inheritance of the characteristics of the northeastern maternal provenance (Table 5). The ZTR index refers to the proportion of zircon, rutile, and tourmaline, three super-stable heavy minerals, in transparent heavy minerals.
TABLE 5 | Comprehensive analysis table of provenance characteristics in the study area.
[image: Table 5]4.3 The Determination Results of Rare Earth Elements
The determination results of rare earth elements of nine rock samples from wells Le 36, Ban 33, Zhuang 37, and Zhuang 42 reveal that the REE distribution features right gentle inclination of rich in light rare earth (LREE) and depletion in heavy rare earth (HREE), with obvious negative Eu anomaly (Figure 4A). La/Yb-∑REE source rock identification chart is adopted to analyze 20 sandstone samples in the study area, showing that most data points are distributed in the basaltic region and depositional rock region, and a few in the granitic region and alkaline basaltic region (Figure 4B).
[image: Figure 4]FIGURE 4 | Rare earth element analysis diagram. (A) The REE distribution of the sample in the research area; (B) La/Yb-∑REE diagram in the research area.
5 DISCUSSION
5.1 Petrological Characteristics of Gravity Flow Deposits
Based on the results obtained from the core observations of several coring wells in the study area, the fluid rheological characteristics, and the methods employed to classify deep-water gravity-flow inside and outside China, we divided the gravity-flow in the study area into three main types: slide-slump featuring mass transport, sandy debris flow with plastic rheological properties, and turbidity current with Newtonian rheological characteristics.
5.1.1 Slide-Slump and the Petrological Characteristics of Its Deposits
Sliding rocks are gravity-flow deposits formed by massive deposits moving along a sliding surface without internal deformation. However, they tend to be twisted and deformed under shear stress, and then deposit in the middle and lower parts of the slope, or collapse into unconsolidated allogenic deposits, forming slump rocks with syn-sedimentary deformation structure (Shanmugam G, 2013). In view of their quick change from slide to slump and the nuance in flow, they are collectively referred to as slide-slump in this study. According to core observation, the lithology of the deposits caused by slide-slump is mainly gray-dark gray fine sandstone, siltstone, and argillaceous siltstone with mixed gravel, sand, and mud characteristics. Synsedimentary deformation structure including slump sandy folds (Figure 5A; Table 6), convolute bedding (Figures 5B,C; Table 6), sand pillow structures (Figure 5D; Table 6), iron nodules (Figure 5E; Table 6), mud tearing debris (Figure 5F; Table 6), and bedding plane structure including load casts (Figures 5G,H; Table 6) are identified. “Gravel capsules” encapsulated in sandstone or mudstone are also visible sometimes, exhibiting the characteristics of unconsolidated slide-slump deposits to erode and subsequently transport prior deposits (Chen C. et al., 2019).
[image: Figure 5]FIGURE 5 | Core depositional characteristics of slide-slump rock on core and outcropping.
TABLE 6 | The well name, depth, and phenomenon description of Figure 5. See Figure 1 for the locations of wells.
[image: Table 6]5.1.2 Sandy Debris Flow and the Petrological Characteristics of Its Deposits
Sandy debris flow, a kind of gravity-flow in the plastic flow state, is layered viscous fluid and it usually deposits in a “bulk freezing” manner (Fu et al., 2010; Li et al., 2011; Mchargue et al., 2011; Shanmugan, 2013), and it has a high matrix strength. Sandy debris-flow deposits are widely developed in the study area. According to core observation, the lithology of the deposits caused by sandy debris flow is mainly massive gray-gray-black fine sandstone, siltstone, and fine siltstone. Macroscopically, granular structures (Figures 6A,B; Table 7) or blocky structures (Figure 6C; Table 7) can be seen. Laminated surfaces between multi-phase sandy debris flows can be found regularly, and the lithology is abrupt and irregular, showing a directional distribution of mud bands on the top of the blocky sand bodies (Figures 6A,D,E; Table 7). Sandy debris flows erode the underlying deposits to a certain extent, which is manifested in the core as a large number of irregular mud tear debris floating inside the sand body (Figures 6F,G; Table 7). In addition, scouring structures in bedding planes covering trench and groove are also commonly found (Figures 6H,I; Table 7).
[image: Figure 6]FIGURE 6 | Depositional characteristics of sandy debris flow and turbidity current on core.
TABLE 7 | The well name, depth, and phenomenon description of Figure 4. See Figure 1 for the locations of wells.
[image: Table 7]5.1.3 Turbidity Flow and the Petrological Characteristics of Its Deposits
Turbidity current is a gravity-flow with fluid rheological characteristics, where particles are supported by turbulence and characterized by suspension-sedimentation (Shanmugan, 2000; Fu et al., 2008; Zou et al., 2012; Xu et al., 2016). Turbidity current deposits are widely developed in the study area and the deposits caused by turbidity shown in the cores as fine-siltstone with positive grain sequences (Figure 6J; Table 6) and less thickness. The common ones are parallel bedding (Figure 6J; Table 6), horizontal bedding (Figure 6K), and deformation bedding (Figures 6K,L; Table 6). Flame-shaped structures (Figures 6J,K; Table 6) are developed at the bottom. Lenticular sand bodies in the mudstone are also visible, and they boast homogeneous massive inside (Figure 6M; Table 6). Some turbidity currents are presented as incomplete Bouma sequences of AB, AC, AE sections, etc.
5.2 Particle Size Characteristics of Different Gravity Flow Deposits
The samples of 1859.3 m from Zhuang 42 well, 1,695.7 m from Zhuang 35 well, and 1,654.4 m from Ban 29 well were taken from three typical gravity-flow types: slide-slump rocks, sandy debris flow, and turbidity current. According to particle size analysis, both slide-slump rocks and sandy debris flow have high matrix strength and rapid depositional process with the deposits mainly being transported by the suspension. However, turbidity current, which is transported by both suspension and jumping, features a tractive current. The sortability is closely related to their development mechanisms and flow transformation, in terms of which, the performance of sandy debris flow ranks first, turbidity current comes second, while slide-slump the last.
5.3 Transformation Mechanism of Different Gravity Flow
Gravity drives the gravity-flow to be transported along the slope. Flow transformation, which occurs continuously with the participation of surrounding water bodies, can lead to the spatial superposition of gravity-flow of diverse types, forming interdeposition between multiple rock types and facilitating hydrocarbon generation and storage. At the same time, the flow transformation mechanism of gravity-flow also explains the differences in particle sorting of gravity-flow of various types.
1) Transformation of slide-slump to sandy debris flow
Semi-consolidated or unconsolidated deposits that stake high up the slope contain large clasts of mud and gravel, which slide down the slope in blocks due to geological events. The high matrix strength within the blocks causes large mud clasts and gravel to collide and crush under shear stress, and then deform to form gravels of varying sizes and shapes, which are distributed randomly in the sandy matrix. The participation of surrounding water prompts liquefaction of deposits to a certain extent, with the coarser gravels preferentially unloaded and deposited at the bottom. At this point, the remaining fluid is diluted, and the overall flow regime is transformed to develop a sandy debris flow with a granular support structure.
2) Transformation from sandy debris flow to turbidity current
The concentration of sandy debris flows is higher, and the supporting matrix is formed by the dispersion pressure of inter-particle collisions, heterogeneous base support, and buoyancy. Due to the lubrication of the slope and the soft mud at the bottom of the lake basin, the coarse stream of the sandy debris carrying a small amount of coarse and gravel continues to flow and undergo transformation by the liquefaction of surrounding water. The liquefaction bumped the coarser fractions and then deposited them to the bottom of the fluid, reducing the concentration of the remaining fluid. The upper part of the stagnation point at the front end of the fluid mixes with the environmental water first, creating water circulation in a small range at the head of the sandy debris flow. During the process, the head of the sandy debris flow is the first to convert to less dense turbidity deposits, which erodes the underlying strata as it flows along the slope. Such turbidity current only stops until the new sediment involved in erosion is less than the sediment deposited. Thus, turbidity currents, though being indicative of distal deposits, are non-homogeneous within layers, and the sortability of the debris fraction is poorer than that of the sandy debris flow. The single-phase turbidity current deposits are thin and interbedded frequently with sandy clastic flows longitudinally.
5.4 Dynamic Mechanism of Gravity-Flow Deposits
5.4.1 Slope of Lake Basin Bottom Shape
According to previous studies, the lake basin of Chang 6 developed during the Late Triassic period in the Ordos Basin was deformed. The thrust and nappe of the North Qinling prompted the Heshui area to inherit the bottom shape characteristics of the southwestern part of the basin, i.e., gentle in the northeast and steep in the southwest (Yang and Deng, 2013; Yang et al., 2015). Previous research observed that, in the southwest margin of the Heshui area, a slope fold zone that is mainly characterized by the forward fault-step type is developed (Fu et al., 2010); and this zone is distributed in the area of Qingyang-Ningxian-Zhengning, showing a northwest-southeast vertical provenance orientation. Given the slope of the compacted and underlying strata, this zone is actually 3–5° in slope and 10–20 km in width (Liu et al., 2015). As a result, a certain slope drop angle in the southwest is favorable to trigger the collapse of gravity-flow in the temporary retention area of deposits, while the wide and gentle lake basin bottom shape in the northeast extends the distance of gravity-flow transport, causing multi-stage evolution of gravity-flow and increasing the efficiency of flow transformation.
5.4.2 Supply of Provenance
The adequate supply of provenance is a key condition for gravity-flow development. Existing research reveals that the Heshui area is mainly controlled by two major provenance sources in the northeast and southwest (Luo et al., 2007; Fu et al., 2010; Liu et al., 2019). The higher the ZTR index, the more mature the heavy mineral component, indicating a greater distance from the maternal source area. The southwest direction has smaller ZTR index than the northeast, while the central part has similar index with the northeast (Table 7). Both the heavy mineral component and the ZTR index suggest that the northeastern source, though farther from the subsidence center, is more abundantly supplied, while the southwestern source, though closer to the subsidence center, is limited in supply.
The determination results of rare earth elements indicates that the source materials of the study area are mainly from the felsic source in the upper crust. The elemental differentiation causes the Eu depletion in the upper crust and Eu enrichment in the lower crust. The uniform and gentle variations of HREEs can be explained by the lack of HREE differentiation in the upper crust. La/Yb-∑REE source rock identification proves that the sandstone source rocks in the study area are mainly felsic rocks of the upper crust and basaltic rocks, with mixed granite. According to REE distribution and La/Yb-∑REE source rock identification chart, gravity flows in the study area are related to the Archean in the northeastern and east margin of the basin and the maternal rocks of the metamorphic type in the Proterozoic era (Shi et al., 2007), indicating that the gravity-flow deposits in the study area are mainly supplied by provenance from the northeast.
5.4.3 Exploration of Triggering Mechanism
Paleoearthquakes of varying magnitude that occurred in the same depositional period can be proved by the liquefaction deformation at the interface of thin sand and mudstone (Figure 7A; Table 8), and it can also be proved by the fault lines resulted from tectonic movements (Figure 7B; Table 8). According to the method that judges earthquake magnitude using depositional structures, earthquakes with a magnitude of 4.5–5.5 are speculated to occur frequently in the southwestern Ordos Basin during the Late Triassic (Rodriguez-Pascua et al., 2000). The age of the tuffs interbedded in the sediments shows the relation between volcanic activity and active faulting (Zhang et al., 2014; Chen B. et al., 2019). Volcanic eruptions or tectonic faulting have caused multiple slides to develop in the southwestern sector and less in the northeastern part. In addition, thin tuffs (Figures 7C,D; Table 8) are commonly found in great cumulative thickness in northeast areas. The thickness of tuff deposits decreases from the southwest to the northeast of the basin (Yang and Deng, 2013; Fu et al., 2018), suggesting that the triggering of geological events contributed more to the deposits of gravity-flow in the southwest.
[image: Figure 7]FIGURE 7 | Core sign for triggering mechanism of gravity-flow in the study area.
TABLE 8 | The well name, depth, and phenomenon description of Figure 7. See Figure 1 for the locations of wells.
[image: Table 8]Laboratory simulations show that flood-type gravity flows are formed during the basin flooding stage, and they are thicker and have a higher content of argillaceous sand and coarse fraction than the gravity flows of slump genesis. Besides, a small number of reverse segments are visible (Cao et al., 2017; Li Z. et al., 2018). The single layer of sandy debris flow in the southwest is generally less than 2 m in thickness and is inter-deposited with thick mudstones. Relatively small amounts of gravel with a long axis of no more than 5 cm can be found. However, the sandy debris flows in the northeast are dominated by thick massive sand bodies with a single layer thicker than 5 m, which are overlapped in multiple phases longitudinally. The content of gravel is relatively high, and large mud gravels with a diameter exceeding 5 cm are frequently observed (Figure 7F; Table 8). Some massive chalk-fine sandstones feature negative grain sequence, (Figure 4B; Table 6), and a large number of fossilized plant fragments (Figure 7E; Table 8) and scouring surfaces (Figure 7G; Table 8) are visible. What is more, thin section observation reveals that feldspathic clastic sandstone dominates the rock in the southwest (Figure 8A), while clastic sandstone in the northeast (Figure 8B), with the former having a higher compositional maturity than the latter. Existing research also showed that the Sr/Cu value of trace elements in the Chang 6 of the Ordos Basin is less than 10. The Asseretospora-Walchiites sporulation assemblage shows that the flora is dominated by warm and wet-loving components, followed by hot and humid-loving components (Liu et al., 2015; Fu et al., 2018), reflecting a warm and humid climate. Extensive evidence indicates that gravity-flow deposits in the northeast have the shallow-water background and thick deposits, and they are formed in a periodically changing high-energy water environment. Lithological and geochemical evidence proves the frequent flooding in the northeast that continuously recharged shallow-water deposits to the lake basin, which is consistent with the provenance analysis. As a result, the gravity-flow in the northeast is considered to be spatially continuous thick layer of gravity-flow deposits formed thanks to seasonal floods that carry shallow-water deposits into the deep lake.
[image: Figure 8]FIGURE 8 | Triangle for the classification of sandstones in different gravity-flow deposition models. (A) Triangle for the classification of sandstone in the southwest of the study area; (B) triangle for the classification of sandstone in northeast of the study area.
5.5 Depositional Model of Gravity Flow
The above analysis reveals that the study area mainly develops three flow types of gravity flow, namely, slide-slump, sandy debris flow, and turbidity flow. The sedimentological evidence indicates geological events such as volcanoes and earthquakes. The lake basin bottom shape, provenance supply, and triggering mechanisms obviously affect the distribution and formation of gravity flow.
The southwest Qinling has relatively insufficient supply, which is mostly driven by geological events such as volcanoes and earthquakes. Deposits bypass only because of the slope-fold zone at the bottom of the lake basin where slump turbidite develops. The well Ban29 in the southwest is selected as a typical well. The histogram shows the inter-deposition of thin siltstone or muddy siltstone and mudstone, as well as sedimentary structures such as wavy bedding, convolute bedding, deformation slump, and flame structures. All of them are considered to be triggered by geological events (Figure 9A, Figure 2 for the location of well). The deposits remain temporarily at high places collapsed, sliding down along the slope-break zone. In addition, they undergo four evolutionary stages of sliding, slumping, debris flow, and turbidity current during the transition from proximal to distal sediments. Single-phase slump turbidite can be subdivided into three microfacies, including proximal slide-slump, debris flow lobe, and distal turbidite lobe based on flow transformation and spatial distribution (Figure 10B; Figure 2 for the location of well).
[image: Figure 9]FIGURE 9 | Comprehensive map of lithology and depositional facies. See Figure 2 for the location of wells. (A) Comprehensive map of lithology and depositional facies of well ban 29, slump olistoliths model. (B) Comprehensive map of lithology and depositional facies of well Zhuang 42, sublacustrine model.
[image: Figure 10]FIGURE 10 | Interwell sedimentary facies correlation. Well Xi160-well Ban21-well Xi140-well Ban10-well Zhuang215-well Ban15-well Zhuang76. See Figure 2 for the location of the line of interwell correlation.
Interwell correlation—well Xi160-well Ban21-well Xi140-well Ban10-well Zhuang215-well Ban15-well Zhuang76 is selected to compare the lateral distribution of sedimentary facies (Figure 10; see Figure 2 for the location of the line of interwell correlation). The section is distributed in a northeast to southwest direction, parallel to the input direction of the outcrop. It is manifested by the development of sublacustrine fans in the northeast, with large thickness and good spatial continuity, and the long extension of sand bodies. The sedimentary slump-turbidite in the southwest is isolated and discontinuous, with shorter extensions.
The northeastern part that is well supplied with material resources has a wide and gentle bottom shape. The well Zhuang42 in northeast is selected as a typical well. From the histogram, it can be seen that multi-stage fine sandstone and siltstone are superimposed to form a huge, massive sand body. Muddy tearing chips or plant fragment fossil can be seen inside, and the load cast can be seen at the bottom (Figure 9B). Deposits accumulated on the front of the delta are transported by flood into the deep lake, forming a sublacustrine fan: a gravity-flow fan featuring watercourse (Figure 11A). During the rainy season, flood carries shallow-water deposits to the basin through the recharge channel. At the same time, high-density gravity-flow consisting of sand, mud, and gravel enters the semi-deep and deep lake, eroding the underlying unconsolidated soft deposits to form a lacustrine subaqueous channel (Figure 11C). As the slope of the basin decreases, the kinetic energy of the channel decreases, forming a longitudinally and horizontally interconnected braided channel (Figure 11C). In this channel, massive, homogeneous fine-siltstone is distributed inside and mud-rich tear debris at the top (Figures 4F,G). Evident scouring marks observed at the lithologic interface (Figure 4H) are typical sandy clastic flow deposits. The multi-phase braided channels are prone to superposition or interbedded with thin mudstone. On the flanks of the channels, typical turbidites with Bouma sequences of B–E and C–E sections (Figure 11C) are formed, featuring the positive rhythmical progression of siltstone, muddy siltstone, and argillaceous siltstone with a thickness of less than 1 m. The microfacies are formed by the overflow of deposits in the braided channels. On entering the lake bottom plain, the erosion of gravity-flow on the overlying deposits weakens and the channels disappear, forming a wide area of sheet sand in outer fan architecture, which interbeds with semi-deep lacustrine-deep lacustrine mudstone. In these strata, sandy lens (Figure 4M) and sections C, D, and E of the Bouma sequences (Figures 4K,L) are visible in the core so they are typical turbidite deposits. According to lithological signatures and sand thickness, the gravity-flow in the northeastern part is controlled by the middle and outer sides of the sublacustrine fan, which can be further subdivided into four microfacies covering braided channel, channel flank wing, interchannel, and sheet sand.
[image: Figure 11]FIGURE 11 | Gravity-flow depositional model of Chang 6 in Heshui area. (A) Gravity depositional system in the study area; (B) depositional model of slump olistoliths; (C) depositional model of sublacustrine fans.
5.6 Petroleum Geological Significance of Gravity-Flow Deposits
The southwestern part of the study area is dominated by slump turbidites sedimented by event collapse, forming disconnected sand bodies in the shape of an isolated island (Figure 12A). Statistically, the single-phase slump turbidites in the study area are no more than 2 m in thickness, and are extended within 15 km. They are also independent of each other (Figure 12B). As for the bottom shape with a certain slope drop angle, gravity-flow undergoes multiple flow transformations along the slope. The superstition and development of multi-stage slump lobes lead to the formation of a mixed event layer of sandy debris flow and turbidity current, i.e., fine-grained depositional rock interbedded with siltstone and mudstone. The sudden and rapid deposits of the event gravity-flow enable it to bury and preserve organic matter in a relatively short period, indirectly promoting hydrocarbon generation and expulsion. As a result, the fine-grained depositional rock developed from the fluid transformation in the slump turbidites is in a favorable position for hydrocarbon generation and enrichment. Besides, the brittle minerals of terrestrial origin are abundant in this area, including quartz, feldspar, and calcite, determining the fracturing parameters in the development of unconventional petroleum, and serving as a potential “sweet spot” for deep-water tight oil and gas.
[image: Figure 12]FIGURE 12 | The planar distributions of sand bodies and sedimentary facies are well correlated. (A) Plane distribution diagram of the sand body; (B) Plane distribution map of depositional facies.
Flood-forming sublacustrine fans are widely developed in the northeastern part of the study area. Multiple sublacustrine fans may be stimulated simultaneously in the temporary sediment retention areas at the gentle slope of the delta front by multi-stage floods, and the superposition of multi-phase fans controls the distribution range of contiguous sand bodies in the study area (Figures 12A,B). The thickness ranged from 1.8 to 13.7 m for the sandy debris flow with better-sorting properties in the middle fan braided channel microfacies, with the average being 7.6 m. The sheet sand in the outer fan is turbidite sediment transformed by the liquefaction and dilution of sandy debris flow. The physical property of argillaceous siltstone and muddy siltstone between multi-phase fans becomes poor in the burial evolution given the strong compaction and recrystallization of the heterogeneous base, forming favorable caprock and plugging zone. The thick sand body of sandy debris flows genesis in the middle fan, and the sheet sand of current turbidity genesis in the outer fan can be employed as transport and reservoir layers. Under the microscope, the intergranular pores remaining between terrestrial clastic particles such as quartz and feldspar can be seen (Figures 13A–C). During the diagenesis stage, the feldspar is easily dissolved to form solution expansion pores (Figure 13D) or intragranular dissolved pores (Figure 13E). In addition, due to tectonic action, structural fractures are easily formed in brittle mineral-rich rocks (Figure 13F), providing effective space for oil and gas storage. The periodicity of sedimentation explains the variability of the rock-forming evolution process, which controls the formation of deep-water lithological traps and hydrocarbon enrichment under deep burial conditions. On the other hand, floods transport a large amount of organic matter from terrestrial sources and shallow waters, and the enrichment of organic matter changes the original ecological environment of the basin and promotes the survival and reproduction of microorganisms, which directly or indirectly increases the content of organic carbon (Khripounoff et al., 2009; Yuan et al., 2015) and improves the hydrocarbon generation potential.
[image: Figure 13]FIGURE 13 | Reservoir space caused by gravity flow under microscope and cathodoluminescence. See Figure 2 for the location of wells. (A) Residual intergranular pores can be seen among the quartz grains, well Cai12, depth 2000.8 m; (B) Cathodoluminescence; visible calcite (orange, yellow) and dolomite (orange) cementation; clastics are interlocked; and pores are not luminescence. Well Zhuang70, depth 1735.35 m; (C) Cathodoluminescence; fine-grained feldspar sandstone; feldspar content between 55–60%. Well Wu23, depth 1,606.27 m; (D) Intergranular dissolution reaming is developed. Well Li183, depth 2068.3 m; (E) Intragranular dissolution pores of feldspar are developed. Well Li183, depth 2,105.8 m; (F) Structural micro-cracks. Well Li312 , depth 2087.6 m.
6 CONCLUSION

1) For semi-deep and deep lakes, gravity-flow deposits are extensively developed in the Chang 6 oil group in the Heshui area of Ordos Basin. Three types of gravity flow are identified, namely, slide-slump, sandy debris flow, and turbidity current. In addition, two depositional models of gravity flow are observed, i.e., slump turbidite and sublacustrine fan.
2) Driven by gravity, gravity-flow transports along the slope and undergoes fluid transformation with the participation of surrounding water. The transformation from slide-slump to sandy debris flow is subject to fragmentation and liquefaction, while that from sandy debris flow to turbidity current tends to be influenced by liquefaction and fluid mixing. The flow transformation of multi-phase gravity-flow results in the spatial superposition of different types of gravity flow, causing the interdeposition of multiple rock types and facilitating the generation and storage of oil and gas.
3) Sublacustrine fans of flood origin are extensively developed in the northeastern part of the study area. Besides, the superposition of multi-phase fans controls the distribution of contiguous sand bodies. In the middle fan-braided channel microfacies, the sandy debris flow with favorable sortability mainly leads to the formation of thick massive sand bodies. In the southwestern part of the study area, slump turbidites are sedimented by event collapse dominate, causing the formation of isolated disconnected sand bodies, and serving as a potential “sweet spot” for the development of deep-water tight oil and gas.
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In present paper, the mineral and fluid compositions of shale oil from the Songliao Basin are analyzed systematically using core samples, X-ray diffractometer (XRD), and gas chromatography (GC). The effects of shale mineral composition, pore size, temperature, and pressure on the mass density of the adsorbed layers are then studied utilizing molecular dynamics simulation. The results show that illite and quartz are predominant in the micro petrological components of the shale, and nC19 is the main carbon peak. The fluid consists primarily of n-alkane molecules, and nC19 is found to be representative of the shale oil composition. Moreover, the adsorbing effect of quartz-illite mixed wall is between that of a pure mineral wall (illite and quartz), indicating that the selection of a mixed wall is similar to the actual shale composition. If the pores are inorganic, the minimum pore size of only adsorption oil is smaller than the organic pores. The critical adsorption point of shale oil in inorganic pores is less than 3.2 nm. Furthermore, compared to pressure, the temperature has a more significant effect on fluid adsorption due to the correlation with the kinetic energy of alkane molecules. This research shows the oil occurrence status in inorganic matter nanopore with a mixed solid wall, and provides theoretical support for shale oil exploration.
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INTRODUCTION
A continuous decline in conventional oil reserves has led to increasing attention to unconventional oil resources (Awan et al., 2021), especially shale oil, due to its vast number of resources and considerable production rate after fracturing (Zhou et al., 2020a; Zhou et al., 2020b). The output of shale oil in the United States has reached 60% of the total output of crude oil (Dong et al., 2011). The geological resources of continental shale oil achieved approximately 3,700 × 108 tons in the major continental basins in China (Yang et al., 2018), especially the Gulong Shale oil in the Daqing Oilfield, reported having nearly 1.3 billion tons of oil (Liu et al., 2021a; Jin et al., 2021; Sun et al., 2021). Shale oil is stored in an organic-rich source rock with ultralow porosity (Zou et al., 2015). Pores consist of interparticle pores, intraparticle pores, and organic matter pores (Loucks et al., 2012; Liu et al., 2021b). The diameters of the pores range from 5 to 200 nm and can be measured using field emission scanning electron microscopy (FE-SEM) and nano-CT techniques (Zou et al., 2010). In such nanopores, the interactions between fluid molecules and the substrate surface are dominant (Li et al., 2019). Significant shale heterogeneity and widespread nanopores led to different occurrence states of hydrocarbons and fluid transport compared to conventional reservoirs. Due to surface adsorption, uneven fluid distribution, and transport, the resource estimation, total volume flux, and economic evaluation are affected. They are also affected by other various factors, such as temperature, pressure, and pore size. X-ray diffraction (XRD) analysis shows that shales are typically composed of diverse amounts of inorganic minerals (Loucks et al., 2012). These materials in various combinations can affect the occurrence and distribution of shale oil. Kelly studied the pore size distribution of unconnected, fabricated silica and borosilicate glass nanochannels and showed a positive correlation between the saturation of the imbibing fluid and unique disjoining pressure of the fluid (Kelly 2013). Guo et al. (2015) studied gas flow behavior in nanomembranes, utilizing the advection-diffusion model while considering slip flow and Knudsen diffusion. A new formula for apparent permeability and flow rate was theoretically derived.
Molecular dynamics simulation methods (MD) have been applied broadly in studying the surface of minerals and organic matter (Beckers and Leeuw, 2000; Martic et al., 2002; Jin and Firoozabadi, 2015). Severson and Snurr (2007) evaluated single-component adsorption of alkanes (C5 and C15) in carbon slit pores. They summarized the adsorption of long alkanes and short alkanes at different temperatures. Wang et al. (2015a), Wang et al. (2015b), Wang et al. (2016) studied the adsorption of liquid alkanes (C5 and C8) in shale nanopores using molecular dynamics. Periodic fluctuation of density distribution in organic (six-layer graphene) and inorganic (quartz) slits were found. Li et al. (2019) simulated oil-water two-phase flow in graphite pore. They concluded that the total oil-water flow rate depended on the mixture composition. Zhang et al. (2021) studied the occurrence state and flow behavior of water-nC8 in calcite nanopores. It was concluded that Darcy’s law could describe nC8 when the water content was large enough. Dong et al. (2021) constructed “organic matter-oil-water,” “quartz-oil-water,” and “kaolinite-oil-water” models, studied the morphological changes of different oil components (C6, C12, C14, and C18) and water on different surfaces. Cao et al. (2020) evaluated the adsorption of saturated hydrocarbon, aromatic hydrocarbons, and resin in the slits of clay minerals. Although previous numerical simulation studies provided essential insights into the occurrence state and liquid flow mechanisms in shale nanopores, most focused on the single composition pore wall. Furthermore, the fluid model selection was mainly based on literature or hypothesis rather than experiment. No documented study has been found that investigated the effect of temperature, pressure, and pore size on the occurrence states of liquid alkane under the condition of a mixed shale wall. Therefore, in present study, we focus on the experiment result of XRD and GC on the Songliao Basin shale, using equilibrium molecular dynamics simulation to investigate the adsorption characteristics of oil in the inorganic matter mixed solid wall and single mineral solid wall of shale. The effect of pore size, temperature, and pressure on the mass density in mixed shale walls are discussed. Finally, the radial distribution function and intermolecular force are analyzed. In this paper, the composition of shale wall is further close to the actual situation, which will provide theoretical guidance for the development of shale oil reservoir.
MINERAL COMPOSITION AND FLUID COMPONENT OF SHALE
The mineral composition is an essential factor in the development of shale oil resources. It affects the brittleness of the shale, the pore structure distribution in a shale reservoir, and the seepage characteristics. The most widely used method of mineral percentages determination is XRD (Cody and Thompson, 1976). The principle behind XRD is to obtain the characteristics of X-ray signal using the diffraction phenomenon of an X-ray interacting with the crystalline structure of a material; the crystal structure is analyzed according to the spectrum information (Han et al., 2019; Ibrahim et al., 2020). Shale oil is rich in alkanes, arenes, nitrogen-, sulfur-, and oxygen-containing non-hydrocarbons (Ibrahim et al., 2020). The physical and chemical properties of the oil composition significantly impact the subsequent exploitation; hence, it is critical to understand the components and their contents in shale oil.
The mineral composition and fluid composition are studied taking the organic-rich shale in the first member of Qingshankou Formation in the Songliao Basin. The shale oil resource in the Qingshankou Formation is a new resource target for shale oil exploration in Northeast China. Shale oil in the Qingshankou Formation represents the typical continental shale oil reservoirs, the average total organic carbon (TOC) content exceeding 2%, the organic matter is mostly type I kerogen, Ro ranges from 0.5 to 1.2% (Liu et al., 2017). Ten shale samples from the first member of Qingshankou Formation in the Songliao Basin are measured using XRD, the composition of the whole shale and clay minerals are shown in Figure 1; the fluid composition of shale oil is measured by gas chromatograph (GC), analysis results are shown in Figure 2 and Table 1.
[image: Figure 1]FIGURE 1 | Shale mineral composition. (A) Composition of the whole shale; (B) Clay mineral composition.
[image: Figure 2]FIGURE 2 | Fluid component analysis results.
TABLE 1 | Analysis results of total hydrocarbon gas chromatography.
[image: Table 1]The mineral components of ten shale core samples varied, although mainly consisting of clay minerals, quartz, plagioclase, calcite, pyrite, and siderite. Overall, the shale is mainly composed of quartz and clay minerals. The main clay minerals are illite (I), chlorite I, mixed-layer minerals of illite and smectite (I/S), and a very small amount of mixed-layer minerals of chlorite and smectite (C/S). The average contents of I, C, I/S are 74.1, 12.1, 13.1%, respectively. Illite accounts for 83.1% in the (I/S) and is the main component in clay minerals. It can be concluded that the main components in shale samples are quartz and illite, with average contents of 37.7% clay minerals and 36.12% quartz.
The GC analysis showed that the carbon numbers of n-alkane ranged from C2 to C38. The main fraction of the shale sample is the neutral fraction with 87.08%, which chiefly consists of C8∼C33, with a maximum at C19. The ∑C21−/C22+ ratio is 2.28, indicating a weak predominance of long-chain n-alkanes. The pristane/phytane (Pr/Ph) ratio is 0.96, implying that the shale oil derived from source rock is deposited under a reducing environment (Wang et al., 2018). The value of OEP is 1.05, indicating that the sediment consists of mature organic matter.
MODELS AND SIMULATIONS
Models Information
The shale pore and shale oil were denoted by the illite-quartz mixed substrate and nC19, respectively, based on experiments analysis results. The illite unit cell was imported from the AMCSD (American Mineralogist Crystal Structure Database) (Downs and Hall-Wallace, 2003). The original lattice parameters were a = 5.2021Å, b = 8.9797 Å, c = 10.226 Å, α = 90°, β = 101.57°, γ = 90°. A quartz model was built using the software Materials Studio using the α-quartz crystal from the database with lattice parameters of a = 4.91 Å, b = 4.91 Å, c = 5.402 Å, α = 90°, β = 90°, γ = 120°. The illite-quartz mixed unit cell was constructed (Figure 3), then expanded to a supercell of 10 × 2×2 to obtain a substrate surface with a size of 5.3 × 4.8 × 1.8 nm3. A slit-shaped pore was built using two mixed sheets, nC19 was the major component of the shale oil in the Songliao Basin; therefore, nC19 was used to represent the oil.
[image: Figure 3]FIGURE 3 | Snapshot (front view) of the initial system for nC19 in a 5 nm pore. (A) Front view; (B) Left view-illite; (C) Right view-quartz; (D) Top view.
The conjugate gradient algorithm was applied to minimize the initial configuration to prevent molecular overlap or the distance being too short. Periodic boundary conditions were applied in all three directions. A vacuum with a thickness of 1 Å was added in the z-direction to minimize the boundary effects. The force field of a mixed surface was developed by Cygan et al. (2004) and used here. The CLAYFF explicitly described the atomic interaction of T-O-T structure clay and cations. Meanwhile, it considered only angle bend and bond stretch terms for water molecules, hydroxyls. Hence, this potential model was used to characterize the illite-quartz mixed substrate. The Lorentz-Berthelot mixing rules were used to calculate the interaction parameters between the unlike atoms ij (Cygan et al., 2004). OPLS All-Atom force field was employed to mimic the nC19 molecules, and geometric mixing rules solved the parameters of Lennard Jones interaction between different atoms. The mixing rules of the CLAYFF force field and OPLS were different. Sun et al. (2018), Zhao et al. (2018), Li et al. (2019) have documented the use of the Lorentz-Berthelot mixing rule to obtain the interaction parameters between clay and organic materials. Ye et al. (2013) stated that a scaling factor of 0.5 (default) for the 1-4 intramolecular interactions in the OPLS All-Atom force field is appropriate for linear alkane chains with less than 10 carbon atoms. It yields quasi-crystalline structures when the alkane chain has 12 or more carbon atoms. Therefore, a scaling factor of 0.3 was used here for the 1-4 intramolecular interactions in all nC19 molecules.
Simulation Details
The EMD simulations were performed with the Large-scale Atomic-Molecular Massively Parallel Simulator (LAMMPS) package. The cutoff distance was set to 12 Å, as the cutoff distance cannot be greater than half of the minimum simulated box size. Long-range electrostatic interactions were calculated by the Fourier-based Ewald summation method. The accuracy of the particle-to-particle mesh method was set to a precision value of 10−6, nC19 molecules were initially randomly placed in the illite-quartz mixed nanopores. The number of nC19 molecules was calculated by the density and pore size of a sample. A time step of 1 fs was used for 5,000 ps to reach simulation equilibrium in the NPT ensemble. The pressure was maintained by the Parrinello-Rahman barostat (Parrinello and Rahman, 1981) while the temperature was controlled at a constant level by the Nose Hoover thermostat (Nosé, 1984). The system equilibration and the trajectory were collected for data analysis. The initial simulations were run at 373 K, 322 atm in the 5 nm slab spacing. The results were then evaluated to determine the influence of pore size under a pressure of 322 atm and a temperature of 373 K. The pore size of the systems varied from 2.0 to 7.2 nm. The impact of temperature was assessed by varying from 363 to 383 K. The effect of pressure was varied from 272 to 372 atm. The occurrence state under different conditions of nC19 in the slit-shaped illite-quartz mixed nanopores was studied by EMD. Figure 4 shows that the system’s energy, temperature, and pressure eventually stabilized, indicating that the simulation time was enough to reach equilibrium. The simulation snapshots were created by OVITO 3.0.0 (Stukowski, 2010).
[image: Figure 4]FIGURE 4 | Simulation results of nC19H40 in equilibrium stage at different temperatures (A,B) and pressure (C,D). The red, blue, green colors represent temperatures of 383, 373, 363 K, the purple, black and orange colors represent pressures of 372, 322, 272 atm, respectively.
RESULTS AND DISCUSSION
Effect of Shale Composition on Adsorption
Figure 5 shows the density distributions of the fluid in a single-component pore and multi-component mixture pore. The red curve is the result for quartz, the green curve is the result of illite, and the black curve is the result of the quartz-illite mixed solid wall. Four ordered adsorbed layers lie parallel to the multi-component solid wall, three adsorbed layers lie parallel to the single-component solid wall. The average mass density of each adsorbed layer for quartz, quartz-illite mixed, and illite are 1.205, 1.055, and 0.894 g/cm3. In contrast to illite, the quartz is easier to adsorb the alkane molecules. In addition, the adsorption effect of the quartz-illite mixed wall is between that of the pure mineral walls, indicating that the selection of a mixed wall is closer to actual shale samples.
[image: Figure 5]FIGURE 5 | Effects of single-component pore and multi-component mixtures pore on the mass density profiles for alkanes in a 5 nm pore.
Effect of Pore Size on n-Alkanes Adsorption
In Figure 6A, we presented the continuous mass density profiles of nC19 in mixed nanopores at pore sizes of 2, 3.2, 5, and 7.2 nm. As it depicted in Figure 6A, there are only two adsorbed layers in a 2.0 nm pore. The pore is entirely occupied by adsorbed phase, and no bulk phase is present. Four symmetric adsorbed layers form in other nanopores. The peak density of the adsorbed layer increases with distance from the pore center. Compared with the density distribution curve of chain alkanes in other pores (such as graphene, silica, calcite, montmorillonite), the adsorption layer of alkanes molecules near the pore wall is a common phenomenon (Ledyastuti et al., 2012; Le et al., 2015). The difference is the adsorption layer density value is associated with the composition of the pore wall. Figure 7 shows the equilibrium configurations snapshots of nC19 in a 5 nm pore. The alkane molecules in the near-wall region aggregate together at a high density. The distribution of the bulk fluid molecules is relatively scattered with a low molecular density. In the 3.2 nm pore, the density of the first adsorbed layer (0.770 g/cm3) is approximately 1.11 times that of the bulk phase. The density of the second adsorbed layer (0.835 g/cm3) is approximately 1.20 times that of the bulk phase. The density of the third and the fourth adsorbed layer (1.051, 1.430 g/cm3) are approximately 1.51 times and 2.06 times that of the bulk phase; the average density of adsorbed layer is 1.022 g/cm3. In the 5 nm pore size, the mass density ratios between the first, second, third, fourth adsorbed layer and the bulk phase range from 1.13 to 2.21. In the 7.2 nm pore size, the mass density ratios range from 1.20 to 2.45. The average density of each adsorption layer increased with the pore size. The density of bulk fluid under each pore size was about 0.691 g/cm3, which was close to the experimental result (0.724 g/cm3). The spacing between two adjacent crests estimated the thickness of each adsorbed layer. The adsorbed layers of different pore sizes were then compared. The thicknesses of the first and second adsorbed layers are about 4.4 and 5.6 Å in a 2.0 nm pore. The thicknesses of the first adsorbed and other adsorbed layers are about 2 and 3.5 Å in a 3.2 nm pore. The values in a 5 nm pore are 3.5 and 5.5 Å. In 7.2 nm pore, the thicknesses are 5.5 and 7.5 Å. The thickness of the first adsorbed layer is smaller than the other three adsorbed layers. The interactions between the mixed solid surface and nC19 molecules gradually decreased, and the intermolecular interactions among nC19 molecules were enhanced. Figure 6B depicts the total thickness of the adsorbed phase and bulk phase. All adsorption phases are present in 2 nm pores; the thickness of adsorbed phase is 20 Å. The thicknesses of the adsorbed phase are 26 Å (3.2 nm), 40 Å (5 nm), and 55 Å (7.2 nm). The thicknesses of the bulk phase are 6 Å (3.2 nm), 10Å (5 nm), and 17 Å (7.2 nm). The value “a/b” represented the ratio of the thickness of the adsorbed phase to the bulk phase. With an increase in pore size, the value “a/b” decreases.
[image: Figure 6]FIGURE 6 | (A) Effect of pore size on the continuous mass density profiles for nC19 in the mixed nanopores. (B) The thickness of adsorbed phase and bulk phase at different pore sizes.
[image: Figure 7]FIGURE 7 | (A) Equilibrium configurations snapshots of nC19 in mixed nanopores; (B) Snapshot showing the fluid distribution of nC19 in the near-wall region; (C) Snapshot showing the fluid distribution of nC19 in a bulk region.
Overall, the pore size affects the fluid distribution of the adsorbed phases and bulk phases, and there must be a minimum size where the pores are filled with adsorbed phase fluids and no bulk phase fluids. Wang W et al. (2015) proposed that if an organic pore is less than 3.84 nm, there will be only adsorption of n-octane and no free oil. Moreover, 3.84 nm corresponds to the thickness of the eight alkane layers. In our work, when the inorganic mixed solid wall is less than 3.2 nm, there is no bulk phase, and the thickness of eight alkane layers is about 3.6 nm. Bulk oil still exists in the 3.2 nm pore, indicating that when the pore is inorganic, the minimum pore size of only adsorption oil may be smaller than the organic pore.
Effect of Pressure on n-Alkanes Adsorption
Figure 8A shows that the continuous mass density profiles of nC19 in 5 nm mixed nanopores at pressures of 272, 322, and 372 atm under a temperature of 373 K. There is no noticeable deviation among the mass density profiles of the adsorbed phases for the different pressures. It was probably due to capillary condensation; the reservoir pressure is greater than the saturated vapor pressure of alkanes. With an increase in pressure, the adsorption capacity of alkanes on the pore wall hardly changed. The densities of the first adsorbed layer under different pressures are 0.780, 0.783, 0.783 g/cm3, respectively, almost unchanged. The densities of the bulk fluid in the center of the pore are 0.695, 0.694, and 0.684 g/cm3, respectively. With an increase in pressure, there is a certain influence on the bulk fluid density. The results show that the bulk fluid density values agree with the experimental data. The relative errors are about 4.05, 4.15, and 5.52% at 272, 322 and 372 atm, respectively.
[image: Figure 8]FIGURE 8 | (A) Effect of pressure on the continuous mass density profiles for nC19 in the mixed nanopores; (B) Effect of temperature on the continuous mass density profiles for nC19 in the mixed nanopores.
Effect of Temperature on n-Alkanes Adsorption
Figure 8B shows the continuous mass density profiles of nC19 in 5 nm mixed nanopores at temperatures of 363, 373, and 383 K under a pressure of 322 atm. These profiles are similar to the previous conclusion. There are four adsorbed layers under different temperatures, and the peak density of each adsorbed layer gradually increases with distance from the pore center. The density of the bulk fluid under different temperatures is ∼0.695 g/cm3. At 363 K, the ratio of the adsorption layer density to the bulk fluid density ranges from 1.13 to 2.49. The average density of the adsorption layer is 1.133 g/cm3. At 373 K, the density ratio is 1.13–2.21, and the average density of the adsorption layer is 1.055 g/cm3. At 383 k, the density ratio is 1.13–2.01, and the average density is 1.011 g/cm3. The average density ratio of the first adsorption layer to the bulk phase at different temperatures is 1.13. Overall, adsorption occurs near the pore wall at 363 K. With a gradual increase in temperature, the liquid-liquid effect near the pore wall gradually increases, resulting in the deceleration of the adsorption rate between alkane molecules and the wall. The density of each adsorption layer and the average density of the adsorption layer further decreases as well. The reason may be that the kinetic energy of alkane molecules in the system was calculated from the square sum of the particle velocity, and the system’s kinetic energy is positively correlated with temperature. Therefore, a higher temperature results in greater kinetic energy and a shorter movement time for the alkane molecules from the pore wall. It is much easier to detach from the pore surface of the shale and form a free state. Furthermore, with an increase in temperature, the viscosity of nC19 molecules decreases, resulting in a decrease in density. The bulk fluid density values of the model at different temperatures agree with the experimental data. The relative errors are about 3.57, 4.15, and 4.17% at the different temperatures of 363, 373, and 383 K.
Radial Distribution Function and Intermolecular Force Analysis
The theory of radial distribution function (RDF) is one of the most active research aspects in chemical thermodynamics and the most precise section among the theory of liquids. It is a key function for describing the structure of fluids. It plays an important role in determining the equilibrium and non-equilibrium thermodynamic properties of fluids (Lyubartsev and Laaksonen, 1995). It is also the primary linkage between macroscopic thermodynamic properties and interaction forces among the molecules in pure fluid and fluid mixture.
At present, molecular simulation, integral methods, and micro-phase equilibrium methods are the main calculation methods to obtain RDF (Kirkwood et al., 1952; Carvalho et al., 2020). The results of RDF obtained from molecular simulation are the most accurate (Pérez Molina et al., 2021). As shown in Figure 9, RDF can be interpreted as the ratio of local density to bulk density of the system. The local density near the reference atom is different from the bulk density; however, when it is far away from the reference atom, the local density is the same as the bulk density. In other words, the RDF should be close to 1 when the r is large. It can be calculated by Eq. 1.
[image: image]
Where dN is the number of atoms (molecules) that have a force on the reference atom within a certain range (r, r + dr), ρ is the atom density.
[image: Figure 9]FIGURE 9 | Diagram of the radial distribution function and the region of radial distribution calculation (gray region), black balls represent reference particles.
The peak position of RDF played an important role (Chen et al., 2021). In the RDF diagram, if the peak position is less than or equal to 3.5 Å, there is a chemical or hydrogen bond between reference atoms and other atoms. If the peak position is more than 3.5 Å, the Coulomb and van der Waals forces are the main forces (Yang, 2020).
The two-dimensional radial distribution functions of CH3–CH3 correlations in 5 nm mixed solid wall of different pressures and temperatures were calculated from 3.5-ns EMD simulation. As shown in Figure 10, the adsorption peak position of CH3–CH3 is more than 3.5 Å, indicating that the main intermolecular forces are van der Waals force and Coulomb force. Since the position of the RDF is located near the wall (the position with the largest adsorption phase density), RDF can explain the force of fluid molecules on the mixed component shale wall. When the pressure changes, there is little difference in the value and position of the main peak, as shown in Figure 10A. This further indicates that the adsorption of the fluid on the wall changes little with pressure. In Figure 10B, when the temperature changes, the position of the main peak remains unchanged. The value of the main peak decreases with an increase in temperature, indicating that the number of fluid molecules in the near-wall region decreases with an increase in temperature. This is consistent with the density distribution curve analysis results in Figure 8. In addition, the RDFs reach 1 when the r is large. The short-range order of nC19 is also observed, illustrating the liquid-like structure under confinement.
[image: Figure 10]FIGURE 10 | Two-dimensional CH3–CH3 RDF for nC19 in 5 nm mixed nanopores of different pressures (A) and temperatures (B).
CONCLUSION
In this work, we combined the analysis results of XRD and GS from the Songliao Basin shale oil to determine primary compositions. The main mineral component of shale was quartz and illite. The main carbon peak of the fluid component was nC19. Molecular dynamics simulation technology was used to analyze the occurrence state of the fluid under the varying conditions of single-component walls and multi-component mixtures walls to further verify the accuracy of the selection of the pore wall. The analysis of mass density curves under different pore sizes, temperatures, and pressures revealed that the critical adsorption point of the shale oil in inorganic pores was smaller than that of organic matter. In this paper, the critical point was less than 3.2 nm. Because the kinetic energy of molecules was directly related to temperature, the density of the adsorbed phase and the thickness of the adsorbed layer were more sensitive to temperature; a higher temperature resulted in greater kinetic energy, where it was easier to form a free state on the pore wall. The density and thickness of adsorbed phase were less affected by pressure due to capillary condensation. The main intermolecular forces were van der Waals force and Coulomb force. The RDFs of nC19 showed a liquid-like structure under confinement.
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Preservation conditions are the key factors that determine the effective accumulation of shale gas. The damage of faults formed by differential structures to the roof and floor and the shielding of lateral edges are the direct reasons for the difference in preservation conditions. Taking the organic-rich shale of the Wufeng–Longmaxi Formation in the south of the Sichuan Basin as an example, this paper reveals different types of shale gas-rich structures by using typical seismic profiles and puts forward the main controlling factors of different gas-rich structures and their influence on preservation. The results show that three kinds of gas-rich structures are developed in the Wufeng–Longmaxi Formation in southern Sichuan: positive type, negative type, and fault transformed slope type. The basin is dominated by a wide and gentle syncline, fault spreading fold, and low scope concealed anticlines. Wide and gentle anticline, arc anticline, and fault transformation slope are developed at the basin edge. Fault sealing is the main controlling factor for the preservation of shale gas in wide and gentle anticlines. The main controlling factors for the preservation of circular arc anticlines and hidden anticlines are anticline curvature and the distance between faults. The preservation of shale gas in a syncline is mainly controlled because it includes formation buried depth, foliation development degree, and formation dip angle. The preservation of fault transformed syncline is mainly affected by formation buried depth, dip angle, and fault sealing. Foliation and faults form a three-dimensional migration system, which jointly controls the intensity of gas escape. Positive structures such as wide and gentle anticline and circular arc anticline at the basin edge, and deep buried gentle syncline and low scope concealed anticline in the basin are favorable shale gas-rich structures.
Keywords: preservation conditions, construction style, differential deformation, complex structure area, Sichuan basin
INTRODUCTION
The contradiction between oil and gas demand growth and insufficient supply stimulates oil and gas exploration to enter deeper and wider fields (Jarvie et al., 2007; Ambrose et al., 2010; Fan et al., 2020; Zhang et al., 2020; Chen et al., 2021; He et al., 2021). As an important replacement area for unconventional oil and gas tools (Wang B. et al., 2021), commercial oil and gas reservoirs have been discovered in tight sandstone gas, super-heavy oil, coalbed methane, and other fields, which relieved the pressure on energy and adjusted the energy structure. The proportion of oil and gas production is increasing year by year (Pollastro, et al., 2007; Curtis et al., 2012). Organic-rich shale is considered as a special rock integrating the functions of “source, reservoir and cover” because of its characteristics of low porosity and low permeability (Jarvie et al., 2007; Yin et al., 2018; Xu et al., 2020). Hydrocarbon gas has the characteristics of “nearby adsorption and in-situ accumulation” in shale. The migration of shale gas is usually promoted by concentration diffusion and “saturated piston” (Borjigin et al., 2017), the preservation conditions determine the difference in gas-bearing properties of shale, and it is also a key indicator for optimizing favorable areas for shale exploration (Ge et al., 2021). The fault development and different structural styles caused by differential tectonic movement result in the division of favorable preservation areas, which restricts the exploration and development of shale gas. Therefore, it is indispensable to study the impact of structural deformation differences on shale gas preservation (Guo et al., 2017), The marine organic-rich shale of the Wufeng–Longmaxi Formation in the south of the Sichuan Basin has the characteristics of a wide distribution area, moderate burial, high effective thickness, high total organic carbon (TOC) content, high thermal evolution degree, high brittle mineral content, and high gas-bearing property. The “source-reservoir” condition is superior, and it is the key target area of shale gas exploration in the next stage (Ma and Xie, 2018; Shi et al., 2021). High yield shale gas flow has been obtained in Changning, Weiyuan area, but the gas-bearing properties and gas production of different single wells in the same block vary greatly (Chen et al., 2018), which is mainly due to the superposition and transformation of multistage tectonic movements such as the Indosinian movement, Yanshan movement, and Himalayan movement in southern Sichuan (Guo and Zhang, 2014).
In the process of shale gas in the Sichuan Basin, the predecessors pointed out that the difference in preservation conditions is the key factor for the formation of the “dual enrichment” of the Lower Paleozoic marine shale in the Sichuan Basin (Ren et al., 2016; Yuan et al., 2019). At the same time, it is pointed out that structural elements are the key factors restricting shale gas preservation. The difference of gas-bearing property between the DY2 well and DY1 well in the Dingshan area is mainly caused by the difference in fault development scale and sealing property (Fan et al., 2018). In the analysis of the paleotectonic stress field and preservation conditions in the Changning area, it is confirmed that the faults formed by the Yanshan movement and Himalayan movement are the main fracture forming period (Wang et al., 2017; Fan et al., 2020b). Fault sealing is the direct reason affecting the preservation conditions (Awdal et al., 2013; Gale et al., 2014; Li et al., 2019; Xie et al., 2019; Hou et al., 2020; Li et al., 2021a; Li, 2021; Qie et al., 2021; Wang and Wang, 2021); the distribution of faults and fractures is predicted by means of geophysical and stress field simulation. Combined with the analysis of shale gas-bearing property, it is pointed out that the main reasons for the difference of shale gas-bearing property are the buried depth of stratum, the development of faults, and the difference of structural style (Liu P. et al., 2018; Hu et al., 2018; Guo et al., 2021; Shan et al., 2021), Combined with the analysis of the Jiaoshiba area successfully developed in Southeast Sichuan, it is considered that under medium burial depth, the high points of the gentle anticline and arc anticline are favorable accumulation and direction areas of shale gas.
However, due to the difference in shale gas exploration degree and the lack of three-dimensional seismic resources, the evaluation of preservation conditions is often concentrated in the same block (Li et al., 2021b; Wang H. et al., 2021; Hadded et al., 2021; Hou et al., 2021). The differences in gas-rich structural types and preservation conditions in different structural areas outside the basin, at the edge of the basin, and in the basin still need to be further analyzed, which is the basis for the optimization of favorable areas for shale gas. With the deepening of shale gas exploration, in recent years, there are more detailed three-dimensional seismic data, which provide conditions for comparative analysis of structural style differences in different gas-producing areas and their impact on shale gas preservation. Therefore, based on the seismic profiles of typical wells in different structural areas, this paper compares and analyzes the typical shale gas-rich structural characteristics of shale gas-producing areas from basin edge to basin, combined with the differences of shale gas-bearing properties. This paper discusses the migration mode and preservation main controlling factors of shale gas under the control of different shale gas-rich structures.
GEOLOGICAL SETTING
In terms of the regional structure, southern Sichuan crosses the low and steep structural belt in southern Sichuan and the low and steep structural belt in southwestern Sichuan (Figure 1). As a whole, it is sandwiched by the Huayingshan fault, Gulin fault, Qijiang fault, and Qiyueshan fault (Cheng et al., 2021; Liu et al., 2021). It is adjacent to the Loushan fault fold belt in the south and presents a “triangular structural belt” in the basin. The Yongchuan brush structural belt, Chishui–Luzhou superimposed structural belt, and Changning fault fold belt in the basin are developed from north to south in the study area, which is characterized by large north–south structural strength and weak deformation in the middle. The study area mainly develops northeast and northeast structures and develops east–west and northwest structures to the south, showing the characteristics of deformation differences (Liu et al., 2021).
[image: Figure 1]FIGURE 1 | Regional structural location, stratum, and well location distribution in the Sichuan Basin.
The buried depth of the Wufeng–Longmaxi Formation shale in southern Sichuan is obviously different. The buried depth of the Wufeng–Longmaxi Formation shale in the Changning area is no more than 3,500 m, which is exposed on the surface in the Changning anticline area (Cheng et al., 2021; Wang Y. et al., 2021; Zhu et al., 2018; Zhu et al., 2022). The buried depth of shale in the Luzhou area is generally more than 3,500 m, the thickness of high-quality shale is between 20 and 80 m, the sedimentary environment is the deep-water shelf, and the lithology of high-quality shale is mainly organic siliceous shale and graptolite shale. The reservoir space includes primary matrix pores, hydrocarbon generation pores, and microfractures (Casini et al., 2016; Feng et al., 2020; Wang et al., 2020). The porosity of the high-quality shale section is between 2.35% and 7.84%, with developed foliation and good transverse permeability. Faults are developed in the study area, and there are obvious differences in fault longitudinal permeability and combination style. There are great differences in the productivity of single well shale gas wells in different structural parts (Wang, 2020). Among them, well N217 in the Changning area is located in the nose structure controlled by faults, with low shale gas content and single well test productivity of 11.12 × 104 m3; well N209 is located in a wide and gentle slope, shielded by faults, and high shale gas content. The test capacity of a single well is 62.02 × 104 m3.
TECTONIC ZONING AND DEFORMATION CHARACTERISTICS
There is a gradual contact relationship between the south of the Sichuan Basin and Dalou Mountains; there is no obvious basin mountain transition boundary; and the surface is characterized by vertical and horizontal geographical patterns of high mountains and deep valleys (Wang et al., 2017). From the basin edge to the basin, it can be divided into three structural areas: Changning strong reconstruction belt on the basin edge, Luzhou–Chishui structural superposition belt, and Yongchuan brush fault fold belt (He et al., 2016). There are obvious differences in stratigraphic deformation characteristics and structural styles in different structural areas.
Changningqiang Reconstruction Belt at the Basin Margin
Due to the northward wedging of the Dalou Mountains, the advancement of the Jiangnan–Xuefeng uplift, and the joint action of the Huaying Mountain strike-slip fault, the Changning area has strong structural deformation and is a strong transformation area. The main body includes the Changning anticline, Jianwu syncline, and Fujiang syncline. The main body of the Changning anticline is an asymmetric compound box anticline distributed in the NWW–SEE direction, which has the characteristics of a steep northeast wing and a gentle southwest wing. It dips in the Xuyong County in the southeast and ends in the Gaoxian County in the northwest. The structural trace deflection of the northwest wing of the anticline is distributed in the northeast direction, which is consistent with the structural axis of the Fujiang syncline, indicating that the current structural form of the Changning area is formed by the superposition and transformation of multistage tectonic movements, The oldest stratum exposed in the core of the anticline is the Cambrian Gaotai Formation, with secondary folds and reverse faults developed inside.
According to the surface tectonic trace and the relationship between fault cutting and restriction, the Changning tectonic deformation stage can be divided into three stages, and the stress action mechanism and influence range of different stages of tectonic movement are different. The main body of the Changning structural area was formed during the Yanshan movement and Himalayan movement. Before the Yanshan movement, the tectonic activity in the Changning area was weak, and the faults and folds were not developed. In the middle and late Yanshan movements, the central Guizhou block was strongly wedged in the NW direction of Daloushan along the Ziyun–Luodian fault and blocked by the rigid block in Central Sichuan, resulting in the nearly north–south compression of the Daloushan structural belt. It forms the prototype of the Changning anticline in the near east–west direction. From the end of the Yanshan period to the early Himalayan period, with the uplift of the Qinghai Tibet Plateau, the Sichuan Basin and its periphery were uplifted as a whole. Under the strong compression of NW–SE tectonic stress, the axial direction of the Changning anticline was twisted, and a large number of NE trending faults were formed. From the middle period of the Himalayan movement to now, under the combined action of the Jiangnan–Xuefeng uplift and central Sichuan uplift, the study area is affected by the dual stress from the southeast and north, respectively, develops NW trending faults, and cuts the early faults.
Luzhou–Chishui Structure Superposition Zone
The Luzhou–Chishui structural superposition zone includes the Xiangbichang syncline, Changyuanba anticline, Chishui nose anticline, and Shaxigou syncline. The structural form is characterized by narrow anticline and wide and gentle synclines. North–south and east–west structures are developed in the Chishui area. The north–south structure is located in the east of the superposition zone, and its formation is mainly affected by the Qiyueshan fault. The formation of the east–west structure is mainly affected by the northward wedge of the Dalou Mountains in the south. The oldest stratum exposed on the surface is Jurassic sandstone.
According to the surface structure trace and fault cutting characteristics, the east–west structure is formed earlier than the north–south structure, and the fault intersecting relationship is obvious. The north–south faults are mostly in the right-order echelon type, including the east and west directions, and the development degrees of faults with different tendencies are different. The fault layers inclined to the west are much more than those inclined to the east, and the fault distance is small and is limited by east–west faults. It shows that the formation time of the north–south structure is later than that of the east–west structure.
Combined with the analysis of structural evolution characteristics of the Sichuan Basin, the formation of the east–west structures in the Chishui area is superimposed and transformed by multistage tectonic movements. In the late Cretaceous, the uplift of the paleouplift in Central Guizhou led to the northward wedging of the Dalou Mountains, resulting in the north–south tectonic stress and forming the main body of the east–west structure. During the Himalayan movement, under the influence of the tectonic compression of the Jiangnan–Xufeng uplift and the regulation of the Sanjiang orogenic belt, the near east–west compressive stress was generated, and the north–south structure was formed.
Yongchuan Brush Fault Fold Belt
The Yongchuan brush fault fold belt is the product of the superposition of multiple structural systems. The fold structure converges to the north and diverges to the south, presenting a “brush shape” as a whole. The outer layer of the brush structure is a series of narrow anticlines with right oblique rows, and the inner anticline is arranged in an echelon, which is the product of a torsional structural stress field. In the north, the folds are strong, the stratum uplift is large, and the faults are relatively developed. The oldest stratum exposed in the core of the anticline is the Triassic Xujiahe Formation, which extends to the Luzhou area to the south. The fold strength is gradually weakened, there are a few faults, knee and hill structures are developed, and the Ziliujing Formation and Shaximiao Formation are exposed at the axis.
The main body of the Yongchuan brush fault fold belt includes the Xishan anticline, Gufushan anticline, Xindianzi anticline, Luoguanshan anticline, and other structures. The structural axis is NE, and the fault strike is mostly consistent with the anticline strike. Recoil faults occur along the steep wing of the anticline, controlling the anticline shape. Under the regulation of the Huayingshan strike-slip fault and the promotion of the Jiangnan–Xuefeng uplift and central Guizhou paleouplift, many rows of right-order en echelon folds are formed in the Yongchuan area, which are oblique to the Huayingshan fault. Due to the basin thrust of the Xuefeng orogenic belt, a southeast imbricate thrust fault is formed. At the same time, the thrust fault formed by the Middle Sichuan paleouplift converges downward in the lower Cambrian detachment layer, resulting in the difference between the upper and lower structural layers of the Longmaxi Formation. In the Cretaceous period, during the northward advancement of the paleouplift in Central Guizhou, the north–south tectonic stress was transmitted to the study area, causing the triangular area bounded by the Huayingshan fault zone and Qijiang fault zone to be affected by a certain north–south tectonic stress, resulting in the southward divergence of brush structure, and finally forming Yongchuan fault fold zone.
DEFORMATION STRENGTH AND TYPICAL SHALE GAS-RICH STRUCTURAL TYPES
Affected by the superposition and transformation of multistage tectonic movements, there are significant differences in deformation intensity in different structural areas, and there are great differences in shale burial depth, fault development, and gas-rich structural types, resulting in the discontinuous distribution of shale gas favorable areas.
Deformation Strength Difference
Early continuous burial controlled the pyrolysis and hydrocarbon generation of shale gas, and late structural uplift controlled the escape of shale gas. The preservation conditions are directly affected by the strength of the structure. The earlier the stratum uplift, the larger the uplift and the scale of the fault. The larger the value, the stronger the damage to the original state, and the longer the shale gas escape, which is not conducive to the preservation of shale gas. The large-scale uplift time and the uplift range of stratum uplift in different structural areas are quite different. According to the analysis of the burial history of typical wells, it can be seen that since the Cenozoic, the Changning area has started to uplift on a large scale at about 134 Ma, including the second moderate velocity and the first rapid uplift, and the stratum uplifted in the range of about 2,500–3,000 m (Figure 2A). The Yanshan structure formed the main body of the Changning structure with large-scale faults. The faults disappeared upward in the Permian detachment zone. During the Himalayan movement, strong tectonic compression caused the strata to occur. In a large-scale structural uplift, the Silurian strata are exposed on the surface of the Changning anticline, undergoing weathering and denudation, and forming a denudation zone. At the same time, strong tectonic movements formed large-scale faults that penetrated the Longmaxi Formation and the surface and destroyed the preservation conditions of shale.
[image: Figure 2]FIGURE 2 | Burial history of Longmaxi Formation shale in southern Sichuan. (A) Burial history in Changning area and (B) burial history in Luzhou area.
The Wufeng–Longmaxi Formation in the Luzhou–Yongchuan area experienced two mid-range structural uplifts from the end of the Late Cretaceous to the early Cenozoic (74–40 Ma) and since the Late Cenozoic (20–0 Ma). The stratigraphic uplift was between 2,000 and 2,500 m (Figure 2B), and the stratigraphic uplift in the syncline area is below 2,000 m. During the Indosinian Movement, the Luzhou–Yongchuan area was formed, and the Yanshan movement and the Himalayas were intensified. Structural deformation was concentrated along the upper detachment zone. The Wufeng–Longmaxi Formation was always deeply buried, and large-scale faults developed in the anticline area. The fault distance is more than 40 m, and the fault scale in the syncline is small.
Typical Shale Gas-Rich Structure
There are obvious differences in fault combination characteristics, shale gas-rich structural types, and spatial distribution in different structural areas. As a whole, it can be divided into “anticline type” gas-rich structure, “syncline type” gas-rich structure, and “fault transformation slope type” gas-rich structure.
“Anticline Type” Shale Gas-Rich Structure
According to the curvature of fold turning end, the “anticline type” gas-rich structure in the study area can be divided into an arc-shaped anticline and inclined box anticlines (the two wings are relatively steep and asymmetrical, and the turn ends are flat and broad anticlines), and arc-shaped anticline can be divided into a concealed arc-shaped anticline and exposed arc-shaped anticline. The structural shape is affected by the reverse fault, forming fault spreading folds. The anticline shape is irregular, and the two wings are asymmetric. Generally, the dip angle of the front wing is greater than that of the rear wing, and the rear wing is usually controlled by the reverse fault with opposite inclination, forming a typical thrust structure.
The buried depth of the stratum is shallow in the Changning area, the fault development scale of the target layer is large, the anticline is wide and gentle, and an inclined box anticline is developed. The two wings and turning ends of the anticline are mostly transformed by the fault. Taking the section passing well N216 as an example, the seismic section shows that the anticline is asymmetric, the northwest wing of the anticline is steep, the core and turning ends are gentle, the fault transformation is strong, and the core and two wings are complicated by the fault transformation (Figure 3A).
[image: Figure 3]FIGURE 3 | Typical “anticline type” shale gas-rich structure. (A) Cross N216 well profile in Changning area. (B) Rongchang structure profile in Luzhou area. (C) Cross Yy7 well profile in Luzhou area.
The shale of the Wufeng–Longmaxi Formation in the Luzhou–Yongchuan brush structural belt in southern Sichuan is deeply buried. Under the joint influence of the upper and lower sets of detachment layers of the Cambrian Gaotai Formation and Triassic Jialingjiang Formation, concealed arc anticlines are formed during the formation of reverse faults, which are mainly distributed in syncline structures. The stratum is deeply buried, and several parallel reverse faults in the syncline form fault spreading folds during the propagation process (Figure 3B). The main fault is a reverse fault arranged in parallel in the northeast direction, with the characteristics of steep up and slow down. The fault converges downward in the Cambrian gypsum salt layer and terminates upward in the Permian system. Secondary thrust faults are developed in the hanging wall of the thrust fault, which jointly control the shape and scale of the concealed arc anticline.
“Slope flat type” reverse fault is developed in the Yongchuan area. The fault converges downward, disappears in the Cambrian detachment layer, and disappears upward in the Silurian system. It has the characteristics of small upper and lower dip angles and large middle dip angles (Figure 3C). During the formation and propagation of the “slope flat type” reverse fault, the lower wall of the fault is stacked on the lower wall to form a typical fault bend fold. Under the condition of deep burial “slope flat type,” the reverse fault has strong sealing, and the fold core has become the high point of shale gas accumulation.
“Syncline Type” Shale Gas-Rich Structure
Affected by the Yanshan–Himalayan orogeny in different areas of southern Sichuan, the Wufeng–Longmaxi Formation in basin margin area is denuded to varying degrees, a residual syncline is developed, and the shape of the basin syncline is complete. According to the difference of axial plane shape, it can be divided into noninverted synclines and fault transformation synclines. Both Changning structures on the basin edge are developed, and the shape of the Luzhou syncline is complete. Affected by structural differences, the dip angles of the two wings of the Syncline in the Changning area are obviously different, mainly asymmetric synclines. Taking the sections passing through well N201 and well N203 in the Jianwu syncline as an example, the buried depth of shale in the core is about 2,200 m, of which the stratum in the northeast wing is steep with an inclination of about 45°, and the southwest wing is relatively flat with an inclination of about 30° (Figure 4A). The Changning area in the basin margin is superimposed and transformed by multistage tectonic movement, and multistage reverse faults are developed. Under the influence of upward and downward delamination, large faults passing through the target layer to the surface are concentrated in the core of the anticline, and there are few faults in the syncline. Combined with the seismic profile, small-scale faults are developed in the syncline, such as the section passing through well N216H11, the syncline is broad, the stratum dip angle is below 20°, and the shale layer of the Wufeng–Longmaxi Formation along the core of the syncline is reverse fault dislocation. A fault transformation syncline with asymmetric two wings is formed, and the two wings of the syncline are medium high-angle reverse fault transformations (Figure 4B). The syncline in the Luzhou area is wide and gentle, the stratum is deeply buried, the dip angle of the core stratum is below 10°, and the dip angle of the two wings is gradually increasing. The two wings of the syncline are limited by high-angle thrust faults, forming an opposite thrust (Figure 4C).
[image: Figure 4]FIGURE 4 | Typical “syncline type” shale gas-rich structure. (A) Cross N201–N203 well profile in Changning area. (B) Cross N216H11 well profile in Changning area. (C) Cross Y101H2-8 well profile in Luzhou area.
“Fault Shielding Slope Type” Shale Gas-Rich Structure
The south edge of the Sichuan Basin is jointly transformed by multistage tectonic movement, and the Wufeng–Longmaxi Formation shale is exposed on the surface. Faults are developed. In the southeast edge of the basin, under the action of the Qiyueshan main fault nappe and secondary fault regulation, the buried depth of the Wufeng–Longmaxi Formation gradually increases from the basin edge to the basin, and low-angle faults are developed to block the slope, such as the profile of well RY1 (Figure 5A). In the eastern part of the southern margin, due to the action of the Daloushan wedge and Huayingshan fault, as well as the influence of the Gulin fault and secondary reverse fault, along the Changning anticlinal basin, the burial depth of the Longmaxi Formation increases rapidly, and the dip angle of the footwall of the fault is large, which is shown as a high-angle slope. At the same time, due to the action of multiple secondary faults, the target layer of the slope is divided into high dip fault blocks. For example, the Changning structure passes through well N216H27-3 profile (Figures 5B,C).
[image: Figure 5]FIGURE 5 | Basin margin fault blocks slope gas-rich structure. (A) Cross RY1 well profile in Renhuai area. (B) Cross N216H27-3 well profile in Changning area. (C) Cross N216H27-3 well seismic profile in Changning area.
INFLUENCE OF DIFFERENTIAL STRUCTURE ON PRESERVATION
Main Factors Controlling the Preservation of Different Shale Gas Structures
“Three dimensional effective sealing” is the key to the formation of shale gas reservoirs. In the process of shale gas formation, affected by hydrocarbon generation and pressurization, horizontal and vertical migration and diffusion will occur along the “depressurization channel.” Foliation, faults, and high-permeability strata may become the migration channel of shale gas (Wang et al., 2016; Chen et al., 2020; Cheng et al., 2020; Nie et al., 2020). The distribution of shale roofs and floors in southern Sichuan is stable. The failure of roof and floor and the shielding effect of lateral edge caused by faults formed in later structures determine the vertical capping and lateral migration. There are also some differences in fault combination styles, burial conditions, and main enrichment controlling factors of different gas-rich structures.
Main Controlling Factors for Preservation of Positive Gas-Rich Structures
In the forward structure, when the lamellation is not closed, shale gas migrates laterally to the structural high point to accumulate. The migration channels are mainly lamellation and bedding detachment fractures, and the shale gas mainly escapes through the vertical direction. The development of faults and fractures is the main controlling factor for the preservation conditions of shale gas. However, during the formation of the positive structure, the development of different types of forward structure faults and derived fractures is different. Therefore, the main control of preservation conditions is also different (Li et al., 2012; Wang et al., 2014; Wang et al., 2018; Li et al., 2020).
The turning end of the box-shaped anticline is wide and gentle, and local stress concentration occurs at the transition between the wing and the turning end. The formation is twisted at a large angle under the action of longitudinal bending and folds, secondary faults and derivative fractures are concentratedly developed, and the core of the anticline is gentle. The burial is shallow, and the lamellation is mostly in an open state. The shale gas migrates laterally along the lamellation surface to the core and accumulates. During the migration to the turning end, it escapes vertically through fractures and open fractures. Therefore, the main constraints on the storage conditions of the box-shaped anticline are the fracture, the development of cracks, and the sealing of the junction between the turning end and the wing.
In the process of squeezing formation to form folds, derived tensile stress occurs in the high part of the anticline, and tension fractures develop. When there are no faults in the anticline, these derived tension fractures become the main channels for the longitudinal migration of shale gas. The degree of development of derived extensional fractures is directly related to the curvature of the anticline formation. Generally speaking, the larger the scale of the fault, the greater the dip angle; and the closer the distance, the greater the curvature of the arc-shaped anticline, and the more developed the extensional fractures. Therefore, the main controlling factors for the preservation of the arc-shaped anticline are the scale, distance, and inclination of the fracture.
Main Controlling Factors of Negative Gas-Rich Structure Preservation
There are some differences in the negative structures developed in the Changning and Yongchuan areas in southern Sichuan. One side of the Syncline in the Changning area is exposed on the surface, and shale gas usually migrates along the syngenetic strata. When small reverse faults and microfractures are developed on both wings of the syncline, shale gas escapes vertically along the faults and fractures, and the opening of foliation directly affects the escape intensity of shale gas; it is the main factor controlling the preservation conditions of negative structures. When the syncline is transformed by faults, the sealing of faults determines the longitudinal escape strength.
According to the difference of buried depth, a negative shale gas system can be divided into foliation closed area, transitional foliation closed area, and foliation open area. The shale gas in the foliation closed area and transitional closed area is mainly ordinary diffusion, the shale gas in the foliation open area mostly escapes along with the stratum, and the migration intensity increases gradually (Gudmundsson et al., 2010; Ameen, 2016; Ashraf et al., 2020; Huang et al., 2021; Yu et al., 2021). The sealing of foliation depends on the positive pressure on the foliation surface. During the later tectonic movement, the strata on both wings develop different degrees of bending, the buried depth and dip angle of the strata change obviously, and the overlying strata pressure on different structural parts is different. When the positive stress of the overlying formation pressure acting on the foliation surface is greater than the foliation sealing pressure, the foliation is closed, which inhibits the escape of shale gas and is conducive to the preservation of shale gas. Therefore, the formation dip angle, buried depth, and fault sealing are the main control factors determining the enrichment of shale gas in negative structures.
Asymmetric synclines are developed in the Changning area, with different dip angles of the two wings. Most internal faults of the syncline are developed in the layer, and shale gas mainly escapes laterally through foliation. Taking the N201–N203 section as an example, well N201 and well N203 are located in the southwest wing and northeast wing of the Jianwu syncline, respectively. Well N201 in the southwest wing has a small dip angle, the buried depth of shale is about 2,100 m, and the gas production of a single well is 15 × 104 m3/day. Well N203 located in the northeast wing has a large formation dip angle, the buried depth of shale is about 1,800 m, and the gas production of a single well is 1.29 × 104 m3/day, showing the obvious difference between the two preservation conditions. For well Y101H2-8 in the deeply buried syncline area of the Yanggaosi area, Luzhou, the buried depth of the stratum is more than 3,000 m, the fault is less developed, the foliation is closed under the pressure of the overlying rock, the shale has high gas content, and the test differential energy of a single well is 50.7 × 104 m3/day.
Main Controlling Factors of Gas-Rich Structure Preservation in Sheltered Slope
One end of the slope structure is often exposed on the surface, with great differences in stratum buried depth. Most slopes are divided by faults. Shale foliation is relatively developed in the Changning and Luzhou–Yongchuan areas in southern Sichuan. Shale gas migrates along reverse faults and foliations. Foliation and faults control the horizontal and vertical migration of shale gas, respectively (Tuo et al., 2016; Liu Y. et al., 2018; Li et al., 2019; Ma et al., 2021; Yu et al., 2022). They jointly construct a “three-dimensional stepped migration system” and jointly control the escape of shale gas. Therefore, the sealing of faults and foliation is the main factor controlling the preservation conditions of slope gas-rich structures.
The migration intensity of shale gas is affected by the development degree of foliation, formation dip angle, burial depth, and other factors. Generally speaking, the greater the burial depth, the smaller the dip angle of the stratum, the greater the normal stress of the overlying stratum acting on the foliation surface, and the stronger the sealing of the foliation. The greater the dip angle and the more developed the foliation, the greater the escape intensity of shale gas, which is not conducive to the preservation of shale gas. Generally speaking, the preservation condition of a low-angle slope is better than that of a high-angle slope. When the slope is transformed by a reverse fault to form a certain curve, a local shale gas enrichment area will be formed, which is conducive to the preservation of shale gas.
Effect of Fracture Combination Style on Preservation
The roof and floor of the Wufeng–Longmaxi Formation in southern Sichuan are characterized by large continuous thickness and low porosity, the strata are under overpressure, and the integrity of the caprock is affected by fault development. There are obvious differences in fault development characteristics and combination styles in different structural areas. According to the difference of fault combination, it can be divided into three types: hedge thrust fault combination, back thrust fault combination, and high-angle compression fault block, which control the development of different shale gas-rich structures.
Back Thrust Reverse Fault Combination
The structure in southern Sichuan is strong, dominated by the development of reverse faults, which controls the development of different forward structures, among which the thrust structure is the most common. According to the occurrence and vertical combination characteristics of reverse faults, it can be divided into high-angle reverse fault combination and “detachment reverse fault combination,” which respectively control the development of exposed arc anticlines and concealed anticlines. Anticline curvature and fault sealing are the main factors restricting the preservation conditions of thrust structures. The distance and dip angle between thrust faults jointly determine the scale of gas-rich structures and anticline curvature and affect the preservation conditions of shale gas.
Taking Yanggaosi structure in the Yongchuan area as an example, the structure of well Y101 is a low scope concealed anticline with wide and gentle anticline (Figure 6A). The main control fault is buried in the shale of the Niutitang Formation downward, with the characteristics of steep up and slow down. The dip angle of the secondary fault is about 45° and terminates at the main control fault downward, in a “Y-shape” longitudinally. The anticline formed under the control of the two is large in scope. The top surface curvature of the Wufeng–Longmaxi Formation is small. Shale gas mainly escapes through reverse faults on both sides and derived tensile fractures on the top surface. The top surface curvature of the anticline is small, the development degree of derived tensile fractures is low, deep burial is strong, and the sealing is strong under the compression environment, which is conducive to the enrichment of shale gas. Combined with the test productivity of shale gas in a single well, well Y101H1-2 is 46.89 × 104 m3/day.
[image: Figure 6]FIGURE 6 | Back thrust reverse fault assembly. (A) Cross Y101 well profile in Luzhou area. (B) Cross N217 well profile in Changning area.
Ramp Reverse Fault Combination
The ramp reverse fault controls the development of negative structures. There are certain differences in the development of hedge structures in the Changning and Yongchuan areas in southern Sichuan. The shale in the Changning area is buried shallow; the hedge fault is close, is large in scale, and has many cutting horizons; and the controlled syncline is small in scale. The section passing through well YS107 in the Changning area is controlled by two large reverse faults in the Longmaxi Formation (Figure 7A), and the formed syncline is small in scale. Both sides of the fault are strongly squeezed, resulting in many derived fractures. Although well YS107 is located in the core of the syncline, due to the close distance between faults, the escape intensity of shale gas along the fault is large, resulting in low shale gas content and single well productivity.
[image: Figure 7]FIGURE 7 | Hedging reverse fault combination. (A) Cross YS107 well profile in Changning area. (B) Cross Y101H2-8 well profile in Luzhou area.
The syncline of the Yongchuan brush fault fold belt is wide and gentle, the stratum is deeply buried, the development scale of a thrust syncline is large, and the fault space combination is in a large inverted “V” shape. According to the migration mechanism of shale gas and the difference of fracture development degree in different structural parts, the core of the syncline of the reverse fault on both sides of the opposite fault is the concentrated development area of fractures, and derived shear fractures are developed near the faults on both sides. The fault is in a compressed state and has strong tightness; the deformation process of the syncline core is low, mainly interlayer fractures and small microfractures, and has good preservation conditions. Well Y101H2-8 in the Yanggaosi area of the Luzhou block is located in the core of the Desheng syncline (Figure 7B). The formation pressure coefficient is 2.0, and both sides are limited by the thrust structure. A large number of small structural fractures and high-pressure fractures are developed in the core formation, which is conducive to the enrichment of shale gas. The shale gas content is 5.8 m3/t, and the single well productivity is 50.83 × 104 m3/day, showing good storage conditions.
High-Angle Compressional Fault Combination
High-angle compressional fault blocks are developed in the wide and gentle syncline in the Yongchuan Luzhou area. On the plane, they are shown as a series of parallel reverse faults with the same fault tendency. Most of the faults are grade III and grade IV faults, which disappear longitudinally inside the Longmaxi Formation without damaging the integrity of the roof and floor. Under the influence of multistage tectonic compression, propagation folds are mostly developed in the hanging wall of the reverse fault in the process of nappe. Under the environment of deep burial and strong compression, the reverse fault has strong tightness. In the process of reverse fault propagation, the high part of the propagation fold is affected by the derived tensile stress. A large number of tensile fractures and interlayer fractures are formed in the layer, which becomes the migration channel of shale gas (Zeng et al., 2016; Guo et al., 2017; Hooker et al., 2018; Nie et al., 2020; Song et al., 2021). Shale gas migrates along with the foliation and interlayer fractures to the high point of the propagation fold, forming a local shale gas enrichment area. Well L208 and well L209 in the Fuji Syncline in the Luzhou area are located at the high point of propagation fold (Figure 8), with a formation stress coefficient of about 2.2 and single well production of more than 20.00 × 104 m3, indicating good preservation conditions.
[image: Figure 8]FIGURE 8 | High-angle reverse fault combination in Luzhou area.
CONCLUSION

1) The gradient structural system in southern Sichuan develops different shale gas-rich structures from the basin edge to the basin, including “anticline type” gas-rich structure, “syncline type” gas-rich structure, and “fault transformation slope type” gas-rich structure. The anticline type gas-rich structure includes inclined box anticlines, arc-shaped anticlines, and low-scope concealed anticlines. The syncline type gas-rich structure includes a noninverted steering slope and fault transformation syncline. At the same time, a high-angle fault reconstruction slope is developed.
2) The preservation conditions of the complex structural area in southern Sichuan are mainly affected by foliation and fault sealing. The shale gas of wide and gentle anticline and circular arc anticline mainly escapes longitudinally along faults and secondary fractures. The preservation is mainly controlled by anticline curvature and fault sealing, and the negative structure mainly escapes along foliation. The main preservation factors are stratum buried depth and dip angle. Foliation and faults together form a stepped “three-dimensional escape system” of the shielding slope. The main preservation controlling factors include fault sealing, stratum buried depth, and stratum dip angle.
3) The back thrust fault combination controls the development of arc anticline and low scope concealed anticline. The high point of the anticline becomes the directional migration and accumulation area of shale gas. The core stratum of the hedge syncline formed under the control of the hedge fault is flat, and the foliation is closed, which is conducive to the migration and accumulation of shale gas. The high-angle reverse fault combination controls the distribution of fault extension folds, and the propagation folds in the hanging wall of the fault become the effective enrichment area of shale gas.
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To investigate the geological characteristics and exploration potential of shale gas in the southern Sichuan Basin, we analyze the coupling relationship between the hydrocarbon generation and storage conditions of the Longmaxi Formation and discuss the preservation conditions from the lateral and vertical migration mechanisms of shale gas. According to the results, the organic-rich shale at the bottom was formed in a strongly euxinic and anoxic reducing environment, the oxygen content increased in the upper water body in which the Longmaxi Formation was deposited, and the water body became oxidized. The organic matter type in the shale is dominantly type I kerogen and a small amount of type II1 kerogen. The organic matter content is more than 3.0% and is in the high-to postmature stage. The enrichment of siliceous organisms increases the organic matter and enhances the brittleness of shale, resulting in “superior hydrocarbons and a favorable reservoir”. Pyrolysis of organic matter promotes the formation of organic matter pores and dissolution pores, resulting in a coupled “source-reservoir” accumulation control system. The high vertical formation pressure guarantees the sealing of shale and restrains the lateral escape of shale gas. The high-angle intersection of the highly filled fractures and the current crustal stress can effectively enhance the fracture sealing and inhibit the vertical escape of shale gas, forming a three-dimensional effective closure. Hence, the area featuring a short tectonic uplift time, small amplitudes, large-scale underdeveloped fractures, and a high formation pressure coefficient is a favorable area for shale gas exploration, according to the analysis of three-dimensional preservation conditions.
Keywords: shale gas, sedimentary environment, accumulation conditions, different preservation conditions, Wufeng-Longmaxi formation, Southern China
1 INTRODUCTION
The USA (United States of America) was the first to implement the commercial development of shale gas. Its successful development of shale gas verified that the shale that is rich in organic matter has tremendous oil and gas exploration potential, which can be used for relieving energy pressure, adjusting the energy structure, and broadening the field of oil and gas. Since then, the United States has become a major natural gas exporter due to the commercial development of shale gas and simultaneous creation of the worldwide popularity of “shale gas” (Jarvie et al., 2007; Curtis et al., 2012; Christophe et al., 2013; Borjigin et al., 2017). An increasing number of countries have been engaged in the exploration of shale gas. Additionally, the subsequent technological innovation has fueled the efficient development of shale gas, and the supporting fundamental geological surveys and development techniques have been advanced (Fan et al., 2020a; Fan et al., 2020b; Hou et al., 2020; Wang H et al., 2020; He et al., 2021). Nevertheless, the commercial development of shale gas has been rarely achieved despite some countries acquiring shale gas via exploration (He et al., 2018).
China possesses multiple sets of shale formations and has natural advantages in shale gas exploration (Wang et al., 2013; Gu et al., 2018; Li et al., 2020). Inspired by international exploration of shale gas, China began to carry out shale gas geological surveys and resource assessments nationwide in 2005 and conducted the first exploration of shale gas in some areas (Ma and Xie, 2018; Nie et al., 2020a; Li Y. et al., 2020). By referring to the geological conditions and exploration of commercial shale gas reservoirs in the west, China has rapidly carried out research on efficient hydrocarbon generation, enrichment, and differential preservation with the lower Paleozoic shale in the southern part of the country as the main target strata. Moreover, the black shale of the Silurian Wufeng-Longmaxi Formation in the Sichuan Basin was considered the main target of shale gas exploration in China according to hydrocarbon, reservoirs, and preservation conditions (Li Y. et al., 2020). Moreover, shale gas exploration was conducted in the Jiaoshiba area of Chongqing according to favorable accumulation conditions by successively arranging several shale gas development wells, of which the JY1 well features a long stable production period and large gas production with a tested capacity of 20.3 × 104 cubic meters per day (“cubic meters per day” is represented by the abbreviation “m3/d" for the rest of the manuscript). After the successful exploration of shale gas at Jiaoshiba, commercial shale gas flows were also found in Nanchuan, Dingshan, and Changning area, suggesting that the Wufeng-Longmaxi Formation in the southern and southeastern Sichuan Basin has great potential for shale gas exploration (Long et al., 2018; Nie et al., 2020b; Ma et al., 2020; Qie et al., 2021).
Compared with conventional gas reservoirs, the low porosity and permeability of shale gas reservoirs determine their characteristics of in situ accumulation and continuous distribution. Shale gas accumulation barely relies on traps and migration conditions (Wang 2017; Li et al., 2021a, 2021b; Song et al., 2021). High organic matter contents, continuous thickness, a high thermal evolution degree, stable accumulation and effective preservation are essential conditions for the formation of shale gas reservoirs.
Although commercial shale flows have been found in different blocks in the southern Sichuan Basin, due to differences in sedimentation and structure, different blocks and different shale gas wells in the same block have shale gas and single-well gas production (Ma et al., 2021). These large differences seriously restrict the next stage of shale gas development in this area. To further clarify the geological conditions and exploration potential of shale gas reservoirs in the southern Sichuan Basin, the Silurian Wufeng-Longmaxi Formation organic-rich shale in the Luzhou, Changning and Weiyuan areas in southern Sichuan was selected as the research object. The sedimentary environment of the shale, three-dimensional reservoir-forming geological conditions and differential preservation have been analyzed to deepen the understanding of the shale gas reservoir-forming geological conditions and show the differences in the exploration potential of different blocks. The research findings are of theoretical and guiding significance in promoting the exploration and efficient development of the next stage of shale gas in the southern Sichuan Basin and similar areas.
2 GEOLOGICAL SETTING
Located in Southwest China, the Sichuan Basin is a large petroliferous basin overlying other strata that developed on the Sinian crystalline basement; the Sichuan Basin has always been an important oil and gas production area in China. Moreover, it is also a major area of shale gas development at the current stage in China due to its complete stratigraphic and marine stratigraphic development. The shale of the Silurian Wufeng-Longmaxi Formation is the main stratum for shale gas exploration at this stage due to its wide distribution, large sedimentary thickness, and rich organic matter (Guo et al., 2014; Li et al., 2015). Southern Sichuan is located in the southern Sichuan Basin, which extends over the low steep tectonic belts in southern and southwestern Sichuan (Huang et al., 2012; Guo et al., 2020) and has complicated tectonic deformation. Moreover, a “brush” structure is present; this structure is oriented northward, specifically northeast and north-northeast, and a southward structure is oriented east-west and northwest, which formed in southern Sichuan under the combined effect of the Huayingshan fault and Ziyun-Luodian fault, as shown in Figure 1. The shale in the Wufeng-Longmaxi Formation formed in association with the changes in the ground-surface environment between the Ordovician and the Silurian. After the end of the Ordovician ice age, the southern Sichuan area was surrounded by the Chuanzhong paleouplift, Central Guizhou paleouplift, and Jiangnan-Xuefeng Uplift, all of which formed a large sedimentary depression. As the sedimentary water body in the surrounding area deepened with the occurrence of large-scale transgressions (Long et al., 2018), the open-sea sediment changed into euxinic deep-water sediment, forming an anoxic reducing water body. Moreover, underwater paleouplifts were locally developed, leading to differences in the regional sedimentary water environment. In summary, it is characterized by deep water shelf deposition and transition from uplift to shallow water shelf deposition. The thickness of high-quality shale in the Wufeng-Longmaxi Formations is within 20–80 m. After the deposition of the Longmaxi Formation, superimposed transformations of multiple tectonic movements, such as the Indosinian movement, Yanshan movement, and Himalayan movement, occurred in this study area. Consequently, the tectonic pattern in southern Sichuan witnessed a tremendous transformation. The deformation intensity was remarkably distinct in different regions. Ejective folds arrays arranged alternately between the enclosed anticline and the syncline that were scattered in the south in a wide syncline were present in the northern part of the study area. Among the multiple tectonic movements, the Yanshan movement and Himalayan movement played decisive roles in the tectonic pattern of the southern Sichuan Basin owing to their strong tectonic strengths and large-scale influences. The fault distribution, burial depth and tectonic pattern of shales have a significant impact on the enrichment and preservation of shale gas.
[image: Figure 1]FIGURE 1 | Comprehensive histogram of the regional geological setting and stratigraphy in southern Sichuan.
3 SAMPLE AND METHODS
3.1 Samples
In this study, cores of the Wufeng-Longmaxi Formation from Well L205 in the Luzhou area, Well N201 in the Changning area, and Well W201 in the Weiyuan area were sampled to perform TOC (TOC means total organic carbon content and the “total organic carbon content” is represented by the abbreviation “TOC” for the rest of the manuscript), thermal evolution degree (Ro), whole-rock “X-ray diffraction”, microscopic pore structure and shale porosity experimental tests, as shown in Table 1.
TABLE 1 | Samples and test instruments for shale organicization and pore structure.
[image: Table 1]3.2 Method
3.2.1 Natural Gamma Spectroscopy Logging
Natural gamma spectroscopy logging can measure gamma rays of different energies radiated from different radioactive elements. Th and U radioactive elements were measured using the proposed ECLIPS-5700 imaging logging system and Log-IQ fast platform logging system. Specifically, quantitative values in the energy windows of 1764 keV (214Bi) and 2,615 keV (208TI) were changed into U (ppm) and Th (ppm) concentrations with a spectrometer equipped with a NaI detector (Che, 2018). The logging and data processing were conducted in accordance with the petroleum industry standard SY/T5132-2003 “Quality Requirements for Logging Raw Data” (Yin et al., 2018).
3.2.2 Determination of Geochemical Parameters
3.2.2 1 Analysis of Total Organic Carbon Content
The TOC contents of the samples were determined by the solid-state infrared absorption method with an organic sulfur carbon analyzer produced by Leco, and the instrument model was CS230SH. In addition, 99.5% oxygen was used as the carrier, and nitrogen was used as the power gas. Ultrasonic decontamination treatment was conducted on the samples prior to the tests. After drying, the treated shale samples were placed in an agate grinder and ground to smaller than 200 mesh. Then, carbonate mineral components were removed via acid washing before drying at low temperatures. To ensure the stability and reliability of the test results, a standard sample was tested after every 20 experimental samples.
3.2.2 2 Analysis of the Thermal Evolution Degree of Organic Matter
The measured asphalt reflectance was adopted and converted into the equivalent vitrinite reflectance through calculation due to the lack of kerogen vitrinite in the shale in the Wufeng-Longmaxi Formation in southern Sichuan. In the experiment, a combination of a DM4500P polarizing microscope and a QDI302 microphotometer was adopted to measure the asphalt reflectance of the sample on the objective table under nonpolarized light.
3.2.3 Whole-Rock Mineral Characteristics
The mineral contents of the shale were tested with whole-rock “X-ray” diffraction. An X'Pert MPD PRO X-ray diffractometer produced by the Netherlands-based PANalytical Company was adopted as the analytical instrument with tube pressures ranging from 15 to 60 kV, tube flows ranging from 5 to 60 mA, and a maximum power of 3.3 kV. In addition, a fresh shale sample was placed in an agate grinder and ground to smaller than 300 mesh prior to the experiment. In the experiment, a Cu target was used to set the pressure to 45 kV and the current was set to 40 mA. Subsequently, continuous scanning measurements were performed with a minimum diffraction angle of 2° at room temperature. The entire experimental process complied with the petroleum industry’s X-ray diffraction analysis method for clay minerals and common nonclay minerals in sedimentary rocks (SY/T5163-2010).
3.2.4 Scanning Electron Microscopy
A Quanta 450 model environmental scanning electron microscope produced by the FEI company was employed to observe the microscopic pore structure of the shale with acceleration voltages ranging from 200 V to 30 kV, a maximum resolution of 3 nm, and a maximum current of 200 nA. Additionally, 10 kV and 15 nA beam currents were adopted in the experimental process. Before the experiment, the shale sample was first cut to a size of 5 mm × 5 mm×3 mm. Additionally, the accelerating voltage and vacuum treatment were set. Then, argon ion polishing was performed on the surface of the shale sample using an argon ion light beam. Next, the polished sample was placed in an ion grinding mill for grinding to eliminate the unregular shapes on the surface formed by argon ion polishing. Moreover, a carbon coating of 10–20 nm was applied to the surface of the sample to increase its conductivity after the grinding treatment. Then, the treated sample was placed on the sample table for pore type, size, and structure observations of the polished surface using a high-resolution field emission scanning electron microscope.
4 RESULTS
4.1 Analysis of Paleo-Oxygenation Facies and the Euxinic Environment in the Water Body
A large number of graptolite fossils and layered pyrite are developed in the deep black shale at the bottom of the Wufeng-Longmaxi Formation. These are important markers for judging the sedimentary environment and indicate that the sedimentary water body that formed the bottom of the Wufeng-Longmaxi Formation, which had a low oxygen content, was a deep-water anoxic reducing environment. The decreased development of pyrite and graptolite upsection and the concentrated development of laminated silt show that the water shallowed with increased input of terrigenous detritus.
On this basis, the differences in paleo-oxygenated facies and the degree of euxinia of the water that formed the vertical shale were analyzed via geochemical well logging. The results show that the difference between the valence state and the existing pattern of U, Th, V, Cr and other elements in seawater is directly related to the oxidation-deoxidation environment of the water body (Kump and Arthur, 1999; Chen et al., 2006; Melchin and Holmden, 2006; Yan et al., 2009; Chen et al., 2017). Moreover, corresponding research on the analysis of the sedimentary environment of the water body was also conducted for southern and southeastern Sichuan in the Sichuan Basin by utilizing a variety of element combinations (Li et al., 2015; He et al., 2021). Among them, V/Cr, V/(V + Ni), and U/Th and similar elements that are sensitive to oxidation-reduction ratios have been extensively applied analyses of sedimentary environments of paleowater bodies. Specifically, the U/Th ratio is the most frequently applied. A larger ratio indicates a stronger reduction in the water body. Typically, a U/Th ratio greater than 1.25 indicates an anoxic reducing environment; a U/Th ratio between 0.75 and 1.25 indicates an anoxic environment; and a U/Th ratio less than 0.75 indicates an oxidizing environment.
According to the results, an overall trend of increasing and then decreasing is detected in the U/Th ratio of the Wufeng-Longmaxi Formation in the Luzhou, Changning, and Weiyuan areas in southern Sichuan. In general, the U/Th ratio at the bottom of the Wufeng-Longmaxi Formation is greater than 1.25; the U/Th ratio of Well L205 reaches 2.85 in the 1 small layer of the Long 1 sub section submember and then gradually decreases. When the U/Th ratio is between 0.75 and 2.0, the ratio is slightly higher in the 3 small layer, and the U/Th ratio of the 4 small layer is less than 0.75. The U/Th ratio of Well N227 peaks in the 1 small layer and the 4 small layer, reaching 4.2. The U/Th ratio of Well W202 increases dramatically at the top of the Wufeng Formation, reaching 5. Then, it abruptly decreases in the 2 layer, showing that the redox environment of the water body underwent rapid change. The U/Th ratio in the upper part of the Longmaxi Formation is smaller than 0.75, indicating that the water body is rich in oxygen. Evidently, the water body in which the Wufeng-Longmaxi Formation formed changed from an anoxic reducing environment to an oxygen-rich oxidizing environment (Figure 2).
[image: Figure 2]FIGURE 2 | U/Th curve of natural gamma spectroscopy logging of the Wufeng-Longmaxi Formation in the southern Sichuan area. (A) Well L205 in the Luzhou area, 3,609 m–3485 m and (B) Well N227 in the Changning area, 4,000 m–4050 m and (C) Well W202 in the Weiyuan area, 2,530 m-2580 m.
The degree of euxinia of the anaerobic basin water can be determined according to the Mo/TOC ratio and the U-Mo covariant relation. Based on the vertical variation in elemental logs in combination with the U-Mo covariant relation, the Mo/TOC ratios of the Wufeng Formation samples are less than 9, showing that the water body in which the Wufeng Formation formed was a strongly euxinic environment. When the TOC contents of the Longmaxi Formation are less than 2 and the Mo/TOC ratios are between 9 and 25, it indicates a moderately euxinic environment. When the TOC contents are greater than 2, the Mo/TOC ratios range from 4.5 to 9, partially ranging from 9 to 25 (Figure 3A). Additionally, taking the Mo/U molar concentration ratio in normal seawater as a reference (1×SW = 7.9) (“the Mo/U molar concentration ratio in seawater” is represented by the abbreviation “SW” for the rest of the manuscript), the Mo/U ratios are mainly between 0.3×SW and 1×SW (Figure 3B), indicating that the sedimentary environment was anoxic and strongly euxinic.
[image: Figure 3]FIGURE 3 | Mo/TOC relationship of the Wufeng-Longmaxi Formation in southern Sichuan (A) and U-Mo covariant model; (B). SW represents the Mo/U molar concentration ratio in seawater, SW = 7.9.
4.2 Geochemical Characteristics
4.2.1 Types of Organic Matter
Since kerogen inherits the carbon isotopes of biological precursors, kerogen elemental differences can be adopted when analyzing the types of organic matter. The type of organic matter was studied in this paper using two methods: analyzing the carbon isotopes of organic matter and kerogen element analysis.
4.2.1.1 Organic Matter Carbon Isotope Test
Organic carbon isotopes (δ13C) are a commonly used method for analyzing kerogen types. Specifically, the δ13C (the ratio of 13C and 12C) values of type I kerogen are smaller than −26.5‰, the δ13C values of type II kerogen range from −26.5‰ to −25‰, and the δ13C values of type III kerogen are greater than −25‰. According to the organic carbon isotope analysis in the shale of the Changning, Weiyuan and Luzhou areas, the kerogen 13C values of the Wufeng-Longmaxi Formation shale in the Luzhou area range from −29.98‰ to −31.77‰, indicating type I kerogen. The kerogen 13C values in the Changning and Weiyuan areas range from −27.68 to 31.64‰, indicating that type I kerogen dominated in the main area with the presence of type II 1 kerogen (Table 2).
TABLE 2 | Isotopic analysis of shale kerogen in the Wufeng-Longmaxi Formations in the Weiyuan, Luzhou, and Changning areas. All experiments were performed at room temperature (26.5 ± 1°C).
[image: Table 2]4.2.1.2 Analysis of Kerogen Elements
The results of organic kerogen analysis in the shales of the Wufeng-Longmaxi Formation in the Changning and Luzhou areas are displayed in Table 2. The ratio of hydrogen to carbon (“the ratio of hydrogen to carbon” is represented by the abbreviation “H/C″ for the rest of the manuscript) and the ratio of carbon to oxygen (“the ratio of carbon to oxygen” is represented by the abbreviation “C/O″ for the rest of the manuscript) in the Changning area range from 1.31 to 1.64 and from 0.042 to 0.081, respectively; the H/C and C/O ratios in the Luzhou area range from 1.15 to 1.55 and from 0.029 to 0.083, respectively; and the H/C and C/O ratios in the Weiyuan area range from 1.39 to 1.63 and from 0.058 to 0.13, respectively. In addition, the cross-plots of C/O and H/C ratios reveal that the Wufeng-Longmaxi Formation in the Luzhou area is dominated by type I organic matter, while the formations in the Changning and Weiyuan areas are dominated by type I organic matter, with a small amount of type II1 organic matter (Figure 4).
[image: Figure 4]FIGURE 4 | Types of organic matter in the shale of the Wufeng-Longmaxi Formation in southern Sichuan.
4.2.2 Organic Matter Content and Thermal Evolution Degree
The organic matter contents of the high-quality shales of the Wufeng-Longmaxi Formation in the Changning, Weiyuan and Luzhou areas of southern Sichuan vary in the horizontal and vertical directions. Specifically, similar organic matter contents can be observed at the bottom of the Wufeng and Longmaxi Formations, while the organic matter content in the upper part of the Longmaxi Formation in the Luzhou area is slightly smaller than that in the Changning and Weiyuan areas. The thermal evolution degree of organic matter is in the high-to postmature stage. The organic matter contents in the Changning area range from 2.54 to 5.34%, with an average of 3.6%. The equivalent vitrinite reflectance values range from 2.77 to 2.92%, with an average of 2.71%. In addition, the organic matter contents of the shale of the Wufeng-Longmaxi Formation in the Weiyuan area range from 2.94 to 5.12%, presenting an average of 3.62%, and the equivalent vitrinite reflectance values range from 2.46 to 2.63%, with an average of 2.57%. The organic matter contents of the shale in Luzhou range from 2.69 to 2.95%, with an average of 2.78%. Vertically, the organic matter content at the bottom of the Long 1 sub section submember of the Wufeng Formation is high, whereas it gradually decreases from upsection. The thermal evolution degrees of organic matter reach the high-to postmature stage (Table 3). In summary, the thermal evolution degree of the organic matter in the Wufeng Formation is slightly higher than that in the Longmaxi Formation. High organic matter abundance and a high degree of thermal evolution guarantee a sufficient supply of hydrocarbon sources.
TABLE 3 | Organic geochemical characteristics of shales in the Wufeng-Longmaxi Formation in southern Sichuan. All experiments were performed at room temperature (26.5 ± 1°C).
[image: Table 3]4.3 Whole-Rock Mineral Compositional Characteristics
The Wufeng-Longmaxi Formation shale is composed of various minerals, including quartz, feldspar, carbonate minerals, clay minerals and pyrite, according to whole-rock X-ray results. of these minerals, quartz and clay minerals are in the greatest amounts, and there is a small amount of feldspar (Table 4).
TABLE 4 | Mineral composition of shales in the Wufeng-Longmaxi Formation in southern Sichuan. All experiments were performed at room temperature (26.5 ± 1°C).
[image: Table 4]The mineral compositions of different blocks are similar, but there are certain differences in both mineral contents and the vertical change in mineral contents, especially the vertical change in quartz minerals. Based on these findings, in the Luzhou area, the contents of quartz, feldspar, and clay minerals range from 33 to 68%, with an average of 48.87%; from 2 to 10%, with an average of 5.3%; and from 17 to 44%, with an average of 28.87%, respectively. Additionally, the carbonate mineral and pyrite contents range from 5 to 20%, with an average of 12.37%, and from 32 to 57%, respectively. Furthermore, in Well W201, the feldspar contents range from 6 to 12%, the clay mineral contents range from 23 to 41%, the carbonate rock contents range from 4 to 20%, and the pyrite contents range from 2 to 6%. Moreover, in Well N201, the quartz contents range from 34 to 59%, the feldspar contents range from 3 to 10%, the clay mineral contents range from 17 to 39%, the carbonate rock contents range from 9 to 36%, and the pyrite contents range from 2 to 6%.
4.4 Characteristics of Pore Development in Shale
In general, generated shale gas exists in a free state in pores without a large transport distance and in an adsorbed state on the surfaces of mineral particles and inner walls of microscopic pores. Based on the differences in pore development, shale pores can be divided into organic and inorganic pores. In addition, certain numbers of hydrocarbon-generating shrinkage joints and fractures at the clay edges also develop as pores are developed. Differences in the spatial compositions of shale pores exert a remarkable influence on the gas contents in shale.
4.4.1 Characteristics of Organic Pore and Fracture Development
Organic matter can provide hydrocarbon sources for generating hydrocarbons in pyrolysis, while pores inside organic matter are also vital spaces for gas storage. In addition, organic matter consists of primitive organic matter pores and pyrolysis hydrocarbon-generating pores. The type of hydrocarbon-generating material, burial depth, and thermal evolution degree are the main factors affecting the development and distribution of organic matter pores.
The organic matter in southern Sichuan is distributed among various minerals in spot, dot and irregular banded shapes, which are dark brown with defined boundaries with mineral particles (Figure 5A), according to the observation results of the argon ion-polished scanning electron microscope analysis. There are certain differences in the morphologies of organic pores in different regions. Scanning electron microscopy (SEM) results showed that the pore shapes in organic matter were round, oval and flat. The morphologies of organic pores in the Weiyuan and Changning areas are mainly circular and elliptical, and the overall shape is honeycomb (Figure 5B), which indicates that the organic pores were weakly deformed by compaction and structural extrusion. In the Luzhou area, in addition to the development of a large number of circular and elliptical pores (Figure 5B), in deeply buried wells, the organic matter pores are flat and irregular, which were caused by the extrusion of surrounding minerals. The pore size distribution of organic matter is typically between 2 and 800 nm, of which the pore sizes of honeycomb macropores are between 200 and 800 nm, and the pore sizes of round/oval organic mesopores are between 20 and 50 nm. Moreover, large numbers of edge fractures at the contacts between the organic matter edges and inorganic minerals can be observed under the microscope, which are connected to the pores and not only increase the porosity of the shale but also effectively improve the permeability of the reservoir.
[image: Figure 5]FIGURE 5 | Types of microscopic pore spaces in the shales of the Wufeng-Longmaxi Formation in southern Sichuan. (A) Well L205; organic matter pores: 4028.52–4028.66 m. (B) Well L205; organic matter pores; 4033.82–4033.86 m. (C) Well L203; organic matter hole; 3802.15–3802.20 m. (D) Well L207; organic holes, inorganic fractures; 3548.22–3458.31 m. (E) Well L207; dissolved pores, intercrystalline pores; 3456.34–3456.37 m. (F) Well L207: dissolution hole; 3432.58–3432.62 m. (G) Well L207: dissolution hole; 3432.58–3432.62 m. (H) Well L207: Holes between clay slices; 3453.66–3453.69 m. (I) Well L203; mesh fracture; 3804.44–3804.52 m.
4.4.2 Development and Distribution of Inorganic Pores and Fractures
Diagenetic shale minerals are carriers for inorganic pores. Since the mineral compositions of shales in the Wufeng-Longmaxi Formation in the study area are complicated, the types and characteristics of pores developed in different minerals are also varied. Inorganic pores involve intercrystalline pores, transgranular pores, and dissolution holes. Quartz and feldspar featuring strong brittleness possess great compaction resistance in sedimentation and burial processes. Large numbers of intergranular pores with unregular shapes and sizes of 50 nm-1.5 µm form via the mutual support of mineral particles. In addition, as pyrite is characterized by a high elastic modulus, pyrite in shale mostly exists in the form of framboids with different crystal sizes, thereby forming a certain number of intercrystalline pores (Li et al., 2019a). The pores in a single pyrite framboid crystal have good connectivity and are often filled with organic matter. Multiple pyrite framboids are isolated and not connected to each other (Figure 5E). The organic acid formed during the hydrocarbon generation process of organic matter dissolves the crystals, causing the crystals to fall off to form mold pores. The pore sizes are between 200 and 500 nm. Owing to the selective corrosion of organic acids formed in later hydrocarbon generation, carbonate minerals and quartz minerals developed a certain amount of dissolution pores, the dissolution pores were isolated from each other, the shape of the pores was mainly circular, and the pore sizes were between 50 and 200 nm (Figure 5F). As clay minerals have weak compaction resistance, certain numbers of intergranular residual pores and interlaminar pores with pore sizes between 100 and 600 nm develop in the deep burial compaction process (Figure 5G). Moreover, clay minerals are mostly schistose, and the pores between the clay flakes are mostly crescent-shaped and flocculent, with a large number and good connectivity (Figure 5H). Additionally, a large number of granular edge fractures are developed at the contacts between organic matter and shale minerals (Figure 5I); these fractures are mesh-like and show good connectivity under the microscope (Fan et al., 2018; Li et al., 2019b; Xie et al., 2019; Shan et al., 2021; Wang et al., 2021; Wang and Wang, 2021; Zhu et al., 2022).
5 DISCUSSION
5.1 Deepwater Anoxic Depositional Control “Source”
In the Late Ordovician-early Silurian, southern Sichuan underwent strong tectonic deformation due to the impact of the Caledonian tectonic movement. A sustained sedimentary depression area was formed due to the encompassment of the Motianling Ancient Land, the Jiangnan-Xuefeng Uplift, the Chuanzhong paleouplift, and the Central Guizhou paleouplift. Ice covers largely melted by the end of the ice age. Large-scale transgressions resulting from sea level rise increased the water body in the study area, which was a deep-water shelf environment that was low-energy, undercompensated, and hypoxic. Southern Sichuan inherited the Ordovician geographic pattern at the beginning of the Silurian, and continuous transgression resulted in the deepening of the water body (Xu et al., 2020; Zhang et al., 2020). Furthermore, affected by the sealing effect of ancient pericline land, deep-water shell deposits expanded, causing the Longmaxi Formation to be in a euxinic-semi-euxinic sea basin sedimentary environment during its early depositional period (Figure 6).
[image: Figure 6]FIGURE 6 | Evolutionary model of the sedimentary environment in the depositional stage of the lower Silurian Longmaxi Formation in the southern Sichuan Basin (modified according to Pu et al., 2020).
In the Hirnantian-Rhuddanian ages, a warm climate after the ice age facilitated lower plankton to flourish. Organic detritus formed from the deaths of organisms was deposited in the form of “marine snow” in a deep-water anoxic environment. In particular, low-grade organisms with siliceous shells such as sponge spicules, radiolarians and graptolites effectively improved the brittleness of shale and provided much organic matter, which also accumulated in the quiet anoxic water body, forming a set of organic-rich siliceous shales.
After entering the Aeronian age, regressions occurred as the sedimentation center migrated under the effects of global sea-level decline and regional tectonic uplift. Differential uplifts occurred in southern Sichuan due to tectonic movement. Significant differences in regressive rates occurred. Moreover, differential uplift of underwater paleouplifts in central Sichuan and central Guizhou was caused by sustained compression.
As the sea area confined by the paleouplift shrank, the depth of the water body became shallower, and the sedimentation center shifted northward to the Longchang-Yongchuan area. The maximum thickness of the Wufeng-Longmaxi Formation shale is more than 400 m because the Changning area developed shallow-water shelf facies and semideep-water shelf facies by receiving sedimentation from the Central Guizhou PaleoUplift. However, the Weiyuan area and the Longchang-Yongchuan area are in deep-water environments. The tectonic movement was ongoing in the Telychian period. At the same time, the Chuanzhong paleouplift was further uplifted. Consequently, sedimentation ended due to the exposed surface of the Changning area in southern Sichuan. In addition, the Weiyuan and northern Luzhou areas developed silty shales by receiving sediment from the Chuanzhong paleouplift.
Moreover, the reducing deep-water shelf water body that was euxinic in the early stage accelerated the sedimentation, burial and preservation of bio-organic detritus to form high-quality shale. In the later stage, apparent changes in the shale thickness in the Wufeng-Longmaxi Formation shale in different areas occurred due to the differential uplift and the migration of the sedimentation center. In summary, the thickness of the high-quality shale is distributed in an irregularly circular form along Chongqing-Yongchuan-Luzhou-Yibin (Figure 7), and the thickness of the high-quality shale in the Rongchang-Luxian areas is normally more than 60 m. Specifically, the Luzhou area was a center of sedimentation during the migration of several sedimentation centers. The maximum shale thickness in the Wufeng-Longmaxi Formation is approximately 75 m, which is far greater than that in the Weiyuan and Changning areas.
[image: Figure 7]FIGURE 7 | Plane distribution of high-quality shale thickness in southern Sichuan.
5.2 Coupled Control of “Source and Storage” Accumulation
In general, gas is contained in mature shale. However, commercial shale gas reservoirs are formed by the effective allocation of multiple spatiotemporal factors instead of a single factor (Pan et al., 2016; Wang et al., 2018). Shale is a special rock type that integrates the source, storage and coverage. Hence, a variety of factors affecting shale gas accumulation occur, of which hydrocarbon source and storage conditions are two important factors. Specifically, hydrocarbon source conditions consist of organic matter type, TOC content, thermal evolution degree of organic matter, and the thickness of high-quality shale, while storage conditions consist of pore type, porosity, permeability and mineral composition. TOC is closely related to the brittle mineral content, thermal evolution degree, and development of organic porosity in shale. Although hydrocarbon sources and storage conditions play different roles in the formation of shale gas reservoirs, they are correlated and interdependent. The spatiotemporal coupling of hydrocarbon sources and storage conditions is essential for the formation of shale gas reservoirs.
An abundant supply of hydrocarbon sources is the foundation for the formation of shale gas reservoirs. Factors that determine the hydrocarbon generation conditions incorporate the type of hydrocarbon generation parent material, TOC content, thickness of high-quality shale, and thermal evolution degree of organic matter. The type of organic kerogen directly leads to differences in the hydrocarbon generation potential. Type I kerogen is primarily dominated by the involvement of a few type II kerogens in the Wufeng-Longmaxi Formation shale in the Changning, Luzhou and Weiyuan areas in southern Sichuan, which indicates that organic matter mainly originated from plankton and algae sediments, presenting a great hydrocarbon generation potential. The TOC content and thickness of high-quality shale codetermine the total amount of hydrocarbon-generating parent material, constituting the material foundation for the formation of shale gas reservoirs. Based on the vertical variation pattern of TOC in the Wufeng-Longmaxi Formation shale in southern Sichuan, the thickness of the high-quality shale at the bottom of the Wufeng and Longmaxi Formations is normally greater than 30 m, with TOC contents reaching more than 2.0%. To be precise, the organic matter content of the high-quality shale in the Wufeng-Longmaxi Formation and at the bottom range from 0.28 to 7.5% and from 1.9 to 7.5%, respectively, presenting an average of 3.97% in the Changning area. The organic matter contents of the high-quality shale in the Wufeng-Longmaxi Formation range from 0.42 to 5.98% and from 2.89 to 5.98%, respectively, with an average of 3.88% in the Weiyuan area. An overall downward trend in the vertical TOC content occurs in the Weiyuan and Changning areas. Additionally, a “decreasing-increasing-decreasing” pattern is observed vertically in the Luzhou area, as shown in Figure 8. TOC content peaked in the 1 small layer of the Long 1 sub section submember and the 3 small layer of the Long 1 sub section submember, respectively. The Wufeng-Longmaxi Formation in southern Sichuan has the foundation for the formation of commercial gas reservoirs, according to analyses of the minimum high-quality shale thickness and TOC content in developing commercial shale gas reservoirs at home and abroad.
[image: Figure 8]FIGURE 8 | Longitudinal variation in TOC contents of shales in the Wufeng-Longmaxi Formation in southern Sichuan. (A) Well L207, 3,770 m–3820 m; (B) Well N201, 2,486 m–2525 m; (C) Well W202, 2,520 m–2582 m.
A certain thermal evolution is the “key” to starting the conversion of organic matter to hydrocarbons, whereas excessive thermal evolution might lead to a decline in the potential for hydrocarbon generation. Hence, the thermal evolution degree is one of the main factors restricting shale gas accumulation. In general, the thermal evolution degree of organic matter is quantitatively characterized by the vitrinite reflectance (Ro). In this regard, a moderate thermal evolution degree stimulates the enrichment of shale gas. The thermal evolution degree of organic matter in southern Sichuan is typically greater than 2.0, with a maximum of 2.95, based on the results of the organic matter equivalent vitrinite reflectance test conducted on shale samples in the Changning, Luzhou and Weiyuan areas. This, together with the differences in the thermal evolution degrees of hydrocarbon-generating products of organic matter, proves that the organic matter in southern Sichuan is in the high-to postmature stage of producing dry gas via pyrolysis. In this way, the conversion of organic matter to hydrocarbon generation can be guaranteed. Moreover, the supply of hydrocarbon sources for shale gas reservoirs is jointly guaranteed by a high organic abundance, moderate thermal evolution, and highly effective thickness.
Generated shale gas is adsorbed on the surfaces of organic matter and mineral particles and stored in microscopic pore spaces and fractures in a free state. The more developed the shale pores and microfractures are, the more space that is available for gas accumulation. Hence, pores and fractures in shales have direct impacts on the free gas content in shale. In general, the degree of shale pore development is quantitatively characterized by porosity. Therefore, porosity is one of the important evaluation indicators for reservoirs and geological conditions of accumulation. As can be observed from the porosity analysis of shale samples from different wells in the Changning, Weiyuan and Luzhou areas, the porosities of shale in the Wufeng-Longmaxi Formation and of high-quality shale in the Wufeng Formation in the 1 small layer of the Long 1 sub section submember range from 0.47 to 9.83% and from 3.3 to 9.83%, respectively, with an average of 4.86% in the Luzhou area. The porosities of shale and high-quality shale at the bottom range from 0.53 to 6.63% and from 2.98 to 6.63%, respectively, with an average of 3.74% in the Changning area. The porosities of shale and of high-quality shale at the bottom range from 0.68 to 7.9% and from 3.9 to 7.9%, respectively, with an average of 4.25% in the Weiyuan area. Overall, favorable shale porosity is witnessed in the Wufeng-Longmaxi Formation. Pore spaces in shales in various wells are composed of inorganic pores, inorganic fractures, organic pores and organic fractures. Among them, the ratios of organic pores and fractures in the Luzhou area range from 32 to 60%, and inorganic pores and fractures range from 34 to 69%. The proportion of organic pores and fractures is equivalent to that of inorganic pores and fractures overall. The proportions of organic pores and fractures in the shale in the Changning area range from 35 to 71%, and those of inorganic pores and fractures range from 29 to 66%. The contribution rate of organic pores and fractures in the Weiyuan area is lower than that of inorganic pores and fractures, whereas the contribution rate of organic pores and fractures in the Changning area is higher than that of inorganic pores and fractures (Figure 9).
[image: Figure 9]FIGURE 9 | Composition of shale pore space in the Wufeng Longmaxi Formation in the Changning, Weiyuan and Luzhou areas in southern Sichuan.
Organic matter and diagenetic minerals are susceptible to pore development. Although organic pores and inorganic pores develop differently, they are closely related in the relationship between the abundance of organic matter and the content of brittle minerals, as well as the thermal evolution process of organic matter and the formation of inorganic pores. Moreover, the development of inorganic pores is inherently connected to organic matter based on the material source and pore composition of marine facies organic-rich shale. The biogenic silica in siliceous minerals is rooted in the siliceous shells of lower microorganisms. In addition, the biogenic silica content is controlled by the TOC content. The anoxic reducing environment provides a foundation for the formation of pyrite on the premise of ensuring the preservation of organic matter. In addition, soluble minerals such as quartz are selectively dissolved by organic acids that are formed via pyrolysis and hydrocarbon generation of organic matter, thereby forming dissolution pores. Apparently, the TOC content is correlated to the brittle mineral content. Since large numbers of low-grade algae and plankton developed in the water body in southern Sichuan during the shale sedimentation period of the Longmaxi Formation, dead plankton with siliceous shells were sedimented, resulting in an increase in brittle minerals, and the pyrite content shows that the TOC content is positively correlated with the shale pore size, content of brittle minerals, and pyrite content. Specifically, the TOC content is highly correlated with the content of brittle minerals in the shale (Figure 10), indicating that the development of organic matter is inherently connected to the development of shale brittleness and porosity.
[image: Figure 10]FIGURE 10 | Relationship among shale organic matter content, shale porosity, and brittleness in southern Sichuan. (A–C) represent the relationship curve between TOC content and porosity repectively in Luzhou area, Changning area and Weiyuan area. (D–F) correspond to the relationship curve between TOC content and brittle mineral content respectively in Luzhou area, Changning area and Weiyuan area.
In summary, the high-quality hydrocarbon source conditions are constituted by the organic matter type, the thickness of high-quality shale and the TOC content of the shale in the Wufeng-Longmaxi Formation in southern Sichuan. Moreover, the occurrence of shale gas is safeguarded by the content of brittle minerals, thermal evolution degree of organic matter, and shale porosity. Additionally, the brittleness and pore development of the shale are accelerated owing to the enrichment and thermal evolution of organic matter. On this basis, a coupled spatiotemporal accumulation system is constituted by the TOC content, thermal evolution degree, and the intrinsic connection of the development of pores and brittle minerals, contributing to the formation of shale gas reservoirs.
5.3 Three-Dimensional Differential Enrichment of Effective Sealing
The separation of favorable preservation areas results in the shale gas reservoirs of marine sedimentary formations in southern China being characterized by discontinuous distributions. Differences in tectonic deformation immediately affect the preservation conditions. Moreover, lamellar development, the vertical sealing of faults, tectonic uplift time, tectonic strength, and formation pressure coefficients are essential for the preservation of shale gas. They are different but correlate in affecting the preservation of shale gas.
5.3.1 Horizontal Lamellar Sealing
Many lamellar fractures and slip-bedding fractures that are typically developed in organic-rich shale are the main channels for the lateral migration of shale gas. As can be observed from early exploration, the lateral permeability of organic-rich shale in the Wufeng-Longmaxi Formation in the Sichuan Basin is much greater than the vertical permeability under the impact of lamellar fractures.
With the strong stress sensitivity of shale permeability, the horizontal escape strength of shale gas is dependent on the magnitude of the positive pressure suffered by shale fractures. However, no unified quantitative standard is available for evaluating the magnitude of the positive pressure of shales and the closure of lamellation. Studying the influence of pressure on shale porosity and permeability using the overburden pressure test reveals that the shale permeability is almost unchanged as the pressure increases in a low pressure environment (< 3.5 MPa); the permeability of shale decreases abruptly as the pressure increases when the pressure ranges from 3.5 to 15 MPa; and the permeability decreases slowly as the pressure increases in the presence of slow decline. The declining range of permeability decreases under sustained pressurization when the pressure ranges from 15 to 50 MPa. The sealing property is judged in accordance with the magnitude of the shale sealing pressure and the relative magnitude of the shale surface pressure. In general, the compressive strength of shale ranges from 19.61 to 68.65 MPa as per the difference in mineral composition. When the vertical pressure on the lamellation surface is greater than the compressive strength, the lamellation is sealed. In addition, the magnitude of the sealing pressure varies slightly under the influence of tectonic differences in various areas. Normally, the high formation pressure tightly seals the lamellation, which is more effective in inhibiting the migration of shale gas. The difference in the sealing properties of lateral shales is analyzed in combination with the production capacity of typical wells in the Weiyuan, Changning and Luzhou areas and the measured vertical pressure of the formation. The shale of the Wufeng-Longmaxi Formation in Well W201 in the Weiyuan area is buried at a depth of approximately 1,500 m, and its vertical formation stress of 30 MPa is smaller than the shale sealing pressure with a pressure coefficient of 0.92. Hence, the production capacity of a single well is merely 0.26 × 104 m3/d. In addition, the shale of the Wufeng-Longmaxi Formation in Well W204 is buried at a depth of approximately 3,600 m, with a vertical formation pressure of 82.32 MPa and a formation pressure coefficient of 1.96, and the production capacity of a single well is 16.5 × 104 m3/d. The shale of the Wufeng-Longmaxi Formation in Well N203 in the Changning area is buried at a depth of approximately 2,100 m, with a vertical formation pressure of 61.4 MPa, which is slightly lower than the lamellar sealing pressure and a formation pressure coefficient of 1.96, and the production capacity of a single well is 5.10 × 104 m3/d. The burial depth of Well N213 is 2,300 m, with a vertical formation pressure of 67.4 MPa, a formation pressure coefficient of 1.43, and a production capacity of a single well of 21.94 × 104 m3/d. The shale of Well L203 in the Wufeng-Longmaxi Formation in the Luzhou area is buried at approximately 3,800 m with a vertical formation stress of 101.3 MPa and a tested production capacity of 137.9 × 104 m3/d. In addition, the vertical pressure and the test production capacity of Well L207 are 89.8 MPa and 30.63 × 104 m3/d, respectively. The vertical pressure and the test production capacity of Well L204 are 99.9 MPa, and the test productivity is 14.4 × 104 m3/d. The differences in single-well production capacity under various burial depths are compared in the Changning and Weiyuan areas. According to the results, when the vertical formation pressure approaches or exceeds the compressive strength of the rock, a high single-well production capacity of shale gas can be obtained, indicating that a high sealing degree of lateral shale contributes to the preservation of shale gas.
5.3.2 Longitudinal Fault Sealing
The stable floor of the high-quality shale bed of the Wufeng-Longmaxi Formation in southern Sichuan, the hydrocarbon sealing effect in the upper segment of the Longmaxi Formation, and the association of the longitudinal escape of shale gas with differential fracture sealing are the major causes of preservation differences of complicated tectonic areas. The fracture sealing capacity is principally related to the fault occurrence, the filling process characteristics, and the matching relationship between the magnitude and direction of the ground stress and fracture strike (Wang, 2020; Wang X et al., 2020; Yu et al., 2021, 2022; Zhu et al., 2022). Specifically, the small inclination suffers from greater stress superimposed by the static pressure of the superincumbent bed, and the horizontal crushing stress makes it easier for the fracture to be sealed more easily. Under current conditions, previous studies have shown that the best sealing can be achieved when the included angle of the fracture strike and the ground stress is greater than 67.5°. More specifically, a favorable sealing property can be achieved when the angle is between 45° and 67.5°, while a poor sealing property occurs when the angle is between 22.5° and 45.0°. The fracture has nearly no sealing property when the angle is less than 22.5°. Hence, vertical fault sealing properties in the Changning, Weiyuan and Luzhou areas in southern Sichuan are analyzed based on the above conditions. Additionally, the preservation of shale gas is discussed (Figure 11).
[image: Figure 11]FIGURE 11 | Relationship among the orientation of the high-resistance shale gas fractures, the high-resistance fractures and the ground stress.
Image log interpretation results show that the fracture strikes in the Well N203 in the Changning area are NS, NNW and NW. The inclinations of high-resistance fractures range from 20° to 35°. The strike of high-resistance fractures is NS, with inclinations ranging from 50° to 75°. In addition, the ground stress is oriented WNW, which intersects with fractures oriented NNW and NS at high angles and obliquely intersects in the NW at a small angle. The sealing is medium, and the gas content of high-quality shale ranges from 2.9 to 5.0 m3/t, with an average of 3.8 m3/t. NNE, NS, NW and minor NNW are the preferred strike directions of the high-conductivity fractures in Well N209. The inclinations of the fractures mainly range from 60° to 85°. The strike of the high-resistance fracture is ENE. The ground stress is close to WE, which intersects with the high-conductivity fracture at a vertical or large angle and intersects with the high-resistance fracture at a small angle, indicating that an excellent sealing property occurs with the fracture. Additionally, the gas content of high-quality shale ranges from 3.88 to 4.29 m3/t, with an average of 4.08 m3/t. Hence, the high overall gas content shows the favorable sealing property of the shale. The fracture strikes of the shale gas reservoir bed in Well W201 in the Weiyuan area are mainly NW, and they are high-resistance fractures at angles of approximately 310°. The ground stress is approximately 275°, which intersects with the preferred orientation of high-resistance fractures at a small angle. Moreover, the formation pressure coefficient is merely 0.92, and the gas contents of the high-quality shale bed in the Wufeng-Longmaxi Formation range from 0.45 to 2.4 m3/t, with an average of 1.33 m3/t. A poor sealing property is presented. The orientation of the high-conductivity fracture in Well W202 are NNE and ENE. The inclinations of the fractures range from 20° to 40° and from 70° to 90°. There is no obvious preferred orientation for high-resistance fractures. The orientation of the ground stress approaches the WE direction, and the angle of the high-conducting fracture is more than 45°. The gas contents of the high-quality shale bed in the Wufeng-Longmaxi Formation range from 2.42 to 4.4 m3/t, with an average of 3.15 m3/t. The fracture is moderately closed. The preferred orientation of high-resistance fractures in Well L203 at Luzhou is NNW (295° ± 5°), and the inclinations of fractures are between 20° and 50°, which are dominantly low-angle fractures. In addition, the orientation of the ground stress is NE (45° ± 5°), and the angles of the fractures are between 70° and 80°. The gas contents of one segment of shale in the Wufeng-Longmaxi Formation are between 3.4 and 5.3 m3/t, with an average of 4.6 m3/t. The production capacity in a single-well test is 137.9 × 104 m3/d, demonstrating favorable fracture sealing. The preferred orientation of high-conductivity fractures in Well L208 of Luzhou is NW, and the high-resistance fractures have no obvious preferred orientation. In addition, the inclinations of the fractures are between 10° and 30°. The angles of the high-conductivity fractures are between 60° and 80°. The gas contents of high-quality shale in the Wufeng-Longmaxi Formation are between 3.7 and 6.1 m3/t, with an average of 4.2 m3/t. The production capacity in a single well is 137.9 × 104 m3/d, showing favorable fracture sealing.
5.3.3 Formation Pressure Coefficient
The primary state of shale might be destroyed by tectonic movement in a later stage. Fold deformation formed by tectonic movement, uplift and fracture development can lead to changes in the state and energy of the formation fluid, thereby adjusting and destroying the formation pressure system, which can be immediately embodied in the formation pressure coefficient. Undoubtedly, the formation pressure coefficient is one of the comprehensive indicators for evaluating the quality of shale gas preservation. Specifically, favorable shale gas preservation conditions can be found in areas with high formation pressure coefficients. Previous studies in the Dingshan, Jiaoshiba and Nanchuan areas show that the formation pressure coefficient is significantly and positively correlated with the production of shale gas.
Formation pressure coefficients of the Wufeng-Longmaxi Formation shale in various blocks in southern Sichuan and the corresponding gas production of shale gas wells are analyzed. Specifically, the formation pressure coefficients of the Weiyuan and Changning areas have large spans; that is, the formation pressure coefficients in most parts of the Changning area are more than 1.2, and only in the area close to the Changning upper bend area are they less than 1.0 (Figure 12). Wells N208, N212, and N210 are near the denudation zone, and the shallow formation burial and formation pressure coefficient are less than 1. Moreover, featuring high degrees of fracture development around the wells, the gas contents of the shale are 2.4 m3/t, 2.69 m3/t, and 3.78 m3/t, respectively. In addition, Wells N216, N217, N209, and N201 in the Changning areas are located in slope and syncline areas that are far from the denudation zone, which features deep burial formation and a low degree of fracture development, with formation pressure coefficients of 1.71, 1.94, 2.0, and 2.03, respectively. The gas contents of shales are 6.7 m3/t, 5.0 m3/t, 4.82 m3/t, and 5.3 m3/t, respectively. The Weiyuan area is near the Chuanzhong paleouplift, with rapid changes in the formation pressure coefficient. The formation pressure coefficient, single-well gas production, and shale gas content of Well W201 are 0.92, 0.26 × 104 m3/d, and 2.6 m3/t, respectively; the formation pressure coefficient, single-well gas production, and shale gas content of Well W202 are 1.4, 2.75 × 104 m3/d, and 4.0 m3/t, respectively; the formation pressure coefficient, single-well gas production, and shale gas content of Well W204 are 1.96, 16.5 × 104 m3/d, and 6.6 m3/t, respectively. Favorable preservation conditions of shale gas in areas with high formation pressure coefficients can be proven in conjunction with the corresponding relationship between the single-well energy difference, gas content and formation pressure coefficient in various blocks in southern Sichuan (Figure 13).
[image: Figure 12]FIGURE 12 | Distribution of formation pressure coefficients of the Wufeng-Longmaxi Formation in southern Sichuan.
[image: Figure 13]FIGURE 13 | Relationship between the formation pressure coefficient and shale gas production in southern Sichuan.
[image: Figure 14]FIGURE 14 | Aggregative model of the shale burial history, hydrocarbon generation and structural evolution of the Wufeng-Longmaxi Formation in the (A) Weiyuan, (B) Luzhou, and (C) Changning areas in southern Sichuan.
5.3.4 Differences in Uplift Time and Intensity
The formation of shale gas reservoirs experienced continuous deep burial in the early stage and then structural uplift and reformation in the later stage. Sustained burial in the early stage of burial contributed to thermogenic hydrocarbon generation of organic matter. With a small uplift range, shale gas was formed and well preserved with minor damage. When the Wufeng-Longmaxi Formation was tectonically uplifted after the greatest burial depth, tectonic uplift adjusted the shale gas reservoir and controlled the escape and preservation of shale gas. The earlier the uplift time is, the longer the lost time of shale gas, and the more unfavorable the preservation of shale gas.
By analyzing the times and amplitudes of tectonic uplift through the burial thermal history, tectonic differences are found in the Changning, Weiyuan and Luzhou areas in southern Sichuan (Figure 14). The formation uplift history varied significantly from the southern edge of the basin to the center of the basin. Moreover, the stratigraphic uplift time gradually increased. Specifically, Wells N201, N216, and N215 in the Changning areas began to uplift in the middle of the Late Cretaceous, with uplift times ranging from 80 to 134 Ma. In addition, the tectonic uplift time of Wells W201, W202, and W203 in the Weiyuan area was approximately 80 Ma, while the uplift times of Well HS1 and Well Y101 in the shale of the Wufeng-Longmaxi Formation ranged from 65 Ma to 74 Ma.
The maximum uplift of Well W201 in the Longmaxi Formation is 4,900 m, with a daily gas production of 0.26 × 104 m3/d and a shale gas content of 2.60 m3/t, of which adsorbed gas and free gas are 0.78 m3/t and 1.82 m3/t, respectively. The maximum uplift of Well W202 is 3,926 m, with a daily gas production of 2.75 × 104 m3/d and a shale gas content of 4 m3/t, of which adsorbed gas and free gas are 1.20 m3/t and 2.80 m3/t, respectively. The maximum uplift of W204 in the formation is 2,950 m, with a daily gas production of 16.50 × 104 m3 and a shale gas content of 6.6 m3/t, of which adsorbed gas and free gas are 1.96 m3/t and 4.44 m3/t, respectively. Evidently, the greater the magnitude of the formation uplift is, the lower the shale gas content. The uplift timing of the shale in the Luzhou area is late, with deeply buried formations and a small formation uplift magnitude. For instance, the uplift timing, formation uplift magnitude, and daily gas production of Well Y101 are 55 Ma, 2,923 m, and 43 × 104 m3, respectively. In addition, the Changning area across, inside and outside the basin have denuded areas. By comparison, the uplift timing inside the basin is earlier than that outside the basin, with obvious differences in the uplift magnitude. In particular, the uplift timing has a remarkable impact on the shale gas content. Specifically, the uplift timing, formation uplift amplitude, daily gas production, and shale gas content of Well N201 are 65 Ma, 2,710 m, 14 × 104 m3/d, and 5.3 m3/t, respectively. In other words, the closer to the denudation zone, the greater the formation uplift magnitude is, and the worse the shale gas content is. Specifically, Well N208 is 2.8 km away from the denudation area, and its tested production capacity has a small amount of gas content; Well N201 is 3.5 km away from the denudation area, and its tested production capacity is 0.99 × 104 m3/d; Well N203 is 9.5 km away from the denudation area, and its tested production capacity is 1.29 × 104 m3/d; and Well N209 is 18.3 km away from the denudation area, and its tested production capacity is 18.54 × 104 m3/d.
6 CONCLUSION
The U/Th and Mo/U ratios of the high-quality shale at the bottom of the Wufeng-Longmaxi Formation range from 0.75 to 4.5 and from 0.3×SW to 1×SW, respectively. The covariant relationship of U/Th and Mo/U reveals a strongly euxinic reducing water body. In addition, as the U/Th ratio of the upper part of the Longmaxi Formation is less than 0.75, the covariant relationship of U and Mo indicates an oxygen-rich water body featuring a higher oxygen content and a lower degree of euxinia. Type I organic matter is dominated by a small amount of type II1 organic matter. An organic matter content greater than 2.5% and a thermal evolution degree greater than 2.5 are observed in the high-quality shale bed. In other words, the shale bed is in the stage of high-to postmature dry production, presenting great potential for hydrocarbon generation. The surface porosity of the shale ranges from 2 to 10%, while the surface porosity of the high-quality shale bed is greater than 5%. That is, the development of microfractures contributes to effectively improving the permeability of the reservoir.
The thickness of the high-quality shale in southern Sichuan is distributed in a crescent shape along the Yibin-Luzhou area. Among them, the maximum thickness of high-quality shale in the Luzhou area reaches as high as 70 m, and the thicknesses of the Weiyuan and Changning areas are greater than 30 m. A high TOC content and high thermal evolution degree are fundamental for the hydrocarbon generation from organic matter. A high porosity provides space for shale gas accumulation. Low-grade siliceous biological accumulation provides abundant organic matter while greatly increasing the brittleness of shale. A high Ro value promotes the conversion of hydrocarbons, not only affecting the development of hydrocarbon-generating pores and dissolution pores but also increasing the porosity of shale. Moreover, “hydrocarbon source” and “storage” conditions are mutually affected and promoted. Based on this, a coupled “source-storage” accumulation system controls the formation of shale gas reservoirs.
Effective preservation is critical for shale gas accumulation. Fracture development is crucial for the preservation of shale gas. Three-dimensional effective sealing conditions include a late tectonic uplift timing in the basin, a small uplift range, a short time of shale gas loss, low strength, the inhibition of the vertical formation pressure on the lateral migration of shale gas along the lamellation, the fracture sealing property effectively enhanced by the large-angle intersection of high-filling fractures with the current ground stress, and the inhibition of the vertical escape of shale gas. Hence, a stable burial area featuring a late tectonic uplift time, small amplitude, large-scale underdeveloped faults, and high formation pressure is a favorable area for shale gas exploration.
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The exploration and development of the shale in the Lower Silurian Longmaxi Formation in the Chongqing area has shown that gas production here is commercially viable. In contrast, the Longmaxi Formation shale in Hunan shows that gas production is not commercial. Why is there such a difference between the Chongqing and Hunan areas for the same formation. A mount of previous studies showed that gas is stored primarily in the organic matter (OM) pores in shale. This study has investigated the Longmaxi shale from two well locations in Chongqing and Hunan in order to understand whether differences in pore structure are the cause of the difference in commerciality in the two areas. The formation burial histories were established, analyzing samples for mineral composition, total organic carbon (TOC) content, thermal maturity (Ro), and OM pore structures. The results show that the Longmaxi shale in Chongqing and Hunan has similar TOC content and Ro. The average TOC content is above 3.0% for samples from both areas, and the thermal maturity was all between 2.4 and 2.9%. OM pores of the Longmaxi shale in Chongqing are abundant in number and relatively large sized, with mostly circular and oval shapes. In contrast, the number and size of the OM pores in the Longmaxi shale in Hunan are small, and the shape is irregular. OM pore structure of the Longmaxi shale in Chongqing is therefore favorable for preservation of gas. The poor pore structure of the Longmaxi shale in Hunan is not conducive to gas preservation. The OM pore structure difference of the Longmaxi shale in Chongqing and Hunan is determined by the formation burial history. The Longmaxi shale in the Chongqing area experienced rapid burial in the Early Jurassic and rapid uplift in the Late Cretaceous. The Longmaxi Formation in Hunan experienced rapid burial in the Early Triassic and rapid uplift in the Early Jurassic. The long evolution time (100 Ma) of the Longmaxi shale in Chongqing produced a large amount of gas supply and enough storage space (OM pores) for the gas occurrence, which makes the amount of gas be preserved in geological history. The short evolution time (50 Ma) of the Longmaxi shale in Hunan produced insufficient gas supply and not enough OM pores in reservoir, which leads to gas loss in geological history, resulting in low gas content. Therefore, to evaluate the potential of shale gas, the evolution time of organic matter must be considered. In other words, the time interval between rapid subsidence and uplift of formation during geological history must be considered.
Keywords: marine shale, OM pores, thermal evolution, evolution time, tectonic subsidence, tectonic uplift
1 INTRODUCTION
To date, there has been successful exploration and development of the Lower Silurian Longmaxi shale in the Chongqing area in southern China. For example, the gas content of well JY1 reached 6.1 m3/t and the gas production reached 6.0 × 104 m3/d (Table 1; Figure 1, Guo et al., 2017; Guo et al., 2019; Zhao et al., 2016). In contrast, exploration and development of the Longmaxi shale in Hunan in southern China has not achieved commercial gas production (Liu et al., 2018; Xi et al., 2018; Zhai et al., 2018). For instance, in well SY1, the measured gas content is only 1.5 m3/t, with the gas production only 0.2–0.6 × 104 m3/d (Table 1; Figure 1, Wan et al., 2017; Wu et al., 2017). Why is there such a big difference in exploration and development results in the same formation between the Chongqing and Hunan areas.
TABLE 1 | Reservoir parameters and gas content of the Lower Silurian Longmaxi shale in Chongqing and Hunan.
[image: Table 1][image: Figure 1]FIGURE 1 | The study areas and the well locations of the Longmaxi shale in Chongqing and Hunan, South China.
Previous studies have shown that the space where gas can be effectively saved in shale is organic matter (OM) pores (Loucks et al., 2009; Loucks et al., 2012; Milliken, et al., 2013; Wang et al., 2016a). Hence, OM porosity is a prerequisite for gas accumulation, and the structural properties of OM pores also affect the abundance and flow of gas in shale (Wang et al., 2016b, Wang et al., 2018 P.; Wang Y. et al., 2018). For example, if a large number of OM pores are developed with large pore size and regular pore shape (mostly circular and oval) in shale, a large amount of gas will occur in reservoir (Jiao et al., 2014; Cao et al., 2015; Wang et al., 2019).
The development of OM pores is controlled by various geological factors, such as total organic carbon (TOC) content, mineral composition, kerogen type, and thermal maturity (Ji et al., 2017; Nie et al., 2019). In general, the higher the silica content, the more OM pores are preserved, as silica provides a mineral framework supporting the preservation of OM pores (Ji et al., 2019; Hu et al., 2019). Several studies have shown that kerogen type Ι is most beneficial to the development of OM pores (Wu et al., 2019; Hou et al., 2019). Too low and too high thermal maturity are also not conducive to the development or preservation of OM pores (Chen et al., 2014; Chen et al., 2017). In marine shale, thermal maturity of 1.5% < Ro < 3.0% is most conducive to the development of OM pores (Inan et al., 2018; Wang P. et al., 2018; Hou et al., 2019).
Different views on the OM pore evolution in shale have been proposed (Loucks and Reed, 2014; Wang et al., 2016a; Li et al., 2019). However, most experts believe that the process of petroleum generation in shale controls the evolution of OM pores, because the formation of OM pores coincides with petroleum generation from kerogen (Yang et al., 2017; Xu et al., 2019; Zhang et al., 2020). In turn, petroleum generation is controlled by burial history and thermal gradients (i.e., temperature and time), and hence, the evolution of OM pores is also a function of these parameters (He et al., 2018; He et al., 2020; Jin et al., 2018; Nie et al., 2020). As a result, the differences in burial history and/or thermal gradients in different locations can lead to differences in the evolution of OM pores in shales with similar TOC contents and kerogen types was proposed.
Many scholars have simulated the evolution of OM pores and note that OM pores develop different properties under different temperature and pressure conditions (Chen et al., 2014; Zhao et al., 2016; Hou et al., 2019). When simulating the evolution of OM pores in shale, most scholars tend to ignore the difference between geological time and laboratory time (Zhu et al., 2018; He et al., 2020; Nie et al., 2020). Geotectonic activities that result in the burial and uplift of a formation tend to last for millions of years, with experiments lasting up to months (Josh et al., 2019). The durations of maximum burial of the Longmaxi Formation in the Chongqing and Hunan areas are very different (Qin et al., 2018; Zhu et al., 2019; Li et al., 2020). This study speculated that the different burial histories of the Longmaxi shale in Chongqing and Hunan had different effects on the OM pore structure, leading to a large difference in gas content.
Therefore, this study has studied Longmaxi shale samples from the Chongqing and Hunan areas. Shale samples were analyzed for mineral composition, TOC content, thermal maturity, and OM pore structures, and the formation geological burial history was modeled in order to clarify the following aspects:
1) Reservoir characteristics; 2) OM pore structures; 3) OM pore evolution; 4) Effect of time on OM pore evolution of shale.
2 GEOLOGIC SETTING
2.1 Longmaxi Formation Shale of the Chongqing Area
Chongqing is located in south China and falls within the upper Yangtze Platform depression (Chen et al., 2019; Fan et al., 2020; Wang et al., 2020), and its southeast and northeast are located at the margin of Sichuan Basin (Figure 2A). The study area is located in southeastern Chongqing. Its strata are mainly affected by the tectonic movement of the early Yanshan-late Himalaya orogeny and form a series of fold systems (Zhao et al., 2017; Nie et al., 2019; Nie et al., 2020; Xu et al., 2020). The study area has experienced only weak deformation, with less fault development and less compressive tectonic deformation than the area outside the basin (Wang et al., 2016b; Wang et al., 2018 P.; Ji et al., 2017, 2019).
[image: Figure 2]FIGURE 2 | Stratigraphic section of marine shale in south China.
Due to the large-scale transgression in the Early Silurian, the marine Longmaxi Formation was deposited in and around the Sichuan Basin as a result of sea level rise (Zhao et al., 2016; Jin et al., 2018). The lower part of the Longmaxi Formation is deep-water shelf deposition, and it contains abundant graphitic stones and local enrichment of banded pyrite (Hu et al., 2017; He et al., 2020; Xu et al., 2020). Upper part of the Longmaxi Formation is shallow shelf deposit, which contains a small amount of locally rich blocks and tuberous pyrite, reflecting that the water column shallowed upwards (Figure 3, Jin et al., 2018; He et al., 2020). The black organic matter (OM)-rich shale in this study area is located at the bottom of the Longmaxi Formation (Guo et al., 2017). The Longmaxi shale is widely distributed laterally and with a thickness between 40 and 210 m in the Chongqing area (Wang et al., 2016b; Wang et al., 2018 P.).
[image: Figure 3]FIGURE 3 | (A) Structural plan and cross-section through southeastern Chongqing (figure modified from Zhao et al., 2017). (B) Structural plan and section of northwestern Hunan (figure modified from Xi et al., 2018).
2.2 Longmaxi Shale in the Hunan Area
The study area is in Northwest Hunan, which is situated on the southeast margin of the Yangtze Platform, spanning two secondary tectonic units, bounded by the Baojing-Cili fault zone, southeast of which is the Jiangnan-Xuefeng nappe uplift zone, and to northwest is located the west Xiang-Exi fold zone (Figure 2B, Yang et al., 2016; Xi et al., 2019). The study area is located in the Sangzhi-Shimen syncline. which is a secondary tectonic unit in the southernmost part of the western Xiang-Exi block (Zhai et al., 2017).
From the Sinian to the early Paleozoic, a cratonic marine basin developed in the northwest Hunan area. The Late Ordovician-Early Silurian period was the tectonic transition stage of the middle and upper Yangtze Platform, and the study area was transformed from a passive continental margin basin to a foreland flexural basin (Xi et al., 2018; Zheng et al., 2019). The Longmaxi shale belongs to a relatively closed deep-water shelf sedimentary environment in the study area, and black carbonaceous and siliceous organic-rich shale with an average thickness of 52 m (Wan et al., 2017; Xi et al., 2019).
3 SAMPLES AND METHODS
3.1 Samples
The Longmaxi shale samples were selected from the JY1 well in the Chongqing area and the SY1 well in the Hunan area (Table 2). Including 22 samples were selected from the JY1 well in Chongqing and 24 samples from the SY1 well in Hunan.
TABLE 2 | The Longmaxi shale samples that are used for FIB-SEM analysis in Figures 7, 8 and their reservoir characteristics in Chongqing and Hunan.
[image: Table 2]3.2 Methods
3.2.1 TOC Content
The TOC content was determined by LECO CS-200 carbon sulfur analyzer. Before the test, the shale sample was crushed to 0.15 mm size, and carbonate content was removed with dilute hydrochloric acid. Then, acid was removed by repeated washing with fresh water.
3.2.2 Mineral Composition
The mineral composition was analyzed by Bruker D8 DISCOVER X-ray diffraction (XRD). Prior to analysis, samples were crushed to size less than 0.04 mm in diameter.
3.2.3 Bitumen Reflectance (Rb)
The Longmaxi shale lacks vitrinite due to its age (Zhao et al., 2016). Leica DM4500P polarizing microscope and a CRAIC microspectrophotometer were used to test the Rb. Before analysis, shale samples were polished at 20°C and 40% relative humidity. Then, the Rb was converted to equivalent vitrinite reflectance (Eq-Ro) based on the following linear regression: Eq-Ro = 0.618Rb+0.4 (Jacob et al., 1989).
3.2.4 Focused Ion Beam—Scanning Electron Microscopy (FIB-SEM)
HELIOS-NanoLab 650 instrument (made by FEI Corporation, United States) was used to survey OM pore structure characteristic. The secondary electron emission technology of FIB-SEM can brighten OM pores, highlighting the pore surface morphology (Wang P. et al., 2018). The preparation of FIB-SEM samples included argon ion polish and carbon spray.
4 RESULTS
4.1 TOC Content
TOC content average value of Chongqing samples is 3.0%, and the highest TOC content value of the samples reaches 5.2% (Figure 4). TOC content average value of Hunan samples is 3.1%, and the highest TOC content value reaches 4.5% (Figure 4).
[image: Figure 4]FIGURE 4 | TOC content distribution of the Longmaxi shale samples in Chongqing and Hunan.
4.2 Thermal Maturity
The distribution range of Eq-Ro of the samples in Chongqing is 1.93–2.78%, with a mean value of 2.45% (Figure 5). Distribution range of Eq-Ro of the shale samples in Hunan is 2.14–2.84%, with an average value of 2.55% (Figure 5). The results show that the thermal maturity of the Longmaxi shale in these two wells from Chongqing and Hunan is very similar, and at both locations they are overmature or at best in the dry gas window (Wan et al., 2017; Nie et al., 2020).
[image: Figure 5]FIGURE 5 | Eq-Ro distribution of the Longmaxi shale samples in Chongqing and Hunan.
4.3 Mineral Composition
The shale samples from Chongqing have an average clay mineral content of 39.4% and a range from 22.3 to 65.4% (Figure 6). The range in carbonate content ranges from 7.9–18.5% (Figure 6). The siliceous minerals are mainly quartz and feldspar, of which the quartz content ranges from 24.7 to 51.5% (Figure 6).
[image: Figure 6]FIGURE 6 | Mineral composition from the Longmaxi shale samples in Chongqing and Hunan.
The shale samples from Hunan have an average clay mineral content of 38.5% with a range from 21.9 to 58.6% (Figure 6). The carbonate content varies from 6.7–23.4% (Figure 6). The siliceous minerals are mainly quartz and feldspar, of which the quartz content ranges from 25.8 to 61.3% (Figure 6).
The samples from Chongqing and Hunan are dominated by brittle minerals, in which the quartz content is relatively high, while the clay mineral contents are also high and there is a lesser amount of carbonate minerals (Figure 6). The mineral compositions of the shale samples from Chongqing and Hunan have similar compositions (Figure 6).
4.4 OM Pore Structures
4.4.1 Longmaxi Shale in Chongqing
FIB-SEM reveals that the Chongqing samples have developed a big amount of OM pores with large diameters, mostly between 100 and 500 nm (Figure 7). The OM pores are mostly round and oval. By further magnifying the observation multiples, it was found that many OM pores with small diameter were nested in those with large size.
[image: Figure 7]FIGURE 7 | OM pore characteristics of the Longmaxi shale samples from Chongqing (YC4 well, 774 m and JY1 well, 2405 m, G-H, J, YC4 well, 756 m; I, L, JY1 well, 2405 m). A large number of OM pores with large size (100–500 nm) are seen in pyrobitumen. OM pores are mostly round and oval in shape. (A,B) were revised from Wang et al. (2016a). (E,F) were revised from Wang et al., 2020). OM pores with small size are nested in larger OM pores. (G,J) were revised from (Wang et al., 2020).
4.4.2 Longmaxi Shale in Hunan
The OM pore sizes from FIB-SEM are concentrated in the range of 15–60 nm, and the shapes are irregular (Figure 8). Moreover, the amount of OM pores in Hunan samples is significantly smaller than that in Chongqing. It is uncommon to see smaller OM pores embedded in the larger OM pores with large size.
[image: Figure 8]FIGURE 8 | OM pore microscope characteristics of the Longmaxi shale samples in Hunan (SY1 well, 1,569.2 m). OM pores with small sizes (20–100 nm) are seen in the pyrobitumen.OM pores are irregular in shape.
5 DISCUSSION
OM pore structure of the Chongqing shale samples undoubtedly improves the gas adsorption capacity of reservoir. On the contrary, the OM pore structure of the Hunan samples is not so good as that in Chongqing, which ultimately leads to the difference of gas content in shale of the two regions. Therefore, it is of great significance to clarify the reasons for the difference in the OM pore structure of the Longmaxi shale in Chongqing and Hunan.
As mentioned above, the OM pore structure in marine shale is mainly controlled by kerogen type, TOC content, thermal maturity, mineral composition, and thermal evolution (Loucks et al., 2009; Loucks et al., 2012; Milliken et al., 2013). The results of a series of reservoir characteristics experiments from Chongqing samples and Hunan show that they have similar TOC content, thermal maturity, and mineral composition (Figures 5–7). Research results have also been suggested that the Longmaxi shale kerogen types are also Ⅰ type in the two regions (Wang et al., 2020a; 2020b).
Obviously, these similar reservoir geological factors are not the reason for the difference of OM pore structure in Chongqing and Hunan samples, so only the thermal evolution process of the shale needs detailed comparative study. To analyze the thermal evolution process, it is necessary to combine the burial history of formations and regional structural characteristics to conduct a comprehensive study.
5.1 OM Pore Evolution
OM pore evolution is synchronized with the thermal evolution process (Chen et al., 2014; Hou et al., 2019). In the course of geologic history, tectonic evolution determines the subsidence and uplift of formation (He et al., 2018; Zhu et al., 2019). The continuous burial of strata has an absolute control over the formation of hydrocarbon gas and OM pores in shale (Guo et al., 2017; Jin et al., 2018). At the thermal evolution threshold, the solid kerogen of shale begins to form liquid hydrocarbons, with a small amount of OM pores (Wang P. et al., 2018).
With the increase of stratum subsidence and the enhancement of thermal evolution, liquid hydrocarbons from solid kerogen that were trapped in the reservoir will evolve into pyrobitumen (Wang et al., 2020a; 2020b). Pyrolysis of the solid kerogen and pyrobitumen in shale continues and a large number of gaseous hydrocarbons were generated (Chen et al., 2014). When the depth of stratum reaches the maximum, the pyrobitumen reaches the peak of gas generation with the maximum rate of OM pore formation (Hou et al., 2019).
When the formation began to rise, the thermal evolution began to weaken, and the production of thermal evolution and OM pores decreased (Guo et al., 2017; He et al., 2020). When the formation continues to rise to a certain depth, the thermal evolution of organic matter in shale stops, and the formation of OM pores also stops accordingly (Wu et al., 2019).
The thermal evolution of shale will affect gas accumulation in the following three aspects:
1) Start time of shale formation thermal evolution
Gas generation is always a process of dispersal (Wang P. et al., 2018; Jin et al., 2018). The later the thermal evolution begins, the more gas is left in the reservoir (He et al., 2018; Nie et al., 2020). In the thermal evolution process, the gas will always be a dispersion process after generation, and the longer the duration, the greater the amount of dispersion (Zhang et al., 2020). This requires that the thermal evolution start as late as possible (i.e., the later the first rapid subsidence of the formation is, the better). That is, the later the thermal evolution starts, the later the gas loss starts, and the more gas reserves there are.
2) End time of shale formation thermal evolution
Continuous gas supply will replenish the amount of lost gas and maintain a dynamic balance between gas generation and loss (Hu et al., 2019; Wang et al., 2020b). If the formation is lifted too early, the thermal evolution of organic matter in the shale will end earlier, which cannot guarantee that there will be a continuous supply of gas in the reservoir to slow the gas loss. Therefore, the later the thermal evolution ends (the later the last rapid rise of formation), the longer the evolution duration will be, and the more favorable it will be for the continuous evolution of OM to generate a mass of gas (Zhao et al., 2017). If the hydrocarbon evolution lasts for a long time and there is enough gas to supply in the shale reservoir, this can effectively slow the gas loss (Jin et al., 2018).
3) Time interval of structure and thermal evolution
Continuous and long time thermal evolution can make organic matter fully evolve and form excellent OM pore structure. After the last rapid uplift of the formation, the thermal evolution ends, and the supply of continuous gas hydrocarbon ends at the same time, and the loss of gas begins to increase (Zhao et al., 2017; He et al., 2018; Nie et al., 2019). At this time, if there is no large amount of OM pores which can store gas effectively, the gas generated in the previous evolution process will be lost in large quantities during the geological history (Zhao et al., 2017; Nie et al., 2020). Therefore, the later the thermal evolution ends (the later the last rapid rise of formation), the longer the evolution duration will be, and the more favorable it will be for the continuous evolution of organic matter to generate excellent OM pore structure (Figures 7, 8). OM pore structure formed during the thermal evolution of shale will not change (provided that the formation will not undergo a second large and rapid settlement after the first large and rapid settlement). If the hydrocarbon evolution lasts for a long time and there is a good OM pore structure to supply effective space for gas occurrence in the shale reservoir, this also can effectively slow the gas loss.
5.2 Analysis of Single Well Burial History
Taking the burial history of Well JY1 as an example, the maximum burial depth of the Longmaxi Formation shale in Chongqing is 6,400 m (Figure 9A). Thermal evolution degree of the Longmaxi Formation shale has reached the deep high-temperature dry gas generation (Jin et al., 2018). Taking the burial history of Well SY1 as an example (Figure 9B), the maximum burial depth of the Longmaxi shale in Hunan is 6,000 m (Wan et al., 2017), which is not much different from that in Chongqing, which also leads to similar thermal maturity of the shale in the two regions.
[image: Figure 9]FIGURE 9 | (A) Burial history of the Longmaxi shale in Chongqing based on JY1 well, revised from Jin et al. (2018). (B) Burial history of the Longmaxi shale in Hunan based on SY1 well, revised from Wan et al. (2017).
The burial history of Well JY1 in Chongqing and Well SY1 in Hunan was taken as examples for comparative analysis:
1) The Longmaxi Formation in Chongqing was rapidly buried in the early Jurassic period. The rapid uplift occurred in the late Cretaceous and evolution lasted for about 100 Ma (Figure 12).
After Silurian deposition, the Longmaxi Formation in Chongqing was in the stage of rapid subsidence. The rapid and large subsidence occurred in the late Jurassic in the Jurassic periods (Figure 9A). After the Cretaceous period, the formation began to rise rapidly, and the thermal evolution lasted for a long time, reaching 100 Ma, leading to the formation of a large number of hydrocarbon gases and excellent OM pore structure (Figure 9A, and Guo et al., 2017). The continuous evolution time and sufficient evolution process provide a large amount of gas supply and excellent storage space (OM Pores) for the gas occurrence, so that shale gas is preserved to the maximum extent in the geological history process (Figures 10A, 11A; Table 3).
2) The rapid burial time of the Longmaxi Formation in Hunan is early Triassic. The rapid uplift time of the formation was in the early Jurassic, and the evolution time was about 50 Ma (Figure 9B).
[image: Figure 10]FIGURE 10 | OM pore evolution of the Longmaxi shale in Chongqing and Hunan. (A) Longmaxi shale in Chongqing; (B) Longmaxi shale in Hunan.
[image: Figure 11]FIGURE 11 | Gas accumulation and OM pore structure model of the Longmaxi shale in Chongqing and Hunan. (A) Abundant large OM pores with amount of gas were found in the Longmaxi shale in Chongqing; (B) Few OM pores and little gas were found in the Longmaxi shale in Hunan.
TABLE 3 | Tectonic subsidence and uplift time of the Longmaxi Formation in Chongqing and Hunan. Some data of the Longmaxi shale in Chongqing and Hunan from Jin et al. (2018), Wan et al. (2017), and Zhai et al. (2017).
[image: Table 3]The Longmaxi Formation settled rapidly in the early Triassic and uplift rapidly in the early Jurassic in Hunan (Figure 10B). Due to the early and rapid rise of formation, the thermal evolution ended prematurely, the evolution duration was short (50 Ma), and the evolution was not sufficient (Figure 10B). On the one hand, it leads to the lack of effective gas supply in the reservoir; on the other hand, due to the missing of good OM pore structure, it is unable to supply efficient storage space for the occurrence of gas (Figure 11B), which leads to a large amount of gas loss in the later geological history, thus leading to the low gas content in the current shale reservoir (Figure 11B; Table 3).
5.3 Geotectonic Control
The burial and uplift of formation are controlled by regional tectonic activity. The marine shale in the Lower Paleozoic distributed in Chongqing and Hunan has experienced many periods of tectonic movement (Zhai et al., 2017; Liu et al., 2018). Different areas experience different time and stage of tectonic movement, which leads to different thermal evolution history of shale, thus leading to different thermal evolution and OM pore structure.
Taking the age of tectonic activity in Chongqing and Hunan as an example, the most recent significant and rapid uplift of formation in the geological history of the two regions occurred in the late Yanshan-early Himalayan period (Zhai et al., 2017; Li et al., 2020). At this time, Chongqing and Hunan suffered the most intense tectonic activity, which had the greatest influence on the tectonic evolution of this area.
It can be seen that the last large uplift time of the formation in Chongqing area during the geological history was about 120 Ma (Figure 12, Zhai et al., 2017), which corresponds to the Cretaceous period and coincides with the uplift time of the Longmaxi Formation in this area according to the burial history of Well JY1 (Figure 9A). This also explains why the Longmaxi shale in Chongqing rose rapidly in the late Cretaceous period. The last significant uplift time of the formation in Hunan was about 165–200 Ma (Figure 12), which corresponds to the Jurassic period, and coincides with the uplift time of the Longmaxi Formation in this area according to the burial history of Well SY1 (Figure 9B). This also explains why the Longmaxi shale in Hunan rose rapidly in the early Jurassic.
[image: Figure 12]FIGURE 12 | Tectonic activity age in Chongqing and Hunan regions, revised from Zhai et al. (2017).
Therefore, the evaluation of shale gas exploration and development potential should not only consider the reservoir geological factors such as TOC content, thermal maturity, mineral composition, and kerogen type, but also consider the continuous thermal evolution time of shale in the process of geologic history. The continuous and sufficient thermal evolution time of shale is controlled by the earliest subsidence and the latest uplift time of formation. If the formation sedimentation time is early and the uplift time is late, then the thermal evolution of shale lasts long, and the organic matter has enough time to fully evolve, thus generating enough gas and OM pores, creating material and storage conditions for shale gas accumulation.
6 CONCLUSION
Focused ion beam-scanning electron microscope (FIB-SEM) was used to observe organic matter (OM) pores of the lower Silurian Longmaxi shale samples in Chongqing and Hunan with similar TOC contents, thermal maturities, mineral composition, and kerogen type. The following are conclusions:
1) OM pore structure of the Longmaxi shale in Chongqing and Hunan is obviously different. OM pores of the Longmaxi shale in Chongqing have large size with circles and ellipses under the microscope, which improves the gas adsorption and connectivity of shale. OM pores of the Hunan Longmaxi shale samples have small size with irregular shape under the microscope. OM pore structure difference is the main reason for shale gas content difference between the two regions.
2) The reason for the OM pore structure difference of the Chongqing and Hunan shale samples is the thermal evolution time. The Longmaxi Formation in the Chongqing area was rapidly buried in the early Jurassic period. The rapid uplift occurred in the late Cretaceous and thermal evolution lasted for about 100 Ma. The rapid burial time of the Longmaxi Formation in Hunan is early Triassic. The rapid uplift time is in the early Jurassic, and the thermal evolution time is about 50 Ma.
3) The thermal evolution of the Longmaxi shale in the Chongqing area lasted for a long time, and amount of gas and OM pores were formed. The long thermal evolution time provides a large number of gas source supply and effective storage space (OM pores) for the gas occurrence, which maximizes the preservation of shale gas in the geological history. The thermal evolution time of the Longmaxi shale in the Hunan area is short. There is no enough time to evolve so that the shale reservoir does not get enough continuous gas supply and OM pores provide effective space for gas occurrence in Hunan.
4) To evaluate shale gas exploration and development potential, the continuous thermal evolution time must be considered. Long-term continuous thermal evolution will provide not only continuous gas supply for shale reservoir but also good organic matter pore structure for gas occurrence. The continuous thermal evolution time is controlled by the earliest rapid subsidence and the latest rapid uplift time of formation. If the formation subsidence time is early and the uplift time is late, the thermal evolution of shale will last long. There will be enough time for thermal evolution to generate a large amount of gas and good OM pore structure, creating material and storage conditions for shale gas accumulation.
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The major sedimentary basins in China contain abundant shale gas resources to be explored, and the exploration of shale gas has received more attention in recent years. Shale gas exists mainly in two states, i.e., free and adsorbed. The latter mainly exists on the surface of media, including organic matter and clay minerals, etc., but its adsorption state remains unknown. In this paper, we take the Longmaxi Formation marine shale in the southern Sichuan Basin of southern China as the research object. The state of methane molecule adsorption on different media in marine shales is analyzed by conducting mineral composition analysis, TOC content analysis, isothermal adsorption experiments, FIB-SEM, and FIB-HIM experiments on the core samples referring to previous research. The conclusions are as follows: the adsorbed gas mainly exists in the organic-matter pores, which feature excellent roundness and connectivity with a large number of small pores inside like a hive. The surface of the organic matter contains many adsorption sites, featuring strong adsorption capacity and making methane molecules continuously distributed on the internal surface of the organic-matter pores. The organic matter has a large specific surface area and is lipophilic, which offers an ideal condition for the adsorption of methane molecules. Part of the adsorbed gas exists in the pores of clay minerals, which are lamellar and triangular. The surface of clay minerals contains fewer adsorption sites, featuring poorer adsorption capacity and making methane molecules discontinuously distributed on the surface of the clay minerals. The clay minerals have a smaller specific surface area than the organic matter, thus featuring a smaller space for adsorption. The clay minerals are hydrophilic. In addition to methane molecules, mixed-layer illite/smectite (I/S) and chlorite also adsorb water molecules. The illite surface adsorbs mainly water molecules and, to a lesser extent, methane molecules. Finally, the adsorption state patterns of methane molecules on organic matter and clay minerals were summarized.
Keywords: marine shales, methane molecules, organic matter, clay minerals, adsorption state
1 INTRODUCTION
In recent years, with the improvement in geological ideas as well as the advancement of good horizontal drilling and hydraulic fracturing technologies, the target of oil and gas exploration has changed from conventional clastic and carbonate reservoirs to unconventional shale ones, and great success in shale gas exploration has been achieved in North America (Curtis, 2002). Similar to North America, China contains abundant shale gas resources, and shale formations are widely distributed in the major basins of China (Guo, 2016; Zou et al., 2017; Guo, 2021). In the Sichuan Basin and its periphery in southern China, based on the exploration for marine shales of the Lower Silurian Longmaxi Formation, a series of shale gas fields such as Weiyuan, Changning, Weirong, Fushun, Yongchuan, Zhaotong, and Jiushiba have been successively established by CNPC and Sinopec and provided high production of shale gas (Zou et al., 2015; Guo et al., 2016; Guo et al., 2017; Guo et al., 2020). Based on the existence state, shale gas can be categorized into free and adsorbed types: the former exists in the shale reservoir space, while the latter on the surface of organic matter and clay minerals. The adsorbed gas can be converted into free gas under certain temperature and pressure conditions (Zou et al., 2017; Zou et al., 2019; Zou et al., 2020).
A series of studies have been conducted previously on the factors controlling the adsorption capacity of marine shales. Li et al. (2017) concluded from a study on the shales of the Lower Cambrian Niutitang Formation in the Fenggang Block, northern Guizhou, southern China, that the methane adsorption quantity of shales is related to organic carbon content, clay minerals, organic matter pore morphology, pressure, temperature and water saturation (Li et al., 2017). Gao et al. (2018) concluded that adsorbed gas is an important state of shale gas, mainly existing on the surface or inside the pores of clay minerals and organic matter particles and that the adsorption characteristics of shale play a crucial role in gas content. The adsorption capacity is controlled by a combination of factors such as organic matter content, degree of thermal evolution, pore structures, and clay mineral content (Gao et al., 2018). Ma et al. (2018) concluded that organic matter characteristics, nanopore structures, inorganic mineral composition, temperature, pressure, and water content, etc., all influence the methane adsorption capacity of shales to some extent (Ma et al., 2018).
In recent years, the large-scale exploration of shales has provided a lot more data for the analysis on the state of methane molecule adsorption in different media of highly-evolved marine shales. In this study, the adsorption states of methane on different media of highly-evolved marine shales were identified via mineral composition analysis, TOC content analysis experiments, isothermal adsorption experiments, and direct observation with an SEM by using the shale gas well XNY-1 lately drilled in the southern Sichuan Basin, of which the location is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Location of the southern Sichuan Basin in southern China and the distribution of XNY-1 well. Modified from references (Mei et al., 2012; Wang et al., 2015; Mou et al., 2016; Zhang et al., 2019a; Zhang et al., 2020a).
2 GEOLOGICAL SETTINGS
2.1 Sedimentary and Stratum Characteristics
According to previous studies (Li et al., 1995; Li et al., 2002; Mei et al., 2012; Wang et al., 2015; Mou et al., 2016; Zhang et al., 2019a; Zhang et al., 2020a), in the Upper Ordovician-Lower Silurian, the Upper Yangtze area became the interior Cratonic sagging basin after the Cathaysian Plate extruded it. In the Upper Yangtze region, the sedimentary strata of the Upper Ordovician are called the Wufeng Formation, while the sedimentary strata of the Lower Silurian are called the Longmaxi formation. The Longmaxi Formation can be divided as Member I, II, and III from the bottom to the top. The target layer of this study is Member I, of which the shale lithology is bipartite: the lower part of Member I of the Longmaxi Formation is mainly black siliceous organic-rich shales, while the upper part is a combination of dark grey shales, siltstone shales, and siltstone.
2.2 Tectonic Characteristics
Previous studies (Wang and Li, 2003; Chalmers and Bustin, 2008; Ji et al., 2014; Ji et al., 2015; Ji et al., 2016; Zhang et al., 2017) show that, large-scale sea erosion of the Yangtse plate in the Early Cambrian.resulted in the sedimentation of a set of organic-rich shales that almost covered the entire plate. Thereafter, the water body became shallower, while fine and silty shales gradually changed into coarse clasolite, such as siltstone and sandstone, etc. Due to the extrusion and collision from the Cathysian plate in the Ordovician, the water body continuously became even shallower, and the sedimentary system of clasolite changed into the sedimentary system of carbonite. A large-scale transgression that occurred in the Upper Ordovician-Lower Silurian changed it back to the sedimentary system of clasolite, leaving the sedimentation of a set of organic-rich shales in the deep-water shelf surrounded by the ancient land.
3 SAMPLES, EXPERIMENTS, AND SOURCE OF DATA
In this study, 12 pieces of core samples were taken from the shales of Member I of the Longmaxi Formation in the XNY-1 well at the depths shown in Table 1. For the six pieces of the core samples taken from the same depth, whole-rock mineral analysis and clay mineral analysis were conducted with a YST-I mineral analyzer, and isothermal adsorption experiments were conducted at 110°C with an HPVA-200-4 isothermal adsorber. Besides, TOC analysis was conducted with a Sievers 860 TOC content analyzer, and FIB-SEM (Focused ion beam—FIB-SEM) was conducted with a Helios NanoLab 660. At the same time, FIB-HIM (Focused ion beam—Helium ion microscopy) was conducted with a Zeiss Orion NanoFab, and part of the samples was used for organism maturity analysis with a ZEISS Imager A2m, J&M MSP200 polarized fluorescence microscope.
TABLE 1 | Core sampling layer and depth.
[image: Table 1]4 RESULTS AND DISCUSSION
4.1 Analysis of the Ability of Organic Matter to Adsorb Methane Molecules
The results of mineral composition analysis, TOC content analysis, and isothermal adsorption experiments carried out on the 12 shale core samples are shown in Tables 2, 3. Langmuir Volume represents the maximum adsorption capacity, and its physical meaning is the adsorbed gas content at a given temperature when the methane adsorption of shales reaches saturation with m3/t as the unit. Langmuir Pressure is the pressure corresponding to half of the Langmuir volume with MPa as the unit. According to the maturity test of the shale cores, the average organic matter maturity of the shales of the Longmaxi Formation from the XNY-1 well is 2.1%. Therefore, the study target is highly evolved marine shales. This work analyzed TOC content and Langmuir Volum, and the results are shown in Figure 2A, according to which, the TOC content has a good positive correlation with Langmuir Volume. This implies that the organic matter provides the main adsorption space for methane molecules, which are adsorbed on the inner surface of the organic matter.
TABLE 2 | Results of mineral composition analysis of core samples.
[image: Table 2]TABLE 3 | Results of core sample analysis for TOC content, Langmuir Volume, Langmuir Pressure and clay mineral composition.
[image: Table 3][image: Figure 2]FIGURE 2 | Analysis of Langmuir Volume’s relation with TOC content and clay mineral content. The graph shows Langmuir Volume has a positive correlation with TOC content and a negative correlation with clay mineral content.
4.2 Analysis of Clay Minerals’ Ability to Adsorb Methane Molecules
Figure 2B shows the analyses results of the clay mineral content and the Langmuir Volume. As can be observed, the clay mineral content has a significant negative correlation with Langmuir Volume. However, previous studies have shown that clay minerals have a certain adsorption capacity for methane molecules, which means that more works need to be carried out to study the negative correlation. The clay minerals in the highly evolved marine shales of the Langmuir Formation consist of I/S mixed layer, illite, and chlorite. This work analyzed the relationship between the Langmuir Volume and the contents of I/S mixed layer, illite, and Chlorite content, as shown in Figures 3A–C. It can be seen that the illite content is negatively correlated with Langmuir Volume, while the I/S mixed layer content and the chlorite content are respectively first negatively and then positively correlated with Langmuir Volume.
[image: Figure 3]FIGURE 3 | Analysis of Langmuir Volume’s relation with I/S mixed layer, illite, and chlorite. It can be seen that Langmuir Volume is first negatively and then positively correlated with I/S mixed layer content and with chlorite content. It is negatively correlated with illite content.
4.3 Analysis of the Adsorption State of Methane Molecules in Organic Matter and Clay Minerals
4.3.1 Distribution of “Organic Matter Surface,” “Clay Mineral Surface,” and “Adsorption Sites”
The adsorption site distributions of methane molecules adsorbed on organic matter surfaces and clay mineral surfaces have been studied previously. It is believed that organic matter has a denser distribution of adsorption sites on the surface and thus features a higher adsorption capacity than clay minerals (Chen et al., 2017a; Chen et al., 2018a; Wang et al., 2020a; Gao et al., 2020). The distribution of Gas molecules is discontinuous on the surface of clay minerals, whereas it's continuous on the surface of organic matter (Chen et al., 2016a; Chen et al., 2017b; Chen et al., 2019a; Chen et al., 2019b; Gao, 2021).
4.3.2 Difference in Specific Surface Area of Organic Matter and Clay Minerals
The specific surface area of each component in the shales influences the adsorption capacity significantly, with their influence ranked in descending order as organic matter > montmorillonite > I/S mixed layer > kaolinite > chlorite > illite > calcite > feldspar > quartz. As the specific surface area of organic matter is obviously higher than that of clay minerals, the adsorption capacity of organic matter is higher than that of clay minerals under the same unit mass (Chen et al., 2018b; Yu et al., 2022).
4.3.3 Differences in the Lipophilicity and Hydrophilicity of Organic Matter and Clay Minerals
The water content of the formation has a strong influence on the methane adsorption capacity of shales as adsorption sites for methane molecules can be occupied by water molecules. The clay minerals are hydrophilic, while the organic matter is lipophilic. Therefore, it’s easier for methane molecules to be adsorbed on the surface of organic matter (Chen et al., 2016b; Wang et al., 2019). Generally, there is water in subsurface shale reservoirs, and the methane adsorption capacity of clay minerals is inhibited under actual subsurface reservoir conditions since clay minerals are hydrophilic. They will show their adsorption capacity only when their content reaches a sufficient level. As shown in Figure 3, in addition to adsorbing water molecules, I/S mixed layer and chlorite can also provide a certain amount of adsorption space for methane molecules to adsorb a considerable amount of these molecules. By contrast, illite mainly absorbs water molecules and cannot provide space for methane molecules adsorption.
4.4 Spatial Characteristics of Methane Molecules Adsorption in Organic Matter and Clay Minerals
4.4.1 FIB-SEM Observation
The pore characteristics of the shales can be directly observed with an SEM. As is shown in the FIB-SEM images, the largest greyscale is the pore, while the greyscale of every material composition in the shales becomes lower as its molecular weight is smaller (Zhang et al., 2019b; Zhang et al., 2019c; Wang et al., 2020b; Xia et al., 2020; Zhu et al., 2020; Huang et al., 2021; Wang et al., 2021), indicating that the grey scale of organic matter in the FIB-SEM images is larger than the one of inorganic minerals. It can be seen from the FIB-SEM images A and B of Figure 4 that a large number of organic matter pores are developed in the shales with excellent roundness. Additionally, it can be seen from the FIB-SEM images Figures 4E,F that clay mineral pores are also developed in the shale and feature-poor roundness as they are lamellar and triangular.
[image: Figure 4]FIGURE 4 | FIB-SEM images (A,B,E,F), FIB-HIM images (C,D). (A,B): 4,085.46 m, XNY-1 Well, Member I of the Longmaxi Formation; (C) 4,087.84 m, XNY-1 Well, Member I of Longmaxi Formation; (D) 4,089.63 m, XNY-1 Well, Member I of Longmaxi Formation; (E) 4,062.35 m, XNY-1 Well, Member I of Longmaxi Formation; (F) 4,072.92 m, XNY-1 Well, Member I of Longmaxi Formation.
4.4.2 FIB-HIM Observations
The situation inside the pores can be observed from the FIB-HIM images, making the two-dimensional images demonstrate three-dimensional effects. The greyscale of the FIB-HIM image is opposite to the one of the FIB-SEM images as the greyscale of every material composition in the shales becomes higher as its molecular weight is larger, indicating that the greyscale of the organic matter in the FIB-HIM image is lower than the one of the inorganic minerals (Zuo et al., 2019; Huang et al., 2020a; Huang et al., 2020b; Zhang et al., 2020b; Zhang et al., 2020c; Liu et al., 2021a; Liu et al., 2021b). It can be seen from C and D of Figure 4 that the organic matter pores contain a large number of small pores like a hive with good connectivity.
5 ADSORPTION PATTERNS OF METHANE MOLECULES ON DIFFERENT MEDIA IN HIGHLY MATURE MARINE SHALES
The patterns of methane molecule adsorption states on different media in highly evolved marine shales are summarized based on the studies hereinabove. As shown in Figure 5A, the organic matter pores are sub-circular in shape with good connectivity between the organic-matter pores, and their internal surface can densely and continuously adsorb methane molecules. Besides, the specific surface area of the organic-matter pores is large and provides larger space for methane molecule adsorption. As shown in Figure 5B, the clay mineral pores are lamellar in shape. The surface of the clay mineral pores is loose, with adsorbed methane molecules discontinuously distributed on it. Besides, the clay mineral pores are more likely to contain water. Among the three clay minerals present in the Longmaxi Formation shale in the study area, I/S mixed layer has the largest specific surface area and can provide more adsorption space for methane molecules, followed by chlorite and finally illite. Due to the hydrophilic nature of the clay minerals, I/S mixed layer and chlorite adsorb water molecules in addition to methane molecules. Illite mainly adsorbs water molecules, and a small number of methane molecules.
[image: Figure 5]FIGURE 5 | Pattern of methane molecule adsorption on different media in highly evolved marine shales. (A) Methane molecules adsorbed on the internal surface of organic matter pores; (B) methane molecules adsorbed on the internal surface of clay minerals, which are mainly montmorillonite, I/S mixed layer, and chlorite.
6 CONCLUSION
In this paper, the shales from Member I of the Longmaxi Formation in the southern Sichuan Basin were used as the research object, and the state of methane molecule adsorption on different media in marine shales was analyzed via mineral composition analysis, TOC content analysis, isothermal adsorption experiments, FIB-SEM experiments, and FIB-HIM experiments by adopting core samples from the newly drilled shale gas exploration wells. The conclusions are as follows:
1) The adsorbed gas mainly exists in organic-matter pores, which feature excellent roundness and connectivity with a large number of small pores inside like a hive. The surface of organic matter contains many adsorption sites, featuring high adsorption capacity and continuous distribution of methane molecules on the internal surface of organic-matter pores. The specific surface area of organic matter is large, providing large space for methane molecule adsorption. Organic matter exhibits lipophilic properties, which makes it easier to adsorb methane.
2) Part of the adsorbed gas exists in clay mineral pores. I/S mixed layer and chlorite can not only adsorp water molocule but also provide certain space for the adsoption of methane molecule. Illite mainly adsorbs water molecules, and it is basically unable to provide adsorption space for methane molecules. Clay mineral pores are lamellar and triangular with poor roundness. Compared with organic matter, the surface of clay minerals contains fewer adsorption sites, featuring lower adsorption capacity and discontinuous distribution of methane molecules on the surface of clay minerals. Clay minerals have a smaller specific surface area, providing smaller space for adsorption. Clay mineral pores are more likely to contain water as clay minerals are hydrophilic.
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Marine–continental transitional (hereinafter referred to as transitional) Permian shales are important targets for shale gas in China because of the considerable volumes of shale gas resources present in them. In this study, transitional shale samples from the Permian Shanxi Formation in the Daning–Jixian block along the eastern margin of the Ordos Basin were collected to investigate the effects of organic and inorganic compositions on the development of their pore structures through organic petrographic analysis, X–ray diffraction, scanning electron microscope (SEM) observation, gas (N2 and CO2) adsorption, high-pressure mercury injection (HPMI), and methane adsorption experiments. The organic petrographic analysis reveals that the Permian Shanxi shale comprises Type-II2-III kerogens, and the average vitrinite reflectance (Ro) is 2.3% at the overmature stage or in the dry gas window. The shale interval at the bottom of the lagoon facies is considered the most favorable interval throughout the entire section because of its high total organic carbon (TOC) content (4.19–43.9%; an average of 16.9%) and high brittle mineral content (38.3–73.2%; an average of 55.8%). N2 and CO2 gas adsorption and HPMI tests reveal the pore size distribution characteristics of the shale. The full pore size distribution by the gas adsorption and HPMI test reveals that micropores (<2 nm) and mesopores (2–50 nm) were dominant in the pore system, and the contributions of the two pore sizes were nearly equivalent, accounting for 21.95–55.05% (an average of 42.3%) and 37.94–64.6% (an average of 49.64%) of the total pore volume, respectively. Additionally, the pore characteristics related to different phases (mainly as silicate, clays, and organic matter) are further clarified by SEM observation and correlation analysis of phase content and pore structure parameters. OM contains numerous SEM-invisible micropores, whereas clay minerals mainly develop mesopores and small macropores (50–100 nm). Furthermore, we calculated the contribution of different shale components to shale porosity. The OM pores account for 0.26–44.1% (an average of 18.7%), and clay mineral pores account for 53.8–93.3% (an average of 76.9%) of the shale porosity. In particular, the OM contributes 73.2% to the surface area and 33.5% to the pore volume. This implies that both OM and clay minerals are important for the storage capacity of adsorbed and free gas.
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1 INTRODUCTION
Organic-rich shales in China are deposited in marine, transitional, and lacustrine environments. They are characterized by their ultralow porosity and permeability because of the numerous nanopores in the shale matrix. Organic pores derived through the hydrocarbon generation process are crucial for marine shale. Previous studies have largely revealed the nanoscale pore system of mature marine shales all over the world and realized that the organic pores developed as a result of devolatilization of gaseous hydrocarbons are the dominated pore type and are responsible for the storage of shale gas to a great extent (Loucks et al., 2009; Milliken et al., 2013; Yang et al., 2013; Loucks and Reed, 2014; Wang et al., 2015; Yu et al., 2016; Guo et al., 2017; Ji et al., 2017; Nie et al., 2019; Peng et al., 2019; Xi et al., 2019). In China, the marine shale from the Lower Silurian Longmaxi Formation has been proved to be the most favorable exploitation target, and several shale-gas fields have been put into production (Yang et al., 2020). In recent years, with the support of government policies and the expansion of shale gas exploration, transitional shale has become another favorable exploration target after marine shale (Yang et al., 2019). Different from the marine shales in China that are developed in Lower Paleozoic, the transitional shales in China are mainly developed in Upper Paleozoic (Yang et al., 2017a; Yang et al., 2017b). They are characterized by a high TOC content, mixed-type kerogen, moderate thermal maturity, and high content of clay minerals, which are quite different from the case of marine shales. At present, scholars have made some fundamental studies regarding the reservoir fractal characteristics (Wang et al., 2016a; Li et al., 2019; Yin and Guo, 2019; Huang et al., 2020), mineral composition characteristics (Zhang et al., 2019), pore structure characteristics (Fan et al., 2019; Yu et al., 2019; Yang and Guo, 2020), gas-bearing properties (Dong et al., 2016; Ma et al., 2019; He et al., 2019; Wang and Guo, 2019; Cao et al. (2020)), and the criterion for selecting the favorable exploration blocks (Feng, 2014; Tang et al., 2016).
Pore structure characteristics are critical in determining the occurrence, seepage, and diffusion of shale gas. Previous research on the pore structure indicates the importance of using a low-pressure N2-adsorption experiment, which is effective in the mesopore (2–50 nm) description. Micropores (<2 nm) and macropores (>50 nm) considerably affect the content of adsorbed and free gas, respectively (Zhang et al., 2019). However, there is no full-size characterization of the pore size of the transitional shale. In addition, the influence of organic matter (OM) and the inorganic composition on the pore development of transitional shale has rarely been reported.
The Permian Shanxi Formation is widely distributed in the Ordos Basin, and industrial gas flow has been achieved by fracturing vertical wells in the Daning–Jixian block, which is regarded as one of the most important transitional shale gas targets in China. Since shale, coalbed seams, and tight sandstone are generally interbedded with each other in the Ordos Basin, strengthening the research on the transitional shale is helpful to promote the co-production of shale gas, coalbed gas, and tight sandstone gas. The purpose of this study was to investigate the composition effect on the pore size structure. The geochemical and petrological features of the Shanxi Formation are presented in Section 4.1 and Section 4.2. The full-size characterizations of the pore structures obtained via gas adsorption (CO2 and N2) and HPMI are presented in Section 4.3. The OM contribution to the pore system is discussed in Section 4.4.
2 GEOLOGICAL SETTING
The Ordos Basin is the second largest sedimentary basin in China, covering an overall area of 25,000 km2, which can be divided into six second-order tectonic units (Figure 1A). The Daning–Jixian block is located along the southeastern margin of the Yishan slope. It is bordered to the south by the Yanchuannan block, to the north by Xixian, to the east by the Lüliang Mountains, and to the west by the Yellow River. The Daning–Jixian block comprises one depression, one uplift, and two slopes (Zhao et al., 2018). Structures are stable and less faulted within the block, and the strata are gentle.
[image: Figure 1]FIGURE 1 | (A) Structural map of the Daning–Jixian block in the Ordos Basin and (B) stratigraphic column of the study area (the structural map is revised from Zhao et al. (2018)).
The Upper Paleozoic strata within the study area comprise the Carboniferous Benxi Formation, Lower Permian Taiyuan Formation as well as Shanxi Formation, and Middle Permian Shihezi Formation. In particular, the Shanxi Formation is deposited in transitional facies. According to the sedimentary cycles and lithologies, the Shanxi Formation can be divided into Shan 2 member and the overlying Shan 1 member. The Shan 1 member comprises mainly interbedded gray sandstone and dark gray shale, with locally developed laminated coal seams. The Shan 2 member mainly comprises dark shale and gray sandstone, with 3–5 layers of coal seams. From the bottom to top, the Shan 2 member can be further divided into three sub-members: Shan23, Shan22, and Shan21, of which Shan23 is the most favorable interval for shale gas exploration in the study area (Figure 1B). The lithology of Shan23 mainly comprises black shale, carbonaceous shale, dark gray mudstone, argillaceous siltstone, and silty mudstone. Fine sandstone, medium sandstone, and argillaceous siltstone are locally present, with five# coal seams developed on the top of the Shan23 sub-member. From the bottom to top, sedimentary facies of Shan23 comprises lagoon facies, delta facies, lagoon facies, and tidal flat facies. The lagoon facies at the bottom of the Shan23 are called the bottom lagoon facies, whereas the other lagoon facies in the middle of Shan23 are called the upper lagoon facies.
3 SAMPLES AND EXPERIMENTS
A total of 95 Shan23 sub-member core samples were collected from Well DJ 3–4 in the Daning–Jixian block. The TOC and mineral composition experiments were conducted on 95 shale samples. A total of 55 of the samples were further used for kerogen maceral and vitrinite reflectance analysis, and seven of the 55 samples were used to conduct gas adsorption (CO2 as well as N2) and HPMI tests.
3.1 Organic Geochemistry
The 95 shale samples were crushed into particles smaller than the 200-mesh powder to perform TOC analysis using a Leco CS-230 carbon analyzer in accordance with the standard GB/T19145–2003. The macerals and thermal maturity of the OM were determined using a Lecia DM4500P microscope according to the standards of SY/T5125–2014 and SY/T5124–2012, respectively.
3.2 Mineral Composition
X–ray diffraction (XRD) analysis was conducted on shale samples with a powder size less than 200 mesh, using a Bruker D8 DISCOVER diffractometer in accordance with the standard SY/T5163–1995.
3.3 Pore Size Distribution
Low-pressure N2 and CO2 adsorptions were measured using a Micromeritics ASAP 2420 porosimeter and surface area analyzer based on the standard SY/T6154–1995. The samples were powdered, and less than 200-mesh particles were used to perform experiments. The samples were degassed at the temperature of 110°C for 24 h before measuring the gas adsorption. For N2 adsorption analysis, Brunauer–Emmett–Teller (BET) surface area, Barrett–Joyner–Halenda (BJH) pore volume, and pore size distribution were analyzed in this study. For CO2 adsorption, the micropore volume, micropore area, and pore size distribution were calculated using a density-functional-theory model. Mercury intrusion analysis was performed on vacuum-dried samples using a Quantachrome PoreMaster at a pressure up to 600,000 psia in accordance with the standard of GB/T20650.1–2008.
3.4 SEM
The SEM was used to observe the nanoscale pore structure. The samples were irregular and cut perpendicular to the bedding plane to a size smaller than 1 cm. Prior to SEM imaging, samples were polished with fine sandpaper and argon ions and then coated with carbon to enhance the sample conductivity.
4 RESULTS AND DISCUSSION
4.1 Geochemical Characteristics
The measurement of 95 shale samples shows that TOC of Shan23 ranged from 0.11–43.9%, averaging 5.78%. The TOC tends to increase with the burial depth, reaching up to 43.9% at the bottom of the upper lagoon facies, and gradually decreases, reaching the lowest value on the top of the delta facies, and then remains stable in the bottom lagoon facies (Figure 2). The macerals comprise 15–76% liptinite (average 55.2%), 12–60% vitrinite (average 51%), and 5–35% inertinite (average 12.7%). Thus, the kerogen of Shan23 is mainly Type-II2 followed by a few Type-III. The vitrinite reflectance ranges from 2.1–2.61% (an average of 2.3%), indicating that the Shan23 shale is at the overmature stage or entering the dry gas window.
[image: Figure 2]FIGURE 2 | TOC content and mineral compositions of the shale reservoir in the Shan23 sub-member of Well DJ 3–4. (TOC, clay minerals, carbonate and quartz data from Zhang et al., 2021)
4.2 Mineral Composition
XRD revealed that Shan23 shale samples mainly comprise quartz and clay, accounting for 62.19–100%, averaging 92.1%. The quartz content ranged from 10.2–61.8%, averaging 37.3%, and the clay mineral content ranged from 26.8–73.7%, averaging 53%. Notably, the pyrite content and carbonate content were much greater at the lower section of the upper lagoon facies with average values of 9.8 and 14%, respectively, indicating that the lower section is probably deposited at greater water depths. The clay minerals were dominated by illite/smectite-mixed layers (7.0–80.4%, averaging 53%), illite (7–41%, averaging 26.5%), kaolinite (1.8–75.2%, averaging 30.1%), and chlorite (0–13.8%, averaging 4.8%) (Figure 2). Brittle minerals were concentrated at the bottom of the upper lagoon facies, with values ranging from 38.23–73.23%, averaging 55.76%. At the bottom of the upper lagoon facies, the TOC content ranged from 4.19–43.90%, averaging 16.87%. Because of the high TOC content and high brittle minerals, the Shan23 shale at the bottom of the upper lagoon facies is considered the most optimal shale interval throughout the entire sub-members. Thus, seven shale samples were recovered at the bottom of the upper lagoon facies for pore size distribution analysis and SEM imaging.
4.3 Pore Structure of Shan23 Shale
4.3.1 Pore Size Distribution
According to the International Union of Pure and Applied Chemistry pore classification, pores with a diameter <2 nm are defined as micropores, 2–50 nm as mesopores, and >50 nm as macropores. The CO2 adsorption mainly captures micropores <1.5 nm, N2 adsorption can describe mesopores, and HPMI is applicable for characterizing macropores by calculating the pore radius and mercury intrusion volume at corresponding pressure points using the Washburn equation. The overlapping section of the measured pore size was integrated by the weighted average method, whereas the nonoverlapping sections were still characterized by their own methods. Thus, the combination of the gas adsorption and HPMI allows for full-size characterization of the Shan23 shale (Figure 3).
[image: Figure 3]FIGURE 3 | Pore size distribution of typical shale samples of Shan23 shale.
The full-size pore size distribution curves of Shan23 shale show bimodal characteristics, and the peak values were 0.35–1.0 and 2–50 nm. The curve envelope area of the mesopores is equivalent to that of the micropores, indicating both micropores and mesopores are crucial in the total pore volume of Shan23 shale. The volume of micropores, mesopores, and macropores obtained by three different methods were analyzed and listed in Table 1. The results suggest that the pore volumes of the shale were predominately micropores and mesopores. In particular, the micropore volume ranges from 0.011 cm3/g–0.039 cm3/g (an average of 0.025 cm3/g), accounting for 21.95–55.05% (an average of 42.41%) of the total pore volume, and the mesopore volume ranges from 0.016 cm3/g–0.039 cm3/g (an average of 0.028 cm3/g), accounting for 37.97–64.60% (an average of 49.58%) of the total pore volume, whereas the macropore volume ranges from 0.001 cm3/g–0.009 cm3/g (an average of 0.005 cm3/g), accounting for 5.1–13.46% (averaging 8.01%). Figure 3 shows that there is no obvious change in the micropore volume when the increase in TOC is small. For example, the pore volume is 0.0111 cm3/g when the sample has a TOC of 8.66% and 0.0106 cm3/g at a TOC of 10.5%. Evident variation in the shale’s micropore volume occurs only with an exponential growth in the TOC. When that happens, the peak value of the mesopores shifts toward the smaller pore size, which is dramatically different from marine shale. For marine shale, the micropore volume and mesopore volume increase with an increase in TOC, and the changes are obvious (Song et al., 2020). Therefore, the micropores and mesopores of the marine shale originate mainly from pores generated by thermal evolution of OM. While for transitional shale, the pore generation ability of OM is poor, which causes no obvious increase in the micropore volume when the TOC content increases.
TABLE 1 | TOC content, clay mineral content, and volumes of micropores, mesopores, and macropores of Shan23 shale.
[image: Table 1]The SEM observation of the Shan23 shale indicates that the OM was highly homogenous and was banded or massively dispersed between mineral particles. The overall development of organic pores was poor. Only a small amount of isolated elliptical pores, circular pores, and irregular pores (e.g., partially angular pores) generated by hydrocarbon generation during pyrolysis and shrinkage cracks between the edge of OM and brittle minerals developed in Shan23 shale (Figure 4). Irregular pores are often larger, whereas elliptical and circular pores are in the mesoscale. Pores <6 nm were not visible in the scanning images because of the limited resolution of the SEM. Figure 5 demonstrates the relationships between the pore volume and the major components of Shan23 shale. The TOC content is positively correlated with the micropore volume with the correlation coefficient of 0.99, indicating that the OM has an absolute control on the micropore development. However, because of the resolution limitation, the micropores developed in the OM were not observed well. Furthermore, the clay mineral content is positively correlated with the micropore volume, and the correlation coefficient was 0.49, indicating that clay minerals have a certain contribution to the development of micropores; however, their effect is limited. Alternatively, mesopores are controlled mainly by clay minerals, as indicated by a strong linear relationship with the clay content at a correlation coefficient of 0.81. The SEM images also show that mesopores were well developed in the clay minerals (Figure 6). The quartz content shows negative correlations with the micropore volume as well as mesopore volume, and the correlation coefficient of micropores reached 0.89 and the mesopores reached 0.37. The content is inversely proportional to the clay mineral content, which inevitably causes the negative correlation between the quartz content and pore volume because of the poor ability in developing pores in quartz.
[image: Figure 4]FIGURE 4 | Organic pores in the Shan23 shale [(A,B) TOC = 14.4%; (C) TOC = 32.7%; (D,E) TOC = 20.5%; (F) TOC = 29.4%].
[image: Figure 5]FIGURE 5 | Correlation of main shale components with micropores, mesopores, and macropores for Shan23 shale [(A) TOC correlation with micropore, mesopore, and macropore volumes; (B) clay minerals correlation with micropore, mesopore, and macropore volumes; (C) quartz correlation with micropore, mesopore, and macropore volumes].
[image: Figure 6]FIGURE 6 | Pores developed in clay minerals [(A) 59.6% of clay minerals; intracrystalline pores in clay minerals, slender and curved in shape, and 200 nm to 2 μm length; (B) 61.1% of clay minerals; clay minerals are associated with pyrite. Interlayer fractures of clay minerals are well developed and the width of fractures is generally less than 100 nm; (C) 33.0% of clay minerals; intragranular pores of clay minerals, elongated in shape, 50–600 nm width, and 1–6 μm length; (D,E) 43.8% of clay minerals; interlayer pores of clay minerals, pore size ranges from 20–100 nm; (F) 37.7% of clay minerals; intragranular pores of clay minerals, triangular or parallel plates, 100 nm width, and 100–800 nm length).
4.3.2 Specific Surface Area Distribution
The curve of SSA over pore size obtained by gas adsorption and HPMI tests shows a unimodal distribution, and the peak value was mainly distributed over 0.35–1.0 nm (Figure 7), indicating the predominance of micropores over SSA. Similar to the pore volume distribution, SSA remains stable as TOC increases slightly. When TOC increases exponentially, SSA will change significantly, and a new peak appears in the mesopore range; however, the peak value is low, far below the SSA of micropores.
[image: Figure 7]FIGURE 7 | Distribution of pore SSA over the pore size of Shan23 shale.
The TOC, clay mineral content, and SSA of micropores, mesopores, and macropores are listed in Table 2. The SSA of micropores ranges from 37.22 m2/g–135.78 m2/g (an average of 87.87 m2/g), accounting for 72.58–90.20% (average 82.62%) of the total SSA. The SSA of mesopores ranges from 8.13 m2/g–22.21 m2/g (an average of 15.32 m2/g), accounting for 9.81–22.79% (an average of 15.66%) of the total SSA. The SSA of macropores ranges from 0.065 m2/g–0.373 m2/g (an average of 0.24 m2/g), accounting for 0.079–0.69% (average of 0.27%) of the total SSA. Thus, the majority of SSA is contributed by micropores, and the previous analysis shows that there is a significant positive correlation between micropores and TOC content, confirming that TOC is the main factor affecting the SSA of the Shan23 shale samples.
TABLE 2 | TOC content; clay mineral content, and volumes of micropores, mesopores, and macropores of Shan23 shale.
[image: Table 2]The TOC content of the samples was positively correlated with the Langmuir volume, and the correlation coefficient was 0.64 (Figure 8), which is consistent with the conclusion obtained by Cao et al. (2020) and Yang et al. (2019) regarding the relationship between adsorption capacity and TOC for the transitional Longtan shale. This reveals that Type-II2-III OM contains numerous micropores (<2 nm) that are not captured by the SEM. These micropores provide the main adsorption sites for the adsorbed gas content in shale. Therefore, the contribution of Type-II2-III OM cannot be ignored in the evaluation of the gas-bearing property of transitional shale.
[image: Figure 8]FIGURE 8 | Correlation between TOC and Langmuir′s volume of methane for Shan23 shale.
4.4 Composition Effect on the Pore Structure
There are currently three methods available to understand the composition effect on the pore structure. One method is to separate the kerogen from the shale by chemical solution and then characterize the quantitative influence of the OM on the pore structure (Kuila and Prasad, 2013; Xiong et al., 2017; Yang et al., 2019; Zhang et al., 2019). The second method is to quantitatively analyze the pore characteristics of different components by the direct SEM image observation (Wang et al., 2016b; Adeleye et al., 2017; Sun et al., 2018; Zhang et al., 2018). The third method uses a mathematical model to quantitatively calculate the contribution of different components to total pore structure parameters (Wang et al., 2014). However, the process of chemical separation is complex. The use of numerous chemical additives destroys the original pore system to a certain extent and reduces the precision. The SEM method may yield nonrepresentative statistics because of the limited sample size and resolution. However, plentiful statistics are both time- and labor-consuming. Considering the limitation of the aforementioned methods, the composition effect on the pore structure was quantified in our study using the difference of shale and the third method. On the basis of brittle minerals, clay minerals, and OM, the three-layered-rock physical model of shale was established, and the corresponding calculation formula is as follows:
[image: image]
where ρ is the density of shale (t/m3), A is the mineral percentage (%), V is the unit mass pore volume (m3/t), and Φ is the shale porosity (%).
The results show that brittle mineral pores account for 1.9–7.3% (an average of 4.4%), OM pores account for 0.26–44.1% (an average of 18.7%), and clay mineral pores account for 53.8–93.3% (an average of 76.9%) of the shale porosity (Figure 9). The high contribution rate of organic pores to the total porosity is contrary to the SEM observation. Because the pores that developed in the OM were so small that they were not visible under SEM observation. Yang et al. (2019) also suggested that Type-III kerogens contain numerous SEM-invisible micropores (<2 nm). Therefore, the storage space of the Shan23 shale was dominated by clay mineral pores and OM pores. The brittle mineral is predominately quartz that has a poor ability to form pores. Thus, the quantitative research of the composition effect on the pore structure focused on the clay mineral and OM pores.
[image: Figure 9]FIGURE 9 | Proportion of pores in Shan23 shale.
The clay mineral contents of Sample 176 and Sample 180 were nearly the same, with values of 44.31 and 44.67%, respectively. The TOC content of these two samples was 8.66 and 27.8%, respectively. The clay mineral content of Sample 184 and Sample 178 were also equivalent, with values of 50.5 and 50.8%, respectively, and the TOC content was 34 and 10.5%, respectively. These two sets of samples were used to quantify the OM pore structure. It is assumed that the pores are homogeneously developed with similar clay mineral contents; therefore, the differences in the pore volume and pore SSA of the samples were caused by the difference in the TOC content. The distributions of the pore volume and pore SSA differentials are shown in Figure 10. The difference between the two groups of the samples was arithmetically averaged to obtain the full-scale pore size distribution of per unit mass TOC (Figure 10A–1 and Figure 10A–2). The pore volume of OM shows a bimodal distribution, with two distinct peaks that appear at 0.35–1.0 nm and 2–10 nm. Micropores constitute most of the pore volume. The peak volume reaches 5.68 × 10−5 cm3/g at 0.48 nm and declines to 1.75 × 10−5 cm3/g at 4.8 nm, further confirming the contribution of the micropores. The SSA of OM is a unimodal distribution, with the peak at 0.35–1.0 nm. The peak value was 0.26 m2/g at 0.4 nm.
[image: Figure 10]FIGURE 10 | Distribution of pore volume and pore SSA over pore size of OM (A-1,A-2) and clay minerals (B-1,B-2) of Shan23 shale.
When quantifying the pore size distribution of clay minerals, the TOC content of the samples should be equivalent. The TOC contents of Sample 182 and Sample 184 were 34.7 and 34%, respectively. The clay mineral content of the two samples was 58.77 and 50.5%, respectively. Sample 188 had a TOC of 28.9% and a clay mineral content of 57.72%, whereas Sample 180 had a TOC of 27.8% and a clay mineral content of 44.67%. The difference in the TOC content between Sample 182 and Sample 184 was 0.7% and 1.1% for Sample 188 and Sample 180. As stated in Section 4.3.2, the changes in the pore volume and pore SSA are not obvious when the TOC increases slightly. Therefore, when the difference of TOC is 0.7 and 1.1%, the pores generated by OM are equivalent, and the difference in pore volume and pore area is because of differences in the clay mineral content. The pore volume and pore area generated by the difference of the clay mineral content in the two groups of samples were calculated to obtain the pore size distribution of per unit mass clay minerals (Figures 10B–1 and Figure 10B–2). The pore volume of clay minerals shows a multimodal distribution with several distinct peaks that appear at 0.35–1.0 nm, 2–10 nm, 10–100 nm, and >1,000 nm. The envelope areas of 2–10 nm and 10–100 nm peak curves were considerably larger than those of >1,000 nm and <2 nm peak curves, suggesting mesopores and small-scale macropores generated by clay minerals play a dominant role in the contribution to pore volume, which is consistent with the understanding stated in Section 4.1. The pore SSA of clay minerals shows a bimodal distribution, with two peaks that appear at 0.35–1.0 nm and 2–10 nm. However, the envelope area of the micropore curve is considerably larger than that of the mesopore curve, indicating that the SSA is provided mostly by micropores.
The influence of TOC on the pore structure was quantitatively analyzed and compared with previous studies. According to the pore volume and pore area distribution characteristics of the full-scale pore size distribution of OM, the pore volume and pore area generated by 1 g OM were 0.0008 cm3/g and 2.95 m2/g, respectively. The TOC content of the samples in this test ranges from 8.66–43.9%, and the pore area generated by OM ranges from 25.5 m2/g–129.5 m2/g (an average of 79.4 m2/g), accounting for 56.3–85.3% (an average of 73.2%) of the total pore SSA. The pore volume provided by OM pores ranges from 0.006 cm3/g–0.035 cm3/g, averaging 0.021 cm3/g and accounting for 17.4–45.5% (average of 33.5%) of the total pore volume. The contribution ratio of OM to the pore SSA obtained by the differential method in this article is comparable to the 72.37% obtained by Xiong et al. (2017) and 87% obtained by Yang et al. (2019). Both quantified the contribution ratio via chemical separation of the OM obtained from the Shanxi Formation and Longtan Formation samples, respectively. Therefore, micropores of Type-II2-III kerogen in transitional shale provide most of the shale’s SSA, even though mesopores and macropores are absent. The contribution ratio of OM to pore volume is greater than that calculated by Yang et al. (2019), possibly because the samples analyzed were recovered from the bottom of the upper lagoon facies, which contained a high TOC of 8.66–43.9% (average 26.9%). Thus, the abundance of micropores in OM results in a relatively high contribution ratio to pore volume.
5 CONCLUSION
As a case study, Shan23 shale was systematically analyzed for its geochemical characteristics, mineral compositions, and pore structure characteristics. The following conclusions were made:
1) Shan23 shale was characterized by high TOC (average of 5.78%), high clay mineral content (average 53%), and high maturity (average Ro of 2.3%) that indicates a dry gas window. The shale interval located at the bottom of the upper lagoon facies is considered the most optimal interval with higher TOC (4.19–43.90%; an average of 16.87%) and relatively high content of brittle minerals (38.23–73.23%; an average of 55.76%).
2) The micropore volume and mesopore volume were nearly the same, and they account for 86.5–95% (average 92.2%) of the total pore volume. Micropores are the major contributor to SSA, accounting for 76.5–89.4% (average of 83.9%) of the total SSA.
3) OM mainly contains micropores (<2 nm), and clay minerals mainly contain mesopores and smaller macropores. The calculated contribution ratio of OM to the shale’s SSA is 73.2% and that to the shale’s total volume is 33.5%. For transitional shale research, besides clay mineral pores, organic matter pores should also be given special attention to.
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Organic-rich shale and associated fine-grained sedimentary rocks of marine-continental transitional facies were well developed in the Upper Carboniferous Keluke Formation in the Eastern Qaidam Basin, which is expected to be a set of potential shale gas exploration and development target. Mineralogy and pore structure of marine-continental transitional shale were investigated systematically based on thin-section identification, X-ray diffraction (XRD), helium porosity test and pressure-pulse permeability measurement, scanning electron microscopy (QEMSCAN), field emission scanning electron microscopy (FESEM), and high-pressure mercury injection (MICP) and nitrogen adsorption. Thin section, XRD, and QEMSCAN data suggest that marine–continental transitional shale has complex mineral compositions, resulting in mixed rocks and mixed sequences. FE-SEM images show that interparticle and intercrystalline pores are popular in the Keluke Shales, with minor dissolution pores and microfractures. No secondary organic matter pores occur in the Keluke Shales because organic macerals are dominated by vitrinite and inertinite, where only primary pores can be found among organic matter frameworks. MICP and nitrogen adsorption indicate that pore size distributions follow a bimodal pattern and proportions of micro-scale pores and macro-scale pores increase in an order: bioclastic limestone, argillaceous bioclastic limestone, silty mudstone, argillaceous siltstone. The differences in pore structure are caused by sedimentary facies and associated mineralogy and diagenesis. This study can provide a crucial theoretical guidance for sweet spots determination and deep understanding of transitional shale gas potential.
Keywords: pore type, pore size distribution, marine-continental transitional shale, mineral composition, Qaidam Basin
INTRODUCTION
Organic-rich shales are primary targets for unconventional oil and gas exploration and development around the world (Jarvie et al., 2007; EIA, 2013; Zou et al., 2019). These shales are classified into three types based on origins, including marine shales, marine–continental transitional shales, and continental shales (Zou et al., 2019; Dong et al., 2021). Significant attention has been attracted by marine and continental shales in recent years, where considerable progress has been achieved (Curtis, 2002; Dai et al., 2016; Sweere et al., 2016; Li et al., 2017; Zou et al., 2019; Liu et al., 2021). Comparatively, marine–continental transitional shale is poorly investigated, which requires further and comprehensive study (Chalmers et al., 2012; Zhang et al., 2021). Petrological and geochemical properties of shales vary greatly with deposition environment (Zou et al., 2019). Furthermore, transitional shales are characterized by a frequent lithology alternation in vertical because of rapid variation in water depth during deposition. Transitional shales are commonly small in thickness and are interbedded with tight sandstone, limestone, and coal, resulting in a unique pore structure (Gentzis, 2013; Yang et al., 2017; Qi et al., 2020). Marine-continental transitional sedimentary facies can be divided into various sub-facies (Galloway, 1998; Boggs, 2012; Harraz, 2013). Dong et al. (2021) divide it into five sub-facies: delta facies, estuarine facies, lagoon facies, barrier island facies, and tidal flat facies. Current research on transitional shales in China mainly focuses on Carboniferous-Permian in the Ordos Basin and Yangtze area, which are dominated by delta facies and shallow sea shelf facies, respectively (Yan et al., 2015; Zhang et al., 2015; Guo et al., 2018; Kuang et al., 2020). Organic-rich shales and associated fine-grained transitional deposits in the Upper Carboniferous Keluke Formation in the Eastern Qaidam Basin were primarily developed in the tidal flat and lagoon facies (Zhang et al., 2016), forming frequently mixed carbonate-siliciclastic sequences (Wei et al., 2018). Currently, mixed carbonate-siliciclastic fine-grained rocks in continental and marine facies and their roles in petroleum accumulation have been widely investigated (Zecchin and Catuneanu, 2017; Abdel-Fattah et al., 2018; Zhang et al., 2018), whereas forming mechanism of high-quality reservoirs in transitional fine-grained rocks is poorly understood (Ng et al., 2019; Silva et al., 2021).
Previous researchers have evaluated shale gas prospects of the Carboniferous sequences in the Eastern Qaidam Basin based on outcrops and shallow well data, which reported that the Keluke Formation had good shale gas enrichment conditions (Yang et al., 2014; Liu et al., 2016). Some researchers have identified lithofacies and reservoir development in the Keluke Shales in the eastern Qaidam Basin using outcrops (Li et al., 2015; Chen et al., 2016a; Zhang et al., 2016; Liu et al., 2020). However, pore structures and their controllers in the Keluke fine-grained reservoirs (shale, tight sandstone, tight mixed rocks, etc.) are not well understood. More accurately, fine-grained deposits with grain size less than 62.5 μm can be defined as shale, which has nothing to do with mineral composition and lithofacies (Jiang and Tang, 2017). The CY2 well in the SHG area in the Eastern Qaidam Basin exhibits good gas show from the Carboniferous Keluke transitional organic-rich shales (Cao et al., 2016). Hydraulic fracturing at the CY2 well indicates that the Carboniferous has good shale gas exploration potential. The QDD1 well shows an obvious gas logging anomaly in the Keluke Formation. Hence, it is necessary to systematically investigate pore structures and reservoir formation mechanism of the Keluke fine-grained reservoir with core samples from shallow drillings (ZK5-2, ZK1-1, ZK2-1, ZK3-2), the CY2 well, and the QDD 1 well, which can deepen our understanding of shale-gas enrichment potential in this area.
GEOLOGICAL SETTING
The Qaidam Basin with an area of approximately 120,000 km2 is regarded as the largest intermontane basin in the Tibetan Plateau. Structurally, it is bounded by the South Qilian thrust belt at the northeast, the eastern Kunlun Shan–Qiman Tagh system at the southwest, and the left-lateral Altyn Tagh fault at the northwest. It is 3,000 m above mean sea level but is 1,000–2000 m lower than the surrounding mountains (Yin et al., 2002; Yin et al., 2008; Fang et al., 2007) (Figure 1A).
[image: Figure 1]FIGURE 1 | DEM presentation of the geomorphology of the Qaidam Basin and its surrounding mountains (A,B) and outline diagram of structure units at the Eastern Qaidam Basin (C).
It is one of the important petroliferous sedimentary basins in northwest China, with an annual oil and gas yield of seven million tons oil equivalent since 2011 (Fu et al., 2015). The Delingha Depression in the east of the Qaidam Basin can be divided into five structural units by second-order faults and local structural traps, i.e., Oulongbruk Uplift, Onan Sag, Delingha Sag, Emnik Uplift, and Hobson Sag, which are NW-NWW extending alternately with a typical pattern of “three depressions alternating with two uplifts” (Figures 1B,C). The Proterozoic, Paleozoic, and Mesozoic successions are widely developed in the Delingha Depression, where the deeply buried and widely distributed Carboniferous is overlain by the Jurassic with no Permian or Triassic. The fault system is dominated by reverse faults. The Carboniferous system is commonly deeply buried and widely distributed in the depression. Mature to high mature mudstone prevails in the Upper Carboniferous Keluke and Zhabusagaxiu transitional coal measures with high TOC and type Ⅱ2 and type Ⅲ kerogen (Cao et al., 2016; Liu et al., 2016).
The Keluke-1 Member (C2k1) can be lithologically divided into two sections, i.e., the lower is carbonaceous shale interbedded with coal seams and the upper is stripped micrite, which was primarily deposited at shore, tidal flat, peat flat, and mixed tidal flat setting. The Keluke-2 Member (C2k2) is composed of micrite with grey mudstone interbedded with thin coal seams (thickness <3 m). It was mainly derived from shore, tidal flat, and mixed tidal flat environments. The Keluke-3 Member (C2k3) is mainly sand-conglomerate and sandstone alternating with dark mudstone, carbonaceous shale, and coal seams, which were deposited at shore, barrier island, and tidal flat environment. The Keluke-4 Member (C2k4) is dominated by dark carbonaceous shales laminated with thin limestone and coal seams from shore and tidal flat environment (Figure 2).
[image: Figure 2]FIGURE 2 | Comprehensive stratigraphic column of the Upper Carboniferous Keluke Formation in the Eastern Qaidam Basin (modified from Zhang et al., 2016 and Qi et al., 2018).
SAMPLES AND METHODS
There were 64 core samples from shallow drillings (ZK5-2, ZK1-1, ZK2-1, ZK3-2), the CY2 well, and the QDD 1 well taken to conduct the porosity and permeability test and the X-ray diffraction (XRD) analysis. Then, some samples were selected to carry out Quantitative Mineral Evaluation via Scanning Electron Microscopy (QEMSCAN), Field Emission Scanning Electron Microscopy (FESEM), and combined N2 adsorption and high-pressure mercury injection (MICP).
A PoroPDP-200 full-automatic instrument was used to determine porosity and permeability under various confining pressures. There were 3 cm plugs drilled from cores. Porosimeter can be used to calculate porosity (from 0.01% to 40%) based on Boyle’s Law and the principle of helium gas expansion, under operation pressure of 0 MPa–0.7 MPa. The permeability measurement based on the pulse decay technique can measure permeability ranging from 0.00001 to 10 mD, while confining pressure increases from 7 to 32 MPa under a constant pore pressure of 7 MPa.
An XRD experiment was performed using a ZJ207 Bruker D8 advance X-ray diffractometer following the Oil and Gas Industry Standards (SY/T5463-2010). Shale samples were crushed into smaller than 300 mesh and were mixed with ethanol in a mortar and pestle, then smear-mounted on glass slides for XRD analysis. The X-ray diffractometer with Cu X-ray tube was operated at 40 kV and 30 mA and was scanned from 2 to 70° at a step of 0.02°, and data was semi-quantified using Jade® 6.0 software.
Two shale samples were mineralogically imaged by QEMSCAN at standard (5 µm) and high (1 µm) resolution. Large standard resolution images can better express rock properties as a whole, whereas high-resolution images can give more details about rock fabric, mineral associations, and lithology. The higher resolution images also underestimate porosity as the area imaged represents a small unit of the whole sample. Hence, the standard resolution measurements provide the reference mineralogical, density, and porosity data; the data for the detailed measurements are provided for reference only.
Thin sections were examined under both transmitted light and reflected light using a Zeiss microscope instrument. FESEM was used to observe micro- and nano-sized pores. All shale samples were crushed into flakes measuring approximately 10 × 10 × 3 mm by using a stone-cutting machine, which were observed directly without being polished. Sample surfaces were coated with 10 nm thick gold to enhance electrical conductivity before the observation. The experiments were conducted using an FEI Quanta200F scanning electron microscope, with a maximum resolution of 1.2 nm and a maximum magnification of 0.2 million times. All SEM observations were performed following the Chinese oil and gas industry standard SY/T 5162–2014.
Low-pressure gas (N2) adsorption and MICP were carried out to determine pore size distribution (PSD) following NB/T 14008-2015. PSDs derived from mercury porosimetry (pore radius of 6–10,000 nm) and low-pressure gas adsorption (pore radius of 1–10 nm) were normalized and connected at 6 nm based on porosity parameters, expressing PSDs in a range of 1–10,000 nm. Gas-water capillary pressure can be converted from gas-mercury capillary pressure with surface tensions of water and mercury, obtaining a full-pore capillary pressure curve. Consequently, breakthrough pressure and other parameters can be interpreted.
RESULTS
Mineralogy and Petrography
Core observation and thin section identification show that the Upper Carboniferous Keluke Formation in the Eastern Qaidam Basin varies greatly in lithology, forming typical mixed rock and mixed sequences (Figure 3), e.g., siltstone, fine sandstone, calcareous siltstone, argillaceous siltstone, silty mudstone, mudstone, carbonaceous mudstone, coal, bioclastic limestone, marlstone, shell-bearing silty mudstone, lime-bearing argillaceous siltstone, dolomite-bearing silty mudstone, silty-bearing dolomite, and dolomite-bearing limestone.
[image: Figure 3]FIGURE 3 | Various lithologies of transitional shales in the Upper Carboniferous Keluke Formation. (A,E): Limestone, dominated by recrystallized calcite with minor bioclastic. (B,F): Argillaceous bioclastic limestone. (C,G): Black laminated argillaceous siltstone, pyrite. (D,H): Calcareous mudstone. (I,M): Gray black silty mudstone. (J,N): Black striped argillaceous siltstone. (K,O): Mudstone. (L,P): Gray black silty carbonaceous mudstone.
Measured typical XRD patterns and mineral compositions are shown in Table 1. Generally, the Keluke fine-grained samples vary greatly in mineral compositions, where carbonate minerals, e.g., calcite and dolomite, widely developed with subordinate aragonite, siderite, and magnesite. Various rock types are identified from samples, e.g., mudstone, lime mudstone, argillaceous siltstone, lime siltstone, siltstone, fine sandstone (dominated by lithic arenite and lithic wacke), and marlstone. The Upper Carboniferous Keluke fine-grained transitional shales behave as typically mixed rocks and mixed sequences (Figure 4), which is consistent with thin section identification.
TABLE 1 | XRD analysis-based mineral compositions of fine-grained transitional deposits of the Upper Carboniferous Keluke Formation.
[image: Table 1][image: Figure 4]FIGURE 4 | Mineral composition of the Upper Carboniferous Keluke fine-grained transitional deposits determined by XRD, showing mixed sedimentary patterns.
Two shale samples were mineralogically imaged by QEMSCAN at standard (5 µm) and high (1 µm) resolution. Sample ZK2-1-1 is generally dominated by coarse- and silt-grade quartzes and K-feldspar grains with muscovite and kaolinite (Figure 5). Grain-like kaolinite is a good indicator of grain replacement (e.g., plagioclase alteration and replacement). Flake-like muscovite is mixed with illite as a matrix surrounding silt grains. Biotite flakes are popular, whereas some are partially altered to, or completely replaced with, chlorite. Both muscovite and biotite flakes are parallel to weak bedding. Moderate amounts of macropores are recorded (3.3 area %), occurring as voids and fractures parallel to bedding. Pores are generally bedding-parallel connected but are poorly connected in vertical.
[image: Figure 5]FIGURE 5 | QEMSCAN image of sample ZK2-1-1. (A) Bulk measurements and (B) high-resolution measurements.
For CY2-4 in Figure 6, this finely laminated silty mudstone is characterized by subangular to subrounded quartz and plagioclase grains surrounded by illite mixed with kaolinite. Different from most samples analyzed, K feldspar is not popular in this sample. Large muscovite grains occur throughout, typically parallel to laminations. Considerable chlorite particles but no biotite indicate that the latter may have been altered and/or replaced. Most illite presents as an intergranular matrix, whereas some occur as grain-like particles. Ferroan dolomite grains are prevailing and pyrite framboids are also widely developed. Macro pores (4.8 area %) are associated with plate-like pores representing bedding-parallel fractures.
[image: Figure 6]FIGURE 6 | QEMSCAN image of sample CY2-4. (A) Bulk measurements and (B) high-resolution measurements.
Porosity and Permeability
Petrophysical property measurement on 64 Keluke fine-grained rocks shows that porosity is in the range of 0.19–5.23% (average 2.13%), and permeability is in the range of 0.01–1 ×10–3 μm2 (average 0.19 × 10–3 μm2), which are lower than typical marine shales and are roughly equivalent with other transitional shales (Luo et al., 2018). A positive correlation can be observed between porosity and permeability. Sandstones have the highest porosity, in the range of 0.19–5.23% (average 3.16%), while mudstones have lower porosity (0.46–3.54%, average 1.65%). Carbonate rocks have the lowest values of 0.19–1.1%, averaging 0.65% (Figure 7). Permeability follows a similar variation, while mudstone has a great variation in permeability. Porosity and permeability of mudstone samples are poorly correlated with each other, which may be caused by mineral composition and diagenesis of different sedimentary facies.
[image: Figure 7]FIGURE 7 | Cross-plot of porosity vs. permeability of the studied samples.
PORE STRUCTURE CHARACTERIZATION
Pore Types
Pores in shale can be classified as 1) organic-matter-hosted pores, 2) interparticle pores (pores between grains and crystals), 3) intraparticle pores (pores within grains, crystals, and clay aggregates), and microfractures (Loucks et al., 2012; Ko et al., 2016). FE-SEM observation identifies various pore types and pore sizes in the studied samples, e.g., residual interparticle and intercrystalline pores, interparticle and intraparticle dissolution pores, etc.
Interparticle and intercrystalline pores are the most popular ones, e.g., pores between siliceous particles and carbonate minerals, pores between organic matter and surrounding minerals (or shrinkage joint of organic matter), and pores supported by some special minerals. Interparticle pores are primarily associated with pyrites and clay minerals. The dissolution pores observed are contributed by pyrite falling and calcite dissolution (Figure 8). A large amount of organic matter (mainly vitrinite, with fusinite of secondary importance) can be identified from samples, while bitumen with nano-spherical structure can be found occasionally. However, organic-matter-hosted pores are not found, while only pores among organic matter frameworks can be observed from fusinite. Well-preserved original cell architecture can be observed, presenting as network or sieve-like. Different types of micro-fractures are also widely developed, e.g., bedding fractures, structural fractures, and dissolution fractures, where tectonic fractures connect different fractures in local positions (Figure 8).
[image: Figure 8]FIGURE 8 | FESEM images, energy spectrum, and thin-section photomicrographs of the Upper Carboniferous Keluke transitional shales. (A) Siliceous grains and associated pores. (B) Micro-scale organic matter (coal cuttings), interparticle pores. (C) Nano-scale pyrite aggregate. (D) Calcite and associated intergranular pores. (E) Siliceous grains, slit-like minerals, and associated pores. (F) Slit-like minerals (chlorite and mica), coal seam intermixed with grained minerals (carbonate minerals), interparticle pores. (G) Columnar minerals (detrital aluminate minerals) and alteration products. (H) Micro-scale organic matter (coal cuttings), short stripe along bedding, interparticle pores, no pore in organic matter. (I) Coal cuttings (fusinite) intermixed with mudstone (clay minerals). (J–L) energy spectrums of minerals marked by yellow boxes in (G–I), respectively. (M) Pyrites and associated pores, fractures along bedding. (N) Nano-scale dissolution pores in calcite. (O) Broken organic matter (coal and vitrinite) and conchoidal fracture. (P) Organic matter and its internal structure show nano-scale spherical structure (asphaltite?). (Q,R) Fractures and laminas.
Pore Size Distributions
Although SEM can directly image individual pores or provide information on their mode, it cannot demonstrate pore size distributions. Pore size characterization is commonly performed with indirect petrophysical methods such as MICP measurements, nitrogen/CO2 adsorption, and nuclear magnetic resonance (NMR) spectroscopy (Loucks et al., 2012; Yang et al., 2017; Song et al., 2019). Pores with size less than 2 nm are assumed to be undeveloped in Keluke Shales since organic pores are not well developed. Hence, the CO2 adsorption experiment was not carried out to obtain pore size < 2 nm, while MICP and nitrogen adsorption were performed on four samples with different lithologies.
The PSD of Keluke fine-grained rocks follows a bimodal pattern, which is not obvious in some samples. The PSD of argillaceous bioclastic limestone (ZK5-2-1) is a weak bimodal pattern, while the peak of mesoporous and macropore is concentrated at 16–25 nm and at about 4,000–6,000 nm, respectively. The PSD of silty mudstone (ZK1-1-1) exhibits an obvious bimodal pattern, with peak values at 6–16 and 2,500 nm, respectively. For bioclastic limestone (CY2-5), the peak value of mesopores and macropores is centered at 6–16 nm and at about 100 nm, respectively, which is smaller compared with other lithologies. For argillaceous siltstone (CY2-6), the peak of mesopores is at 6–16 nm, while that of macropores is at about 6,000 nm (Figure 9). Breakthrough pressure and median pressure refer to capillary pressures at cumulative saturation of 10% and 50% under gas-water conditions, respectively. Argillaceous bioclastic limestone and bioclastic limestone have large breakthrough pressure and small breakthrough radius, indicating a small proportion of macropores (Table 2). Hence, bioclastic limestone has worse reservoir quality compared with other lithologies. Sandstone and mudstone show an obvious bimodal pattern with a similar proportion of macropores and mesopores, indicating that sandstone and mudstone have stronger heterogeneity than bioclastic limestone.
[image: Figure 9]FIGURE 9 | Joint test of low-pressure gas (N2) adsorption and MICP as well as converted pore size distribution.
TABLE 2 | Reprehensive parameters of jointed low-pressure gas (N2) adsorption and MICP measurements.
[image: Table 2]DISCUSSION
Factors Affecting Organic Pore Development
Previous studies suggested that organic pores were not developed in all organic matter, which was controlled by both organic macerals and thermal maturity (Curtis, 2002; Gao et al., 2019; Song et al., 2019; Cavelan et al., 2019; Katz and Arango, 2018). The vitrinite reflectance (Ro) of Keluke Shales is higher than 1.3% in the study area, e.g., >1.6% at the CY2 well, and >2.0% at the QDD 1 well, which is higher than the threshold value of organic pore growth. Therefore, thermal maturity is not the controller of organic pore development in Keluke Shales in the study area.
The organic pore development is essentially related to hydrocarbon generation potential of different organic macerals, e.g., sapropelinite and exinite have the largest hydrocarbon generation potential, vitrinite is primarily gas-prone, inertinite almost has no hydrocarbon generation capacity, and solid bitumen can be cracked into light oil and natural gas (Behar et al., 2008; Ko et al., 2016). Organic matter in Keluke Shales is dominated by vitrinite with minor inertinite (Figure 10), where vitrinite is mainly composed of vitrodetrinite or striped collinite, with a small group of desmocollinite and corpocollinite. The inertinites are mainly inertodetrinite, coexisting with vitrinite. This agrees well with coal cuttings identified under the scanning electron microscope (Figure 8), where no organic pores are developed. It is different from representative marine gas shales worldwide, where many organic pores are developed (mostly in solid bitumen) (Inan et al., 2018; Katz and Arango, 2018; Guo et al., 2019). However, XRD identification and SEM observation show no solid bitumen at high to over-high maturity stage in the study area. This may be attributed to type-III kerogen in the Keluke Shales with few oil-prone macerals. In other words, organic pore development varies as a function of kerogen types. Generally, organic pores are the worst developed in transitional shale compared with marine and continental shales.
[image: Figure 10]FIGURE 10 | Bulk microscopic composition of the Upper Carboniferous Keluke Formation identified by optical microscope [(A) ZK5-2-1, (B) ZK1-1-1, (C) ZK2-1-1, (D) QDD1-1, (E) QDD1-3, (F) QDD1-4].
Favorable Lithofacies in the Marine–Continental Transitional Shales
The analysis above shows that the Keluke Formation is a set of mixed sequences, and thereby, determining favorable lithofacies is essential to seek sweet spots. The Keluke sequences were deposited in tidal flat, lagoon, restricted platform, and barrier island. Low-energy clastic coast (including tidal flat and lagoon), mixed restricted platform, and mixed shelf were developed in the lower section of the Keluke Formation, and mixed sandy clastic coast with barrier bar, mixed restricted platform, as well as a mixed shelf were developed in the middle-upper section (Chen et al., 2016b).
Sedimentary facies play an important role in controlling pore growth because it not only governs deposition pattern, but also controls mineral compositions and contents, as well as determines diagenesis to a large extent (HallCraig, 2019; Gogoi and Rima, 2020). The cross plot of porosity and permeability shows that reservoir quality is the best in sandstone, followed by mudstone, and is the worst in carbonate rocks. Porosity is positively correlated with quartz content and is negatively correlated with clay mineral content. A poor correlation can be observed between it and carbonate mineral content. This can be explained by following reasons. Intensive hydrodynamics, low organic matter content, and high carbonate and quartz content can result in high porosity in deposits from barrier bar and tidal delta. Deposits from low-energy lagoon with no organic pore has low porosity. Rocks from sand flat and tidal channel with intensive hydrodynamics generally have coarse particles, resulting in high porosity. Mixed flat and mud flat have weaker hydrodynamic conditions, resulting in finer deposits with the lowest porosity. The thin section identification and XRD analysis show that weak hydrodynamics in the restricted platform can deposit fine-grained rocks, e.g., argillaceous limestone, silty limestone, micrite, bioclastic-bearing micrite, and bioclastic micritic, with poor physical property when no dissolution and dolomitization occur to them. Intensive carbonate cementation is common in shale from tidal flat intersected with restricted platform, which is not conducive to primary pore preservation and can decrease porosity significantly.
CONCLUSION
In this study, we comprehensively investigated mineralogy and pore structure of the Upper Carboniferous Keluke marine-continental transitional shales. Controlling factors of pore development in shale reservoir were discussed based on detailed analysis of reservoir properties, and organic pore development in transitional shales and typical marine shales were compared. The conclusions obtained from this study are as follows:
1) The Upper Carboniferous marine-continental transitional strata consists of complex interbedded sandstone, shale, coal, and limestone. The complex mineral compositions result in typically mixed rocks and mixed sequences. The porosity of Keluke fine-grained rocks is in a range of 0.5–5% and permeability is in a range of 0.01–1×10–3 μm2, which is the highest in sand laminaes.
2) Considerable interparticle and intercrystalline pores with minor dissolution pores and micro-fractures are developed in the Keluke transitional shales. Pores associated with organic matter frameworks can be found. Particularly, vitrinite and inertinite are the dominant organic macerals in Keluke Shales, which limits secondary organic pore development.
3) The PSDs of fine-grained rocks in the Keluke Formation follow a bimodal pattern, while dominated pore sizes vary greatly with lithologies. The proportion of micro-scale pores and macro-scale nanopores increases in an order: bioclastic limestone, argillaceous bioclastic limestone, silty mudstone, argillaceous siltstone. The differences in pore structure are attributed to the sedimentary facies and associated mineralogy and diagenesis.
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The Lower Permian Shanxi Formation in the Eastern Ordos Basin is a set of transitional facies shale, and it is also a key target for shale gas exploration in China. Based on lithofacies classification by X-ray diffraction and kerogen type identification, nanoscale reservoir space, pore volume, pore size distribution, surface area, and fractal characterization were studied using comprehensive methods including N2 and CO2 adsorption, mercury injection capillary pressure, field emission-scanning electron microscopy (FE-SEM), and nuclear magnetic resonance. The results indicate that Shanxi Formation shale can be subdivided into five types of lithofacies: clayey shale (lithofacies I), siliceous clayey shale (lithofacies II), siliceous shale (lithofacies IV), calcareous siliceous shale (lithofacies V), and siliceous calcareous shale (lithofacies VI). Lithofacies V and lithofacies VI are the best lithofacies in terms of organic pore morphology, connectivity, and development degree, followed by lithofacies II. Inorganic pores and microfractures are well developed in all lithofacies. The majority of pores in lithofacies I comprise organic mesopores, but pore volume is contributed by a few inorganic macropores. The pore types and pore volume contributors of lithofacies II are organic macropores. The pore size distribution of lithofacies IV is very similar to that of lithofacies I. The pore size distribution of lithofacies V shows typical bimodal characteristics. It is suggested that the inorganic pores of lithofacies V are mainly macropores, which have the greatest contribution to pore volume, followed by organic mesopores. Total organic carbon (TOC) and thermal maturity do not present obvious controls on pore structure. Vitrinite is the main kerogen type in lithofacies II and IV, and this is associated with disfavored morphology, low connectivity, and poor development degree of organic pores. In contrast, sapropelinite is observed in other shale lithofacies, and it is suggested to be an effective kerogen type that contributes to better development of organic pores.
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INTRODUCTION
Marine–continental transitional facies shale is an important field of unconventional oil and gas exploration in China, which accounts for 25% of shale gas resources in China (Kuang et al., 2020). It has a wide distribution area and great resource potential (Yang et al., 2017). However, the exploration, development, and geological evaluation of marine–continental transitional facies shale gas are still in the initial stage and require further improvement (Zhang et al., 2018; Dong et al., 2021). Although transitional facies shale including Shanxi Formation shale is characterized by large cumulative thickness, high organic matter abundance, and large exploration potential (Liang et al., 2018), its changeable sedimentary environment, complex mineral composition, and multiple sources of organic matter lead to more complex nanoscale pore characteristics than marine shale. Many study cases of marine shale suggested organic matter abundance is the main factor controlling nanoscale pore structure (Huo et al., 2020), while the mineral composition and diagenetic intensity are indicated to play a secondarily important role in determining the pore structure (Wang et al., 2019; Jia et al., 2020). Therefore, it is of great significance for exploration evaluation and development plan-making to clarify different shale lithofacies types and pore structure characteristics. However, previous studies on transitional facies shale focus on the characteristics of shale gas reservoirs such as total organic carbon (TOC) content, mineral composition, pore type, and gas content (Li et al., 2019). Meanwhile, many studies have been carried out on the sedimentary environment, sedimentary model, and high-quality lithofacies types of transitional facies shale (Luo et al., 2018; Liu et al., 2018), but systematic studies on pore structure of nanoscale pore system is rare. Liu et al. (2020) proposed that there are about 20–30% organic pores in the shale of Shanxi Formation. The pore diameter is generally less than 100 nm, mainly distributed in the range of 2–50 nm. Wu et al. (2021) proposed that Type II2 kerogen is the key factor leading to better nanopore structure of favorable lithofacies than other lithofacies in Shanxi Formation transitional shale.
On the basis of the above understanding, the purpose of this work is to provide the nanoscale pore characteristics of different lithofacies of the Lower Permian Shanxi Formation shale in Eastern Ordos Basin. Qualitative evaluation of pore and microfracture characteristics is obtained by field emission-scanning electron microscopy (FE-SEM) and nuclear magnetic resonance (NMR) analyses. Quantitative evaluation of pore volume (PV), surface area (SA), and pore size distribution (PSD) is obtained by N2 and CO2 gas adsorption and mercury injection capillary pressure (MICP) analyses. Moreover, the fractal dimensions of pores were calculated from nitrogen adsorption data and interpreted to discuss the complexity and heterogeneity of pore structure and assume controlling factors of pore structure.
Geological Setting
The study area is located in the eastern Ordos Basin (Figures 1A, B). As a part of Ordos Basin, the study area experienced multiple episodes of regression event, accompanied by deposition of marine, transitional, and continental sediments during the Late Carboniferous to the Middle Permian (Chen et al., 2011). The Lower Permian Shanxi Formation, as the target of this study, is in conformable contact with both the underlying Taiyuan Formation and the overlying Shihezi Formation (Figure 1C) (Li et al., 2019). The top of the Taiyuan Formation is suggested to be formed in the open platform sedimentary environment of the shallow shelf facies (Kuang et al., 2020), because it is lithologically dominated by the micritic bioclastic limestone with normal-size fusulinid, echinoderms, and brachiopods as the main bioclastic particles. During the sedimentary period of Early Permian Shanxi Formation, the study area is dominated by marine–continental transitional sedimentary environment consisting of tide-dominated estuarine bay facies and tide-dominated delta facies (Wu et al., 2021). The bottom of Shihezi Formation is mainly medium sandstone, indicating braided river systems (Li et al., 2018; Kuang et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Location of study area, North China. (B) Distribution map showing the burial depth of Shanxi Formation. (C) Generalized stratigraphy of Eastern Ordos Basin.
Sample and Method
A total of 175 core samples of Shanxi Formation shale were collected from Wells A, B, and C for thin-section identification, X-ray diffraction, and TOC measurement. The whole-rock and clay mineral X-ray diffraction analysis was completed at the PetroChina Research Institute of Petroleum Exploration and Development on a Japan-made physical-science X-ray diffractometer. TOC analysis was performed at the Unconventional Experimental Center of CNOOC Energy Development Co. Ltd using a CS744-MHPC carbon/sulfur analyzer. Ten core-plug samples of different shale lithofacies were implemented with NMR analysis in both dry and saturated fluid states (including n-dodecane and brine) using a c12-010 V low-field NMR device manufactured by the Suzhou Newmai Company. Mercury intrusion was performed using a Quantachrome Poremaster. Samples were prepared to have an approximate size of 20 mm × 20 mm, weighed out to 10–20 g, and then dried at 110°C for at least 24 h under vacuum in an oven. The mercury injection pressure ranged from 0 to 215 MPa in this experiment. The remaining samples were divided into three parts for maceral identification after kerogen extraction, FE-SEM identification, and N2 and CO2 adsorption experiments. N2 and CO2 adsorption experiments were carried out by crushing the sample into 60–80 mesh, dried in an oven at 110°C for 12 h, and then placed in the Autosorb-IQ3 specific surface and PSD analyzer manufactured by the Cantor Company of the United States. The pretreatment was completed by degassing at 110°C for 12 h in the vacuum condition, and then nitrogen carbon adsorption was carried out. After the experiment, the Brunauer–Emmett–Teller (BET) model was used to calculate the specific SA, and the Barrett–Joyner–Halenda (BJH) model was employed to obtain the PSD and volume. The pore size was divided into three categories according to the pore size classification scheme (Loucks et al., 2012), namely, micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm). Hysteresis loops were observed at the relative pressure (P/PO) of approximately 0.5 in adsorption–desorption curves, which indicates the presence of great differences in pore size and pore morphology among shale samples that cause such adsorption behaviors at this pressure. This relative pressure was set as the threshold to divide the transitional facies shale into two groups. The first group with P/PO = 0–0.5 is subjected to the monolayer–multilayer adsorption process controlled by van der Waals force, while the second group with P/PO = 0.5–1.0 experiences the capillary condensation adsorption process controlled by surface tension (Wang M. et al., 2015; Sun et al., 2015). In this paper, the Frenkel–Halsey–Hill (FHH) model is used to calculate the fractal dimensions of these two groups of samples separately, which are denoted as D2 and D1 for the first and second groups, respectively.
RESULTS
Lithofacies Classification
Lithofacies refers to the mineral composition, color, grain size distribution, and other characteristics of sedimentary rocks (Wang and Carr 2012), which is importantly helpful for the reconstruction of depositional processes and environments (Singh et al., 2009; Jiang et al., 2013). The lithofacies is divided according to the following steps: 1) clay >75%, divided into clayey shale (lithofacies I) using contents of clay, carbonate, and siliceous (quartz + feldspar) minerals as three end members; 2) according to RQC (ratio of siliceous mineral/carbonate mineral) (Jiang et al., 2016), the lithofacies with clay mineral content <75% are divided into siliceous clayey shale (lithofacies II), calcareous clayey shale (lithofacies III), siliceous shale (lithofacies IV), calcareous siliceous shale (lithofacies V), siliceous calcareous shale (lithofacies VI), and calcareous shale (lithofacies VII), while the non-shale facies are siliceous rock (lithofacies VIII) and carbonate rock (lithofacies IX). As shown in Figure 2, Shanxi Formation shale of the study area comprises lithofacies I, II, IV, V, and VI. There were no positive correlations between the contents of siliceous minerals and TOC in all samples (Figure 3A) and no negative correlations between the contents of clay minerals and TOC (Figure 3B). Therefore, the main source of siliceous materials in Shanxi Formation shale is not of biogenic origin (Liu et al., 2017; Huo et al., 2020).
[image: Figure 2]FIGURE 2 | Ternary plot for Shanxi Formation shale lithofacies classification.
[image: Figure 3]FIGURE 3 | (A) Correlations between siliceous mineral and TOC content. (B) Correlations between clay mineral and TOC content.
Qualitative Description of Reservoir Space Morphology
Organic and Inorganic Pores
There are obvious differences in pore morphology and development degree of organic pores among different shale lithofacies. Very few organic pores are developed in the lithofacies I, and they are mainly rounded small pores (Figure 4A), with the pore size ranging from 20 to 50 nm (Figure 4B). Organic pores in lithofacies II are more abundant than those in lithofacies I (Figure 4C), and they are mostly crescent-shaped, with a pore size range of 100–400 nm (Figure 4D). The organic pores of lithofacies IV are rarely developed (Figure 4E), and they are all rounded small pores with a pore size of only 20–50 nm (Figure 4F). Organic pores in lithofacies V and lithofacies VI are the most developed (Figure 4G), with beaded organic pores of hundreds of nanometers (Figure 4H).
[image: Figure 4]FIGURE 4 | FE-SEM images of organic pores in Shanxi Formation transitional facies shale. (A),(B) Organic matter contained some rounded organic matter pores with small sizes (20–50 nm size), and larger organic pores are about 200 nm, lithofacies I, Well C, 2,180.95 m. (C),(D) Crescent-shaped organic pores ranging from 100 to 400 nm, lithofacies II, Well A, 2,281.5 m. (E),(F) Rounded small pores ranging from 20 to 50 nm, lithofacies IV, Well C, 2,187.91 m. (G),(H) Beaded organic pores ranging from 200 to 700 nm, lithofacies VI, Well A, 2,294.1 m.
Various types of inorganic pores can be observed in different lithofacies, which can be divided into three types: 1) Intergranular pores mainly refer to the residual space between mineral grains after sedimentation or later diagenesis (Ji et al., 2016). They are normally distributed among clay minerals, brittle minerals, and organic matter (Figure 5A), with dominant triangular and polygonal pore shapes under the influence of mineral morphology as well as contact relationship and arrangement (Figure 5B). The good connectivity between intergranular pores can provide a good seepage channel for methane (Ji et al., 2016). 2) Interlaminar pores are mainly formed in the interior of minerals (Figure 5C), and most of them are relatively regular in shape. Flocculent illite interlaminar pores and book-leaf-like chlorite interlaminar pores (Figures 5C, D) are dominant, and they usually occur together. These interlaminar pores can provide large gas storage space, and they contribute significantly to the specific SA and thus adsorption when they are finer than 50 nm (Ji et al., 2012). 3) Intercrystalline pores mainly refer to the pores between grains in mineral aggregates with a diameter range of 5–300 μm (Figure 5F). Due to the widespread development of pyrite, most of these pores appear as microsphere and strawberry-like crystal clusters (Figure 5E). The interior of these pores is composed of many pyrite grains, among which some nanopores are not tightly packed in the process of crystal growth. Moreover, the interior of these pores has certain connectivity, especially in pyrite coarser than 10 μm (Figure 5E). Different from intergranular pores of pyrite in the marine shale (Wang et al., 2019), these in the transitional shale in the study area are not filled with organic matter (Figure 5F).
[image: Figure 5]FIGURE 5 | FE-SEM images of inorganic pores and microfractures in Shanxi Formation transitional facies shale. (A),(B) Intergranular pores between brittle minerals and clay minerals, Well C, 2,162.08 m. (C),(D) Large number of interlaminar pores in clay minerals, Well C, 2,161.23 m. (E),(F) A large number of intercrystalline pores in pyrite, Well A, 2,281.5 m. (G),(H) Microfracturres in clay minerals, Well A, 2,281 m. (I) Microfracturres inside organic matter, Well A, 2,290.6 m.
Microfracture
The formation of microfractures in the Shanxi Formation transitional facies shale is often related to the late diagenesis of clay minerals and organic matter. Interlaminar microfractures are commonly developed among clay minerals (Figure 5G), which are formed by internal stress caused by water loss, uniform shrinkage, dry cracking, and recrystallization of clay minerals under overlying formation pressure during diagenesis. Their genesis is similar to that of interlaminar pores (Figure 5H). These interlaminar microfractures normally have flat and smooth or slightly curved shapes and good extensibility, with their length of more than 10 μm and width of less than 200 nm (Figure 5G). In addition, a small number of microfractures are produced by hydrocarbon generation in the interior of organic particles, and contraction fractures are developed at the mineral boundaries. In contrast, organic pores are poorly developed (Figure 5I), which can be attributed to the dominance of vitrinite in kerogen (Cao et al., 2018). The width of these microfractures is relatively large, generally in the range of 500–1,000 nm, and the elongation is short, generally several microns (Figure 5I). Microfractures are generally open and can be connected with other types of pores to form complex three-dimensional pore networks, which are conducive to both free gas enrichment and shale gas seepage and migration, thereby playing a key role in the exploitation and development of shale gas.
Development degree of organic pore, inorganic pore, and microfracture.
Organic pores are generally lipophilic, while inorganic pores are mostly hydrophilic (Li et al., 2016). Accordingly, NMR experiments were carried out under water- and oil-saturated conditions, respectively, to observe the signal characteristics on the transverse relaxation time (T2) distribution spectra of two types of pores. The presence of three peaks in the T2 spectra of lipophilic pores indicates three types of organic pores, namely, volumetrically dominant small pores with short T2, large pores with long T2, and microfracture developed in organic matter (Figure 6). The development degree of the three types of lipophilic pores varies significantly in different shale lithofacies, with a higher degree seen in lithofacies V, lithofacies VI, and lithofacies I.
[image: Figure 6]FIGURE 6 | NMR T2 spectra under different states for Lithofacies I (A), Lithofacies II (B), Lithofacies IV (C) and Lithofacies V (D).
The main peak at a T2 value of 0.5 ms in the water-saturated condition represents the hydrophilic pores, while the secondary peak stands for the microfractures with large pore sizes and small volumes (Figure 6). The development degree of microfractures significantly varies from one lithofacies to another (Figure 6). Specifically, the development degree of inorganic microfractures is the lowest in lithofacies IV and the highest in lithofacies II. The Image J software was used to scan and identify different pore types in FE-SEM images, and results show that organic pores are the most abundant in lithofacies V and lithofacies VI, with an average proportion of 32.7%, while their proportions in other lithofacies range from 24.8% to 28.6%. Inorganic pores are the most developed in lithofacies IV, accounting for 63.2% on average, while their proportions in other lithofacies vary in the range of 46.3–57.7% (Table 1).
TABLE 1 | Main parameters of pore structure of Shanxi Formation transitional facies shale.
[image: Table 1]Quantitative Analyses of Pore Volume and Pore Size Distribution
N2 Adsorption–Desorption Isotherms and Pore Geometry
Different shale lithofacies present various features in their adsorption–desorption isotherms (Figure 7). Meanwhile, they also share similarities since they all have a certain amount of macropores, which is indicated by the fact that no saturated absorption is reached even when the vapor pressure is saturated (Ji et al., 2016). The unobvious nitrogen adsorption–desorption hysteresis loop of the lithofacies IV (Figure 7A) shows affinity to the H4 type according to the International Union of Pure and Applied Chemistry (IUPAC) classification scheme (Liu et al., 2005). The adsorption and desorption curves of the lithofacies IV are horizontal and parallel to each other in a wide pressure range, indicating the dominance of ink bottle-like macropores with narrow opening and poor connectivity (Chen et al., 2012). The other shale lithofacies have more obvious hysteresis loops (Figure 7), indicating the presence of more open surface pores (Chen et al., 2012).
[image: Figure 7]FIGURE 7 | The N2 gas adsorption-desorption characteristics for Lithofacies IV (A), Lithofacies II (B), Lithofacies I (C) and Lithofacies V (D).
The hysteresis loop of the lithofacies II is similar to that of the typical H3 type and also carries certain signatures of the H4 type (Figure 7B), which indicates the presence of irregular (amorphous) nanopores. The intergranular pores are featured by their slit-like shapes with parallel walls, which are related to the flaky structure of clay minerals (Han et al., 2007; Sun et al., 2008).
The hysteresis loop of the lithofacies I shows affinity to that of the H3 type and also carries certain signatures of the H2 type (Figure 7C). Various types of pores are found during the scanning electron microscopy (SEM) observations, including slit-like interlaminar pores of clay minerals as well as a certain number of fracture-type and crescent-shaped organic pores (Zhao et al., 2017).
The hysteresis loops of lithofacies V and lithofacies VI are similar to those of both H1 and H3 types (Figure 7D), indicating the presence of relatively developed interlaminar pores and cylindrical organic pores with good opening.
Surface area and pore volume.
The fractal dimension of different lithofacies samples was calculated by using the fractal FHH model, and the results are shown in Table 1 and Figure 8.
[image: Figure 8]FIGURE 8 | Schematic diagram of fractal fitting for Lithofacies I (A), Lithofacies II (B), Lithofacies IV (C) and Lithofacies V (D).
According to the BET model, the specific SA of different shale lithofacies samples were calculated (Table 1). The specific SA of the lithofacies IV is as low as 0.68 m2/g, that of the lithofacies II is 2.38–5.38 m2/g (averaging 3.89 m2/g), that of the lithofacies V and lithofacies VI, 2.89–5.04 m2/g (averaging 4.01 m2/g), and that of the lithofacies I is 8.49–10.50 m2/g (averaging 9.07 m2/g). The total PV of the transitional facies shale in the study area ranges from 3 to 17 cm3/kg (averaging 13.2 cm3/kg), with that of the lithofacies IV the lowest, while the others are all more than 10 cm3/kg (Table 1). The fractal characteristics indicate a strong relationship between the specific SA and D1 as well as a moderate relationship between the specific SA and D2 (Figure 9A). Similar relationships are found between the total PV and the two fractal dimensions (Figure 9B). Therefore, micropores and small pores should have major contributions to the relative SA and the total PV, while large pores and macropores play secondary roles.
[image: Figure 9]FIGURE 9 | (A) Correlation between fractal dimension and surface area. (B) Correlation between fractal dimension and total pore volume.
Pore size distribution.
The PSD was characterized by MICP, CO2, and N2 adsorption. FE-SEM images show that the pores of lithofacies I comprise organic mesopores ranging from 20 to 50 nm (Figures 4A,B), but the PV is contributed by a few macropores ranging from 100 to 800 nm based on PSD (Figure 10A). Most of the macropores contributing PV of lithofacies I are inorganic pores. Organic pores in lithofacies II ranges from 100 to 400 nm (Figures 4C, D). Meanwhile, The PV of lithofacies II is also contributed by the organic macropores in this interval (Figure 10B). The PSD of lithofacies IV is very similar to that of lithofacies I (Figure 4E). Organic pores are micropores with pore sizes ranging from 20 to 50 nm (Figure 4F), but the PV contribution is mainly inorganic macropores (Figure 10C). PSD of lithofacies V shows typical bimodal characteristics. Pores with size ranges of 3–260 nm and >1,000 nm both contribute significantly to the total PV in lithofacies V (Figure 10D). Combined with FE-SEM observation (Figures 4G, H), it is suggested that the inorganic pores of lithofacies V are mainly macropores, which have the greatest contribution to PV, followed by organic mesopores (Figure 10D).
[image: Figure 10]FIGURE 10 | Pore size distribution with MICP, CO2, and N2 adsorption for Lithofacies I (A), Lithofacies II (B), Lithofacies IV (C) and Lithofacies V (D).
DISCUSSION
Organic-rich shale is featured by its complex pore structure that is controlled by various geological factors, including diagenesis, mineral composition, TOC content, and organic matter thermal maturity. Among these factors, the influence of thermal maturity is eliminated, since the thermal maturity of the Shanxi Formation transitional shale has already reached 2.58–2.69%, which favors organic pore development (Curtis et al., 2012).
TOC has been suggested in previous studies to be the main factor controlling the pore structure of marine shale in the Longmaxi formation. Specifically, organic matter contributes a lot of micropores and mesopores to the total pores, while clay minerals mainly control the development of mesopores and macropores (Liang et al., 2012; Wang et al., 2019; Huo et al., 2020; Jia et al., 2020). However, this argument is not supported by our correlation analysis. In our analysis, TOC has a reverse or insignificant correlation with the specific SA and total PV (Figure 11A), no correlation with the total PV (Figure 11B), a weak negative correlation with D1 (R2 = 0.30, Figure 11C), and an obvious reverse correlation with D2 (R2 = 0.63, Figure 11C). As shown in various studies on marine–continental transitional shale (Loucks et al., 2012; Wang Z. et al., 2015; Bao et al., 2016; Cao et al., 2018), the existence of vitrinite can result in high TOC contents. However, organic pores are not developed in the interior, even under the condition of suitable maturity, with only some contraction microfractures developed in the interior and at the margin. In lithofacies IV and lithofacies II, vitrinite accounts for 80.5–85.7%, while inertinite takes the remaining proportion, resulting in the fact that TOC has no obvious control effect on the pore structure. In lithofacies V and lithofacies VI as well as lithofacies I, beaded organic pores are greatly developed within the sapropelinite, presenting much better pore structures than those in the other shale lithofacies. Therefore, sapropelinite is speculated to favor the pore structure development.
[image: Figure 11]FIGURE 11 | (A) Correlations between TOC and total surface area. (B) Correlations between TOC and total pore volume. (C) Correlations between TOC and fractal dimension. (D) Correlations between clay and total surface area. (E) Correlations between clay and total pore volume. (F) Correlations between clay and fractal dimension.
In Shanxi Formation Transitional Facies Shale
Compared with marine shale, the transitional facies shale has higher clay mineral contents as well as more diverse and developed inorganic pore types. The clay mineral content presents a slightly positive correlation with the specific SA (R2 = 0.37, Figure 11D), no significant correlation with the total PV (Figure 11E), a positive correlation with D1 (R2 = 0.73, Figures 11A,F), and a weak positive correlation with D2 (R2 = 0.42, Figure 11F). Therefore, the clay mineral content has overall significant controls on the pore structure of the Shan23 shale, especially on the development of inorganic pores.
CONCLUSION
1) The Shanxi Formation transitional facies shale is featured by a TOC content of 0.14–11.68%, a high clay mineral content, and dominance of terrigenous quartz as the siliceous source. The transitional facies shale of Shanxi Formation is divided into five lithofacies according to the contents of siliceous minerals, clay minerals, and carbonate minerals, namely, lithofacies I (clayey shale), lithofacies II (siliceous clayey shale), lithofacies IV (siliceous shale), lithofacies V (calcareous siliceous shale), and lithofacies VI (siliceous calcareous shale).
2) Lithofacies V and lithofacies VI are the best lithofacies in terms of organic pore morphology, connectivity, and development degree, followed by lithofacies II and lithofacies IV in descending order. Inorganic pores and microfractures are well developed in all lithofacies. The majority of pores in lithofacies I comprise organic mesopores, but PV is contributed by a few inorganic macropores. Pore types and PV contributors of lithofacies II are organic macropores. The PSD of lithofacies IV is very similar to that of lithofacies I. The PSD of lithofacies V shows typical bimodal characteristics. It is suggested that the inorganic pores of lithofacies V are mainly macropores, which have the greatest contribution to PV, followed by organic mesopores.
3) TOC and organic matter thermal maturity present no obvious control effects on pore structure. Vitrinite is the main organic maceral in siliceous and lithofacies II, and this is associated with disfavored morphology, low connectivity, and poor development degree of organic pores. In contrast, sapropelinite is observed in other shale lithofacies, and it is suggested to be an effective kerogen type that contributes to the better development of organic pores.
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The Chang 7 black shale in the Upper Triassic Yanchang Formation is the principal source rock of Mesozoic oil-bearing system in the southwest Ordos Basin, containing high abundances of organic matter and hydrocarbon potential. Our study discusses the role of lake-bottom hydrothermal activities in the enrichment of organic matter during the deposition of the Chang 7 black shale. A large number of basement faults developed in the interior and margin of the Ordos Basin, which provided channels for the upwelling of deep hydrothermal fluids. Moreover, the strong tectonic activities during the Chang 7 sedimentary period provided dynamic conditions for the activation of the faults and the upwelling of hydrothermal fluids. The occurrence of hydrothermal activities in the Chang 7 sedimentary period is proved by the evidences of mineralogy petrology, stable isotopes, major, and trace elements in the black shale. Abundant nutrients that were transported from the lake-bottom hydrothermal fluids into lake water promoted the lacustrine surface primary productivity, and then increased the supply of sedimentary organic matter. At the same time, the degradation of a large number of organic matters increased consumption of oxygen in the water column, resulting in the formation of bottom-water anoxic environments. The accumulation of organic matter in sediments was controlled by the lake-bottom hydrothermal activities by the means of increasing the lacustrine surface paleoproductivity and promoting the formation of anoxic environments.
Keywords: tectonic activities, carbon and oxygen isotopes, major and trace elements, nutrient elements, paleoproductivity, redox conditions
INTRODUCTION
Hydrothermal activity refers to the deposition, crystallization, metasomatism, alteration, and filling of high temperature fluids that rise from the deep earth to the surface. These fluids generally contain ore-forming materials that are important for mineralization, and result in high-grade and large-scale mineral deposits along hydrothermal sedimentary areas (Zhang et al., 2010; Jia et al., 2016). Hydrothermal activity occurs in various environments, including mid-ocean ridges, oceanic inland arcs, back-arc basins, faulted basins, continental margins, and even relatively stable depression lake basins (Rona et al., 1975; Boström et al., 1979; Crerar et al., 1982; Marchig et al., 1982; Adachi et al., 1986; Yamamoto, 1987; Rona, 1988; Cronan et al., 1995; Hodkinson and Cronan, 1995; Zheng et al., 2006; Dekov et al., 2011; Wen et al., 2013; Slack et al., 2015; He et al., 2016; He et al., 2017; Liu et al., 2017; Liu et al., 2021a; Liu et al., 2021b). Hydrothermal sediments are often the focus of geological research due to their enrichment in metallic elements (e.g., Fe, Mn, Cu, Zn, Au, Ag, Sn, etc.) (Dias and Barriga, 2006; Wen et al., 2013; Li et al., 2014; Zhong et al., 2015; He et al., 2016). Many indicators for hydrothermal activity have been proposed and established including a combination of special minerals and rocks, sedimentary structures, major and trace element discrimination diagrams, rare earth element (REE) content and distribution, and stable isotope composition (He et al., 2016; Jia et al., 2016).
Oil-gas exploration has shown that the formation of many black shales (or organic-rich source rocks) is closely related to hydrothermal activities, such as the Lower Cambrian marine source rocks in Tarim Basin, the Neoproterozoic Xiamaling Formation black shale in North China, and the Lower Cambrian Niutitang Formation marine organic-rich shales in Yangtze Platform (Figure 1). This relationship is demonstrated in two ways: 1) hydrothermal activity areas are often accompanied with the occurrence of contemporaneous organic-rich source rocks; and 2) abnormal metal elements caused by hydrothermal activities display linear relationship with the total organic carbon (TOC) contents of organic-rich source rocks (Zhang et al., 2010; Jia et al., 2016). Zhang et al. (2010) suggested that the submarine or sublacustrine hydrothermal activities would significantly change sedimentary environments (e.g., water temperature, redox conditions, and chemical composition of water column), further affecting surface primary productivity and preservation of organic matter. Previous studies on modern hydrothermal systems have observed diverse biological communities near hydrothermal vents, such as hydrothermal areas in the Galapagos, where its biological yield is 3.9 times of the ordinary ocean surface, and the Fiji Basin, where both quantity and metabolic activity are 1–3 orders of magnitude higher than the ocean’s surface (Karl et al., 1980; Van Dever et al., 1996; Pichler and Dix, 1996; Halbach et al., 2001; Tarasov et al., 2005 and references herein; Wang et al., 2006; Hey et al., 2006; Wang et al., 2008; Liang et al., 2014a; Liang et al., 2014b). This level of biological activity suggests that hydrothermal activity may play an important role in promoting marine or lacustrine primary productivity. Prior research has examined the relationship between hydrothermal activity and the formation of organic-rich shales, and has obtained valuable information (Sun et al., 2003; Chen et al., 2004; Zhang et al., 2010; Liang et al., 2014a; Liang et al., 2014b; He et al., 2017). However, our understanding of this relationship is still relatively lacking and the topic itself has not attracted enough attention (Jia et al., 2016). Therefore, it is necessary to continue exploring the potential influence of hydrothermal activity on organic matter accumulation in order to add to existing knowledge of formation mechanisms of organic-rich shale, and oil-gas exploration and development.
[image: Figure 1]FIGURE 1 | Stratigraphic distribution of source rocks related to hydrothermal activity in China (modified after Jia et al., 2016).
The Chang 7 lacustrine black shale in the Upper Triassic Yanchang Formation is an important hydrocarbon source rock and contains high TOC concentrations, providing the main source of oil for the Mesozoic petroleum system in the Ordos Basin (Yang and Zhang, 2005; Yuan et al., 2017). Additionally, several contemporaneous special minerals and rocks, including tuff interval, seismite, seismoturbidite, silicolite, and microcrystalline dolomite lamina, are found within the Chang 7 black shale and associated with significant geological events (Zhang et al., 2017). Therefore, it has been proposed that the accumulation of organic matter during the deposition of the Chang 7 shale is related to these geological events (Zhang et al., 2009; Yang et al., 2010; Zhang et al., 2010; Qiu, 2011; Qiu et al., 2014; Qiu et al., 2015; Zhang et al., 2017). In recent years, there have been significant mineralogical, petrological, elemental, and isotopic evidences of hydrothermal sedimentation in the Chang 7 Member of Yanchang Formation. This suggests that hydrothermal activity may play an important role in the accumulation of organic matter (Zhang et al., 2010; Qiu et al., 2015; He et al., 2016; He et al., 2017). However, we still have a limited understanding of the relationship between hydrothermal activity and the accumulation of organic matter due to the lack of abundant and available data. In this paper, we present mineralogical evidence for hydrothermal activity (as supplementary for previous reports) and a collection of geochemical data (including TOC, major and trace element contents) that together, explores the potential relationship between hydrothermal activity and the accumulation of organic matter during the deposition of the Chang 7 black shale.
GEOLOGICAL SETTING
The Ordos Basin, located in central China (Figure 2A), is a typical multicycle cratonic depression basin developed on Archean granulites and Lower Proterozoic greenschists, consisting of six tectonic units (Figure 2B) (Yuan et al., 2017; He et al., 2017). In the Early-Middle Triassic, the Ordos Basin was part of the North China intracratonic depression (Qiu et al., 2015). By the Late Triassic, the North China landmass collided and integrated with the Yangtze landmass, leading to the closure of the relict of the Youjiang and Qinling Troughs and the uplift of the Qinling Mountains (also called Qinling orogenic movement) (Zhang et al., 2010; Zhang et al., 2017). This was responsible for the formation of many basement faults in the periphery and interior of the Ordos Basin (Figure 2B). The Qinling orogenic movement transformed Ordos Basin into a foreland basin, which was characterized in its asymmetric cross-section by low-gradient northeastern and high-gradient southwestern flanks (Qiu et al., 2015). This tectonic process provided a large depositional space and subsequently deposited a set of clastic sediments in the Late Triassic, known as the Yanchang Formation, with a thickness of about 1,000–1,300 m (Wang et al., 2017). This unit can be divided into 10 members (Chang 1-Chang 10) from top to bottom (Qiu et al., 2014; Qiu et al., 2015; He et al., 2016; Wang et al., 2017; Yuan et al., 2017; Zhang et al., 2017), and the Chang seven Member can be further subdivided into 3 sub-members, Chang 71 to Chang 73, from top to bottom (Wang et al., 2017). In the early stages of the deposition of Chang 7 Member, the lacustrine basin subsided and expanded rapidly due to the intensely tectonic movement coupled with frequent volcanic and seismic activities, which provided the necessary conditions for reactivation of basement faults and the upwelling of deep hydrothermal fluids (Deng et al., 2008; He et al., 2016; Zhang et al., 2017). During this time period, the Chang 7 black shale was deposited and became the predominant oil-source rocks for the Mesozoic of this basin (Yang and Zhang, 2005; Zhang et al., 2010).
[image: Figure 2]FIGURE 2 | Location of the Ordos Basin, its tectonic division, distribution of basement faults, and the location of sample wells (modified after Qiu, 2011). I-Yimeng uplift; II-West margin thrust belts; III-Tianhuan depression; IV-Yishan slope; V-Jinxi flexure belts; VI-Weibei uplift.
SAMPLES AND ANALYTICAL METHODS
Many Chang 7 drill cores were observed and pictures were taken at the Xifeng drill core stores of the PetroChina Changqing Oilfield Company, southeastern Gansu Province, northwest China. A total of 78 Chang 7 black shale samples were collected from 17 wells, which are located in the southwestern Ordos Basin (Figure 2B). To minimize the effect of volcanic ashes, tuffs were carefully avoided when selecting the samples.
Rock thin-sections of the Chang 7 shale samples were made at the State Key Laboratory of Petroleum Resource and Prospecting, China University of Petroleum-Beijing (CUPB), and were observed under an optical microscope (LEICA DM4500P) in order to identify their mineral compositions. A subsample of shale sample fragments with freshly broken surfaces were selected and coated with gold, and then observed using a Quanta 200F field emission scanning electron microscope (SEM) equipped with an energy-dispersive X-ray spectrometer (EDS) at the Microstructure Laboratory for Energy Materials of CUPB.
All of the black shale samples were crushed to powder (less than 200 mesh) in an agate mortar prior to geochemical analyses. TOC contents were measured at the State Key Laboratory of Petroleum Resource and Prospecting of CUPB. Approximately 100 mg of shale powder was gently leached with dilute hydrochloric acid (HCl) and rinsed with distilled water to remove inorganic carbon. After drying, the shale powders were analyzed using an organic carbon analyzer (LECO CS-230) and the analytical uncertainly is <3%.
Major and trace element concentrations of 68 shale samples were measured at the Analytical Laboratory of Beijing Research Institute of Uranium Geology. Major element oxides were determined by a PHILIPS PW2404 X-ray fluorescence spectrometer (XRF), following analytical methods reported by Ma et al. (2015). Trace elements compositions were measured using a Thermo Scientific Element XR inductively coupled plasma-mass spectrometry (ICP-MS) according to Gao et al. (2015). The analytical precision is <5% for all major elements, while the precision and accuracy are estimated to be <10% for the trace elements.
The δ13C and δ18O analyses of bulk carbonates for ten black samples and one carbonate vein were carried out at the State Key Laboratory of Petroleum Resource and Prospecting of CUPB. Approximately 10 mg sample powders were reacted with phosphoric acid (H3PO4) and liberated CO2 were analyzed for δ13C and δ18O using a Therma Fisher MAT 253 isotope ratio mass spectrometer (IR-MS). The results are presented using delta notation in reference to the PDB standard. Repeated measurements of a homogenized sample yielded a standard deviation of ±0.1‰ for δ13C and δ18O measurements.
RESULTS
Mineral Petrography
Outcrop and core observations reveal the occurrence of folds (Figures 3A,B), high angle fractures (Figures 3C,D), structural deformations, and tuff intervals (Figures 3E–G) in the Chang 7 Member of Yanchang Formation, indicating frequent tectonic and volcanic activity. In addition, pyrite veins (Figures 4A–D), carbonate veins, and carbonate laminae (Figures 4E–H) were found in this unit. Microscopic observations of pyrite veins showed heterogeneous and amorphous characteristics (Figures 4C,D), with many impurities (the grey part in Figure 4D). The carbonate veins were characterized by branches (Figure 4H), and a lot of bubbles formed after dilute HCl was added. Some special minerals, such as marcasite (Figure 4I) and gypsum (Figure 4J), were also observed through SEM observations.
[image: Figure 3]FIGURE 3 | Outcrop and core photographs of the Chang 7 Member in the Ordos Basin (A,B) Folds in the Chang 7 black shale in the west of Hejiafang section, Tongchuan (after Qiu, 2011); (C) High angle fracture with residual asphalt, Well Z119, 2241.30 m; (D) Vertical fractures, Well Z140, 1884.70 m; (E–G) Tuff intervals, and structural deformations caused by earthquake, Well W100, the depth is 1914.45 m, 1914.73 and 1914.95 m, respectively.
[image: Figure 4]FIGURE 4 | Photographs of minerals in the Chang 7 black shale of the Ordos Basin (A) Pyrite vein, Well L57, 2350.13 m; (B) Pyrite vein, Well X36, 2188.58 m; (C,D) Microscopic characteristics of pyrite vein in photo B; (E) Carbonate laminae, Well W100, 1907.05 m; (F,G) Microscopic characteristics of carbonate laminae in photo E; (H) Carbonate vein characterized by branches, Well Y56, 3065.24 m; (I) Marcasite, Well Z62, 1938.00 m; (J) Gypsum, Well Y423, 2402.17 m.
TOC, δ13C and δ18O
TOC contents of the 68 Chang 7 black shale samples were very variable, ranging from 0.63 to 29.93% and an average of 13.47% (Table 1). TOC contents were mainly distributed between 2 and 20%, accounting for 75% of the total (Figure 5), indicating a high abundance of organic matter and good to excellent hydrocarbon generation potential.
TABLE 1 | Selected major, trace elements data and geochemical indicators of the Chang 7 black shale in Ordos Basin.
[image: Table 1][image: Figure 5]FIGURE 5 | Frequency distribution of TOC contents in the Chang 7 black shale of Yanchang Formation, Ordos Basin.
The δ13C and δ18O data of carbonates in 11 samples are presented in Table 2. The δ13C and δ18O values of bulk carbonates for 10 black samples varied from −1.4 to 1.6‰ (mean = 0.8‰) and from −11.1‰ to −7.5‰ (mean = −9.4‰), respectively. However, the carbonate vein in Figure 4E showed lower δ13C (−8.2‰) and δ18O (−20.0‰) values than that of bulk carbonates of the Chang 7 black shale.
TABLE 2 | Carbon and oxygen isotopes of carbonate from the Chang 7 black shale of the Upper Trassic Yanchang Formation in Ordos Basin.
[image: Table 2]Major and Trace Elements
Selected major oxides (including TiO2, SiO2, Al2O3, Fe2O3, MnO, and P2O5) are listed in Table 1. SiO2, Al2O3 and Fe2O3 were the dominant components of shale samples, with average contents of 48.95%, 13.35%, and 10.09%, respectively. Contents of TiO2, MnO, and P2O5 were less than 1%, except for a few samples, with average contents of 0.49%, 0.09% and 0.49%, respectively. Contents of Ti, Al, Fe, Mn, and P were calculated based on their molecular formula, with mean values of 0.29%, 7.07%, 7.06%, 0.07% and 0.21%, respectively (Table 1). Concentrations of trace elements are also presented in Table 1. Average trace element contents of the Chang 7 black shale were normalized to the post-Archean Australian shale (PAAS), showing relatively high abundances of Cu, Pb, Zn, U, and Mo (Figure 6), with mean values of 149.8, 57.6, 101.6, 36.2, and 65.6 ppm, respectively.
[image: Figure 6]FIGURE 6 | PAAS standardization of average trace element contents of the Chang 7 black shale of Yanchang Formation, Ordos Basin. The data of PAAS are from Taylor and McLennan (1985).
DISCUSSION
Geological Conditions of Hydrothermal Activity
The occurrence of hydrothermal activity often requires specific geological conditions. There are two preconditions for hydrothermal activity during the Late Triassic Chang 7 sedimentary period, including basement faults and strong tectonic activity. Previous study found that basement faults were widely distributed in the edge and middle of the Ordos Basin (Figure 2) (Qiu, 2011), providing good channels for the upwelling of deep hydrothermal fluids. In addition, strong tectonic activity is supported by the presence of structural deformations, vertical or high angle fractures, seismites, and tuff intervals during the Chang 7 sedimentary period (Xia et al., 2007b; Li et al., 2008; Xia and Tian, 2007a; Zhang et al., 2009; Chen et al., 2011; Qiu, 2011; Yang and Deng, 2013; Yuan et al., 2019), providing kinetic conditions for the activation of basement faults and the invasion of hydrothermal fluids into the bottom of the basin.
Evidences of Hydrothermal Activity
Mineral Petrology
Through the observation of cores and thin-sections, many minerals indicated that lake-bottom hydrothermal activities have been found in the Chang 7 black shale. Below we overview evidence from pyrite and carbonate veins, marcasite, and gypsum.
1) Pyrite veins. In general, sedimentary pyrite is characterized by small particle size, subhedral-euhedral, or framboidal crystal. However, hydrothermal pyrite is massive, porphyritic, or veinlike (Wang et al., 2014). Pyrite veins from the Chang 7 black shale of the Yanchang Formation in this study were characterized as heterogeneous and amorphous, containing a lot of impurities (Figures 4A–D). This suggests that they may be formed by hydrothermal mineralization instead of sedimentation, strongly indicating the occurrence of hydrothermal activity.
2) Carbonate veins or laminae. In the Chang 7 core samples, many carbonate veins or laminae were found in contact with the surrounding rock at a nearly horizontal or very low angle (Figures 4E–H). The main body of a carbonate vein in Figure 4H (the white part) embedded in black shale was relatively thick (∼1 cm) and horizontally distributed. However, those relatively small branches were separated at its edge and intruded into the shale at a low angle, indicating that they may be formed by the intrusion of lake-bottom hydrothermal fluids into black shale before consolidation and diagenesis.
3) Marcasite. The chemical composition of marcasite is the same as that of pyrite (FeS2). Its crystal is generally plate-shaped or sheet-shaped, and aggregated in the shape of a chicken crown or bundle (Figure 4I). Marcasite is an unstable variety of FeS2, which will transform into pyrite when temperatures are >350°C. The occurrence of marcasite usually indicates a relatively low temperature hydrothermal fluid (Zhang et al., 2010; Qiu, 2011).
4) Gypsum. Gypsum generally forms by evaporation or hydrothermal deposition. The Chang 7 sedimentary period was characterized by fresh lake water and a warm-humid climate (Ji and Meng, 2006; Fu et al., 2009), which is not conducive to the formation of evaporating gypsum. The gypsum crystals in the Chang 7 shale were mostly strip or block, and the crystal aggregates are distributed in belts (Figure 4J). These crystal structure characteristics and distribution indicate that gypsum in the Chang 7 Member of the Yanchang formation is a typical product of hydrothermal sedimentation (Li et al., 2016).
5) Other minerals. In addition to those listed above, many other hydrothermal minerals have been found in the Chang 7 black shale, such as siliceous rock (Qiu, 2011), manganese nodules (Qiu, 2011), authigenic albites (Zhang et al., 2010), and independent uranium deposits (Zhang et al., 2011).
There may be other explanations for the above minerals, but the widespread occurrence of various minerals in the Chang 7 Member undoubtedly supports the occurrence of hydrothermal activity.
Isotope
The carbon and oxygen isotope values of carbonate laminae in Figure 4E were −8.2‰ and −20.0‰, respectively, showing an obvious negative shift (Table 2). However, the δ13C and δ18O values of bulk carbonates in the Chang 7 black shale were relatively high, ranging from −1.4 to 1.6‰ (mean = 0.8‰) and from −11.1‰ to −7.5‰ (mean = −9.4‰), respectively (Table 2), showing distinct differences compared to that of carbonate laminae. It is consistent with previous report of the δ13C and δ18O values in hydrothermal carbonates in Ordovician of the Ordos Basin, which were also very negative (Wang et al., 2013). This phenomenon may be caused by the large amount of heavy carbon and oxygen isotope loss in high temperature environments. Therefore, low δ13C and δ18O values of carbonate laminae also indicate that hydrothermal fluids may be involved in their formation.
Zhang et al. (2010) found that the δ34S of pyrite in the Chang 7 black shale varied from 2.4 to 5.9‰, showing positive delta values compared with that of pyrite (mean = −8.4‰) in the overlying Yan’an Formation. They proposed that the positive δ34S in the Chang 7 shale reflected that the sulfur in pyrites may be primarily from deep hydrothermal fluids. Therefore, the δ34S may also support the presence of hydrothermal activity.
Major and Trace Elements
The crossplot of the Chang 7 black shale (Figure 7) shows that most black shale samples demonstrate a positive correlation between SiO2 and TiO2, indicating that they are both almost entirely supplied by terrigenous clastics (Qiu et al., 2015). However, some samples (in the elliptical frame) do not conform to this rule, with abnormally high SiO2 contents (Figure 7), indicating that the SiO2 are not completely provided by terrigenous clasts. Surveys of modern submarine hydrothermal activity found that the content of SiO2 in the hydrothermal fluid is very high, generally 9.3–21.9 mmol/kg, and that amorphous SiO2 tends to precipitate in hydrothermal fields (Sun et al., 2003). In addition, siliceous rocks related to hydrothermal activity have also been found in the Chang 7 Member (Qiu, 2011). Therefore, the lake-bottom hydrothermal fluid may be one of the most likely sources of abnormally high SiO2 in the study area.
[image: Figure 7]FIGURE 7 | The crossplot of SiO2 and TiO2 in the Chang 7 black shale, Ordos Basin.
Al and Ti are good indicators of terrigenous input, while Fe and Mn are usually enriched in hydrothermal fluids, suggesting their patterns can be used to distinguish the hydrothermal deposition in sediments (He et al., 2016). The Al-Fe-Mn triangular diagram of the Chang 7 black shale shows that contents of Mn (< 5.0%) were far less than that of Fe and Al, but the Fe contents of some samples were very rich (Figure 8A). Figure 8A also shows that only part of samples fell into the area of hydrothermal deposition, indicating that these samples may be affected by hydrothermal activity.
[image: Figure 8]FIGURE 8 | Discrimination diagrams of hydrothermal activity based on Al, Fe, and Mn elements. Base maps are after He et al. (2016).
The values of Al/(Al + Fe + Mn) and (Fe + Mn)/Ti in sediments or rocks have also been successfully applied to the identification of hydrothermal activity (Qi et al., 2004; Li et al., 2014; He et al., 2016). Al/(Al + Fe + Mn) values <0.4 and (Fe + Mn)/Ti values >15 usually indicate typical hydrothermal deposition (He et al., 2016). Moreover, the value of Al/(Al + Fe + Mn) is also an important proxy to evaluate the proportion of hydrothermal sedimentary components in sediments. The smaller the value is, the more hydrothermal sedimentary components are present, indicating a stronger influence of hydrothermal activity. On the contrary, a high value of Al/(Al + Fe + Mn) reflects weak influence of hydrothermal activity (He et al., 2016). Values of Al/(Al + Fe + Mn) of the Chang 7 black shale in this study ranged from 0.24 to 0.78, with an average of 0.51, while values of (Fe + Mn)/Ti ranged from 7.24 to 89.60, with an average of 28.51 (Table 1). The crossplot of Al/(Al + Fe + Mn) and (Fe + Mn)/Ti showed similar results to that of Al-Fe-Mn triangular diagram, indicating that part of shale samples fell into the area of typical hydrothermal sedimentation (Figure 8B).
Concentrations of Cu, Pb, and Zn elements are related to deep hydrothermal fluids (Sun et al., 2003) and will be enriched if hydrothermal sedimentation occurs. Average concentrations of Cu, Pb, and Zn in the Chang 7 black shale were 149.8, 57.6, and 101.6 ppm, respectively (Table 1), showing distinct enrichment compared to the PAAS (Figure 6). From this, we can infer that deep hydrothermal activity may have occurred during the deposition of the Chang 7 black shale in the Ordos Basin.
In summary, the occurrence of lake-bottom hydrothermal activity during the Chang 7 sedimentary period is supported by evidence from mineral petrology, isotopics, major and trace elements in the Chang 7 black shale; however, its influence may only be concentrated in partial areas of the Ordos Basin.
Relationship Between Hydrothermal Activity and Organic Matter Enrichment
Most the modern hydrothermal activity occurs at the bottom of the ocean, mainly distributed near mid-ocean-ridges, plate edges, and submarine volcanic craters, while there are relatively few cases of hydrothermal activity found in terrestrial lakes (Li et al., 2014). Several biological communities have been found around the submarine or lake-bottom hydrothermal fields (Karl et al., 1980; Halbach et al., 2001; Zhang et al., 2010). Therefore, hydrothermal activity is likely of great significance to the prosperity of organisms.
The enrichment of organic matter is mainly controlled by the supply and preservation of organic matter (Arthur and Sageman, 1994; Sun, 2013; Ding, 2014; Wang et al., 2017). The former is closely related to primary productivity, while the latter is mainly related to redox conditions and sedimentation rate (Demaison and Moore, 1980; Pedersen and Calvert, 1990; Calvert and Pedersen, 1993; Curiale and Gibling, 1994; Jones and Manning, 1994; Hay, 1995; Parrish, 1995; Algeo et al., 2011; Ding et al., 2015; Wang et al., 2017; Yuan et al., 2020). Previous studies have found that the sedimentation rate of the Chang 7 Member in the Ordos Basin has little effect on the enrichment of organic matter (Yuan et al., 2016, 2020). Therefore, the enrichment of organic matter in the Chang 7 shale is mainly related to paleoproductivity and redox conditions.
P, Ni, Cu, and Zn, which have been successfully used to elevate the primary paleoproductivity, are critical nutrient elements (Algeo and Maynard, 2004; Tribovillard et al., 2006; Algeo et al., 2011; Wang et al., 2017; Yuan et al., 2020). To eliminate the influence of terrigenous clastics, palaeoproductivity indicators (P, Ni, Cu, and Zn) were normalized to Ti, which is largely supplied in association with terrigenous minerals (Arthur and Dean, 1991; Calvert and Pedersen, 2007; Qiu et al., 2015; Wang et al., 2017; Yuan et al., 2020). The palaeoproductivity indicators (P/Ti, Ni/Ti, Cu/Ti, and Zn/Ti) of the Chang 7 black shale samples showed strong correlations with hydrothermal indicators, including Al/(Al + Fe + Mn) and (Fe + Mn)/Ti (Figure 9). High values of palaeoproductivity indicators reflected high primary productivity co-occurred in areas of hydrothermal sedimentation, which is characterized by low values of Al/(Al + Fe + Mn) (< 0.4) and high values of (Fe + Mn)/Ti (> 15) (Figure 9). Our results indicate that the high paleoproductivity observed during the deposition of the Chang 7 shale may be affected by lake-bottom hydrothermal fluids, which could transport abundant nutrients into the lake water and futherly promote surface productivity.
[image: Figure 9]FIGURE 9 | Crossplots of paleoproductivity indicators (P/Ti, Ni/Ti, Cu/Ti, and Zn/Ti) vs. Al/(Al + Fe + Mn) and (Fe + Mn)/Ti of the Chang 7 black shale in the Ordos Basin.
Redox conditions during the deposition of the Chang 7 shale were oxic-suboxic accompanied by intermittent anoxic environments (Yuan et al., 2017; Chen et al., 2020). The crossplots of V/Cr and U/Th versus Al/(Al + Fe + Mn) and (Fe + Mn)/Ti showed that the anoxic environments may be related to hydrothermal activity (Figure 10). As mentioned above, hydrothermal activity could increase primary productivity. This would transport large amounts of organic matter to the water column and lake-bottom, and lead to the formation of anoxic environments due the degradation of organic matter and consumption of oxygen.
[image: Figure 10]FIGURE 10 | Crossplots of V/Cr and U/Th vs. Al/(Al + Fe + Mn) and (Fe + Mn)/Ti of the Chang 7 black shale in the Ordos Basin. The threshold values of anoxic are from Jones and Manning (1994).
TOC contents of the Chang 7 black shale showed a strong correlation with values of Al/(Al + Fe + Mn) and (Fe + Mn)/Ti (Figure 11), indicating that enrichment of organic matter in the Chang 7 shale may, to some extent, be influenced by hydrothermal activity. This process played an important role in controlling the formation of high lacustrine primary productivity and anoxic environments.
[image: Figure 11]FIGURE 11 | Relationship of TOC contents with Al/(Al + Fe + Mn) and (Fe + Mn)/Ti in the Chang 7 black shale of the Ordos Basin.
CONCLUSION

1) Basement faults in the margin and interior of the Ordos Basin along with strong tectonic activities provide the precondition for the occurrence of lake-bottom hydrothermal activity during the Chang 7 sedimentary period.
2) The existence of lake-bottom hydrothermal activity during the Chang 7 period is supported by mineral petrology, isotopes, major and trace elements in the Chang 7 black shale.
3) Hydrothermal activities transported a large amount of nutrients to the lake water and then promoted the surface primary productivity, leading to the formation of anoxic bottom-water environment to a certain extent. Hydrothermal activities controlled the accumulation of organic matter in the Chang 7 shale by affecting the primary paleoproductivity and redox environments.
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Conventional drilling fluids experience the problems of a low cleanup efficiency and oily drilled cutting disposal. To resolve these problems, a type of pH-responsive drilling fluid with a temperature resistance of up to 150°C resistance a density of 1.5 g/cm3 was prepared using mixed emulsifiers. Stable reversion from a water-in-oil (W/O) emulsion to an oil-in-water (O/W) and vice versa was realized. The results of light backscattering and sag stability suggested that the W/O and O/W emulsion-based drilling fluids showed excellent resistance to coalescence or sedimentation. There was no demulsification or barite sedimentation during emulsion reversion. W/O and O/W emulsions exhibited small droplet sizes and uniform distributions. The properties of the W/O and O/W emulsion-based drilling fluids were similar even after hot rolling at 150°C for 16 h. The reversible drilling fluid showed excellent resistance to contamination by saline water and drilled cuttings. The residual W/O emulsion-based drilling fluid was cleaned with acids at a high efficiency. The oil content of the drill cuttings generated by the W/O emulsion-based drilling fluid was reduced using simple acids. The improved reversion stability with high temperature and density resistance makes it possible for applicable reversible drilling fluid in deep or ultra-deep wells required by different geological formation.
Keywords: high temperature, high density, pH-responsive, reversible drilling fluids, emulsion reversion
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INTRODUCTION
Conventional oil-based drilling fluids typically have high emulsion stability and strong oil-wetting properties, which render contact drilling pipes, formation, and drill cuttings oil-wet (Nooripoor and Hashemi, 2020). In drilling procedures, strong oil-wetting properties are beneficial for improving shale formation stability and reducing downhole accidents. However, in follow-up cementing and completion procedures, strong oil-wetting properties make it difficult to efficiently remove the residual drilling fluid and filter cakes in a wellbore, which might result in poor cementing quality and production safety. In addition, it is expensive to dispose the oily drill cuttings that are produced by oil-based drilling fluids when they are circulated back to surfaces. Hence, maintaining the advantages of conventional drilling fluids while reducing their adverse effects is an emerging research topic.
Previous studies have proposed several methods to solve the follow-up problems associated with conventional oil-based drilling fluids, e.g., oil-based drilling fluid filter-cake removal (Bageri et al., 2019; Bageri et al., 2020), hole cleaning (Boyou et al., 2019; Guo et al., 2020), and waste oily drilled cutting processing (Sharma et al., 2020). However, these methods are expensive and complex, and they may cause secondary pollution. Controlling the wettability of oil-based drilling fluids is a promising new solution.
Patel (1999) proposed the first reversible emulsion drilling fluid in 1999. Reversible drilling fluids and conventional oil-based drilling fluids are different in terms of pH-responsive emulsifiers (Patel, 1999; Patel et al., 1999; Patel and Ali, 2003). In drilling procedures, reversible drilling fluids are in the water-in-oil (W/O) emulsion phase, which provides advantages similar to those of conventional drilling fluids. In the follow-up cementing and completion stage, reversible drilling fluids are transformed into the oil-in-water (O/W) emulsion phase, which makes it easy to remove residual drilling fluids and filter cakes.
Reversible emulsions can be stimulated by magnetism (Brugger and Richtering, 2007; Chen et al., 2014), electricity (Quesada et al., 2013), temperature (Binks et al., 2005; Destribats et al., 2012), electrolytes (Cui et al., 2008; Cui et al., 2012; Ren et al., 2017; Xu et al., 2018), pH (Read et al., 2004; Fujii et al., 2005; Binks and Rodrigues, 2007; Haase et al., 2010; Dyab, 2012; Ghosn et al., 2017), and the CO2/N2 (Zhang et al., 2016; Shi et al., 2018; Guo and Zhang, 2019) or volume ratio (Popov et al., 2013). Among these, pH-responsive emulsions are one of the simplest and most readily implementable systems (Tang et al., 2015). Amine surfactants form responsive emulsions by transitioning from a surface-active substance (cationic ammonium) to a non-surface-active substance (neutral tertiary amine) upon exposure to CO2/N2 (Zhang et al., 2016), (Guo and Zhang, 2019), (Tang et al., 2015), (Shi et al., 2019). This transition depends on the pH change in the aqueous solution (pH = 5–10). However, current reversible drilling fluids stabilized by amine emulsifiers in oil fields have a typical temperature resistance of 120°C, and their density is lower than 1.2 g/cm (Dick et al., 2003; Ali et al., 2004; Bageri et al., 2019). These properties cannot meet the requirements of deep downhole environments. Furthermore, W/O drilling fluids have been extensively investigated, whereas O/W drilling fluids are difficult to use owing to their instability.
Even though numerous responsive emulsifiers have been developed, it is difficult to control the emulsion reversion stability in high-temperature and high-pressure conditions. The breakdown of drilling fluids in downhole environments increases the risk of drilling accidents and decreases drilling safety. Therefore, the emulsion reversion stability and effectiveness can be used as a basis to develop a reversible drilling fluid that is, suitable for downhole environments. High-temperature resistance and high-density capacity require the reformulation of the reversible drilling fluid system.
In this study, we formulated a reversible drilling fluid with high temperature resistance and high density for deep or ultra-deep wells. Stable reversion from a water-in-oil (W/O) emulsion to an oil-in-water (O/W) and vice versa was realized. This work can provide guidance for the potential applications of reversible drilling fluids in wellbores.
MATERIALS AND METHODS
Experiments were performed using diesel oil purchased from a Shell gas station in Chengdu, Sichuan, China. The water used in the experiments was deionized using a Milli-Q reagent water system. A long-chain polyamine primary surfactant (hereinafter referred to as RPEM) was prepared according to a previously reported procedure (Zhang et al., 2013; Zhang et al., 2015). Sodium hydroxide (AR) and hydrochloric acid (35%, AR), which were obtained from Chengdu Kelong Reagent Plant, Chengdu, Sichuan, China, were used to adjust the pH of the solution. Organoclay, a filtration loss reducer, and a weight material (barite) were obtained from Chengdu Xiyouhuawei Science & Technology Co., Ltd. Surfactant flushing fluid was obtained from an oil field.
Preparation and Characterization of Emulsions
Emulsion Preparation
Equal volumes (150 ml) of the diesel oil phase containing RPEM and the aqueous phase (150 ml) were emulsified using a high-speed stirrer at 10,000 rpm for 30 min–1 h at room temperature (25 ± 5°C). It should be noted that the surfactant concentrations mentioned in this paper refer to the content in the initial oil phase and are not based on the total volume. Emulsion drop size distributions were determined using a particle size distribution analyzer (LA-950V2, Horiba Scientific, China). The optical images of the emulsions were obtained via an inverted fluorescence digital microscope (AMG EVOSFL, Advanced Microscopy Group, USA). pH values for emulsions were detected by using PHS-3C.
Emulsion Reversion
The pH was adjusted by adding 1 M NaOH and/or 1 M HCl in a dropwise manner. As the addition of pH solution is minimal, its impact on the water-oil ratio is negligible. Immediately after emulsification, the emulsion type was determined by adding an emulsion drop to either pure oil or pure water. The emulsion was the O/W type if the drop dispersed in pure water and remained a drop in pure oil, and vice versa for the W/O type.
Emulsion Stability
The emulsions were transferred into stoppered and graduated glass vessels with inner diameters of 1.8 cm and lengths of 7 cm while maintaining the temperature at 25°C. For W/O emulsions, the downward movement of the oil–emulsion boundary was used as a measure of sedimentation and the change in the water–emulsion interface position was used as an indicator of coalescence. The extent of creaming in O/W emulsions was obtained by measuring the height of water resolved from the emulsions. The extent of sedimentation in O/W emulsions was obtained by measuring the height of oil resolved from the emulsions.
Conductivity
The conductivity of the emulsions was measured using a digital conductivity meter immediately after preparation. The emulsions with a high conductivity were classified as O/W emulsions or W/O/W emulsions and those with a low (immeasurable) conductivity (< 1 μS cm−1) were classified as W/O emulsions or O/W/O emulsions.
Demulsification Voltage (ES)
The ES values of the emulsions were determined using an electrical stability tester (DWY-2, Qingdao Tongchun Oil Instrument Co., Ltd., China) with an electrode distance of 1.55 ± 0.04 mm. The ES value is mainly used to measure the relative stability of W/O emulsions. A high electrical stability indicates high emulsion stability. The voltage required to break O/W emulsions is typically quite low (< 10 V).
Characterization of Reversible Drilling Fluid
The emulsions were thermally aged in a rotary oven at different temperatures for 16 h to model actual drilling operation conditions, in accordance with the American Petroleum Institute (API) SPEC 13A and RP 13B-2 standards for drilling fluids.
HTHP Filtration Loss
The HTHP filtration volume (FLHTHP) was collected using a high-temperature and high-pressure filtration apparatus (GGS42, Qingdao Tongchun Machinery Petroleum instrument, China) by applying a pressure of 4.2 ± 0.03 MPa at a given temperature.
Rheology Test
The rheological parameters, i.e., apparent viscosity (AV), plastic viscosity (PV), and yield point (YP), were obtained using a six-speed rotational viscometer (ZNN-D6, Qingdao Tongchun Petroleum Instrument Co., China) at 600 and 300 rpm. They were calculated as follows:
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θ600 and θ300 denote the dial readings on the viscometer at 600 and 300 rpm, respectively. To reach steady conditions, the fluids were stirred for 10 min prior to rheological measurements. G10s/G10min were the gel strength obtained at 10 s and 10 min for dial readings at 3 rpm. The experimental error for viscosity was always below ±5%.
Filter-Cake Cleanup
Filter cakes were built by immersing the rotational viscometer in the drilling fluids for 1 h. Then, the viscometer cylinders were soaked in washing fluids for 10 min to remove the filter cakes on their surfaces. The cleanup efficiency of the filter cakes was calculated by recording the differences in the weights of the cylinders before and after immersion.
Drilled Cuttings
Oily drill cuttings at 10–40 mesh, obtained from shale formation, were prepared by hot rolling the drilling fluids at 150°C for 16 h and sieving at room temperature. The oil content of the drill cuttings was measured using a Soxhlet extractor and refluxed for 12 h using petroleum ether.
Sag Test
The densities of the top and bottom sections of the drilling fluids were measured after static standing for 24 h. The sag factor (SF) was calculated as follows: [image: image].
Emulsion Stability
Emulsion destabilization results from coalescence or flocculation was measured on a Multiple light scattering analyzer TURBISCAN MA 2000 at room temperature (25 ± 5°C).
RESULTS AND DISCUSSION
Emulsification Efficiency
The pH-dependent behavior of the emulsion stabilized by only RPEM (2 wt%) was investigated in detail. Figure 1 shows the variation in the ES value, conductivity, pH, and continuous phase resolution of the pH-responsive emulsion on the addition of the acid.
[image: Figure 1]FIGURE 1 | (A) ES values (blue circles) and conductivities (red triangles) of emulsion stabilized by 2 wt% RPEM at room temperature (25 ± 5°C). (B) pH values of emulsion during reversion. (C) Continuous phase resolution of emulsion. (D) Images obtained 2 h after the emulsions were prepared.
A stable W/O emulsion is generated by RPEM. As the acid concentration increases, the ES value significantly decreases from 315 to 5 V and conductivity increases from 0 to 1.26 ms/cm. At an acid concentration of 4%, the emulsion is reversed to an O/W emulsion with a high conductivity and low ES value. However, the emulsion reversion experiences become unstable at an acid concentration of 2% when the pH is lower than 7. The oil-phase and water-phase resolutions increase simultaneously, suggesting demulsification. The hydrophilicity of RPEM increases because amine protonation occurs as the pH value decreases. This leads to the formation of an O/W emulsion. However, sedimentation is likely in the reversed O/W emulsion with a high water-phase resolution, which may be due to insufficient hydrophilic groups.
Figure 2 shows the variation in the ES value, conductivity, pH, and continuous phase resolution of the emulsion on the addition of the base. As the base concentration increases, the oil-phase resolution of the W/O emulsion stabilized by only RPEM is close to 0%. In addition, the ES value increases with the pH, indicating that the W/O emulsion stability increases under basic conditions.
[image: Figure 2]FIGURE 2 | (A) ES values (blue circles) and conductivities (red triangles) of emulsion stabilized by 2 wt% RPEM at room temperature (25 ± 5°C). (B) pH values of emulsion during reversion. (C) Continuous phase resolution of emulsion. (D) Images obtained 2 h after the emulsions were prepared.
We incorporated a secondary emulsifier (1% RZ-1) into the emulsion system to improve the emulsion reversion stability. Figure 3 shows the variation in the ES value, conductivity, pH, and continuous phase resolution of the pH-responsive emulsion stabilized by the emulsifier on the addition of an acid.
[image: Figure 3]FIGURE 3 | (A) ES values (blue circles) and conductivities (red triangles) of emulsion stabilized by two emulsifiers in a ratio of 2:1 at room temperature (25 ± 5°C). (B) pH values of emulsion during reversion. (C) Continuous phase resolution of emulsion. (D) Images obtained 2 h after the emulsions were prepared.
The initial ES value of the W/O emulsion stabilized by 2% RPEM and 1% RZ-1 is 435 V, which meets the API standard (ES > 400 V). As the acid concentration increases to 3%, the ES value decreases to 5 V. In addition, the conductivity increases to 0.57 ms/cm, indicating the reversion to an O/W emulsion. Even though the water-phase resolution of O/W emulsions is 25%, demulsification does not occur at any acid concentration. Therefore, by decreasing pH value from 7 to 5, the protonation of amine groups renders the increasing hydrophilicity of emulsifiers, leading to stable reversion from a W/O emulsion to an O/W emulsion.
Figure 4 shows the variation in the ES value, conductivity, and continuous phase resolution of the pH-responsive emulsion stabilized by the emulsifier on the addition of the base. The conductivity decreases as the base concentration increases. At a base concentration of 3%, the conductivity decreases to 0 ms/cm and the ES value increases to 100 V, suggesting the reversion from an O/W emulsion to a W/O emulsion. As the base concentration increases to 6%, the ES value of the W/O emulsion recovers back to 421 V and oil resolves minimally, indicating a stable W/O emulsion. Demulsification is not observed during the reversion from an O/W emulsion to a W/O emulsion.
[image: Figure 4]FIGURE 4 | (A) ES values (blue circles) and conductivities (red triangles) of emulsion stabilized by two emulsifiers in a ratio of 2:1 at room temperature (25 ± 5°C). (B) Continuous phase resolution of emulsion during reversion. (C) Images obtained 2 h after the emulsions were prepared. (D) Droplet size distributions for W/O emulsion and (E) O/W emulsion. The scale bar is 100 μm.
Figures 4D,E show that the mean emulsion droplet sizes of the W/O and O/W emulsions before and after emulsion reversion are less than 21 μm and uniformly distributed. It can be concluded that stable reversion from an O/W emulsion to a W/O emulsion and vice versa can be achieved by changing the pH values.
Drilling Fluid Performance
High-Temperature Resistance
We examined the performance of W/O and O/W emulsion-based drilling fluids. Drilling fluid was prepared using the optimal formula: 2 wt% PREM+1 wt% RZ-1+1 wt% organoclay+3 wt% filtrate loss reducer. The drilling fluid density was adjusted to 1.5 g/cm3 using barite. The drilling fluid was hot rolled for 16 h at various temperatures and then cooled to 65°C for performance testing according to the API standard. The results are presented in Table 1.
TABLE 1 | Performance of reversible drilling fluid at different hot-rolling temperatures.
[image: Table 1]Based on the API standard for oil-based drilling fluids, on-site practice requires an ES value above 400 V to ensure emulsification stability in a wellbore. Table 1 shows that the ES value of the W/O emulsion-based drilling fluid is over 400 V even after hot rolling at temperatures of 100–150°C, indicating excellent emulsion stability even at a low oil-to-water ratio. Normally, low oil-to-water ratio usually makes it difficult to maintain high emulsion stability and suitable rheology (Oltedal et al., 2015). The rheological properties of the O/W emulsion-based drilling fluid after reversion are similar to those of the W/O emulsion-based drilling fluid, and there is no severe demulsification or barite sag during emulsion reversion. This suggests that the W/O and O/W emulsion-based drilling fluids exhibit excellent rheology and low filtration loss (less than 10 ml), which meets drilling engineering requirements.
Sag Stability
In high-density drilling fluids, weighting materials tend to settle because of gravity. This might result in a loss of circulation, drilling-pipe sticking, well-control difficulty, and cementing problems (Elkatatny, 2018). In reversible drilling fluids, weighting materials must be transferred between the oil and water phases during emulsion reversion, which might increase density variation. Therefore, the sag stability of reversible drilling fluids was examined at a density of 1.5 g/cm3. The drilling fluid density variations at the top and bottom sections were measured for W/O and O/W emulsion-based drilling fluids, and the results are shown in Table 2.
TABLE 2 | Variation in density of reversible drilling fluid.
[image: Table 2]The SFs for both types of drilling fluids are less than 0.52, and the density variation is less than 0.05 g/cm3 (Table 2), confirming the prevention of barite sagging (Elkatatny, 2019). Weighting materials are well suspended in the system, and the density of the reversible drilling fluids is uniformly distributed, indicating excellent sedimentation ability.
A multiple light scattering analyzer is a nonintrusive instrument used to investigate destabilization mechanisms without dilution or stress (Mengual et al., 1999). The scattering and transmission rates for the W/O and O/W emulsion-based drilling fluids after hot rolling at 150°C for 16 h were measured, and the results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Transmission (top) and backscattering (bottom) profiles of (A) W/O and (B) O/W emulsion-based drilling fluids. (C) Stability kinetics over the entire sample height for the W/O and (D) O/W emulsion-based drilling fluids.
The backscattering (BS) rates for the W/O and O/W emulsion drilling fluids overlap for 1 h. The mean values of the backscattering rate for the test sample height are almost the same for 1 h, suggesting that the emulsions are uniformly distributed. There is no creaming or sedimentation. These results show that the reversible drilling fluids with a density of 1.5 g/cm3 achieve stable emulsion reversion even after hot rolling at 150°C for 16 h.
Contamination Test
Contamination, such as by saline water or drill cuttings, typically occurs when drilling into deep formations. Therefore, it is necessary to evaluate the performance of the reversible drilling fluids contaminated by various salts or drill cuttings. Table 3 shows the properties of the drilling fluid contaminated by saline water.
TABLE 3 | Properties of reversible drilling fluid contaminated by saline water.
[image: Table 3]The rheology of the contaminated reversible drilling fluid increases owing to the increased saline water ratio. More water droplets in the dispersed phase cause flow friction. On the other hand, the rheological properties for O/W emulsion are smaller than W/O emulsion when contaminated by saline water, as more continuous phase fraction for O/W emulsion. The ES values for the W/O emulsions remain above 400 V, indicating excellent salinity tolerance. The filtration loss for both W/O emulsion and O/W emulsion are less than 10 ml, which meets the API standard. These results show that the properties of the reversible drilling fluid can be adjusted to maintain stability in wellbores even exposed to gypsum formation.
Table 4 shows the properties of the reversible drilling fluid contaminated with drill cuttings. Both W/O and O/W emulsion drilling fluid show excellent resistance to drill cuttings contamination. The AV, PV, and YP of the reversible drilling fluid increase with the amount of drill cuttings owing to the overload solid content that resists flow mobility. However, the rheological properties and filtration loss properties are within an acceptable range when the drilling fluid is contaminated with 10% cuttings.
TABLE 4 | Properties of reversible drilling fluid contaminated by drill cuttings.
[image: Table 4]Cleanup Efficiency
In the case of conventional oil-based drilling fluids, large amounts of surfactants and complicated cleaning procedures are required to remove the residual drilling fluid and filter cakes from wellbores and drilling pipes for high-quality cement bonding. Reversible drilling fluids are expected to improve the cleanup efficiency. To verify this, the cleanup efficiency of the as-prepared reversible drilling fluid was investigated using a rotational viscometer with flushing acids, and the results are shown in Table 5; Figure 6.
TABLE 5 | Cleanup efficiency of reversible drilling fluid at different pH values.
[image: Table 5][image: Figure 6]FIGURE 6 | (A) Viscometer cylinder covered by reversible drilling fluid before washing. (B) Cleanup efficiency for reversible drilling fluid washed by acid at pH = 5 and (C) pH = 3.
The cleanup efficiency of the reversible drilling fluid increases as the pH decreases, and the viscometer cylinder surface returns to the water-wet state. The introduction of H+ ions into the system leads to the protonation of RPEM, which facilitates reversion to the O/W emulsion. Consequently, the residual O/W emulsion on the viscometer is easily washed by the inherently water-based flushing fluids used in the cementing procedure. Even though a high H+ concentration results in a high efficiency, it is suggested to use flushing fluids at a pH of 4–5 owing to the corrosion risk of metals exposed to acids. The cleanup efficiency of the reversible drilling fluid using flushing fluids at a pH of 4 is similar to that of using conventional surfactant flushing fluids.
Drilled Cutting Disposal
Oily drill cuttings that circulate on the surface cause severe environmental pollution. Therefore, it is necessary to investigate the possibility of reducing the oil content of the drill cuttings produced by reversible drilling fluids. The most common treatment technique used in the UK at present is indirect thermal desorption (Page et al., 2003). The oily drill cuttings produced by the reversible drilling fluid were washed with simple acids, and the resulting oil contents are shown in Table 6.
TABLE 6 | Reduction in oil content of drill cuttings generated by reversible drilling fluid.
[image: Table 6]As shown in ; Figure 7, the oil content of the drill cuttings reduces from 35.5% to 1.3% when they are exposed to acids. The lower pH values help reverse oil-wet drill cuttings into water-wet drill cuttings. Then, the drill cuttings return to their original orange color and easily disperse in water. In contrast, a high oil content remains for cuttings that are immersed in neutral liquids. Therefore, a reversible drilling fluid is beneficial for drilled cutting that are washed with acids, which provides a promising method to dispose oily drilled cuttings in cost-effective ways.
[image: Figure 7]FIGURE 7 | (A) Raw drill cuttings generated by reversible drilling fluid after hot rolling. (B) Drill cuttings washed by acid at pH = 6, (C) pH = 5, and (D) pH = 3 (D).
CONCLUSION
A type of pH-responsive drilling fluid with a temperature resistance up to 150°C and a density of 1.5 g/cm3 was prepared for deep or ultra-deep wells. Stable reversion from a W/O emulsion to an O/W emulsion and vice versa was realized, which paved the way for practical reversion in the wellbore for different geological formation. The W/O and O/W emulsions exhibited small droplet sizes and uniform distributions. The W/O and O/W emulsion-based drilling fluids showed excellent resistance to coalescence or sedimentation on the basis of light backscattering and SFs. There was no demulsification of the emulsions or barite sedimentation during emulsion reversion. The W/O and O/W emulsion-based drilling fluids showed similar properties after hot rolling at 150°C for 16 h. The W/O emulsion exhibited excellent resistance to contamination by saline water and drill cuttings. The residual W/O emulsion-based drilling fluid was washed with acids at a high efficiency. The oil content of the drill cuttings generated by the reversible W/O emulsion-based drilling fluid was reduced using acids.
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Shanxi Formation Shan 23 Submember transitional shale in Eastern Ordos Basin is characterized by high TOC value, wide distribution, and large single-layer/cumulative thickness. In this study, based on section division of Shan 23 Submember, petrographic, mineralogical, and high-resolution geochemical analyses were integrated to reveal sedimentary environment, detrital influx, paleoclimate, paleosalinity, and paleoredox conditions. Results indicate that Shan 23 Submember is divided into four sections (Shan 23-1, Shan 23-2, Shan 23-3, and Shan 23-4). The upper part of the Shan 23-1 section is dominated by bay facies, which is characterized by high TOC value (2.75%–10.96%, avg. 6.98%), low detrital influx proxies (Zr, 97–527 ppm, avg. 310 ppm; Ti, 1985–7591 ppm, avg. 3938 ppm), relatively dry paleoclimate condition (CIA*, 41.96–92.58, avg. 75.55; Sr/Cu, 6.23–14.49, avg. 8.87), high paleosalinity proxies (Sr/Ba, 0.39–1.29, avg. 0.62), and relatively anoxic reduction condition (UEF, 0.83–3.00, avg. 1.67; MoEF, 3.95–27.00, avg. 15.56). By comparison, the other three sections are dominated by a combination of transitional facies, including barrier island, lagoon, tidal flat, and swamp. In this interval, shale is deposited in lagoon facies. The paleoclimate gradually tends to be warm and humid, which results in increasing the chemical weathering intensity. Meanwhile, the detrital influx increases, and the paleoredox condition tends to be oxic. The above conditions are not conducive to the preservation of organic matter in lagoon facies shale.
Keywords: Permian, transitional facies, geochemistry, organic-rich shale, Ordos basin, Shan 23 Submember
INTRODUCTION
As an indispensable part of petroliferous basins, organic-rich shales play the role of source rocks and unconventional oil and gas reservoirs (Berry, 2010; Qiu et al., 2016; Sun et al., 2017; Guan et al., 2019; Zou et al., 2019; Zhang et al., 2020; Tang et al., 2021). Previous studies suggested that organic-rich shales can be formed in marine, continental, and marine-continental transitional environments, including bays, lagoons, deep shelves, semi-deep lakes, and deep lakes (Zou et al., 2015; Yang et al., 2017; Luo et al., 2018; Zhang et al., 2018; Wei et al., 2021). At present, marine shales are dominant in the known shale oil and gas reservoirs and have achieved large-scale and efficient development in the United States, Canada, and China (Zou et al., 2015; Qiu and Zou, 2020; Guan et al., 2021). However, there are relatively few reports of marine-continental transitional shale (Liang et al., 2018), which are limited to the Mesozoic and Cenozoic shales in the Powder River, the Gulf of Mexico, Sacramento and San Juan basins in the United States (Dong et al., 2021), the Bonaparte Basin in Australia (Hou et al., 2015), and Southern North China Basin and the Ordos Basin in China (Li et al., 2017; Liang et al., 2018; Li et al., 2019; Kuang et al., 2020).
The Permian marine-continental transitional shale of the Shanxi Formation in the Ordos Basin has the characteristics of large single-layer thickness, high organic matter abundance, moderate maturity, and good gas content (Kuang et al., 2020). It has huge geological resources and is expected to become a new strategic alternative resource for China’s natural gas industry. The Shanxi Formation Shan 23 Submember transitional facies shale is characterized by high TOC value, wide distribution, and large single-layer/cumulative thickness, which is the key target for the exploration and development of shale gas in the Ordos Basin (Kuang et al., 2020; Zhang et al., 2021). At present, the geological study on the transitional shale of the Shanxi Formation is still in the early stage (Dong et al., 2021). Previous studies concentrated on the evaluation of different lithofacies (Wu et al., 2021), macroscopic reservoir characteristics (Wei et al., 2020), microscopic pore structure, and gas content (Sun et al., 2017). Meanwhile, a few studies have been carried out on the sedimentary model of transitional shale, and many viewpoints have been proposed, including the lagoon model (Dong et al., 2021; Zhang et al., 2021), tide-dominated delta front model (Kuang et al., 2020), and bay model (Wu et al., 2021). However, due to the various types of sedimentary facies in the transitional environment, the rapid spatial variation, and the lack of systematic studies on unconventional oil and gas sedimentology, the corresponding geochemical study is rare. The development characteristics and distribution of organic-rich shale in transitional facies are unclear, and the sedimentary model of organic-rich shale is still controversial.
Geochemical analysis has been widely applied to reveal the paleoredox condition, paleosalinity, paleo-water depth, paleoproductivity, and detrital influx effect of organic-rich shales (Chen et al., 2020; Zhang et al., 2020; Zhang et al., 2021). Based on the section division of the Shan 23 Submember, this study combined high-resolution geochemical analyses with sedimentary facies characteristics (including petrology, mineral composition, TOC, major and trace elements, and key proxies) to discuss sedimentary environment (including detrital influx, paleosalinity, paleoredox, and paleoclimate condition) of the transitional shale in each section of the Shan 23 Submember. This study has reference and guiding significance for the exploration and development of transitional shale gas.
GEOLOGICAL SETTING
The Ordos Basin, with an area of 370,000 km2, is a typical cratonic basin developed on the Archean granulites and Lower Proterozoic greenschists of the North China Craton (Zhang et al., 2021) (Figure 1A). The Ordos Basin can be divided into six secondary structural units: Yimeng Uplift, Western Fold-Thrust Belt, Tianhuan Depression, Shenbei Slope, Jinxi Flexural Fold Belt, and Weibei Uplift.
[image: Figure 1]FIGURE 1 | (A) Paleogeographic reconstructions of the Eastern Asian blocks at 300 Ma with respect to the Ordos Basin. IC, MOB, NCB, NQ, Qm, and SCB indicate the Indochina, Mongolian, North China, North Qiangtang, Qaidam, and South China blocks/terranes, respectively, modified from Huang et al. (2018). (B) Location of the study area, North China. (C) Generalized stratigraphy of Shanxi Formation in the study area.
The study area, with an area of 4.5 × 104 km2, is located in the Eastern Ordos Basin (Figure 1B). During the Late Carboniferous period, the North China Craton continued to subside, while the North China sea transgressed into the eastern part of the basin in the N-S direction, creating a littoral shallow marine depositional environment. During the Early Permian Taiyuan Formation period, the transgression expanded and overlaid the central paleo-uplift to produce a unified epicontinental sea (Wu et al., 2021). During the Early Permian Shanxi Formation period, influenced by the Hercynian tectonic movement, the North China Craton uplifted as a whole, and the seawater gradually exited from the basin from both sides of the east and west. It was a transitional sedimentary stage between marine and continent under the background of the epeiric platform (Wu et al., 2021). Affected by tidal activities, the sedimentary system of the shore-shallow sea, lagoon, and tide-controlled delta was developed. To the Middle Permian Xiashihezi Formation period, the study area entered the continental sedimentary evolution stage with complete regression (Chen H et al., 2011). The Lower Permian Shanxi Formation is divided into the Shan 1 Member and Shan 2 Member. The Shan 2 Member is further divided into Shan 21 Submember, Shan 22 Submember, and Shan 23 Submember. The Shan 23 Submember is mainly composed of black and gray-black organic-rich shale, which is the target interval for shale gas exploration in the Eastern Ordos Basin. The Shan 23 Submember is further divided into four sections: Shan 23-1, Shan 23-2, Shan 23-3, and Shan 23-4 (Figure 1C).
METHODS
Sedimentological Characterization
The studied well carried out continuous coring in Shan 23 Submember. Core observation identified a different lithology, including coal, fine-grained sandstone, siltstone, silty mudstone, shale, and recorded the lithology combination of different sections. One hundred twenty-five thin sections of core samples were made, and the core observation results were further verified by Leica DM4 M optical microscope. Observation and description of typical sections were made in the study area, emphasizing sedimentary texture or structure.
Organic Matter Contents Analysis
TOC was measured by Leco carbon/sulfur analyzer in PetroChina Key Laboratory of Unconventional Oil and Gas Resources, and the analytical precisions are ±0.5%. The samples were treated with 10% hydrochloric acid to remove carbonates. The acid-treated sample was washed with distilled water to neutralize. Then, the sample was dried in an oven at 60°C–80°C. Dried samples were added to the cosolvent and fully burned in the high-temperature oxygen flow, ensuring that the organic carbon could be completely converted into carbon dioxide, and the content of total organic carbon was tested by an infrared detector.
Mineralogical Composition Analysis
Mineralogy and mineral compositions were determined and measured for 125 remaining samples corresponding to thin section identification, which do not correspond to the samples used for geochemical analyses, with a Rigaku SmartLab9 rotating anode X-ray diffractometer using 40 kV and 100 mA with a Cu Ka radiation. Stepwise scanning measurements were performed at a rate of 4°/min in the range of 3°–85°(2θ). The analytical uncertainties of XRD mineralogy analysis are estimated to be 2%. The relative mineral percentages were estimated using the K-value method. K-value is the positive correlation between the content of a certain mineral and the intensity of its characteristic diffraction peak.
Major Element Composition Analysis
The concentration of major elements (Al, Si, Ti, Ca, Fe, Mg, Mn, K, and Na) was determined by X-ray fluorescence (XRF) spectroscopy. The powder samples were used to eliminate the mineral and particle size effects and cast to suitable fused glass beads to fit the X-ray fluorescence spectrometer. The fluorescent X-ray intensity of the elements was measured. According to the calibration curve or equation, the interference effect between elements was corrected, and the element content was obtained. The accuracy of the XRF analysis is better than 1% for all major oxides.
Paleoclimate conditions were evaluated by the chemical index of alteration (CIA), which was calculated using the following formula (Nesbitt and Young, 1982; Price and Velbel, 2003; Liu et al., 2017):
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Trace Element Composition Analysis
Trace elemental concentrations were measured using inductively coupled plasma-mass spectrometry (ICP-MS). The samples were dissolved by hydrofluoric acid and nitric acid in a closed container. The hydrofluoric acid was wiped out by evaporation on the electric heating plate and then dissolved by nitric acid. After dilution, the samples were directly measured by ICP-MS. The analytical uncertainties are estimated to be 5%. The standard rock reference material (GSD-9) was used to monitor the analytical accuracy and precision.
Authigenic enrichment of the redox-sensitive trace elements was widely used to indicate redox changes in the water column (Algeo and Tribovillard, 2009; Algeo and Liu, 2020). The enrichment factor (EF) is calculated by comparing the Al-normalized metal concentration to those of the continental crust (Wedepohl, 1995). The calculation formula is as follows:
[image: image]
X represents the concentration of element X, and (X/Al)CC represents the X/Al ratio of the continental crust (Wedepohl, 1995).
RESULTS
Sedimentological Characteristics
Shan 23-1 Section
The lower part of the Shan 23-1 section of the studied well comprises frequent interbeds of grey silty mudstone and sandstone characterized by wavy bedding (Figure 2A). There are argillaceous bands between siltstones, representing the tidal flat environment with frequent changes in energy. The above characteristics are also observed in Chengjiazhuang Outcrop and Taitou Outcrop (Figures 3A,B). The upper part of the Shan 23-1 section comprises the grey-black organic-rich shale (Figure 2B), and the bedding structure is not developed. Marine bioclastics, such as ostracods, brachiopods, and crinoids, can be identified in hand specimens (Figure 3C), reflecting the marine bay environment (Figure 4).
[image: Figure 2]FIGURE 2 | Macroscopic and microscopic petrological characteristics for Shanxi Formation Shan 23 Submember shale from the studied well in the Eastern Ordos Basin. (A) Grey sandstone with wavy bedding showing argillaceous strips, Shan 23-1 section, 2,298.9 m. (B) Black organic-rich shale with horizontal bedding containing sponge spicules under plane-polarized light, Shan 23-1 section, 2,293.9 m. (C) Grey shale with horizontal bedding containing plant debris, Shan 23-2 section, 2,285.97 m. (D) Sandstone with parallel bedding, Shan 23-2 section, 2,284.6 m. (E) Coal, Shan 23-3 section, 2,284.13 m. (F) Silty mudstone, Shan 23-3 section, 2,281.79 m. (G) Grey shale with horizontal bedding, Shan 23-3 section, 2,278.18 m. (H) Silty mudstone, Shan 23-4 section, 2,270.37 m. (I) Dark-grey organic-rich shale with horizontal bedding, Shan 23-4 section, 2,267.55 m.
[image: Figure 3]FIGURE 3 | Sedimentary characteristics for Shanxi Formation Shan 23 Submember shale from outcrops in the Eastern Ordos Basin. (A) Frequent thin interbeds of siltstone and silty mudstone, Shan 23-1 section, Taitou Outcrop. (B) Medium-grained sandstone with cross-bedding, Shan 23-1 and Shan 23-2 sections, Chengjiazhuang Outcrop. (C) Organic-rich shale containing abundant marine bioclasts including crinoid and brachiopod, Shan 23-1 section, 2,294.89 m, studied well. (D) Shan 23-4 section, Chengjiazhuang Outcrop.
[image: Figure 4]FIGURE 4 | Stratigraphic column and vertical distribution of TOC content and sedimentary environment of the Shanxi Formation Shan 23 Submember shale from the studied well in Eastern Ordos.
Shan 23-2 Section
The observation results on the studied well and outcrops show that the lower part of the Shan 23-2 section comprises dark grey shale with horizontal bedding (Figure 2C). Many plant debris can be seen inside, representing the lagoon facies (Figure 2C). The upper part of this section comprises grey fine-grained sandstone and develops massive bedding (Figure 2D), representing barrier islands. Nevertheless, the upper part of the Shan 23-2 section in Chengjiazhuang Outcrop is dark yellow thick medium-coarse grained sandstone with large cross-bedding (Figure 3B). The scour surface of the medium-coarse grained sandstone can be observed at the bottom, and the top is flat (Figure 3B), reflecting the delta front environment (Figure 4).
Shan 23-3 Section
The lithologic column of the Shan 23-3 section in the studied well consists of a vertical variation of black coal (Figure 2E), grey silty mudstone, and dark grey shale. Coal represents a swamp, while silty mudstone represents a tidal flat (Figure 2F). Shale with horizontal bedding represents a lagoon (Figure 2G). Vertical lithology changes reflect rapid changes of the transitional environment under sea level changes (Figure 4).
Shan 23-4 Section
The lithology column of the Shan 23-4 section in the studied well also shows the vertical rapid change between black coal, grey silty mudstone (Figure 2H), and dark grey shale (Figure 2I). Coal interval represents a swamp, silty mudstone represents a tidal flat, and shale with horizontal bedding represents lagoon facies (Figure 3D).
TOC Content Characteristics
Based on testing results of transitional shale and coal, this study sorted out the TOC changes in each section of the Shan 23 Submember (Figure 4). There is no coal interval in the Shan 23-1 section, and the TOC of transitional shale varies widely, ranging from 0.26% to 10.96%, with an average of 5.11% (n = 12). The high TOC values are concentrated in 2,292.35–2,298.27 m. The B layer also does not develop coal seam. The TOC range of transitional shale in the Shan 23-2 section is small, distributed in 0.59%–2.14%; the average is only 1.41% (n = 6). In the Shan 23-3 section, the TOC value of coal interval is up to 21.26%. However, the range of the transitional shale is only 0.14%–7.32%, with an average of 1.83% (n = 9). In the Shan 23-4 section, the TOC value of the coal interval is up to 15.03%, and the range of transitional shale is only 0.24%–2.55%, with an average of 1.57% (n = 11).
Major Element Geochemistry
The variation trend of the major element concentration in different sections of the Shan 23 Submember is obvious (Figure 5). The Ca concentration of the Shan 23-1 section is higher than that of other sections. The Ca concentration ranges from 0.10% to 7.64%, with an average of 1.62% (n = 11). The Ca concentration in the Shan 23-2 section is 0.16%–0.85%, with an average of 0.43% (n = 9). The average Ca concentration in a high TOC interval (2,292.35–2,298.27 m) is 2.06%. The Ca concentration in the Shan 23-3 section is 0.09%–0.54%, with an average of 0.22% (n = 10). The Ca concentration in the Shan 23-4 section is 0.11%–1.57%, with an average of 0.41% (n = 11).
[image: Figure 5]FIGURE 5 | Major and trace elements’ concentrations for Shanxi Formation Shan 23 Submember shale from the studied well in the Eastern Ordos Basin. Dashed lines represent the upper continental crust value for each element (McLennan, 2001).
The Al concentration of the Shan 23-1 section is the lowest, but the Si concentration is the highest (Figure 5). The average Al concentration and Si is 7.25% (4.17%–14.08%, n = 11) and 30.58% (22.61%–36.87%, n = 11), respectively. The average concentration of Al and Si in the Shan 23-2 section is 9.57% (3.42%–19.29%, n = 9) and 26.41% (3.63%–33.98%, n = 9), respectively. The average concentration of Al and Si in the Shan 23-3 section is 11.63% (9.69%–16.34%, n = 10) and 28.31% (21.71%–32.90%, n = 10), respectively. The average concentration of Al and Si in the Shan 23-4 section is 11.38% (4.01%–18.39%, n = 11) and 24.37% (6.18%–29.64%, n = 11), respectively. The average concentration of Ti and Zr in the Shan 23-1 section is 4178 ppm (1985–7591 ppm, n = 11) and 315 ppm (97–527 ppm, n = 11), respectively. The average concentration of Ti and Zr in the Shan 23-2 section is 4185 ppm (840–9309 ppm, n = 9) and 460 ppm (159–1558 ppm, n = 9), respectively. The average concentration of Ti and Zr in the Shan 23-3 section is 6198 ppm (5592–7120 ppm, n = 10) and 386 ppm (305–520 ppm, n = 10), respectively. The average concentration of Ti and Zr in the Shan 23-4 section is 5205 ppm (2,611–6,378 ppm, n = 11) and 478 ppm (313–636 ppm, n = 11), respectively.
Trace Element Geochemistry
The concentration of indicator trace elements or their ratios have been widely used to analyze the paleoredox conditions, paleosalinity, paleoclimate, and paleoproductivity of sedimentary environment. The changes of trace elements and sedimentary environment geochemical indicators of transitional shale in each section are shown in Figures 5, 6. The CIA of the Shan 23-1 section is the lowest, ranging from 41.96 to 91.58, with an average of only 78.92 (n = 11). The CIA values of the Shan 23-2, Shan 23-3, and Shan 23-4 sections are similar, and the average values are 85.00 (78.58–94.79, n = 9), 87.10 (83.76–92.53, n = 10), and 85.63 (75.68–95.63, n = 11), respectively. The change trend of Sr/Cu is similar to that of CIA. The Sr/Cu of the Shan 23-1 section is relatively low, ranging from 2.91 to 14.49, and the average value is only 8.28 (n = 11). The average Sr/Cu ratios in the Shan 23-2, Shan 23-3, and Shan 23-4 sections are 12.75 (4.28–19.91, n = 9), 6.54 (4.81–8.62, n = 10), and 10.68 (1.19–24.18, n = 11), respectively.
[image: Figure 6]FIGURE 6 | TOC and trace elements ratios for Shanxi Formation Shan 23 Submember shale from the studied well in the Eastern Ordos Basin.
The variation trends of Sr/Ba, UEF, MoEF, and U/Th are opposite to those of CIA* and Sr/Cu (Figure 6). The average values of Sr/Ba, UEF, and MoEF in the Shan 23-1 section are 0.57 (0.39–1.29, n = 11), 14.63 (7.12–30.07, n = 11), and 126.18 (39.53–270.27, n = 11), respectively, which are significantly higher than those of the other three sections. The average values of U/Th in each section are similar, and the average values of the Shan 23-1, Shan 23-2, Shan 23-3, and Shan 23-4 sections are 0.24 (0.19–0.43, n = 11), 0.25 (0.17–0.44, n = 9), 0.20 (0.18–0.23, n = 9), and 0.22 (0.17–0.58, n = 11), respectively.
DISCUSSION
Detrital Influx Proxies
As an important element in rocks, the concentrations of Al, Ti, and Zr in rocks are almost not affected by weathering or diagenesis, so they are used to evaluate the impact of detrital influx (Li et al., 2017; Liu et al., 2021; Zhang et al., 2021). Al only exists in the clay minerals of fine-grained sedimentary rocks, while Ti and Zr are mainly assigned to clay, sand, and silt particles composed of ilmenite, rutile, and augite (Caplan and Bustin, 1998; Murphy et al., 2000). The detrital influx proxies, including Al, Ti, and Zr, are generally low in the Shan 23-1 section (Figure 5), especially in the high TOC interval (2,292.35–2,298.27 m). It is suggested that the terrestrial input in the Shan 23-1 section has little effect, which benefits the enrichment of marine fauna and corresponding organic matter. However, unlike other proxies, the Si concentration is high in the Shan 23-1 section (Figure 5), suggesting that biogenic silicon accounts for a considerable part. In contrast, the other three sections are greatly affected by detrital influx (Figure 5), which enters the deposition process of transitional shale through deltas and tidal channels. Zr/Al and Ti/Al ratios are thought to closely relate to the coarser part of the sediments (Bertrand et al., 1996; Caplan and Bustin, 1998). Good Ti-Al correlation indicates that Ti comes from the lattice of clay minerals or stable terrigenous clastic materials (Zhang et al., 2021). Zr usually exists in clay minerals or heavy minerals of silt size (e.g., zircons) (Rachold and Brumsack, 2001; Liu et al., 2017). Al and Ti show a good correlation in each section (Figure 7A), but the correlation between Al and Zr is poor in each section (Figure 7B).
[image: Figure 7]FIGURE 7 | (A) Crossplots of Ti-Al for Shanxi Formation Shan 23 Submember shale. (B) Crossplots of Zr-Al for Shanxi Formation Shan 23 Submember shale.
Paleoclimate Conditions
Paleoclimate not only affects ocean currents, water stratification, parent rock weathering, sediment erosion, and transport but also has an important impact on the species and population density of marine fauna (Zhang et al., 2005). The warm-humid climate is conducive to the atmospheric water cycle, accelerating the chemical weathering intensity, and causing the transportation of nutrients to marine or lake. In addition, a warm-humid climate is conducive to the prosperity of microorganisms in surface water and the burial amount of organic matter (Chen D et al., 2011).
Because the paleoclimate changes will affect the chemical composition of rocks to some extent, the paleoclimate of the sedimentary period can be reflected by the change of chemical composition of rocks in turn. Sr and Cu are very sensitive to climate, so the contents of these two elements can be used to reflect the paleoclimate conditions of sediments. Sr is likely to be lost due to weathering and leaching, while Cu is relatively stable (Zhang et al., 2021). Under warm conditions, due to strong chemical weathering, Sr is more easily lost, resulting in increased Sr/Cu in sediments. Under dry and hot conditions, the weathering intensity is relatively low, and more Sr elements remain in the parent rock, resulting in lower Sr/Cu values in sediments. The Sr/Cu ratio can be used to evaluate paleoclimatic conditions. For a dry and hot climate, the Sr/Cu ratio is between 1 and 5, while for a warm and humid climate, the Sr/Cu ratio is greater than 5 (Sarki Yandoka et al., 2015; Xu et al., 2017; Xie et al., 2018). The average Sr/Cu ratio of the Shan 23-1 section is only 8.28; especially, the Sr/Cu ratio of high TOC interval is the lowest in Shan 23 Submember (Figure 6). It is suggested that a relatively dry climate leads to a less detrital influx, which is conducive to the formation of organic-rich shale. The Sr/Cu ratio of the Shan 23-2 section is significantly higher than that of the Shan 23-1 section, indicating that the climate tends to be warm and humid (Figure 6).
CIA has been widely used to evaluate the chemical weathering intensity (Nesbitt and Young, 1982; Bai et al., 2015). In general, high CIA values suggested warm, humid paleoclimate and strong chemical weathering. Low CIA values reflect dry and cold paleoclimate and weak chemical weathering. Bai et al. (2015) proposed that when CIA was 50–65, it reflected the dry-cold climate under the background of low chemical weathering. When CIA is 65–85, it reflects the warm-wet climate under the background of moderate chemical weathering. When CIA is 85–100, it reflects the hot and humid paleoclimate under strong chemical weathering. The CIA* of the Shan 23-1 section is the lowest (Figure 6), which is in the middle range of chemical weathering, indicating that when the Shan 23-1 section is deposited, the climate is relatively dry, which is not conducive to chemical weathering. The CIA* values of the other three sections are similar (>85), which indicate that the climate tends to be warm and humid. It is conducive to improving the chemical weathering intensity. This scenario is also proved by the variation trend of the Sr/Cu ratio (Figure 6).
Paleo-Water Salinity
Paleosalinity records the salinity of ancient water in the sedimentary period, which provides important information for analyzing the sedimentary environment. Sr and Ba were considered two indicator elements sensitive to paleosalinity (Wang et al., 1979; Wang, 1996). Sr and Ba showed different enrichment in different sedimentary environments. In low salinity water, Sr and Ba existed in the soluble bicarbonate. With the increase of salinity, Ba gradually precipitated in the form of BaSO4, and the Ba concentration in water decreased compared with Sr (Wolgemuth and Broecker, 1970). In higher salinity waters, Sr is precipitated only in the form of SrSO4 (Wang et al., 1979). The enrichment of Sr in sediments is associated with an increase in salinity, so high Sr/Ba ratios indicate an increase in seawater depth and salinity (Chegrouche et al., 2009; Wei and Algeo, 2020). Therefore, the Sr/Ba ratio has been widely used to qualitatively evaluate paleosalinity (Zhang et al., 2017; Wei et al., 2018; Wei and Algeo, 2020). The Sr concentration and Sr/Ba ratio in sedimentary rocks have a strong positive linear relationship with paleosalinity, while the Ba content is negatively correlated with paleosalinity. Because Sr and Ca are similar in atomic radius, the Sr concentration may be much higher in sediments containing carbonate components. Before evaluating paleosalinity with the Sr/Ba ratio, the influence of carbonate rocks on Sr content must be excluded.
There is no correlation between CaO and the Sr/Ba ratio in each section (Figure 8A), which can exclude the influence of carbonate components. Wei and Algeo (2020) proposed that sedimentary Sr/Ba ratios of <0.2, 0.2–0.5, and >0.5 indicate freshwater, brackish, and marine water, respectively. Sr/Ba ratios are different in different sections (Figure 8B). The Shan 23-1 section is deposited in a brackish water-marine environment, and the average Sr/Ba ratio is 0.57. In particular, the average Sr/Ba ratio of organic-rich shale interval with high TOC is greater than 0.60, which may be greatly affected by seawater (Figure 8B). The Sr/Ba ratio of the Shan 23-2 section is slightly lower than that of the Shan 23-1 section, with an average of 0.52, which also reflects the sedimentary environment of brackish water. Sr/Ba ratios in the Shan 23-3 and Shan 23-4 sections decrease significantly, with the average values of 0.38 and 0.40, respectively, indicating a decrease in paleosalinity (Figure 8B). Combined with the change of terrestrial input index elements, it is suggested that, during the Shan 23-3 and Shan 23-4 period, the sea level decreased, the input of freshwater carrying terrestrial debris increased, and the influence of seawater on the sedimentary environment decreased.
[image: Figure 8]FIGURE 8 | (A) Correlation between Sr/Ba ratios and CaO content for Shanxi Formation Shan 23 Submember shale. (B) Paleo-water salinity facies for Shanxi Formation Shan 23 Submember shale.
Paleoredox Conditions
Trace element proxies such as U/Th, UEF, and MoEF were widely used to determine the redox conditions of paleo-water. Smaller proxies reflect a higher oxidation degree, and the larger ratio reflects a stronger reduction degree (Cao et al., 2018; Liu et al., 2018; Zhang et al., 2019; He et al., 2020). High U/Th ratios were consistent with highly reducing conditions, with U/Th > 1.25 representing suboxic/anoxic environments and U/Th < 0.75 representing normal oxic sedimentary environments (Hatch and Leventhal, 1992; Jones and Manning, 1994; Tribovillard et al., 2006). Authigenic Mo, authigenic U enrichment, and Mo-U covariant models have been used to elucidate redox conditions and water mass limitation (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009; Algeo and Liu, 2020). Overall, the oxic environment showed little or no enrichment of authigenic Mo and U, while the anoxic environment showed strong enrichment of authigenic Mo and U (Algeo and Tribovillard, 2009). The U/Th values of each section are less than 0.75, suggesting that the sedimentary environment is generally inclined to oxic conditions (Figure 6). The data points of the Shan 23 Submember are all located in the oxic area (Figure 9), which is consistent with the U/Th value. However, the variation trend of UEF and MoEF shows that the authigenic Mo and U in the high TOC interval are obviously enriched (Figure 6), and it is suggested that the sedimentary environment in this interval tends to be anoxic reduction conditions.
[image: Figure 9]FIGURE 9 | Authigenic Mo-U covariation patterns for Shanxi Formation Shan 23 Submember shale. The diagonal lines represent multiples (0.3, 1, and 3) of the Mo/U ratio of present-day seawater. Grey field represents the “unrestricted marine” trend, characteristic of depositional systems with no limited trace metal renewal. Yellow field represents the “particulate shuttle” trend, characteristic of environments in which intense redox cycling of metals occurs within the water column (Tribovillard et al., 2012).
SEDIMENTARY MODEL OF ORGANIC-RICH SHALE
During the Taiyuan period, the study area is controlled by a widespread epeiric platform. The gentle slope of the epeiric platform is easy to form a wide range of shallow water areas. Even a weak sea-level change can change the spatial distribution of sedimentary facies. During the late stage of the Taiyuan period, the central part of the study area is dominated by marine facies. The south and north of the study area are close to the provenance area, which are dominated by delta and tidal flat environments. The Shan 23-1 section inherited the sedimentary background of the Taiyuan period. With the rapid rise of the sea level, the central part of the study area has rapidly turned to bay facies (Figure 10A), and the paleoredox condition has changed from oxic condition to anoxic. Meanwhile, the sedimentary environment is dominated by brackish water-marine seawater. The climate is relatively dry, and the influence of detrital influx is limited. These conditions benefit the enrichment of marine fauna and preservation of organic matter in organic-rich shale. From the deposition of the Shan 23-2 section, the sea level shows a decreasing trend, and the influence of seawater on the sedimentary environment is weakened. The frequent changes in sea levels lead to frequent changes of sedimentary facies at the location of the studied well, which are lagoon facies, tidal flat facies, and swamp facies. Shale is deposited in the lagoon environment (Figure 10B). However, as the climate gradually tends to be warm and humid at this time, the intensity of chemical weathering increases, the input of terrigenous debris increases, and the sedimentary environment is an oxic condition. The preservation of organic matter in shale cannot benefit from this condition.
[image: Figure 10]FIGURE 10 | Sedimentary model of transitional shale for Shan 23-1 section (A) and the other three sections (B) (modified from Zhang et al., 2021).
CONCLUSION

1) Shanxi Formation Shan 23 Submember can be divided into four sections (Shan 23-1, Shan 23-2, Shan 23-3, and Shan 23-4). High TOC interval (2.75%–10.96%, avg. 6.98%) belongs to the upper part of the Shan 23-1 section. The high TOC interval is dominated by bay facies, which is characterized by low detrital influx proxies (Zr, 97–527 ppm, avg. 310 ppm; Ti, 1,985–7,591 ppm, avg. 3,938 ppm), relatively dry paleoclimate condition (CIA*, 41.96–92.58, avg. 75.55; Sr/Cu, 6.23–14.49, avg. 8.87), high paleosalinity proxies (Sr/Ba, 0.39–1.29, avg. 0.62), and relatively anoxic reduction condition (UEF, 0.83–3.00, avg. 1.67; MoEF, 3.95–27.00, avg. 15.56).
2) The vertical variations of sedimentological and geochemical characteristics suggest that the other three sections are dominated by fine-grained sandstone, silty mudstone, shale, and coal, representing barrier island, tidal flat, lagoon, and swamp facies, respectively. The paleoclimate gradually tends to be warm and humid (CIA*, 75.68–95.63, avg. 85.93; Sr/Cu, 1.19–24.18, avg. 9.92), which results in increasing the chemical weathering intensity. Meanwhile, the detrital influx proxies increase (Zr, 159–1,558 ppm, avg. 442 ppm; Ti, 840–9,309 ppm, avg. 5230 ppm), and the paleoredox condition tends to be oxic (UEF, 0.51–5.23, avg. 1.07; MoEF, 0.79–18.50, avg. 3.75). The above conditions are not conducive to the preservation of organic matter in lagoon facies shale.
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Pyrite is widely distributed in the Longmaxi marine shale in the Upper Yangtze area of China. Pyrite, one of the important components of shale, has an important influence on the enrichment of shale gas. However, there are currently only a few studies on this topic. Based on shale samples from drilling cores using field emission scanning electron microscopy, the pore characteristics of pyrite from the Longmaxi Formation in the Upper Yangtze area of China are studied. The results showed that the intergranular pores of pyrite and abundant organic pores in the organic matter pyrite assemblages are developed in the Longmaxi Formation shale in the study area. Most pyrite framboid pores have triangular or irregular quadrilateral shapes, with pore diameters ranging from 0 to 240 nm. Pores with diameters of 80–240 nm are the major reservoir spaces for shale gas within the pyrite framboids. The average contribution rate of pyrite framboids to shale pores reaches 3.21%, and the highest contribution is 5.66%, indicating that the pyrite pores may have a favorable contribution to the shale reservoir pore system, but the contribution degree is low.
Keywords: pore, pyrite, shale, Longmaxi formation, Upper Yangtze area
INTRODUCTION
In recent years, the exploration and development of shale gas have achieved a great success in North America and the Sichuan Basin in China (Hao et al., 2013; Chen et al., 2015; Zou et al., 2016; Chen et al., 2019; Shu et al., 2020), which has attracted worldwide attention. Nanopores in shale reservoirs are well developed in diverse types and structures, effectively providing storage space for shale gas. The structural characteristics of nanopores are important and difficult aspects of the theoretical study of shale gas geology (Ross and Bustin, 2008a; Clarkson et al., 2013). Pore characteristics are important determinants of the gas content in shale gas reservoirs and are the keys to shale reservoir evaluation. Therefore, studying the pore characteristics of reservoirs is of great significance for shale gas exploration, development, and resource potential evaluation (Loucks et al., 2009; Roger and Neal, 2011; Gao et al., 2019).
Scholars have performed many studies on the pore characteristics and structure of marine shale, including different types of pores, pore structures, and connectivity of shale gas reservoirs on different scales (Loucks et al., 2009; Kuila and Prasad, 2013; Zargari et al., 2015; Jiang et al., 2016; Zheng et al., 2019). Presently, the research contents on shale pore structure mainly focused on 1) shale pore classification (IUPAC, 1994; Slatt and O’Brien, 2011; Ruppel et al., 2012; Yu, 2013), 2) microstructural characteristics of shale pores (Loucks et al., 2009; Ross and Bustin, 2008b; Jiang et al., 2016), 3) formation mechanisms of shale pores and factors influencing pore development (Jarvie et al., 2007; Chalmers and Bustin, 2008; Zhang et al., 2016; Zheng et al., 2019), and 4) shale pore evolution (Chen and Xiao, 2014; Lu et al., 2015; Zargari et al., 2015; Tang et al., 2015). The results have shown that the organic matter type, maturity, and mineral composition are closely related to the pore structure (Kuila and Prasad, 2013; Duan et al., 2016; Wei et al., 2016). With increasing thermal evolution level, organic matter transforms to hydrocarbons, and nanopores are widely developed in organic-rich shale, thereby providing abundant storage space for shale gas. The major types of pores and fractures in shale reservoirs are organic pores, intragranular pores, intergranular pores, and microfractures. Nanopores mainly provide connected storage space for shale gas (Ruppel et al., 2012; Yu, 2013).
Current research studies on pyrite in shale mainly focuses on the following aspects: 1) the correlation between pyrite and the shale sedimentary environment (Wilkin et al., 1996; Raiswell et al., 1988; Butler and Rickard, 2000; Liu et al., 2019), and 2) the organic matter content is proportional to the pyrite content (Xu et al., 2015; Liu et al., 2016). Many scholars have found that pores related to pyrite in marine shale are universally developed (Bernard et al., 2012; Wang Q. et al., 2014; Cao et al., 2018; Zhao et al., 2018; Tang et al., 2019). Although shale pores are fully studied, there are few reports on pores related to pyrite in shale. To determine the development characteristics of pyrite pores, especially pores within the pyrite framboids and their geological significance, pyrite pores in the marine shale of the Longmaxi Formation in the Upper Yangtze area were studied in this research.
GEOLOGICAL SETTING
Organic-rich shale (TOC>2%) is well developed in the Wufeng Formation and the first member of the Longmaxi Formation in the Upper Yangtze area, and kerogen is mainly composed of sapropel (Types I-II1). The organic-rich shale is widely distributed in the Upper Yangtze area, with burial depths ranging from 1,500 m to 4,500 m. The Longmaxi marine shale is characterized by large thicknesses (20–50 m), high TOC, and high maturity, and is one of the most favorable shale gas exploration targets in China (Zou et al., 2014; Guo, 2015; Tenger et al., 2017; Shan et al., 2017).
Previous studies have shown that the high-quality shale section of the Longmaxi Formation is mainly in S1l1, which can be divided into two sub sections. S1l11 is the most favorable interval for the exploration and development of high-quality shale in the Longmaxi Formation (Zou et al., 2016). S1l11 can be divided into 4 sub-layers (Zhao et al., 2016). The study area is mainly in the Upper Yangtze region. Taking well X2 as an example, S1l11 mainly contains gray–black and black silty shale with a thickness of approximately 36 m (Figure 1).
[image: Figure 1]FIGURE 1 | Location of the study area and stratigraphic column of the Longmaxi Formation and the gamma-ray log of the X2 well (Wang et al., 2002).
S1l11−1 contains black silty shale with a thickness of approximately 1.2 m, the TOC contents are within 3–6%, and the pyrite contents are within 2–8%. S1l11−2 comprises gray–black silty shale and carbonaceous shale with a thickness of approximately 9.5 m. The TOC contents are within 3–4%, and the pyrite contents are within 2–6%. S1l11−3 contains gray–black carbonaceous shale and silty shale, is approximately 8.5 m thick, and has TOC contents within 2–4% and pyrite contents within 2–8%. S1l11−4 comprises gray–black shale and silty shale, has a thickness of approximately 23.2 m, and low TOC contents of 1.5–2.5% and pyrite contents of 1–4% (Figure 1).
MATERIALS AND METHODS
To characterize the pores related to pyrite in the Longmaxi Formation shale in the Upper Yangtze area, eight shale samples from drilling cores of well X2 drill cores were used in this study for argon ion polishing field emission scanning electron microscopy (FE-SEM) analysis and quantitative characterization experiments of pores in pyrite (Table 1).
TABLE 1 | Information of shale samples in well X2.
[image: Table 1]FE-SEM
Core samples were cut into standard samples of 1 cm × 1 cm. Then, an IB-09010CP ion section polishing instrument was used for argon ion polishing processing on the surfaces of the samples. A JSM-6700F cold field emission scanning electron microscope was used for image collection at a 10 KV acceleration voltage and 10 μA beam current.
Pyrite Content
First, the shale rock sample was dried and crushed into a powder with a grain size less than 40 μm, and finally made into a test piece for later use. Each type of mineral crystal has a specific X-ray diffraction spectrum through which qualitative and quantitative results can be obtained because the characteristic peak strength in the spectrum is related to the mineral content of the sample. The XRD test was accomplished by using the Panalytical X'Pert PRO MPD X-ray diffractometer.
Quantitative Characterization of Pyrite Pores
To quantitatively study the contribution of pores within the pyrite framboids to the total porosity of the shale reservoir, the following technical methods were applied: 1) FE-SEM (scanning electron microscope) was used to obtain microscopic images of shale, and the shale images were magnified to the μm–nm scale to observe the pyrite framboids; 2) image analysis software was used for image gray level segmentation to calculate the area of pyrite and shale pores; 3) pyrite framboids were demarcated, multiple individual pyrite framboids were selected to calculate the development area of pyrite framboids, and the pore area and aperture of developed pores in the microscopic area were ascertained to calculate the average face rate of pore development in pyrite framboids; and 4) the approximate contributions of pyrite framboids to the total porosity of shale were quantitatively represented by multiplying the area percentage of pyrite area in the microscopic image by the average face rate of pyrite framboids and by dividing by the total face rate of shale in the microscopic image (Figure 2).
[image: Figure 2]FIGURE 2 | Flowchart for quantitative characterization of pores in pyrite in the Longmaxi shale.
RESULTS AND DISCUSSION
Pore Types in Pyrite in Shale
The common pore types in pyrite in the Longmaxi Formation shale in the Upper Yangtze area are as follows: abundant organic pores are developed in the organic matter pyrite assemblages; these pores are the most common type of pores that are closely related to pyrite in the Longmaxi Formation shale (Figure 3). A small number of irregular intercrystalline pores are found within the pyrite framboids, appearing as monomers, composed of pyrite microcrystalline groups but not filled by organic matter (Figure 3D). Intergranular and organic pores in pyrite can provide space for the preservation of shale gas.
[image: Figure 3]FIGURE 3 | Common pore types associated with pyrite in the Longmaxi Formation shale in the southeastern basin. (A) Organic pore in pyrite framboid, X2 well, 2376.05 m; (B) organic pore in pyrite framboid, X2 well, 2385.42 m; (C) organic pore in pyrite framboid, X2 well, 2385.42 m; (D) intergranular pore of pyrite, X2 well, 2335.30 m.
According to FE-SEM analysis, the organic pores related to pyrite (Figure 3, B1, C1) are much more numerous and larger than individual organic pores that are developed far away from the pyrite (Figure 3, B2, C2), which means that pyrite may influence hydrocarbon generation and expulsion of organic matter and pore development. Organic pores in the organic matter pyrite assemblages mainly occur for the following two reasons: 1) The organic pores in pyrite as shown in Figure 3A are supported and protected by the stable triangular stress lattice generated between pyrite microcrystalline grains from later diagenesis (compaction) (Sun and Guo, 2017; Zhao et al., 2018). 2) Pyrite can catalyze the hydrocarbon generation of organic matter, which promotes the development of more organic pores in organic matter around pyrite (Hunt et al., 1991; Mango, 1992; Cui et al., 2013; Wang Y. M. et al., 2014; Cai et al., 2016; Ma et al., 2017).
Characteristics of Nanopores in Pyrite
Pyrite occurs mainly in the form of pyrite framboids in shale. Nanopores (intergranular pores and organic pores in pyrite framboids) are one of the basic reservoir pore types in shale (Loucks et al., 2009; Yu, 2013; Curtis et al., 2012; Guo et al., 2014) and play an important role in the shale reservoir pore system (Hu et al., 2015; Cao et al., 2018).
According to the FE-SEM analysis of the shale samples from well X2, the pore characteristics of pyrite framboids in shale are studied. According to the research, the organic pores of pyrite framboids in sample 1 are well developed and have a face rate reaching 7.01%. The pore diameter is relatively dispersive and is mainly divided into two categories: pores with a diameter of <80 nm account for 72.12%, with an area frequency of 5.41%, and pores with a diameter of 80–240 nm account for 22.96%, with an area frequency of 47.68%. In sample 2, the pore diameters of pyrite framboids are relatively dispersed and are within 0–280 nm, with a face rate of 3.35%; these pore diameters are mainly divided into two categories: pores with a diameter of <80 nm account for 61.94%, with an area frequency of 22.19%, and pores with a diameter of 80–240 nm account for 37.17%, with an area frequency of 71.64%. In sample 3, pyrite framboids are well crystallized in an ellipsoidal shape, with the face rate reaching 1.47%. The pore diameters of pyrite framboids are relatively small overall and are <80 nm, with an area frequency of 58.44%. In sample 5, pyrite framboids show relatively inferior crystallization, with a face rate of 4.10%. The pore diameters are concentrated within <80 nm and from 80 to 240 nm overall, with pore diameter frequencies of 51.97 and 45.1% and area frequencies of 13.95 and 76.96%. In sample 7, organic pores are well developed within the dispersive microcrystalline pyrite with a face rate reaching 4.70%. The pores are mainly divided into two categories: pores with a diameter of <80 nm account for 72.84%, with an area frequency of 14.89% and pores with a diameter of 40–100 nm account for 22.22%, with an area frequency of 44.06% (Table 2; Figure 4).
TABLE 2 | Pore development characteristics of pyrite framboids.
[image: Table 2][image: Figure 4]FIGURE 4 | Quantitative characterization of pores in pyrite framboids of shale samples from X2 well. 1, Black shale, X2 well, 2330.46 m; 2, black shale, X2 well, 2335.30 m; 3, black shale, X2 well, 2346.50 m; 5, black shale, X2 well, 2366.74 m; 7, black shale, X2 well, 2402.55 m.
Overall, pores in pyrite framboids mostly occur in triangular and trapezoidal shapes, with diameters universally smaller than 320 nm. The diameters of pores in pyrite framboids are 0–240 nm, mostly within 0–120 nm. More than 95% of the pores are smaller than 240 nm. Although most pores in pyrite framboids are in the range of 0–80 nm, their pore area ratios are relatively low, generally lower than 15%. Their contributions to pyrite pores are also low. The pores in pyrite framboids with diameters of 80–240 nm, which account for 40–75% of the pore area, are the primary storage spaces for shale gas in the pyrite framboids. Pores larger than 240 nm are less than 5%. In general, the larger the pore is, the larger the face rate will be and the better the storage property of pyrite will be.
Contributions of Nanopores in Pyrite to Shale Reservoir Pores
Taking multiple photographs (greater than or equal to 200 for every sample) of 8 shale samples in different visual fields by using FE-SEM and then calculating observation statistics on the pores in the pyrite framboids, the results showed that intracrystalline and organic pores are developed in pyrite framboid aggregates, with organic pores prevailing. For pyrite framboid aggregates (containing pyrite microcrystals) in shale, the area ratio values are 0.95–2.34%, with an average of 1.59%, and the face rate values are 1.47–6.43%, with an average of 4.26%. In addition, the face rate values of all pores in shale are 1.34–2.86%, with an average of 2.13%. The contribution of pores in pyrite to the pores in shale is 1.09–5.66%, with an average of 3.21%. These pores can not only increase the shale reservoir space and specific surface area of shale but also reserve free gas and promote the enrichment of shale gas in the Longmaxi Formation. It is shown that the pores in pyrite in shale have favorable contributions to the shale reservoir pore system (Table 3).
TABLE 3 | Quantitative statistical results of pores in pyrite framboids of shale samples from X2 well.
[image: Table 3]CONCLUSION
The intergranular pores in pyrite and abundant organic pores in the organic matter pyrite assemblages are well developed in the Longmaxi Formation shale in the Upper Yangtze area of China. Pyrite framboids are the major forms of pyrite in shale, and most pyrite framboids pores occur in triangular or irregular quadrilateral shapes, with pore diameters mainly between 0 and 240 nm. Pores with diameters of 80–240 nm are the major reservoir spaces for shale gas in the pyrite framboids. For pyrite framboid aggregates (containing pyrite microcrystals) in shale, the face rate values are 1.47–6.43%, with an average of 4.26%, and its contributions to the pores in shale are 1.09–5.66%, with an average of 3.21%, which indicates that pyrite pores in shale may be favorable to the shale reservoir pore system. These pores can not only increase the shale reservoir space and specific surface area of shale but also reserve free gas and promote the enrichment of shale gas in the Longmaxi Formation.
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The Yangtze region in southern China is endowed with abundant marine shale gas. Methane molecules exist in either adsorption state or free state in postmature marine shales, depending on the components of shales. In this study, the core samples of the selected well in the Lower Silurian Longmaxi Fm. shales from the Sichuan Basin, upper Yangtze region, southern China, were taken as study objects. We carried out TOC content, organic matter maturity, mineral component, and core gas content analyses and isothermal adsorption, FIB-SEM, and FIB-HIM experiments to analyze the occurrence state of methane molecules in postmature marine shales. The conclusions are as follows: most methane molecules exist in the organic matter pores of the postmature marine shales, and only a small amount of them exist in clay mineral pores. The organic matter pores in organic-rich shales are large in number with excellent roundness and are well connected, with large pores covering small ones. Thus, abundant free gas can be stored in the organic matter pores and pore throats, making it possible to densely and continuously adsorb methane molecules with a relatively large adsorption space. The flake-shaped clay minerals have a small number of pores with low roundness. Among the three clay minerals in postmature marine shales of the Longmaxi Fm., the I/S mixed layer offers certain reservoir spaces for adsorbed and free gases and chlorite stores a little adsorbed gas and little free gas, while illite hardly stores the adsorbed gas but contains a little free gas.
Keywords: postmature marine shales, methane molecules, free gas, adsorbed gas, organic matter pore, clay mineral pore
HIGHLIGHTS

(1) The organic matter pores in organic-rich shales are well connected and round, presenting a structure where large pores covering small ones. The flake-shaped clay minerals have a small number of pores with low roundness.
(2) Abundant free gas can be stored in the organic matter pores and pore throats, so the pores can continuously adsorb methane molecules with a relatively large adsorption space.
(3) Among the three clay minerals in postmature marine shales of the Longmaxi Fm., the I/S mixed layer offers some reservoir spaces for adsorbed and free gases. Chlorite stores a little adsorbed gas and little free gas, while illite hardly stores the adsorbed gas but contains some free gas.
INTRODUCTION
In recent years, thanks to the advancement of unconventional geological theory, horizontal drilling technology, and hydraulic fracturing technology, shale gas exploration has scored a complete success in North America, changing the world energy use structure (Święch et al., 2017). Similar to North America, China has gas-bearing basins with enormous exploration potential in shale gas resources, and the examples include the Sichuan Basin, Ordos Basin, Junggar Basin, Songliao Basin, and Bohai Bay Basin (Wei et al., 2017; Zhang et al., 2019d; Wang, 2019; Avraam et al., 2020; Wang et al., 2020a; Gao et al., 2020). The China National Petroleum Corporation and China Petrochemical Corporation have had several successful explorations in postmature marine shales in the Lower Silurian Longmaxi Fm. and its surroundings. Shale gas fields have been built in southern Sichuan, southeast Sichuan, and north Yunnan and Guizhou, with high yields of shale gas (Dong et al., 2018; Guo et al., 2019; Ma, 2019; Shang Xu et al., 2020; Xu et al., 2020). Shale gas can be divided into free gas and adsorbed gas based on the occurrence state. The former exists in the reservoir space of shales, and the latter is adsorbed onto the inner surface of the organic matter and clay minerals. Meanwhile, the adsorbed gas could transform into free gas at a specific temperature and pressure (Huang and Zhao, 2017; Chen et al., 2019; Guo et al., 2019; Kang et al., 2019; Yu et al., 2022).
Scholars have studied the occurrence state of methane molecules in shales. Li et al. (2020) compared the immature shale samples in the extended formation of the Ordos Basin and mature shale samples in the Longmaxi Fm. They concluded that the shale gas first achieved saturated adsorption and partial dissolution with the increase in maturity before it was reserved in the pores as free gas. Finally, the dynamic balance was achieved between the adsorbed gas and free gas. The mentioned process corresponded with four occurrence evolution stages: adsorption, pores filling, fracture filling, and reservoir formation. Lv et al. (2020) carried out the physical experiment and mathematical model and studied the low-temperature liquid nitrogen adsorption experiment and scanning electron microscopy experiment. Pore characteristics and methane features of shales in the Longmaxi Fm. were studied based on the molecular dynamics method. It was found that, with the increase in buried depth, the free gas content rocketed, outnumbering the adsorbed gas in the Longmaxi Fm. According to the methane adsorption features of shales in the Longmaxi Formation reservoir, with the changes in pore volume, the methane adsorption potential changed from positive to negative and ended up close to zero. The zero point means no methane molecules were adsorbed on the pore wall and that the occurrence state was mainly free instead of the adsorption state. As the shale gas has unequal adsorption mechanisms in different mineral pores, Xu et al. (2020) adopted Material Studio to simulate the occurrence state of shale gas in pore models of three minerals (kerogen, clay minerals, and quartz) and studied the adsorption mechanisms of shale gas in different mineral pores. The result showed that kerogen had the highest adsorption capacity, higher than that of clay minerals and then quartz. Moreover, the primary cause of massive variance in the adsorption capacity of organic matter, clay minerals, and clastic minerals lies in the adsorption sites’ gas characteristics on the mineral surface.
In these years, massive exploration and advanced experiments on shale gas provided more data on the analysis of the adsorption state of methane in postmature marine shales with different agents. The research object in this study is the shales of the Lower Silurian Longmaxi Fm. of the upper Yangtze region in southern China. The SWY-1 well and the cores were selected for the total organic carbon (TOC) content analysis, organic matter maturity analysis, total gas content analysis, isothermal adsorption experiment, and scanning electron microscope observation. The ultimate aim is to clarify the occurrence of methane molecules in postmature marine shales (Figure 1).
[image: Figure 1]FIGURE 1 | Distribution of the well SWY-1 and the southern Sichuan Basin in southern China, modified from the work of He et al., 2021, and Jiang et al., 2022.
GEOLOGICAL SETTINGS
Sedimentary and Stratum Characteristics
Based on previous studies, the upper Yangtze area was flanked by the Cathaysian Plate, forming an interior Cratonic sagging basin during the Late Ordovician–Early Silurian. The sedimentary strata formed in the Late Ordovician in the upper Yangtze area is referred to as Wefeng Fm., and that formed in the Early Silurian is called the Longmaxi Fm., which can be further divided into members 1, 2, and 3. The first member of the Longmaxi Fm., whose shales have different lithologies, was taken as the main study object. Specifically, the lower part of this member is primarily the black organic-rich siliceous shale, while dark gray shale, silty shale, and siltstone exist in the upper segment (Mei et al., 2012; Wang et al., 2015; Mou et al., 2019; Zhang et al., 2019a; Zhang et al., 2020b).
Tectonic Characteristics
According to previous research (Li et al., 1995; Li et al., 2002; Wang and Li, 2003; Zhang et al., 2017; Li et al., 2021), southern China has two plates of primary continental crust, i.e., the Yangtze Plate and Cathaysian Plate in the early Mesoproterozoic, which are in a state of tension during the Lower Cambrian when massive transgression took place. Consequently, a set of organic-rich shales covering almost the whole plate became sediment. Afterward, the water became shallow, and the lithology changed from fine shale and silty shale into coarse clastic rocks such as siltstone and sandstone. During the Ordovician, the water body was shallower due to the extrusion and collision of the Cathaysian Plate, and the clastic rocks changed into carbonate rocks. The massive transgression reoccurred in the Upper Ordovician–Lower Silurian, restoring the sedimentary system of clastic rocks. Meanwhile, a set of sedimentary organic-rich shales were formed in the deep shelf surrounded by the ancient land. During the Cambrian–Silurian, the Cathaysian Plate gradually subducted down to and collided with the Yangtze Plate. Until the end of the Silurian, the Yangtze and Cathaysian Plates merged into a unified South China Plate.
SAMPLES, EXPERIMENTS, AND DATA SOURCES
Table 1 shows the depth of 12 core samples selected from the shales in the well SWY-1 of the Longmaxi Fm. In this study, the TOC content was measured using a Sievers 860 TOC content analyzer, and the maturity of organic matter was analyzed by using a ZEISS Imager A2m, J&M MSP200 polarizing fluorescence microscope. In addition, the YST-I mineral analyzer was employed in X-ray mineral-wide and clay mineral analysis, and the 200812A shale gas content analyzer was used to test the gas content of cores in the well. An isothermal adsorption experiment was conducted using an HPVA-200-4 isothermal adsorption instrument at 110°C. FIB-SEM (focused ion beam-scanning electron microscopy) experiment was operated by using the Helios NanoLab 660, and FIB-HIM (focused ion beam-helium ion microscopy) was conducted by using the Zeiss Orion NanoFab. Some of the experimental data in this article came from the referred works (Guo et al., 2019; He et al., 2021; Jiang et al., 2022).
TABLE 1 | Location and depth of core samples.
[image: Table 1]RESULTS AND DISCUSSION
According to the test, the average maturity of organic matter in shales in the well SWY-1 of the Longmaxi Fm. was 2.1%, meaning the shale studied was the postmature marine shale. TOC content analysis, mineral component analysis, and isothermal adsorption experiment were conducted on the 12 shale core samples, and the results are shown in Tables 2–4. Langmuir volume refers to the maximum adsorbing capacity, whose physical denotation is the adsorbed gas content when the shales are saturated with methane at a given temperature, and the unit is m3/t. The Langmuir pressure means the corresponding pressure of half Langmuir in volume with the unit MPa (Chalmers and Bustin, 2008; Ji et al., 2014; Ji et al., 2015; Ji et al., 2016; Zhang et al., 2019b; Zhang et al., 2019c). Based on the following Langmuir equation, the shales’ adsorption content of methane under any pressure can be calculated.
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where V refers to the adsorption content of the samples under formation pressure P, with m3/t as the unit; P means the formation pressure, with MPa as the unit; P = 1 × 9.81×H/1000, where H is the depth, and its unit is m; VL refers to the volume of Langmuir; and PL refers to the pressure of Langmuir.
TABLE 2 | Analysis results of the mineral components of core samples.
[image: Table 2]TABLE 3 | Analysis results of the TOC contents and clay mineral components of core samples.
[image: Table 3]TABLE 4 | Analysis results of the Langmuir volume, Langmuir pressure, adsorbed gas, and total gas content of the core samples.
[image: Table 4]According to the depth and the equation mentioned earlier, the formation pressure can be calculated. The adsorption content of the shale can be achieved based on the Langmuir volume, pressure, and formation pressure. The adsorbed gas is subtracted from the total gas content in shales to get the free gas content, and the results are presented in Table 4.
This study conducted a correlation analysis on free gas content, adsorbed gas, TOC content, clay mineral content, I/S mixed layer, illite, and chlorite, respectively, and the results are presented in Figures 2–5. From Figure 2, it can be seen that the free gas content has positive relativity with the TOC content, while it negatively correlates with the clay mineral content before they are positively correlated. With further analysis on the free gas content and clay mineral components, as shown in Figure 3, free gas is first negatively correlated and then positively correlated with the I/S mixed layer and illite content. Meanwhile, the free gas content has a negative relation with the chlorite content. These results show that the free gas mainly exists in the pores of the organic matter. Little can be found in the I/S mixed layer and illite and none in chlorite.
[image: Figure 2]FIGURE 2 | Correlation analysis on the free gas content with the TOC content and clay mineral content. It can be seen that the free gas content is positively correlated with the TOC content, and it first negatively correlates and then positively correlates with clay minerals.
[image: Figure 3]FIGURE 3 | Correlation analysis on the free gas content with the I/S mixed layer, illite, and chlorite. It could be seen that free gas is first negatively correlated and then positively correlated with the I/S mixed layer and illite content, while the free gas has negative relativity with chlorite.
According to Figure 4, the adsorbed gas content is positively correlated with the TOC content and negatively correlated with clay mineral components. More analysis was conducted on the adsorbed gas content and mineral components. From Figure 5, the adsorbed gas content is first negatively correlated and then positively correlated with the I/S mixed layer and chlorite. Meanwhile, it has a negative relation with the illite content. These results show that the adsorbed gas mainly exists in the pores of organic matter. Little can be found in the I/S mixed layer and chlorite and none in illite.
[image: Figure 4]FIGURE 4 | Correlation analysis on the adsorption gas content with the TOC content and clay minerals. It can be seen that the adsorbed gas is positively correlated with the TOC content and negatively correlated with clay minerals.
[image: Figure 5]FIGURE 5 | Correlation analysis on the adsorbed gas with the I/S mixed layer, illite, and chlorite. It could be seen that the adsorbed gas is first negatively correlated and then positively correlated with the I/S mixed layer and the chlorite content and it negatively correlates with illite.
The followings are the analyses of the causes. On the one hand, the strata water content primarily affects shales’ capacity of storing methane because the water molecules occupy the reservoir space of free methane molecules and the adsorption sites of those in the adsorption state (Chen et al., 2017; Zhang et al., 2020a; Zhang et al., 2020c; Huang et al., 2020; Liu et al., 2021a; Liu et al., 2021b). As the strata shale reservoir usually contains water and the clay minerals have hydrophilicity, in underground reservoirs, the storage capacity of clay minerals tends to be inhibited. When there are enough clay minerals, the storage capacity will be presented (Chen et al., 2016; Zuo et al., 2019; Wang et al., 2020b; Zhang et al., 2022).
On the other hand, according to previous studies, some suppose that the adsorption sites are more intensive on the surface of organic matters, leading to better adsorption capacity. Gas molecules have a discrete distribution on the clay mineral surface and a relatively continuous distribution on the organic matter surface (Chen et al., 2018; Xia et al., 2020; Gao, 2021; Guo et al., 2021; Shan et al., 2021). In addition, specific surface areas can influence the adsorption capacity to a large extent. Through comparison, it was found that the organic matter > I/S mixed layer > chlorite > illite in terms of the specific surface area of components in shales, which in organic matters outnumbers that in clay minerals.
The shale pore characteristics can be observed using a scanning electron microscope, from which it was seen that the FIB-SEM image has the largest grayscale, and the grayscale composed of different shale materials drops with the decrease in molecules. This means that the grayscale of the organic matter in the FIB-SEM image is higher than that of inorganic minerals (Tang et al., 2016; Wang et al., 2016a; Wang et al., 2016b; Wang et al., 2017). According to the FIB-SEM image in Figures 6A,B, tremendous organic matter pores exist in shales with relatively high roundness. The FIB-SEM image in Figures 6C,D shows clay mineral pores in shales, triangles, and flakes in shape with low roundness (Li et al., 2017a; Li et al., 2017b; Wang et al., 2020c).
[image: Figure 6]FIGURE 6 | FIB-SEM image (A–D), the FIB-HIM image (E), and the well SWY-1, Longmaxi Fm. (A) 4080.01 m, (B) 4089.63 m, (C) 4053.95 m, (D) 4072.92 m, and (E) 4089.63 m.
The FIB-HIM image can reflect interior pore situations, presenting a 3D effect of the two-dimensional image. Different from the FIB-SEM image, the grayscale in FIB-HIM increases with the decrease in molecules, which means its organic matter grayscale is lower than inorganic minerals. From Figure 6E, it can be seen that many tiny pores are embedded in the large organic matter pores, resulting in high connectivity and an alveolate structure.
Based on the earlier analysis, this study summarized the occurrence state of methane in postmature marine shales. As shown in Figure 7A, the organic matter pore is approximately round. The pores are large in amount with excellent connectivity. The huge space between pores and inside the pore throat can store abundant free gas. The inner surface of the organic matter pore and throat adsorb methane molecules densely and successively (Li et al., 2018; Wang et al., 2020d; Hou et al., 2020; Xiao et al., 2020). The large pore-specific surface area of organic matter offers methane molecules with more adsorption spaces.
[image: Figure 7]FIGURE 7 | Occurrence state mode of methane molecules in postmature marine shales. (A) Methane molecules mainly occur in organic matter pores. Those in the adsorption state occur on the inner surface of organic matter pores and pore throats, and those in the free state exist in pores and throats. (B) A few methane molecules exist in clay mineral pores. Those in the adsorption state occur on the inner surface of the I/S mixed layer and chlorite, and those in the free state exist in pores formed by the I/S mixed layer and chlorite.
As shown in Figure 7B, the clay mineral pores are flaky in shape. Thus, they are prone to contain water compared with organic matter pores. With a smaller pore-specific surface area, the clay minerals have a loose surface, so the adsorption of methane proceeds with interruptions. Among the three clay minerals in postmature marine shales in the Longmaxi Fm., the I/S mixed layer has the largest mineral layer spacing with powerful adsorption capacity, offering reservoir spaces for free gas and adsorbed methane molecules. Chlorite has average adsorption capacity, but due to its small mineral layer spacing, it only stores a little adsorbed gas and rare free gas. As for illite, it has poor methane adsorption capacity with certain mineral layer spacing. Thus, adsorbed gas can hardly be stored, and only a small amount of free gas could be gathered in illite.
CONCLUSION
In this study, the cores selected from the shales of the Lower Silurian Longmaxi Fm. of the upper Yangtze region in southern China were taken as study objects. The analyses of TOC content, organic matter maturity, and mineral components and experiments on core gas content, isothermal adsorption, FIB-SEM, and FIB-HIM were conducted. The following results were obtained based on analyzing the occurrence state of methane molecules in postmature marine shales with different agents.
First, the majority of methane molecules exist in organic matter pores of postmature marine shales. These pores are large in number with high roundness in the organic-rich shales with the organic matter. The connectivity is excellent, presenting a structure of small pores embedded in big ones. Huge spaces are observed in pores and throats, allowing the storage of tremendous free gas. In addition, the pore-specific surface area of organic matter pores and throats is larger. Inside, the methane molecules can be adsorbed densely and continuously, offering more spaces for adsorbing methane molecules.
Second, a few methane molecules exist in the clay mineral pores of postmature marine shales. The clay minerals are flaky in shape with a small number of pores with low roundness. Compared with the organic matter pores, the pore-specific surface area of clay minerals is smaller, so the adsorption of methane molecules is not smooth. There are three clay minerals in postmature marine shales in the Longmaxi Fm. The I/S mixed layer has a large mineral layer gap and strong adsorbing capacity, offering reservoir spaces. Chlorite can adsorb methane molecules, but the mineral layer gap is small. Thus, it stores a little adsorbed gas but cannot store free gas. By contrast, illite has comparably poor adsorption capacity, but it has certain mineral layer spacing, so the adsorbed gas cannot be stored. However, it can store certain free gas.
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Some major hydrocarbon-bearing basins are rich in shale with terrestrial facies in China, which may provide abundant terrestrial shale oil and gas resources. This work studied the Jurassic Lianggaoshan Formation in the Southeast Sichuan Basin of the upper Yangtze Region. Core samples were chosen for the total organic carbon content and mineral composition analyses to classify shale lithofacies. Afterward, pore connectivity, pore wettability, and shale oil mobility with different lithofacies were characterized by spontaneous imbibition, nuclear resonance, and centrifugation. Conclusions are as follows: the pore connectivity of organic-rich clay shale was mostly between moderate to good with oil-prone wettability and high mobile oil saturation. The organic-rich mixed shale has moderate to good pore connectivity, water-prone wettability, and the highest mobile oil saturation. Organic matter–bearing clay shale has bad to moderate pore connectivity. Meanwhile, its pore wettability covers oil wetting, mixed wetting, oil-prone wetting, and water-prone wetting. Its mobile oil saturation was moderate. Regarding organic matter–bearing mixed shale, the pore connectivity was bad to moderate with mixed-wetting pore wettability and moderate mobile oil saturation.
Keywords: terrestrial shale, different lithofacies types, pore connectivity, pore wettability, shale oil mobility
1 INTRODUCTION
Huge achievements have been underscored in geological theories about unconventional oil and gas, horizontal drilling, fracturing technologies, and decreasing single-well drilling costs. In North America, the huge success in shale oil and gas exploration has reshaped the world energy landscape (Clarkson et al., 2013; Bazilian et al., 2014; Zhang et al., 2014; Geng et al., 2016; Hackley and Cardott, 2016). At the same time, China has achieved major progress in marine shale gas exploration in the Sichuan Basin and its surrounding areas, with shale gas fields built in Jiaoshiba, Weiyuan, Changning, Zhaotong, Luzhou, and other regions (Tan et al., 2014; Liu et al., 2018; Long et al., 2018; Xu et al., 2019; Yi et al., 2019). Some oil and gas-bearing basins in China, including Sichuan, Junggar, Bohai Bay, Songliao, and Ordos, are home to both marine and terrestrial strata, where terrestrial shale contains a large amount of potential shale oil and gas resources due to the moderate burial depth. At the same time, its thickness and total organic carbon (TOC) content are high with plentiful layers, moderate thermal evolution, and great Kerogen types. The convenience of exploration and high profits has attracted PetroChina and Sinopec to invest more in terrestrial light shale oil and to launch large-scale exploration activities (Li et al., 2018; Yang et al., 2019; Zhou et al., 2019; Zou et al., 2020; Li and Chen, 2021).
Shale pores serve as the primary reservoir space and seepage channel of light shale gas, and their connectivity as well as wettability are important research objects in studying a shale reservoir’s characteristics because they affect the difficulty of oil and gas transportation in shale. Additionally, mobility is crucial to the evaluation of shale oil. The quantitative characterizations of connectivity, wettability, and shale oil mobility are essential. According to Huang et al. (2017), shale reservoirs have poorer pore connectivity than conventional oil and gas reservoirs; spontaneous imbibition is closely related to shale mineral composition; and foliation direction can affect spontaneous imbibition. Normally, the curve of spontaneous imbibition along the layers has a higher slope, but samples show that the curve through the layers has the same slope, which is probably because the higher hydrophilic mineral content in shale reservoirs weakens the directional dependence of water transportation in shale reservoirs. By analyzing the difference in pore space through nuclear magnetic resonance and high-pressure mercury intrusion porosimetry, Ning et al. (2017b) proposed a method for evaluating the pore connectivity of tight reservoirs based on experimental data and verified its correctness by spontaneous imbibition experiments. Jiang et al. (2020) studied terrestrial shale experimental tools including scanning electron microscope, Soxhlet extraction, gas adsorption, nuclear magnetic resonance, and centrifugation. They pointed out that pore structure characteristics and mineral composition of shale reservoirs jointly control the mobility of shale oil. Mobile oil is mainly reserved in large pores (>50 nm) and bound oil in small pores (<50 nm). Large pores offer space for shale oil reservoirs and contribute to shale oil flow, while small pores go against the move of shale oil owing to their larger pore-specific surface area, stronger adsorption capacity, and worse connectivity. The mineral composition has a significant impact on shale oil mobility. In addition, the bedding structure, such as the bedding fracture, is conducive to the development of reservoir space, which improves the shale pore connectivity and further promotes shale oil mobility.
This study explored pore structure characteristics of terrestrial shale with different lithofacies types, with the key exploration well TY1 being taken as the research object in the case analysis of terrestrial shale from the Jurassic Lianggaoshan Formation in the southeast Sichuan Basin of the upper Yangtze Region in southern China (Figure 1). This article is the first to classify lithofacies of shale in accordance with the TOC content and mineral composition. Afterward, experiments were conducted on shale samples: spontaneous imbibition was adopted to clarify the pore connectivity and wettability of shale with different lithofacies types; nuclear resonance and centrifugation were used to study the mobility of shale oil with different lithofacies types.
[image: Figure 1]FIGURE 1 | Block location of the southeastern Sichuan Basin in southern China and distribution of the well TY1. Modified from references (Guo et al., 2016; Guo et al., 2017; Liu W. et al., 2021; Wei et al., 2021).
2 GEOLOGICAL SETTINGS
2.1 Sedimentary and Stratum Characteristics
The study area Lianggaoshan Fm. was divided into Liang Members I, II, and III, among which Liang Members I and II could be further divided into two sub-members, the upper and the lower (Figure 2). A set of gray siltstone, silty shale, black gray-gray black shale, and fine gray siltstone were found in the Lianggaoshan Formation. From the upper Liang Member I to the lower Liang Member II (Li et al., 2010; Li et al., 2017; Wang et al., 2018; Qing et al., 2019; Li X. et al., 2021), these sections were mainly deposited by gray-black shale deposits due to their favorable conditions for developing organic-rich shales. During the sedimentary period, the Lianggaoshan Formation went through a complete lake transgression and regression cycle. In the early period of Liang Member I, the resources were relatively sufficient before the lake transgression. Maximal flooding took place in the early period of Liang Member II, where the lake deposits were shallow to moderate. Afterward, the lake regression brought a favorable zone for the growth of organic-rich shale. In Liang Member III, coarse-grained clastic materials from the Delta Front were mainly deposited. Dark mud shales mainly existed in the upper Liang Member I and lower Liang Member II sections (Pang et al., 2019; Liu et al., 2020; Li C. et al., 2021).
[image: Figure 2]FIGURE 2 | The comprehensive stratigraphic column diagram of the Middle Jurassic Lianggaoshan Formation in the TY1 well. Modified from references (Liu W. et al., 2021; Wei et al., 2021).
2.2 Tectonic Characteristics
Located within the fold belt of the high-steep fault in eastern Sichuan, the study area is bordered by the faults of Huaying Mountain in the west, which is adjacent to the uplifts of central Sichuan, and by the fracture zone of Qiyue Mountain in the east, which sits between the Sichuan and Hubei provinces. With a series of arc-shaped mountains, the structural belt of the study area has a trending of regional structural lineament turning from NNE into NEE northward. The mountains within the structural belt form a high-steep anticline with the Permian–Triassic system at its core. The slow and steep sides are not asymmetrical. In general, the former has a stratum dip of 20°∼30°, while that of the latter is 40°∼70° or with an upside-down stratum. The wide valleys between the mountains are a wide and slow syncline composed of the Jurassic system as a typical barrier in structure and topography (Liu et al., 2010; Gao et al., 2017).
3 SAMPLES, EXPERIMENTS, AND DATA SOURCE
3.1 Total Organic Carbon Content and Mineral Component Analysis
A Sievers 860 TOC analyzer was used in the TOC content analysis for the same-depth samples, and a YST-I mineral analyzer was employed in the X-ray mineral-wide and clay mineral analysis. The results of the mentioned experiments were availed to classify the shale petrographic types.
3.2 Spontaneous Imbibition Experiment
Spontaneous imbibition refers to the process where a wetting fluid (water or oil) replaces a nonwetting fluid (air) under capillary force. Shale samples were selected in 15 depths of the TY1 well in the Lianggaoshan Formation. As shown in Figure 3, in each depth, two samples as a pair, respectively being horizontal and vertical to the bedding, were chosen to conduct the spontaneous imbibition experiment via water and oil (oil was replaced by decane). The numbering of experiment samples is as shown in Table 1, and experiment methods of spontaneous imbibition were as follows (Gao and Hu, 2015; Ning et al., 2017a; Wei et al., 2019; Zuo et al., 2019):
1) Shale samples of each depth were cut along the beddings into four 1 cm × 1 cm × 1 cm cubes, namely, A, B, C, and D. The top and the bottom of the cubes A and C were parallel, while those of B and D were vertical to the bedding. The other four sides of the samples were covered with epoxy resin (Zhang et al., 2019d; Wang G. et al., 2020; Gao et al., 2020).
2) The spontaneous imbibition experiment was conducted for 24 h. A and B used oil samples (decane), while water samples (deionized water) were adopted by C and D, as shown in the schematic diagram in Figure 3. The absorption content of oil and water was monitored by using an electronic balance. When the reading stabilized, the experiment ended. Figure 4 shows the schematic diagram of the experiment devices (Liu and Zhang, 2019; Zhang et al., 2020a; Zhang et al., 2020b).
3) After the experiment, all data were presented into a spontaneous imbibition curve, where the axis x referred to time, and the axis y meant the water absorption height. Then, the slope of the spontaneous imbibition curve was calculated.
[image: Figure 3]FIGURE 3 | Schematic diagram of samples with epoxy resin coating in the spontaneous imbibition experiment (black thin parallel lines refer to the shale foliation).
TABLE 1 | The depth and member of samples in the spontaneous imbibition experiment.
[image: Table 1][image: Figure 4]FIGURE 4 | Schematic Diagram of the spontaneous imbibition experiment devices.
3.3 Experiment Analysis of Shale Oil Mobility
This study chose shale samples of 10 depths from the TY1 well in Lianggaoshan Fm. and conducted experiments on shale oil mobility with the combined methods of nuclear magnetic resonance (NMR) and centrifugation. The detailed steps are as follows, with the numbering of samples shown in Table 2.
TABLE 2 | The depth and members of samples in the shale oil mobility experiment.
[image: Table 2]Column samples were achieved by drilling holes with a diameter of 25 mm and a length below 60 mm. Samples were weighed before reaching the T2 spectral line of original samples by NMR imaging (the first measurement of the T2 spectral line) (Xie et al., 2019; Li et al., 2020; Zhang et al., 2022).
Vacuum pumping devices were used to obtain saturated water (-0.1Mpa). After about 6 h, the saturated samples were taken out and wiped with a moisturized tissue. Next, processed samples were weighed before measuring the T2 spectral line in the NMR device (the second measurement of the T2 spectral line; the general oil and water signal).
After processing the samples in the saturated manganese (Mn) for 72 h (to eliminate the water signal in the samples), we took them out and wiped the sample surface with wet tissues before weighing the saturated samples. Afterward, the T2 spectral line of Mn-saturated samples was measured via NMR devices (the third measurement of the T2 spectral line; oil signal). Oil saturation could be calculated based on the second and third measurement results.
Samples were put into the centrifuge. After an 8-hour 200psi centrifugation, the T2 spectral line was measured again (the fourth measurement of the T2 spectral line).
Based on the centrifugation results, mobile oil saturation, bound oil saturation, and the T2 cutoff value were obtained.
A MesoMR12-025H core NMR analyzer was employed in the NMR logging. The multi-functional NMR analyzer has been widely used in geologic research and energy exploration. The magnets were permanent with a resonance frequency of 12.403 MHz. The temperature of the magnets was kept at 32.00 ± 0.02 °C, and the diameter of the sonde body was 25 mm.
4 RESULTS AND DISCUSSION
4.1 Lithofacies Types
Previous studies summarized several classification plans based on the TOC content and mineral constituents (Ji et al., 2016; Wang et al., 2016; Tang et al., 2017; Zhang et al., 2017; Zhang et al., 2019a). Based on the TOC content, shales can be divided into three groups, namely, organic-rich (TOC content ≥1.5%), organic-containing (TOC content ranges 1∼1.5%), and organic-poor shale (TOC content ranges 0∼1%) (Zhang et al., 2018b; Zhang et al., 2020c; Xiao et al., 2020; Guo et al., 2021; Shan et al., 2021). In terms of mineral contituents, shales can be classified into four types: calcareous (carbonate minerals ≥50%), grapholith (clay minerals ≥50%), siliceous (siliceous minerals ≥50%), and mixed shale (each mineral accounts for less than 50%) (Li et al., 2019; Huang H. et al., 2020; Xia et al., 2020; Chen et al., 2021). Combining the two classification standards, we can achieve three times four, that is, twelve lithofacies types based on the TOC content and mineral constituents, as shown in Tables 3, 4.
TABLE 3 | Lithofacies types of shale in the spontaneous imbibition experiment.
[image: Table 3]TABLE 4 | Lithofacies types of shale samples in the shale oil mobility experiment.
[image: Table 4]4.2 Pore Connectivity and Wettability of Shale With Different Lithofacies Types
The curve slope of spontaneous imbibition can be used to evaluate the pore connectivity of shale reservoir properties (Zhang et al., 2018a; Huang J. et al., 2020; Liu et al., 2021a; Liu et al., 2021b). Previous studies have carried out simulations under the pore network model and found that high pore connectivity (the average possibility of connectivity p > 0.28) corresponded to the spontaneous imbibition slope of 0.5. When p = 0.2488 (imbibition critical point), the spontaneous imbibition slope was 0.26. A lower slope means worse connectivity of porous media (Gao and Hu, 2013; Gao and Hu, 2016; Kang et al., 2019; Gao, 2021; Yu et al., 2022). Table 5 shows the connectivity evaluation results. The spontaneous imbibition curve has two-stage features, where the slope in the early stage outnumbers that of the late period. Water absorption in the early stage resulted from the dry surface and rapid absorption of the bedding fracture, while that in the late stage was due to pore absorption characteristics. Imbibition curve slopes in the late stage were taken as the standard values.
TABLE 5 | Evaluation of reservoir connectivity.
[image: Table 5]Based on previous studies (Gao et al., 2018; Zhang N. et al., 2019; Wang, 2019; Wang J. et al., 2020; Hou et al., 2020), the rock wettability index was proposed and expressed in the following formula:
the rock wettability index: W = (Pwater - Twater) - (Poil - Toil),where Pwater refers to the spontaneous imbibition slope in a parallel direction with water as the fluid, Twater refers to the spontaneous imbibition slope in a vertical direction with water as the fluid, Poil refers to the spontaneous imbibition slope in a parallel direction with oil as the fluid, and Toil refers to the spontaneous imbibition slope in a vertical direction with oil as the fluid. Table 6 shows the rock wettability based on the index (Zhang et al., 2019b; Zhang et al., 2019c).
TABLE 6 | Evaluation of rock wettability.
[image: Table 6]The connectivity and the wettability index of samples 1–15 are presented in Tables 7, 8. For organic-rich mixed, organic-rich grapholith, organic-containing grapholith, and mixed shale, the pore connectivity was mostly moderate to good. But most organic-poor shales had bad to moderate pore connectivity.
TABLE 7 | Connectivity and wettability evaluation of organic-rich grapholith shales and organic-rich mixed shales.
[image: Table 7]TABLE 8 | Connectivity and wettability evaluation of organic-rich grapholith shales and organic-rich mixed shales.
[image: Table 8]Organic-rich grapholith shales are mostly oil-prone wetting, and a few are water wetting and mixed wetting, while organic-rich mixed shales are water-prone wetting or water wetting. In terms of organic-containing grapholith shales, their wettability can be more complex, including oil, mixed, oil-prone, and water-prone wettability. The wettability of organic-containing mixed shales is mixed. Organic-poor grapholith shales are water wetting, while organic-poor mixed ones have water-prone or oil-prone wettability.
4.3 Evaluation of the Mobile Shale Oil With Different Lithofacies
4.3.1 Results of the Shale Oil Mobility Experiment
Tables 9, 10 show the findings from the shale oil mobility experiment. For the accumulative total oil porosity, the relaxation time of accumulative bound oil porosity is correlated with the T2 cutoff value. Therefore, with the T2 cutoff value, the cutoff diameter r can be calculated. Pores smaller than r represent bound oil reservoir spaces, while those larger represent mobile oil reservoir spaces. The cutoff diameter r can be calculated according to the following equation:
TABLE 9 | Sample experiment results of theT2 cutoff value and pore cutoff diameter.
[image: Table 9]TABLE 10 | Experiment results of saturation of shale oil fluids.
[image: Table 10]R = ρ × T2 × a , where, based on the data provided by the laboratory, the value of a was set as 2 and shale surface relaxivity ρ as 10.
4.3.2 Evaluation of the Mobile Shale Oil
This chapter is a synthetical analysis of the experiment results. Figure 5A shows the average pore cutoff diameters of shales with different lithofacies types, which vary to quite a large extent. The pore cutoff diameters of organic-rich grapholith, organic-containing grapholith, and mixed shales were about 8 nm. Organic-rich mixed shales have a relatively large diameter of about 18 nm. Thus, it can be concluded that shale oil in 8–18 nm pores are mobile.
[image: Figure 5]FIGURE 5 | Evaluation diagram of the shale pore cutoff diameter and pore fluids of shales with different lithofacies types. (A) The cutoff diameter average of shales with different lithofacies types. (B) Pore fluids model. (C) Oil saturation average of shales with different lithofacies types. (D) Water saturation average of shales with different lithofacies types. (E) Bound oil saturation average of shales with different lithofacies types. (F) Mobile oil saturation average of shales with different lithofacies types.
The pore fluid model used in this study is shown in Figure 5B. Water, fluid loss (natural gas, light hydrocarbon, and moisture dissipation), and oil (mobile and bound) exist in the shale pores. Figure 5C shows the average oil saturation of shales with different lithofacies types. Both organic-containing and organic-rich mixed shales have an oil saturation of about 35%, while the value for organic-rich and organic-containing grapholith shales is about 20%. According to Figure 5D presenting the average water saturation of different shales, organic-containing shales have the highest value, up to about 60%, while the water saturation of organic-rich grapholith, organic-rich mixed, and organic-containing mixed shales ranges from 30 to 40%.
Shale oil can be divided into mobile and bound types. According to Figure 5E, the bound oil saturation of organic-rich and organic-containing mixed shales is about 25%, while that of organic-rich and organic-containing grapholith shales is about 13%. The content of mobile oil determines the productivity of the shale oil well, as shown in Figure 5F. Organic-rich mixed shale has a mobile oil saturation of about 12%, and the mobile oil situation of organic-rich grapholith shale is 10%, which doubles that in organic-containing grapholith and organic-containing mixed shale with 6% of mobile oil saturation.
5 CONCLUSION
This study selected cores from the Jurassic Lianggaoshan Formation in the southeast Sichuan Basin of the upper Yangtze Region in southern China to analyze their TOC content and mineral constituents. Then, we divided shales into different lithofacies types and conducted the spontaneous imbibition, NMR, and centrifuge experiments to analyze pore connectivity, wettability, and shale mobility. The conclusions obtained are as follows:
1) The light shale oil in pores above 8–18 nm in size is mobile in shales of different lithofacies types.
2) The TOC content is the highest in organic-rich grapholith shales, mostly with moderate to good pore connectivity and comparably bad connectivity. Besides, the majority has oil-prone wettability, and the rest has water wettability. The mobile oil has high saturation. Overall, the TOC content is relatively high with moderate to good pore connectivity for organic-rich mixed shales, with a few shales having bad connectivity. The pores tend to be water-prone or water wetting with the highest mobile oil saturation.
3) The TOC content in organic-containing grapholith and mixed shales is moderate with bad-moderate pore connectivity mostly. A small number of the former type of shales have good connectivity. The wettability of organic-containing grapholith shales is complex, including oil, mixed, oil-prone, and water-prone wettability, while the organic-containing mixed shales are mixed wetting with moderate mobile oil saturation.
4) The TOC contents for organic-poor grapholith shales and mixed shales are low. Most shales have bad-moderate pore connectivity, with only a few possessing good connectivity. Besides, these shales are characterized by complex wettabilities, which include water wetting, oil-prone wetting, and water-prone wetting.
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Both Lower Cambrian and Lower Silurian shale are typical of oil-prone kerogen and siliceous composition, but differ in thermal maturities with 3.56% Ro and 2.31% Ro, respectively. In this paper, pore characteristics were explored between these two shales. All samples were studied by a combination of organic geochemistry, x-ray diffraction, N2 adsorption, helium porosity, and focused ion beam milling and scanning electron microscopy. In particular, N2 adsorption of isolated OM was conducted to compare physical properties of OM-hosted pores, and fractal dimension was exploited to analyze morphologic characteristics of pores. N2 adsorption indicated that the Lower Silurian shale presented superior pore characteristics than the Lower Cambrian shale, in terms of pore volume (PV), pore surface area (PSA), and pore diameter. FIB-SEM manifested that pinhole OM-hosted pores and open-ended dissolved pores were primarily in the Lower Cambrian shale, while cellular OM-hosted pores were dominant in the Lower Silurian shale. Statistical and fractal analysis demonstrated that OM, rather than minerals, played a dominant role in pore development in marine shales at late diagenetic or metamorphic epoch. Furthermore, OM-hosted pores were not increased monotonously with increasing thermal maturity, but presented a unimodal trend, peaking at 2.8% Ro. PV (PSA) of isolated OM in the Lower Silurian shale was approximately 6.6 (4.3) times higher than that in the Lower Cambrian shale. With similar matrix basics and distinctive pore features, a comparison of these two marine shales markedly emphasizes the impact of thermal maturity on the state of OM-hosted pores.
Keywords: OM isolation, OM-hosted pore, pore properties, thermal maturity, marine shales, South China
INTRODUCTION
Shale gas is a vital target for modern resource exploration, with recoverable reserves of 214.55 × 1012 m3 (Zou et al., 2016). Gas-bearing shales are widely distributed in North America, South America, Asia, and North Africa (Hill et al., 2007; Jarvie et al., 2007; Xu et al., 2022). As a typical unconventional reservoir, it is both a source and a reservoir of gaseous hydrocarbon, with thermal, biological, and mixed origins (Ross and Bustin, 2009; Hao and Zou, 2013).
In general, shales exhibit low porosity and ultralow permeability (Curtis et al., 2012a; 2012b). Gas in free state is stored in microfractures and macropores, while gas in adsorbed state is mainly absorbed on surfaces of OM (Yang et al., 2016). The gas content partly depends on the capacity of porosity, and the gas yield almost relies on the connectivity of the pore system (Sun et al., 2017; Myshakin et al., 2019). Thus, pore features exert vital functions on controlling properties of gas occurrence, content, and percolation (Zhang et al., 2012; Chalmers and Bustin, 2013).
During the last decade, considerable studies have been conducted on pore features of gas-bearing shales. Experimental techniques for characterizing pore structures can mainly be divided into three main categories, namely microscopic observation (e.g., atomic force microscopy and scanning electron microscopy) (Loucks et al., 2009, 2012; Emmanuel et al., 2016), substance invasion (e.g., helium pycnometer, mercury intrusion, and gas adsorption) (Chalmers and Bustin, 2013; Tian et al., 2013; Yang et al., 2016; Gao and Hu, 2018), and radiation detection (e.g., nuclear magnetic resonance and small-angle neutron scattering) (Clarkson et al., 2013; Yang et al., 2017). By the methods mentioned above, pores are spatially classified and defined as interparticle pores, intraparticle pores, and OM-hosted pores (Loucks et al., 2009, 2012). Pore parameters can be obtained including PV, PSA, pore size distribution, and porosity/permeability (Clarkson et al., 2013; Tian et al., 2013; Yang et al., 2016; Yang et al., 2017).
Subsequently, various shale reservoirs can be compared and discussed qualitatively and quantitatively (Dong et al., 2010; Zheng et al., 2013; Zhou et al., 2016). Studies have shown that constraints, including thermal maturity, OM abundance, mineral composition, fabrics, and textures, can lead to differences in pore features among shales with different geological backgrounds (Loucks et al., 2009, 2012; Chalmers and Bustin, 2013; Tian et al., 2013; Emmanuel et al., 2016). Precisely, suitable thermal degree, abundant OM, and rich siliceous component are favorable factors for pore development and preservation (Zheng et al., 2013; Milliken et al., 2014; Yang et al., 2016; Zhou et al., 2016).
As a signature feature of shale gas reservoirs, OM-hosted pores have been attracting a lot of attention. Under FIB-SEM observation, OM-hosted pores appear as honeycombs or pinholes, which are small, numerous, and interconnected (Jarvie et al., 2007; Curtis et al., 2012a, 2012b). Surface porosity of OM-hosted pores can reach 40% and connectivity can reach 67% (Mathia et al., 2016; Curtis et al., 2012a, 2012b), which illustrates the excellent porosity and connectivity of OM.
Currently, several fields in South China show industrial capacity and commercial exploitation, which are all located in the Lower Silurian shale, such as Fuling, Fushun-Yongchuan, Changning-Weiyuan, and Zhaotong blocks (Zhao et al., 2016). Nonetheless, drilling results in the Lower Cambrian shale are unsatisfactory (Zhao et al., 2016). This discrepancy may be caused by different reservoir properties between the two shales. The Lower Silurian shale presents more suitable pore parameters in terms of PV, PSA, and porosity/permeability than the Lower Cambrian shale (Wang et al., 2016a; Tang et al., 2016; Zhao et al., 2017).
Marine shales underwent intense diagenesis during the late diagenetic or metamorphic stage in South China (Ji et al., 2016; Yang et al., 2016; Zhou et al., 2016; Zhao et al., 2017). Secondary pores (OM-hosted pores mainly) contribute to the main pore space, while primary pores rarely exist after compaction and cementation (Loucks et al., 2012; Milliken et al., 2014). A detailed understanding of pore properties associated with OM, rather than the entire pore characteristics, is imperative and effective for excavating constraints of different porosities of the two marine shales.
GEOLOGICAL SETTING AND SAMPLES
The Upper Yangtze area has good conditions for shale gas accumulation and has undergone multiple structural evolutions, namely, the Tongwan, Caledonian, Hercynian, Indosinian, and Himalayan movements (Zhu et al., 2007; Li et al., 2015) (Figure 1). During the Early Paleozoic, the transgression of the sea occurred due to the melting glaciers. In this anoxic environment, the Lower Cambrian formation was deposited with sufficient OM generation and preservation (Zhou et al., 2016). Thereafter, the water column became progressively shallower as the sea level dropped. Until the end of the Hernanite period, then the sea level rose rapidly again. The deepening of the water column and hydrostatic conditions provided a suitable environment for the development and preservation of OM. At the early stage of the Lower Silurian Formation, a set of black-gray shale was deposited. Afterward, the sea level began to decline, and the supply of terrigenous materials increased (Zhou et al., 2016).
[image: Figure 1]FIGURE 1 | (A) Geologic map of the research area and well locations (red points) of the Lower Cambrian shale (N1, N2, N3, N4) and the Lower Silurian shale (L1, L2, L3, L4) and (B) stratigraphic sequences of the Sichuan Basin.
Generally, the Lower Cambrian Formation distributed stably in the horizon with a thickness ranging from 70 to 90 m, and the Lower Silurian Formation distributed stably with a maximum thickness of more than 100 m. Due to the abundance of aquatic organisms, either the Lower Cambrian shale or Lower Silurian shale is dominated by amorphous maceral (type I/II1 kerogen) (Dai et al., 2016). Additionally, both the two shales are characterized by being organic rich. Nonetheless, the thermal degree of the Lower Cambrian shale (>3.0% Ro) is generally higher than that of the Lower Silurian shale (2.0%–3.0% Ro) (Wang et al., 2013; Wang et al., 2016a, 2016b; Zhao et al., 2016; Zhang et al., 2020).
In this paper, shales were selected from the Lower Cambrian Formation and Lower Silurian Formation at the margin of the Sichuan Basin, in the Upper Yangtze area (Figure 1). Samples (10) of the Lower Cambrian shale were selected from wells N1, N2, N3, and N4, and samples (10) of the Lower Silurian shale were selected from wells L1, L2, L3, and L4 (Table 1). All samples were investigated by a combination of organic geochemistry, x-ray diffraction, N2 adsorption, helium porosity, and FIB-SEM. Especially, in particular, N2 adsorption was performed on isolated OM to compare pore features of OM individually, and fractal dimension was used to analyze the morphologic characteristics between the two shales. Finally, constraints on pore development in marine shales are discussed.
TABLE 1 | Basic geochemical and petrologic parameters of the investigated samples.
[image: Table 1]EXPERIMENTAL PROCEDURES
Organic Geochemistry
A Leco CS230 carbon/sulfur analyzer was used to perform organic abundance measurements. Initially, samples were grounded into fragments with sizes of 80 mesh, and hydrochloric acid was used to remove carbonate composition. Afterward, samples were washed with distilled water and pyrolyzed at 540°C to measure TOC. Thermal maturity was represented by the reflection of solid bitumen (Rb), and the equivalent vitrinite reflectance (Ro) can be obtained by the linear regression equation proposed by Jacob (1989): Ro = 0.618Rb + 0.4.
OM Isolation
Samples were grounded into fragments with sizes of 80 mesh and soaked in distilled water to expand fully. The upper clear liquid was removed after ∼2–4 h. Hydrochloric acid (6 mol/L) and hydrofluoric acid (40%) were added sequentially under stirring to remove the carbonate minerals. After complete decomposition of the carbonate minerals, samples were washed with distilled water to remove the acids. Furthermore, samples were mixed with hydrogen fluoride for 12 h to remove silicate minerals. Sodium hydroxide (0.5 mol/L) was taken and stirred continuously for 30 min to remove the alkali solution. Afterward, samples were washed to neutral. Hydrochloric acid (6 mol/L) and arsenic-free zinc granules were added to remove pyrite. After washing, freezing, and drying, isolated OM was obtained for the next measurement.
X-Ray Diffraction
A Bruker D8 DISCOVER diffractometer, with a Cu x-ray tube and a Sol-X solid-state detector, was used to measure mineral compositions. The temperature of the laboratory environment was 24°C, and the humidity was 35%. Samples (5 g of each) were powdered and screened, and selected with a size of about 300 mesh. Slides were required for the experiment and coated with a solution of the sample mixed with ethanol. The equipment was operated at 45 kV. The scanning frequency was kept at the 20 s/0.02° step. Finally, mineral components can be obtained according to the principle of Kα-radiation.
FIB-SEM
Before microscopic observation, samples were needed to be prepared via mechanical grind and argon ion polish. Both matrix components and nanoscale pores can be observed by Merlin Zeiss at a theoretical resolution of 2.0 nm. Matrix features, in terms of crystal orientations, grain boundaries, and microtextures, were searched by backscattered electrons (BSE) at an accelerating voltage of 1 kV. Nanoscale pore topographies were observed by secondary electrons (SE) at 20 kV.
N2 Adsorption
Micromeritics Tristar II 3020 SA analyzer was performed for N2 adsorption. Samples were needed to be crushed to 60–80 mesh sizes before the experiment. Constant temperature (77 k) and low pressure (<0.127 Mpa) should be maintained throughout the operation. With relative pressure increasing and decreasing, N2 amount of adsorption and desorption were recorded, respectively. Pore properties, such as PV, PSA, and pore diameter, were obtained based on the amount of liquid nitrogen with different pore sizes at different relative pressures.
Helium Porosity
For this process, cylindrical core samples are required, which was conducted via a TAW-1000 triaxial rock-testing machine. Porosity was measured by using a helium expansion method. An Ultrapure-200A helium porosimeter was utilized at 1,025 hPa, 50% relative humidity, and 23°C room temperature. The porosity was calculated according to the following equation:
[image: image]
Fractal Analysis
Fractal dimension (ranging from 2 to 3) is a feasible indicator to illustrate geometric and structural properties of solids (Ji et al., 2016; Liu et al., 2019). The geometric and structural features of solids can be represented by D fractal dimension (2–3). With the value of 2, the D fractal dimension suggests a homogenous structure or a smooth surface. With the value of 3, the D fractal dimension indicates an inhomogeneous structure or an irregular surface. The D fractal dimension was calculated by the Frenkel–Halsey–Hill (FHH) equation as follow:
[image: image]
where V is the adsorbed volume (cm3/g) at equilibrium pressure P (MPa), D is the fractal dimension, P0 (MPa) is the vapor saturation pressure, and C is a constant.
In the process of fractal analysis, the two distinctive linear segments of N2 adsorption were considered separately. It is because the mechanisms of gas adsorption are different in the range of 0–0.5P0/P (Van der Waals forces) and 0.5–1.0P0/P (capillary condensation). D1 suggests the surface feature at low relative pressure, while D2 indicates the structure feature at high relative pressure.
RESULTS
Characteristics of OM and Mineral Components
Both the Lower Cambrian shale and Lower Silurian shale were rich in OM (Figure 2A), with TOC>2wt% accounting for 72% (Figure 2B) and 43% (Figure 2C), respectively. Moreover, the proportion of TOC > 4wt% was higher in the Lower Cambrian shale (sharing 25%) than in the Lower Silurian shale (sharing 16%) (Figures 2B, C). With regard to thermal maturity, both the two shales were at the overthermal maturity stage. The Lower Cambrian shale (averaging 3.56% Ro) experienced higher temperature and pressure degrees than the Lower Silurian shale (averaging 2.31% Ro) (Table 1).
[image: Figure 2]FIGURE 2 | (A) TOC distribution from both the Lower Cambrian shale samples (N1, N2, N3, N4) and the Lower Silurian shale samples (L1, L2, L3, L4), (B) pie chart of TOC in the Lower Cambrian shales, and (C) pie chart of TOC in the Lower Silurian shales.
Either the Lower Cambrian shale or Lower Silurian shale was rich in siliceous minerals, and was rare in calcareous minerals (Table 1 and Figure 3). In addition, samples were featured with rich silica and abundant OM synchronously (Figure 3). In the Lower Cambrian shale, the content of quartz and feldspar ranged from 45.10 to 59.10 wt%, with an average of 50.97 wt%. The content of clay mineral was in the range of 27.3–38.10 wt%, with an average of 34.77 wt%. Carbonate mineral was rare, accounting for 9.88 wt% of the total. In contrast, the content of quartz and feldspar in the Lower Silurian shale ranged from 45.30 to 68.20 wt%, with an average of 54.80 wt%. The content of clay mineral was in the range of 26.40–49.40wt%, with an average of 34.13 wt%. Carbonate mineral was rare, sharing 7.27 wt% of the total. Additionally, a small amount of pyrite was found in either the Lower Cambrian shale or Lower Silurian shale, accounting for 4.81 and 3.80 wt%, respectively (Table 1).
[image: Figure 3]FIGURE 3 | Mineralogical ternary plot: the Lower Cambrian shales are represented by circles, the Lower Silurian shales are represented by diamonds, and TOCs are represented by a color bar.
Pore Properties Based on N2 Adsorption
For the Lower Cambrian shale, PVs ranged from 0.005 to 0.011 ml/g, with a mean value of 0.008 ml/g (Figure 4 and Table 2). PSAs ranged from 3.26 to 12.73 m2/g, with an average value of 7.99 m2/g (Figure 4 and Table 2). APDs were in the range of 4.68–8.12 nm, with a mean value of 5.93 nm (Table 2). Pore size distributions presented two or three peaks with low amplitudes (Figure 4).
[image: Figure 4]FIGURE 4 | Relationships between pore volumes and pore diameters of the Lower Cambrian shales and Lower Silurian shales.
TABLE 2 | Pore parameters of isolated OMs and the corresponding bulk samples.
[image: Table 2]For the Lower Silurian shale, PVs ranged from 0.010 to 0.022 ml/g, with an average value of 0.015 ml/g (Figure 5 and Table 2). PSAs ranged from 5.62 to 15.78 m2/g, with a mean value of 10.53 m2/g (Figure 5 and Table 2). APDs were in the range of 15.58–22.55 nm, averaging 18.60 nm (Table 2). Pore size distributions presented two or three peaks with high amplitudes (Figure 5).
[image: Figure 5]FIGURE 5 | Relationships between pore surface areas and pore diameters of the Lower Cambrian shales and Lower Silurian shales.
Pore properties of the Lower Silurian shale were superior to those of the Lower Cambrian shale, in terms of PV, PSA, and averaging pore diameter (APD) (Figures 4 and 5, Table 2). Meanwhile, the correlation between helium porosity and N2 adsorption PV (Figure 6) depicted a strong positive relationship (R2 = 0.77), which implied that N2 adsorption can characterize the pore system of shales.
[image: Figure 6]FIGURE 6 | Correlation between helium porosity and N2 adsorption pore volume (PV).
Shales with different TOCs were selected for OM isolation and N2 adsorption. Results demonstrated that pore properties of the two shales showed different trends, while in one shale, the distribution was close (Figure 7). Comparatively, PVs (PSAs) of isolated OM in the Lower Silurian shale were 6.6 times (4.3 times) than those in the Lower Cambrian shale (Figure 7 and Table 2). For Lower Cambrian shale, PVs (PSAs) of isolated OM were approximately 1.9 times (2.0 times) higher than those of corresponding shales (Figure 7 and Table 2). Pore size distributions of isolated OM showed two peaks in the range of 2∼4 nm (main peak) and 6–10 nm (subsidiary peak) (Figure 7). For Lower Silurian shale, PVs (PSAs) of isolated OM were about 6.6 times (6.5 times) higher than those of corresponding shales (Figure 7 and Table 2). Pore size distributions of isolated OM showed three major peaks with irregular distributions (Figure 7).
[image: Figure 7]FIGURE 7 | (A) Relationships between pore volumes and pore size distributions of isolated OMs and corresponding bulk samples from the Lower Cambrian shales (#C2, #C3 and #C10) and the Lower Silurian shales (#S1, #S7 and #S9). (B) Relationships between pore surface areas and pore size distribution of isolated OMs and corresponding bulk samples from the Lower Cambrian shales (#C2, #C3 and #C10) and Lower Silurian shales (#S1, #S7 and #S9).
Fractal Dimensions
Correlation coefficients (R2 > 0.9) indicated that the fitting results were credible (Table 3). Thus, the morphological nature of matrix-related pores can be well implied by fractal dimensions. Comparatively, fractal dimensions (D1 and D2) were slightly lower in the Lower Cambrian shale than those in the Lower Silurian shale. In the Lower Cambrian shale, D1 fractal dimensions distributed in the range of 2.11–2.66, with an average of 2.34 (Table 3), and D2 fractal dimensions distributed in the range of 2.59–2.84, with an average of 2.74 (Table 3). In the Lower Silurian shale, D1 fractal dimensions distributed in the range of 2.11–2.49, with an average of 2.36 (Table 3). D2 fractal dimensions distributed in the range of 2.79–2.88, with an average of 2.84 (Table 3).
TABLE 3 | Fractal dimensions calculated by the fractal Frenkel–Halsey–Hill (FHH) model and derived from N2 adsorption isotherms.
[image: Table 3]Pore Features Based on FIB-SEM
In the Lower Cambrian shale, OM was shaped as stripes and wisps mixed within matrixes (Figure 8), and distributed widely among the particles, such as quartz, feldspars, and calcite/dolomite (Figures 8A–E). In addition, OM can be searched between clay flakes (kaolinite in Figure 8B and illite/smectite in Figure 8F). OM presents amorphous state and visible OM-hosted pores can hardly be identified by FIB-SEM (Figures 8D–F). Voids in matrixes are mainly occupied by OM and rare voids can be searched in the Lower Cambrian shale (Figure 8). Intraparticle pores can be detected inside pyrite framboids, and deformed pyrite microcrystals indicate compaction and cementation (Figure 8G). Dissolved pores can be detected on surfaces of grains, which are generally associated with calcite/dolomite and present as isolated points with circles or irregular shapes (Figures 8H, I).
[image: Figure 8]FIGURE 8 | FIB-SEM images of the Lower Cambrian shales. (A–C) OM mixed with matrixes as stripes and wisp (#C1), (D,E) nonporous OM inside of pyrite framboids (#C4), (F) aggregates of OM and illite/smectite (#C5), (G) intraparticle pores inside pyrite framboids (#C4), (H,I) dissolved pores on the surface of calcite (#C7), and dolomite (#C8).
In the Lower Silurian shale, either OM or its related pores exhibit extremely heterogeneous (Figure 9). OM varied in shapes, being massive, striated, and sparked, and was distributed among detrital grains, secondary minerals, and clay flakes (Figures 9A–F). On surfaces of OM particles, OM-hosted pores distribute uniformly with various diameters (Figures 9D–F). In addition, large OM-hosted pores are combined with small pores and present various morphological features, with cellular and sponge shapes (Figure 9F). In the case of mineral-related pores, voids are rarely searched due to OM migration and occupation. A few dissolved pores appear as isolated points (Figure 9G), and dissolved rims on edges of grains can be searched (Figure 9H). Pyrite framboids maintain the automorphic form with OM injection (Figure 9D), while some are cemented without OM injection (Figure 9H). Some fissures can be observed inside grain fragments (Figure 9I) and whether they occurred in situ or developed via sample preparation cannot be judged by FIB-SEM imaging only.
[image: Figure 9]FIGURE 9 | FIB-SEM images of the Lower Silurian shales. (A–C) OM mixed with matrixes as stripes and wisp (#S3), (D,E) porous OM inside of pyrite framboids or mixed with authigenic quartz (#S4 and #S5), (F) porous OM with cellular shapes (#S6), (G) dissolved pores as isolated points (#S4), (H) dissolved rim on the surface of feldspar (#S7), and (I) fissures inside grain fragments (#S8).
DISCUSSION
Influences of Organic Matter on Pore Properties
Positive relationships between PV (PSA) and TOC can be detected in the two shales (Figures 10A,B), suggesting that OM functions as a significant contributor to PV (PSA). Moreover, there is no difference in PVs (PSAs) of isolated OM in the same shale (Figures 7, 8), implying that pore capacity of OM is parallel to the same thermal maturity. Nonetheless, properties of porous OMs are different between the two shales. In the case of pore contribution, OM is more competent in the the Lower Silurian shale than in the Lower Cambrian shale (Figure 7 and Table 2).
[image: Figure 10]FIGURE 10 | Plots of pore volumes and pore surface areas vs. TOC (A,B) and brittle mineral content (C,D), clay mineral content (E,F), and carbonate mineral content (G,H).
In the Lower Cambrian shale, the correlation between PV and TOC is weak (Figure 10A), suggesting that OM-hosted pores cannot provide the main pore space. Nevertheless, the correlation between PSA and TOC is strong (Figure 10B), indicating that OM-hosted pores contribute significantly to the surface area. It has been noted that PV is controlled by large pores, and PSA is charged by small pores (Wang et al., 2016b; Ji et al., 2016). Thus, the Lower Cambrian shale possesses OM-hosted pores with relatively small diameters, although no visible OM-hosted pores can be detected by FIB-SEM (Figures 8A–F). Additionally, PVs (PSAs) of isolated OMs were merely 1.9 times (2.0 times) higher than those of corresponding shales (Table 2), and no apparent similarity in pore size distribution can be detected between isolated OMs and their corresponding shales (Figure 7). This implies that OM-hosted pore is not the only type in the Lower Cambrian shale, which is corresponding to the statistical analysis (Figures 10A,B).
In contrast, both PV and PSA present strong positive relationships with TOC in the Lower Silurian shale (Figures 10A,B), suggesting that OM is the dominant contributor to pore spaces and surface areas. FIB-SEM images illustrate that OM-hosted pores generally present network-like shapes, with large diameters and complex structures (Figure 9F). Moreover, PVs (PSAs) of isolated OMs were approximately 6.6 times (6.5 times) higher than those of corresponding shales, and similar trends in pore size distributions can also be searched between isolated OMs and their corresponding shales (Figure 8). Corresponding to the statistical analysis (Figures 10A,B), it indicates that OM-hosted pore is the dominant type in the Lower Silurian shale.
Effects of Mineral Components on Pore Properties
Slightly positive correlations between PVs (PSAs) and brittle minerals can be observed in both the two shales (Figures 10C, D). Nonetheless, brittle minerals are not the main contributor of pore space in both the two shales, even if there are statistical correlations. First, pores related to brittle minerals are large and scarce based on FIB-SEM observation (Figures 8, 9), which is inconsistent with the analysis of pore size distribution by N2 adsorption (Figures 4, 5). Second, pores associated with brittle minerals, if existing in situ, are too large to provide adsorbing sites (PSA). Moreover, given that small pore spaces are generally occupied by migrated OM (Figures 8, 9), these large voids cannot survive from OM injection. Last, morphologies of these voids can imply an artificial cause (Figure 9I), mainly due to sample preparation (particles fragmentation and grains detachment).
In contrast, slightly negative correlations between PVs (PSAs) and clay (ductile minerals) can be detected in both the two shales (Figures 10E,F). This implies that clay is not the major contributor to PV (PSA), which can also be supported by FIB-SEM (Figures 8B,F and 9C,F). Voids confined by clay flakes are generally injected by migrated OM. Moreover, due to ductile nature of clay, pores associated with clay flakes cannot survive from intense compaction.
Correlations between PVs (PSAs) and carbonate minerals are ambiguous (Figures 10G,H). This infers that carbonate minerals are not the primary provider of pore space in both two shales. Due to the chemical cementation, interparticle voids among calcite/dolomite are generally cemented by microcrystal calcite or overgrowth dolomite (Figures 8H,I). Only dissolved pores can exist as isolated circles on surfaces of calcite particles. A slight positive correlation between PV and carbonate minerals can be seen in the Lower Cambrian shale (Figure 10G), suggesting that dissolved pore is one constituent part of the pore system. Nonetheless, the relationship between PV and carbonate minerals in the Lower Silurian shale is irregular (Figure 10G). This is because, in the Lower Silurian shale, OM-hosted pores are prosperous and can overprint the effect of dissolved pores, unlike in the Lower Cambrian shale.
Fractal Significances of Pore Morphology
A strong correlation can be searched between D1 and PSA, while the relationship between D1 and PV is ambiguous (Figures 11A, C). Therefore, PSA can be better illustrated by D1. Positive relationships can be seen between D1 and PSA in both the two shales (Figure 11A). It is because that a larger D1 indicates a more irregular surface, which can contribute to a larger PSA with more absorbing sites for methane (absorbing occurrence). Moreover, the Lower Silurian shale possesses larger D1 than the Lower Cambrian shale (Table 3). This means that pores of the Lower Silurian shale possess relatively more irregular surfaces compared with those of the Lower Cambrian shale.
[image: Figure 11]FIGURE 11 | Correlations between fractal dimension and pore surface area (A,B), pore volume (C,D), and average pore diameter (E,F).
On the other hand, a strong correlation can be searched between D2 and PV (Figure 11D), while the relationship between D2 and PSA is ambiguous (Figure 11B). Therefore, PV can be better illustrated by D2. A disparate phenomenon can be seen in relationships of D2 and PV between the two shales (Figure 11D). The negative trend of D2 and PV indicates that pore spaces are provided by pores with regular structures in the Lower Cambrian shale, while the positive trend of D2 and PV suggests that pore spaces are provided by pores with irregular structures in the Lower Silurian shale (Figure 11D). Moreover, the Lower Silurian shale possesses larger D2 than the Lower Cambrian shale (Table 3). This means that pores of the Lower Silurian shale possess relatively more inhomogeneous structures compared with those of the Lower Cambrian shale.
A disparate phenomenon can be seen in relationships of fractal dimensions (D1 and D2) and APD between the two shales. Negative correlations can be searched between fractal dimensions (D1 and D2) and APD in the Lower Cambrian shale (Figures 11E,F), suggesting that surface roughness and pore structure tend to be more complicated as pore size decreases. In contrast, fractal dimensions (D1 and D2) increase with increasing APD in the Lower Silurian shale (Figures 11E,F), which indicates that surface roughness and pore structure tend to be more complicated as pore size increases.
The two shales present inconsistent fractal characteristics and pore morphologies, indicating that the two shales possess different pore types (consistent with the analysis in Influences of organic matter on pore properties and Effects of mineral components on pore properties sections above). In the Lower Cambrian shale, OM-hosted pores and dissolved pores are the main types. Pores tend to be smooth faced and structure regular with decreasing PSA, increasing PV and increasing APD (Figure 11). This means that pores with regular morphologies (dissolved pores) contribute less PSA and more PV than pores with irregular morphologies (OM-hosted pores). In addition, pores with regular morphologies (dissolved pores) possess larger pore diameters than pores with irregular morphologies (OM-hosted pores), corresponding to the FIB-SEM images (Figure 8). In contrast, in the Lower Silurian shale, pores tend to be smooth faced and structure regular with decreasing PSA, decreasing PV and decreasing pore sizes (Figure 9). Additionally, corresponding to the FIB-SEM images (Figures 9A–F), OM-hosted pores in the Lower Silurian shale present network-like shapes with large diameters and complex surfaces, which can contribute to PV and PSA synchronously. It indicates that pores with irregular morphologies (OM-hosted pores) dominate in the Lower Silurian shale.
Different Diagenetic Stages of Matrix-Related Pores in the Two Shales
The Lower Cambrian and Lower Silurian shales are both typical of oil-prone kerogen and siliceous composition, but different in thermal maturities with 3.56% Ro and 2.31% Ro, respectively. Distinctive pore characteristics between the two shales, in terms of pore types (Figures 8 and 9), PV and PSA (Figures 4 and 5, and Table 2), can be caused by different diagenetic degrees.
In the case of marine shales, oil-prone kerogen is dominant and thermally alterable (Ungerer et al., 2014), implying that the aliphatic branch is prosperous and active with increasing temperature and pressure. Given that the two OM-rich shales have experienced the late diagenesis or metamorphic epoch, the spread of OM obstructs the preexisting spaces, such as interparticle pores among mineral grains and intraparticle pores inside pyrite framboids or clay flakes (Figures 8A–F and 9A–F). Petrological evidence of OM migration is prevalent in both the two shales.
Besides compaction and cementation, residues of mineral-related pores need to meet three demands: low thermal degree before OM migration, low OM abundance without sufficient OM migration, and tiny pore throats preventing OM migration. As mentioned above, no apparent correlations between PV (PSA) and mineral components can be detected in both the two shales (Figures 8C–H), and mineral-related pores are scare without effective function on porosity. Therefore, differences in pore properties may be controlled by different features of OM-hosted pores in both the two shales.
Based on statistics of porosities with a wide range of thermal maturities (Figure 12), no correlation can be searched between porosity and thermal maturity (Ro < 1.5%). Possibly, mineral-related pores dominate the pore system, and various lithofacies of shales may result in different porosities (pore features). As thermal maturity increases (Ro > 1.5%), porosity first increases and then decreases, peaking at 2.8% Ro (Figure 12). Without enough statistical data, it cannot be judged that 2.8% Ro is the most suitable thermal degree for OM-hosted pore development. Still, it can be speculated that OM-hosted pores will be destroyed or extinct at overhigh maturity stage [3.5% Ro stated by Chen and Xiao (2014)]. This regular relationship (Figures 8A,B) can demonstrate that the main pore type (OM-hosted pores) is sensitive to thermal maturity and controls reservoir properties after the dry gas window (Ro > 1.5%).
[image: Figure 12]FIGURE 12 | Porosity distribution of marine shales in a wide range of thermal maturities; data collected from previous research and this paper.
The huge gap in pore features associated with isolated OM (Figure 7 and Table 2) can directly mirror the differences in OM-hosted pore between the Lower Silurian shale and Lower Cambrian shale. In the Lower Silurian shale, with almost 2.31% Ro in the dry gas window, the ability of gas generation remains, and OM-hosted pores develop and merge with cellular constructs (Figure 9F). Nonetheless, in the Lower Cambrian shale with excessive thermal maturity (3.56% Ro), both gas generation ability and the microregion gas content are reduced (gas escapes through the connecting channel of preexisting OM-mineral networks). The pregenerated pores destroy and collapse with pinhole shapes or even nonpore features. Therefore, pore discrepancies between the two marine shales markedly emphasize the impact of thermal maturity on the state of OM-hosted pores.
CONCLUSION
Both the Lower Silurian shale (2.31% Ro) and Lower Cambrian shale (3.56% Ro) were marine shales, and were typical of oil-prone kerogen and siliceous component. Nonetheless, the Lower Silurian shale presented superior pore characteristics than the Lower Cambrian shale. OM played a dominant role in pore development of the two shales at late diagenetic or metamorphic epoch. Pinhole OM-hosted pores were primary in the Lower Cambrian shale, while honeycomb OM-hosted pores were dominated in the Lower Silurian shale. Besides different morphologies, PV (PSA) of isolated OM in the Lower Silurian shale was approximately 6.6 (4.3) times higher than that in the Lower Cambrian shale. With increasing thermal maturity, OM-hosted pores were not increased monotonously, but presented as a unimodal trend with a peak at 2.8% Ro. With similar matrix basics and distinctive pore features, a comparison of the two marine shales markedly emphasizes the impact of thermal maturity on the state of OM-hosted pores.
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Quantitative Comparison of Genesis and Pore Structure Characteristics of Siliceous Minerals in Marine Shale With Different TOC Contents–A Case Study on the Shale of Lower Silurian Longmaxi Formation in Sichuan Basin, Southern China
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China has abundant shale gas resources with great exploration potential, and stage progress has been made in this aspect. The sedimentary environment and reservoir characteristics are important aspects of the study on shale gas accumulation. Previous studies have mostly been carried out from a “qualitative” perspective, but not from a “quantitative” one. There is a lack of comparative studies on “marine shales with different TOC contents”. This paper takes the marine shale of the first member of the Longmaxi Formation (Long 1 Fm) in southern Sichuan Basin, Southern China, as the research object. The core samples were taken to carry out analyses (mineral composition analysis, TOC content analysis, porosity analysis) and experiments (carbon dioxide and nitrogen adsorption experiments, high-pressure mercury intrusion, FIB-SEM, and FIB-HIM experiments). The element logging data were collected to conduct the quantitative comparison of genesis and pore structure characteristics of siliceous minerals in marine shale with different TOC contents in this area. The conclusions are as follows: first, a formula is used to calculate and determine whether there is excessive silicon; then the Al-Fe-Mn triangle diagram is used to analyze the genesis of excessive silicon, so as to quantitatively analyze the genesis of siliceous minerals in shale: the siliceous minerals of organic shale (1% < TOC <2%) in the member studied are almost terrigenous detrital genesis; most siliceous minerals in organic-rich shale (TOC >2%) are detrital genesis, and a small part (0–20%) are biogenic. Carbon dioxide and nitrogen adsorption experiments, as well as high-pressure mercury intrusion experiments are adopted to quantitatively characterize the whole-aperture pore structure characteristics. The pore development characteristics of different shale components are analyzed by combing FIB-SEM and FIB-HIM experiments. The organic-bearing shales in the target section of this study area mainly develop clay mineral pores (71%), and are dominated by macro-pores (57.3%) with a low number of pores, irregular-shaped pores, as well as poor storage capacity and connectivity; the organic-rich shales in the target section of this study area mainly develop organic pores (51%), and are dominated by micro-pores (32.1%) and mesopores (54%) that are large in number and elliptical-shaped, with good storage capacity and good connectivity. The results of this study help to improve the understanding of the pore size of marine shales, the origin of siliceous minerals in marine shales, and the pore structure characteristics of marine shales, which are of great theoretical and practical significance for improving the theory of shale gas formation and guiding the selection of shale gas sweet spot.
Keywords: marine shales, quantitative analysis, genesis of siliceous minerals, organic pores, clay mineral pores, connectivity
INTRODUCTION
The need for natural gas in China has increased substantially due to the rapid economic growth in recent years. Similar to North America, China is also rich in shale gas resources with enormous potential for exploration (Curtis., 2002; Guo, 2016; Zou et al., 2017; Guo et al., 2021). Since 2009, the major oil companies have successively completed five key industrial construction areas in Fuling, Changning, Weiyuan, Zhaotong, and Fushun-Yongchuan, and six evaluation breakthrough areas in Xuanhan-Wuxi, Jingmen, Southern Sichuan (Rongchang-Yongchuan and Weiyuan-Rongxian County), Southeast Sichuan (Dingshan, Wulong and Nanchuan), Meigu-Wuzishan and Yan’an, as well as seven potential research areas in Guizhou Zheng’an, Cengong, Hubei Laifeng-Xianfeng, Hunan Baojing, Longshan, Chongqing Chengkou and Zhongxian-Fengdu, with proven geological reserves of shale gas reaching 17,800 × 108 m3. This means that China has achieved phased achievements in shale gas exploration and development (Zou et al., 2015; Zou et al., 2016; Hou et al., 2020; Guo, 2021a).
Sichuan Basin is the main area for marine shale gas exploration and development in China. In the first member of the Lower Silurian Longmaxi Formation, the total organic carbon content (TOC content) exceeds 2% overall, and the rocks are organic-rich shales in the first sub-member, which is also the main reservoir stratum of shale gas (Guo et al., 2016; Kang et al., 2019; Guo et al., 2020). As exploration proceeds, a batch of prolific shale gas wells have been discovered; meanwhile, there are also some shale gas wells with little gas or no gas. There are significant differences in the shale gas production of the same block (Guo et al., 2017). The research on shale deposition and shale reservoir is important regarding the shale gas accumulation research. A series of studies on shale deposition and reservoirs have been done before the present study (Gao and Hu, 2018; Zhang et al., 2018; Wang et al., 2019; Huang et al., 2020a; Gao et al., 2020). Taking the shale samples of Longmaxi Formation and Niutitang Formation in the periphery of Chongqing as the research objects, Wang et al. (2018) studied the organic pores and development characteristics of the two sets of shales through the organic carbon content test, mineral composition analysis, equivalent vitrinite reflectance test, FIB-SEM and FIB-HIM observation in combination with the analysis of stratigraphic burial history and hydrocarbon generation history. However, the experimental method used in this paper is mainly a qualitative study of shale reservoirs, and quantitative studies have not been conducted. Taking the continental shale reservoirs in the lower sub-member of the Third Sha Member of Zhanhua Depression and marine shale reservoirs in Longmaxi Formation of Southeast Sichuan Basin as typical examples, Li et al. (2019) thoroughly analyzed the pore structure differences between continental and marine shale reservoirs by field emission scanning electron microscopy, carbon dioxide adsorption, nitrogen adsorption, high-pressure mercury intrusion analysis, Soxhlet extraction and other methods. In this paper, some experimental methods are used to quantitatively study the characteristics of shale reservoirs, but the experimental methods used are not comprehensive enough. Moreover, this paper is a comparative study of the characteristics of shale reservoirs in different sedimentary phases (terrestrial and marine), and it does not compare the shale reservoirs with different TOC contents. Qiu et al. (2019) took the shale in Lower Silurian Longmaxi Formation in the Upper Yangtze Region of southern China as an example to carry out the comparative analysis on TOC content, paleoproductivity, and redox conditions between the shale formation containing volcanic ash and the normal sedimentary shale formation. Gao et al. (2020) pointed out through literature review that both the inorganic and organic diagenesis control the shale pore structure evolution process. The studies on pore structure characteristics and diagenesis of shales conducted in this paper are mainly qualitative studies, and the quantitative aspects are slightly inadequate.
A series of studies have been done on shale sedimentation and shale reservoirs, but most of them are “qualitative” research, while the “quantitative” perspective has rarely been taken. As shale gas exploration proceeds, the gap needs to be filled. Moreover, comparative studies on “marine shales with different TOC contents” are rare. Therefore, this paper takes a quantitative and comparative perspective of the silica-mineral genesis and pore structure characteristics of marine shales with different TOC contents in Jiao Ye 1 Well from the Lower Silurian Longmaxi Formation in the southeastern Sichuan Basin, southern China (Figure 1) (Nie et al., 2020; Wang et al., 2020e; Zhang et al., 2021; Zhang et al., 2022a). This paper quantifies the presence and content of excess silicon in marine shales with different TOC contents by using Si and Al elements from elemental logging, and uses the Al-Fe-Mn triangle diagram to determine the cause of excess silicon. Besides, the “porosity petrophysical model” is utilized to quantitatively characterize the pore composition of marine shales with different TOC contents. CO2 and N2 adsorption experiments, combined with high-pressure mercury pressure experiments, were carried out to quantitatively characterize the pore volumes of marine shales with different TOC contents. FIB-SEM and FIB-HIM observations were completed to directly characterize the pore volumes of marine shales with different TOC contents.
[image: Figure 1]FIGURE 1 | Location of Jiaoshiba Block in Southeast Sichuan Basin, South China and JiaoYe1 Well Location Map. Modified from references (Wang et al., 2020e; Nie et al., 2020; Zhang et al., 2021; Zhang et al., 2022a).
GEOLOGICAL SETTINGS
Sedimentary and Stratum Characteristics
According to previous studies (Mei et al., 2012; Wang et al., 2015b; Mou et al., 2016; Zhang et al., 2020b), the interior Cratonic sagging basin was formed after the Upper Yangtze area was squeezed by the Cathaysian Plate in the Upper Ordovician-Lower Silurian. In the Upper Yangtze region, the Upper Ordovician and Lower Silurian sedimentary strata are called the Wufeng and the Longmaxi Formations, respectively. The latter can be divided into the first, second, and third members from bottom to top. This work focuses on the first member of the Longmaxi Formation, (Long 1 Fm.,) and its shale has different lithologies: the first sub-member is primarily the black organic-rich siliceous shales, while the second and third sub-members are a combination of dark grey shales, silty shales, and siltstones.
Tectonic Characteristics
According to previous studies (Li et al., 1995; Li et al., 2002; Wang and Li, 2003; Shan et al., 2021), the original continental crust in South China was split into Yangtze and Cathaysian paleo-plates in the early Mesoproterozoic. In the Lower Cambrian, the two plates had tension and a large-scale transgression occurred in them, leading to the sedimentation of a group of organic-rich shales that almost covered the entire plate. Later, the water body became shallower over time, and the lithology gradually developed from fine shales and silty shales into coarse clastic rocks, such as siltstones and sandstones, etc. Due to the extrusion and collision of the Cathaysian Plate in the Ordovician, the water body continued to get shallower, thus changing the sedimentary system of clastic rocks into carbonate rocks. In the Upper Ordovician-Lower Silurian, the sedimentary system of clastic rocks was restored due to the large-scale transgression. Consequently, a set of organic-rich shales were deposited in the deep shelf surrounded by the ancient land. In the Cambrian-Silurian, the Cathaysian Plate gradually subducted into and collided with the Yangtze Plate. The two plates merged into the unified South China Plate at the end of the Silurian (Huang et al., 2020b; Wang H. et al., 2020; Wang et al., 2020d; Li et al., 2020; Gao et al., 2021a).
SAMPLES, EXPERIMENTS, AND DATA SOURCES
A schematic diagram of the experiments used in each of the research components of this paper is shown in Figure 2. From Long 1 Formation, the core samples were taken every 2 m from the JiaoYe 1 Well. Then, we carried out the TOC content analysis experiments with Sievers 860 analyzer, the X diffraction whole-rock mineral analyses and clay mineral analyses with mineral analyzer YST-I and the porosity experiments with Poro PDP-200 tester. Partial data were collected from the literature of Guo et al. (2016). The element logging data provided by Schlumberger Company were also collected.
[image: Figure 2]FIGURE 2 | Schematic diagram of the experiments used in each of the research components of this paper.
Meanwhile, some samples with different TOC contents were selected. Then we carried out the carbon dioxide adsorption experiments with a BSD-PM1/2 instrument, the nitrogen adsorption experiments with a BSD-PS1/2/4 adsorber, and the high-pressure mercury intrusion experiments with a 3H-2000PS2 instrument. The experimental data were collected to obtain the experimental results about the joint characterization of the whole-aperture pore volume. Other samples with different TOC contents were chosen and carried out the FIB-SEM (Focused ion beam scanning electron microscopy) experiments with Helios NanoLab 660, and the FIB-HIM (Focused ion beam-Helium ion microscopy) experiments with Zeiss Orion NanoFab.
RESULTS AND DISCUSSION
Quantitative Comparison of Siliceous Mineral Marine Shale With Different TOC Contents
The silica sources include normal terrigenous detrital deposits, hydrothermal genesis and biogenic silica under special circumstances (Bostrom et al., 1973; Murray et al., 1991; Liu and Zheng, 1993; Yang et al., 1999). Excess siliceous mineral content (Siex) refers to siliceous minerals other than normal terrigenous detrital deposits. The content of excess siliceous minerals can be calculated by the following formula:
[image: image]
where, Sis is the content of silicon in the sample, Unit:wt%; Als is the aluminum content in the sample, Unit:wt%; the value of (Si/Al)bg is 3.11, which is the average content in shale (Holdaway and Clayton, 1982).
The shale in the JiaoYe 1 Well from the first sub-member of Long 1 Formation is organic-rich shale (TOC >2%), and those from the second and third sub-members are organic shale (1% < TOC <2%). According to the Si and Al elements logging data provided by the Schlumberger Company and calculation formula of the excess siliceous mineral content, the Siex of the Jiao Ye 1 Well from Long 1 Fm. is calculated, and the results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Quantitative analysis of siliceous minerals in marine shales with different TOC contents in the first member of Lower Silurian Longmaxi Formation in Jiao Ye 1 well, Yangtze area. See Figure 1 for the well location.
Wedepohl (1971), Adachi et al. (1986), and Yamamoto (1987) proposed a method to determine whether siliceous minerals are hydrothermal or biogenic genesis by Al-Fe-Mn triangular diagram. In this paper, the test values of Al, Fe and Mn elements in the formation with excess silicon content in the first member of Lower Silurian Long Fm. in Jiao Ye 1 Well are projected on the triangle diagram, as shown in Figure 4. It is found that the numerical values are basically distributed in the biogenesis area, which indicates that excess silicon content is biogenic. Based on the findings, the vertical siliceous source map of shale in the first member of Lower Silurian Longmaxi Formation in Jiao Ye 1 Well can be accurately drawn, as shown in Figure 3. It can be seen that the organic shale in the second and third sub-members of Long 1 Fm. are basically terrigenous detrital silicon, and the organic-rich shale in the first sub-member of Long 1 Fm. contains biogenic silicon. Among the members with biogenic silicon, the biogenic silicon content of more than half of the members is between 0 and 5%, and that in some members is 5–15%, with the highest being 15–20%.
[image: Figure 4]FIGURE 4 | The source of siliceous minerals in the first member of Lower Silurian Longmaxi Formation of Jiao Ye 1 Well containing excess silicon content is analyzed by Al-Fe-Mn triangle diagram, indicating that the excess silicon content is biogenesis. See Figure 1 for the well location.
Quantitative Comparison of Pore Structure Characteristics of Marine Shales With Different TOC Contents
Quantitative Comparison of Pore Composition of Marine Shales With Different TOC Contents
From Long 1 Fm. in this study, the core samples were taken from the JiaoYe 1 Well. Next, we carried out TOC content analyses, porosity experiments and mineral composition analyses. See Figure 5 for the stratigraphic division and geochemical data analysis results in this area. Based on the porosity data statistics of each sub-member in Long 1 Fm., we found that the average total porosity is 4.60% in the first sub-member, 3.72% in the second sub-member, and 5.36% in the third sub-member. According to TOC content and mineral composition analyses, in the Long 1 Fm., the brittle minerals content and TOC content in shales decrease gradually from the lower first sub-member (average value is 65.9 and 3.58%, respectively) to the upper third sub-member (average 46.8 and 1.72%, respectively), while the clay minerals content increases gradually (from 34.1 to 53.2%). See these data in Table 1.
[image: Figure 5]FIGURE 5 | The divided sub-members in JiaoYe 1 Well in Long 1 Fm. and analysis results of mineral composition, TOC content and porosity. See Figure 1 for the well location.
TABLE 1 | Pore volume and proportion of shaly micropores, mesopores and macropores in long 1 Fm.
[image: Table 1]In Long 1 Fm., each sub-member has different mineral composition and TOC content, which means that the pore composition varies as well. According to the reservoir condition, shale pores can be divided into organic pores, brittle mineral pores, and clay mineral pores. Guo et al. (2016) quantitatively characterized the contribution of each type to shale pores through the petrophysical model of porosity (Guo et al., 2016). Although the total porosity is similar among sub-members, the porosity composition is different because of the various mineral composition and TOC content in shales. For the total porosity in Long 1 Fm., the proportion of the clay mineral pores increases gradually from the lower first sub-member (average 43%) to the upper third sub-member (average 71%), while the proportion of the organic pores decreases gradually from the lower first sub-member (average 51%) to the upper third sub-member (average 24%) (Guo et al., 2016).
Quantitative Characterization of Pore Volumes of Marine Shales With Different TOC Contents
CO2 and N2 adsorption experiments were carried out on the samples in this study for characterization, which has overlapped area inevitably so the weighted average method (Ji et al., 2015; Wang et al., 2016a; Wang et al., 2016b; Tang et al., 2017; Gao et al., 2021b; Gao., 2021) was adopted to process the pore volume and pore-specific surface area data. Besides, high-pressure mercury experiments were carried out for the distribution of micro- (<2 nm), meso- (2–50 nm), and macropores (>50 nm), respectively. For Long 1 Fm. in this study, quantitative characterization (Figure 6) was conducted on the pore volume of shales with different TOC content. See the statistical data in Table 1. In the first sub-member with high TOC content, It is found that the pore volume proportion of micropores and mesopores are relatively larger (32.1 and 54%, respectively), and the volume proportion of macropores is relatively smaller (13.9%). In the third sub-member with gradually decreasing TOC content and gradually increasing clay minerals, the pore volume proportion of micropores and mesopores decreased gradually (10.3 and 32.5%, respectively), and the pore volume proportion of macropores increased gradually (57.3%). This means that micropores and mesopores are mainly developed in organic pores, and macropores are mainly developed in clay mineral pores.
[image: Figure 6]FIGURE 6 | The whole-aperture quantitative characterization on pore volume of the shales with different TOC content in JiaoYe 1 Well in the Long 1 Fm.: Characteristics about. (A): 2337 m, TOC = 1.0%; (B): 2358 m, TOC = 1.6%; (C): 2369 m, TOC = 1.8%; (D): 2396 m, TOC = 4.2%; (E): 2406 m, TOC = 5.1%. See Figure 1 for the well location. Modified from reference (Tang et al., 2016).
Direct Observation of Pore Structure Characteristics of Marine Shales With Different TOC Contents
For an in-depth analysis on the characteristics of shaly pore structure in different strata, we observed the organic pores in the first sub-member and the clay mineral pores in the third sub-member of the JiaoYe 1 Well in Long 1 Fm. during FIB-SEM experiments and FIB-HIM experiments.
The FIB-SEM images show that the grayscale of pores is the largest, and the grayscale of each shaly material composition decreases as the molecular weight drops, which means that the grayscale of organic matters is higher than that of inorganic minerals in FIB-SEM images (Ji et al., 2014; Ji et al., 2016; Guo,2021b; He et al., 2021; Huang et al., 2021; Zhang et al., 2022b). For the Long 1 Fm., it is found that most pores are organic pores in the first sub-member with large pore diameter (micropores, mesopores and macropores with diameter less than 200 nm), and the pores are mostly elliptical (Figure 7A); the number of clay mineral pores is less than that of organic pores in the third sub-member, while with larger pore diameter than that of organic pores (macropores with a diameter of 200nm∼1 μm), and the pores are mostly irregular (Figure 7C).
[image: Figure 7]FIGURE 7 | In JiaoYe 1 Well in the Long 1 Fm.: FIB-SEM and FIB-HIM images of shales in the first sum-member and third member. In JiaoYe 1 Well in the Long 1 Fm., 2402 m: Organic pores: (A) FIB-SEM image, (B) FIB-HIM image; In JiaoYe 1 Well in the third member of Longmaxi Formation, 2339 m: Clay Mineral Pores: (C) FIB-SEM Image, (D) FIB-HIM Image.
The FIB-HIM experiments can be adopted to further observe the internal stereo structure of the pores and display the two-dimensional images with three-dimensional effects (Zhang et al., 2020a; Zhang et al., 2020c; Liu et al., 2021a; Liu et al., 2021b; Wang et al., 2021). The grayscale of FIB-HIM images is right the opposite of that of FIB-SEM images, and the grayscale of each shaly material composition increases with the decreasing molecular weight. This means that the grayscale of organic matter is lower than that of inorganic minerals in FIB-SEM images (Bernard et al., 2012a; Bernard et al., 2012b; Dillinger and Esteban, 2014; Wang et al., 2017; Kou et al., 2022). For the Long 1 Fm., FIB-HIM experiments were carried out on the FIB-SEM samples with similar depth. It is found that there are foramina embedded in the macropores in the organic pores of JiaoYe 1 well in the first sub-member (Figure 7B). The porosity development characteristics of “foramina embedded in the macropores” not only increase the reservoir space and specific surface area of organic matters, but also provides a seepage channel for shale gas, as well as enhances the connectivity of organic matters (Zuo et al., 2019; Wang G. et al., 2020; Wang J. et al., 2020; Xia et al., 2020; Yu et al., 2022). Relatively isolated pores are fewer and mainly developed in the clay mineral pores in the second and the third sub-members (Figure 7D), with relatively poor reservoir capacity and connectivity (Nie et al., 2012; Dillinger and Esteban, 2014; Wang et al., 2015a; Guo et al., 2016).
Patterns of Pore Structure Characteristics
Based on the above analysis, the patterns of pore structure characteristics of marine shales with different TOC contents were summarized, as shown in Figure 8. The organic shales in the second and third sub-members of Long 1 Fm. mainly develop clay mineral pores, mainly macropores, and the pore development is isolated, with a small number of pores. The pores are mostly irregular, with poor reservoir capacity and connectivity (Figure 8A). The organic-rich shales in the first sub-member of Longmaxi Formation mainly develop organic pores, mainly micropores and mesopores, which are great in quantity and mostly elliptical. It presents the development characteristics of “small pores in big pores”, with large reservoir space and sound connectivity (Figure 8B).
[image: Figure 8]FIGURE 8 | Patterns of pore structure characteristics of marine shales with different TOC contents (A): Organic shale; (B) Organic-rich shale.
The following analyzes the reasons why the pore structure characteristics of marine shales with different TOC contents are developed differently. The organic-bearing shales in the sub-members 2 and 3 of Long 1 formation have relatively low TOC contents, and inorganic minerals are mainly clay minerals; while the contents of siliceous minerals such as quartz and feldspar are low. Intergranular pores are developed in clay minerals. Due to the effect of overburden pressure and the lack of support from rigid minerals such as quartz and feldspar, some of the clay minerals were compressed, causing the residual clay mineral pores to develop more isolated and irregular pores that are small in number, with poor storage capacity and connectivity. The organic-rich shale in the sub-member 1 of the Long 1 Formation has a relatively high TOC content, and inorganic minerals are mostly siliceous minerals such as quartz and feldspar, but the clay mineral content is relatively low. The organic-rich shales in the sub-member 1 of the Long 1 formation have a kerogen type of I and II1 as they are all marine shales. With the gradually deepened thermal evolution when entering the immature stage (Ro > 2%), part of type I and II1 kerogen are directly converted to natural gas, and the other part is first converted to liquid hydrocarbons and then to natural gas, thus forming organic pores within the kerogen. The organic pores are protected by rigid minerals such as quartz and feldspar and are highly resistant to compression. As a result, these organic pores are mostly in an elliptical shape and large in number with the distribution of “large pores over small pores”. Besides, they have large storage space and strong connectivity.
Two quantitative analysis methods are applied in this paper: (1) Quantitative analysis of shale silica mineral genesis: The data are from elemental logging data or data obtained from the main trace element analysis of the cores. The Si and Al contents, combined with the calculation formula, are used to determine the presence of excess Si and to calculate its amount; and then the Al-Fe-Mn triangle is used to analyze the cause of the excess Si. This can quantitatively analyze the siliceous mineral genesis of shale and provide a basis for the study of shale depositional environment. (2) Quantitative analysis methods of pore structure characteristics of shale: (1) data are obtained from TOC content analysis, mineral composition analysis, rock density analysis and porosity analysis of shale cores; the “porosity petrophysical model” is used to quantitatively characterize the pore composition of marine shale; (2) data are obtained from adsorption experiments of carbon dioxide and nitrogen; high-pressure mercury pressure experiments, FIB-SEM experiments, and FIB-HIM experiments. A combination of these five experiments was used to quantitatively characterize the pore structure of shale micro and nano full pore size. The above methods can be applied not only to the study of marine shale, but also to the study of terrestrial shale and marine-terrestrial transitional shale, providing important technical support for the analysis of shale depositional environment and shale reservoir characterization.
SUMMARY AND CONCLUSION
This paper studied the marine shales in Long 1 Fm. (located in the Jiaoshiba Block in Southeast Sichuan Basin). The core samples were taken from the newly drilled shale gas exploration wells. The mineral composition analysis, TOC content analysis, porosity analyses, carbon dioxide adsorption experiment, nitrogen adsorption experiment, high-pressure mercury intrusion experiment, FIB-SEM experiments and FIB-HIM experiments were carried out, and the element logging data were collected to quantitatively compare the genesis of siliceous minerals and pore structure characteristics of marine shales with different TOC contents. The conclusions are as follows:
1) The existence of excess silicon content was determined according to the contents of silicon and aluminum, as well as the results of calculation by formula, and then the Al-Fe-Mn triangle diagram analysis method used to analyze the genesis of excess silicon content was adopted to quantitatively analyze the genesis of siliceous minerals of shales. The siliceous minerals of organic shale in the target formation of study area are almost terrigenous detrital genesis; while the siliceous minerals in organic-rich shales contain 0–20% biogenic silicon.
2) The full aperture pore structure characteristics of shale can be quantitatively characterized by carbon dioxide adsorption experiment (characterizing the micropores < 2 nm), nitrogen adsorption experiment (characterizing the mesopores from 2 to 50 nm), and high-pressure mercury intrusion experiment (characterizing the macropores >50 nm). Besides, combined with FIB-SEM experiments and FIB-HIM experiments, the pore development characteristics of different components of shale can be analyzed. Clay mineral pores are mainly developed in the organic shales of the target formation in this study area, which are mainly large pores, small in quantity, irregular and poor in reservoir capacity and connectivity. The organic-rich shales in the target formation of this study area mainly develop organic pores, which are mainly composed of a large number of oval micropores and mesopores, with good reservoir capacity and connectivity.
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NOMENCLATURE
Als the aluminum content in the sample, unit:wt.%Clay minerals, unit:wt%
FIB-HIM Focused ion beam-Helium ion microscopy
FIB-SEM Focused ion beam-scanning electron microscopy Pore Diameter, unit:nm Pore volume, unit:ml/g Porosity, unit:%
Siex Excess siliceous mineral content, unit:wt% Siliceous minerals, unit:wt%
Sis the content of silicon in the sample, unit:wt%
(Si/Al)bg 3.11, which is the average content in shale
TOC Total organic carbon, unit:wt%
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Improving the recognition of paleo-fluid circulation history is of great significance to reconstruct pore evolution during carbonate diagenesis. Integrated petrography, fluid inclusion, isotopic and elemental geochemistry (laser ablation inductively coupled plasma mass spectrometry) studies, calcites generated in paleocaves, and fractures were investigated. This study aims to reveal the paleo-fluid origin and karstification event within the nonexposed limestone of the Lower–Middle Ordovician Yingshan Formation in the Tarim Basin. The only generation of blocky calcite growing along the karst paleocave and fracture walls [cave-filling calcite (CFC)] crosscuts burial stylolites. The secondary fluid inclusions obtained from CFC are characterized by the coexistence of liquid-only and liquid-dominated aqueous inclusions with low salinities values (0–2.4 wt%), suggesting that the CFC has experienced a low-temperature environment (<50°C). The depleted δ18O values (−15.32‰ to 12.45‰), seawater-like yttrium and rare earth element patterns, and low ΣREE (<0.65 ppm) have recorded the major episode of meteoric water leaching the Yingshan limestone. This view was further confirmed by the calculated δ18Owater values of parent fluids (−14.3‰ to 2.2‰). The relatively higher 87Sr/86Sr ratios (0.70942–0.70994) are interpreted as the result of meteoric water interacting with the overlying Silurian detrital rock when percolated downward. The geochemical evidence recorded by CFC indicates that the karstification event for Yingshan nonexposed limestone possibly took place in the Early Hercynian period during the late Devonian. Therefore, meteoric water percolating downward along the fractures penetrating insoluble strata and/or migrating laterally along the permeable strata is deemed responsible for the karstification event, although the overlying thick insoluble strata in the coverage area.
Keywords: nonexposed limestone, paleocaves, carbon and oxygen isotopes, strontium isotopes, in-situ REE, meteoric water
INTRODUCTION
It has been known that considerable hydrocarbon resources (approximately 40% or more) are trapped at carbonate reservoirs (Sayago et al., 2012). Some hydrocarbon reservoirs with significant production may be paleokarst origin such as the Lower to Upper Paleozoic carbonates in the west Texas (Kerans, 1988), and the Ordovician carbonates in the Ordos and Tarim basins (Fu et al., 2012; Tian et al., 2016). The paleokarst processes ranging from near-surface corrosion to deep-buried dissolution have influenced numerous carbonate reservoirs that host petroleum accumulation (Loucks, 1999; Sayago et al., 2012; Lønøy et al., 2021). Most paleokarst-related carbonate reservoirs are considered to originate from near-surface karst processes related to stratigraphic unconformity and subsequently subjected to further burial dissolution (Sayago et al., 2012).
According to the published researches, near-surface karst reservoirs are formed from dissolution by carbonate unsaturated fluids, such as freshwater (Raeisi and Mylroie, 1995; Zhang et al., 2017) or mixture of freshwater and seawater (Mylroie and Mylroie, 2007; Menning et al., 2015). Meanwhile, the paleokarst reservoirs are controlled by precursor mineralogy, grain size, initial porosity and permeability of the affected rocks, climate, and duration of exposure (Loucks, 1999). However, it is difficult to reveal freshwater activities in the deep-buried carbonate due to limited cores. Geochemical signatures of calcites are proved to be useful tools that can help to identify the karst processes. Some researchers have classified paleokarst stages by carbon, oxygen, and strontium isotopic compositions (Ainsaar et al., 2010; Han et al., 2019), and the others have distinguished the fluid origin according to the fluid inclusion analyses (Rossi et al., 2002). Moreover, interest in yttrium and rare earth elements (REEYs) has emerged, which shows the potential as paleoclimatic and paleohydrological proxies (Bourdin et al., 2011). Therefore, integrated applications of petrography, geochemistry, and fluid inclusion studies of cave-filling calcites (CFCs) can assist in deciphering the paleokarst reservoirs origin.
The Tarim Basin covered an area of approximately 56 × 104 km2 (Figure 1A) and is the largest hydrocarbon-bearing basin in China in terms of area (Chen et al., 2012). The Tahe Oilfield located in Tabei Uplift is the largest known Palaeozoic marine carbonate oil field in China (Lu X et al., 2017). The most important pay layer of the Tahe Oilfield is the freshwater-leaching Ordovician carbonate, and the proved reserves of crude oil are estimated to be 5.875 × 108 tons in the Ordovician paleokarst carbonate reservoirs (Han et al., 2019).
[image: Figure 1]FIGURE 1 | (A) The location of the Tarim Basin in China. The red area signifies the Tarim Basin. (B) The location of the Tahe Oilfield in the Tarim Basin. The red area indicates the Tahe Oilfield. (C) The location of the wells and faults in the Tahe Oilfield. The gray area indicates the coverage area in the Tahe Oilfield. The yellow and red areas indicate the buried-hill area.
In the northern part of the Tahe Oilfield (or “buried-hill area”), mega-paleokarst systems developed in the Lower to Middle Ordovician limestone (the Yingshan limestone). The Yingshan limestone has undergone two stages of significant karstification during the Middle Caledonian and Early Hercynian periods. In the southern part of the Tahe Oilfield (or “coverage area”) (Figure 2), the Yingshan limestone is covered by the Middle Ordovician limestone and the Upper Ordovician lime-mudstone and muddy limestone with a thickness of more than 220 m. Therefore, the paleokarst reservoirs are generally considered to be less developed than those in the buried-hill area (Yang et al., 2014). However, the phenomenon of blowdown and leakage during drilling is also common in the Yingshan limestone of the coverage area, implying the development of paleokarst reservoirs.
[image: Figure 2]FIGURE 2 | Cross section of the Tahe area shows different formation contacts in the south to north.
The Yingshan limestone has recently made significant oil achievements at a depth more than 6,000 m in the coverage area (Lu Z et al., 2017). It has been evidenced that the hydrocarbon reservoirs in buried-hill area were dominated by Early Hercynian karstification during the late Devonian period (Gao et al., 2020; Zhang et al., 2021). However, controversy still remains regarding the generation of the hydrocarbon reservoirs in coverage area. Some researchers have emphasized that the paleokarst reservoirs were generated by the Middle Caledonian karstification during the late Middle Ordovician, because of the influence of paleogeomorphology and overlying Middle to Upper Ordovician insoluble strata (Yang et al., 2014). On the contrary, some scholars stressed that the Middle Caledonian karstification was characterized by contemporaneous karst based on the conodont biostratigraphy, which made it impossible to generate large-scale paleokarst reservoirs (Lv et al., 2009). Others proposed that the karst-fault paleokarst reservoirs were developed by input of dissolution fluids along the fractures (Lu et al., 2017; Han et al., 2019; Méndez et al., 2019). These debates indicate that the hydrocarbon reservoirs in the coverage area have not been adequately studied. Meanwhile, these analyses were not constrained by elements, isotope ratios, and/or fluid inclusion evidence, casting doubt on the fluid origin. Therefore, identifying fluid origin of the paleokarst reservoirs in the coverage area can greatly improve the further exploration in the Tahe Oilfield.
In this study, based on petrography, isotopic compositions, fluid inclusion studies, and in situ REEY analysis of CFC, the main objectives of this article are to (1) characterize the paleocave distribution features and discuss the parent fluid origin of CFC and (2) reconstruct the karstification model for nonexposed paleokarst carbonate reservoirs. The results provide a pioneering research for the evaluation of paleokarst reservoirs in nonexposed carbonate and guide further hydrocarbon exploration in deep-buried carbonate.
GEOLOGICAL BACKGROUND
The Tarim Basin as a composite superimposed basin developed on the pre-Sinian basement (Jia et al., 1998) is the largest productive basin situated in the northwest China (Figure 1A). Situated on the northwest of the Tarim Basin (Figure 1B), the Tabei Uplift is tectonically bounded by the Kongquehe Slope, Manjiaer Depression and Shuntuoguole Low Uplift in the southeast, Awiti Depression in the southwest, and Kuqa Depression in the northwest. The Tahe Oilfield (the study area), which encompassed an area of 2,400 km2, is located in the southeast of Tabei Uplift (Figure 1B).
More than 10,000-m thickness of sediments developed in the study area, including the Cambrian-Ordovician marine carbonates and the Silurian-Quaternary marine–terrestrial clastic strata (Sun et al., 2013). The Ordovician strata consist of, in an ascending order, the Lower Ordovician Penglaiba (O1p), the Lower–Middle Ordovician Yingshan (O1-2y), the Middle Ordovician Yijianfang (O2yj), the Upper Ordovician Qiaerbake (O3q), and Lianglitage (O3l) and Sangtamu (O3s) formations (Figure 2). The sedimentary face was restricted platform in the Early Ordovician (Gao and Fan., 2015) and then transformed to open platform as a result of tectonic movement and sea level variation during the Middle Ordovician in the Tabei area (Gao et al., 2006a). In the Late Ordovician, a large-scale transgression submerged the carbonate platform, and the sedimentary face was converted into deep-water shelf and basin. Therefore, the carbonate deposition was much reduced and gradually evolved into a mixed carbonate-siliceous clastic sedimentary system (Gao et al., 2006b; Feng et al., 2007; Gao and Fan, 2015). The marine carbonates are dominated by dolostones from the Cambrian to the Lower Member of the Yingshan Formation and mainly comprise limestone in the Upper Member of the Yingshan Formation and the Yijianfang Formation. The Upper Ordovician strata mainly comprise mudstones, sandstone, marl, and nodular limestone, which are the regional cap rocks in the Tabei area.
The Tarim Basin has experienced intense multistage tectonic movements in Paleozoic period and ranges from extensional to compressional environment since the Early Ordovician (Jia et al., 1998), due to the closure of the North Kunlun Ocean and the Altyn Ocean. This tectonic movement had a significant influence on the Bachu Uplift and Tazhong Uplift, resulting in a partial or total absence of the Middle and Upper Ordovician strata (Tian et al., 2020). However, it had slighter influence on the Tabei Uplift, which led to the development of the contemporaneous karstification in the Yijianfang and Lianglitage formations (Lv et al., 2009). During the Late Devonian to Early Carboniferous, the collision in the north edge of the Tabei Uplift resulting from the closure of the Tianshan Ocean is the most significant and influential stage, which leads to prolonged exposure and weathering (approximately 10 Ma) in the Tahe area (He et al., 2020). This uplift results in the intense unroofing and the absence of the Devonian, Silurian, and Middle-Upper Ordovician strata in the buried-hill area (Figure 1C), so that the Carboniferous strata unconformably overlie the Yingshan limestone in the north area of the Tahe area (Figure 2). In contrast, the coverage area experienced a relatively slighter uplift, so that the Devonian, Silurian, and Middle-Upper Ordovician strata were partially or completely preserved overlying the Yingshan limestones (Figures 1C, 2). In addition, numerous reverse and strike slip faults are well developed during long-term and multistage tectonic activities (Figure 1C).
The Yingshan limestone experienced various degrees of karstification as a result of different structural thrusting and uplift in the study area. The karstification reservoirs are well-developed related to stratigraphic unconformities in the buried-hill area, whereas these were less developed in the coverage area because of the overlying insoluble strata. However, the blowdown and leakage during the drilling processes are still widespread in Yingshan limestone of the coverage area. The height of the blowdown section extends for several meters and up to 15 m in the Well of TS4 (Figure 3). The blowdown sections are distributed in the range of 170–200 m from the top of Yingshan Formation, indicating that the paleocaves are inferred to be layered distribution.
[image: Figure 3]FIGURE 3 | The distribution of different lithology, blowdown, and leakage in the coverage area of Tahe Oilfield. Some wells lack logging curves due to blowdown and leakage.
METHODS
Thirty-four samples were collected from the Yingshan Formation for petrographic analysis, and these sample distributions are shown in Figure 3. CFC samples were doubly polished into thin section approximately 90 µm thick for fluid inclusion petrography and microthermometry analysis. Cathodoluminescence microscopy was carried out on a RELITRON III stage in the state Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest Petroleum University, using a gun current of approximately 0.3–0.5 mA and an acceleration voltage of 5–8 kV.
The fluid inclusion microthermometry was measured in CFC samples at Key Lab of Sichuan Province Natural Gas Geology, Southwest Petroleum University. Fluid inclusions were performed using a Linkam THMGS600 heating–freezing stage, which was calibrated using synthetic fluid inclusions with known compositions. The cycling technique proposed by Goldstein and Reynolds (1994) was used to measure homogenization temperatures (Th) and ice final melting temperatures (Tm-ice) in this study. The precision of the heating, cooling, and/or cycling intervals are 0.1°C for Tm-ice when the temperature is higher than −3°C, 1°C for Tm-ice when the temperature is lower than −3°C, and 5°C for Th and metastable freezing temperature (Tf). The liquid-only aqueous inclusions were stretched for Tm-ice measurement by heating in a muffle furnace at 220°C for approximately 6 h (Goldstein and Reynolds, 1994).
Aqueous fluid inclusions in relatively soft minerals such as calcite are easily reequilibrated in association with increased temperatures during deep burial (Goldstein and Reynolds, 1994; Ujiie et al., 2008). Therefore, the concept of the fluid inclusion assemblage (FIA) is adopted to evaluate the validation of Th and Tm-ice in fluid inclusions. The last melting phase of all the inclusions was ice during low-temperature microthermometric work. The salinity of the inclusions was calculated by Tm-ice, using the program of Steele-MacInnis et al. (2011), based on the H2O-NaCl system in this research.
Thirteen CFC samples and five micrite limestone (MC) samples were prepared for stable carbon (δ13C), oxygen (δ18O), and strontium (87Sr/86Sr) isotopes. These isotope analyses were all conducted at the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu University of Technology. Carbon and oxygen isotopes were performed using a MAT 253 mass spectrometer, and isotopic data were reported in the standard notation relative to the Vienna Peedee Belemnite (VPDB). Analytical precision of carbon and oxygen isotopic values are both better than ±0.01%. In addition, the parent fluid δ18Owater (SMOW) value is calculated by the O’Neil et al. (1969) oxygen fractionation equation ((10)3lnαcalcite-water = 2.78 × 106 T−2 − 2.89).
Approximately 100-mg sample powder was dissolved for strontium isotope analyses. The 87Sr/86Sr ratios measurement was performed on a MAT262 solid isotope mass spectrometer and normalized relative to the NBS987 standard. The average standard error was (2σ) ± 12 × 10−6.
In addition, previously published datasets in buried-hill area of Tahe Oilfield were compiled to analyze the fluid origin of CFC (Liu et al., 2008; Li et al., 2011; Jin et al., 2015; Liu et al., 2016; Liu L et al., 2017; Han et al., 2019). The isotope ratios of CFCs derived from different sources (hydrothermal fluid, meteoric water, and seawater) were constrained based on comprehensive analysis of elements, isotopes, and/or fluid inclusions in the buried-hill area. These published data include 54 carbon and oxygen isotopes and 36 87Sr/86Sr ratios. The collected δ13C and δ18O values are considered comparable because they have been normalized to VPDB with an accuracy of ±0.1‰. Besides, these published data are evaluated here to give insights into diagenetic fluids.
In situ trace elemental measurements of CFC were conducted on a combined ESL193UC laser ablation system (ArF 193-nm gas excimer laser) and an Agilent 7800 inductively coupled plasma mass spectrometry at the Laboratory of Carbonate Sedimentary and Diagenetic Geochemistry, Southwest Petroleum University. The laser-spot size and frequency of the laser were set to 80 µm and 5 Hz, respectively, in this study. The standards NIST 612 and MACS-3 were used to correct for drift and check measurement uncertainties (Ca as internal standard; relative REE + Y concentration errors < 10%), respectively. Data processing and calibration were performed in Iolite (method from Paton et al., 2011). The isotopes 89Y, 139La, 140Ce, 141Pr, 142Nd, 148Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, and 175Lu were used to qualified REE + Y in the CFC samples. Some other elemental contents (27Al, 55Mn, 57Fe, 88Sr, and 91Zr) were also measured to test for possible contaminants.
Raw REEY concentrations were normalized to Post-Archean Australian Shale (PAAS) (McLennan, 1989). The relative enrichments of the LREE, MREE (from Sm to Dy), and HREE fractions were evaluated by the ratios of (Pr/Yb)SN, (Pr/Tb)SN, and (Tb/Yb)SN. The BSI (MREE enrichment) value is calculated following Tostevin et al. (2016). La, Ce, and Pr anomalies were (La/La*)SN = LaSN/(PrSN × (PrSN/NdSN)2), (Ce/Ce*)SN = 2CeSN/(LaSN + PrSN), and (Pr/Pr*)SN = 2PrSN/(CeSN + NdSN), respectively (the subscripted SN means PAAS-normalized) (Lawrence et al., 2006).
RESULTS
Petrography
Limestones of the Upper Member of the Yingshan Formation mainly comprise lime-mudstone, lime-wackstone, and lime-grainstone, with an average thickness of approximately 250 m. Lime-mudstones primarily composed of fine calcite crystals were generally deposited in a quiet hydrodynamic condition and are quite tight (Figure 4A). The intergranular pores between grains are occluded by drusy and blocky calcite cements in wackstones and grainstones (Figures 4A,B). Various types of bedding-parallel stylolites are present in micrite lime-mudstone (Figures 4C,D) or at lithological transitional interfaces between wackstones and mudstones (Figure 4A). The euhedral dolomites and blocky calcites appear in the vicinity of stylolites, suggesting intensive cementation (Wu et al., 2021). The optical petrographic analysis of core and thin section indicates that the primary intergranular pores developed during deposition were rarely preserved because of intensive compaction and cementation.
[image: Figure 4]FIGURE 4 | Petrological characteristics of the matrix limestone and CFC. (A) Bedding-parallel stylolite represents at lithological transitional interface between lime-wackstone and lime-mudstone; subhedral dolomite scattered along the stylolites, together with residual bitumen, TS3, 6,239.05 m, O1-2y. (B) Photograph of lime-wackstone and lime-packstone. The intergranular pores were completely filled by calcite cements, TS3-1, 6,239.62 m, O1-2y. (C) Dissolved pores are partially filled with bitumen, TS3-1, 6,237.45–6,237.57 m, O1-2y. (D) The fracture and related karstic reservoirs filled with CFC crosscut the stylolites, TS4, 6,133.0–6,133.12 m, O1-2y. (E) Core photograph of blocky calcite filled in the paleocaves (CFC), TS3, 6,106.26–6,106.38 m, O1-2y. (F,G) The CFC with a size more than 1,000 µm overall emits dull red to red luminescent, TS3, 6,106.20 m, O1-2y.
Reservoirs consist primarily of fractures (Figure 4D), microfractures, dissolved pores (Figure 4C), and paleocaves in Yingshan limestones of Tahe Oilfield. The paleocaves and fractures are the most significant hydrocarbon reservoirs in the study area, which demonstrate obvious blowdown and leakage phenomenon during the drilling process. According to the investigation of drilling process and imaging logging, the karst paleocave reservoirs have two major distribution modes, that is, either distributed in layers or developed along fractures (Figure 3).
Part of the paleocaves and fractures are partially or completely filled by calcites, which are the only cements in the study area. The CFC occurs as blocky crystals with a size larger than 1,000 µm and is characterized by dull red to red luminescence (Figures 4F,G). CFCs are encountered in the top of the caves in the Well TH12374CX (0.3 m thick) and TS3 (1.4 m thick) in the Yingshan limestones (Figure 3), and no mechanical fillings or breccia were observed. In addition, these fractures and associated paleocaves crosscut burial stylolites, suggesting that CFC postdates burial stylolites (Figure 4D).
Fluid Inclusion Studies
Fluid Inclusion Petrography
Aqueous inclusions are analyzed in CFC cements, with various sizes (3–50 µm) and irregular shapes. These aqueous inclusions occur as isolated or in trails crosscutting crystals (Figures 5A,C), which are interpreted as the secondary origin. Isolated fluid inclusions are separated from other inclusions by distances much larger than the size of the inclusions, whereas those in trails are relatively close to each other (Figures 5A,B). Two types of aqueous inclusions are distinguished by their phase assemblages and vapor/liquid ratios: (1) liquid-dominated biphase (liquid + vapor) aqueous inclusions, with vapor percentage <50% (L-D) (Figures 5B,D) and (2) liquid-only monophase aqueous inclusions (L-O) (Figures 5B,D). FIAs are distinguished as the most finely recognizable fluid inclusion entrapment events (Goldstein, 2001). The liquid-only and liquid-dominated fluid inclusions commonly coexist within individual trails, and they are considered to belong to the same FIA (Figures 5B,D).
[image: Figure 5]FIGURE 5 | The petrographic characteristics of fluid inclusions in CFC. (A,B) Liquid-dominated and liquid-only aqueous inclusions coexisting in trails N1, TS3, 6,100.32 m, O1-2y. (C,D) Liquid-dominated and liquid-only aqueous inclusions coexisting in trails N2, TS3, 6,100.32 m, O1-2y.
Fluid Inclusion Microthermometry
Sixteen groups of FIAs are recognized for microthermometry in CFC. Homogenization temperature (Th), ice-melting temperatures (Tm-ice), and metastable freezing temperatures (Tf) were measured on 92 L-D biphase inclusions. All the microthermometric data are demonstrated in Table 1, and the results are presented in histograms in Figure 7.
TABLE 1 | Fluid inclusion microthermometric data.
[image: Table 1]L-O aqueous inclusions were supercooled to −180°C to stretch and induce vapors, and some of them generated vapors once or several times during supercooling. The L-D biphase aqueous inclusions (including the L-O aqueous inclusions with vapor that appeared during supercooling) that coexisted with the L-O aqueous inclusions were tested for Th values in six FIAs (n = 21). These inclusions exhibit inconsistent Th values, spreading from 85°C to higher than 200°C (Table 1). The L-O aqueous inclusions were subsequently heated and stretched for Tm-ice measurement. The overall range of Tf values in CFC cements is from −65°C to −40°C, with most values greater than −50°C. These aqueous inclusions have Tm-ice values ranging from −6°C to 0°C (salinities of 0–9.4 wt% NaCl) with bimodal at −0.9°C and 0°C, respectively. Only seven inclusions in this type have Tm-ice values below −1.9°C (Table 1; Figure 7).
Isotope Studies
Five MCs and 13 CFC samples from the Yingshan Formation in the coverage area were analyzed for carbon, oxygen, and strontium isotopic compositions (Table 2; Figures 8, 9). The δ13C values of the MCs have narrow ranges, typically varying from −1.0‰ to −0.4‰ (n = 5). In comparison, the δ18O values spread from −8.6‰ to −6.4‰, with an average value of −7.5‰. For CFC, the δ13C values (−2.3‰ to 0‰, n = 13) overlap with those of the MCs, whereas the δ18O values (−15.3 to −12.5‰) are notably lower than those of MCs. The 87Sr/86Sr ratios of the MC samples range from 0.70880 to 0.70894, with an average 0.70888 (n = 5). CFCs have the 87Sr/86Sr ratios varying between 0.70955 and 0.70990, which are significantly higher than those of the MCs.
TABLE 2 | The isotopic compositions of micrite limestone and CFC in the coverage area.
[image: Table 2]Trace Elements
The individual LA spot elemental values (n = 11) are summarized in Table 3, and their REEY patterns are illustrated in Figure 6. The total rare earth element (ΣREE) contents of CFC samples vary between 0.65 and 1.60 ppm (mean 0.95 ± 0.30 ppm) (Table 3). The REEY distributions exhibit (1) positive La (1.71–3.42, 2.63 ± 0.61) and Y (2.09–2.48, 2.29 ± 0.14) anomalies, and negative Ce (0.58–0.75, 0.63 ± 0.49) anomalies, (2) superchondritic Y/Ho ratios (55.27–68.92, 60.30 ± 3.73), (3) LREE depletion relative to HREE (Pr/Yb = 0.63 ± 0.15), and (4) MREE enrichment (BSI values of 1.24–1.68, 1.40 ± 0.12).
TABLE 3 | In situ rare earth elements and yttrium (REEY) concentrations (in ppm) of CFC samples and modern Bahama ooids (from Li et al., 2019).
[image: Table 3][image: Figure 6]FIGURE 6 | PAAS-normalized REEY patterns of CFC and modern Bahama ooids (from Li et al., 2019).
CFC samples have moderate Sr, Mn, and Fe concentrations of 115.48–263.51, 126.42–176.09, and 386.16–428.60 ppm, respectively (Table 3). The calculated Mn/Sr ratios spread from 0.48 to 1.47 with an average value of 0.76 ± 0.36 (Table 3). All the CFC samples have low Al and Zr concentrations, with Al contents of 0.017–0.318 ppm (n = 9) and Zr contents of 0.011–0.030 ppm (n = 11) (Table 3). The samples exhibit poor correlations among REE, Al, and Zr contents (Figure 10A).
DISCUSSION
Interpretation of Fluid Inclusion and Geochemical Data
Fluid Inclusion Data
In order to decipher the origin of the diagenetic fluids by aqueous fluid inclusion data, the aqueous inclusion petrography is emphasized here. These measured secondary aqueous inclusions in trails comprise L-O monophase and L-D biphase inclusions (Figure 5). Vapors of the L-O inclusions rarely appear during supercooling, and the coexisted L-D inclusions have inconsistent Th values (Table 1). The Tf and Tm-ice values of both types of the inclusions mainly distribute in −45°C to 40°C and −1.4°C to 0°C, respectively, suggesting that they have extremely low salinities (Steele-MacInnis et al., 2011; Wilkinson, 2017). Overall, the fluid inclusions in CFC are characterized by inconsistent Th and low salinities. The findings imply that the L-O aqueous inclusions were trapped in the low-temperature environment (<50°C), and the coexisted L-D inclusions resulted from re-equilibration during burial diagenesis (Goldstein and Reynolds, 1994).
The meteoric water usually has a low salinity with the Tm-ice values close to 0°C in fluid inclusions (Goldstein and Reynolds, 1994; Wilkinson, 2017). The Tm-ice values of −1.4°C to 0°C are higher than modern seawater (−1.9°C) (Figure 7A), indicating that aqueous fluid may trap the paleo-meteoric water. Obviously, the fluid inclusions in CFC are divided into two groups on the Tm-ice histogram, with one group having higher Tm-ice of −0.4°C to 0°C (the highest Tm-ice value is 0°C in individual FIA) (Figure 7B) and the other having relatively lower Tm-ice of −1.4 to 0.7°C (the highest Tm-ice value is −0.7°C in individual FIA) (Figure 7C). These high-salinity inclusions may trap paleo-meteoric waters, which experienced re-equilibration or slightly mixing between freshwater and porewater (Goldstein and Reynolds, 1994; Li et al., 2017).
[image: Figure 7]FIGURE 7 | (A) Histograms of ice-melting temperatures of fluid inclusions in TS3. (B) Histograms of Tm-ice with the highest Tm-ice of 0°C in individual FIA. (C) Histograms of Tm-ice with the highest Tm-ice of −0.7°C in individual FIA. The petrographic evidence that supports the FIAs can be found in Figure 5; Table 1.
Carbon, Oxygen, and Strontium Isotopic Compositions
Most of the MC samples obtained from the Yingshan Formation exhibit that the δ13C and δ18O values are within the respective δ13C (−3‰ to +0.5‰) and δ18O (−10‰ to −6‰) of Early-Middle Ordovician seawater summarized by Veizer et al. (1999). Two samples, however, have lower carbon and oxygen isotopic values (Figure 8). The δ13C and δ18O values of MC samples are positively correlated (R2 = 0.62), indicating that recrystallization occurs in limestones in a closed system, and the porewater revised from seawater dominated in the system (Talbot, 1990; Machel et al., 1996; Arp et al., 2008).
[image: Figure 8]FIGURE 8 | A scatter diagram of δ18O and δ13C in the Yingshan Formation. The dashed box presents the isotopic value range of Early-Middle Ordovician marine calcite summarized by Veizer et al. (1999). The solid-line areas indicate the isotopic value ranges of various CFCs.
Each δ18O value of the CFC is particularly lighter compared with the Ordovician marine calcites in the coverage area. On the basis, together with the viewpoint of oxygen isotope fractionation by O’Neil et al. (1969), CFC with light δ18O value may have been precipitated either from meteoric water or hydrothermal fluid with relatively high temperature.
The 87Sr/86Sr ratios of calcites are generally interpreted to closely reflect the strontium compositions of the fluids from what they precipitated. The 87Sr/86Sr ratios of the MC samples are completely within the 87Sr/86Sr ranges (0.7085–0.7090) of Early-Middle Ordovician marine calcites summarized by Veizer et al. (1999) (Figure 9). In addition, all the CFC samples demonstrate particularly higher 87Sr/86Sr ratios and Sr concentrations compared with the matrix limestone (Figure 9 and Table 3). These infer that the diagenetic fluid may have obtained more radioactive Sr by interacting with 87Sr-rich minerals or detrital rocks.
[image: Figure 9]FIGURE 9 | A scatter diagram of δ18O values and 87Sr/86Sr ratios in the Yingshan Formation. The dashed box signifies the isotopic value range of marine calcites summarized by Veizer et al. (1999). The solid-line areas indicate the isotopic value ranges of various CFCs.
Consequently, carbon, oxygen, and strontium isotopic compositions of CFC indicate that the parent fluids may be freshwater or hydrothermal fluids. Because the fluid inclusion–trapped freshwaters are of secondary origin and the primary inclusions are masked by secondary ones, it is difficult to differentiate freshwaters and hydrothermal fluids based on C-O-Sr isotopic compositions and fluid inclusions.
Trace Elements
The carbonate minerals with low REE concentration are easily contaminated by siliciclastic materials with much higher REE concentrations (Li et al., 2019). Therefore, concentrations of screening elements, such as Al and Zr, were measured to screen possible contaminants in this study. The finding demonstrates that CFC has low Al (mean = 0.209 ± 0.086 ppm) and Zr concentrations (mean 0.020 ± 0.006 ppm). Also, there is noncorrelation among Al, Zr, and ΣREE concentrations (Table 3 and Figure 10A). For these characteristics, CFC is believed to have negligible contamination by siliciclastic material.
[image: F10]FIGURE10 | (A) Plots of Al and Zr content versus total REE concentration in the studied CFC samples. (B) Cross plot among ΣREE and BSI, Mn/Sr, and Ce anomaly, showing all positive correlation. (C) Diagram discriminating between La and Ce anomalies (after Bau and Alexander, 2009). The CFC samples are characterized by a significant positive La anomaly. (D) Cross plot between BSI values (MREE enrichment) and Ce anomalies showing strong positive correlation.
The REEY patterns are characterized by LREE depletion relative to HREE, MREE enrichment, high Y/Ho ratios, negative Ce anomaly, and positive La and Y anomalies. MREE enrichment (BSI values >1), Ce enrichment ((Ce/Ce*)SN ratios approaching 1), and higher Mn/Sr ratios generally resulted from recrystallization during burial diagenesis (Shields and Stille, 2001). The ΣREE is positively correlated to BSI, (Ce/Ce*)SN and Mn/Sr (R2 = 0.52, 0.63, and 0.56, respectively); that is, the more MREE enrichment, Ce enrichment, and higher Mn/Sr ratios, the higher REE concentrations (Figure 10B). Therefore, CFC calcites may have extremely low REE concentrations (<0.65 ppm), and the recrystallization during subsequently buried diagenesis makes the REE concentrations of CFC higher. The (Ce/Ce*)SN ratios range from 0.58 to 0.75 (0.63 ± 0.05), and the (Pr/Pr*)SN ratios are 0.82–1.07 (0.95 ± 0.07) (Figure 10C), suggesting that the CFC samples display an analytically significant positive La anomaly (Bau and Alexander., 2009). The positive correlation between (Ce/Ce*)SN ratios and BSI (R2 = 0.87) signifies that the decreased negative Ce anomalies may be due to recrystallization during burial diagenesis (Figure 10D).
Moreover, the overall REEY patterns of CFC are similar to the seawater-like proxies, but there still exists differentiation between them. The similarity suggests that the CFC may be inherited from seawater. In addition, REE elements can be largely retained during meteoric diagenesis, with precipitating cements taking up excess REE elements released from dissolved carbonate (Webb et al., 2009). However, depletion in HREE may reflect the removal of HREE by mineral breakdown, alteration, and precipitation during fluid–rock interaction. The REEY results indicate that the CFC may be seawater origin or precipitate from dissolved host carbonate during meteoric diagenesis, but significantly altered by recrystallization. Bau et al. (2003) have argued that the REEY in the diagenetic fluid may be derived from the local country rock.
The Fluids Nature and Origin of Cave-Filling Calcites
Because the low-temperature (<50°C) meteoric fluid inclusions are of secondary origin, two scenarios are assumed here: (1) the CFCs are not precipitated from freshwater but are leached by it; (2) the CFCs are precipitated from freshwater and the freshwater are trapped in both primary inclusions, which are not identified by the fluid inclusion petrography and subsequent secondary inclusions. Here, we proposed that the second scenario may be true, and the reasons are as follows.
First, the secondary inclusions suggest that CFC experienced a low-temperature environment, and the oldest time that the samples (the burial depth of 6,100 m in the Well TS3) reached 50°C is approximately the Early Carboniferous, depending on the 1-D burial-thermal history of Well TS3 (Figure 11, Liu et al., 2017). Furthermore, the highest temperature the CFC underwent before the Early Carboniferous is approximately 75°C, and the lowest one is the surface temperature of 20°C. Oxygen isotopic fractionation occurred between calcite and fluid during the precipitation. The parent fluids δ18Owater (SMOW) values are calculated by the O’Neil et al. (1969) oxygen fractionation equation. With the temperature range (20°C–75°C) and the measured δ18O values of the CFC samples, the calculated δ18Owater values of the parent fluids range from −14.4‰ to 2.2‰ (Figure 12). The range of the parent fluids δ18Owater values and the REEY patterns of CFC both suggest that the diagenetic fluids may be derived from freshwater or Ordovician seawater. However, the Sr isotopic compositions of the calcites are more radioactive than those of the Ordovician seawater (Figure 8 and Figure 9). Therefore, the hypothesis that calcites are precipitated from seawater or porewater that are modified from seawater is excluded.
[image: Figure 11]FIGURE 11 | The 1-D burial-thermal history of Well TS3 (from Liu et al., 2017). The blue band represents the Lower–Middle Yingshan Formation. The gray band indicates the Silurian successions.
[image: Figure 12]FIGURE 12 | Temperature versus δ18O diagenetic fluid for δ18O values of CFC using the calcite-water equation (10)3lnαcalcite-water = 2.78 × 106 T−2 − 2.89 (O’Neil et al., 1969). Solid box represents that the parent fluids is meteoric water with δ18Owater values (−13.8 to 5.8) when the temperature is 30°C–50°C.Dashed box indicates that the parent fluid is Ordovician seawater with δ18Owater values (−5.8 to 2.2) when the temperature is 50°C–75°C.
Second, the REEY patterns of CFC are different from those of the hydrothermal dolomite and calcites (Zhu et al., 2013; Jin et al., 2015; Zhang et al., 2015; Liu et al., 2020). In addition, the CFC has comparatively higher 87Sr/86Sr ratios and lower δ18O values in the study area than those of hydrothermal calcites (Figure 8 and Figure 9). Furthermore, any other accompanied hydrothermal minerals are not observed in the study area. These evidences indicate that CFC is unlikely precipitated from hydrothermal fluids.
The REEY compositions are largely controlled by fluid–mineral equilibria when meteoric fluids interact with host rocks because meteoric fluids are virtually devoid of REEY (Debruyne et al., 2016). Thus, CFC can exhibit seawater-like REEY patterns and low ΣREE concentrations (<0.65 ppm), when meteoric water leached marine carbonate (Johannesson et al., 2006; Bourdin et al., 2011), whereas the high 87Sr/86Sr ratios suggest the fluid leached the overlying sandstone. Bau et al. (2003) observed this characteristic in fluorite from MVT deposits in the Pennine Orefield, England, and suggested that the trace metal irons released from bulk aluminosilicate rocks are incongruent during fluid–rock interaction and fluid migration. Consequently, we propose that the CFC may be precipitated from freshwater that leached the host limestones.
As a quintessential meteoric calcite, CFC was supposed to be precipitated either in the late Middle Ordovician or Devonian periods. It seems unlikely that the origin of CFC could be related to the Late Middle Ordovician event, because the burial depth was less than 600–700 m (Lu et al., 2017), which was insufficient to generate high-amplitude stylolites crosscut by CFC. Zhang et al. (2005) measured the 87Sr/86Sr ratios of calcites formed during the late Middle Ordovician, which are lower than 0.70940, and corroborated this point simultaneously. In comparison, the 87Sr/86Sr ratios of CFC precipitated in the Devonian period exceeded 0.70940 (Zhang et al., 2005; Li et al., 2011). Therefore, we inferred that the lighter δ18O and more radiogenic 87Sr/86Sr signatures may be mixing of exotic radiogenic 87Sr with the detrital rocks. The possible explanation is that Silurian siliciclastic sediments above the Ordovician strata are the likely source for the high radiogenic 87Sr in the migrating meteoric water. Besides, pore fluids having interacted with the Silurian sandstones containing feldspathic components could mix with descending meteoric water. On this basis, these CFCs could be ascribed to the meteoric water origin in Early Hercynian karstification during the Devonian period.
Model of Karstification in Nonexposed Limestones
According to the above context, the Early Hercynian karstification is responsible for the CFC and well-developed paleocave reservoirs in the coverage area. However, it is worth mentioning that the Yingshan limestone is overlain by the Middle to Upper Ordovician insoluble strata during the Early Hercynian stage, so the limestone cannot be leached directly by freshwater flowing down (Yang et al., 2014). Therefore, based on the geochemical characteristics of CFC samples and paleocave distribution, two possible karst models are as follows: (1) the freshwater flowed down into the Yingshan limestone along with the fracture systems; and (2) the meteoric water migrated laterally along the permeable strata from the buried-hill area.
On the one hand, a large number of strike-slip, tensile, and reverse faults have been formed during the uplift according to previous studies (Lu et al., 2017; Méndez et al., 2019). The faults penetrating insoluble strata provide the main karstification pathways for the initial karstic reservoirs development. In general, meteoric water would infiltrate the Yingshan limestones along the fractures leading directly to the surface under gravity, and the dissolved pores and caves developed ultimately (Figure 13). In addition, the faults and related-karstic reservoirs can also be the hydrocarbon migration passageways and the accumulation traps.
[image: Figure 13]FIGURE 13 | Meteoric water karstification model in nonexposed limestone of Tahe area.
On the other hand, meteoric water can laterally migrate along the highly permeable strata to coverage area from buried-hill area under the paleogeomorphic height difference (Qi and Yun, 2010; Dan et al., 2015). The substratified distribution of paleocaves also supports the possibility of lateral migration of meteoric water. Besides, the farther away from the Upper Ordovician pinch-out boundary, the deeper the paleocaves (Figure 3), which also indicates that the meteoric water may be migrated from the buried-hill area. The dissolved pores and caves develop along the meteoric water lateral migration. During the charging of meteoric water, calcites precipitated in the dissolved pores and caves from the fluid saturated with calcium carbonate. Therefore, calcites precipitated from meteoric water accompanied with depleted δ18O, high 87Sr/86Sr ratios, low ΣREE, and low homogenization temperature of fluid inclusion.
CONCLUSION

1) Detailed petrographic studies of the Yingshan fracture-paleocave carbonate rocks in the Tahe Oilfield reveal that the paleocaves are either layered distribution or developed along fractures. Paleocaves and fractures are filled only with blocky calcite cements (CFC), which crosscut the burial stylolites.
2) By systematic fluid inclusion observation, liquid-only monophase and aqueous inclusions and liquid-dominated aqueous inclusions with low salinities in trails are recognized, indicating the CFC has experienced low-temperature environment (<50°C). The low δ18O values, seawater-like REEY patterns, and low ΣREE (<0.65 ppm) have recorded that the CFCs are meteoric water origin that leached the Yingshan limestone. The relatively higher 87Sr/86Sr ratios were attributed to the meteoric water interacting with the overlying Silurian detrital rock during percolating downward. The meteoric water generated during the Early Hercynian karstification event is responsible for the CFC formation.
3) For Yingshan nonexposed limestone, meteoric water karstification generated by flowing downward along the fractures penetrating insoluble strata and/or migrating laterally along the permeable strata though the overlying thick insoluble strata in the coverage area.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
YZ: Conceptualization, Methodology, Writing-Original Draft, Formal analysis SZ: Supervision, Writing-Review Editing BH: Supervision, Writing-Review Editing ZL: Visualization, Data Curation, Project administration NY: Investigation BZ: Project administration XH: Software FX: Software XB: Investigation XZ: Software.
FUNDING
This research was supported by the financial support from the National Natural Science Foundation of China (No. 42102191 and 41902239).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
Special thanks go to Dr. Xiucheng Tan and Dr. Dongfang Zhao of the Laboratory of Carbonate Sedimentary and Diagenetic Geochemistry for collection and analyses of the in-situ trace elemental data.
REFERENCES
 Ainsaar, L., Kaljo, D., and Martma, T. (2010). Middle and Upper Ordovician Carbon Isotope Chemostratigraphy in Baltoscandia: A Correlation Standard and Clues to Environmental History. Palaeogeogr. Palaeoclimatol. Palaeoecol. 294 (3), 189–201. doi:10.1016/j.palaeo.2010.01.003
 Arp, G., Ostertag-Henning, C., Yücekent, S., Reitner, J., and Thiel, V. (2008). Methane-Related Microbial Gypsum Calcitization in Stromatolites of a marine Evaporative Setting (Münder Formation, Upper Jurassic, Hils Syncline, North Germany). Sedimentology 55 (5), 1227–1251. doi:10.1111/j.1365-3091.2007.00944.x
 Bau, M., and Alexander, B. W. (2009). Distribution of High Field Strength Elements (Y, Zr, REE, Hf, Ta, Th, U) in Adjacent Magnetite and Chert Bands and in Reference Standards FeR-3 and FeR-4 from the Temagami Iron-Formation, Canada, and the Redox Level of the Neoarchean Ocean. Precambrian Res. 174, 337–346. doi:10.1016/j.precamres.2009.08.007
 Bau, M., Romer, R. L., Lüders, V., and Dulski, P. (2003). Tracing Element Sources of Hydrothermal Mineral Deposits: REE and Y Distribution and Sr-Nd-Pb Isotopes in Fluorite from MVT Deposits in the Pennine Orefield, England. Miner Deposita 38, 992–1008. doi:10.1007/s00126-003-0376-x
 Bourdin, C., Douville, E., and Genty, D. (2011). Alkaline-Earth Metal and Rare-Earth Element Incorporation Control by Ionic Radius and Growth Rate on a Stalagmite from the Chauvet Cave, Southeastern France. Chem. Geology. 290, 1–11. doi:10.1016/j.chemgeo.2011.08.006
 Chen, Q., Zhao, Y., Li, G., Chu, C., and Wang, B. (2012). Features and Controlling Factors of Epigenic Karstification of the Ordovician Carbonates in Akekule Arch, Tarim Basin. J. Earth Sci. 23 (4), 506–515. doi:10.1007/s12583-012-0271-4
 Dan, Y., Liang, B., Zhang, Q. Y., Cao, J. W., Li, J. R., and Hao, Y. Z. (2015). Characteristic and Genesis of Ordovician Carbonate Karst Reservoir in the Shallow Coverage Zone of Halahatang Area, Northern Tarim Basin. Geophys. Prospecting Pet. 54 (1), 90–98. doi:10.3969/j.issn.1000-1441.2015.01.013
 Debruyne, D., Hulsbosch, N., and Muchez, P. (2016). Unraveling Rare Earth Element Signatures in Hydrothermal Carbonate Minerals Using a Source-Sink System. Ore Geology. Rev. 72, 232–252. doi:10.1016/j.oregeorev.2015.07.022
 Feng, Z. Z., Bao, Z. D., Wu, M. B., Jin, Z. K., Shi, X. Z., and Luo, A. R. (2007). Lithofacies Palaeogeography of the Ordovician in Tarim Basin. J. Palaeogeogr. 9 (5), 447–460. doi:10.3969/j.issn.1671-1505.2007.05.003
 Fu, J. H., Bai, H. F., and Sun, L. Y. (2012). Types and Characteristics of the Ordovician Carbonate Reservoirs in Ordos Basin. Acta Petrolei Sinica 34 (S2), 110–117. doi:10.7623/syxb2012S2010
 Gao, L. J., Li, Z. J., Li, H. Y., and Huang, C. (2020). Classification and Characteristic Analysis of Super-Deep Carbonate Reservoirs in Tarim Basin. Geology. Rev. 66 (S1), 54–57. doi:10.16509/j.georeview.2020.s1.021
 Gao, Z. Q., Fan, T. L., Jiao, Z. F., and Li, Y. (2006b). The Structural Types and Depositional Characteristics of Carbonate Platform in the Cambrian- Ordovician of Tarim Basin. ACTA Sedimentologica Sinica 24 (1), 19–27. CNKI:SUN:CJXB.0.2006-01-002. 
 Gao, Z., and Fan, T. (2015). Carbonate Platform-Margin Architecture and its Influence on Cambrian-Ordovician Reef-Shoal Development, Tarim Basin, NW China. Mar. Pet. Geology. 68, 291–306. doi:10.1016/j.marpetgeo.2015.08.033
 Gao, Z. Q., Fan, T. L., and Li, Y. (2006a). Study on Eustatic Sea-Level Change Rule in Cambrian Ordovician in Tarim Basin. J. Jilin Univ. (Earth Sci. Edition) 36 (4), 549–556. doi:10.13278/j.cnki.jjuese.2006.04.009
 Goldstein, R. H. (2001). Fluid Inclusions in Sedimentary and Diagenetic Systems. Lithos 55, 159–193. doi:10.1016/s0024-4937(00)00044-x
 Goldstein, R. H., and Reynolds, T. (1994). Systematics of Fluid Inclusions in Diagenetic Minerals. USA: Society for Sedimentary Geology. 
 Han, C., Lin, C., Lu, X., Tian, J., Ren, L., and Ma, C. (2019). Petrological and Geochemical Constraints on Fluid Types and Formation Mechanisms of the Ordovician Carbonate Reservoirs in Tahe Oilfield, Tarim Basin, NW China. J. Pet. Sci. Eng. 178, 106–120. doi:10.1016/j.petrol.2019.03.010
 He, S. L., Zhang, X. B., and Song, M. F. (2020). Multi-Period Denudation Process of the Middle-Lower Ordovician Top Surface and its Relationship with Oil and Gas in the Tabei Area, Tarim Basin. Chin. J. Geology. 55 (3), 829–851. doi:10.12017/dzkx.2020.051
 Jia, D., Lu, H., Cai, D., Wu, S., Shi, Y., and Chen, C. (1998). Structural Features of Northern Tarim Basin: Implications for Regional Tectonics and Petroleum Traps. AAPG Bull. 82 (1), 147–159. doi:10.1306/1d9bc3b3-172d-11d7-8645000102c1865d
 Jin, Q., Kang, X., and Tian, F. (2015). Genesis of Chemical Fillings in Fracture-Caves in Paleo-Karst Runoff Zone in Ordovician and Their Distributions in Tahe Oilfield, Tarim Basin. ACTA Petrolei Sinica 36 (7), 791–798. doi:10.7623/syxb201507003
 Johannesson, K. H., Hawkins, D. L., and Cortés, A. (2006). Do Archean Chemical Sediments Record Ancient Seawater Rare Earth Element Patterns?Geochimica et Cosmochimica Acta 70, 871–890. doi:10.1016/j.gca.2005.10.013
 Kerans, C. (1988). Karst-Controlled Reservoir Heterogeneity in Ellenburger Group Carbonates of West Texas. AAPG Bull. 72 (10), 1160–1183. doi:10.1306/703c996f-1707-11d7-8645000102c1865d
 Lawrence, M. G., Greig, A., Collerson, K. D., and Kamber, B. S. (2006). Rare Earth Element and Yttrium Variability in South East Queensland Waterways. Aquat. Geochem. 12, 39–72. doi:10.1007/s10498-005-4471-8
 Li, F., Webb, G. E., Algeo, T. J., Kershaw, S., Lu, C., Oehlert, A. M., et al. (2019). Modern Carbonate Ooids Preserve Ambient Aqueous REE Signatures. Chem. Geology. 509, 163–177. doi:10.1016/j.chemgeo.2019.01.015
 Li, K., Cai, C., He, H., Jiang, L., Cai, L., Xiang, L., et al. (2011). Origin of Palaeo-Waters in the Ordovician Carbonates in Tahe Oilfield, Tarim Basin: Constraints from Fluid Inclusions and Sr, C and O Isotopes. Geofluids 11, 71–86. doi:10.1111/j.1468-8123.2010.00312.x
 Li, Z., Goldstein, R. H., and Franseen, E. K. (2017). Meteoric Calcite Cementation: Diagenetic Response to Relative Fall in Sea-Level and Effect on Porosity and Permeability, Las Negras Area, southeastern Spain. Sediment. Geology. 348, 1–18. doi:10.1016/j.sedgeo.2016.12.002
 Liu, C. G., Zhang, Y., and Lv, H. T. (2008). Genesis and Evolution of Gigantic Calcites in Paleokarstic Caves of Middle-Lower Ordovician in Tahe Oilfield. Geol. Sci. Technol. Inf. 27 (4), 33–38. doi:10.3969/j.issn.1000-7849.2008.04.006
 Liu, C., Li, G., Wang, D., Liu, Y., Luo, M., and Shao, X. (2016). Middle-Upper Ordovician (Darriwilian-Early Katian) Positive Carbon Isotope Excursions in the Northern Tarim Basin, Northwest China: Implications for Stratigraphic Correlation and Paleoclimate. J. Earth Sci. 27 (2), 317–328. doi:10.1007/s12583-016-0696-2
 Liu, L. H., Ma, Y. S., Liu, B., and Wang, C. L. (2017). Hydrothermal Dissolution of Ordovician Carbonates Rocks and its Dissolution Mechanism in Tarim Basin, China. Carbonates Evaporites 32, 525–537. doi:10.1007/s13146-016-0309-2
 Liu, P.-X., Deng, S.-B., Guan, P., Jin, Y.-Q., Wang, K., and Chen, Y.-Q. (2020). The Nature, Type, and Origin of Diagenetic Fluids and Their Control on the Evolving Porosity of the Lower Cambrian Xiaoerbulak Formation Dolostone, Northwestern Tarim Basin, China. Pet. Sci. 17, 873–895. doi:10.1007/s12182-020-00434-0
 Liu, Y. L., Luo, M. X., Xia, Y. T., and Shao, X. M. (2017). Geochemical Evidence for Hydrocarbon Accumulation in Deep Ordovician in TS3 Well Block, Tahe Oilfield. Pet. Geology. Exp. 39 (3), 377–382. doi:10.11781/sysydz201703377
 Lønøy, B., Pennos, C., Tveranger, J., Fikos, I., Vargemezis, G., and Lauritzen, S. E. (2021). Delimiting Morphological and Volumetric Elements of Cave Surveys as Analogues for Paleokarst Reservoir Modelling – A Case Study from the Maaras Cave System, Northern Greece. Mar. Pet. Geology. 129, 105091. doi:10.1016/j.marpetgeo.2021.105091
 Loucks, R. G. (1999). Paleocave Carbonate Reservoirs: Origins, Burial-Depth Modifications, Spatial Complexity, and Reservoir Implications. AAPG Bull. 83 (11), 1795–1834. doi:10.1306/e4fd426f-1732-11d7-8645000102c1865d
 Lu, X., Wang, Y., Tian, F., Li, X., Yang, D., Li, T., et al. (2017). New Insights into the Carbonate Karstic Fault System and Reservoir Formation in the Southern Tahe Area of the Tarim Basin. Mar. Pet. Geology. 86, 587–605. doi:10.1016/j.marpetgeo.2017.06.023
 Lu, Z., Chen, H., Qing, H., Chi, G., Chen, Q., You, D., et al. (2017). Petrography, Fluid Inclusion and Isotope Studies in Ordovician Carbonate Reservoirs in the Shunnan Area, Tarim basin, NW China: Implications for the Nature and Timing of Silicification. Sediment. Geology. 359, 29–43. doi:10.1016/j.sedgeo.2017.08.002
 Lv, H. T., Zhang, D. J., and Yang, Y. C. (2009). Stage of Paleokastic Hypergenesis in Ordovician Reservoir, Tahe Oilfield. Geol. Sci. Technol. Inf. 28 (6), 71–75+83. 
 Machel, H. G., Cavell, P. A., and Patey, K. S. (1996). Isotopic Evidence for Carbonate Cementation and Recrystallization, and for Tectonic Expulsion of Fluids into the Western Canada Sedimentary Basin. Geol. Soc. America Bull. 108 (9), 1108–1119. doi:10.1130/0016-7606(1996)108<1108:iefcca>2.3.co;2
 McLennan, S. M. (1989). Rare Earth Elements in Sedimentary Rocks: Influence of Provenance and Sedimentary Processes. Geochem. Mineralogy Rare Earth Elem. Rev. Mineralogy 21, 170–200. doi:10.1515/9781501509032-010
 Méndez, J. N., Jin, Q., González, M., Zhang, X. D., Lobo, C., Boateng, C. D., et al. (2019). Fracture Characterization and Modeling of Karsted Carbonate Reservoirs: A Case Study in Tahe Oilfild, Tarim Basin (Western China). Mar. Pet. Geology. 112, 1–17. doi:10.1016/j.marpetgeo.2019.104104
 Menning, D. M., Wynn, J. G., and Garey, J. R. (2015). Karst Estuaries Are Governed by Interactions between Inland Hydrological Conditions and Sea Level. J. Hydrol. 527, 718–733. doi:10.1016/j.jhydrol.2015.05.021
 Mylroie, J. R., and Mylroie, J. E. (2007). Development of the Carbonate Island Karst Model. J. Cave Karst Stud. 69 (1), 59–75. doi:10.1016/j.jseaes.2006.11.004
 O'Neil, J. R., Clayton, R. N., and Mayeda, T. K. (1969). Oxygen Isotope Fractionation in Divalent Metal Carbonates. J. Chem. Phys. 51 (12), 5547–5558. doi:10.1063/1.1671982
 Paton, C., Hellstrom, J., Paul, B., Woodhead, J., and Hergt, J. (2011). Iolite: Freeware for the Visualisation and Processing of Mass Spectrometric Data. J. Anal. Spectrom. 26, 2508–2518. doi:10.1039/c1ja10172b
 Qi, L. X., and Yun, L. (2010). Development Characteristics and Main Controlling Factors of the Ordovician Carbonate Karst in Tahe Oilfield. Oil Gas Geology. 31 (1), 1–12. doi:10.11743/ogg20100101
 Raeisi, E., and Mylroie, J. E. (1995). Hydrodynamic Behavior of Caves Formed in the Fresh-Water Lens of Carbonate Islands. Carbonates Evaporites 10 (2), 207–214. doi:10.1007/bf03175405
 Rossi, C., Goldstein, R. H., Ceriani, A., and Marfil, R. (2002). Fluid Inclusions Record thermal and Fluid Evolution in Reservoir Sandstones, Khatatba Formation, Western Desert, Egypt: A Case for Fluid Injection. AAPG Bull. 86 (10), 1773–1799. doi:10.1306/61eedd78-173e-11d7-8645000102c1865d
 Sayago, J., Di Lucia, M., Mutti, M., Cotti, A., Sitta, A., Broberg, K., et al. (2012). Characterization of a Deeply Buried Paleokarst Terrain in the Loppa High Using Core Data and Multiattribute Seismic Facies Classification. AAPG Bull. 96 (10), 1843–1866. doi:10.1306/02271211137
 Shields, G., and Stille, P. (2001). Diagenetic Constraints on the Use of Cerium Anomalies as Palaeoseawater Redox Proxies: An Isotopic and REE Study of Cambrian Phosphorites. Chem. Geology. 175, 29–48. doi:10.1016/s0009-2541(00)00362-4
 Steele-MacInnis, M., Bodnar, R. J., and Naden, J. (2011). Numerical Model to Determine the Composition of H2O-NaCl-CaCl2 Fluid Inclusions Based on Microthermometric and Microanalytical Data. Geochimica et Cosmochimica Acta 75 (1), 21–40. doi:10.1016/j.gca.2010.10.002
 Sun, S., Zhao, W., Zhang, B., Liu, J., Zhang, J., and Shan, X. (2013). Observation and Implication of the Paleo-Cave Sediments in Ordovician Strata of Well Lundong-1 in the Tarim Basin. Sci. China Earth Sci. 56 (4), 618–627. doi:10.1007/s11430-012-4563-4
 Talbot, M. R. (1990). A Review of the Palaeohydrological Interpretation of Carbon and Oxygen Isotopic Ratios in Primary Lacustrine Carbonates. Chem. Geology. Isotope Geosci. section 80 (4), 261–279. doi:10.1016/0168-9622(90)90009-2
 Tian, F., Jin, Q., Lu, X., Lei, Y., Zhang, L., Zheng, S., et al. (2016). Multi-Layered Ordovician Paleokarst Reservoir Detection and Spatial Delineation: A Case Study in the Tahe Oilfield, Tarim Basin, Western China. Mar. Pet. Geology. 69, 53–73. doi:10.1016/j.marpetgeo.2015.10.015
 Tian, F. L., He, D. F., Chen, J. J., Ma, D. B., and Huang, C. (2020). Structural Properties of the Mid-Caledonian Movement Surfaces in the Shuntuoguole Lower Uplift and Adjacent Area, Tarim Basin. Chin. J. Geology. 55 (3), 813–828. doi:10.12017/dzkx.2020.050
 Tostevin, R., Shields, G. A., Tarbuck, G. M., He, T., Clarkson, M. O., and Wood, R. A. (2016). Effective Use of Cerium Anomalies as a Redox Proxy in Carbonate-Dominated marine Settings. Chem. Geology. 438, 146–162. doi:10.1016/j.chemgeo.2016.06.027
 Ujiie, K., Yamaguchi, A., and Taguchi, S. (2008). Stretching of Fluid Inclusions in Calcite as an Indicator of Frictional Heating on Faults. Geology 36 (2), 111–114. doi:10.1130/g24263a.1
 Veizer, J., Ala, D., Azmy, K., Bruckschen, P., Buhl, D., Bruhn, F., et al. (1999). 87Sr/86Sr, δ13C and δ18O Evolution of Phanerozoic Seawater. Chem. Geology. 161, 59–88. doi:10.1016/s0009-2541(99)00081-9
 Webb, G. E., Nothdurft, L. D., Kamber, B. S., Kloprogge, J. T., and Zhao, J.-X. (2009). Rare Earth Element Geochemistry of Scleractinian Coral Skeleton during Meteoric Diagenesis: A Sequence through Neomorphism of Aragonite to Calcite. Sedimentology 56, 1433–1463. doi:10.1111/j.1365-3091.2008.01041.x
 Wilkinson, J. J. (2017). Metastable Freezing: A New Method for the Estimation of Salinity in Aqueous Fluid Inclusions. Econ. Geology. 112 (1), 185–193. doi:10.2113/econgeo.112.1.185
 Wu, J., Fan, T., Gomez-Rivas, E., Travé, A., Gao, Z., Wang, S., et al. (2021). Fractal Characteristics of Pore Networks and Sealing Capacity of Ordovician Carbonate Cap Rocks: A Case Study Based on Outcrop Analogues from the Tarim Basin, China. AAPG Bull. 105 (2), 437–479. doi:10.1306/03172019022
 Yang, X., Wang, X., Tang, H., Ding, Y., Lv, H., and Liu, C. (2014). The Early Hercynian Paleo-Karstification in the Block 12 of Tahe Oilfield, Northern Tarim Basin, China. Carbonates Evaporites 29, 251–261. doi:10.1007/s13146-013-0167-0
 Zhang, H., Cai, Z., Qi, L., and Yun, L. (2017). Diagenesis and Origin of Porosity Formation of Upper Ordovician Carbonate Reservoir in Northwestern Tazhong Condensate Field. J. Nat. Gas Sci. Eng. 38, 139–158. doi:10.1016/j.jngse.2016.12.008
 Zhang, S., Jin, Q., Hu, M. Y., Han, Q. C., Sun, J. F., Cheng, F. Q., et al. (2021). Differential Structure of Ordovician Karst Zone and Hydrocarbon Enrichment in Different Paleogeomorphic Units in Tahe Area, Tarim Basin, NW China. Pet. Exploration Develop. 48 (5), 1–12. doi:10.1016/s1876-3804(21)60095-2
 Zhang, T., Yun, L., Wu, X. W., and Ye, D. S. (2005). The Application of Strontium Isotopes in Division of Paleokarst Stages in Tahe Oilfield. Pet. Geology. Exp. 27 (3), 299–303. doi:10.3969/j.issn.1001-6112.2005.03.018
 Zhang, W., Guan, P., Jian, X., Feng, F., and Zou, C. N. (2015). In Situ geochemistry of Lower Paleozoic Dolomites in the Northwestern Tarim Basin: Implications for the Nature, Origin, and Evolution of Diagenetic Fluids. Geochem. Geophys. Geosystems 15 (7), 2744–2764. doi:10.1002/2013GC005194
 Zhu, D. Y., Meng, Q. Q., Hu, W. X., and Jin, Z. J. (2013). Differences between Fluids Activities in the Central and North Tarim Basin. Geochimica 42 (1), 82–94. doi:10.19700/j.0379-1726.2013.01.008
Conflict of Interest: Authors XH and FX were employed by the company Northwest Oilfield Company Sinopec. Authors XB and XZ were employed by the company PetroChina Southwest Oil and Gasfield Company.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhang, Zhang, Huang, Lu, Ye, Zhu, Hou, Xie, Bai and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 24 March 2022
doi: 10.3389/feart.2022.878089


[image: image2]
Characterization, Classification, and Evaluation of the Reservoir Pore Structure Features of Lacustrine Fine-Grained Sedimentary Rocks. A Case Study of the Fourth Member of the Shahejie Formation in the Chenguanzhuang Area of the Southern Gently Sloping Zone of the Dongying Depression, Bohai Bay Basin
Yiming Yang, Jun Peng*, Tianyu Xu, Yubin Wang and Yao Zeng
School of Geoscience and Technology, Southwest Petroleum University, Chengdu, China
Edited by:
Shu Jiang, The University of Utah, United States
Reviewed by:
Zhaobing Chen, Xi’an Shiyou University, China
Chen Zhang, Chengdu University of Technology, China
Tingwei Li, Guangzhou Marine Geological Survey, China
* Correspondence: Jun Peng, pengjun@swpu.edu.cn
Specialty section: This article was submitted to Economic Geology, a section of the journal Frontiers in Earth Science
Received: 17 February 2022
Accepted: 03 March 2022
Published: 24 March 2022
Citation: Yang Y, Peng J, Xu T, Wang Y and Zeng Y (2022) Characterization, Classification, and Evaluation of the Reservoir Pore Structure Features of Lacustrine Fine-Grained Sedimentary Rocks. A Case Study of the Fourth Member of the Shahejie Formation in the Chenguanzhuang Area of the Southern Gently Sloping Zone of the Dongying Depression, Bohai Bay Basin. Front. Earth Sci. 10:878089. doi: 10.3389/feart.2022.878089

With the development of unconventional oil and gas exploration “from sea to land,” lacustrine fine-grained sedimentary rocks (FSR) have gradually attracted the attention of scholars and become an important topic in the field of unconventional oil and gas, but the research is still in its initial stage. In this study, lacustrine FSR in the Dongying Depression of the Bohai Bay Basin are used as the research object, and nuclear magnetic resonance (NMR) and quantitative image characterization are used to characterize the pore structure of the reservoir in the study area on multiple scales, analyze the reservoir characteristics control factors, and classify and evaluate the reservoir. The results show that: 1) the favorable petrographic phases of the FSR reservoir can be classified into six types of organic-rich lime mudstone, organic-rich laminoid lime clay rock, organic-rich laminoid clay micritic limestone, organic-bearing banding clay micritic limestone, organic-rich banding lime clay rock, and organic-bearing lumpy clay micritic limestone. With an average porosity of 12.3% and an average permeability of 10.58 mD, the overall reservoir is a typical low-porosity-low-permeability type; 2) the reservoir space types are diverse, with strong microscopic inhomogeneity; pores with a pore size of less than 2 nm almost have no contribution to the reservoir space; the pore volume and pore area are mainly provided by organic matter pores at the 100 nm level, mineral intergranular pores, and clay mineral shrinkage pores/slits. The FSR reservoirs in the study area are classified into three categories, and the pore structure of the reservoirs from categories I to III deteriorates in turn. This study provides a basis for the microscopic characterization, classification, and evaluation of lacustrine FSR reservoirs and their exploration.
Keywords: Bohai Bay Basin, Shahejie formation, fine-grained sedimentary rocks, pore structure, reservoir capabilities
1 INTRODUCTION
In recent years, a rising number of exploration achievements have shown that fine-grained sediments in lacustrine basins have great potential for oil production and storage (Wu et al., 2013; Zhang et al., 2014; Zeng et al., 2021; Yang et al., 2022). Compared with the pure muddy shale in deep sea and deep lakes, the fine-grained sedimentary rocks (FSR) in the gently sloping zone of the lake basin margin are diverse in composition, nonhomogeneous and complex in the deposition mechanism (Zhang et al., 2019; Zhang et al., 2020a; Liu et al., 2020; Li S et al., 2021). As an important carrier of oil gas distribution, FSR are often located in the transition zone between the conventional and unconventional oil gas reservoirs in lacustrine basins, and therefore, the studies of their depositional mechanisms, reservoir characteristics, and oil gas enrichment patterns are of great importance to the integration of conventional and unconventional oil gas exploration and exploitation (Xie et al., 2018; Zhang et al., 2020b; Li W et al., 2021; Pan et al., 2021).
Reservoir microscopic pore structure characteristics are key factors that affect reservoir physical properties (Deng et al., 2014; Wang et al., 2020; Gao, 2021; Yu et al., 2022), and characterization of pore structures has become a hot topic in the study of FSR reservoirs (Curtis, 2002; Cusack et al., 2010; Clarkson et al., 2013; Curtis et al., 2012; Gao et al., 2018). Compared with conventional reservoirs, the pores of FSR reservoirs are distributed at scales from nanometer to millimeter, and the mixture of sedimentary components also makes their reservoir space types diverse and their pore throat structures complex. Therefore, conventional observation techniques such as cast thin section and scanning electron microscopy (SEM) are limited by resolution to accurately and comprehensively characterize their pore microstructure, and cannot quantitatively and intuitively portray the pore throat size, distribution, and non-homogeneity (Guo et al., 2014; Jiao et al., 2014). With the advancement of pore structure characterization techniques, high-pressure mercury compression, nuclear magnetic resonance (NMR), and gas adsorption have provided new ideas for an in-depth portrayal of the microscopic pore structure of FSR (Fredrich et al., 1995; Javadpour, 2009, 2012; Li et al., 2016; Devarapalli et al., 2017; Zhu et al., 2017; Zhang et al., 2020c; Zhang et al., 2022). In addition, the argon ion polishing SEM technique with Image J image processing provides an accurate and rapid means to quantitatively characterize structural parameters such as pore morphology, pore size distribution, probability entropy, and pore area contribution (Liu et al., 2011; Chalmers et al., 2012; Loucks et al., 2012; Giffin et al., 2013). With the advancement of technology, scholars worldwide have analyzed the unconventional reservoirs regarding their collectivity, occurrence state of oil and gas, and the reservation pattern (Hickey and Henk, 2007; Chalmers and Bustin, 2008; Loucks et al., 2009, 2012; Yao et al., 2011; Milliken et al., 2012; Mastalerz et al., 2013; Yang et al., 2016; Fan et al., 2018; Zeng et al., 2021). However, rarely have studies been conducted on the microscopic characterization of mixed FER reservoirs in the sloping region of the lacustrine basin or on the control factors of reservoir characteristics.
The Paleogene of the Dongying Depression in the Bohai Bay Basin is one of the basins with more developed FSR in China (Xie et al., 2018), and in recent years, significant breakthroughs have been made in oil and gas exploration in the gently sloping southern part of this Depression (Dong et al., 2011; Song et al., 2013; Xie et al., 2018; Duan et al., 2020). This work studied the FSR reservation in the fourth member of the Shahejie Formation (Es4) in the Chenguanzhuang area of the southern gently sloping zone of the Dongying Depression, Bohai Bay Basin. NMR technology was applied for full pore size analysis; argon ion polishing SEM and Image J image processing technique were adopted to quantitatively characterize the reservoir microstructure parameters. The structural characteristics and pore area contribution of different pore types were discussed in detail. Finally, the FSR reservoirs in the study area were classified and evaluated based on the petrography, physical characteristics, and pore types and structures. This study can provide theoretical guidance for the exploration of FSR reservoirs in the study area. Besides, the findings offer a new basis for the study of oil and gas accumulation patterns in lacustrine basins.
2 GEOLOGICAL SETTINGS
The Bohai Bay Basin is located in eastern China (Figure 1A), bordered by the Jiao-Liao Uplifted area to the east, the Taihang Mountains Uplift to the west, the Luxi Uplift to the south, and the Yanshan Fold Belt to the north. It is a Meso-Cenozoic fault basin developed as a result of Palaeozoic sedimentation as well as the movements during the Indo-Chinese and Yanshanian epoch of the Sino-Korean paraplatform, covering an area of about 1.5 × 105 km2. Overall, the basin underwent two major stages of tectonic evolution: the contemporaneous rift stage and the oligocene post-rift stage. During the Paleogene, a series of north-east and north-west trending orthogonal faults were formed as a result of the rifting of the basin, forming a series of grabens and half-grabens. By the late Oligocene, the basin had entered a post-rifting phase and tectonically stabilized, with these graben and half-graben assemblages forming the present-day Bohai Bay Basin. The Jiyang Depression is a secondary tectonic unit located in the southeastern part of the Bohai Bay Basin (Figure 1B), and is one of the most gas and oil-rich depressions in the Bohai Bay Basin, sharing a common geodynamic background with the Bohai Bay Basin. The basin has undergone five stages of regional tectonic evolution, i.e., early crystalline basement formation, Paleozoic-Middle Jurassic platform cover development, Late Jurassic-Early Cretaceous fault subsidence, Paleoproterozoic fault subsidence, and Neoproterozoic-Quaternary depression, where the Paleoproterozoic fault subsidence was mainly controlled by the Xishan movement. The basin evolution went through four stages of fault subsidence, i.e., the initial stage, the development stage, the prime stage, and the shrinking stage. Accordingly, there are four stages of episodic evolution, namely, the Kongdian Formation, the fourth member of the Shahejie Formation (Es4), the lower subsection of the Es3-Es2, and the upper subsection of Es2-Dongying Formation (Figure 1C). The sedimentary stage of the Es4 was during the period of fault development and was active from 50.5 to 42.0 Ma. It can be further divided into the Upper subsection (Es4S) and the Lower subsection (Es4X) based on its depositional rotation. As can be seen from Figure 1C, the top interface of ES4S is a disintegration with the ES3. During this period, the entire Jiyang Depression basin continued to be influenced by the tectonic transition adjustment of the Kongdian Formation, and a series of fracture systems were formed under the influence of rightward advection movements (Figure 1B), with several independent sedimentation centers being developed. The Dongying Depression is a secondary depression located to the south of the Jiyang Depression, inheriting its tectonic evolution. It is a typical asymmetrical half graben depression with a northern break and a southern overtop, being steep in the north and gentle in the south. The depression is bounded in the north by the Chenjiazhuang Bulge, in the south by the Luxi Uplift, in the east by the Qingtuozi Bulge, and in the west by the Binxian Bulge and the Qingcheng Bulge. A series of internal homogenous orthotropic faults further divide the depression into secondary tectonic units, including a steep-slope zone in the north, a central back-slope zone, a gently sloping zone in the south, and multiple fracture zones.
[image: Figure 1]FIGURE 1 | Comprehensive bar diagram of regional geology and sedimentary evolution. (A) Tectonic overview of the Bohai Bay Basin; (B) tectonic overview of the Jiyang Depression and the location of the study area; (C) comprehensive bar chart of the Shahejie Formation stratigraphy in the study area; (D) tectonic overview of the study area.
The Chenguanzhuang of the study area is located in the eastern part of the southern slope of the Dongying Depression, geographically situated in the northern part of Guangrao County, Dongying City, Shandong Province. Stretching to the Le’an Oilfield in the south and to the Niuzhuang Depression in the north, it is adjacent to the Chunhua Oilfield in the west and connected to the Dingjiawuzi tectonic zones in the east. The study area covers an area of approximately 200 km2 and is high in the south and low in the north generally, cut by faults into complex fault-step tectonic zones, internally controlled by three main fault zones, i.e., near east-west trending Chen Guanzhuang-Wangjiagang fault zone, the near north-south trending Shicun fault zone, and the Bamianhe fault zone that is located at its southeastern direction (Figure 1D). During the depositional period of Es4S, the water body in the study area gradually became deeper from south to north, transitioning from a shallow lacustrine environment to a semi-deep-lacustrine one. At the same time, it was receiving a supply of land-derived debris from the Guangrao Bulge in the southeast, and depositing a suite of FSR dominated by lacustrine carbonates in a dynamic context of frequent fault activity (Ma et al., 2020).
3 SAMPLES, EXPERIMENTS, AND DATA SOURCES
A total of 281 rock samples were collected from 11 core wells, including NY1, WX128, GX27, and WG7, and then were ground into centimeter-sized pieces for SEM observation. 430 microscopic photographs were taken (Table 1). The samples were ground, cleaned, dried, and coated with a conductive adhesive layer by the stratigraphic laboratory of Exploration and Development Research Institute, Sinopec Shengli Oilfield Company. The microscopic observation, description, and photography were all completed under a QUANTA FEG250 field emission environment SEM to achieve high-resolution backscattered electron images with micro- and nano-scale pore characteristics and accurate calibration. The sections of 16 rock samples from one of the wells, GX27, were observed after argon ion polishing (Table 2), and the representative electron microscope photographs were processed in Image J software to obtain pore structure parameters such as face porosity, shape factor, and fractal dimension.
TABLE 1 | The number, well name, formation, number of samples, and number of photos used in scanning electron microscope (SEM) observation. See Figure 1 for the well location.
[image: Table 1]TABLE 2 | Argon Ion Polished SEM Sample Information. See Figure 1 for the well location.
[image: Table 2]A total of 50 rock samples from eight coring wells, including NY1, NX55, GX27, W129, and NX55, etc., were collected and ground to 3–5 g of powder of 200–350 mesh for X-ray diffraction whole-rock analysis (Table 3). The samples were milled, pressed, and pretreated by the stratigraphic laboratory of Exploration and Development Research Institute, Sinopec Shengli Oilfield Company. The X-rays analysis was carried out under an Ultima IV diffractometer, and the experimental data were processed and transcoded using the RINT-2000 Binary Pattern model in Jade software.
TABLE 3 | The number, well name, formation, depth range of samples, and number of samples used in X-ray diffraction (XRD) experiment. See Figure 1 for the well location.
[image: Table 3]Meter of 2.5 cm and a length greater than 0.5 cm were cut; the end faces were ground and polished, first oiled and salted, immersed in a KCL solution with a concentration of approximately 0.5 mg/L. Then the samples were saturated under vacuum for 8 h at a saturation pressure of 0.3 MPa until they were fully saturated with brine. The NMR test was completed on a Newmark MicroMR20-G core analyzer and the T2 spectrum under the fully saturated state was obtained (Table 4).
TABLE 4 | NMR experimental sample information sheet. See Figure 1 for the well location.
[image: Table 4]4 RESULTS AND DISCUSSION
4.1 Fine-Grained Sedimentary Rock Reservoir Characteristics
4.1.1 Classification of Favorable Petrographic Phases
According to the X-ray diffraction whole-rock analysis data, the main mineral constituents of the FSR in the study area include calcite, quartz, and clay with a minor amount of secondary minerals such as dolomite, pyrites, feldspar, and organic matter (Table 5; Figure 2). The carbonate constituents include calcite and dolomite, with the average content of 57.7%. The average content of the clay minerals is 34.9%. The land-derived debris constituents mainly include feldspar and quartz, with the average content of 13.8%. Besides, pyrite also exists here in a minor quantity, with the average organic matter content of 1.6%. According to the thin section authentication in combination with the comparison between the oil gas indication in the well logging and the explanation to the fluid property in the well logging, it can be seen that the rock types of the favorable reservoirs are mainly lime shale, lime clay rock, and organic-rich laminoid clay micritic limestone (Figure 2).
TABLE 5 | Mineral constituents of X-ray diffraction whole-rock analysis.
[image: Table 5][image: Figure 2]FIGURE 2 | X-ray diffraction data projection points in a triangle chart I. Clay rock; II. Silt-bearing clay rock; III. Lime-/dolomite-bearing clay rock; IV. Silty clay stone; V. Lime/dolomitic clay rock; VI. Siltstone; VII. Clay-bearing siltstone; VIII. Limestone-/dolomite-bearing siltstone; IX. Clay siltstone; X. Lime/dolomitic siltstone; XI. Limestone/dolomite; XII. Clay-bearing limestone/dolomite; XIII. Silt-bearing limestone/dolomite; XIV. Clay limestone/dolomite; XV. Silty limestone/dolomite.
To better serve for the exploration and exploitation of oil gas, the study adopted a relatively mainstream petrographic classification scheme for FSR (Ning et al., 2017; Peng et al., 2022), i.e., the form of “organic matter + sedimentary structure + basic rock type” as the way of naming petrographic phases. The FSR sedimentary structures were classified into four types, which are the lumpy, banding, laminoid, and lamella types. Among them, the lumpy structure features the single constituent thickness ≥ 5 cm and homogeneity internally without obvious lamina. The banding structure features the single constituent thickness ≥ 1 mm and rhythmic interbedding consisting of two to three constituents. The laminoid structure features the single constituent thickness < 1 mm and rhythmic interbedding consisting of two to three constituents. The organic matter content, as the key indicator of hydrocarbon generation and reservation capacities, was classified based on the content of 2%, which above 2% classified as organic-rich and otherwise as organic-bearing. Based on the core observation and thin section authentication in combination with the comparison of oil-bearing properties between every petrographic phase, the favorable petrographic phases were classified into six types, including organic-rich lime shale (OR-LS), organic-rich laminoid lime clay rock (OR-L-LC), organic-rich laminoid clay micritic limestone (OR-L-AM), organic-bearing banding clay micritic limestone (OM-B-AM), organic-rich banding lime clay rock (OR-B-LC), and organic-bearing lumpy clay micritic limestone (OM-M-AM).
The organic-rich lime shale features an obvious lamella structure, with clear and dense lamellation cracks connected with each other under the lamellae, and contains high clay mineral content reaching 70–80% and the lime content of 20–30%, embodied by the rhythmically developed micritic calcite laminas, with stable thickness and the single-layer lime lamina thickness less than 1 mm, containing high organic matter content and generally bearing oil (Figure 3A). The organic-rich laminoid lime clay rock is embodied as the dual interbedding between micritic calcite laminas and clay laminas with the thickness less than 1 mm under microscopy, with bedding cracks locally developed. It has the clay mineral content a bit higher than the calcite content, and its clay lamina thickness is 500–700 μm, rich in organic matter, whereas its calcite lamina thickness is 200–400 μm. Both of the two types of laminas are relatively straight and flat morphologically. This type of petrographic phase also bears oil generally (Figure 3B). The organic-rich laminoid clay micritic limestone is similar to the organic-rich laminoid lime clay rock in petrographic phase, but contains much higher lime content, embodied by the increase of the calcite lamina thickness to 200–600 μm and the decrease of the clay lamina thickness to 200–400 μm. The dual interbedding between the two types of laminas becomes denser, with basically straight and flat morphology, slightly corrugated or lenticular deformation in some local lime laminas, and few bedding cracks. This type of petrographic phase features good oil-bearing properties at the same time (Figure 3C). The organic-bearing banding clay micritic limestone is embodied as the banding interbedding of micritic calcite and clay minerals with corrugated deformation in local parts. The calcite bands are 1–1.5 mm thick, whereas the thickness of the clay bands varies a lot with a wide distribution of 0.1–1.0 mm, occasionally mixed with a little land-derived debris distributed in a scattered way. This type of petrographic phase basically has no bedding cracks developed, with low content of organic matter and certain oil-bearing properties (Figure 3D). The organic-rich banding lime clay rock has the mineral constituents dominated by clay minerals. The clay bands are relatively thick, approximately 1–3 mm, whereas the micritic calcite laminas/bands that are slim and straight and interbedded with the clay bands are thin, approximately 0.1–0.5 mm, mixed with land-derived debris distributed in a scattered way. It features bedding cracks locally developed, high organic matter content, and good oil-bearing properties (Figure 3E). The organic-bearing lumpy clay micritic limestone contains relatively homogeneous lumps, with the clay mineral content approximately 30–40%, the micritic calcite content approximately 60–70%, and the scattered distribution of land-derived debris in local parts. This type of petrographic phase has low content of organic matter and certain oil-bearing properties (Figure 3F).
[image: Figure 3]FIGURE 3 | Microscopic characteristics of six favorable petrographic phase types. (A) Organic-rich lime shale (OR-LS), W33, 1,950.95–1,950.96 m, 1x (−); (B) organic-rich laminoid lime clay rock (OR-L-LC); G3, 2,159–2,159.02 m, 1x (−); (C) organic-rich laminoid clay micritic limestone (OR-L-AM), W161, 1,985.7–1,985.72 m, 1x (+); (D) organic-bearing banding clay micritic limestone (OM-B-CL), G6, 2,145.76–2,145.77 m, 1x (+); (E) organic-rich banding lime clay rock (OR-B-LC), T29, 2,069.8–2,069.82 m, 1x (+); (F) organic-bearing lumpy clay micritic limestone (OM-L-CL), W161, 1,908.44–1,908.46 m, 1x (+).
4.1.2 Physical Characteristics
According to the statistics of the physical data of the 107 cores collected from the FSR reservoirs of the study area, the maximum, minimum, and average porosity values of the Es4S FSR reservoirs of Chenguanzhuang area are 26.32, 0.511, and 12.3%, respectively. The porosity is mainly distributed in the range of 5–10%, accounting for 35% of the samples, followed by the range of 10–15% accounting for 22% of the samples (Figure 4A). Meanwhile, the maximum, minimum, and average permeability values are 130.51, 0.001, and 10.58 mD, respectively, with the permeability of approximately 43% of the samples < 1 mD, and that of another 20% distributed in the range of 1–5 mD (Figure 4B). Generally speaking, the FSR reservoirs in the study area are typical low-porosity-and-permeability reservoirs.
[image: Figure 4]FIGURE 4 | Physical characteristics of FSR reservoirs. (A) Histogram of porosity distribution frequency; (B) histogram of permeability distribution frequency; (C) intersection figure of porosity and permeability.
Based on the porosity and permeability and the correlation curve between them (Figure 4C), the correlation curve equation is [image: image], with the correlation coefficient [image: image]. Besides, the porosity is positively correlated with the permeability in general, and the latter increases as the former goes up, with few data points of low porosity and high permeability. It indicates that cracks contribute less to the reservoir property than pores, and that the FSR reservoirs in the study area are mainly the porous reservoirs.
4.1.3 Reservoir Space Types
According to the thin section authentication and scanning electron microscopy (SEM) observation, most of the samples from the FSR reservoirs in the study area are compact, and thus their reservoir space is limited, with various types and high heterogeneity. Besides, their reservoir space is dominated by secondary pores and consists of a few primary pores and cracks. Therefore, the reservoir space can be classified into three major categories, i.e., pores, cracks, and micro-cracks. The pores consist of nano-scale pores including organic-matter shrinkage pores, mineral intergranular pores and clay mineral shrinkage pores, and micron-scale pores including residual interparticle pores and a few organism coelom pores and boring pores. Cracks are mainly micron-scale bedding cracks, while micro-cracks are intermediately developed, and dominated by nano-scale cracks including organic-matter shrinkage cracks, clay mineral shrinkage cracks, and micro-cracks caused by tectonic activity (Figure 5). Among them, the organic-matter shrinkage pores/cracks often exist inside organic matter aggregates, mostly in a long-strip or elliptic shape (Figures 5A,B). Meanwhile, the intergranular pores are mainly developed between mineral crystals such as pyrites, secondary carbonate minerals, secondary silicon minerals, with hundred-nano-scale diameters (Figures 5C–E). Additionally, the clay mineral shrinkage pores/cracks are secondary pores in an elliptic, hive, or scattered shape, associated with the thermal evolution of clay minerals (Figures 5F,G). The interparticle pores are mainly residual primary pores that have not been destroyed during the diagenesis and transformation in the late stage, with a very limited quantity (Figure 5H). Usually, the organism coelom pores are mainly attributed to micro-organisms (Figure 5I), whereas the boring pores are mainly attributed to macro-organisms of brachiopoda and gastropod, with relatively big diameters (Figure 5J). However, organism pores are rare in the study area. Besides, in the petrographic phase of mixed sedimentary rocks in a laminoid or banding structure, the bedding cracks that are vastly distributed from micron scale to millimeter scale (Figures 5K,L) are also effective reservoir space.
[image: Figure 5]FIGURE 5 | Reservoir space types of FSR reservoirs in the study area (A) organic-matter thermal evolution shrinkage pores, GX27 Well, 2,305.85 m, 6,000x; (B) organic-matter thermal evolution shrinkage cracks, GX27 Well, 2,317.29 m, 7,000x; (C) authigenic intergranular pores in pyrites, GX27 Well, 2,310.02 m,10,000x; (D) authigenic intergranular pores in calcite, W57 Well, 3,419.13 m, 550x; (E) authigenic intergranular pores in quartz, W58 Well, 3,027.00 m, 750x; (F) intergranular pores of clay mineral flocculate, NY1 Well, 3,431.93 m, 2,500x; (G) clay-mineral thermal evolution shrinkage cracks, NY1 Well, 3,437.98 m, 7,000x; (H) residual primary interparticle pores developed between calcite and quartz particles, GX27 Well, 2,303.80 m, 25,000x; (I) organism coelom pores, GX27 Well, 10,000x; (J) boring pores, almost occupied by calcite internally, T29 Well, 2,072.8 m, 5 (+); (K) bedding cracks, GX27 Well, 2,306.86 m, 400x; (L) bedding cracks existing in clay laminoid, GX27 Well, 2,316.29 m, 4,000x.
4.1.4 Pore Structure Characterization
With respect to the characteristics of various types and complex structures of the mixed lacustrine FSR pores, this study conducted multiscale qualitative analysis and quantitative characterization on the reservoir pore structures using NMR and the Image J image processing technique.
4.1.4.1 Full Pore Size Distribution Converted From NMR T2 Spectrum
The conversion of NMR T2 spectrum distribution was used to demonstrate the full pore size distribution curve of the micro-nanopores of the FSR reservoirs in the study area (Zeng et al., 2011; Lai et al., 2016; Wang et al., 2017). Meanwhile, 13 rock samples collected from NY1 Well were mainly the petrographic types with good oil-bearing quality like laminoid lime clay rock, lime shale, etc. All the samples demonstrated florescent display and most of them had developed cracks. The 13 samples in the test were used for the calculation of pore size-pore volume conversion and the three types of pore size–pore volume distribution curves were obtained (Figure 6).
[image: Figure 6]FIGURE 6 | NMR test signal distribution curves and pore structure curves. (A) Type I NMR test signal curve; (B) Type I pore structure curve; (C) Type II NMR test signal curve; (D) Type II pore structure curve; (E) Type III NMR test signal curve; f. Type III pore structure curve.
The pore size–pore volume conversion calculation was conducted on the 13 samples in the test, and three types of pore size–pore volume distribution curves were obtained thereafter (Figure 6).
Type I curves show relatively obvious double-peak characteristics (Figures 6A,B), which are common in the pore structure curve of organic-rich lime shale and organic-rich laminoid lime clay rock that have developed cracks. The main peak of pore volume corresponds to pore sizes close to the hundred-nano scale, whereas a secondary peak exists in the pore size range of 1–10 μm. Therefore, the reservoir pore structures reflected in this type of curves are dominated by mesopores (2–50 nm) and macropores (>50 nm), each contributing 43.20 and 55.97% of the total pore volume, with micropores (<2 nm) accounting for only 0.82%.
Type II curves show obvious double-peak characteristics, with the main peak existing in the evidently differential section or the transient platform section (Figures 6C,D). This form is common in the pore structure curve of organic-rich lime shale with obviously developed cracks and micro-cracks and organic-rich laminoid lime clay rock. The first pore volume peak appears in the hundred-nano range. Compared with Type I curves, Type II curves feature a transient platform section near the main peaks, which can be deemed as the differentiation of the main peak value in a small range that generates the second pore volume peak value with a smaller volume in the pore size range of 1–10 μm. In general, Type II curves, with the typical characteristics of platform sections near main peaks, are also dominated by mesopores and macropores, each contributing 44.48 and 54.72% of the total pore volume, while micropores contributing 0.79%.
Type III curves show obvious single-peak characteristics, featuring standard or approximately standard normal distribution (Figures 6E,F). This form is common in the pore structure curve of organic-rich laminoid lime clay rock and organic-rich laminoid clay mitritic limestone. The micropores, mesopores, and macropores contribute 1.01, 45.43, and 53.54%, respectively, of the total pore volume.
According to the combined research results of the reservoir space types, the curves of all three types have their maximum pore volume peaks near 80–300 nm. Therefore, it was concluded that the nano-scale pores, including organic-matter shrinkage pores, secondary mineral intergranular pores, clay mineral shrinkage pores, etc., contributed the most of the pore volume. Meanwhile, they were also the most frequently observed reservoir space by microscope or SEM. Type II curves corresponded to the rock samples with highly developed cracks and micro-cracks. By comparing them with Type I curves, it can be seen that the micro-cracks formed by clay mineral shrinkage or organic-matter thermal evolution are the cause for the differentiation or transient platform sections in the main peak. Additionally, Samples NY1-6 and NY1-7 in Type III curves, which have developed cracks, have minor differentiation in the section right after the main peak, proving once more that the existence of micro-cracks effectively extends the main peak distribution of pore volume. By comparing Type I and Type III curves, it can be seen that the pore structure curves of the samples with developed macro-cracks often have secondary peak values in the range of 1–10 μm after the main peak. Based on the comparison of sample information, it can be seen that macro-cracks including structural cracks, lamellation cracks, abnormal-pressure cracks, etc. are the main reason for the occurrence of secondary peak values. According to the pore structure curves of all rock samples, the pores < 2 nm contribute almost nothing to reservoir space. Even if it is case of the extremely compact shale reservoirs in the study area, mesopores and macropores are still dominant, which tallies with the research results of reservoir space types observed by thin section authentication and SEM.
4.1.4.2 Quantitative Characterization of Micro-Nanopores Based on the FESEM Image Processing Technique
The SEM images with polished argon ions were binarized in the Image J software, with the background in black and the pores in white. Afterward, the pores were manually calibrated, finely tuned, and colored in the Coreldraw software, using different colors for different types of pores (Figure 7). Since image statistical analysis requires not only precise observation, but also a maximum viewing area, based on the combination of previous research results, and multiple attempts and data analyses, it is concluded that SEM images magnified by 5,000X and below are more typical (the minimum statistical pore size under such a viewing area is approximately 20–30 nm) (Jiao et al., 2019). The observations were processed by quantitative statistics based on the calculation of pixels, and various structural parameters of different types of pores were then obtained (Table 6). Among those pores, the organic-matter shrinkage pores are the smallest, with a pore size range of 20–500 nm and an average pore size of 50 nm. However, they were extensively developed with the thermal evolution of organic matter, and finally feature an average pore area of 297 nm2 or so and an average form factor of 0.835. Hence, they have the most uniform morphology among all types of pores, and most of them are close to a round or ellipse in shape. The probability entropy and fractal dimensions reveal that they are directionally arranged, with relatively low inhomogeneity in size and morphology. The secondary mineral intergranular pores of different mineral constituents are a bit different from each other in pore size, with the dominant pore size range in 80–700 nm, an average pore size of 200 nm or so, an average pore area of 29,400 nm2 or so, and an average form factor of 0.631. It indicates that such pores have smooth and neat edges and minor difference in morphology. Besides, their probability entropy is 0.205, demonstrating that the arrangement in their space has a certain direction, which was caused by the relatively uniform growing direction of secondary minerals. The clay mineral shrinkage pores have an extensive pore size distribution range due to different levels of thermal evolution shrinkage, with the minimum pore size of approximately 50 nm and the maximum as large as 2 μm. In addition, they have an average pore size of approximately 500 nm, an average pore area of 0.23 μm2, and an average form factor of 0.412, indicating that such pores have complex and rough edges morphologically. Their probability entropy is 0.524, indicating that the arrangement in their space has random directions and no uniformity. Moreover, their fractal dimension is 1.403, further revealing that those pores feature evident difference from each other in morphology and high inhomogeneity. The organism coelom pores and boring pores are both micron-scale pores, and similar to each other in morphology to some extent since their formation mechanisms are both related to organisms or organism activities, thus low in fractal dimensions. The bedding cracks exist extensively in the laminoid samples, and have the probability entropy of 0.05 and the fractal dimension of 1.404, indicating that the bedding cracks have uniform arrangement directions, but difference in opening degree. The organic-matter shrinkage cracks, clay mineral shrinkage cracks, and structural micro-cracks are micro-nano-scale micro-cracks formed due to different causes. According to their structural parameters, these three kinds of cracks are significantly different from each other in morphology, and have relatively random space arrangements. Therefore, they are highly inhomogeneous pores.
[image: Figure 7]FIGURE 7 | SEM images after argon ion polishing and images after Image J processing. (A) Argon ion polishing SEM image of organic-bearing lumpy lime clay rock, showing reservoir space including micro-cracks, clay mineral shrinkage pores, clay mineral intergranular pores, etc., 4,000x, GX27 Well, 2,314.95 m; (B) Image (A) processed with Image J; (C) Argon ion polishing SEM image of organic-bearing lumpy clay micritic limestone, showing reservoir space including interparticle pores, mineral intergranular pores, etc., 5,000x, GX27 Well, 2,315.29 m; (D) Image (C) processed with Image J; (E) Argon ion polishing SEM image of organic-rich laminoid lime clay rock, with extensively developed bedding cracks, 400x, GX27 Well, 2,313.75 m; (F) Image (E) processed with Image J.
TABLE 6 | Pore type and structural parameter statistics after SEM observation and Image J processing.
[image: Table 6]The probability entropy [image: image], where Pi represents the percentage of pores in a certain range. For example, when i = 1, it means that the angle is 10°, and the 2D angle range is 0°–180°, i.e., n = 18, revealing the directionality of the pore system.
The fractal dimension [image: image], where C1 is a constant, demonstrating the degree of irregularity of complex morphology.
The Feret diameters (Feret-X, Feret-Y, Feret-Max, and Feret-Min adopted based on the general consideration of the pore and crack morphology) and pore areas both obtained after Image J processing were taken as the objects of statistics, and used to plot the pore size distribution histograms and the pore size–pore area proportion histogram (Figure 7). It can be seen that the pore sizes are mainly distributed in the range <400 nm, accounting for more than 80% of the total amount of the pores. Additionally, according to the detailed analysis on the distribution frequency of the pore sizes within 400 nm, the pores of 100–150 nm are the most developed (Figure 8A). In the histograms of pore distribution and pore area proportion, it can be seen that the pores within 400 nm are dominant not only in quantity, but also in pore area proportion. Besides, the pores of 400–600 nm are not absolutely dominant in quantity, but make evident contribution to the pore area. Furthermore, the pores > 2 μm are extremely low in quantity, but their existence takes up a large portion of the pore area according to the high-magnification SEM images. Therefore, the data obtained from the calculation based on the high-magnification SEM images show that the pores > 2 μm also have a high value in the pore area distribution (Figure 8B). Based on the combination of the quantity and pore area proportions, it was concluded that the dominant pore size range which makes evident contribution to the pore area is <600 nm. Meanwhile, the pore size distribution ranges of different types of pores were plotted through the statistics of their data, whereas the final pore area contribution curve (Figure 8C) was obtained by weighted average calculation based on the combination of the development frequency and pore area proportions of different pore types. Among them, the organic-matter pores/cracks, mineral intergranular pores, and clay mineral shrinkage pores/cracks have the pore sizes distributed within the dominant pore size range, and their contributions to the pore area are demonstrated as high values in the broken line chart, especially the contribution from the clay mineral shrinkage pores as high as 21.3%. The bedding cracks do not have pore sizes within the dominant pore size range, but they often exist in groups, providing considerable reservoir space. The residual interparticle pores, organism coelom pores, and boring pores make relatively low contributions to the pore area as they are limited in quantity.
[image: Figure 8]FIGURE 8 | Statistics chart of pore sizes and areas based on Image J processing. (A) Histogram of pore size distribution frequency. (B) Histogram of pore size–pore area proportion distribution. (C) Pore size distribution range boxplot and pore area contribution curve of different pore types.
4.2 FSR Reservoir Classification and Evaluation
Petrographic phases are the direct carriers of oil gas reservation as well as the geological indicators for reservoir classification. Meanwhile, porosity and permeability are the direct parameters to embody reservoir characteristics. In addition, different reservoir space types and their pore structure parameters including pore size ranges, morphological factors, fractal dimension, etc. can characterize the micro-structures of various reservoirs more objectively. Therefore, based on the research in the petrographic phases, physical characteristics, pore types, and pore structure characteristics in combination with the dynamic productivity data of the production wells in the study area, the FSR reservoirs in the study area were classified into three types, i.e., Type I, Type II, and Type III, ranked in a descending order from Type I to Type III regarding quality (Table 7).
Type I: The reservoirs of this type are dominated by organic-rich lime shale (Figure 3A) and organic-rich lime clay rock (Figure 3B), and have porosity dominated by nano-scale pores with the average porosity more than 20% and the average permeability as high as 120 mD. Their reservoir space mainly includes organic-matter shrinkage pores/cracks, mineral intergranular pores, bedding cracks, and clay mineral shrinkage pores/cracks. The full pore size distribution curve is mainly Types I and II. The form factor of their pores is in the range of 0.2–0.85 with an average of 0.47, whereas the fractal dimension of their pores is in the range of 1.38–1.80 with an average of 1.59. The reservoirs of this type generally contain rich organic matter and high content of clay minerals, and are often associated with macro-cracks, thus evaluated as high-quality reservoirs. In the study area, the sections of 2,695.7–2,792.1 m in G120 Well, 2,684.5–2,684.0 m in WX119 Well, and 3,000.6–3,150.0 m in N119 Well are typical reservoirs of Type I, with a daily average oil output as high as 40.3 t/d.
Type II: The reservoirs of this type are dominated by organic-rich laminoid clay micritic limestone (Figure 3C) and organic-rich banding lime clay rock (Figure 3E), and have porosity dominated by nano-scale pores. They have poorer physical properties compared with Type I since their porosity is in the range of 5.1–12.3% and their permeability is in the range of 5.58–97.93 mD. Their reservoir space mainly includes mineral intergranular pores and clay mineral shrinkage pores/cracks, plus a few boring pores and organism coelom pores. The full pore size distribution curve is mainly Type I or III. The form factor of their pores is in the range of 0.2–0.71 with an average of 0.56, whereas the fractal dimension of their pores is in the range of 1.43–1.8 with an average of 1.61. Therefore, Type II has higher inhomogeneity than Type I. The reservoirs of this type contain high content of organic matter, with carbonate minerals as the main constituents, thus comprehensively evaluated as above-average-quality reservoirs. In the study area, the sections of 2,745.6–2,790.4 m in G120 Well, 3,141.9–3,240.5 m in N52 Well, 2,896.2–3,000.0 m in G119 Well, and 2,614.8–2,618.3 m in G7 Well are typical reservoirs of Type II, with a daily average oil output as high as 12.5 t/d.
Type III: The reservoirs of this type are dominated by organic-bearing banding clay micritic limestone (Figure 3D) and organic-bearing lumpy clay micritic limestone (Figure 3F), and have porosity dominated by nano-scale pores. Their physical properties are even poorer than those of Type II since their porosity is in the range of 0.5–6.3% and their permeability is generally lower than 2.2 mD. Their reservoir space mainly includes mineral intergranular pores and clay mineral shrinkage pores, with a few residual interparticle pores. The full pore size distribution curve is mainly Type III. The form factor of their pores is in the range of 0.41–0.63 with an average of 0.48, whereas the fractal dimension of their pores is in the range of 1.4–1.75 with an average of 1.65. Therefore, Type III has the highest inhomogeneity among the three types of reservoirs. The reservoirs of this type contain low content of organic matter, with carbonate minerals as the main constituents, thus comprehensively evaluated as poor-quality reservoirs. In the study area, the sections of 1,836.0–1,900.0 m in W667 Well and 2,564.4–2,607.1 m in W108 Well are typical reservoirs of Type III, with a daily average oil output as high as 6.1 t/d.
TABLE 7 | Classification and evaluation of FSR reservoirs in the study area.
[image: Table 7]5 CONCLUSION

1. The Es4S FSR reservoir of the Chenguanzhuang area in the southern slope of the Dongying Depression contains calcite and clay minerals as the primary mineral constituents, and feldspar, dolomite and pyrite as the secondary mineral constituents, and the rock types in its favorable reservoir are mainly lime shale, lime clay rock, and clay micritic limestone. Based on the sedimentary structures and organic matter content, the reservoir is classified into six types, i.e., organic-rich lime shale, organic-rich laminoid lime clay rock, organic-rich laminoid clay micritic limestone, organic-bearing banding clay micritic limestone, organic-rich banding lime clay rock, and organic-bearing lumpy clay micritic limestone. With the average porosity of 12.3% and average permeability of 10.58 mD, this reservoir is a typical low-porosity and low-permeability reservoir. Besides, it has diverse types of reservoir space, including nano-scale pores such as organic-matter shrinkage pores, mineral intergranular pores and clay mineral shrinkage pores, and micron-scale pores such as residual interparticle pores plus a few organism coelom pores, boring pores, and cracks.
2. The NMR full pore size distribution curves were classified into three types, of which Types I and II are double peak curves and Type III is single-peak curves, with platform sections adjacent to the peak as the typical feature of Type II. According to the results of the curve analysis, the pores with a size less than 2 nm hardly make any contribution to the reservoir space, whereas the main peak of pore volume is attributed to mesopores and macropores, and the secondary peak of pore volume is attributed to macro-cracks. According to the quantitative analysis results based on the argon ion polishing images, the hundred-nano-scale pores, including organic-matter shrinkage pores/cracks, secondary mineral intergranular pores, clay mineral shrinkage pore/cracks, etc., make the main contribution to the reservoir space. Besides, the pores of those types above are relatively homogeneous in their micro-morphology, directional to some extent, widely distributed in large numbers, and have various structural parameters superior to those of other pore types.
3. Based on the research in the petrographic phases, physical characteristics, pore types, and pore structure characteristics in combination with the dynamic productivity data of the production wells in the study area, the FSR reservoirs in the study area were classified into three types. Among them, Type I is dominated by organic-rich lime shale and organic-rich lime clay rock, features the best physical characteristics, and has the reservoir space dominated by organic-matter shrinkage pores/cracks, mineral intergranular pores, bedding cracks, and clay mineral shrinkage pores/cracks. It has the optimal pore structure parameters and the daily average oil output of 40.3 t/d, and thus is the best reservoir type in the study area regarding reservoir characteristics, followed by Type II and then Type III.
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The paleoenvironment during the Early Cambrian is closely related to the accumulation mechanism of organic matter (OM) from the Lower Cambrian black shales. However, paleoenvironment remains a controversial issue. Here, we reported a lot of detailed data of sedimentary stratigraphy and geochemistry of the Lower Cambrian Yuertusi Formation in the Aksu area, Tarim Basin. The Yuertusi Formation from the Yutixi outcrop consists mainly of silicalite at the base, two sets of black shales, and crystalline dolostone. Based on the redox conditions traced by U/Th, V/Cr, Ni/Co, and V/Sc, the hydrothermal activity traced by Ce/Ce*, Cr/Zr, U/Th, Fe/Ti, and (Fe + Mn)/Ti ratios, as well as paleo-productivity traced by Ba, Cu, Rb/Sr, and other parameters, variations were observed in the depositional environments of the Yuertusi Formation: 1) the silicalite at the base was deposited under an euxinic condition and intense hydrothermal activity. Mo-U co-variation analysis revealed that the north margin of Tarim Basin belonged to the unrestricted marine during the Early Cambrian, 2) the lower black shales were deposited under an oxygen-poor condition and weak hydrothermal activity, and 3) the upper black shales were deposited under oxygen-poor, sub-oxic conditions and almost no hydrothermal activity. Although the hydrothermal activity improved paleo-productivity, the TOC values were low on the whole, which may be due to the intense hydrothermal activity that damaged the formation of source rocks. Comprehensive studies showed a gradually oxidizing environment and weakening paleo-productivity during the Yuertusi Formation deposited. The anoxic conditions were conducive to the preservation of OM, and the high-quality source rocks represented by the black shales of the Yuertusi Formation were formed, especially the first set of black shales. However, the enrichment of OM may be affected by the intense hydrothermal activity.
Keywords: black shales, Lower Cambrian, paleoenvironment, organic matter accumulation, Tarim Basin
1 INTRODUCTION
The black shales of the Lower Cambrian were widely distributed in the Tarim Basin (e.g., Lan et al., 2017; Li et al., 2018; Zhao et al., 2019; Kun Zhang et al., 2020; Zhang et al., 2022). With the expansion of hydrocarbon exploration to deep and ultra-deep formations in the Tarim Basin, ancient formations are increasingly attracting attention (Yu et al., 2009; Yao et al., 2014; Guo et al., 2017; Yao et al., 2017; Zhu et al., 2018), especially the deep Cambrian (Yun et al., 2014; Zhu et al., 2016; Zhu et al., 2019). The Cambrian source rock is considered to be the main contributor of the huge reserves of hydrocarbon (Jin et al., 2020; Chunyu Zhang et al., 2020). In particular, the black shales of the Lower Cambrian Yuertusi Formation have been confirmed as the highest quality marine source rocks discovered in China (Zhu et al., 2016).
In previous studies, the depositional environment of the Lower Cambrian source rocks in the study area had been studied by organic geochemistry, paleontology, petrology, and other methods (He et al., 2005; Dong et al., 2009; Liu et al., 2011; Chen et al., 2015; Hu et al., 2018). Due to the high degree of thermal evolution of source rocks of the Yuertusi Formation, some samples could not be effectively detected, resulting in strong multi-solution of data (Yao et al., 2011; Yang et al., 2017). More research works are required on the analysis of paleoenvironment. Jiang et al. (2007) believed that the Lower Cambrian black shales in the study area deposited in a complete anoxic environment. Yao et al. (2011) proposed that the oxygen-bearing surface water and the sub-oxidized/anoxic bottom water co-existed in Early Cambrian marine. The water body gushing from the bottom of paleo-marine was the main factor changing the sedimentary environment of the source rocks. Yang et al. (2017) deducted that the sedimentary environments of the two sets of black shales in the Yuertusi Formation were different. The first set was deposited in an anoxic (even euxinic) environment, while the second set was deposited in an anoxic environment and gradually transformed into a sub-oxidation environment. It can be seen that the depositional environment of the Lower Cambrian source rocks has been still controversial, especially the redox state of the Early Cambrian marine, which limited the study of the OM accumulation mechanism of source rocks in the target layers and brought difficulties to the evaluation of source rocks in the study area.
In this study, we generated an integrated geochemical dataset consisting of major and trace element data for black shales of the Lower Cambrian Yuertusi Formation in the Yutixi outcrop, combined with organic geochemical methods. The controlling effects of the paleo-marine redox state and hydrothermal activity on OM accumulation in the target layer were analyzed, which provided help for studying the OM accumulation mechanism of source rocks from the Lower Cambrian.
2 GEOLOGICAL SETTING AND SAMPLING SITE
2.1 Geological Setting
Tarim Basin is a multi-cycle superimposed basin composed of Paleozoic craton basin and Meso-Cenozoic foreland basin, which experienced a long and complex process of formation, evolution, and transformation. It is one of the largest intracontinental basins containing hydrocarbon in the world and the only craton basin with high productivity of marine hydrocarbon in China (Jia and Wei, 2002; Liu et al., 2011; Pan et al., 2015; Zhu et al., 2016; Zhu et al., 2019). With relatively complex structural evolution, Tarim landmass experienced three structure–sedimentary cycles and deposited multiple sets of structural sequences (Dong et al., 2009; Liu et al., 2011; Wu et al., 2012; Zhu et al., 2016; Guo et al., 2017; Zhu et al., 2018) (Figure 1).
[image: Figure 1]FIGURE 1 | (A) Geographic location of the Tarim Basin in northwestern China; (B) location map showing the tectonic units of the Tarim Basin and the Aksu area located in the northwest part of the Tarim Basin; (C) the field profile location of Aksu area, Tarim Basin (modified from Turner, 2010; Wen et al., 2015; Shen et al., 2022).
During the Early Cambrian, the Tarim Basin was situated at the southern margin of the nascent South Tianshan Ocean (Yu et al., 2009). The Aksu area in the northwestern margin of the Tarim Basin was deposited in a marine shelf sedimentary environment during the Early Cambrian. The Tarim Basin experienced post-rift subsidence and large-scale transgression, forming maximum sea flooding and transforming into epi-continental sea, and then deposited the Yuertusi Formation in the Early Paleozoic. In the extensional and weak extensional tectonic stress field, the Lower Cambrian Yuertusi Formation unconformably overlay the Qigebulake Formation dolomite as well as integrated contacts with the Xiaoerbulake Formation, and widely distributed the layered silicalite and black shales (Zhou et al., 2014; Zhou et al., 2015), The deposition of the Yuertusi Formation was influenced by tectonic paleo-geomorphology, and the sedimentary lithologic characteristics varied greatly in different outcrops.
2.2 Sampling Site
The Yutixi outcrop is located in the southwest of the Aksu area, about 105 km away from Aksu City. The Yuertusi Formation at the Yutixi outcrop can be divided into six layers (Figure 2). The first layer is gray-black thin layered silicalite, interbedded with several layers of phosphorous block; the second layer is a set of black shales interbedded with phosphorous block; the third layer is gray-yellow silty dolomite with erosion structures, which had not been sampled; the fourth layer is a set of gray-green silty dolomite containing glauconite without sampling; the fifth layer is a set of black shales, interbedded with gray-black thin marlstone; and the sixth layer is gray thin micritic limestone, which is seriously weathered and has not been sampled. This study mainly focused on the first layer silicalite group (SG), the second layer black shales group (BG1), and the fifth layer black shales group (BG2), which can be regarded as a complete transgression–regression sedimentary cycle.
[image: Figure 2]FIGURE 2 | Lithostratigraphic columns of the Yutixi outcrop in the Aksu area.
3 METHODS
Major elements in the samples were tested using an Axios mAX XRF spectrometer. The major elements in the samples were tested following the method described by Ryu et al. (2011). Whole rock powders were ground below 2 μm grainsize.
Trace element concentrations were obtained using inductively coupled plasma mass spectrometry (ICP-MS). Trace element compositions of whole-rock samples were determined with analytical uncertainties generally better than 5% (2σ). The data qualities were monitored by the Chinese National standards (GSR-1, GSR-2, GSR-4, GSR-10, and GSR-16) for trace element concentrations. The main steps are as follows: 1) weigh 50 mg sample (<200 mesh grain size) and put them into a clean and dry Teflon tank for sample dissolution; 2) add 1 ml HF, and heat to 150°C to remove Si from the samples; 3) after 1.0 ml HF and 0.6 ml HNO3 were added, the Teflon tank should be placed in a steel jacket keeping at 190°C for more than 96 h. Then, the samples are evaporated into emulsion droplets to remove excess HF; 4) after 1.6 ml HNO3 is added, keep it at 140°C for 3–5 h; 5) the sample solution is transferred into a 50-ml centrifuge tube after cooling. Finally, 1 ml 500 PPB Rb (internal standard) is added into the centrifuge tube and diluted to 50 ml scale, and 6) sent to ICP-MS for testing.
The rock powder (10 mg) was treated with 5% HCL at 80°C to remove inorganic carbon from samples. Then, these treated samples were washed with distilled water to fully remove the residual acid in the crucible, and these washed samples were dried in an oven at 70°C for 8 h. Finally, the iron powder and tungsten tin alloy were added to each sample as a combustion improver, and the total organic carbon (TOC) contents of samples were detected using the LECO CS230 elemental analyzer.
4 RESULTS
4.1 Major Elements
The major elements of the samples from the Yuertusi Formation in the Yutixi outcrop vary widely. The SiO2 contents of the samples from the Yuertusi Formation are relatively high, ranging from 4.10 to 95.12% (average of 47.12%). The contents of SiO2 in SG are higher, ranging from 85.04 to 95.12%, with an average of 90.85%. The SiO2 contents of BG1 are mostly above 50%, ranging from 7.28 to 58.19%, with an average of 49.35%. The SiO2 contents of BG2 are relatively lower, ranging from 4.10 to 50.44%, with an average of 16.87%. In addition, the Al2O3 contents of SG are generally high, with an average of 9.62%, and those of BG1 are between 2 and 13%. The Fe2O3T contents of the samples range from 0.22 to 4.34%, and the average value is 2.77%. The P2O5 contents of the samples from the Yuertusi Formation range from 0.01 to 3.55% (average of 0.53%), and the P2O5 contents of SG are generally higher than those of BG2. In addition, the contents of TiO2, MnO, K2O, PbO, and NaO are generally low.
4.2 Trace Elements
Trace elements in sediments were mainly derived from terrigenous clastic, authigenic minerals deposited by sediments or sedimentary water through chemical precipitation, etc. The presence of minerals of biogenic origin may dilute the abundance of trace elements in a sample. To eliminate this effect, it is customary to normalize the trace-element concentrations in terms of the Al or Th content, and express them as enrichment factors (EFs) (Riquier et al., 2006). The EFs of trace elements in each group are as follows: 1) SG: Ba > V > U > Mo > Cu > Sr > Cr > Zn > Pb; 2) BG1: Mo > Ba > U > V > Li > Cs > Cr > Ga > Rb; and 3) BG2: Mo > U > Zn > Pb > Sr > Li > Ba > Bi > Cu. Therefore, redox-sensitive elements such as Ba, Mo, V, U, Sr, Cr, Zn, and Cu are relatively enriched in the Yuertusi Formation.
4.3 Rare Elements
The total rare earth contents REE + Y of the Yuertusi Formation range from 12.61 μg/g to 265.47 μg/g, with an average value of 126.06 μg/g. The REE + Y of BG1 range from 160.09 μg/g to 265.47 μg/g, with an average value of 203.75 μg/g, which are much higher than those of SG and BG2. The REE + Y of SG range from 12.61 μg/g to 121.43 μg/g, and the average value is 53.90 μg/g. LREE/HREE (the ratio of the heavy rare earth elements and the light rare earth elements) of BG1 ranges from 4.09 to 9.24, with an average of 6.37, which are much higher than those of SG and BG2. The LREE/HREE of SG is relatively lower, ranging from 0.86 to 1.28, with an average of 1.12.
5 DISCUSSION
5.1 The Paleo-Productivity
Marine paleo-productivity reflects the ability of organisms to produce or accumulate OM through assimilation, and it is impossible to measure the paleo-productivity directly (Algeo et al., 2012; Zhang et al., 2016). Mostly, indirect measurements were carried out by establishing relations between parameters related to productivity. Barite in marine sediments and suspended particle is the main carrier of barium. According to its source, it can be divided into terrigenous clastic, biological (authigenic) genesis, hydrothermal precipitation, etc. Barium in biogenic barite is related to marine paleo-productivity (Tribovillard et al., 2006; Schoepfer et al., 2015), which is one of the reliable indicators for the reconstruction of paleo-productivity.
The significant correlation between total barium and biogenic barium in the Yuertusi Formation indicated that the changes of total barium were mainly caused by the biogenic barium (Figure 3). It showed obvious changes of biogenic barium (Figure 3); that is, the biogenic barium of SG is significantly higher than that of other groups. The samples are enriched with biogenic barium to varying degrees. In particular, the contents of biogenic barium in SG samples of the Yuertusi Formation are very high. The barium contents of BG1 and BG2 in the Yuertusi Formation indicate that there existed high paleo-productivity at the beginning of the Early Cambrian, but decreased at the end of the Early Cambrian. Although there are few samples with high TOC and Ba-bio, possibly due to the diluting, the high Ba-bio values suggest a high level of paleo-marine productivity in the Early Cambrian.
[image: Figure 3]FIGURE 3 | Correlation between Ba-bio and Ba of the Yuertusi Formation samples in the Yutixi outcrop.
In addition to barium, other indicators including Cu, P, and Ba/Ti are also intuitive and effective for the reconstruction of paleo-productivity (Calvert and Pedersen, 2007). The Ba/Ti ratios vary with depths of the samples from the Yuertusi Formation, mainly ranging widely from 788.82 to 1666666.67, with an average value of 138854.75. The Ba/Ti ratio of the SG are relatively higher, with an average value of 758049.60; those of BG1 are moderate, with an average value of 7919.56; and those of BG2 decrease compared with SG and BG1, with an average value of 3021.20 (Figure 4). In general, the variations of the paleo-productivity indicators reflect a regular gradient from high paleo-productivity at its base to low paleo-productivity at its top, suggesting an upward-increasing paleo-productivity of the Yuertusi Formation. In addition, the parameters such as Cu and P also showed the same stratigraphic variations (Figure 4).
[image: Figure 4]FIGURE 4 | Variations of Cu, P, Ba/Ti, and Ba-bio with depth.
5.2 Mo–U Co-Variation and Mo/TOC
Mo–U co-variation and Mo/TOC are new indicators for paleo-environmental studies in recent years, which have been widely used to quantitatively study the retention and openness degree of paleo-marine (Tribovillard et al., 2008; Algeo et al., 2012). The EFs of Mo and U in paleo-marine were controlled by redox conditions and water circulation efficiency (Algeo and Maynard, 2004; Tribovillard et al., 2006; Algeo and Tribovillard, 2009). Due to their long retention time, Mo and U elements have similar concentrations in global oceans (Algeo and Tribovillard, 2009; Algeo et al., 2012). Mo exists in the form of stable MoO42- in oxidized water. However, under anoxic conditions, Mo6+ will be reduced to activated Mo4+ (Zheng et al., 2000). In particular, in the presence of H2S/HS−, Mo4+ can combine with it to form highly activated thiomolybdate, which is eventually captured by ferromangous hydroxide or forms metal complexes with humic acid (Helz et al., 1996; Helz et al., 2011). Under the same reduction conditions, U can be activated in the Fe3+-Fe2+ reduction band without the presence of H2S/HS−. Therefore, the differences of the chemical behavior of Mo and U elements under the reduction conditions can distinguish the sulfide degree in anoxic water (Tossell, 2005; Algeo and Tribovillard, 2009; Dellwig et al., 2010).
The black shales of the Yuertusi Formation in the study area show a variety of Mo–U co-variant modes, and all represent the positive co-variant characteristics of MoEF and UEF (Figure 5A). Mo and U elements of SG samples show high degree of enrichment, and Mo/U values change greatly. The Mo/U values of BG1 samples are mainly between 1SW and 0.3SW; however, a few Mo/U values less than 0.3SW. It indicated that BG1 may be deposited in an anoxic environment, but sometimes, BG1 may be deposited in a hypoxic environment. The Mo/U values of BG2 samples are mainly between 1SW and 0.3SW; however, a few Mo/U values greater than 1SW, indicating that BG2 samples may be deposited in anoxic and sub-oxic environments. Mo concentration in sediments is consistent with the average value of Mo concentration of the global seawater. However, in restricted basins, the enhancement of seawater retention will increase the update time of Mo reservoir in seawater, which will lead to migration and loss of Mo ion (Tribovillard et al., 2008). The Mo–U co-variant chart showed that the Yuertusi Formation mainly belonged to the unrestricted marine, and no samples consisted with a “particulate shuttle” (PS) trend (Figure 5A), indicating the high water circulation efficiency. Briefly, the Mo–U co-variant mode of the Yuertusi Formation in the study area had not corresponded to a modern ocean mode, but it roughly showed a trend parallel to the normal seawater covariant trend and fluctuated greatly.
[image: Figure 5]FIGURE 5 | (A) U–EF vs. Mo–EF for samples of the Lower Cambrian paleoenvironment. Samples are taken from the Yuertusi formation of the Yutixi outcrop [modified from Algeo and Tribovillard (2009)]. (B) Total organic carbon contents vs. Mo concentration ([TOC] vs. [Mo]) diagrams drawn for the Yuertusi formation studied in this paper. Such diagrams are designed to assess the paleodegree of water mass restriction in oxygen-limited marine basins (Algeo and Lyons, 2006; Algeo et al., 2007). The solid lines represent four present-day basins characterized by some restriction of the water mass circulation. The restriction severity increases from the Sannich bay to the Black Sea (see explanations in Algeo and Lyons (2006) and Algeo et al. (2007)).
In addition, Mo/TOC can be used to indicate the circulation efficiency and retention degree of paleo-marine (Algeo et al., 2012). The analysis shows that the Yuertusi Formation in the study area is characterized by Mo enrichment and low TOC (Figure 5B). There is a positive correlation between Mo and TOC, indicating that Mo was deposited in an anoxic environment. The ratios indicate that the circulation efficiency and retention degree of paleo-marine in the study area are mainly between those of the Sanich Gulf and Framvaren Fjord (Algeo and Lyons, 2006; Algeo et al., 2007). Therefore, as shallow water deposited under anoxic conditions and slight-moderate restriction, the black shales in the study area deposited in a semi-restricted bay lagoon environment with a small amount of seawater exchange.
5.3 Hydrothermal Activity
Studies suggest that REEs are mainly affected by different input sources such as river, weathering, and submarine hydrothermal, as well as the particle–solution interaction (Van Kranendonk et al., 2003; Nothdurft et al., 2004; Slack et al., 2007; Zhou et al., 2014). Compared with modern seawater, marine hydrothermal sediments generally show negative Ce/Ce* anomalies (Ce/Ce* = CeN/(LaN×PrN)1/2), low ΣREEs, and significant enrichment of heavy rare earth elements (Bau and Dulski, 1996) (Figure 6).
[image: Figure 6]FIGURE 6 | Variations of Ce/Ce*, ΣREEs, LREE, and LREE/HREE with depth.
Generally, the LREE/HREE ratios of SG are significantly lower than those of BG1 and BG2. The average LREE/HREE ratios of SG, BG1, and BG2 are 1.12, 6.37, and 3.92, respectively (Figure 6), indicating that the REE of samples from SG is relatively depleted in LREE and enriched in HREE. The ΣREEs of SG are low, with an average value of 33.04 μg/g, which is much lower than that of the other two groups. SG shows a weak–moderate negative Ce anomaly, with an average Ce/Ce* value of 0.57, while the average values of the other two groups are all greater than 0.90. According to the distribution diagram of ∑REEs, Ce/Ce*, and LREE/HREE, it can be seen that the SG of the Yuertusi Formation is of hydrothermal origin (Figure 6).
The seafloor hydrothermal solution can bring large amounts of Sb to the sediments (Rudnick and Gao, 2003). The contents of Sb in the SG and the BG1 are significantly higher, with an average of 2.45 μg/g, which are much higher than the average content of Sb in the upper crust (0.2 μg/g). The Rb/Sr ratios of the SG are extremely low, close to the silicalite of hydrothermal origin (0.002) (Yu et al., 2004), and much lower than that of the upper crust (0.19) (Rudnick and Gao, 2003). In addition, hydrothermal activities are often closely related to life activities and microbial reproduction. The Cr/Zr values of SG are significantly higher than those of the other two groups, indicating obvious hydrothermal effects in the early deposition stage of the Yuertusi Formation. In addition, high U/Th is also considered as an important indicator for hydrothermal activities (Rudnick and Gao, 2003). Sediments with U/Th > 1 indicate hydrothermal origin, and sediments with U/Th < 1 indicate normal sedimentary origin (Rudnick and Gao, 2003). The U/Th ratio of marine silicalite is generally low, while the U/Th ratio is very high when the siliceous fluid comes from the deep crust or upper mantle. The U/Th ratios of SG in the Yuertusi Formation range from 4.01 to 49.69, with an average of 24.76, which are significantly higher than the U/Th ratio of the upper crust (0.23) (Rudnick and Gao, 2003), indicating the submarine hydrothermal origin.
In addition, the Fe/Ti and the (Fe + Mn)/Ti ratios of the sediments can also be used as indicators to distinguish seafloor hydrothermal fluids. When Fe/Ti > 20 or (Fe + Mn)/Ti > 20 ± 5, the sediments are considered as hydrothermal deposits (Boström, 1983). The average values of Fe/Ti and (Fe + Mn)/Ti of the SG are 55.17 and 55.75, respectively, which are significantly larger than those of the SG and BG1 (Figure 7), indicating obvious submarine hydrothermal deposition.
[image: Figure 7]FIGURE 7 | Variation of Sb, Cr/Zr, U/Th, Fe/Ti, and (Fe + Mn)/Ti with depth.
The characteristics of trace elements of the SG in the Yuertusi Formation indicate that they were deposited by hydrothermal origin. The low TOC values of the SG (average of 0.24) may be caused by the intense hydrothermal activity, which brought a large amount of siliceous fluids and diluted the OM in the sediments. In other words, the intense hydrothermal activity damaged the development of the source rocks in the lower part of the Yuertusi Formation.
5.4 Trace Elements and Paleoenvironment
Trace elements are often absorbed on the surface of metal sulfides, insoluble oxides, phosphates, organometallic complexes, or organic compounds, and the enrichment degree of redox-sensitive trace elements is controlled by the redox state of seawater (Elderfield and Pagett, 1986; Sageman et al., 2003; Rimmer, 2004; Algeo and Lyons, 2006; Algeo and Rowe, 2012; Tribovillard et al., 2006; Robbins et al., 2016). Therefore, the redox state of the sedimentary environment can be judged by the contents or relative ratios of redox-sensitive elements such as Cr, V, U, and Ni (Jones and Manning, 1994; Kimura and Watanabe, 2001; Rimmer, 2004). The Th/U ratios of SG of the Yuertusi Formation are relatively lower, and all less than 1.33, with the average of 0.106. The Th/U ratios gradually increased upward in the Yuertusi Formation. The average Th/U ratios of BG1 and BG2 are 1.30 and 1.31, respectively. It generally indicated that the SG of the Yuertusi Formation was deposited in an obvious anoxic environment (Wignall and Twitchett, 1996; Kimura and Watanabe, 2001), and the seawater gradually oxidized upward (Figure 8). However, the Th/U values of the lower part of BG1 and BG2 are generally less than 1.33, but the values of the upper part of BG1 are generally more than 0.8, and even more than 1.33 at the top of the BG1 and the middle part of BG2. It reflected that the BG1 and BG2 of the Yuertusi Formation were deposited in an anoxic–suboxic environment with local oxidation. Similarly, the average V/Cr value of the samples from SG and the base of the BG1 was close to 4.0, and the V/Cr values of some samples reached 7.9 (Figure 8), indicating an intense reductive environment (Elderfield and Pagett, 1986). In addition, the results of Ni/Co and V/Sc values of the SG and the BG2 prove that it was deposited in a sulfide reduction environment (Rimmer, 2004) (Figure 8). In general, the silicalite of SG and the black shales at the base of BG1 were deposited in euxinic conditions, and the reduction degree was gradually weakened upward. The sedimentary paleoenvironment of the BG2 was more oxidized than that of BG1.
[image: Figure 8]FIGURE 8 | Distribution diagram of trace element-related parameters in the Yuertusi Formation along with depth in the Yutixi outcrop.
5.5 Formation Mechanism of the Source Rock
5.5.1 Paleoenvironment Controlling the OM Accumulation
TOC is usually used to evaluate the OM abundance of black shales (Guo, 2014). The range of TOC in the Yuertusi Formation is 0.18–2.83%. In general, TOC of black shales in BG1 is the highest, and the values of some samples reach 2.83%. The correlation between TOC and hydrothermal indicator shows that OM accumulation is not significantly related to hydrothermal activity (Figure 9), which has not reflected that hydrothermal activity can promote the accumulation of OM in sediments.
[image: Figure 9]FIGURE 9 | Correlation between TOC and hydrothermal action indexes of the Yuertusi Formation samples in the Yutixi outcrop.
There existed intense hydrothermal activity in the sedimentary period of SG, weak hydrothermal activity in the sedimentary period of the middle-lower part of BG1, and almost no hydrothermal activity in the sedimentary period of the BG2 and upper part of BG1. Although hydrothermal activity in the SG contributed to the increase of paleo-productivity, the TOC value was relatively low, ranging from 0.07 to 0.57%, with an average of 0.25%. BG1 is the main source rock with the highest TOC of the Yuertusi Formation. Previous studies (Chu et al., 2016) showed that the silicalite associated with hydrothermal activity in the Yuertusi Formation contained a large number of algae. The intense hydrothermal activity brought a large number of silica-rich fluids and diluted the OM in the sediments, which destroyed the formation of source rocks. Through the study on the geochemistry of the Yuertusi Formation, Ouyang et al. (2022) found that the weak hydrothermal activity was more conducive to the accumulation of OM than the intense hydrothermal activity and the non-hydrothermal activity. BG1, the first set of black shales, was deposited in a weak hydrothermal environment, which was more conducive to the accumulation of OM.
According to the correlation diagram analyses of Ni/Co, V/Cr, V/(V + Ni), V/Sc, and TOC, enrichment degrees of OM in different layers of the Yuertusi Formation are different under the influence of redox conditions (Figure 10). The Ni/Co, V/Cr, V/(V + Ni), and V/Sc redox indexes of SG have no significant correlation with TOC, and the redox indexes of SG indicate that the deposition environment of SG is the most reductive. However, this did not result in a large TOC of SG. The Ni/Co, V/Cr, V/(V + Ni), and V/Sc redox indexes of BG1 and BG2 are positively correlated with TOC, indicating that OM accumulation in two sets of black shales was affected by redox conditions, and the enhanced reducibility of paleoenvironment was conducive to OM accumulation. The depositional environment of BG1 is more reductive than that of BG2, which is more conducive to OM accumulation, so the TOC of BG1 is higher than that of BG2.
[image: Figure 10]FIGURE 10 | Correlation between TOC and redox indexes of the Yuertusi Formation samples in the Yutixi outcrop.
5.5.2 OM Accumulation Model
In general, OM accumulation of the Yuertusi Formation in the Yutixi outcrop is controlled by hydrothermal activity and paleo-marine redox conditions. Based on the redox conditions traced by U/Th, V/Cr, and Ni/V; the hydrothermal activity traced by Ce/Ce*, Cr/Zr, U/Th, Fe/Ti, and (Fe + Mn)/Ti ratio; and paleo-productivity traced by Ba, Cu, Rb/Sr, and other parameters, variations were observed in the depositional environments of the Yuertusi Formation.
In the sedimentary period of SG, the paleo-marine was dominated by euxinic environment, and the reduction degree of the paleo-marine during the sedimentary period of SG was the strongest. However, the TOC values of SG were very low. When the SG of the Yuertusi Formation was deposited, the study area began transgression with intense hydrothermal activity, which greatly improved the marine paleo-productivity. However, the intense hydrothermal activity brought a large amount of silica-rich fluids and diluted the OM in the sediments, leading to the destruction of source rocks. The results showed that although the SG was deposited in a highly reductive environment, the dilution of hydrothermal activity obviously destroyed the accumulation of OM in SG.
During the sedimentary period of black shales in the BG1, the paleo-marine was dominated by oxygen-poor environment, and the redox indexes and TOC show good positive correlations, indicating that the anoxic environment provided effective conditions for the preservation of OM. The hydrothermal activity in the study area was relatively weak during the sedimentary period of BG1, which was more conducive to the accumulation of OM than the intense hydrothermal activity and not hydrothermal activity. Therefore, as the layer with the maximum TOC value of the Yuertusi Formation in the study area, the OM accumulation of SG may be controlled by the comprehensive control of biological productivity and redox state.
During the sedimentary period of black shales in the BG2, the paleo-marine began to retreat and the sedimentary water became shallower. The reduction degree of seawater decreased, which was characterized by poor to partial oxidation environment, and it was not conducive to the preservation of OM. The hydrothermal activity was further weakened relative to the SG and BG1, and the paleo-productivity continued to decline. Therefore, low productivity and oxidizing environment led to the low TOC in this period.
6 CONCLUSION

1) The Yuertusi Formation from the Yutixi outcrop in the Aksu area can be divided into six layers, from old to young: gray-black thin silicalite, black shales interbedded with silica thin bedded, gray-yellow silty dolomite, gray-green silty clastic dolomite, black shales interbedded with gray-black thin bedded marl, and gray thin micritic limestone, forming a complete transgression–regression sedimentary cycle.
2) Seawater oxygenation and decreasing-upward primary production were recorded in the Yuertusi Formation: 1) the silicalite at the base was deposited in the unrestricted marine environment with euxinic conditions and intense hydrothermal activity, 2) the lower black shales were deposited in oxygen-poor conditions with weak hydrothermal activity, and 3) the upper black shales were deposited in oxygen-poor and sub-oxidized conditions with local oxic conditions, and there was almost no hydrothermal activity.
3) An “integrated model” for OM accumulation in the Yuertusi Formation can be established: 1) Primary production provided material source for OM accumulation; 2) redox conditions were conducive to OM preservation. The anoxic conditions, controlling the preservation of OM, and the appropriate hydrothermal activities, improving primary production, jointly controlled the formation of high-quality source rocks represented by the black shales of the Yuertusi Formation, especially the first set of black shales.
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Based on the 4 measured profiles, 17 observation profiles, and 13 drilling core macroscopic and microscopic characteristics of the Cambrian Longwangmiao Formation in the Sichuan Basin, combined with analysis and testing, and reservoir logging interpretation, the reservoir characteristics and main controlling factors of the Longwangmiao Formation are analyzed. The marginal bank of the underwater paleo-uplift of the restricted platform and the point bank facies within the platform belong to the sedimentary facies belts that are most conducive to the formation and evolution of the reservoir. However, the later transformation of dolomitization and dissolution played decisive roles in the formation of the reservoir. The Caledonian epigenetic karstification is the main reason for the lack of the overlying stratum of the Cambrian in the Sichuan Basin, and it is also the most important factor for the formation of large-scale dissolved cavities in the Longwangmiao Formation in the Sichuan Basin.
Keywords: sichuan basin, cambrian, longwangmiao formation, reservoir characteristics, main controlling factor
1 INTRODUCTION
Carbonate reservoirs are mainly controlled by sedimentation, diagenesis and tectonic processes, so they have certain complexity, such as strong reservoir heterogeneity, complex pore evolution process, multi-stage tectonic movement and multi-stage oil and gas formation. Therefore, it is difficult to grasp the development and distribution rules of carbonate reservoirs. The predecessors have done a lot of work on the carbonate rocks of the Lower Cambrian Longwangmiao Formation in the Sichuan Basin. The research results show that the high-quality carbonate reservoirs of the Longwangmiao Formation are dominated by grain bank deposits, with well-developed dissolution pores and reservoirs (Zhang et al., 2020a; Zhang et al., 2021). The heterogeneity is strong, the formation and preservation mechanism of high-quality reservoirs is complex, and the vertical and horizontal distribution of reservoirs varies greatly (Yang et al., 2020a). Although some progress has been made in the research on the Cambrian Longwangmiao Formation in the early stage, there is a lack of systematic and in-depth research on the characteristics and main controlling factors of high-quality Longwangmiao Formation reservoirs, especially the high-quality deep carbonate reservoirs. The mechanism of formation and preservation is not well understood. Therefore, it is necessary to study the reservoir characteristics and main controlling factors of the Longwangmiao Formation comprehensively and systematically.
This paper intends to conduct a system of sedimentation, reservoir and accumulation conditions of the Lower Cambrian Longwangmiao Formation in Sichuan and surrounding areas. Combined with the existing exploration and research results, the reservoir characteristics are analyzed, and favorable reservoir development and distribution rules are confirmed. It is expected that the results can provide important geological basis for the later oil and gas exploration of the Longwangmiao Formation.
2 GEOLOGICAL SETTING
The study area of this paper is the Sichuan Basin and surrounding areas, and its geographic scope covers most of Sichuan Province, Chongqing City and southern Shaanxi, western Hubei, northern Guizhou, and northeastern Yunnan Province (Figure 1). Existing exploration and research have shown that the dark mud shale of the Lower Cambrian Qiongzhusi Formation in the Sichuan Basin has huge thickness, high organic carbon content in the middle and lower parts, and has excellent hydrocarbon generation potential (Liu and Luo, 1991). The Middle-Upper Cambrian has deposited thick layers of carbonate rocks, among which the Longwangmiao Formation reservoirs in some areas are extremely developed and of high quality (Liu et al., 2020a; Gao et al., 2021; Shen et al., 2021). The Douposi Formation overlying the Longwangmiao Formation is mainly composed of fine-grained clastic rocks and tight carbonate rocks. The Ordovician Tongzi Formation and the Honghuayuan Formation overlying the Xixiangchi Group is a set of stable and tight carbonate (Liu et al., 2020a; Yang et al., 2020b). The Longwangmiao Formation (ϵ1l) is a set of typical carbonate deposits. The lithology is mainly crystalline dolomite and granular dolomite (Tang et al., 2019; Yang et al., 2021a; Yang et al., 2021b; Gao et al., 2021).
[image: Figure 1]FIGURE 1 | Plane distribution of sedimentary facies of the Lower Cambrian Longwangmiao Formation in the Sichuan Basin.
It is generally believed that during the Cambrian period, the Sichuan Basin and surrounding areas had a tendency to gradually deepen water from west to east and from north to south (Liu et al., 2020a; Chen et al., 2020). During the Longwangmiao deposition period, the Sichuan Basin was mainly composed of a carbonate platform environment, partially mixed tidal flat environment, a limited platform, open platform, platform margin, and slope-basin environment. Overall, it has a shallow depositional pattern in the west, deep in the northeast and southeast (Zhang et al., 2019a; Liu et al., 2020a; Gao et al., 2021) (Figure 1).
3 PETROLOGICAL CHARACTERISTICS OF LONGWANGMIAO FORMATION
Studies have shown that the Cambrian Longwangmiao Formation in the Sichuan Basin is mainly composed of dolomite, limestone and gypsum salt rock. Its reservoirs are mainly distributed in dolomite, with less limestone. Different rock types will also cause large differences in reservoir performance (Table 1).
TABLE 1 | Types of reservoir rocks of longwangmiao formation in sichuan basin.
[image: Table 1]3.1 Dolomite
The reservoirs of the Cambrian Longwangmiao Formation in the Sichuan Basin belong to dolomites, which mainly include two types of granular dolomite and crystalline dolomite.
3.1.1 Granular Dolomite
Common particle types in granular dolomite include sand-clastic, oolites, gravel, bean, bioclastic, and a small amount of algal sand clastic (Figures 2A–D). The granular dolomite in the central Sichuan area develops splendid crystals, often in the 2 to 3 stages of powder-fine-crystalline dolomite, medium-crystalline dolomite and other cements distributed among the grains. And the intergranular filling is dominated by dolomitic mud.
[image: Figure 2]FIGURE 2 | The petrological characteristics of Cambrian dolomite in Sichuan Basin. (A). Oolitic dolomite with developed intergranular dissolved pores. Well Gaoshi 6, Longwangmiao Formation, (B). Granular dolomite, intergranular dissolved pores. Xiushan Rongxi, Longwangmiao Formation, (C). Sprite dolomites, intragranular dissolved pores. Zhen Baba Mountain, Longwangmiao Formation, (D). Sandy sand-clastic dolomite, micrite dolomite, filled with asphalt. Well Mashen 1 Well, Longwangmiao Formation, 7,300.81 m, (E). Unequal crystalline dolomite, basically no intercrystalline pores and intercrystalline dissolved pores. Well Ma Shen 1, Longwangmiao Formation, 7,361 m, (F). Sandy leopard porphyry dolomitic limestone, Well Mashen 1, 7,402 m, Longwangmiao Formation.
3.1.2 Crystalline Dolomite
According to the size of the crystal grains, it can be further divided into mud-powder crystal dolomite, powder-fine crystal dolomite, medium crystal dolomite and unequal crystal dolomite. The best reservoir performance is mainly powder crystal, fine crystal and mesocrystalline dolomite. The crystal form is mainly semi-automorphic-automorphic (Figure 2E). Part of the grain dolomite can see the phantom structure of the particles under the microscope. Based on this, it is inferred that the part of crystalline dolomite is the product of grain banks, but its structure has changed during the process of intense dolomitization and recrystallization.
3.1.3 Sandy Granular Dolomite
The grains in the sandy grain-bearing dolomite are mainly sand debris, and the content can reach 50–65%. In addition, it also contains a certain amount of terrigenous quartz sand and silt sand with a content of 10–20% (Figure 2D). This type of rock is mainly distributed in the northern Sichuan region.
3.2 Limestone
The main storage performance of limestone reservoirs is significantly worse than that of dolomite reservoirs. The matrix porosity is small, and it is located in granular dolomitic limestone and micrite limestone.
3.2.1 Granular Dolomitic Limestone
The dolomite content is 0–35%, and the coarser self-shaped dolomite preferentially replaces the particles and part of the stucco matrix (Figure 2F). The particle content is 50–70%, mostly in the form of basal cementation, and selective dissolution occurs in the local or between the particles, forming a small amount of intragranular and intergranular dissolved pores. The surface area ratio is generally less than 2%, and the storage performance is poor.
3.2.2 Crystalline Limestone
Granular limestone is mainly developed in the Longwangmiao Formation in the east and southeast of the Sichuan Basin. Mud-silt crystalline limestone is the most common one, and there is almost no storage space. When fractures are developed, fractured reservoirs can be formed.
4 DIAGENESIS OF LONGWANGMIAO FORMATION
In particular, the main types and characteristics of the diagenesis of Longwangmiao formation in the Sichuan Basin have been studied in more detail (Table 2).
TABLE 2 | Summary of the main diagenetic environment of Cambrian reservoirs in the Sichuan Basin—diagenesis—diagenesis effects.
[image: Table 2]4.1 Destructive Diagenesis
The destructive diagenesis in the reservoir mainly includes compaction and cementation, which can destroy the early sedimentary fabric and early pores. The reservoirs of the Longwangmiao Formation in the Sichuan Basin are all the products of these destructive diagenesis.
4.1.1 Compaction
In the particle-supported carbonate rock, the oolites and bioclastic particles are often deformed and arranged in elongated qualitatively, leading to the rupture, fragmentation and plastic deformation of various oolites. At the same time, the particle plane or curved surface contact caused by plastic deformation is also common (Figure 3A). Pressure solution usually occurs in a deeper burial diagenesis stage, and the pressure solution fractures and sutures formed at the contact positions of two different lithologies often cut oolites and buried cement (Figure 3B).
[image: Figure 3]FIGURE 3 | Destructive diagenesis characteristics of the Longwangmiao Formation reservoir in the Sichuan Basin. (A). Compaction in the sandy dolomite causes the grains to deform and arrange in a directional manner. Well Gaoshi 6, 4552 m, Longwangmiao Formation, (B). the Suture line, with Obvious deformation of Sandy dolomite. Well gaoshi 6, 4,552.77 m, longwangmiao formation, (C). 1st cement is fibrous columnar calcite, and 2nd is granular calcite. Leshan Fandian, Longwangmiao Formation, (D). 1st cement in the granular dolomite is horse tooth-like dolomite, 2nd cement is dark seepage silt. Well Mashen 1, 7,316 m, Longwangmiao Formation, (E). Sprite oolitic dolomite, 3rd granular dolomite cementation. Well Moxi 19, 4,688.23 m, Longwangmiao Formation, (F). The powder crystal dolomite is short columnar. Well Moxi 19 Well, 4,672.56 m, Longwangmiao Formation.
4.1.2 Cementation
Cementation is one of the most important factors to destroy the pores and reduce the porosity of the granular dolomite and granular limestone reservoirs. Cementation is very developed in the granular rocks deposited in the bank facies, mainly formed in primary pores, dissolution cavities and cracks. The cementation products mainly include dolomite, calcite, quartz, pyrite and asphalt, etc. Dolomite is the most important cement in the granular dolomite of Longwangmiao Formation. The dolomite cemented filler can roughly identify the following four stages:
4.1.2.1 The First Phase of Seabed Cementation
The first-stage cements were generally aragonite and high-magnesium calcite minerals at the beginning of the deposition, which were transformed into dolomite through dolomitization and recrystallization (Figure 3C). The cements of this period are usually formed in the seawater undercurrent environment, and mostly appear in oolitic dolomite, bean dolomite, sandy dolomite and bioclastic dolomite of high-energy bank facies.
4.1.2.2 The Second Phase of Congenital-Quasi Congenital Atmospheric Water Cementation
In the process of sea level rise and fall in the sedimentary stage, the landform highland inside the platform will be frequently exposed to the sea level and will be modified by the atmospheric fresh water. The atmospheric sedimentary rock environment includes the seepage zone and the underflow zone. The interstitials formed in the seepage zone are mainly crescent or overhanging cements, and seepage silt composed of micrite calcite or dolomite (Figure 3D). And then become dolomite after dolomitization.
4.1.2.3 The Third Phase of Shallow-Buried Granular Dolomite Cementation
In this period, the shallow buried granular dolomite cement is filled in the center of the intergranular pores in the form of other-shaped single crystals or embedded crystals (Figure 3E).
4.1.2.4 Paste Cementation
In addition to the above-mentioned dolomite and calcite cementation types, a type of cementation related to gypsum can also be seen in the granular dolomites of the Longwangmiao Formation reservoirs in the southwest and north of the Sichuan Basin. Part of the granular dolomite, slab-like and columnar gypsum cemented granular rocks were replaced by dolomite in the later stage, forming gypsum pseudocrystals (Figure 3F).
4.2 Constructive Diagenesis
Most of the storage space in the current reservoirs of the Longwangmiao Formation in the Sichuan Basin is the product of multiple periods of constructive diagenesis. These constructive diagenesis mainly include recrystallization, dolomitization and multi-phase dissolution.
4.2.1 Recrystallization
With the increase of burial depth and temperature, the recrystallization of carbonate rocks gradually strengthened, which is mainly manifested by the increase of crystal grains and the tendency to self-shape. Generally speaking, dolomites with uneven distribution of insoluble residues often form unequal crystal dolomites after being recrystallized (Figure 4A). Recrystallization makes the throats between the intercrystalline pores smoother and straighter, thereby increasing the effective porosity and permeability of the rock.
[image: Figure 4]FIGURE 4 | Dissolution characteristics of Longwangmiao Formation in Sichuan Basin. (A). Dissolved pores are developed in the dolomite, mostly filled by sprite dolomite. Well Moxi 202, 4,731.77 m, Longwangmiao Formation, (B). The dissolved pores in the dolomite grains are completely filled by dolomite and asphalt. Well Moxi 19, 4,631.03 m, Longwangmiao Formation, (C). Porosity are filled with asphalt. Well Moxi 202, 4,659.75 m, Longwangmiao Formation, (D). Fine-crystalline dolomite. Well Moxi 204, 4,676.7 m, Longwangmiao Formation.
4.2.2 Dolomitization
The analysis of the whole-rock carbon and oxygen isotope test results of the Longwangmiao Formation in the Sichuan Basin (Table 3) shows that the sandy dolomite bedrock did not have significant negative shifts, indicating the fluid source is relatively sufficient.
TABLE 3 | Dolomite carbon and oxygen isotope distribution table and calculated Z value of Longwangmiao Formation in Sichuan Basin.
[image: Table 3]According to the empirical formula: Z = a (δ13C + 50) + b (δ18O + 50) (a = 2.048,b = 0.489). The Z value of all test samples is greater than 120, indicating that the cause is marine origin. Therefore, its dolomite is not significantly modified by atmospheric fresh water during the same period. The dolomite origin is an early metasomatic origin closely related to the evaporation and concentration of high-salinity seawater and backflow infiltration.
4.2.3 Karstification
According to the time and product characteristics of karstification, the dissolution of Longwangmiao Formation can be divided into three types: syngenetic-quasi-contemporaneous karst, epigenetic karst and buried karst. These karsts have been superimposed and formed in the long-term geological history.
4.2.3.1 Syngenetic-Quasi-Contemporaneous Karstification
Atmospheric freshwater dissolution during the syngenetic period mainly occurs in the shallower tidal flats and in-platform bank sediments with higher sedimentary landforms, especially in the grain banks with strong energy deposited on the high landforms. The Cambrian strata with these pores experienced long-term burial, and most of the intragranular dissolved pores and mold cavities formed in the early stage were filled by the late dolomite (Figures 4A,B).
4.2.3.2 Burial Karstification
There are two main phases of dissolution during the burial period. The first phase occurred before and during the large-scale maturation of organic matter. The ground layer was buried to 2,000–3,000 m, the ancient geothermal temperature was 80–120°C, and the Ro value was 0.16–1.0%. The organic matter in the thick dark mud shale of the Lower Cambrian Qiongzhusi Formation and the Lower Cambrian Qiongzhusi Formation has entered the mature period, and the released formation water containing a large amount of organic acids, CO2 and other corrosive components (Zhang et al., 2020b). The second stage of burial dissolution occurred in the late mid-diagenesis burial stage-oil evolved into bitumen. When the corrosive components such as organic acids, CO2, H2S and CH4 formed by the cracking of liquid hydrocarbons migrate along the above-mentioned weak spots (Zhang et al., 2020c), they will further dissolve the crystalline dolomite reservoirs (Figures 4C,D).
4.3 Diagenetic Sequence
Through the analysis of various diagenesis characteristics of the Longwangmiao Formation reservoir in the Sichuan Basin above, it can be seen that the reservoirs mainly have submarine cementation, mechanical compaction in the shallow burial period, dolomitization, recrystallization, multi-stage karst and various fillings. These different types of diagenesis occur in different diagenetic environments and also in different diagenetic periods (Figure 5).
[image: Figure 5]FIGURE 5 | The diagenetic sequence of the Longwangmiao Formation reservoir in the Sichuan Basin.
5 RESERVOIR CHARACTERISTICS OF LONGWANGMIAO FORMATION
In accordance with the statistical analysis of core physical data, this project conducted a research on the storage space and physical properties of the reservoir in the main reservoir sections of the Cambrian in the Sichuan Basin.
5.1 Reservoir Space Type
Based on detailed observation of Cambrian field profiles, cores observation, thin sections, and scanning electron microscopy in the Sichuan Basin, according to their genesis, morphology, size and distribution location, this article will focus on the storage space divided into three categories and more than ten kinds of the Cambrian Longwangmiao Formation in the Sichuan Basin (Table 4).
TABLE 4 | Reservoir space type and distribution frequency summary table of the Cambrian Longwangmiao Formation in the Sichuan Basin.
[image: Table 4]5.1.1 Porosity
5.1.1.1 Residual Intergranular Pores
Residual intergranular pores are distributed in sprite dolomite, sprite oolitic dolomite, and residual sacrificial silt dolomite (Figure 6A). The aperture is generally 0.015∼0.075 mm, the larger is 0.15 mm, the aperture ratio is mostly 1%–3%, and the local area can reach 8%. However, the residual intergranular pores in the bank facies reservoirs of the Cambrian Longwangmiao Formation mostly occurred in the later stage of dissolution and expanded to form intergranular dissolved pores and caves.
[image: Figure 6]FIGURE 6 | Characteristics of pores and hole in Cambrian reservoirs in the Sichuan Basin (I). (A). Sprite oolitic dolomite with developed residual intergranular pores. Well Gaoshi 6, 4,546.08 m, Longwangmiao Formation, (B). Intercrystalline pores are developed in fine-crystalline dolomite. Well Moxi 204, 4,671.33 m, Longwangmiao Formation, (C). Clay minerals distributed in intercrystalline pores. Stone Pillar, Longwangmiao Group, (D). Powder crystalline dolomite, with developed intercrystalline dissolved pores, half-filled by asphalt. Well Moxi 13, 4636 m, Longwangmiao Formation, (E). Granular dolomite with strong dissolution, developed intergranular dissolved pores. Xiushan Rongxi, Longwangmiao Formation, (F). Sandy dolomite, intragranular pores, Zhenbaba Mountain, Longwangmiao Formation.
5.1.1.2 Intercrystalline Pores
It mainly exists in crystalline dolomite and develops among dolomite crystals with a higher degree of self-shape. The pore size between silt dolomite crystals is generally <0.01 mm, and the pore size between fine-medium crystalline dolomite crystals is generally 0.02–0.04 mm (Figure 6B). The intercrystalline pores in some clay-bearing silt dolomites are also filled with clay minerals such as filamentous illite and page kaolinite (Figure 6C).
5.1.1.3 Intercrystalline Dissolution Pores
Intercrystalline dissolution pores are formed by dissolution on the basis of intercrystalline pores, and their formation is caused by the migration of acidic water along the intercrystalline pores, which makes the crystal morphology of eumorphic dolomite become irregular. The pore morphology is extremely irregular (Figure 6D), generally ranging from 0.03 to 0.1 mm in size. Intercrystalline pores are most developed in the grain dolomite of the Longwangmiao Formation.
5.1.1.4 Intergranular Dissolution Pores
Intergranular dissolution pores refer to the pores formed by strong dissolution of the dolomite cement in the splendid dolomite. The edges of the pores are harbour-like, and small intergranular dissolved pores can be seen with the dissolution residues of the bright crystal cement. When the dissolution is very strong, the pore size can be larger than the particles. At this time, there is almost no residue of splendid cement (Figure 6E).
5.1.1.5 Dissolved Pores in Grains and Casting Holes
Intragranular dissolved pores refer to the dissolved pores inside carbonate particles, which are mainly distributed in the grains of sand clastic dolomite and oolitic dolomite (Figure 6F). It is the dissolution of atmospheric fresh water during the same depositional period to form dissolution holes inside the carbonate particles. After that, it is fully filled and semi-filled by eutectic calcite, dolomite, quartz and asphalt. The filling can be eroded again at a later stage, so that the euhedral dolomite inside the particles is eroded into irregular shapes or fragments.
5.1.2 Cave
Voids with a diameter greater than 2 mm are called cavities. The formation of karst caves is the same as that of various dissolved pores, except that the size of the pores is different. The further expansion of the scale of various dissolved pores is the formation of karst caves (Figures 7A,B). The argillaceous micrite dolomite is formed by dissolution and transformation along cracks or gypsum-salt mold pores (Figures 7C,D), the diameter of the cave is > 2 mm. On the field profile, the current atmospheric freshwater leaching transformation has further expanded the caves originally developed in the granular dolomite, forming a dense layer of honeycomb-shaped caves closely related to the development of the granular bank cycle.
[image: Figure 7]FIGURE 7 | Characteristics of pores and hole in Cambrian reservoirs in the Sichuan Basin (II). (A). Residual sandy dolomite, honeycomb dissolution pores, Well Moxi 13, 4,615.36 m, Longwangmiao Formatio, (B). Residual granular dolomite, developed dissolved pores and caves, Well Moxi 12, 4,649 m, Longwangmiao Formation, (C). Sandy dolomite, cracks dissolve and expand to form karst caves in a long strip shape, Well Moxi 13, 4,619.62 m, Longwangmiao Formation, (D). Residual granular dolomite, dissolution expansion cave developed along fractures, Well Moxi 204, 4,678.95 m, Longwangmiao Formation.
5.1.3 Fracture
Based on core observation and comprehensive analysis of on-site gas test results, the development degree of fractures in the core section of the Longwangmiao Formation in central Sichuan was calculated (Figure 8). It is found that the Longwangmiao Formation has a large fracture development density, numerous formations, and large differences in characteristics (Wang et al., 2019). The structural fractures of the Longwangmiao Formation in central Sichuan are mostly high-angle fractures, and the length on the core varies from 0.2 to 1.5 m. Tracing back to the structural development history of the study area, it can be seen that since the Early Cambrian, the study area has been continuously reformed by various tectonic movements including Caledonian, Indosinian, Yanshanian and Himalayan movements.
[image: Figure 8]FIGURE 8 | Histogram of fracture development in the Lower Cambrian Longwangmiao Formation reservoir in central Sichuan.
5.2 Reservoir Physical Characteristics
According to the statistics of the pore number test of small samples of the Longwangmiao Formation, the porosity of the Longwangmiao Formation is 0–12%, with an average of 3.11%, and the frequency of occurrence of samples less than 2% is 52.16% (Figure 9A). According to statistics of the full-diameter pores of the Longwangmiao Formation, the porosity ranges from 0 to 12%, with an average of 5.32%, and the frequency of occurrence of samples less than 2% is 11.11% (Figure 9B). According to the statistics of the sample permeability data, the permeability of the Longwangmiao Formation is concentrated in the range of 0–100 md, with an average of 5.2 md, and 14.38% less than 0.001 md (Figure 9C). According to statistics of the full diameter permeability data, the permeability of the Longwangmiao Formation is concentrated in the range of 0–100 md, with an average of 30.4 md, and 1.23% less than 0.001 md (Figure 9D). It can be seen from the above data that the entire Longwangmiao Formation is a low-permeability reservoir with rarely high-permeability characteristics.
[image: Figure 9]FIGURE 9 | Histogram of porosity and permeability distribution of Longwangmiao Formation in central-southwestern Sichuan Basin.
6 MAIN CONTROLLING FACTORS OF THE RESERVOIR
Generally speaking, the formation, evolution, development and distribution of carbonate reservoirs, as well as the quality of the reservoirs, are jointly controlled by sedimentation, diagenesis, and structural fracture. Sedimentation and its products are the basis of reservoir formation and evolution. Diagenesis and structural fracture are the keys to reservoir formation and reformation (Tang et al., 2019; Hu et al., 2020).
6.1 Sedimentary Facies Is the Basis of Reservoir Formation
Sedimentary facies is one of the main factors that control the development of Cambrian carbonate reservoirs in the Sichuan Basin. And the sedimentary differentiation within the carbonate platform is controlled by changes in paleogeographical patterns, landform fluctuations, and seawater caused by tectonic activities (Hu et al., 2020). Comparing the reservoir performance with different lithologies (Figure 10), it is found that granular dolomite has better storage and permeability performance, followed by crystalline dolomite. The granular dolomite here is mainly formed in the higher energy position in the underwater paleo-uplift bank, which is the best reservoir rock type of the Cambrian in the Sichuan Basin (Zhang et al., 2019b). The second is the point bank granular dolomite distributed near the wave base around the low-energy lagoon in the confined platform at that time; the crystalline dolomite in the confined platform, especially the pure crystalline dolomite, is often composed of powder-fine crystalline dolomite. It can develop a certain number of intercrystalline pores and intercrystalline dissolved pores. However, mud-silt dolomite and unequal dolomite are generally dense in lithology, with only a few intercrystalline pores, intercrystalline dissolved pores and gypsum mold pores in the storage space, and are often filled with asphalt and dolomite, with low porosity. In general, the storage performance of granular dolomite or low-energy powder-fine-grained dolomite deposited in water bodies with higher energy is far greater than that of micrite dolomite or unequal-crystalline dolomite deposited in low-energy environments (Huang et al., 2018). Early lithology differences provided the material basis for the formation of reservoirs (Xi et al., 2020).
[image: Figure 10]FIGURE 10 | The histogram of the relationship between lithology and porosity of the Longwangmiao Formation in the Sichuan Basin.
6.2 Diagenesis is the Key to Reservoir Formation and Evolution
In general, the reservoir has experienced the syngeneic submarine diagenesis stage, the quasi-contemporaneous epigenetic rock stage, the shallow-medium-deep burial period diagenesis stage, and the uplift exposure diagenesis stage. The types of diagenesis include compaction, cementation, dissolution, dolomitization and metasomatism, etc.
6.2.1 Dissolution
Burial dissolution should be said to be the most direct controlling factor for the formation of effective reservoir space of Cambrian dolomite, and its development and transformation of reservoirs is also closely related to the existence of early pore layers. The burial dissolution in the Cambrian carbonate reservoirs in the Sichuan Basin has the following characteristics: 1) Dissolution mainly occurs between grains or crystals, forming intergranular or intercrystalline dissolved pores and caves, while intragranular dissolution does not develop. This is related to the late occurrence of burial dissolution, unstable mineral components have been transformed into stable minerals, and acidic groundwater is more likely to flow in pores. 2) the dissolution of structural fractures and formation of dissolution fractures. 3) late cements Dissolution: Dissolution of fine-medium crystalline dolomite fillings in pores and cracks.
In the Longwangmiao Formation of the Sichuan Basin, there are varying numbers of buried dissolution cavities. Judging from the existing core analysis, this kind of reservoirs dominated by burial dissolution behave particularly well in the Longwangmiao Formation, which can produce 2–5% of the pore space. The intensity of this kind of dissolution is closely related to the degree of preservation of the original pores and the degree of fracture development: shoal facies reservoirs with better original storage spaces are more conducive to the migration of organic acid-rich underground fluids under the communication of later fractures (Zhang et al., 2020d). And burial dissolution occurs. In the compact micrite ash, dolomite, and tight granular ash and dolomite that are not developed in the original space, the burial dissolution only occurs near the cracks, and the scope of influence is very small.
6.2.2 Dolomitization
There are two main types of dolomite in nature: one is metasomatic, which is formed through dolomitization; the other is primordial, which is formed through precipitation. These dolomites can be deposited directly from the aqueous solution. The material is either precipitated out and filled in primary or secondary pores to form dolomite cements (Huang et al., 2015; Li et al., 2015; Zhang and Xu, 2017; Zhao et al., 2018). This article believes that Longwangmiao Formation dolomite comes from the metasomatism of early calcite and is the product of metasomatic dolomitization. However, in the geological history, dolomite is not static, and may be subject to other dolomitization transformations, and the preservation of pores during the burial process is better than that of limestone (Liu et al., 2020b).
After discussing the relationship between dolomitization and pore formation, it is believed that the Longwangmiao Formation dolomite in the Sichuan Basin is the rock foundation for its reservoir development. Although the dolomite metasomatism in the open system did not directly form a large amount of pore space, the thick layer of granular dolomite and silt-fine crystalline dolomite laid a good foundation for later fluid passage and dissolution. Therefore, this project believes that dolomitization is the most basic diagenesis for the formation and evolution of its reservoirs.
6.2.3 Tectonic Fracture
Tectonic fracture itself has no significance to the increase of reservoir space, but it is beneficial to the migration of diagenetic fluids during the burial period. The Cambrian strata have experienced multiple periods of tectonic movement, with very developed fractures. However, most of the fractures have been filled with dolomite, quartz, and argillaceous materials.
The effective fractures in the multi-stage fractures are: 1) High-angle fractures with dip angles of 70°–85°. This kind of high-angle fractures have been expanded along the fractures in Well Weihan 101 and Weihan 105. The fractures are dolomite and euhedral quartz filled. 2) Horizontal fractures, expanding along the fractures to form karst caves. The fractures are semi-filled with dolomite and quartz, representing the 2,198.43 m of Well Weihan 103. 3) 45° oblique fractures, semi-filled mud. The existence of fractures not only promotes the occurrence of buried dissolution, but also improves the permeability of the reservoir, which can increase the permeability of the reservoir by 3–4 orders of magnitude.
6.3 Reconstruction of Caledonian Weathering Crust Karst
The Cambrian carbonate strata in the core and peripheral slopes of the Leshan-Longnüsi paleo-uplift experienced two large-scale fold uplifts and denudations after being deposited and consolidated into diagenesis. The integration is accompanied by two phases of weathering crust karst, but the two phases of karst are difficult to distinguish. The karst phenomenon discovered today should be the product of the superimposition of the two phases of karst.
The first uplift and denudation was the weathering and denudation of about 80–100 million years from the end of the Silurian to the Huanglong period of the Middle Carboniferous, which caused the Silurian and Devonian systems to be generally missing in the high parts of the Leshan-Longnüsi paleo-uplift. In the strata, the graptolite shale of the Longmaxi Formation of the Lower Silurian System is retained only on the flanks (Zhang et al., 2022). The second uplift and denudation was from the end of the Middle Carboniferous to the deposition of the Permian, after more than 10 million years of weathering and denudation, the Leshan-Longnüsi paleo-uplift generally lacks Carboniferous deposits, and only remains in the northeast dip. The Huanglong Formation of the Middle System is well preserved in the Carboniferous in the Longmen Mountain area of western Sichuan, and only the Huanglong Formation of the Middle System is retained in the eastern Sichuan and western Hubei regions (Figure 11).
[image: Figure 11]FIGURE 11 | Reservoir evolution of the Lower Cambrian Longwangmiao Formation in central Sichuan.
7 CONCLUSION

1. The Cambrian Longwangmiao Formation reservoirs in the Sichuan Basin are mainly controlled by bank facies, and the pores are mainly concentrated in the upper and top of a single upward shallow sedimentary sequence. The thickness of single-layer granular carbonate rock is positively correlated with the scale of reservoir development. The larger the scale of the shoal, the higher the degree of reservoir development. The grain shoal sediments get thicker upwards, the grain support strength increases, and there are more primary pores left. The development of primary residual pores is also conducive to the later diagenetic transformation and the formation of secondary dissolution pores.
2. The storage space is dominated by intergranular pores, intragranular dissolved pores, caves, and intercrystalline dissolved pores. Most of the storage space in the current reservoirs of the Longwangmiao Formation in the Sichuan Basin is the product of multiple periods of constructive diagenesis. These constructive diagenesis mainly include recrystallization, dolomitization and multi-phase dissolution. The destructive diagenesis in the reservoir mainly includes compaction and cementation, which can destroy the early sedimentary fabric and early pores.
3. The core and surrounding slopes of the Leshan-Longnüsi paleo-uplift experienced two large-scale fold uplifts and denudations after consolidation and diagenesis. The first uplift and denudation was weathering and denudation from the end of the Silurian to the Huanglong period of the Middle Carboniferous, resulting in the general absence of Silurian and Devonian strata at the top of the Leshan-Longnüsi paleo-uplift. The second uplift and denudation was from the end of the Middle Carboniferous to the deposition of the Permian, after more than 10 million years of weathering and denudation, resulting in the general lack of Carboniferous deposits in the Leshan-Longnüsi paleo-uplift. The currently observed Longwangmiao Formation reservoir is the product of the superposition of two phases of karstification.
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For a more in-depth analysis on the marine chemical condition during the earliest Cambrian, mechanism of organic matter enrichment and exploration potential of shale gas resources, based on the petrology, organic geochemistry, and elemental characteristics of the W207 Well, this study discuss the Early Cambrian paleo-ocean environment and factors controlling of organic matter enrichment during the deposition of black strata Qiongzhusi Formation in the upslope areas, southwestern Sichuan Basin, Yangtze Block, China. The sedimentary cycles show that during the depositon of fine-grained Qiongzhusi Fm, interactive cycles of multiple deep-water and shallow-water shelf developed, and were controlled by the rise and fall in sea level. In particular, the slope turbidite (fan) and gravity flow sediments indicate that the shallow-water shelf facies were dominant in the upslope area (SW Sichuan Basin), where not in deep water for a long time, and the sedimentary thickness of the organic rich black shale was limited. Evidence from organic geochemistry indicates that the organic matter of the Qiongzhusi Fm from the W207 Well was mainly of type I kerogen, with a high degree of thermal evolution, little residual hydrocarbon, and low capacity for hydrocarbon generation. The redox parameters indicate that the marine environment on the upslope was medium restrictive, with some upwelling. The seawater had undergone a transformation according to anoxic–oxidic. Therefore, paleo-ocean productivity in the upslope area was generally low, and exhibited a prominent downward trend from bottom to top. Given its high risk of exploration, the authors suggest that the direction of shale gas resource evaluation should change to the intracratonic sag (downslope) area, which is characterized by deep-water shelf facies.
Keywords: Early Cambrian, upslope area, Qiongzhusi Fomation, paleo-ocean environment, mechanism of organic matter enrichment
INTRODUCTION
In the Early Cambrian (541–514 Ma), a thick layer of shale that was rich in marine organic matter was deposited on the Upper Yangtze Platform (Sichuan Basin and its periphery) to form the Maidiping Fm–Qiongzhusi Fm. This area has since been an important potential site for the exploration of shale gas, and forms a major series after the Wufeng Fm–Longmaxi Fm (Hu et al., 2012; Huang et al., 2012; Sun et al., 2012; Zhang et al., 2020; Liang et al., 2021). The Early Cambrian is also a key period for the transformation of the marine environment and biological life in geological history. With the gradual increase in atmospheric marine oxygen in this period, multicellular organisms began to appear and flourish, forming the Cambrian Bio-radiation Event (Xiao et al., 1998; Zhu et al., 2008; Raven et al., 2021). Changes in the marine environment play a decisive role in the evolution of life (Bush et al., 2007; Shu et al., 2014), and are closely related to the formation of organic matter-rich shale (Zhao et al., 2020; Zhou et al., 2020). The enrichment of organic matter in high-quality marine source rocks is controlled by such factors as the terrigenous input, hydrodynamic conditions, redox conditions, and productivity in a sedimentary environment (Jin et al., 2020). Understanding the sedimentary environment of the Qiongzhusi Fm and exploring its mechanism of enrichment of organic matter are thus important for assessing its value as a resource for shale gas.
The characteristics of terrigenous input are closely related to the paleoclimate and paleoweathering conditions of the source area (Taylor and Mclennan., 1985). The degree of chemical weathering of surface rocks is mainly affected by temperature and humidity (Parker., 1970). Hot and humid climates promote the chemical weathering of rocks, while cold and dry climates are not conducive to it (Nesbitt and Young., 1982). In recent years, the chemical index of alteration (CIA), weathering index of Parker (WIP), chemical index of weathering (CIW), plagioclase index of alteration (PIA), Mg index (MgI), and mafic index of alteration (MIA) (Parker, 1970; Nesbitt and Young, 1982; Nesbitt et al., 1996; Fedo et al., 1995; Babechuk et al., 2014; Craig et al., 2017) have been widely used to reflect the degree of weathering and the paleoclimate.
In the hydrodynamic environment discrimination conditions, based on the unique geochemical characteristics of Mo and U elements and the influence of Mn, Fe and other particles on the enrichment of Mo elements, and using the corresponding relationship between Mo/TOC value in sediments and Mo element concentration in seawater, Mo-TOC charts (Algeo et al., 2008), UEF-MoEF covariant model (Algeo and Tribovillard, 2009) and Co*Mn plate (Sweere et al., 2016)for distinguishing the retention degree of sediments in different marine environments and open/upwelling environment are established. Because the Co*Mn model is not as precise as the Mo-TOC and UEF-MoEF models in the identification of the degree of retention, and cannot distinguish among the redox conditions of seawater, it can be used as a supplement for the development of the Mo-TOC and UEF-MoEF covariant models. The extensive use of the three methods can be used to distinguish among three marine environments, those with non-retention, weak retention, and strong retention, such as the Black Sea that has strong retention (Brumsack, 1989; Baturin, 2011) and the Cariaco Basin with weak retention (Piper and Dean, 2002).
The enrichment of organic matter in sediments is also closely related to the redox conditions of the sedimentary environment and the size of primary productivity in the ocean (Algeo et al., 2008; Zhang et al., 2016). Traditionally, oxygen content in the earlier Cambrian ocean is considered to have been close to that in the modern ocean (Logan et al., 1995; Scott et al., 2008), but the latest research shows that the redox environment in the Early Cambrian was in a highly stratified state, with oxidized water on the surface and anoxic iron deeper below. Dynamically changing sulfide seawater persisted between them (Chang et al., 2016; Zhu et al., 2018; Jin et al., 2020). The paleo-ocean redox conditions controlled the degree of enrichment of trace elements in the sedimentary rocks (Guo et al., 2007; Och et al., 2013). By analyzing the ratios of trace elements (U, V, Mo, V/Cr, and U/Th) and factors influencing their enrichment (through UEF, VEF, MOEF, etc.), the paleo-marine environment can be reconstructed (Guo et al., 2007; Och et al., 2013; Pi et al., 2013; Spangenberg et al., 2014; Zhao et al., 2020). The content of some biologically essential nutrient elements (such as Cu, Zn, P, and Ni) in sedimentary rocks can help evaluate paleo-productivity (Shen et al., 2015; Reinhard et al., 2016).
Deployed by the CNPC and cored for the entire section, the W207 Well is a special evaluation well of the Qiongzhusi Fm in the southwestern Sichuan Basin of China. It provides an important basis for studying the sedimentary environment and the mechanism of enrichment of organic matter in the Qiongzhusi Fm at shallow-water shelf facies (upslope area). This study analyzes the total organic carbon (TOC) content, organic carbon isotopic composition (δ13Corg), and major and trace element contents of the Qiongzhusi Fm from the W207 Well in the Weiyuan area. We used the factors influencing the redox environment (U/Th, V/Cr, Corg/P, UEF, VEF, MoEF, etc.) and indicators of paleo-ocean productivity (Cu, Zn, Ni, Babio, etc.) to reconstruct the paleo-ocean environment in the upslope area on the west side of the Mianyang-Changning Intracratonic Sag. Further, we analyzed the factors controlling the enrichment of organic matter of the Qiongzhusi Fm, and clarify its potential as a source of marine shale gas in the southern Sichuan Basin.
GEOLOGICAL SETTING
Tectonic Characteristics
The W207 Well (Weiyuan area) is located in the west side of the middle segment of the Mianyang–Changning Intracratonic Sag. The area belongs to the Leshan–Weiyuan slope and transitions into the interior of the intracratonic sag to the East. Owing to the long-term and transgressive sequential marine clastic-carbonate deposition of the Doushantuo Fm (Zds) and the carbonate platform deposition of Dengying Fm (Z2dn) in the Late Sinian, the Upper Yangtze Platform (Sichuan Craton) had an extension in the earlier Cambrian. Taking the formation of the Mianyang–Changning Intracratonic Sag as the main signal of Xingkai Taphrogenesis (Liu et al., 2013), prominent paleogeographic differentiation began to appear in the Upper Yangtze Platform in the earlier Cambrian (Hou et al., 2017). Representing the initial stage of extension (542–529 Ma), the Lower Cambrian Maidiping Fm is only locally developed in the central and western, western margin, and southwestern margins of the Sichuan Basin. In the Upper Yangtze Platform and most areas around it, the Qiongzhusi Fm (multiple sets of synonymous strata, also known as Jiulaodong Fm, Qingping Fm, Guojiaba Fm, Shuijingtuo Fm, and Niutitang Fm) was deposited at the peak stage of extension (521–514 Ma), which appeared as unconformable contact with the underlying Dengying Fm. Therefore, during the sedimentary period of Qiongzhusi Fm, the Upper Yangtze Platform can be divided into three special structural areas from west to east: upslope area, intracratonic sag or downslope area, and a deep basin area (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Simplified map of China that shows the location of the Sichuan Basin (gray), South China Block. (B) Early-Cambrian tectonic paleogeography of the Upper Yangtze Region (modified from Li et al., 2019 and Ding et al., 2021). The W207 Well is located at west side of Mianyang-Changning Intracratonic Sag. (C) Aggregation kinetic model between Yangtze and Gondwana (Arabia) in the Early Paleozoic.
Despite controversial subduction-collage mode, with complete disintegration of Rodinia gradually converged to Gondwana in the Late Neoproterozoic-Early Paleozoic, previous evidence suggests that the South China Block gradually subducted from the northwest edge of Rodinia to the East Gondwana (Jiang et al., 2003; Li et al., 2008, 2013). The prominent non-conformity between the Cambrian and the Ordovician on the western margin of the Yangtze Block and the latest detrital zircon U-Pb age/Lu-Hf isotope reveal that a large number of Pan-African young zircons (ca. 0.55–0.52 GA) are related to the provenance of the East African Orogenic Belt in the Cambrian on the western margin of the Yangtze Block (Yao et al., 2015; Chen et al., 2018). The western margin of the Yangtze is thus more likely to be collaged with the northern margin of East Gondwana (low equatorial latitude) (Figure 1C). Taking the Sichuan Basin as an important benchmark, the Yangtze Craton, which dissociated in the Proto-Tethys Ocean, had inherited the weak structural pattern of the basement and continued to be tensioned by the periphery of the craton. As a result, a tectono-depositional differentiation was formed in the craton during the Sinian (Ediacaran)–Cambrian transition period. Considering the boundary characteristics of the Sinian (Ediacaran)–Cambrian as the benchmark in a similar way, the South China (Yangtze) platform before the deposition of Qiongzhusi Fm was in three special sedimentary facies from the northwest to the southeast, including the platform facies, slope transition facies, and deep-water basin facies (Li et al., 2020; Ding et al., 2021). Considering plate tectonics, the uplift groove pattern of the Sichuan Basin and its periphery during the Sinian Cambrian transition period was mainly formed in the stage of convergence of the Gondwana continent. During the subduction of the Proto-Tethys Ocean, oceanic crust and plates were dragged by the driving force of plate subsidence, and episodic uplift and rifting events might have occurred on the shallow surface of the crust (Wang et al., 2016; Li et al., 2019; Wang, 2020). After South China and Gondwana completely collaged in 516 Ma, the compression background caused the intracratonic sag fill quickly with sediments.
Depositional and Stratum-Related Characteristics
The Qiongzhusi Fm is a set of shelf facies of shale deposit with a thickness of 259.9 m. The pulveryte interval of the W207 Qiongzhusi Fm can be divided into three continuously superimposed third-order sequences. Controlled by the rise and fall in sea level, the characteristics of the sedimentary cycles show that interactive cycles of conversion between multiple deep-water shelf and shallow-water shelf developed (Figure 2). The lithology of the strata of the deep-water shelf facies was mainly black carbonaceous mudstone/shale, black silty mudstone/shale, and black mud/shale mixed with a small amount of stone coal, rich in organic matter. It developed a horizontal bedding, and represented deep seawater and a weak hydrodynamic force.
[image: Figure 2]FIGURE 2 | Macroscopic characteristics of cores in the whole section of Qiongzhusi Fm, W-207 Well. The Qiongzhusi Fm can be divided into three third-order sequences. SQI: First member of Qiongzhusi Fm (Є1q1), 3,242.13–3,135.94 m; SQ II: Second member of the Qiongzhusi Fm (Є1q2), 3,135.94–3,043.65 m; SQ III: Third member of the Qiongzhusi Fm (Є1q3), 3,043.65–3,000.59 m.
The shallow-water and semi-deep-water shelves were also below the stormed wave base. The seawater was relatively quiet, with hydrostatic low-energy deposition in this environment. The lithology of the sediment is mainly black argillaceous siltstone, black silty mudstone, and grayish-green lithic feldspar sandstone, with fine-grained sandstone mixed with it. The overall grain size was fine, the horizontal bedding was developed, and a small amount of cross-bedding could be seen locally. In this environment, calcareous siltstone, thin-layer micrite limestone, and silty limestone were also deposited.
The sedimentary thickness of the deep-water shelf facies and shallow-water shelf facies was quite different in the W207 Well. The deep-water shelf facies ranged from several meters to tens of meters, and generally decreased in thickness from bottom to top. The total thickness is 67m, accounting for 25.8%. Although there was no evidence of benthos in the strata under this sedimentary environment, it can be judged to be deep-water, low-energy, and anoxic deposition due to a small amount of bacteria and algae, siliceous sponge bone needles, and radiolaria. Moreover, the bottom of Qiongzhusi Fm in the W207 Well is characterized by typical slope of turbidite fan deposition, mainly silty deposition, interbedded with carbonaceous shale deposited in the continental shelf. The rhythmic occurrence of D and E segments of the typical Bouma sequence, and development of small sand bedding and horizontal bedding can be seen locally, which is a consequence of deposition due to gravitational flow (Figure 3). We infer that the Qiongzhusi Fm in the upslope area is dominated by shallow-water shelf deposits, and slope turbidites have developed. The Weiyuan area where W207 is located has not been in the deep water area close to the intracratonic sag for a long time. The sedimentary thickness of the organic-rich black shale is thus limited. Deep-water shelf facies have mainly developed on the east of the Weiyuan area, close to the Mianyang–Changning Intracratonic Sag. We think that organic-rich shale is thin in the west and gradually thickens eastward.
[image: Figure 3]FIGURE 3 | Petrological characteristics of Qiongzhusi Fm, W-207 Well. (A) W207 Well, 3,232.80m, at the bottom of Qiongzhusi Fm, soft sediment deformation (B) W207 Well, 3,231.66 m, at the bottom of Qiongzhusi Fm, cross bedding and lenticular pyrite nodules (C) W207 Well, 3,186.30 m, the lower part of Qiongzhusi Fm, black shale alternates with gray laminar calcareous shale (D) W207 Well, at the bottom of Qiongzhusi Fm, black shale is in contact with gray black siltstone, suspected of Bouma sequence (E) W207 Well, 3,220.57m, the lower part of Qiongzhusi Fm, black shale is in contact with gray elliptic calcareous nodules (F) W207 Well, 3,242.29 m, silty calcareous mudstone (G) W207 Well, 3,242.29 m, silty calcareous mudstone, with a large amount of carbonate clasts (H) W207 Well, 3,149.58 m, the middle part of Qiongzhusi Fm, mainly composed of silty mudstone and with little argillaceous siltstone (I) W207 Well, 3,088.35 m, the upper part of Qiongzhusi Fm, felsic siltstone (J) W207 Well, 3,055.91 m, the upper part of Qiongzhusi Fm, normal grain sequence, suspected parallel bedding development, dolomitic lithic siltstone laminated siliceous shale and carbonaceous shale with the characteristics of turbidite deposition (K) W207 Well, 3,000.59 m, silty argillaceous very fine-grained quartz sandstone.
EXPERIMENTS METHODS AND DATA SOURCES
A total of 44 samples, including siliceous shale, black shale, dark-gray argillaceous siltstone, and gray siltstone, were collected from the earliest Cambrian black strata of the Qiongzhusi Fm from the W207 Well in the southwestern Sichuan Basin (Figure 2).
Total Organic Carbon Content and Pyrolysis
Measurements of total organic carbon content (TOC) were performed using a LECO CS-344 carbon/sulfur analyzer with an analytical accuracy of ±0.5%. About 80–120 mg powder (120 mesh) of each sample was weighed and treated with 10% HCl to thoroughly remove the carbonates. Subsequently, the residue was filtered and rinsed with H2O to remove chlorides before introducing the dried residue to the C/S analyzer. Pyrolysis was performed by using a Rock-Eval VI analyzer.
The pyrolysis process lasted 12 min. The initial temperature was 90°C, and the constant temperature was maintained for 2 min to obtain the S0 peak. In the first stage, the temperature was 300°C, and constant temperature was maintained for 3 min to obtain the S1 peak. In the second stage, within 6 min, the heating rate was 50°C/min, and constant temperature was maintained at 600°C for 1 min to get the S2 peak. The Tmax was corresponding peak temperature of S2 during rock pyrolysis, indicating the thermal maturity of organic matter.
Bulk Organic Carbon Isotopic Ratios (δ13Corg)
The measurements of δ13Corg were carried out on carbonate-free samples using an elemental analyzer (EA) coupled with a flow interface that automatically transferred carbon dioxide gas into a Finnigan delta-plus mass spectrometer. The samples included bulk oil, pure bitumen, and kerogen from the source rocks. Casein was used as the external standard (Elemental Microanalysis Ltd.) with a value of δ13CV-PDB of −26.98‰. The results were reported in terms of per mil relative to VPDB (i.e., Vienna Peedee Belemnite), and the reproducibility of the replicate analyses was ±0.3‰.
Main Element Analysis
The 44 samples from Qiongzhusi Fm in Well W207 were pretreated by the glass melt method and then analyzed by a Primus II X-ray fluorescence spectrometer (XRF). The processing flow of major element analysis was as follows: 1) The 200 mesh samples were placed in a 105°C oven to dry for 12 h; 2) One Gram of the dried powder sample was weighed and placed in a ceramic crucible, and then heated to 1,000°C for calcination for 2 h; 3) Weigh 0.6 g sample, 0.3 g NH4NO3 oxidizer and 0.6 g accelerant (Li2B4O7/LiBO2/LiF = 9/2/1), then place them in a platinum crucible and mix them evenly, melt them at 1,050°C, cool them after complete melting, take out the glass sheet and test them on the machine. The analysis accuracy is better than 2%.
Trace Element Analysis
The concentrations of trace elements in the bitumen and potential source rocks were determined using inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7,700×) combined with inductively coupled plasma atomic emission spectrometry (ICP-AES; Agilent VISIA). The sample powders (200 mesh) were first prepared by dissolution using a mixture of four acids (HNO3 + HClO4 + HF + HCl). The organic-rich samples were combusted in a muffle oven at 750 C to remove organic matter before dissolution by acids. The analytical procedure detailed by Pi et al. (2013) was followed. The standard deviation of the elemental concentrations was <10%. Bulk trace elements were analyzed at the ALS Laboratory Group’s Mineral Division, ALS Chemex, in Guangzhou, China (Table 2).
The enrichment factors (EF) of redox-sensitive elements were calculated by XEF = [(X/Al) sample/(X/Al) PAAS], where X and Al represent the contents of the specified elements and aluminum elements, respectively. The reference standard was the content of elements in post-Archean Australian average shale (PAAS). The biogenic Ba was calculated as Babio = Basample - (BA/Al) PAAS ×Alsample, and the reference standard here was also the content of elements in PAAS (Taylor and Mclennan, 1985).
RESULTS AND DISCUSSION
Hydrocarbon Potential
Total Organic Carbon Content
The organic carbon content (TOC) is the basic parameter in assessing source rocks for shale gas. On the one hand, only when the abundance of organic matter reaches a certain degree can it have sufficient capacity for hydrocarbon generation. On the other hand, once the organic matter has been converted into hydrocarbons, certain storage space is formed to store hydrocarbons, and the residual organic carbon reaches a certain amount such that it has the ability to adsorb hydrocarbon gases, which become shale gas reservoirs when the two parts of gas reach a certain amount. They then become shale gas reservoirs. Researchers have different views of this based on regions and strata. The standard of organic carbon content in the Qiongzhusi Fm, with high maturity in south China, can be reduced to 0.5–1.0% (Zhang et al., 2002).
The TOC of 44 samples from W207 in Qiongzhusi Fm ranged from 0.18% to 3.41%, with an average of 1.31% (Table 1). The section with high TOC (TOC>1%) was 130 m (Table 1). The TOC content of the LSQ black rocks (3,242.42–3,177.64 m) ranged from 0.18% to 3.41% (average of 1.63%) while that of USQ black rocks (3,161.69–3,000.59 m) ranged from 0.30% to 2.94% (average of 0.99%). This considerable difference may relate to the special sedimentary backgrounds of the lower and upper strata, which control the enrichment and preservation of organic matter by adjusting nutrient input and water chemistry. The data on W207 show that the common abundance of residual organic matter in this well. There were only two sets of sections with relatively high TOC, corresponding to the bottom of Є1q1 and middle of Є1q2-3, respectively. This is consistent with the two sets of high-GR sections.
TABLE 1 | Organic geochemical parameters of Qiongzhusi Fm, W-207 Well.
[image: Table 1]The sum of S1 and S2 yields is widely used to indicate the hydrocarbon potential, and decreases sharply with increasing quantity of petroleum generated and expelled from the source rocks (Peters and Cassa, 1994). Conversely, TOC content is the main source of hydrocarbon generation, and undergoes little change in weight percent when oil and gas are generated (Lu et al., 2012; He et al., 2020b). By considering the low S1 and S2 yields (mainly ranging from 0.04 mg/g to 0.12 mg/g) due to the generation and expulsion of a large amount of hydrocarbons under a high degree of thermal evolution, the TOC content was applied to assess the degree of enrichment of organic matter within the source rocks (Peters and Cassa, 1994; Peters et al., 2005; Lu et al., 2012).
However, these ranges of TOC are widely accepted as representing fair to medium quality of source rocks in the upslope area, and were not all higher than the lower TOC limit of 0.5% that has been determined for the main source rocks in the Mianyang–Changning Intracratonic Sag.
Maturity and Type of Organic Matter
Maturity is a parameter reflecting whether the source rock has evolved to the stage of oil or gas generation, and is the basis for evaluating its potential for hydrocarbon generation. Judgments of the thermal maturity of Paleozoic source rocks have long been controversial for the following reasons: 1) Higher plants appeared only after the Devonian (Li, 1994), and kerogen microscopic examination showed that organic matter in the source rocks was all derived from marine phytoplankton (algae) and bacteria, with no vitrinite. 2) The standards for conversion from Rb (bitumen reflectance) to Ro are usually different in different regions. 3) Under a high degree of thermal evolution, the rock pyrolysis method is easily affected by sample pollutants, and it is challenging to reliably measure Tmax. 4) Analyzing the diagenetic evolution of clay minerals can be used to classify the stage of maturity, but cannot be used to quantitatively judge it. Due to the defects of each available method, we conservatively used 44 data items on rock pyrolysis Tmax to identify the maturity of the source rocks of W207 Qiongzhusi Fm. The mature stage of black shale was divided into the following: Ro<0.5%, Tmax <435°C was considered immature; 0.5% < Ro < 1.3%, 435°C < Tmax < 475°C was considered mature; 1.3% < Ro < 2%, 475 °C < Tmax < 500°C was considered highly mature; Tmax > 500°C was considered to be in the stage of over-maturity, of which 2% < Ro < 3% was the early stage of over-maturity, and 3% < Ro < 4% was the late stage.
For highly mature source rocks of the Qiongzhusi Fm, the Tmax measured by rock pyrolysis was less than 435°C, and could easily lead to the illusion of an immature source rock. This phenomenon occurred because the rate of conversion of Lower Cambrian source rocks is generally as high as 90%, resulting in a low S2 value of the pyrolytic hydrocarbons. This makes the sample vulnerable to the “false peak” of pyrolysis generated by pollutants, and thus the peak temperature Tmax of S2 is low (Zhang et al., 2007). The values of Tmax fluctuated between 293° and 612°C, indicating that most samples were subject to the peak value generated by the pyrolysis of the drilling fluid and solid asphalt, and could not represent their real maturity. S1, S2, and S3 were very low, indicating that W207 has a small amount of residual hydrocarbons and poor capacity for hydrocarbon generation (Figure 4), and the source rock had entered the stage of high maturity. Samples with Tmax greater than 475°C might have more accurately reflected the maturity (high-over maturity) of the source rock.
[image: Figure 4]FIGURE 4 | Characteristic map of total organic carbon (TOC) vs. S1+S2 from the Qiongzhusi Fm, W-207 Well. LSQ: lower section of Qiongzhusi Fm (3,242.42–3,177.64 m); USQ: upper section of Qiongzhusi Fm (3,161.69–3,000.59 m).
The organic carbon isotope (δ13C) can provide important information about the main types of organisms during the sedimentary period, and can reflect the main types of primitive organisms. It is an effective indicator of the types of organic matter in over-mature source rocks. The results showed that plankton was relatively abundant in lipids in the organic matter of different biological species. In addition, its high contribution led to lower values of organic carbon isotopes (δ13C), indicating the characteristics of sapropel type I kerogen (Huang, 1988; Tenger et al., 2004). The range of variation of organic carbon isotopes in the 44 samples of Qiongzhusi Fm was −34.95‰∼ −30.44‰, with an average of −32.49‰. The range of variation of organic carbon isotopes at the bottom of Qiongzhusi Fm was −34.95‰∼−32.60‰, with an average of −33.73%, that in the middle interval was −33.89‰∼−30.80‰, with an average of −32.16‰, and that in the upper layer was −30.49‰∼−30.44‰, with an average of −30.65‰, showing the characteristics of type I kerogen.
In combination with numerous algae macerals that are favorable for oil generation in the black rocks, the data suggest that both the LSQ and USQ might have made a significant contribution to the superabundant Lower Paleozoic petroleum resource over geological history (Figure 5). This is supported by numerous observations of asphaltene within the investigated black shale and the abundant bitumen-containing hydrocarbon reservoirs overlying them.
[image: Figure 5]FIGURE 5 | Organic maceral characteristics of the Early Cambrian black strata, Qiongzhusi Fm, W-207 Well, NW Sichuan Basin. (A–D) relative abundant benthic algae, acritarchs (E) Numerous bitumen, and (F) abundant volvox.
Effects of Paleoweathering and Terrigenous Detrital on Paleoproductivity
Paleoweathering
The WIP has been used to characterize the degree of weathering of silicate rocks (Srivastava et al., 2018). Owing to the abundant Si content of the earliest Cambrian Qiongzhusi Fm, the WIP provides the best option for quantifying the degree of paleoweathering and its effects on the formation of the black rocks in Qiongzhusi Fm. These were mainly the black shales in the Є1q1 and black siliceous rocks in the Є1q2-3. Furthermore, in light of bond strength, the individual mobilities of the most mobile major elements were considered when calculating the WIP (Eqs. 1 and 2), thus indicating that the WIP is widely applicable (Parker, 1970).
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where the data in Eq. 1 are as molar proportions of the oxides, and CaO* indicates the CaO content of silicate minerals, excluding CaO bound in carbonates and silicates (Nesbitt and Young, 1982; He et al., 2020a).
The relatively low WIP values suggest more intense chemical weathering related to heavy rainfall and continental runoff under a warm and humid climate, whereas relatively high values indicate a relatively low degree of chemical weathering that relates to a cool and arid climate (Srivastava et al., 2018). Table 2 shows that the WIP of each layer in W207 was relatively stable, ranging from 47.11% to 71.59% with an average of 59.38%. This shows that the paleoclimate of the upslope area was warm and humid in this period. The WIP of the Qiongzhusi Fm decreased gradually from the bottom to the top, indicating that weathering had gradually increased. Furthermore, these results indicate that the degree of weathering during the deposition of Є1q2-3 was much stronger than that during the deposition of Є1q1, thus suggesting that a higher abundance of terrigenous detrital matters was carried into the upper part in comparison with the lower part.
TABLE 2 | Analysis table of major and trace elements in Qiongzhusi Fm, W-207 Well.
[image: Table 2]Terrigenous Detrital
The relative contributions of terrigenous detrital matter, as reflected by the Ti content of the sediments ((Terrigenous%=(Tisample TiPAAS)×100); post-Archaean Australian shale (PAAS) with Ti = 5,995 ppm)) can also be used to provide insights into the degree of weathering. Relatively high values imply a stronger continental weathering (Taylor and Mclennan, 1985; Murray and Leinen, 1996; Li et al., 2017). The terrigenous value of siliceous shale samples from Є1q3 fluctuated between 70.08% and 73.48% (average of 71.90%), thus indicating strong continental weathering. The values ranged from 74.08% to 85.77% (average of 79.83%) within the black shale samples from Є1q2, showing stronger weathering. The terrigenous values were relatively low for shales from Є1q1, ranging from 57.98% to 86.97% (average of 73.21%), excluding samples W207–8 and W207-3 (37.09% and 45.78%, respectively) (Table 2). The values indicate much stronger weathering (from the top to the bottom) during the deposition of Qiongzhusi Fm, which is consistent with the results of the WIP.
Upwelling and Watermass Restriction
The Mo/TOC ratios of mudstone samples in well W207 ranged from 6.44% to 27.47% (mean, 14.37%). The Mo/TOC ratios in Є1q2 was 6.44–27.47 (mean 15.35), and those of Є1q2 and Є1q3 ranged from 6.90 to 26.41 (mean 11.79) and 8.27 to 20.92 (mean 12.92). Most of the samples of Є1q1 and Є1q2 were in the semi-restricted environment. The injection point of Є1q2 was above some of that of Є1q1, which indicates that the efficiency of circulation of the watermass was higher during this period of deposition, while it was closed during the deposition of Є1q3 in the upper part. The degree of limitation was close to that of the Framvaren Fjord. The Mo-TOC model shows that this was not a moderate restriction (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) For the Early Cambrian in the Qiongzhusi Fm, W207 Well, upslope area of Yangtze Platform, compared with generalized patterns of sedimentary Mo-TOC covariation associated with deepwater renewal in silled anxic basins (eg., Black Sea, Framvaren Fjord, Cariaco Basin and Saanich Inlet) ((Algeo and Lyons, 2006). (B) Euxinic conditions indicated by UEF vs. MoEF during the deposition of the early Cambrian Qiongzhusi Fm, SW Sichuan Basin. Dotted lines show MoEF/UEF ratios equal to the seawater (SW) value (i.e., 1 × SW) and fractions thereof (0.3 × SW, and 0.1 × SW) (Algeo and Tribovillard, 2009). (C) Crossplots of CoEF × MnEF vs. TOC for the Qiongzhusi Fm in the W207 Well. The model data is from Sweere et al. (2016). Є1q1’2,3: first, second and third member of the Qiongzhusi Fm.
The MoEF/UEF ratios ranged from 1.51 to 9.38 (mean 4.24). Most of the samples in Є1q1 have high enrichment coefficients of Mo and U. Thus, the MoEF/UEF ratio was high at 1.51–9.38 (mean 4.85). The MoEF/UEF ratios of Є1q2 and Є1q3 are relatively low, ranging from 1.69 to 5.60 (mean 3.22) and 2.37 to 3.62 (mean 2.79). The most samples from Є1q2 and Є1q3 is 0.3–1 times the seawater. Under the enhancement of seawater reduction conditions, the rates of uptake of Mo that substantially exceed those of U, resulting in a progressive increase in sediment MoEF/UEF ratios of most samples in Є1q1 at the bottom to more than 1 times the seawater. However, it is far lower than the ratio of Mo affected by the adsorption of manganese and iron particle carriers (Mo/U ratio is 3–10 times). At higher enrichment coefficients, MoEF/UEF did not decrease further, which indicates a connection between the ocean and the open sea in this area during the deposition of the Qiongzhusi Fm. The circulation efficiency of watermasses was high, and this was an unrestricted marine environment (Figure 6B).
The contents of Co and Mn are generally low in an upwelling setting due to the loss of Co and Mn in the secondary oxidation environment. However, watermasses with a higher degree of restriction seawater show higher Co and Mn contents due to the external input (Sweere et al., 2016). For example, the hydrologic characteristics of the upwelling setting in Namibia, Peru, and Gulf of California are low CoEF × MnEF (<0.5). At the same time, the limited Black Sea Basin has a higher CoEF × MnEF (>2) (Sweere et al., 2016). CoEF × MnEF of Є1q1 is 0.42–8.42 (average 1.25); CoEF × MnEF of Є1q2 is 0.49–1.14 (average value is 0.63); CoEF × MnEF of Є1q3 is 0.62–0.96 (mean 0.79). As shown by CoEF × MnEF, the values of most samples ranged from 0.5 to 2, and their seawater environment could not be accurately distinguished. These samples might have been affected by unstable seasonal rises in the ocean current. Combined with the above, we think that in the sedimentary period, the ocean in the upslope area was related to the open sea. The efficiency of circulation of the watermasses was high, showing a moderately restricted marine environment (Figure 6C).
Redox Conditions
Effect on δ13Corg
The change in δ13Corg can reflect changes in the degree of burial of organic matter, and depends on the change in marine primary productivity and the degree of preservation of organic matter in anoxic water (Goldberg et al., 2007; Schoepfer et al., 2015; Zhang et al., 2018). The positive values of δ13Corg positive for W207 and the upward decrease in its TOC content indicate that conditions for the preservation of organic matter had worsened, and the sedimentary environment had gradually transitioned from anoxic to oxidic. This was compared with the data on δ13Corg from the W207 well and the Songlin Section (Chen et al., 2006) in upslope, the Songtao Section in the downslope, and the Longbizui Section in the deep-water basin. The values of δ13Corg of the Songtao Section in the downslope (deep-water shelf facies) were −34.7‰∼−29.3‰ (mean −31.89‰), and that of the Longbizui Section was −36.5‰∼−33.5‰ (mean −34.48‰), similar to those of the Weiyuan and Songlin areas. This shows that the value of δ13Corg was significantly higher than that in sedimentary areas with deep water characteristics. Negative values of δ13Corg were noted at the bottom of the middle and upper Yangtze, which was a widespread transgression event of the Yangtze Plate in the Early Cambrian (Guo et al., 2013; Wang et al., 2015). In this context, the Yangtze Platform was in an anoxic environment caused by global transgression in this period. After the regression, the Weiyuan area on the upslope entered the oxidation state earlier. Then, such deep-water areas as the intracratonic sag and deep-water basin gradually tended toward oxidation.
A certain correlation was noted between changes in the redox environment and values of δ13Corg in different areas of the Yangtze Platform. Although the trend was one of increase, there was some variation in δ13Corg across the profiles. The Weiyuan and Songlin areas on the upslope area which their δ13Corg records are similar, and δ13Corg is higher than the deepwater basin area. The difference of δ13Corg composition, redox environment and TOC content can be better explained. With the gradual oxidation of the water environment in Weiyuan and Songtao areas, organic matter is gradually degraded, resulting in δ13Corg value beginning to increase first. The deep-water area is still in a continuous anoxic environment, with a large amount of organic matter preserved and the input of chemoautotrophic biomass to organic matter (Goldberg et al., 2007), with negative δ13Corg excursion. It can be seen that the difference in δ13Corg in different areas of the Yangtze Platform reflects the difference in organic matter preservation caused by the change of marine redox environment.
Effect on Elemental Parameters
The ratios of the redox-sensitive elements V/Cr, U/TH, and Corg/P are important indicators of the redox environment of paleo-oceans (Och et al., 2013; Pi et al., 2013; Jin et al., 2020; Zhao et al., 2020). The phosphorus cycle in sediments, measured in terms of the Corg/p value, is often controlled by redox conditions. Under oxidation conditions, phosphorus P element is generally adsorbed by iron hydroxide and stored in sediments (Kraal et al., 2010; Westermann et al., 2013). In anoxic environments, iron hydroxide in sediments dissolves, resulting in the release of adsorbed phosphorus (März et al., 2008). Corg/p < 50 indicates an oxic marine environment, 50 > Corg/p > 100 indicates a secondary oxidation environment, Corg/p > 100 indicates an anoxic environment (Algeo and Ingall, 2007).
The V/Cr, Ni/Co, U/TH, and Corg/P ratios of the Qiongzhusi Fm had similar vertical variations in the W207 Well (Figure 7). Generally high U/Th and V/Cr ratios were obtained at the bottom of the Qiongzhusi Fm, ranging from 0.80 to 2.98 (mean 1.77) and 1.28–11.26 (mean 4.74). This indicates that the sedimentary environment in this period generally ranged from one of secondary oxidation to anoxia. After this, it transitioned to a short oxidation period; but then the water returned to an anoxic state. The gray mudstone section in the lower part of the Qiongzhusi Fm (near 3,180 m) had high U/Th (1.09–1.46, mean1.28) and V/Cr values (2.75–8.07, mean 5.78), indicating that the anoxic sedimentary environment had been restored to a certain extent. Subsequently, the U/Th and V/Cr ratios decreased and gradually stabilized, indicating that the sedimentary environment had changed from anoxic to one of oxidation. During the middle deposition stage of the Qiongzhusi Fm (around 3,130 m), the sedimentary environment changed again. The U/Th and V/Cr ratios reached 1.84 and 4.57, respectively, and the water was in an anoxic state once again, but finally transitioned to the highest oxidation environment. Values of U/Th and V/Cr of samples at the top of the Qiongzhusi Fm were less than 1.25 and 4.25, respectively, indicating that the marine environment had been in a fairly stable oxidation to secondary oxidation state during this period (Jones and Manning, 1994).
[image: Figure 7]FIGURE 7 | Characteristics of the paleo-marine environment (redox parameters) of the Qiongzhusi Fm, W-207 Well. Є1q1, 2,3: first, second and third member of Qiongzhusi Fm.
The value of Corg/P of samples at the bottom of Qiongzhusi Fm was 9.57–104.02 (mean 57.71), indicating that it was deposited in an environment of partial anoxic reduction. The value of Corg/P of the remaining lower section (middle and upper part) was low, with a range of 4.12–39.62 (except samples at 3,130.65 m), indicating a relatively oxidized environment. Corg/P for samples at 3,130.65 m was 60, indicating that the oxygen content in seawater was relatively low during this period. This is consistent with the results indicated by the V/Cr and U/Th ratios.
The analyses of the above indices (element ratio, enrichment coefficient, and Corg/P) shows that the sedimentary environment of Qiongzhusi Fm has undergone an evolution of the form anoxic–oxidation–anoxic–secondary oxidation. During the stage of earlier deposition of the Qiongzhusi Fm, the marine environment was strongly anoxic, and then gradually tended to oxidize. During middle deposition, the sedimentary environment briefly changed to anoxic and then transitioned to an oxidation environment once again. At the end of deposition, the ocean in the upslope area, west of the intracratonic sag, was generally in an oxidation–secondary oxidation environment. The results show prominent anoxic watermass in the earlier sedimentary period of the Qiongzhusi Fm, which might be related to transgressive events in the same period. Then, the marine environment gradually transitioned to oxidation with regression.
Paleoproductivity
In the Early Cambrian, the marine ecosystem was relatively singular. Primary productivity mainly depended on the carbon-generating capacity of phytoplankton on the surface of seawater, and their prosperity depended on the abundance of nutrient elements in the ocean. In addition, the genesis, enrichment, and preservation of biogenic barium were closely related to the degradation of organic matter. When there was no strong sulfate reduction, the increase in biological productivity was related to the increase in elemental Ba content in organic-rich sediments. Therefore, biogenic Ba is an effective indicator of paleoproductivity (Stroobants et al., 1991; Von Breymann et al., 1992).
We found that such parameters of productivity as Cu/Al, Zn/Al, Ni/Al, and Babio had high values at the bottom and in the middle of the Qiongzhusi Fm. At the same time, the remaining lithologic sections had low values (Figure 8), indicating that the western ocean of the Upper Yangtze Platform had a certain productivity in the early sedimentary stage of the Qiongzhusi Fm. With the evolution of the sedimentary stage, its productivity gradually decreased. The two sets of strata with high TOC values at the bottom and middle of the Qiongzhusi Fm correspond to the productivity indicated by the above parameters. During the period of a slight increase in TOC content at the top of the Qiongzhusi Fm (3,050 m), the vertical trend of change in the parameters of productivity, such as Ni/Al, Cu/Al, Zn/Al, and Babio, also indicated that productivity had picked up in this period. Therefore, changes in productivity might have affected the accumulation of organic matter in the mudstone of the Qiongzhusi Fm.
[image: Figure 8]FIGURE 8 | Characteristics of paleo-ocean productivity parameters of the Qiongzhusi Fm, W-207 Well. Є1q1, 2,3: first, second and third member of Qiongzhusi Fm.
Mechanism of Organic Matter Enrichment in Upslope Area
Main Factors Controlling the Enrichment of Organic Matter
Terrigenous input, sedimentary hydrodynamics, redox conditions, and productivity are closely related to the enrichment of organic matter. Our analysis shows that the WIP of the Qiongzhusi Fm was relatively stable. A warm and humid paleoclimate during the sedimentary period of the Qiongzhusi Fm was conducive to biological activities and a rich source of organic matter. However, there was no significant correlation between the WIP and the TOC (Figure 9A); we think that the paleoclimate was not the main factor controlling the enrichment of organic matter in the Qiongzhusi Fm in the upslope area. In addition, the map of intersection of indicators of terrigenous input (Terrigenous, Ti/Al) and TOC also show no significant correlation between the terrigenous input and the enrichment of organic matter (Figures 9B,C). Although the Weiyuan area is located on an upslope on the west side of the intracratonic sag, a certain amount of terrigenous input (increasing gradually from bottom to top) caused a decrease in organic matter content. Therefore, the input of terrigenous clasts on the western margin of the Yangtze Platform might not have been conducive to the enrichment of organic matter of the Qiongzhusi Fm.
[image: Figure 9]FIGURE 9 | Cross-plots indicating the organic matter enrichment mechanism of the Early Cambrian Qiongzhusi Fm, W207 Well, SW Sichuan Basin. (A-B) paleoweathering and terrigenous detrital index vs. TOC (organic matter enrichment). (C-D) hydrodynamic index vs. TOC. (E-G) redox index vs. TOC. (H-I) paleoproductivity index vs. TOC. WIP: weathering index of Parker (Parker, 1970); Terrigenous: Ti content of sediments; Babio: biogenic Ba; TOC: total organic carbon; Є1q1’2,3: first, second and third member of Qiongzhusi Fm.
Comprehensive Mo/TOC, CoEF × MnEF and Cd/Mo hydrodynamic condition indexes. In particular, Cd is related to algal productivity. For the Black Sea with a strong restriction, the primary productivity and organic matter accumulation rate are very low. The Cd/Mo ratio of the sediment was close to that of seawater. The relatively high-level primary productivity might have led to the more effective entry of Cd into deeper seawater and sediments. Compared with Mo, a slight enrichment of Cd was observed. Sweere et al. (2016) summarized the differences in Cd/Mo in different restriction basins, and limited the boundary between productivity and preservation conditions, the two factors controlling the enrichment of organic matter, to a Cd/Mo value of 0.1. This is an empirical value; if Cd/Mo is greater than 0.1, the enrichment of organic matter in sediments is mainly controlled by productivity, and if Cd/Mo is less than 0.1, the enrichment is mainly controlled by preservation conditions. The overall variation in Cd/Mo in the W207 Well was between 0.002 and 0.072, with an average value of 0.013, indicating that preservation conditions mainly controlled the enrichment of organic matter of sediments in this area.
The oxygen content in seawater directly determines whether the organic matter can be well preserved in sediments for large-scale enrichment. A relatively restricted sedimentary environment, a certain extent of upwelling, and a widely developed anoxic environment promote the preservation of organic matter and the enrichment of redox-sensitive elements. A strong positive correlation was noted between parameters of the redox index (such as Corg/P, Ni/Co, and U/Th) and TOC in the Qiongzhusi Fm, W207 (Figures 9E–G). From an anoxic to an oxic environment, the oxidation–reduction conditions during the deposition of the Qiongzhusi Fm changed from bottom to top in the Weiyuan area. The anoxic interval in Є1q1 was the most enriching in organic matter. The redox conditions of the sedimentary environment were the key factors controlling the preservation and enrichment of organic matter in the upslope area, west of the Mianyang–Changning Intracratonic Sag.
The primary productivity of surface seawater is an important source of organic matter in the shale. Enriching organic matter also requires high biological productivity to provide organic carbon as a material guarantee. However, such paleoproductivity indicators as Zn, P/Al, and Babio were weakly correlation with the TOC (R2Zn = 0.0726, R2p = 0.0451, R2Babio = 0.0575) in the Qiongzhusi Fm, W207. A certain positive correlation was noted between P/Al and TOC in Є1q1 and Є1q2, and the ocean in the upslope area had a certain productivity (Figures 9H–I). With continuous sedimentary evolution, the productivity gradually decreased. P/Al and the TOC changed to a negative correlation in Є1q2, possibly due to the influence of changes in seawater redox conditions on the increase in phosphorus content. It reflects a certain productivity in this period. However, its strength of control over the enrichment of organic matter for shale was secondary.
Enrichment of Organic Matter During the Deposition of Qiongzhusi Fm in the Upslope Area
The process of enrichment of organic matter in Qiongzhusi Fm in the upslope area, west of the Mianyang–Changning Intracratonic Sag, is the key issue for assessing the potential for shale gas in the Southwest Sichuan Basin. Higher productivity can provide rich sources of organic matter and an anoxic environment can provide good preservation conditions (Zhang et al., 2018). Under the background of large-scale transgression during the early stage of deposition of the Qiongzhusi Fm (Feng et al., 2014; Zhai et al., 2016; Zhao et al., 2020; Fan et al., 2021), the Leshan–Weiyuan slope in the west side of the Mianyang–Changning Intracratonic Sag was connected to the open sea. Accompanied by a certain degree of upwelling in the sea water and rich nutrients imported from the deep seawater, this rendered productivity high during the early deposition of the Qiongzhusi Fm. Meanwhile, the widely developed anoxic environment further promoted the preservation of a large amount of organic matter and the enrichment of redox-sensitive elements in the lower layer of the Qiongzhusi Fm. With the regression of the sea, the sedimentary environment gradually transitioned to one of oxidation, with conditions for the preservation of organic matter gradually deteriorating.
During the middle deposition stage of the Qiongzhusi Fm, the sea level in the study area rose again. The sedimentary environment returned to a relatively anoxic state, and became rich in organic matter once again. The two sets of sedimentary sections under an anoxic paleo-ocean environment showed significant enrichment in organic matter, indicated by the TOC content. As the coupling between TOC and the redox index is better than that between it and the paleoproductivity index, a significant enrichment of organic matter (abnormally high TOC content) occurred during the depositon of Є1q3 (3,130.65 m). However, the change in productivity, reflected by such productivity indices as Cu/Al, Zn/Al, and Babio, was not prominent. Therefore, under the condition that the productivity did not change significantly, the anoxic condition created a better preservation environment for organic matter.
Ultimately, the change in sea level controlled the redox conditions, productivity, and thus the accumulation of organic matter during the formation of Earlier Cambrian black shale in the upslope, Upper Yangtze Platform (Figure 10). Although productivity affected the enrichment of organic matter in the black strata to a certain extent, it was not the main factor controlling it in the upslope area. A good coupling between redox environmental indicators and the TOC shows that the mechanism of enrichment of organic matter during the formation of Qiongzhusi Fm black shale in the Earlier Cambrian was controlled more by paleo-ocean redox conditions, which ultimately determined the content of organic matter.
[image: Figure 10]FIGURE 10 | Sedimentary paleo-ocean environment and productivity model of the Qiongzhusi Fm in the upslope area.
CONCLUSION

1) Interactive conversion cycles developed between multiple deep-water and shallow-water shelves under the control of the sea level rise in the upslope area, but the shallow-water shelf facies mainly developed. Typical slope turbidite- (fan) and gravity flow-induced deposits developed. The wells in the upslope area represented by the Weiyuan area did not have long-term deep-water sedimentary conditions, and the layer of organic, rich, black shale was thin.
2) The results of organic geochemistry showed that organic matter in the Qiongzhusi Fm was mainly type I kerogen, with a high degree of thermal evolution, little amounts of residual hydrocarbons, and low capacity for hydrocarbon generation.
3) The redox indices (U/Th, Corg/P, and UEF) showed that the sedimentary environment in the Early Cambrian in the upslope area underwent the anoxic oxidation–anoxic-secondary oxidation evolution; the marine environment was moderately restricted, with a certain degree of upwelling.
4) Change in the sea level controlled the redox conditions and productivity, and thus the enrichment of organic matter of the Qiongzhusi Fm. Productivity affected the accumulation of organic matter to a certain extent but was not the main factor controlling it. Redox conditions are key to the formation of organic matter.
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The Upper Permian Linghao Formation shale is the most potential shale gas exploration target in Nanpanjiang Basin. In this study, X-ray diffraction, field emission scanning electron microscopy, CH4 isothermal adsorption, and nuclear magnetic resonance cryoporometry are intergrated to reveal comprehensive characterization of Linghao Formation shale collected from a well in Nanpanjiang Basin. Results indicate that organic-rich shales developed in the Ling 1 member and the lower part of Ling 3 member. The organic-rich shales are predominantly characterized by kerogen type I, with a relatively highly mature to overmature status. The Ling 1 organic-rich shale mainly consists of mixed shale lithofacies, and the organic-rich shale in the lower part of Ling 3 is mainly composed of argillaceous shale. The pore volume in Ling 1 organic-rich shale is mainly contributed by 3- to 6-nm and 8- to 11-nm organic pores. The pore volume of Ling 3 organic-rich shale is mainly contributed by 2- to 3-nm and 4- to 11-nm organic pores. The organic pores between 3 and 10 nm also have a small contribution to the pore volume. The absolute adsorption gas content of Ling 1 and Ling 3 organic-rich shale is 1.21 m3/t and 1.64 m3/t, respectively. The absolute adsorption gas content of Ling 1 and Ling 3 organic-rich shale exceeds the minimum standard for commercial shale gas development in China (1.0 m3/t). According to the adsorption gas ratio of 50%, the total gas content of Ling 1 and Ling 3 organic-rich shale can reach 3.28 m3/t and 2.28 m3/t, respectively. It is suggested that the Upper Permian Linghao Formation shale in the Nanpanjiang Basin has a significant potential for shale gas exploration.
Keywords: Upper Permian, shale lithofacies, geochemistry, organic-rich shale, Linghao Formation, Nanpanjiang Basin
INTRODUCTION
The great success of shale gas development in North America has triggered a boom in shale gas exploration and promoted research on the potential of global shale gas development (Curtis, 2002; Li et al., 2007; Zou et al., 2010; Clarkson et al., 2012; Zou et al., 2015). Most of the recovered shale gas in the United States is produced from marine shales (Wei et al., 2020). China has developed three types of organic shale: one is the marine shale of Early Paleozoic, the second is the Carboniferous-Permian transitional shale, and the third is the Mesozoic lacustrine shale (Bao et al., 2016; Xi et al., 2017; Liang et al., 2018; Kuang et al., 2020; Liu et al., 2021; Wang et al., 2022). In 2010, the exploration and development of Silurian marine shale gas in China made an industrial breakthrough (Zou et al., 2010; Qiu and Zou, 2020; Zhang et al., 2022), which has been more than 12 years ago, and the annual output in 2018 reached 10.8 × 109 m3 (Qiu and Zou, 2020). Under this demonstration effect, marine shales of other strata in China have quickly become the key targets of shale gas exploration and evaluation (Wei et al., 2012; Cao et al., 2015; Ding et al., 2018; Wang et al., 2018; Zhang et al., 2019a; Zhang et al., 2019b; Zou et al., 2019; Zhang et al., 2020a; Zhang et al., 2020b; Ding et al., 2021), but they are still in the early stages of exploration and have not made any industrial breakthroughs. The Sichuan Basin and the Nanpanjiang Basin are the two largest oil- and gas-bearing basins in south China. A number of Permian marine or marine-continental transitional organic-rich shale units are recognized (Han et al., 2017; Guo et al., 2018; Chen et al., 2020; He et al., 2020; Zhu et al., 2021), which play the role of source rock covering conventional natural gas production. In recent years, the research achievements of Permian shale in Sichuan Basin are abundant (Han et al., 2017; Guo et al., 2018; Zhang et al., 2018; Sun et al., 2020; Wang et al., 2021), but a relevant study of Nanpanjiang Basin is rare.
Previous studies have shown that the Permian organic-rich shales developed in the Nanpanjiang Basin met the conditions for the accumulation of shale gas (Liu et al., 2018; Luo et al., 2018; He et al., 2020). However, due to the rapid change of the sedimentary environment, the Upper Permian organic-rich shale in different areas of the Nanpanjiang Basin varies greatly in terms of shale thickness, geochemical characteristics, hydrocarbon generation capacity, mineral composition, and gas content (Liu et al., 2018; Luo et al., 2018). At present, there are many views about the exploration and evaluation of Permian shale in the Nanpanjiang Basin (Sun et al., 2019; He et al., 2020). Luo et al. (2018) studied the geological and geochemical characteristics of the Upper Permian organic-rich shale under transitional environment; they presented that the high TOC value, high thermal maturity level, and moderate burial depth are favorable factors for shale gas exploration. However, the high clay content is not conducive to shale gas development. He et al. (2020) pointed out that the organic matter of the Upper Permian organic-rich shale in Nanpanjiang Basin was primarily sourced from terrestrial plants, and the detrital flux and paleoproductivity may play a limited role on organic matter accumulation. Liu et al. (2018) proposed that detrital influx decreased the concentration of TOC in the Upper Permian organic-rich shale of Nanpanjiang Basin, and paleoproductivity is not the critical factor controlling the concentration of TOC. In this study, X-ray diffraction (XRD) analysis, field emission scanning electron microscopy (FE-SEM), CH4 isothermal adsorption, and nuclear magnetic resonance (NMR) cryoporometry are intergrated to reveal comprehensive characterization of Upper Permian Linghao Formation organic-rich shale collected from the studied well in Nanpanjiang Basin. It might produce valuable information for engineers to properly evaluate the storage capacity and exploration potential of Upper Permian organic-rich shale. It is hoped that this study will contribute to the industrial breakthrough of shale gas exploration in Nanpanjiang Basin.
GEOLOGICAL SETTING
The Nanpanjiang Basin, with an area of 380, 000 km2, is located at the junction of Yunnan, Guizhou, and Guangxi, and the geotectonic position is located in the southwestern margin of the South China Block (Xia et al., 2018) (Figure 1A). Similar to the Carboniferous Datang Formation in Nanpanjiang Basin, the Linghao Formation is a special and representative stratigraphic unit formed by the deep water sedimentary environment between isolated platforms during late Permian (Zhang et al., 2012b; Zhang et al., 2012c). Observations from the studied well and outcrops show that the Linghao Formation is in conformable contact with underlying limestone or muddy limestone of Maokou Formation, and overlying Luolou Formation. According to the combination of lithology and logging characteristics, the Linghao Formation can be divided into Ling 1 member, Ling 2 member, and Ling 3 member. The Ling 1 member consists of shale with Emeishan basalt interbed. Previous studies suggested that the influence of igneous rocks including basalt on the sedimentary organic matter is characterized by organic matter maturity in advance and the maturity is abnormally high (Simoneit et al., 1978; Alalade and Tyson, 2013). The Ling 2 member is composed of mudstone and limestone. The Ling 3 member is composed of shale (Figure 1B). According to previous studies, the northwest Nanpanjiang Basin is dominated by swamp, tidal flat, and lagoon facies during Linghao period (Luo et al., 2018; He et al., 2020). The contemporaneous strata of the Linghao period comprises mudstones, silty mudstones, siltstones, limestones, and coals (He et al., 2020). The studied well is located in central Nanpanjiang Basin which is dominated by shelf or deep water basin facies during Linghao period (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Location of the Nanpanjiang Basin, Southwest China (modified from Xia et al., 2018). (B) Generalized stratigraphy of Upper Permian Linghao Formation in the study area (based on the studied well).
SAMPLES AND METHODS
The studied well carried out continuous coring in the Permian Linghao Formation. Core observation identified different lithology, including shale, organic-rich shale, fine-grained sandstone, siltstone, silty mudstone, limestone, chert, and record the lithology combination of different members. Overall, 300 thin sections of core samples were made, and the core observation results were further verified by a Carl Zeiss microscope digital photography system under transmitted light. Full combustion of shale samples were done under high temperature and pure oxygen flow. Then strong oxidant was used to react in acidic solution, and the collected carbon dioxide gas was purified in a vacuum system to remove the interference. The content of carbon dioxide gas was measured by an Elementar VarioMACRO CHNS element analyzer, and the content of organic carbon was calculated. The bulk mineralogical compositions of 59 selected samples were analyzed by XRD using a Panalytical X'Pert PRO MPD X-ray diffractometer. The samples were ground into powder (>200 mesh), and then step-scanned at a rate of 2°/min from 5° to 75° (2θ). Before high-resolution SEM observation, the selected shale samples are cut into a 1.5-cm length, 1.0-cm width, and 0.5-cm height cube (perpendicular to the bedding plane) and then polished by argon ion. After the treatment, the FEI-QUANTAN 250 FE-SEM was used to image the micropores in shale. The resolution can reach to 0.8 nm, with a 20,000–300,00× magnification at an acceleration voltage adjustment of 0.02–30 kV. The built-in algorithm of “ImageJ” software was used to quantitatively obtain microfractures, organic pores, and inorganic pores.
In this work, based on the second electron imaging observation on the polished surface of the shale sample, nanoscale pores can be imaged by optimizing the acceleration voltage and scanning speed of the working state. Using the NMRC12-010V NMR instrument produced by Niumag Company, low-temperature NMR cryoporometry was carried out on the Linghao Formation samples. First, the samples were mechanically crushed to 35–50 meshes and then dried in a vacuum drying oven at 373.15 K for 24 h. However, the samples were packed into 2-ml chromatographic bottle and vacuumed for 12 h, and then pure water was added, balanced for 6 h, and centrifuged for 12 h. Finally, the samples were packed in a 25-ml chromatographic bottle and placed in the coil of the instrument for testing. Porosity values are tested by an NMRC12-010V NMR instrument to make shale samples into 2.5-cm × 4-cm plug. Before the test, the plug samples were placed in a vacuum drying oven at 373.15 K for 24 h, and then vacuumed, with 30 MPa pressure saturated water for 12 h. After the saturation is completed, the plug samples were placed in the coil to start the test. Methane isothermal adsorption experiment was carried out using Rubotherm high-temperature and high-pressure gravimetric adsorption instrument produced in the Netherlands. The experimental temperature was set to 110°C, and the pressure was from 0.5 to 30 MPa. The actual formation conditions of 30 MPa and 110°C are basically the same as those of the studied wells. The adsorption phase density was obtained by fitting calculation, and the ternary Langmuir equation was used to fit excess adsorption and absolute adsorption.
RESULTS AND DISCUSSION
Organic Geochemistry and Mineral Compositions
Geochemical indicators for characterizing and evaluating shale gas reservoirs include total organic carbon (TOC), maturity (Ro), kerogen type, hydrocarbon phase, gas content, and composition (Zou et al., 2015; Zou et al., 2019). According to the marine shale data (Zou et al., 2015; Zhou et al., 2016; Xi et al., 2018; Zou et al., 2019; Xi et al., 2022), the higher the organic matter content, the greater the gas potential of shale. In addition, shale gas can be adsorbed on the surface of organic matter. Under certain pressure conditions, the higher the organic matter content, the greater the adsorption capacity of shale gas (Curtis, 2002; Li et al., 2007). TOC can also have a decisive influence on the gas sorption capacity of the shale (Ross and Bustin, 2009). Higher TOC content implies higher hydrocarbon generation potential and better adsorption capacity for shale gas. Currently, the lower limit of TOC for commercial exploitation of shale gas is generally 2.0%. However, a few scholars suggested that the lower limit of TOC of shale with a high-maturity stage can be reduced to 1% (Curtis, 2002; Jarvie et al., 2007; Zou et al., 2010). The analysis results of the TOC content in Linghao Formation showed that the TOC content varied greatly in different members, with the overall range of 0.24–4.36%, and the average value of 1.95%. Among them, Ling 1 member is 0.84–4.12%, with an average of 2.58%. The TOC distribution of Ling 2 member is 0.50–3.08% (Table 1), with an average of 1.52%. The TOC distribution of Ling 3 member is 0.24–4.36%, with an average of 1.85%. The organic-rich shale is distributed in the Ling 1 member and lower part of Ling 3 member (Figure 1B).
TABLE 1 | Key parameters of major gas shale in America and the Linghao Formation shale (modified from Luo et al., 2018).
[image: Table 1]Thermal maturity is another important parameter for evaluating shale reservoirs. It affects not only gas generation potential but also gas adsorption capacity (Nie et al., 2009; Zhang et al., 2020c). With the increase in thermal maturity, the hydrocarbon generation potential decreases, but the gas adsorption capacity increases. Vitrinite reflectance is the most reliable organic matter maturity index, which is widely used to characterize the organic matter maturity of shale. The organic-rich shale of the Linghao Formation in the study area lacks vitrinite (Figures 2A,B) but generally contains a small amount of solid bitumen (Figure 2), which provides a material basis for exploring the maturity of organic matter in this area (Figures 2E,F). Based on comparative thermal simulation experiments and natural evolution samples, Wang et al. (2020) pointed out that when the vitrinite reflectance is greater than 1.5%, the solid bitumen reflectance is approximately equal to the vitrinite reflectance. Highly mature to overmature shale can be evaluated directly by solid bitumen reflectance. The results suggest that the overall bitumen reflectivity of Linghao Formation is high (n = 5), with an average value of 3.85%. The thermal maturity of organic matter can be equivalent to vitrinite reflectivity. It is found that the thermal maturity of the Ling 1 member is significantly higher than that of the other two members (Table 1), which is speculated to be related to the volcanic activity represented by basalt interbed.
[image: Figure 2]FIGURE 2 | Kerogen maceral for the Upper Permian Linghao Formation shale/mudstone from the studied well in Nanpanjiang Basin. (A) Amorphous masses, Ling 1 member organic-rich shale, 3,767.54 m. (B) Amorphous masses, Ling 1 member organic-rich shale, 3,772.24 m. (C) Amorphous masses, Ling 2 member mudstone, 3,557.75 m. (D) Amorphous masses, Ling 2 member mudstone, 3561 m. (E) Amorphous masses and asphaltene, Ling 3 member organic-rich shale, 3,408.92 m. (F) Amorphous masses and asphaltene, Ling 3 member organic-rich shale, 3,412.12 m.
Organic carbon isotope is mainly controlled by the source of organic matter and remains stable during the thermal evolution of geological history. It is generally used for the evaluation of organic matter types in overmature shales. The carbon isotope of kerogen (δ13Ckerogen) in Linghao Formation ranges from -22.2‰ to -20.3‰ (n = 6). The carbon isotopes of Ling 1 kerogen range from -20.3‰ to -20.4‰. The carbon isotopes of kerogen in Ling 2 member mudstone are between -21.9‰ and -22.1‰. The carbon isotopes of kerogen in Ling 3 member organic-rich shale range from -22.2‰ to -22.1‰. According to the relative enrichment of 12C (δ13Ckerogen < -28‰) in Linghao Formation kerogen, it is suggested that the organic matter of Linghao Formation is composed of type I kerogen (Wang et al., 2002; Hu et al., 2019). The kerogen maceral identification suggested that the sapropel asphaltene content in the organic-rich shale of the Linghao Formation is relatively high (Figure 2), and it is often filled in the pore spaces of authigenic minerals or contacted with authigenic minerals, showing irregular morphology. The maceral of organic matter is mainly composed of sapropel (n = 6), the proportion is between 90 and 96% with an average value of 93.83%. The solid bitumen content is relatively low, ranging from 4 to 10%.
Shale is a kind of fine-grained sedimentary rock, and its material composition is complex. The inorganic mineral types are mainly terrigenous minerals or authigenic minerals. Mineral composition reflects the material source of the reservoir, which has an impact on shale gas reservoir space, gas adsorption, fracture development, post-fracturing fracture, and process performance. It is an important part of shale reservoir evaluation. Results suggest that Ling 1 member organic-rich shale is characterized by a clay content of 40.0% (10.9–56.1%), quartz content of 16.1% (7.4–28.1%), feldspar content of 12.5% (6.4–19.5%), and carbonate content of 24.0% (13.3–40.7%) (Figure 3A). Ling 2 member mudstone is characterized by a clay content of 36.1% (13.9-55.4%), quartz content of 20.8% (10.9–31.2%), feldspar content of 15.1% (7.9–23.9%), and carbonate content of 21.1% (3.2–35.3%) (Figure 3B). Organic-rich shale in the lower part of Ling 3 member is characterized by a clay content of 50.6% (30.0–61.6%), quartz content of 14.9% (10.8–18.9%), feldspar content of 13.0% (5.1–21.0%), and carbonate content of 14.9% (5.5–35.0%). Shale in the upper part of Ling 3 member is characterized by a clay content of 32.2% (28.2–38.3%), quartz content of 29.2% (19.2–42.8%), feldspar content of 10.8% (6.4–16.1%), and carbonate content of 21.4% (8.0–34.9%) (Figures 3C,D).
[image: Figure 3]FIGURE 3 | Thin section photomicrograph for the Upper Permian Linghao Formation shale/mudstone from the studied well in Nanpanjiang Basin. (A) Thin section image (transmitted light) showing the presence of sponge spicule, radiolarian, silt size quartz grains, sand size quartz grains, and dolomite grains in organic-rich shale, Ling 1 member, 3,773.11 m. (B) Thin section image (transmitted light) showing the presence of sand size quartz grains and dolomite grains in mudstone, Ling 2 member, 3,556.10 m. (C) Organic-rich shale containing sand size quartz grains, Ling 3 member, 3,414.88 m. (D) Shale containing sand size quartz grains, Ling 3 member, 3310 m.
The ternary diagram plotting mineralogy clearly shows that compared to Longmaxi Formation marine shales (Jia et al., 2020), the Permian Linghao Formation shales is not similar to these marine shales in terms of mineral composition (Figure 4). Siliceous shale (S) lithofacies is not developed in Linghao Formation (Table 2). Ling 1 member organic-rich shale is mainly mixed shale (M) lithofacies, but some samples are argillaceous shale (CM) lithofacies (Figure 4A). The mudstone of Ling 2 is similar to the lithofacies of Ling 1 member (Figure 4B). The upper part of Ling 3 member is mainly composed of mixed shale lithofacies (M), while the organic-rich shale in the lower part of Ling 3 is mainly composed of argillaceous shale (CM) (Figures 4C,D).
[image: Figure 4]FIGURE 4 | Ternary lithofacies diagram of the Upper Permian Linghao Formation shale/mudstone samples. CM: argillaceous shale; M: mixed shale; S: siliceous shale; C: carbonate shale. (A) Organic-rich shale, Ling 1 member. (B) Mudstone, Ling 2 member. (C) Organic-rich shale and shale, Ling 3 member. (D) Organic-rich marine shale, Longmaxi Formation (Jia et al., 2020).
TABLE 2 | TOC content and mineralogical composition of the Upper Permian Linghao Formation shale/mudstone from studied well.
[image: Table 2]Reservoir Space Types
Analysis of SEM images using image processing technology is used in the study (Figure 5). Results suggest that microfractures are well developed in argillaceous shale (CM) lithofacies of Lin 1 organic-rich interval, accounting for 19% and organic pores for only 22% (Figure 5). The proportion of reservoir space types of mixed shale lithofacies (M) is very similar to marine shale (Figure 6). The lithofacies are dominated by organic pores, accounting for 66%. The proportion of organic pores is 41% in argillaceous shale (CM) lithofacies of Ling 2 member mudstone. The proportion of reservoir space types in argillaceous shale (CM) lithofacies of Ling 3 member is very similar to that of marine shale and argillaceous shale (CM) lithofacies of Lin 1 member. The lithofacies are dominated by organic pores, accounting for 67%. The proportion of organic pores in argillaceous shale (CM) lithofacies of Lin 3 member is 55% (Figure 6).
[image: Figure 5]FIGURE 5 | High-resolution SEM image of Upper Permian Linghao Formation shale/mudstone. (A,B) Organic pores in a single OM grain of organic-rich shale, Ling 1 member, 3,772.40 m. (C,D) Organic-rich shale, Ling 1 member, 3,770.30 m (E) Intragranular pores of dissolution origin in mudstone, Ling 2 member, 3,556.80 m. (F) Intragranular pores of dissolution origin in mudstone, Ling 2 member, 3,558.48 m. (G) Mudstone, Ling 2 member, 3,558.48 m. (H) Mudstone, Ling 2 member, 3,556.80 m. (I,J) Abundant organic pores in organic matter–inorganic mineral complex of organic-rich shale, Ling 3 member, 3,407.00 m. (K,L) Organic-rich shale, Ling 3 member, 3,407.00 m. (M,N) Intragranular pores of dissolution origin in feldspar grain, shale, Ling 3 member, 3,261.82 m. (O,P) Microfractures in clay mineral, shale, Ling 3 member, 3,261.82 m
[image: Figure 6]FIGURE 6 | High-resolution SEM image processing technology showing reservoir space proportion in Upper Permian Linghao Formation shale/mudstone.
Porosity Characteristics
The porosity of Ling 1 member organic-rich shale ranges from 0.11 to 1.01%, with an average of 0.52% (n = 9). The porosity of Ling 2 member mudstone ranges from 0.17 to 2.26%, with an average of 1.22% (n = 8). The porosity of Ling 3 member organic-rich interval ranges from 0.94 to 2.38%, with an average of 1.99% (n = 17). The porosity of Ling 3 member shale ranges from 0.83 to 1.07%, with an average of 0.95% (n = 2).
Pore Size Distribution (PSD)
In order to reveal the pore size distribution of Linghao Formation, the NMR cryoporometry PSD curve was combined with SEM observation. The PSD curve shows a bimodal shape in Ling 1 member organic-rich shale, with peaks at 3–6 nm and 8–11 nm, respectively (Figures 7A,B), corresponding to the nano-scale organic pores (Figures 5A,B). Meanwhile, pores ranging from 11 to 110 nm contribute a little to pore volume, corresponding to inorganic pores and a small amount of microfractures (Figures 5C,D). The PSD curve of Ling 2 member mudstone is similar to that of Ling 1 member organic-rich shale (Figures 7C,D). The pore volume is mainly composed of 2- to 3-nm and 4- to 11-nm micropores, corresponding to a large number of nano-sized intragranular dissolved pores in feldspar (Figures 5E,F). Meanwhile, 11- to 90-nm inorganic pores and microfractures also contribute to the pore volume. A few organic pores with pore size larger than 100 nm contribute little to the pore volume (Figures 5G,H). The PSD curve shows a singlet shape in Ling 3 member organic-rich shale (Figures 7E,F). The pore volume is mainly composed of 2- to 3-nm and 4- to 11-nm micropores. The micropores at 3–10 nm also make a small contribution to the pore volume, and these micropores correspond to organic pores. Organic pores with larger pore size (Figures 5I,J), inorganic pores, and microfractures contribute little to pore volume in Ling 3 member organic-rich shale (Figures 5K,L). The PSD curve shows a singlet shape in Ling 3 member shale (Figures 7G,H). The pore volume is mainly composed of inorganic pores of about 2 nm, and inorganic pores of 3–10 nm also have a small contribution (Figures 5M,N). The contribution of large inorganic pores and microfractures to the pore volume is not obvious (Figures 5O,P).
[image: Figure 7]FIGURE 7 | NMR cryoporometry pore size distribution curves for the Upper Permian Linghao Formation shale/mudstone from the studied well in Nanpanjiang Basin. (A) Ling 1 member organic-rich shale, 3,772.05 m. (B) Ling 1 member organic-rich shale, 3,772.05 m. (C) Ling 2 member mudstone, 3,556.80 m. (D) Ling 2 member mudstone, 3,556.80 m. (E) Ling 3 member organic-rich shale, 3,407.00 m. (F) Ling 3 member organic-rich shale, 3,407.00 m. (G) Ling 3 member shale, 3,410.50 m. (H) Ling 3 member shale, 3,410.50 m.
The Content of Desorbed Gas
Adsorption capacity of shale is the most important factor controlling total gas content of shale. Curtis. (2002) proposed that adsorbed shale gas accounted for 20–85% of the total shale gas content. Li et al. (2007) suggested that the adsorbed shale gas content accounted for at least 40%. The isothermal adsorption experiment is one of the most important measurements to obtain the shale gas content. At 110°C, the excess adsorption capacity increased first and then decreased with the increase in pressure. The excess adsorption capacity of methane increased rapidly with the increase in pressure in the low-pressure stage. When the adsorption amount reaches the peak, the excess adsorption amount will gradually decrease with the continuous increase in pressure, which is the essential feature of excess adsorption amount of supercritical methane (Zhou et al., 2016). Results suggest that the absolute adsorption gas content of the two samples from Ling 1 member organic-rich shale are 1.21 m3/t and 1.64 m3/t, respectively (Figures 8A,B). The absolute adsorption gas content of Ling 2 member mudstone is 0.78 m3/t and that of Ling 3 member organic-rich shale is 1.14 m3/t (Figures 8C,D). The absolute adsorption gas content of Ling 1 and Ling 3 organic-rich shale exceed the minimum standard for commercial shale gas development in China (1.0 m3/t) (Zhang J. et al., 2012). Previous studies have shown that adsorbed gas in marine shale accounts for 20–50% of the total gas content, with an average of 34% (Pang et al., 2019). According to the adsorption gas ratio of 50%, the total gas content of Ling 1 and Ling 3 organic-rich shale can reach 3.28 m3/t and 2.28 m3/t, respectively. It is suggested that the Upper Permian Linghao Formation shale in the Nanpanjiang Basin has a significant potential for shale gas exploration.
[image: Figure 8]FIGURE 8 | Methane isothermal adsorption results for the Upper Permian Linghao Formation shale/mudstone from the studied well in Nanpanjiang Basin. (A) Organic-rich shale, Ling 1 member, 3,767.54 m. (B) Organic-rich shale, Ling 1 member, 3,772.24 m. (C) Mudstone, Ling 2 member, 3,557.75 m. (D) Organic-rich shale, Ling 3 member, 3,412.12 m
CONCLUSION

1) Twosets of organic-rich shales developed in the Upper Permian Linghao Formation, which are the Ling 1 member and the lower part of Ling 3 member, respectively. The Linghao organic-rich shales are predominantly characterized by kerogen type I, with a relatively highly mature to overmature status. High remaining TOC and high to overmaturity indicate that Linghao organic-rich shales have generated significant amounts of gas and can be a good shale gas reservoir.
2) The Ling 1 member organic-rich shale is mainly a mix of shale lithofacies, but some samples are argillaceous shale lithofacies. The Ling 2 member mudstone is similar to the argillaceous shale lithofacies of Ling 1 member. The upper part of Ling 3 member is mainly composed of mixed shale lithofacies, while the organic-rich shale in the lower part of Ling 3 is mainly composed of argillaceous shale.
3) The pore volume in Ling 1 organic-rich shale is mainly contributed by 3- to 6-nm and 8- to 11-nm organic pores. The pore volume of Ling 2 mudstone is mainly composed of 2- to 3-nm and 4- to 11-nm intragranular dissolved pores in feldspar. Then 11- to 90-nm inorganic pores and microfractures also contribute evidently to the pore volume. The pore volume of Ling 3 organic-rich shale is mainly composed of 2- to 3-nm and 4- to 11-nm organic pores. The organic pores between 3 and 10 nm also have a small contribution to the pore volume. The pore volume in Ling 3 shale is mainly composed of inorganic pores of about 2 nm, and inorganic pores of 3–10 nm also make a small contribution.
4) Theabsolute adsorption gas content of Ling 1 organic-rich shale is 1.21 m3/t or 1.64 m3/t. The absolute adsorption gas content of Ling 2 mudstone is 0.78 m3/t and that of Ling 3 organic-rich shale is 1.14 m3/t. The absolute adsorption gas content of Ling 1 and Ling 3 organic-rich shale exceeds the minimum standard for commercial shale gas development in China (1.0 m3/t). According to the adsorption gas ratio of 50%, the total gas content of Ling 1 and Ling 3 organic-rich shale can reach 3.28 and 2.28 m3/t, respectively. It is suggested that the Upper Permian Linghao Formation shale in the Nanpanjiang Basin has a significant potential for shale gas exploration.
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Fine-grained sedimentary rock (FGSR) reservoirs in a deep-water sedimentary environment from the Late Triassic Yanchang Formation in the Ordos Basin in central China have huge potential for tight oil production. According to the comprehensive research of fluid inclusion experiment, scanning electron microscopy, cathodoluminescence, thin section identification, and whole rock analysis, the petrographic characteristics, fluorescence spectrum parameters, and the homogenization temperature of oil inclusions and associated brine inclusions in the FGSR reservoir were analyzed to explore the coupling relationship between densification characteristics and tight oil accumulation of the FGSR reservoir. The results show the FGSR reservoir diagenesis has experienced compaction, cementation, and multiple stages of dissolution. A comprehensive analysis of burial history shows that the Chang 7 Member FGSR reservoir in the study area has three phases of oil charging, corresponding to the geologic time range of 132–124, 120–102, and 98–97 Ma. The organic acid produced by the first-stage oil charging accelerated the dissolution of feldspar and cuttings, and the dissolution pores increased significantly. Then, the organic acid in the second-stage oil charging accelerated the dissolution, and the abnormally high hydrocarbon expulsion pressure inhibited the damage of compaction on the pores of FGSR reservoir. Finally, the thermal evolution degree of source rocks reached the highest in the third-stage oil charging. The constructive effect of large-scale organic acids on pores and the protective effect of the chlorite membrane on pores inhibited the densification process of the FGSR reservoir. In short, the FGSR reservoir has experienced a cyclical reservoir densification process of “reducing porosity–increasing porosity–preserving porosity.” The coupling of pore evolution and oil charging of the FGSR reservoir is the key to the extensive accumulation and large-scale reservoir formation of tight oil in the Chang 7 Member of the Yanchang Formation in the Zhenyuan area, southwest Ordos Basin. The significance of the study may help to understand the process of the tight oil accumulation and predict the tight oil of the FGSR reservoir distribution.
Keywords: fine-grained sedimentary rocks, fluid inclusion, diagenesis, Yanchang Formation, Ordos Basin
INTRODUCTION
Unconventional oil and gas exploration in the Bakken Formation in the Willingston Basin, Eagle Ford Formation in southern Texas, and Barnett Formation in the Fort Worth Basin in north-central Texas in North America achieved significant success (Loucks et al., 2009; Sonnenberg and Pramudito, 2009), showing that the unconventional resources represented by shale gas and tight oil have become a new frontier for global oil and gas exploration and development. In China, unconventional oil and gas are widespread in the FGSRs of several large hydrocarbon-containing reservoir basins, such as the Cretaceous Qingshankou Formation of the Songliao Basin (Li et al., 2017), Jurassic Daanzhai Member and the upper Ordovician‐lower Silurian Wufeng‐Longmaxi in the Sichuan Basin (Wang et al., 2019; Wang et al., 2020; Wang et al., 2021; Zhang et al., 2022), and Chang 7 Member of the Triassic Yanchang Formation in the Ordos Basin (Yao et al., 2013; Yang et al., 2017), exhibiting huge resource potential (Huang et al., 2018). Among them, the tight oil in the FGSR reservoir in the Chang 7 Member of the Triassic Yanchang Formation in the Ordos Basin in central and western China has achieved rapid exploration breakthroughs. As of the end of 2016, the calculated resources are about 20 × 108 t (Yang et al., 2017). With the discovery of Qingcheng Oilfield with reserves of more than 1 billion tons in September 2019, Changqing Oilfield, PetroChina made substantial breakthroughs in the continuous in-depth study of Chang 7 FGSRs and unconventional oil and gas, which further revealed the huge hydrocarbon generation potential and tight oil accumulation scale in the FGSR reservoir of the Chang 7 Member.
With the continuous tight oil exploration and development in recent years, scholars have made a wealth of knowledge in studying the relationship between densification characteristics and tight oil accumulation of the FGSR reservoir in the Chang 7 Member of the Triassic Yanchang Formation in the Ordos Basin. Some researchers believe that diagenesis plays a decisive role in the densification process of reservoirs (Zhang et al., 2013) in that the remaining pressure difference is the main driving force for tight oil charging when the tight oil has not yet begun to be charged on a large scale before reservoir densification (Guo et al., 2017). In contrast, some believe that when the Triassic Yanchang Formation reaches the peak of hydrocarbon generation and expulsion, the reservoir has not yet been densified and that later, iron carbonate cementation is the decisive factor, leading to the tightness of the reservoir (Deng et al., 2009). Meanwhile, other researchers believe that combined with the analysis of inclusion testing, large-scale mature oil charging has begun before reservoir densification, and the oil charging continued after the formation of tight reservoirs (Zhao et al., 2018). From that given above, it can be seen that the relationship between densification characteristics and tight oil accumulation of the FGSR reservoir is a hot academic topic. The views that the scholars acquired based on relative data are reasonable, but the time sequence and relationship between densification characteristics and tight oil accumulation of the FGSR reservoir are still not clear.
Based on relevant research results, we studied the FGSRs of the Chang 7 Member of the Triassic Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin with a systematic study by comprehensive fluid inclusion analysis, scanning electron microscope microscopic observation, cathode emission analysis, cast thin section and conventional thin section identification, and whole rock analysis. We analyzed the densification process and tight oil charging caused by diagenesis in the FGSR reservoir and provided a theoretical guide in analyzing the unfavorable factors of reservoir densification on tight oil accumulation and in finding favorable tight oil “sweet spot” accumulation areas.
GEOLOGICAL SETTING
Ordos Basin, with a total area of 32 × 104 km2, is located to the west of the North China Platform in China, and at the junction of the eastern stability zone and the western active zone. It is the second largest sedimentary basin in China (Yang et al., 2017; Yang et al., 2019). According to its geological evolution history and structural characteristics, the basin can be divided into six primary structural units: Yimeng Uplift, Weibei Uplift, Jinxi Flexfold Belt, Shaanbei Slope, Tianhuan Depression, and the thrust belt on the western edge (Zou et al., 2012; Liao et al., 2013; Li et al., 2016) (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Structural units and geological setting of the Ordos Basin (modified from References Zou et al., 2012 and Li et al., 2016). (B) Location of the study area. (C) Triassic succession.
During the depositional period of the Late Triassic Yanchang Formation, the Ordos Basin had extensive water, showing the characteristics of a typical large inland depression lake basin. The western and southern edges of the basin are relatively steep, and the overall slope can reach 3.5°–5.5° (Fu et al., 2010). Due to the sufficient supply of terrigenous clastics at the periphery of the basin, a set of well-developed sedimentary combinations, mainly river delta–lacustrine deposits, was formed during the extended period. They have well-developed sources, reservoirs, and caps with a total thickness of about 100–1,300 m (Yang et al., 2019). The Yanchang Formation can be divided from top to bottom into 10 members from the Chang 1 Member to Chang 10 Member. During the depositional period, it experienced three large lake transgressions in Chang 9, Chang 7, and Chang 4 + 5, wherein the development of lake basin in the Chang 7 Member reached its peak and formed high-quality source rocks (Yang et al., 2010; Yang et al., 2017; Yang et al., 2019) (Figure 1C).
The Zhenyuan area with a total area of about 4,500 km2 is located in southwest Ordos Basin, spanning the southern end of the Tianhuan Depression from east to west, and bordering the thrust belt on the western edge and Yishan Slope to the east (Figure 1B). The study area is generally developed on steep slopes, close to the deposition center, which is easy to form slump deposits (Cui et al., 2015). The Chang 7 Member of the Yangchang Formation is mainly a braided river delta–lacustrine sedimentary system, and the semi-deep lake area develops sandy debrite flow and turbidite sedimentary sand body. FGSRs are mainly gray, dark gray, light gray and gray–green fine sandstone and siltstone, dark mudstone, and oil shale (Yuan et al., 2015). The particle diameter range is from 0.03 to 0.60 mm. Evenly sorted and poorly rounded, the particles are mainly sub-angular and sub-round–sub-angular. Through the statistical analysis of quartz, feldspar, and lithic content of 170 sample points, the results show that the rock types are mainly feldspathic lithic sandstone and feldspathic lithic sandstone, followed by lithic feldspar sandstone and lithic sandstone. Among them, feldspathic lithic sandstone and feldspar lithic sandstone account for 68.23% of the total samples, lithic feldspar sandstone 23.53%, and lithic sandstone 8.24%. The feldspar content and lithic content are relatively high. The overall content has relatively low ingredient maturity and relatively high structural maturity. The physical properties of the reservoir are poor, the porosity is generally 6–14%, and the permeability is (0.01–10) × 10−3 μm2, which shows that it is a typical low porosity and low permeability reservoir (Ran et al., 2013).
METHODS
In this study, core samples from 11 key exploratory wells were collected evenly in the Chang 7 Member of the Triassic Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin, and core samples were sorted, screened, and numbered. Among them, there are 20 fluid inclusion samples and 5 scanning electron microscope samples. The sampling well positions are shown in Figure 1B. The testing process of the fluid inclusion samples is: sample collection and preparation, diagenesis observation, fluid inclusion microscopic fluorescence observation, oil inclusion microscopic fluorescence spectrum analysis, and fluid inclusion temperature measurement and analysis. In this study, Nikon 80I dual-channel fluorescence microscope was used, and the excitation wavelength of ultraviolet excitation light was 330–380 nm; the fluorescence microscopy spectrometer was Maya 2000 Pro spectrometer of Ocean Optics Inc., and the Leica DM5500 laser fluorescence confocal scanning microscope was used to accurately measure the gas–liquid ratio of inclusions. British Linkam THMS G600 cold/hot stage was used for homogenization temperature and salinity testing of fluid inclusions. Yuanao microscopic spectrum analysis software was used for spectral data processing and graphing. Scanning electron microscope samples were tested with KYKY-3800 scanning electron microscope, and pore throat scanning analysis and diagenesis analysis were performed on the samples. In addition, experimental tests such as cast thin sections, cathodoluminescence, and whole rock analysis were carried out.
RESULTS
Petrographic Characteristics of Hydrocarbon Inclusions
The different fluorescent colors of hydrocarbon inclusions show differences in their composition and maturity. Usually, as the maturity of hydrocarbons increases, their fluorescent colors will evolve in accordance with the red–orange–yellow–green–blue change rule. Therefore, by observing the fluorescence color, fluorescence intensity, and fluorescence spectrum parameters (Q value, λmax value, and QF535 value) of oil inclusions under a microscope, we conducted an indirect analysis of the composition and evolution degree of oil inclusions (Munz, 2001; Su et al., 2020).
(Explanation: Microscopic fluorescence spectrum parameters of a single oil inclusion (Q value, λmax, and QF535) is one of the effective methods to evaluate the maturity and oil charging multistage of oil inclusions, and it is defined as follows: The definition of the red and green quotient Q value: Q value = I650/I500, where I650 is the fluorescence intensity corresponding to a spectral wavelength of 650 nm, and I500 is the fluorescence intensity corresponding to a spectral wavelength of 500 nm. The I650 value mainly reflects the information of the macromolecular components in the inclusion oil with lower maturity. The larger the I650 value, the more the macromolecular components contained in the inclusion oil. The I500 value mainly reflects the information of the small molecular components in the inclusion oil with higher maturity. The larger the I500 value, the smaller the molecule components contained in the inclusion oil. Therefore, the greater the red–green quotient (Q), the lower the maturity of the oil in the inclusions, and vice versa. λmax is the wavelength corresponding to the main peak of the microbeam fluorescence spectrum of oil inclusions. The larger the λmax, the lower the maturity. The smaller the λmax, the higher the maturity. The relationship between Q and λmax well reflects the maturity of oil inclusions. QF535 is defined as the ratio of the area defined by the wavelength of 720 and 535 nm to the area defined by the wavelength of 535 and 420 nm. The larger the QF535, the higher the content of high molecular weight hydrocarbon components and the lower the oil maturity of the inclusion.)
The microscopic observation of thin sections of fluid inclusion in the study area shows that the inclusions in the FGSR reservoir mainly consist of pure oil single-phase inclusions, gas–liquid two-phase oil inclusions, pure water liquid-phase inclusions, two-phase hydrocarbon-bearing inclusions, and bitumen inclusions. Inclusions have varied shapes, mainly oval, followed by strip-shaped and nearly circular. The size range of the inclusions is 3–7 μm. Oil fluid inclusions show rich microscopic oil and gas. Oil inclusions with different fluorescent colors are distributed in a variety of occurrences including feldspar (Figures 2A,B), cracks in quartz grains (Figures 2C,D), quartz overgrowth (Figures 2E,F), calcite cements (Figures 2G,H), veins, and cracks through quartz particles (Figures 2I,J), accounting for 16, 28, 6, 6, 4, and 40%, respectively (Table 1; Figure 3A).
[image: Figure 2]FIGURE 2 | Micrographs of representative oil inclusions under transmitted light (TR) and ultraviolet light (UV) in the FGSR samples. (A,B) Sample 2413.48 m, well Y75: yellow–green fluorescing oil inclusions in the dissolved pores of feldspar grains. (C,D) Sample 2166 m, well Z218: yellow–green fluorescing oil inclusions along multiple healed fractures of a quartz grain. (E,F) Sample 2517.1 m, well Z74: yellow–green fluorescing oil inclusions along healed fractures of quartz overgrowth. (G,H) Sample 2360.5 m, well Y75: yellow–green fluorescing oil inclusions in the calcite cement. (I,J) Sample 2532.6 m, well Y208: blue–green fluorescing oil inclusions along the fracture through the quartz grain.
TABLE 1 | Microbeam fluorescence color observation and fluorescence spectrum parameters (Q value, λmax value, and QF535 value) of oil inclusions with various colors and locations.
[image: Table 1][image: Figure 3]FIGURE 3 | (A) Histogram of oil inclusions in various diagenetic minerals. (B): Histogram of numbers of oil inclusions with various colors.
The fluorescence spectrum characteristics and the spectral parameters (Table 1) of the inclusions in the FGSR reservoir in the study area show that the fluorescence colors of hydrocarbon inclusions are yellow, yellow–green, green, blue–green, and bright blue, accounting for 2, 38, 16, 38, and 6%, respectively (Figure 3B). There are obvious differences in the spectra of oil inclusions of different fluorescent colors, reflecting the maturity difference of oil inclusions. The λmax of low-maturity yellow fluorescent oil inclusions is 582.25 nm, and QF535 is 2.85. The λmax of mature yellow–green and green fluorescent oil inclusions is 502–548 nm, and QF535 is 0.86–1.86. The λmax of highly mature bright blue and blue–green fluorescent oil inclusions is 463–499 nm, and QF535 is 0.64–1.325 (Wu et al., 2018). It can be seen that the FGSR reservoir in the study area generally has three stages of oil sources: low-mature, mature, and high-mature, of which mature–high-mature oil charging is the main oil source supply.
Microscopic Temperature Measurement Analysis of Hydrocarbon Inclusions
Based on the identification and analysis of the fluorescence characteristics of oil inclusions, the homogenization temperature of different occurrences, different types of oil inclusions, and their symbiotic brine inclusions were further measured. The homogenization temperature of the brine inclusions coexisting with hydrocarbon inclusions was measured. In the data collation, the inclusions with a temperature difference greater than 20°C in the same occurrence were excluded. Based on the fluorescence observation of oil inclusions, the representative samples were subjected to microscopic temperature measurement and salinity measurement analysis, and the following data were obtained. The homogenization temperature range and mean salinity of brine inclusions in the first phase is 115.1–123.4°C and 21.9 wt.% NaCl, respectively; in the second phase, they are 14.5–146.7°C and 16.5 wt.% NaCl; and in the third phase, they are 148.5–160.4°C and 8.8 wt.% NaCl. The homogenization temperature of oil inclusions is relatively wide, mainly distributed in four temperature ranges: in the first phase, 68.1–75.9°C; in the second phase, 82.8–99.6°C; in the third phase, 101.8–121.2°C; and in the fourth phase, 148.5–160.4°C (Figure 4).
[image: Figure 4]FIGURE 4 | Histograms of homogenization temperatures for oil inclusions with various colors and coeval aqueous inclusions in the FGSR reservoir.
DISCUSSION
The densification process of the FGSR reservoir of the Chang 7 Member of the Triassic Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin has experienced a long period of geological history, accompanied by the generation and migration of oil. The discussion of the diagenetic evolution process of the FGSR reservoir and how the oil charging affects the densification process of the reservoir has important guiding value for predicting the scale of tight oil accumulation.
Diagenesis and Diagenetic Evolution Characteristics
FGSRs have undergone a series of diagenetic evolutions from the initial loose sedimentary state until metamorphism, and the most direct result is the continuous reduction of reservoir pores and gradual densification (Li et al., 2021). Combined with the comprehensive analysis of fluid inclusions, scanning electron microscopy, cathodoluminescence, and cast thin sections, the FGSRs of the Chang 7 Member of the Triassic Yanchang Formation in the Zhenyuan area have undergone complex diagenetic evolution processes including compaction, cementation, and multiple dissolutions.
Compaction was the earliest continuous diagenesis after the deposition of FGSRs, and it almost accompanied the entire process of FGSR evolution (Liu et al., 2020). The FGSR reservoir of the Chang 7 Member in the study area had typical compaction. Observations under microscope and scanning electron microscope show that the directional arrangement of the particles, the line contact–concave–convex contact between the particles, and the large number of primary intergranular pores were destroyed, leaving relatively few residual pores (Figure 5A). The phyllite, schist, slate, mica (Figures 5B,C), and other plastic components in the cuttings have weaker compaction resistance. Compared with rocks with high quartz content, they are prone to plastic deformation. Strong compaction is the main reason why the physical properties of the reservoir were deteriorated (Beard and Weyl, 1973).
[image: Figure 5]FIGURE 5 | SEM image and cathodoluminescence (CL) image showing the optical characteristics of diagenesis in the FGSR reservoir. (A) Sample 2461.5 m, well Z156: primary pores were destroyed by mechanical compaction. (B) Sample 2384 m, well Y72: mica was deformed by mechanical compaction. (C) Sample 2461.5 m, well Z156: mica was deformed by mechanical compaction. (D) Sample 2492.5 m, well Y108: ferrocalcite cement (Fer-c). (E) Sample 2384 m, well Y72: the chlorite (Chl) and kaolinite (Kao). (F) Sample 2692.07 m, well Z106: feldspar dissolution. (G) Sample 2692.07 m, well Z106: quartz overgrowth (Qtz-o) and chlorite (Chl). (H) Sample 2066m, well Z221: fibrous illite. (I) Sample 2384 m, well Y72: the dissolution pores was filled in by kaolinite (Kao), and surrounded by chlorite (Chl). (J) Sample 2384 m, well Y72: feldspar dissolution. (K) Sample 2360.5 m, well Y75: feldspar dissolution. (L) Sample 2066 m, well Z221: dissolution pores.
Cementation is the crystallization and precipitation of the supersaturated components of the solution in the pores, resulting in further consolidation of loose sediments, which is a key factor leading to further densification process of the reservoir. Cementation was generally developed in the FGSR reservoir of the Chang 7 Member in the study area, mainly including ferrocalcite cement (Figure 5D), calcite, chlorite (Figures 5E,G, I), quartz overgrowth (Figure 5G), kaolinite (Figure 5E), illite (Figure 5H), iron calcite, and other minerals. The higher feldspar content in the FGSRs of the Chang 7 Member in the study area provided the material basis for the formation of illite during the diagenetic evolution. With the increase of illite content, the porosity and permeability of sandstone showed a decreasing trend (Fu et al., 2013). The iron calcite cement was a product formed at a relatively late stage of diagenesis. Its massive formation not only made the physical properties of the reservoir worse, but also was an important factor that caused strong heterogeneity.
Compared with cementation, dissolution has a constructive effect on reservoirs. The further selective dissolution of original minerals and cements is the most important factor for increasing porosity and permeability. The FGSRs of the Chang 7 Member of the Zhenyuan area were mainly feldspar lithic sandstone and lithic feldspar sandstone, which had low component maturity and provided innate conditions for dissolution. The acidic water released during the hydrocarbon generation stage of organic matter and the organic acids in oil charging accelerated dissolution (Zhu et al., 2014; Zhu et al., 2015). The internal and inter-particle dissolutions were developed, including feldspar dissolution (Figures 5F, J, K) and quartz dissolution, forming a large number of secondary dissolution pores (Figures 5I,L).
According to China Oil & Gas Industry Standards and the characterization of the diagenetic evolution sequence of clay minerals, combined with Ro, oil inclusion temperature analysis, and a comprehensive analysis of diagenesis characteristics, we find that the Yanchang Formation sandstone in the Ordos Basin as a whole is currently in the A2 period of mid-diagenesis stage, part of it is in the B period of mid-diagenesis stage, and that the average porosity of the reservoir is about 10%; the total porosity is basically stable, and the overall reservoir is tight (Figure 6).
[image: Figure 6]FIGURE 6 | Burial-thermal history, diagenetic sequences, and the evolution of pores in the FGSR reservoir.
Coupling Relationship Between Reservoir Densification and Accumulation
The densification process of the FGSR reservoir has started from the quasi-contemporaneous stage, accompanied by the continuous process of the entire diagenetic evolution as well as the process of oil charging at different stages.
Different types of oil have a close relationship with diagenesis. Yellow and yellow–green oil inclusions are mainly seen in feldspar, indicating low-mature oil and mature oil charging, respectively; yellow–green and green oil inclusions are mainly seen in the cracks in quartz grains, indicating mature oil charging; green oil inclusions are mainly seen in quartz overgrowth and calcite cements, indicating mature oil charging; blue–green and bright blue oil inclusions are mainly seen in veins and cracks through quartz grains, indicating high-mature oil charging (Figure 7). Different types of oil charging reflect different diagenetic sequences: the formation of feldspar pores is earlier, followed by cracks in quartz grains, quartz overgrowth, calcite cements, and finally cracks through quartz grains.
[image: Figure 7]FIGURE 7 | Cross-plot of QF535 and λmax values for single oil inclusions in the FGSR reservoir.
The FGSR reservoir particles in the study area are in very close contact with small pore spaces. Normally, oil is still stored when pore throat diameters are less than 1 μm. To a certain extent, it reflects that there was sufficient hydrocarbon expulsion pressure during the geological history period (Wu et al., 2016). It also shows that in the oil charging stage, the FGSR reservoir had good storage capacity and has not yet reached the degree of densification of tight reservoirs.
The diagenetic system composed of FGSRs and fluids is an open and semi-open system. The pressure difference in the diagenesis process and the newly added storage space make it easier for oil charging. The formation of fluid inclusions is accompanied by oil migration and accumulation. Using the homogenization temperature of the brine inclusions in the same period as the hydrocarbon inclusions, combined with the paleotemperature history and reservoir burial history in the study area, the formation time of tight oil reservoirs can be determined to further analyze the spatiotemporal coupling relationship between reservoir densification and accumulation time.
Then, the burial history projection method was used to determine the oil charging time. The analysis shows that the corresponding geological times of the three phases of oil charging are: in the first phase, the charging time is 132–124 Ma, in the second phase 120–102 Ma, and in the third phase 98–97 Ma (Figure 6).
It can be seen from Figure 6 that during the first charging phase (132–124 Ma), the burial depth of the formation gradually increased, and with the enhancement of compaction, the intergranular pores of the reservoir decreased. The discovery of low-mature oil marked by yellow fluorescent inclusions in feldspar dissolution pores indicates that oil charging was closely related to the dissolution of feldspar. The study area is close to the hydrocarbon generation center, and the Chang 7 Member itself is a high-quality reservoir with source rocks. During the maturation of source rocks, a large number of acidic fluids were continuously discharged, and the feldspar and cuttings of adjacent reservoirs were dissolved and transformed (Zhu et al., 2014; Zhu et al., 2015; Zhang et al., 2020). Before the early low-mature oil charging, certain feldspar dissolved pores had developed in the FGSR reservoir, which increased the storage space with the continuous increase in compaction. With the early charging of low-mature oil, organic matter expulsion of hydrocarbons released organic acids into the FGSR reservoir, and further dissolution occurred with soluble materials such as feldspar and cuttings, which effectively improved the physical properties of the reservoir and provided effective storage space for the next large-scale oil charging, while the disadvantage is that it also provided a sedimentation space for the formation of cement.
In the second charging phase (120–102 Ma), as the burial depth continued to increase, the maturity of organic matter increased. When the organic acid produced by the low-mature oil accelerated the dissolution and increased the storage capacity of the FGSR reservoir, the number of yellow–green oil inclusions in the feldspar dissolution pores has increased significantly. Then, the oil charging has entered the peak stage, producing a large number of organic acids, and increasing the probability of dissolution of feldspar and cuttings. At the same time, the abnormal high pressure generated by oil charging inhibited the destructive effect of compaction on the FGSR reservoir to a certain extent (Wu et al., 2016). On the other hand, with the increase in the degree of thermal evolution of organic matter, yellow–green and green inclusions appeared in the cracks in quartz grains, quartz overgrowth, and calcite cements, reflecting that a large number of cements were formed before mature oil charging.
In the third charging phase (98–97 Ma), the burial depth increased rapidly, the maximum burial depth of source rocks reached the maximum, and the oil generation rate was the highest. The Chang 7 source rocks entered the peak of hydrocarbon generation. While the large-scale high-maturity oil was charged, the acidification of large-scale organic acids played a constructive role in the formation of secondary pores. At the same time, as the depth increased, chlorite is more and more developed (Figure 8A), and a large number of pores were covered by chlorite (Figure 8B). On the contrary, the content of kaolin decreased, reducing the probability of clay minerals filling secondary pores. The preservation of pores (Xie et al., 2010; Zhu et al., 2014) increased pore connectivity, and provided favorable conditions for oil charging in the third phase.
[image: Figure 8]FIGURE 8 | (A) Histogram of mineral content as depth increases. (B) SEM image showing the optical characteristics of chlorite which protect the pores.
After continuous diagenetic reformation and intermittent oil charging, the FGSR reservoir has experienced a cyclical reservoir densification process of “reducing porosity-increasing porosity-preserving porosity”. The coupling of overall densification process of the reservoir, pore increase at different stages, regional pore preservation, and oil charging is the key to the extensive accumulation and large-scale reservoir formation of tight oil in the Chang 7 Member of the Yanchang Formation in the Zhenyuan area, southwest Ordos Basin.
CONCLUSION
This research mainly studied the fluid inclusions and diagenesis of the Chang 7 Member FGSR reservoir of the Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin, and discussed the relationship between reservoir densification characteristics and tight oil accumulation. The following conclusions can be drawn:
1) The FGSR reservoir inclusions are mainly distributed in feldspar, cracks in quartz grains, quartz overgrowth, calcite cements, and veins and cracks through quartz grains. The fluorescence colors of oil inclusions include yellow, yellow–green, green, blue–green, and bright blue. There are three stages of oil source charging of low-maturity, maturity, and high-maturity, corresponding to three different geological historical periods.
2) The FGSR reservoir has undergone long-term and complex diagenesis transformations such as compaction, cementation, and dissolution, and the process of gradual densification process was accompanied by oil charging. The first phase of small-scale oil charging provided organic acids, which promoted dissolution, increased secondary pores, and provided storage space for the next phase of oil charging; the oil charging in the second phase increased significantly, resulting in organic acid that promoted the dissolution of feldspar and cuttings, and increased the pores; in the third stage of oil charging, the stratum burial depth reached the maximum, the compaction effect was the strongest, and the organic acid promoted the formation of secondary pores, while the chlorite membrane protected pores from those that were filled or compacted, increasing connectivity.
3) The three stages of oil charging and FGSR reservoir densification process were coordinated and accompanied by time–space coupling, and have experienced “reduced porosity-increased porosity-porosity preservation” multi-phase reservoir densification and oil accumulation at different stages, jointly leading to the large-scale tight oil accumulation in the study area. This study may help to understand the process of the tight oil accumulation, and predict the tight oil of the FGSR reservoir distribution of the Yanchang Formation in the Zhenyuan area of the southwest Ordos Basin, central China.
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Rock pyrolysis, organic petrology, vitrinite reflectance, gas chromatography-mass spectrometry (GC-MS) analysis, and biomarker compound analysis were performed to comprehensively analyze the organic geochemical characteristics of the Jurassic Da’anzhai Member (J1da) shale strata in Yuanba and Puguang areas in the northeastern Sichuan Basin. Then the organic matter provenance and sedimentary environment were further analyzed. Finally, the significance of oil and gas exploration in J1da shale strata was discussed. Results show that the second section of the Da’anzhai Member (J1da2) has relatively high organic matter abundance (1.24%TOC), type Ⅱ-dominated organic matter type, which is the most favorable section of wells Y1 and T1 in the study area. The organic matter maturity and the hydrocarbon phases are quite different, which is 1.01%Ro dominated by oil generation in Puguang area, while it is 1.67%Ro dominated by gas generation in Yuanba area. Content and chromatograms of biomarkers including n-alkanes, tricyclic terpanes, C24 tetracyclic terpanes, and C27-C28-C29 regular steranes show that the organic matters of J1da shale strata derive from both terrestrial higher plants and lower aquatic organisms, with slightly differentiated mixed ratio of each sublayer. Characteristics of Pr/Ph, γ-cerane and hopanes compounds indicate that the overall depositional environment of J1da is a freshwater lacustrine environment, with saline lake deposits in local areas and intervals in the study area. The rapid changes of sedimentary environment have resulted in obvious stratification of water body, frequent interbeds, and strong heterogeneity of J1da shale strata. Comprehensive analysis shows the shale/mud microfacies in the semi-deep lake subfacies and shale/mud interbedded with siltstone and shell bank microfacies in the shallow lake subfacies are the most favorable sedimentary facies for J1da hydrocarbon enrichment. Deeper burial depth and higher maturity make for oil and gas enrichment with higher gas/oil ratio (GOR); moreover, the thicker intervals with organic-rich shale are favorable targets for geochemical evaluation.
Keywords: geochemistry, organic matter provenance, depositional environment, shale, Da’anzhai Member, Northeastern Sichuan Basin
1 INTRODUCTION
The Sichuan Basin is one of the important petroliferous basins in China, with several sets of developing hydrocarbon-bearing formations, including Sinian–Middle Triassic marine carbonate rocks and Upper Triassic–Tertiary continental clastic rocks. It contains abundant conventional and unconventional oil and gas resources, showing the characteristics of being “multi-layer, multi-type, multi-evolution, and multi-genesis” (Deng, 1992; Chen et al., 2011; Zou et al., 2014; Tang et al., 2020a; He et al., 2020; Nie et al., 2021). Significant achievements have been made of Silurian marine shale gas reservoirs, and national-level shale gas demonstration areas including Fuling, Changning, Weiyuan, and Zhaotong have been established (Jiang et al., 2015; Xie et al., 2017; Zhang et al., 2020; Zou et al., 2020; Wang et al., 2021). With continuous exploration and development of the Sichuan Basin, oil companies such as China National Petroleum Corporation (CNPC) and Sinopec are actively expanding other shale oil and gas fields, among which the Jurassic continental shale formation is one of the realistic areas (Gao et al., 2018; Long et al., 2020; Cai et al., 2021; Yang et al., 2021). Since year 2008, the Jurassic Formation in Sichuan Basin has successively carried out petroleum exploration works such as old well retesting and exploration well drilling (Zhou et al., 2013; Guo et al., 2016; Zhou et al., 2020). Many wells have been tested and even obtained industrial shale oil and gas flows in the Dongyuemiao Member, Da'anzhai Member, or Qianfoya Formation (Lianggaoshan Formation) (Zhou et al., 2013, 2020; Guo et al., 2021). For example, well YB21 of the Da'anzhai Member in Yuanba area in the northern Sichuan Basin has achieved a maximum daily gas production of 507, 000 m3, and well FY10 of the Dongyuemiao Member in Fuling area in the eastern Sichuan Basin has achieved a maximum daily gas production of 55,800 m3 and oil output of 17.6 m3 (Zhou et al., 2013, 2020; Guo et al., 2021). It indicated that the Jurassic Formation in Sichuan Basin had great potential for shale gas and oil exploration and development. However, bottlenecks such as low initial output or rapid production decline were common in wells aiming at the Jurassic Formation, so large-scale commercial development has not yet been achieved (Liu et al., 2019; Zhou et al., 2020).
Compared with the marine shales, the sedimentary environment of Jurassic continental shale was more complex (Guo et al., 2016; Liu et al., 2019; Zhou et al., 2020). Greatly varying sedimentary microfacies, lateral migration of the sedimentation centers in different periods, and multiple-source supply of provenances from different directions led to a strong heterogeneity and complex enrichment characteristic of Jurassic shale formation; thus, it was difficult for sweet spot/section prediction (Huang et al., 2018a; Liu et al., 2019). In addition, there were few cores in the shale intervals during the old wells, which brought challenges to the basic geological research and exploration of the Jurassic shale in the Sichuan Basin. Previous studies on the Jurassic Da’anzhai Member in the northeastern Sichuan Basin mainly focused on lithology, lithofacies, pore structure, and other characteristics as a reservoir, while there was lack in research on organic geochemical characteristics and biogenic provenance as a source rock, which restricted the overall evaluation of oil and gas exploration potential (Zheng et al., 2013; Xu Q. et al., 2017; Liu et al., 2021).
In this study, based on the core observation and systematic coring of two newly drilled wells (well Y1 in Yuanba area and well T1 in Puguang area), organic geochemical characteristics including organic matter abundance, type, and maturity of the Jurassic Da’anzhai shale member in the Northeast Sichuan Basin were analyzed. Then the characteristics of biomarkers were further analyzed to explain the organic matter biogenesis and sedimentary environment. It is of great significance for accurately evaluating the oil and gas generation potential of the Da’anzhai shale and providing a geochemical basis for the exploration and deployment of the Jurassic shale formations and sweet intervals selection.
2 GEOLOGICAL SETTINGS
Sichuan Basin is a large-scale superimposed basin (Liu et al., 2011; Ma et al., 2019), which can be divided into six regions according to the regional tectonic characteristics, as shown in Figure 1. The northeastern region of Sichuan Basin belongs to the superimposed block of Micangshan arcuate tectonic belts, Dabashan arcuate tectonic belts, and eastern Sichuan arcuate fold belts and contains petroliferous areas of Yuanba, Langzhong, Tongnanba, and Puguang (Zheng et al., 2017; Liu et al., 2021). Among them, Yuanba and Puguang areas are taken as the study area (Figure 1). Since Sinian period, the study area has mainly experienced Caledonian, Hercynian, Indosinian, Yanshan, and Himalayan tectonic movements. Nowadays, the stratigraphic stratum of Yuanba and Puguang area is almost horizontal and in relatively stable tectonic setting, so the reservoir preservation conditions are quite good (Liu et al., 2019). The Jurassic strata are well developed in the study area. From bottom to top, these are the Lower Jurassic Ziliujing Formation, Middle Jurassic Qianfoya Formation (Lianggaoshan Formation), Shaximiao Formation, Upper Jurassic Suining Formation, and Penglaizhen Formation. The Ziliujing Formation can be further divided into Zhenzhuchong Member, Dongyuemiao Member, Ma’anshan Member, and Da’anzhai Member according to the characteristics of lithologic association (Figure 1). In the depositional period of the Da’anzhai Member (J1da), the stratum has undergone a complete lacustrine transgressive–lacustrine regressive cycle, with a sedimentary thickness of about 40–130 m (Zhou et al., 2013, 2020). Due to the frequent oscillations of the water body and the complexity of sediment provenance in the lake basin, the Da’anzhai Member showed obvious heterogeneity among different sections and layers, leading to frequent interbedding of the three lithologies of “sand, mud, and ash,” which created favorable conditions for the shale gas forming and accumulating (Huang et al., 2018a; Wang et al., 2019). The second section of the Da’anzhai Member (J1da2) reached the maximum lacustrine flooding period, developed semi-deep and shallow lake sedimentary facies that contained thick black shales and favorable lithofacies assemblages, and was the main target interval in this study.
[image: Figure 1]FIGURE 1 | Tectonic location of the study area and stratigraphic histogram of the Jurassic strata.
3 SAMPLES AND METHODS
In order to systematically analyze the geochemical characteristics and sediment source of the J1da shales in the northeastern Sichuan Basin, typical shale core samples were collected from the risky exploratory well Y1 in southern Yuanba area and the geological shallow well T1 in southern Puguang area based on detailed core observations. The tectonic locations of sampling wells Y1 and T1 are shown in Figure 1. The sampling depth of shale cores from well Y1 is 3,849.22–3,935.48 m, and the lithology of core samples is mainly gray-black shale, dark-gray calcareous mudstone, dark-gray shell-bearing shale, and dark gray silty shale. The sampling depth of shale cores from well T1 is 12.94–68.87 m, and the lithology of core samples is mainly dark-gray mudstone, shell shale, and gray-black shell-bearing mudstone (Figure 2).
[image: Figure 2]FIGURE 2 | Organic geochemistry histogram of J1da of wells Y1 and T1.
In this study, 73 core samples of well Y1 and 40 core samples of well T1 from J1da stale strata were subjected to laboratory tests including total organic carbon (TOC) content determination, rock pyrolysis, organic petrology, and organic maceral analysis. Then some representative samples were subjected to experimental tests such as chloroform bitumen “A” extraction and quantification, vitrinite reflectance (Ro) detection, kerogen's carbon isotope determination, saturated hydrocarbon gas chromatography (GC) techniques, aromatic hydrocarbon gas chromatography-mass spectrometry (GC-MS) analysis, and rock biomarker compound analysis. The TOC content was obtained using a LECO CS230 carbon-sulfur analyzer, and the experiment was conducted at 20–28°C and a relative humidity of less than 70%. Vitrinite reflectance (Ro, %) was determined using a MPM-80-type micro-spectrophotometer. Five samples were measured, and five Ro data were obtained. Bitumen “A” extractions were performed on the powdered samples (size <0.18 mm) using a XP205 Soxhlet apparatus. The experiment temperature was less than 85°C. The extracts were separated into saturated hydrocarbon, aromatic hydrocarbon, and NSO compound fractions by liquid column chromatography. The saturated fraction of 10 samples were dissolved in petroleum ether and analyzed using GC, and aromatic fraction was analyzed using GC-MS. The GC was reformed using a HP5 column with a temperature 60–310°C at a rate of 6°C/min. The GC-MS analysis was performed on an Agilent 5975C MSD mass spectrometer with a gas chromatograph. Some sample components were separated by thin plates. The fragmentograms for steranes (m/z 217) and triterpanes (m/z 191) were recorded according to the analysis of biomarkers using the Agilent 5977B MSD. All the experimental tests were performed in the Experimental Research Center of Wuxi Institute of Petroleum Geology, Sinopec Petroleum Exploration and Development Research Institute.
4 CONCLUSIONS AND DISCUSSIONS
4.1 Organic Geochemical Features
4.1.1 Organic Matter Abundance
Organic matter abundance affected the hydrocarbon generation capacity of source rocks and the scale of a reservoir. Common evaluation indicators of organic matter abundance include TOC content, hydrocarbon generation potential (PG), chloroform bitumen “A,” total hydrocarbon content (HC), and hydrogen index (HI) (Lu and Zhang, 2010). Experimental results show that the average TOC content of the J1da2 shale from well Y1 in Yuanba area are mainly in the two ranges of 1.0–2.0% and 0.5–1.0%. Samples with TOC content between 1.0% and 2.0% account for about 57%, which is significantly higher than that of the J1da1 and J1da3 shale, and is regarded as the main section of high-quality source rock in J1da in Yuanba area. However, TOC content of the J1da shale from well T1 in Puguang area ranges from 0.5% to 2.71%, with an average value of 1.24%, which is slightly higher than that of Yuanba area, and the TOC content increases as the burial depth becomes shallower (Figure 2).
Rock pyrolysis analysis shows that hydrocarbon generation potential (PG = S1 + S2) of the J1da shale from well Y1 in Yuanba area is between 0.78 and 1.98 mg/g, with an average value of only 0.72 mg/g, which is much lower than that of the evaluation standard of a source rock (>2 mg/g). However, PG values of the J1da shale from well T1 in Puguang area range from 0.15 to 10.77 mg/g, with an average value of 3.83 mg/g, which can be evaluated as a good source rock (Figure 2). Combined with the other parameters, it is thought that the above difference is mainly due to the widely varying burial depth and organic matter maturity of shale samples between the two areas. Previous studies indicated that, with the increase of thermal evolution degree, hydrocarbon generation potential of source rocks would decrease significantly (Lu et al., 2003; Pang et al., 2014). Therefore, the hydrocarbon generation potential index PG is more suitable for the immature-low mature shale samples in Puguang area. According to Peters and Cassa (1994), the relative content of TOC and S2 could be used for source rock evaluation, and this method weakened the influence of maturity on a single parameter (TOC or S2) to a certain extent. Figure 3 shows a good correlation between TOC and S2 content of the J1da shale samples in this study; that is, with the increase of TOC, S2 has a corresponding increasing trend. From the overall evaluation, it is thought that the J1da shales in the northeastern Sichuan Basin belong to good-general source rocks.
[image: Figure 3]FIGURE 3 | The relationship between TOC and S2 content of the J1da shale samples.
Chloroform bitumen “A” and total HC reflected the contents of soluble organic matter and hydrocarbons in sedimentary rocks, so they were also important abundance indicators for source rock evaluation (Lu and Zhang, 2010). However, they could be affected by organic matter type and maturity, so they were generally not used alone when evaluating the organic matter abundance of a source rock (Chen et al., 2009). In this study, the content of chloroform bitumen “A” of the shale samples from J1da in Yuanba ranges from 0.008% to 0.066%, with an average value of 0.025%, which gradually increases from bottom to top. However, the chloroform bitumen “A” content of the J1da shale samples in Puguang is between 0.007% and 0.302%, with an average of 0.113%, and the values in the upper part is significantly higher than the lower part, which is consistent with the distribution characteristics of PG. Compared with the Dongyuemiao Member in Fuling area, HC values of the J1da shale are significantly lower, while the asphaltene content is significantly higher, reflecting the differences in kerogen type, thermal evolution degree, and sedimentary environments between different members of Jurassic shale strata in the northeast Sichuan Basin (Shu et al., 2021).
To sum up, the organic matter abundance of J1da shale in Puguang is slightly better than that in Yuanba area. The upper part of the second section of J1da is better than other sections according to well Y1 and well T1, which can be evaluated as a good-general source rock on the whole, which is a favorable sweet spot for the J1da shale in the northeastern Sichuan Basin.
4.1.2 Organic Matter Type
The distributions of organic macerals in source rocks were related to the organic matter provenance and depositional environment (Marynowski, et al., 2007). Identifying the organic macerals and compositional characteristics under the microscope was an effective method to determine the organic matter type of source rocks (Hu and Huang, 1991). In this study, 30 and 20 J1da shale samples were selected for organic petrological analysis from well Y1 and well T1, respectively. Microscopic observation and identification show that the organic macerals of J1da shale samples in northeastern Sichuan Basin consist of vitrinite, fusinite, solid asphalt, and microsomes. Vitrinite are generally developed in all samples. The vitrinite content of samples from well Y1 is 40–92% with an average of 79%, and it ranges from 25% to 90% with an average of 55% in samples from well T1, indicating that the organic matter type of J1da shale in Puguang area is generally better than that in Yuanba area. The vitrinite types in the studied samples are mainly vitrodetrinite and occasionally phyllovitrinite, which are mostly lump-shaped or strip-shaped, with a uniform surface and gray-gray-white color under microscopic observation (Figures 4B,D). It is speculated that they are mainly formed by humification and gelatination from lignocellulosic tissues of higher plants (Raj, 1979). The content of fusinite is second only to vitrinite, and it is mostly bright white with bulges under the microscope (Figures 4A,E), which transform from the lignocellulosic tissue of higher plants by fusainization. Microsomes are dispersed in minerals and clay, so the contents are not easy to estimate. The solid asphalt is distributed only in local intervals and is mainly found along the rock cracks or mineral intergranular filling. It is generally considered that solid asphalt is the product of crude oil cracking, that is, the post-oil asphalt (Figure 4C). Some solid asphalts have orange-yellow fluorescence, which is speculated to be the former-oil asphalt (Figure 4F) (Nishikawa et al., 2009). Mineral matrix asphalt that is uniformly mixed with inorganic minerals is common in J1da samples from well T1, accounting for about 22% of the total organic macerals content. The higher development degree of solid asphalt reflects the better organic matter type of J1da source rock and stronger shale oil and gas generation capacity, to a certain extent (Liu et al., 2021).
[image: Figure 4]FIGURE 4 | Organic macerals characteristics of the typical shale samples under the microscope. (A) Fusinite, well Y1, 3,885 m. (B) Vitrinite, well Y1, 3,907.44 m. (C) Solid asphalt, well Y1, 3,915.82 m. (D) Vitrinite, well T1, 43.91 m. (E) Fusinite, well T1, 53.88 m. (F) Solid asphalt, well T1, 28.2 m.
The carbon isotope of kerogen was related to the depositional environment and the origin of parent materials, so the carbon isotope characteristics inherited from the parent material can be used for the classification of kerogen types (Omokawa, 1982; Beukes et al., 1990). It was generally believed that the higher the content of organic matter in terrestrial higher plants, the heavier the stable carbon isotope in it, while the lower hydrobiont showed just the opposite (Cheng et al., 2008). According to the values of kerogen carbon isotope δ13C, organic matter types of J1da shale are classified, shown in Figure 5. It indicates that organic matter types of J1da shale in the study area are mainly type II1 and II2, reflecting the parent materials are derived from the mixed sources of terrestrial higher plants and lower hydrobionts. The organic matter type of J1da shale in Yuanba is mainly type II2, while it is mainly type II1 in Puguang, both of which show a trend of better types as the burial depth becomes shallower, indicating that the organic matter type in the upper part of the J1da shale strata is better (Figure 5).
[image: Figure 5]FIGURE 5 | Classification of organic matter types of the J1da shale samples.
4.1.3 Organic Matter Maturity
The value of organic matter maturity determines the stage of thermal evolution degree of a source rock, so as to determine whether it is given priority to generate oil or gas, which is very important for evaluating the exploration potential of shale oil and gas (Garrigues et al., 1988; Lineva et al., 2018). Vitrinite reflectance (Ro) was currently the most effective indicator for determining the organic matter maturity (Qiu et al., 2004). Results show that Ro values of J1da shale in Yuanba area vary in the range of 1.44–1.83%, with an average of 1.67%, based on five samples of well Y1, which indicates the shale strata have reached a mature-high mature evolution stage and is currently in the peak of gas generation period. However, experimental data of 14 J1da shale samples from Puguang area show that Ro values are 0.76–1.18%, with an average value of 1.01%, which is within the oil-generating window.
The maximum pyrolysis peak temperature (Tmax) tends to increase with the increase of burial depth and the age of the formation, so it can also be used as an effective indicator for evaluating the maturity of source rocks (Zhou et al., 2014). Rock-Eval of 40 shale samples of well Y1 shows that the Tmax values range from 472°C to 496°C, with an average of 487°C, indicating the J1da shale in Yuanba is in a high-mature evolution stage, even over-mature stage on the whole. However, the Tmax values of 18 shale samples in Puguang range from 444°C to 453°C, with an average of 449°C, indicating that they are in the mature stage (Figure 6).
[image: Figure 6]FIGURE 6 | Comparison of Tmax for the J1da shale sample in Yuanba and Puguang.
Based on the above analysis of geochemical characteristics, it can be concluded that the organic matter content and type of J1da shale in northeastern Sichuan Basin are moderate on the whole, and parameters from well T1 in Puguang are generally better than that from well Y1 in Yuanba. However, the maturity of J1da shale in Yuanba is significantly higher than that in Puguang, resulting in the difference of oil generation or gas generation. Vertically, J1da2 develops the most favorable source rock interval in the J1da shale strata, and the hydrocarbon generation potential of the upper part is better than that of the lower part, so it is the favorable target for the Da’anzhai Member in the northeastern Sichuan Basin.
4.2 Organic Matter Provenance and Depositional Environment
Although many studies believed that the Jurassic Da’anzhai Member in the Sichuan Basin was in a typical terrestrial freshwater lacustrine environment (Zhu et al., 2007; Huang et al., 2018a), some scholars considered that a small scale of transgression occurred during the expansion of the lake basin during this period (Xu W. et al., 2017). In this study, combined with a comprehensive analysis of plenty of biomarker evidence, it is inferred that there exist saline deposits in local areas and intervals, rather than a single freshwater lacustrine environment, of the J1da in the northeastern Sichuan Basin. Moreover, the depositional conditions are of weak reduction, and the rapid change of deposits makes the water body stratified obviously, resulting in the strong heterogeneity of the J1da shale strata.
4.2.1 Organic Matter Provenance
N-Alkanes were widely distributed in organisms such as fungi, algae, and higher plants and were the main components of the saturated hydrocarbon fraction of source rock extracts, so they could be used for indicating the provenance of organic matter (Gelpi et al., 1970; Moldowan et al., 1985; Peters et al., 2005). In this study, GC analysis of saturated hydrocarbon were carried out on 10 shale samples from well Y1 in Yuanba area, and biomarker compound analysis was carried out on shale samples from both well Y1 and well T1. Figure 7 and Table 1 show the statistical results of key parameters based on the laboratory tests. In general, there are similar chromatographic characteristics of n-alkanes among different samples of J1da shale strata in Yuanba area; that is, the carbon number of n-alkanes has a wide distribution range of nC15–nC37, with the main peak carbon number being mainly C19, which agrees with the general compositional characteristics of continental crude oil (Zhu et al., 2013). The chromatograms of J1da2 shale samples from well Y1 show that some samples are pre-single peak with the main peak carbon being nC19 or nC17, reflecting a single provenance of organic matter, and most are derived from plankton such as algae (Jin et al., 2016). However, some samples show double peaks with the main carbon peaks being mostly nC19 and nC25, indicating that the organic matter may be a mixed source of both algae and higher plants (Figure 7). Xu (2015) concluded that the main peak carbon number of n-alkane was mainly nC23 and nC25, which showed the characteristics of post-single peak, by analyzing the saturated hydrocarbon chromatography of shale samples taken from Ziliujing Formation in Puguang area. Based on the above analysis, it is believed that the organic matter of the Jurassic J1da shale in the study area is a typical terrestrial–aquatic mixed input.
[image: Figure 7]FIGURE 7 | Typical saturated hydrocarbon chromatograms of J1da2 shale samples from well Y1. (A) Well Y1, 3,885 m, pre-single peak. (B) Well Y1, 3,897.42 m, double peaks. (C) Well Y1, 3,905.71 m, double peaks. (D) Well Y1, 3,919.26 m, double peaks.
TABLE 1 | Statistics of the saturated hydrocarbon chromatographic parameters of shale samples from well Y1.
[image: Table 1]∑nC21−/∑nC22+ and (nC21 + nC22)/(nC28 + nC29) represented the relative content of light hydrocarbons and heavy hydrocarbons in n-alkanes, which is not only controlled by thermodynamics but also affected by depositional environment and original organic matter (Gelpi et al., 1970; Moldowan et al., 1985; Peters et al., 2005). From Table 1, the value of ∑nC21−/∑nC22+ of the J1da2 shale samples in Yuanba is 0.075–2.09, with an average of 1.028, showing a general equilibrium of C21− and C22+, reflecting that the source of organic matter is a mix of lower aquatic organisms with terrestrial higher plants. Previous study showed that the ∑nC21−/∑nC22+ values of the Ziliujing Formation in Puguang were 0.26–0.37, reflecting a main hydrobiont input (Xu (2015)). Philippi (1974) believed that at the same organic matter maturity, lower hydrobionts had higher (nC21 + nC22) content, while terrestrial higher plants had higher (nC28 + nC29) content. In this study, the values of (nC21 + nC22)/(nC28 + nC29) of J1da2 shale sample from well Y1 ranges from 0.344 to 6.448, with an average of 3.285 (Table 1), indicating that the organic matter provenance is an obvious mixed bio-inputs, and the proportion of different sources vary greatly among layers.
The relative proportion of regular steranes could be used for the analysis of organic matter provenance (Kamp and Leake, 1995). Generally, the predominance of C29-sterane indicated a strong terrigenous input, while lower hydrobionts were rich in C27-sterane (Huang and Meinschein, 1979; Li et al., 2021). Abundant steroids were detected in the J1da shale samples from both wells Y1 and T1 in the study area. As a whole, C27–C29 regular steranes play a dominant role, followed by the rearranged steranes, and the abundance of pregnane is extremely low. The average contents of C27, C28, and C29 regular steranes in samples from Yuanba area are 4.74%, 4.03%, and 6.69%, respectively, and the values in samples from Puguang are 1.84%, 0.99%, and 2.32%, respectively. The typical chromatogram shows that the C27-C28-C29 regular steranes in the ααα-20R configuration show a feature of “V-shaped” or “inverse L-shaped” distribution, that is, C28 < C27 < C29 (Figure 8), further reflecting the J1da shale in the study area has dual biogenic origin of terrestrial higher plants and lower algae and dominated by the former (Seifert and Moldowan, 1986). The previous studies considered the high content of 4α-methyl sterane as a sign of dinoflagellates in the freshwater lake; however, no 4α-methyl sterane was found in the studied samples (Goodwin et al., 1988). Therefore, the existing evidence was not enough to determine the source and cause of algae in the study area. Combined with other scholars' studies, it was speculated that it may originate from planktonic algae or bacteria (Brassell et al., 1986; Chen et al., 1994; Lin, 2017).
[image: Figure 8]FIGURE 8 | Typical sterides chromatograms of J1da shale samples. (A) Well Y1, 3,892.95 m, V-shaped. (B) Well T1, 24.04 m, inverse L-shaped.
In the composition of terpenoids, tricyclic terpenes were generally considered to be derived from microorganisms and algae, whose content and carbon number distribution were quite different among different organic matter types of source rocks (Dutta et al., 2006; Wang et al., 2008), while tetracyclic terpenes may be derived from the degradation of hopane precursors, which indicated terrestrial higher plants (Zhou et al., 2016). According to the experimental tests, the carbon number of tricyclic terpenes in J1da shale samples from well Y1 in Yuanba area is mainly distributed between nC19 and nC29, whose total content is 15.39–24.71% with the mean value of 19.16%, and the content of C24 tetracyclic terpenes is 0.95–1.82% with an average of 1.04%. For J1da shale samples from well T1 in Puguang area, the carbon number of tricyclic terpenes is also distributed in the range of nC19–nC29, whose total content is 8.44–20.88% with a mean value of 11.26% (Figure 9). It shows that in addition to the contribution of algae, there are also certain inputs of terrestrial higher plants during the depositional period of the Jurassic J1da strata in the northeastern Sichuan Basin.
[image: Figure 9]FIGURE 9 | Typical terpenoids chromatograms of J1da shale samples. (A) Well Y1, 3,885 m. (B) Well T1, 137.89 m.
4.2.2 Depositional Environment
The ratio of pristane and phytane (Pr/Ph) was usually used to indicate the redox environment where the source rocks and organic matter deposited (Haven et al., 1987). Generally, Pr/Ph value greater than 3.0 reflected an oxidation environment, while less than 1.0 reflected a reducing environment (Wang, 1990; Peters et al., 2005; Tang et al., 2020b). Abundant pristane (Pr) and phytane (Ph) are detected in the J1da2 shale samples from well Y1 in this study. The values of (Pr/Ph) are in the range of 0.214–1.405, with an average of 0.652, shown in Table 1, which shows a characteristic of phytane dominance, indicating that J1da2 shale samples in this study are formed in a reducing or transitional environment. The ratios of isoprenoids to their adjacent n-alkanes, Pr/nC17 and Ph/nC18, can also indicate the redox conditions of water body during paleo-sedimentation (Alias et al., 2012; Yu et al., 2021). The crossplot of the values of Pr/nC17 and Ph/nC18 shows that the depositional environment of J1da2 shale in Yuanba area is mainly a reducing–weak oxidation environment (Figure 10), which is the typical characteristics of semi-deep lake–shallow lake deposition.
[image: Figure 10]FIGURE 10 | Typical hopanes chromatograms of J1da shale samples.
Hopanes were common pentacyclic triterpenoids in source rocks, whose carbon number distribution was related to the redox properties of the sedimentary environment (Peters et al., 2005; Lu and Zhang, 2010; Zhu et al., 2021). Hopanes in the studied samples are mainly conventional 17α(H), 21β(H)-hopanes and a small amount of rearranged hopanes, which means that the terrestrial plants in the petrologen are less affected by the bacterial action under the oxidation environment, and the overall hydrocarbon generation condition is in a reducing environment (Zhu et al., 2013). Figure 11 shows two typical hopanes chromatograms of shale samples in the study area. One is shown in Figure 11A; the C31–C35 hopanes show a decreasing distribution pattern with the increase of carbon number, which is common in freshwater lacustrine source rock. This pattern is mainly distributed in the upper section of the J1da shale strata of well Y1 in Yuanba area and also generally seen in the J1da shale strata of well T1 in Puguang area. The other is shown in Figure 11B; the C31–C35 hopanes show a “tail-warped” distribution pattern, which is commonly found in saltwater lacustrine source rock (Zhu et al., 2007). This pattern distributes locally in the middle and lower sections of the J1da shale strata of well Y1 in Yuanba area. From the above analysis, it can be concluded that the J1da shales in the northeastern Sichuan Basin are not deposited in a single water environment, and the sedimentary facies change fast. It is formed in a freshwater lacustrine sedimentary environment in Puguang area; it is dominated by freshwater deposition as a whole in Yuanba area, with salty or brackish sedimentary environment in local intervals.
[image: Figure 11]FIGURE 11 | Crossplot of Pr/nC17 and Ph/nC18 of J1da2 shale samples from well Y1 (modified from Alias et al., 2012; Yu et al., 2021). (A) Well Y1, 3,892.95 m. (B) Well Y1, 3,915.82 m.
High content of γ-cerane was known as a mark of strong reduction environment in salty or brackish sediments, and the γ-cerane content of source rocks in saline sedimentary environment was usually greater than 1.0 (Zhang et al., 1998; Marynowski et al., 2000). The content of γ-cerane in J1da shale samples in the study area is generally high, which is 1.78–2.50 with an average of 2.11 in well Y1 and 1.06–3.95 with an average of 2.02 in well T1, indicating that the salinity of the water body is high during the deposition period of the Da’anzhai Member. Some scholars believed that high content of γ-cerane did not always exist in the strong reducing and hypersaline environments, and it was essentially a maker of water stratification (Zhang et al., 1999). From this point of view, high content of γ-cerane in the shale samples in this study indicates that the lake water body is stratified during the deposition of the J1da, which leads to the circulation flow stagnation of the bottom water, and the lakebed is in an anoxic and reducing environment, conducive to the preservation of organic matter.
5 SIGNIFICANCE OF OIL AND GAS EXPLORATION
Favorable geochemical conditions are the premise of oil and gas enrichment and also the key elements to find sweet spots/sections. Compared with the Silurian marine shale, the Jurassic continental shale in this study has its own characteristics as a source rock. The sedimentary facies changes rapidly; the shale has strong heterogeneity and thin thickness with medium organic matter abundance, mainly mix typed, as well as widely varying maturity and hydrocarbon phases. It is the basis of clearing shale oil and gas enrichment characteristics and identifying favorable sweet spots of J1da shale strata in the study area.
5.1 Semi-Deep Lacustrine Subfacies is the Most Favorable Sedimentary Facies in J1da
The previous research confirmed that, affected by depth, provenance, and paleomorphology, a small range of extension and a rapid horizontal variation characterized the sedimentary facies of continental strata, and the lithologic assemblages of different sedimentary facies differ significantly (Guo et al., 2016; Zhou et al., 2020). As a result, the organic matter abundance, type, maturity, and reservoir physical properties of different sections in the same set of formations were quite different. Therefore, the sedimentary facies had obvious controls on the enrichment of continental shale oil and gas (Wang et al., 2013; Guo et al., 2021). In the Early Jurassic, the sedimentary and subsidence center of the Sichuan Basin moved from the west to the northeast, due to the beginning of the orogenic crumpling of Dabashan. During the Da’anzhai sedimentary period, the northeastern Sichuan Basin was in a lacustrine depositional system as a whole, and the provenance supply was insufficient, so the J1da member were mainly fine-grained sediments, with local areas being affected by the basin edge delta (Zhang, 2018). According to the lithologic assemblages in Figure 2, the sedimentary environment of well Y1 in Yuanba area can be further divided into shore lake-shallow lake, carbonate shallow lake, clastic shallow lake, and semi-deep lake subfacies, while it can be divided into carbonate shallow lake and semi-deep lake subfacies of well T1 in Puguang area. Combined with previous studies, it is believed that the J1da in the northeastern Sichuan Basin deposit sand flats in shore lake—shell bank in carbonate shallow lake—storm beaches in lake slope-mud in semi-deep lake, from the north to the south, and the center of the lake basin is close to Fuling area in the east of Sichuan Basin (Zhu et al., 2017; Zhang, 2018). Based on the sedimentary facies of two single wells, a schematic diagram of the distribution of J1da sedimentary facies in the northeastern Sichuan Basin is drawn, as shown in Figure 12. Analysis shows that the semi-deep lake subfacies mainly deposit black-dark gray clayey shale. Because the location of well T1 in Puguang area is closer to the lake basin center than well Y1 in Yuanba area during the sedimentary period of J1da, the water body is deeper, the sedimentary facies is more stable, and the shale thickness is thicker for well T1. Affected by the provenance supply from Longmenshan and Micangshan, the water body energy is relatively strong in the shallow lake subfacies for well Y1 in Yuanba area, which brings more fine-grained clastic sediments, predominated by the mud and sand bank microfacies. Shell bank in carbonate shallow lake are large-scale superimposed and contiguous distributions in both Yuanba and Puguang areas (Figure 12). In addition, studies have suggested that sedimentary facies not only affected the macroscopic distribution of shale strata but also determined the microscopic distribution of organic matter in it (Jiang et al., 2013). The development of organic matter was more sensitive to changes in the depositional environment, and the deep, quiet, anoxic, and reducing environment was more conducive to its enrichment (Xiao et al., 2018). Therefore, in this study, the shale/mud microfacies in the semi-deep lake subfacies as well as the shale/mud interbedded with siltstone and shell bank microfacies in the shallow lake subfacies are the most favorable sedimentary facies of the J1da strata in the northeast Sichuan Basin, which are also the favorable factors for shale oil and gas enrichment.
[image: Figure 12]FIGURE 12 | Distribution of sedimentary facies of the J1da strata in northeast Sichuan Basin (modified by Zhang, 2018).
5.2 Higher Maturity is More Conducive to Shale Oil and Gas Enrichment in Sichuan Basin
Exploration and development practice showed that most of the shale oil and gas plays that had been put into large-scale commercial development in the United States were in the hydrocarbon-generating depressions in the middle-high maturity stage (Li et al., 2019). The J1da shale maturity in the study area varies greatly (0.76–1.83%Ro), which determines the difference of hydrocarbon phases between Puguang and Yuanba area. By analyzing the fluid properties of several single wells such as well F10, it is concluded that the Dongyuemiao shale stratum is a condensate gas reservoir, the Da’anzhai shale stratum is a volatile oil reservoir, and the Lianggaoshan shale stratum is a condensate gas reservoir in the eastern Sichuan Basin. Due to the difference in maturity, the Jurassic strata in Sichuan Basin have the characteristics of oil and gas symbiosis. From the southwest to the northeast, the hydrocarbon phases are crude oil + condensate oil, condensate gas + wet gas, and wet gas + dry gas, respectively (Li et al., 2017). Complex fluid characteristics of the Jurassic in the study area have brought certain difficulties to the wells deployment, but at the same time, they have verified the diversity of oil and gas exploration, which is to the benefit of large-area contiguous development. The Eagle Ford shale plays in the western Gulf of Mexico Basin shows similar characteristics, where shale oil mainly exploits with Ro of 1.1–1.3%, in the form of light oil and condensate oil associated with wet gas, and are the primary contribution of shale oil and gas growth in the United States (Li et al., 2019). Some scholars verified that the Ro value had an obvious positive correlation with the production of shale oil and gas in the same area, and with the increase of Ro, the gas/oil ratio (GOR) of shale reservoir increased and the hydrocarbons density and viscosity decreased; thus, the flowability increased, which was conducive to petroleum production (Guo et al., 2021; Zhang et al., 2021). Moreover, a higher thermal evolution degree makes the organic pores of shale reservoirs more developed, which increases the storage space of shale oil and gas, beneficial to shale oil and gas enrichment (Guo et al., 2021). Therefore, the exploration potential of the J1da strata in Yuanba area with higher maturity is greater than that in Puguang area; the J1da strata of well Y1 should aim at shale gas, and the J1da strata of well T1 should aim at shale oil.
5.3 Thick Interval of High-Quality Shale is the Exploration Sweet Spot of Wells Y1 and T1
The above organic geochemical analysis shows that the overall organic matter abundance of J1da in the study area is overall general; the average TOC content is only about 1.2%, which is far lower than the standard of marine shale gas enrichment with TOC > 2%. Huang et al. (2018b) determined the lower limit of TOC for the oil generation of J1da2 shale strata as 1.5% by studying the relationship between TOC and S1, indicating that high TOC content was not the only prerequisite for shale oil and gas sweet spot selection (Zhang et al., 2021). For the same area, in the intervals rich in organic matter, the organic matter type and thickness are also important indicators for sweet spot evaluation. Generally speaking, for the same TOC content per unit mass of shale, the overall ranking of hydrocarbon generation potential is typeⅠ > type Ⅱ1 > type Ⅱ2 > type Ⅲ; the better the organic matter type, the greater the oil and gas generation potential, therefore, the upper section of J1da in the study area is better than the lower section. In addition, the thickness of organic-rich shale determines the resource scale of the reservoir. For example, the thickness of high-quality shale in both the upper and lower parts of the Bakken Formation in the Williston Basin are 5–12 m and widely distributed in almost the entire basin. The high-quality shale with thickness 38 m of the lower Silurian Longmaxi Formation in the Fuling Gas Field is known as a favorable target for exploration wells and commercial production. They proved the importance of finding thick intervals in shale strata (Li et al., 2019; Nie et al., 2021; Zhang et al., 2022). However, influenced by the fast-changing sedimentary facies, the distribution and thickness of organic-rich shale in the J1da strata in this study is not as stable as that of marine Silurian shale, and the strong vertical and horizontal heterogeneity makes a poor continuous distribution of high-quality shale (Zhou et al., 2020). Therefore, when selecting the favorable intervals of the J1da shale from the perspective of geochemical characteristics, the superimposed intervals with higher TOC, better organic matter type, and larger thickness should be given priority to consider. In this study, depths of 3,885–3,890 m and 3,911–3,914 m of the J1da2 shale strata for well Y1 in Yuanba area can be selected as favorable intervals, and depths of 15–33 m of the J1da shale strata for well T1 in Puguang area should be considered as the favorable interval. Of course, when selecting the target window through horizontal sections of wells Y1 and T1, more factors should be taken into account besides the favorable sedimentary facies and geochemical favorable intervals discussed in this study, such as reservoir, gas content, and logging display.
6 CONCLUSIONS

1) The organic matter abundance of the J1da shale strata in the northeastern Sichuan Basin is medium, the organic matter type is type II, and parameters from well T1 in Puguang are generally better than that from well Y1 in Yuanba area. As the burial depth becomes shallower, TOC content increases, organic matter type becomes better, and the hydrocarbon generation potential becomes better as well for both wells. The upper section of the J1da shale strata is a more favorable layer that can be evaluated as a good-general source rock. The organic matter maturity of the J1da shale strata in the northeastern Sichuan Basin varies greatly, which is in the high mature-over mature stage and priority to generate gas for well Y1 in Yuanba area, while it is in the low mature-early mature stage and preferable to generate oil for well T1 in Puguang area.
2) The organic matter provenance of J1da shale in the northeastern Sichuan Basin has typical characteristics of terrestrial-hydrophilous mixed sediments, with the terrestrial higher plants as the main source, supplemented by the input of lower aquatic organisms, but the mixed ratio of two sources is quite different for each sublayer. The J1da shale strata are formed in a freshwater lacustrine environment as a whole, and the water body during the depositional period is in a reducing-weak oxidation condition, which is favorable for organic matter forming and hydrocarbon generating. Moreover, there is saltwater lacustrine deposition in local areas and intervals. Rapid changes in depositional environment result in obvious stratification of water body and strong heterogeneity of the J1da shale.
3) The shale/mud microfacies in the semi-deep lake subfacies as well as the shale/mud interbedded with siltstone and shell bank microfacies in the shallow lake subfacies are the most favorable sedimentary facies of the J1da strata in the northeast Sichuan Basin. Higher maturity of J1da shale in Yuanba area is more conducive to shale oil and gas enrichment in Sichuan Basin, and thick interval of high-quality shale is the exploration sweet spot of wells Y1 and T1. Depths of 3,885–3,890 m and 3,911–3,914 m of the J1da2 shale strata for well Y1 in Yuanba area and depths of 15–33 m of the J1da shale strata for well T1 in Puguang area should be given priority to consider as favorable geochemical exploration intervals.
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The Lower Jurassic shale in the northeastern Sichuan Basin is one of the main research intervals of continental shale gas. The shale pore structure is an important indicator for evaluating the reservoir capacities of shale reservoirs. We concentrate on the pore structure to indicate reservoir capacity using several testing methods, for example, N2 adsorption-high-pressure mercury pore size combined experiments, X-ray diffraction (XRD) experiments, and the total organic carbon (TOC) method. The results show that the clay mineral content of the continental shale is high. The pore type is mainly a mineral matrix pore, followed by an organic matter pore, and the microcracks are locally developed; the distribution interval of the main pore size is mesoporous, between 10 and 50 nm; the pore volumes and specific surface areas of the continental shale reservoirs are negatively correlated or unrelated to the TOC, mainly due to the failure of pore development in the organic vitrinite and fusinite and the occupation of pore volume and adsorption sites by the soluble organic matter. The larger pores are mainly formed by clay minerals; the reservoir capacities of the continental shale reservoirs were evaluated using a two-factor evaluation method of the pore volume and specific surface area. It was found that the continental shale mainly comprises free reservoirs and has a storage gas capability level of II–IV. The research results elucidate the pore structure characteristics and reservoir capacities of the continental shale reservoirs in the northeastern Sichuan Basin, having important theoretical and guiding significance for the gas-bearing evaluation and dessert target optimization of the continental shale in the study area.
Keywords: northeastern Sichuan Basin, lower Jurassic, continental shale reservoirs, pore structure characteristics, reservoir capacity
INTRODUCTION
Shale gas is mainly found in dark shale or carbonaceous mudstone formations, which have adsorbed, free, and dissolved states and exist in thin interlayers, such as sandstone and limestone, inside the shale section. It has the characteristics of low resource abundance, a widely developed area, “self-generation and self-storage,” and requires advanced petroleum engineering technology to be commercially exploited (Curtis, 2002; Dong et al., 2016a). With the changes in exploration ideation and development of technology, shale gas exploitation has been a huge success in North America since 2000 (Curtis, 2002; Montgomery et al., 2005; Warlick, 2006). China also has huge reserves of shale gas resources (Dong et al., 2016b; Yang et al., 2017; Zhang et al., 2017). At present, marine shale exploitation has made great breakthroughs in the Sichuan Basin and surrounding areas (Zhu et al., 2012; Liu et al., 2015; Guo et al., 2016; Han et al., 2016; Jin et al., 2016; Nie et al., 2016; Nie et al., 2017a; Liang et al., 2017; Liu et al., 2017; Wu et al., 2018; Wu et al., 2019). Meanwhile, continental shale exploitation has also achieved good test productivity results in the Yanchang Formation of the Ordos Basin and Ziliujing Formation of the Yuanba area of the Sichuan Basin, which has become one of the important replacement fields of oil and gas exploration (Zhu et al., 2012; Qiu et al., 2015; Long et al., 2016).
Shale is a porous medium with a complex pore structure and strong heterogeneity (Chen et al., 2011; Chen et al., 2016; Chen et al., 2017). In recent years, the technical methods of studying pores have been innovated and continuously improved, which has laid a good foundation for the study of shale pore structure. The research methods concerning pore structure can be divided into indirect measurements and direct observations (Chalmers et al., 2012; Yang Feng et al., 2014). The commonly used indirect measurement methods include the high-pressure mercury injection method, gas adsorption method, and nuclear magnetic resonance method (Schmitt et al., 2013; Tian et al., 2013), which are commonly used to quantitatively characterize the micro-/nanopores of shale and their storage capacity. Direct observation methods include casting thin-section observation, scanning electron microscope observation, and CT observation. Due to the low resolution of optical microscopy, optical microscope analysis is usually only used to observe conventional micron-scale pores. Therefore, the study of the pore structure in shale with abundant organic matter is mainly conducted by using high-resolution field emission scanning electron microscopy, FIB-SEM, nano-CT, and other equipment to study the different micro/nanopore types and pore connectivities in shale reservoirs (Tang et al., 2015; Wang et al., 2016a; Wang et al., 2016b; Zhang et al., 2022). Because of the differences within the range of various methods of pore diameter characterization, the comprehensive use of various methods can more effectively depict the pore characteristics of shale samples.
The “self-generation and self-storage” characteristics and occurrence state of shale gas determine the factors that should be considered in reservoir evaluation, mainly including the characteristics of organic matter, mineral composition, rock storage space, and rock mechanics properties of gas-bearing shale (Jarvie et al., 2007; Zhang et al., 2011; Zhang et al., 2020a). Research on shale reservoir storage capacity has been carried out in many aspects by scholars, mainly through the establishment of models, adsorption analysis experiments, and other methods to study and evaluate it (Hao et al., 2013; Ji et al., 2016). However, the applicability of these evaluation methods is more limited. The criteria and methods of shale reservoir storage capacity evaluation in different blocks and layers are at the initial stages of research, which restricts the prediction and comparison of shale reservoir storage capacities.
In this study, argon-ion scanning electron microscopy combined with gas adsorption–high-pressure mercury aperture experiments were used to characterize the pore volume, specific surface area, and pore size distribution of continental shale in the Ziliujing Formation in the northeast Sichuan Basin. The reservoir capacities of the study area are evaluated by the factors of pore volume and specific surface area. These research results have important guiding significance for the exploration of continental shale gas in the Sichuan Basin.
GEOLOGICAL BACKGROUND
The northeast Sichuan Basin is in the northern part of the Yangtze Plate, which comprises the areas of the Tongnanba structural belt of the northern Sichuan Depression, the gentle structural zone of central Sichuan, and the fold belt of eastern Sichuan in the Sichuan Basin (Figure 1). The Yuanba block is located at the northern edge of the Yangtze Plate and is adjacent to the Qinling fold belt. It is situated in the superimposed block of the Micang Mountains, the arc structural belt of the Daba Mountains, and the arc fold belt of the eastern Sichuan Basin (Zhang et al., 2013; Wei et al., 2014). The Fuling area lies in the arc high and steep structural zones in the eastern Sichuan Basin, which is classified as the Wanxian synclinorium and extends toward the northeast direction (Wang and Wang, 2013). The northeast Sichuan Basin experienced the Caledonian movement, Hercynian movement, and Indo-China movement. During the Jurassic period, due to the disappearance of the Songpan–Ganzi Sea and western sea, it was surrounded and evolved into an inland lake with a river delta (Deng, 1992; Tong, 1992).
[image: Figure 1]FIGURE 1 | Geological background (A) and stratigraphic sequence column map (B,C).
The Lower Jurassic Ziliujing Formation in the northeast Sichuan Basin is of unequal thickness, exhibiting the lithologies of lake-phase mud shale and shell limestone. It is divided into four members from bottom to top, including the Zhenzhuchong Member, Dongyuemiao Member, Ma’anshan Member, and Da’anzhai Member, and the contact with the underlying Triassic Xujiahe Formation is unconformable–disconformable and that with the contemporary heterotropical Qianfoya Formation or Lianggaoshan Formation is disconformable. The organic-rich shale is mainly developed in the Dongyuemiao Member of the Fuling area and Da’anzhai Member of the Yuanba block, which are the key exploration areas for continental shale oil and gas (Zhou et al., 2013a; Zhou et al., 2013b; Wang and Wang, 2013; Nie et al., 2017b; Figures 1B,C).
SAMPLING AND EXPERIMENTAL METHODS
Sample Nos. 1–6 are sampled from the XL-101 well of the eastern Fuling area and the FY-1 well of the Dongyuemiao Member. Sample Nos. 7–13 are sampled from the YL-4 well in the Yuanba area of the Da’anzhai Member. The pore structure and rock composites are tested with the following methods: X-ray Diffraction (XRD), N2 adsorption-high pressure mercury pore size combined experiment, and the total organic carbon (TOC) testing method.
X-Ray Diffraction
The parallel samples were selected, washed to a fluorescence level of 4 or below, dried at temperatures below 60°C, cooled to room temperature, crushed into 1–2 g samples of less than 1 mm with a prototype crusher, and then submerged in an agate mortar to less than 40 microns. A back pressure method is used to prepare the test pieces, and the diffraction intensity of each test surface is measured by using the instrument. The baseline is reasonably selected for qualitative and quantitative analysis. The testing procedure refers to SY/T 5163-2010 (Chinese oil and gas industry standard).
N2 Adsorption-High Pressure Mercury Pore Size Combined Experiment
The instrument used in this study was a JW-BK222-type instrument manufactured by the Cnpowder Company of China. The instrument has a detection limit of 0.0005 m2/g for the specific surface area and 0.0001 ml/g for pore volume. The pressure control interval was less than 0.1 KPa by using a balanced pressure intelligent control method, and the maximum pressure point of adsorption can be automatically controlled. A 1–2 g sample was smashed to 60–80 mesh. A vacuum was applied at 110°C for 14 h, and then a nitrogen isothermal adsorption–desorption experiment was performed under a liquid nitrogen atmosphere (77.4 K), and the procedures were in accordance with the Chinese national standard GB/T21650.2-2008. A multipoint BET model was used to calculate the specific surface area of the pore size distribution, which was obtained by adsorption curves using the BJH model. The MICP was implemented by using an AutoPoreIV9520 capillary pressure curve determinative instrument produced by MICROMERITICS™. The testing range was 3 nm–1000 μm, and the precision was less than ±0.0001 ml. The samples that were tested by NMR were evaluated using AutoPoreIV9520 in accordance with the Chinese national standard GB/T21650.1-2008 after being dried at 60°C for 48 h.
Argon-Ion Polishing Scanning Electron Microscope
The argon-ion polishing scanning electron microscope experiments were conducted in the State Key Laboratory of Shale Oil and Gas Enrichment and Effective Development, Wuxi, Jiangsu.
First, the shale samples are cut into appropriately sized blocks along the vertical bedding direction, and then the shale surfaces are mechanically flattened using a German Leica TXP fine grinder. Finally, the ground shale sheets are added into a German Leica RES102 ion thinner to set appropriate working parameters and bombard the sample surface with argon ions. In this experiment, the working voltage of the argon-ion polishing instrument is set to 5 kV, the electric current is 2.2 mA, and the polishing time is 3–4 h. The polished samples are fixed on the sample table with conductive adhesive.
A layer of gold film was plated on the surface to increase the electrical conductivity and inhibit sample charging before observations with FEI Helios 650. In addition, secondary electrons (SEs) and the backscattered electrons (BSEs) were detected with an accelerating voltage of 2.0 KV, a working distance of 3–4 mm, and an electron beam current of 50 pA–0.2 nA. The different contrast and morphology features were used to empirically distinguish minerals and pores, and the minerals were identified accurately with X-ray energy dispersive spectrometry (EDS) measurements.
RESULTS
Organic Matter and Mineral Composition
The study of marine shale indicates that higher organic matter content (TOC) is beneficial to the development of organic matter pores and provides vital storage space for shale gas (Ji et al., 2014; Tang et al., 2015; Ji et al., 2016; Tang et al., 2016; Tang et al., 2017). When the organic matter begins to evolve into oil and gas (Ro>0.60%), organic matter pores start to develop, and when the liquid hydrocarbon and kerogen cracking phase proceeds, organic matter pores are generated massively (Reed and Loucks, 2007; Slatt and O'Brien, 2011; Curtis et al., 2012). However, due to the diversity in the sedimentary environment, source material, and deposition rate, the TOC and Ro between marine and continental shale are significantly different.
Organic Geochemical Parameters of Continental Shale Reservoirs
The experimental results of the organic matter content (TOC), vitrinite reflectance (Ro), and X-ray diffraction analysis (XRD) are shown in Table 1. The results show that the TOC of the Dongyuemiao Member varies within a large range from 0.58 to 1.96%, with an average of 1.52%. The variation range of the Da’anzhai Member is relatively small, from 0.70 to 1.33%, with an average of 1.00%. Compared with the TOC contents of the Lower Silurian or Lower Cambrian marine shale in the Sichuan Basin, the TOC content is lower, mainly because the marine shale organic matter is derived from the deep sea or semideep sea, where abundant microorganisms are deposited in the reducing environment (Liang et al., 2014; Li et al., 2015; Jin et al., 2016; Nie et al., 2016; Sun et al., 2016; Nie et al., 2017a; Jin et al., 2018; Zhao et al., 2019). However, the major source of organic matter in continental shale is higher plants, which are more likely to be affected by water depth, material sources, and deposition rates than marine shale (Wei et al., 2014).
TABLE 1 | Total organic carbon (TOC), mineralogical composition, and pore structure parameters of shale samples.
[image: Table 1]The lower limit of Ro in the shale gas prospect area is 0.65% and in the favorable area is 1.0% of continental Basin in China in the simulation experiment of the hydrocarbon generation of low matured shale. The Ro of the Dongyuemiao Member in the Fuling area is between 0.96 and 1.19% and that of the Da’anzhai Member in the Yuanba block is between 1.31 and 1.44%.
Appropriate evolution and high organic matter content are the vital foundations for hydrocarbon generation and pore formation (Jiang et al., 2019; Zhang et al., 2020b). In general, although the TOC and Ro of continental shale are lower than those of marine shale, the thickness of continental shale reservoirs is large, and the organic matter is in the mature stage. Therefore, the continental organic matter has the ability to generate gas and pores.
Continental Shale Reservoir Mineral Composition
The main components of the shale are clay minerals, siliceous minerals (quartz and feldspar), and other authigenic minerals (pyrite and carbonate). The analyzed XRD results in Table 1 show that the content of clay minerals ranges from 43.1 to 63.9%, with an average of 58.7%, and the content of quartz is between 20.1 and 42.7%, with an average of 26.5% in the Dongyuemiao Member in the Fuling area. The clay mineral content ranges from 38.8 to 65.3% with a 51.8% average, the quartz content is between 26.4 and 50.3%, and the average is 33.6% in the Da’anzhai Member in the Yuanba area. The continental shale reservoir mainly comprises clay minerals, followed by quartz, and carbonate minerals are locally developed, which account for 20% of the total mineral content.
Pore Types of Continental Shale Reservoirs
The pore types of shale reservoirs are classified by various methods, mainly according to size, origin, and morphology (Slatt and O'Brien, 2011; Zou et al., 2011; Loucks et al., 2012; Zou et al., 2013). According to the scanning electron microscopy observations conducted after the argon-ion polishing techniques, the pores of continental shale reservoirs can be divided into two categories: shale pores and interlayer pores. The former mainly includes organic matter pores, mineral matrix pores, and microcracks. The latter is formed by tectonics and dissolution.
Organic Matter Pores
The organic matter pores are formed in the processes of the pyrolysis and hydrocarbon generation of the organic matter in shale. It is generally believed that the organic matter pores are the main pore type and are one of the key factors in the accumulation of shale gas (Loucks et al., 2009; Guo et al., 2014; Romero-Sarmiento et al., 2014). The organic matter of continental shale mainly consists of vitrinite and fusinite, followed by solid bitumen. The results of the scanning electron microscopy conducted after the argon-ion polishing techniques show that different macerals generate different pores. The vitrinite formed by the humification and gelation function of the wood fiber tissue from higher plants and the fusinite formed by the carbonization function of the wood fiber tissue from higher plants do not develop organic matter pores, while the hydrogen-rich vitrinite influenced by microorganisms and solid bitumen develop different levels of organic matter pores (Figures 2A–D). The diameters of the organic matter pores are mainly distributed in the range of 2 nm–2 μm, with a large proportion of mesopores, which contributes more to the specific surface area and pore volume of shale, so it plays a positive role in the accumulation of shale gas.
[image: Figure 2]FIGURE 2 | Pores of the continental shale reservoir in northeastern Sichuan Basin. (A) Da’anzhai Member from YL-4 Well, 3748.23 m, organic matter pores; (B) Da’anzhai Member from YL-4 Well, 3760.75 m, dense structure of organic matter without organic matter pores; (C) Dongyuemiao Member from FY-1 Well, 2736.30 m, organic matter pores; (D) Dongyuemiao Member from XL-101 Well, 2294.33 m, dense structure of organic matter without organic matter pores; (E) Da’anzhai Member from YL-4 Well, 4051.81 m, interparticle pores; (F) Dongyuemiao Member from XL-101 Well, 2294.33 m, a small amount of bitumen filled in intergranular pores and poor development of pores; (G) Da’anzhai Member from YL-4 Well, 3790.14 m, micropores between clay minerals; (H) Dongyuemiao Member from XL-101 Well, 2275.55 m, micropores between clay minerals which are filled with bitumen; (I) Da’anzhai Member from YL-4 Well, 3748.23 m, intragranular pores in pyrite; (J) Dongyuemiao Member from FY-1 Well, 2708.41 m, intragranular pores in pyrite and organic matter pores in bitumen; (K) Da’anzhai Member from YL-4 Well, 3790.14 m, dissolution pores in the ankerite; (L) Dongyuemiao Member from XL-101 Well, 2269.69 m, dissolution pores in the ankerite.
Mineral Matrix Pores
By conducting scanning electron microscopy after argon-ion polishing techniques, it can be seen that the mineral matrix pores of the Ziliujing Formation in the study area consist of four types: interparticle pores, pores between clay minerals, pores between pyrite, and secondary dissolution pores.
The interparticle pores are one of the main pore types observed in the study area, which are residual primary pores formed by quartz, feldspar, carbonate minerals, and clay mineral (such as illite and chlorite) particle arrangement accumulation and diagenetic compaction between the grains (Yang Chao et al., 2014; Cao et al., 2015; Guan et al., 2016; Li et al., 2019). By observation and analysis, the mineral matrix pores are mainly pores that are developed between minerals and between mineral particles and clay minerals (Figures 2E,F). Most of them are triangular, polygonal, oblong, and irregular. The pore size range is large. In addition, nanopores and micropores are developed and mainly formed by the contact of brittle particles and plastic particles. In the early stage, the intergranular pores with large pore sizes were mostly filled with bitumen, and the intergranular pores with relatively small pore sizes were partly preserved due to the support structure formed by the chaotic accumulation between clay minerals and rigid grains or clay minerals.
The pores between clay minerals are mainly micropores between illite. When the pore water of shale is relatively alkaline and rich in potassium ions, as the burial depth increases, montmorillonite will transform into illite, and the volume will decrease, resulting in microcracks (or micropores) (Yang Chao et al., 2014; Cao et al., 2015; Guan et al., 2016; Li et al., 2019). Mesopores between clay minerals are extensively developed in the Ziliujing Formation in the study area (Figures 2G,H), mainly in layers of illites and illites and micas. The linear pores have different lengths and widths and can appear as slits, triangles, or polygons, controlled by the organic carbon content and the development of pores, and these pores have different occupied spaces of bitumen, including whole-filling, half-filling, part-filling, and no filling. These pores are formed by early clay mineral pores decreasing rapidly under strong compaction with the continuous increase in burial depth and are the most common pores in the study area.
The pores between pyrite framboids are intergranular pores that are formed by mineral crystallization under a stable environment and appropriate medium conditions. Most of the pyrites in continental reservoirs appear as single crystals, and only a few are “strawberry” pyrites. These pores are relatively few (Figures 2G,I).
The secondary dissolution pores are secondary pores formed by the dissolution of minerals that can be dissolved easily, such as feldspar and carbonate, under the acidic water produced by the decarboxylation of groundwater or organic matter. Such pores can be divided into intraparticle and interparticle dissolution pores (Figures 2K,L). The sizes of the former are smaller, mainly 0.05–4 μm. The sizes of the latter are larger, mainly 1–4 μm.
Microcracks
The crack system developed in the shale reservoir is not only conducive to the accumulation of free gas but also the main channel for the seepage migration of shale gas, which plays a key role in the exploitation of shale gas. According to their sizes, the cracks are divided into two types: macroscopic cracks and microcracks. Macroscopic cracks can be observed through the cores, which mainly include structural cracks and bedding cracks (Figures 3A–D). The cracks observed by scanning electron microscopy are collectively called microcracks, which mainly include microscopic tension cracks and organic matter shrinkage cracks (Figures 3E–H).
[image: Figure 3]FIGURE 3 | Microcracks of the continental shale reservoir in northeastern Sichuan Basin. (A) Da’anzhai Member from YL-4 Well, 4004.25–4004.43 m, structural crack without filling; (B) Dongyuemiao Member from FY-1 Well, 2707.2–2707.4 m, structural crack; (C) Da’anzhai Member from YL-4 Well, 4053.12—4053.22 m, bedding crack; (D) Dongyuemiao Member from XL-101 Well, 2268.97–2269.12 m, bedding crack; (E) Da’anzhai Member from YL-4 Well, 3789.34 m, microscopic tension crack; (F) Dongyuemiao Member from XL-101 Well, 2275.55 m, microscopic tension crack; (G) Da’anzhai Member from YL-4 Well, 3789.34 m, organic matter shrinkage crack; (H) Dongyuemiao Member from XL-101 Well, 2269.69 m, organic matter shrinkage crack.
According to the statistics of the scanning electron microscopy and core observations, as can be seen from Figure 4, the pores of the continental shale reservoirs in the northeastern Sichuan Basin are dominated by mineral matrix pores, followed by organic matter pores, and microcracks are developed locally.
[image: Figure 4]FIGURE 4 | Frequency diagram of the development of various pores of Ziliujing Formation shale in northeastern Sichuan Basin.
Pore Characteristics of Shale Based on Various Experiments
Characteristics of the Pore Size Distribution of Continental Shale Based on Mercury Injection Experiments
The developmental characteristics of larger shale pores can be indicated by mercury intrusion curves, and Figure 5 shows the difference between the two regions. In the case of the Da’anzhai Member of the Yuanba area, the low-pressure part (p < 0.2 MPa) mainly develops pores larger than 6 μm, and the amount of mercury increases with increasing pressure. When the pressure reaches 0.2 MPa, the increase in mercury inflow slows; when the pressure is between 0.2 and 0.3 MPa, the amount of mercury entering is small, indicating that this pressure range corresponds to less pore development. At pressures greater than 0.3 MPa, the amount of mercury ingress begins to increase with increasing pressure. The difference in the volume of mercury in and out indicates that there is a low mercury withdrawal rate, poor connectivity, and strong heterogeneity.
[image: Figure 5]FIGURE 5 | MIP curve of continental shale in northeastern Sichuan Basin. (A) MIP result of the Fuling area of Dongyuemiao Member sample no. 3; (B) MIP result of the Fuling area of Dongyuemiao Member sample no. 4; (C) MIP result of the Fuling area of Dongyuemiao Member sample no. 5; (D) MIP result of Yuanba area of Da’anzhai Member sample no. 9; (E) MIP result of Yuanba area of Da’anzhai Member sample no. 12; (F) MIP result of Yuanba area of Da’anzhai Member sample no. 13.
The front member of the curve in Dongyuemiao in the Fuling area is similar to that in the Yuanba area. When the pressure reaches 100 MPa, a small amount of mercury is still shown on the curve in terms of the Fuling area. The difference in the volumes of mercury in and out is relatively small, indicating a higher mercury rejection rate and better connectivity. In general, the continental shale in northeastern Sichuan develops macropores, and the Dongyuemiao Member of the Fuling area has more open pores with better connectivity than the Da’anzhai Member of the Yuanba area.
The pore size distribution curves of the shale samples are shown in Figure 6. There are multiple peaks on the curves, and most of the peaks exist between 3 and 30 nm. The second peak of the sample from the Fuling area appeared after 1 μm, while the peak of the sample from the Yuanba area is continuous. The pore volume of the shale in the Ziliujing Formation mainly comprises mesopores in the range of 3–30 nm, followed by macropores. Compared to those of the Dongyuemiao Member, the macropores in the Da’anzhai Member have better development, a more uniform pore size distribution, and a greater contribution to the pore volume.
[image: Figure 6]FIGURE 6 | Pore size distribution derived from MIP analysis. (A) Dongyuemiao Member sample no. 3; (B) Dongyuemiao Member sample no. 4; (C) Dongyuemiao Member sample no. 5; (D) Da’anzhai Member sample no. 9; (E) Da’anzhai Member sample no. 12; (F) Da’anzhai Member sample no. 13.
Pore Distribution Characteristics of Continental Shale Based on N2 Adsorption Experiments
The small shale pore characteristics can be analyzed by N2 adsorption experiments through adsorption–desorption curves. Figure 7 shows that the nitrogen adsorption curve of the shale sample is generally the opposite “S" type. When the relative pressure is low (0 < p/p0 < 0.3), the adsorption amount rises slowly, and the adsorption isotherm slightly bulges upward. At this time, for the adsorption of the monolayer to the multimolecular layer, the inflection point of the isotherm adsorption line is usually the turning point. At medium–high relative pressure (0.3 < p/p0 < 0.8), the adsorption layer is a multilayered molecule, and the adsorption amount increases slowly. At high relative pressure (0.8 < p/p0 < 1), the adsorption amount increases sharply, and the curve shape shows a downward concave trend. Until the relative pressure is close to 1, there is no saturated adsorption phenomenon, indicating that the capillary condensation of absorbed N2 occurs on the shale surface due to the presence of the mesopores and macropores in the shale of Ziliujing.
[image: Figure 7]FIGURE 7 | N2 adsorption curve of continental shale in northeastern Sichuan Basin. (A) N2 adsorption result of Fuling area of Dongyuemiao Member sample no. 3; (B) N2 adsorption result of Fuling area of Dongyuemiao Member sample no. 4; (C) N2 adsorption result of Fuling area of Dongyuemiao Member sample no. 5; (D) N2 adsorption result of Yuanba area of Da’anzhai Member sample no. 9; (E) N2 adsorption result of Yuanba area of Da’anzhai Member sample no. 12; (F) N2 adsorption result of Yuanba area of Da’anzhai Member sample no. 13.
When the relative pressure p/p0 > 0.3, the adsorption and desorption isotherms are separated to form a hysteresis loop. The width of the loop of the Da’anzhai Member sample is significantly wider than that of the Dongyuemiao sample, which indicates that the pore size distribution in Da’anzhai is more uniform and wider. The hysteresis loop of shale is divided into four types by the International Union of Pure and Applied Chemistry (IUPAC; Sing et al., 1985). The hysteresis loop of the Ziliujing sample is close to H3 and H4 in terms of morphology. The shale sample mainly develops parallel plate-like slit-type pores and contains a small amount of ink bottle–shaped pores (IUPAC; Sing et al., 1985), which have good connectivity and are favorable for the seepage and development of shale gas.
Figure 8 shows the pore size distribution curves of the shale samples obtained from the N2 adsorption experiments. The change rates of the pore volume are mainly in the range of 3–30 nm and decrease with increasing pore size, indicating that the pore volume mainly comprises pores between 3 and 30 nm, which is consistent with the conclusion, obtained using the mercury porosimetric method.
[image: Figure 8]FIGURE 8 | Pore size distribution derived from N2 adsorption analysis. (A) Dongyuemiao Member sample no. 3; (B) Dongyuemiao Member sample no. 4; (C) Dongyuemiao Member sample no. 5; (D) Da’anzhai Member sample no. 9; (E) Da’anzhai Member sample no. 12; (F) Da’anzhai Member sample no. 13.
Characterization of all Pore Sizes of Continental Shale
The full pore size distribution of shale can be calculated from the results of the N2 adsorption and high-pressure mercury intrusion experiments (Figure 9). The pore volume of the sample from Dongyuemiao in the Fuling area is between 0.00412 and 0.00727 cm3/g, with an average of 0.00577 cm3/g, and the specific surface area is between 0.772 and 3.250 m2/g, with an average of 1.496 m2/g. Most of the pores are mesopores, ranging from 32.4 to 62.8%, with an average of 50.517%, mainly between 10 and 50 nm. This was followed by macropores, accounting for 13.3–63.9%, with an average of 38.7%, mainly between 1 and 5 μm. Microporous development is very small, accounting for only 3.7–29.3%. The pore volume of the sample from the Da’anzhai Member of the Yuanba area is between 0.0086 and 10.0136 cm3/g, with an average of 0.0113 cm3/g, and the specific surface area is between 2.206 and 6.918 m2/g, with an average of 3.987 m2/g. Most of the pores are mesopores, accounting for 48.9–62.7%, with an average of 56.3%, mainly between 10 and 50 nm. This was followed by macropores, accounting for 14.4–43.7%, with an average of 28.9%, mainly between 1 and 5 μm. Micropores account for only 10.0–25.6%.
[image: Figure 9]FIGURE 9 | Pore size distribution characteristics of continental shale in northeastern Sichuan Basin.
It is suggested that most of the continental shale pores in the study area are mesopores, followed by macropores and micropores, mainly between 10 and 50 nm, followed by 1–5 μm. The mesopores and macropores may form from clay minerals, and the pore volume is increased due to secondary dissolution pores and cracks, which are related to high calcite content. The micropores are blocked by the soluble organic matter, which is formed by hydrocarbon generation. Such a pore size distribution type is more beneficial to the enrichment of free gas.
DISCUSSION
Effects of TOC Content and Mineral Composition on Pore Structure
By analyzing the correlation of pore structural parameters (pore volume and specific surface area) and T`OC content, the brittle and clay mineral contents of the continental shale reservoirs in the study area (Figure 10) indicate that the pore volume and specific surface area are negatively correlated or irrelevant to the TOC content (Figures 10A,B). This is because the organic matter is mostly vitrinite and inertinite, organic matter pores are not developed (Figures 2B,D), and the soluble organic matter that is formed during organic matter generation occupies the pores and adsorption sites, causing a decrease in the pore quantity in low-maturity shale (Li et al., 2017; Cao et al., 2018).
[image: Figure 10]FIGURE 10 | Relationship between pore structure parameters and TOC and mineral content of Ziliujing Formation in northeastern Sichuan Basin. (A) Relationship between pore volume and TOC; (B) Relationship between pore volume and clay compositions; (C) Relationship between pore volume and quartz; (D) Relationship between surface area and TOC; (E) Relationship between surface area and clay compositions; (F) Relationship between surface area and quartz.
The pore volume is positively correlated with the clay mineral content and negatively correlated with the quartz content (Figures 10B,C), confirming that clay mineral pores are the main pore type of continental shale. The correlations are not so strong, which illustrates that the pore volume is comprehensively controlled by multiple factors.
The specific surface area is not related to the mineral content and quartz content of the sample from the Da’anzhai Member and negatively correlated with the clay minerals and positively correlated with the quartz content of the sample from the Dongyuemiao Member (Figures 10E,F). It is shown that the pore size and range of the pore size between clay minerals are large, and the small pores are mainly constituted by the dissolved pores and intergranular pores formed by rigid minerals and clay minerals, which mainly contribute to the specific surface area.
Reservoir Capacities of the Continental Shale Reservoirs in the Northeastern Sichuan Basin
Natural gas can be stored in three ways, adsorbed, free, and dissolved gas, in two main storage sites with adsorbed reservoir space and free reservoir space (Ross et al., 2006; Hickey and Henk, 2007). The diversity in the formation of free shale gas reservoir space (comprising mesopores to macropores) and adsorbed shale gas reservoir space (comprising micropores to mesopores) is determined by the differences in the facies association, total organic carbon (TOC), maturity of organic matter (Ro), organic matter types, and overpressure in the reservoir (Schettler and Parmoly, 1990; Lu et al., 1995; Pollastro, 2002; Jarvie et al., 2007; Chalmers and Bustin, 2008; Ross and Bustin, 2008; Zhang et al., 2012).
A two-factor method is used to evaluate reservoir capacity based on research on the pore structure and uses the normalized ratio of pore volume to surface area as an index of gas storage capacity in distinguishing the adsorbed reservoir space and free reservoir space. According to the practical production record, the ratio of free gas to adsorbed gas is usually 3/1, which is more suitable for mining, and the S/V is identified with 0.25, 0.5, 0.75, and 1 as the criteria for dividing the levels of reservoirs (Zhao et al., 2016; Zhao et al., 2017; Hu et al., 2018). This method uses data from forming well-studied shale gas reservoirs as standards and can be efficient and straightforward in comparing the storage capacities of different wells and study areas.
In this study, we summarize our samples, that is, the samples from the continental shale gas FYX well in the Fuling area and the JY1 well in the shale gas main productive location in China in the Jiaoshiba area. The relationship between the normalized pore volume and surface area data is shown in Figure 11. Figure 11 shows the storage capacity of the XL101 well, the YL4 well, and the FYX well levels V, IV, and III–IV, respectively. The storage capacity of JY1 decreases from bottom to top and levels II–III. Compared with marine shale, the reservoir morphology of continental shale is freer. Marine shale gas storage comprises organic pores and type I kerogen, with an average TOC of 2.65% and an organic matter (Ro) maturity of approximately 2.6%, which makes it possible to form many organic pores with pore diameters <24 nm and fewer macropores. In contrast, continental shale gas storage has type II–III kerogen, with an average TOC of 1.24% and an organic matter (Ro) maturity of approximately 1.2%. The pores originate from clay minerals with less organic matter; only hydrogen-rich vitrinite and solid asphalt develop organic pores, which are macropores. The continental shale has a pore diameter of 10–50 nm with predominant macropores and fewer micropores.
[image: Figure 11]FIGURE 11 | Reservoir capacity of continental shale reservoirs in the northeastern Sichuan Basin (JY1 well data by the Guo et al., 2014; FYX well data by the Sinopec).
According to the analysis in the field, the average gas content of the JY1 well is 2.96 m3/t, that of the YL4 well is 1.374 m3/t, and that of the XL101 well is 1.183 m3/t, which is highly consistent with the evaluation of the reservoir storage capacities.
CONCLUSION

1) The pores of the continental shale reservoirs in the northeastern Sichuan Basin are dominated by mineral matrix pores, followed by organic matter pores, and microcracks are developed locally.
2) The characteristics of the pore structures in the two layers of continental shale were measured using high-pressure mercury injection and nitrogen adsorption methods. The results show that the pores consist of predominant mesopores (10–50 mm) followed by some macropores because the high content of clay minerals in the continental shale reservoirs provides mostly mesopores to macropores. In addition, a high concentration of carbonate forms corrosion apertures and raises the volume of pores. With hydrocarbon generation, soluble organic matter jams micropores. The characteristics of the pore structure result in an abundance of free gas.
3) The ratio of pore volume to surface area shows a negative correlation or is uncorrelated with the total organic carbon (TOC) content. The organic matter in the continental shale is usually vitrinite and fusinite that evolved from the wooden fibrous histiocytoma in higher plants, which do not develop organic pores. Clarovitrinite and solid bitumen develop organic pores with various pore diameters. The positive correlation of the pore volume with the clay mineral concentration indicates that the main type of pore structure in the continental shale reservoirs is pores between clay minerals, while the lack of correlations shows that a number of factors determine pore volume. The ratio of pore volume to surface area has a positive correlation with the quartz content in the sample from the Dongyuemiao member in the Fuling area and indicates that micropores originate from dissolution pores and intergranular pores between rigid minerals and clay minerals.
4) We evaluated the reservoir capacities of the continental shale reservoirs in the northeastern Sichuan Basin by using a method of the normalized ratio of pore volume to surface area two-factor method with the Lower Silurian marine shale reservoir from the Jiaoshiba area in the Sichuan Basin as a benchmark. The continental shale reservoirs mainly show free-state accumulation from level II to level IV. This reservoir mostly comprises clay mineral pores and consists of mesopores to macropores, which are beneficial for the accumulation of free gas.
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A total of nine immature–low maturity oil shale samples from Fushun and Maoming, the main oil shale producing areas in China, and three mature shale samples from the Jiyang Depression, China, were selected for use in hydrocarbon generation thermal simulation experiments in an open system and a closed system. The parallel first–order reaction kinetic model and the overall nth–order reaction kinetic model were used to calibrate the pyrolysis kinetic parameters of the samples. This comparative study revealed following conclusion. The generation period of the gaseous hydrocarbons (C1–5) was the longest, and the generation period of the heavy hydrocarbon (C14+) was the shortest. The activation energy of the hydrocarbon generation reaction was closely related to the maturity of the organic matter, i.e., the higher the maturity of the sample, the higher the activation energy of the reaction, which indicates that oil shale/shale oil conversion requires higher temperature conditions. The parallel first–order reaction model regards the hydrocarbon generation reaction as a series of first–order reactions, and it has a better fitting effect for the longer hydrocarbon generation period reactions, such as generating gaseous hydrocarbons (C1–5) and light components (C6–14) from organic matter. The overall nth–order reaction treats the reaction as a nth–order reaction, and the nth–order reaction has a better fitting effect for reactions with a narrow hydrocarbon generation window, such as generating heavy components from organic matter. In the process of generating hydrocarbons from organic matter, the order of the reaction is the sum of the orders of the sub–reactions. The more hydrocarbon–generating parent material, the higher order of hydrocarbon–generating reaction. The reaction order sequence of the generation of different hydrocarbons from organic matter is as follows: generation of gaseous hydrocarbons > generation of light hydrocarbons > generation of heavy hydrocarbons.
Keywords: shale, parallel first-order reactions, overall nth-order reaction, order of reaction, activation energy
1 INTRODUCTION
The nature of the conversion of organic matter into oil and natural gas under geological conditions is a chemical reaction process with a long reaction time, which can be quantitatively characterized by chemical kinetic methods (Braun and Burnham, 1987; Burnham and Sweeney, 1989; Pepper and Corvi, 1995; Burnham and Braun, 1999; Dieckmann, 2005). First, thermal simulation data are used to establish a chemical kinetic model of hydrocarbon generation from organic matter (Behar et al., 1997; Chen et al., 2017a). Then, it is extrapolated to geological conditions for application in the kinetic simulation of hydrocarbon generation from organic matter during geological periods, reconstructing the hydrocarbon generation history (Wang et al., 2013; Han et al., 2014; Chen et al., 2017b; Chen et al., 2017c; Li et al., 2018; Chen et al., 2020; Johnson et al., 2020; Wang et al., 2020). Hydrocarbon generation kinetics models are also applicable to product prediction in the in situ conversion of oil shale (Kang et al., 2020; He et al., 2021; Zhang et al., 2021) and low–maturity shale oil (Zhang et al., 2019).
Kinetic models include the overall reaction model (Allred, 1966; Haddadin and Tawarah, 1980; Shih and Sohn, 1980), the Friedman type model (Klomp and Wright, 1990), the sequential reaction model (Behar et al., 2008), and the parallel reaction model (Tissot et al., 1987; Ritter et al., 1993; Burnham et al., 1995). Due to the large amount of calculations required to calibrate these models and the limited data processing capability of early computers, researchers initially used the overall reaction model. The Friedman type model is essentially a piecewise overall reaction model. The sequential reaction model obtains the final product through several consecutive elementary reactions, and the product of the previous elementary reaction is the reactant of the last reaction. However, this model has high experimental requirements and had not been applied in large–scale. The parallel reaction model regards hydrocarbon generation from kerogen as finite number of parallel reactions, and is the most widely used kinetic model at present.
To simplify the model, the parallel reaction kinetic model assume that each parallel reaction is a first–order reaction, which means that the reaction rate is only proportional to the first power of the concentration of the reacting substance. The parallel first–order reaction kinetic model uses the quantity and distribution characteristics of the parallel reactions to characterize the reaction process. The overall nth–order reaction model treats the reaction as a whole reaction, but the order of the reaction is not limited to first order. The order of the reaction refers to the algebraic sum of the exponents of the substance concentration terms in the power series rate equation of a chemical reaction, which is usually represented by n. If the power series rate equation of the reaction is [image: image], then the order of the reaction is [image: image]. Generally speaking, the order of the reaction is that of the total reaction. a, b, and c are the orders of the reactions of reactants A, B, and C, respectively, which means that the order of the reaction is a for A, b for B, c for C, and so on. The reaction order reflects the degree of influence of the substance’s concentration on the reaction rate. The larger the order of the reaction, the more the reaction rate is affected by the concentration.
The parallel first–order reaction model assumes that the process of hydrocarbon generation from kerogen consists of a series of parallel first–order reactions (N); each reaction has its own activation energy (Ei) and frequency factor (Ai), and for each reaction, the corresponding original hydrocarbon generation potential of the kerogen is Xi0, i = 1, 2, 3, … N. When a certain reaction time t is reached, the hydrocarbon generation potential of the ith reaction is Xi, as shown in Eq 1 (Burnham et al., 1995).
[image: image]
Ki is the reaction rate constant of the ith kerogen hydrocarbon generation reaction, which can be obtained using the Arrhenius formula as follows:
[image: image]
Because the organic matter pyrolysis experiments under laboratory conditions involved constant heating (assuming the heating rate is D), then
[image: image]
By combining the above formulas, it was determined that the amount of hydrocarbon generation during the ith reaction is
[image: image]
The total hydrocarbon production of all of the parallel reactions is
[image: image]
Similarly, Overall first order reaction and overall nth–order reaction models are as shown in Eqs. 6, 7, respectively (Allred, 1966). In the past, researchers usually used the plotting method to calibrate the kinetic parameters of overall reaction. Based on the transformation of kinetic equation, the linear relationship between kinetic parameters and experimental data was established, and the kinetic parameters were continuously adjusted manually to optimize the linear relationship (Haddadin and Tawarah, 1980; Shih and Sohn, 1980). Therefore, the calculation efficiency of the plotting method is low and the error is large.
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[image: image]
Theoretically, the parallel first–order reaction model is more reasonable than the overall first–order reaction model, and the overall non first–order reaction model is more reasonable in setting the reaction order, but there is still a lack of comparative research between the two types of models. In this study, the pyrolysis hydrocarbon generation characteristics were studied through the pyrolysis experiments of open and closed systems, and the kinetic characteristics of samples were characterized by parallel first–order reaction model and general package multistage non first–order reaction kinetic model, in order to deepen the understanding of the applicability of the model and the reaction mechanism of hydrocarbon generation of organic matter.
2 SAMPLES AND EXPERIMENTS
2.1 Samples
Six oil shale samples from burial depths of 120–140 m in the Maoming oil shale production area in Guangdong, China, and three oil shale samples from burial depths of 400–450 m in the Fushun oil shale production area in Liaoning, China, were selected for the experiments. In addition, three mature shale samples from a buried depth of about 3,000 m in the Jiyang Depression, China, were selected for comparison to study the influence of the organic matter’s maturity on the kinetic characteristics.
2.2 Experiments
Routine rock pyrolysis and total organic carbon (TOC) detection were performed on the selected samples to obtain their basic geochemical parameters, such as the TOC, organic matter maturity, and type of organic matter (Hazra and Dutta, 2017; Chen et al., 2021). Then, the thermal simulation was carried out, which included Rock–Eval, pyrolysis–gas chromatography (PY–GC) in an open system, and thermal simulation experiments of gold tube in a closed system.
2.2.1 TOC Measurement
The TOC analysis was performed using a LECO CS–230HC analyzer. Approximately 250–500 mg of 100–120 mesh rock was required. To remove the inorganic carbon in the form of carbonates, it was necessary to acidify the sample before analysis. The samples were rinsed with distilled water to remove the HCl solution. After this, the samples were dried to eliminate moisture prior to analysis. The prepared sample was placed in the oven of the analyzer and heated at 1,100 °C, and the amount of carbon dioxide (CO2) produced was measured using an infrared cell. The samples were subjected to quality assurance/quality control (QA/QC) analysis in duplicate to ensure that the analysis accuracy is better than ±0.2%.
2.2.2 Rock–Eval Pyrolysis
A Rock–Eval–VI pyrolysis apparatus was used for both the rock pyrolysis and the open system thermal simulations. The rock pyrolysis allows for the detection of the hydrocarbon generation potential of the sample by heating the sample in an open system under non–isothermal conditions. The hydrocarbons released from the sample are monitored by a flame ionization detector (FID). The detection items include free hydrocarbon (S1), pyrolytic hydrocarbon (S2), organic carbon dioxide (S3), hydrogen index (HI), and maximum pyrolysis peak temperature (Tmax).
In the open system thermal simulation, 100 mg of the sample was used in a single experiment. During the heating process, first, the pyrolysis apparatus was rapidly heated to 200°C, and the free hydrocarbons were removed at constant temperature for 3 min. Then, under different heating rates (10°C/min, 20 °C/min, 30°C/min, 40°C/min, and 50°C/min), the sample was heated from 200 to 700°C, and the volume of the products was recorded in real time.
2.2.3 Pyrolysis–Gas Chromatography (PY–GC)
The PY–GC consisted of an SRA–TEPI pyrolyzer, which controlled the pyrolysis temperature, and an Agilent 6,890 gas chromatograph detection system (Xie et al., 2020). The sample was placed in the sample tube, and the tube was placed into the pyrolysis probe. The sample was heated from 200 to 630°C at heating rates of 10°C/min and 30°C/min. The pyrolysis products were collected at a temperature interval of 30°C, and gas chromatography analysis was performed to determine the gas chromatogram relative content of the heavy hydrocarbons (C14+), light hydrocarbons (C6–14), and gaseous hydrocarbons (C1–5) at each temperature. A DB–502 50 m × 0.2 mm × 0.5 um capillary column was used.
2.2.4 Gold Tube Pyrolysis Experiments
In order to compare the hydrocarbon generation characteristics of the open system and the closed system, a closed system gold tube thermal simulation experiment was performed on sample No. 9. The kerogen sample was sealed in a gold tube under an argon atmosphere. The gold tube was placed in an autoclave, and the autoclave was filled with water using a high–pressure pump. The high–pressure water caused the gold tube to deform flexibly, thereby exerting pressure on the sample. The samples were heated at heating rates of 20°C/h and 2°C/h, and the temperature difference of each autoclave was less than 1°C. The pressure was 5 MPa, the temperature range was 150–600°C, and the temperature fluctuation was less than 1. After the experiment, the three components, i.e., the gases (hydrocarbon gas and non–hydrocarbon gas), light hydrocarbons (C6–14), and heavy hydrocarbons (C14+`), were analyzed. The determination methods used for the different components have been described in previous studies (Ungerer et al., 1988; Hill et al., 2003).
2.3 Experimental Results
The TOC and pyrolysis experiment data for the samples show that the samples have high organic matter abundances (Table. 1), with an average TOC value of 12.72% and a maximum TOC value of 21.75%. The Tmax increases with increasing depth. The samples with different maturities have different characteristics. The immature samples have lower S1 and higher TOC and S2. Except for sample No. 11, whose type of matter is II1, the other samples contain type I organic matter (Figure 1).
TABLE 1 | The initial geochemical parameters of the samples.
[image: Table 1][image: Figure 1]FIGURE 1 | Tmax versus HI diagram of samples.
The characteristics of the thermal simulation products were affected by the maturity. Samples 10–12 have higher maturities, and the hydrocarbon generation occurred later than for the nine immature–low maturity samples. Under the same temperature conditions, the conversion rate of the mature shale samples was lower than that of the other immature–low maturity oil shale samples (Figure 2). This demonstrates that oil shale/shale oil with a higher maturity requires higher temperature conditions for in situ conversion.
[image: Figure 2]FIGURE 2 | Hydrocarbon generation conversion curves of the open system experiment.
It can be seen from the results of the open system experiment that the heavy hydrocarbons (C14+) generation period was the shortest, occurring at temperatures of 370–500°C, followed by the light hydrocarbons (C6–14) generation period at temperatures of 340–520°C; the gaseous hydrocarbons (C1–5) generation period was the longest, occurring at temperatures of 300–650°C (Figure 3). According to the closed system thermal simulation results, the C1–5 yield continuously increased, and the lower the heating rate, the higher the C1–5 yield at the same temperature. Both the C6–14 and C14+ components underwent secondary cracking. The lower the heating rate, the lower the temperature at which the secondary cracking occurred (Figure 4).
[image: Figure 3]FIGURE 3 | Hydrocarbon generation conversion rates at different temperatures in the open system experiments. (A) C1–5. (B) C6–14. (C) C14+.
[image: Figure 4]FIGURE 4 | Hydrocarbon generation conversion rate at different temperatures of sample No. Nine in the closed system experiments. (A) C1–5. (B) C6–14. (C) C14+.
By comparing the results of the liquid hydrocarbon (C6–14 and C14+) conversion in the open system experiments and the closed system experiments, it was found that the results of heavy hydrocarbons conversion in the two systems were basically the same when EasyRo <1% (Figure 5).
[image: Figure 5]FIGURE 5 | Comparison of the conversion ratio of the liquid hydrocarbons in the open system and closed system experiments.
3 MODEL CALIBRATION AND APPLICATION
3.1 Model Calibration
3.1.1 Construct the Objective Function
Assuming that at a certain heating rate l, when a certain temperature j is reached, the hydrocarbon production rate measured in the experiment is X1lj. Under the same conditions, assuming Ei, Ai, and Xi0, the hydrocarbon production rate calculated using the model is Xlj. If there is a certain group of Ei, Ai, and Xi0 values such that X1lj − Xlj = 0 for all l and j, then this group of Ei, Ai, and Xi0 values represents the correct parameters. However, due to experimental errors and other reasons, this is actually impossible. Therefore, the values of Ei, Ai, and Xi0 that make X1lj − Xlj as small as possible are the substitutes. Thus, the objective function can be constructed as Eq 8 to characterize the calculation error.
[image: image]
where L0 is the number of experiments with different heating rates, and J0 is the number of sampling points from an experimental curve.
In addition, for each parameter in the formula, certain constraints listed in Eq 9 must be met. Ei can be solved by determining the distribution range of the activation energy of the parallel reactions and the activation energy interval of the adjacent parallel reactions.
[image: image]
Thus far, the problem of obtaining the kinetic parameters has been changed to the problem of finding the minimum point at which the non–negative objective function satisfies the constraint conditions.
3.1.2 Construct the Penalty Function
The abovementioned problem of finding the minimum value that satisfies the constraint conditions is more complicated because in addition to the gradual decrease in the value of the objective function, attention must be paid to the feasibility of the solution, that is, to determine whether the solution is within the range defined by the constraint conditions. Thus, the penalty function method is adopted to turn the constrained extreme value problem into an unconstrained extreme value problem. The process is as follows.
For any constraint condition, a function can be constructed. When the obtained extreme point meets the condition, the function’s value is 0; otherwise, it is a positive number.
If Ai > 0, this constraint condition can be obtained as follows:
[image: image]
That is,G1 (Ai) = [min(0, Ai]2. For the other constraints, the method is the same as for Ai. Because of space limitations, the constraints on the remaining parameters are not repeated here. After the penalty function of each constraint condition is constructed, the penalty items can be obtained as follows:
[image: image]
Use a sufficiently large positive integer R to construct a penalty function
[image: image]
If the obtained minimum point exceeds the constraint condition, the coefficient R is gradually increased. When R is sufficiently large, the minimum solution of the penalty term is the minimum solution of the objective function, thus turning the constrained extreme value problem into unconstrained extreme value problems, which are relatively easy to solve.
3.1.3 Calculate the First–Order Partial Derivative
The necessary condition for the existence of the minimum is that the first–order partial derivative of the penalty function is 0.
First find the partial derivative of the objective function:
[image: image]
where
[image: image]
When i≠m, partial derivative is 0, so,
[image: image]
[image: image]
m = 1, 2, 3, … , N.
partial derivatives of the penalty term are as follows:
[image: image]
[image: image]
FN means:
[image: image]
m = 1, 2, 3, … , N
Obtain the partial derivative of the objective function and the penalty term. After the partial derivative is obtained, theoretically speaking, the minimum point should meet the following conditions:
[image: image]
m = 1, 2, 3, … , N
Therefore, if the equations can be obtained accurately, several possible minima can be obtained, which can be used to solve for the 2 × N undetermined kinetic parameters (Ai, Xi0) and to complete the model calibration. Although it is impossible to find an exact solution for such a complex non–polynomial function as the above equations, an approximate solution can be found.
3.1.4 Approximate the Minima
A variety of optimization algorithms are available to solve the unconstrained value problem. In this study, the variable–scaling method with fast convergence speed and no need to calculate the cumbersome second derivative matrix and its inverse matrix was selected for the optimization calculation. The detailed derivation of the variable–scale optimization algorithm can be found in the literature (Powell, 1978).
When calibrating the overall reaction model, the difference from the parallel first–order reaction is the change in the order of the reaction (n) and the change in the constraint conditions.
Compared with the parallel first–order reaction model, the constraints of the overall reaction model are as follows:
[image: image]
In addition, the corresponding penalties are as follows:
[image: image]
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The partial derivative of the objective function to the activation energy is as follows:
[image: image]
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The partial derivative of the objective function to the frequency factor as follows:
[image: image]
where
[image: image]
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The partial derivative of the objective function to the order of the reaction is as follows:
[image: image]
where
[image: image]
When n = 1, there is no need to calculate the partial derivative of the objective function to the order of the reaction.
The partial derivative of the penalty term is as follows:
[image: image]
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After obtaining the partial derivatives of A, E, and n, the subsequent optimization of the activation energy at the minimum point of the objective function, the frequency factor, and the reaction order are the same as for the parallel first–order reaction model.
3.2 Model Application
Figure 6 shows the comparison of the fitting effects of the parallel first–order reaction model and the overall nth–order reaction model for sample No. Nine in the open system experiment. Figure 7 shows the comparison of the average calculation errors of the parallel first–order reaction model and the overall nth–order reaction model for all of the calculated values of the samples. The two models have different fitting effects for the different hydrocarbon generation reactions. For the fitting effects of the generation of C1–5 from organic matter and the generation of C6–14 from organic matter, the average calculation error of the parallel first–order reaction model is smaller than that of the overall nth–order reaction model. For the generation of C14+ from organic matter, the average calculation error of the overall nth–order reaction model is smaller than that of the parallel first–order reaction model.
[image: Figure 6]FIGURE 6 | Comparison of the fitting effects of the parallel first–order reaction model and the overall nth–order reaction model on experimental data of sample No. Nine in the open system experiments. Figures 6A, C, E are the fitting effect of the parallel first–order reaction on the generation of C1–5, C6–14 and C14+, respectively; Figures 6B, D, F are the fitting effect of the overall nth–order reaction on the generation of C1–5, C6–14 and C14+, respectively.
[image: Figure 7]FIGURE 7 | Comparison of the average calculation errors of the parallel first–order reaction model and the overall nth–order reaction model. (A) C1–5. (B) C6–14. (C) C14+.
Figures 8, 9 show the fitting effects of the parallel first–order reaction model and the overall nth–order reaction model on the measured values of the closed system experiment. It can be seen that the fitting effect of the parallel first–order reaction model is better than the overall nth–order reaction model.
[image: Figure 8]FIGURE 8 | Comparison of the fitting effects of the parallel first–order reaction model and the overall nth order reaction model on experimental data of the gas hydrocarbon in the closed system experiments on sample No. 9. (A) parallel first–order reaction model. (B) overall nth–order reaction model.
[image: Figure 9]FIGURE 9 | Comparison of the fitting effects of the parallel first–order reaction model and the overall nth–order reaction model on experimental data of the liquid hydrocarbon in the closed system experiments on sample No. 9. (A) parallel first–order reaction model. (B) overall nth–order reaction model.
Figure 10 shows the distribution diagrams of the calculated reaction activation energies of the different reactions in the different systems. The standard deviation (σ) was selected to reflect the degree of dispersion of the activation energy, and a smaller standard deviation represents a more discrete activation energy distribution. The standard deviation equation is as follows:
[image: image]
where ei is the ratio of activation energy of each reaction to the total reaction, and [image: image] is the average of ei.
[image: Figure 10]FIGURE 10 | The activation energy distribution of hydrocarbon generation from the pyrolysis of sample No. 9. (A) C1–5 generation in the open system. (B) generation of C6–14 in the open system. (C) generation of C14+ in the open system. (D) C1–5 generation in the closed system. (E) liquid hydrocarbon cracking in the closed system.
As can be seen from Figures 10, 11, the activation energy distribution of the C1–5 is the most dispersed, with σ ranging from 0.107 to 0.157. The σ range of activation energy distribution of the C6–14 is 0.132–0.185. The activation energy distribution of the C14+ is the most concentrated, with a σ range of 0.147–0.189. In addition, the activation energy distribution of the closed system is more dispersed than that of open system, with σ of 0.080 and an average activation energy of 246.13 kJ/mol, which are higher than those of the open system reaction.
[image: Figure 11]FIGURE 11 | Reaction order and standard deviation of different hydrocarbon generation reactions.
As can be seen from the trend of the reaction orders of the different reactions, the reaction order of the generation reaction of the C1–5 is the largest, ranging from 1.74 to 2.31 (mean 2.00). The reaction order of the generation reaction of the C14+ is the smallest, ranging from 1.00 to 1.71 (mean 1.15). The reaction order of the generation reaction of the C6–14 is between those of the gaseous hydrocarbons and the heavy hydrocarbons, ranging from 1.31 to 1.98 (mean 1.54) (Figure 11). The reaction order of generation reaction of C1–5 in the closed system is 2.62, which is biggest among all of the reactions.
4 DISCUSSION
4.1 Effect of Organic Matter Maturity on Activation Energy
The activation energy of hydrocarbon generation reflects the difficulty of the organic matter cracking and hydrocarbon generation. The higher the maturity, the higher the activation energy of the reaction. Tmax exhibits a good correlation with maturity. According to the pyrolysis information and kinetic parameters of the 12 samples analyzed in this study, for any organic matter hydrocarbon generation reaction, there is a positive correlation between the Tmax and activation energy (Figure 12). It can be seen that the higher the maturity, the higher the peak temperature of the pyrolysis and the higher the activation energy of the reaction, which causes the lag in the hydrocarbon generation period (Figure 2).
[image: Figure 12]FIGURE 12 | The relationship between the activation energy of hydrocarbon generation in the open system and Tmax. (A) total hydrocarbons from organic matter. (B) generation of C1–5 from organic matter. (C) generation of C6–14 from organic matter. (D) generation of C14+ from organic matter.
4.2 Influence of the Hydrocarbon Generation Period on the Model Fitting Effect
The parallel first–order reaction model uses different reactions to characterize the different reaction stages. For reactions with longer reaction periods such as the generation of gaseous hydrocarbons and light hydrocarbons from organic matter in an open system and the generation of gaseous hydrocarbons from organic matter in a closed system, the parallel first–order response model has a better fitting effect. The overall reaction model uses only one reaction to describe the entire reaction process. In order to achieve the best fitting effect, the model prioritizes the optimization of the main phase of the reaction, and the initial and final stages of the reaction have poor fitting effects. For reactions such as the generation of heavy hydrocarbons from organic matter, which has a short reaction period, the nth–order reactions have an advantage in the fitting process, and compared with first–order reactions, the fitting effect is better.
4.3 Influence of the Hydrocarbon–Generating Parent Material on the Order of the Reaction
Kerogen is a complex polycondensate polymer with no fixed chemical composition and only a certain range of compositions (Tissot and Deroo, 1978; Pavle et al., 1998; Love et al., 1998). Kerogen is mainly composed of three groups (aliphatic structure, aromatic structure, and heteroatom structure), among which the aliphatic structure and aromatic structure are the main groups that generate the hydrocarbons and gases, and each group includes a variety of compounds with different chemical formulas. In the process of generating hydrocarbons from organic matter, compounds with different molecular formulas can generate hydrocarbons when heated, and the hydrocarbon generation from each compound can be regarded as a sub–reaction of the total reaction of the hydrocarbon generation from the kerogen.
The order of the reaction is the sum of the orders of the sub–reactions. Therefore, the more diverse sub–reactions, the higher reaction order. In the generation of hydrocarbons from organic matter, the gas generation reaction runs through the entire evolution stage. In addition to the direct generation of gaseous hydrocarbons from the organic matter, the secondary cracking of liquid hydrocarbons in the later stage of pyrolysis can also produce gaseous hydrocarbons, that is, the parent material types of the gaseous hydrocarbon components are the most diverse. As a result, the gas generation process of organic matter contains the most chemical reactions, and the reaction order is the highest, followed by the light hydrocarbons. Heavy hydrocarbon components are generated from the fewest types of parent material and have the lowest reaction order. The activation energy distributions of the different components calculated using the parallel reaction model and the order of the reaction characteristics of each component calculated using the overall nth–order reaction model exhibit the uniformity of hydrocarbon generation mechanism, which shows the rationality and accuracy of the models.
5 CONCLUSION
Based on the characterization results of the pyrolysis kinetics of continental shale obtained using the two models, the following conclusions were drawn.
The parallel first–order reaction model characterizes the reaction diversity based on the number and distribution characteristics of the parallel reactions, while the overall nth–order reaction model characterizes the reaction diversity based on the change in the order of the reaction. The combination of the two models can be used to better explore the hydrocarbon generation reaction mechanism.
The activation energies of the continental shale samples with different maturities were different. The higher the maturity of the sample, the higher the activation energy of the hydrocarbon generation, the more the hydrocarbon generation lagged, and the higher the temperature required for the in situ conversion process.
The parallel first–order reaction model decomposes the hydrocarbon generation reaction into a series of parallel first–order reactions. For various reactions with longer reaction periods, such as the generation of C1–5 and C6–14 from organic matter in the closed system, the reaction fitting effect is better. Due to the rationality of the reaction order setting, the overall nth–order reaction model has a better fitting effect for reactions with shorter reaction periods, such as the generation of C14+ from organic matter.
The order of the reaction is the sum of the orders of the sub–reactions. In the hydrocarbon generation reaction, the more complex the type of parent material, the larger the number of reactions and the larger the order of the reaction. Thus, the reaction order of C1–5 generation is highest, the second is the generation of C6–14, and the last is generation of C14+.
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Various studies have shown that geo-catalytically mediated methanogenesis could happen in immature to early-mature source rocks at temperatures ranging from 60 to 140°C based on a series of long-term laboratory heating experimental evidences. The results of those studies show that methane yields at the given temperature are 5–11 orders of magnitude higher than the theoretically predicted yields from early thermogenic methane generation kinetic models. However, different types of source rocks in these laboratory simulation experiments generated varied CH4 and CO2 yields, which suggest that controls on CH4 generation during catalytic methanogenesis are complex. This study summarizes and compares gas yield results from laboratory low-temperature heating simulation experiments. Pre-existing trapped methane in rock chips could mimic newly generated gas during heating. The yields of catalytically generated CH4 from individual source rocks were re-quantified by subtracting the amounts of pre-existing CH4 in the closed pores of the original source rocks from the total methane amounts released from heating experiments and pre-existing CH4 in the closed pores in heated source rocks. The results show that heating temperature and time exert a positive influence on methane catalytic methanogenesis. Mowry and Second White Specks Formation Shale generated approximately ten times more CH4 than New Albany Shale and Mahogany Shale per gram of total organic carbon (TOC). Samples of Springfield Coal #1 and #2 exhibited ten times yield difference from one another at the same heating temperature. Those yield differences are not strongly associated with TOC content, heating time, temperature, metal content, or kerogen type but appear to be more influenced by maceral composition and also maceral–mineral contact area within the source rocks. We conclude that macerals in the liptinite group have a propensity for methanogenesis. Specifically, amorphous organic matter undergoes transformation into hydrocarbons earlier than alginite at low-temperature heating conditions. Sporinite also contributes to higher yields of methane released from the coal source rock. Vitrinite and inertinite show a positive influence on carbon dioxide but no significant effect on increasing methane yields compared to other macerals. The strongest catalytic methanogenesis in the studied sample produced methane yields at 60°C, which amounted to ∼2.5 μmol per gram of organic carbon during one year of heating. We suggest that geocatalytic methanogenesis could generate economically sizeable gas plays from immature to early-mature source rocks over geologic time.
Keywords: methane, source rock, low-mature, catalytic gas, maceral
1 INTRODUCTION
Hydrocarbon gases in source rocks in sedimentary basins are generally of either low-temperature microbial or high-temperature thermogenic origin (Tissot and Welte, 1984; Hunt, 1996; Whiticar, 1999; Paull et al., 2000; Jarvie et al., 2007; Martini et al., 2008). Microbial gas generation usually occurs in low maturity rocks when vitrinite reflectance (Ro) is lower than 0.4% up to 75°C (Rice and Claypool, 1981; Inagaki et al., 2015; Milkov and Etiope, 2018). Thermogenic gas generation resulting from kerogen and oil cracking typically falls into the Ro ranges of 0.8–1.3% (Higgs, 1986; Jarvie et al., 2007). However, numerous studies reported economically viable natural gas plays sourced from low-maturity coals and shales with Ro of 0.3–0.7% (e.g., Galimov, 1988; Xu et al., 2008; Cardott, 2012). The reported carbon and hydrogen isotopic values of methane gas (δ13CCH4 from ∼−55 to −30‰) from those gas occurrences were placed between typical microbial and thermogenic methane gas ranges, which made it difficult to determine their origins (Galimov, 1988; Muscio et al., 1994; Rowe and Muehlenbachs, 1999; Tilley and Muehlenbachs, 2006; Cardott, 2012). Researchers have made arguments about whether those natural gases are a mixture of thermogenic gas and microbial gas or those are gases migrated from deeper, thermogenic sources. In addition, as early as the 1980s, some researchers proposed that immature source rock could generate hydrocarbon gas catalytically at low-temperature conditions. The proposed hypotheses are as follows: 1) reduced metallic catalyst aids in the conversion of kerogen, bitumen, and oil to hydrocarbon gas (Mango, 1992; Lewan et al., 2008); 2) clay minerals facilitate the generation of hydrocarbons from organic matter (Espitalié et al., 1984; Bu et al., 2017; Rahman et al., 2018), although some other studies show that smectite inhibits hydrocarbon generation (Orr, 1983; Lewan and Kotarba, 2014) and montmorillonite can exhibit either pyrolysis-promoting or pyrolysis-inhibiting effect based on interlayer of clay-organic matter complexes (Bu et al., 2017); 3) sulfur-bearing kerogen with low activation energy for hydrocarbon generation (Baskin and Peters, 1992; Lewan, 1998; Seewald, 2003); and 4) certain types of macerals undergo easier and earlier bond breaking to generate light hydrocarbons (Peters et al., 2006; Liu et al., 2019a).
Long term low-temperature (<200°C) simulation experiments in laboratory conditions can simulate the natural hydrocarbon gas generation process in sedimentary basins. Unlikely traditional hydrous pyrolysis experiments (<350°C; Lewan, 1991; Savage, 2000; Kotarba and Lewan, 2004; Stainforth, 2009), low temperature create proper conditions for metallic catalyst activation and for macerals to reach their initial activation energy-generating hydrocarbons gradually (Mango, 1992; Medina et al., 2000; Lewan et al., 2008). In recent years, our research group conducted a series of low-temperature (60–140°C) and long term (1 month–5 years) heating experiments to investigate an alternative, low-temperature pathway for C–C bond breaking and the generation of non-microbial coalbed gas and shale gas. Several different source rocks in these simulation experiments generated varied amounts of CH4 and CO2, and also carbon and hydrogen isotopic values of methane (Wei et al., 2018; Wei et al., 2019; Ma et al., 2021). The results of Wei et al. (2018) show that methane yields in New Albany Shale (NAS) at the given temperature are 5–11 orders of magnitude higher than the theoretically predicted yields from kinetic models of early thermogenic methane generation. Those studies proved that both shale and coal could be geo-catalytically converted into gaseous hydrocarbons at temperatures as low as 60°C, and ∼200°C could be the start temperature for thermal cracking of OM. For thermogenic gases, their generation yields are strongly correlated with total organic carbon (TOC) content, kerogen type and initial maturity (Jarvie et al., 2007; Gao et al., 2014; Lewan and Kotarba, 2014; Wei et al., 2016; Wei et al., 2021). Previous studies (Wei et al., 2018; Wei et al., 2019) indicated that increased temperature and heating time enhanced catalytic methane yields, while elevated pressure exerted a negative influence on catalytic methane generation However, when yields from many different source rocks were compared at a similar temperature, heating time, and pressure conditions, it was difficult to generalize the major factors controlling CH4 generation during catalytic methanogenesis. For example, Mowry and Second White Specks Formation Shale generated approximately ten times more CH4 than New Albany Shale and Mahogany Shale per gram of TOC. Samples of Springfield Coal #1 and #2 exhibit ten times yield difference at the same heating temperature.
Organic matter is the material basis for hydrocarbon transformation and generation. Macerals can have variable hydrocarbon generation potential within the source rock. Individual macerals evolve differently along with maturation and could be oil-prone, gas-prone, or could have very limited hydrocarbon generation potential (Peters et al., 2006; Mastalerz et al., 2012; Mastalerz et al., 2018; Wei et al., 2016; Liu et al., 2019a). For example, the liptinite maceral group includes oil-prone macerals such as alginite, cutinite, sporinite, and amorphous organic matter (AOM; also named bituminite or amorphinite; ICCP, 1998; ICCP, 2001). Same geochemically-defined kerogen types could have heterogeneous maceral composition (ICCP, 1998; ICCP, 2001; Taylor et al., 1998; Mastalerz et al., 2012; Hackley and Cardott, 2016; Pickel et al., 2017; Liu et al., 2019a; Liu et al., 2019b; Liu et al., 2020). More specifically, type III kerogen might be composed dominantly of gas-prone vitrinite macerals or might be a mixture of type II and IV and thus have significant oil-prone character. For example, the coals and the dispersed organic matter in Cooper Basin are composed of large content of inertinite but several percent of degraded alginite, which has been widely regarded as a source of oil (Smyth, 1983; Taylor et al., 1998; Jadoon et al., 2016). In addition, the source rock’s onset to generate hydrocarbons varies depending on the specific maceral type and association (Khorasani and Murchison, 1988; Snowdon, 1991; Lin and Ritz, 1993; Yang et al., 2017), while their conclusions differ from each other. Some researchers proposed that the immature oil mainly originated from resinite (Khorasani and Murchison, 1988; Snowdon, 1991), and most of the other liptinitic maceral begin to generate oil earlier than alginite (Khorasani and Murchison, 1988). Other studies indicated that amorphous liptinite generated oil earlier than other macerals (Khorasani and Michelsen, 1991; Liu et al., 2017). Lin and Ritz (1993) concluded that vitrinite and resinite are more branched aliphatic chains which can reduce the bond dissociation energies of kerogen (Lin and Ritz, 1993). However, most of the research that addressed differences in hydrocarbon generation for individual macerals focused on maceral generation ability during thermal cracking at high-temperature conditions (>200°C), whereas their gas generation potential at low-temperature conditions remains unclear.
This article summarized gas product yields from a variety of source rocks from laboratory low-temperature heating simulation experiments of our research group performed over the last several years (Wei et al., 2018; Wei et al., 2019; Ma et al., 2021). Geochemical and petrographic differences, especially the maceral characterization under a microscope between source rock samples, were further investigated and compared. Natural gas geochemical data reported from other sedimentary basins are also provided for comparison. A previous study suggested that the low-temperature regime of catalytic methanogenesis entailed a low but continuous gas generation rate. For example, at the measured sustained rate, the entire supply of TOC in Mowry Shale could be converted to methane over a period of 25,000 years (Wei et al., 2018). However, in reality, when oil-prone maceral transformation begins, bitumen and oil become the main reaction product, which makes the whole process of conversion and generation rate estimation more complex. Nevertheless, controlling factors, especially the influence of maceral type and its transformation on the gas generation yield, remain a critical problem for evaluating the gas play potential in sedimentary basins and low-maturity basins in particular.
2 MATERIALS AND METHODS
2.1 Source Rocks
This study used thermally immature to early mature shales and coals with Ro values from 0.39 to 0.62%. Samples from various basins have different TOC contents, ages, and kerogen types of I, II, and III (Table 1). Samples were crushed into chips (size range from 1 to 5 mm) or powders (0.25–0.42 mm) for use in our experiments (Table 2). Samples sealed in rigid glass tubes were heated at ambient pressures. All rock chips were placed under vacuum at room temperature for 2 days to remove volatile hydrocarbons prior to heating experiments. Heating from 60°C to 140°C tested gas generation at temperatures similar to those typically encountered in sedimentary basins (Table 2).
TABLE 1 | Low-maturity source rock starting materials: kerogen type, total organic carbon (TOC) content, maturity (expressed by vitrinite reflectance Ro), age, and geographic origin. The pH values were measured in water in contact with the powdered original rock.
[image: Table 1]TABLE 2 | Characterization of experimental heating conditions with regard to source rock type, chip diameter, temperature, and heating duration.
[image: Table 2]2.2 Extended Heating Experiments
2.2.1 Heating for 1 Month in Glass Tubes
Two types of source rock (listed in Tables 1, 2), Yabulai Shale and New Albany Shale (NAS)472-RD, were crushed and sieved to sizes of 40–60 mesh (250–420 μm). Samples were evacuated for 3 days at either 100°C (for samples designated for later heating at 100°C) or at 140°C (for samples slated for heating above 100°C) to remove pre-existing adsorbed gas.
2.2.2 Heating for 12–38 Months in Glass at Low Pressure
Six different types of source rocks (Table 2), i.e., Mowry Shale, Mahogany Shale, NAS472-RD, NASMM3, Wilcox Lignite, and Springfield Coal #1, were crushed and sieved to 1–3 mm chip size. Experimental conditions were 60 and 100°C heating for 12 months at ambient pressures. Four types of source rock, i.e., NASIN3, NASIN6, Second White Specks Formation, and Springfield Coal #2 (Table 2), were crushed and sieved to chips with sizes 1–5 mm diameter.
Aliquots of all dry chips were weighed and loaded into pre-annealed, ∼9-mm o.d. Pyrex glass ampoules. Each ampoule received a constriction near its top to later facilitate sealing under vacuum and then received 0.2 ml of deionized water from a syringe. After flushing the headspace with argon to remove air, each glass ampoule was hermetically sealed using argon arc welding. The glass ampoules/gold cells were placed into a vacuum chamber for 11 h. Those ampoules were also weighed before and after vacuum-dried to check for leaks. The sealed ampoules were autoclaved at 121°C for 30 min to exclude the activity of methanogenic microbes.
Glass ampoules were immersed into heated glycerol baths or ovens that were kept isothermal at either 60, 80, 100, 120, or 140°C for periods between 1, 12, 14, 36, and 38 months (Table 2).
Sets of duplicate samples were used to evaluate reproducibility. Heating experiments of these duplicate samples were performed using equivalent time, pressure, and temperature conditions to evaluate the overall reproducibility of the methane yield.
2.3 Collection and Quantitation of Gas Products
All generated gas products from glass ampoules were collected using the same glass vacuum line (Figure 1) by following the principles outlined by Wei et al. (2018). After opening the glass ampoule and releasing product gases into the vacuum line, the condensable gas fraction (predominantly CO2) and the incondensable gas fraction (including hydrocarbon gas and nitrogen gas) were separately collected. The Baratron readings from injected known volumes of pure CH4 or CO2 were used to calibrate pressure responses in distinct partial volumes of the vacuum line (not only to calculate gas yields in μmol but also to determine volume split ratios; Figure 1A). All gases were finally transferred to a methane receptacle with charcoal, followed by sealing off with a torch. The resulting sealed gas sample was transferred into a 10 ml/60 ml Pyrex® culture glass bottle and subsequently crimp-sealed.
[image: Figure 1]FIGURE 1 | Schematic diagram showing gas collection process. (A) Glass vacuum line for cryogenic collection of gases from glass ampoules after low-temperature heating experiments (modified from Wei et al., 2018). Collected methane/carbon dioxide gas in the receptacle under valve 6 and gas released from 65−mL SPEX 8000 ball mill were separately transferred using a syringe to SRI multiple gas analyzer for quantification (B) Schematic diagram of quantitation of CH4 and CO2 with a SARAD RTM2200 gas detector system with closed-circuit gas flow (modified from Ma et al., 2021).
Wei et al. (2018, 2019) quantified generated gas products with an SRI Multiple Gas Analyzer #2 (Jin et al., 2010) based on gas chromatography, using a flame ionization detector (FID) to detect C1−C4 hydrocarbon gases and a thermal conductivity detector (TCD) to quantify H2, O2, N2, CH4, CO, and CO2 (Figure 1A). The GC column oven was initially held at 40°C for 4 min, followed by an increase to 250°C at 30°C min−1, where it was held isothermally for 19 min. The GC precision for standard gases was better than ±400 ppmv for CO2, ±10 ppmv for CH4, and ±4 ppmv for C2H6 and C3H8.
Ma et al. (2021) quantified generated gas product with a SARAD RTM2200 gas analyzer (SARAD GmbH, Dresden, Germany), equipping 1) a madur madIR-D01 CO2 detector (madur electronics, Zgierz, Poland, www.madur.com) and 2) an Axetris laser OEM module LGC F200 (Axetris AG, Kägiswil, Switzerland) to quantify CH4. A detailed analyzing procedure is described by Ma et al. (2021). The system was calibrated by injecting known volumes of pure CH4 or CO2 with a gas-tight syringe through polymer tubing. The overall CH4 and CO2 yields from headspaces in glass tubes were calculated by taking into account the known gas split ratios between small and large gas fractions that had been separated at the vacuum line (Figure 1B).
2.4 Corrections on the Yields of Gas Product
The liberation of pre-existing trapped methane from source rock chips during heating and fracturing of rock through heating and subsequently mimicking catalytically generated gas. The most commonly used method to evaluate residual gas in source rocks is by crushing in a closed environment, such as a ball mill chamber. Wei et al. (2018) assessed methane volumes released from shales and coals by crushing chips in a modified 65−mL SPEX 8000 ball mill (operated at 1080 cycles per minute) using a SPEX 8001 Hardened Steel Grinding Vial Set (http://www.spexsampleprep.com/equipment-and-accessories/accessory_product/8001) that had been fitted with a septum port to obtain gas samples from the closed mill chamber using a gas-tight syringe (Figure 1A). Pairs of 12.7- and 6.4-mm diameter alloy steel 52–100 crushing balls contained Fe, Cr, Mn, and 0.98–1.1 wt. % of C in the form of metal carbides in steel (http://www.suppliersonline.com/propertypages/52100.asp). Wei et al. (2018) demonstrated that adding deionized water to the ball mill and crush with samples together is effective for reducing the localized heating when the kinetic energy of a steel ball is converted into heat upon impact. Aliquots of 1 g of chips were loaded into the ball mill with an addition of 0.4 ml deionized water, the headspace was flushed with ultra-high purity nitrogen, and milling proceeded for 4 min, followed by methane quantification in headspace gas via GC. Wei et al. (2018) used gas-tight syringes to transfer gas aliquots from a ball mill chamber with a single septum port to a gas chromatograph to quantify CH4 yields from source rocks after ball milling. They reported varied amounts of pre-existing gases in closed pores of original, un-heated source rocks. For example, Mowry Shale has 0.013 and 2.059 μmol g−1 pre-existing CH4 and CO2 in rock chips before heating. They also further quantified the amount of gas released from the gas ampoules and the amount of gas in closed pores from heated source rocks under different heating conditions in the study.
Wei et al. (2019) pre-evacuated Yabulai Shale and NAS472-RD for 3 days before long-term heating simulation experiments. Those samples were at 60 mesh (0.25–0.42 mm) and were proposed to have removed pre-existing adsorbed gas. Gas yields from those experiments did not require further correction.
Ma et al. (2021) made further efforts in ball milling and gas detection with a highly sensitive SARAD RTM2200 system that did not require any gas transfer using a syringe. They provided new evidence for a largely systematic, non-negligible contribution of pre-existing CH4 from imperfectly closed pores. They used the source rock–specific average deficits of gases between original and heated source rocks to correct the overall gas yields. Their study concluded that the gas content in closed pores was fixed for each series of samples and used the results from the ball milling experiments to determine the average amounts of CH4 [and CO2] that had leaked from imperfectly closed pores. Their reported data were presented as corrected yield and uncorrected yield. The final corrected methane yields were uncorrected yields subtracting certain amounts. For each one of the four source rocks used (i.e., Springfield Coal #2, NASIN3, NASIN6, Second White Specks Fm.), the respective subtracting amounts in μmol g−1 TOC are 0.05 [4.19], 0.06 [3.04], 0.02 [8.11], and 0.40 [8.96] (CH4 yield [CO2 yield]).
To make a better gas generation yield comparison between different studies (Wei et al., 2018; Ma et al., 2021), the amount of newly generated gas in each study is re-calculated by subtracting yields of residual gas in closed pores of original, un-heated samples from total yields of released gas from glass ampoules and residual gas in closed pores from source rock chips after heating experiments. Powdered samples of 60-mesh heated for 1 month (Wei et al., 2019) had removed pre-existing gas and could avoid the calculation above.
2.5 Analysis of Metal Concentrations
Metal concentrations were obtained using a method modified from the one used by Kendall et al. (2009). An aliquot of 40–50 mg of powdered, whole-rock shale was baked for 12 h in a 550°C oven. The ashed powder was then treated with 5 ml of HNO3 and 1 ml of concentrated hydrofluoric acid (HF) and placed on a 200°C hot plate for 10 h. Due to moderated organic content in samples, repeated HNO3-HF treatment was performed to fully dissolve the organic matter. Samples were dried and treated with HCl after dissolution and were diluted with HNO3. Metal abundances were measured by inductively coupled plasma-mass spectrometry (ICP-MS) against multiple-element calibration standards. Analyte concentration reproducibility was better than 5%.
3 RESULT AND DISCUSSION
3.1 Methane and Carbon Dioxide Gas Released From Closed Pores
Researchers have proposed and proved the existence of catalytic gas generation eluding biogenic gas contribution using in-lab low-temperature long time heating simulation experiments in recent years (Carothers and Kharaka, 1978; Mango, 1996; Rowe and Muehlenbachs, 1999; Tilley and Muehlenbachs, 2006; Xu et al., 2008; Mango and Jarvie, 2009; Wei et al., 2018; Wei et al., 2019; Ma et al., 2021). Wei et al. (2018, 2019) used different coal and shale samples and generated CH4 and CO2 gas from 60°C to 140°C based on a series of 1–24 months of heating experiments. Ma et al. (2021) adjusted and improved the gas yield measurement method with additional source rock samples using similar heating experiments. However, pre-existing trapped methane may become liberated during heating and fracturing of rock at high pressure and subsequently mimic catalytically generated gas. Extended evacuation of rocks chips before heating experiment at room temperature cannot remove all pre-existing gas trapped in closed pores. Previous studies reported three types of methane amount, i.e., the amounts of pre-existing gases in closed pores of original (before the heating experiment), un-heated source rocks, the amounts of gases in closed pores of heated source rocks (after the heating experiment), and the amounts of gases released from gas ampoules (after the heating experiment).
The yield of methane from Mowry Shale in Wei et al. (2018)’s experiment is much lower compared to that in the research conducted by Mango and Jarvie (2009) using a short-term heating experiment. Mango and Jarvie (2009) heated Mowry Shale (60-mesh) to 100°C for 24 min in a flow-through reactor. The helium effluent carried a cumulative yield of 25 μg g−1 C1–C5 hydrocarbons claimed to be of catalytic origin. Using the same heating apparatus at 50°C with Floyd Shale, Mango and Jarvie (2009) observed a chaotic pattern of distinct methane pulses eluting over time that was interpreted as a characteristic hallmark of catalysis. We concluded that no single microscopic catalytic domain in shale can spontaneously generate enough methane to emit a gas pulse that is detectable with a GC. A more likely explanation for the observed methane pulses from Mowry Shale is the developing mechanical stress within Mowry Shale during exposure to ultrapure helium. The diffusive influx of helium through narrow throats into pores containing pre-existing methane causes pore overpressure.
The method used to evaluate residual gas in source rocks is by crushing in a closed environment, such as a ball mill chamber. Water was present in the ball milling experiments as a coolant to limit the thermal stress during steel ball impacts. Wei et al. (2018) first claimed that dry ball milling experiments greatly introduced inorganic methane from metal carbides from the steel surface of the ball mill chamber, and moist ball milling experiments collected methane yields of 0.021 μmol g−1 can be accounted for by a reaction of metal carbides. Ma et al. (2021) proposed that the absence of any additional solid substrate did not prevent abrasion as steel balls impacted the steel walls and generated 0.05 μmol g−1 CH4 and 0.24 μmol g−1 CO2. The differences could be accounted to the cleanness of rock powder attached to the ball mill chamber between runs, the gas collection and transfer process between different runs, and the sensitivity between the SARAD RTM2200 system and traditional gas chromatography. Although varied quantification of pre-existing gas amount exists between the two studies, the real catalytic gas generation amount could be compared by simply mass balance equation. In this study, we chose to effectively compare newly catalytic gas generation yields between those two studies (Wei et al., 2018; Ma et al., 2021) with the following: the amount of catalytic generated gas equals the total amount of liberated gas yields from glass ampoules and residual gas yield in closed pores from source rock chips after heating experiments deducted yields of residual gas in closed pores of original, un-heated samples.
3.2 CH4 and CO2 Yields From In-Lab Simulation Heating Experiments
Wei et al. (2018) conducted low-temperature (60 and 100°C) heating experiments lasting 6 months to 1 year and provided evidence for the geo-catalytic generation of hydrocarbons from various source rocks at different hydrostatic pressures. In addition, they performed another suite of low-temperature (100 and 140°C) heating experiments from two types of source rock lasting 1 month and quantified generated CH4 and CO2 gas yield. Ma et al. (2021) determined the overall yield of CH4 generated from heating experiments at 80°C, 100°C, and 120°C from source rocks of different kerogen types lasting more than 14 months. Our study re-quantified final catalytic gas generation yields using the total yield of released gas from glass ampoules and residual gas in closed pores from source rock chips after heating experiments deducting yields of residual gas in closed pores of the original, un-heated samples. Gas generation yields from those different heating experiments were re-organized and presented in Table 3 and Figure 2.
TABLE 3 | Yields of methane and CO2 generated catalytically at 60, 80, 100, 120, and 140°C after months of heating experiments.
[image: Table 3][image: Figure 2]FIGURE 2 | Gas generation yields from previous heating experiments were gathered and presented. Data used in this study were re-calculated results from earlier data reported by Wei et al. (2018) and Ma et al. (2021). Final catalytic gas generation yields in this study were quantified using the total yields of released gas from glass ampoules and residual gas in closed pores from source rock chips after heating experiments deducting yields of residual gas in closed pores of original un-heated samples. The CO2 scale is logarithmic. The reproducibility of methane and CO2 yields was limited by the analytical uncertainty of quantification of ±0.007 μmol g−1 and ±0.3 μmol g−1, respectively. SWSFS, Second White Specks Formation Shale.
The comparison shows that methane generation yields are highest from Second White Specks Formation Shale, Mowry Shale, and Springfield Coal #2 (Figure 2). Four NAS samples were used, covering TOC content from 1.2% to 15.1%, and their CH4 yields were comparable. Methane yields did not express direct correlations with kerogen type, TOC content, or initial thermal maturity. Increasing heating time limitedly increased gas generation yields. For one specific source rock type, CH4 and CO2 yields show a certain amount of increase with increased temperature (60–120°C). For example, the CH4 amount in Mowry Shale, Springfield Coal #1, Wilcox Lignite, Mahogany Shale, and NASMM3 shows an increasing trend with elevated temperature from 60 to 100°C for 12 months. Methane yields released from Second White Specks Formation Shale, NASIN3 and NASIN6 also increased with heating temperature from 80°C to 100°C and 120°C.
Gas yields are expressed in μmol g−1 of TOC to emphasize the relation to the organic matter in source rocks (Table 3; Figure 2). In the studied shale samples, the Mowry Shale and Second White Specks Formation liberated the highest methane yields in comparison to other studied source rocks at comparable conditions, even at 60 and 80°C, but especially at 100°C over 12 and 38 months. Samples of Mahogany Shale and NAS produced small amounts of CH4 even at 120°C over 36 months. Generally, NAS and Mahogany Shale produced comparable methane amounts at similar temperature and time conditions. Samples of NASMM3 generated higher methane yields compared to Springfield #1 Coal and Wilcox Lignite at both 60°C and 100°C over 12 months. In addition, NAS472-RD generated methane yields of ∼0.20 and ∼0.90 μmol g−1 TOC, which is ∼20 and ∼45 times higher compared with methane yields from Yabulai Shale of ∼0.01 and ∼0.02 μmol g−1 TOC at 60 and 100°C over 1 month, respectively. We also noted that Wei et al. (2018) reported CH4 yields of only ∼0.13–0.26 μmol per g TOC from Springfield Coal #1 at 100°C heating for 12 months, which is much lower than those reported for Springfield Coal #2 in Ma et al.’s (2021) study–CH4 yields of ∼2.2–2.8 μmol per g TOC after heating for 36 months at 100°C (Figure 2; Table 3). The increased heating time could not fully explain such an obvious yield difference.
Carbon dioxide is another important product liberated from the series of low-temperature heating experiments. Most coals and all shales produced much more CO2 than CH4. Among generated gas products, carbon dioxide (CO2) is at a relative abundance of ∼96.3–99.9 mol%, or about 30 to 10,000 times higher concentrations than all gaseous hydrocarbons combined at 100°C over 12 months of experiments. Compared to other shales, shale from the Second White Specks Formation generated large amounts of both CH4 and CO2 at 80 and 100°C over 38 months. Mowry and NAS generated higher amounts of CO2 than Mahogany Shale by ∼6–15 times. Results from samples of Springfield Coal #2, Springfield Coal #1, and Mahogany Shale generated a relatively low amount of CO2, especially in Springfield Coal #2 at 80°C, 100°C, and 120°C over 36 months. Another result worth noticing is that the CO2 yields for NASIN3 are higher at 100°C heating conditions than those at 80°C and 120°C over 36 months of experiments (Figure 2; Table 3).
3.3 Maceral Composition
Maceral compositions were analyzed and compared within studied source rocks to investigate whether there is a relationship between maceral content and CH4 and CO2 yields (Table 4). Our studied coal samples include Springfield Coal #1, Springfield #2, and Wilcox Lignite. The dominant macerals in coal samples are sporinite, vitrinite, and inertinite, but their relative proportions differ between the samples (Table 4). Springfield Coal #1 contains high contents of vitrinite (82 vol. %) and inertinite (12 vol. %) and a small amount of liptinite (mostly sporinite; 6 vol.%) (Figures 3A–D). Springfield Coal #2 has a lower content of vitrinite (72 vol. %) and inertinite (12 vol. %) and a higher amount of liptinite (mostly sporinite; 16 vol.%) (Figures 3E,F). Maceral in Wilcox Liginite is composed of vitrinite (82 vol. %), inertinite (10 vol. %), and a small portion of liptinite (sporinite and liptodetrinite; 8 vol. %) (Figures 3G,H). Similar maceral composition in Springfield Coal #1 and Wilcox Lignite indicates the limited contribution of vitrinite and inertinite to catalytic methane generation (Table 4). The higher liptinite content in Springfield Coal #2 obviously enhanced catalytic methane yield (Figure 8A).
TABLE 4 | Organic petrography composition (volume %, on mineral matter free basis), methane yield, and related heating conditions of shale and coal samples.
[image: Table 4][image: Figure 3]FIGURE 3 | Photomicrographs of springfield coal #1 [Panels (A–D); (A–C), reflected light, oil-immersion; (D), fluorescent light], springfield coal #2 [Panels (E,F); (E), reflected light; (F), fluorescent light], and Wilcox Coal [Panels (G,H)] under the microscope. Abbreviations: V–vitrinite, Sp–sporinite, I–inertinite, Lpd–liptodetrinite.
For the shale samples, the dominant maceral group is liptinite regarded as an oil-prone maceral during thermal maturation. The macerals in studied shales are mainly composed of the liptinite group represented by alginite, AOM, and liptodetrinite, while the relative content of those varied between shale samples. The representative maceral compositions of samples from NAS472-RD and Yabulai Shale are shown in Table 4. Maceral in Yabulai Shale is composed of liptinite (mostly alginite; 69 vol. %), solid bitumen (10 vol. %), vitrinite (30 vol. %), and inertinite (10 vol. %) (Figure 4B). NAS472-RD dominantly contains liptinite (Figure 4A). Higher liptinite content facilitated catalytic methanogenesis in NAS472-RD compared to Yabulai Shale at the same heating time and temperature conditions (Table 4).
[image: Figure 4]FIGURE 4 | Organic petrography photomicrographs (oil immersion, white incident light) (A) showing typical maceral of alginite in NAS472-RD (B) showing some vitrinite and inertinite maceral presence in Yabulai Shale. Abbreviations: V–vitrinite, A–alginite, I–inertinite.
Liptinite in samples from the Second White Specks Formation is composed dominantly of AOM and a very low amount of well-preserved alginite (Furmann et al., 2015), in contrast to the NAS472-RD and Mahogany Shale where alginite (Tasmanites) is the main component. More specifically, Mowry Shale and Second White Specks Formation Shale both contain relatively high content of AOM (30% and 64%) derived from microbially degraded phytoplankton, zooplankton, and bacterial biomass, which appears structureless and occurs dispersed in the matrix or as organic streaks parallel to bedding (Table 4; Figures 5A–D). Besides AOM, Second White Specks Formation Shale and Mowry Shale contain 15% and 35% (vol. %) alginite, respectively, occurring as elongated rods perpendicular to the bedding and as flattened disks parallel to the bedding (Figures 5B,E). Some form discrete lenses or oval-shaped bodies with distinctive internal structures (telalginite, Figure 5F). The alginite shows strong greenish-yellow to yellow fluorescence under blue light irradiation. In addition, Mowry Shale contains relatively more terrestrially-derived material (vitrinite and inertinite; Table 4 and Figure 5A). The CH4 yields from NAS and Mahogany Shale are relatively lower. NAS472-RD and Mahogany are full of alginite, especially tasmanites occurring as discrete lenses (Figures 6A–D, 7; Table 4); vitrinite and inertinite are rare. Alginite occurs as lamellae typically <10 μm in thickness, and cell structures are present in some occurrences (Figures 6A,B). NAS472-RD generated two times higher methane yields than NASMM3 at 100°C over 12 months of heating. Maceral composition in NASMM3 featured relatively averaged amounts of alginite (28 vol. %), AOM (19 vol. %), other liptinite (19 vol. %) and solid bitumen (33 vol. %), while NAS472-RD contained 25 vol. % of AOM and 65 vol. % of alginite. Comparing the AOM content within studied shale samples, higher AOM content in the liptinite group positively correlated with higher methane yields (Figure 8B).
[image: Figure 5]FIGURE 5 | Representative photomicrographs of macerals observed in polished blocks under reflected white and fluorescent light with an optical microscope using oil immersion. The selected pictures represent the typical type and quality of organic matter found in studied source rocks. Panels (A,B) were taken on samples from Mowry Shale. Most of the organic matter is composed of alginite and amorphous organic matter. Mowry also contains a certain amount of vitrinite and inertinite macerals. Panels (C–F) were taken on samples from Second White Specks Formation, which are mainly composed of both amorphous organic matter and alginite. Panel (D) was adopted from Furmann et al. (2015). Panel (E) shows the typical presence of Lamalginite, and Panel (F) shows the typical presence of Telalginite. Abbreviations: V–vitrinite, AOM–amorphous organic matter, Sp–sporinite, A–alginite, I–inertinite, Lpd–liptodetrinite.
[image: Figure 6]FIGURE 6 | Organic petrography photomicrographs (oil immersion, white incident light, and fluorescent light) showing typical types and morphology of organic matter in New Albany Shales. Panels (A,B) were taken on samples from NAS472-RD. Panels (C,D) were taken on samples from NASIN3 containing mainly alginite. The most representative organic matter in New Albany Shale is alginite. Abbreviations: V–vitrinite, AOM–amorphous organic matter, A–alginite.
[image: Figure 7]FIGURE 7 | Representative examples of photomicrographs of solid bitumen and alginite enriched Mahogany Shale [(A), reflected light, oil-immersion; (B), fluorescent light]. Abbreviations: SB–solid bitumen, A–alginite.
[image: Figure 8]FIGURE 8 | Liptinite (wt. %, in blue) and catalytic methane generation yield (μmol per g TOC, in gray) (A) Amorphous organic matter (wt. %, in blue) and catalytic methane generation yield (μmol per g TOC, in gray) (B) of long-term heated source rock chips. The organic petrographic composition in % is on a mineral matter free basis. The presented yield data are averages of two or more independent measurements.
Organic matter is the parent material for CH4 and CO2 products during thermogenic gas generation. Macerals are divided into oil-prone and gas-prone, showing the quality of a source rock whether makes it more likely to generate oil or gas. Previous studies indicate the liptinite group as oil-prone maceral presents heterogeneity in the oil generation window and potential during maturation. Resinite has the highest oil-generation potential and is usually attributed to early oil generation (Ro ∼0.3–0.4%). Alginite comprises unicellular solitary or colonial algae of planktonic and benthic origin. AOM occurs as a product of variable organic matter which has undergone alteration and degradation. Liu et al. (2019a) conclude that AOM transformed to hydrocarbons earlier than alginite. Alginite derived from tasmanites cysts has higher hydrocarbon generation potential (Revill et al., 1994; Vigran et al., 2008). Cardott et al. (2015) also suggested that a post-oil solid bitumen network could have developed along with the AOM network. Vitrinite, as a gas-prone maceral, generates gas instead of oil, although most thermogenic gases are concluded from oil-cracking instead of kerogen. Hydrous pyrolysis simulation experiments (>350°C) usually indicate that the liptinite group have a higher hydrocarbon generation potential than vitrinite, including both oil and gas. Thermogenic gas generation potential from source rock is strongly controlled by kerogen type. This study further suggests that source rocks of the same kerogen type have strong heterogeneity in catalytic gas generation ability because of their specific maceral composition. Liptinite facilitates methane generation at low-temperature conditions. Moreover, alginite and AOM are the dominant liptinite maceral in marine shales, and their content can vary significantly in shales. Liu et al. (2019) proposed alginite (tasmanites in particular) is more abundant than AOM for NAS in high-energy environments. Our results proposed that AOM undergoes a transformation into gas earlier than alginite for catalytic methanogenesis, i.e., AOM is much more prone to gas than alginite in immature to marginally mature shales. Higher sporinite input also makes a positive contribution to catalytic methane generation. Vitrinite, inertinite, and solid bitumen did not show obvious differences in liberating methane gas at low temperatures.
The most dominant gas product is CO2, which could be 30 to 10,000 times higher concentrations than hydrocarbon products in studied samples. Liptinite has a more aliphatic structure, hydrogen-rich and lower oxygen content than vitrinite (Walker and Mastalerz, 2004). Springfield Coal #2 contained more maceral liptinite than Springfield Coal #1 and generated much lower CO2 at comparable heating temperature and longer time, which indicate that vitrinite or inertinite is easly able to liberate CO2 upon heating than the liptinite group. In addition, higher CO2 yields from Mowry and NAS with more terrestrial input (vitrinite, inertinite) than Mahogany Shale also proved the same point. The maceral composition can at least partly explain methane yield differences between samples. However, the related factors are still complex and need a better illustration explaining the catalytic reaction mechanism.
3.4 Reported Hydrocarbon Gas From Low-Mature Source Rock in Sedimentary Basins
Various literature reported economically viable natural gas accumulations in low-rank source rocks. What is worth noticing is that most published literature about catalytic gas were generated from humic organic matter. Galimov (1988) reported that “early thermogenic” natural gas in the Western Siberian Basin comes from humic-type organic matter. Xu et al. (2008) proposed that Jurassic coal was generated and accumulated in the gas reservoir in Turpan-Harmi Basin. Wang et al. (2005) reported immature to low mature natural gas in shallow reservoirs (<2500 m) in Liaohe and Subei Basins. Ramaswamy (2002) concluded natural gas accumulation in the North Cambay Basin in India comes from Mehsana Coal. In Qong Southeast Basin in the South China Sea, the fluid inclusion data shows (80°C–120°C) fluid inclusions providing evidence of low mature gases migrating into the reservoirs of BD 13 gas-bearing structure. The humic-type organic matters from Oligocene-Miocene source rocks (burial depth of 1570–2000 m) have a certain potential to generate biogenetic gas and low mature gas (Huang et al., 2003; Ding et al., 2018). Those reported Ro values mostly range from 0.3 to 0.5%, and reported δ13CCH4 values are from −55‰ to −40%. Gases are mainly composed of CH4 (82.48%–86.14%) with relatively high C2–5 components (about 10%), relatively low CO2 (0.6%–1.2%) and N2 (2.4%–6.7%) content, and high dry coefficients (C1/C1–5 = 0.88–0.91). Fewer examples of low maturity shale strata in sedimentary basins featuring non-microbially generated hydrocarbon gas accumulations were found. For example, Muscio et al. (1994) proposed that immature shales released high amounts of natural gas in Williston Basin in North America with δ13 CCH4 values of ∼ –33.7‰. Cardott. (2012) investigated natural gas in western Arkoma Basin in Oklahoma in America from immature Woodford Shale with δ13 CCH4 values of –52.8‰. In addition, the New Albany Shale from the Illinois basin, Mowry Shale Formation, and Second White Specks Formation in our study are mainly explored as a shale oil play in sedimentary basins (Clarkson and Pedersen, 2011). Wei et al. (2018) pointed out that considering that the New Albany Shale has been at its current depth and thermal regime for approximately 90 million years (Wei et al., 2018). In this way, today’s lack of abundant CH4 in those basins testifies against significant geocatalytic methanogenesis. The reasonable explanation is that the liptinite group significantly contributes to catalytic gas generation. However, the alginite and AOM enriched shales turned to generate and expelled oil when maturity reached the oil window, while the gas-prone enriched source rock turned to continue generating thermogenic gas. Whether catalytic methanogenesis can be a significant source for natural gas accumulation is not simply related to the kerogen type of source rock but more related to the relative content of specific maceral content in shales and coals. In addition, previous studies (Wei et al., 2018) observed elevated pressures of 100 and 300 MPa caused gas yield reduction, and we proposed that lower source rock deposit with proper depth and good seal positively contributes to low-mature natural gas accumulation.
Studies on catalytic gas have indicated a high yield of 96.3–99.9 mol% carbon dioxide in gas from low-temperature heating experiments (Wei et al., 2018; Ma et al., 2021). The abundance of carbon dioxide in natural gas is highly variable yet often amounts to ∼10 mol% (Lundegard and Land, 1986; Jenden et al., 1988; Smith and Ehrenberg, 1989) and much lower than in our low-temperature heating experiments. In contrast to the confined conditions in gold cells and glass tubes, the natural conditions in sedimentary basins apparently allow carbon dioxide to be removed via secondary processes, such as preferential dissolution in aqueous pore fluids and subsequent migration and precipitation as carbonate minerals (Ferris et al., 1994; House et al., 2006; Gilfillan et al., 2009). In addition, the long exposure to air during storage of source rocks in core lockers may have caused surficial oxygenation of organic and inorganic moieties that gave rise to CO2 instead of methane.
3.5 Mechanism Controls on Catalytic Metagenesis
Results of metal concentration analysis are available in Table 5. Typical variations of sensitive trace metals in NAS472-RD, NASMM3, and Mowry Shale, including Cr, Fe, Ni, Cu, Zn, Cd, Ba, and Pb, are presented. Methane yields differences between studied shale samples did not exhibit obvious relationships with trace metal concentration. Considering the proposed hypotheses for catalytic gas generation, the reduced metallic catalyst content lacking a relationship with methane yields in studied samples thus denied their contribution to aiding catalytic methanogenesis. Both coals used have comparable sulfur contents (∼4 wt.%), thus the difference in gas yields cannot be explained by sulfur-induced lower activation energy for hydrocarbon generation in one coal compared to the other (Ma et al., 2021). In addition, certain types of macerals undergo easier and earlier bond breaking to generate light hydrocarbons. Rahman et al. (2018) conducted a study on source fabric’s influence on clay mineral catalysis as it controls the extent to which organic matter and clay minerals are physically associated. They used 1) a particulate fabric where organic matter (alginite) is present as discrete (>5 μm; sample from the Permian Stuart Range Formation) and 2) a nanocomposite fabric in which AOM is associated with clay mineral surfaces at the sub-micron scale (sample from the Miocene Monterey Formation). Kinetic experiments are performed on paired whole rock and kerogen isolate samples from these two formations. More specifically, no significant difference in the modelled hydrocarbon generation window of paired whole rock and kerogen isolates from the Stuart Range Formation. Extrapolation to a modelled geological heating rate shows a 20°C reduction in the onset temperature of hydrocarbon generation in the Monterey Formation whole-rock samples relative to paired kerogen isolates. The extent to which organic matter and clay minerals are physically associated could have a significant effect on the timing of hydrocarbon generation (Rahman et al., 2018). Following their proposed idea, we also considered the organic matter and clay minerals contact extent in our samples, especially shale samples composed mainly of the liptinite group. Kus et al. (2017) concluded several identification rules distinguishing the AOM and alginite. Alginite presents the optically identifiable and recognizable lamellar structure, and isolated forms clearly distinguishable from one another and from the mineral groundmass. In comparison, the AOM, generally considered to be a degradation product, usually presents thin, small lenses and irregular stripers, porous, was also observed to occur in groundmass having close contact with clay minerals (Taylor et al., 1998). Although liptinite expresses a higher potential for methanogenesis, the differences between AOM and alginite generating catalytic gas could also be related to their contact area with surrounding minerals. New Albany Shale and Mahogany Shale generating lower hydrocarbon gas are characterized as relatively large, discrete organic particles of alginite (tasmanites in particular) and solid bitumen having limited contact with the mineral matrix and the clay mineral. In comparison, Mowry and Second White Specks Formation Shale with higher AOM debris content associated with clay mineral surface intimately which lower its catalytic reaction. However, further quantitative evidence of OM and clay mineral contact area is needed before reaching a solid mechanism explanation.
TABLE 5 | Shale metal concentrations with values reported in percentage and PPM.
[image: Table 5]4 CONCLUSION
This study contributed to gathering experimental evidence that catalytic methanogenesis happens at temperatures from 60 to 140°C from a variety of immature to early-mature source rocks from laboratory and further investigated maceral composition influence on methane and carbon dioxide yields catalytically generated in laboratory and sedimentary basins.
Pre-existing gas in closed pores in rock chips could mimic the amount of newly generated gas after in-lab heating simulation experiment. The amount of geo-catalytically generated CH4 and CO2 during long-term heating experiments was obtained by using the total yields of released gas from glass ampoules and residual gas in closed pores from source rock chips after heating experiments deducting yields of residual gas in closed pores of the original un-heated samples.
Different shales and coals express various yields of catalytically generated CH4 and CO2 upon low-temperature heating from 60°C to 140°C. The reduced metallic catalyst content lacking a relationship with methane yields in the studied samples thus denied their contribution to aiding catalytic methanogenesis. Both coals used have comparable sulfur contents, and thus the difference in gas yields cannot be explained by sulfur-induced lower activation energy for hydrocarbon generation in one coal compared to the other. Higher temperatures and increased heating time can enhance the activity of geo-catalytic methanogenesis. Organic petrographic evidence from two types of Springfield Coals with comparable thermal maturity suggests that liptinite expresses a far higher potential for methanogenesis but liberates less CO2 than vitrinite. The CH4 yields of the Mowry Shale and Second White Specks Formation are approximately ten times higher than those of the Mahogany Shale and New Albany Shale, further suggesting that the AOM express better ability than telalginite in catalytic methane generation. Higher sporinite input also makes a positive contribution to catalytic methane generation. Vitrinite, inertinite, and solid bitumen did not show obvious differences in liberating methane gas at low temperatures.
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The Longmaxi Formation in the southern Sichuan Basin is an important target for shale gas exploration and development. The characteristics and stages of structural development significantly impact shale gas preservation and enrichment. Taking the Longmaxi Formation in the Yanjin–Junlian area of the southern Sichuan Basin as an example and based on the results of surface and underground structural analysis, fluid inclusion tests, apatite fission track experiments, and burial-thermal evolution history analysis, a comprehensive study of the development characteristics and structural stages of the Longmaxi Formation was carried out, and an evolution model was developed. (1) The Longmaxi Formation of the Yanjin–Junlian area has been affected by multistage structural movements and exhibits structural compounding and superposition corresponding to different stages. The formation of surface tracks of the folds and faults has been affected by multidirectional extrusion stresses of the near SN, NE, and near EW. There are three stages of underground faults in the Longmaxi Formation, and the strikes are nearly EW, NE, and nearly SN. (2) Three distribution intervals for the homogenization temperature ranges of fracture fillings are 161–195°C, 121–143°C, and 74–105°C. The apatite thermal history simulation reveals that the Longmaxi Formation experienced three stages of tectonic movement after its formation. (3) There were clearly three stages in the structural development of the Longmaxi Formation in this area: the late Jurassic–Palaeocene (55 ± 5–38 ± 2 Ma), Eocene–early Miocene (38 ± 2–15.5 ± 3.5 Ma), and late Miocene-present (15.5 ± 3.5 Ma–present). Thus, a compound fracture system with superimposed structural deformations in different directions and at different stages formed in the study area. (4) A model for the stages and development of structural tracks in the Longmaxi Formation was established in conjunction with structural analysis and geomechanical theory. The results have guiding significance for the evaluation of shale gas preservation conditions and accumulation in the study area.
Keywords: structural analysis, structural track, evolution model, Longmaxi formation, shale gas, Yanjin-Junlian area
INTRODUCTION
In recent years, shale gas exploration and development has become an active area in global oil and gas exploration. North America has taken the lead in realizing efficient commercial exploitation of shale gas, which has changed the global oil and gas supply pattern and promoted the development of shale gas geological theory (Melchin and Holmden, 2006; Li et al., 2019a; Fan et al., 2020a; He et al., 2021; Ma et al., 2021; Zhang et al., 2022). China is among the countries that have implemented the exploration and development of shale gas resources outside North America, and the shale in the Southern Marine Silurian Longmaxi Formation is the main strata for shale gas exploration and development (Nie and Jin 2016; Shi et al., 2016; Nie et al., 2018, 2020; Zhu et al., 2022). Compared with marine shale in North America, marine shale in southern China has undergone structural activities at multiple stages over a long-term evolution history, resulting in complex preservation conditions for shale gas. A high total organic carbon (TOC) content, high brittleness, high formation pressure, and structural preservation conditions are known to be the dominant factors affecting the enrichment and high production of shale gas fields (Ambrose et al., 2010; Hou et al., 2020; He et al., 2021; Song et al., 2021; Li et al., 2022a; 2022b; Li 2022a; 2022b). Structural preservation conditions include indicators such as folds, faults, fractures, structural styles and deformation strengths. Structural preservation conditions control the enrichment degree of shale gas, which is one of the determining factors in shale gas exploration and development (Curtis, 2002; Jarvie et al., 2007; Qie et al., 2021; He et al., 2022a; 2022b). Among these conditions, the development of faults and fractures is an important index parameter for shale gas preservation (Hooker et al., 2018; Cheng et al., 2021). Faults control the development of fractures, which may become escape channels for shale gas. Second- and third-level faults have a destructive effect on oil and gas preservation conditions, while fourth-level faults can be used as channels for oil and gas migration. When the fracture strike and the current horizontal principal geostress intersect at a high angle, the high fault sealing performance inhibits the escape of shale gas (Wang et al., 2018, 2019; Xu et al., 2020; Shan et al., 2021; Wang and Wang 2021). In addition, the dominant orientation and development degree of the fractures formed in different structural evolution stages are different, and their effects on the enrichment and gas bearing properties in the later stage are also different. The structural stage matching the shale gas accumulation stage is of great significance for the enrichment of shale gas. Faults and fractures are important structural traces and the result of the comprehensive action of the palaeotectonic stress field (Yan et al., 2009; Li et al., 2012; Zhang et al., 2020a; 2020b). The analysis of structural traces is of great significance in terms of studying the action mode of regional tectonic stress fields, exploring the relationship between tectonic deformation and the stress state, and studying the mechanism of tectonic formation.
The Yanjin–Junlian area is located at the intersection of the southern Sichuan fold belt and the Loushan fault-fold structural belt, close to the edge of the basin. The Longmaxi formation shale is an important exploration layer, but shale gas exploration has not made an important breakthrough in recent years. Compared with the adjacent Changning block, its gas content and single-well production are poor, and the structural preservation conditions may be an important factor. Therefore, starting with macro geological analysis (similar outcrops, cores, and geophysical interpretation) and micro experimental tests (apatite fission track analysis, inclusion temperature analysis, and burial-thermal evolution history) (Li et al., 2020), this paper analyses the formation stage and evolution model of the structure in the study area to provide guidance for shale gas exploration in this and similar basin margin areas.
GEOLOGICAL BACKGROUND
The Yanjin–Junlian area is located at the southern edge of the Sichuan Basin, at the intersection of the southern Sichuan fold belt and the Loushan fault-fold structural belt (Figure 1A). The Yanjin–Junlian area is adjacent to the Dawan Anticline and the Tianningsi Structure in the east of the basin, the Xunsifang and Junlian Nose Structures in the area west of the basin, the Datianba Anticline in the area south of the basin, and the Luochang, Fujiang Syncline, and Tiancun Anticline in the area north of the basin. The eastern and western parts of the study area have been regionally affected by the long-distance transmission of extrusion stress originating from the Jiangnan Xuefeng Uplift and Longmen Mountains, respectively, whereas the northern and southern parts have been affected by compression from the Huayingshan–Qingshanling Fault Zone and the Daloushan Structural Belt, respectively (Fan et al., 2018, 2020b; Xie et al., 2019; Wang et al., 2020). Different complex structural tracks have been constrained and superimposed on each other.
[image: Figure 1]FIGURE 1 | Geological overview of the Yanjin–Junlian area (Zhang et al., 2021). (A). Structural location; (B). stratigraphic histogram.
During the sedimentary period of the Longmaxi Formation in the early Silurian, the entire southern Sichuan area was constrained by the central Sichuan Palaeohigh and the central Guizhou Palaeohigh, creating an overall continental shelf sedimentary environment. The Longmaxi Formation is generally divided into upper and lower sections (Yang et al., 2017; Jin et al., 2018). The lithology of the upper section is primarily light grey silty mudstone or argillaceous silt, with a thickness of approximately 90–210 m. The lower section is dominated by dark grey–black mud shale with a thickness of approximately 65–240 m, and a set of organic-rich shales with TOC>2% (average > 3.5%) and thicknesses of 20–50 m have developed at the bottom, which is currently the main gas production layer for shale gas exploitation (Figure 1B). These shales have been affected by multistage structural activities and the superposition of two structural domains, i.e., the Tethys and Marginal-Pacific Oceans, and therefore have a complex structural track and developed faults and fractures, which significantly impact the preservation and enrichment of shale gas.
SAMPLES AND METHODS
Samples
Two main methods were used in this study: macrogeological analysis and microexperimental testing. In the macrogeological analysis, field outcrop surveys, drilling core observations, formation microresistivity imager (FMI) image logging and seismic structure analysis were combined with actual production data analysis. A fracture investigation and statistical analysis were conducted at eight observation points in the outcrop area of the Yanjin Anticline, and a total of 385 sets of fracture data and 169 photos were collected. Core observation and sampling were conducted in the Longmaxi Formation at a depth of approximately 178.64 m in wells N219, N228, etc., and 35 fracture filling samples and 12 full-diameter samples were obtained. In addition, 1020-km2 three-dimensional (3D) seismic data volumes were collected from the Shuanglong–Luochang area for structural interpretation.
Macrogeological Analysis Methods
Considering the regional structural background, a fracture investigation was conducted on well-exposed strata of the Yanjin Anticline Longmaxi Formation outcrop, and the fractures were staged and supported. Drilling core observations were primarily used to determine the fracture type, development degree, filling characteristics, fracture intersection relationship, etc. FMI logging was used to recognize and interpret fracture occurrence (Fan et al., 2020a, 2020b; Li et al., 2020; Li, 2021). The LANDMAK 2003.12.13 interpretation system and 10 × 10 survey network density controls were employed to process and interpret the 3D seismic data from the Shuanglong–Luochang area, and these data were used to determine the fracture distributions, intersection relationships, and evolution processes at different stages.
Microexperimental Testing Methods
Inclusion Testing of Fracture Filling
Homogenization temperature tests were performed on the primary mineral inclusions that formed during the same stage as the fracture filling. The homogenization temperature distribution intervals of the inclusions showed that the fractures and fracture formation stages played a critical role during the paleostructural period. Fifteen fracture filling samples from four wells in the study area were formed into rock slices. The slices were placed on a THMSG600 geological cold-and-hot platform at room temperature and heated at a rate of 2°C/min until the gas–liquid inclusions were homogenized. The homogenization temperatures were then recorded. Statistical data were collected on the homogenization temperatures of all fluid inclusions. The characteristics of the inclusions and homogenization temperature intervals were used to identify the fluid-filling stages (Li et al., 2019b).
Analysis of the Thermal Evolution Degrees of Organic Matter
An Axioscope. A1 polarized light microscope and an MSP.400 microspectrophotometer were used for testing. The experimental samples were placed on the microscope stage, and the asphalt reflectance (Ro) was measured under unpolarized light. The asphalt reflectance of the test sample was measured and converted to the equivalent vitrinite reflectance (Rob) using a relationship established by Feng et al. (Ro = 0.6569 × Rob + 0.3364, natural series).
Low-Temperature Thermochronology and Thermal History Simulation of Apatite
Radiation damage was experimentally assessed based on 238U spontaneous fission effects. The low-temperature thermal evolution history of rocks was simulated using mathematical geological models that can effectively reveal the history of basin structural uplifts and denudation (Reiners, et al., 2004; Deng et al., 2013). Due to the lack of apatite heavy minerals in the fine-grained rocks of the Longmaxi Formation and according to the principle that continuous strata have similar thermal evolution histories, fresh Jurassic coarse sandstone samples from the surface of the Junlian area were selected for apatite fission track testing and thermal history simulation.
RESULTS
Macrogeological Method Stage Study
Analysis of Surface Fold Structure
Structural superposition and transformation are the most direct and effective evidence for use in structural analysis and to determine structural development sequences (Schwartzkopff et al., 2017; Li et al., 2019b). The sequences of structural activities during different periods can be determined from the spatial intersections and compounding relationships of structural tracks formed by these structural activities.
The study area is located at the intersection of the southern Sichuan fold belt and the Loushan fault-fold structural belt. The area has been transformed by structural actions at different stages and in different directions and thus exhibits the characteristics of structural compounding and superposition at different stages. Using fold development as a barometer, the Yanjin Anticline and Luochang Syncline main structural bodies are characterized as ENE-trending, the northern Changning Anticline and other structural bodies are characterized as WNW-trending, and the northwestern Fujiang Syncline, Tiancun Anticline, and other main structural bodies are characterized as NW-trending. However, the structural tracks of adjacent areas are quite dissimilar. The central main body of the Yanjin Anticline is ENE-trending and turns eastward towards the nearly SN-trending Junlian–Shuanghe Anticline, thereby counteracting the arc-shaped axis that turns from EW to NW towards the Zhonghechang Anticline to the west, and this anticline exhibits prominent structural superposition characteristics (Figure 2). The SN-trending structures are superimposed on early ENE-trending structures, and the main body of the Luochang Syncline is ENE-trending, which transforms northwest to the NE-trending Fujiang Syncline. The fold structure track shows that the surface structure has clearly been affected by extrusion stress in three directions, for which the sequence is near SN, NE, and near EW.
[image: Figure 2]FIGURE 2 | Tracks of surface fold structures in the Shuanglong–Luochang area.
Analysis of Surface Outcrop Fractures
Field fracture observations were primarily conducted on the Longmaxi Formation stratum exposed by the Mitanzi Anticline, including eight observations, i.e., Huangjiaping, Longdong Village, Banbiandu, Gaoshikan, Lijiawan, Xinhua Village, Lantian, and Diaolouzi. A total of 446 sets of fracture orientation observation data were obtained.
There are plane shear fractures, sectional shear fractures, and a few tension fractures in the Longmaxi Formation shale in the field outcrops. The shear fractures are widely developed, generally on the two wings of the anticline and the turning end of each observation point. The plane shear fracture intersects with the rock layer vertically or at a high angle. The fracture surface is straight, and the occurrence is relatively stable. The fracture often occurs as a planar X-shaped conjugate (Figures 3A–D). The sectional shear fracture intersects with the rock layer at a low angle and has a poor development degree compared with the plane shear fractures (Figures 3E,F) (Yin and Wu 2020; Li, 2021; Yu et al., 2021). The tension fractures are geometrically irregular, with large variations in width and a short extension. When the formation was deposited, the stratum dip angle changed due to transformations under subsequent tectonic stress, and the fracture occurrence from the early stage changed accordingly. Therefore, the fracture occurrence measured in the field corresponds to that after structural deformation of the stratum during the later stage. The development orientation of the conjugate shear fractures before and after layer correction was compared, and fracture staging and supporting analysis were performed to identify the fracture stages of the Longmaxi Formation. StrGraphPrj software was used for layer correction, and DIPS geological geometry analysis software was used to perform a statistical analysis based on the strike rose diagram, stereographic projection, and other layer correction methods to determine the dominant orientation of cracks (Laubach et al., 2009; Ameen 2016).
[image: Figure 3]FIGURE 3 | Types and characteristics of fractures of Longmaxi Formation in outcrops. (A). Plane shear fracture, Gaoshikan area; (B). plane shear fracture, Banbiandu area; (C). plane shear fracture, Huangjiaping area; (D). plane shear fracture, Lantian area; (E). profile shear fracture, Diaolouzi area; (F). profile shear fracture, Banbiandu area.
Based on structural geology principles, the intersection line of a conjugate shear fracture is parallel to the middle principal stress axis, and the maximum principal stress axis and the minimum principal stress axis are parallel to the angular bisectors of the included acute angle and the included obtuse angle, respectively (Li et al., 2019b, 2022a; Gao 2019; Kang, 2021). The direction of the principal stress can thereby be determined. There are six groups of planar X-shaped conjugate shear fractures and three groups of sectional shear fractures in the Longmaxi Formation shale (Figure 4), where the SSW-trending (195° ± 10°) and SE-trending (145° ± 5°) fractures constitute early planar X-type conjugate shear fractures that formed by strong horizontal extrusion by the Daloushan Fold Belt from SSW to NNE (175° ± 5°). In the later stage of structural action, near-EW-trending (265° ± 5°) sectional shear fractures formed, and the WNW-trending (285° ± 5°) and NE-trending (35° ± 5°) fractures constituted second-stage planar X-shaped conjugate shear fractures. These shear fractures were formed slightly later than the SSW- and SE-trending fractures by NW-trending (315° ± 10°) extrusion caused by the joint actions of the central Sichuan Uplift and Jiangnan Xuefeng Uplift, and NE-trending (35° ± 5°) sectional shear fractures also formed. The SW-trending (235° ± 5°) and NW-trending (305° ± 5°) fractures constitute the last-stage planar X-shaped conjugate shear fractures and have the longest formation time, primarily resulting from the extrusion stress in the near-EW direction (265° ± 5°). A few near-SN-trending (355° ± 5°) sectional shear fractures developed.
[image: Figure 4]FIGURE 4 | Staging and supporting outcrop fractures in the Longmaxi Formation in the Yanjin–Junlian area.
Core Fracture Staging and Support
The clear relationship among core fracture development, core fracture shape, filling material, and intersection development of core fractures in the Longmaxi Formation provides data for directly determining the structural stages. The structural fractures in the Longmaxi Formation are dominated by high-angle and vertical-shear fractures. The shear fractures are characterized by stable occurrences, smooth fracture surfaces, and clear intersection relationships. Intersection relationships at three stages can be clearly seen (Figure 5). The dominant FMI imaging logging fracture trends are near EW (85° ± 10°), NNE (35° ± 5°) and WNW (285° ± 5°), followed by NW (335° ± 5°), NW (290° ± 5°), and ENE (75° ± 5°) (Figure 6). The FMI log for each well is limited by the structural position at the drilling location, the size of the wellbore, and the imaging range and therefore only reflects the fracture development around the wellbore and not the overall development of underground fractures. The fractures in each well have different dominant orientations, which are included in the dominant orientations of the outcrop fracture ranges, and there is a correspondence between the downhole orientations and surface fracture orientations.
[image: Figure 5]FIGURE 5 | Developmental characteristics and intersection relationship of core fractures.
[image: Figure 6]FIGURE 6 | Fracture characteristics and strike rose diagram from image logging.
Fault Structure Analysis of the Longmaxi Formation
The fracture system in the study area was formed under the constraints imposed by the tectonic stress field in southeastern Sichuan and is consistent with the evolution sequence by which it originated. Therefore, a structural evolution model can be developed based on the underground fault characteristics of the Longmaxi Formation.
The geophysical interpretation shows that the faults of the Longmaxi Formation in the study area are primarily NE, near SN and NW, with a few near-EW faults. Most faults have dips between 40 and 60° and appear as reverse faults on the seismic sections (Figure 7). Consistent with the study of core and outcrop fractures, the intersection and restriction relationship of faults on the plane can also be used to analyse the structural stage (Feng et al., 2018; Yu et al., 2022). In addition, structural traces of the folds are also the basis for macro analysis of structural stages (Figure 8). There are only two EW-trending faults, both of which occur in the southern part of the study area, and the fault direction is consistent with the extension direction of the Yanjin Anticline. This fault formed the earliest in the study area and has a formation time consistent with that of the near EW-trending Yanjin Anticline. The NE-trending faults are the most developed in the study area: these faults obliquely intersect the main fold structural tracks, and their tracks are consistent with the NE-trending superimposed structures, such as the Fujiang Syncline and Zhonghechang Anticline in the west. These tracks would have formed under structural movements during the second stage, and the near-SN-trending faults only developed in the western part of the study area near the basin margin and turned eastward to become NW-trending. The tracks of the faults at this stage are consistent with the near-SN-trending Junlian–Shuanghe Anticline and result from previous structural movement. Based on the regional structural background and extrusion stress mechanisms, the structural evolution of the Yanjin–Junlian area has primarily been affected by three stages of structural movement: the near-EW structure formed first, followed by the NE-trending structure, and then the near-SN-trending structure (which turned eastward towards the NW-trending structure), which is consistent with the analytical results for the surface structural tracks.
[image: Figure 7]FIGURE 7 | Characteristics of the faults in seismic profiles.
[image: Figure 8]FIGURE 8 | Structural outline of the Longmaxi Formation in the Yanjin–Junlian area (seismic interpretation results).
Experimental Testing Methods
Inclusion Testing for Fracture Filling
The results from inclusion homogenization temperature tests on different core fracture fillings, the core fracture cutting relationship, and the FMI imaging interpretation results were used to identify three categories of fractures in the Longmaxi Formation downhole; that is, these fractures were affected by three stages of structural movement (Figure 9) (Burruss et al., 1983; Mourgues et al., 2012; Han et al., 2018). The inclusions of the first-stage fracture fillings are two-phase (gas–liquid), with a gas–liquid ratio of 5–8%, corresponding to the first-stage structural uplift at the maximum burial depth of the study area. The homogenization temperature is in the 161–195°C range, which is the highest among the three stages. The second-stage fractures are filled with coarse-grained calcite, dominated by semifilling or nonfilling, and the inclusions are primarily distributed in groups. The homogenization temperature is primarily in the 121–143°C range. The third-stage fractures have a low filling degree, and the homogenization temperature is low (primarily in the 74–105°C range), indicating that the uplift reaches the maximum extent at this time, the burial depth is shallow, and the structure is basically finalized.
[image: Figure 9]FIGURE 9 | Fluid inclusion characteristics of fracture fillings. (A–B) is fluid inclusion characteristics; (C). The distribution range of homogenization temperature.
Burial-Thermal Evolution History Analysis
Burial-thermal evolution history analysis was used to accurately determine the uplift and subsidence history of the Longmaxi Formation since the sedimentary period of the Changyanjin–Junlian area, which reflects the formation time of the fractures in the Longmaxi Formation. The burial-thermal evolution history was determined using the drilling geological data, regional heat flow value, rock thermal conductivity, and geochemical experimental test data for Well N221 (Yin et al., 2018; Fan et al., 2020b; Li et al., 2020). Five major structural uplifts have occurred in the study area since the Caledonian period. The first stage is the early Caledonian–Hercynian movement (415–270 Ma), which is the overall uplift stage, and the burial depth is generally within 1900 m. The second stage is in the early stage of the Hercynian–Yanshan movement (260–50 Ma), which involved continuously descending sediment. The burial depth is between 2000 and 6,000 m. The third stage is in the late Yanshan movement (50–37 Ma), during which strong uplift and denudation occurred, and the burial depth is between 4,800 and 5,800 m. The fourth stage is in the early-middle period of the Himalayan movement (37–20 Ma), during which rapid uplift and denudation occurred. The burial depth is 3,500–4,500 m. The fifth stage is in the late Himalayan movement (19 Ma–0), a stage of continuous extrusion and uplift, with a burial depth of 2,200–3,700 m (Figure 10).
[image: Figure 10]FIGURE 10 | Burial-thermal evolution history of Well N221.
The Ordovician (O)–Jurassic (J) strata in southern Sichuan are in conformity or parallel unconformity contact. Before the middle-late Yanshanian stage, only a relatively simple vertical up-and-down movement occurred in the study area that weakly influenced the structural track over the entire area. Therefore, the formation periods for the Longmaxi Formation in the Yanjin–Junlian area are the late Yanshan movement, the early-middle Himalayan movement, and the late Himalayan movement to the present. The first two structural movements are characterized by short durations and large uplifts. Thus, these strong structural movements were the most critical for forming structural tracks in the study area.
Low-Temperature Thermochronology and Thermal History Simulation of Apatite
Apatite fission track testing and thermal history simulations effectively revealed the history of structural uplift and denudation in the basin. The experimental test results presented in Figure 10 show that the fission track length distribution of the experimental sample apatite is concentrated, the cooling age is 67.1 ± 5 Ma, the fission track length is 10.8 ± 4 μm, and the peak track length is 9–11 μm (Figure 11). The thermal history simulation of the apatite particles revealed that the strata samples in this area primarily underwent four thermal evolution stages. The first stage of uplift and denudation occurred during the Permian to Middle Jurassic (250–65 Ma), and rapid burial occurred after the Middle Jurassic sedimentary period. This simulation shows that the early fission tracks generated during the denudation process were not completely reset during the later burial process, and some thermal evolution information of the source region was preserved. The evolution stages after the late Yanshan period include the late Jurassic (60–40 Ma), Eocene–early Miocene (40–10 Ma), and the late Miocene–present (10 Ma–present). Although the fission track was not completely reset from the early Permian to the middle Jurassic (250–65 Ma), these results prove that the Longmaxi Formation primarily underwent three major structural movements after formation.
[image: Figure 11]FIGURE 11 | Apatite fission track and thermal history simulation.
DISCUSSION
In this study, fracture staging was performed by combining geological methods, such as surface-outcrop fracture investigation, structural track analysis, downhole-core fracture description, and seismic and logging data analysis, with fracture-filling inclusion-homogenization-temperature testing, burial-thermal evolution history, apatite experimental fission tracks, and other experimental analysis methods (Ibrahim et al., 2017; Jiang et al., 2017; Feng et al., 2018; Smeraglia et al., 2021; Wang et al., 2022). The results confirmed that three primary stages of structural movement occurred after the sedimentary period of the Longmaxi Formation in the Yanjin–Junlian area, corresponding to three stages of structural evolution. The theory of structural geology and fracture mechanics was used to develop a structural evolution model for the Longmaxi Formation (Figure 12).
[image: Figure 12]FIGURE 12 | Model for the structural development stages and evolution of the Wufeng-Longmaxi Formation in the Yanjin–Junlian area.
Before the early Yanshan structural movement (before 55 ± 5 Ma), the structural environment of the Yanjin–Junlian area was relatively stable and primarily dominated by up-and-down movements. Strata from the Sinian to the Middle Jurassic were deposited from bottom to top. The structural movement at this stage had little effect on the development and structural track of the Yanjin–Junlian area.
Late Jurassic–Palaeocene (55 ± 5–38 ± 2 Ma): Extrusion of the near-SN-trending Daloushan Structural Belt (170° ± 5°) caused a group of NNW- and NE-trending planar shear fractures to develop in the study area before significant deformation of the Longmaxi Formation occurred. These fractures intersect at a high angle or are perpendicular to the layer and appear as X-shaped conjugate shear fractures on the plane. Continuous extrusion of tectonic stress at this stage resulted in the formation of near-EW-trending folds, such as the Yanjin Anticline and Luochang Syncline. Near-EW-trending sectional shear fractures were generated along with the strata fold deformations. The fractures further expanded and penetrated through the layer, forming a few near-EW-trending fractures. These fractures formed earliest and have a high filling degree. The filling material was primarily calcite, and the homogenization temperatures of the filling inclusions were 161–195°C.
Eocene–early Miocene (38 ± 2–15.5 ± 3.5 Ma): The Indian and Eurasian Plates gradually collided and closed, causing the uplift of the Qinghai-Tibet Plateau, triggering NW- (305° ± 5°) trending extrusion in this area and forming the Fujiang Syncline, further generating NE-trending folds, such as the Fujiang Syncline and Tiancun Anticline, superimposed on the Luochang Syncline while simultaneously forming NW- and near-EW-trending plane conjugate shear fractures and NE-trending sectional shear fractures. The NE-trending sectional shear fractures further extended and penetrated the layer, forming the NE-trending reverse fractures that developed in the study area. The homogenization temperatures of the fracture-filling inclusions produced at this stage of structural movement were 121–143°C.
Late Miocene–present (15.5 ± 3.5 Ma–present): The collision between the Indian and Eurasian Plates and the subduction of the Pacific Plate produced a structural force that gradually expanded into the Sichuan Basin, whereby the study area was subjected to dual stresses from the south and north (under the joint action of the Xuefeng Uplift, Central Sichuan Uplift, and Central Guizhou Uplift). The western edge was subjected to near-EW-trending (265° ± 5°) structural extrusion, resulting in the formation of the Junlian–Shuanghe Anticline superimposed on the Yanjin Anticline and Zhonghechang Anticline. During the tectonic stress transfer process influenced by the Xianshuihe left-lateral strike-slip fault zone, the tectonic stress was deflected from N to S in a counterclockwise direction, forming WNW- and NE-trending plane conjugate shear fractures in the north and near-SN-trending (NNW-trending) sectional shear fractures. During the fracture expansion processes at this stage, deflection of the stress field caused the formation of a near-SN-trending reverse fault in the north and the gradual formation of a WNW-trending reverse fault in the south. The fractures produced by the structural movement at this stage had a low degree of filling, and the homogenization temperatures of the filling inclusions were 74–105°C. The action of a later tectonic stress field resulted in the transformation and superimposition of the early structural track, and the system dominated by present NE- and near-SN-trending with a few near-EW-trending folds and fractures finally formed.
CONCLUSION
The Yanjin–Junlian Area in the southern Sichuan Basin was considered as a case study. A structural analysis was conducted using geological methods and experimental testing methods. The structural development characteristics, formation time, and sequence were determined, and then a structural evolution model of the Longmaxi Formation in the Yanjin–Junlian area was established.
(1) The Longmaxi Formation in the Yanjin–Junlian area of the southern Sichuan Basin is characterized by structural compounding and superposition from multistage structural movements. Based on the results of surface folding and fracture development, these movements were affected by SN, NE, and near EW extrusion stresses. The underground core fracture analysis and fault structure analysis results show that these movements have primarily developed in three directions, i.e., near EW, NE, and near SN, corresponding to the action of the main structural movements at three stages. The corresponding fractures also developed corresponding to the three stages.
(2) Fracture filling fluid inclusion tests, the burial-thermal evolution history, and apatite fission track tests confirmed that the formation of the structural track could be categorized into three main stages, i.e., the late Jurassic–Palaeocene (55 ± 5–38 ± 2 Ma), Eocene–Early Miocene (38 ± 2–15.5 ± 3.5 Ma), and late Miocene–present (15.5 ± 3.5 Ma–present). The homogenization temperatures of the fillings are 161–195°C, 121–143°C and 74–105°C. Finally, the tectonic evolution model of the Longmaxi Formation is established.
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The lithofacies assemblages in the lacustrine shale of the Shahejie Formation in the Dongying Depression have different compositions due to the complex depositional climate, lake water conditions, and sediment supply. Hence, the lithofacies types and depositional conditions were analyzed based on parasequence division and lithofacies classification. According to gamma ray integrated prediction error filter analysis (INPEFA), handheld x-ray fluorescence (XRF) measurements, mineral composition, total organic carbon (TOC) content, and sedimentary structures, six parasequences (P1–P6 from bottom to top) were identified, and seven lithofacies are recognized: (1) organic-poor thin-bedded calcareous mudstone, (2) organic-poor laminated calcareous mudstone, (3) intermediate-organic laminated calcareous mudstone, (4) organic-rich laminated calcareous mudstone, (5) organic-rich calcareous shale, (6) organic-rich laminated carbonate-bearing mudstone, and (7) laminated silty mudstone. When the climate became warm and wet, the water level of the lake increased with a decrease in salinity, and the corresponding lithofacies assemblages in the P1 to P2 parasequences gradually changed from organic-poor thin-bedded and laminated calcareous mudstone to intermediate-organic and organic-rich calcareous shale. When the climate became humid and warmer, resulting in an increasing water level and terrigenous input, the lithofacies assemblages in the P3–P4 parasequences changed from organic-rich calcareous shale and laminated carbonate-bearing mudstone to laminated silty mudstone and calcareous mudstone. At the end, the climate became slightly drier and cooler with a decrease in the water level, and the P5 and P6 parasequences were dominated by intermediate-organic and organic-poor laminated calcareous mudstones. Through elemental analysis and lithofacies observation, we found that the redox conditions of the water may have changed over time. Among the parasequences, the water column of the P2 parasequence was mainly stratified by salinity, that of the P4 parasequence was mainly stratified by temperature, and that of the P3 parasequence was in transition. The synergistic effect of various factors played a key role in the enrichment of organic matter. This study highlights the depositional processes of the lithofacies assemblages in a lacustrine shale and contributes to the understanding of shale oil accumulation in lacustrine shale.
Keywords: lithofacies (assemblages), shale oil, sequence stratigraphy, Dongying depression, Bohai Bay basin
INTRODUCTION
With the successful development of marine shale gas in North America, shale oil and gas have become important unconventional energy sources (Hill et al., 2007; Jarvie et al., 2007; Aplin and Macquaker, 2011; Huang et al., 2020; Kang et al., 2019). Nevertheless, the evolution characteristics and distribution patterns of continental shale lithofacies types are still not well known due to their complexity and variability. Relatedly, the sedimentary environment and evolution process of continental shale remains unclear. In recent years, many scholars have performed studies on shale lithofacies division, sequence division, sedimentary environment analysis, diagenetic analysis and so on (Loucks and Ruppel, 2007; Rodriguez and Philp, 2010; Abouelresh and Slatt, 2012; Hao et al., 2013; Tian et al., 2021; Wu et al., 2019; Zeng et al., 2022). Although the sedimentary sequence and lithofacies development characteristics of shale are relatively complex, they are controlled by the evolution of the sedimentary environment, showing obvious segmented characteristics as a whole, and the lithofacies association changes regularly (Abouelresh and Slatt, 2012; Zhang et al., 2020a). Therefore, it is important to clarify the sedimentary evolution of mud shale to establish a high-precision sequence stratigraphic framework and then carry out the fine characterization of lithofacies types and analysis of lithofacies association characteristics.
For the division of continental shale lithofacies, the method involving four components and three endmembers has been mainly adopted at present. However, due to different angles of consideration, there are differences in lithofacies division in different research areas, as well as in the same research area (Dong et al., 2015; Liang et al., 2018a; Chen et al., 2008 Wu et al., 2017; Li et al., 2017; Zhang et al., 2018). It is considered the key to establish a reasonable lithofacies division scheme to consider the distribution pattern of rock components and carefully observe the characteristic differences in sedimentary structures through fine observation of core thin sections.
In addition, it is very difficult to study the stratigraphy of shale with a uniform structure deposited in relatively deep water, which prevents the application of traditional sequence stratigraphy in shale (Boulila et al., 2014). Some scholars have proposed solutions to the sequence division of shale, such as the gamma ray parasequences (GRP) method established by Slatt et al. (2008; Slatt et al., 2012), which is the most widely used method; this method mainly divides GRP cycles based on the superposition combination pattern of gamma ray (GR) curves. However, due to the frequent changes in GR curves, it is difficult to divide systems tracts and quasi-sequences and consider the existence of many subjective factors, leading to inconsistent results in the division of the same stratum and work area (Chen et al., 2008; Liang et al., 2018b). Therefore, finding a method that can objectively reflect the boundary of sequence division more intuitively and obviously is a difficult problem in the division of mud shale sequences.
The upper fourth member of the Eocene Shahejie Formation (Es4s) is a typical example of a Bohai Bay Basin lacustrine shale and is predominantly composed of carbonate, clay minerals and other mineral components that vary more widely than those of marine siliciclastic shales. Based on the division of a high-precision sequence stratigraphic framework, we clarify the characteristics of lithofacies assemblages at different stages, discuss the response of lithofacies to the evolution of the sedimentary environment, explore the development and distribution pattern of the dominant lithofacies assemblages and guide shale oil exploration (Yu et al., 2022; Gao, 2021; Wang et al., 2020).
GEOLOGICAL SETTING
The Dongying depression is located in the Jiyang Depression of the Bohai Bay Basin. It is a continental lake basin with an asymmetrical half-graben structure (Figure 1). The Dongying depression can be divided into four depressions: the Boxing depression, Niuzhuang depression, Lijin depression and Minfeng depression. The Dongying depression is approximately 90 km long from east to west and 65 km wide from north to south. The exploration area in the Dongying depression is approximately 5,760 km2. The Paleogene strata are widely distributed; from bottom to top, they are the Kongdian Formation, Shahejie Formation, Dongying Formation, Guantao Formation and Minghuazhen Formation. The Shahejie Formation is subdivided into four members, Es4, Es3, Es2, and Es1 (from bottom to top). The Es4 strata are subdivided into the Upper Es4 (Es4s) interval and the Lower Es4 (Es4x) interval (Figure 1). The Es4s lake basin was in the prime stage of rift expansion, with strong subsidence and rapid expansion, forming a broad semideep to deep lake environment, and in this lake, lacustrine organic-rich black shale up to 200 m thick was deposited in the center of the lake basin.
[image: Figure 1]FIGURE 1 | Tectonic background map of the Dongying depression. (A) The geographical location of the Bohai Bay Basin in China. (B) The Dongying depression is located in the Bohai Bay Basin. (C) Structural distribution characteristics of the Dongying depression. (D) Stratigraphic column of the study area. (E) Structural section in the direction A–B, which is modified according to Liang et al. (2017).
DATA AND METHODS
Core and Thin Section Observations
Data for this study were collected from nearly 160 m of cores from Well NY1 in the Dongying depression, which penetrates the entirety of Es4s in the Shahejie Formation (Figure 1). Almost all publications about Es4s in the Shahejie Formation in the Dongying depression are based on this well. A total of 62 core samples were collected from the Es4s shale target interval for observation and testing. Thin sections with a thickness of 0.03 mm were prepared and observed under a polarizing Zeiss microscope (Axio Scope A1). These samples were also examined using a field emission scanning electron microscope (FE-SEM) from Carl Zeise (Supra 55).
Energy-Dispersive X-Ray Fluorescence Analysis
The elemental compositions (23 elements per sampling site) of core samples were measured on clean and smooth core surfaces using a Thermo Scientific Niton XL handheld energy-dispersive X-ray fluorescence (ED-XRF) analyzer from the Reservoir Geology Key Laboratory of Shandong Province (East China), Qingdao, China, with a spatial resolution of 3–5 cm. The ED-XRF instrument has a built-in calibration system that measures in ppm and has been shown to provide a reliable first-hand view of the chemical stratigraphy of borehole cores (Rowe et al., 2012).
X-Ray Diffraction Analysis
X-ray diffraction (XRD) analysis was performed using an X’pert-Multipurpose diffractometer (MPD) from the Shengli Oilfield Geological Research Center, which consists of a copper butt, 30 kV pipe pressure, 40 mA conduit flow, and 2θ/min scanning speed.
Chemical Composition of Organic Matter
Total organic carbon (TOC) and hydrocarbon potential analyses were also performed on the samples. TOC was measured with a CS344 carbon and sulfur detector (Leco, United States), and free hydrocarbon analysis (e.g., S1; Mg HC/g rock) and kerogen cracking (S2; Mg HC/g rock) were performed using a Rock-Eval pyrolysis system (Rock-EVAL6). All analyses were carried out in the Shengli Oilfield Geological Research Center.
Integrated Prediction Error Filter Analysis
Spectral trend attribute analysis is a technique for identifying stratigraphic cycles by means of spectral analysis of logging or time series data (Nio et al., 2005). Based on the theory of cycle stratigraphy, the logging curve was converted into an integrated prediction error filter analysis (INPEFA) curve using digital signal processing, which reflects the hidden periods in the formation characteristic logging data. According to the principle of logging geology, different logging curves reflect different geological characteristics. Compared with other logging curves, the natural GR curve is the most sensitive to changes in mud content and is not sensitive to borehole conditions. It is a good index for analysis of the sedimentary environment. Thus, it is the most effective index to use for stratigraphic sequence research.
RESULTS
Mineralogical Characteristics
The Es4s shale are mainly composed of high percentages of calcite, clay minerals and quartz, while the contents of dolomite, pyrite, plagioclase and other minerals are low (Liang et al., 2018a). The mineral compositions of shale from Es4s in the Shahejie Formation in Well NY1 are shown in Figure 2 and Table 1. The content of carbonate minerals is high in Es4s: the content of calcite is low and that of dolomite is high at the bottom of the section, and the content of calcite increases and that of dolomite decreases upward. Clay minerals and quartz are abundant in the range of 3,360–3,390 m, with average contents of 35 and 25%, respectively. The quartz content increases significantly at 3,390 m, with an average content of 33%. The feldspar content is low in Es4s, with an average content of 6%. The pyrite content is generally low, with an average content of 3%. The anhydrite content is low, and anhydrite is found only at the bottom of the section.
[image: Figure 2]FIGURE 2 | Characteristics of mineral composition and pyrolysis parameters of NY1 samples.
TABLE 1 | The mineral composition of the Es4s shale in Well Ny1.
[image: Table 1]Organic Characteristics
The organic matter types were classified using rock pyrolysis data (HI versus Tmax values, Van Krevelen, 1961; Tissot et al., 1974). The diagram shows that the organic matter in Es4s samples is dominated by type I kerogen and type II kerogen (Figure 3A). The vitrinite reflectance values range from 0.65% to 0.77%, and most samples are mature and plot in the oil generation window.
[image: Figure 3]FIGURE 3 | Organic geochemical characteristics of the Es4s shale. (A) A plot of the HI of the sample relative to the maximum pyrolysis temperature (Tmax) of the pyrolysis product, reflecting the kerogen mass and thermal maturity stage (boundary modified by Mukhopadhyay et al., 1995). (B) Free hydrocarbons (S1) versus total organic carbon (TOC). (C) Pyrolytic hydrocarbon (S2) and TOC plots after kerogen cracking, showing source rock potential (boundaries revised by Peters and Cassa, 1994).
The TOC content of Es4s samples ranges from 0.58% to 1.57% (average 2.4%). S1 ranges from 0.54 mg/g to 9.62 mg/g, with an average of 4.2 mg/g, while S2 ranges from 1.99 mg/g to 31.52 mg/g, with an average of 16 mg/g. The HI values range from 350–700 mg HC/g TOC, with an average of 584 mg HC/g TOC, and the Tmax values range from 418 to 447°C, with an average of 442°C. Proportional to water depth and reducing conditions (Andrea, 2010; Slatt et al., 2012), the relative hydrocarbon generation potential (RHP; that is, S1 + S2/TOC) ranges from 4.36 to 8.95 mg HC/g TOC (with an average of 7.7 mg HC/g TOC) (Figures 2, 3). The results show that the shale samples are rich in organic matter and high in TOC. S1 is positively correlated with TOC (Figure 3B). The cross plot of S1 and TOC shows that most of the samples have indigenous hydrocarbons and a small part has nonindigenous hydrocarbons (Jarvie and Baker, 1984; Li et al., 2017b). The relationship between S2 and TOC is a useful indicator for evaluating the hydrocarbon generation potential of source rocks (Peters, 1986; Peters and Cassa, 1994; Alias et al., 2012; Shalaby et al., 2012; Zhao et al., 2014). According to the ratio diagram of S2 to TOC, the NY1 shale sample has good hydrocarbon generation potential (Figure 3C).
Lithofacies Description
Based on previous works on lithofacies classification (Dong et al., 2015; Liang et al., 2018b; Chen et al., 2017; Zhang et al., 2018), the mineral compositions (three end members of clay, carbonates, and quartz and feldspar), TOC contents (<2.0% as organic-poor, 2.0–3.5% as intermediate-organic, and >3.5% as organic-rich) and sedimentary structure characteristics (thin-bedded, laminated, and shaly structures), were considered in this study, with seven different lithofacies types identified in the Es4s shale samples. The detailed characteristics of these lithofacies are shown in Figure 4 and Table 2.
[image: Figure 4]FIGURE 4 | Es4s shale cores and micrographs. (A,B) Organic-rich calcareous shale samples showing veined calcite laminae, thicker than clay laminae. Thin section photographs are viewed under orthogonal light (3,438.12 m, Well NY1). (C,D) Organic-rich laminated calcareous mudstone with granular calcite as the main material. Thin section photographs are viewed under orthogonal light (3,418.42 m, Well NY1). (E,F) Organic-rich laminated carbonate-bearing mudstone mainly interbedded with organic matter and clay minerals. Thin section photographs are viewed under plane-polarized light (3,423.23 m, Well NY1). (G,H) Intermediate-organic laminated calcareous mudstone mainly containing micritic calcite laminate. Thin section photographs are viewed under orthogonal light (3,421.47 m, Well NY1). (I,J) The organic-poor thin-bedded calcareous mudstone has no distinct boundary. Thin section photographs were taken under orthogonal light (3,325.99 m, Well NY1). (K,L) Organic-poor thin-bedded calcareous mudstones with undeveloped laminae and carbonate minerals dominated by micritic dolomite. Thin section photographs are viewed under plane-polarized light (3,465.45 m, Well NY1). (M) Laminated silty mudstone with an organic matter and clay mineral interlayer. Thin section photographs are viewed under plane-polarized light (3,382.16 m, Well NY1). (N) Framboidal pyrite is abundant in organic-rich calcareous shale (3440.12 m,well NY1). (O) Micritic dolomites are found in organic-poor thin-bedded calcareous mudstone (3450.73 m, well NY1).
TABLE 2 | The main lithofacies development characteristics of Es4s in the Dongying depression.
[image: Table 2]Organic-rich calcareous shale: The hand samples are dark gray, rich in carbonate clay minerals and organic matter, and have a foliation structure (Figure 4A). The organic matter content is greater than 3.5%, the carbonate content is generally greater than 75%, and calcite veins are present. The laminae are well developed and clearly bounded, consisting of light and dark laminae. The light laminae are calcite veins, and the dark laminae are organic-rich clay minerals (Figures 4A,B), with abundant framboidal pyrite (Figure 4N). This lithofacies is generally developed in the middle and lower parts of Es4s.
Organic-rich laminated calcareous mudstone: The hand samples are dark gray but lighter in color than the organic-rich calcareous shale and rich in carbonate clay minerals and organic matter (Figure 4C). The content of organic matter is greater than 3.5%, and the content of carbonate is greater than 75%, but it is generally lower than that in organic-rich calcareous shale. Granular calcite grains of different sizes are present (Figure 4D) with obvious laminae and boundaries, and framboidal pyrite is developed. This lithofacies is mainly developed in the middle and lower parts of the upper Fourth Member of the Shahejie Formation.
Organic-rich laminated carbonate-bearing mudstone: The hand samples are dark gray and rich in clay minerals (Figure 4E). The content of organic matter is greater than 3.5%, the content of clay minerals is generally between 60 and 70%, and the carbonate mineral content is low. Granular calcite laminae are mainly developed in the form of interbedded organic matter and clay minerals, and framboidal pyrite is present (Figure 4F). This lithofacies is mainly developed in the middle of the upper Fourth Member of the Shahejie Formation.
Intermediate-organic laminated calcareous mudstone: The hand samples are gray in color and are rich in carbonate and clay minerals (Figure 4G). The organic matter content varies between 2 and 3.5%, carbonate content is greater than 65%, and micritic calcite laminae are well developed but variable (Figure 4H).
Organic-poor laminated calcareous mudstone: The hand samples are gray, but the color is lighter than that of the intermediate-organic laminated calcareous mudstone. These samples are rich in carbonate and clay minerals (Figure 4I). The content of organic matter is less than 2%, and the carbonate mineral content is generally greater than 50%. The laminae are slightly developed, but the boundaries are not obvious (Figure 4J).
Organic-poor thin-bedded calcareous mudstone: The hand samples are gray, lighter in color than all other lithofacies, and rich in carbonate minerals and clay minerals (Figure 4K). The content of organic matter is less than 2%, and the content of carbonate minerals is greater than 50%, but the content of dolomite is significantly higher than that of calcite. The dolomite is distributed in clay minerals in the form of micrite (Figure 4O), and laminae are not developed (Figure 4L).
Laminated silty mudstone: This lithofacies is rich in felsic minerals and clay minerals and generally has high organic matter contents (3.5% on average). Compared with the other lithofacies, this lithofacies has the highest contents of felsic minerals (up to 45%) and pyrite. This lithofacies is well laminated and characterized by interbedded organic matter and clay minerals (Figure 4M). Granular quartz is usually surrounded by clay minerals and mainly exists in the form of terrigenous detrital material. This lithofacies is mainly developed in the middle and upper parts of Es4s.
Major and Trace Element Geochemistry
Suitable environmental indicators can better reflect the evolution of the paleoenvironment. The chemical index of alteration (CIA) is often used as an index to evaluate the intensity of weathering and the climate (Price and velbel, 2003). The CIA data in this paper are from Chao, Liang (2018). Generally, the element enrichment coefficient is used to indicate whether the element content in sediments is enriched or depleted relative to the standard content (Taylor and Mclennan, 1985; Walsh et al., 1988; Murray et al., 1992; Saito, 1992; Algeo and Liu, 2020). In addition, since the TOC content is usually closely related to redox conditions, TOC can also be used as an indicator to reconstruct the redox conditions (Dong et al., 2018). The strontium abundance and Sr/Ba ratio can be used as sensitive indicators of paleosalinity. Therefore, the Sr abundance and Sr/Ba ratio recorded in sediments are significantly positively correlated with paleosalinity (Zheng and Liu, 1999). Siliceous organisms and authigenic quartz are scarce in the saltwater basin, so the content of felsic minerals can be used as a good indicator to evaluate terrigenous input. The Fe/Mn ratio can be used as a marker of offshore distance (or water depth) (Chen et al., 2008). It has been confirmed that Ba has a positive correlation with surface productivity and organic matter enrichment in water and has been widely used in evaluations of paleoproductivity (Dymond et al., 1992; Li et al.,. 2015; Teng, 2006).
The results show that the Sr/Ba ratio of the tested shale samples varies between 0.25 and 13.23, with an average of 2.88. The Mn/Fe ratio varies between 0.02 and 0.14, with an average of 0.06. In addition, Mn/Fe and Sr/Ba ratios vary greatly. The Sr/Ba ratio of the middle and lower strata of Es4s (mean value: 7.33) is much higher than that of the upper strata of Es4s (mean value: 0.55). The Mn/Fe ratio (mean value: 0.04) is the lowest in the lower strata of Es4s, followed by the Mn/Fe ratio (mean value: 0.055) in the upper strata and the Mn/Fe ratio (mean value: 0.075) in the middle strata (Figure 5 and Table 3). Figure 5 shows that the Mn/Fe and Sr/Ba ratios in the upper submember of the Fourth Member of the Shahejie Formation are negatively correlated; from bottom to top, the Mn/Fe ratios tend to increase gradually, although the ratios tend to decrease slightly in the upper strata. The Sr/Ba ratio gradually decreases.
[image: Figure 5]FIGURE 5 | Sedimentary environment of the lacustrine shale under the sequence framework at the parasequence level.
TABLE 3 | Geochemical data of the Es4s shale in Well NY1.
[image: Table 3]DISCUSSION
Evolution of Sedimentary Environments Under a High-Precision Sequence Stratigraphic Framework
The development of mineral characteristics and sequence stratigraphy is controlled by the sedimentary environment. Therefore, it is very important to analyze the evolution of the sedimentary environment through high-precision sequence stratigraphy division. The GRP method proposed and improved by Slatt et al. (2008), Slatt et al., 2012) mainly divides GRP cycles according to the superposition combination pattern of natural GR curves. Abouelresh and slatt, (2012) applied TH and U curves and combined them with GRP theory to divide the sequences of the Barnett shale in the United States and proposed that the RHP could also be used as an index for sequence division. The INPEFA method proposed by a research team in the Netherlands mainly uses GR curves to analyze spectrum attributes and obtain an INPEFA curve (Nio et al., 2005), thus realizing the division of sequence stratigraphy (Liu et al., 2019; Ma et al., 2016; Ma et al., 2021). Based on the INPEFA of the GR curve and combined with the analysis of environmental indicators, we divided the upper submember of the Fourth Member of the Shahejie Formation from bottom to top into six parasequences (Figure 5).
In P1 (3,444.17–3,470.15 m depth range), the GR curve has a low INPEFA curve, and the CIA index is low, ranging from 73.715–76.346 (average 75.035), indicating that the climate was cold and dry, and the water body was shallow, corresponding to a low Mn/Fe ratio. The Sr/Ba ratio is high, with an average value of 8.43, indicating a high salinity, which may be related to the abundant gypsum at the bottom. The low TOC value in this section is 1.75% on average, and the RHP value is 2.87 mg HC/g TOC, indicating that the reducing conditions in this section were weak, which is not conducive to the preservation of organic matter. In addition, this result is consistent with the low enrichment coefficient of U and the lowest Bio-Ba value, indicating that the primary productivity was very low. In this period, the climate was relatively dry and cold, with little precipitation and shallow water, leading to weak reducing conditions, high salinity, a lack of biological development, low primary productivity and a low organic matter content.
In P2 (depth range 3,423.80–3,444.17 m), the INPEFA curve of the GR curve shifted significantly to the right, the CIA index increased significantly, and the increase in the Mn/Fe ratio indicates that the climate became warm and humid during this period. The water body became significantly deeper, and the Sr/Ba ratio decreased greatly, with an average value of 5.19, indicating that the salinity decreased. The development of framboidal pyrite in this period and the high TOC (average 2.5%) and high RHP (average 7.76 mg HC/g TOC) in this section indicate that the water conditions in this period were highly reducing, conducive to the preservation of organic matter, and that the Bio-Ba values were low, indicating low primary productivity. In this period, the climate was wet and warm, and the precipitation increased, leading to the deepening of the lake and a low salinity.
In P3 (depth range 3,393.34–3,423.80 m), the INPEFA curve of the GR curve continued to shift to the right, and the CIA index and Mn/Fe ratio continued to increase, indicating that the climate continued to become warmer and more humid and that the water depth further increased. The Sr/Ba ratio decreased to an average of 4.26, and the salinity continued to decrease. The average TOC was 2.7%, and the average RHP was 8.27 mg HC/g TOC, indicating that the water conditions in this period were highly reducing and conducive to the preservation of organic matter. In addition, the Bio-Ba value increased, indicating that the primary productivity increased in this period.
In P4 (depth range 3,362.70–3,393.34 m), the INPEFA curve of the GR curve has the largest rightward deviation, and the CIA index is the highest, with an average of 80.603, indicating that the water body reached its deepest depth at this time. The Sr/Ba ratio further decreases, with an average value of 2, indicating that the salinity of water at this time was significantly lower than that in P3. The enrichment coefficient of U is lower than that in P3. The mean TOC is 2.53%, and the RHP is 7.45 mg HC/g TOC, indicating strong reducing conditions in this period but weaker than those in P3. The maximum value of Bio-Ba and the maximum value of felsic minerals indicate the maximum primary productivity and terrigenous detrital input during this period. During this period, the climate was very wet and warm, and the precipitation was abundant, which allowed the water depth to reach the maximum; the salinity was further reduced, terrigenous debris was abundant, the primary productivity was high, and the water conditions were strongly reducing, which led to enrichment of organic matter in the sediment.
In P5 and P6 (depth range 3,336.81–3,336.81 m), the INPEFA curve of the GR curve began to deviate to the left, the CIA index decreased slightly, with an average of 80.60, and Mn/Fe decreased slightly, indicating that the water depth decreased at this time. The Sr/Ba ratio decreased with an average value of 0.97, indicating that the salinity of water further reduced the TOC by 2.00% and RHP by 6.17 mg HC/g TOC, indicating that the reducing conditions of the water weakened further in this period, but the reduction was stronger than in P1. During this period, the Bio-Ba value decreased, and the felsic mineral content decreased overall, indicating that primary productivity decreased and terrigenous detrital input decreased. During this period, the climate became slightly drier and cooler, and the water body decreased in size. However, the input of terrigenous debris and the existence of primary productivity during this period reduced the salinity of the water body, weakened the reducing conditions of the water body, and led to a decrease in organic matter abundance.
In general, the climate during the deposition of Es4s shifted from relatively dry to wet to a slightly drier and cooler. The salinity gradually decreased, the TOC and U element enrichment coefficients first decreased and then increased, and the reducing conditions of the water first decreased and then increased.
Corresponding Characteristics of Lithofacies Assemblages in Different Sedimentary Environments
The regular change in sedimentary environment controls the regular change in mineral composition and sedimentary structure, which leads to the regular change in the vertical lithofacies assemblage (Liang et al., 2018a; Zeng et al., 2021; Wu et al., 2020; Zhang et al., 2022b). The climate of the P1 parasequence was dry and cold, with little precipitation, resulting in shallow water, easy destruction of laminar structure and weak reducing conditions, which were not conducive to the preservation of organic matter. In addition, gypsum minerals developed at the bottom, indicating a higher salinity and more carbonate minerals in the area, with an average of approximately 40%. However, the content of dolomite is generally higher than the calcite content, which is caused by a dry and cold climate. In summary, the influence of the above factors led to the development of a lithofacies combination involving organic-poor thin-bedded calcareous mudstone and organic-poor laminated calcareous mudstone. During the P2 parasequence period, the climate became very wet and warm, and the rainfall increased. As a result, the water deepened rapidly, the salinity decreased, the reducing conditions increased, the organic matter was well preserved, and the laminar structure was well developed. In addition, carbonate minerals were dominant in this period, and the calcite content was higher than the dolomite content, so the lithofacies assemblage of organic-rich calcareous shale and organic-rich laminated calcareous mudstone was predominant in this period. As the climate became wetter and warmer, the water became deeper, leading to a further decrease in salinity, stronger reducing conditions, increased input of terrigenous detritus, and increased primary productivity. The organic matter was preserved and abundant in the P3 parasequence. The lithofacies assemblage is mainly composed of organic-rich laminated carbonate-bearing mudstone and organic-rich laminated calcareous mudstone. In the P4 period, the climate became humid and warm, and the precipitation increased further, which further deepened the water body, reduced the salinity, and strengthened the reducing conditions. Terrigenous detritus, primary productivity and organic matter were abundant in this period. However, terrigenous detritus also disrupted the reducing conditions to a certain extent. The lithofacies in this stage were mainly composed of laminated silty mudstone and organic-rich laminated calcareous mudstone. During the parasequence periods of P5 and P6, the climate became slightly drier and cooler, and the water depth and reducing conditions decreased. Moreover, terrigenous clastics were more abundant during this period, diluting the water salinity to a certain depth. The lithofacies were mainly laminated calcareous mudstones with intermediate and low amounts of organic matter (Figure 6).
[image: Figure 6]FIGURE 6 | Evolution model of the sedimentary environment of the upper Es4s shale.
Effects of Paleoclimate on Lake Water Properties at the Parasequence Level
The paleoclimate plays a decisive role in the enrichment and preservation of organic matter by controlling the depth of the water body, influencing the supply of terrestrial matter, and controlling the primary productivity of the water body, all of which influence the redox conditions (Liang et al., 2018b; Zhang et al., 2022c). The data show that the CIA is positively correlated with the Mn/Fe ratio and negatively correlated with the Sr/Ba ratio (Figures 7A,B), indicating that the paleoclimate had a significant influence on the paleosalinity by controlling the paleowater depth. A dry and cold climate leads to stronger evaporation and less precipitation, which increases the salinity of lake water. As the climate becomes wetter and warmer, evaporation weakened, and precipitation increases, leading to a decrease in salinity. In addition, a high salinity increases the ion concentration of the water, which promotes carbonate precipitation, and a humid climate leads to a greater supply of terrigenous material. The data show that felsic minerals are positively correlated with carbonate minerals (Figure 7C), which indicates that terrigenous input can dilute the salinity of water and indirectly proves that a humid climate can reduce the salinity of water. The data also show that the Mn/Fe ratio is positively correlated with TOC during the P1 and P2 periods (Figure 7D), and the Sr/Ba ratio is positively correlated with TOC (Figure 7E), indicating that salinity controlled the stratification of the water and enhanced the reducing conditions of the water, which was conducive to the preservation of organic matter. Moreover, the P2 parasequence mainly developed unique vein calcite lithofacies, indicating that the content of carbonate deposited at that time was higher than that of the other parasequences, and the reducing conditions were also stronger. In the P3 parasequence period, the Mn/Fe ratio is negatively correlated with TOC (Figure 7F), but the Sr/Ba ratio is positively correlated with TOC (Figure 7G), indicating that during this period, due to the humid and warm climate, the lake water deepened, and the salinity further decreased, resulting in a low salinity and slightly weak reducing conditions; however, water stratification still existed, the salinity was still high, and the reducing conditions remained strong. As the climate gradually became wetter and warmer, precipitation continued to increase, and the salinity further decreased. In the P4 parasequence period, the TOC is still high, but the Sr/Ba ratio has a very weak positive correlation with TOC (Figure 7K), while the CIA value has an obvious positive correlation with TOC (Figure 7I), indicating that the salinity concentration of water at this time was low, and it may not have been sufficient to stratify the lake water. At this time, the lake was mainly stratified by temperature. There is also a significant positive correlation between felsic minerals and TOC (Figure 7H), indicating that the wet and warm climate led to abundant terrigenous input, which had a significant dilution effect on water salinity and disrupted the salinity-driven stratification. However, there was no correlation between the Bio-Ba value and the felsic mineral content at this time (Figure 7J), indicating that the strong primary productivity at this time was due to algae blooms rather than terrigenous input. Moreover, the crossplot in Figure 4 also proves this point. During the P5 and P6 periods, the climate became slightly drier and cooler, the depth of the water decreased slightly, and the stratification of water gradually weakened, which was not conducive to the enrichment of organic matter. The ratio of Sr/Ba also gradually decreased, and there was a negative correlation between felsic minerals and the Sr/Ba ratio (Figure 7L), indicating that although terrigenous input was not large at this time, it had a dilution effect on water salinity, leading to a decrease in water salinity. In summary, the paleoclimate influenced the salinity and redox environment of the water by controlling the water depth and input of terrigenous debris and finally caused corresponding regular changes in the water properties.
[image: Figure 7]FIGURE 7 | Relationships between different geochemical parameters of the Es4s shale.
Effects on Organic Matter Enrichment
The factors affecting the enrichment of organic matter in lake water mainly include the redox conditions, primary productivity and input of terrigenous debris (Liang et al., 2017b; Zhang et al., 2022d; Zhang et al., 2020b). During the evolution process of sedimentary environments, these factors jointly affect the enrichment and preservation of organic matter, but they often play different roles, with one or more factors playing a major role. When the climate is dry and cold, the water is shallow and less reducing, which is not conducive to the preservation of organic matter. When the climate is warm and humid, the water is deep, and if the salinity is higher, then salinity-driven stratification will provide stronger reducing conditions. If terrigenous detritus is abundant and the water salinity is low, then temperature-driven stratification will provide strong reducing conditions. In addition, if algal blooms are common, the high primary productivity will also be conducive to the enrichment of organic matter. Therefore, the level of organic matter content is the result of many interrelated factors rather than being affected by a single factor. Therefore, for different periods, a detailed discussion of the changes and relationships of various factors is the main process of analyzing the causes of organic matter enrichment in a given period.
During deposition of the P1 parasequence, the TOC was low, with an average value of 1.75%, and the RHP was 2.87 mg HC/g TOC. At this time, the climate was dry and cold, and the water was shallow, leading to weak reducing conditions and high water salinity, which were not suitable for the survival of plankton. Moreover, the living space of plankton was limited, resulting in a low initial productivity. These results indicate that the enrichment of organic matter in this period was mainly controlled by the redox conditions. The TOC was high (mean 2.5%), and the RHP was also high (mean 7.76 mg HC/g TOC) in the P2 parasequence period. During this period, the climate became very wet and warm, the depth of lake water increased greatly, and the salinity was high, forming salinity-driven stratification, which strengthened the reduction of organic matter and was conducive to the preservation of organic matter. The enrichment of organic matter in this period was mainly controlled by the strong reducing conditions resulting from the water stratification caused by salinity.
In the P3 parasequence, the TOC and RHP averaged 2.7% and 8.27 mg HC/g TOC, respectively, indicating the enrichment of organic matter. At this time, the climate became more humid and warmer, the depth of the lake further increased, and the salinity was further reduced. The water body still retained strong reducing conditions. In addition, planktonic algae were more common in this period, and the primary productivity was higher, which provided a source of organic matter to a certain extent. These phenomena indicate that the organic matter enrichment in this period was mainly controlled by the strong reducing conditions caused by salinity-driven stratification, followed by primary productivity.
In the P4 parasequence period, the degree of humidity and warmth reached the maximum, the water depth also reached the maximum, the average TOC was 2.53%, the average RHP was 7.45 mg HC/g TOC, and the organic matter was relatively abundant. At this time, terrigenous detrital input was abundant, which diluted the water salinity to a certain extent and greatly reduced the water salinity concentration, and the salinity-driven stratification almost disappeared. Due to the very warm and humid climate, high water temperature and great depth of water, temperature-driven stratification occurred in this period, resulting in strong reducing properties. In addition, planktonic algae blooms occurred in this period, and the primary productivity was very high, so the organic matter was relatively abundant. Organic matter enrichment in this period was mainly controlled by the strong reducing conditions and primary productivity due to stratification caused by temperature, followed by terrigenous detrital input. Moreover, the TOC and RHP values in this period were lower than those of P2 and P3, indicating that salinity-driven stratification was better than temperature-driven stratification in the enrichment and preservation of organic matter, which may be related to the fact that an appropriate saline environment can effectively promote organic matter flocculation and thus improve the capture efficiency of organic matter (Hu et al., 2021).
In the P5 and P6 parasequence periods, the average TOC and RHP values were approximately 1.8% and 6.60 mg HC/g, respectively, which were both low. At this time, the climate became dry and cold, the depth of water decreased, the reducing conditions of the water were weakened, and the living space of plankton was restricted. During this period, some terrigenous debris was imported, which further diluted the salinity of the water and further reduced its salinity.
CONCLUSION
The upper fourth member of the Eocene Shahejie Formation is a typical lacustrine shale in the Bohai Bay Basin. It is mainly composed of carbonate and clay minerals, and the mineral composition is quite different from that of marine siliceous shale. Seven lithofacies types were classified based on core thin section and scanning electron microscope observations, combined with X-ray diffraction and geochemical analysis data. The organic matter in the shale in this area is mainly type I kerogen, with TOC values ranging from 0.58% to 4.57%, with an average of 2.41%, and RHP values ranging from 4.36 mg HC/g TOC to 8.95 mg HC/g TOC, with an average of 7.21 mg HC/g TOC. We introduced the INPEFA curve of the GR curve to divide the studied strata into parasequences, and a total of six parasequences were identified. According to the paleoenvironment indices and lithofacies characteristics, we establish an evolution model diagram of the lacustrine mud shale sedimentary environment and lithofacies assemblage. The results show that the regular change in sedimentary environment controlled the regular change in mineral composition and sedimentary structure, which led to the regular change in vertical lithofacies assemblage. The paleoclimate played a decisive role in the enrichment and preservation of organic matter by controlling the water body depth and subsequently influenced the supply of terrestrial matter, the primary productivity of the water body, and the redox conditions. The enrichment of organic matter was influenced by many interrelated factors rather than a single factor.
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To clarify the implication of alkane carbon and hydrogen isotopes for the genesis and accumulation of over-mature shale gas, we carried out a comparative study on Longmaxi shale gases from eight blocks in the Upper Yangtze area. The results show that the δ13CCH4, δ13CC2H6, and δ13CC3H8 of Longmaxi shale gas are all positively correlated with Ro. According to the distribution model of δ13C with thermal maturity, the Longmaxi shale gas lies in the reversal stage. Shale gas is a mixture of the kerogen cracking gas and secondary cracking gas, and the mixing ratio of the two cracking gas can be estimated by isotopic fractionation experiments of thermogenic gas. The proportion of secondary cracking gas in the shale gas of the Longmaxi Formation ranges from 33 to 72%. The increase of secondary cracking gas with lower δ13C would reduce the carbon isotope of the shale gas. The δ13CC2H6 and δ13CC3H8 have acute sensitivity to the occurrence of secondary cracking gas, hence they can be used as potential indicators of shale gas content. The decline of gas generation capacity, the reduction of micropores, and the destruction of tectonic movement are the considerable factors leading to the decrease of gas content in high-maturity shale.
Keywords: methane, isotopic reversal, gas content, secondary cracking, over-mature
INTRODUCTION
Organic alkane gas is a small molecule hydrocarbon formed by the degradation or cracking of organic matter under specific temperature, pressure, and catalytic conditions. As the principles of kinetic isotopic effect have been widely accepted, alkane carbon and hydrocarbon isotopic analysis has made remarkable achievements in studying the genesis and accumulation of natural gas (Berner et al., 1995; Cramer et al., 2001; Cramer, 2004; Burruss and Laughrey, 2010; Wang et al., 2015; Curiale and Curtis, 2016; Cao et al., 2020; Feng et al., 2020; Li et al., 2020). The carbon and hydrogen isotopes composition of organic alkane gas is not only related to the material composition of the hydrocarbon generation material, but also effected by the isotope fractionation in the process of biochemical degradation or thermal evolution cracking (Burruss & Laughrey, 2010). In addition, they are also influenced by secondary changes during migration and accumulation after hydrocarbon generation. Therefore, they contain vast quantities of information on hydrocarbon accumulation (Cai et al., 2005; He, 2017).
Shale gas is formed in a relatively closed system characterized by self-generation, self-storage, and in-situ accumulation. Due to its wide distribution and tremendous resource, shale gas has become a vital natural gas resource globally (Curtis, 2002; Zou et al., 2010; Freeman et al., 2011; Huang et al., 2020a). Distinct from with the accumulation of conventional gas, the formation of shale gas lacks secondary migration. In addition, it is affected by the cracking of retained hydrocarbon and Rayleigh fractionation in the high- and over-mature stage, and desorption and fractionation of depressurization associated with tectonic uplift (Burruss and Laughrey, 2010; Tilley et al., 2011; Xia et al., 2013; Feng et al., 2020; Jiang et al., 2020; Milkov et al., 2020). Therefore, carbon and hydrogen isotopes of shale gas show distinct characteristics from those of conventional natural gas. The carbon isotopic reversals or rollovers of shale gas are common in the high- and over-mature shale gas, such as Fayetteville shale gas in North America and Longmaxi shale gas in Sichuan Basin, China (Tilley et al., 2011; Zumberge et al., 2012; Dai et al., 2014). However, there are no carbon isotopic reversals in low-mature shale gas, such as Eagle Ford Shale and Chang seven Shale in Ordos Basin (Dai et al., 2016; He, 2017). Moreover, the shale gas wells with carbon isotopic reversals tend to have high production, which has attracted significant attention. Considerable amount of researches have been carried out on the causes of carbon isotopic reversals in high- and over-mature shale gas. Currently, the main views on the cause of carbon isotopic reversals in high- and over-mature shale gas are as follows: the mixture of kerogen- and oil-cracking gases (Tilley and Muehlenbachs, 2013; Xia et al., 2013; Zhao et al., 2019), Rayleigh fractionation of alkanes (Burruss and Laughrey, 2010; Feng et al., 2020), carbon exchange at high temperature (Dai et al., 2016; Yang et al., 2017), Fischer-Tropsch synthesis (Tang and Xia, 2011); water-kerogen redox reaction (Price, 2001; Burruss and Laughrey, 2010), decomposition of C2+ alkanes (Telling et al., 2013; Xia and Gao., 2018), isotope fractionation during the desorption process (Freeman et al., 2011; Wang et al., 2015; Ma et al., 2020), isotope fractionation caused by tectonic uplift (Jiang et al., 2020; Milkov et al., 2020).
In recent years, China has vigorously developed unconventional oil and gas (Tang et al., 2015; Feng et al., 2018; Huang et al., 2020b, 2021), and achieved a yearly shale gas output of 200 × 108 m3 in 2020, becoming the largest shale gas production country outside North America (Zou et al., 2021). Although China has made significant breakthroughs in marine shale gas and terrestrial shale gas, the current shale gas production mainly comes from the Ordovician Wufeng Formation shale and Silurian Longmaxi Formation shale (Longmaxi shale for short) in the Upper Yangtze area (Zhao et al., 2020). The Longmaxi shale is widely distributed in the Upper Yangtze area. Currently, the production of Longmaxi shale gas is mainly carried out in the Changning, Weiyuan, Zhaotong, Fuling and other blocks in the Sichuan Basin and the surrounding areas. There are still plenty of shale gas resources to be developed in the Upper Yangtze area.
Numerous studies on the carbon and hydrogen isotopes of Longmaxi shale gas in the Upper Yangtze area have been carried out, but these studies mainly focus on a single block (Tang et al., 2015; Yang et al., 2017; Feng et al., 2018; Chen et al., 2020). There are few studies comparing the isotopic composition of shale gas from different regions and its connection with gas content. We studied the data from 102 wells in eight shale gas production blocks in the Upper Yangtze area and compared their thermal maturity, gas content, composition, and isotopes composition of Longmaxi shale gas. The relationships between alkane carbon isotopes and thermal maturity, cracking gas composition, and gas content of shale gas are analyzed. Thus, some possible factors affecting the enrichment of Longmaxi Formation gas are discussed. We hope that this study will provide a reference for exploring the shale gases with high- or over-maturity.
GEOLOGICAL SET
The Upper Yangtze area mainly includes the Sichuan Basin, Chongqing Province, and the north of Guizhou Province and Yunnan Province (Figure 1). The Longmaxi shale is rich in graptolite fossils, which are mainly deposited in the marine shelf environment, and are characterized by high bio-silicon content and high TOC (Xu et al., 2004). The black shale of the Longmaxi Formation is continuous and thick, generally up to 300 m. The abundance of organic matter in Longmaxi shale is relatively high and gradually increases from top to bottom, with a TOC of 5.1–6.8%. High-quality shale reservoirs are mainly located at the bottom of the shale interval of 10–60 m and are the leading shale gas-producing layer (Dai et al., 2016; Yang et al., 2017; Zou et al., 2021). The burial depth of Longmaxi shale in the Upper Yangtze area is 500–6000 m. Commercial exploitation of shale has been fulfilled in the shale shallower than 3500 m. A breakthrough in production has been partially achieved in the deep shale of 3500–4500 m. The distribution area of shale below 4500 m is about 3.09 × 104 km2, and the recoverable shale gas resource is estimated to be 3.78 × 1012 m3, which shows good prospects for exploration (Zhao et al., 2020; Zou et al., 2021). The reservoir quality and gas-bearing properties of the Longmaxi shale in the Upper Yangtze area are obviously heterogeneous. The enrichment of shale gas is controlled by many factors such as organic matter abundance, thermal maturity, tectonic evolution, roof, floor thickness, structural morphology, and fault development (Ou et al., 2018; Jiang et al., 2020; Xi et al., 2022).
[image: Figure 1]FIGURE 1 | Paleogeography of Longmaxi shale and distribution of main shale gas blocks in the Upper Yangtze area (modified from Xu et al., 2004).
DATA SET
Table 1 lists the molecular composition and carbon and hydrogen isotopic data of eight major shale gas fields (i.e., Weiyuan, Changning, Zhaotong, Fushun, Dingshan, Jiaoshiba, Pengshui, Wuxi) in the Upper Yangtze area (Dai et al., 2014, 2016, 2017; Wu et al., 2015, 2017; Yang et al., 2017; Feng et al., 2018, 2019; Xin et al., 2019; Cao et al., 2020). There are usually some differences in the stable isotopes of gases obtained by different sampling means. Numerous desorption experiments show that the desorption rate of methane in shale is significantly faster than that of ethane and propane. In addition, alkanes enriched in 12C are more accessible to release from shale than alkanes enriched in 13C (Wang et al., 2015; Liu et al., 2018; Ma et al., 2020). Therefore, the data analyzed in this study are all gas samples collected at the wellhead. Some wells are sampled multiple times, and only the latest data are used in this study. The latest data after stable production tend to be more accurate, and the molecular and isotopic compositions of shale gas would change little after a short period of production (Zhang et al., 2018). The primary geological characteristics, such as static (depth, thickness, thermal maturity, porosity, brittleness) and dynamic parameters (gas content, and pressure cofficient) of Longmaxi shale from different blocks, were also collected. Although the Longmaxi shale is thick, the shale gas is mostly from high-quality shale reservoirs at the bottom of the shale intervals. The static parameters of shale gas wells are mainly the average values of high-quality shale reservoirs. Table 2 shows no momentous distinction among the static parameters of shale, but the dynamic parameters show significant differences. In particular, the gas content showed obvious differences, distributed between 0.45 and 8.0 m3/t.
TABLE 1 | Geochemical characteristics of shale gas from Longmaxi formation in the Upper Yangtze area (Data from Dai et al., 2014; 2016; 2017; Wu et al., 2015; 2017; Yang et al., 2017; Feng et al., 2018; 2019; Xin et al., 2019; Cao et al., 2020).
[image: Table 1]TABLE 2 | Primary geological characteristics of Longmaxi formation shale in the Upper Yangtze area (Data from Dong et al., 2016; Zou et al., 2016; Zhao et al., 2020).
[image: Table 2]The Longmaxi Shale gas is mainly dominated by methane with a wetness of less than 5%, which shows the characteristics of dry gas at the over-mature stage. The carbon and hydrogen isotopes of Longmaxi shale gas in the eight shale gas blocks are quite different. Longmaxi shale gas has δ13CCH4 values from −26.3‰ to −37.3‰, δ13CC2H6 values from -31.0‰ to −42.8‰, δ13CC3H8 values from −33.1‰ to −50.5‰, and δDCH4 values from -129‰ to −163‰. Among them, the carbon and hydrogen isotopes of Longmaxi shale gas in the Weiyuan block are relatively low, while those of Longmaxi shale gas in the Zhaotong block are relatively high. In addition, the shale gases in eight blocks all show the characteristics of complete carbon isotope reversal (δ13CCH4 > δ13CC2H6 > δ13CC3H8) (Figure 2). The shale gas in the Changning block has the most significent carbon isotope reversal, with an average δ13CCH4−δ13CC2H6 of 6.34‰, while the shale gas in the Fushun block has the smallest carbon isotope reversal, with an average δ13CCH4−δ13CC2H6 of 1.75‰. These indicate that the geological conditions of different blocks may have an essential influence on the isotope characteristics of the Longmaxi shale gas.
[image: Figure 2]FIGURE 2 | Carbon isotopes distribution of Longmaxi shale gas in the Upper Yangtze area.
DISCUSSION
The Origin of Longmaxi Shale Gas
The isotope characteristics of alkane gas are a standard method for identifying the source of natural gas, and has achieved good results in the exploration of conventional gas and coalbed methane (Berner et al., 1995; Cramer et al., 2001; Cramer, 2004; Burruss & Laughrey, 2010; Telling et al., 2013). It is generally considered that the carbon isotope of organic methane is less than −25‰, while that of inorganic methane is greater than −25‰ (Jenden et al., 1993). As shown in Table 1, δ13CCH4 of Longmaxi shale gas in the Upper Yangtze area are all less than −25‰, indicating organic origin. Whiticar, 1999 established a δ13CCH4−δDCH4 diagram based on the study of methane from various recent and ancient sedimentary environments to distinguish natural gas of different sources. As shown in Figure 3, the Longmaxi shale gas is located in the organic high-mature origin area.
[image: Figure 3]FIGURE 3 | Plot of δ13CCH4−δDCH4 for identification of genetic types of Longmaxi shale gas in the Upper Yangtze area (modified from Whiticar, 1999).
However, not all isotopic-based identification methods of natural gas genesis are still applicable to high- and over-mature shale gas reservoirs. For instance, the Bernard diagram modified by Chen et al. (1995), which is widely used in conventional gas, are no longer accurate in identifying the genesis of shale gas. As shown in Figure 4A, Longmaxi shale gases partly fall in the oil cracking gas category and partly in the mixed area of inorganic gas and coal-derived gas. It is contradictory that the original organic matter of Longmaxi shale was dominated by the type I or type II1 kerogen (Ou et al., 2018; Jiang et al., 2020). The discrimination diagram of δ13CCH4-δ13CC2H6-δ13CC3H8 (Dai, 1992) is also not applicable to Longmaxi shale gas. As shown in Figure 4B, most Longmaxi shale gases fall outside the indicator areas. Especially in the δ13CCH4-δ13CC3H8 map, almost all shale gas is not in the indicator zone, indicating that shale gas is different from the organic nature gas seen in the past. Distinct with the conventional gas originating from marine sapropel organic matter (Dai et al., 2014), the δ13CCH4 of Longmaxi shale gases are higher. Meanwhile, the δ13CC2H6 of and δ13CC3H8 of Longmaxi shale gas are dramatically lower. Therefore, some new indicators or genetic maps are needed to identify the origin of shale gas. Milkov and Etiope (2018) modified several genetic diagrams based on the data of 20,000 natural gas samples worldwide. As shown in Figure 5, the 1Longmaxi shale gas belongs to late-mature thermogenic gas.
[image: Figure 4]FIGURE 4 | Discrimination diagram of gas origin for Longmaxi shale gas in the Upper Yangtze area. (A) Modified Bernard diagram about the relationship between δ13C and C1/(C2 + C3), base map from reference (Chen et al., 1995); (B) relationship between δ13CCH4, δ13CC2H6, and δ13CC3H8, base map from reference (Dai et al., 2014; Liu et al., 2016).
[image: Figure 5]FIGURE 5 | Genetic diagram of nature gas revised by Milkov and Etiope (2018). CO2 reduction (CR), methyl-type fermentation (F), secondary microbial (SM), early mature thermogenic gas (EMT), oil-associated (mid-mature) thermogenic gas (OA), and late-mature thermogenic gas (LMT).
Cracking Gas Composition of Longmaxi Shale Gas
It is gradually accepted that the retained crude oil and wet gas in the shale would crack and generate considerable amounts of secondary cracking gas during the high- and over-mature stages (Zhao et al., 2019). Based on the humidity and alkane carbon isotopes of shale gas with different thermal maturities globally, previous studies show that the carbon isotopes of shale gas changes in an inverted “S” shape with the decrease in the humidity (Tilley et al., 2011; Zumberge et al., 2012; Hao and Zou, 2013). As we all know, natural gas humidity decreases with thermal maturity. As the thermal maturity of shale increases, the carbon isotope composition of shale gas will undergo several stages of change from normal isotope sequence to partial reversal isotope sequence and complete reversal isotope sequence (Tilley and Muehlenbachs, 2013; Dai et al., 2014). Xia et al. (2013) proposed a distribution model of alkane carbon isotopes of shale gas with increasing thermal maturity and divided it into four stages (I, II, III, and IV) according to the characteristics of carbon isotope (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) Distribution mode of δ13C with thermal maturity proposed by Xia et al. (2013). (B) Relationship between the δ13C and Ro of Longmaxi shale gas in the Upper Yangtze area.
Figure 6B shows the relationship between the alkane carbon isotopes of the Longmaxi shale gas and the thermal maturity. The δ13CCH4, δ13CC2H6, and δ13CC3H8 of Longmaxi shale gas all increase with Ro. The increase rate of δ13CC2H6 and δ13CC3H8 is greater than that of δ13CCH4. It is consistent with stage III in the model proposed by Xia et al. (2013). At stage III, the cracking of retained hydrocarbon in the shale reaches a peak and begins to decrease gradually. Previous studies suggested that the isotope fractionation of secondary cracking is more potent than that of kerogen cracking, so the alkane carbon isotopes of secondary cracking gas are lighter than those of kerogen cracking gas (Tilley et al., 2011; Hao and Zou, 2013; Xia et al., 2013; Zhao et al., 2019). Therefore, as the secondary cracking of the over-mature shale weakens, the alkane carbon isotopes of shale gas gradually increases. Ethane and propane are low in shale gas, so δ13CC2H6 and δ13CC3H8 are more sensitive to δ13CCH4. The trend lines of δ13CC2H6 and δ13CC3H8 show a more significant slope than that of δ13CCH4, as shown in Figure 6B. When Ro increases to around 4%, the δ13CC2H6 and δ13CC3H8 will be greater than that of δ13CCH4, and the carbon isotope of shale gas will eventually return to a positive order. Liu et al. (2018) studied the extremely high mature shale gas in Southern North China Basin and found that the carbon isotope composition of shale gas with Ro ≈ 4.1% shows a normal sequence.
There is a large amount of retained oil and wet gas in organic-rich shale at the mature stage. When the thermal maturity reaches a certain level (such as Ro>1.6%), the retained hydrocarbon begins to crack and generate gas. At this time, there are both kerogen cracking gas and secondary cracking gas in the shale. The carbon and hydrogen isotopes of methane in the kerogen cracking gas and the secondary cracking gas are different. Therefore, it can be used to analyze the composition of kerogen cracking gas and secondary cracking gas in shale gas (Li et al., 2020). According to the isotope fractionation mechanism of thermogenic gas (Berner et al., 1995; Cramer et al., 2001), comparative experiments on the thermal cracking of kerogen and normal C22 alkanes (retained liquid hydrocarbon equivalent) have been carried out. The trend models of δ13CCH4 and δDCH4 for two types of cracking gas are established (Qu, 2015). Figure 7 shows that Longmaxi shale gas is located in the middle of the trend lines of kerogen cracking gas and secondary cracking gas. It is consistent with the previous research that shale gas is a mixture of kerogen cracking gas and secondary cracking gas (Tilley et al., 2011; Hao and Zou, 2013; Xia et al., 2013; Yang et al., 2017; Zhao et al., 2019; Milkov et al., 2020).
[image: Figure 7]FIGURE 7 | Relationship between methane carbon and hydrogen isotopes of thermal simulation results of kerogen and nC22 (modified from Qu 2015).
Therefore, the cracking gas composition of shale gas can calculate based on this research. The vertical line based on the hydrogen isotope of Longmaxi shale gas (δDCH4-shale) will intersect with the extension of the δ13CCH4-δDCH4 trend line of kerogen cracking gas and retained hydrocarbon cracking gas (Figure 7). The two intersection points respectively represent the δ13CCH4 of the kerogen cracking gas and secondary cracking gas. They can be expressed as δ13CCH4-kero and δ13CCH4-seco (Eqs 1, 2). The methane carbon isotope of Longmaxi shale gas (δ13CCH4-shale) is a mixture of two end members. Therefore, the equation of δ13CCH4-shale, δ13CCH4-kero, and δ13CCH4-seco can be established. The ratio of retained hydrocarbon cracking gas is X, while that of kerogen cracking gas is 1-X (Eq. 3).
[image: image]
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When the δ13CCH4-shale and δDCH4-shale of shale gas samples are substituted into the above equations, the ratio of kerogen cracking gas and retained hydrocarbon cracking gas can be obtained.
The proportion of retained hydrocarbon cracking gas in the Longmaxi shale gas ranges from 31 to 83% (Table 3). Among the six shale gas blocks (no δDCH4-shale in the Wuxi and Dingshan blocks), the proportion of retained hydrocarbon cracking gas in the Weiyuan block is the highest (average 72%), while that in the Changning block is the lowest (average 33%). There are two possible causes for the difference in the composition of cracking gas in shale gas. 1) The thermal maturity of Longmaxi shale in the Weiyuan block (Ro of 2.1–2.7%) is lower than that in other shale gas blocks, and it is still in the stage of retained hydrocarbon cracking. However, the thermal maturity of Longmaxi shale in the Changning block is exceptionally high (Ro of 3.1–3.2%). Most retained hydrocarbons of Longmaxi shale in the Changning block have been consumed, resulting in a reduction of secondary cracking gas. Therefore, the proportion of secondary cracking gas in the Weiyuan block is higher than that in the Changning block. 2) As the Weiyuan block is close to the Leshan-Longnüsi paleo-uplift, its preservation conditions are relatively poor. Liu et al. (2016) believed that there is communication between the Weiyuan anticline and the surface, which accounts for the low pressure of Longmaxi shale gas in the Weiyuan block. The shale gas generated in the early stage may dramatically dissipate during the tectonic uplift. Thus, the secondary cracking gas primarily developed in the later period plays an essential contribution to the shale gas.
TABLE 3 | Proportion of kerogen cracking gas and secondary cracking gas in Longmaxi shale gas in the Upper Yangtze Area.
[image: Table 3]Implication of Carbon Isotopes for Shale Gas Content
Gas content is the focus of shale gas resource evaluation. Previous studies suggest that the shale gas wells with carbon isotope reversal tend to be highly productive (Tilley et al., 2011; Zumberge et al., 2012). Feng et al. (2018) believed that the daily output of Longmaxi shale gas wells in the Weiyuan block shows a positive relationship with the magnitude of carbon isotope reversal (δ13CCH4-δ13CC2H6). Chen et al. (2020) proposed that the gas content of Longmaxi shale in the Zhaotong block was positively correlated with δ13CCH4-δ13CC2H6 and negatively correlated with δ13CC2H6. Figure 8 shows the correlations between the gas content and carbon isotopes of Longmaxi shale gas in the Upper Yangtze area. The shale gas content exhibits a moderate correlation with δ13CC2H6 and δ13CC3H8. As the shale gas content increases, the δ13CC2H6 and δ13CC3H8 become lighter.
[image: Figure 8]FIGURE 8 | Plots of δ13CC2H6 and δ13CC3H8 versus gas content of Longmaxi shale gas in the Upper Yangtze Area.
The δ13CC2H6 and δ13CC3H8 of Longmaxi shale gas are positively correlated with thermal maturity and negatively correlated with gas content. It means that the gas content of Longmaxi shale may decrease with thermal maturity. It can also be drawn from the relationship between thermal maturity and gas content of Longmaxi shale in the Upper Yangtze area (Figure 9). However, this is inconsistent with previous studies that the shale gas content increases with thermal maturity (Zou et al., 2010; Liu et al., 2016).
[image: Figure 9]FIGURE 9 | Relationship between Ro and gas content of Longmaxi shale gas in the Upper Yangtze Area.
The shale gas content shows distinct variation characteristics at different maturity stages (Figure 10). The gas content of shale increases with the thermal maturity during the relatively low mature stage (Ro<2.2–2.6%). The gas content of shale decreases with the thermal maturity during the relatively high mature stage (Ro>2.2–2.6%). Our observations suggest that the following causes may lead to the decrease of Longmaxi shale gas content with thermal maturity.
[image: Figure 10]FIGURE 10 | Schematic diagram for hydrocarbon generation, pore volume, alkane carbon isotopes, and gas content at different mature stages in shales (modified from Li et al., 2018; Wang et al., 2019; Liu et al., 2018).
1) The consumption of organic matter in high- and over-mature shale leads to a significant decline in gas generation capacity, which may be an essential factor in the reduction in shale gas content. It has been suggested that hydrocarbon generation always exists in the source rocks with the thermal maturity (Ro) less than 5% (Li et al., 2018). The hydrocarbon generation process of organic matter can be divided into five periods, including biochemical gas generation (0% < Ro <0.3%), low maturity (0.3% < Ro <0.7%), mature (0.7% < Ro <1.3%), high-mature (1.3% < Ro <2.0%), over-mature (2.0% < Ro <5.0%). The products of hydrocarbon generation mainly include biogas, immature oil and transition gas, mature crude oil and associated gas, kerogen degradation gas, liquid hydrocarbon cracking gas, wet gas cracking gas, and methane cracking gas. Kerogen cracking gas is mainly produced when Ro>1.1% and reaches the peak when Ro ≈ 1.6%, then gradually exhausts and stops when Ro ≈ 3.0% (Chen et al., 2007; Jiang et al., 2020). Liquid hydrocarbons and wet gas are mostly cracking when Ro>1.3%, and reach the peak when Ro ≈ 2.6%, then gradually decrease and stop when Ro ≈ 3.5% (Waples, 2000; Zhao et al., 2011; Li et al., 2018). Methane starts to crack when Ro>5%. Therefore, high- and over-mature shale gas comprises kerogen cracking gas and secondary cracking gas. The Ro of the Longmaxi shale in the Upper Yangtze area is more significant than 2.0%, and in some blocks greater than 3.0%. Thus, the gas generation capacity of Longmaxi shale has been dramatically weakened.
2) The reduction of organic pores in over-mature shale may be another important factor leading to the decrease of gas content. Numerous micro-pores and nano-pores are generally developed in organic-rich shale (Loucks et al., 2012; Guo et al., 2017; Hu et al., 2017). These pores are mainly composed of organic pores and inorganic mineral matrix pores. The organic pores account for more than 50% of the storage space of shale (Singh et al., 2009; Passey et al., 2010). The content, type, and maturity of organic matter control the development of organic matter pores (Xu et al., 2019). Wang et al. (2019) established the pore structure evolution from immature shale to over-mature shale based on shale data worldwide. They proposed that the evolution of micropores and mesopores in shale could be divided into four stages. In the first stage (0.4% < Ro <0.7%), the pore evolution is mainly related to the burial and compaction process. The discharge of liquid hydrocarbons generated by kerogen and the chemical dissolution of minerals would increase the pore volume (Loucks et al., 2012; Ko et al., 2018). In the second stage (0.7% < Ro <1.2%), the filling of petroleum and bitumen leads to a significant reduction of pore volume in shale (Guo et al., 2017). In the third stage (1.2% < Ro <2.2%), the micro-pores in the organic matter are significantly increased due to the secondary cracking of retained liquid hydrocarbons (Kuila et al., 2014; Hu et al., 2017). The matrix pores formed by inorganic minerals are gradually reduced due to compaction and cementation (Wang et al., 2013). In the fourth stage (Ro>2.2%), the pores of organic matter in the shale begin to reduce significantly due to long-term compaction and graphitization of organic matter (Topór et al., 2017). The Ro of the Longmaxi shale in the Lower Yangtze area is generally greater than 2.2%, and thus the reduction of micro-pores in the shale would decrease the gas content.
3) Tectonic movement affects the accumulation and destruction of shale gas. The time, amplitude, and scale of the last tectonic uplift have an essential impact on the differential enrichment of shale gas (Jiang et al., 2020). As seen in Figure 11, the amplitudes of last structure uplift in well DY1 and PY1 have slight difference, while the time of last structure uplift in well DY1 is significantly later than that in well PY1. When the shale reaches high- and over-maturity through deep burial, the gas escape in the shale will generally occur during the subsequent tectonic uplift and depressurization (Milkov et al., 2020). The time and amplitude of the last structure uplift will directly affect the shale gas content. The Longmaxi shale with higher thermal maturity tends to have an earlier period and greater amplitude of the last tectonic uplift. The last tectonic uplift is generally inclined to cause a decrease in gas content. Jiang et al. (2020) proposed the relationship between the gas content of the Longmaxi shale in the Yangtze area and the time and amplitude of the last tectonic uplift (Figure 12). There is a particular connection between the shale gas content and the last tectonic uplift. The shale gas content decreases with the enlargement of the uplift amount and the advance of the uplift period. On the contrary, it increases with the diminution of the uplift amount and the delay of the uplift period.
[image: Figure 11]FIGURE 11 | Comparison of the burial histories of well DY1 in Dingshan block and well PY1 in Pengshui block (modified from Xu et al., 2015 and Qiu et al., 2020).
[image: Figure 12]FIGURE 12 | connection among gas content, Ro, uplift time, and uplift amplitude of Longmaxi shale gas in Yangtze Area (modified from Jiang et al., 2020). The size of the red circle represents the level of air content.
The completeness of the yellow circle represents the Ro, and the full circle refers to Ro = 4%.
CONCLUSION

1) The alkane carbon and hydrogen isotopes of Longmaxi shale gas in the Upper Yangtze area are quite different. The isotopic characteristics and their differences are significant for the origin and accumulation of shale gas.
2) The high- and over-mature shale gas comprises kerogen cracking gas and secondary cracking gas. The proportion of secondary cracking gas in the Longmaxi shale gas is 33–72%. The carbon isotopes of shale gas gradually decrease with the content of secondary cracking gas.
3) The weakening of gas generation capacity and the reduction of micro-pores are essential reasons for the decrease of gas content in over-mature shale with thermal maturity. The Longmaxi shale with higher thermal maturity tends to have an earlier period and greater amplitude of last tectonic uplift, which may be another cause of the decrease in gas content.
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Hydraulic fracturing is the most prominently used technique for increasing well productivity in shale oil reservoirs. Therefore, studying the method for optimizing fracture parameters is essential in the development of shale oil. This study established a mathematical model of non-Darcy flow in the fractured horizontal well section of a shale oil reservoir which considered the influence of the threshold pressure gradient. The finite element method was used to solve the problem, and the calculation method of pressure field and productivity was given. This model is used to study the optimal number of clusters, optimal cluster spacing, optimal fracture length, and optimal fracture conductivity in a horizontal well section. Simulation shows that the optimal number of clusters in a horizontal well section is five when the permeability is 0.02 × 10–3 μm2–∼0.10 × 10–3 μm2, and the optimal number is four when the permeability range is 0.15 × 10–3 μm2–∼0.30 × 10–3 μm2. With the increase in the number of clusters, the stimulation effect is more sufficient, the interference effect between fractures is enhanced, and the loss of stratum energy is accelerated. The optimal cluster spacing is 30 m. Several cases of non-uniform cluster spacing have little effect on the stimulation effect. The cluster number and the sum of the cluster spacing are the determinant factors affecting the stimulation effect. The optimal fracture half-length is 140 m. Several cases of the non-uniform fracture length have little effect on the stimulation effect. The cluster number and the sum of the length of the fracture are the determinant factors affecting the stimulation effect. The optimal conductivity is 20 D•cm. At last, it proposed a fracture parameter optimization method considering the stratum energy loss and productivity.
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1 INTRODUCTION
At present, most of the world’s shale oil is produced in the United States, but due to human demand for oil resources, more shale oil needs to be discovered and developed effectively (Janszen et al., 2015; Reynolds and Umekwe, 2019; Kang et al., 2019; Boak and Kleinberg, 2020). The Chang 7 layer of the Triassic Yanchang Formation in the Ordos Basin, China, deposited a set of shale-dominated source rock series during the heyday of the lake basin development (Liu, 2021; Zhang et al., 2021). After years of research (Ren et al., 2015; Guo et al., 2015; Qu et al., 2019), the macro evaluation method of shale reservoirs has been innovated (Huang et al., 2020; Wang et al., 2020; Gao, 2021; Yu et al., 2022), a new microscopic experimental approach to shale reservoirs emerges (Brohi et al., 2011; Crafton and Noe, 2013; Marongiu-Porcu et al., 2016; Huang et al., 2020), new standards for evaluating movable fluids in shale oil reservoirs have been established (Wang and Sheng, 2017; Li et al., 2019; Zhang et al., 2020; Huang et al., 2021), research methods of reservoir (Medeiros et al., 2010; Potapenko et al., 2017; Qu et al., 2020; Zhang et al., 2020) and fluid mechanics theories (Chaudhary et al., 2011; Jin et al., 2013; Zhang et al., 2020; Qu et al., 2022) of other unconventional reservoirs are used for reference, and major breakthroughs have been made in oil exploration in this area (Fu et al., 2020). By learning from the experience of the U.S. shale oil and gas revolution, we know that improving the multi-stage fracturing technology for horizontal wells and optimizing the fracturing design are the keys to achieving sustainable economic development of shale oil resources (Weijers et al., 2019). The optimization of the multi-stage fracturing scheme for horizontal wells is mainly to optimize the parameters of artificial fractures. There are two main directions for optimizing fracture parameters using mathematical models. One is to establish a fracture propagation model which considers the fracture geometry of each cluster and the induced stress field between the fractures (Guo et al., 2015). The other is to use the reservoir numerical simulation method, set the objective function, and select the best fracture parameters through the optimal target value (MoradiDowlatabad and Jamiolahmady, 2018). This study mainly aims at optimal productivity, comprehensively considers the loss of stratum energy, and explores the optimization method of fracture parameters in the horizontal well section of shale oil.
With the application of horizontal wells in unconventional oil and gas fields, the research on horizontal well productivity has gradually increased (Male, 2019). The earliest scholars applied the principle of hydropower similarity to the study of horizontal well productivity and obtained the productivity ratio equation between the horizontal well and vertical well under the influence of homogeneous isotropic reservoirs and permeability anisotropy (Giger, 1984). Researchers assumed that the fractures had infinite conductivity and calculated the productivity of multiple fractures in horizontal wells (Karcher and Giger, 1986). On this basis, an early production model of a horizontal well in an infinitely thick reservoir with multiple fractures and limited conductivity was established (Soliman, 1990). After that, the researchers established a single-hole reservoir model, including matrix and fractures, and compared the difference between the water-oil ratio and the cumulative production when the vertical well and horizontal well were produced (Haddad and Crafton, 1991). In order to solve the problem of single-phase flow in horizontal wells, the concept of equivalent wellbore radius and the correction method of the conductivity coefficient were proposed, and the productivity of horizontal wells with transverse and longitudinal fractures was successfully calculated (Heger, 1996). In the same year, a production model of fracturing horizontal wells under constant pressure conditions was proposed, in which horizontal wells have lateral or vertical fractures (Soliman et al., 1996). Subsequent research concluded a simple production calculation model for calculating horizontal well production under constant pressure or constant production conditions, where the calculation parameters are given by the formula (Helmy and Wttenbarger, 1998). Another scholar proposed a new semi-analytical method to solve the three-dimensional unidirectional flow problem in horizontal wells, in which the position of the wells can be flexibly arranged (Peter and Egberts, 2003). In order to analyze the influence of conductivity on productivity, the influence of the completion method on the productivity of tight gas layers was studied (Soliman, 2008). With the popularization of mathematical methods, a new numerical model was established to calculate the productivity of fracturing horizontal wells by applying the finite element–finite volume method and hybrid element mesh discretization (Geiger et al., 2007). The current research is to make improvements on the basis of predecessors, such as the computational fluid dynamics model for horizontal wells to simulate the complex interaction between the creeping reservoir flow and turbulent well flow for single phases to predict the inflow to the well (Szanyi et al., 2018); based on the theory of pseudo-steady-state flow, the effect of perforation cluster spacing on oil well productivity (Mahmood and Guo, 2019); a theory proposed for calculating fluid flow in laterally isotropic and spatially anisotropic permeable media; and a productivity analysis model derived for both the steady-state and semi-steady-state flow of inclined wells in this media (Johansen and Cao, 2022).
In previous studies, the productivity calculation of horizontal wells was mainly based on analytical or numerical methods. The advantage of an analytical method is that it provides immediate insight into the controlling parameters and steers further numerical analysis on stimulation optimization (Ozkan et al., 2011; Wong et al., 2013; Rojas and Lerza, 2018). Moreover, there are various analysis methods at present which solve many problems (Orangi et al., 2011; Weijermars and Khanal, 2019; Xiao et al., 2020). However, analytical methods face difficulty in solving the problem of irregularly shaped heterogeneous reservoirs (Rodriguez and Soeder, 2015; Zanganeh et al., 2015). The numerical method can realize the simulation of fracturing horizontal wells with various parameters. The finite element method, such as a numerical method, can deal with irregularly shaped oil reservoirs and various complex boundary conditions (Zhang et al., 2016). Therefore, this study adopts the finite element method to solve the mathematical model of the multi-stage fracturing horizontal well. At the same time, in order to finely optimize the fracture parameters, it is proposed to take a fracturing horizontal well section as the basic research object and optimize the parameters of each cluster of fractures in the section.
2 GEOLOGICAL OVERVIEW
The study area is located in the southern part of Dingbian Oilfield, in Dingbian County, Yulin City, Shaanxi province. It borders Jingbian County in Shaanxi province in the east, Huachi County and Huan County in Gansu province in the south, Yanchi County in Ningxia province in the west, and Etuokeqianqi in Inner Mongolia in the north (Ma et al., 2021). It is the junction of the four provinces of Shaanxi, Gansu, Ningxia, and Inner Mongolia. The regional structure belongs to the central and western part of the North Shaanxi Slope of the Ordos Basin. The tectonic setting is a gentle west-dipping monocline with a dip angle of about 1° and an average slope drop of 8–10 m/km.
The geotectonic structure of the Ordos Basin is located at the junction of the eastern structural domain and the western structural domain in China. Most of the oil and gas in the basin is mainly distributed on the Yi-Shan slope. During the extended period of the Late Triassic, a set of fluvial-delta-lake facie strata with a thickness of more than one thousand meters of yellow-green and gray-green sandstone intercalated with gray mudstone, dark brown mudstone, and black shale, was deposited. It can be divided into ten layers, from Chang 10 layer to Chang 1 layer from bottom to top. The Chang 7 layer is further divided into three sub-layers, Chang 73 layer, Chang 72 layer, and Chang 71 layer, from bottom to top, according to the sedimentary cycle. The Chang 73 period has the deepest water body, has mainly developed a set of semi-deep lake-deep lake facies deposits, and has deposited the most important set of source rocks of the Yanchang Formation. The Chang 72 and Chang 71 periods were mainly composed of semi-deep lake-deep lake facies and delta deposits developed in the direction of provenance. Affected by the distribution pattern of the lake basin terrain, type I shale oil in the Chang 73 period is mainly distributed in Wuqi, Zhidan, and Ansai areas in the east and is deposited in delta front facies. In the Chang 72 period, the lake water became shallow, and the northeast provenance controlled the delta front deposits to develop in and east of Xin’an, which is a favorable accumulation area for type I shale oil. In the Chang 71 period, as the lake water became further shallow, the northeast provenance-controlled delta front deposits could extend to the center of the lake, and a large amount of gravity flow deposits accumulated in the low-lying areas of the lake bottom or the bottom of the slope break belt. At this time, from the Xin’an edge to the east, all the deposits were delta fronts, and the underwater distributary channels developed in a large area, so the Chang 71 period of northern Shaanxi type I shale oil generally developed. In this study, the Chang 7 shale oil layer is taken as the research target, and the optimization method of fracture parameters in a horizontal well section of shale oil is explored.
3 MODELING
3.1 The Mathematical Model
The basic differential equation of seepage in the stratum media is as follows:
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The basic differential equation of seepage in the fracture media is as follows:
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The initial condition is as follows:
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The inner boundary condition is expressed as follows:
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The outer boundary condition is as follows:
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where Kx、Ky、 and Kz are the permeability values in three directions of the stratum, m2; Gx is the threshold pressure gradient in the x-direction of the stratum, Pa/m; Gy is the threshold pressure gradient in the y-direction of the stratum, Pa/m; Gz is the threshold pressure gradient in the z-direction of the stratum, Pa/m; Ct is the comprehensive compressibility of the stratum, 1/Pa; CL is the liquid compressibility, 1/Pa; p is the pressure, Pa; t is time, s; μ is the fluid viscosity, Pas; pi is the original stratum pressure, Pa; pwf is the bottom hole pressure, Pa; Kfx is the fracture permeability in the x-direction, m2; Kfy is the fracture permeability in the y-direction, m2; h is the thickness of the reservoir, m. The heterogeneity of shale oil reservoirs is characterized by the permeability of the three directions of xyz.
3.2 Finite Element Solution of the Mathematical Model
After introducing the Galerkin finite element method, Eqs 1 and 2 are transformed into Eqs 6 and 7, respectively.
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Applying the Green–Gauss formula and considering boundary conditions, Eqs 6 and 7 are transformed into Eqs 8 and 9, respectively.
[image: FX 1]
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where Ni and Nʹi are interpolation functions, Ω is the integral range, and [image: image] is the integral boundary. The region Ω is divided into E units and n nodes. Then, the continuous pressure field was dispersed to n nodes. Finally, the pressure of each node at different times is solved. In this study, the stratum media region is divided by any tetrahedral units (three-dimensional), and the fracture media region is divided by any triangular elements (two-dimensional). The pressure in the cell is linearly distributed, and the pressure expression is calculated and sorted out as follows.
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where pi, pj, pk, and pl are the pressure values of each node of the tetrahedral element, Mpa; pfi, pfj, and pfm are the pressure values of each node of the triangular element, Mpa; Ni, Nj, Nk, Nl, Ni’, Nj′, and Nm′ are interpolation basis functions, which are only related to node coordinates.
The integral expression in the stratum media unit is obtained as Eq. 12.
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where dV is the volume element; m = i, j, k, and l.
The integral expression in the fracture media unit is obtained as Eq. 13.
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where dA is the area element; k = i, j, and m.
By further integral calculation of the aforementioned equations and substituting the differential value for the time derivative of the pressure, the finite element equation of the stratum media unit is Eq. 14, and the finite element equation of the fracture media unit is obtained as Eq. 15.
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where K1 and K2 are element pressure stiffness matrices; N1 and N2 are element temperature-variable matrices; P1 and P2 are column vectors of element nodal pressure values; Δt is the time interval, s; F1 is the start matrix of the formation medium unit.
By synthesizing all finite element equations, the overall finite element equation of the entire study area is obtained as Eq. 16.
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where K is the overall stiffness matrix; N is the overall temperature-variable matrix; P is a column vector of all nodal pressure values; F is the overall start matrix of the stratum media.
The initial conditions and boundary conditions are introduced, the calculation time and iterations are given, the corresponding program is compiled, the pressure values of each node at each moment are solved, and the seepage field diagram can be drawn. Finally, the productivity of the fracturing horizontal well section is calculated by formula (17).
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where [image: image] is the pressure gradient at the fractured wellbore; N is the number of fractures; B is the crude oil volume coefficient, dimensionless; rw is the radius of the horizontal wellbore, m; h is the thickness of the reservoir, m.
4 RESULTS AND DISCUSSION
In this article, the fracture parameters in the horizontal well volume fracturing section are optimized. The basic parameters are as follows: the horizontal well section spacing is 60 m; the half-length of the artificial fracture is 150 m; the fracture conductivity is 20 D•cm; the original stratum pressure is 10 MPa; the bottom hole pressure is 6 MPa; and the effective thickness of the reservoir is 5 m. The porosity of the reservoir is 7%; the average permeability is 0.15 × 10–3 μm2 (0.02–0.30 × 10–3 μm2); crude oil viscosity is 2.63 mPas; the crude oil volume factor is 1.224; and the comprehensive compressibility is 15.7 × 10–4 MPa−1. Unless otherwise specified, the analysis in this chapter is based on the above parameters. The fracturing section is used as a unit to establish a basic model, and the finite element division of the basic model is shown in Figure 1 (four clusters of fractures in a horizontal well section). The parameter selection of this study is based on the actual data in the oilfield. The calculation schemes are also based on the actual situation of the oilfield.
[image: Figure 1]FIGURE 1 | Finite element partition diagram of the basic model.
This study refers to the experiment of the threshold pressure gradient by Zhao Jiyong et al. (Zhao et al., 2018). The threshold pressure gradient corresponding to reservoirs with different permeability is compared and analyzed, and the calculation chart of the threshold pressure gradient in different permeability ranges is regressed. As shown in Figure 2, this chart is mainly for the Chang 7 layer of the shale oil reservoir in the Ordos Basin.
[image: Figure 2]FIGURE 2 | Calculation chart of the threshold pressure gradient for different types of permeability.
4.1 Optimum Number of Clusters
In this section, the fracture cluster spacing is set to 20 m. With different permeabilities of the Chang 7 layer, the production of fractures in the fracturing section under the conditions of 1–6 clusters was calculated. The pressure fields were drawn, and the optimal number of fracture clusters under different reservoir conditions was selected. The permeability values are 0.02 × 10–3, 0.05 × 10–3, 0.10 × 10–3, 0.15 × 10–3, 0.20 × 10–3, 0.25 × 10–3, and 0.30 × 10–3 μm2.
Figures 3A and B show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.02 × 10–3 μm2. When the number of clusters increases, the daily production increases. The difference in the output is mainly reflected in the first 100 days of production, and the daily production curve almost overlaps after 100 days. When the number of clusters increases, the cumulative production increases. When the number of fractures increases to 5 clusters, the cumulative production increases very little, indicating that when there are five clusters of fractures in the section, the productivity is optimal. Figure 3C shows the pressure fields of fractures with different cluster numbers for 15 days, when the permeability is 0.02 × 10–3 μm2. The pressure reduction in the fracture is the fastest, and the energy of the reservoir is continuously replenished to the fracture and its surrounding area, resulting in the gradual expansion of the pressure reduction area centered on the fracture. When the pressure drop gradient in the expansion area is greater than the threshold pressure gradient, the crude oil in this area will migrate. When the crude oil converges in the fractures, the seepage resistance is reduced, and the fluid flows into the wellbore in a linear flow to achieve the purpose of increasing productivity. Comparing the pressure fields of such reservoirs with different cluster numbers, the more clusters, the larger the area is effectively stimulated by artificial fractures. Combined with the characteristics of productivity, the optimal number of clusters is 5.
[image: Figure 3]FIGURE 3 | Analysis of productivity and pressure fields with different cluster numbers when permeability is 0.02 × 10–3 μm2. (A) Daily oil production curve of different numbers of clusters. (B) Cumulative oil production curve of different cluster numbers. (C) Pressure fields with different numbers of clusters.
Figures 4A and B show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.05 × 10–3 μm2. Figure 4C shows the pressure fields of fractures with different cluster numbers for 15 days when the permeability is 0.05 × 10–3 μm2. At this time, the productivity characteristics are similar to that of 0.02 × 10–3 μm2, and the productivity is optimal when there are five clusters of fractures in the horizontal well section. As the formation permeability increases, the threshold pressure gradient becomes smaller, the effective stimulated area corresponding to each cluster of fractures increases, more crude oil flows into the fractures, and the productivity increases.
[image: Figure 4]FIGURE 4 | Analysis of productivity and pressure fields with different cluster numbers when permeability is 0.05 × 10–3 μm2. (A) Daily oil production curve of different numbers of clusters. (B) Cumulative oil production curve of different cluster numbers. (C) Pressure fields with different numbers of clusters.
Figures 5A–C respectively show the daily production, cumulative production (1 year), and pressure fields (15 days) under the conditions of different numbers of clusters when the permeability is 0.10 × 10–3 μm2. The productivity characteristics are similar to those of 0.02 × 10–3 μm2, and the productivity is optimal when there are 5 clusters of fractures in the horizontal well section. The formation permeability increases, the threshold pressure gradient decreases, the effective stimulated area corresponding to each cluster of fractures increases, and the productivity increases. However, in the pressure fields with more than 3 clusters, the pressure drop areas between fractures overlap, and the overlapping part is the interference area between fractures. The crude oil here is difficult to produce, indicating that the cluster spacing at this time is not the optimal cluster spacing.
[image: Figure 5]FIGURE 5 | Analysis of productivity and pressure fields with different cluster numbers when permeability is 0.10 × 10–3 μm2 (A) Daily oil production curve of different numbers of clusters. (B) Cumulative oil production curve of different cluster numbers. (C) Pressure fields with different numbers of clusters.
Figures 6A–C respectively show the daily production, cumulative production (1 year), and pressure fields (15 days) under the conditions of different numbers of clusters when the permeability is 0.15 × 10–3 μm2. The number of clusters increases, the daily production increases, and the cumulative production increases. After increasing to four clusters, the cumulative production increases very little, indicating that the productivity is optimal when there are 4 clusters of fractures in the horizontal well section. The difference between the corresponding optimal production capacity (457.53 m3) and the optimal production capacity (457.28 m3) when the permeability is 0.10 × 10–3 μm2 is only 0.25 m3. The permeability increases, but the optimal productivity value is almost unchanged. This is because the interference area between the fractures increases, and the interference effect reduces the optimal productivity value.
[image: Figure 6]FIGURE 6 | Analysis of productivity and pressure fields with different cluster numbers when permeability is 0.15 × 10–3 μm2. (A) Daily oil production curve of different numbers of clusters. (B) Cumulative oil production curve of different cluster numbers. (C) Pressure fields with different numbers of clusters.
Figures 7A and B show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.20 × 10–3 μm2. Figures 7C and D show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.25 × 10–3 μm2. Figures 7E and F show the daily production and cumulative production (1 year) of different cluster numbers, when the permeability is 0.30 × 10–3 μm2. The optimal productivities of these three permeabilities are similar to those of 0.15 × 10–3 μm2, and the productivity is optimal when there are 4 clusters of fractures in a horizontal well section, but with the increase of permeability, the difference between the optimal productivity values is very small. Figure 8 shows the pressure fields of different cluster numbers for the three permeability conditions. The distribution characteristics of the pressure fields of the three types of reservoirs are similar. As the number of clusters increases, the overall stimulated area becomes larger. After increasing the number of clusters to 4, increasing the number of clusters can only improve the stimulation effect of the reservoir at the horizontal boundary of the section. Permeability increases, and the interference between fractures is stronger, which affects the convergence of crude oil in fractures. At the same time, the loss of stratum energy reduces the pressure drop gradient in the stimulated area, and the crude oil migration stops in the region where the pressure drop gradient is less than the threshold pressure gradient. So the permeability increases and the optimal productivity is not improved.
[image: Figure 7]FIGURE 7 | Analysis of productivity with different cluster numbers when the permeability is 0.20 × 10–3, 0.25 × 10–3, or 0.30 × 10–3 μm2. (A) Daily oil production curve of different numbers of clusters (0.20 × 10–3 μm2). (B) Cumulative oil production curve of different cluster numbers (0.20 × 10–3 μm2). (C) Daily oil production curve of different numbers of clusters (0.25 × 10–3 μm2). (D) Cumulative oil production curve of different cluster numbers (0.25 × 10–3 μm2). (E) Daily oil production curve of different numbers of clusters (0.30 × 10–3 μm2). (F) Cumulative oil production curve of different cluster numbers (0.30 × 10–3 μm2).
[image: Figure 8]FIGURE 8 | Analysis of pressure fields with different cluster numbers when permeability is 0.20 × 10–3, 0.25 × 10–3, or 0.30 × 10–3 μm2. (A) Pressure fields with different numbers of clusters (0.20 × 10–3 μm2). (B) Pressure fields with different numbers of clusters (0.25 × 10–3 μm2). (C) Pressure fields with different numbers of clusters (0.30 × 10–3 μm2).
In order to improve the optimal productivity, one has to increase the energy of the stratum, that is, to increase the stratum pressure of the shale oil reservoir by supplementing liquid or gas. However, due to the low permeability, economical and effective energy supplementation methods are not yet mature. The second is to reduce the interference between fractures which can slow down the consumption of stratum energy and prolong the time of oil migration. By adjusting the fracture parameters, such as cluster spacing, we can improve the optimal productivity. This study aimed to improve the productivity by adjusting the fracture parameters.
4.2 Optimum Cluster Spacing
The basic parameters of the model remain unchanged, the average permeability of the shale oil reservoir is 0.15 × 10–3 μm2, and there are four clusters of fractures in the horizontal well section. Cluster spacing between each fracture is equal. The oil productions in the horizontal well section of different types of cluster spacing were calculated, and the pressure fields were drawn.
4.2.1 Cluster Spacing Optimization for Uniform Fracture Distribution
The cluster spacing of plan one to plan five is 5, 10, 15, 20, 25, and 30 m, respectively, and the half-length of the fractures is 150 m.
From Figures 9A and B we can observe the following: the cluster spacing increases, and the daily production increases. The difference in the output is mainly reflected in the first 50 days of production, and the daily production curve almost overlaps after 50 days. If cluster spacing increases, the cumulative production increases. The productivity is optimal when the cluster spacing is 30 m. Figure 9C shows the pressure fields of fractures of different plans for 15 days. The cluster spacing of plan 1 and plan 2 is too small, so the stimulated areas of each cluster of fractures are highly overlapping, and the pressure value in the overall stimulated area is very low. Stratum energy consumption is too fast, resulting in insufficient seepage of crude oil into fractures, and artificial fractures have a poor stimulation effect on shale oil reservoirs. The pressure field of plan 3 can show the shape of four clusters of fractures, but the interference of fractures makes the crude oil in the overall stimulated area flow into the wellbore in the form of radial flow. Also, the seepage resistance is great, which reduces the degree of crude oil recovery. The effective stimulated area of fractures in the pressure field of plan 4 increases. This is because the cluster spacing increases, the interference between fractures is small, and the crude oil in the far-end fractures resumes linear flow. However, in the area of the fracture near the wellbore, there is still a characteristic of radial flow, and the stratum energy will also be lost. According to the pressure fields of plan 5 and plan 6, as the cluster spacing continues to increase, the interference effect of fractures decreases, the stimulated area of a single cluster of fractures increases, and the overall stimulated area expands. In plan 6, the stimulation effect of single-cluster fractures and the entire reservoir is the best, and the cluster spacing of 30 m is the optimal cluster spacing. At this time, the pressure gradually decreases outward along the stimulated area of each cluster fracture. As the main seepage channel of crude oil, the artificial fractures greatly promote the crude oil to overcome the constraints of the threshold pressure gradient and complete the migration process from the shale oil reservoir to the wellbore.
[image: Figure 9]FIGURE 9 | Analysis of productivity and pressure fields with different cluster spacing plans. (A) Daily oil production curve of different cluster spacing plans. (B) Cumulative oil production histogram of different cluster spacing plans. (C) Pressure fields of different cluster spacing plans (From left to right, plan 1, plan 2, plan 3, plan 4, plan 5, and plan 6).
4.2.2 Cluster Spacing Optimization for Non-Uniform Fracture Distribution
The simulation calculation scheme is shown in Table 1, and the half-lengths of the fractures are 150 m d01, d12, d23, d34, and d45, representing the spacing between the fractures from left to right.
TABLE 1 | Calculation scheme of different types of cluster spacing when each fracture cluster spacing is unequal.
[image: Table 1]From Figures 10A and B, we observed that the daily production curves corresponding to different cluster spacing types almost overlap, and the corresponding cumulative production differences are small, indicating that the distribution of several cluster spacing has little effect on productivity. Figure 10C shows the pressure fields of fractures of different plans for 15 days. When the cluster spacing is small, there is interference between fractures, and the effective stimulated area of a single cluster of fractures is reduced. When the cluster spacing is larger, the interference between fractures is weakened, and the effective stimulated area of a single cluster of fractures increases. According to the pressure fields, it can be judged that there is little difference in the overall stimulated area of different plans. In conclusion, when the number of fracture clusters is the same in each plan, and the sum of the cluster spacing is equal, the overall stimulation effect of artificial fractures on the reservoir in a horizontal well section is basically the same.
[image: Figure 10]FIGURE 10 | Analysis of productivity and pressure fields with different cluster spacing plans. (A) Daily oil production curve of different cluster spacing plans. (B) Cumulative oil production histogram of different cluster spacing plans. (C) Pressure fields of different cluster spacing plans (From left to right, plan 1, plan 2, plan 3, plan 4, plan 5, and plan 6).
4.3 Study on the Effect of Uniform Fracture Length
There are four clusters of fractures in a horizontal well section, the cluster spacing is 20 m, and the lengths of the fractures are the same. The half-lengths of plan 1 to plan 5 are 80, 100, 120, 140, 160 and 180 m, respectively.
Figures 11A and B show the daily production and cumulative production (1 year) of different fracture lengths. As the length of fractures increases, the daily production increases. The difference in output is mainly reflected in the first 150 days of production, and the daily production curve almost overlaps after 150 days. When the length of fractures increases, the cumulative production increases. While the fracture half-length is 180 m, the productivity is the largest. Figure 11C shows the pressure fields of fractures of different lengths for 15 days. As the length of fractures increases, the overall stimulated area becomes larger. In plan 1 and plan 2, the pressure decreases rapidly in the fractures and stimulated area. This is because the interference between fractures causes stratum energy consumption to be too fast. Also, the reservoir crude oil seeps in the form of radial flow. In plan three and plan 4, the fracture length increases, and the interference effect decreases. Among them, the pressure in plan 4 decreases the slowest, and the interference effect is the smallest. At this time, the crude oil in the far-end fractures seeps in a linear flow mode, and the crude oil in the fractures with a certain length in the center of the wellbore seeps in a radial flow mode. In plan 5 and plan 6, the increase of fracture length leads to the accelerated reduction of pressure in the central part of the stimulated area, and the interference between fractures is strengthened again, which hinders the linear flow of crude oil in the fractures and is not conducive to the production of crude oil. Plan 4 has higher productivity and less energy loss, so plan 4 corresponds to the optimal fracture length.
[image: Figure 11]FIGURE 11 | Analysis of productivity and pressure fields with different fracture lengths (A) Daily oil production curve of different fracture lengths. (B) Cumulative oil production histogram of different fracture lengths (C) Pressure fields of different fracture length plans (From left to right, plan 1, plan 2, plan 3, plan 4, plan 5, and plan 6).
4.4 Study on the Effect of Non-Uniform Fracture Length
The simulation calculation scheme is shown in Table 2. There are four clusters of fractures in a horizontal well section, and the cluster spacing is 20 m. Fracture 1, fracture 2, fracture 3, and fracture 4 are fractures from left to right.
TABLE 2 | Calculation scheme of different fracture lengths when each half-length is unequal.
[image: Table 2]From Figures 12A and B, we can see that the daily production curves corresponding to different fracture length types almost overlap, and the corresponding cumulative output differences are small. Figure 12C shows the pressure fields of fractures of different lengths for 15 days. The shapes of the stimulated areas of the four types are different, but the overall stimulated areas are similar in size. The crude oil at the far-end of the fracture flows linearly, and the crude oil near the wellbore of the fracture flows radially, and there is still interference between the fractures. In this calculation of parameter conditions, when the total length of the fractures in a horizontal well section is the same, the stimulation effect of the reservoir in the section is the same, that is, the productivity and the size of the stimulated area are similar.
[image: Figure 12]FIGURE 12 | Analysis of productivity and pressure fields with different fracture lengths. (A) Daily oil production curve of different fracture lengths. (B) Cumulative oil production histogram of different fracture lengths. (C) Pressure fields of different fracture length plans (From left to right, type 1, type 2, type 3, and type 4).
4.5 Study on the Effect of Fracture Conductivity
There are four clusters of fractures in a horizontal well section, the cluster spacing is 20 m, and the half-length of each fracture is 150 m. The conductivity value of each cluster of fractures is the same. The conductivity values of plan 1 to plan 8 are 5, 10, 15, 20, 25, 30, 35, and 40 D•cm, respectively.
From Figures 13A and B, we can see that as the fracture conductivity increases, the daily production increases. The difference in output is mainly reflected in the first 50 days of production, and the daily production curve almost overlaps after 50 days. When the fracture conductivity increases, the cumulative production increases. When the value of fracture conductivity increases to 20 D•cm, the cumulative production increases very little, indicating that 20 D•cm is the optimal fracture conductivity. Figure 13C shows the pressure fields of fractures of different fracture conductivities for 15 days. The greater the fracture conductivity, the larger the overall stimulated area is. But when the conductivity increases to 20 D•cm, the overall stimulated area does not change much by increasing the conductivity. Between each single cluster of fractures, the greater the conductivity, the stronger is the interference between the fractures, the faster is the pressure reduction in the fracture and the stimulated area, and the greater is the threshold energy loss. Therefore, considering the productivity and the stimulation effect of the reservoir, plan 4 corresponds to the optimal conductivity value.
[image: Figure 13]FIGURE 13 | Analysis of productivity and pressure fields with different fracture conductivities. (A) Daily oil production curve of different fracture conductivities. (B) Cumulative oil production curve of different fracture conductivities. (C) Pressure fields of different fracture conductivity plans (From left to right, plan 1, plan 2, plan 3, plan 4, plan 5, plan 6, plan 7, and plan 8).
4.6 Optimization Method of Fracture Parameters in a Horizontal Well Section
Shale oil reservoirs are tight, with strong heterogeneity and low stratum pressure. The multi-stage fracturing technology of horizontal wells is the key technology to develop such reservoirs. The reservoir properties of each stage of multi-stage fracturing are different. In this study, each stage of fracturing is taken as the research object, and the parameters of each cluster of fractures in the stage are optimized to achieve the best intra-stage stimulation effect. At this time, the fracture parameter design of each horizontal well section has differences and pertinence, which ensures the stimulation effect of the whole well. Taking the optimization of productivity as the basic goal, comprehensively considering the energy consumption of the stratum as the criterion for selecting fracture parameters, the optimal productivity is visually determined by daily production and cumulative production. Stratum energy is analyzed through the characteristics of the pressure field. First, the characteristics of energy consumption are determined according to the pressure change characteristics of the whole area in a horizontal well section. Second, the pressure change characteristics between each cluster of fractures and their affected areas reflect stratum energy consumption. Interference between fractures is the main analysis method in this part. Based on the analysis of the aforementioned two points, the fracture parameters are adjusted so that the overall reconstruction in the horizontal well section is sufficient, and the interference between fractures is minimized. It is a difficult problem to maintain the long-term stable production of horizontal wells in shale oil reservoirs. Through the design of fracture parameters in the early stage, the interference between fractures can be reduced, which helps crude oil to maintain linear flow in the fractures and their stimulated areas and reduce the energy consumption of the stratum. This not only improves economic efficiency but also saves energy and protects the environment.
5 CONCLUSION
In this study, a mathematical model of multi-stage fracturing horizontal well seepage under non-Darcy conditions in shale oil reservoirs was established, the solution was completed, and the calculation method of horizontal well pressure field and productivity was given. The optimization method of fracture parameters in the shale oil reservoir in the study area is formed. From this study, we can conclude the following:
When the permeability is 0.02 × 10–3∼0.10 × 10–3 μm2, the optimal number of clusters in a horizontal well section is 5. When the permeability is 0.15 × 10–3∼0.30 × 10–3 μm2, the optimal number of clusters in the horizontal well section is 4. The number of clusters in a horizontal well section increases, and the overall stimulated area increases. However, when the number of clusters increases to a certain value, the increase in productivity is very small, and the interference of fractures accelerates the loss of stratum energy, causing the pressure drop gradient in some areas to be smaller than the stratum gradient and hindering the migration of crude oil.
The optimal cluster spacing is 30 m when each fracture cluster spacing is equal. When the cluster spacing is small, the crude oil seeps in the radial flow into the stimulated area. With the increase of cluster spacing, the interference effect of fractures decreases, the seepage resistance decreases, and crude oil seeps in a linear flow mode at the far end of the fractures, which improves the effectiveness of artificial fractures. When the cluster spacing is 30 m, the productivity is optimal, and the energy loss is the smallest. When each fracture cluster spacing is unequal, the distribution of several cluster spacing has little effect on the stimulation effect. When the number of fracture clusters is the same and the sum of the cluster spacing is equal, the overall stimulation effect of artificial fractures on the reservoir in a horizontal well section is basically the same.
When the length of each fracture is the same, the optimal fracture half-length is 140 m. When the fracture length is small, the interference between fractures is strong, and the energy consumption of the reservoir is fast. After increasing the fracture length, the effectively stimulated area increases, the interference effect of fractures is weakened, the energy loss is reduced, and a linear flow pattern appears in the far-end fractures. When the fracture half-length exceeds 140 m, the central interference area expands again, the increase in productivity becomes very small, and the energy loss increases. Therefore, the optimal half-length is 140 m. When each fracture length is unequal, the distribution of several lengths has little effect on the stimulation effect. When the number of fracture clusters is the same and the total length of the fractures in a horizontal well section is the same, the stimulation effect of the reservoir in the horizontal well section is basically the same.
When the conductivity of each fracture is the same, the optimal conductivity is 20 D•cm. When the fracture conductivity increases, the overall stimulated area increases, but when it exceeds 20 D•cm, the overall stimulated area remains unchanged. The conductivity increases, the interference between fractures increases, the central interference area expands, and the energy consumption increases. Therefore, the conductivity value should not be too large. Considering the productivity and the stimulation effect, it is concluded that 20 D•cm is the optimal conductivity.
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Mechanism of the organic matter (OM) accumulation in the Middle Permian Gufeng Formation shale in South China is lack of constraints, which restricts the source rock evaluations and shale gas explorations. To decipher the OM accumulation of the Gufeng Formation, geological and geochemical results related to paleo-environmental variations are presented from the shelf Putaoling section in South China. The OM accumulation in the Gufeng Formation is vertically heterogeneous, shown by a medium total organic carbon (TOC) content (2.3%) in the lower member and a high TOC content (9.6%) in the upper member. The organic-rich shales of the Gufeng Formation are deposited in a complex paleo-environment with restrained water conditions, a warm and humid paleoclimate, a relatively strong chemical weathering, significant hydrothermal activities, a high primary productivity, fluctuating redox conditions, and a relatively high sedimentary rate. Compared to the lower member deposited under anoxic conditions, the upper member is formed in a dominantly euxinic environment with higher productivities. The seawater deoxygenation and the upward-increasing productivity jointly lead to the vertical heterogeneity of the OM accumulation in the Gufeng Formation. Thus, an ‘integrated model’ for the OM accumulation in the Gufeng Formation is established, and which adds to our knowledge that no a single factor or model can explain the OM accumulation in all sedimentary environments.
Keywords: South China, shale gas, redox state, primary production, OM accumulation, Permian
1 INTRODUCTION
The Middle Permian (Guadalupian; Clapham, 2015) witnesses a separate extinction event, a large igneous province, and a global cooling event (Jin et al., 1994; Retallack et al., 2006; Montanez et al., 2007; Wignall et al., 2009; Bond et al., 2010a; 2010b), which represents a critical time in the Earth history. During this time, a set of organic-rich deposits is worldwide developed, representing one of the most important periods for the hydrocarbon source rock formation (Kametaka et al., 2005; Large et al., 2015; Zhang et al., 2019). With the acceleration of ‘petroleum exploration near the source’ in the petroleum industry, the Middle Permian organic-rich deposits and their hosted unconventional hydrocarbon resources attract more and more attentions in the Lower Yangtze area, South China.
In recent years, a lot of investigations have been carried out on the sedimentary environment, reservoir characteristics, source rock quality, and potential evaluation of the shale gas resource in the Middle Permian organic-rich shale in the Lower Yangtze area (Takebe et al., 2007; Du et al., 2015; Fu et al., 2021). The results generally propose that the Middle Permian shale has a large thickness, a high organic carbon content, a moderate maturity, good gas-bearing conditions, and a large potential of shale gas resources (Ma et al., 2009; Du et al., 2015; Zhao et al., 2020; Fu et al., 2021; Bolin Zhang et al., 2020). However, the mechanism of the OM accumulation in the Middle Permian shale is rare. In particular, studies have deducted that the OM would affect the hydrocarbon generation capacity, pore structures, and adsorption characteristics of organic sediments, which play a decisive role in the shale gas content (Huang et al., 2020; Huang et al., 2021; Kun Zhang et al., 2020; Zhang et al., 2022a; Zhang et al., 2022b; Zhang et al., 2022c). The mechanism of the OM accumulation in shales is gradually reaching a consensus, that is, the paleo-environment, including the primary productivity (Gallego-Torres et al., 2007) and preservation conditions (Mort et al., 2007; Kennedy et al., 2014), determines the accumulation of the OM (Ibach, 1982; Pedersen and Calvert, 1990; Arthur and Sageman, 1994; Murphy et al., 2000; Sageman et al., 2003; Rimmer et al., 2004; Ding et al., 2021). Thus, to further understand the shale gas enrichment in the Middle Permian shale in the Lower Yangtze area, the sedimentary environment for the shale formation and its control on the OM enrichment in the shale should be investigated in detail.
This study, taking the Gufeng Formation in the shelf Putaoling section as an example, carries out a detailed investigation on the Middle Permian shales in the Lower Yangtze area, South China. Lithology and geochemistry (TOC and elements) records are employed to perform the objectives. The main objectives of the study are 1) to construct the paleo-environment of the Middle Permian period and 2) to reveal the mechanism of OM accumulation in the Gufeng Formation shale.
2 GEOLOGICAL SETTING AND SECTION DESCRIPTION
During the Middle–Late Permian, the South China plate, located near the ancient equator, was adjacent to the ancient Tethys Ocean in the west and the Panthalassic Ocean in the east (Figure 1A; Liu and Selby, 2021). The Lower Yangtze area lies in the present northeastern South China and can be divided into two major tectonic units: the Jiangsu-Anhui tectonic belt and the Jiangnan uplift belt (Figure 1B; Ding et al., 2021). The Jiangsu-Anhui tectonic belt is characterized by a continuous subsidence and consists of the Nanjing Depression, the Tuquan Depression, and the Jiaonan orogenic zone, whereas the Jiangnan uplift belt, mainly feathered with the weathering and denudation, is composed of the Jiangnan Uplift and the Qiantang Depression (Figure 1C; Ding et al., 2021). Based on the previous studies (e.g., Ma et al., 2009), the Lower Yangtze area, during the Middle–Late Permian, experienced a regional uplift, leading to an evident retroregression and the formation of continental-marine transition facies. Accordingly, a set of marine shale and transitional clastic rock strata, including the Middle Permian Qixia Formation and Gufeng Formation, as well as the Upper Permian Longtan Formation and Dalong Formation, was deposited (Ma et al., 2009). During the deposition of the Gufeng Formation, the northern and southeastern Lower Yangtze areas were paleo-continents, and the central part of which was deep-water shelf to shelf facies. Particularly, the deep-water shelf to shelf facies gradually transitioned to delta facies toward to the southeast and northern paleo-continents (Figure 1C; Bai et al., 2021).
[image: Figure 1]FIGURE 1 | (A) Late Guadalupian palaeogeography and the relative location of South China [modified from Liu and Selby (2021)]. (B) Tectonic division map of South China and the location of the Lower Yangtze area. (C) Location map of the studied area showing the middle Permian tectonic units and facies distribution. The sampling Putaoling section can be seen [modified from Bai et al. (2021) and Ding et al. (2021)].
The study section—Putaoling section—is located in the Jiangsu-Anhui tectonic belt of the Lower Yangtze area (Figure 1C). The exposed strata, from bottom to top, are the Carboniferous Chuanshan Formation, Permian Qixia Formation, Gufeng Formation, Longtan Formation, and Dalong Formation, as well as the Triassic Yinkeng Formation (Figure 2). The Permian Gufeng Formation at the Putaoling section, about 32.9 m thick, is mainly composed of organic-rich black siliceous shales and characterized by a complete sedimentary cycle with a sea level rising and falling (Figure 2B). According to regional sea level fluctuations, the Gufeng Formation can be generally divided into two members (Figure 2B): 1) The lower member conformable contacts with the underlie Qixia Formation and predominantly consists of black siliceous shales and carbonaceous shales, with thin silty mudstone intervals and a decreasing-upward silica contents. This member is deposited in the shallow-water shelf facies. 2) The upper member conformable contacts with the overlie Longtan Formation and is dominated by black siliceous shales and siliceous carbonaceous shales, with horizontal beddings and abundant pyrite/phosphorite nodules. This member is a set of deep-water shelf deposition.
[image: Figure 2]FIGURE 2 | Stratigraphic log (A) in the Lower Yangtze area and the stratigraphic column (B) of the Gufeng Formation at the Putaoling section. QX, Qixia Formation; LT, Longtan Formation.
3 SAMPLE AND METHODS
3.1 Sample Collection
In this study, a total of 22 fresh shale samples, including 7 samples from the lower member and 15 samples from the upper member, are collected from the Gufeng Formation. To ensure sampling accuracy, a surface layer with a thickness of approximately 0.3 m is removed to avoid the interference from weathering. The details for the sample No., depths, and lithofacies are shown in Figure 2B. Positioned according to the distance from the strata boundaries, samples are collected at a maximum spacing of 2–3 m in the Gufeng Formation. After removing the outer epidermis in the laboratory, all of the samples are ground to 200 mesh by hand under pollution-free conditions.
3.2 Experimental Methods
The analysis and test for the major, trace, rare elements and TOC are all performed at the National Research Center for Geoanalysis, China.
To remove carbonate minerals, an appropriate amount of 10% HCl is used to dissolve the powdered samples (about 0.5 g). The residue is washed with the ultrapure water and then dried in a desiccator for 10 h at 60°C, followed by a combustion at 900°C to oxidize organic carbon in a pure oxygen atmosphere. The resultant carbon dioxide is subsequently measured to provide the TOC data. The testing instrument is a LECO CS-230 carbon analyzer.
About 1.0 g powder samples are used to analyze the major elements. The weighted samples are mixed with the 130 mg (ratio about 1:4) anhydrous lithium metaborates in a 10 ml graphite pot. After that, the mixture is melted for 15 min at 1000°C, and the molten substance is poured into 5% aqua regia for a complete dissolution. Then the solution, with the addition of accurately 25 μL 1 mg/ml cadmium standard solutions, is transferred into a 25 ml colorimetric tube. Finally, the 5% aqua regia is used to dilute the mixed liquor. The content of elements is measured by a ICP-AES, and the precision is RSD <2% ∼ 8%. For the trace element and rare earth element (REE) analysis, about 25 mg samples are weighed into a Teflon vessels with a steel jacket. The hydrofluoric acid and nitric acid are added to dissolve the samples at 190°C for 48 h. Then the cooled solution is dried on an electric heating plate, and the precipitates are re-dissolved with the hydrochloric acid for 3 h. Finally, the solution is transferred into a clean centrifugal tube for testing. The samples are tested by an inductively coupled plasma mass spectrometry, and the method precision is (RSD) < 10%.
3.3 Data Processing
Element accumulation factors (EFs) are calculated from XEF = [(X/Al) sample/(X/Al) PAAS] (Calvert and Pedersen, 1993), where the element contents of PAAS are referred to the Taylor and McLennan, 1985). Chemical index of alteration (CIA) is calculated from CIA = [Al2O3/(Al2O3 + CaO* + Na2O+ K2O)] × 100, where the oxides are in a mole fraction, and the CaO* represents the CaO content in silicate (Fedo et al., 1995). Mclennan (1993) proposes a method to calculate and calibrate the CaO*. If the number of moles of the (CaO-10/3P2O5) is less than that of the Na2O, the (CaO-10/3P2O5) value is taken as the CaO* value. On the contrary, it takes the mole number of the Na2O as the mole value of the CaO*.
4 RESULT
4.1 TOC
The Gufeng Formation contains abundant OM, and its TOC contents range from 1.1% to 18.9%, with an average of 7.3%. Vertically, the OM accumulation in the shales of the Gufeng Formation is evidently heterogeneous (Figure 2): The black siliceous shales and carbonaceous shales in the lower member have relatively lower TOC contents (less than 5%), whereas the black siliceous shales and siliceous carbonaceous shales in the upper member have larger TOC contents, with an average of 9.6% (up to 18.9%) (Figure 2).
4.2 Element
4.2.1 Major Element
The major elements, expressed as the oxides, are dominated by SiO2, Al2O3, and CaO. The w (SiO2) of the Gufeng Formation is the largest (77.9 ± 11.6%). It is higher than 62.8% of the Late Archean shale of Australia. The w (Al2O3), w (CaO), w (K2O), and w (P2O5) are successively followed, and they are 4.6 ± 2.7%, 1.1 ± 2.4%, 0.71 ± 0.54%, and 0.66 ± 1.80%, respectively. The stratigraphic distributions of the w (SiO2), w (Al2O3), and w (CaO) are relatively stable in the Gufeng Formation, whereas the w (P2O5) have vertical variations. In particular, the w (P2O5) first decreases and then increases from bottom to top.
4.2.2 Trace Element
Compared with the standard values of the PAAS, the trace elements, such as Mo, U, V, Ni, Cd, Zn, and Cr, in the Gufeng Formation show enrichments. For example, the contents of Mo (89.5 ± 73.5 μg/g), U (16.9 ± 20.3 μg/g), and V (902.1 ± 587.8 μg/g) are large. However, Co, Pb, and Sc are depleted in most samples of the Gufeng Formation. Compared to the lower member, the contents of some trace elements in the upper member are evidently higher, and the MoEF and UEF can be up to 1,000.
4.2.3 Rare Earth Element
Concentrations of REE (ΣREEs) in the Gufeng Formation range from 36.96 μg/g to 556.5 μg/g, with an average of 131.1 μg/g. The ΣREEs are significantly lower than 185 μg/g of the PAAS, showing the REE depletion in the Gufeng Formation. The PAAS-normalized REE distribution patterns of the upper and lower members of the Gufeng Formation are similar, and they are relatively flat (Figure 3). For the samples from the lower member, the PAAS-normalized REE distribution patterns are characterized by slight left-leaning, shown by slightly negative Ce anomalies (Ce/Ce* = CeN/(LaN×PrN)1/2), insignificantly positive Eu anomalies (Eu/Eu* = EuN/(SmN × GdN)1/2), and obviously positive Y anomalies. Similarly, the PAAS-normalized REE distribution patterns of the samples from the upper member show slightly left-leaning, with obviously positive Y anomalies and higher Eu anomalies than those in the lower member. Notably, the upper member is highlighted by the sample GF21, which has an evident left-leaning pattern with a low LREE/HREE ratio and a significantly positive Eu anomaly (Figure 3).
[image: Figure 3]FIGURE 3 | PAAS-normalized REE patterns of the shale samples from the Permian Gufeng Formation at the Putaoling section. (A) and (B) are the upper member and lower member, respectively.
5 DISCUSSION
5.1 Sedimentary Rate
The sedimentary rate has a significant effect on the OM accumulation (Murphy et al., 2000). Generally, the higher sedimentary rate, by reducing the oxidative decomposition and biological consumption of the OM, is more conducive to the OM enrichment (Ibach, 1982; Ding et al., 2018). The REE distribution patterns and (La/Yb)N ratios can be used to evaluate the sedimentary rate (Murray et al., 1991; Cao et al., 2018): When the REE fractionation is weak and the (La/Yb)N ratios are close to 1.0, it reflects a short time for the REE attaching with the clay minerals and corresponds to a high sedimentary rate. When the REE fractionation is strong and (La/Yb)N ratios are significantly higher than or lower than 1.0, it reflects a long time for the REE attaching with the clay minerals and corresponds to a low sedimentary rate (Murray et al., 1991; Cao et al., 2018). The PAAS-normalised REE distribution patterns of the samples from the Gufeng Formation are flat, and the REE fractionations are weak (Figure 3), indicating a relatively stable sedimentary rate. Particularly, the (La/Yb)N ratios of the 22 rock samples range from 0.45 to 2.35, with an average of 0.99 (Figure 4), suggesting that the sedimentary rate is high during the deposition of the Gufeng Formation.
[image: Figure 4]FIGURE 4 | Profiles of TOC, (La/Yb)N, CIA, Sr/Cu, (Fe + Mn)/Ti, P/Al, and Ni/Al from the shale samples in the Gufeng Formation at the Putaoling section. QX, Qixia Formation; LT, Longtan Formation.
5.2 Paleo-Climate
CIA is an effective indicator for the quantitative analysis of the paleoclimate and its associated chemical weathering in the study area (Nesbitt and Young, 1982). Generally, CIA values are ∼80–100 in strong chemical weathering areas with a hot and humid climate, ∼60–80 in moderate chemical weathering areas with a warm and wet climate, and <60 in weak chemical weathering areas with a cold and dry climate (Nesbitt and Young, 1982; Young, 2002). The CIA values of the Gufeng Formation range from 60.4 to 89.4, with an average of 80.9, and reflect a moderately-strongly chemical weathering environment with a warm and humid climate (Figure 4). Vertically, the CIA values of the Gufeng Formation gradually increase upward. For the lower member, the CIA values range from 60.4 to 86.1, with an average of 74.0, and indicate a moderately chemical weathering environment with a typical warm and wet climate. The CIA values in the upper member range from 78.6 to 89.4, with an average of 84.2, and suggest a strongly chemical weathering environment with a typical hot and humid climate (Figure 4). Another evidence for qualitatively evaluating the paleoclimate is that the Sr/Cu ratio: Sr/Cu ratios are 1.3 ∼ 5 in a warm and humid climate, and >5 in an arid and hot climate. Generally, the Sr/Cu ratios in the Gufeng Formation are less than 5, indicating a warm and humid climate (Figure 4). The warm and humid climate traced by CIA and Sr/Cu ratios of the Gufeng Formation is usually formed near the equator, which is consistent with the palaeogeographic position of South China during the Permian (Figure 1A).
5.3 Hydrothermal Activity
Based on the field survey, multilayers of ash and volcanogenic bentonite, with a regional distribution, are reported in the Permian strata in the southern Anhui area and indicate that the volcanic activity and the associated hydrothermal fluid occur in the study area (Shen et al., 2011; Liao et al., 2016). (Fe + Mn)/Ti ratios are efficient indicators for tracing the hydrothermal activities. When the (Fe + Mn)/Ti ratio >20 ± 5, sediments are generally considered to be affected by a hydrothermal fluid (Chu et al., 2016). As presented in Figure 4, (Fe + Mn)/Ti ratios from most samples of the Gufeng Formation are higher than 20 (Figure 4), suggesting that the hydrothermal activity is frequent during the deposition of the Gufeng Formation. In particular, the (Fe + Mn)/Ti ratios in the lower member range from 8.7 to 39.4 (with an average of 21.4), indicating slightly or weakly hydrothermal activities. Whereas the (Fe + Mn)/Ti ratios in the upper member range from 5.7 to 113.3, with an average of 32.6, suggesting significantly hydrothermal activities (Figure 4).
The REE distribution pattern, Y/Ho ratio, Ce anomaly, and Eu anomaly are usually employed to distinguish hydrothermal and non-hydrothermal siliceous shales (Bolhar et al., 2004; Slack et al., 2007; Zhou et al., 2014; Yao et al., 2014): 1) Terrigenous clasts show a LREE enrichment, high ∑REEs, no significant La anomaly, and chondrite-like Y/Ho ratios; 2) modern seawater is characterized by a LREE depletion, low ∑REEs, positive Y and La anomalies, strongly negative Ce anomalies, no significant Eu anomalies, and high Y/Ho ratios; and 3) hydrothermal fluids are featured with LREE enrichments, low ∑REEs, significantly positive Eu anomalies, and the chondrite-like Y/Ho ratios. Based on the PAAS-normalized REE distribution patterns of the samples from the Gufeng Formation (Figure 3), both the LREE and HREE are severely depleted. Meanwhile, most of the samples show a slightly left-leaning pattern, presenting slightly negative Ce anomalies, significantly positive Y anomalies, and weakly negative/positive Eu anomalies. These characteristics are similar to the REE distribution patterns of hydrothermal plume particles and the modern deep seawater (Bolhar et al., 2004; Slack et al., 2007; Yao et al., 2014; Zhou et al., 2014), suggesting the combination of hydrothermal and hydrogenous inputs. In addition, there are some differences between the REE distribution patterns of the upper member and those of the lower member, which suggests variations of REE sources or sedimentary environments. It is worth emphasizing that the samples with larger (Fe + Mn)/Ti ratios at the top of the Gufeng Formation, such as GF21, GF18, and GF17, have abnormally low ∑REEs (Figure 3). The sample GF-21 is taken as an example: 1) The ∑REEs is only 48.6 μg/g, 2) the PAAS-normalized REE distribution pattern is typical left-leaning, and 3) a significantly positive Eu anomaly is observed. These reflect the strong influence of hydrothermal activities.
5.4 Paleo-Productivity
During the deposition of the Gufeng Formation, the warm and humid climate and the associated moderately-strongly chemical weathering, as well as the frequent hydrothermal activities, jointly deliver the seawater with abundant nutrients, which are essential for a paleo-productivity improvement (Shanks and Bischoff, 1977; Zhang et al., 2005; Hung et al., 2018). In particular, the upward-increasing chemical weathering and hydrothermal activity recorded in the Gufeng Formation may control the stratigraphic variations in the biological productivity. The paleo-productivity cannot be measured directly and is usually evaluated with the major element (such as P), trace elements (Ni and Zn), etc. (Tyrrell, 1999; Rimmer et al., 2004; Schenau et al., 2005; Tribovillard et al., 2006; Schoepfer et al., 2015). In this study, P/Al and Ni/Al ratios are adopted to qualitatively estimate the paleo-productivity. The P/Al values of the samples from the Gufeng Formation range from 0.002 to 0.82, with an average of 0.082 (Figure 4). It is significantly higher than 0.007 of the PAAS standard and indicates high biological productivities. In particular, phosphorite nodules and the maximal P/Al value (0.818) are observed at the top of the Gufeng Formation (Figure 4), reflecting the higher biological productivity during the deposition of the upper member. Similarly, the Ni/Al value of the samples from the Gufeng Formation is 0.0047 (Figure 4), which is significantly higher than 0.00055 of the PAAS standard. By comparison, the Ni/Al values of the lower member range from 0.0008 to 0.0112, with an average of 0.0037. The Ni/Al values of the upper member range from 0.0018 to 0.0112, with an average of 0.0052 (Figure 4). The stratigraphic variations of the paleo-productivity also are highlighted by the extremely high Ni/Al values at the top of the Gufeng Formation. These reflect an increasing-upward biological productivity in the Gufeng Formation.
5.5 Redox Conditions
Many redox indicators, such as sensitive trace element concentrations and their ratios, have been widely used to reconstruct redox conditions (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). Before tracing the seawater redox state, hydrographic conditions to determine whether the Permian sea in South China is well connected with the open ocean should be investigated. The Mo-TOC diagram is an effective method to determine the water restriction conditions (Algeo and Lyons, 2006; Algeo and Rowe, 2012). As presented in Figure 5, the samples from the lower member fall in the weakly-moderately restricted field, similar to the modern Cariaco and Framvaren basins. The fluctuations of the weak and moderate water restrictions may be due to the regional sea level rising, which brings the eutrophic bottom current to exchange with the surface current. Whereas most of the samples from the upper member fall between those of the modern Framvaren Basin and Black Sea (Figure 5), suggesting moderately to strongly restricted water conditions. These show the increasing of the water restriction during the deposition of the Gufeng Formation.
[image: Figure 5]FIGURE 5 | Plot of the Mo concentration versus TOC from the shale samples in the Gufeng Formation at the Putaoling section. The dashed lines represent the regression trends for four modern marine systems (Saanich Inlet, Cariaco Basin, Framvaren Fjord, and Black sea), mirroring variable degrees of hydrographic restriction.
Redox-sensitive metal elements (RSMs), such as Mo, U, and V, are usually enriched in anoxic conditions (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). The V, Mo, and U are enriched in the lower member. Their contents range from 177 to 656 ppm, 15.3 to 91.7 ppm, and 3.78 to 55.7 ppm, with an average of 385.1, 41.3, and 19.7 ppm, respectively. The enrichments of the RSMs indicate anoxic conditions. For the upper member, V, Mo, and U contents range from 470 to 2130 ppm, 27.8 to 240.0 ppm, and 4.03 to 88.5 ppm, with an average of 1143.3, 112.0, and 15.7 ppm, respectively. The increase of the RSMs suggests a seawater deoxygenation. According to the UEF-MoEF diagram (Algeo and Tribovillard, 2009; Tribovillard et al., 2012), all the samples from the lower member, with MoEF distributed between 65.2 and 340.8 with an average of 146.3, as well as UEF distributed between 19.4 and 102.6 with an average of 53.2, fall in the anoxic field (Figure 6), whereas the samples from the upper member fall in the anoxic/euxinic region (Figures 6,7). In addition, the anoxic/euxinic conditions recorded in the upper member can be deducted from the enrichment of pyrite (Figure 2), which could be easily formed in the H2S-rich environment (Lang et al., 2020). The TOC-Mo and UEF-MoEF diagrams show that the lower member is formed in an anoxic environment with relatively well water circulation, while the upper member is deposited in an anoxic/euxinic environment with relatively strong water restriction.
[image: Figure 6]FIGURE 6 | Plot of the MoEF versus UEF from the shale samples in the Gufeng Formation at the Putaoling section. PS = Particulate shuttle. The diagonal dotted lines represent different Mo/U ratios of modern seawater (0.1, 0.3, 1, and 3).
[image: Figure 7]FIGURE 7 | Profiles of TOC, MoEF, UEF, U/Th, Ni/Co, and V/Sc from the shale samples in the Gufeng Formation at the Putaoling section. QX, Qixia Formation; LT, Longtan Formation.
U/Th, Ni/Co, and V/Sc ratios are also effective indicators of the seawater redox conditions. Generally, the larger ratios reflect the higher degree of the seawater reduction (Hatch and Leventhal, 1992; Kimura and Watanabe, 2001; Algeo and Maynard, 2004; Rimmer, 2004; Canfield et al., 2008; Algeo and Tribovillard, 2009; Tribovillard et al., 2012): 1) The V/Sc ratios are <9 in oxic conditions, 9 ∼ 30 in dysoxic conditions, and >30 in anoxic conditions; 2) the U/Th ratios are <0.75 in oxic conditions, 0.75 ∼ 1.25 in dysoxic conditions, and >1.25 in anoxic conditions; and 3) the Ni/Co ratios are <5 in oxic conditions, 5 ∼ 7 in dysoxic conditions, and >7 in anoxic conditions. The V/Sc, U/Th, and Ni/Co ratios of the samples from the lower member range from 54.3 to 136.2, from 0.9 to 5.9, and from 10.4 to 44.7, with an average of 87.3, 3.1, and 26.1, respectively (Figure 7). All of them indicate the anoxic conditions. Similarly, anoxic conditions recorded in the upper member are also shown by the V/Sc, U/Th, and Ni/Co ratios, which range from 93.9 to 208.2, from 2.8 to 14.4, and from 11.4 to 164.3, with an average of 363.8, 5.2, and 59.7, respectively (Figure 7). The increasing-upward V/Sc, U/Th, and Ni/Co ratios, as well as the MoEF and UEF, indicate that the seawater deoxygenation occurs during the deposition of the Gufeng Formation.
5.6 Paleo-Environment Variation Controlling the OM Accumulation
The organic-rich siliceous shales of the Gufeng Formation in the Lower Yangtze area are deposited in a relatively restricted environment with a high biological productivity, high sedimentary rate, and dynamic redox state.
5.6.1 Primary Production Provides a Material Source for the OM Accumulation
During the deposition of the lower member, the volcanic hydrothermal activities are frequent in the Lower Yangtze area (Shen et al., 2011; Liao et al., 2016), and nutrients released from the hydrothermal fluids are carried into the slope and shelf by the upwelling (Figure 8A). At the same time, the climate is humid and warm and is favorable for the chemical weathering, resulting in an accumulation of nutrients in the shore of the continental shelf (Figure 8A). The abundant nutrients promote the prosperity of siliceous organisms such as algae and radiolarians, which is an important source for the OM accumulation in the lower member. The large P/Al and Ni/Al ratios of the lower member indicate high paleo-productivity and sufficient OM sources, leading to the high TOC (2.3%). During the deposition of the upper member, the climate becomes hot and humid, and the chemical weathering further enhances, leading to the increase of the terrigenous nutrient input (Figure 8B). Meanwhile, the (Fe + Mn)/Ti ratios show that the hydrothermal activity enhances, and the persistent upwelling brings a steady stream of nutrients to the slope and shelf, further promoting the biological flourishing (Figure 8B). The P/Al and Ni/Al ratios in the upper member are evidently larger than those in the lower part and show a significant increasing of the paleo-productivity (Figure 3). The increasing of the paleo-productivity and the resultant increasing OM source result in the formation of the upper member with higher TOC (9.6%).
[image: Figure 8]FIGURE 8 | Schematic diagram showing Permian climate, seawater redox state, distribution of black shale, hydrothermal activities, terrigenous input, and sedimentary rate in South China during (A) the deposition of the lower member and (B) the deposition of the upper member.
5.6.2 Redox State and Sedimentary Rate Are Conducive to the OM Preservation
During the deposition of the lower member, the sea level rises regionally, and weakly-moderately restricted water conditions are observed. The redox indexes, including U/Th, Ni/Co, V/Sc, MoEF, and UEF, indicate widespread anoxic conditions in the study area. The PAAS-normalized REE distribution patterns and the (La/Yb)N ratios show a high sedimentary rate (Figure 8A), which greatly shortens the OM exposure time in the degradation region (Ibach, 1982; Cao et al., 2018). These control the effective preservation of the OM and the formation of the organic-rich lower member. During the deposition of the upper member, the sea level slowly falls and the water becomes more restricted. With the living space of organisms decreasing, the OM such as biological debris in the bottom water column increases, and the oxygen consumption increases, leading to the seawater deoxygenation (Figure 8B). The resultant anoxic/euxinic conditions are verified by the higher MoEF, UEF, U/Th, Ni/Co, and V/Sc ratios. The moderately-strongly restricted anoxic/euxinic environment, where the bottom flows are lack and the replenishment of free oxygen is rare, is difficult to decompose the OM. Meanwhile, the high sedimentary rate shown by the (La/Yb)N ratios can also shorten the time for the OM degradation. These make that the OM buries and preserves rapidly, forming the upper member with higher TOC (Figure 8B).
5.6.3 OM Enrichment Model
The productivity and preservation jointly control the OM accumulation in the Gufeng Formation shale of the Lower Yangtze area, and the OM accumulation model is a combination of the traditional ‘productivity model’ and ‘preservation model’. During the deposition of the lower member, the sedimentary environment is weakly-moderately restricted and anoxic, which is benefit for the OM preservation (Figure 8A). Meanwhile, the hydrothermal fluid delivers the seawater with abundant nutrients, which can be brought into the light-transmitting zone of the shallow-water area by the sea level rising. In addition, the warm and humid paleoclimate leads to an input of nutrients from the terrestrial chemical weathering. The nutrients significantly promote the proliferation of microorganisms in the surface water, resulting in the high primary productivity. The effective preservation conditions and the adequate material source control the OM enrichment in the lower member (Figure 8A). During the deposition of the upper member, the sea level falls slowly, the moderately-strongly restricted water conditions occur. The hydrothermal activities, combining with the enhanced chemical weathering, jointly control a significantly influx of nutrients, which further promotes the blooms of organisms and improves the primary production (Figure 8B). The greater productivity and the resultant higher sinking flux of the OM can intensify the consumption of the oxygen in the water column (Wei, et al., 2012; Ding et al., 2020), resulting in the formation of the euxinic conditions. The euxinic conditions create a positive feedback that there exists a more conducive environment to the preservation of OM. Thus, an ‘integrated model’ for the OM accumulation in the upper member can also be established (Figure 8B).
6 CONCLUSION

1) The Permian Gufeng Formation in South China is deposited in a restrained environment with a fluctuating redox state and a high sedimentary rate. In particular, redox proxies evidently show widespread anoxic conditions for the lower member deposition but a seawater deoxygenation for the upper member deposition.
2) A warm and humid paleoclimate and its associated chemical weathering, as well as significantly hydrothermal activities, are recorded in the Permian Gufeng Formation of South China. Particularly, the chemical weathering and hydrothermal activities gradually enhance from bottom to top, controlling the upward-increasing productivity in the Gufeng Formation.
3) OM accumulation in the Permian Gufeng Formation likely reflects the interaction of multiple factors, including the paleo-climate, redox conditions, hydrothermal activity, chemical weathering, and sedimentary rate. Thus, an ‘integrated model’ of the OM accumulation, emphasizing both the primary production and preservation conditions, is proposed.
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Large amounts of conventional gas resources that originated from terrestrial Lower Jurassic shale were discovered in the Tarim Basin, indicating promising exploration prospects for shale gas resources, whereas limited understandings were obtained on the geological and geochemical characteristics of the Lower Jurassic shale. In this study, based on cores of exploration wells and field outcrops, total organic carbon (TOC) pyrolysis, microscopic composition, organic elements, vitrinite reflectance, x-ray diffraction, and methane isothermal adsorption experiments were carried out on Lower Jurassic shale in the Tarim Basin. The results show that the TOC content of shale is relatively high, but the TOC content of shale in different regions is quite different. Among them, the Kuqa Depression is the highest (more than 3%), the Southwest Tarim Basin is second (more than 1%), and the East Tarim Basin is the lowest. The main types of kerogen in shale are mainly type III and type II2. The thermal evolution maturity of shale in different regions is quite different; the highest Ro of shale in the Southwest Tarim Basin is more than 2.0% and that of shale in the Kuqa depression is higher than 1.5%, both of which have entered the stage of high-over-mature evolution, and the shale in the East Tarim Basin is only in the low maturity–mature stage. The overall content of brittle minerals such as quartz in shale is greater than 40%, which has good fracturing properties. The adsorbed gas content of shale is high, but there is a great difference (0.5–4 m3/t), which is related to the large difference in the abundance of organic matter, thermal maturity, and clay mineral content of shale. Therefore, the Lower Jurassic shale gas in the Tarim Basin has good prospects for exploration. Based on the superposition method of the main controlling geological factors, it is predicted that the favorable areas for shale gas exploration are mainly located in the Keshen and Yinan-Yeyun areas of the Kuqa Depression and the Caohu Sag-Mandong area of the East Tarim Basin. This research not only provides basic data for the evaluation of shale gas resources in our country, but also provides certain guidance for the exploration of Lower Jurassic shale gas in the Tarim Basin.
Keywords: terrestrial shale gas, geological characteristic, geochemical characteristic, favorable exploration area, lower Jurassic shale, Tarim Basin
INTRODUCTION
As conventional oil and gas resources are increasingly scarce, the main energy status of oil and gas mainly benefits from the contribution of shale oil and gas (Hughes, 2013; Hopkins, 2017); in particular, shale gas provides a realistic possibility for coping with climate change and sustainable development of low-carbon economy (Zou, 2017; Hu et al., 2021). In recent years, with the successful development of shale gas in North America (Montgomery et al., 2005; Zou, 2017), the related research on shale gas in China has also been carried out rapidly, but mainly concentrated in the lower Paleozoic marine shale in the Sichuan Basin (Pu et al., 2010; Zou et al., 2010; Haikuan et al., 2011; Jiang et al., 2012; Hu et a., 2018). The Tarim Basin is the largest petroliferous basin in China. Many rounds of oil and gas resource evaluation and oil and gas drilling have confirmed that it has huge conventional oil and gas resources (Chen et al., 1998; Li et al., 2000; Zhao and Zhang, 2002; Gao et al., 2013), which also indicates that it has great shale gas resource potential (Gao et al., 2013; Jiang et al., 2018; Jiang et al., 2019).
The lower Jurassic shale in the Tarim Basin is a set of fine-grained sediments, which are mainly deposited in lacustrine and swamp environments. In the past, it has been studied as the source rock of conventional oil and gas (Chen et al., 1998; Li et al., 2000; Zhao and Zhang, 2002; Gao et al., 2013). In recent years, some scholars have carried out research on Jurassic shale gas in the Tarim Basin, but most of them focus on the reservoir structure (Gao et al., 2013; Xiao et al., 2014) and adsorption characteristics (Gao et al., 2015), or mostly concentrated in some areas of the Tarim Basin (Jiang et al., 2018; Jiang et al., 2019), and fail to point out the future shale gas exploration direction from the perspective of the whole basin.
Firstly, based on shale cores obtained from exploration wells and field outcrops, this research has carried out a series of experiments, which included total organic carbon (TOC) pyrolysis, microscopic composition analysis, organic elements, vitrinite reflectivity, x-ray diffraction, and methane isothermal adsorption to analyze the geological and geological characteristics of shale. Then, combined with the division of shale strata in single wells, lateral distribution of cross-well profile, seismic inversion, sedimentary facies, and structure contour data, we analyzed the structural burial depth, TOC content, and Ro plane distribution characteristics of the shale. Finally, using the superposition method of the main controlling geological factors, the exploration prospects and favorable areas of the Lower Jurassic shale gas in the Tarim Basin are predicted. This study not only provides reliable basic data for shale gas resource evaluation in China, but also plays a guiding role in shale gas exploration of Lower Jurassic in the Tarim Basin.
GEOLOGICAL BACKGROUND
The Tarim Basin is located at the western end of the North China-Tarim platform; the north is adjacent to the Tianshan fold belt, and the southwest is bounded by the Kunlun fold belt and is separated from the Qaidam Basin by the Altyn fault to the southeast. The exploration area is about 560,000 km2, which is the largest Mesozoic and Cenozoic inland sedimentary basin in China (Jia, 1997). The Tarim Basin includes seven first-level structural units including the Kuqa Depression, Northern Uplift, Northern Depression, Central Uplift, Southwest Depression, Southern Uplift, and Southeast Depression (Figures 1A,B). Since the Sinian, the Tarim Basin has experienced a complete depositional cycle from marine facies, marine-terrestrial transitional facies, to continental facies (He et al., 2005), with a thickness of 18,000 m. The Lower Jurassic is dominated by gray-green, gray, and dark purple sandstone and mudstone, and is composed of delta, shallow lake, semi-deep lake, and swamp facies (Gao et al., 2013) (Figure 1C).
[image: Figure 1]FIGURE 1 | (A) The location of the Tarim Basin in China. (B) Distribution map of structural units in the Tarim Basin. (C) Stratigraphy for Jurassic strata in the Tarim Basin: dark gray units are predominantly shale and light gray units are predominantly sandstone (the Jurassic stratigraphy is according to Wang et al., 2004).
METHODS
The sample preparation and test procedures for TOC, pyrolysis, maceral, elemental composition, vitrinite reflectance, x-ray diffraction, and isothermal adsorption were the same with Jiang et al. (2017).
RESULTS AND DISCUSSION
Distribution and Thickness
According to the statistics of the single-well burial depth of the effective shale of the Lower Jurassic in the Tarim Basin, combined with the seismic inversion data, structural morphology and depositional environment of the areas without wells, or lack of well drilling, the burial depth of the Lower Jurassic shale is determined. The burial depth contour map of the Lower Jurassic shale in the Tarim Basin was drawn (Figure 2A). The results show that the Lower Jurassic shale in the Tarim Basin is mainly distributed in the Kuqa Depression, East Tarim, and Southwest Tarim. The maximum buried depth is located in the central area of Baicheng Sag and Yangxia Sag in the Kuqa Depression, reaching more than 7,000 m. The buried depth of the Caohu Sag in the East Tarim Basin is mostly about 5,000 m, and the burial depth gradually goes southeast (the East Tarim Basin) and decreases. The burial depth in the southwestern part of the Tarim Basin is relatively shallow, only some areas near Zepu exceed 5,000 m, and most of the other areas are below 5000 m.
[image: Figure 2]FIGURE 2 | (A) Contour map of buried depth of Lower Jurassic shale in the Tarim Basin. (B) Contour map of effective shale thickness of Lower Jurassic in the Tarim Basin.
Based on a comprehensive analysis of single-well shale interval division, lateral distribution of continuous well profiles, seismic inversion data, and sedimentary facies data, the contour map of the cumulative thickness of the Lower Jurassic shale in the Tarim Basin was drawn (Figure 2B). The results show that the Lower Jurassic shale is mainly distributed in the Kuqa Depression, the Southwest Tarim, and the East Tarim. Among them, the shale in the Kuqa Depression and the Southwest Tarim is relatively thick, and the thickness center is located in Yangxia, Kuqa Depression. The maximum thickness of the Kashi sag and Yecheng sag in the southwestern part of the Tarim Basin reaches 200 and 100 m respectively. On the whole, the thickness of the shale gradually decreases from the center of the depression to the surrounding area until it pinches out.
Organic Matter Richness
TOC and hydrocarbon generation potential (PG) are effective indicators for evaluating the organic matter richness of shale (Peters and Cassa, 1994; Hu et al., 2018). The results of tests show that the abundance of organic matter in shale in different regions of the Tarim Basin is quite different. The TOC of the Lower Jurassic shale in the Kuqa Depression is generally high, mostly ranging from 1.5% to 3%, up to 6%, and that of most carbonaceous mudstone is more than 10%. Among them, the TOC of Kezi 1 shale is between 2% and 15%, with an average of about 10%, and the PG is between 0.2 and 0.5 mg/g (Figure 3A); the TOC of Yixi 1 shale is between 5% and 25%, the average is about 10%, and PG is between 3 and 10 mg/g (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) Geochemical profile of Lower Jurassic shale in Kezi-1 well in the Kuqa Depression. (B) Geochemical profile of Lower Jurassic shale in Yixi-1 well in the Kuqa Depression. (C) Geochemical profile of Jurassic in Huayingcan-1 well in the East Tarim area. (D) Geochemical profile of Lower Jurassic shale outcrop in the Southwest Tarim Basin. KZ—Kuzigongsu section, KS—Kangsu section, QM—Qiemogan section, GZ—Gaizi river section, KH—Kushan river section, YG—Yigeziya section, TR—Tierekeqike section, HS—Heshilapu section, MM—Momok section, DW—Duwa section.
Compared with the Kuqa Depression, the organic matter abundance of the Lower Jurassic shale in the Eastern Tarim Basin is generally lower, the TOC is mostly between 0.5% and 2%, and PG is mainly between 0.93 and 3.76 mg/g, but mostly less than 2.0 mg/g. However, the shale of well Huayingcan 1 is rich in organic matter, with TOC content mostly between 0.5% and 4%, and PG between 1.5 and 6 mg/g (Figure 3C). The abundance of organic matter in the Lower Jurassic shale in the southwestern Tarim basin is relatively high.
The Tarim Basin is relatively high. However, due to the lack of core samples, this research analyzed several shale samples from field profiles in this area (Figure 3D), and most of their TOC content is greater than 1%, the maximum is over 5%, and the maximum PG can reach 2.5 mg/g. However, the TOC of shale samples from different field profiles is different. The lowest TOC of the Lower Jurassic shale in the Kushanhe section is 1.3%, and the TOC of the shale in the Mogan section and the Heshirap section can exceed 5%.
Based on the analysis of core and field outcrop test data, combined with the TOC data predicted by logging data, the TOC contour plane distribution of the Lower Jurassic shale in the Tarim Basin is carried out. The results show that the TOC of the Lower Jurassic shale in the Tarim Basin is generally higher. Among them, the TOC of the shale in the Baicheng Sag–Yangxia Sag of the Kuqa Depression exceeds 3%. The TOC of the shale in the East Tarim area is more than 1%, and the high value is mainly located in the Caohu Sag-Mandong area and Yingjisu Sag area. The TOC of some shale in the Southwest Tarim Basin is greater than 1.5% (Figure 4).
[image: Figure 4]FIGURE 4 | Contour map of TOC of Lower Jurassic in the Tarim Basin.
Organic Matter Type
Generally, the maceral content of organic matter, H/C-O/C chart, and HI-Tmax chart can be used to evaluate the organic matter type of shale (Tissot and Welte, 1984; Hu et al., 2016). The results of tests and analysis show that the organic matter of the Lower Jurassic shale in the Kuqa Depression and Southwest Tarim Basin is dominated by vitrinite and inertinite, while the content of saprolite and chitin is relatively low, which is characterized by type II2 and type III organic matter (Figure 5A). At the same time, the H/C-O/C chart and HI-Tmax chart both show that shale is dominated by type III kerogen, followed by type II2 kerogen, and type II1 and type I kerogen are almost underdeveloped (Figures 5B,C).
[image: Figure 5]FIGURE 5 | (A) Triangles of kerogen macerals of Lower Jurassic shale in the Tarim Basin (according to the modification of Xiao Zhongyao, 2003; Zhao Mengjun, 2001). (B) Fan’s diagram of element composition of Lower Jurassic kerogen in the Kuqa Depression. (C) Organic matter types of Lower Jurassic shale in the Southwestern Tarim Basin.
Thermal Maturity
Vitrinite reflectance (Ro) is an effective indicator for evaluating the thermal maturity of shale (Peters and Cassa, 1994). The results of tests and analysis show that the Ro of the Jurassic shale in Well Yixi 1 in the Kuqa Depression is 1.01%–1.19% (burial depth of 3,040–3,530 m), with an average value of 1.12%. The evolution of organic matter is at a mature stage. The value of Ro increases with the burial depth, and there is a good linear correlation between them (Figure 6). The Ro of the Jurassic shale in Well Yinan 2 in the Kuqa Depression is between 0.57% and 0.85% (burial depth of 4,249–4279 m), with an average value of 0.73%. The evolution of organic matter is at a mature stage, and there is also a good linear relationship between Ro and burial depth (Figure 6). In contrast, the burial depth of the lower Jurassic shale in Well Yixi 1 is less than that of Well Yinan 2, while Ro is larger than that of Well Yinan 2. This is mainly related to the thermal effect caused by strong structural compression stress (Zhang et al., 2007). The Ro of the Lower Jurassic shale at the Kuzigongsu section in the Southwest Tarim Basin is between 1.3% and 1.8%, and is currently at a high maturity stage; the Ro of the shale at the Kangsu section is between 0.5% and 1.0%, which is in the low maturity–mature stage. The average Ro of the shale in Yigeziya section is 1.15%, which is in the mature stage. In general, the Lower Jurassic shale in the Southwest Tarim Basin is in a mature stage.
[image: Figure 6]FIGURE 6 | Variation of Ro with depth of Jurassic shale in well Yixi 1 and well Yinan 2 in the Kuqa Depression.
Based on the analysis of core and field outcrop test data, the relationship between Ro and burial depth of shale in different regions has been established, and combined with the tectonic burial depth of the Lower Jurassic shale in the Tarim Basin, the Ro plane distribution of lower Jurassic shale in the Tarim Basin was carried out. The results show that the thermal evolution maturity of organic matter in the Lower Jurassic shale is relatively high in the Baicheng Sag in the Kuqa Depression, and Kashgar Sag and Yecheng Sag in the Southwest Tarim Basin, with a Ro of more than 2%, which is at a high-over-mature stage. Among them, the maximum buried depth of the Jurassic in the center of Baicheng Depression exceeds 7,000 m, and its Ro is predicted to be as high as 2.2%–2.5%. In contrast, the thermal evolution degree of the East Tarim Basin is relatively low due to the relatively shallow buried depth, and Ro is mostly less than 1% (Figure 7).
[image: Figure 7]FIGURE 7 | Contour map of Ro of Lower Jurassic in the Tarim Basin.
Hydrocarbon Generation History
The Tarim Basin has been in a subsidence state since the Mesozoic. However, the subsidence rate and geothermal gradient of the Lower Jurassic strata are different in different structural units (He et al., 2005; Qiu et al., 2015), especially the Kuqa Depression, the Southwest Tarim, and other piedmont depressions that are affected by strongly tectonic movement. Due to the influence of movement, the structural strength of different regions is different, leading to obvious differences in the hydrocarbon generation and evolution of shale in different regions.
Since the Mesozoic, the Kuqa Depression has experienced the Yanshan Movement and the Himalayan Movement (Tang et al., 2008), leading to long-term shallow burial of the Lower Jurassic shale from the Jurassic to Tertiary, and the tectonic evolution process of short-term deep burial from Neogene to Quaternary (Figure 8A). At the same time, the geothermal gradient in the Kuqa Depression has gradually decreased since the Jurassic, from 2.3°C/100 m in the Mesozoic to 2.0°C/100 m at present (Li et al., 2000; Wang et al., 2002). Specifically, from the end of Jurassic to the early Cretaceous (early Yanshan: 150–135 Ma), the Lower Jurassic shale began to enter the hydrocarbon generation threshold (Ro = 0.5%). After that, the Jurassic shale has been in a stable shallow burial stage throughout the Yanshan period, with a buried depth of less than 3,000 m, and the organic matter is in a low-mature stage. Until the early Neogene (Early Himalayan period: 25–20 Ma), the Jurassic shale entered mature stage. Since then, under the influence of the Himalayan movement, shale has entered a stage of rapid deep burial. In the middle of the Neogene (Middle Himalayan: 10 Ma), the shale has entered a stage of high maturity (Ro = 1.2%) (Figure 8A).
[image: Figure 8]FIGURE 8 | (A) Burial history of Jurassic shale in Yinan 2 well, Kuqa Depression. (B) Burial history of Mesozoic shale in Kuzigongsu section, Southwest Tarim Basin. (C) Burial history of Mesozoic shale in Cao7 well, Northeastern Tarim Basin. (D) Burial history of Mesozoic shale in the Southeastern Tarim Basin.
The Southwest Tarim has been in an extensional environment for a long time since the Mesozoic (Pan and Hu, 2020), and the burial rate of the Lower Jurassic shale can reach up to 42.9–57.1 m/Ma. Under the influence of the Yanshan Movement, the burial rate of the Late Cretaceous slowed down. During this process, the geothermal gradient gradually decreased from 2.8°C/100 m, and by the late Neogene, the overall formation was uplifted, and the geothermal gradient dropped to 2.1°C/100 m (Li et al., 2000). Specifically, the Lower Jurassic shale entered the low-maturity stage in the middle Cretaceous, after which the burial rate decreased, and did not enter the mature stage.
Ro = 0.7% until the end of the Paleogene. In the middle and late Neogene, the Lower Jurassic shale reached a high maturity stage (Ro = 1.2%). Since the Pleistocene, the thermal evolution of the Lower Jurassic shale has ceased due to the uplift and denudation of the formation due to structural uplift (Figure 8B). In fact, due to differences in the burial evolution of shale in different areas of the Southwest Tarim, the current thermal evolution of shale in different areas is different. Among them, the Kuzi Gongsu section and Yigeziya section have entered the mature stage, while the Kangsu section, Yangye section, and Duwa section shale are still in the immature–low mature stage.
The subsidence rate of the Lower Jurassic shale in the northeast Tarim Basin is much lower than that of the Kuqa Depression and the Southwest Tarim Basin. Because there are many depressions, elevations, and slopes in the northeast of the Tarim Basin, and the subsidence amplitudes in different regions are different, the thermal evolution history of shale in different regions is also different. Taking the Korla nose-shaped bulge-Kongque River slope area as an example, the Lower Jurassic shale was in a state of continuous subsidence during the Early-Middle Jurassic. At this time, the geothermal gradient was 2.3°C/100 m, and then in the Late Jurassic (Yanshan Late period) experienced a large uplift and continued subsidence after the Cretaceous. Since the Neogene, the Lower Jurassic shale has been buried rapidly and deeply, with a maximum subsidence rate of 146 m/Ma, and a geothermal gradient to 1.9°C/100 m. It was not until the mid-Neogene that the Lower Jurassic shale entered the low maturity–mature stage (Figure 8C).
Compared with the Kuqa Depression and the Southwest and the Northeast Tarim Basin, the Lower Jurassic shale subsidence in the Southeast Tarim Basin is the smallest, and most of the areas are still less than 3000 m. The subsidence rate is also relatively slow, the Jurassic-Cretaceous subsidence rate is about 10 m/Ma, the Paleogene subsidence rate increased to 20 m/Ma, and the Neogene-Quaternary subsidence rate further increased to 30 m/Ma. However, due to the relatively small burial depth and low geothermal gradient, most areas in the southeast of Tajikistan are still in the immature stage, and only the deeply buried Lower Jurassic shale entered the low maturity–mature stage at the end of the Paleogene (Figure 8D).
Mineralogy
Shale not only has the ability to generate gas, but also serves as an effective reservoir for natural gas. The mineral composition of shale determines its fracturing effect in the later development process. The higher the content of brittle minerals, the better the fracturing effect, which is more conducive to the development and utilization of shale gas (Loucks and Ruppel, 2007). XRD analysis test results show that the lower Jurassic shale in the Tarim Basin is dominated by clay minerals and brittle minerals such as quartz, feldspar, and calcite. The content of other minerals is mostly less than 20%. Specifically, the clay mineral content is 30%–72%, mostly more than 40%, and the average content is about 51.14%. The quartz content is mostly 18%–62%, and the average content is about 40.83%. The feldspar content is mostly less than 5%. A certain content of pyrite and siderite reflects a strong reducing sedimentary environment. Among them, the main content of brittle minerals such as quartz, feldspar, and calcite is between 28% and 67%, and the average content is about 44.08% (Figure 9).
[image: Figure 9]FIGURE 9 | Mineral composition of Lower Jurassic shale in the Tarim Basin.
On the whole, the mineral composition of shale in the study area is dominated by brittle minerals such as quartz and clay minerals, among which the content of brittle minerals is more than 40%, which is conducive to the later fracturing development. The content of clay minerals is more than 40%, which is conducive to the adsorption and accumulation of shale gas. Compared with the Barnett shale in the United States (Montgomery et al., 2005; Sondergeld et al., 2010), the shale samples in the study area have a higher amount of clay minerals, which is mainly related to the continental sedimentary environment.
Gas Sorption Capacity
In addition to the free state of natural gas in shale in larger pores or fissures, the natural gas is also adsorbed on the surface of clay mineral particles and organic matter in a large amount (Zhang et al., 2004). In this study, the methane adsorption isotherm experiment was used to determine the adsorption isotherm of the Lower Jurassic shale in the Tarim Basin and analyze its adsorption capacity. The results show that the adsorption isotherm test results of the shale in the study area accord with the Langmuir isotherm adsorption relationship (Eq. 1) (Kondo et al., 2005).
[image: image]
Among them, V is the measured adsorption capacity, m3/t; VL is the Langmuir volume, which is the maximum adsorption capacity, m3/t; P is the experimental pressure, MPa; and PL is the Langmuir pressure, which is the pressure when the adsorption capacity is half of VL.
The adsorption isotherms of different shale samples differ greatly in shape, but they are all single-molecule adsorption types; that is, the adsorption amount in the first half of the stage increases rapidly with the increase of pressure, and then the range of change becomes smaller, and the adsorption tends to be saturated. This adsorption characteristic reflects the pore structure of shale in the study area dominated by micropores and microcracks; that is, there is a large free internal surface area for adsorption in the pores or microfractures at the initial stage of the test. As the pressure increases, methane rapidly adsorbs on the surface of mineral particles and organic matter. As the adsorption progresses, the surface area of the pores not occupied by methane molecules decreases rapidly, resulting in a decrease in the adsorption increment and the curve tends to be horizontal. Specifically, the maximum adsorption capacity of shale in the study area is mainly between 0.5 and 4 m3/t, and there are some shale samples larger than 4 m3/t (Figure 10), which have high gas content. The maximum adsorbed gas volume of different shale is quite different, which is related to factors such as the abundance of organic matter, the thermal evolution maturity of organic matter and the content of clay minerals of the shale (Peng and Lian, 2017).
[image: Figure 10]FIGURE 10 | Distribution characteristics of isothermal adsorption capacity of Lower Jurassic shale in the Tarim Basin.
Favorable Exploration Areas
Based on the shale plane distribution, geochemical characteristics, and gas-bearing data, this research adopts the superposition method of main controlling geological factors to predict the prospective and favorable areas for the Lower Jurassic shale gas exploration in the Tarim Basin. The main geological factors include thickness, Ro, TOC, and top structure of Lower Jurassic shale. The evaluation parameter system of the prospective area and the favorable area are shown in Tables 1, 2, respectively. The results show that the Lower Jurassic shale gas prospective area of the Tarim Basin is distributed in the Kuqa Depression, the East Tarim, and the Kashi Sag–Yecheng Sag in the Southwest Tarim. The favorable areas are mainly distributed in the Keshen and Yinan-Yeyun areas in the Kuqa Depression and the Caohu Sag-Mandong area in the East Tarim (Figure 11).
TABLE 1 | Reference standard for optimization of favorable areas of continental and transitional shale gas.
[image: Table 1]TABLE 2 | Reference standard for optimization of favorable areas of continental and transitional shale gas.
[image: Table 2][image: Figure 11]FIGURE 11 | Prediction plan of shale gas prospect and favorable area of Lower Jurassic in the Tarim Basin.
The shale in the Keshen favorable area in the Kuqa Depression is mainly composed of shallow-semi deep lacustrine facies. The cumulative thickness of shale with a single-layer thickness greater than 10 m is 30–100 m, and the burial depth is mainly between 3,000 and 4000 m. In mainly gray-black mudstone intercalated with argillaceous siltstone, TOC is between 2.0% and 2.5%, organic matter type is mainly type III, and the degree of thermal evolution of organic matter is low maturity–mature, with Ro between 1.25% and 1.5%. The cumulative thickness of the shale in the Yinan-Yeyun favorable area is 50–200 m, the buried depth is mainly between 3,000 and 4500 m, the TOC is between 1.5% and 3.0%, the organic matter is mainly type III, the degree of thermal evolution of the organic matter is low maturity–mature, and Ro is mostly between 0.75% and 1%. The free shale gas content is between 0.174 and 0.743 m3/t, the adsorbed shale gas content is between 0.905 and 0.956 m3/t, the total gas content is between 1.079 and 1.699 m3/t, and the gas content is low.
The shale in the Caohu Sag-Mandong favorable area in East Tarim is mainly composed of shallow lake facies and floodplain facies deposits. The cumulative thickness of shale with a single-layer thickness greater than 10 m is 30–50 m, and the buried depth is mainly between 3,000 and 4000 m. In mainly carbonaceous mudstone and silty mudstone, TOC is between 1.5% and 2.5%, organic matter type is mainly type III, and the degree of thermal evolution of organic matter is low maturity–mature, with Ro mostly between 0.5% and 1.0%. The free shale gas content ranges from 0.703 to 1.654 m3/t, the adsorbed shale gas content ranges from 0.792 to 0.986 m3/t, and the total gas content ranges from 1.495 to 2.640 m3/t. The gas content is relatively high.
The shale in the Kashgar Sag–Yecheng Sag prospective area in Southwest Tarim is mainly fluvial-marsh deposits. The cumulative thickness of shale with a single-layer thickness of more than 10 m is 30–100 m, and the burial depth is mainly between 2,000 and 4,000 m and the TOC is between 0.5% and 1.5%. Due to the low abundance of organic matter in shale, there is no favorable area for shale gas exploration in the Southwest Tarim.
Based on the above analysis, the Lower Jurassic shale gas in the Tarim Basin has good prospects for exploration, and the Caohu Sag-Mandong area in the East Tarim is the most advantageous.
CONCLUSION

1) The Lower Jurassic shale in the Tarim Basin is mainly distributed in the Kuqa Depression, East Tarim Basin, and Southwest Tarim Basin. The deposition thickness center is located in the Yangxia Sag of the Kuqa Depression and the Kashi Sag and Yecheng Sag of the Southwest Tarim Basin. The maximum thickness is respectively 200 and 100 m. The TOC of the Lower Jurassic shale is higher overall, of which the TOC of the shale in the Baicheng Sag–Yangxia Sag in the Kuqa Depression exceeds 3%; the TOC of the shale in the East Tarim Basin area is more than 1%. The high values are mainly located in the Caohu Sag-Mandong area and Yingjisu Sag; some shale in the Southwest Tarim Basin have TOC greater than 1.5%. Organic matter is mainly type Ⅲ kerogen, followed by type Ⅱ2 kerogen, and type Ⅱ1 and type Ⅰ kerogen are basically underdeveloped. The thermal evolution maturity of organic matter is relatively high in the Baicheng Sag of the Kuqa Depression, and Kashgar and Yecheng Sag of the Southwest Tarim Basin, of which Ro is more than 2%, and it is in the high-over-mature evolution stage. The thermal degree of evolution is relatively low due to the relatively shallow buried depth, and Ro is mostly less than 1%. The mineral composition of shale is dominated by brittle minerals such as quartz and clay minerals. The content of brittle minerals is more than 40%, which is conducive to the later fracturing development; the content of clay minerals is more than 40%, which is conducive to the adsorption and accumulation of shale gas. The maximum adsorbed gas volume of shale is mainly between 0.5 and 4 m3/t, and shale larger than 4 m3/t also exists with high gas content.
2) The Lower Jurassic shale gas prospective area of the Tarim Basin is distributed in the Kuqa Depression, the East Tarim Basin, and the Kashi Sag–Yecheng Sag in the Southwest Tarim Basin. The favorable areas are mainly distributed in the Keshen and Yinan-Yeyun region of the Kuqa Depression and the Caohu Sag-Mandong region of the East Tarim Basin.
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The study of reservoir space development characteristics and the geochemical parameters of the Permian Longtan Formation in the southeast of the Sichuan Basin at Well X1 was analyzed by using core observations, optical thin-section observations, Ar-ion polishing, scanning electron microscopy, and nitrogen adsorption tests. Major and trace elements of samples, the V/Cr, U/T, enrichment coefficients EF (Mo) and EF (U), chemical alteration indexes CIA and Sr/Cu, and Mo, P, and other index values of different samples were calculated based on the test of organic geochemical parameters. The depositional environment of the Longtan Formation in the study area was systematically analyzed. The Longtan Formation was in a warm and humid climate during the deposition period. The main body of the sedimentary water was in an oxygen-depleted state, and a portion of it was in an oxidized state with high biological productivity. Therefore, it had a small deposition rate. The clay mineral content and organic matter content in the sample played a major role in controlling the development of reservoir space. The content of clay minerals in the sample was high, and it was mainly chlorite and a mixed layer of illite/smectite. Under a microscope, it was observed that the mixed layer of flake illite/smectite and chlorite aggregate mostly developed interlayer pores or microfractures, which played a positive role in the specific surface area and pore volume of the sample.
Keywords: pore development characteristics, organic matter enrichment, Longtan Formation, Southeast of the Sichuan Basin, major and trace elements of samples
1 INTRODUCTION
The enrichment of organic matter in shale is a complex physicochemical process. Different sedimentary environments have different productivity and preservation conditions (Arthur and Sageman, 1994; Wei et al., 2012; Pedersen and Calvert, 1990). Through the study of black organic-rich shale in marine strata, researchers around the world found that the enrichment of organic matter is the result of multi-factor coupling control (Zhang et al., 2020a). Some scholars believe that the factors affecting the preservation of organic matter, such as redox conditions, deposition rate, and water depth change at the bottom of sedimentary water bodies control the enrichment of organic matter (Demaison and Moore, 1980) (i.e., they control the “preservation mode”). Others believe that paleoclimate, paleoproductivity, and terrestrial organic matter supply, which directly affect the input of organic matter, are the leading factors (Wignall and Newton, 2001) that control the “production mode.” The content of total organic carbon (TOC) in sediments is affected by organic matter input and preservation capacity. For the input of organic matter, the more the sources of organic matter, the higher the input and the higher the content of TOC in sediments.
In the process of multi-cycle tectonic evolution and sedimentation, many sets of organic-rich shale strata of marine, continental-marine, and continental sediments have been developed in China (Zhao et al., 2020; Zhang et al., 2022a; Zhang et al., 2022b). Among them, there are abundant shale gas resources in continental-marine transitional facies, with a resource amount of about 19.8% × 1012 m3, accounting for 25% of China’s total shale gas resources. Therefore, they have great exploration and development potential (Dong et al., 2016). The Permian in the Sichuan Basin was in the Paleo-Neo-Tethys transformation period, which produced a series of geological events and changes in the sea level. During the deposition of the Longtan Formation, affected by the uplift of the Emei mantle plume and the movement of the Emei ground fissure (two prototype basins), a stable craton basin and an extensional rift deeper-water basin were formed in the Sichuan Basin and its periphery, with extremely rich sedimentary systems and facies belt types. From the southwest to the northeast, the sedimentary facies changes from marine-land transitional facies to shallow marine continental shelf facies (He et al., 2021a; Wei et al., 2015; Chen et al., 2020). The continental-marine transitional facies shale of the Permian Longtan Formation in the southeast of Sichuan has a thin single layer and a large cumulative thickness. Multiple sets of coal seams/coal lines are developed, showing the characteristics of frequent interbedding of shale, coal seam, sandstone, and limestone (He et al., 2021a). Compared with the marine sedimentary shale of the Longmaxi Formation, the continental-marine transitional facies shale of the Longtan Formation has different organic matter content and types in the delta facies and lagoon tidal flat facies affected by marine and terrigenous rivers, and there are also great differences in reservoir performance. Thus, it is imperative to research the enrichment law of shale organic matter and reservoir performance in the study area.
At present, scholars in China and abroad have used a combination of core observation, whole-rock X-ray diffraction analysis, thin section identification, light sheet identification, organic geochemistry, inorganic geochemistry, and other tests in the study of the distribution of organic matter. Furthermore, the mineral assemblage characteristics of sedimentary rocks and the distribution characteristics of organic matter maturity and source are evaluated, and the comprehensive influencing factors of organic matter distribution are further analyzed (Liu et al., 2007; Yin et al., 2017; Hatch and Levanthal, 1992; Tribovillard et al., 2012a; Tribovillard et al., 2012b). Based on the petrological characteristics, organic geochemical characteristics, and reservoir spatial distribution characteristics of different samples in the study area, the dynamic response relationship among paleoclimate, redox environment, paleoproductivity, siderite, and other mineral distributions with different organic matter enrichment was further analyzed in this study. Moreover, the enrichment law of organic matter was clarified in continental-marine transitional facies shale in the study area, and the spatial development characteristics and main controlling factors of the shale reservoir were analyzed.
2 GEOLOGICAL SETTINGS
After the deposition of the Middle Permian, due to the influence of the Soochow movement, the sea water retreated eastward, resulting in the rise of the western part of the Sichuan Basin onto the land. Thus, the paleogeographic pattern of “west land and East China Sea,” which is high in the southwest and low in the northeast, was formed. In the early Late Permian, the distribution of sedimentary facies in the basin showed an obvious evolution from continental facies to marine facies from the west to the east. Because of the differences in the paleogeographical pattern and sedimentary environment, the characteristics of different facies in the same period are obvious. The sedimentary facies belt of the whole Sichuan Basin is from the southwest to the northeast in order from basalt eruption area- river and lacustrine facies- shore/swamp facies- tidal flat/lagoon facies- platform facies- slope/shelf facies- shelf facies. It is distributed in an arc-shaped belt (Figure 1A), with diverse sedimentary rock types and complex rock assemblages. The Longtan Formation in the southern Sichuan Basin is a series of widely deposited coal-bearing rocks with a thickness of 20–120 m in parallel unconformable contact with the Maokou Formation. From land to sea, the sedimentary facies belt spreads roughly in a west-to-east direction and extends in a north-to-south direction and mainly develops a tidal flat-lagoon sedimentary system (Zhang et al., 2015; Zhang et al., 2014; Guo et al., 2018; Cheng et al., 2020). The water is shallow, with a warm and humid tropical rainforest climate, and the development of peat swamps helps the growth, deposition, and preservation of terrestrial plants, making it ideal for the enrichment of organic matter.
[image: Figure 1]FIGURE 1 | Geographical location, sampling location, and stratigraphic description of the Longtan Formation in the study area. (A) Sample location; (B) Well X1 in the Longtan Formation and modified from references [Nesbitt and Young (1982) and Huang et al. (2021)].
3 SAMPLES AND METHODOLOGY
Fifteen samples were taken from Well X1 at the southeastern margin of the Sichuan Basin (Figure 1A), located in the low-steep fold belt. The lithology of the Longtan Formation is mostly black shale and carbonaceous shale, with developing coal seams (He et al., 2021a; Figure 1B).
TOC content was measured using an RJXWK-1 carbon-sulfur analyzer according to the TOC test standard for sedimentary rocks (GB/T 19145-2003). The thermal evolution maturity (Ro) of the organic matter was measured using a Zeiss Axio Scope A1 polarized light microscope and a TIDAS S MSP 400 spectrophotometer (J&M Analytik AG) in line with the standard vitrinite reflectance test procedure for sedimentary rocks (SY/T 5124-2012). Organic matter types were determined using a Zeiss Axio Scope A1 polarized light microscope, in agreement with the standard method of kerogen maceral identification and classification (SY/T 5125-2014). The macerals, morphology, and structure of kerogen were observed under transmitted light and fluorescence. Because the kerogen extraction process may destroy the structure of organic matter and the developmental state of some organic matter in shale, and thus, may affect the determination of the source of the organic matter, the samples were observed in thin sections.
A qualitative analysis of the mineral composition was conducted using a Zeiss Axio Scope A1 polarized light microscope according to the SY/T 5368-2016 thin-section identification standard. A quantitative analysis of mineral composition was carried out on an X’Pert Powder X-ray diffractometer (Malvern Panalytical), in agreement with the standard XRD analysis method for clay and common non-clay minerals in sedimentary rocks (SY/T 5163-2010).
SEM test was performed on a Zeiss Sigma 300 scanning electron microscope in line with the standard SEM procedure for rock samples (SY/T5162-2014), and the images were analyzed using image analysis software (Image-pro Plus) to determine the pore structure parameters (i.e., the number, diameter, width, perimeter, and area).
The nitrogen adsorption test was used to determine the specific surface and pore size distribution of the rock using the static nitrogen adsorption volume method (Micrometrics ASAP 2460 automatic specific surface and pore size analyzer) to complete the test process according to GB/T 19587-2017/ISO 9277: 2010.
The content of major elements was determined using an Axios mAX X-ray fluorescence spectrometer (Malvern Panalytical) in agreement with the GB/T 14506.28-2010 standard. Testing accuracy was determined to be better than ±3%.
4 RESULTS
This section is divided into several subheadings. The section provides a concise and precise description of the experimental results, their interpretations, and the conclusions that can be drawn from the experiments.
4.1 Lithology and Sedimentary Characteristics
The Permian Longtan Formation in the study area is a set of coal-bearing carbonaceous shale with continental-marine transitional facies. The Longtan Formation has roughly experienced the process of hydrostatic low energy, medium-low energy, and low energy from the bottom to the top (He et al., 2021b; Wang et al., 2020). The horizontal distribution of the Longtan Formation in the southeast of Sichuan is stable, and the stratum thickness is between 70–80 m. There are great differences in the horizontal distribution of different lithologic thicknesses (He et al., 2021a; Guo et al., 2018; Cheng et al., 2020; Yang et al., 2021). According to the whole rock test results of X-ray diffraction, the mineral components of the sample are mainly clay minerals, with a clay content of 8%–79% and an average clay content of 48.46%, followed by clastic components such as quartz, with a content of 6%–55% and an average content of 18%. Carbonate minerals are mainly dolomite and calcite, with a content of 10%–59% and an average content of 18.5% (Figure 2). According to the thin section identification results, the lithology of the Longtan Formation in the study area is chiefly lithic sandstone, mudstone, siderite, and a small amount of carbonate rock (e.g., bioclastic limestone, mud silty dolomite, and siderite). It can be observed that the coal seam/coal line is developed, and the bioclastic rocks mainly include bryozoan, foraminifera, and a small amount of brachiopod and bivalve fragments (Figure 2).
[image: Figure 2]FIGURE 2 | Distribution of mineral component content of samples in the study area.
4.2 Organic Geochemical Characteristics of Shale Reservoir
The type of organic matter not only determines the hydrocarbon generation capacity of source rocks and the properties of generated hydrocarbons, which affects the occurrence and migration of gas in shale, but also affects the development of different types of reservoir spaces. The microscopic component type of organic matter is determined by the microscopic fractal characteristics obtained using a polarizing microscope. The analysis results of the organic matter type of the test sample of the Longtan Formation are shown in Table 1. The results show that the kerogen types of the Longtan Formation in the study area are type II2 and type III. The main macerals are exinite and vitrinite, with an average content of 60.00% and 36.73%, respectively. This shows that the organic matter primarily comes from the fragments of reproductive organs and epidermal tissues of terrestrial higher plants. After strong degradation, the organic matter finally displays the distribution of debris or part of cotton wadding, and occasionally, some vitrinite is attached with humic amorphous minerals around. Different lithologies have certain differences in the types of organic matter. The micro-component structures of different shale samples observed under a polarized light microscope are largely primary structures, massive structures, and fine plant debris that is scattered. Vitrinites with woody structures are often found in coal and rock samples, and they are mostly distributed in strips or blocks. They are suspected to be formed by the humic degradation of plant stems, leaves, wood fibers, or some marine plants (Figure 3). The test results of the organic matter content and vitrinite emissivity of the samples indicated that the organic matter content of the Longtan Formation mud shale samples has a wide distribution range, ranging from 0.5% to 5.2%, mainly from 2.0% to 3.0% and 4.0% to 5.0% (Table 2). The maturity distribution is not very different, with Ro ranging from 2.39% to 3.57%, with an average value of 3.11% (Table 2), all of which are in the high maturity stage.
TABLE 1 | Types of kerogen and reflectance of Longtan Formation samples.
[image: Table 1][image: Figure 3]FIGURE 3 | Light sheet fluorescence photos of typical samples of Longtan Formation shale.
TABLE 2 | Major element oxide contents of different Longtan Formation samples in the study area (%).
[image: Table 2]The organic matter in the mud shale of the Longtan Formation can be divided into dispersed isolated organic matter and symbiotic organic matter observed by optical microscopy and high-resolution scanning electron microscopy. The isolated organic matter is predominantly in the form of agglomerates, strips, or fragments and is independently scattered in the matrix. Some of them are distributed in a curved shape parallel to the bedding direction, with obvious structural features. Most of them are closely combined with the mineral matrix and have clear boundaries (Figure 4J). The distribution of symbiotic organic matter is primarily irregular, such as banded and interstitial distribution, and co-grown with matrix minerals around the organic matter, filling the gap between inorganic mineral particles/crystals such as siliceous minerals, clay minerals, and pyrite. Its boundaries are mainly mixed with the boundaries between mineral grains/crystals (Figures 4K,L).
[image: Figure 4]FIGURE 4 | Thin section identification and SEM observation results of the Longtan Formation reservoir in well X1. (A) Micritic dolomite containing bioclastic. (B) Siderite mudstone and siderite in a nodular and spherical shape, with radial structure inside. (C) Dolomitic fine-grained lithic sandstone, with rock debris mostly replaced by dolomite. (D) Coal rock, with cracks filled with calcite. (E) Siderite rock, radial, with chlorite at the core. (F) Mudstone. (G) Dolomitic siderite rock, with siderite predominantly composed of fine microcrystalline granular aggregates; the whole body is granular and lumpy, mainly in the form of metasomatic dolomite minerals. (H) Fine powdery siderite rock, mainly composed of siderite, light yellowish brown as a whole, mostly in semi-idiomorphic granular form. (I) Argillaceous clastic limestone; some bryozoans are tubular and branched, and a few foraminifera are spindle-shaped, which are metasomatized by calcite and silica. (J) Fragmented and banded organic matter is distributed intensively. (K) The gap between each mineral component and the crushed massive organic matter are in close contact with the surrounding mineral components. (L) Microcrystalline quartz (siliceous), clay minerals, and organic matter coexist with each other.
4.3 Distribution of Major, Trace, and Rare Earth Elements in Shale Reservoirs
The geochemical characteristics of trace elements are not only related to the properties of the elements themselves but are also affected by various external environments. Therefore, in different sedimentary environments, the laws of element dispersion and aggregation are also different, which provides a theoretical basis for paleoenvironmental analysis using trace elements and their contents in sediments. In this study, 15 samples of the Longtan Formation were tested for major, trace, and rare earth elements to analyze the sedimentary environment of the study area and then to study the factors affecting the distribution of organic matter in the Longtan Formation. The test results are shown in Tables 2, 3.
TABLE 3 | | Trace element contents, rare earth element contents, and related parameters of mud shale samples from the Longtan Formation.
[image: Table 3]4.4 Development Characteristics of Reservoir Space
4.4.1 Pore Type
Ar-ion polishing and field-emission SEM were utilized to observe the development characteristics of the microscopic storage space in samples from the Longtan Formation in the study area. Based on the pore-type classification of organic-rich shale (Cao et al., 2015; Zhang et al., 2022c; Zhang et al., 2020b) and the genetic and structural characteristics of shale pores, the main storage space of marine-continental transitional shale in the Longtan Formation was identified to consist of inorganic pores, organic pores, and microfractures. Inorganic pores are predominantly distributed between clay mineral particles or in detrital particles such as quartz. Clay minerals with unstable chemical properties will generate a large number of pores during the process of sedimentary burial and will transform into a mixed layer of illite/smectite and illite. It can be seen that interlayer pores and fractures are abundantly developed in the lamellar illite/smectite mixed-layer aggregates that are distributed in a curved and irregular shape (Figures 5A–C). These interlayer and intralayer micropores not only create space for the occurrence of shale gas but also provide microscopic migration channels for gas seepage. Some minerals such as quartz and pyrite are disturbed by the external environment during the growth process, resulting in the formation of intracrystalline pores during the crystal accumulation process (Figures 5D,E). The pore size varies from a few nanometers to several hundred nanometers. The degree of development of pores is low, and their connectivity is poor. Occasionally, because of the dissolution of mineral crystals such as siderite, certain intergranular (grain) dissolution pores will also be formed on the edges (Figure 5F). These intergranular dissolved pores are often harbor-shaped or elongated. Few dissolved pores were observed under a microscope in the samples of the study area.
[image: Figure 5]FIGURE 5 | Spatial distribution characteristics of microscopic reservoirs in different shale samples of the Longtan Formation. (A) The interlayer pores and fractures are developed in the lamellar smectite mixed layer and chlorite aggregates (×5000). (B) The interlayer pores and fractures are developed in the lamellar chlorite aggregates (×9000). (C) Transformed from feldspar clay minerals developed from interlayer fractures (×7700). (D) Contiguous quartz (siliceous) developed angular dissolution pores (×850). (E) Strawberry-shaped pyrite developed inter-crystalline pores (×3000). (F) Irregular dissolution pores developed in siderite (×3500). (G) Angled pores developed in organic components (×15000). (H) Arc-shaped organic matter developed circular pores (×45000). (I) Microfractures developed in fragmented organic matter (×40000). (J) Enlarged observation of interstitial organic matter in (G); round pores (×45000) developed inside the organic matter. (K) Concentrated distribution of fragmented and banded organic matter (×1100). (L) The enlarged observation of organic matter in (K) shows the development of angular pores (×15000).
Under the microscope, the organic matter in the test samples of the Longtan Formation was primarily distributed in isolated shapes, such as fragments or strips, with obvious structural features, suspected plant fragments, and other animal and plant fabrics which were mainly closely combined with the mineral matrix and had clear boundaries. Zooming in on the development of pores in this type of organic matter showed that there were various shapes, including round, oval, flat, elongated, and irregular. The pores were almost undeveloped and had poor connectivity (Figures 5G–J). We can also observe that some organic matter grows together with surrounding matrix minerals (clay, quartz, calcite, and other minerals) in the form of interstitials. Furthermore, their boundaries are mostly mixed with the boundaries between mineral particles/crystals, and a large number of pores can be seen in the interior and edges of this type of organic matter. The pore shape is largely circular and oval. Some pores have good connectivity with a wide range of pore size distribution (Figures 5K,L). Microfractures are chiefly developed between crystals or within clay mineral particles, and a small amount is also distributed on the edge of organic matter. They are principally exogenous cracks and inter-particle cracks formed under the action of external force, and the crack width is generally 1–20 μm. Some microfractures cut straight through detrital grains or clay mineral grains. It can also be observed that certain shrinkage pores and seams develop between organic matter and mineral particles (Figure 5I), which is primarily due to the volume shrinkage during the thermal evolution of organic matter. The results demonstrated that the dominant storage spaces in different test samples were the pores and fractures and microfractures between clay mineral layers, and the organic pores were less developed.
4.4.2 Development Characteristics of Pore Structures Such as Porosity, Specific Surface Area, and Pore Volume
The porosity and pore structure development characteristics of different test samples were tested using the helium gas method and the liquid nitrogen isotherm adsorption method, respectively. The hysteresis loop characteristics of liquid nitrogen adsorption–desorption curves can qualitatively reflect the morphological characteristics of pores to a certain extent. However, shale reservoirs have various pore types, and the hysteresis loop often represents the superposition of multiple typical curves. Figure 6 exhibits the characteristics of liquid nitrogen adsorption/desorption experiments. According to IUPAC’s liquid nitrogen adsorption/desorption curve classification scheme, the sample adsorption loops can be divided into two categories (IUPAC, 1982). The first type of adsorption loop has both the H2 and H3 curve characteristics of IUPAC. That is, the adsorption and desorption curves in the low-pressure section (0 ≤ P/P0 < 0.4) overlap, and the medium-pressure section (0.4 ≤ P/P0 < 0.8) has an obvious inflection point and a wide hysteresis loop. This indicates that the corresponding pore structure is complex, in which ink bottle–type pores are the typical pores. In the high-pressure section (0.8 ≤ P/P0 ≤ 1.0), the slopes of both adsorption and desorption curves increase, indicating that there are groove-like open pores in the larger pore size range. The second type of adsorption loop has similar characteristics to the H3 and H4 curves. The adsorption/desorption curves of the low- and medium-pressure sections almost overlap, and the inflection point is not obvious. This suggests that the pore types in the test samples are simple, and most of them are slit-type micropores. The liquid nitrogen desorption curves of different samples were selected to calculate the pore structure parameters, in which the specific surface area was calculated using the BET model, the pore volume was calculated using the BJH model, and the fractal dimension was calculated using the FHH model. The results suggested that the porosity value of the samples was distributed between 1.27% and 6.92%, with an average value of 3.67%. The specific surface area was distributed in the range of 3.645–24.22 m2/g, with an average value of about 11.944 m2/g. The classification of pores in this research adopted the classification criteria recommended by IUPAC. The frequency of the specific surface area of micropores was large, indicating that the micropores were developed and played a major role in the specific surface area of the samples. The specific pore volume was mainly distributed in the range of 0.0025–0.0310 ml/g, with an average value of about 0.0177 ml/g. The mesopore volume mainly contributed to the specific pore volume of the sample, followed by macropores.
[image: Figure 6]FIGURE 6 | Liquid nitrogen adsorption and desorption curves of different samples.
Using the nitrogen adsorption curve data of the test sample, the fractal dimension of pore distribution of different samples was calculated using the Frenkel Halsey Hill (FHH) model method. The intercept point of P/Po∈ (0.45, 0.85), ln(V), and ln [ln(Po/P)] were employed to make a curve (Zhang et al., 2018), and the corresponding curve was calculated according to the slope value of the fitted straight line. The results demonstrated that the fractal dimension distribution of different test samples was 2.37–2.91, with an average value of about 2.70, indicating that the pore distribution in the samples had strong heterogeneity.
5 DISCUSSION
5.1 Analysis of Influencing Factors of Organic Matter Enrichment
Shale organic matter enrichment is a complex physical and chemical process that involves many factors, such as the biological productivity, redox state of bottom water, deposition rate, and post-deposition degradation process (Arthur and Sageman, 1994; Wei et al., 2012). At present, after a lot of research and discussion by predecessors, it is believed that the enrichment of organic matter is mainly closely related to the preservation of a large amount of biomass, and the premise of their preservation is the prosperity of microorganisms and favorable sedimentary and burial conditions (such as hypoxia and appropriate paleoproductivity, deposition rate, etc.). Therefore, the analysis of the sedimentary environment in the study area is an important part of the study of organic matter enrichment factors.
5.1.1 Analysis of Water Oxidation Environment and Paleoproductivity
Element ratios such as V/Cr and U/Th are broadly used to indicate the redox state of water bodies. The smaller the ratio, the higher the oxidation degree of the water body. On the contrary, the larger the ratio, the stronger the reduction degree of the water body. Th is not affected by redox conditions and usually exists in the form of insoluble TH4+, while U is dissolved in water in the form of U6+ under oxidative conditions. The lower the U/Th ratio, the lower the oxygen-poor or reducing environment. The V/Cr ratio increases as the oxygen content of the water decreases. Generally, V/Cr smaller than 2.00 indicates an oxidizing environment, V/Cr greater than 4.25 shows a reducing environment, and V/Cr between 2.00 and 4.25 indicates an oxygen-poor environment. The U/Th distribution of the mud shale samples in the Longtan Formation ranged from 0.22 to 0.93, with an average value of 0.38, and the V/Cr distribution ranged from 0.62 to 4.11, with an average value of 1.82 (Table 2; Figures 7, 8), indicating the depositional period of the organic-rich shale in the Longtan Formation. The main body of the water body is in an oxygen-depleted state, and in some periods, it is an oxidizing environment.
[image: Figure 7]FIGURE 7 | Pore structure characteristic parameters of samples. (A) Porosity. (B) Fractal dimension. (C) Specific surface area. (D) Specific pore volume.
[image: Figure 8]FIGURE 8 | Vertical trend of TOC, water redox indicators [Th/U, V/Cr, EF (Mo), and EF (U)], paleoproductivity indicators (Mo and P), paleoclimate indicators (CIA and Sr/Cu), and the vertical variation trend of the deposition rate index ((La/Yb)N) of Longtan Formation mud shale in Well X1.
The enrichment factor (EF) can reflect the enrichment degree of elements in sediments. To exclude the influence of terrigenous clastic components on authigenic components, the relatively stable Al element in the diagenetic process is often used to normalize the trace elements (Tribovillard et al., 2006). To make the standardized results easy to interpret, they are generally compared with the average shale value (Wedepohl, 1971), expressed as the enrichment factor (EF), and the calculation formula is as follows:
[image: image]
When EFX is greater than one, it indicates that element X is enriched relative to the average shale. Conversely, when EFX is smaller than one, it indicates that element X is depleted relative to the average shale.
U and Mo are valence-variable elements that mostly exist in the form of authigenic components in sedimentary rocks. During the diagenetic process, almost no migration occurred, and the original records of the depositional period were well maintained (Zhu et al., 2010; Cai et al., 2007). When U is enriched but Mo is not, a depositional environment that may be anoxic is indicated. When they are significantly enriched at the same time, it is indicative of a sulfided depositional environment. That is, it indicates the sedimentary environment with a certain amount of H2S in the water body (Chang et al., 2009). By calculating the enrichment coefficients of Mo and U, it can be found that most of EF (Mo) and EF (U) are distributed in the range of (0, 1) and are enriched (Table 1; Figure 8). This demonstrated that the main body of water in the study area was in an oxygen-deficient state during the deposition of organic-rich shale, and some periods were oxidative environments.
In recent years, more and more studies have confirmed that the content of Mo and P in organic-rich sediments can be employed as an indicator to measure the level of paleoproductivity. The Mo content of the mud shale of the Longtan Formation in the study area is (0.37–5.42) × 10−6, with an average value of 1.49 × 10−6 (Table 1), which is larger than the corresponding value of PAAS (1.0 × 10−6) (Post Archean Australian sedimentary rocks) (Taylor and McLennan, 1985). The content of P is high, ranging from 261.97 to 1964.79 ug/g with an average value of 1,321.50 µg/g. The higher the content of Mo and P, the higher the paleoproductivity of the Longtan Formation shale during the depositional period. This is of great significance for the organic matter enrichment of the Longtan Formation transitional shale in the study area. Furthermore, the development of siderite in shale is mostly sedimentary, and its deposition often requires a weakly alkaline reducing environment. The development of siderite in the test samples was observed under a microscope, mainly in the form of Fe(OH)3 colloids in the form of colloidal, microcrystalline, or spherical and radial aggregates. Figure 8 shows that the change trend of the siderite content and the organic matter content of the test samples in the study area is consistent, which further indicates that the mud shale of the Longtan Formation in the study area was formed in a reducing environment. During the thermal evolution of organic matter in shale reservoirs of the Longtan Formation, iron oxides or hydroxides can be used as oxidants to oxidize organic matter. On the one hand, Fe3+ in the colloid is reduced to Fe2+, and on the other hand, CO2 can be generated and the reduced Fe2+ can be fixed in the form of siderite. At the same time, the thermal decarboxylation of organic matter will generate a large amount of CO2, which can easily be combined with Fe2+ in the pore water to form a large number of siderite crystallites. Part of the colloidal siderite undergoes recrystallization in the later stage, which is spherical and radial. The existence of siderite has a positive catalytic effect on the pyrolysis of organic matter and the generation of hydrocarbons.
5.1.2 Paleoclimate Analysis
Paleoclimate change restricts the population density and biological assemblage in the water body by affecting the sediment supply and water stratification. It also indirectly affects the enrichment and preservation of organic matter. Previous studies have shown that the relative content of some trace elements in mud shale can indicate the paleoclimate and the depositional environment at that time (Yang et al., 2009). Among them, the ratio of element Sr to element Cu is very sensitive to changes in the paleoclimate. Large Sr/Cu indicates a hot and dry climate, and small Sr/Cu indicates a warm and humid climate. It is generally believed that a Sr/Cu ratio of 1.30:5.00 suggests a warm and humid climate, and a Sr/Cu ratio greater than 5.00 suggests a dry and hot climate (Leman, 1984). The Sr/Cu ratio in the study area was 0.75:5.72, with an average value of 2.90 (Figure 8), indicating that the climate during the deposition of the Longtan Formation was warm and humid.
In addition to evaluating the degree of chemical weathering, the Chemical Index of Alteration (CIA) is also widely utilized to evaluate paleoclimate changes. In this study, the CIA proposed by Nesbitt and Young (1982) was employed to evaluate the paleoclimate conditions during the sedimentary period of marine-continental transitional facies shale of the Lower Longtan Formation (Nesbitt and Young, 1982). The calculation formula is as follows:
[image: image]
In the above formula, all oxide units are in the molar system, and CaO* refers only to CaO in silicate minerals. Since there was no good method to directly determine the relative contents of non-silicate minerals and silicate minerals in the sample, we used the P2O5 content to indirectly calculate them (Ding et al., 2021). The used formula is as follows:
[image: image]
When m (Na2O) ≤ m(CaO*), then m(CaO*) = m(Na2O). In contrast, when m (Na2O) > m(CaO*), m(CaO*) = m(CaO). The m refers to the number of moles of oxide.
In general, large CIA values indicate warm and humid paleoclimates, while small CIA values reflect dry and cold paleoclimates. In particular, when the CIA is between 50 and 65, it reflects a dry-cool climate with weak chemical weathering. When the CIA is between 65 and 80, it reflects a warm and humid climate with moderate chemical weathering. When the CIA is between 80 and 100, it reflects a hot-humid climate with strong chemical weathering (Ding et al., 2021; Bai et al., 2015). The CIA of the Longtan Formation shale samples in the study area was between 79 and 87.85, with an average value of 83.26, and a CIA of 65–85 accounted for 70% of the data (Table 2; Figure 8), indicating that the climate during the deposition of the Longtan Formation was warm and humid.
5.1.3 Influencing Factors of Organic Matter Enrichment
According to the ratio of the evaluation index (La/Yb)N (UCC standardization) of the rare earth element distribution model, the ratio of mud shale samples of the Longtan Formation in Well X1 in the study area (La/Yb)N was distributed in the range of 4.04–18.89, with an average value of 10.52. This is significantly greater than 1.0, indicating that the deposition rate at that time was small (Figure 8). From the above analysis, it can be observed that the sea-land transitional shale in the Longtan Formation of Well X1 in the study area was in a warm-humid climate during the deposition period. The main body of the sedimentary water is in an oxygen-poor environment, and it is in an oxidized state during some periods. It has high bio-paleoproductivity and a small deposition rate. TOC is the most intuitive indicator of the degree of organic matter enrichment. By counting the correlation between TOC and U/Th, EF (U), CIA, and P element content, we observe from Figure 9 that the correlation between them is not very obvious (R2 = 0.3707, 0.2293, 0.1254, 0.2525). That is, different from the enrichment law of organic matter in marine shale, the formation and enrichment of organic matter in the transitional facies of the Longtan Formation in Well X1 are not determined by a single factor. This is the result of the mutual configuration and coupling of multiple elements such as paleoclimate, water redox properties, paleoproductivity, and depositional environment. These factors will directly or indirectly affect the supply of organic matter or the burial and preservation of organic matter in the mud shale of the Longtan Formation in the study area. Under the condition of high biological productivity, the temperature and humidity environment of the mud shale of the Longtan Formation in Well X1 is conducive to the flourishing of organisms and the formation of organic matter. However, due to the small deposition rate and the oxygen-containing environment, some organic matter is decomposed in the water body, and the preservation and enrichment of organic matter are limited to a certain extent.
[image: Figure 9]FIGURE 9 | Correlations between TOC and redox properties, paleoproductivity, and paleoclimate indicators of Longtan Formation shale in Well X1 in the study area.
5.2 Influencing Factors of Reservoir Development
In shale reservoirs, factors such as sedimentary facies, organic matter content, and mineral composition jointly control the storage space, natural gas occurrence state, and shale gas enrichment degree (Zhao et al., 2020; Wang et al., 2020; Ma et al., 2021; Zhang et al., 2020c; Zhang et al., 2022d). The results of the liquid nitrogen adsorption–desorption test showed that the distribution of characteristic parameters of pore structure in different samples was significantly different. Different mineral compositions in shale reservoirs control the development of reservoir space and have different degrees of influence on the development of reservoir space (Zhang et al., 2020d; Zhang et al., 2022e). Figures 10A,B shows that the organic carbon content, clay mineral content, and the pore structure fractal dimension D have a certain positive correlation. The correlation coefficient (R2) between the organic carbon content and the pore structure fractal dimension D is 0.6387, and R2 between the clay mineral content and D is 0.4289. The reservoir space in the samples was mainly developed in organic matter and clay minerals. The increase in organic carbon content and clay mineral content boosts the heterogeneity of the pore structure of mud shale and the roughness of the surface of the storage space, which can provide more adsorption sites and storage space for the occurrence of shale gas.
[image: Figure 10]FIGURE 10 | Relationship between organic carbon content, clay mineral content, and pore structure characteristic parameters. (A) The relationship between organic carbon and fractal dimension. (B) The relationship between clay minerals and the fractal dimension. (C) The relationship between organic carbon and specific surface area. (D) The relationship between clay minerals and specific surface area. (E) The relationship between organic carbon and specific pore volume. (F) The relationship between clay minerals and specific pore volume.
The organic carbon content and clay mineral content of different shale test samples in Well X1 were positively correlated with the specific surface area of micropores. R2 between the organic carbon content and clay mineral content with the specific surface area of micropores is 0.5464 and 0.6474. The relationship with the specific surface area of mesopores and macropores was not obvious; all the correlation coefficients are less than 0.5 (Figures 10C–F). The sedimentary environment of the Longtan Formation in the study area is a marine-continental transitional facies environment. During the deposition period, it was in a warm and humid climate, and the sedimentary water was in an oxygen-deficient state, accompanied by an oxidation state, with high biological productivity. The smaller deposition rate and the oxygen-rich environment allow some of the organic matter to be decomposed in the water body. Microscopic observations showed the development of organic pores and organic margins. Moreover, the content of clay minerals in the samples was high, mainly chlorite and a mixed layer of illite/smectite. Because of the fine particle size of layered silicate minerals, lamellar illite/smectite mixed beds and chlorite aggregates often develop interlayer pores or microfractures. Both contribute positively to the pore volume size of the sample.
6 CONCLUSION

(1) The Longtan Formation in the study area belongs to the marine-continental transitional facies and mainly develops delta and tidal flat-lagoon sedimentary systems. The lithology is complex, mainly composed of thick mud shale interbedded with limestone, siltstone, and interbedded mud shale, siltstone, and limestone, as well as coal seam/coal line interbedding. The kerogen types of the samples were mainly II1 and II2-III, the main microscopic components were chitinite and vitrinite, and the TOC was mostly distributed between 2.0%–3.0% and 4.0%–5.0%. The average maturity was 3.11%, which was in the high maturity stage. The storage space of the reservoir included inorganic pores, organic pores, and microfractures. The difference in the “hysteresis loop” in the liquid nitrogen adsorption and desorption test results indicated that there were two different forms of storage space. Micropores were almost developed, which mainly contributed to the specific surface area of the samples, and the volume of mesopores was the main contribution to the relative pore volume, followed by macropores.
(2) Through the index values of V/Cr, U/T, enrichment coefficients EF (Mo) and EF (U), chemical alteration indexes CIA and Sr/Cu, and Mo, P, and other index values of different samples, the depositional environment of the Longtan Formation in the study area was systematically analyzed. The Longtan Formation was in a warm and humid climate during the depositional period. The main body of the sedimentary water was in an oxygen-depleted state, and part of it was in an oxidized state. It had high biological productivity and a small deposition rate. The formation and enrichment of organic matter in the shale of the sea-land transitional facies in the Longtan Formation in Well X1 could not be determined by a single factor. Under the condition of high biological productivity, the warm and humid environment is conducive to the flourishing of organisms and the formation of organic matter, but the smaller deposition rate and the oxygen-containing environment cause some organic matter to be decomposed in the water body, and the preservation and enrichment of organic matter are limited to a certain extent.
(3) The content of clay minerals and organic matter in shale samples played a major role in controlling the development of reservoir space. The content of TOC and clay minerals were positively correlated with the specific surface area of micropores and the specific pore volume of mesopores. The content of organic matter in the test samples of the Longtan Formation in the study area was high, and the mineral components were chiefly clay minerals such as chlorite and a mixed layer of illite/smectite. Microscopic observation suggested that organic matter pores and organic matter edges were developed, and interlayer pores or microfractures were often found in lamellar illite/smectite mixed layer and chlorite aggregates, which played a positive role in the specific surface area and pore volume of the samples.
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In most organic-rich shale reservoirs, dolomite is widely distributed and has different types and crystal sizes. However, the characteristics and formation mechanism of the dolomites in organic-rich shale are still poorly understood. Petrographic and geochemical analyses were performed to interpret the formation of dolomite in the lacustrine organic-rich shale of the Shahejie Formation, Dongying Sag, Bohai Bay Basin. Four types of dolomites, which represent episodic recrystallization, were classified based on crystal size and shape: 1) micritic dolomite (Dol-1), 2) sub-to euhedral (cloudy cores with clear rims) dolomite (planar-e) (Dol-2), 3) anhedral dolomite (coarse planar-s to nonplanar crystals) in phosphatic particles (Dol-3), and 4) fracture-filling anhedral dolomite (Dol-4). Dol-1 has nonplanar mosaic micritic crystals with irregular intercrystalline boundaries and dull cathodoluminescence (CL), suggesting dolomitization during the early burial stage. Dol-1 tends to occur under high paleosalinity and warm conditions. Furthermore, the syngenetic relationship, with abundant framboidal pyrite and gypsum, suggests that bacterial sulfate reduction (BSR) may influence the formation of Dol-1. The high content of Sr and low content of Mn/Sr also indicate less influence on burial. The Dol-2 crystals show cloudy cores with clear rims attributed to progressive dolomitization during burial. Dol-2 is always associated with the organic matter within the organic matter-rich lamina. The anhedral crystals and undulate (sweeping) extinction of Dol-3, which is usually encased by phosphatic particles in the organic-rich lamina, reflect the recrystallization affected by bacteria and the subsequent thermal evolution of organic matter. Dol-4 fulfills the abnormal pressure fractures crosscutting the earlier phases (Dol-1 and Dol-2) with undulate (sweeping) extinction and different rare earth element (REE) patterns. Dol-4 may be affected by hydrothermal fluids, which are influenced by the thermal evolution of organic matter. The 87Sr/86Sr values of the four types of dolomites similarly demonstrate the same dolomitizing fluids. Dol-1 to Dol-3 have similar REE patterns but are different from Dol-4, suggesting that Dol-4 likely resulted from circulation through basinal sediments instead of different fluids. Focusing on the origin of dolomite has been instrumental in understanding the diagenetic evolution, fluid flow, and organic-inorganic interactions in organic-rich shale and, hence, the reservoir formation of shale oil.
Keywords: dolomite, organic-rich shale, lacustrine, formation, dongying sag
INTRODUCTION
Shale oil and gas resources are becoming the major sources of energy in transition to low carbon energy resources (Vengosh et al., 2014; Liu et al., 2019; Wu et al., 2019; Wu et al., 2020; Tian et al., 2021; Zeng et al., 2021a; Li et al., 2022). And dolomitic rocks are the major hosts for sedimentary ore deposits and conventional hydrocarbon reservoirs (Hsu, 1966; Davies, 1979; Braithwaite et al., 2004; Wu et al., 2020; Ma et al., 2021; Zeng et al., 2021b). However, the “dolomite problem” in the sedimentary realm is still a subject of long-standing interest and study (Shukla and Baker, 1988; Land, 1992; Braithwaite et al., 2004; Burns et al., 2010). Dolomite is an important component of most of the lacustrine shale oil reservoirs in China, with various types, abundant occurrences, and wide distributions, including the second member of the Kongdian Formation of the Cangdong sag (Pu et al., 2016), the upper part of the fourth member and the lower part of the third member of the Shahejie Formation of the Dongying sag (Ma et al., 2020), and the Fengcheng member of the Mahu sag (Tang et al., 2021). Although a series of dolomitization models (e.g., evaporative, seepage-reflux, hydrothermal dolomitization) have been established to demonstrate the formation of massive marine dolomites (Morrow, 1982; Warren, 2000; Machel, 2004), there are fewer studies on the formation of dolomite in organic-rich shales. Recently, researchers have found that various microbes have essential implications during dolomitization in natural sedimentary environments (Wright, 1999; Bontognali et al., 2014; Petrash et al., 2017), which are related to the formation of dolomite in organic-rich shales.
Organic material of microbial origin has been proven to catalyze dolomite precipitation in sedimentary systems, especially in shales (Vasconcelos et al., 2006; Bontognali et al., 2008; Bontognali et al., 2010; Diloreto et al., 2020). Organic matter degradation plays a vital role in dolomite dissolution and precipitation in shales (Irwin et al., 1977; Seewald, 2003). Organic matter degradation can be driven by various biotic and abiotic reactions, which significantly influence dolomitization fluids (Irwin et al., 1977; Mazzullo, 2000; Petrash et al., 2017). Previous studies have shown a close relationship between dolomite formation in shales and depositional environments, microbial activities, and progressive burial diagenesis (Chowdhury and Noble, 1996; Braithwaite et al., 2004; Denny et al., 2020). This relationship makes the evaluation of the formation process of dolomite more challenging.
The lower part of the third member and the upper part of the fourth member of the Eocene Shahejie Formation have thick organic-rich shales with substantial vertical and horizontal variations in lithofacies and reservoir characteristics (Zhu et al., 2004; Yuan et al., 2006). Dolomite and calcite are two main minerals and are widely distributed in organic-rich shales in the Dongying sag. Furthermore, the dolomite content in organic-rich shales reaches 95%. A few authors have interpreted the rhombohedral dolomite as authigenic precipitates formed during early diagenesis and burial through mineralogical and petrographic examinations in organic-rich shale in the Dongying sag (Liu et al., 2019). In the current research, the petrology, element composition, and Sr isotopes are integrated to investigate the origin of dolomite in organic shales from the Shahejie Formation of the Dongying Sag during burial diagenesis. The mean objectives of this study are as follows:
1) to identify the generation of the dolomites;
2) to clarify the potential source(s) for the dolomitization process in organic-rich shales;
3) to investigate the major dolomitization mechanism.
GEOLOGICAL SETTING
The Bohai Bay Basin (Figure 1), which developed on top of the Paleozoic North China Craton basement in eastern China, is a proliferous petroleum basin regarded as a significant target for shale oil (Ma et al., 2018; Luan et al., 2019). The basin has not experienced significant changes for the past 65 Ma (Jin et al., 2022). The Dongying sag is a Mesozoic-Cenozoic lacustrine half-graben rift-down warped basin lying in the southeastern Bohai Bay Basin (Cao et al., 2014; Ma et al., 2017). It covers an area of 5700 km2 and is bounded to the east by the Qingtuozi Salient, to the south by the Luxi Uplift and Guangrao Salient, to the west by the Linfanjia and Gaoqing Salient, and to the north by the Chenjiazhuang-Binxian Salient (Guo et al., 2010; Luan et al., 2022). Due to the influences of the Tanlu fault, three predominant tectonic development stages have been experienced during sedimentary deposition, including an initial rifting stage, a sun-rifting stage and postrifting thermal subsidence (Liang et al., 2018).
[image: Figure 1]FIGURE 1 | Location, structural map and stratigraphic column of the Dongying Sag, modified after (He et al., 2017).
From bottom to top, stratigraphic successions in the Dongying sag consist of the following formations: 1) the Paleogene Kongdian, Shahejie (Es), and Dongying; 2) the Neogene Guantao and Minghuazhen (Nm); and 3) the Quaternary Pingyuan (Qp). The Shahejie Formation can be divided into four intervals: Es1, Es2, Es3, and Es4. The Eocene Shahejie Formation was deposited with abundant algal organic matter inputs include dinoflagellates of the Defladrea, Senegalinium, Palacostomocysts species, and green algae (Bohaiensis, Pediastrum, and Botryococcus genera) (Geochemistry of petroleum systems in the Niuzhuang South Slope of Bohai Bay Basin—part 1: source rock characterization).
The upper Es4 and lower Es3 are the major layers for shale oil exploration (Feng et al., 2013). Due to the hot and dry paleoclimatic conditions and the broad, subsiding rift basin conditions with deep saltwater, a thick layer of gypsum and a set of organic-rich shales were deposited in Es4s. Previous studies have shown that seawater intrusion may have caused saltwater conditions and organic-rich shale deposition during this period (Liu et al., 2020). The early Es3, which was deposited in a stable lacustrine basin and humid paleo-climatic conditions, resulted in another set of organic-rich shales (Liang et al., 2017).
SAMPLING AND METHODOLOGY
A total of 42 samples were collected from the shale intervals of the NY1 and FY1 wells. All the samples were prepared as polished thin sections for detailed petrographic observation by polarizing microscopy and scanning electron microscopy (SEM).
Cathodoluminescence (CL) was performed under a microscope equipped with a CL8200- MK5 CL instrument at conditions of 17 kV and 600 μA.
Spot analyses of 42 major, trace, and rare earth elements in dolomite crystals were conducted by laser ablation–inductively coupled plasma–mass spectrometry (LA–ICP–MS) at Beijing Createch Testing International (Beijing, China) using an ESI NWR 193 nm excimer laser ablation system coupled to an Analytik Jena Plasma Quant mass spectrometer. The spot size and frequency of the laser were set to 35 mm and 10 Hz, respectively. All elements were calibrated against multiple synthetic reference glasses (NIST SRM 610, NIST SRM 612, BHVO-2G, BCR-2G, and BIR-1G). All the rare earth element (REE) values were normalized to the Post-Archean Australian Shale (PAAS) values, and Ce anomalies were used for calculations with the formulae of Bau and Dulski (1996).
The 87Sr/86Sr values of dolomites were analyzed with a Neptune Plus multicollector (MC)–ICP–MS equipped with a Resolution SE 193 nm excimer ArF laser ablation system at Beijing Createch Testing International (Beijing, China).
The bulk and clay X-ray diffraction (XRD) data of 168 samples and total organic carbon (TOC) contents of 146 samples were collected from Shengli Oilfield Company for basic mineral composition analysis.
RESULTS
Definition of Lithofacies
The shale samples from the Es4s and Es3x intervals in the NY1 and FY1 wells are composed of calcite (1–74%, average of 38.8%), quartz (1–62%, average of 23.9%), feldspar (1–35%, average of 3.6%), clay minerals (9–44%, average of 21.8%), dolomite (1–97%, average of 24.9%), pyrite (0–48%, average of 2.8%), and anhydrite (0–90%, average of 1.4%), with rich organic matter ranging from 0.15 to 12.28% (average of 4.1%). Five lithofacies, including light brown laminated calcareous shale, brown laminated calcareous shale, grey silty shale, greyish green gypsum-bearing shale, and grey massive calcareous shale, are defined according to the colour, structure, mineral composition, and TOC (Figure 2).
[image: Figure 2]FIGURE 2 | Types and features of main lithofacies.
Dolomite Petrography
Petrographic examinations reveal four main generations of dolomite (Dol-1, Dol-2, Dol-3, and Dol-4). The investigated dolomite is mainly present in light brown laminated calcareous shale and brown laminated calcareous shale.
Dolomite 1 (Dol-1, 4–93%) occurs as scattered and/or laminated dolomicrite in all four lithofacies, showed the most abundant in the lower part of Es4s. It consists of a replacive micritic to near-micritic pervasive dolomite that ranges from 2 to 10 μm, is generally mimetic, and preserves sedimentary fabrics (Figure 3A). In addition, Dol-1 is usually tightly packed (nonporous) and has nonplanar mosaic micritic crystals with irregular intercrystallite boundaries and dull CL. Moreover, euhedral pyrites and pyrite framboids are often observed in the Dol-1-rich samples (Figure 3E).
[image: Figure 3]FIGURE 3 | Macroscopic and microscopic photographs of petrographic features of the investigated dolomites. (A) Tightly packed Dol-1 in greyish green gypsum-bearing shale, plane-polarized light, Well NY1, 3494.28 m. (B) Scattered Dol-2 in laminated calcareous shale, plane-polarized light, Well NY1, 3326.58 m. (C) Microscopic images of Dol-3, plane-polarized light, Well FY1, 3195.3 m. (D) Microscopic images of Dol-4, Well NY1, 3474.9 m (E) backscattered electron (BSE) image with energy-dispersive X-ray spectroscopy (EDS) spectrum of Dol-1, Well NY1, 3494.28 m (F) BSE image with EDS spectrum of Dol-2, Well FY1, 3211.53 m (G) BSE image with EDS spectrum of Dol-3, Well NY1, 3314.97 m (H) BSE image with EDS spectrum of Dol-1, Well NY1, 3494.28 m (I) BSE image of Dol-2, Well NY1, 3431.05 m (J) BSE image with EDS spectrum of barite, Well FY1, 3405.14 m (K) BSE image of Dol-4, Well NY1, 3474.9 m. Py-pyrite; Ba-barite.
Dolomite 2 (Dol-2, 2–27%) occurs as sub-to euhedral zoned rhombs (cloudy cores with clear rims) with a planar-e texture (Figure 3B), which are attributed to progressive dolomitization during burial and range from 20 to 100 μm (Figure 3E). Dol-2 is the most abundant in the upper part of Es3x and the middle part of Es4s, and it is especially less abundant in greyish green gypsum-bearing shale in the lower part of Es4s (less than ca. 3%). Observations reveal that intercrystallite porosity is developed in Dol-2. Under fluorescence, Dol-2 shows zoned green/yellow autofluorescence (Figure 3H). Furthermore, euhedral pyrites and pyrite framboids show a syngenetic relationship with Dol-2.
Dolomite 3 (Dol-3) is not abundant. By qualitative evaluation, Dol-3 is less than ca. 1% per thin section and is usually scattered in organic-rich laminae in light brown laminated calcareous shale in lower Es3x (Figure 3C). In addition, some Dol-3 has synthetic relationships with barite and coalesced pyrite (Figure 3J). Dol-3 forms medium to coarse planar-s to nonplanar crystals (100–500 μm) with dull luminescence. Dol-3 crystals show undulate (sweeping) extinction similar to saddle dolomite, encased by phosphatic particles. In SEM images, these phosphatic particles are clearly remnantsof ostracods or algae (Figure 3G).
Dolomite 4 (Dol-4) postdates Dol-2 and consists of densely packed undeveloped unzoned crystals with irregular crystal boundaries (up to ca. ∼5% volume) with coarser crystals than Dol-1 and Dol-2 (more than 500 μm in size) that appear relatively transparent under plane-polarized light (Figure 3D). This type of dolomite, which is observed only in a few abnormal pressures in calcareous shale samples, shows a syngenetic relationship with coalesced pyrite (Figure 3K). Under CL, Dol-4 exhibits a dull red luminescence. It shows corroded rims in fractures and has no sign of zoning or earlier fabric. As shown in Figure 3K, Dol-4 postdates the previous dolomite types and is the product of the latest diagenetic stage.
Occurrence of Dolomite in Shales
Observations found that dolomite has a high content in greyish green gypsum-bearing shale (5–98%, Figure 4A) and brown laminated calcareous shale (21–95%, Figures 4B,C). And Dol-1 and Dol-2 are often scattered and have less content (2%–21%, 4%–28%, respectively) in grey massive calcareous shale (Figure 4D) and grey silty shale (Figure 4E), mixed with scattered organic matter, clay minerals, calcite, and terrigenous debris (Figures 4I,M) with Dol-3 and Dol-4 rarely development.
[image: Figure 4]FIGURE 4 | Macroscopic and microscopic photographs of the investigated dolomites. (A) Greyish green gypsum-bearing shale, Well NY1, 3491.95 m. (B) Type Ⅰ laminated calcareous shale, Well NY1, 3438.97 m. (C) Light brown laminated calcareous shale, Well FY1, 3361.44 m. (D) Grey massive calcareous shale, Well NY1, 3387.75 m. (E) Grey silty shale, Well NY1, 3468.65 m (F) BSE image of Dol-1 and gypsum in greyish green gypsum-bearing shale, Well NY1, 3491.95 m (G) BSE image of Dol-1 in brown laminated calcareous shale, Well NY1, 3438.97 m (H) BSE image of dolomite lamina in light brown laminated calcareous shale, Well FY1, 3361.44 m. (I) Microscopic image of grey massive calcareous shale, Well NY1, 3387.75 m (J) EDS mapping of Dol-1 and gypsum in greyish green gypsum-bearing shale, Well NY1, 3491.95 m (K) EDS mapping of Dol-1 in brown laminated calcareous shale, Well NY1, 3438.97 m (L) EDS mapping of dolomite lamina in light brown laminated calcareous shale, Well FY1, 3361.44 m. (M) Microscopic image of grey silty shale, Well NY1, 3468.65 m. Gyp-gypsum; Tg-terrigenous silty clastic; Py-pyrite.
Brown laminated calcareous shale, which brown dolomite lamina interbedded with dark grey organic-rich lamina (Figures 4G,H), with a single lamina was less than 500 µm. The dolomite lamina primary consisted of Dol-1, which is similar in texture to that found in modern settings where precipitation typically occurs in alkaline and saline waters with high Mg/Ca ratios (Last et al., 2012). Brown laminated calcareous shale was less developed, which was discontinuously developed vertically, with less than 40 cm thickness.
Light brown laminated calcareous shale developed more frequently, forming continuous laminae to discontinuous lenses with alternating greyish and brown layers. The thickness of a single lamina is approximately 200 µm. The greyish layers are mainly Dol-2 and Dol-1 with clay minerals, terrigenous debris, and organic matter, while the brown layers are mainly composed of calcite (Figures 4H,L). Moreover, Dol-3 and Dol-4 are mainly observed in light brown laminated calcareous shale.
The enriched dolomite greyish green gypsum-bearing shale is composed of greyish-green and white layers, and the evaporative minerals are mixed with Dol-1 (Figures 4F,J).
Major and Trace Elements
Only two chemical compositional data points of Dol-1 are obtained due to its small mineral size. The geochemical compositions of the investigated dolomite are summarized in Table 1. Dol-1 has a lower CaO content (Dol-1 = 24.40 ± 2.45%, n = 2), while the other investigated dolomites have comparable CaO contents (Dol-2 = 37.50 ± 6.13%, n = 10; Dol-3 = 42.49 ± 9.72%, n = 6; Dol-4 = 45.59 ± 1.38%, n = 5). Among them, Dol-3 and Dol-4 are similar but are slightly higher than Dol-2. All four types of dolomites are comparable in MgO (Dol-1 = 18.56 ± 0.56%, n = 2; Dol-2 = 20.56 ± 5.08%, n = 10; Dol-3 = 20.56 ± 6.91%, n = 6; Dol-4 = 18.54 ± 0.76%, n = 5). Therefore, dolomites are mainly nonstoichiometric. From Dol-1 to Dol-4, the trace elements show progression, especially in Fe and Mn contents (Figure 5A), despite the general overlap in the elemental compositions. The Fe concentrations increase from 1598 ± 198 ppm in Dol-1 to 16861 ± 7926 ppm in Dol-2 to 18733 ± 8494 ppm to 22853 ± 1968 ppm in Dol-4. The Mn contents vary from 800 ± 66 ppm in Dol-1 to 5276 ± 2716 ppm in Dol-2 to 9098 ± 3800 ppm in Dol-4 to 3581 ± 271 ppm in Dol-4. The Sr concentrations decrease from approximately 1500 ppm in Dol-1 to approximately 500 ppm in Dol-4. Higher Sr contents than dolomite characterize calcite. The Mn content is similar to that of dolomite (Figure 5B).
TABLE 1 | CaO, MgO, Fe, Mn, Sr, REE, statistics of the investigated dolomites.
[image: Table 1][image: Figure 5]FIGURE 5 | Scatter diagrams of Mn vs. (A) Fe and (B) Sr for the investigated dolomites.
Rare Earth Elements
Table 1 summarizes the statistics of the REE concentrations and the calculated Ce and Eu anomalies of the investigated samples from Es4s and Es3x. The mean ∑REE values of dolomites are the lowest in Dol-1 (40.48 ± 1.38 ppm, n = 2) and the highest in Dol-4 (155.91 ± 99.74 ppm, n = 6). Dol-2 and Dol-3 have moderate values (Dol-2 = 70.27 ± 14.92 ppm, n = 5; Dol-4 = 61.25 ± 28.06 ppm, n = 6). The variations in the REE concentrations of the investigated carbonate minerals are also indicated by their shale-normalized patterns (Figure 6). The Dol-1, Dol-2, and Dol-3 patterns are very similar, although that of Dol-4 is different.
[image: Figure 6]FIGURE 6 | Patterns of mean shale-normalized REE concentrations of the investigated dolomites.
Calculations of the Ce and Eu anomalies (Bau and Dulski, 1996) show that Dol-4 has the lowest mean Ce anomaly (0.93 ± 0.08), whereas Dol-1 has the highest mean Ce anomaly (1.16 ± 0.06). The mean Ce anomalies of Dol-2 and Dol-1 are between the following end-member values: Dol-1 = 1.13 ± 0.09; Dol-2 = 1.01 ± 0.08. The Eu anomalies (Figure 6) range from 1.02 ± 0.11 in Dol-4 to 1.52 ± 0.28 in Dol-3.
Sr Isotopes
The 87Sr/86Sr ratios largely overlap in Dol-1 to Dol-4, with values of 0.71071–0.71133, 0.71080–0.71145, 0.71085–0.71131, and 0.71071–0.71083, respectively. The 87Sr/86Sr values of Dol-4 tend to be lower than those of the others (Figure 7).
[image: Figure 7]FIGURE 7 | 87Sr/86Sr values of the investigated dolomites.
DISCUSSION
Sedimentary Environmental Reconstruction During Dolomite Formation
The enrichment of Dol-1 in greyish green gypsum-bearing shale indicated that the formation of Dol-1 was continuously under shallow water, reducing evaporative and high-salinity environments in lower part of Es4s, with high ratios of Mg/Ca, which were thought to promote dolomitization.
The enrichment of dolomite in brown laminated calcareous shale was similar in texture to that found in modern settings where precipitation typically occurs in alkaline and saline waters, with high Mg/Ca ratios (Last et al., 2012). Such as in Pellet Lake and Milne Lake, laminated dolomites with small crystal sizes and poorly-defined faces are interpreted to form from lake water by rapid precipitation. And in lakes from Western Victoria, Australia, dolomites had been proved to precipitate as a result of 1) high salinity, 2) high Mg/Ca ratios, and 3) high alkalinity (Deckker and Last, 1988). These dolomite occur as similar to Dol-1. The flat parallel to wavy parallel laminae of dolomite in light brown laminated calcareous shale implies that the environment was stable for a period, and the alternation of greyish and brown layers indicates that the climate changed periodically on a small scale. The continuous regular alternation of greyish and brown layers is interpreted as a steady rhythm from seasonal changes. Previous studies show that algae’s periodic thriving caused much calcite precipitation in the lake, and brown calcite lamina formed. In winter, greyish lamina was formed during intervals of algae productivity with a large number of organic accumulation (Zhao et al., 2019). In winter, algal activity declines, and the lake hydrodynamic conditions weaken. Organic-rich matter and debris tend to accumulate at the lake bottom. The occurrence of framboidal pyrite (Figure 4H) indicated a more anoxic environment. But the sporadical distribution of framboidal pyrite suggested the limited amount of SRB, which proved that the alkalinity of the anoxic environment is not elevated, and carbonate precipitation is inhibited continuously. Under such weak hydrodynamic conditions, the detrital and organic matter are accessibly preserved. Therefore, more minor dolomite precipitated, and organic matter accumulated among the debris. Moreover, framboidal pyrite is distributed sporadically along with the sediment-water interface. So, the greyish layer formed.
VARIATIONS IN DOLOMITIZATION FLUIDS
Dolomite Petrography
As suggested by the petrographic characteristics of Dol-1, the nonluminescence of Dol-1 dolomite crystals under CL and its high Fe content indicate the widespread occurrence of Fe2+ (the main suppressor of luminescence in carbonate minerals) in dolomitizing fluids from which Dol-1 dolomites were formed (Machel, 1985; Savard et al., 1995; Perri and Tucker, 2007). The Dol-1 tends to be enriched in high-salinity, shallow water, reducing, and evaporative environments. That is, the parental fluid of this type of dolomite was most likely derived from the evaporation of water. Moreover, high Mg/Ca conditions favoured precipitation of dolomite. In addition, as gypsum forms, SO42− can be consumed and reduce the inhibition of dolomite formation by sulfate ions. However, some Dol-1 has no syngenetic relationship with greyish green gypsum-bearing shale, indicating a lower salinity of dolomitizing fluid than gypsum precipitation (Lu and Meyers, 1998; Jones et al., 2000; Azomani et al., 2013; Rott and Qing, 2013; Olanipekun et al., 2014). Alternatively, Dol-1 could have precipitated from mixed evaporative meteoric waters (Azomani et al., 2013). Previous research has established that bacterial sulfate reduction (BSR) can lower the kinetic barrier that prevents direct dolomite precipitation from magnesium-saturated brines at low temperatures, which would facilitate dolomite formation under such conditions (Vasconcelos et al., 1995; Vasconcelos and McKenzie, 1997; Van Lith et al., 2003; Petrash et al., 2017). Microscopic observations show the widespread occurrence of euhedral pyrites and pyrite framboids in the Dol-1-rich samples, suggesting that BSR may have been operative in reducing diagenetic fluids, which possibly promoted dolomite precipitation from mixed evaporative meteoric waters (Vasconcelos and McKenzie, 1997; Wacey et al., 2007; Bontognali et al., 2014). Additionally, BSR can consume SO42− and release Mg2+ that provides Mg2+ for dolomitization.
Most Dol-2 crystals show cloudy cores with clear rims attributed to progressive dolomitization during burial that resulted in the replacement of precursor carbonate (cloudy cores) followed by later cementation as a clear rim during crystallization (Kırmacı, 2008; Rameil, 2008), with red rim and dull core CL images. The nonluminescence of the clear rims of Dol-2 dolomite crystals indicates the incorporation of Fe2+ during their further overgrowth in deeper burial realms (Machel, 1985; Savard et al., 1995). Moreover, the subhedral to euhedral crystals of Dol-2 suggest that they formed at low temperatures, likely lower than the critical roughening temperature for dolomites (50–60°C; Gregg and Sibley, 1984). While there are no clear remnant biological components revealed by SEM examination, the green/yellow autofluorescence of Dol-2 confirms the presence of diffuse organic matter, which points toward a biological association (Dupraz et al., 2004; Dupraz and Visscher, 2005; Perri and Tucker, 2007; Last et al., 2012). Dol-2 tends to accumulate in organic-rich laminae, indicating an organic matter-related origin.
In particular, Dol-3, which is encased by phosphatic particles and the remains of ostracods or algae, occurs with organic matter and is regarded as a potential microbial-related feature. The scattered residual phosphatic particles within Dol-3 indicate Dol-3 replacement of phosphatic particles (Liu et al., 2020). Results from earlier studies demonstrate that bacterial cells can, for example, serve as templates for the nucleation and growth of phosphatic particles in an oversaturated phosphate solution. In the study area, bacterial cells can also provide nucleation sites for dolomite crystals. The occurrence of phosphatic particle grains within organic matter may imply microbial degradation of organic matter, which releases phosphate to pore waters and promotes the reprecipitation of phosphate (Baturin and Kochenov, 2001). Furthermore, in contrast to Dol-1 and Dol-2, the coarser crystal sizes and nonplanar crystal surfaces with undulate (sweeping) extinction of Dol-3 suggest that it precipitated at higher temperatures during progressive burial (Gregg and Sibley, 1984; Gregg and Shelton, 1990), as indicated by the occurrence of enclosed barite and coalesced pyrite. Based on the burial history of the shale in Es4s and ES3x, the diagenetic temperatures of Dol-3 may exceed 100°C, considering the limited influence of hydrothermal activities in the Dongying sag (Song et al., 2009).
Fracture-filling Dol-4 (saddle dolomite) precipitated at high temperatures (over 100°C) during deep burial, as indicated by its undulate extinction (Gregg and Sibley, 1984). There might be some relationship with sulfate reduction, as indicated by the occurrence of enclosed coalesced pyrite in Dol-4 (Radke and Mathis, 1980). Pyrite filled the abnormal pressures related to the thermal evolution of organic matter, indicating that its formation had a close relationship with hydrothermal activities.
Major and Trace Elements
As shown in Table 1, the high Na content in Dol-1 is related to the high Mg/Ca fluid generated by strong syngenetic evaporation and concentration, and this kind of high-salinity fluid from strong evaporation can overcome the dynamic dolomitizing barrier to facilitate dolomite formation by alteration (Yang et al., 2021). The Ca concentrations of dolomite indicate that all types of dolomites are nonstoichiometric, showing that these nonstoichiometric dolomites are related to the formation of the rock-buffered diagenetic system (Warren, 2000) and lack sufficient fluid mobility and/or a relatively inadequate supply of Mg2+. Previous studies show that lacustrine dolomites with an organogenic origin are mainly Ca-rich and finely crystalline (Armenteros, 2010). Thus, the high Ca contents of dolomites may be related to the carbonate-precipitating microbial consortium.
The high Sr contents of Dol-1 (Dol-1>550 ppm) support a sabkha or bacterial origin (Sánchez-Román et al., 2011; Azmy et al., 2013; Hou et al., 2016). Conventional distribution coefficients of dolomite (i.e., 0.015–0.06; Banner, 1995; Pedone and Dickson, 2000) and present-day Sr/Ca ratios of lake water (0.016–0.018) can reveal the origin and nature of their parent dolomitizing fluids in a particular diagenetic environment. The Sr/Ca molar ratio of the dolomitizing fluid can be calculated from the following equation:
[image: image]
Where mSr and mCa are the molar concentrations of Sr and Ca in dolomites, respectively. The calculated Sr levels of dolomite in the study are approximately 50–150 ppm. Thus, the ∼1000 ppm average Sr concentration in the dolomite suggests that the mineral originated due to the replacement of aragonite. However, recent studies show that laboratory-precipitated microbial dolomite in a sulfate-rich culture demonstrates elevated Sr levels. The Sr concentration obtained from the experimental results is consistent with that of dolomite in the study area, which suggests that the origin of the dolomite in the study area is influenced by microbes.
Iron (Fe) and manganese (Mn) are regarded as reliable proxies of redox conditions (Table 1) because of their enrichment in carbonates in enhanced reducing conditions during progressive burial (Land, 1986), whereas they can also be influenced by the concentrations of these elements in the diagenetic fluid (Azomani et al., 2013; Olanipekun et al., 2014). The data show a clear trend in which the mean values of Fe and Mn increase with progressive burial from Dol-1 to Dol-2 to Dol-3. This trend suggests that the geochemical properties of dolomitization fluids are similar. The Sr isotope results support the former scenario.
Rare Earth Elements
Fifteen elements, ranging in atomic number from 57 (Lanthanum) to 71 (Lutetium) on the periodic table of elements, compose the rare earth element (REE) group, which is subdivided into three groups: 1) light rare earth elements (LREEs), from La to Nd; 2) medium rare earth elements (MREEs), from Sm to Dy; and 3) heavy rare earth elements (HREEs), from Ho to Lu. It has been demonstrated that the diagenesis of carbonates at low water/rock interaction ratios (insignificant recrystallization) does not significantly alter their REE compositions (Banner and Hanson, 1988; Webb and Kamber, 2000; Nothdurft et al., 2004; Webb et al., 2009). Therefore, REEs can provide significant information on chemical changes in diagenetic fluids, equilibrium in water-rock interactions, and even the properties of diagenetic fluids and redox conditions (Azmy et al., 2013; Azomani et al., 2013; Hou et al., 2016). All the REEs are trivalent, except for cerium (Ce) (Ce4+ in some redox-sensitive environments) and europium (Eu) (Eu2+ in hydrothermal waters), which have similar ionic radii. Their comparable distribution coefficients that are incorporated in carbonates provide clues about the geochemistry of the parent fluid (Sholkovitz et al., 1994; Shaojun and Mucci, 1995; Sholkovitz and Shen, 1995). REEs are stable and cannot be altered in diagenetic conditions with low water/rock interactions. Therefore, they can be regarded as good proxies of the nature and origin of diagenetic fluids and redox conditions.
The shale-normalized patterns of Dol-1, Dol-2, and Dol-3 are similar. Still, they exhibit insignificant differences, which strongly supports the suggested scenario of the same dolomitizing fluid in which its elemental composition varied slightly during dolomitization and excluded the involvement of magmatic fluids or fluids of other origins in dolomitization.
The Dol-1, Dol-2, and Dol-3 Ce/Ce* values are almost or approximately 1 (Figure 6), suggesting possible conditions for reduction (anoxic and dysoxic). However, the petrographic characteristics of Dol-1 support an early stage of dolomitization under surface or near-surface conditions. The slight enrichment in Ce indicates that the dolomitizing parent fluids mixed with fluids that progressively circulated with REE-rich, particularly Ce-rich, siliciclastic rocks in the basin, such as the cooccurring shales and sandstones, which changed its geochemical characteristics (Abanda and Hannigan, 2006).
However, the Ce/Ce* values of Dol-4 are different from those of other types of dolomite, which are lower than one. The petrographic characteristics of Dol-4 suggest its close relationship with the thermal evolution of organic matter, which causes this significant difference in Ce/Ce* compared to other types of dolomite. All samples have slight positive Eu/Eu* anomalies. These anomalies are usually associated with the dissolution of plagioclase feldspars in clastic rocks, such as sandstones (Bau et al., 2010). Moreover, the shale-normalized patterns of Dol-4 show a significant difference. The patterns are more similar to a bell-shaped curve compared to those of Dol-1, Dol-2, and Dol-3. This finding supports that the Dol-4 parent dolomitizing fluid had a different composition, possibly due to extensive circulation in the surrounding basinal rocks. This is consistent with the comparable REE mean values (Table 1) and their occurrence.
Sr Isotope
The Sr isotope values indicate a common source of dolomitization of the investigated dolomite. The Sr isotope values higher than those of seawater suggest that the deep burial conditions caused diagenetic fluids to circulate through clastic rocks, such as shale beds within the basin. The dolomitization resulted in a slight shift to more radiogenic values in the host carbonate.
Formation Mechanism of Dolomites in Lacustrine Shale
Dol-1: During the Es4s and Es3x periods, the Dongying sag was a lacustrine basin influenced by sea transgression, with warm, semiarid to arid climatic conditions. A sea transgression brought enough Mg2+ and increased the lake salinity. Moreover, this kind of setting was favourable for water evaporation and increased the salinity of water in the study area. The water salinity was elevated under such conditions, and the evaporites began precipitating (e.g., gypsum/anhydride). At that time, many Dol-1 crystals likely formed. In the deep part of the lacustrine basin, mixed evaporative meteoric waters were insufficient for the precipitation of evaporites (Figure 8A). Under both circumstances, BSR helped overcome the kinetic barrier of dolomite and promoted the precipitation of Dol-1 at a low temperature in Earth surface settings (Machel, 1985; Vasconcelos and McKenzie, 1997). Moreover, the initially deposited carbonate minerals provided nucleation sites for primaeval dolomite crystals, which was beneficial for dolomite precipitation. The heavy density of brines caused the brines to percolate to the deeper sediments, leading to extensive dolomitization. During this process, a minor number of Dol-1 crystals likely formed in organic-rich shales. At that time, the brines influenced BSR-mediated dolomite crystals, resetting their geochemical signatures. This process caused the BSR-mediated dolomite to have identical geochemical signatures to dolomite formed from evaporated water.
[image: Figure 8]FIGURE 8 | Dolomitization mechanism of the investigated dolomite. Py-pyrite; Ba-barite; Cal-calcite; Dol-dolomite; Cl-clay minerals; Q-quartz; OM-organic matter.
Dol 2: As suggested by Dol-1 petrological and geochemical characteristics, Dol-2 resulted from the recrystallization of the precursor Dol-1 during burial diagenesis and was influenced by the thermal evolution of organic matter. At such burial depths, the transformation of clay minerals during diagenesis can release magnesium ions that influence diagenetic fluid properties and the diagenetic microenvironment, thereby facilitating the process of dolomitization. Considering the mature stage of the organic matter, many organic acidic fluids and HS− existed in these strata, which dissolved a small amount of calcite and provided adequate space for dolomitization. Furthermore, abundant Fe2+ in reductive lake environments combined with HS− form sulfide and pyrite. The dolomitization process was also facilitated by sulfide dissolution, which explains the syngenetic relationship between Dol-2 and pyrite (Figure 8B).
Dol-3: Petrological and geochemical characteristics suggest that Dol-3 resulted from the intense recrystallization of previously formed dolomite. In winter, algal and Ostracoda died and deposited, forming a calcareous skeleton. At the early stage, bacteria inside calcified ostracods and algae provided nucleation sites for dolomite. The transformation of clay minerals and the dissolution of dissolved calcite and dolomite by organic acids provided enough Ca2+ and Mg2+ to the inside of calcified biological skeletons for dolomitization. Then, the geochemical characteristics of the former dolomite were resettled by early diagenetic fluid. Moreover, with the thermal evolution of organic matter, the inside temperature of calcified biological skeletons was high, which influenced the precipitation of Dol-3 (Figure 8C).
Dol-4: Several carbonate minerals were dissolved with the thermal evolution of organic matter, thereby supplying Mg2+ and Ca2+ to pore water. The transformation of clay minerals also provided Mg2+ and Ca2+ for dolomitization. Because of excessive pressure, a small number of abnormal pressures formed. This process released Mg2+-rich pore water into the fractures, and then Dol-4 precipitated (Figure 8D).
CONCLUSION
Based on detailed field investigations and petrographic and geochemical analyses of the dolomite in the lacustrine organic-rich shale of the Shahejie Formation, Dongying sag, Bohai Bay Basin, the main conclusions are as follows:
1) Four types of dolomites, which represent episodic recrystallization, were classified based on crystal size and shape: (1) micritic dolomite (Dol-1), (2) euhedral dolomite (planar-e) (Dol-2), (3) anhedral dolomite (nonplanar) encased by phosphatic particles (Dol-3), and (4) fracture-filling anhedral dolomite (Dol-4).
2) Dol-1 formed from evaporated water or mixed evaporative meteoric waters with seawater provided by transgression during the early burial stage, possibly with microbial mediation (BSR).
3) Dol-2 resulted from recrystallization of the precursor Dol-1 during burial diagenesis and was influenced by the thermal evolution of organic matter.
4) Dol-3 likely resulted from intense recrystallization and was influenced by the thermal evolution of organic matter and bacterial activity.
5) Dol-4 precipitated from the hydrothermal fluid that resulted from the thermal evolution of organic matter, with extensive circulation in the surrounding basinal rocks.
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By means of thin section authentication, physical characteristics analysis, scanning electron microscopy (SEM), X-ray diffraction, and vitrinite reflectance analysis, this paper, based on regional geological research achievements, studies the sedimentary facies and diagenesis of the southern and northern Silurian Xiaoheba Formation areas of Southeast Sichuan and their relationships with the physical characteristics of the reservoirs. The results indicate that, in the northern study area, the microfacies are mainly deposited in the underwater distributary main channel of the distal shallow-water delta front; while in the south, the microfacies include an estuary bar, sheet sand, distal bar, and interdistributary bay, which are far away from the main channel. The physical characteristics of sandstone are positively correlated with its particle sizes and thickness. The sand body of the underwater distributary main channel microfacies features high porosity, large crack opening, and good connectivity, followed by the sandstone of the estuary bar microfacies regarding those characteristics. By contrast, the physical characteristics of the sandstone reservoirs corresponding to the microfacies including the distal bar, sheet sand, and interdistributary bay are poor. The Xiaoheba Formation reservoir is located in the late diagenetic stage, with the reservoir space dominated by dissolved pores and micro-cracks; the diagenesis and pore evolution in the south are significantly different from those in the north. The Xiaoheba Formation reservoir in the northern area is far away from the carbonate rock platform of the same period in the south but is close to the center of hydrocarbon generation. Besides, the reservoir was sufficiently reformed by organic acid dissolution in the early-medium diagenetic stage, with only a little carbonate cementation formed in the early stage, while the cementation in the late diagenetic stage was weak. Therefore, the reservoir pores were relatively well preserved. However, the Xiaoheba Formation reservoir in the southern area has a large amount of calcite cement that was formed in the early diagenetic stage and the pores were blocked due to the influence of the carbonate platform. Since the dissolution was weak at the same time, the reservoir in the southern area is tight. Based on the understanding above, this paper established the inhomogeneous sedimentation–diagenesis–reservoir formation mode of the northern and southern areas of the study area.
Keywords: sedimentary facies, diagenesis, physical characteristics of reservoir, inhomogeneity, sedimentation–diagenesis–reservoir formation mode, southeast sichuan
1 INTRODUCTION
The physical characteristics of a reservoir are usually jointly determined by sedimentary environment, sediment composition, and diagenesis (Ajdukiewicz and Lander, 2010; Li et al., 2018; Zhang et al., 2020; Zhang et al., 2022a; Zhang et al., 2022b); while sedimentation and diagenesis not only go through the whole process of reservoir development and evolution, they also influence the current characteristics of the reservoir. Previous researchers conducted systematic studies from the perspectives of the control of various types of diagenesis on physical characteristics (Ali et al., 2010; Taylor et al., 2010; Cao et al., 2018; Mahmic et al., 2018; Cao et al., 2019; Cao et al., 2020), the effect of factors like mud matrix and sedimentary facies belts on diagenesis, and consequent evolution of physical characteristics. (Tan et al., 2015; Cao et al., 2016; Tan et al., 2016; Haile et al., 2018; Khan et al., 2020; Luo et al., 2020; Bello et al., 2021). Further, with the consideration of the constraint on diagenesis by sedimentary environment and tectonic setting, the research on the systematic process of sedimentation–diagenesis–reservoir formation has become a hot research topic currently.
The Sichuan Basin is rich in oil and gas resources. Up to now, in the field of clastic rock exploration in the Sichuan Basin, good achievements have been made in the Upper Triassic Xujiahe Formation and the Jurassic stratum. Meanwhile, the deep tight clastic rock of the Silurian Xiaoheba Formation is the hot spot for oil and gas exploration as well as one of the critical substitute targets (Zou, 2003; Yang and Ji, 2009; Higgs et al., 2010; Jia and Zou, 2012; Zou et al., 2012; Liu et al., 2015; Feng et al., 2016; Zhu and Zhang, 2016; Olsen et al., 2017; Wu et al., 2017; Zhou et al., 2017; Gao et al., 2018; Pan et al., 2018; Wang et al., 2019). The difference in the process of sedimentation and diagenesis between the northern and southern areas of the study area is mainly demonstrated in rock assemblage, cement types, and development level. Some studies suggested that compaction and cementation would destroy the physical characteristics of the reservoir but dissolution was constructive to them (Cao and Jiang, 2002; Shi et al., 2009). However, due to the difference in sedimentary facies between the northern and southern areas and the complexity and diversity of the diagenesis environment and evolution process in both areas, it will be insufficiently detailed if the sedimentation—diagenesis—reservoir formation is characterized in a generalized way for both of them. Therefore, on the basis of previous achievements on regional structure, sedimentation, and reservoir forming (Hou et al., 2010; Wang et al., 2011a; Wang et al., 2011b; Xie et al., 2011; Zhu and Chen, 2012; Li et al., 2015; Gong et al., 2017; Hu et al., 2017; Zhang et al., 2017; Qiu et al., 2019), the author carried out research into the sedimentary facies and diagenesis and their relationships with the physical characteristics and established an inhomogeneous mode of sedimentation—diagenesis—reservoir formation based on the thin section authentication, SEM analysis, and physical characteristics analysis of the cores in combination with the techniques including particle size analysis, X-ray diffraction analysis, and vitrinite reflectance analysis. It can not only deepen the understanding about the sedimentation—diagenesis—pore evolution of deep marine clastic rock reservoirs, but also is of practical importance for implementing exploration potential and objectives.
2 GENERAL GEOLOGICAL CONDITION
The study area, located in the Eastern Sichuan high-steep tectonic zone and the Southern Sichuan low-gentle tectonic zone, belongs to the central area of the Upper Yangtze foreland basin in the south-central Yangtze Plate, including the northern margin of the Qianzhong Uplift, north to the Central Sichuan Uplift in terms of tectonic position (He et al., 2013). The Qiyueshan Fault Zone is located in the area and therefore the area is tectonically complex (Figure 1).
[image: Figure 1]FIGURE 1 | Tectonic position of the study area.
The Xiaoheba Formation sedimentation was formed in the late stage of Early Silurian. Influenced by the Caledonian Movement, the South China Plate was compressed and joined along the direction from southeast to northwest. The Yangtze Plate was raised as a whole, and the Xiaoheba Formation sedimentary center was gradually migrated northwest, with the water becoming shallower upward, finally forming a set of shallow-water delta sedimentation in the study area. This sedimentation is mainly distributed in the Qiliao section of Shizhu—Sanquan section of Nanchuan—Pengshui—Xiushan zone, running through the study area from north to south and with a thickness of 200–300 m. It is longitudinally between the Longmaxi Formation lime muddy shale and the Hanjiadian Formation thick shale, with sufficient hydrocarbon source rocks as the material guarantee and simultaneously extremely thick shale as the capping layer, resulting in a good formation of hydrocarbon generation, reservation, and capping. Multiple sets of silty-fine sandstones were developed at the bottom of the Xiaoheba Formation, but the thickness and scale of the sandstone vary sharply between different areas and the sandstone content at the bottom gradually decreases from bottom to top. Based on the characteristics of the sequence stratigraphy, the Xiaoheba Formation is divided into two sections, respectively Section 1 and Section 2 from the old stratum to the young stratum. They each correspond to two third-order sequences, of which the sequence boundary has strong regional contrast. Additionally, the Shiniulan Formation, located to the south of the study area from Fuling to well JY7 and formed in the same period with the Xiaoheba Formation, is a set of marine carbonate rocks with restricted platform facies, platform edge shallow facies, platform-margin organic reef facies, platform-margin slope facies, and continental shelf facies.
3 SEDIMENTARY CHARACTERISTICS
During the sedimentation stage of the Xiaoheba Formation, the southeastern Sichuan Basin mostly featured the sedimentary setting of gentle slopes, shallow water, and sufficient sources, which was favorable for the formation of the shallow-water delta. Its microfacies are dominated by an underwater distributary main channel, underwater distributary branch channel, and estuary bar, with the sand body distribution clearly controlled by the distributary channels. Therefore, it has the characteristics of multi-branch distributary channels with vast distribution and far extension, and fine particle sizes of sandstone. The developed multiple-stages delta sand bodies are superimposed longitudinally upwards; while in plane, the sand body shows a continuous advance from south-east to north-west.
In the northern part of the study area from Shizhu to well JS1, the Xiaoheba Formation mainly developed the shallow-water delta front underwater distributary main channel facies, with numerous channel sand bodies developed in its Section 1 and Section 2. Those sand bodies are mostly thick-bedded, massive, and lithologically dominated by silty-fine sandstone interbedded with thin-bedded mudstone, with pebbled fine sandstone in local parts and clear down-cutting erosion surfaces at the sand body bottom (Figure 2A). The longitudinal middle of the sand bodies has developed parallel bedding and cross bedding while the top of the sand bodies have symmetric wave ripples (Figure 2B). The particle size of the sand bodies, which are dominated by normal graded bedding, generally becomes finer upwards. According to the characteristics of the particle size probability curves, this area features the typical two-segment characteristics of delta channels, indicating the existence of river deposition with strong hydrodynamic force in this area (Figure 3).
[image: Figure 2]FIGURE 2 | Field sedimentary structure of Xiaoheba Formation (A) The phenomenon of channel erosion and undercutting, SLB, (B) wavy bedding, small lenticular sand bodies can be seen, SLB, (C) Thin—mesomorphic sandstones are developed, HCC; (D) Small cross-bedding HCC.
[image: Figure 3]FIGURE 3 | Composite histogram of Xiaoheba Formation in study area.
The sandstone thickness of the Xiaoheba Formation in the southern part of the study area becomes thinner, with finer particle sizes and high shale content. The sand bodies feature thin-moderate layers in morphology, and are lithologically dominated by siltstone and argillaceous sandstone, with fine sandstone locally distributed and parallel bedding and small cross bedding developed at the same time (Figures 2C,D). They have clear down-cutting erosion surfaces at the bottom and symmetric wave ripples developed on the top sandstone, with normal and abnormal graded bedding simultaneously developed. Therefore, the Xiaoheba Formation in the southern part of the study area features the delta front underwater distributary branch channel facies far away from the main channel in the north.
3 RESERVOIR CHARACTERISTICS
3.1 Petrologic Features
According to the accurate observation and description regarding multiple outcrops in Southeast Sichuan and the thin section authentication of samples, the sand bodies of the Xiaoheba Formation reservoir in Southeast Sichuan generally have fine particle sizes. In the northern area, the particle sizes are relatively coarse and dominated by coarse silt, with a few of the particle sizes at the grade of extremely fine sand. The quartz sandstone is the main rock type (Figure 4A) and accounts for about 41.7%, followed by lithic quartz sandstone accounting for about 36.4%, with the content of lithic sandstone as the lowest, i.e., about 10%. In the southern area, feldspathic quartz sandstone and quartz sandstone are the main rock types (Figure 4B) and feature finer particle sizes than those in the north. The sandstone particles of the Xiaoheba Formation in the study area are subangular—subrounded morphologically and rounded to some extent, and feature medium—good sorting, indicating that they have been transported, screened, and rounded over a long distance. The interstitial materials include matrix and cement, of which the matrix content is high but the maturity of local laminated or lumpy sand bodies is relatively high. Porous cementation is the main cementation type. Due to the strong compaction, the contact between the particles is mainly point-line contact or line contact, with some exhibiting sutural contact. The cement is dominated by carbonate cement, and has a significant difference in content horizontally, with relatively low content in the north.
[image: Figure 4]FIGURE 4 | Constituents of the Xiaoheba Formation sandstone types in the study area. (A) Northern, (B) Southern.
3.2 Physical Characteristics of Reservoir Samples and Types of Reservoir Space
3.2.1 Physical Characteristics of Reservoir Samples
Analysis was conducted on the physical characteristics of 286 reservoir samples collected from the outcrop sections of the Silurian Xiaoheba Formation in Southeast Sichuan. The results demonstrate that the Silurian Xiaoheba Formation reservoir features a porosity distribution in the range of 0.04%∼8.67%, with the average value of 2.80%, and a permeability distribution in the range of 0.001∼0.923 × 10–3 μm2, with the average value of 0.028 × 10–3 μm2, and thus is a low porosity and permeability reservoir. Statistics was carried out for the physical characteristics of the outcrop sections in the northern and southern parts of the study area, respectively. In the southern part, the porosity of the outcrop sections is relatively low, with the average of 1.98%, while the permeability is relatively high, with the average of 0.048 × 10–3 μm2, due to the strong compaction and the formation of a certain number of cracks. Meanwhile, in the northern part, the outcrop sections of Shuangliuba and Lengshuixi have higher porosity, with an average of 3.22%, while the permeability is lower, with an average of 0.021 × 10–3 μm2 (Table 1), due to the development of a large number of micropores, which have small diameters but are large in numbers, making more contributions to the reservoir porosity but few contributions to the permeability due to the poor connectivity. The Silurian Xiaoheba Formation in Southeast Sichuan has a poor porosity-permeability correlation, with a low correlation coefficient, and its porosity-permeability relationship varies between the reservoirs in different areas. Generally, the porosity distribution range of the outcrop reservoirs in the northern part is larger than the one in the south, and thus the physical characteristics of the reservoirs in the north are superior to those in the south (Figure 5).
TABLE 1 | Average physical characteristics of the Xiaoheba formation of different areas in Southeast Sichuan.
[image: Table 1][image: Figure 5]FIGURE 5 | Porosity-permeability intersection diagram of the Xiaoheba formation of different areas in Southeast Sichuan. (A) Northern, (B) Southern.
3.2.2 Types of Reservoir Space
As indicated by the analysis on the casting thin sections and SEM, the reservoir space of various sections in Southeast Sichuan, especially the sandstone reservoirs of the Xiaoheba Formation in the northern area, is dominated by secondary pores and cracks. Since the Silurian Xiaoheba Formation in Southeast Sichuan underwent strong compaction integrally, most of the primary pores were filled with other minerals, with only a few of them unfilled (Figures 6A,B). The secondary pores include intergranular dissolved pores, moldic pores, dissolved pores of siderite and bioclast, and dissolved cracks (Figures 6C–F). The intragranular dissolved pores are formed mainly by dissolution of soluble particles like feldspar, and partially with dissolution marks of quartz particles. The morphology of the pores is generally irregular and mostly dissolution residual-like under SEM. The moldic pores are pore space formed by complete dissolution of clastic particles, mineral crystals, and organisms, with the original morphology of the particles preserved. Therefore, the moldic pores of the Silurian Xiaoheba Formation reservoirs in Southeast Sichuan are mostly formed by strong dissolution of feldspar and complete dissolution of clastic rocks.
[image: Figure 6]FIGURE 6 | Pore types of the Silurian Xiaoheba Formation reservoirs in Southeast Sichuan. (A) Primary intergranular pores, SLB, the Xiaoheba Formation, SEM, ×2000; (B) Primary intergranular pores without filling, HCC, the Xiaoheba Formation, SEM, ×2000; (C) Feldspar dissolved pores, SLB, the Xiaoheba Formation, SEM, ×2000; (D) Intragranular dissolved pores, moldic pores, SLB, the Xiaoheba Formation, casting thin section (blue), ×10, (−); (E) Intragranular dissolved pores, moldic pores, SLB, the Xiaoheba Formation, SEM, ×2000; (F) Dissolved cracks, SQ, the Xiaoheba Formation, casting thin section (blue), ×10, (−)
4 RESERVOIR DIAGENESIS FEATURES
4.1 Compaction
Compaction existed in the whole diagenetic evolution process of the Xiaoheba Formation reservoirs in different areas of Southeast Sichuan. The twisting and deformation of the plastic constituents like mica caused by compaction can be observed under microscope, and so is the intergranular filling of clay minerals and mica debris, which show a phenomenon of directional distribution among the particles (Figure 7A). With the increase of depth, the contact between the clastic particles changes gradually from point contact to line contact, while the contact of the clastic particles under intense compaction is line contact—concavo-convex contact (Figure 7B). Meanwhile, brittle particles including quartz and feldspar under compaction will be broken along the weak plane or at the contact between particles and then form pressed cracks.
[image: Figure 7]FIGURE 7 | Typical thin sections of the Xiaoheba Formation under compaction in Southeast Sichuan. (A) Mica directionally distributed, SQ, the Xiaoheba Formation, SEM, ×150; (B) Intergranular line contact—concavo-convex contact, PS, the Xiaoheba Formation, (+)
Based on the test data of particle size analysis, taking the northern area of the study area as an example, according to Scherer’s original porosity recovery formula (Scherer, 1987), the average original porosity of its sandstone is 36.1% and the post-compaction average porosity is 9.40%, with the porosity reduction by compaction deemed as 73%, indicating that the reservoirs have been affected by intense compaction.
4.2 Cementation
The main types of cementation in the sandstone reservoirs of the Silurian Xiaoheba Formation in Southeast Sichuan include carbonate cementation and siliceous cement, associated with clay minerals and authigenic feldspar cement both in small numbers, but the cement types and characteristics in the northern part of this study area are different from those in the south. The carbonate cementation of the sandstone reservoirs in the Silurian Xiaoheba Formation in Southeast Sichuan is dominated by calcite, with siderite generally included at the same time. Within the study area, the southern part close to the carbonate rock platforms has higher content of calcite cement, while the northern part far from the carbonate rock platforms has extremely low content of calcite cement. Meanwhile, siderite cement is low in content in the formations of the southern part, but relatively common in the northern one. It indicates that formation fluids in the sedimentary stage of the southern part close to the carbonate rock platforms are rich in Ca2+ and tend to generate calcite cement, resulting in intense calcite cementation and tight reservoirs in the Xiaoheba Formation of the southern part, while the northern part far from the carbonate rock platform is relatively short of Ca2+, and thus generates siderite cement with CO32- and Fe2+.
The calcite cement in the reservoirs of the southern part is mainly porous cement or basal cement (Figure 8A), fills the space between the particles, and plugs the pores with a large quantity, making the reservoirs tight. Meanwhile, the calcite cement in the northern part is quite low in content, and occasionally shows scattered distribution of tiny-dotted calcite under cathodoluminescence (CL) (Figure 8B). Under SEM, it can be seen that part of the dissolved pores has an extremely low quantity of microcrystalline calcite and none are plugged by calcite cement, with all dissolved pores preserved in a good condition. The reservoirs in the northern area have residual calcite dissolution according to SEM (Figure 8C), indicating that although first calcite cementation existed in the northern area before the dissolution occurred, it became extremely rare or even disappeared after the dissolution. Siderite is distributed among the particles in a scattered way with the morphology of euhedral—subhedral rhomb particles, and silty crystalline siderites are also seen growing along particle rims. The siderite in the formations has been mostly turned into limonite by oxidation or moldic pores by dissolution, well preserving the crystal form of the particles (Figure 8D).
[image: Figure 8]FIGURE 8 | Types and features of carbonate cementation of the Xiaoheba Formation reservoirs in Southeast Sichuan, (A) Porous-basal cementation of calcite, HCC, the Xiaoheba Formation, casting thin section (blue), (+); (B) Orange tiny-dotted distribution of calcite, SLB, the Xiaoheba Formation, CL; (C) Intense dissolution of calcite, siliceous cementation in the dissolved pores, LSX, the Xiaoheba Formation, SEM, ×5000; (D) Siderite scattered in the rhomb particle-like morphology, silty crystalline siderite growing along the particle rims, limonite from siderite oxidation, MW, the Xiaoheba Formation, (−); (E) Secondary enlargement of quartz, LSX, the Xiaoheba Formation, SEM, ×8000; (F) Quartz distributed in the dissolved pores in small quantity, SLB, the Xiaoheba Formation, SEM, ×2000; (G) Dissolved pores filled by illite cement, SLB, the Xiaoheba Formation, SEM, ×10000; (H) Intergranular pores filled by chlorite, LSX, the Xiaoheba Formation, SEM, ×10000.
According to the thin section observation, the siliceous cementation in the sandstone reservoirs of the Silurian Xiaoheba Formation in Southeast Sichuan mainly features the secondary enlargement of quartz and pore filling (Figures 8E,F). Besides, most of the siliceous cement is developed along the rims of clastic quartz particles but is generally low in content. Since the siliceous cement content is higher in the northern part than in the southern part, it was inferred that the formation of a large quantity of calcite cement in the southern part relatively inhibited the formation of siliceous cement, while calcite cement was rarely developed in the northern part and thus siliceous cement was more developed instead.
Samples with obvious cementation were collected from the northern area using the inversion method, and the porosity recovery calculation based on the Borad and Wey’s (Yuan et al., 2017) empirical statistical formula was conducted. According to the calculation results, the porosity of the Xiaoheba Formation reservoirs in the northern area was reduced by about 13.04% due to the siliceous cementation, and further reduced by 5.3% due to the carbonate cementation, indicating that the carbonate cementation in the reservoirs of the north was relatively weak.
The content of authigenic clay minerals in the reservoirs is low, while the clay matrix accounts for the greatest proportion, with illite, illite-montmorillonite mixed-layer, and chlorite as the main types of clay minerals. The illite is mostly scaly or silk thread-like in morphology and fills up the intergranular or intragranular dissolved pores (Figure 8G), while the chlorite is pompon-like or flake-like and fills up the intergranular or intragranular dissolved pores (Figure 8H). Besides, micropores can be seen between the illite and chlorite sections under SEM. Among them, illite has a destructive effect on the reservoirs by reducing the pore connectivity and permeability.
4.3 Dissolution
Dissolution, as the constructive diagenesis for the reservoir characteristics of the Xiaoheba Formation in Southeast Sichuan, mainly features different dissolution degrees of clastic constituents. According to microscopy and SEM, the Xiaoheba Formation dissolution mainly occurred to siltstone and extremely fine sandstone in the early—medium diagenetic stage and supergene stage of the diagenesis process. The dissolving fluids are mainly organic acids and carbon dioxide, while the dissolved constituents also include calcareous cement.
Feldspar particle dissolution and early-stage calcite cement dissolution can be seen under a microscope, and siderite dissolution is relatively common in the northern part of the study area. Regarding feldspar dissolution, there are two types, of which one is the dissolution at the feldspar rim, forming intergranular dissolved pores, and the other occurs inside feldspar, mostly occurring along the cleavage cracks and forming honeycomb intragranular dissolved pores and even moldic pores. Some of the feldspar dissolved pores are isolated and others are connected with each other (Figure 9A). The dissolution of calcite mainly features the dissolution of interstitial materials in part of sand mass, especially in the samples from the northern area, which show the residual of calcite dissolution under a microscope. Besides, some of the calcite dissolution pores show the siliceous constituent and albite cemented in the late stage, indicating that calcite cementationoccurred to the Xiaoheba Formation reservoirs once in the northern area in the early stage, and then the calcite was dissolved during diagenesis. The siderite was mostly turned into moldic pores by dissolution (Figure 9B), or limonite by oxidation. The dissolution phenomena as mentioned above demonstrate that the Xiaoheba Formation in the northern part of the study area has undergone relatively intense dissolution and diagenesis.
[image: Figure 9]FIGURE 9 | Types and features of dissolution in the Xiaoheba Formation reservoirs in Southeast Sichuan; (A) Feldspar dissolution pores connected with each other, HL, the Xiaoheba Formation, SEM, ×1800; (B) Moldic pores formed by siderite dissolution, LSX, the Xiaoheba Formation, casting thin section (blue), ×20, (−).
The porosity of the reservoirs increased after dissolution basically equals the dissolved secondary pores preserved to date. According to the calculation, the porosity of the Xiaoheba Formation in the northern area was increased by 4.8% or so by dissolution, effectively improving the physical characteristics of the reservoirs. The post-dissolution average porosity was about 5.92%, close to the porosity at present.
5 EVOLUTION OF RESERVOIR DIAGENESIS
5.1 Diagenetic Stage Classification
Based on the systematic research in the diagenesis features of the Xiaoheba Formation in Southeast Sichuan in combination with the diagenetic stage classification in Oil and Natural Gas Industry Standard of the People’s Republic of China (SY/T 5477—2003) and the paleogeotemperature restoration, with the clay mineral combination, illite-montmorillonite mixed-layer ratio (I/S value), characteristics of authigenic minerals, and vitrinite reflectance (Ro) as the main basis, this paper classified the diagenetic stages of the reservoirs in different parts of the Xiaoheba Formation in Southeast Sichuan.
The main clay minerals in the sandstone reservoirs of the Xiaoheba Formation in the northern area are illite and chlorite, with the content of 45–55% and 20–32%, respectively, and the average content of 50.8% and 20.2%, respectively, followed by kaolinite, with the content of 8–22% and the average content of 15.6%. The chlorite-smectite mixed layer has basically disappeared, while the illite-montmorillonite mixed-layer exists in content at 6–13%, with an average of 8.2% (Figure 10A). The Ro value is high, with the MIN value at 2.2% and the MAX value at 3.13%, and the average value at 2.65%, and thus the thermal evolution is in the over-mature stage. The secondary enlargement margin of quartz has been extensively developed and features a large width. When measuring the homogenization temperature of the brine inclusion in the siliceous cement of various samples, it found that the inclusion homogenization temperature featured double peaks (Figure 11A), indicating that two phases of massive quartz enlargement have occurred during Periods A and B of the medium diagenetic stage. It illustrates that the diagenetic evolution of the Xiaoheba Formation reservoir in the northern area has reached the late diagenetic stage (Figure 12A).
[image: Figure 10]FIGURE 10 | Relative content percentage of clay minerals in the Xiaoheba Formation; (A) Northern; (B) Southern.
[image: Figure 11]FIGURE 11 | Histogram of aqueous inclusion homogenization temperature of the Xiaoheba Formation; (A) Northern; (B) Southern.
[image: Figure 12]FIGURE 12 | Diagenetic stage classification of the Xiaoheba Formation in Southeast Sichuan; (A) Typical diagenetic sequence of the MW section of the Xiaoheba Formation in the northern area; (B) Typical diagenetic sequence of the HCC section of the Xiaoheba Formation the southern area
The main clay minerals in the sandstone reservoirs of the Xiaoheba Formation in the southern area are illite, with the average content of 48.5%, followed by chlorite, with the average content of 20.0%. Besides, the illite-montmorillonite mixed-layer ratio (I/S value) is about 15.6%, and the mixed layer is located in the ordered mixed layer of illite/montmorillonite, with illite + illite-montmorillonite mixed-layer + chlorite as the common clay mineral combination (Figure 10B). The vitrinite reflectance is generally higher than 1.7%, and therefore the thermal evolution is in the over-mature stage. According to the measurement of the fluid inclusion temperature, the homogenization temperature of fluid inclusion inside the secondary enlargement margin of quartz has two peak values, i.e., 120°C–130°C and 140°C–150°C, respectively, representing that the secondary enlargement has occurred twice (Figure 11B). The pores in the sandstone are dominated by secondary pores and cracks, of which most are filled with calcite or asphalt. It illustrates that the sandstone of the Xiaoheba Formation in the southern area has reached Period B of the medium diagenetic stage—the early stage of the late diagenetic stage (Figure 12B).
5.2 Diagenetic Evolution Process
In the early diagenetic stage, the Xiaoheba Formation in Southeast Sichuan had its stratum depth continuously increasing, and had its original porosity quickly decreased by compaction, which severely damaged the primary pores. Meanwhile, the carbonate cement including calcite and siderite began to deposit. The dissolution of calcite and siderite in the early stage can be observed through thin section authentication and SEM, while the early-stage carbonate cement resisted the compaction and the formation of quartz secondary enlargement to some extent, conducive to the preservation of the reservoir pores. In the medium diagenetic stage, when the dissolution mainly occurred, the organic acids generated after the maturation of the source rocks in the underlying Longmaxi Formation entered the strata in large numbers, dissolving feldspar and carbonate cement, and producing a great number of secondary dissolved pores. The dissolution in the Xiaoheba Formation reservoirs in the northern area was relatively intense, showing bay-like or honeycomb particle rims and insides caused by dissolution and also the asphalt inclusion on residual orthoclase, which indicated that the reservoirs had been reformed by dissolution of the organic acids related to the oil and gas generation in the early—medium diagenetic stage. In the late diagenetic stage, the diagenesis was dominated by cementation, with a difference between the northern and southern areas. Since the calcite cement occupied the space in the dissolved pores, the pores were sharply reduced, making it unfavorable for reservoir development. The siliceous cement, mostly existing in the form of quartz secondary enlargement, filled up part of the original pores, and was relatively hard to dissolve at the same time, also damaging the reservoirs. Nano-scale and micron-scale micropores were extensively distributed in the clay minerals, making certain contributions to the physical characteristics of the reservoirs. In the southern area, the cementation was dominated by calcite cementation and formed tight caliche, and thus the calcite cementation was the main reason for the deterioration of the physical characteristics of the reservoirs. Meanwhile, in the northern area, the cementation was dominated by quartz secondary enlargement, which extensively occurred but was underdeveloped, with low content. It can be observed through thin section authentication and SEM that most of the dissolved pores have not been plugged by cement that was generated later, thus the reservoir pores are well preserved.
6 DISCUSSION
6.1 Sedimentary Facies—Physical Characteristic Relationship in Different Parts of the Study Area
The sediment of the Xiaoheba Formation in the study area is generally fine, and the sedimentary microfacies have relatively weak control on the reservoirs, but inhomogeneity exists between different microfacies. The Xiaoheba Formation in the northern area of the study area has mainly developed the sedimentary microfacies of the underwater distributary main channel of the distal shallow-water delta front. The sediment here has relatively coarse particle sizes, and is dominated by medium-bedded—thick-bedded fine-grained quartz sandstone and siltstone, which are interbedded with thin-bedded mudstone, and locally distributed with pebbly fine sandstone, with low content of interstitial materials. Through the observation of a lot of thin sections, it was found that, in the sandstone-mudstone interbedded reservoir, the effective pores were mainly developed in the fine sandstone and coarse siltstone with higher thickness and coarser particle sizes, and that the porosity would go up with the increase of both the sand body thickness and the particle size (Figure 13A). Additionally, it is easier for the lithological combination of medium-bedded—thick-bedded sandstone + thin-bedded mudstone to form cracks and thereafter connect the reservoirs to each other (Figures 14A–C). Therefore, the porosity and permeability of the medium-bedded—thick-bedded fine sandstone reservoirs in the sedimentation of the underwater distributary main channel microfacies in the northern area are best (Figure 13B), with large crack opening, good connectivity, and tendency to form favorable reservoirs.
[image: Figure 13]FIGURE 13 | Relationship of physical characteristics respectively with lithology and sedimentary microfacies of the Xiaoheba Formation in the northern area; (A) Relationship between lithology and physical characteristics; (B) Relationship between sedimentary microfacies and physical characteristics
[image: Figure 14]FIGURE 14 | Schematic of reservoir crack development models of the lithological combinations corresponding to various sedimentary microfacies.
The Xiaoheba Formation in the southern area of the study area has mainly developed the sedimentary microfacies of an estuary bar, sheet sand, distal bar, and interdistributary bay of the distal shallow-water delta, which are far from the main channel and weak in hydrodynamic power. The sediment has fine particle sizes and is dominated by medium-bedded—thin-bedded siltstone and argillaceous siltstone, with higher content of interstitial materials than that of the sand bodies in the underwater distributary channel, and underdeveloped effective pores. Further, the lithological combination of medium-bedded—thin-bedded sandstone + relatively thick-bedded mudstone of the Xiaoheba Formation in the southern area features small crack opening, low porosity, and poor connectivity (Figures 14D–F). Therefore, the reservoirs in the southern area feature poorer physical characteristics than those in the northern area, and are tight reservoirs with low porosity and permeability.
6.2 Diagenesis and Physical Characteristics in Different Regions of the Study Area
The diagenesis process of the Xiaoheba Formation reservoirs in the northern area of the study area can be summarized as four major stages: compaction—early-stage weak cementation of calcite—intense dissolution—late-stage weak cementation of quartz secondary enlargement. According to the statistics of the apparent compaction rates and porosity of the sandstone samples from the study area and the intersection diagram of apparent compaction rate—porosity (Figure 15A), the compaction of the Xiaoheba Formation in the study area is generally medium, and has caused the original porosity to decrease rapidly and severely damaged the primary pores in the initial stage of deep burial. Under the influence of the compaction, the sandstone volume shrank, while the reservoirs became tight and had their physical characteristics deteriorated since the original intergranular pores continuously disappeared. In the early burial stage, since the carbonate platform was far away, the carbonate cementation was weak and plugged a few primary sandstone pores. Therefore, the influence of carbonate cement on the reservoirs was mainly destructive, with a large number of primary pores preserved due to the low content of carbonate cement. Cementation can further reduce the number of pores, but the pore reduction caused by cementation is reversible compared to that caused by compaction. Carbonate cementation can be dissolved under acidic conditions, while siliceous cementation can be dissolved under alkaline conditions, and they both then produce secondary pores, degrading the tightness of the reservoirs to some extent. Dissolution is a kind of ameliorative diagenesis and the apparent dissolution intensity is positively correlated with the porosity to some extent based on the projected point figure of them (Figure 15B). The dissolution of the Xiaoheba Formation in the northern area mainly occurred in feldspar, carbonate cement, and the inside of clastic particles, forming many dissolved pores that achieved certain improvement of the physical characteristics of the reservoirs. Moreover, the higher the intergranular dissolution intensity, the higher the porosity and the better the corresponding reservoir characteristics. In the reservoirs in the northern area, the siliceous cementation in the late diagenetic stage was relatively weak and mostly existed in the pores in the way of quartz secondary enlargement, but its destructive effect on the physical characteristics of the reservoirs is negligible due to its low content.
[image: Figure 15]FIGURE 15 | Relationship between diagenesis parameters and reservoir porosity of the Xiaoheba Formation in the northern area; (A) Apparent compaction rate—porosity; (B) Intense apparent dissolution—porosity.
The diagenesis process of the Xiaoheba Formation reservoirs in the southern area of the study area can be summarized as four major stages: compaction—early-stage intense cementation of calcite—weak dissolution—late-stage intense cementation of calcite. According to thin section observation under a microscope, the compaction of the Xiaoheba Formation reservoirs in the southern area is to a medium—intense degree mainly because the mineral particles are directionally arranged after compaction, and mica particles, at the same time, are bent and deformed in the setting of sedimentary compaction and intense tectonic compression, with the intergranular contact changing from point contact to line contact or even concavo-convex contact. The diagenesis process in the northern and southern areas of the study area is different from each other mainly in the types of cement and the development degree of cementation, which are also the main reasons for the difference in the physical characteristics between the reservoirs in the northern and southern areas. The Xiaoheba Formation in the southern area has significant carbonate cementation in the lower part and significant siliceous cementation in the upper part. Since it is close to the carbonate platform, the calcite cementation was intense in the early burial stage, with cement plugging primary sandstone pores, forming tight caliche, and reducing the reservoir porosity. According to the projected point figures of porosity and the apparent carbonate cementation rate and apparent siliceous cementation rate drawn by taking the points with the porosity > 1%, the porosity generally decreases with the increase of apparent carbonate and siliceous cementation rates and content (Figures 16A,B). Meanwhile, the Xiaoheba Formation reservoirs in the southern area make it difficult acidic fluids to enter due to the intense carbonate cementation, and thus have weaker dissolution than the reservoirs in the northern area, which are mainly concentrated in the layers with particle mass enrichment and high feldspar content. The dissolved pores in the layers with the development of particle mass enrichment are mostly intergranular dissolved pores that are further formed on the basis of primary intergranular pores, while the dissolved pores in the layers with high feldspar content are mainly intragranular dissolved pores formed by dissolution of unstable constituents including feldspar, generally featuring poor reservoir characteristics. In addition to the influence of the carbonate platform in the late diagenetic stage, the calcite cementation was intense, leading to further deterioration of the physical characteristics of the reservoirs and the formation of tight sandstone reservoirs.
[image: Figure 16]FIGURE 16 | Relationship between diagenesis parameters and reservoir porosity of the Xiaoheba Formation in the southern area; (A) Apparent cementation rate (carbonate)—porosity; (B) Apparent cementation rate (siliceous)—porosity
6.3 Inhomogeneous Sedimentation—Diagenesis—Reservoir Formation Mode
The sandstone type, which is controlled by the nature of the parent rock, as well as transport and deposition, together with lithological constituent characteristics, have influence over the types and characteristics of water-rock reaction products and the evolution of the diagenetic pore (Gong et al., 2003; Xiao et al., 2003; Su et al., 2006; Yu et al., 2007; Yuan et al., 2007; Wood, 2013; Wan et al., 2014; Zheng and Liu, 2015), which in turn has an impact on the reservoir properties. With the research above, combined with the regional geological research achievements, the inhomogeneous sedimentation—diagenesis—reservoir formation mode for the Xiaoheba Formation in the northern and southern areas of Southeast Sichuan was established (Figure 17).
[image: Figure 17]FIGURE 17 | Inhomogeneous sedimentation—diagenesis—reservoir formation mode of the Xiaoheba Formation in Southeast Sichuan; (A) Northern area; (B) Southern area.
6.3.1 Northern Area
In the sedimentation period of the Xiaoheba Formation, the provenance of Xuefeng Mountain in Southeast Sichuan were transported to and unloaded in the dominant accommodation space in the Sichuan Basin along the gentle-slope ravines from southeast to northwest, and then formed the thick-bedded sandstone sedimentation of the underwater distributary main channel of the distal shallow-water delta front in the northern part of the study area, with good original physical characteristics of the reservoirs. From the contemporaneous period to early Period A of the early diagenetic stage, the rocks were weakly consolidated—semi-consolidated, producing mechanical compaction, which reached its peak in Period B of the early diagenetic stage. With the continuous increase of the sedimentation burial depth, the sediment began to enter the medium diagenetic stage, in which the organic matter in the underlying Longmaxi Formation gradually entered the maturation stage, with strongly acidic pore fluid. The most important diagenesis at this stage was the dissolution of early-stage calcite cementation and feldspar, which produced a certain number of dissolved pores. Meanwhile, the feldspar dissolution and the organic acids from source rocks provided a great number of siliceous sources for the quartz secondary enlargement, and quartz began growing spontaneously in part of the remaining intergranular pores until the late diagenetic stage. When the late diagenetic stage began, since the acid discharge capacity of the organic matter began to descend, the pH value of the pore water gradually increased and became alkalescent, while ferrocalcite and ankerite started to deposit, occupying most of the primary and secondary pores. At the same time, due to the tectonic effect, the Silurian strata in the study area began to rise, producing a certain number of broken cracks, which had some improvement effect on the reservoir permeability but contributed little to the porosity. Therefore, the Xiaoheba Formation in the north is a delta front main channel—acidic dissolution—relatively high porosity-permeability reservoir (Figure 17A).
6.3.2 Southern Area
In the sedimentation period of the Xiaoheba Formation, the southern area of the study area experienced the interactive development of thin-bedded sandstone, argillaceous siltstone, and mudstone. As a result, underwater distributary channel, sheet sand, and distal bar deposition formed in the distal shallow-water delta front that were far from the main channel. These deposits have relatively fine particle size and high shale content, thus serving as the material basis for the tight reservoirs in this area. The Xiaoheba Formation reservoirs in this area also underwent intense compaction. Additionally, since they are close to the carbonate platform and have sufficient calcareous sources, the carbonate cement like calcite cement began to sediment as early as in Periods A and B in the early diagenetic stage with the increase of the rock burial depth and the variation of the diagenetic environment, and filled up most of the residual primary space. The formation of calcite cement in a large amount lasted even up to the late diagenetic stage and finally plugged a great deal of pore space. Meanwhile, the intense carbonate cementation made it hard for acidic fluid to enter the reservoirs, leading to insufficient dissolution. Generally speaking, the Xiaoheba Formation in this area is a delta front distal bar/sheet sand—carbonate cementation—low porosity-permeability reservoir (Figure 17B).
7 CONCLUSION

1) In the sedimentation period of the Xiaoheba Formation in Southeast Sichuan, the provenance of Xuefeng Mountain was transported to and discharged in the dominant accommodation space in the Sichuan Basin along the gentle-slope ravines from southeast to northwest, and then formed the sedimentary microfacies of the underwater distributary main channel of the distal shallow-water delta front in the northern part of the study area, while forming the microfacies of an estuary bar, sheet sand, distal bar, and interdistributary bay in the southern area. The physical characteristics of the sandstone are positively correlated with the thickness and particle sizes. The microfacies sandstone of the underwater distributary main channel dominated by medium-bedded—thick-bedded sandstone has high porosity, large crack opening, and good connectivity, followed by the microfacies sandstone of an estuary bar with medium-bedded sandstone interbedded with mudstone featuring medium porosity, crack opening, and connectivity. Meanwhile, the microfacies of distal bar and sheet sand correspond to the sandstone reservoirs with high mudstone content, low porosity, and poor connectivity.
2) The Xiaoheba Formation in the study area is generally in the late diagenetic stage, and has main reservoir space types including various kinds of dissolved pores, micro-cracks, and pore-crack reservoir space systems, with evident inhomogeneity in the diagenetic evolution between the northern and southern areas.
3) The difference in the diagenesis process between the northern and southern parts of the study area is mainly reflected in the cement types and development degree, which are the main reasons for the inhomogeneity of physical characteristics between the reservoirs in the two areas. For the northern part, the geological conditions for the formation of relatively superior reservoirs are better, and acidic dissolution plays a major role in the improvement of the physical characteristics of the reservoirs. In addition, since the northern area is far from the carbonate platform, soluble minerals including early-stage cement and feldspar have formed pore space through the reformation by dissolution. Besides, the late-stage cementation is dominated by quartz secondary enlargement in a small amount. Therefore, the dissolved pores are well preserved, with relatively good physical characteristics. However, the southern area is close to the carbonate platform and has a great amount of calcite formed in the early and late diagenetic stages both due to the sufficient calcareous sources, resulting in plugged pores, tight reservoirs, and poor physical characteristics.
4) The Xiaoheba Formation in the study area features two different sedimentation—diagenesis—reservoir formation modes, namely being the northern area—delta front main channel—acidic dissolution—relatively high porosity-permeability reservoirs, and the southern area—delta front distal bar/sheet sand—carbonate cementation—low porosity-permeability reservoirs.
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The classification method of karst formations is widely used in engineering and environmental geology but is seldom used in petroleum geology. In this study, the classification method of karst formations is applied to the sealing study of shale gas roof and floor carbonate rocks, and the influence on shale gas accumulation and drilling is discussed. The Paleozoic black shale in southern China is primarily formed by marine and transitional faces, and the intergrowth between shale and carbonate rocks is a basic geological feature of the Paleozoic strata in southern China. Carbonate karst is an unavoidable problem in shale gas exploration in southern China. Around the black shale target layer, in the Upper Paleozoic trait region, the study starts from the development strength of karst strata, through geological profile survey, spring flow statistics, test, and other methods and means; the shale and the carbonate rock contacted with it are taken as a whole to explore the impact of karst strata on shale gas drilling. The Upper Paleozoic karst strata in the study area were divided into two kinds, four types, and six subtypes. It was determined that the limestone continuous karst strata of the Sidazhai Formation and the second member of the Nandan Formation are the sensitive layers of shale gas drilling, whereas the first number of Nandan and Wuzhishan formations are shale reservoir-forming packers. In addition, a method for evaluating the karst sensitivity of shale gas exploration is summarized. The karst avoidance, karst-sensitive, and karst-insensitive areas for shale gas exploration were divided. Combined with the surface and underground conditions and the basic geological conditions of shale gas not being significantly different, shale gas drilling should avoid the fold core and fault zones.
Keywords: shale gas, karst drilling accident, shale roof and floor, karst formation, karst-sensitive area
INTRODUCTION
Shale gas is an unconventional oil and gas resource and a hotspot in global energy research (Liss 2014; Jia et al., 2016; Ma et al., 2018; Ma and Xie, 2018; Sarkar et al., 2018; Zhang et al., 2020a). It has low porosity and permeability and contains coexisting free gas and adsorbed gas (Wang et al., 2016; Zhang et al., 2022b). Shale gas exploration and development are currently being carried out by advanced technology in the United States and Canada (Soeder 2018; Ladevèze et al., 2019; Li et al., 2020; Fahad et al., 2021); although the research, exploration, and development of shale gas in China have started not long time ago, a significant progress has been made in the shale exploration technology (Jiang et al., 2012; Zou et al., 2015, Zou et al., 2016; Fang 2019; Liang et al., 2020; Du et al., 2021; Gao et al., 2021; Zhang, et al., 2022a). Studies on shale gas have focused on the Sichuan Basin (Liu and Wang, 2016; Li et al., 2017; Liu et al., 2017; Zeng et al., 2018), and relatively little research has been conducted in southern Guizhou. With further research, scholars believe that the Jiusi, Liangshan, and Longtan Formations are the three main targets for shale gas formations in southern Guizhou (Tang et al., 2014; Zhang et al., 2016). The shale of the Huohong and Dawuba Formations of the Upper Paleozoic has high organic matter content and wide distribution, which is a shale gas target with great exploration potential in the southern Guizhou area (Miao 2018; Yuan et al., 2018).
In karst areas, drilling risks are high, and karst geological problems are prominent. In recent years, drilling and construction problems, such as cavitation, leakage, mud overflow, and other phenomena and even shut-in and abandoned wells have occurred several times. The Paleozoic strata in southern China are mainly formed by marine and transitional facies, and the mutual development between shale and carbonate rocks is the basic geological feature of the Paleozoic strata in southern China (Ma et al., 2011; Dan et al., 2013). Carbonate karst is an unavoidable problem for shale gas exploration in southern China, and karst poses a significant challenge for drilling in southern China. The classification method of karst formations is widely used as an important measure to study carbonate karst in engineering and environmental geology but less in petroleum geology. Karst formations focus on the thickness ratio and continuous thickness of rock strata and their combinations to reflect the karst development intensity and water-bearing and permeability characteristics of carbonate rocks. This is different from chronostratigraphy and biostratigraphy. It is also different from the general rock stratigraphic units of the Comprehensive Group of Projects on the Prediction, Utilization, and Management of Karst Groundwater Resources and Karst Water in the Dashui Mining Area in North China (1991). The combination types formed by carbonate rocks of different lithologies form the basis of the karst types. According to the statistics of the combination characteristics, thickness ratio, and continuous thickness of rock strata of different composition and structure types, the type of karst formations adopts the three-level classification method, and the first level of karst formations is divided by group statistics. The second class of karst formations is divided by segments: classification of the tertiary “subtype” of karst formations in lithological sections (Dan et al., 2015). Previous studies have classified the carbonate karst formations in the Halahatang region of Xinjiang (Dan et al., 2015).
The sedimentary environment of the black shale in southern Guizhou is relatively deep, and shale gas accumulation is closely related to carbonate rocks. Therefore, it plays an important role in selecting shale gas accumulation, drilling location, and drilling prevention measures to clarify the degree of development and spatial distribution of the top and bottom carbonate karst formations in the study area in contact with the shale gas target strata. Previous studies on shale gas in southern Guizhou mainly focused on the search and evaluation of shale gas target formations, and few studies analyzed the shale gas target formation and carbonate rocks in contact with it as a whole. To understand the influence of karst development in shale gas exploration, this study focused on field profiles, sample tests and analyses, spring surveys, and comprehensive surface and underground conditions (geophysical interpretation). For this study, we considered the target layer of shale gas in southern Guizhou and the carbonate rocks in contact with it as a whole, and the Upper Paleozoic carbonate rocks are divided according to the idea of karst formation. The karst development of carbonate rocks in the shale gas cap and floor was evaluated, and its influence on shale gas accumulation and drilling was discussed.
GEOLOGICAL BACKGROUND
The southern Guizhou Depression is located southeast of Guizhou and tectonically on the southwest margin of the Yangtze continental block. It is a residual ocean basin formed after multi-stage basin-forming sea–land conversion and is triangular in-plane (Xu et al., 2010; Zhang 2010) (Figure 1). It is adjacent to the Jiangnan uplift in the east, central Guizhou uplift in the northwest, Luodian Fault Depression in the southwest, and Guizhong Depression in the southeast. The southern Guizhou Depression experienced multi-stage tectonic movement, and the Caledonian stage was a relatively stable developmental stage of the Yangtze platform, which deposited a set of platform facies carbonate rocks. The Hercynian period is the development stage of the fault depression and the main forming stage of the southern Guizhou Depression. The Indosinian period was a period of depression development, while the Indosinian Movement ended the marine sedimentary history in the region (Mao et al., 1999; Wu 2003). The southern Guizhou Depression is based on the late Proterozoic metamorphic rock series, the sedimentary cover is Sinian–Triassic, and the surface outcrops change from old to new from east to west.
[image: Figure 1]FIGURE 1 | Structural outline map, field profile, and spring survey map of the Qiannan area.
ANALYTICAL METHOD
Based on the field shale-karst geological survey and the test and analysis of samples, this study analyzed the geological characteristics of shale strata, such as lithology, organic carbon content, and vitrinite reflectance, and divided karst formations into kinds, types, and subtypes. Combined with the statistics of the number of fractures and caves in the field, the number of spring points, the flow rate of spring points, the development characteristics of karst formations in the study area, and the shale-related carbonate rocks are described in detail, and the karst-sensitive strata and favorable intervals are divided. An evaluation method for karst sensitivity in shale gas exploration is proposed based on surface and underground conditions (geophysical interpretation). In case there is an insignificant difference in the basic geological conditions of shale gas, the avoidance zone for the deployment of shale gas drilling is proposed in the study area.
We conducted a systematic field study of the Upper Paleozoic section in the southern Guizhou area and observed three field sections (Chuangjing, Fengting, and Linna of Luodian), 21 spring points, and 19 large karst caves in detail, as well as one drilling core (Well ZY1). On this basis, systematic sampling was conducted, and 36 shale samples were selected, including 15 from the first member of the Huohong Formation, seven from the third member of the Huohong Formation, eight from the Dawuba Formation, and six from the upper part of the first member of the Nandan Formation of the Upper Carboniferous. A total of 36 shale samples were tested and analyzed for organic carbon content and vitrinite reflection. The samples selected include eight limestone samples, two lenticular limestones of the Wuzhishan Formation, two flinty limestones of the first member of the Nandan Formation, three limestone conglomerates of the second member of the Nandan Formation, and one micritic limestone of the Sidazhai Formation. Eight limestone samples were identified using thin-section identification and pore permeability tests. The experimental data in this study were obtained from the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation at the Chengdu University of Technology. The laboratory was established in 1990 with the approval of the National Planning Commission of China and the National Education Commission of China and passed the evaluation of the National Laboratory with good results in 2000, 2005, and 2010.
RESULTS
Analysis Results of Shale Samples
The samples collected were mainly black shale from the Upper Paleozoic. According to the field investigation, black shale mainly developed in the first member of the Middle and Lower Devonian Huohong formations (D1-2h1), the third member of the Huohong Formation (D1-2h3), the Lower Carboniferous Dawuba Formation (C1-2dw), and the upper part of the first member of the Upper Carboniferous Nandan Formation (CPn1) (Figure 2). The first (D1-2h1) and third members (D1-2h3) of the Huohong Formation are a set of semi-bathyal or platform sedimentary facies mainly composed of gray-black claystone, limestone, and marl, containing slub stones and planktonic ostracod fossils. The formation thicknesses of D1-2h1 and D1-2h3 were 165–196 m and 72–85 m, respectively. The second member (D1-2h2) of the Huohong Formation is thick quartz sandstone with a thickness of 60–90 m. The lithology of the Dawuba Formation (C1-2dw) is black shale, yellow-brown shale, sand shale, and calcareous shale with thin siliceous rock, sandstone, siliceous shale, and iron-bearing nodules, often with limestone and argillaceous limestone in the upper part, with thicknesses of 378–411 m. The first member of the Nandan Formation (CPn1) is a platform basin to slope facies, which is integrated into the thin–medium thick siliceous layer of the Dawuba Formation. The lithology is mainly flinty limestone mixed with shale and siliceous rock, of which shale primarily exists in the upper part, and limestone mainly exists in the lower part with a thickness of 21–274 m. The second member of the Nandan Formation (CPn2) is mainly composed of medium-thick micritic limestone and bioclastic micritic limestone, with almost no shale or siliceous rocks, and the stratum thickness is 283–559 m (Table 1).
[image: Figure 2]FIGURE 2 | Lithologic characteristics of shale in different layers.(A) Carbonaceous shale of the Devonian Huohong Formation (Chuangjing profile in Luodian). (B) Carbonaceous shale containing slub stone of the Devonian Huohong Formation (Chuangjing profile in Luodian). (C) Siliceous shale and carbonaceous shale of the Dawuba Formation (Chuangjing profile in Luodian). (D) Limestone intercalated with carbonaceous shale of the Nandan Formation (Fengting profile in Luodian). (E) Carbonaceous shale of the Devonian Huohong Formation (Chuangjing profile in Luodian). (F) Shale of the Huohong Formation, development of fracture in the limestone interlayer (Chuangjing profile in Luodian).
TABLE 1 | Stratigraphic division table of Upper Paleozoic in the Qiannan area.
[image: Table 1]The total organic carbon content (TOC) can reflect the amount of organic matter in shale, which is usually used to measure the abundance of organic matter and is also a key parameter for evaluating the hydrocarbon generation capacity of shale (Zhao et al., 2021). Vitinite reflectance (Ro) is often used as an effective indicator to determine the degree of thermal evolution in source rock reservoirs. According to the classification standard for the maturity stage of black shale in South China, Ro<0.5% is immature, 0.5%–1.3% is mature, 1.3%–2.0% is highly mature, and 2.0%–3.0% is early over-mature. It is also observed that 3.0%–4.0% is in the late over-mature stage, whereas Ro over 4.0% is in the metamorphic stage (Zhang, et al., 2020b; Zhao et al., 2021). According to measured organic geochemical data, the organic carbon content of shale in southern Guizhou is between 0.2% and 4.5%, and the organic carbon content is relatively high in general. The maximum organic carbon content of 4.5% occurs in the first member of the Huohong Formation (Figure 3). The organic carbon content of the samples measured in the first section of the Huohong Formation was 1.04%, that of the third section of the Huohong Formation was 1.48%, that of the Dawuba Formation was 1.52%, and that of the first section of the Nandan Formation was 2.51%. According to the vitrinite reflectance (Ro) test data of the shale, the lowest value was 3.0%, which occurred in the first member of the Huohong Formation, and the highest value was 5.1%, which occurred in the first member of the Huohong Formation and the first member of the Nandan Formation. Overall, the Ro of the shale in each group ranged from 3.0% to 5.1%, which is in the stage of over maturity and metamorphism, with little difference among the groups (Figure 4).
[image: Figure 3]FIGURE 3 | Distribution map of the shale organic carbon content in different horizons in the Qiannan area.
[image: Figure 4]FIGURE 4 | Distribution map of vitrinite reflectance (Ro) in different layers of shale in the Qiannan area.
Classification of Karst Formations
The shale-related carbonate rocks in the study area mainly include marl of the Wuzhishan Formation (D3wz), limestone of CPn2, and flinty limestone of the Sidazhai Formation (P1-2s). Considering these three sections as the key research layers, the karst formations in the study area can be divided into two kinds (homogeneous pure carbonate rock and heterogeneous carbonate rock), four types (the carbonate continuous type, clastic rock and carbonate rock interbed type, clastic rock intercalated with carbonate rock type, and carbonate rock intercalated with clastic rock type), and six subtypes (micrite, crystalline grain limestone subtype, the chert limestone subtype, the argillaceous band limestone subtype, the shale and limestone interbed type, shale intercalated with limestone subtype, and limestone intercalated with shale subtype) (Table 2).
TABLE 2 | Classification table of carbonate karst formation types in the Qiannan area.
[image: Table 2]Based on previous research results (Dan et al., 2015), combined with the lithology, thickness ratio, continuous thickness, and combination form of the study area, the karst formations of the Upper Paleozoic carbonate rocks in southern Guizhou are classified. The strong karst formations are carbonate continuous-grain stone subtypes, and the strata are the second member of the Nandan Formation. The medium-strong karst formations belong to the carbonate continuous-flinty limestone subtype, and the strata belong to the Sidazhai Formation. Weak-medium karst formations are carbonate intercalated with clastic rock, marl, and limestone intercalated with mudstone, and the strata are the lower part of the first member of the Nandan and Wuzhishan formations. The weakly karstified formations are clastic rock interbedded carbonate type-shale interbedded limestone subtype and clastic rock interbedded carbonate type-shale interbedded limestone subtype, and the strata are the first member of the Huohong Formation and the lower part of the first member of the Nandan Formation (Figures 5, 6).
[image: Figure 5]FIGURE 5 | Karst formation division of the Linna section of Luodian, Qiannan area.
[image: Figure 6]FIGURE 6 | Karst formation division of the Fengting section of Luodian, Qiannan area.
Development Characteristics of Karst Formations
Karst-Fracture Characteristics
According to field investigations, thin section identification, and drilling core observations, there are no obvious dissolution pores in the argillaceous limestone section of the Wuzhishan Formation or the interbedded section of flint limestone and shale in the lower part of CPn1, and fractures and interbedded surfaces are the main storage spaces. Karst caves and fractures are well-developed in the middle thick limestone continuous section of CPn2, but the dissolution pores are locally developed, and their distribution is extremely uneven. The continuous intervals of middle-layered limestone in the Sidazhai Formation are mainly composed of fractures and karst caves (Figure 7). The number of karst caves reflects the karst intensity of different strata on one side. In this study, the number of karst caves with widths greater than 40 cm was used in the field profile. We could have considered small karst caves with a width of less than 40 cm to be modern karst caves formed by near-surface carbonate rock strata being dissolved in a short duration, which is not representative; therefore, the number was not counted. The data show that the karst caves in CPn2 are the most developed, followed by those in P1-2s, and the karst intensity is relatively strong. There were no large karst caves in D3wz or CPn1, and the degree of karst development was relatively weak (Figure 8).
[image: Figure 7]FIGURE 7 | Reservoir space types of different karst formations. (A) Karst caves are developed in CPn2 (Fengting section in Luodian). (B) Marl of the Wuzhishan Formation. Reservoir space is the interlayer gap and fracture (Fengting section in Luodian). (C) Karst caves are developed in CPn2 (Luotuo section in Luodian). (D) Karst caves are developed in CPn2 (Mengjiang Bridge in Luodian). (E) Limestone with solution pores of CPn2 (Fengting section in Luodian). (F) Limestone with solution pores of the Sidazhai Formation (Fengting section in Luodian). (G) Limestone of CPn2, fracture growing (Fengting section in Luodian). (H) Limestone of CPn2, fracture growing (Fengting section in Luodian). (I) ZY1 limestone of CPn2, fracture growing (well ZY1); (J). Marl of the Wuzhishan Formation, fracture growing (well ZY1))
[image: Figure 8]FIGURE 8 | Statistics on the number of karst caves and spring points and the average flow of spring in the different formations of Devonian Permian in the Qiannan area.
Spring Point and Flow Characteristics
The number of spring points and amount of discharge in different strata can also reflect the degree of development of karst fractures and underground rivers in the interior of the corresponding strata and the occurrence degree of groundwater. The investigation of 21 spring points on the surface of the study area shows that the spring points are exposed in several strata but mainly in the Sidazhai Formation (Figure 8). The number of spring points was 12, which is significantly higher than that of the other strata. The Nandan and Wuzhishan Formations are less exposed. There are also a few spring points exposed in the Huohong and Dawuba Formations of the shale. According to the statistics of the spring flow, the average flow rates of D1-2h2, D3wz, and CPn2 are less than 1 L/s. The average flow rate of CPn1 was generally 4.7 L/s. The number of spring points in the Dawuba Formation is small, but the flow rate is high, reaching 21.21 L/s. The average flow rate of the Sidazhai Formation was the largest, reaching 29.31 L/s. However, the flow rate of the spring points in this stratum was significantly different, with the lowest of 1.11 L/s and the highest of 65.21 L/s. Overall, the Sidazhai Formation has a strong degree of karst development and abundant formation water; CPn1 and CPn2 have general karst development and underdevelopment of formation water; the Wuzhishan Formation suffers from weak karstification and underdevelopment of groundwater (Figure 8).
Physical Characteristics
The physical properties of limestone are closely related to lithology, which is the basis of other factors affecting the physical properties of limestone. The outcropping sample test showed that the average porosity and maximum permeability of the lenticular limestone in the Wuzhishan Formation (D3wz) were 1.50% and 0.0014 × 10−3 μm2, respectively, and the average porosity and maximum permeability of the flinty limestone in the interbedded section between flinty limestone and shale in the Nandan Formation were 1.62% and 0.0015 × 10−3 μm2, respectively. The limestone conglomerate porosity of CPn2 was greater than 2.0%, with an average porosity of 2.09%. The minimum, maximum, and average permeabilities were 0.0005 × 10−3 μm2, 0.0033 × 10−3 μm2, and 0.0018 × 10−3 μm2, respectively. The permeability of CPn2 varies significantly. The average porosity of the middle-layered micritic limestone in the Sidazhai Formation (P1-2s) was 1.33%, and the permeability was as low as 0.0011 × 10−3 μm2 (Figures 9, 10). Overall, the physical properties of the CPn2 limestone conglomerates were better than those of the D3wz lenticular limestone, CPn1 chert limestone, and P1-2s micritic limestone.
[image: Figure 9]FIGURE 9 | Porosity difference of limestone in different strata of Upper Paleozoic in the Qiannan area.
[image: Figure 10]FIGURE 10 | Permeability difference of limestone in different strata of Upper Paleozoic in the Qiannan area.
Division of Karst Sensitive Layer and Favorable Interlayer
The study area was mainly deep-water and semi-deep water environments from the Devonian to Permian. The lenticular limestone of D3wz and Devonian and the flinty limestone of CPn1 and Upper Carboniferous have a stable regional distribution with a thickness of 50–100 m and poor physical properties of the main rock matrix. The average porosity of the lenticular limestone of the Wuzhishan Formation was 1.5%, and the maximum permeability was 0.00144 × 10−3 μm2. The average porosity and permeability of the CPn1 flinty limestone were 1.629% and 0.0015 × 10−3 μm2, respectively; the layer between the surface and fracture was the storage space. The water distribution was weak, and the ancient water system was relatively undeveloped. Groundwater discharges into the deep part of the lower stream river through interlayers or fault runoff. No karst caves were found in the two layers, and there were fewer springs and a lower average flow. The spring point survey in the Wuzhishan Formation discovered a spring where the average flow rate is 0.8 L/s, and three spring points found in the CPn1 had an average flow rate of 4.7 L/s. The surface does not form a typical karst landform. Therefore, the comprehensive study indicates that the lenticular limestone of D3wz and the flinty limestone of the CPn1 of Upper Carboniferous are weak-medium karst formations.
There is a layer of 20–50 m argillaceous limestone in the middle of the Upper Carboniferous–Lower Permian (including CPn2 and P1-2s), and the rest are continuous middle-thick limestone. The total thickness of the limestone is greater than 800 m, and the hydrodynamic conditions are good, especially by dissolution and erosion. The paleo-drainage system is developed, and the water-bearing capacity is strong; therefore, it is a regional aquifer. In the Upper Carboniferous–Lower Permian carbonate distribution area on the surface, karst peak clusters were formed on the landform, with large surface height differences and relatively high physical properties of the bedrock. For example, the average porosity of CPn2 was 2.09%, and the average permeability was 0.0018 × 10–3 μm2. The karst is well-developed. There were 15 karst caves with widths larger than 40 cm in the CPn2 field profile and four karst caves with widths larger than 40 cm in the P1-2s field profile. In addition, there were 12 spring points in P1-2s, and the average flow rate could reach 29.3 L/s. Therefore, a comprehensive analysis showed that CPn2 and P1-2s are medium-strong karst strata. However, lithological differences existed between CPn2 and P1-2s. The lithology is the basis of karst development. The higher the purity of carbonate rock (i.e., the higher the content of calcite (CaCO3)), the better is the karst development, the larger is the karst space formed, and the stronger is the water-rich capacity (Huang 2012). Inhomogeneous carbonate rocks contain insoluble minerals, such as argillaceous, siliceous, and carbonaceous minerals that fill karst fractures, making it difficult for groundwater to pass through and weak karst development (Karst Research Group, Institute of Geology, Chinese Academy of Sciences 1979). Predecessors in the Ordovician rocks of the Tarim Basin for the dissolution test showed that when the noncarbonate composition (approximately equal acid insoluble content) is below 10% and had no significant effect on karstification, the relative dissolution rate was slightly higher than that of pure calcite high at 1.01–1.06. When the noncarbonate composition increased, karstification was abate, and the analysis of rock soluble was as follows: pure granular limestone > dolomitic limestone > dolomite > marl. The relative dissolution of different rocks forms the basis for the classification of the relative karst strength of different layers (Dan et al., 2015). CPn2 is mainly composed of medium-thick powder crystal granular limestone and is partially intercalated with medium-thick micritic limestone. The Sidazhai Formation continuously distributes medium-thick flinty limestone, which is less soluble than the CPn2 powder crystal granular limestone, and the number of karst caves is not as good as that of CPn2.
Comprehensive analysis showed that the lenticular limestone of D3wz and flinty limestone of CPn1 are weak-medium karst formations, which are favorable barrier layers for shale gas exploration. The powder crystal granular limestone of CPn2 and the flinty limestone of P1-2s are high karst formations and sensitive strata for shale gas exploration, which are prone to karst geological problems and are not conducive to shale gas drilling.
DISCUSSION
Influence of Karst on Shale Gas Accumulation
The southern Guizhou area is a high- and steep-fold area with a large dip angle and well-developed faults. In the field investigation of the carbonate shale formation, it was found that there is interbedded siliceous limestone in the upper part of the shale of the Dawuba Formation and marl in the lower part of the Wuzhishan Formation. The shale of the Devonian Huohong Formation is directly overlain by the siliceous rock of the Liujiang Formation and the lenticular limestone of the Wuzhishan Formation, forming several sets of vertically interbedded marl and shale, with a good gas containment system.
Owing to the structural damage, the formation was severely transversely damaged by faults and folds. Therefore, it is necessary to identify areas with relatively weak structural failure and effective isolation of shale by marl. Through detailed field observations (Figure 11), it was found that in the extrusion background, the stress was largest in the fold core, forming more kneading and fractures. In this high-stress background, marl and shale will produce a large number of fractures; therefore, shale gas will be dispersed under this condition. However, the wing situation was different. The structural stress on the wing was relatively weak, and the fractures were less developed. Generally, the micro-fractures in the shale will not pass through the marl, which can form a good isolation system, and the probability of leakage occurring when drilling in karst aquifers is correspondingly smaller. In conclusion, for the southern Guizhou region, the fold core is proposed to be the avoidance area for shale gas drilling, and the fold wing is the potential enrichment area for shale gas (Figure 12).
[image: Figure 11]FIGURE 11 | Effectiveness of marl sealing in different structural parts. (A) Strongly folded marl destruction in the core of anticline, sealing failure. (B) Fractures in wing shale are interrupted in limestone and filled with calcite, sealing effective.
[image: Figure 12]FIGURE 12 | Carbonate controlled shale accumulation model under complex tectonic background in the Qiannan area.
Influence of Karst Formations on Drilling and Fracturing of Shale Gas Wells
Paleozoic carbonate rocks are well developed in China. Large sets of carbonate rocks developed laterally at the top and bottom of the shale, and carbonate interlayers were also present in the local shale layers. Overall, the ratio of the thickness of Paleozoic carbonate to shale is greater than 3:1 in southern China. However, the development of large carbonate rocks causes several problems during shale gas drilling. For example, when drilling a well ZY1 in Ziyun County, Guizhou province, to a depth of 374 m, drilling fluid appeared in a natural cave approximately 150 m away from the wellhead center, and leakage occurred when drilling 451 m deep. This is because the Permian Sidazhai Formation in the well is a medium-strong karst layer group, rich in groundwater, belonging to the confined water layer, and the upper clastic rocks of the Permian Wujiaping Formation, 337 m–372 m, are waterproof layers of the confined water layer. When drilling through the waterproof layer, the drilling fluid rises and communicates with the surface water through the underground leakage section (50 m deep), causing surface pollution. In view of the karst accident in the ZY1 well, the follow-up treatment measures of drilling through the water layer and sealing the water layer with casing were carried out. It was found that the overflow was obviously stopped after sealing the water layer, which reduced the risk of the next construction. Therefore, when selecting the well location, it is necessary to analyze the development degree of the karst layer group in the drilling area in advance and avoid medium-strong karst formations as far as possible. In addition, it is necessary to analyze the development, distribution, and tectonic stress environment of karst aquifers to take countermeasures in advance when drilling.
Fracturing is an important technical step in establishing efficient and economic developments of shale gas (Yu et al., 2022). Different types of carbonate karst formations exhibit different fracturing responses to the shale. When carbonate and shale with good physical properties are mutually developed, if the fracturing and completion method of late shale is not properly chosen, the water in the aquifer may enter the shale gas layer, resulting in an increase in water production and a decrease in gas production in shale gas wells. However, the fracturing fluid may escape from the overlying porous carbonate aquifer and pollute the groundwater. For example, CPn2 and P1-2s above the upper shale of CPn1 belong to the strong karst formations. When fracturing the upper shale of CPn1, energy is easily lost, and the fracturing fluid can easily enter the confined water layer of the second member of the Nandan and Sidazhai Formations, causing pollution. Carbonate rock strata with poor physical properties, poor porosity, and permeability (such as marl interlayers) act as fracturing barriers in fracturing so that hydraulic fracturing cracks stop under the marl barrier, resulting in high shale gas exploitation efficiency (Dan et al., 2018). For example, the shale of the Huohong Formation is covered by a weak karst layer of the Wuzhishan Formation, and the energy generated by hydraulic fracturing can be preserved in the target shale gas layer, which is beneficial for producing complex artificial fracture networks and improving shale gas production.
Evaluation of Karst Sensitivity in Shale Gas Exploration
In recent years, many karst geological problems have appeared during shale gas drilling in southern China. For example, in 2013, Sinopec drilled karst caves at a depth of 15 m in the DY1 HF well of the Dingshan structure, and repeated leakages led to more than 22 days of pipe construction. In 2015, when drilling an HD1 well to a depth of 800 m in a shale gas well around the Yangtze River in Guangxi, the China Geological Survey encountered a large amount of mud leakage, and drilling could not be conducted. The wellhead was then moved 5 m away, and 800 m was drilled again. In 2017, in the shale gas risk exploration well ZY1 in Ziyun County, Guizhou province, karst problems occurred on the surface and deep, resulting in well leakage. To avoid construction problems such as drilling emptying, leakage, mud overflow, shut-in, and waste wells, karst sensitivity evaluation of shale gas exploration should be conducted before shale gas drilling construction.
In actual exploration and development, whether on the surface or underground, drilling success is directly related to the degree of karst development. Therefore, in the evaluation of the karst sensitivity of shale gas exploration, the degree of difficulty in shale gas exploration and development should be evaluated by combining the surface and underground conditions. The surface conditions include the surface lithology and karst formation characteristics, topography and geomorphology, well site water supply conditions, and karst pipeline development. Underground conditions include karst aquifer development, fold location, distance from the fault zone, hydrodynamic conditions, and karst geophysical exploration (Table 3).
TABLE 3 | Division table of karst sensitivity evaluation for shale gas exploration.
[image: Table 3]According to the aforementioned evaluation indices, the karst sensitivity of shale gas exploration in the study area was evaluated, which was divided into karst avoidance, karst-sensitive, and karst-insensitive areas (Figure 13). The avoidance area was mainly distributed near the fault and widely distributed throughout the entire area. It was distributed in the northern, central, and southern parts of the study area. Since the exposed surface strata are the middle-strong karst strata of CPn2 and P1-2s, a karst landform is developed, and the fracture karst caves are widely distributed. The karst-sensitive area has a large distribution in the entire area. The surface-exposed stratum is the moderate karst stratum of CPn1, and its dissolution strength is weak. It is mainly dominated by cracks and is at a certain distance from the fault zone. The karst-insensitive area is mainly distributed near Gongli village and Narao village in the northern region, sporadically distributed in the south, and far away from the fault zone as a whole. The surface is a clastic rock hilly landform with minimal undulation and abundant surface water.
[image: Figure 13]FIGURE 13 | Karst sensitivity evaluation of shale gas exploration in Qiannan area (Note: Surface faults were drawn based on regional geological maps, and underground faults were drawn based on seismic data interpretation).
Surface faults were drawn based on regional geological maps, and underground faults were drawn based on seismic data interpretation.
CONCLUSION
In this study, we discovered that it is feasible to apply the classification method of karst formation to the sealing study of carbonate rocks in the roof and floor contact with shale and further explore the influence on shale gas accumulation and drilling, which is worthy of popularization and application in the field of oil and gas geology. The main target layers of black shale in southern Guizhou are D1-2h1 and D1-2h3 of the Middle-Lower Devonian, the C1-2dw of Lower Carboniferous, and the upper part of CPn1 of the Upper Carboniferous. The carbonate rocks related to the shale target layer mainly include the D3wz marlite of the Upper Devonian, CPn2 limestone of the Upper Carboniferous–Lower Permian, and P1-2s flinty limestone of the Middle-Lower Permian.
The carbonate karst formation in the Qiannan area can be divided into two types, four types, and six subtypes. Among them, CPn2 and P1-2s were mainly developed in the medium-thick layer and medium-bedded limestone. Corrosion cracks and corrosion holes and karst springs were developed. These are medium-strong karst formations and shale gas drilling-sensitive layers. The lenticular limestone of D3wz and the flinty limestone of CPn1 had poor matrix physical properties, and no karst caves were found in the survey. There were a few springs, and the average flow rate was low. These are the weak-middle karst formations and shale gas reservoir isolation layers.
The shale gas exploration avoidance area in southern Guizhou is mainly distributed near the fault, and the exposed strata are CPn2 and P1-2s; the surface-exposed strata in the sensitive area are weakly medium karst formations in CPn1, and there is a certain distance from the fault zone. The karst-insensitive area is mainly scattered in the northern part of the study area and is far away from the fault zone as a whole.
Based on our results, we recommend that to avoid karst drilling accidents, shale gas drilling should avoid fold cores and fault zones under the condition that the basic geological conditions of shale gas are not significantly different, considering the surface and underground conditions.
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Natural gas is a clean and efficient energy source. Shale gas, one of the unconventional natural gases, is becoming an indispensable part of natural gas. Compared with marine facies shale gas, which has large-scale exploitation, marine and continental transitional facies shale gas have greater development potential. It could be the new direction of development in the future. In this article, the basic geological characteristics, sedimentary environment, and reservoir characteristics of organic-rich transitional facies shale in the southern Sichuan basin are analyzed by lithologic characteristics, chemical element analysis, reservoir space, gas bearing characteristics, and so on and are compared with domestic and abroad transitional shale gas. The results show that the sedimentary period of transitional shale of Upper Permian Leping Formation has a high paleoproductivity level and deposition rate favorable for the accumulation of organic matter in southern Sichuan basin. It was warm and humid paleoclimatic by Sr, V, Cr, Ni, Co, and other trace elements analysis. According to the experimental test analysis of reservoir characteristics, the organic matter is mainly type Ⅲ kerogen, and the thermal evolution degree is mainly overmature in the reservoir. The reservoir space is mainly of microfractures and micropores. The main types of micropore development are intergranular pore, intragranular pore, and organic pore. Compared with other shale gas regions that form industrial airflow, the study region with large thickness, highly brittle mineral content, high level of organic carbon content, and excellent gas-bearing characteristics, it has favorable conditions for shale gas accumulation. The southern Sichuan basin could be the key area for breakthroughs in the exploration and development of transitional shale gas in the next step.
Keywords: transitional facies, shale gas, reservoir characteristics, leping formation, southern sichuan basin, resource potential
1 INTRODUCTION
According to the sedimentary background, shale can be divided into three types: marine facies; transitional facies; and continental facies (Montgomery et al., 2006; Liang et al., 2008). In China, marine facies shale is mainly developed in Paleozoic strata, transitional facies shale in Carboniferous–Permian strata, and continental facies shale in Cenozoic strata (Zou et al., 2015; Dong et al., 2016; Zou et al., 2016; Li., 2022). At present, China has achieved great success in shallow, middle, and deep marine shale gas (Liang et al., 2016; Yang et al., 2019; Zhang et al., 2020a; Liang et al., 2020). The exploration and research of transitional facies shale gas are at the initial stage. Previous studies have shown that China’s transitional facies shale gas resource distribute widely and has great resource potential, such as Ordos basin, Qinshui basin, and southern of north China basin. Transitional facies shale gas resource of 19.8 × 1012 m3, accounted for 25% of the total shale gas resource in China. Although the study of transitional facies shale gas started late, it will have great exploration and developmental prospects (Zou et al., 2010; Dong et al., 2016; Yang et al., 2017; Guo et al., 2018; Kuang et al., 2020).
It is currently believed that the Ordos basin and Sichuan basin are the regions most likely to take the lead in the commercial development of transitional facies shale gas. The favorable areas of the two basins can reach 13.3 × 104 km2, accounting for 72% of the whole country. The total geological resources of the two basins can reach 13.5 × 1012 m3, accounting for 68% of the whole country (Chen et al., 2012; Ding et al., 2013; Shan et al., 2015; Li et al., 2019). Zhaotong National Shale Gas Demonstration Zone, which is located at the junction of Yunnan, Guizhou, and Sichuan, has realized the commercial development of coal bed methane of the upper Permian Leping formation and the production reached 1.1 × 108 m3 in 2019. At an early stage, Shan Chang’an and other researchers have done a lot of basic research on coalbed methane reservoir and gas accumulation mechanism of Leping formation in Zhaotong Demonstration Zone (Chen et al., 1999; Shan et al., 2018; Kang et al., 2019; Shan et al., 2019; Shan et al., 2020). Petro China Zhejiang Oilfield Company had found good carbonaceous shale gas in the process of drilling and evaluating the coalbed methane resources of Leping formation, the highest gas measured value up to 67%. This article systematically combs the geological characteristics of the transitional facies shale gas of the upper Permian Leping formation in the southern Sichuan basin (Figure 1), making clear the geological characteristics and resource potential of transitional facies shale gas in the Leping Formation of the southern Sichuan basin. The obtained knowledge will be of great significance to the exploration and development of transitional shale gas in other areas.
[image: Figure 1]FIGURE 1 | Schematic diagram of the study area. (A) Tectonic location of the Sichuan Basin within China. (B) Location of the study area in the Sichuan Basin. (C) Distribution of the study wells.
2 GEOLOGICAL SETTING
Most areas of Yunnan, Guizhou, and Sichuan were uplifted to the earth’s crust at the end of the Middle Permian, and the Middle Permian of Maokou formation suffered from weathering and denudation in different degrees (Chen et al., 1999; Ma et al., 2009; Shen et al., 2019; Wang et al., 2020; Gao., 2021). The sedimentation under the bottom coal seam of the Leping formation in the study area is the product of the swamp developed on the erosive surface (Shao et al., 1998; Zheng and Hu, 2010; Shao et al., 2013; Xiao et al., 2020). Subsequently, a large-scale basalt eruption occurred in the western region, and the basalt wedge-shaped layers were accumulated on the planation surface of the Maokou formation limestone. After that, the tectonic movement gradually changed from ascending to descending, which started the deposition of the main strata in the Late Permian (Chen et al., 1999; Ma et al., 2009; Zhang et al., 2020b; Yu et al., 2022).
After the end of the Dongwu movement, a large area of Yunnan, Guizhou, and Sichuan began to subside and sea water intruded into the eastern Sichuan from southeast through Southeast Guizhou (Zhao et al., 2012; Luo et al., 2014; Su et al., 2020; Sun, 2020). In the Late Permian, northwest Guizhou and southeast Sichuan often alternate between a shallow beach land and coastal plain, and the typical coal bearing formation of land–sea interaction developed (China General Administration of Coalfield Geology, 1996; China General Administration of Coalfield Geology, 1999). The typical shallow marine limestone in the coal seam is missing, and the environment is mainly coastal plain and transitional facies due to the influence of Luzhou and Central Guizhou Uplift in the eastern part of southern the Sichuan basin. The overall topography of the study area slopes from southwest to northeast. It is an offshore piedmont plain in the western part of the study area. The transgression zone, which is in the eastern part of the study area, forms a large area of tidal flat swamp facies (Figure 2A). At this time, the lacustrine facies and fluvial facies, dominated by continental sand and mudstone deposits, were formed in the western side of the study area (China General Administration of Coalfield Geology, 1996; China General Administration of Coalfield Geology, 1999), and occlusion water swamp facies developed locally. However, stable swamp was difficult to form because of the rapid crustal vein-like subsidence, large terrain differentiation, and uneven basement. In addition, the cycle development was poor because of complex surface water flow, strong hydrodynamic force, and the thickness and phase transition of sediments, especially clastic rocks that changed frequently. With the continuous advance of sea water from the east to west, the coal measure strata deposited in tidal flat gradually migrated from east to west, so as to develop the tidal flat swamp facies widely in the centre of study area in the late deposition of Leping formation (Figure 2B).
[image: Figure 2]FIGURE 2 | Sedimentary stage of Leping Formation. (A) Early sedimentary stage of Leping Formation. (B) Late sedimentary stage of Leping Formation.
3 RESERVOIR CHARACTERISTICS
3.1 Lithologic Association and Distribution Characteristics
The overlying strata of Leping formation is green silty mudstone of Feixianguan formation, and the underlying strata of Leping formation is basalt of Emeishan formation or limestone of Maokou formation. The top and bottom boundary of the study area is clearly marked with good contrast. The coal measure strata of Leping formation is generally in the transitional facies sedimentary environment, with frequent interaction of sandstone, mudstone, and coal seam which reflects the frequent turbulence of sea water. The sea water continuously advanced from the west to east, and the coal measure strata are gradually distributed upward from the east to west during the whole sedimentation period of Leping formation. The lithology of Leping formation can be divided into three lithologic associations from east to west in the study area (Figure 3): A type (upper coal and lower sand type) in the west; B type (top ash, middle coal, and lower sand type) in the middle; and C type (upper ash and lower coal type) in the east.
[image: Figure 3]FIGURE 3 | Lithological association and distribution characteristics of the study area. The red box represents the Leping Formation. Type A in the west. Type B in the middle. Type C in the east.
Type A (upper coal and lower sand): in the upper section, sand, coal, mud, carbonaceous mudstone interbedded; in the lower section, sand and mud interbedded, mainly in Junlian, Hezhang, and other areas in the west of the study area. Type B (top ash, medium coal, and lower sand): a small amount of limestone at the top, sand, coal, and mud interbedded in the middle section, sand and mud interbedded in the lower section, mainly in Gongxian and Zhenxiong areas in the middle of the study area. Type C (upper ash and lower coal): interbedded limestone, mud, and coal in the upper section, interbedded sand, coal, mud, and carbonaceous mudstone in the lower section, mainly in the eastern Xuyong area of the study area.
The mudstone series in the coal measure strata of Leping formation can be further divided into two types: mudstone and carbonaceous mudstone (carbonaceous shale). Thus, the main lithology in Leping formation includes four types: carbonaceous mudstone (carbonaceous shale), coal, mudstone, and sandstone (Table 1). Coal, mudstone, and sandstone are generally easier to distinguish by the field profile or naked eye core observation. Coal and carbonaceous mudstone (carbonaceous shale) are difficult to distinguish macroscopically. Thus, they are usually distinguished by the amount of organic carbon in the laboratory. In general, carbonaceous mudstone (carbonaceous shale), coal, sandstone, and mudstone have obvious differences in conventional logging (gamma, neutron, resistivity, and density) and electric imaging logging. In addition, the four types of lithology are different in mineral composition and organic carbon content. The organic carbon content is often used as the criterion for distinguishing the four types of lithology: the organic carbon content of carbonaceous mudstone is between 6 and 40%, the organic carbon content of coal is more than 40%, and that of mudstone and sandstone is less than 6% (Wang et al., 2005). The specific differences are shown in Table 1.
TABLE 1 | Statistics of lithology and logging characteristics of carbonaceous mudstone, coal, sandstone, and mudstone.
[image: Table 1]According to the laboratory test results (Figure 4), the mineral composition of the transitional facies shale reservoir is composed of quartz, feldspar, pyrite, and clay minerals. The average content of brittle minerals is 66.9%, and the average content of clay minerals is 33.1%. There is a small amount of anatase in the stratum which is speculated to be Emeishan basalt formation. There are three types of clay minerals in Leping Formation. Chlorite content is the highest in clay mineral, ranging from 28 to 61%, with an average of 41.5%. The second clay mineral is iron-montages, accounting for 20–52%, with an average of 35.7%. The remaining clay mineral is kaolinite.
[image: Figure 4]FIGURE 4 | Y4 well statistical analysis chart of whole rock minerals and clay minerals.
3.2 Geochemical Characteristics
3.2.1 Elemental Analysis
Sedimentary rock is formed by the redistribution of elements in the earth’s crust. In the deposition process, the physical and chemical changes of various elements follow sediments as carriers, and the phenomena of migration, transformation, combination, and dispersion had taken place. Because of the difference of sedimentary environment, the accumulation rule of elements is also different. Therefore, the sedimentary environment can be identified by the feature of element variation. An X-ray fluorescence spectrometer was used to test the element content of the samples. The depositional environment of Leping Formation is analyzed according to the geochemical indexes from test results. According to the previous research results, Chemical Index of Alteration (CIA) can be used to judge the paleoclimate of the study area (Nesbitt and Young, 1982; McLennan et al., 1993). In general, the high CIA values represent warm and wet paleoclimate and the low CIA values reflect dry and cold paleoclimate. The CIA between 50 and 65 reflects the dry and cold climate under the background of low degree chemical weathering; the CIA between 65 and 85 reflects the warm and humid climate under the background of moderate chemical weathering; and the CIA between 85 and 100 reflects the thermal and humid climate under the background of strong chemical weathering. In addition, Sr/Cu ratio is also a common indicator to distinguish the climatic environment. The Sr/Cu ratio of 1.3–5.0 indicates a warm and humid climate; the Sr/Cu ratio greater than 5.0 indicates a dry and thermal climate (Lerman and Baccini, 1978). According to the measured results, the CIA of the rock samples from the Leping Formation in the study area is between 81.09 and 95.66, with an average of 86.10 (Table 2); the Sr/Cu ratio is between 0.66 and 51.44, with an average of 5.23 (Table 2). However, it was found that the maximum value of Sr/Cu was 51.44, which was abnormally high. Thus, after removing the abnormal value, the Sr/Cu ratio is between 0.66 and 23.17, with an average of 4.34 (Table 2). Finally, it is concluded that the Leping Formation was deposited in warm and humid paleoclimate.
TABLE 2 | Element records of paleoclimate.
[image: Table 2]3.2.2 Organic Geochemical Analysis
The samples from more than 10 wells in the study area were tested experimentally. The results show that the TOC values of carbonaceous shale range from 13.0 to 29.4% on an average (Figure 5) and vitrinite reflectance range from 3.11 to 3.81%, and most samples are around 3.2% (Table 3). The Leping Formation is overmature source rock. This indicates that the Leping Formation shale has a high TOC content and high thermal evolution degree. Organic maceral testing shows that the main composition is vitrinite, with a part of inertinite, and little exinite (Figure 6). The organic matter type of Leping Formation carbonaceous shale is mainly type III.
[image: Figure 5]FIGURE 5 | TOC distribution histogram of the Leping Formation carbonaceous shale in the study area.
TABLE 3 | Maturity analysis of shale and coal samples in coal measure strata of well Y4.
[image: Table 3][image: Figure 6]FIGURE 6 | Organic maceral. (A,B) Vitrinite. (C,D) Inertinite.
3.3 Physical Characteristics
Organic and inorganic pores are well developed in the shale of the Leping formation by scanning electron microscopy of rock samples in the study area. Referring to the classification methods of Loucks et al. (2012) and Jiang et al. (2022), we divide the shale pore into interparticle pore, intraparticle pore, interbedded pore of clay minerals, intergranular pore of pyrite, organic pore, and microfracture. The interparticle pore (Figures 7A,B) is mainly formed by the arrangement and accumulation of mineral particles or diagenesis compaction. It is commonly found between crystal particles. Sometimes, some interparticle pores are filled with clay minerals. The intraparticle pore (Figures 7C,D) is formed by diagenetic transformation or dissolution of minerals. It is commonly found in minerals. The interbedded pore of clay minerals (Figures 7E,F) is cracked between the layered clay minerals. The intergranular pore (Figures 7G,H) of pyrite is the pore that remains after the pyrite crystals packed loosely during the growth process. It mostly appears as pyrite framboids. The organic pore (Figures 7I,J) is mostly formed by gas production or the gas escaped from organic matter within minerals. The formation of microfracture (Figures 7K,L) is related to stress changes caused by the sedimentary structure and diagenetic evolution (Fu et al., 2019; Zhang et al., 2021; Liu et al., 2022).
[image: Figure 7]FIGURE 7 | Different types of pores. (A,B) Interparticle pore. (C,D) Intraparticle pore. (E,F) Interbedded pore of clay minerals. (G,H) Intergranular pore. (I,J) Organic pore. (K,L) Microfracture.
A number of wells in the study area are selected to test the Leping formation physical characteristics by the nuclear magnetic resonance technology (NMR). The results showed that the Leping Formation carbonaceous shale gas reservoir in the study area has high porosity and relatively low permeability (Shan et al., 2015; Zhang et al., 2020c; Zhang et al., 2022a; Zhang et al., 2022b; Zhang et al., 2022c). The total porosity of mud shale ranges from 7.7 to 10.4% (Figure 8), and the permeability is generally less than 0.10 mD, with an average of about 0.005 mD.
[image: Figure 8]FIGURE 8 | Porosity distribution histogram of the Leping Formation carbonaceous shale in the study area.
3.4 Gas-Bearing Characteristics
Gas-bearing characteristics is an important index to evaluate whether shale gas is worthy of exploration and development value. Understanding the gas bearing characteristics is the prerequisite for the next work (Daniel and Bustin, 2009; Wang and Gale, 2009; Huang et al., 2020; Zhang et al., 2022d; Zhang et al., 2022e). Based on the field gas content test of the carbonaceous shale samples from several wells in study area, it is found that Leping Formation carbonaceous shale has a high shale gas content. The total gas content of the carbonaceous shale ranges from 5.3 m3/t to 7.3 m3/t, with an average of 6.1 m3/t, showing the good gas bearing characteristics of Leping Formation (Figure 9).
[image: Figure 9]FIGURE 9 | Total gas content distribution histogram of the Leping Formation carbonaceous shale in the study area.
4 RESOURCE POTENTIAL ANALYSIS
Based on the analysis of sedimentary, stratigraphic, and reservoir geological conditions of the transitional shale in the Leping Formation of study area, it is concluded that the study area has a good potential for transitional shale gas exploration. According to the preliminary geological survey, drilling data, and laboratory test analysis, two favorable areas have been initially selected in the study area which can be used as breakthrough areas for the next key exploration. The optimal favorable area for the transitional carbonaceous shale of Leping Formation is 380 km2 with nearly 680 × 108 m3 of transitional shale gas resources in the A area. The optimal favorable area for the transitional carbonaceous shale of Leping Formation is 86 km2 with nearly 140 × 108 m3 of transitional shale gas resources in B area. The total accumulation of resources is nearly 800 × 108 m3 in the favorable areas (Figure 10). In July 2020, Petro China Zhejiang Oilfield Company drilled an evaluation well for the transitional carbonaceous shale gas of Leping Formation in the B area. The gas bearing test was carried out for the coal rock, shale with thin coal and shale in this set of coal measure strata. The results show that the gas content of coal rock is the highest, maximum up to 54 m3/t, the average gas content of mudstone with thin coal is 14.8 m3/t; the gas content of mudstone is low, but the average gas content can reach 3.0 m3/t. In summary, these wells show very good gas bearing characteristics which further proves that the study area has good shale gas exploration and developmental prospects (Kelts and Hsü, 1978; Zhang et al., 2022).
[image: Figure 10]FIGURE 10 | Distribution and resource quantity of transitional shale gas favorable areas in Leping Formation of the study area.
5 CONCLUSION

1) During the deposition period of Leping Formation, the study area experienced the retrogradation evolution process which led to the gradual deepening of the water body, and the coal measures strata deposited in the tidal flat swamp also gradually distributed upward from the east to west. There are four types of coal measure strata in the Leping Formation: carbonaceous mudstone, coal, mudstone, and sandstone. From east to west, the study area can be divided into three lithologic associations: type A (upper coal and lower sand type), type B (middle coal, lower sand, and top ash type), and type C (upper ash and lower coal type).
2) The content of brittle minerals in the transitional shale gas reservoir of Leping Formation in the study area is higher (average 66.9%), followed by clay minerals (average 33.1%). The content of chlorite is the highest in the clay minerals (41.5% on average), followed by the illite–montmorillonite mixture (35.7% on average). The TOC content is relatively high (average 17.9%); organic macerals are mainly vitrinite, followed by inertinite; kerogen type is mainly type III; vitrinite reflectance (Ro) is about 3.2%, which belongs to overmature source rock.
3) For the transitional shale gas of Leping Formation, two favorable areas are preliminarily selected in the study area, which can be used as breakthrough blocks for further exploration. The favorable area of the A area is 380 km2, and the resource amount is 680 × 108 m3; the favorable area of B district is 86 km2, and the resource amount is nearly 140 × 108 m3; the total resource accumulation is nearly 800 × 108 m3.
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The Upper Permian Linghao Formation marine shale and contemporaneous transitional shale are the most potential shale gas targets in the Nanpanjiang basin, which is characterized by considerable TOC content, wide distribution, and considerable shale thickness. On the basis of division in Linghao Formation, petrographic, mineralogical, and high-resolution geochemical analyses were integrated to reveal the sedimentary environment including paleoproductivity, paleoredox conditions, detrital influx, paleoclimate, and the paleosalinity. There are two organic-rich shale intervals in Linghao Formation, which are Ling 1 member and the lower Ling 3 member. The lower Ling 1 is dominated by deep-water shelf facies, which are characterized by high TOC value (0.93%–6.36%, avg. 2.43%), high detrital influx proxies (Zr, 746–1508 ppm, avg. 1093 ppm; Ti, 19278–128730 ppm, avg. 16091 ppm), relatively warm–humid paleoclimate condition (CIA*, 75.94-91.90, avg. 82.26), low paleosalinity proxies (Sr/Ba, 0.13-0.34, avg. 0.22), and high paleoproductivity (P/Al (10−2), 1.06-2.06, avg. 1.63; Mn/Ca (10−3), 27.37-291.69, avg. 128.07). Detrital influx including gravity flow plays a critical role in the enrichment of organic matter. The sedimentary environment of upper Ling 1 and lower Ling 3 is the same as that of lower Ling 1. Unlike lower Ling 1, these intervals are characterized by low detrital influx proxies, moderate weathering, and relatively high paleosalinity proxies. The volcanic ash of Emei volcanism and felsic volcanism in South China plays a critical role in the enrichment of organic matter in upper Ling 1 and lower Ling 3, respectively. The sedimentary models for Linghao Formation organic-rich shale can reveal factors controlling the enrichment of organic matter.
Keywords: upper permian, sedimentology, geochemistry, marine shale, Linghao formation, Nanpanjiang basin
INTRODUCTION
Shale oil and gas resources have been a significant part of unconventional resources in recent years (Jia, 2017; Liang et al., 2018). Organic-rich marine shales are the main target rocks for the exploration and development of unconventional hydrocarbon resources (Clarkson et al., 2012; Zou et al., 2019; Qiu and Zou, 2020; Xi et al., 2022; Zhang et al., 2022). In China, a total of 12 important organic-rich marine shale units are recognized in Mesoproterozoic through Cenozoic strata (Zou et al., 2019). Under the exemplary role of the United States’ “shale gas revolution” (Chen et al., 2019a; Chen et al., 2019b; Chen et al., 2019c), China has achieved a breakthrough in shale gas industrialization since 2010 (Jia, 2017; Xi et al., 2017; Xi et al., 2018). Weiyuan, Changning, Jiaoshiba, and other shale gas fields have been built, and large-scale shale gas development has been realized in marine organic-rich shales of the Late Ordovician–early Silurian (Zhang et al., 2019a; Zhang et al., 2019b; Zou et al., 2019; Zhang et al., 2020a; Chen et al., 2021). The studies on this set of shale are abundant and various, which lays a good foundation for efficient exploration and development (Zhang et al., 2020b; Zhang et al., 2020c). Permian marine or transitional organic-rich shale in South China is characterized by extensive distribution, considerable TOC content, and shale thickness, which is the most promising alternative strata for future shale gas exploration in China (Liu et al., 2013; Han et al., 2017). However, this set of shale is still in the early stage of exploration, and the lack of relevant studies seriously restricts the progress of shale gas exploration. Scientific problems such as spatial distribution, microscopic pore structure, and genesis of Permian organic-rich shale need to be solved first.
Geochemical proxies have been widely used to illustrate the effect of paleoproductivity, paleoredox condition, paleosalinity, and terrigenous input on the deposition of organic-rich shales (Ding et al., 2018; He et al., 2020; Liang et al., 2020; Leifu Zhang et al., 2021). Based on the division of the Linghao Formation in central Nanpanjiang basin, macroscopic sedimentary characteristics, microscopic petrological characteristics, and high-resolution geochemical analyses are integrated into this study to reveal depositional conditions (including terrigenous input, paleoclimate condition, paleosalinity, paleoproductivity, and paleoredox) of different members in Linghao Formation. This study aims to reveal the distribution and genesis of marine-hosted organic-rich shale in the Permian Linghao Formation and provide scientific guidance for shale gas exploration of Permian marine.
GEOLOGICAL BACKGROUND
The Nanpanjiang basin, with an area of 380, 000 km2, is located at the junction of Yunnan, Guizhou, and Guangxi, and the geotectonic position is located on the southwestern margin of South China Block (Xia et al., 2018) (Figures 1A,B). Similar to the Carboniferous Datang Formation in the Nanpanjiang basin, the Linghao Formation is a special and representative stratigraphic unit formed by the deep-water sedimentary environment between isolated platforms during the late Permian. Observations from the studied well and outcrops show that the Linghao Formation is in conformable contact with underlying limestone or muddy limestone of the Maokou Formation, and the overlying Luolou Formation. According to the combination of lithology, logging characteristics, and lithology, the Linghao Formation can be divided into Ling 1 member, Ling 2 member, and Ling 3 member. The Ling 1 member consists of shale with Emeishan basalt interbed. Previous studies suggested that the eruption timing of Emeishan basalt is between 257 Ma and 259 Ma (Shellnutt et al., 2012), and its formation period belongs to Wuchiapingian. The Ling 2 member is composed of mudstone and limestone. The Ling 3 Member is composed of shale (Figure 1C). According to previous studies, the northwest Nanpanjiang basin is dominated by swamp, tidal flat, and lagoon facies during Linghao period (Luo et al., 2018; He et al., 2020). The contemporaneous strata of the Linghao period comprise mudstones, silty mudstones, siltstones, limestones, and coals (He et al., 2020). The studied well is located in the central Nanpanjiang basin which is dominated by shelf facies during Linghao deposition (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Paleogeographic reconstructions of the Eastern Asian blocks at 300 Ma with respect to the Nanpanjiang basin. IC, MOB, NCB, NQ, Qm, and SCB represent the Indochina, Mongolian, North China, North Qiangtang, Qaidam, and South China blocks/terranes (modified from Huang et al., 2018). (B) Location of the Nanpanjiang basin, Southwest China (modified from Xia et al., 2018). (C) Generalized stratigraphy of Upper Permian Linghao Formation in the study area (based on the studied well).
SAMPLES AND METHODS
Sedimentological Characterization
The study was well carried out continuous coring in Linghao Formation. Macroscopic observation of core and outcrops identified different rock types, including limestone, mudstone, silty mudstone, and shale, and record the lithology combination of different members. 150 core samples were made into thin sections and the core observation results were further verified by a Leica DM4 M optical microscope. Macroscopic characteristics of sedimentary texture or structure in typical outcrops were described in the study, with emphasis on the difference between each member of the Linghao Formation.
Organic Matter Content Analysis
TOC was measured by a Leco carbon/sulfur analyzer in the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation of China, and the analytical precisions are ±0.5%. 116 samples were treated with 10% hydrochloric acid to remove carbonates. The acid-treated sample was washed with distilled water to neutral, then the sample was dried in an oven at 60°C–80°C. Dried samples were added to the cosolvent and fully burned in the high-temperature oxygen flow, ensuring that the organic carbon can be completely converted into carbon dioxide, and the content of total organic carbon was tested by the infrared detector.
Major Element Composition Analysis
The content of major elements (Al, Si, Ti, Ca, Fe, Mg, Mn, K, and Na) was determined by X-ray fluorescence (XRF) spectroscopy. 60 powder samples were used to eliminate the mineral and particle size effects and cast to suitable fused glass beads to fit the X-ray fluorescence spectrometer. The fluorescent X-ray intensity of the elements was measured. Based on the calibration curve or equation, the interference effect between elements was corrected and the element content was obtained. The accuracy of the XRF analysis is better than 1% for all major oxides.
Paleoclimate conditions were evaluated by the chemical index of alteration (CIA), which was calculated using the following formula (Nesbitt and Young, 1982; Price and Velbel, 2003; Liu et al., 2017):
[image: image]
Trace Element Composition Analysis
Trace elemental contents were measured by using inductively coupled plasma-mass spectrometry (ICP-MS). 60 samples were dissolved with hydrofluoric acid and nitric acid in a closed container. The hydrofluoric acid was wiped out by evaporation on the electric heating plate and then dissolved by nitric acid. After dilution, the samples were directly measured by ICP-MS. The analytical uncertainties are estimated to be 5%. Standard rock reference material (GSD-9) was used to monitor the analytical accuracy and precision.
Authigenic enrichment of redox-sensitive trace elements was widely used to indicate redox changes in the water column (Algeo and Tribovillard, 2009; Algeo and Liu, 2020). The enrichment factor (EF) is calculated by comparing the Al-normalized metal content to that of the continental crust (Wedepohl, 1995). The calculation formula is as follows:
[image: image]
In the formula, X represents the content of element X, and (X/Al)CC represents the X/Al ratio of the continental crust (Wedepohl, 1995).
RESULTS
Sedimentological Characteristics
Ling 1 Member
Based on observation of typical outcrop and drilling core from the studied well, the lower Ling 1 consist of black shale with interbed of gravity flow sandstone (Figure 2A). Scour surface can be observed between gravity flow sandstone and black shale in the core (Figure 3A). Above Emeishan basalt belongs to the upper part of Ling 1 Member black shale with multiple interbeds of bentonite (Figures 2B, 3B). Combined with previous study results (Shellnutt et al., 2012), the bentonite interbeds are derived from Emeishan volcanic plume. Under plane-polarized light, thin sections show that black shale with abundant bioclasts including sponge spicule (Figure 4A), radiolarian, and mollusk (Figures 4B,C) in upper Ling 1 suggest high paleoproductivity.
[image: Figure 2]FIGURE 2 | Macroscopic sedimentary characteristics for Linghao Formation from typical outcrops in the central Nanpanjiang basin. (A) Gravity flow sandstone in black shale, lower Ling 1 member, XM Outcrop. (B) Black shale with abundant organic matter in upper Ling 1 member, XM Outcrop. (C) Grey mudstone and silty mudstone with interbed of siltstone, Ling 2 member, XM Outcrop. (D) Frequent thin interbeds between siltstone and mudstone, Ling 2 member, GL Outcrop. (E) Black shale, lower Ling 3 member, XM Outcrop. (F) Black shale with horizontal bedding, lower Ling 3 member, XM Outcrop. (G) Chert with horizontal bedding, upper Ling 3 member, XM Outcrop. (H) Gravity flow sandstone in chert and host-rock breccia in gravity flow sandstone, upper Ling 3 member, XM Outcrop.
[image: Figure 3]FIGURE 3 | Macroscopic sedimentary characteristics for Linghao Formation from the studied well in the central Nanpanjiang basin. (A) Scour surface between black shale and gravity flow sandstone, lower Ling 1 member, 3,803 m–3803.23 m. (B) Frequent thin interbeds of bentonite in black shale, upper Ling 1 member, 3,772.88 m–3773.21 m. (C) Frequent thin interbeds of siltstone, Ling 2 ember, 3,558.63 m–3559.19 m. (D) Frequent thin interbeds of limestone and wavy bedding, Ling 2 Member, 3,738.13 m–3738.42 m. (E) Frequent thin interbeds of siltstone in mudstone, Ling 2 Member, 3,559.57 m–3559.92 m. (F) Frequent thin interbeds of bentonite, lower Ling 3 Member, 3,414.91 m–3415.22 m. (G) Frequent thin interbeds of bentonite, lower Ling 3 Member, 3,414.62 m–3414.91 m. (H) Black shale with massive bedding, lower Ling 3 Member, 3,412.12 m–3412.30 m.
[image: Figure 4]FIGURE 4 | Microscopic characteristics for Linghao Formation from the studied well in the central Nanpanjiang basin. (A) Sponge spicule in marine shale, upper Ling 1 Member, 3,772.88 m, plane-polarized light. (B) Marine bioclasts including sponge spicule, radiolarian, and mollusk, upper Ling 1 Member, 3773 m, plane-polarized light. (C) marine shale containing abundant marine bioclasts including sponge spicule, radiolarian, and mollusk, upper Ling 1 Member, 3,772.97 m, plane-polarized light. (D) Mudstone containing abundant marine bioclasts including branchiopod, arthropoda and mollusk, Ling 2 Member, 3,558.63 m, plane-polarized light. (E) Silty mudstone, Ling 2 Member, 3,558.68 m, plane-polarized light. (F) Bioclastic limestone rich in shallow benthic bioclastics, Ling 2 Member, 3,738.13 m, plane-polarized light. (G) Marine shale rich in radiolarian, lower Ling 3 Member, 3,414.91 m, plane-polarized light. (H) Marine shale rich in radiolarian, lower Ling 3 Member, 3,414.62 m, and plane-polarized light. (I) marine shale rich in detrital quartz, lower Ling 3 Member, 3,412.12 m, plane-polarized light.
Ling 2 Member
The Ling 2 member consists of multiple rock types including micritic limestone, mudstone (Figure 2C), silty mudstone (Figure 2D), siltstone (Figure 3C), and bioclastic limestone (Figure 3D). Frequent interbeds between different types of sedimentary rock can be observed in core and outcrops (Figure 3E). Under plane-polarized light, thin sections show that mudstone in Ling 2 Member is rich in bioclasts including branchiopod, arthropoda, and mollusk (Figure 4D). Silty mudstone is rich in silt-sized detrital quartz (Figure 4E). Bioclastic limestone in Ling 2 is mainly composed of shallow benthic bioclasts (Figure 4F).
Ling 3 Member
The lower Ling 3 Member is composed of black shale with horizontal bedding (Figures 2E,F). In the core, bentonite interbeds are developed in black shale (Figures 3F,G). In certain intervals of black shale in lower Ling 3 (Figure 3H), black shale is characterized by massive bedding without any bioclast (Figure 4I). Under plane-polarized light, thin sections show that black shale in lower Ling 3 contains some radiolarian (Figures 4G–I). The upper Ling 3 Member is composed of chert layers with horizontal bedding (Figure 2G), which is characterized by gravity flow sandstone (Figure 2H).
TOC Content Characteristics
Based on the TOC measurement results of marine shale or mudstone (Figure 5), the TOC of Ling 1 marine shale varies widely, ranging from 0.14% to 6.36%, with an average of 2.36% (n = 14). The TOC range of marine shale in Ling 2 is relatively small, ranging from 0.50% to 3.08%, and the average value is only 1.30% (n = 19). For lower Ling 3, the range of TOC is 0.58%–4.36%, with an average of 2.43% (n = 9). In upper Ling 3, the range of TOC is 0.79%–3.24%, with an average value of 1.87% (n = 4).
[image: Figure 5]FIGURE 5 | Comprehensive histogram of sedimentary facies of Linghao Formation marine shale from the studied well in the central Nanpanjiang basin.
Major Element Content
The major element content of different members in the Linghao Formation is different (Figure 6). The Ca content of Ling 2 member is obviously higher, ranging from 2.25% to 19.81%, with an average of 7.40% (n = 31). The content of Ca in Ling 1 is 0.31%–13.90%, with average value of 3.04% (n = 14). The average content of Ca in a high TOC interval (3,756 m–3805 m) is 2.83%. The content of Ca in lower Ling 3 member is 1.17%–10.31%, with an average of 4.26% (n = 10). The Ca content of upper Ling 3 is 3.18%–12.93%, with an average of 8.04% (n = 7).
[image: Figure 6]FIGURE 6 | Major and trace elements contents for Linghao Formation marine shale from the studied well in the central Nanpanjiang basin (1). Dashed lines represent the upper continental crust value for the corresponding element (McLennan, 2001)
The Al content and Si content of Ling 1 is relatively higher (Figure 6). The average content of Al and Si is 8.08% (6.23%–10.74%, n = 14) and 24.69% (17.26%–30.34%, n = 9), respectively. The average content of Al and Si for Ling 2 is 6.35% (2.96%–8.69%, n = 31) and 20.24% (13.19%-24.48%, n = 19), respectively. The average content of Al and Si for lower Ling 3 is 7.63% (5.21%–9.23%, n = 10) and 21.10% (19.45%–23.38%, n = 5), respectively. The average content of Al and Si in the upper Ling 3 is 5.78% (4.88%–6.96%, n = 7) and 22.07% (17.70%–27.35%, n = 6), respectively. The average content of Ti and Zr in Ling 1 is 13954 ppm (8370–19278 ppm, n = 14) and 924 ppm (399–1508 ppm, n = 14), respectively. The average content of Ti and Zr in Ling 2 is 12260 ppm (4338–21762 ppm, n = 31) and 430 ppm (250–719 ppm, n = 31), respectively. The average content of Ti and Zr in the lower Ling 3 is 17929ppm (6570–21000 ppm, n = 10) and 477 ppm (260–580 ppm, n = 10), respectively. The average content of Ti and Zr in upper Ling 3 is 10136 ppm (4,662–14556 ppm, n = 7) and 284 ppm (200–402 ppm, n = 7), respectively.
Trace Element Content
The content of indicator trace elements or their ratios has been extensively applied to reveal the paleoredox conditions, paleosalinity, paleoclimate, and paleoproductivity of the sedimentary environment. The variation of trace elements and sedimentary environment geochemical indicators of each member are shown in Figures 7, 8. The CIA* of lower Ling 1 is higher than that of the other two members, ranging from 75.94 to 91.90, with an average of only 82.23 (n = 9). The CIA* values of upper Ling 1, Ling 2 and upper Ling 3 are similar, and the average values are 74.33 (73.27-76.32, n = 5), 73.92 (68.96-79.47, n = 31), and 74.08 (72.36-75.03, n = 6), respectively. The CIA* of lower Ling 3 is the highest, ranging from 73.53 to 79.45, with an average of only 77.94 (n = 10).
[image: Figure 7]FIGURE 7 | Major and trace elements contents for Linghao Formation marine shale from the studied well in the central Nanpanjiang basin (2). Dashed lines represent the upper continental crust value for the corresponding element (McLennan, 2001)
[image: Figure 8]FIGURE 8 | TOC and trace elements ratios for Linghao Formation marine shale from the studied well in the central Nanpanjiang basin.
The variation trend of Sr/Cu is opposite to that of CIA* (Figure 8). The Sr/Cu of lower Ling 1 is the lowest, ranging from 0.34 to 20.54, and the average value is only 3.01 (n = 9). The average Sr/Cu ratios for upper Ling 1, Ling 2 and upper Ling 3 is 5.26 (4.02-6.98, n = 5), 8.35 (1.10-24.88, n = 31) and 6.88 (4.39-10.43, n = 6), respectively. The Sr/Cu of lower Ling 3 is relatively low, ranging from 1.36 to 11.77, with an average of only 3.60 (n = 10).
The variation of Sr/Ba is similar to that of Sr/Cu (Figure 8). The Sr/Ba of lower Ling 1 is the lowest, ranging from 0.13 to 5.48, and the average value is only 0.85 (n = 9). The average Sr/Ba ratios for upper Ling 1, Ling 2, and upper Ling 3 is 1.04 (0.59-1.69, n = 5), 1.86 (0.48-7.72, n = 31), and 1.09 (0.22-2.45, n = 6), respectively. The Sr/Ba of lower Ling 3 is relatively low, ranging from 0.40 to 1.90, with an average of only 0.88 (n = 10). The average values of U/Th for each member are similar, and the average value of Ling 1, Ling 2, and Ling 3 is 0.21 (0.15-0.28, n = 14), 0.17 (0.13-0.24, n = 31), and 0.19 (0.14-0.29, n = 16), respectively.
DISCUSSION
Detrital Influx Proxies
As important elements in sedimentary rocks, the contents of Al, Ti, and Zr in rocks are almost not affected by weathering or diagenesis, so these elements are applied for evaluation of the influence degree of terrestrial input (Li et al., 2017; Liu et al., 2021). Al only exists in the clay minerals of fine-grained sedimentary rocks, while Ti and Zr are mainly assigned to clay, sand, and silt particles composed of ilmenite, rutile, and augite (Caplan and Bustin, 1998; Murphy et al., 2000). The detrital influx proxies represented by Al, Ti, and Zr, are generally high for lower Ling 1 (Figure 6), especially in the high TOC interval (3,800 m–3807 m). It is suggested that the gravity flow delivered more terrestrial organic matters into the water during the depositional stage of the lower Ling 1. This terrigenous organic matter, on the one hand, provides a lot of nutrients for microbes or directly increases the organic carbon content of shales (Khripounoff et al., 2009). Zr/Al and Ti/Al ratios are thought to closely relate to the coarser part of the sediments (Bertrand et al., 1996; Caplan and Bustin, 1998). Good Ti-Al correlation suggests that Ti comes from the lattice of clay minerals or stable terrigenous clastic materials (Leifu Zhang et al., 2021). Ling 2 and Ling 3 are characterized by good Ti-Al correlation, while Ling 1 is not (Figure 9A). It is suggested that the detrital influx of Ling 2 and Ling 3 is relatively stable, while that of Ling 1 is not. Zr usually exists in clay minerals or heavy minerals of silt size (e.g., zircons) (Rachold and Brumsack, 2001; Liu et al., 2017). The correlation between Al and Zr is relatively good for Ling 2 and Ling 3, while Ling 1 is not (Figure 9B). The results also show that the detrital influx of Ling 1 is strongly unstable and heterogeneous.
[image: Figure 9]FIGURE 9 | (A) Crossplot of Ti-Al for Linghao Formation marine shale. (B) Crossplots of Zr-Al for Linghao Formation marine shale.
Paleoclimate Conditions
The warm-humid climate is favorable for the atmospheric water cycle, accelerating the chemical weathering intensity, and causing the transportation of nutrients to marine or lakes. Moreover, a warm-humid climate benefits the prosperity of plankton in surface water, and the burial amount of organic matter.
Since the paleoclimate variations will alter the chemical composition of rocks to a certain degree, the paleoclimate of the depositional period can be reflected by the change in the chemical composition of rocks in turn. Sr and Cu are very sensitive to climate change, so the concentrations of these two elements can be applied to illustrate the paleoclimate conditions. Sr is likely to be lost due to weathering or leaching, while Cu is relatively stable (Leifu Zhang et al., 2021). Under the warm conditions, due to strong chemical weathering, Sr is more easily lost, resulting in increased Sr/Cu in sediments. Under dry and hot conditions, the weathering intensity is relatively low, and more Sr elements remain in the parent rock, resulting in lower Sr/Cu values in sediments. For dry and hot climates, Sr/Cu ratio is between 1-5, while for warm and humid climates, Sr/Cu ratio is greater than 5 (Yandoka et al., 2015; Xie et al., 2018). The average Sr/Cu ratio of Ling 1 is only 3.81, especially the Sr/Cu ratio for lower Ling 1 interval is the lowest (Figure 8). The average Sr/Cu ratio of Ling 3 is 4.83. The average Sr/Cu ratio of Ling 2 is 8.35, which is significantly higher than that of other members. It is suggested that a relatively dry climate during the depositional stage of Ling 1 and Ling 3 leads to less terrigenous input, which benefits the deposition of organic-rich shale. The relatively high Sr/Cu ratio for Ling 2 indicates that the paleoclimate tends to be warm and humid.
CIA* (Chemical Index of Alteration) has been extensively utilized to reflect the chemical weathering intensity (Nesbitt and Young, 1982; Bai et al., 2015). In general, high CIA* values suggested warm, humid paleoclimate and strong chemical weathering. Low CIA* values reflect dry and cold paleoclimate, and chemical weathering is weak. Bai et al. (2015) proposed that when CIA* is between 50 and 65, it reflected the cold-dry climate under the background of low chemical weathering. When CIA* is between 65 and 85, it represents the warm-humid climate under the background of moderate chemical weathering. When CIA* is between 85 and 100, it represents the hot and humid paleoclimate under strong chemical weathering. The CIA* for lower Ling 1 is the highest, which is in the middle range (65–85) of chemical weathering. The CIA* values of the Ling 2 and Ling 3 are similar (69–79) (Figure 8), which indicates that the climate tends to be warm and humid. It seems that the climate of lower Ling 1 tends to be the warmest and humid interval during the deposition of the Linghao Formation. According to the Sr/Cu ratio and the field outcrop observation results, it is most likely that the high detrital influx represented by gravity flow leads to the high CIA* value in lower Ling 1.
Paleosalinity
Paleosalinity is an important index for restoring the paleosedimentary environment. Ba and Sr were proved to be two indicator elements sensitive to paleosalinity (Wang et al., 1979; Wang, 1996). Sr and Ba showed different enrichment under different salinity. Under low salinity, Ba and Sr existed in soluble bicarbonate. With the increase in salinity, Ba gradually precipitated in the form of BaSO4, and Ba content in water decreased compared to Sr (Wolgemuth and Broecker, 1970). Under higher salinity, Sr is precipitated only in the form of SrSO4 (Wang et al., 1979). The enrichment of Sr in sediments is associated with an increase in salinity, so high Sr/Ba ratios represent an increase in seawater depth and salinity (Chegrouche et al., 2009; Wei and Algeo, 2020). Therefore, Sr/Ba ratio has been extensively applied to qualitatively restore paleosalinity (Wei et al., 2018; Wei and Algeo, 2020). Sr content and Sr/Ba ratio in sedimentary rocks have a strong positive linear relationship with paleosalinity, while Ba content is negatively correlated with paleosalinity. Since Sr and Ca are similar in atomic radius, Sr content may be much higher in sediments containing carbonate components. Before restoring paleosalinity by Sr/Ba ratio, the interference of carbonate rocks on Sr concentration must be excluded.
CaO content was used as a proxy for carbonate content and the positive Sr/Ba–CaO relationships are present in Ling 1 and Ling2 samples with CaO content larger than 10% (Figure 10A). We selected CaO = 10% as the maximum carbonate threshold for Linghao Formation sediments in this study. In Figure 10B, the CaO threshold (CaO = 10%) was applied to eliminate samples that probably contained carbonate-hosted Sr Wei and Algeo (2020) proposed that sedimentary Sr/Ba ratios of <0.2, 0.2-0.5, and >0.5 are indicative of freshwater, brackish, and marine water, respectively. Sr/Ba ratios are different in different members (Figure 8). Ling 2 and Ling 3 sediments are deposited in marine environments, and the average Sr/Ba ratio is 1.86 and 0.96, respectively. The Sr/Ba ratio of Ling 1 is higher than that of the other two members, with an average value of 0.40, which represents brackish water-fresh water (Figure 10B). Combined with outcrop observation (Figure 2A), it is suggested that gravity flow may be the direct cause of paleo-water salinity closer to freshwater during the deposition of Ling 1.
[image: Figure 10]FIGURE 10 | (A) Crossplot between Sr/Ba ratios and CaO concentration of Linghao Formation. (B) Paleo-water salinity facies for Linghao Formation.
Paleoredox Conditions
Trace element proxies including U/Th, UEF, and MoEF were extensively applied to reveal the redox conditions of paleo-water, and the smaller these proxies represent the higher theoxidation degree, and the larger the ratio represents the stronger the reduction degree (Jian Cao et al., 2018; Liu et al., 2018; Zhang et al., 2019a; He et al., 2020). Previous studies point out that high U/Th ratios were consistent with highly reducing conditions, with U/Th > 1.25 representing dysoxic to anoxic conditions and U/Th < 0.75 representing normal oxic conditions (Hatch and Leventhal, 1992; Jones and Manning, 1994; Tribovillard et al., 2006). Authigenic Mo, authigenic U enrichment, and Mo-U covariant models have been applied to illustrate redox conditions and water mass limitation (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009; Algeo and Liu, 2020). In general, the oxic condition showed little or no enrichment of authigenic U and Mo, while the anoxic conditions showed strong enrichment of authigenic U and Mo (Algeo and Tribovillard, 2009). The U/Th values of each member are less than 0.75, suggesting that the environment condition of the Linghao Formation is generally inclined to oxic environments (Figure 8). The data points of each member are all located between the oxic end and the dysoxic end of unrestricted marine trend (Figure 11). It is suggested that the organic-rich shale of Ling 1 and Ling 3 were deposited in an oxic/dysoxic environment. It seems that the redox conditions of Ling 1 and Ling 3 are not favorable for the preservation of organic matter.
[image: Figure 11]FIGURE 11 | Authigenic Mo-U covariation patterns for Linghao Formation marine shale. The diagonal dashed lines represent the Mo/U molar ratios of the seawater (sw). Grey area represents the “unrestricted marine” trend, characteristic of depositional systems with no limited trace metal renewal. The yellow area represents the “particulate shuttle” trend, characteristic of environments in which intense redox cycling of metals occurs within the water column (Algeo and Tribovillard, 2009; Tribovillard et al., 2012)
Paleoproductivity Proxies
The primary productivity in marine settings is thought to be a significant factor in the formation of organic-rich shales (Liu et al., 2018; Zhang et al., 2019a). As an essential nutrient for plankton, P is widely used to evaluate the primary productivity of the paleomarine environment (Liu et al., 2018; Jian Cao et al., 2018; He et al., 2020). To avoid the influence of the abiotic P from terrigenous input, the P/Al ratio can be used as a proxy for paleoproductivity in a marine environment, using the ratio of Mn/Ca as a reference value (Jian Cao et al., 2018). The P/Al ratio for the lower Ling 1 ranges from 1.06 to 2.06 (average 1.63), and that for upper Ling 1 varies from 1.06 to 2.39 (average 1.80). The P/Al ratio for Ling 2 ranges from 1.23 to 3.17 (average 2.07), and that for lower Ling 3 varies from 1.30 to 2.46 (average 2.14). The P/Al ratio for the upper Ling 3 ranges from 0.78 to 2.44 (average 1.65). It seems that the low P/Al ratio of the Linghao Formation reflects low productivity and the vertical variation trend between TOC and P/Al ratio is not very consistent (Figure 8). In contrast, the vertical variation trend between TOC and Mn/Ca ratio is consistent. This phenomenon can be attributed to the effect of redox conditions on enrichment P in sediments (Algeo and Ingall, 2007; Westermann et al., 2013). In reducing environments, P dissolves from sediments into the water, while in oxidizing environments, P is easily adsorbed in Fe compounds (Rimmer et al., 2004), and this could have led to the high TOC and the low ratio of P/Al in the Linghao Formation. Therefore, the low P/Al value in the high TOC intervals of the Linghao Formation does not represent the low paleoproductivity, but on the contrary, represents the high productivity.
SEDIMENTARY MODEL OF ORGANIC-RICH SHALE
Based on the abovementioned discussion, a sedimentary model of organic-rich shale in the Linghao Formation is proposed. The sedimentary environment during deposition of the Maokou Formation is dominated by shallow-water shelves. During lower Ling 1 deposition, the sedimentary environment is dominated by deep-water shelves due to coeval basement-rooted faulting under extension stress background (Changqun Cao et al., 2018; Wang et al., 2022). Strong weathering increases the detrital influx, and active basement-rooted faulting induces frequent gravity flow (Figure 12A). Meanwhile, on the one hand, gravity flow brings a large amount of terrestrial organic matter, on the other hand, it provides rich nutrients for plankton and improves paleoproductivity (Figure 12A). Emeishan volcanic activity formed a set of basalt on lower Ling 1 but did not change the sedimentary environment. The bentonite layers of volcanic ash origin in the organic-rich shale of upper Ling 1 indicate that the volcanic ash benefits the enrichment of organic matter. Firstly, volcanic ash provides biological nutrients for plankton. Secondly, the volcanic ash layer has a strong oxygen insulation ability (Figure 12B). During deposition of Ling 2, the sedimentary environment is dominated by shallow-water shelves when basement-rooted faulting entered the dormant period, and this kind of environment is not favorable for organic matter enrichment (Figure 12C). With the reactivation of basement-rooted faulting, the sedimentary environment changed into deep-water shelves again during the deposition of lower Ling 3. In general, the sedimentary model of organic-rich shale in lower Ling 3 is very similar to that in upper Ling 1 (Figure 12D), but the difference is that the bentonite in lower Ling 3 originates from felsic volcanism in South China (Wang et al., 2018; Hua Zhang et al., 2021).
[image: Figure 12]FIGURE 12 | Model of the enrichment mechanisms of organic matters in the Linghao Formation marine organic-rich shale (A) lower Ling 1 member. (B) Upper Ling 1 member. (C) Ling 2 Member. (D) Lower Ling 3 member.
CONCLUSIONS

1) There are two organic-rich shale intervals in the Linghao Formation, which are Ling 1 Member and lower Ling 3 Member. Organic-rich shales of these intervals are deposited in the environment of deep-water shelf triggered by basement-rooted faulting under extension stress background.
2) The changes of TOC and its correlation with geochemical proxies suggest that paleoproductivity is the critical factor that controls the enrichment of organic matter during the deposition of Linghao Formation organic-rich shales. For lower Ling 1, detrital influx including gravity flow benefits paleoproductivity, thus controlling the enrichment of organic matter. For upper Ling 1 and lower Ling 3, the volcanic ash of Emei volcanism from Southwest China and felsic volcanism from South China plays a critical role in paleoproductivity, respectively, thus controlling the enrichment of organic matter.
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The distribution characteristics and formation of marine anoxic conditions through the Late Ordovician–Early Silurian (O–S) remain poorly resolved despite their importance in the preservation of sedimentary organic matter and the formation of black shale. In this study, the major, trace, and pyrite δ34S (δ34Spy) contents of 36 shale samples at the edge of the southwest depocenter of the Upper Yangtze Basin (Tianlin and Changhebian sections) were analyzed to understand the redox conditions, terrigenous clastic inputs, and primary productivity changes. The iron speciation and enrichment factor of U and Mo show that the range of anoxic conditions gradually expanded from the sedimentation center to the edge during the late Katian stage, peaked in the early Hirnantian stage followed by a rapid decrease, and expanded again during the early Rhuddanian stage. Comprehensive index analysis showed that the increase of terrigenous clastic input and the relative decrease of primary productivity due to tectonism and sea level change controlled the transformation of the water column from anoxic, especially euxinic, to suboxic-oxic conditions. This is reflected in the correlation between paleo-salinity, δ34Spy, chemical index of alteration, and the organic carbon accumulation rate. This work emphasizes the control of terrigenous clastic input and sulfate availability on the transformation of marine redox conditions during the O-S period in semi-restricted basins.
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1 INTRODUCTION
The transition from Late Ordovician to Early Silurian (O–S) was an important event in Earth’s history. This period witnessed several occurrences, such as the Hirnantian glaciation, biological extinction and recovery, structural changes, volcanic activities, and marine environmental changes (Adachi et al., 1986; Brenchley et al., 2003; Yan et al., 2009; Delabroye and Vecoli, 2010; Yan et al., 2010; Algeo et al., 2016). Among them was the widespread deposition of black shales, which are an important source of shale gas (Luening et al., 2000; Zou et al., 2016). Such widespread formation of black shales can be attributed to primary productivity and a marine anoxic environment (namely paleoproductivity and preservation modes) (Sageman et al., 2003; Gallego-Torres et al., 2007; Mort et al., 2007; Ge et al., 2020). According to the productivity model, the advancement and extinction of glaciers promoted the release of terrestrial nutrients (e.g., phosphorus and iron) into the ocean causing numerous oceanic phytoplankton to flourish (Saltzman and Young, 2005). Higher primary productivity and organic carbon sinks contributed to the formation of black shale. The preservation model suggests that anoxic water effectively slowed the consumption of organic matter (OM), increased its burial flux, and promoted the formation of black shale (Algeo and Maynard, 2004). Studies have shown that the anoxic water column may be the main controlling factor in black shale formation and biological extinction as compared to higher primary productivity (Hammarlund et al., 2012; Gomes and Hurtgen, 2015; Liu et al., 2016; Zou et al., 2018; Li et al., 2019; Li N. et al., 2021; Pan et al., 2021; Wang et al., 2021).
The black shales of the Upper Yangtze Basin, South China, formed between Late Ordovician [Katian, Wufeng Formation, (WF)] and Silurian [Telychian, Longmaxi Formation, (LMX)]. Existing studies on lithofacies paleogeography show that semi-limited and limited water environments appeared in the northeast and southwest Upper Yangtze Basin owing to tectonism and sea-level fluctuations, respectively, forming two relatively independent depocenters, which controlled the transformation of redox conditions in the water column (Liang et al., 2009). Zou et al. (2018) and Li et al. (2019) emphasized the controlling effect of sulfate availability on the development of anoxic water, especially euxinic conditions from different depths and offshore distances. Li Y. et al. (2021) highlighted the contribution of volcanism to primary productivity and the preservation of OM. However, the mechanism of this control is unclear. In addition, the influence of frequent volcanic activity and extensive glaciers on the transformation of redox conditions in the water column of the Upper Yangtze Basin has not been studied comprehensively and needs further discussion.
To explore the controlling factors of marine redox conditions and the formation of OM in the Upper Yangtze Basin during the O–S period, we analyzed the whole-rock major, trace elements, and sulfur isotopes (δ34Spy). Combined with previously published data on the Shuanghe section, which is located in the southwest depocenter, we reconstructed the redox evolution of marine water in the southwest of the Upper Yangtze Basin and evaluated the extent of its control on the formation of black shales.
2 GEOLOGICAL SETTING
Located west of the South China Block, the Upper Yangtze Basin is a superimposed basin controlled by peripheral tectonic activity (Zhou et al., 2015). During the O–S period, the South China Block comprised the Cathaysian and Yangtze Blocks. These blocks converged to form an intracontinental orogeny that led to the formation of the surrounding areas (Kangdian-Qianzhong Uplift, Hanzhong Uplift, and Chuanzhong Uplift surround the Upper Yangtze Basin) isolating the Upper Yangtze Basin from the high seas, and form a semi-restricted shallow-sea basin (Chen et al., 2004; Mu et al., 2011) (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Paleogeographic map of the Upper Yangtze Basin (Chen et al., 2004). (B) Locations of the Tianlin, Changhebian, and Shuanghe sections (Liu et al., 2016). The dotted line in the figure shows the location of the eastern and southern depocenters within the Upper Yangtze Basin (Liang et al., 2009). Line A-A’ represents the cross-section in Figure 11. (C) Comparison diagram of biostratigraphy in the study sections (graptolite biozones based on Chen et al. (2004)). GYQ, Guanyinqiao Formation; HF, Hirnantia Fauna; D. com, Dicellograptus complexus; P. pac, Paraorthograptus pacificus; M. ext., Metabolograptus extraordinarius; M.P., Metabolograptus persulptus; A. a., Akidograptus ascensus.
The Changhebian (28°44'33″ N and 103°26'23″ E) and Tianlin (27°55'15″ N and 105°36'45″ E) sections, located in the southwest Upper Yangtze Basin and adjacent to the Chuanzhong and Qianzhong Uplifts on both sides of the depocenter, respectively, were selected for this study (Figure 1B). The selected sections were compared with the Shuanghe section, which is located in the southwest depocenter. The Shuanghe section has been studied extensively in terms of biostratigraphy, paleogeography, and chemical stratigraphy (Liu et al., 2016; Lu et al., 2021). The stratigraphic sequences of the three sections are similar during the O–S period. The WF, Guanyinqiao (GYQ), and LMX Formations are distributed evenly in the Tianlin and Shuanghe sections (Figure 1C) whereas, only the WF and LMX Formations are identified in the Changhebian section (Figure 1C). The WF and LMX Formations comprise organic-rich black shales and abundant graptolite fossils. The GYQ Formation mainly comprises carbonaceous limestone, with abundant fossil shells that record the decline of sea level. Graptolite strata and regional-global zoning schemes of O–S have been established in the study area as the biostratigraphic control (Zhou et al., 2015; Li et al., 2019; Wang et al., 2021).
3 SAMPLES AND METHODS
3.1 Samples
In total, 23 and 13 representative fresh shale samples were collected from the Tianlin and Changhebian sections, respectively. All samples were ground to ≤ 200 mesh size using a tungsten carbide crusher.
3.2 Methods
For total organic carbon (TOC) measurements, all samples were leached with ≥ 20% HCl to remove the carbonate content and washed with distilled water before analysis. A LECO CS230 carbon sulfur analyzer at the China University of Mining and Technology Advanced Analysis and Computation Center was used to determine the dried residues and unacidified samples.
Major element analyses were conducted at the China University of Mining and Technology Advanced Analysis and Computation Center using a Bruker S8 Tiger X-ray fluorescence spectrometer (XRF). Trace elements were tested at the Jiangsu Geological and Mineral Resources Design and Research Institute using a PE Elan600 standard inductively coupled plasma mass spectrometer (ICP-MS). Sedimentary Fe speciation and S isotopes of pyrite (δ34Spy) were tested at the State Key Laboratory of Biogeology and Environmental Geology, China. The detailed test methods and standards can be found in the study by Wang et al. (2021).
3.3 Proxies Used in This Study
The chemical index of alteration (CIA) and component variability index (ICV) can be used to determine the intensity of chemical weathering and composition of sediments in the source area, respectively (Nesbitt and Young, 1982; Cullers and Podkovyrov, 2000) (Cox et al., 1995). The calculation formulas are as follows:
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The principal concentration was calculated in moles. CaO* is the CaO in silicate, which can be calculated by the formula CaOresidual = mole CaO—10/3 × mole P2O5 (McLennan, 2001). If CaOresidual < Na2O, CaO* = CaOresidual; otherwise, CaO* = Na2O. To eliminate the influence of potassium metasomatism on the CIA value, we used the alternative formula CIAcorr = [(1 − m) Al2O3 / (Al2O3 + CaO* + Na2O − m2Al2O3)] × 100, where m = K2O / (Al2O3 + CaO* + Na2O + K2O) (Panahi et al., 2000).
By subtracting the contribution of the land source from the elemental content in the rock, the excess value of an element can represent its autogenic composition (Tribovillard et al., 2006; Algeo and Tribovillard, 2009). Therefore, a post-Archean average shale (PAAS) standardization analysis of the studied shale samples from the WF–LMX Formation was carried out to obtain the excess value of element X, and the formula is XEF = (X / Al)sample /(X / Al)PAAS (Taylor and McClcnnan, 1985). XEF > 1 indicates its enrichment and vice versa.
The mass accumulation rate of organic carbon (OCAR) is one of the effective indicators for evaluating the marine primary productivity, the formula for which is OCAR = LSR×TOC×ρ, where LSR is the line sedimentation rate (m/Myr) and ρ means the density of rock (2.5 g/m3) (Schoepfer et al., 2015) (The value of the LSR can be found in Supplementary Table S1).
4 RESULTS
All petrological and geochemical data of the Tianlin and Changhebian sections are shown in Tables 1, 2 and Supplementary Table S1. The stratigraphic models of the key results are shown in Figures 2–4. The test data of the Shuanghe section can be found in Liu et al. (2016); Li et al. (2017); Liu et al. (2020); and Lu et al. (2021).
[image: Figure 2]FIGURE 2 | (A) Radiolarian siliceous shale and (B) calcareous silt shale representing deep-water shelf facies and shallow shelf facies, respectively (Mou et al., 2016); (C) mud shale representing tidal-flat facies in the WF Formation from the Changhebian section; (D) quartz particles under a scanning electron microscope (SEM); (E) bioclastic fragments in the Guanyinqiao Formation (Mou et al., 2019); and (F) framboidal pyrite under the SEM.
[image: Figure 3]FIGURE 3 | Chemostratigraphic profiles of (A) TOC and OCAR, (B) FeT and TS, (C) FeHR/FeT and Fepy/FeHR, (D) MoEF and UEF, (E) CIAcorr and δ34Spy, and the redox summary for the Changhebian section. The vertical dotted line represents the threshold of each proxy. Abbreviations as in Figure 1.
[image: Figure 4]FIGURE 4 | Chemostratigraphic profiles of (A) TOC and OCAR, (B) FeT and TS, (C) FeHR/FeT and Fepy/FeHR, (D) MoEF and UEF, (E) CIAcorr and δ34Spy, and redox summary for the Tianlin section. The vertical dotted line represents the threshold of each proxy. Abbreviations as in Figure 1.
TABLE 1 | Results of the TOC and major elements in the Changhebian and Tianlin sections.
[image: Table 1]TABLE 2 | Results of trace elements and δ34Spy in the Changhebian and Tianlin sections.
[image: Table 2]4.1 Petrological Characteristics
Field observation and microscopic studies showed that the shale samples of the WF–LMX Formations are mainly thin or massive, dark/black, and fine-grained (Figure 2), and include clay shale, calcium-rich clay shale, calcareous clay shale, siliceous clay shale, siliceous biogenic shale, and argillaceous siliceous shale (Figures 2A–C). Tidal-flat and shallow-water shelf facies were identified in the Changhebian section, and shallow and deep-water shelf facies were identified in the Tianlin section.
Under a polarizing microscope, the studied samples showed an argillaceous structure, composed of clay minerals and clastic particles (mainly quartz and feldspar), with a particle size of <0.0039 mm (Figure 2D). The clay minerals were parallelly oriented and alternated with black carbonaceous OM. Calcitic and dolomitic cements exist between the clay minerals as microcrystalline and rhombic crystals, respectively. Brachiopod fragments were observed in the gray-black calcium-bearing mudstone of the GYQ Formation (Figure 2E). Scanning electron microscope images showed fine euhedral to subhedral pyrite crystals, occurring as framboidal aggregates (Figure 2F).
4.2 Geochemical Characteristics
4.2.1 Total Organic Carbon and Total Sulfur Content
The variations in the TOC and total sulfur (TS) differed between the two sections. The Changhebian section showed a relatively high TOC content (1.24–6.11%, average 3.31%). It increased from the late Katian to the early Rhuddanian stage (Table 1 and Figure 3). The TS content also showed an increasing trend, ranging from 0.12 to 1.55% (average 0.74%). TOC values in the Tianlin section were relatively low, ranging from 0.47 to 7.17% (average 2.89%). However, it showed an opposite trend compared with the Changhebian section with a trend of first decreasing and then increasing during the late Katian to the early Rhuddanian (Table 1; Figure 4). The TS content was relatively high, ranging from 0.04 to 2.85% (average 1.02%), and showed a trend similar to that of TOC (Figure 4).
4.2.2 Major and Trace Elements Content
The major element composition of the studied shales was similar in both sections, with high concentrations of SiO2, Al2O3, CaO, Fe2O3, K2O, and MgO, and relatively low (<1.0%) Na2O, P2O5, TiO2, and MnO concentrations (Table 1). For the Changhebian section, the averages of these major elements were 62.33, 10.74, 4.05, 3.82, 3.38, and 2.89%, respectively. For the Tianlin section, the averages of these major elements were 66.03, 10.86, 4.56, 3.18, 2.99, and 2.94%, respectively.
Variations in the trace element contents were estimated by calculating their enrichment factors (Figure 5). Compared with PAAS, both sections were enriched in Mo and U, marginally enriched in Th, Zr, Ba, La, and Ce, and depleted in Sc and Sr (Table 2 and Figure 5).
[image: Figure 5]FIGURE 5 | Enrichment of trace elements in the Changhebian and Tianlin sections.
4.2.3 Variations of the δ34Spy
The δ34Spy contents of these two sections had similar characteristics. They increased from the late Katian to the Hirnantian, followed by a decrease in the early Rhuddanian (Figures 3, 4). In addition, the average δ34Spy content in the Changhebian section (−5.02‰) was lower than that in the Tianlin section (−1.37‰) (Table 2).
5 DISCUSSION
5.1 Sediment Provenance and Paleoweathering
The geochemical characteristics (major and trace elements) of fine clastic sedimentary rocks are indicators of source material compositions and tectonic environments, and provide information on the tectonic evolution of an area (Hofmann, 2005; Sugitani et al., 2006; Liu et al., 2007; Cottle et al., 2009; Cawood et al., 2012; Zaid, 2015; Zhang et al., 2018).
Based on the different stabilities of Zr, Th, and Sc in sedimentary cycles, their ratios can be used to determine whether the source rocks were a part of the sedimentary cycles (Cullers and Podkovyrov, 2000; McLennan, 2001). Generally, unrecycled sediments follow the magmatic evolution trend in the cross-plots of Th/Sc and Zr/Sc, whereas the recycled sediments follow the trend of zircon addition because of its continuous enrichment (Figure 6A). The studied samples followed the magmatic evolution array and were closer to more felsic end-members, indicating that the source rocks were unrecycled and felsic (Figure 6A). The TiO2–Zr cross-plot can also be used to determine the source rock composition, with values of <55 and >195 representing felsic and mafic rocks, respectively (Hayashi et al., 1997). In this work, all shale samples were located in the area of felsic igneous rocks, which is consistent with the results obtained by Th/Sc-Zr/Sc, indicating that the source was mainly felsic (Figure 6B).
[image: Figure 6]FIGURE 6 | Sedimentary provenance for the Changhebian and Tianlin sections: (A) Zr/Sc versus Th/Sc, (B) Zr versus TiO2, (C) Al2O3/(Al2O3+Fe2O3) versus LaN/CeN, and (D) Th-Sc-Ze/10 ternary diagram. CA, continental island arc; ACM, active continental margin; OIA, oceanic island arc; PM, passive margin.
The depositional environment of the basin not only controls the thickness, area, OM type, and maturity of sedimentary shale but it also affects the type and mineral composition of the sedimentary rocks (McLennan, 2001). Based on their variable Ce anomalies, the sedimentary environment can be classified into expanding ridge, pelagic, and continental margins (Murray, 1994). The Al2O3/(Al2O3+Fe2O3)-LaN/CeN intersection diagram suggests a continental margin environment for the studied samples (Figure 6C) (Murray, 1994). In addition, depending on the tectonic setting, the sedimentary basin can be divided into the active continental margin, oceanic island arc, continental island arc, and passive continental margin (PM), which can be identified from the Th-Sc-Zr/10 ternary plot (Bhatia and Crook, 1986). The samples from the Changhebian and Tianlin sections were located in or near the PM field, which further supports that the sedimentary environment was a passive margin (Figure 6D).
Before determining the paleoclimate and its intensity, it is necessary to determine whether the provenance of the parent rock was affected by sedimentary differentiation and recycling. The ICV is usually used to determine whether the source rock composition is a primary deposition (ICV>1) or recycled sediment (ICV<1) (Cullers and Podkovyrov, 2000, 2002). The ICV values of the studied shale samples were >1 (Table 1), suggesting immature deposits. The CIA value can be used to estimate the degree of weathering of the source area (Cox et al., 1995). From the vertical variation trend of CIA, we infer that the Changhebian and Tianlin sections experienced similar weathering intensities during the O–S period (Figures 3, 4). The sections experienced moderate weathering in the late Katian stage (CIA = 75), and relatively weak weathering in the Hirnantian stage (CIA = 72 for the Changhebian section and CIA = 70 for the Tianlin section). Weathering conditions gradually became moderate in the early Rhuddanian stage (CIA = 74 for the Changhebian section, and CIA = 77 for the Tianlin section) (Figures 3, 4; Supplementary Table S1).
5.2 Water Restriction
The degree of restriction of the water column affects the enrichment and preservation of sedimentary OM and limits the biogeochemical cycle of elements (Algeo and Rowe, 2012). Mo and U show different adsorption rates and trends in restricted and unrestricted environments, and the covariant relationship between UEF and MoEF is often used to determine the restriction degree of the water column and the local depositional environment (Algeo and Tribovillard, 2009; Tribovillard et al., 2012).
The degree of water restriction showed a similar trend for both sections during the O–S period. From the late Katian to the Hirnantian, the EF of Mo and U in shale samples gradually increased, thereby increasing the MoEF/UEF ratio from 0.1×SW to 0.3×SW (Figures 7A,B). In addition, the reducibility of the water column gradually increased from suboxic to anoxic conditions (Figures 7A,B), which continued during the Hirnantian to the early Rhuddanian stage, and reached euxinic conditions (MoEF/UEF = ∼1×SW). This feature is similar to the variation pattern of Mo–U in the Black Sea, which represents a strongly restricted water environment.
[image: Figure 7]FIGURE 7 | Covariant relationship between UEF and MoEF for the (A) Changhebian section and (B) Tianlin section. The solid line represents the molar concentration ratio of Mo/U in seawater (SW = 7.9).
In addition, the water column of the Changhebian section was more restrictive than that of the Tianlin section (Figures 7A,B), which may be related to the different paleowater depths and locations of the section during this period. The deeper the paleowater depth, the stronger the reduction of the water column will be, and the higher values of the MoEF and UEF. Under the influence of the ocean current, the Tianlin section located on the east bank of the paleo-uplift (paleomagnetic direction) receives more Mo and U supplies than that of the Changhebian section, showing a relatively weak water restriction.
5.3 Paleowater Depth and Paleosalinity
The paleo-water depth determines the hydrodynamic and redox conditions, paleosalinity and paleoproductivity of sediment formation, and is an important indicator for the restoration and study of the sedimentary paleo-environment (Wang et al., 2020). In-depth research methods for the quantitative restoration of paleo-water depth in marine fine-grained sediments are not available. In this study, the value of Fe/Mn was used to characterize the variation trend of paleo-water depth in the study area during the O–S period, where a higher ratio was attributed to a water column (Wersin et al., 1991; Katz and Lin, 2014). This is because, during the Fe–Mn migration, Fe is easily oxidized to precipitate, whereas Mn is relatively stable and can be transported to deep-water areas far from the coast.
From the late Katian to the Hirnantian stage, and then to the early Rhuddanian stage, the paleo-water depth of the Changhebian and Tianlin sections had a similar change trend: shallow-deep-shallow-deep (Figure 8). Considering the Fe/Mn values of the Shuanghe section, the distribution of the paleo-water depth from deep to shallow was in the order of Shuanghe section (average 57.4) > Tianlin section (average 102.7) > Changhebian section (average 111.1) (Supplementary Table S1). This inference is consistent with the observed lithofacies characteristics representing the different water depths (see Section 4.1).
[image: Figure 8]FIGURE 8 | Comparison of paleo-water depth and paleosalinity for the study sections. The data on the Shuanghe section are from Li et al. (2017). Abbreviations as in Figure 1. Red and black vertical dashed lines represent thresholds for proxies, as shown in the text.
Paleosalinity is also an important indicator of the paleoenvironment and paleoecology and affects the enrichment of sedimentary OM (Arz et al., 2003; Hu et al., 2018). Paleosalinity also indirectly reflects the influence of coastal rivers on the sedimentary area, where a lower salinity denotes a stronger freshwater supply, and higher input of terrigenous clastic materials, and vice versa (Arz et al., 2003). Here, we used strontium/barium (Sr/Ba) and total sulfur/total organic carbon (S/TOC) ratios to restore the paleosalinity of the O–S period in the study area (Wei and Algeo, 2020). The values of Sr/Ba are <0.2 in fresh water, 0.2–0.5 in brackish, and >0.5 in seawater. The values of S/TOC are <0.1 in fresh water, >0.1 in brackish, and seawater (Wei and Algeo, 2020).
From the late Katian to the early Rhuddanian stage, the paleosalinity in the Changhebian and Tianlin sections first decreased and then increased (Figure 8). Specifically, the water column of the Changhebian section was brackish (Sr/Ba = 0.22, TS/TOC = 0.33) during the late Katian period, and in the transition zone from fresh water to brackish (Sr/Ba = 0.20, TS/TOC = 0.15) during the Hirnantian period. In the early Rhuddanian period, it returned to brackish conditions (Sr/Ba = 0.45, TS/TOC = 0.31). For the Tianlin section, the water column was brackish (Sr/Ba = 0.32, TS/TOC = 0.34), brackish (Sr/Ba = 0.24, TS/TOC = 0.28), and seawater (Sr/Ba = 0.52, S/TOC = 0.36) in the aforementioned three stages, respectively. The paleosalinity of the water column in the Tianlin section was greater than that in the Changhebian section, which was similar to the change in the paleo-water depth. (Figure 8). For the Shuanghe section, the water column was brackish and seawater during the O–S period, and its salinity showed an increasing trend during the Hirnantian stage, which may be related to the fall in sea level and increase in water restriction during this stage (see section 5.5 for a specific discussion).
5.4 Redox Conditions and its Heterogeneity
5.4.1 Reconstruction of Redox Conditions
Fe speciation and its ratio has been widely used to determine the redox conditions in sedimentary water columns (Poulton and Canfield, 2011; Li et al., 2015; Jin et al., 2016). Under FeT > 0.5%, the ratio of highly active iron (FeHR) to total iron (FeT) is used to distinguish oxic conditions (FeHR/FeT < 0.38) and anoxic conditions (FeHR/FeT > 0.38). Furthermore, under anoxic conditions, the ratio of pyrite (Fepy) to FeHR is used to distinguish between ferruginous (Fepy/FeHR < 0.7–0.8) and euxinic (Fepy/FeHR > 0.7–0.8) conditions (Poulton and Canfield, 2011; Clarkson et al., 2014). The FeT values of the 36 studied samples were all ≥ 0.5%, which could be used to determine the redox conditions of the water column (Supplementary Table S1). In addition, we used the UEF-MoEF covariance diagram to further infer the redox conditions of the water column.
In the Changhebian section, during the late Katian stage (from the D. complexus zone to the P. pacificus zone), the redox conditions of the water column changed from oxic-suboxic (FeHR/FeT = 0.21) to anoxic conditions (FeHR/FeT = 0.60), especially ferruginous (Fepy/FeHR = 0.62). During the early Hirnantian stage (M. extraordinarius), the water conditions gradually leaned toward suboxic (FeHR/FeT = 0.38), but in the late Hirnantian, they returned to ferruginous (FeHR/FeT = 0.56, Fepy/FeHR = 0.61), and these conditions lasted until the early Rhuddanian stage (Supplementary Table S1 and Figure 9).
[image: Figure 9]FIGURE 9 | Comparison of the redox condition, δ34Spy, and OCAR for the three sections. The data of the Shuanghe section are from Liu et al. (2016) and Li et al. (2017). Red and black vertical dashed lines represent thresholds for proxies, as shown in the text.
In the Tianlin section, in the early late Katian stage (D. complexus zone), the redox conditions of the water column changed from oxic-suboxic (FeHR/FeT = 0.33) to anoxic (FeHR/FeT = 0.51), especially ferruginous (Fepy/FeHR = 0.64), which lasted for the middle Hirnantian stage (before the GYQ Formation in the Hirnantia Fauna zone). During the deposition of the GYQ Formation, the water column gradually changed to suboxic (FeHR/FeT = 0.25), then returned to a ferruginous condition (FeHR/FeT = 0.79, Fepy/FeHR = 0.63) in the late Hirnantian (M. persulptus zone), and lasted until the early Rhuddanian stage (FeHR/FeT = 0.71, Fepy/FeHR = 0.64).
In summary, the Changhebian and Tianlin sections accumulated under oxic-suboxic conditions during the early late Katian (early D. complexus zone) and the middle Hirnantian (Hirnantia Faun), but shifted to anoxic conditions (especially ferruginous) during the other stage. This change is consistent with the results of the MoEF-UEF plot (Figure 7, Section 5.2).
5.4.2 Redox Heterogeneity in the Southwest Depocenter
To confirm the heterogeneous redox conditions in the Upper Yangtze Basin, we compared and discussed the values of FeHR/FeT and Fepy/FeHR from the Changhebian and Tianlin sections with those of the Shuanghe section [Figure 9 (Liu et al., 2016)]. In the early late Katian, the marine water column of the Changhebian and Tianlin sections (located in the nearshore area) maintained oxic-dysoxic conditions, whereas the Shuanghe section (located in the offshore area) showed ferruginous conditions, which confirms the deepest paleo-water of the Shuanghe section. During the early Hirnantian stage, ferruginous conditions in the basin expanded further, covering almost the entire southwest depocenter of the Upper Yangtze Basin. During the Hirnantian stage, under the influence of glaciation, the redox condition of the water column in the nearshore area gradually changed to oxic-dysoxic, while the reducibility of the anoxic condition in the Shuanghe section was further enhanced, with the appearance of the euxinic condition (Figure 9) (Liu et al., 2016; Li et al., 2019). In the late Hirnantian to the early Rhuddanian stage, the ferruginous condition of the water column was re-established in the southwest depocenter.
5.5 Control Factors of the Marine Redox Condition
Under a similar tectonic background and water restriction, the redox conditions of the water column in the southwest depocenter of the Upper Yangtze Basin still showed prominent spatiotemporal heterogeneity. Especially during the Hirnantian stage, euxinic appeared offshore when oxic-suboxic conditions appeared in the nearshore.
The mechanism of the formation of the euxinic condition has been widely studied: under anoxic conditions, microorganisms breathe by reducing sulfate to produce H2S, which is combined with FeHR in water to form pyrite in a ratio of 2:1. When FeHR is depleted, H2S accumulates in the water column and it finally forms the euxinic condition. Therefore, the effectiveness of sulfate and the input of FeHR jointly control euxinic acid production (Johnston et al., 2010; Raiswell and Canfield, 2012). In addition, under the influence of a limited sulfate supply, the S isotope value of sulfide generated by the microbial reduction of sulfate increases, resulting in a positive deviation of δ34Spy (Leavitt et al., 2013; Bradley et al., 2016).
In this study, we classified the late Katian and early Rhuddanian stages into pre-glacial and postglacial periods, with the Hirnantian stage as the boundary, to explore the control factors of water redox conditions in the southwest depocenter of the Upper Yangtze Basin during the O–S period.
5.5.1 Pre-glacial and Postglacial Periods
During most of the pre-glacial and postglacial periods, the southwest depocenter of the Upper Yangtze Basin was in an anoxic ferruginous condition (Figure 9). The prevalence of ferruginous conditions is related to sufficient FeHR input and limited sulfate supply, and under high availability of OM and anoxic conditions, H2S, which is produced by microorganisms, is eliminated by FeHR (Poulton and Canfield, 2011). For the Changhebian and Tianlin sections, the FeU values of the samples measured under the ferruginous conditions were higher (0.48–1.60%, average: 0.93% for the Changhebian section, and 0.46–2.11%, average 1.01% for the Tianlin section, Supplementary Table S1), suggesting a large input from terrestrial clay minerals and other silicates providing abundant detrital Fe flux. However, the FeU values of the samples were relatively small (FeU < 0.4%, Supplementary Table S1) in the Shuanghe section under the same ferruginous conditions, representing a limited detrital Fe flux. The input difference of FeU is also reflected in FeT. The highest value of FeT is observed in the Tianlin section (1.48–3.58%, average: 2.44%), followed by the Changhebian section (1.66–2.60%, average: 2.24%), and the Shuanghe section (0.60–3.00%, average: 1.33%).
Although the availability of OM was a major factor in controlling the redox conditions of the water column, especially for the development of the euxinic environment, euxinic conditions did not occur in the study area during this period (Figure 9). In addition, there was no significant positive correlation between OCAR and Fepy/FeHR in the Changhebian (r = 0.25, p > 0.10) and Tianlin (r = 0.30, p > 0.10) sections (Figure 10A). Especially in the Shuanghe section, a ferruginous condition was still developed under low FeT input and high OCAR (18.30–45.00, average: 30.11 mg cm−2 myr−1) (Supplementary Table S1, Figure 9), probably because of the effectiveness of sulfate.
[image: Figure 10]FIGURE 10 | Relationship between (A) OCAR and Fepy/FeHR, (B) CIAcorr and δ34Spy.
Under moderate to strong hydrological restriction, when terrigenous clastic sulfate is input from the uplift to the depocenter, the sulfate concentration is high in the near-source region (i.e., the estuary), and low in the far-source region (i.e., the sedimentary center) (Li et al., 2019). The closer it is to the estuary, the lower will be the δ34S value of the sulfide generated in the water column. This conclusion is supported by the significant negative relationships between δ34Spy and CIAcorr (r = −0.73 for the Changhebian section, and r = −0.63 for the Tianlin section, with p < 0.01) (Figure 10B). During the pre-glacial and postglacial periods, the δ34Spy value was the lowest in the Changhebian section (−7.05‰ for the late Katian, and −4.8‰ for the early Rhuddanian), followed by that in the Tianlin section (−3.03‰ for the late Katian, and −4.50‰ for the early Rhuddanian). The highest values were observed in the Shuanghe section (0.25‰ for the late Katian, and 6.55‰ for the early Rhuddanian) (Figure 9). This distribution trend of δ34Spy was consistent with the change in the paleowater depth and paleosalinity.
Therefore, it is inferred that in the pre-glacial and postglacial periods, detrital sulfate was mainly derived from the Chuangzhong and the Qianzhong Uplifts and precipitated in the shallow paleo-water of the Changhebian and Tianlin areas, respectively, as sulfides by microbial processes, to generate low δ34S authigenic pyrite (Figure 11A,C). The Shuanghe section, located in the sedimentary depocenter, is far away from the source, limiting the supply of sulfate and resulting in ferruginous conditions (Figure 11A,C).
[image: Figure 11]FIGURE 11 | Depositional model of A-A’ (Figure 1C) during the Late Ordovician to Early Silurian. (A) Pre-glacial period; (B) Hirnantian glaciation period; and (C) postglacial period in the southwest depocenter of the Upper Yangtze Basin.
5.5.2 Hirnantian Glaciation
In the early Hirnantian (M. extraordinarius zone) stage, obvious euxinic water appeared in the Shuanghe section, but not in the Changhebian and Tianlin sections (Figures 9, 11B). As mentioned previously, euxinic acid formed because of the increased availability of sulfate. Although the glacial period may reduce the intensity of chemical weathering, the sea-level fall forces continental shelf sediments rich in pyrite to be exposed to water and undergo weathering, thereby increasing the sulfate input in the local area of the depocenter. This speculation is supported by a reduction in the Changhebian section in the M. extraordinarius zone and the absence of the GYQ Formation (Figure 9). With rising temperatures, melting of glaciers, and rising sea levels at the end of the Hirnantian stage, the source area of exposed water was reduced and far away from the depocenter, thereby reducing the sulfate input and reconverting water to ferruginous conditions (Figure 11B).
Significant indigenous δ34Spy gradient changes occurred during the glaciation: δ34Spy in the Changhebian, Tianlin, and Shuanghe sections were −3.8‰, 1.2‰, and 9.81‰ (Tables 2), respectively. This change cannot be attributed to the chemical jump that sediments undergo, which results in the limitation of sulfate in pore water, especially in the M. extraordinarius zone, and euxinic conditions occur in the depocenter. We speculate that the increase in δ34Spy during the glacial period represents an increase in the sulfate isotope input to the depocenter. This inference is supported by the correlation of paleosalinity between the three sections. In the Hirnantian stage, the paleosalinity of the Changhebian and Tianlin sections decreased due to the glacier and sea-level fall, but the paleosalinity of the Shuanghe section increased gradually and reached the maximum in the M. extraordinarius zone (Figure 8). This indicates that during the glacial period, the main provenance area in the region changed from the Qianzhong Uplift to the Chuangzhong Uplift. More specifically, it changed to the area represented by the Changhebian section that was briefly exposed to the surface due to the decrease in the sea level. Sulfate from the Changhebian section was re-weathered and transported to the Shuanghe section, thereby increasing the sulfate flux and promoting the formation of euxinic acid (Figure 11B).
Collectively, climate change and terrigenous debris input control the effectiveness of sulfate, which is the main controlling factor for the change in redox conditions of marine water before and after the Hirnantian glacial period.
6 CONCLUSION
Lithology and concentrations of major elements, trace elements, and sulfur isotope of the Changhebian and Tianlin sections located in the southwest of the Upper Yangtze Basin were analyzed and compared with the Shuanghe section in the depocenter. The main influencing factors of the spatiotemporal distribution in the redox conditions were discussed. Comprehensive indicators show that the activity of sedimentary OM and the availability of sulfate are the main factors that controlled the redox conditions of the water column, especially euxinic changes during the glacial period. This inference is based on a similar tectonic background, water sealing degree, paleosalinity, and paleowater depth of the two studied sections. Our work reveals the complex control of terrestrial clastic inputs on the transformation of redox conditions in semi-confined basins.
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Investigation of pore structure is vital for shale reservoir evaluation and also “sweet spot” prediction. As the strong heterogeneity in pore types, morphology, and size distributions of organic matter-rich shales, it is essential to combine different approaches to comprehensively characterize them.Field emission-scanning electron microscopy (FE-SEM), low-pressure gas (CO2 and N2) adsorption, and high-pressure mercury intrusion (HPMI) were employed to systematically investigate the pore structure of the lower Longmaxi shale reservoirs in the northern Guizhou area. The results show that the shales can be divided into four lithofacies based on mineral composition, namely, siliceous shale (SS), clay shale (CS), carbonate shale (CAS), and mixed shale (MS), among which siliceous shale is the primary lithofacies of the Longmaxi shale. Numerous organic matter (OM)-hosted pores, clay interlayer pores, interparticle pores, and intraparticle pores were identified within shale reservoirs. The specific surface area ranges from 11.3 to 27.4 m2/g, with an average of 18.1 m2/g. It exhibits a strong positive correlation with TOC contents, suggesting that organic matter is the major contributor to the specific surface areas. A wide range of pore size distribution was measured by integration of gas adsorption and HPMI. It is shown that the pore size is primarily distributed within ∼100 nm, corresponding to micropores, mesopores, and part of macropores. The total pore volume, which is mostly derived from the contribution of micropores and mesopores, remains within a range of 0.11 to 0.025 ml/g, with an average of 0.018 ml/g. Furthermore, the volume of micropores and mesopores is mainly controlled by organic matter contents. The dissolution pore contributes most to the macropore space within shale reservoirs, based on the positive correlation with macropore volume and easily dissolved minerals, including carbonate and feldspar. Also, the total pores volume is mainly dominated by organic matter and carbonate contents. This is possibly attributed to the easily dissolved and rigid features of carbonate, which can protect the primary interparticle pores due to its high compression resistance and is conducive to forming abundant dissolution pores. OM-rich carbonate-bearing mixed shale may be the most favorable lithofacies for gas storage in the northern Guizhou area.
Keywords: shale reservoirs, pore size distribution, pore structure, organic matter, gas adsorption
INTRODUCTION
With the maturity of exploitation techniques (such as hydraulic fracturing, and horizontal drilling) and large-scale applications, commercial production of shale gas becomes possible and plays a critical role as energy source nowadays (Curtis, 2002; Zou et al., 2015, 2018). In general, shale gas reservoirs are characterized by a lower than 10% porosity, an extremely low permeability (1-100 nD), and an ultra-slight pore structure (<100 nm in pore sizes) (Nelson, 2009; Clarkson et al., 2012; Zhang L. C. et al., 2020). Unlike conventional gas reservoirs with distinct gas-water contact, shale gas is mainly stored in the nano-scale micropores and fractures within the shale matrix, which can build an independent source-reservoirs assembled system (Curtis, 2002; Jarvie et al., 2007; Ji et al., 2017). The shale gas storage mechanism can be divided into three types (Chalmers and Bustin, 2007; Jarvie et al., 2007; Taghavinejad et al., 2020): 1) Free state is a form of gas that is stored in bulk pores with great volume and fracture, 2) adsorbed state (20%–80% in proportion) is a form of gas adsorbed on the wall of nano-pore like organic matter (OM) and clay-hosted pore, and 3) dissolved state is a form of natural gas dissolved in the organic matter (kerogen) and/or water within shale rocks. Gas storage and migration within shale are mainly controlled by pore structure, which determines the continuity and pore volume of shale reservoirs. Micropore network of shale reservoirs exhibits a strong heterogeneity and complication resulting from diverse pore morphology, type, and multiscale pore size range (Loucks et al., 2009; Ji et al., 2017). Investigating the structure and evolution of these pores is important for the assessment of gas content and production.
In previous studies, quantitative experimental approaches were used extensively for investigating pore structure characteristics of shale reservoirs, including high pressure mercury intrusion (HPMI), low pressure carbon dioxide, and nitrogen gas adsorption (CO2GA and N2GA), nuclear magnetic resonance (NMR), and so on. (Loucks et al., 2009; Clarkson et al., 2012; Zhang et al., 2017; Xu et al., 2019). These approaches can be employed to measure the pore parameters such as pore-size diameter, pore-volume, and specific surface area. Moreover, qualitative pore properties, like morphology, type, surface porosity, and width of pores in 2D or 3D images, also can be recognized by optical microscopy, field emission-scanning electron microscopy (FE-SEM), and small-angle neutron scattering (Loucks et al., 2009; Clarkson et al., 2012; Zhang L. C. et al., 2020). However, all of these approaches are limited to their own measuring range and strengths. Hence, a combination of multiple methods makes it possible to reveal the full-size pore structure of shale reservoirs.
Recently, the commercial production of the Jiaoshiba shale field in Chongqing shows abundant shale gas resources in southern China (Guo, 2013; Wang et al., 2016). However, the northern Guizhou area, located in the south of Jiaoshiba, experienced a relatively primitive stage of petroleum evaluation and exploration. In particular, high production of gas flow was obtained (Well AY 1) within the Silurian Longmaxi Formation shale, which attained a maximum of about 420,000 m3/d for the natural gas production test, indicating a great potential of shale gas resource in this area (Guo et al., 2019). It has been shown that high organic matter content, high porosity, high formation pressure, and a well-developed micro-fracture network are dominant factors for the high yield of the Jiaoshiba shale gas field (Guo, 2013; Wang et al., 2016). Compared with the Jiaoshiba block, the shale reservoirs in the northern Guizhou area exhibited relatively lower porosity, lower formation pressure, shallower buried depth, and thinner thickness (Jiu et al., 2016; Zhang F. et al., 2020; Gu et al., 2021). These discrepancies are not in accordance with the high gas-bearing content evaluated by the field production test. However, the pore structure of shale reservoirs in this area is rarely investigated because of the low degree of petroleum exploration. Previous studies have indicated that storage space within shale reservoirs is dominated by an organic matter-hosted pore (OMP) and clay minerals pore (CMP) (Jarvie et al., 2007; Ji et al., 2017; Zhang L. C. et al., 2020), although the specific contribution of pore volume remains controversial. In addition, the shale pore system is affected apparently by lithofacies, which represent a depositional feature (Zhang et al., 2018). Thus, the diameter, volume, and morphology of pores with various lithofacies must be concerned.
Moreover, most of the previous studies have studied the Longmaxi formation within the Sichuan basin range (Tang et al., 2015; Guo et al., 2016; Zhang L. C. et al., 2020). However, due to the weak exploration out of the basin, the pore size distribution, pore volumes, and morphology of this formation still lack study. The strata that are out of the basin have experienced different depositional environments and different tectonic movements than the same form within the basin. Therefore, the systematic characterization of the pore structure of this formation is vital for the evaluation and prediction of high-quality reservoir within this formation out of the Sichuan Basin.
In this study, pore structure was systematically investigated based on multiple approaches, including HPMI, CO2GA, N2GA, and SEM. Furthermore, pore characteristics and discrepancies of various shale lithofacies were discussed. The results are of great significance to improve the accuracy of evaluating a shale reservoir from a micro-pores angle and providing a theoretical basis for shale gas exploration and production in the northern Guizhou area.
GEOLOGICAL SETTING
The northern Guizhou area is one of the pilot experimental areas for marine shale gas exploration in China. Regionally, it is situated in the upper Yangtze platform and belongs to the Wuling fold belt between the Western Hunan-Hubei and southeast Sichuan tectonic belt, adjacent to the North China Craton and the South China orogenic belt (Jiu et al., 2016; Gu et al., 2021). The upper Yangtze platform had experienced five main stages of tectonic events, namely the Caledonian, Hercynian, Indosinian, Yanshanian, and Himalayan movements (Chen et al., 2004). During the Late Ordovician to Early Silurian, the enhanced compression of Cathaysia led to an uplifting of the Yangtze Platform, which forms the Xuefeng, Qianzhong, and Chuanzhong paleo-uplifts (Su et al., 2007). Under the effect of global sea level rising and tectonic events, organic matter-rich black shale, called the Longmaxi Formation, was deposited in the upper Yangtze platform during the early Silurian (Guo and Zhang, 2014). The Longmaxi Formation is mainly distributed in the northern Guizhou and western Xuefeng uplifts (Figure 1), while the south and adjacent areas were denuded entirely. This shale succession represents a thickness of 30–120 m, a burial depth of 1000–2500 m, a type of Ⅰ/Ⅱ organic matter, and high thermal maturity. The Longmaxi Formation can be divided into two subsections, namely the lower member and the upper member. The lower member (production layer) is primarily composed of organic matter enrichment black shale and silty shale, while the upper member mainly consists of black silty shale and black-greyish siltstone with low organic matter contents.
[image: Figure 1]FIGURE 1 | Simplified geological map of the northern Guizhou area.
SAMPLING AND METHODS
A total of 44 shale samples were collected from three wells (AY-1, CD-1, BZ-1) in the lower member of the Longmaxi Formation in the northern Guizhou area, with a burial depth between 1,100 and 2300 m. All samples were conducted for multiple experiments, including TOC, TC, XRD, SEM, HPMI, CO2GA, and N2GA. These experiments were performed at the State Key Laboratory of Petroleum Resources and Prospecting of the China University of Petroleum.
TOC, Ro, and XRD
TOC and total carbon (TC) contents were analyzed using a LECO CS230 Carbon and Sulfur Analyzer. The measurement accuracy is less than 0.1%. Before the measurement, the samples are powdered with a grain size of 200 meshes. For the measurement of total carbon, samples were burned in a flowing oxygen atmosphere at over 1,600°C, and then the formed CO2 was trapped and determined (Moore and Lewis, 1967). For the determination of total organic matter carbon, hydrochloric acid solution (>12.5% concentration) is employed to remove the inorganic carbon of samples, and then dried at a temperature of 60–80°C after dissolution. It was determined by the same method after removing the inorganic carbon, which is composed of carbonates, such as calcite, dolomite, and ankerite within the shale. The carbonate minerals, whose contents are equivalent to inorganic carbon contents, therefore can be obtained by subtracting TOC from TC.
Organic particles of the shale, such as vitrinite-like particles and solid bitumen, were prepared for reflectance measurements. The studied samples were crushed and sieved between 63 μm and 1mm, and then were embedded in epoxy, which was ground and polished to form a smooth surface. Reflectance measurements were performed using a Leica DM4000 M reflected light microscope, in which organic particles were observed with a ×25 objective and 546 nm monochromatic light. The microscope was calibrated with an optical black standard and YAG 0.903% Ro standard (Petersen et al., 2013).
Mineral composition of shale was identified by X-ray diffraction (XRD) (Whittig, 1965), which was performed under a relatively constant level of temperature (∼24°C) and humidity (∼35%). The measurement of mineral composition was calculated using the K-value method after Rietveld refinement (Rietveld, 1969).
FE-SEM
A ZWISS Crossbeam 540 Scanning Electron Microscope was employed to observe the pore morphology within shale reservoirs (Marschall et al., 2005; Chalmers et al., 2012). In order to obtain a smooth surface for intuitive observation, the shale samples were bombarded using an argon-ion polisher at an operating voltage of 8 KV for 4 h and then at 6 KV for 2 h. The samples chamber and working distance were set as a high vacuum mode and secondary electron scanning mode with a working voltage of 15 kV, which can generate the secondary images with a theoretical maximum resolution of 3.5 nm.
N2 and CO2 Adsorption
Low pressure gas adsorption (LPGA) was conducted using the ASAP 2460 Automatic Analyzer, in which CO2 and N2 gas were employed as adsorbates (Gan et al., 1972; Sing, 2001). The shale samples were crushed and sorted with a grain size of 60–80 meshes, then subjected to air-drying and degassing for 72 h before measuring. Residual trace gas and water molecules available in samples can be easy to compete with nitrogen molecules for adsorption sites, resulting in a decrease in nitrogen adsorption capacity (Bustin and Clarkson, 1998; Busch et al., 2006; Labani et al., 2013). Therefore, it is quite necessary to remove moisture content by air-drying and degas for samples prior to gas adsorption analysis.
N2 adsorption measurements of samples were performed at a temperature of liquid-nitrogen (77.35 K). The operating parameters were set to 10 s and 0.01–0.995 corresponding to equilibration interval and relative pressure (P/Po), respectively. Compared with N2 adsorption, CO2 adsorption was performed at a lower pressure (0.0001–0.032) and higher temperature (273 K). Multipoint Brunauer–Emmett–Teller (BET) and Barrent-Joyner-Halenda (BJH) methods were employed to calculate the specific surface area (SSA) and pore size distribution (PSD) for N2 adsorption isotherms (Brunauer et al., 1938; Barrett et al., 1951). Moreover, CO2 adsorption isotherms were interpreted using the density functional theory (DFT) method, which has advantages in interpreting micropores (Adesida et al., 2011).
HPMI
High pressure mercury intrusion (HPMI) (Washburn, 1921; Winslow, 1984) experiment was conducted using a Micromeritics AutoPore IV 9520 porosimeter. The cubic (∼1 cm3) samples were dried for 24 h (∼80°C in temperature) and evacuated to 0.01Pa in a vacuum oven before testing. Detailed experimental procedures could refer to the work by Huang et al. (2019) and Sun et al. (2020). Mercury can be injected into the pore of samples under increasing pressure from 0 to 400 MPa. A continuous mercury intrusion curve then was generated representing an increasing cumulative amount of pore volume. The equivalent pore size was calculated using the Washburn equation which assumed a constant interfacial tension (485 mN/m) and angle (140°) (Washburn, 1921).
RESULTS
TOC, Ro, Mineral Compositions, and Lithofacies
TOC contents of the studied shale range between 0.3% and 6.14%, with an average of 2.9%. Equivalent vitrinite reflectance (Roq) of shale ranges from 2.6% to 3.1%, which is calculated by the vitrinite-like particles and solid bitumen reflectance (Rb) (Jacob, 1985; Petersen et al., 2013), suggesting that the Longmaxi shale was under a high maturity level for dry gas generation, with a type Ⅰ/Ⅱ of kerogen. XRD analysis shows that the mineral compositions of shale mainly consist of quartz (22.5%–81%), clay (9.2%–56.9%), feldspar (3.1%–15.5%), carbonate (0.1%–15.8%), and pyrite (0.1%–29%), with averages of 49.3%, 31.7%, 9.5%, 5.4%, and 4.6%, respectively. Clay minerals are mainly composited of illite and illite-smectite mixed layer, which occupied for more than 90%.
Previous studies have proposed distinct criteria and classification for shale lithofacies according to sedimentary structure, sequence, graptolite fauna and mineral composition (Zhang et al., 2018; Zhang and Fu, 2018; Zhang L. C. et al., 2020). In this study, shale lithofacies were classified based on mineral composition and TOC contents. A ternary plot (Figure 2) of siliceous (Quartz and feldspar), carbonate (dolomite and calcite), and clay minerals were established by mineral composition. It can be divided into four lithofacies associations: Siliceous shale (SS) association, with content of siliceous minerals exceeding 50%; Carbonate shale (CAS) association, with content of carbonate minerals exceeding 50%; Clay shale (CS) association, with content of clay minerals exceeding 50%; and mixed shale (MS) association, with contents of siliceous, carbonate and clay minerals ranging from 25% to 50%. Moreover, it can be further classified as OM-rich shale (TOC>3.0%), OM-moderate shale (TOC between 1.0% and 3.0%), and OM-lean shale (TOC<1.0%) depending on the organic matter contents of shale.
[image: Figure 2]FIGURE 2 | Ternary plot of mineral compositions of the Longmaxi Formation in the northern Guizhou area.
FE-SEM Observation
FE-SEM images show that the Longmaxi Formation shales contain diverse types of pores, including organic matter-hosted pores (OMP), clay interlayer pores (CIP), interparticle pores (interP), intraparticle pores (intraP), and microcracks (MC) (Figure 3), among which OMP and CIP were well-developed in the Longmaxi Formation. The OMP represents irregular shapes (such as honeycomb, pit, and oval) with heterogeneous pore width (Figure 3A). Particularly, the organic matter usually occurs accompanied by clay minerals. InterP is mainly developed between different rigid mineral particles and crystals. Their morphology mainly exhibits a slit/polygonal shape (Figures 3D,E).
[image: Figure 3]FIGURE 3 | Different types of pores within the Longmaxi Formation shale. (A) Organic matter-hosted pores (OMP); (B) clay (illite) interlayer pores (CIP); (C) numerous interlayer pores within clay minerals; (D) interparticle pores around the rim of quartz grains; (E) interparticle pores with a slit shape; (F) intraparticle pores within pyrite framboids; (G) intraparticle (dissolution) pores within feldspar grains; (H) intraparticle (dissolution) pores within calcite grains; (I) microcrack at the boundary of OM.
Compared with interP, most intraP are isolated and appeared as round and oval shapes within crystals, such as dissolution pore within feldspar and calcite (Figures 3G,H). It is observed that abundant intraparticle pores appear within pyrite framboids (Figure 3F). Moreover, abundant microcracks are observed within the shale and occurred apparently at the boundary of organic matter and clay minerals (Figure 3I).
Low-Pressure Gas Adsorption
Low-pressure N2 and CO2 gas adsorptions are employed for calculating the micropore volume and specific surface area for nanometer materials (Clarkson et al., 2013; Zhang et al., 2018). The N2 adsorption and desorption isotherms of different shale lithofacies are exhibited in Figure 4. All the N2 adsorption isotherms represent an anti-S shape corresponding to type IV(a) isotherm as reported by IUPAC (Thommes et al., 2015). When relatively pressure (P/Po) exceeds 0.45, the generation of hysteresis loop between adsorption and desorption isotherms is a major form of type H2 and/or H3 loop referenced to IUPAC (Thommes et al., 2015). It is worth mentioning that the hysteresis loops of OM-rich and OM-moderate samples are inclined to type H2 type, while OM-lean samples are similar to type H3. According to the BET method, the calculated specific surface areas range from 7.1 to 25.3 m2/g, with an average of 16.2 m2/g. And the pore volumes of samples range from 0.0078 to 0.0184 ml/g, with an average of 0.014 ml/g. As shown in Figure 5, the specific surface areas and pore volumes obtained by N2GA, represent an apparent heterogeneity in distinct lithofacies. Obviously, the OM-rich samples have relatively high specific surface areas and pore volumes, followed by OM-moderate samples, whereas OM-lean samples are less than 10 and 0.011 ml/g, respectively. CO2 adsorption isotherms show that the OM-rich samples again display large amounts of adsorption with a maximum of 2.52 ml/g. While the OM-moderate and OM-lean samples exhibit relatively low adsorption capacities with a minimum of 1.05 ml/g.
[image: Figure 4]FIGURE 4 | Nitrogen gas adsorption/desorption (A–C) and carbon dioxide adsorption (D–F) isotherms of the Longmaxi Formation shale. OM-rich mixed shale (RMS); OM-rich siliceous shale (RSS); OM-moderate mixed shale (MMS); OM-moderate siliceous shale (MSS); OM-lean mixed shale (LMS); OM-lean siliceous shale (LSS); OM-lean clay shale (LCS).
[image: Figure 5]FIGURE 5 | Specific surface areas and pore volumes of the Longmaxi Formation shale from N2 adsorption. OM-rich mixed shale (RMS); OM-rich siliceous shale (RSS); OM-moderate mixed shale (MMS); OM-moderate siliceous shale (MSS); OM-lean mixed shale (LMS); OM-lean siliceous shale (LSS); OM-lean clay shale (LCS).
High-Pressure Mercury Intrusion
Unlike gas adsorption, HPMI was used to characterize the relatively large size of pores (Hinai et al., 2014; Tang et al., 2015). As shown in Figure 6, it exhibits an apparent heterogeneity in different lithofacies. The mercury volumes intruded under 413 MPa range from 0.0034 to 0.012 ml/g, with an average of 0.007 ml/g. For OM-rich and OM-moderate shale samples, the intrusion curves exhibit a low slope at the low-pressure phase (<100 MPa), which corresponds to low intrusion volumes. At the high-pressure phase (>100 MPa), the intrusion curves exhibit a rapidly increasing of slope, while the organic matter-lean samples show a relatively flat slope, implying a less development of mesopores in OM-lean shale. Particularly, the mercury intrusion curves of MSS-9 and LCS-1 exhibit a rapidly increasing trend at low pressure (0.11–0.23 MPa). This may be attributed to the generation of cracks when preparing the samples (Giesche, 2006; Liu et al., 2019). The HPMI data therefore should be calibrated by subtracting injection volumes below 0.23 MPa, which can remove the filling of cracks and surface irregularities (Giesche, 2006; Liu et al., 2019).
[image: Figure 6]FIGURE 6 | Mercury intrusion-extrusion curves for distinct lithofacies from the Longmaxi Formation. (A) OM-rich shales; (B) OM-moderate shales; (C) OM-lean shales.
A large hysteresis is identified between the intrusion and extrusion curves, illustrating that most of injected mercury still remains in the shale pores space after the pressure recovery. This suggests that the ink-bottle pores are well-developed in the Longmaxi shale, as the ink-bottle pores will trap the intruded mercury in the pore bodies (Ravikovitch and Neimark, 2002).
DISCUSSION
Pore Structure Characteristics
Due to significant dissimilarities and heterogeneities of pore structures within shale reservoirs, as well as the limits of different approaches with respect to their own measuring range and strengths, it is generally tough to reveal the full pore size distribution of shale reservoirs. For this reason, combining different approaches (such as gas adsorption and HPMI) is very necessary to determine a wide range of pore size distribution. Based on the IUPAC (Thommes et al., 2015), pore diameter will be classified as micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm), respectively.
As shown in Figure 3, OM pores show irregular shapes and have a wide range of width distribution, which range from several nanometers to hundreds of nanometers. Moreover, interparticle and intraparticle pores are relatively large in width (50 nm–10 μm in range) but fewer in number through SEM observation. Dissolution pores are generally identified within feldspar and carbonate particles, with the main range of 100–5 μm in width. Clay interlayer pores are regarded as a quite important contributor to providing abundant pore space and specific surface areas for adsorbed gas (Clarkson et al., 2013). These pores, whose width mainly ranges from 30 to 500 nm, are very common to distribute within clay platelets. On the other hand, this type of pores is filled partly by numerous OM, forming interconnected OM-IC pore networks system. Microcracks mainly consist of shrinkage cracks and marginal cracks in rigid mineral particles, with a range of about 50–500 nm, 5–50 μm in width and length, respectively. These microcracks are generated by dehydration of clay minerals and thermal pressurization of organic matter, which can consist of a crack-pore network system and improve the permeability of shale reservoirs (Ge et al., 2020). Based on observation of SEM images, it can be concluded that OM-hosted pores and clay interlayer pores are the most common pores within the Longmaxi Formation shale reservoirs, while other types of pores are much less common.
As already mentioned, gas adsorption methods are effective in describing the size distribution of micropores and mesopores. Micropores size was measured by CO2 adsorption, in which the carbon dioxide can absolutely fill the pore space at atmospheric pressure and 273 K temperature (Rouquerol et al., 1994; Ross and Bustin, 2009). Mesopores and part of macropores then can be evaluated by N2 adsorption with relatively low temperatures. Previous studies show that type H2 isotherms with hysteresis loop are common for organic matter-hosted shale as is the presence of mesopores (Clarkson et al., 2013; Kuila and Prasad, 2013). As shown in Figure 4, the OM-rich samples exhibit the highest N2 adsorbed volume with the steepest slope of isotherm, whereas the OM-lean samples have relatively low adsorbed volumes with a flat slope. Similarly, an abundant amount of adsorbed volume at a relative pressure (P/P0) below 0.01 for OM-rich is indicative of the occurrence of numerous micropores. In addition, the isotherms of OM-rich samples show relatively large closed areas of hysteresis loops, illustrating that the OM-hosted pores represent an ink-bottle shape referenced to IUPAC (Thommes et al., 2015). CO2 adsorbed volumes of OM-rich samples, whose isotherms exhibit a steep slope at a relative pressure (P/P0) below 0.005, are also higher than those of OM-moderate and OM-lean samples. It can be inferred that mesopores and micropores volume mainly comes from the contribution of OM-hosted pores. Macropores' volume and size distribution were measured by the HPMI method (Clarkson et al., 2013; Xu et al., 2019). The HPMI curves of different lithofacies samples (Figure 6) exhibit diverse shapes with multiple slopes, suggesting a strong heterogeneity within shale reservoirs.
A wide range of pore size distribution was determined by combining CO2, N2 adsorption, and HPMI analysis in this study. Due to the existence of range discrepancies among different approaches, it is necessary to find connection points among them. Previous studies have proposed that the connection point can be determined when the variation of pore volume per mass of both are equal, i.e (dV/dD) N2GA = (dV/dD) HPMI (Clarkson et al., 2013; Zhang et al., 2017). It is worth noting that the values of dV/dD are apparently marked on Y-axis. Hence, dV/dlog(D) can be used for exhibiting the variation of large pore better compared with dV/dD (Ji et al., 2017). In particular, the inherent features and measuring range of different approaches should be heeded preferentially when the function dV/dlog(D) are overlapping between the two techniques, with multiple connection points. The dV/dlog(D) curves from CO2GA, CO2GA, and HPMI are shown in Figure 7. The curves of CO2GA, N2GA, and HPMI coincide at 1.5 and 130 nm of the X-axis, respectively. Thus, about 1.5 and 130 nm can be used as connection points between these three approaches for this sample.
[image: Figure 7]FIGURE 7 | Pore size distribution derived from CO2GA, N2GA and HPMI for the Longmaxi Formation shales in the northern Guizhou area.
As shown in Figure 8, the pore diameter of the studied shale samples is mainly distributed within 100 nm corresponding to micropores, mesopores, and part of macropores. These pores play a critical role in providing the space for natural gas storage. Different lithofacies of shale represent massive heterogeneity (Figure 8). The OM-rich samples exhibit relatively high values of dV/dlog(D) within the pore diameter range of 0.3–100 nm, suggesting that organic matter can provide more micropores and mesopores space than the OM-moderate and OM-lean samples. OM-moderate and OM-lean samples are also composed of micropores and mesopores, which have fewer mesopore volumes. The OM-rich and OM-moderate samples show similar micropore size distribution, which have four main peaks at 0.31–0.38, 0.42–0.68, 0.72–0.9, and 1.21–1.68 nm, respectively. While the OM-lean samples lack the peak at 1.21–1.68 nm. The mesopore size of OM-rich mostly is distributed from 2 to 20 nm, with the main peak at 2.4–3.8 nm and a subordinate peak at 9.5–14.1 nm. For macropore, its size is mainly concentrated in the range of 50.8–86.7 nm. OM-moderate samples exhibit a similar distribution of mesopore size, which remains within a range of between 2 and 24 nm. An apparent peak with a pore size of 51.2–65.5 nm is determined for OM-moderate samples, corresponding to the main distribution range of macropore size. However, OM-lean samples contain relatively flat curves of mesopore size distribution. And their macropore size distribution mainly ranges from 51.2 to 74.7 nm.
[image: Figure 8]FIGURE 8 | Pore size distribution of different lithofacies samples derived from the combination of CO2GA, N2GA and HPMI experiments.
Previous studies have confirmed that micropores and mesopores are the main storage for natural gas adsorption and accumulation within shale reservoirs (Ross and Bustin, 2009; Ge et al., 2020). The volume of micropores, mesopores, and macropores derived from the combination of CO2GA, N2GA, and HPMI experiments are shown in Figure 9. Micropores and mesopores volumes are mainly obtained from CO2GA and N2GA, respectively. The macropores volumes are composed of the combination of HPMI and N2GA with a diameter range of about >130 nm and 50–130 nm, respectively. Figure 9 obviously shows that the OM-rich samples exhibit the largest amount of micropores and mesopores volumes, while macropores show an apparently low value (0.0024 ml/g). They also represent high values of total pore volumes (0.025 ml/g) and specific surface areas (27.4 m2/g). OM-moderate samples have relatively low specific surface areas, micropore, and mesopore volumes, while higher macropore volumes (0.0031 ml/g). Moreover, OM-lean samples show the lowest total pore and mesopore volumes, as well as specific surface areas with an average of 14.16 m2/g. Thus, we can infer that micropores and mesopores are mainly derived from organic matter for the Longmaxi shale reservoirs, in which the OM-hosted pores mostly exhibit ink-bottle shapes based on large hysteresis loops of N2 adsorption isotherms. Whereas the OM-lean shale represents more slit-like pores with few pores space for gas storage. Interestingly, OM-lean clay shale has a higher specific surface area than those of siliceous (TOC=0.85%) and mixed shale (TOC= 0.55%), although it has the lowest value of TOC (0.29%), suggesting that clay minerals also can contribute lots of internal surface area for gas adsorption.
[image: Figure 9]FIGURE 9 | Pore volume and specific surface area distribution of derived from the combination of CO2GA, N2GA and HPMI experiments.
Controlling Factors of Pore Development
The shale lithofacies, which are determined by minerals and organic matter composition, color, bedding, and grained size, can reflect a specific sedimentary environment (Eberzin, 1940; Zhang L. C. et al., 2020). Through a detailed comparison of pore structure with different lithofacies, we can infer that the pore structure is significantly affected by shale lithofacies. In order to further investigate the controlling factors of pore development, several proxies are used for making linear fitting with pore volumes and specific surface areas.
As shown in Figure 10, it is obvious that organic matter shows a strong positive correlation (R2=0.86) with micropores volume, suggesting that organic matter plays a major contributor to micropores space. It also has an obvious correlation with mesopores volume, with a correlation coefficient (R2) of ∼0.68. As mentioned above, numerous pores were mostly distributed in the organic matter under the observation of SEM, in which the measured pores width range from several tens to hundreds of nanometers. These results derived from SEM observation are consistent with the positive correlation of mesopores volume with TOC content, despite the SEM can only measure the width of the pores in the 2D area. Thus, we can conclude that OM-host pores are the major contributors to mesopores space.
[image: Figure 10]FIGURE 10 | Correlation between pore volume and TOC (A,B), feldspar+carbonate (C) and TOC+carbonate (F); correlation between specific surface area and TOC (D), and clay minerals (E).
Moreover, the sum of feldspar and carbonate minerals exhibits an apparent correlation (R2=0.68) with macropores volume. It may be attributed to the well-development of abundant dissolution pores within feldspar and carbonate minerals, in which these pore widths are distributed from hundreds of nanometers to several microns under the observation of SEM. On the other hand, the sum of TOC and carbonate contents (obtained by subtracting TOC from TC) exhibit a strong positive relationship with total pores volume, with a correlation coefficient (R2) of ∼0.68, which can be interpreted by the following two reasons. The first is that the pore volumes of Longmaxi Formation shales are mainly composed of micropores and mesopores, which are mostly controlled by organic matter. For carbonates, their interparticle pore could provide effective storage space. The second is that carbonate minerals can be regarded as a supporter that restrains the compaction and protects residual interparticle pores (Loucks et al., 2012). Furthermore, carbonate minerals are dissolved easily by acidic fluid and then form abundant dissolution macropores.
The specific surface areas of the Longamxi shale exhibit a strong positive correlation with TOC contents, whereas the clay minerals have no significant correlation, suggesting that the organic matter contributes most to the internal surface areas. There is no denying that clay minerals also have strong absorbability and numerous interlayer pores, as well as large internal surface areas, which are conducive to methane adsorption (Ge et al., 2020). However, high abundances of clay minerals generally induce the decrease of most primary pore space, which is condensed by overlying beds during diagenesis (Fishman et al., 2012). Quartz, which is well known to present a good physical and chemical stability, can provide support for the protection of primary pore space during compaction. It has hardly a direct contribution to development of pores within shale reservoirs (Zhang F. et al., 2020).
In summary, we can infer that the pore development is mainly dominated by TOC and carbonate contents. Organic matter plays a critical role in providing most the micropores and mesopores space for natural gas storage. Carbonate minerals are the major contributor to dissolution and interparticle macropores space. OM-rich carbonate-bearing mixed shale may be the lithofacies with the highest pore space in the northern Guizhou area.
CONCLUSION

1) Four types of lithofacies were recognized for the lower Longmaxi marine shale based on its mineral compositions (carbonate, clay minerals, quartz and feldspar), among which siliceous shale is the primary lithofacies of the lower Longmaxi formation in the northern Guizhou area.
2) OM-hosted pores, clay interlayer pores, interparticle pores, and intraparticle pores (such as dissolution pores) are identified within shale reservoirs. The pore diameter is mainly distributed below 100 nm corresponding to micropores, mesopores and part of macropores. Abundant amounts of OM-hosted pores are regarded as the major contributor to pore space and specific surface areas.
3) Pore volume of the Longmaxi shale remains in a range from 0.011 to 0.025 ml/g, with an average of 0.018 ml/g. The micropores and mesopores volume is mostly controlled by TOC contents. The macropores volume is mainly dominated by carbonate and feldspar minerals. What’s more, total pore volume is mainly dominated by organic matter and carbonate contents. OM-rich carbonate-bearing mixed shale may be the most favorable lithofacies for gas storage of the Longmaxi Formation in the study area.
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Lower Permian Fengcheng Formation is considered to be a high-quality alkaline lacustrine shale oil resource in the Junggar Basin, NW China. Based on core and thin section observation, X-ray diffraction, scanning electron microscope, low-pressure N2 adsorption, and high-pressure mercury intrusion porosimetry, different shale lithofacies, and pore structures were examined. According to the mineral composition, shales in well My 1 are divided into five types: dolomitic mudstone, calcareous mudstone, siliceous mudstone, tuffaceous mudstone, and argillaceous mudstone, each of which shows its pore structure distribution. Intragranular pores, inter-crystalline pores associated with clays and pyrites, dissolution pores, and microfractures were commonly observed. There are three segments of pore structures including <50 nm, 50 nm-4 μm, and >4 μm. Clay minerals mainly contribute to mesopores, especially in argillaceous mudstones. The dissolution of carbonate minerals and feldspars is significant for macropores predominantly in dolomitic mudstones and tuffaceous mudstones, respectively. Micron-scale microfractures associated with laminae dominate in dolomitic mudstones. Therefore, the dolomitic mudstones, especially with lamination, and tuffaceous mudstones are proposed to be favored shale lithofacies with great exploration potential in the Mahu Sag.
Keywords: shale lithofacies, pore structure, fengcheng formation, alkaline lacustrine, reservoir formation
1 INTRODUCTION
Lacustrine shale oil in China has proven to show tremendous potential for exploration and development, which are strategically crucial for increasing the nation’s hydrocarbon reserves and production (Jin et al., 2021). Compared with marine oil shales, lacustrine shales in China are characterized by strong heterogeneity with rapid facies changes, complex lithologies, and diverse reservoir-seal assemblages (Li et al., 2019). To date, exploration for shale oil is concentrated in saline or brackish lacustrine basins (e.g., the Paleogene Shahejie Formation in the Bohai Bay Basin, the Paleogene Qianjiang Formation in the Jianghan Basin, and the Songliao Basin) (e.g., Gao et al., 2018; Chen et al., 2019; Xue et al., 2020; Hu et al., 2022).
Alkaline lacustrine deposits are deposited in extremely salinized lakes that develop high-quality oil shales with great hydrocarbon potential. The shale of the Eocene Green River Formation in the United States is a well-known example. The Fengcheng Formation in the Mahu Sag, in the Junggar Basin in northwestern China, boasts ancient alkaline lacustrine deposits with integrated sources and reservoirs. These are considered to represent a new type of alkaline lacustrine shale oil reservoir and the formation has huge shale oil potential (Zhi et al., 2019; Tang et al., 2021).
Lacustrine shales with varied compositions have complex origins. Add to this the discrepancies in depositional environments and depositional processes in lacustrine basins and the result is complex, fine-grained, sedimentary rock facies with correspondingly complex pore structures (Zou et al., 2013; Barth-Naftilan et al., 2015; Wang et al., 2020). Fine description and division of alkaline-lacustrine fine-grained sedimentary rocks is therefore a vital prerequisite for the study of reservoir types and quantitative characterization of alkaline lacustrine shale oil reservoirs.
This study examines the fine-grained sedimentary rocks of the Fengcheng Formation in the Early Permian alkaline lacustrine deposits in the Mahu Sag. The alkaline-lacustrine shale facies are classified using core and thin section observations, scanning electron microscope (SEM), and imaging analysis. Pore size distributions and pore structures are quantitatively analyzed with a combination of low-pressure nitrogen adsorption and high-pressure mercury injection. The objective of this study is eventually to identify favorable lithofacies in the formation and determine the controlling factors.
2 GEOLOGICAL SETTING
The Junggar Basin is one of the most important petroliferous superimposed basins in Northwest China (Ma et al., 2008; He et al., 2018) (Figure 1). This study focuses on the Mahu Sag, the most crucial hydrocarbon-generating sag in the basin (Zhi et al., 2021). The Mahu Sag is near the basin’s northwestern margin, with the Zaire and Hala’alate mountains to the northwest and the Zhongguai, Dabasong, and Luliang uplift to the southeast. It evolved with a major NE-SW trending tectonic depression adjacent to the Karamay-Baikouquan (Ke-Bai) and Wuerhe-Xiazijie (Wu-Xia) fault zones (Figure 1C).
[image: Figure 1]FIGURE 1 | (A) Juggar Basin in China. (B) Mahu Sag in Juggar Basin. (C) geological map of Mahu Sag.
The Lower Permian Fengcheng Formation in the Mahu Sag is considered to be the oldest alkaline lacustrine deposit and is rich in shale oil with source-reservoir integration (Cao et al., 2015, 2020; Tang et al., 2021; Wang et al., 2021). The Fengcheng Formation is also the primary source of hundreds-of-miles oil provinces across the northwestern part of the Junggar Basin (Cao et al., 2015; Li et al., 2020). The success of well My1 confirms the enormous exploration potential of the formation and, generally, the potential of shale oil in alkaline lacustrine settings (Tang et al., 2021).
The Fengcheng Formation varies in thickness from 800 to 1800 m, thinning from west to east. It is divided into a lower member (P1f1), a middle member (P1f2), and an upper member (P1f3). P1f1 is mainly composed of gray or dark gray mudstone and tuffaceous mudstone with interbedded dolomitic sandstone, dolomite, tuffaceous dolomite, argillaceous dolomite, and tuff, indicating relatively intense volcanic activity. P1f2 contains dolomitic sandstone and mudstone with interbedded argillaceous dolomite and a wide variety of alkaline minerals. P1f3 is predominantly mudstone intercalated with dolomitic mudstone in the lower interval and terrigenous clastic sedimentary rocks in the upper interval.
Well My1 was drilled in the northeastern margin of the Mahu Sag (Figure 1C) and obtained a relatively complete core section of the Fengcheng Formation (4,580–4,930 m) (Figure 2). The thickness of P1f1 in the core section was more than 100 m, and that of P1f2 about 200 m. The core section did not reach the top of P1f3. Nevertheless, it facilitates the study of the lithofacies and pore development of the alkaline lacustrine shale in the formation.
[image: Figure 2]FIGURE 2 | The lithology and the measured XRD results for the Fengcheng Formation in well My1.
3 SAMPLES AND METHODS
Core observation and description for well My1 were carried out using 99 shale samples taken at depths of 4,614 m–4,939 m (Figure 2). Petrography and pore types were determined using both optical and scanning electron microscope (SEM) with energy-dispersive X-ray spectroscope (EDS). Representative samples with different mineral compositions were selected for the X-ray diffraction (XRD) analysis, total organic content (TOC), porosity and permeability measurement, the low-pressure nitrogen adsorption analysis, and high-pressure mercury intrusion experiments (Supplementary Tables S1, S2).
3.1 Scanning Electron Microscopy Tests and Observation
Following optical microscope observation, thin section samples were coated with carbon to enhance conductivity and observed under a cold field scanning electron microscope. The device used was an FEI Quanta 650 FEG scanning electron microscope (SEM) equipped with an Oxford INCA Synergy EDS at the Key Laboratory of Orogenic Belts and Crustal Evolution, School of Earth and Space Sciences, Peking University. The acceleration voltage was 10–15 kV and the spot size was 5 μm. Minerals were identified with EDS, and pore structures were observed in back-scattered electron (BSE) and secondary electron (SE) images. The BSE images of different pore types were selected to calculate pore areas and pore size distribution using ImageJ software.
3.2 X-Ray Diffraction (XRD)
XRD was applied to quantitatively determine the mineral components of both whole rocks and clay minerals. These tests were conducted at Beijing Beida Zhihui Microstructure Analysis and Testing Center Co., Ltd., using a Rigaku D/max-2500 diffractometer with a voltage of 48 kV and a current of 100 mA. For the whole rock analysis, each sample was crushed to 40-mesh and 5 g samples were analyzed. The 2θ scan range was set to 5–45°, with a scan speed of 2° per minute and sampling step width of 0.02°. For analysis of clay minerals, samples were first crushed to less than 1 mm, and carbonate and organic matter were removed. They were then dispersed using ultrasonic vibration, sucked into suspension, centrifuged, and dried to obtain powder before being placed in the diffractometer.
3.3 Total Organic Content (TOC)
The TOC content was obtained by using Leco CS230 carbon and sulfur analyzer at the China University of Petroleum (Beijing). Crushed all samples into powder under 200 mesh and then removed the inorganic carbon by HCl. To clean the HCl before measurement, washed all samples with distilled water for about 24 h. Then dried samples were analyzed according to Chinese National Standard GB/T 19145-2003.
3.4 Porosity and Permeability Measurement
Porosity and permeability measurements were carried out at the China University of Petroleum (Beijing). The porosities and permeability were obtained by 2.5 cm *2.5 cm*5 cm-column samples. Measure the volume of samples by vernier caliper at first. The porosity was measured using a QKY-2 gas porosity tester. Put samples in the gripper and connect helium gas, then read after system pressure is stable. The permeability was obtained by PDP-200 pulse attenuation gas measuring ultra-low permeability tester, which can record data and calculate Kirschner permeability automatically.
3.5 Low-Pressure Nitrogen Adsorption (LPNA)
Low-temperature nitrogen adsorption was tested using a Micromeritics ASAP 2460 3.01 analyzer at Northeastern Petroleum University, China. Samples were pulverized to powder with sizes of 40–60 mesh and degassed to remove adsorbed water and other volatile substances. The equilibrium time interval between data points was set to 5 s. The specific surface areas were calculated using the BJH model. Pore volume (PV) and pore size distribution curves were deduced using the BET method.
3.6 Mercury Intrusion Porosimetry (MIP)
MIP was performed using a Micromeritics AutoPore IV 9520 mercury porosimeter at the China University of Geosciences (Wuhan). The instrument was operated at a maximum pressure of 60,000 Psia. 1cm*1 cm*1 cm cubic samples were dried at 110°C and placed in a vacuum. Pore sizes were estimated from pressure data using the Washburn equation (Washburn, 1921).
4 RESULTS
4.1 Lithofacies of the Fengcheng Formation
The Fengcheng Formation in well My 1 is mainly composed of quartz, K-feldspar, plagioclase, dolomite, calcite, and pyrite. The main alkaline mineral is reedmergnerite, which is found in samples from the middle and lower intervals of the P1f2. The clay minerals are mostly illite, smectite, and illite/smectite mixed layer, with widely varying contents (2%–30%). Mudstones, siltstones, volcanic rocks, tuffs, and other lithologies were observed in the Fengcheng Formation. P1f1 is dominated by tuffaceous sandstones, tuffaceous conglomerates, andesites, and basalts, with siliceous mudstones and dolomitic mudstones occurring in the upper interval. P1f2 is predominantly composed of dolomitic mudstones, siliceous mudstones, and dolomites, with some mudstones and calcareous mudstones. Siliceous layers appear in the middle and lower intervals, with tuffaceous rocks only occurring in the top and bottom intervals. P1f3 is dominated by calcite mudstone with interbedded dolomitic mudstone and argillaceous mudstone. A small amount of tuffaceous mudstone appears at the bottom.
To better characterize the shale lithofacies of the Fengcheng Formation, shales were divided into five types based on their contents of dolomite, calcite, quartz, clay minerals, and tuffaceous materials, including dolomitic mudstone, siliceous mudstone, calcareous mudstone, tuffaceous mudstone, and argillaceous mudstone (Figure 3). They are characterized by a wide range of TOC values (Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Microscopic images of individual types of shales in the Fengcheng Formation from well My1. (A) Dolomitic mudstone, 4,592.08 m, under cross-polar light (XPL); (B) dolomitic mudstone, 4,749.03 m, under plane-polarized light (PPL); (C) argillaceous mudstone, 4,712.3 m, PPL; (D) calcareous mudstone, 4,596.51 m, XPL; (E) tuffaceous mudstone, 4,614.61 m, XPL; (F) siliceous mudstone, 4,814.6 m, XPL.
Dolomitic mudstone has 25%–50% dolomite with a TOC of 0.41–1.5. The dolomite particles are shown as fine, medium, and coarse crystals, which are mostly saccharoidal. Dolomite replacement is common, with the formation of ankerite zones. Bright rims and fogged cores are also observed under an optical microscope. Laminae are also common in the dolomitic mudstone. The calcite content of the calcareous mudstone is more than 25%, with laminae occurring and a relatively high content of dolomite. The content of quartz in the siliceous mudstone is over 25%, mostly subhedral or crypto-microcrystalline in texture, with small amounts of dolomite, calcite, and pyrite. The TOC of siliceous mudstones is 0.45–1.12. The tuffaceous mudstone is characterized by abundant tuffaceous debris and TOC is from 0.21 to 0.97. Compared with these four mudstone facies, the argillaceous mudstone has a relatively high clay content (>10%), and the contents of dolomite, calcite, and quartz are less than 25%. The TOC of argillaceous mudstone is 0.3–1.23. Lamination is relatively well developed in parts of the argillaceous mudstone that contain dark organic-rich bands. Since the content of reedmergnerite in most of the samples is less than 10%, the mudstones containing alkaline minerals are not listed individually.
The Fengcheng Formation contains massive, bedded, laminar, soft sedimentary deformation and other sedimentary structures. Laminae principally occur in the dolomitic mudstone, siliceous mudstone, and argillaceous mudstone. The proportions of laminae in P1f1, P1f2, and P1f3 are 7%, 35%, and 20%, respectively.
4.2 Pore Types
The Fengcheng Formation shale in well My1 has typical shale reservoir capabilities. The types of reservoir space include intergranular pores, intercrystalline pores, solution pores, and microfractures (Figure 4). The intercrystalline pores include interlayer fractures in clay minerals and intercrystalline pores in pyrites.
[image: Figure 4]FIGURE 4 | SEM images of different types of pores in the Fengcheng Formation. (A) Intergranular pores and dissolution pores in dolomite and ankerite; (B) interlayer pores within I/S; (C) intercrystalline porer in pyrites; (D,E) dissolution pores within dolomite and calcite; (F) microfracture in the dolomitic mudstone. Ank = ankerite; Cal = calcite; Dol = dolomite; I/S = mixed-layer illite/smectite; Kfs = K-feldspar; Py = pyrite.
Intergranular pores are widespread, particularly in dolomitic mudstones, tuffaceous mudstone, and siltstones. They are mostly micron-scale pores supported by particles of brittle minerals such as calcite, dolomite, quartz, feldspar, and debris. The intergranular pores i (Figure 4A) are complex in shape, mostly silt-, triangle-, and band-shaped, or irregularly shaped. The intergranular pores are generally connected and their sizes are between 0.2 and 2 μm. Intercrystalline pores mostly occur in pyrite crystals and between clay mineral layers (Figures 4B,C). Clay minerals, in particular illite/smectite (I/S), have obvious slit-shaped pores between lamellae. Most of the intergranular pores in pyrites are angular in shape and generally 50–600 nm in size. The pores are mostly filled with organic matter or clay minerals.
Dissolution pores are also widely found, particularly in calcareous mudstone, tuffaceous mudstone, and siltstone. They are mostly intra- and inter-granular solution pores within and between particles of calcite, feldspar, and dolomite (Figures 4B,D,E). The surfaces of the dissolution pores are smooth and, overall, circular, elliptical, banded, or irregular in shape. The range of pore sizes is wide, from tens of nanometers to micrometers. Some of the dissolution pores are aggregated with good connectivity.
Microfractures also occur and cut minerals, or develop along the edges of mineral particles. Some are tectonic fractures, formed under tectonic stress, and some are bedding fractures formed between laminae under local stress. The fractures are usually tens of nanometers to several micrometers wide and have curved shapes and good extension (Figure 4F).
4.3 Pore Structure Distribution (PSD)
According to the IUPCA standard, pores with pore sizes of <2 nm, 2–50 nm, and >50 nm are defined as micropores, mesopores, and macropores, respectively. The Fengcheng Formation is proven to host shale oil, so only mesopores and macropores are considered in this study.
4.3.1 PSD Derived From LPNA
Low-pressure nitrogen adsorption (LPNA) tests obtained a pore distribution of 2–200 nm according to the BJH model. The nitrogen adsorption-desorption curves (Figure 5A) of the 16 samples represent type IV adsorption equilibrium isotherms within the IUPAC classification. In the low-specific pressure area (p/p0 < 0.45), monolayer adsorption occurs, and adsorption and desorption are reversible. In the high-specific pressure area, adsorption and desorption are irreversible due to multilayer adsorption, forming hysteresis loops between the adsorption and desorption curves. In the mudstone samples from well My1, the type of hysteresis loop is mainly H3, often mixed with type H4 and with some samples showing characteristics of type H2. Types H3 and H4 hysteresis loops represent the parallel plate-shaped and slit-shaped pores, and type H2 hysteresis loops represent the “ink bottle”-shaped pores.
[image: Figure 5]FIGURE 5 | (A) N2 adsorption-desorption curve in shales from the Fengcheng Formation. (B) Pore size distribution in shales from the Fengcheng Formation.
The mesopore volume, obtained using the BJH model, ranges from 0.0002 to 0.0082 cm3/g (average 0.0024 cm3/g). The specific surface area of the mesopore, calculated by the BET model, ranges from 0.1249 to 2.8736 cm2/g (average 0.8104 cm2/g). The specific surface area of mesopore increases with increasing pore volume, showing a favorable correlation (Figure 6A).
[image: Figure 6]FIGURE 6 | Crossplots of cumulative pore volume and specific surface area of mesopores and macropores in mudstone samples in the Fengcheng Formation.
The distribution of pore size and pore volume increments (Figure 5B) obtained in LPNA indicates that the maximum pore volume increment occurs when the pore sizes are 20–50 nm, followed by 10–20 nm. The pore volume increment should increase with the increase of pore size. This suggests that there are relatively few pores larger than 50 nm, but may also reflect the fact that LPNA does not work well with pores larger than 50 nm.
4.3.2 PSD Derived From MIP
Mercury injection tests were carried out on nine samples from well My1. Mercury injection saturation was low, mostly between 30% and 40%. The mercury injection curves obtained can be divided into types A, B, and C. The horizontal section of the type A mercury injection curve is long and gentle, and the mercury injection amount is 35–40%. The horizontal section of mercury injection curves of type B occurs when mercury saturation is about 10%, then slowly rises. The mercury injection amount is 35–40%. The mercury injection curve of type C has almost no horizontal section, and the amount of mercury injection is 30–40%.
The pore diameters obtained by MIP are ranging from 2 nm to 10 μm. The distribution of pore diameter and pore volume increments curve (Figure 7) obtained in MIP is multimodal. The maximum pore volume increment occurs when the pore diameters are 7–40 nm, following at 7–10 μm.
[image: Figure 7]FIGURE 7 | MIP pore size distribution in shales from the Fengcheng Formation.
The macropore volume, obtained by MIP, ranges from 0.00037 to 0.0067 cm3/g (average 0.0017 cm3/g). The specific surface area of macropores by MIP ranges from 0.0032 to 0.0913 cm2/g (average 0.0206 cm2/g). The specific surface area of the macropore increases with increasing pore volume, also showing a favorable correlation (Figure 6B).
5 DISCUSSION
5.1 Pore Structures of Different Shale Lithofacies
Lithofacies refers to petrological characteristics and mineralogical compositions and can show different pore structures. Therefore, pore development and structures would vary with shale lithofacies (Loucks and Ruppel, 2007; Xu et al., 2020; Wang et al., 2022). Comprehensive studies of marine, transition, and continental shale lithofacies have been conducted without reaching any standard (e g., Gao et al., 2018; Yang et al., 2018; Xue et al., 2020). We here introduced shale lithofacies based mainly on mineral composition. Five lithofacies have been identified: dolomitic mudstone, calcareous mudstone, siliceous mudstone, tuffaceous mudstone, and argillaceous mudstone. The TOC values are not controlled by any specific lithofacies.
The single method with its limitations cannot characterize the full-scale structure due to the wide ranges of shale pore distribution (Zhao et al., 2022; Daigle et al,2015). The whole pore aperture was quantitatively achieved with the combination of LPNA and MIP results (Figure 8). Based on the limitations of the two methods in the test range (Xiong et al., 2016; Zheng et al., 2022), the LPNA results was used for <50 nm and the MIP results was used for >50 nm. The curves of LPNA and MIP combination results show a wide range of pore diameter from 2 nm to micron-scale with the multimodal distribution. The curves of pore volume verse pore diameter can be divided into three segments, including pore diameter <50 nm, 50 nm–4 μm, and >4 μm (Figure 4). There are three high peaks and two relatively lower peaks in the pore diameter intervals of 3 nm, 20–40 nm, and 7–10 μm. The distribution peak at 3 nm is generally considered to be a false peak caused by testing technology limitations. The distribution peak at 20–40 nm and 7–10 μm will be discussed in detail in the following chapters.
[image: Figure 8]FIGURE 8 | (A) Pore diameter distribution of carbonate mudstone. (B) Pore diameter distribution of other mudstone.
The pore structures of five different lithofacies have distinguishable characteristics. The tuffaceous mudstones develop 20–200 nm mesopores and macropores and have a peak of 4–7 μm macropores. Pore diameters of dolomitic mudstones have two peaks, at 10–60 nm and 4–10 μm, respectively, the latter peak is higher than the former. Calcareous mudstone mainly develops the mesopores, with the highest peak in 4–40 nm, following a lower peak for 200–300 nm, and the lowest peak in 3–10 μm. Siliceous mudstones show peaks of pore diameter within 10–50 nm and 5–9 μm, and low pore volume developed within 50 nm-5 μm. Macropores in argillaceous mudstone are poorly developed and there is only one peak at 20–50 nm. In terms of pore structures and distributions, our lithofacies classification based on mineral composition is thus practical.
5.2 Mineral Composition Influences on Pore Structure
5.2.1 Effect of Clay Minerals
Clay minerals in the Fengcheng Formation of well My1 are mainly smectite, I/S, and illite. The content of clay minerals is relatively low, ranging from 2% to 30%, mainly 4%–8%, higher in argillaceous mudstones. Clay components in shales are closely related to the mesopores whose pore diameter ranges from 2 to 17 nm. Particularly, the existence of I/S may be correlated with fine mesopores (Kuila and Prasad, 2013).
The N2 adsorption and desorption curves of samples separate and form hysteresis loops. The hysteresis loops are H3 and H4 types (Figure 5), which indicates the existence of parallel plate or wedge-shaped pores (Sing, 1985; Tang et al., 2019). The intercrystalline pores and interlayer fractures of clay minerals are widely developed in the reservoir of well My1, which can be observed under SEM (Figures 10A,B). The pore diameters of intergranular pores associated with clay minerals are between 20–40 nm and often appear as parallel plate shapes. The H3 type hysteresis is thus considered to be related to intergranular pores of clay minerals.
In order to better explore the relationship between clay minerals and mesoporous pores, nine argillaceous mudstones from well My 1 were explored by obtaining the content of clay minerals by XRD and the cumulative pores volume of mesopores by LNPA. There is a positive correlation (Figure 9A) between mesopore volumes and clay minerals content, suggesting that clay minerals have strong effects on mesopore structure. Furthermore, the pore volume of mesopores shows a positive correlation with mixed-layer illite/smectite (I/S) and smectite (Supplementary Figure S1). It is consistent with the 20–50 nm peak of all kinds of mudstones in the pore size distribution curve, which should be the contributions of intergranular pores of clay minerals. Overall, clay minerals, especially I/S and smectite, are closely correlated with micropore structures.
[image: Figure 9]FIGURE 9 | The impact on pore structure parameters from mineral compositions. (A) Content of clay minerals versus pore volume of mesopores; (B) content of carbonate minerals versus pore volume of mesopores; (C) content of carbonate minerals versus permeability; (D) content of feldspars versus pore volume of mesopores; (E) content of feldspars versus pore volume of macropores; (F) porosity versus pore volume of macropores.
5.2.2 Effect of Carbonate Minerals
Dolomite and calcite are the main carbonate minerals widely developed in the Fengcheng Formation of Mahu Sag. The samples with high carbonate mineral contents show stronger dissolution, especially for calcareous mudstone and dolomitic mudstone (Figures 10C,D). The early calcite filling or cement may occupy pores or block pore throats, but favorable reservoirs could be developed with strong dissolution in later periods (Lu et al., 2021). Calcite and dolomite dissolved more easily than K-feldspar and plagioclase and the calcite dissolution usually occurred earlier than the dolomite dissolution (Chen et al., 2020).
[image: Figure 10]FIGURE 10 | SEM photographs of samples. (A,B) Intercrystalline pores of clay minerals; (C,D) dissolution pores of carbonate minerals; (E,F) microfractures between laminae. Cal: calcite; Dol: dolomite; I/S: mixed-layer illite/smectite.
The XRD results show that the carbonate composition of samples can reach 20%–65%. Abundant dissolution pores on the surface of carbonate minerals have a wide range of pore size distribution, ranging from tens of nanometers to several microns, but nanoscale pores dominate. These pore diameters are consistent with macropore peaks of dolomitic mudstone and calcareous mudstone (DC). There is a positive correlation between carbonate minerals and the accumulated pore volume of mesopores (Figure 9B), indicating that carbonate minerals also control the development of mesopores, and this favorable trend largely comes from the development of dissolution pores in carbonate minerals. Moreover, permeability increases with the increase of carbonate mineral content (Figure 9C), which indicates that carbonate minerals have an important effect on permeability. The dissolution pores of carbonate minerals appear to improve the connectivity of the reservoir.
5.2.3 Effect of Feldspars
The content of felspar has a negative correlation with the pore volume of mesopores (Figure 9D), indicating the negative effect of feldspar on mesopore development. However, the feldspar is positively correlated with macropore volume (Figure 9E), suggesting feldspars contribute to a large number of macropores. The dissolution pores in felspars are observed to be developed in all mudstones, especially in tuffaceous mudstone.
Because the content of feldspar in tuffaceous mudstone is high and feldspar is easily dissolved, the main storage spaces of tuffaceous mudstone are secondary pores formed by feldspar dissolution (Li et al., 2022). A large number of macropores with a diameter greater than 50 nm are shown in tuffaceous mudstones, mainly associated with feldspars. Therefore, the content of feldspar is reasonable to explain well-developed macropores in tuffaceous mudstones.
5.3 Effect of Laminae Structure on Pore Structure
The lamina structure is of great significance for reservoir quality and oil-bearing potential in shales (Liang et al., 2018; Wang et al., 2021; Shi et al., 2022). Many laminae are developed in the Fengcheng Formation, including organic-rich dark layers + carbonate mineral layers and clay mineral-rich argillaceous layers + carbonate mineral layers (Wang et al., 2021). These laminae were generally developed in dolomitic mudstones, and microfractures were preferentially developed between layers with micron-scale widths (Figures 10E,F). These microfractures are considered to be formed by mineral shrinkages or decompression from overburden (Chalmers and Bustin, 2012).
Despite some microfractures filled with clay minerals, most laminated samples have relatively high porosity and permeability, and the pore volume distribution curve shows that the major contributions to pore structures come from macropores, which correspond to the diameters of microfractures between laminae.
5.4 Implication for High-Quality Shale Reservoir
Lacustrine shale oil is a key strategic supplement to the sustainability of China’s oil industry (Wang et al., 2022). The Fengcheng Formation is a set of high-quality source rocks of Mahu Sag, Junggar Basin (Tang et al., 2021). We take well My 1 as a research object and make lithofacies classification of alkaline lacustrine shales. The mudstones are divided into dolomitic mudstone, siliceous mudstone, calcareous mudstone, tuffaceous mudstone, and argillaceous mudstone based on rock composition. The dolomitic mudstone is the dominant lithofacies in well My 1. There are distinguishable curves of pore structure distribution of different shale lithofacies, indicating different influencing factors for these different lithofacies.
The Fengcheng Formation in well My 1 has low porosity and ultra-low-permeability, as other shales. Poor correlation between porosity and permeability indicates that pore structures should play a key role in the permeability besides porosity (Wang et al., 2018). There is a positive correlation between the porosity and the pore volume of macropores (Figure 9F), indicating that macropores contribute more to the overall porosity of samples. All five types of mudstones have a peak in the range of a mesoporous scale in pore structure distribution, which is mainly provided by clay minerals. Dolomitic mudstone is dominated by mesopores because of dissolution pores, and microfractures associated with laminae contribute to macropores volume for dolomitic mudstone. The macropores of siliceous mudstone are mainly intergranular pores between quartz (Cao et al., 2022) because the rigid quartz can protect the pore network from compaction effects (Tang et al., 2019). There are a lot of mesopores in argillaceous mudstone, mainly related to clay minerals, and the proportion of macropores is low. The macropores in calcareous mudstones are provided by the dissolution of calcite. The tuffaceous mudstone has plenty of macropores because of the dissolution of felspars and tuffaceous mudstone is also favorable lithofacies. Therefore, laminated dolomitic mudstones and tuffaceous mudstones are proposed to be high-quality shale lithofacies with great exploration potential in the Fengcheng Formation from well My1.
The well My 1 is in the slope zones in the Mahu Sag (Tang et al., 2019), with few alkaline minerals except small amounts of reedmergnerite, so our study lack discussion on the relationship between alkaline minerals and reservoir development. In the future, with the development of exploration technology and more drilling cores, further systematic research on alkaline mineral-bearing mudstones needs to be done in order to explore what controls alkaline lacustrine shales in terms of reservoir evolution.
6 CONCLUSION

1) The Fengcheng Formation is considered to be alkaline lacustrine shale with high potential in shale oil in the Mahu Sag, Junggar Basin. Shales in well My 1 are divided into five types: dolomitic mudstone, calcareous mudstone, siliceous mudstone, tuffaceous mudstone, and argillaceous mudstone mainly based on mineral composition.
2) There are intragranular and inter-crystalline pores associated with clays and pyrites, dissolution pores, and microfractures commonly in these five types of mudstones. The overall pore structure can be divided into three segments, including <50 nm, 50 nm-4 μm, and >4 μm.
3) Each type of shale lithofacies has its pore structure. Clay minerals provide mainly mesopores in argillaceous mudstones. The dissolution of carbonate minerals and feldspars are significant for macropores which develop in dolomitic mudstones and tuffaceous mudstones, respectively. Micro-scale microfractures associated with laminae dominate in dolomitic mudstones.
4) The dolomitic mudstones and tuffaceous mudstones have better resource potential and should be given more attention in the future in Mahu Sag. More investigations on alkaline mineral-bearing mudstones are in need in the future.
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The organic-rich shale of the early Carboniferous Jiusi Formation in the Weining area, Southwestern China, has large geological gas reserves, making the Jiusi Formation another target after the Ordovician-Silurian marine shale in South China. The complex superposition of multi-stage tectonic phases since the Himalayan paroxysmal phase has induced a series of controversies in the sedimentology of the Jiui Formation, as only a few drillings were executed. In order to better understand the development potential of the shale associated with the Jiui Formation, five outcrops and a well (YS302) were studied, clarifying the sedimentary evolution of the formation, while two 2D seismic sections were used to analyze the regional structural styles. The result shows that the Jiusi Formation was significantly influenced by the synsedimentary extension of the northwestern margin of the Yadu-Ziyun-Luodian Fault, with the depositional center of the Jiusi Formation extending to well YS302 along a NW direction and asymmetrically thinning in a NE–SW direction. Fifteen lithofacies and three facies associations were identified, from tidal or delta settings to lagoon environments, finally turning into platform facies at the base of the Shangsi Formation. According to the geochemical analysis of 27 core samples and 37 outcrop samples, as well as the well YS302 logging interpretation result. The transitional Jiusi shale in the Weining area has a strong heterogeneity, with high total organic content (TOC) values being mostly provided by the surrounding coal seams. XRD analyses show that the minerals of the transitional shale are dominated by a high clay content (42 wt%). The content of water-sensitive minerals in Jiusi shale is also relatively high, with clay minerals dominated by an illite/smectite mixture (52.8%). When compared with the commercially developed Ordovician-Silurian marine shale, the Jiusi transitional shale shows relatively poor quality, related to dense bioturbation and terrestrial input affecting the preservation of organic matter. Therefore, the evaluation standard for marine shale is difficult to apply to the transitional Jiusi shale. The cumulative thickness of shale in YS302 worthy of shale gas development is nearly 100 m. Meanwhile, considering that the transitional shales are often interlayered with coal, the shale gas and coalbed methane can be developed together.
Keywords: lower Carboniferous, Jiusi transitional shale, shale gas, shale quality, northeastern Weining area
1 INTRODUCTION
Starting with 2003, when the United States made a breakthrough in shale gas development, shale gas production began to rise strongly. In 2010, the United States surpassed Russia as the world’s largest natural gas producer; until 2016, for the first time, the United States exported more natural gas than it imported. In just 13 years, a global “shale gas revolution” has rapidly reshaped the world’s energy landscape (Zou et al., 2017). As an important replacement resource for conventional fossil energy, the potential of shale oil and gas resources has received increasing attention for changing energy structures, ensuring energy security, and promoting technological transformation in the oil and gas industry (Ma et al., 2018). China is one of the earliest countries to evaluate the geological conditions and resource potential of shale gas (Zou et al., 2017). Since 2000, Chinese multi-sectorial cooperation has tracked the theory and technology of shale gas in the United States, as the shale gas industry in China has boomed over the past 20 years. China has already built more than 1010 m3 of natural gas fields in the Sichuan Basin, South China Block (Jiang et al., 2019b), and has become the world’s second-largest producer of shale gas (Zou et al., 2017; Ma et al., 2018). Although great progress has been made in shale gas exploration and development in China, the commercial development of shale gas is mainly concentrated in the marine shales of the Ordovician and Silurian Wufeng-Longmaxi Formations in Sichuan Basin and adjacent areas. For developing the shale gas exploration in China, it is necessary to increase the exploration and development of other shales deposits occurring in different areas.
According to the statistics of the Ministry of Natural Resources of China, the geological resources of shale gas occurring at depths shallower than 4500 m are 122 m3 × 1012 m3, and the recoverable resources are up to 22 m3 × 1012 m3. The total reserves of shale gas in Guizhou Province reach 10.48 m3 × 1012 m3 (MNRC, 2018). In Guizhou, the reserves of shale gas confined to the Lower Carboniferous Jiusi Formation were estimated to be 9,595 m3 × 108 m3, as the depositional center of Jiusi shale occurred in the Weining-Qinglong area (Tang et al., 2014). Yet, most of the Weining area is not yet partitioned for shale gas exploration blocks. Therefore, the comprehensive analysis of the geological conditions of shale gas around Weining has an important guiding role for shale gas exploration and development in the future.
Comprehensive geological surveys in the Weining area began in 1970. At the time, the Geological Team 108 of the Guizhou Geological Bureau proposed the “Weining Trough” concept based on the stratigraphic divisions of the Jiusi Formation and its lithology and thickness (BGMEDGP, 1973). Later, the Weining Trough has been incorporated into the syngenetic extensional fault system bounded by the Yadu-Ziyun-Luodian Fault, which occurs in southern China, crossing the basement and the Palaeozoic–Mesozoic cover. The continuous expansion of this fault system caused the palaeogeographic pattern represented by the alternance of platform and basin conditions since the Devonian and up to the Triassic (Zeng et al., 1995). The Jiusi Formation is one of the main coal-bearing sequences in Guizhou Province. Back in the early days of the geological surveys, the Yadu-Ziyun-Luodian system was considered to not affect the northwest of the Weining area (BGMEDGP, 1973). This situation caused many disputes related to the sedimentary types of the Jiusi Formation in the northwestern Weining area. Starting from 2016, in order to expand the exploration of shale gas, different sedimentary facies analyses were carried out for this shale, showing that the facies of the Jiusi Formation span extremely widely, including the following depositional areas: inner shelf facies (Qin et al., 2016; Tang et al., 2016), fault-controlled lagoon and inner shelf facies (Mei et al., 2021), restricted platform facies (Li, 2016), shore facies to restricted platform facies (Zhang, 2017), shore facies to mixed tidal facies (Sun, 2016), tidal settings (Chen and Zhang, 2020), shore facies to outer shelf facies (Yang, 2020), and transitional settings (Wang et al., 2020). These disputes further hindered the development of the Jiusi shale exploration because the Jiusi shale quality varies greatly in relation to different depositional environments. Therefore the blind deployment of shale gas exploration will cause huge financial losses.
The aim of this paper is to provide geological support for shale gas exploration in the northwestern Weining area (Figure 1). Based on the lithofacies of the Jiusi Formation, our contribution deals with the evolution of facies associations and discusses and resolves the disputes related to sedimentary facies variations. Also, our contribution assesses the quality of the Jiusi shale in relation with key geological parameters, coupled with shale gas evaluation standards, evaluating the Jiusi shale potential.
[image: Figure 1]FIGURE 1 | Location and general geological structure of the study area. (A) Occurrence of Guizhou Province in China. (B) The lithology of the Lower Carboniferous in the study area, northeastern Guizhou (modified after Zhang et al., 2017). (C) Geological map of the area studied (1:1000000), triangles mark the location of the sections of the Jiusi Formation.
2 GEOLOGICAL SETTING
2.1 Tectonics background
Guizhou Province occurs in southwest China, tectonically belonging to the southwest Yangtze Platform, also known as the South China Block (BGMEDGP, 1987). Related to the structural boundary and to the shallow crust deformation in the geological past, the upper Yangtze Block and the Jiangnan orogenic Belt were divided on both sides of the Pan Xian-Guiyang-Tongren fault zone. According to the outcrops thickness and the structure deformation, eight secondary tectonic units were further divided (Figure 2A): Weining Uplift, Liupanshui Depression, northern Guizhou Uplift, Chishui craton Basin, Xingyi Uplift, Youjiang rift-foreland Basin, southern Guizhou Depression, and Rongjiang fold Belt (Figures 2A,B) (BGMEDGP, 1987; BGMEDGP, 2017).
[image: Figure 2]FIGURE 2 | Structural outline of the northwestern Guizhou Province. (A) The distribution of tectonic units in Guizhou Province. (B) Name of each tectonic unit in A. (C) The present-day structure outline of the Weining Uplift and of the Liupanshui Depression. (D) Geological interpretation of magnetotelluric inversion profiles of continuum media across the Liupanshui Depression (Wang et al., 2013).
The study area covers the Weining Uplift and the Liupanshui Depression (Figure 2C), both structures suffering from complex multi-superpositions of tectonic movements. For instance, in the Weining Uplift, the platform facies developed during the Xueshan-Caledonian cycle, the rift basin facies developed during the Hercynian cycle, and the foreland basin developed during the Indosinian-Yanshan cycle, while the molasse clastic basin was developed during the Himalayan cycle. The present tectonic pattern of the Weining Uplift area is characterized by a dome structure, a gentle brachy-anticline, and a brachy-syncline arranged alternately along the main linear tectonic directions of the Weining Uplift, oriented NE and NW (Figure 2C) (BGMEDGP, 2017). The Liupanshui Depression is located in the northwest of the Yadu-Ziyun-Luodian fault Zone, an important tectonic boundary in southwest China, associated with various metallic mineral deposits in Guizhou Province (Le, 1991; Xia and Liu, 1992; Cheng and Xu, 1998; Cao et al., 2019; Shi et al., 2019). The present depression includes prolonged and narrow axial NW folds and faults, encompassing Devonian to Jurassic strata involved. Its evolution can be divided into five stages, including the extension crack stage during the early Devonian, the extension-rift stage during the Carboniferous, the strong extension-rift valley stage during the Permian, and the weakened extension-structural inversion stage during the Triassic, and finally, the intracontinental contraction stage after the Yanshan cycle (Wang et al., 2013). As a result of the various extension degrees during different time intervals (Figure 2D), the distribution of deep-water sediments is also variable, controlled by the general SE shrinking (Wang et al., 2006).
2.2 Lithology of Jiusi Formation
The Lower Carboniferous strata are unconformably covered by the Devonian dolomites, with four sets of sequences in ascending order: the Yanguan Formation, the Jiusi Formation, the Shangsi Formation, and the Baizuo Formation (Figure 1B). The Jiusi Formation was originally named the “Chiussu Series” by Ding (1931) in Jiusi village, 12 km west of Pingtang County, Guizhou Province. The Jiusi Formation is unconformably overlaying the Yanguan bioclastic limestone, and it is conformably underlain by the thick, bioclastic limestone Shangsi Formation. In the Weining area, the Jiusi Formation can be divided into two members: the lower member of the Jiusi Formation is mainly clastic, with both marine fauna and terrestrial plants. The lithology of the upper member is represented mainly by dark gray, thick limestone, argillaceous limestone, and black shale, yielding a diverse marine fossil fauna. The overall thickness of the Jiusi Formation ranges between 0 and 992 m (Zhang, 2017).
3 MATERIAL AND METHODS
Fieldwork related to the Jiusi Formation was undertaken during the autumn of 2020 when detailed mapping and sampling were carried out from five outcrops and a well (YS302) core section (Discontinuous coring from 1,523.86∼1839 m interval, total thickness: 60 m). The five outcrops are: Luduizi (LDZ, N: 27°00′16.4″, E: 104°01′40.9″), Yunguixiang (YGX, N: 27°56′11.97″, E: 104°4′32.66″), Heituhe (HTH, N: 27°14′3203″ E: 103°55′11.25″), Dahaizi (DHZ, N: 27°16′41.48″ E: 103°56′28.37″), and Shimenkan (SMK, N: 27°24′3.65″ E: 103°57′9.8″), respectively (Figure 1C). Five supplementary outcrops and a shallow drill (ZK1402) were considered from published literature and from the Geocloud website* (https://www.geocloud.cgs.gov.cn) for stratigraphic interpretations. The lithology of the Jiusi Formation from different areas is summarized in Table 1. In addition, Zhejiang Oilfield Company provided two 2D seismic sections for stratigraphic correlation.
TABLE 1 | Lithological dataset of the Jiusi Formation in northeastern Weining.
[image: Table 1]37 fresh shale/mudstone samples from LDZ and 27 shale samples from the YS302 well were sent to Chengdu University of Technology for analyses related to mineral (including clay) composition, total organic content (TOC). Major elements were analyzed with an X-ray fluorescence spectrometer (XRF-1500), while TOC was tested with a carbon-sulfur analyzer (LECO CS230). Clay mineral analysis was undertaken with an X’Pert Pro diffractometer. All analyses were carried out following the Chinese National Standards GB/T 14506.28-2010 and GB/T 19145-2003. The datasets of major and trace elements, gas content, and porosity results of the whole YS302 well were obtained from Log interpretation, Schlumberger Company.
4 RESULTS
4.1 Lithofacies description and interpretation
We distinguish 15 lithofacies types, summarized in Table 2 with their codes, lithology, descriptions, trace fossils, and body fossil content, together with the interpretation of depositional processes and paleoenvironments.
TABLE 2 | Lithofacies (LF) of the Jiusi Formation in sections LDZ, YGX, DHZ, and section HTH. BI, bioturbation index (Taylor and Goldring, 1993).
[image: Table 2]4.2 Mineralogy
The whole-rock mineral composition of 27 shale samples from YS302 is summarized in Table 3, showing that the shale samples are dominated by clay minerals and quartz, with subordinate calcite and dolomite. The clay mineral content ranges from 14.9% to 71.8% (average 42%). In all samples of the brittle minerals, the quartz content ranges from 10.1% to 80.6% (average 32.1%), the calcite content ranges from 0.7% to 32.5% (average 5.9%), the dolomite content ranges from 1.8% to 29.7% (average 10.7%), and the plagioclase content ranges from 0.6% to 8.1% (average 3.2%), except for the high pyrite content of 37.8% in 1716.41 m. The remaining samples contain less pyrite, and no siderite was detected, except for the samples obtained at the depth of 1833.88 m, accounting for 38.6%.
TABLE 3 | Mineral compositions of the Jiusi shale samples from YS302.
[image: Table 3]The clay mineral composition of 26 shale samples from YS302 is also summarized in Table 3, no clay minerals were detected in a shale sample from 1716.41 m. The clay minerals of the YS302 shale are mainly illite/smectite mixed layers, followed by illite and chlorite. The content of the illite/smectite mixed-layer ranges from 18.1% to 81.1% (average 52.84%), the illite content ranges from 12.9% to 43.4% (average 25.14%), and the chlorite ranged from 0.3% to 28.4% (average 9.63%).
4.3 Total organic content
The TOC content of 27 shale samples from LDZ is summarized in Table 4, with content ranging from 0.5% to 10.4% (average 1.86%). The TOC content of less than 1.0% is accounted for 32.43%, the TOC content ranging from 1.0% to 2.0% is accounted for 35.14%, and the TOC content of more than 2.0% is accounted for 21.62%, 58 shale gas reservoirs of YS302 were evaluated from the logging interpretation of Schlumberger Company. The TOC content of 58 reservoirs ranges from 0.1% to 23.9%, with an average of 3.7%. Notably, TOC content is more than 2%, accounting for 15.52%, and nine reservoirs with TOC content range from 11.6% to 23.9% (average 19.3), all these reservoirs being coal seams. With a TOC content of 0.5% as the lower limit, the TOC content in 35 shale gas reservoirs ranged from 0.6% to 1.7% (average 1.1%).
TABLE 4 | TOC content result of Jiusi Formation in LDZ.
[image: Table 4]5 DISCUSSION
5.1 The thickness distribution of the Jiusi Formation around NW weining area
For a long time, the thickness distribution of the Lower Carboniferous Jiusi Formation in Weining and its surrounding areas was elongated along the NW-SE direction of Zhaotong to Liupanshui (GCGB, 2013; Lu et al., 2021). The regional depositional center is located at Liudongqiao, on the outskirts of Weining County, with a thickness of 992 m (Zhang, 2017). The thickness distribution of the Jiusi Formation gradually decreases and finally disappears along the NW-SE direction, also rapidly thinning and disappearing to the SW-NE (Tang et al., 2016; Mei et al., 2021). Since, the YS302 well was drilled through the Jiusi Formation showing a thickness of 835 m. This result shows that the previous depositional center may be prolonged along the YS302-Weining line, in a NW-SE direction. Nevertheless, it is still controversial whether the Yadu-Ziyun-Luodian fault extends to the northwest Weining area (YS302), which directly affects the judgment of whether the Jiusi Formation thickness was controlled by the above fault. According to the fault system distribution shown in the geological survey by Geological Team 108, the northwest segment of the Yadu-Ziyun-Luodian fault suspended near Yadu country, and it did not extend to northwestern Weining. But Mao (1997) suggested the fault zone obliquely crosses western Guizhou and extends northwestward to Yunnan Province. Moreover, considering that the study area is less than 5,000 km2, the thickness of the Jiusi Formation ranges widely, from 0 to 835 m. It was suggested that the northwestern margin of the Liupanshui Depression was still in the process of continuous extension during the early Carboniferous and affected the Weining–Zhaotong area.
The tracking results of the west-east direction seismic event through the YS302 well confirmed this conjecture. The thickness of the Jiusi Formation on the east side of YS302 was controlled by synsedimentary faults, which showed a rapid stage thinning to the east (Figure 3 B-B’). This result is similar to the synsedimentary fault we found outside SMK, with the mudstone layer thickness getting inconsistent on both sides of the fault (Figure 4C). Unfortunately, due to the fact that the seismic section did not cover the west side of the YS302 well, the stratigraphic distribution of the Jiusi Formation along the west side is not clear (Figure 3 B-B’). Tracking results of the seismic event show that the thickness north to south distribution of the Jiusi Formation around the YS302 area is relatively stable, and the stratigraphic thickness in the south of the YS302 decreases rapidly due to the extension of synsedimentary faults, while the thickness of the Jiusi Formation in the north shows a slow thinning trend (Figure 3 C-C’).
[image: Figure 3]FIGURE 3 | Interpreted seismic profiles, including the YS302 well (profile locations shown in Figure 4A). (B-B’) West-East direction of the seismic profile cross the YS302 well. (C-C’) South-North direction of the seismic profile cross the YS302 well.
[image: Figure 4]FIGURE 4 | The structural pattern in northwestern Weining area. (A) The distribution of fault systems and of seismic profile locations in the northwestern Weining area (the fault system distribution was modified after Mao, 1997). (B) Synsedimentary extension fault zone in D-D’ section. (C) Synsedimentary extension fault within the Jiusi Formation, outside of SMK country.
The synsedimentary extension-fault of the Liupanshui Depression influenced the distribution of the Jiusi Formation, controlled by a graben-horst assemblage (Figure 4B). The datasets from outcrops, from the YS302 well, and from the shallow drill (ZK1402) demonstrate the same scenario. To the northwest of the Weining area, two sedimentary centers in the Jiusi Formation were identified, the main sedimentary center being located in well YS302 and the secondary center being located in ZK1402. To the northeast of YS302, the Jiusi Formation thickness decreases rapidly until the formation disappears. In the southwest area of YS302, the Jiusi Formation thickness first decreases and then increases to ZK1402, further thinning until it disappears (Figure 5).
[image: Figure 5]FIGURE 5 | Thickness spatial variation of the Jiusi Formation in the northwestern Weining area.
5.2 Facies associations
5.2.1 Facies association 1 (Lithofacies M, Mb, C, Lab, Lc, Lm): lagoon deposits
Facies association 1 occurs towards the top sections of all five outcrops and in the YS302 well. This sedimentary succession is dominated by laminated calcareous mudstone and carbonaceous mudstone, yielding macrofossils, trace fossils, and pyrite aggregates (Figure 6G), indicating an oxygen-deficient related to an anaerobic lagoonal setting. It begins with the suspension deposits of lithofacies M at YS302 well, DHZ, SMK (Figure 6A), and YGX section (Figure 6B), or lithofacies Lab (bioturbated arenaceous limestone) at LDZ section (Figure 6C), and it ends with the platform facies of the Shangsi Formation. Influenced by sea-level change and by water turbidity, low energy sediments such as lithofacies Mb (Figures 6E,L) and lithofacies C (Figure 6I) were generated during the low systems tract, while lithofacies Lc occurred during the transgressive system tract or maximum flooding surface. Lithofacies Lc (Figure 6K), Lab (Figure 6C), and Lm (Figure 6J) occurred under relatively salt-water conditions. In the YS302 core section, a few interlaminar, well-preserved solitary corals were the result of subsidence (Figure 6F). Centimetric bioclastic interlayers showed a directional arrangement (Figure 6D) that indicates that the lagoonal setting was disturbed by large storms or tides. In the other four outcrops of the Jiusi Formation, the lagoon deposits are mainly represented by thick (40–80 m), pure mudstones or shales.
[image: Figure 6]FIGURE 6 | Facies association 1. (A) Lithofacies M, section SMK. (B) Lithofacies M, section YGX. (C) Lithofacies Lab (bioturbated arenaceous limestone) with abundant Zoophycos, section LDZ. (D) Lithofacies M, calcareous shale, bioclast interlayer showed directional arrangement (yellow arrow), 1,525.51–1525.61 m, YS302. (E) Lithofacies Mb (bioturbated mudstone) with abundant chondrites (yellow arrow). 1,526.30–1526.48 m, YS302. (F) Lithofacies M with solitary corals (yellow arrow) 1729.56–1729.68 m YS302. (G) Pyrite aggregate (yellow arrow) in lithofacies M, 1817.70–1817.88 m, YS302. (H) Bryozoan fossils (yellow arrow) in lithofacies M, 1830.10–1830.27 m, YS302. (I) Lithofacies C (coal), 1839.55–1839.75 m, YS302. (J) Lithofacies Lm (muddy limestone), calcareous bond interlayer within muddy limestone (yellow arrow), 1,527.02–1527.22 m, YS302. (K) Lithofacies Lc (chet limestone), section YGX. (L) Lithofacies Mb, Chondrites (yellow arrow), section DHZ.
Another distinguishing mark of the lagoon facies is represented by the trace fossils and by the geochemical analyses of shales. The trace fossils in the YS302 core section are dominated by Chondrites (Figure 6E), although Chondrites are an oxygen-deficient to anaerobic paleoxygenation indicator, typically representing the last trace fossil in a bioturbation sequence (Bromley and Ekdale, 1984). However, its appearance ranges from large wild facies, from brackish coastal conditions to deepwater environments (Yang et al., 2004). In the YS302 well, the abundance and size of Chondrites increased with the decreasing depth (from 1,540.88 ∼ 1,523.86 m), suggesting that the oxygen content increased during the regression cycles. Moreover, the Sr/Ba value, which is a proxy for indicating palaeosalinity (Wang et al., 2020), also showed a wild range in Jiusi shale at YS301 (northeastern 1.2 km to YS302), indicating that the lagoon environment was influenced by a freshwater input.
5.2.2 Facies association 2 (Lithofacies M, Mb, Mp, C, Ssr, Sar, Sir, Sc, Ss, Sb, Hb): tidal deposits
Facies association 2 generally occur in the lower part of the Jiusi Formation in the LDZ, DHZ, SMK, and HTH sections. The composition of sandstones in this association was dominated by well-sorted quartz, with a quartz content usually greater than 90%, marking a tidal environment. The Facies association two begins with tinning- and fining-upward cycles, with an erosive or sharp base, covered by thick middle- or fine-grained structureless sandstones (lithofacies Ss), cross-bedded sandstones (lithofacies Sc) in LDZ (Figures 7C,H), DHZ, and HTH sections, and symmetrical rippled sandstones (Figure 7D) in the SMK section, suggesting a subtidal environment. Passing upwards to very fine sandstone and mudstone (lithofacies M) distributed alternately or to heterolithics, with flaser (Figure 7A), lenticular (Figure 7B), wavy (Figure 7J), and herringbone bedding (Figure 7K), the association indicates a tidal flat environment. Small dunes with erosional bases that disappeared laterally were interpreted as tidal channels and gullies in a sandy flat (Figures 7I,L). These associations end up with lithofacies Mp (phytophoric mudstones) or C (coal) with a large number of leaf fossils, including lepidophytes, and unidentified leaf fossils (Figures 7M,N), representing a supratidal swamp environment. Considering that the supratidal setting is basically an exposed environment and that no exposed marks were found in Mp, the Jiusi Formation recorded rapid transgression conditions, with flood and ebb currents washing away any exposed marks.
[image: Figure 7]FIGURE 7 | Facies association 2, intertidal or subtidal zone. (A) Heterolithic with flaser bedding, section SMK. (B) Heterolithic with lenticular bedding, section DHZ. (C) Lithofacies Sc (cross-bedded sandstones) with awash cross-bedding, section LDZ. (D) Lithofacies Ssr (Symmetrical rippled sandstones), section SMK. (E) Lithofacies Sir (interference rippled sandstones), section SMK. (F) Lithofacies Sar (asymmetrical rippled sandstones) with the current direction of 180°, section HTH. (G) Quartz sandstone with muddy bands, section SMK. (H) Lithofacies Sc with awash cross-bedding, section LDZ. (I) Small dunes with erosional base, disappearing laterally (yellow dashed line), gully setting, section LDZ. (J) Lithofacies Sc with wavy cross-bedding, section DHZ. (K) Lithofacies Sc with parallel bedding and herringbone bedding (yellow arrow), section DHZ. (L) Repeated seven finning upwards cycles with erosional bases of each sequence, tidal channel setting, section HTH. (continued). Facies association 2, supratidal zone. Lithofacies Mp with abundant unidentified leaf fossil, section LDZ (M) and section SMK (N).
The bioturbation was common in this association and it includes the lithofacies Mb (Figure 8G), Sb (Figures 8A–E,H–L), and Hb (Figure 8F). Particularly, the lithofacies Mb in these associations is quite different from the lithofacies Mb in Facies association 1, although tidal bioturbation in lithofacies Mb was also dominated by Chondrites. Chondrites showed a much higher abundance, diversity, and stronger bioturbation intensity in the tidal environment (Figure 8G), even colonizing adjacent heterolithics (Figure 8F) and sandstones (Figures 8J–L). The bioturbation was profoundly impacted by redox and salinity conditions (Yang et al., 2004). Compared to the oxygen-deficient lagoonal settings, the oxygen-enriched and adequate food supply in the tidal setting, it is more suitable for trace makers to leave their marks. Strong bioturbation is also correlated with sedimentary rates, as the invariable and slow rate of deposition creates a favorable condition for the continuous activity of organisms (Zhang, 2015). Lithofacies Sb at the lower part of LDZ in this association even involved a total bio-disturbed sandstone (Figures 8J–L).
[image: Figure 8]FIGURE 8 | Trace fossils in the Jiusi Formation. (A–C) Cross-section view of the Skolithos linearis in lithofacies Sb (bioturbated sandstones). (A,B) Section LDZ; (C) section DHZ; cross-section view (D) and bedding-plane view (E) of the Ophiomorpha isp. In lithofacies Sb, section LDZ. (F,G) Bedding-plane view of the Chondrites filifalx in lithofacies Hb (F) and lithofacies Mb (G), section LDZ (H,I) bedding-plane view, and (H) cross-section view of the Palaeophycus sp. In lithofacies Sb, section LDZ. (J–L) The bioturbated siltstone and trace fossils were dominated by Chondrites sp. (J) Cross-section view (K) and bedding-plane view (L) of (J). (M) Planolites sp. In lithofacies Sb, section LDZ. (N,O) Bedding-plant view of Zoophycos cf. shandongensis (N) and Zoophycos sp. (O) section LDZ.
Different kinds of ichnotaxa are widely found in these associations, including Skolithos (Figures 8A–C), Ophiomorpha (Figures 8D,E), Palaeophycus (Figures 8H,I), Chondrites, and Planolites (Figure 8M). In the lithofacies Sb, the trace fossils Skolithos and Ophiomorpha belong to the Skoithos ichnofacies, which typically occur in lower intertidal to shallow subtidal environments with moderately to well-sorted, shifting sandy substrates related to sedimentation and erosion rates (Yang et al., 2004; MacEachern et al., 2012). As discussed above (see section 5.2.1), the occurrence of Chondrites, together with Planolites and Palaeophycus in lithofacies Mb and Hb, indicates a relatively organic-rich, oxygen-deficient tidal zone.
5.2.3 Facies association 3 (Lithofacies M, Mp, Ms, Ss, Sc): delta deposits
Facies association 3 occurs only in the lower part of the YGX section. Despite the fact that this section is not completely outcropped, the lithological sequence of a delta facies can be identified. It begins with phytophoric mudstones (lithofacies Mp) interbedded with structureless sandstones (lithofacies Ss), ascends to lithofacies Ss and mudstones (lithofacies M), ending up with sigmoidal mudstones (lithofacies Ms). These associations indicated a prograde cycle of delta during a transgression. Lithofacies Mp contains frequent plant fossils with well-preserved leaves and trunks, suggesting a delta plain setting (Figure 9C). The interbedded siltstone (dozens of centimeters thick) with fine upward cycles suggests an abandoned channel deposit. Passing upwards to lithofacies Ss with an erosional base and a finning upward granulometry suggests a submerged distributary channel deposit (Figure 9A). The plant fossil fragment on the top of the mud-siltstone indicates a submerged nature levee environment (Figure 9B). The well-sorted and thick structureless sandstones (lithofacies Ss) with an erosional base (Figure 9D) suggest a mouth bar or a distal bar setting. The upmost part of Facies association 3 consists of thin siltstones and of lithofacies Ms, the sheet siltstone is frequently penetrated by finger-like mudstones laterally (Figure 9E), indicating a typical distal delta front lithofacies (Wang and Zhang, 1996). The lithofacies Ms usually cap upon the sheet-like siltstones with interbedded sigmoidal deformation structures, and they are inclined seaward (Figure 9F). The interbedded sigmoidal deformation mechanism may be related to the source supply capacity; when the source supply was strong, the delta complex advanced seaward, particularly, a great part of the silt- and clay-size material of river load was deposited along the prodelta (Einsele, 1992), when the mudstones accumulate huge thickness along the prodelta slope, while soft sediments trend to collapse seaward under the force of gravity. Therefore, Facies association 3 was considered as a fluvial-dominated delta.
[image: Figure 9]FIGURE 9 | Facies association 3 in section YGX. (A) Finning upwards sequence in a submerged fluvial environment. (B) Lithofacies Mp (Phytophoric mudstone) with abundant lepidophyte leaves, in a submerged natural levee setting. (C) lepidophyte trunk, floodplain setting. (D) The boundary (yellow dashed line) of lithofacies Mp and lithofacies Ss (structureless sandstones), an erosional base together with sandstones structure suggest a submerged distributary channel deposit. (E) The sheet sandstone was penetrated by finger-like mudstones, in a distal delta front setting. (F) Lithofacies Ms (sigmoidal mudstones) with a dip direction towards the lagoonal environment (yellow dashed line), in a prodelta setting.
The trace fossils of the Facies association 3 are rare; only a few Palaeophycus were found within mudstone horizons. Given the wide distribution of Palaeophycus, which ranges from terrestrial to deepwater environments (Yang et al., 2004), there is no sedimentary significance to the identified facies.
5.2.4 Vertical evolution of facies associations and sedimentary facies distribution of the Jiusi Formation
The sedimentary facies of the Lower Carboniferous Jiusi Formation in the Weining area can be divided into two parts. The lower part of the Jiusi Formation is represented mainly by a tidal facies (Figures 10, 11), the delta facies only occurred in the YGX section (Figure 10); the upper part of the Jiusi Formation includes lagoon deposits (Figures 10, 11). The evolution of sedimentary facies of the Jiusi Formation shows a process of continuous transgression under the background of tectonic syn-subsidence during the early Carboniferous around the Weining area. At the beginning of the deposition of the Jiusi Formation, tidal deposits dominated most of the Weining area, except for the YGX section, which was closer to the hinterland (Figure 4A), with fluvial-dominated delta deposits. Following the continuous extension of synsedimentary faults as well as following the transgression, it finally evolved into lagoonal facies deposition. The tidal deposits are mainly developed along with horst assemblages in synsedimentary faults, while the graben assemblages are dominated by lagoon deposits. The transformation rates of sedimentary facies are also different, related to step-fault combinations at the graben assemblage, to faster basement subsidence rates and to deeper water conditions. In this way, the tidal face associations were transformed into lagoon facies earlier. Taking the YS302 facies associations as an example, the thickness of lagoonal associations content reaches 93.5%, while the tidal face associations content only accounts for 6.5% of the Jiusi Formation. Although the synsedimentary extension-rift also caused thinning of the crust and subsidence of the whole basement along with increasing accommodation compared with the morphology of the graben assemblage, a relatively shallower water condition in the horst zone was less impacted by synsedimentary depression under enough sources of supply. The thickness of tidal face associations content in the horst zone (90.2%) is much greater than the lagoonal associations (9.8%), with repeated overlapping intertidal lithofacies associations at the LDZ section, further transformed into lagoonal settings.
[image: Figure 10]FIGURE 10 | The correlation of facies of the Jiusi Formation in a transmeridional direction.
[image: Figure 11]FIGURE 11 | The correlation of facies of the Jiusi Formation along a north-south direction.
Based on these observations, a facies distribution of the Jiusi Formation is proposed (Figure 12). The stratigraphic thickness and facies associations of Jiusi Formation were controlled by the synsedimentary extension-rift activity of the northwestern Liupanshui Depression. In the northeast of the study area, supratidal subfacies are developed around the hinterland and a fluvial-dominated delta facies is set along the DZP to YGX section. As the activity of the step-fault zone intensified, the water in the synsedimentary elongated trough deepened gradually, and the lagoon-facies deposition controlled by the NW fault was formed from YS302 to the southeast of the study area. The other parts are mainly tidal facies.
[image: Figure 12]FIGURE 12 | The distribution of the Jiusi Formation in the northwestern Weining area.
5.3 Shale gas reservoir exploration potential of Jiusi Formation
Planning and designing a successful shale gas exploration block generally depends on the geological evaluation system of the shale quality (Guo, 2014; Jin et al., 2016). Based on some shale gas mining test areas and on the successful experience of other countries, combined with China’s own geological characterstics, some parameters for evaluation standards of shale quality targets on optimization were proposed, including TOC content, thermal maturity, silica content, porosity, gas content, and rock mechanical parameters (Zeng et al., 2015; Ma et al., 2018; Jiang et al., 2019a). These standards have their own characterstics and a relative board research object involves Palaeozoic marine and lacustrine shales and Mesozoic-Cenozoic terrestrial shales. However, given the variable tectonics, sedimentary setting, and geomorphic and topographic conditions of the Jiusi shale, some parameters (such as TOC, Ro) of evaluating standards cannot effectively help evaluate the optimization of favorable Jiusi shale horizon. There is no favorable horizon for shale gas exploration of YS302, with strictly followed by the above standards, especially when compared with the marine shales that have been successfully exploited commercially. The quality of the Jiusi transitional shale is relatively poor.
On the contrary, the Jiusi shale during the drilling of YS302 showed abnormal gas logging in dozens of horizons, and the water immersion test of the core section revealed continuous bubble release and upwelling with a size of between 0.5 and 1.5 mm and lasting for a long time (Figure 13). This result indicates the Jiusi transitional shale has great potential for shale gas exploration. For better evaluating the development of Jiusi transitional shale, we scaled down some key evaluation parameters and reenacted a shale reservoir evaluating standard based on the above marine shale reservoir standard and on the testing results of the Jiusi shale (Table 5).
[image: Figure 13]FIGURE 13 | Water immersion testing of a core section in YS302 (1724.17–1724.28 m) (Mei et al., 2021).
TABLE 5 | New evaluation standards for the YS302 shale reservoir.
[image: Table 5]Reenacted evaluated standard focuses on the shale reservoir parameters adjustment such as TOC content, porosity, shale horizon thickness, lithofacies, and gas content. Considering that the shale gas reservoir is a typical artificial reservoir, the production of shale gas relates to subsequent hydraulic fracturing efficiency, the content of brittle minerals in shale play an important role in the fracability, affecting the brittleness, fracture development, and fracture mode of shale (Zou et al., 2010; Ding et al., 2016; Zhang et al., 2017; Zhong et al., 2018). The brittle mineral content of most Jiusi transitional shale exceeds 40%, even exceeding 60% from 1,347.5 to 1991.6 m depths, indicating that the Jiusi shale is prone to the formation of fracture networks after fracturing.
According to the reenacted evaluated standard, two types of shale reservoirs were clarified in YS302 (Table 6), establishing that the favorable shale horizon accumulative thickness is 104m and that the lithofacies were dominated by carbonaceous shale interbedded with coal seams.
TABLE 6 | Evaluation of the YS302 with new standards.
[image: Table 6]5.4 Comparison of the properties of the transition shale and of the marine shale
Compared with the marine shale of the Ordovician - Silurian Wufeng-Longmaxi Formations in the Jiaoshiba area (Table 7), the Jiusi transitional shale shows relatively poor quality. Some key values of the Jiusi Formation are different from those of marine shales, such as gas content, TOC content, and effective porosity. The reason may be related to the water depth during the shale deposition, as the oxygen content of the inner shelf of the Wufeng-Longmaxi Formation was extremely low, and no bioturbation was reported. The upper Jiusi shale in the lagoonal setting contains a large number of trace fossils, and the activity of organisms disrupted the conditions of preservation of organic matter. Moreover, lagoonal shale is more susceptible to climate and sea-level change. Under a warm and humid climate as well as during a sea-level drop, the increased terrestrial input may cause organic matter to dilute and decompose. Consequently, the TOC content of the Jiusi Formation showed a strong heterogeneity (Figure 14), while the TOC content of the Wufeng-Longmaxi marine shale increases with the water depth (Ma et al., 2018), as the marine shale of the inner shelf is relatively less affected by sea-level change. The content of water-sensitive minerals in the Jiusi shale is relatively high, with the average content of illite/smectite mixed-layer in clay minerals of 52.84%. The tendency of high content illite/smectite mixed-layer to swell macroscopically and its cause of shale instability in well drilling operations can potentially lead to collapse of the wellbore (Anderson et al., 2010). Meanwhile, the damage from expanding clays in cores can reduce the effective throat radius with scatting of the paragenetic structures of clay minerals, further influencing the shale gas production during hydraulic fracturing (Liao et al., 2012). Therefore, new technology and supporting equipment are needed for developing the Jiusi shale. Nevertheless, the lagoon facies is prone to forming thick coal seams during the process of sea-level fall (Zhu, 2008), and the preservation of in-situ coal seams is relatively high. This shows that shale gas and coalbed methane can be developed together.
TABLE 7 | Comparison of key parameters of sweet pot shale reservoir between YS302 and the Jiaoshiba area. Shale reservoir dataset of the Jiaoshiba area summarized from (Ma et al., 2018).
[image: Table 7][image: Figure 14]FIGURE 14 | The TOC content of the Jiusi Formation. (A) TOC content from section LDZ, (B) TOC content from the logging interpretation of YS302, all horizons with TOC greater than 2% are coal seams. The TOC histogram of section LDZ (C) and YS302 (D).
6 CONCLUSION

(1) The thickness distribution of the Jiusi Formation in the Weining area was controlled by the sysedimentary extension faults of the northwestern Liupanshui Depression, with the depositional center of the Jiusi Formation extending in a NW direction and asymmetrically thinning in a NE–SW direction.
(2) The sedimentary facies of the Lower Carboniferous Jiusi Formation in the Weining area can be divided into two members. The lower member of the Jiusi Formation records mainly tidal facies, while the delta facies only occurred in the YGX section; the upper member of the Jiusi Formation was deposited under lagoonal conditions. The facies associations of the Jiusi Formation are also controlled by sysedimentary extension faults. The tidal deposits are mainly developed along horst assemblages, while the graben assemblages are dominated by lagoon deposits.
(3) Compared with the marine shale of the Ordovician - Silurian Wufeng-Longmaxi Formations in north Guizhou and Yunnan provinces, the Jiusi transitional shale shows relatively poor quality for some key parameters. The evaluation standard for marine shale cannot be applied to the transitional Jiusi shale. After appropriate reductions in some evaluation proxies, there is still nearly 100 m of cumulative thickness shale in YS302 worthy of shale gas development. Considering that transitional shales are often interlayered with coal seams, the shale gas and the coalbed methane can be developed together.
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The Jurassic Shaximiao Formation in western Sichuan has made significant contributions to the natural gas reserves and production of China, with many gas fields successively discovered. The accumulation evolution progress and discrepant gathering law are continuously improved with the constantly deepened exploration and development. In order to find evidence for the difference in gas accumulation and the method to reshape the migration and accumulation of natural gas and their dynamic processes based on time and space, this study analyzes the dynamic accumulation process of the Middle Jurassic Shaximiao reservoir in the Zhongjiang gas field using the geochemical parameters, including the conventional composition of natural gas, light hydrocarbon components, carbon isotope, and formation water, of more than 160 natural gas samples from 155 wells. The results show that the natural gas-filling period, migration patterns, and phase state, etc., of the Shaximiao Formation are closely related to the distance between the hydrocarbon source faults. The geochemistry tracer parameters of natural gas and formation water reveal abundant information about the accumulation process. The Sha-3 gas reservoir, featuring a two-period hydrocarbon supply, has two migration patterns, i.e., seepage and diffusion, dominated by the water-soluble phase. Similarly, the Sha-2 gas reservoir, featuring a late single hydrocarbon supply, has the same migration patterns, dominated by the miscible phase of the water-soluble phase and free phase. The main migration pattern of the Sha-1 reservoir, which features a late single hydrocarbon supply, is seepage, dominated by the free phase. From the lower part of the Sand-3 gas reservoir to the upper part of the Sha-1 gas reservoir, the natural gas exhibits a trend where the early–late continuous filling turns into the late single filling, the lateral migration distance of oil and gas becomes shorter gradually, and the gas-rich range of the gas reservoir decreases gradually. The results of this study can provide a valuable reference for gas reservoirs controlled by faults and river sand bodies.
Keywords: geochemical tracing, dynamic process of hydrocarbon accumulation, Shaximiao formation, Zhongjiang gas field, Sichuan basin
1 INTRODUCTION
The Sichuan Basin is one of the major gas-bearing basins in China and has wide influence over the exploration and development of the Jurassic tight sandstone natural gas. In recent years, great achievements have been made in the exploration and development of narrow channel tight sandstone gas reservoirs in the Shaximiao Formation of the Zhongjiang gas field. Industrial capacity has been realized in eleven sand groups of JS11∼JS33−3, and large-scale gas fields have been built, leading to beneficial development (Li et al., 2016). The gas reservoir of the Shaximu Formation in the study area is dominated by fault-controlled accumulation, with the good distribution of favorable hydrocarbon faults and channel sand bodies as sufficient and necessary conditions. Previous research has summarized the geological characteristics of the Shaximiao Formation accumulation in the Zhongjiang gas field, such as “retiform hydrocarbon supply, broken sand dredging, and efficient migration.” However, the existing producing tests have revealed that the gas accumulation range of the Shaximiao reservoir is significantly different from the individual well deliverability, indicating that the gas accumulation range decreases vertically from bottom to top, and that the average individual well deliverability of the lower Shaximiao Formation is higher than that of the upper Shaximiao Formation.
Extensive research has been conducted on the origin, source, and geochemical characteristics of the Jurassic natural gas in the western Sichuan depression. However, the geochemical characteristics of natural gas and formation water in the study area are relatively complex (Shen et al., 2008; Wang et al., 2011; Zhu et al., 2011; Zhou et al., 2016; Wang LH. et al., 2017). The study on the maturity of the Jurassic natural gas in the middle section of the western Sichuan depression shows that the maturity of natural gas gradually increases from bottom to top, and that the natural gas of the Shaximiao Formation has the characteristics of pyrolysis gas (Zhu et al., 2011). The natural gas of the Shaximiao Formation in the Zhongjiang area is dominated by hydrocarbon gas, containing a small amount of non-hydrocarbon gas, which is coal-type gas from the pyrolysis of humic kerogen, with the hydrocarbon source rocks of the fifth member of the Xujiahe Formation as its main source (Wang et al., 2017). Wang et al. (2015) analyzed the mechanism of tracing the gas migration by geochemistry indexes of the Jurassic natural gas in the western Sichuan depression and its effectiveness. Meanwhile, they considered that the CH4 content would rise with the increase of the migration distance in different migration phases and was the most effective tracer indicator of gas migration directions (Wang P. et al., 2017). Ye et al. (2017a) carried out a study on the organic–inorganic geochemistry tracer of natural gas migration in the Jurassic gas reservoirs in the western Sichuan Basin. They considered that the migration phase of the Middle-Jurassic natural gas in the western Sichuan depression was dominated by a water-soluble phase and featured low-salinity formation water associated with the gas reservoir, light isotopic composition of carbon and oxygen of authigenous calcite in gas-bearing sandstones, and high homogenization temperature and low salinity of brine inclusion containing hydrocarbon. After that, they presented the organic–inorganic geochemical tracer indexes, with which the migration directions and paths of the Jurassic natural gas in the western Sichuan depression were effectively determined (Ye et al., 2017b). Previous studies seldom focused on the reshaping of the dynamic accumulation progress and migration patterns of the natural gas in the Shaximiao reservoir of the Zhongjiang gas field based on time and space because the main difficulty is the unknown accumulation process and rule of differential accumulation (Chen et al., 2014; Li et al., 2017; Liu et al., 2017).
On the basis of previous studies, this study used the geochemistry tracers, including conventional natural gas components (C1/C2), light hydrocarbon components (iC4/nC4 values), methane carbon isotopes (δ13 C1 values), formation water salinity (TDS), and Na/K ratio, to emphatically analyze the relationship among the aforementioned characteristic parameters, the distance from the hydrocarbon source fault to the accumulation regularity through the analysis of the geochemical characteristics of the Shaximiao Formation, and the geological characteristics of its accumulation. This study discussed the natural gas-filling periods, migration patterns and phases, and the dynamic evolution characteristics of the accumulation in the Sha-3, Sha-2, and Sha-1 reservoirs, respectively, and explored the dynamic accumulation progress of the Shaximiao Formation in the Zhongjiang gas field and its control on the difference in accumulation. The geological evolution progress of the dynamic accumulation of the Shaximiao gas reservoir regarding time and space was reshaped into different migration patterns, multi-period hydrocarbon supplies, and differential accumulation in various accumulation periods, providing a reference for the exploration and development of blocks with the same geological background.
2 GEOLOGICAL BACKGROUND
The Zhongjiang gas field (Figure 1), situated on the eastern slope in the middle part of the western Sichuan depression, Sichuan Basin, is bounded by the Zitong sag to the north, the Xiaoquan-Xinchang tectonic belt and Chengdu sag to the west, the Zhongxingchang syncline to the south, and the Jinhuachang tectonics in the middle of the Sichuan ancient uplift to the east. Generally, it features a structure of three uplifts and two sags, including the Gaomiao-Fenggu tectonic belt, the Hexingchang-Zhixinchang-Shiquanchang tectonic belt, the Zhongjiang-Huilong-Fuxing tectonic belt, the Yongtai syncline, and the Zhongxingchang syncline. Meanwhile, the faults of F2, F3, F6, and F14 in the west of the gas field developed downward to the Xujiahe Formation, which played an important role in the accumulation of the Shamiaoxi Formation. Based on the matching relationship between the active period of the faults and the accumulation time of the gas, the faults can be classified as early faults, late faults, and persistently active faults. The strata in the area are Quaternary, Tertiary, Cretaceous, the thick Jurassic, and upper Triassic, respectively, from the upper part to the lower part. The Penglaizhen and Shaximiao Formations in the Jurassic are the main oil–gas exploration strata with thick sand bodies and good gas reservations. According to the principle of high-resolution sequence stratigraphy (Fredrik Bockejtr, 1991; Johannessen et al., 1996), the Shaximiao Formation can be divided into the Upper Shaximiao Formation and the Lower Shaximiao Formation, of which the latter can be further divided into three sections, i.e., Sha-3, Sha-2, and Sha-1, from the lower part to the upper part (Figure 2).
[image: Figure 1]FIGURE 1 | Location of the Sichuan Basin and research area in the western Sichuan depression.
[image: Figure 2]FIGURE 2 | Upper Triassic–Cretaceous stratigraphy and source–reservoir–cap rock combination in the Zhongjiang gas field.
The gas reservoir of the Shaximiao Formation in the area, far from the sources, typically features generation in the lower part and storage in the upper part, with gas mainly from the dark mudstone in the fifth member of the Xujiahe Formation of the underlying upper Triassic (Shen et al., 2008; Wang et al., 2011; Zhu et al., 2011; Zhou et al., 2016; Wang LH. Et al., 2017; Yuan et al., 2018). The Shaximiao Formation developed a shallow-water delta sedimentary system and a favorable sedimentary microfacies of delta underwater distributary channel, with multi-stage-channel superimposed sand bodies developed, which is generally NNE spread. The reservoir of the Shaximiao Formation is a tight reservoir with low porosity and permeability and has an average porosity of 8.3% and an average permeability of 0.1 mD. The reservoir is porous and has its porosity and permeability well correlated with each other. The Sha-3, Sha-2, and Sha-1 gas reservoirs were developed from the lower part to the upper part. Among them, the Sha-1 reservoir has the highest porosity, with an average value of 9.8% and a median value of 10.15%, while the Sha-3 reservoir has the highest permeability, with an average value of 0.234 mD. The storage space mainly consists of residual intergranular pores and intergranular dissolved pores, followed by intragranular dissolved pores.
The overlying Suining Formation is a regional cap rock with good quality in the western area of the Sichuan Basin and is dominated by mudstone sediment. In addition, the interchannel mudstone developed in the Shaximiao Formation plays a role of a direct cap rock in the underlying sand bodies. These regional direct cap rocks have effectively preserved the natural gas. The formation water has high salinity and is CaCl2 type, which indicates that the condition of the study area has been well preserved.
3 SAMPLING AND METHODOLOGY
3.1 Sampling
For this study, 155 natural gas samples of the Shahejie Formation were, respectively, collected from 155 wells located in the study area (Figure 3). Multiple approaches, including composition analysis and stable carbon isotope measurements, were applied to the geochemical characterization of the natural gas samples. Seventy-four copies of data of formation water salinity were collected from the database of the Exploration & Development Institute of SINOPEC Southwest Oil & Gas Company, Chengdu, Sichuan.
[image: Figure 3]FIGURE 3 | Top structure map of the Shaximiao Formation in the Zhongjiang gas field.
3.2 Analytical Methods
The natural gas compositions were measured using an Agilent 6890N gas chromatograph (GC) equipped with a flame ionization detector. The gas components were separated from each other using a capillary column (Plot Al2O3 50 m × 0.53 mm). The GC oven temperature was initially set to 40°C and maintained for 7 min and then heated to 180°C by 10°C/min. The analysis complied with SY/T 0542-2008 Components of natural gasoline analysis—Gas chromatography method under the Chinese Oil and Gas Industry Standard.
The stable carbon isotope values in the natural gas were measured using a Thermo Delta V mass spectrometer (MS) equipped with an Agilent 6890NGC. The natural gas components were separated from each other using a fused silica capillary column (Plot Q 30 m × 0.32 mm) on a GC, converted into CO2 in a combustion interface, and then introduced to the MS. The GC oven temperature was ramped from 35 to 80°C by 8°C/min, then increased to 260 °C by 5°C/min, and maintained for 10 min. The natural gas samples were analyzed in triplicate. The stable carbon isotopic values were reported in δ notation per mil (‰) relative to the VPDB standard. The analytical precision is within ±0.3‰ of the VPDB standard (Li et al., 2003).
4 RESULTS
4.1 Geochemical Characteristics of Natural Gas
According to the analysis data of the samples, the natural gas in the Shaximiao Formation is dominated by methane, which accounts for more than 90%, featuring high content of methane, low content of heavy hydrocarbon, nitrogen, and carbon dioxide and no hydrogen sulfide (Table 1).
TABLE 1 | Natural gas composition and the carbon isotopic composition of methane in the Middle Jurassic Shaximiao Formation in the Zhongjiang gas field.
[image: Table 1]4.1.1 Characteristics of the Conventional Component
The C1/C2 values of the samples are between 10.75 and 39.07. Among them, the C1/C2 values of the Sha-3 gas reservoirs are lower than those of the Sha-2 and Sha-1 gas reservoirs, and thus it demonstrates an ascending trend of C1/C2 values and maturity from the lower part to the upper part. The cross plot of the C1/C2 values and the distance from the fault reveal that the C1/C2 values of the Sha-3 and Sha-2 gas reservoirs first descend with the increase of the distance from the fault and then showing an opposite trend (Figures 4A,B), while the C1/C2 values of the Sha-1 gas reservoir ascend with the increase of the distance from the fault (Figure 4C).
[image: Figure 4]FIGURE 4 | Intersection of natural gas maturity (C1/C2) values and distance from the fault in the Shaximiao Formation reservoir, Zhongjiang gas field.
4.1.2 Characteristics of the Light Hydrocarbon Component
It can be seen that the iC4/nC4 values of the samples are distributed between 0.5 and 1.57, and the iC4/nC4 values from the Sha-3 gas reservoir to the Sha-1 gas reservoir show an increasing trend (Table 1).
4.1.3 Methane Carbon Isotope Composition
The analysis of the isotope composition (δ13 C1 value) of methane carbon in the samples indicates that the δ13 C1 values range from −40.54‰ to −30.4‰, with an average value of −36.5‰. Generally, the δ13 C1 values present a trend of being heavier from the lower part to the upper part (Table 1).
4.2 Formation Water Chemistry Characteristics
According to the analysis data of the samples, the salinity of formation water varies from 0.6 to 90 g/L, mainly including three types:① Type 1: the formation water of high salinity (>30 g/L) and high Na/K value (>200), which is mainly distributed near the faults and has characteristics similar to those of the formation water of the Xujiahe Formation. ② Type 2: the formation water of medium salinity (0–30 g/L) and medium Na/K value (100–200), which presents the characteristics of the original formation water of the mid-Jurassic Shaximiao Formation. ③ Type 3: the formation water of low salinity (<10 g/L) and low Na/K value (>2,100), which has the characteristics of condensate water (Figure 5).
[image: Figure 5]FIGURE 5 | Intersection of formation water salinity value, Na/K value, and distance from the fault in the Middle Jurassic Shaximiao Formation in the Zhongjiang gas field.
5 DISCUSSION
For the analysis of the dynamic accumulation process of natural gas, previous researchers have carried out a lot of studies based on the geochemical characteristics of natural gas and established a geochemical tracer system of the natural gas accumulation process (Liu et al., 2005; Liu et al., 2007; Chen et al., 2008; Luo et al., 2009; Cao et al., 2018; Yang et al., 2019), where the geochemical indexes, including CH4 content, N2 content, C1/C2 value, iC4/nC4 value, and δ13 C1 value, are widely used, demonstrating relatively good performance. Meanwhile, previous studies have found that the chemical characteristics of formation water can provide solid guidance for the determination of the path and direction of oil and gas migration and accumulation (Liu et al., 2007; Lou et al., 2009; Luders et al., 2012; Ye et al., 2014; Wang P. et al., 2017; Lin et al., 2017; Liu et al., 2018). This study adopted the geochemistry tracer parameters of natural gas, including conventional components (C1/C2 value), light hydrocarbon components (iC4/nC4 value), methane carbon isotopes (δ13 C1 value), formation water salinity (TDS), and Na/K value, to emphatically analyze the relationship between the aforementioned characteristic parameters, and the distance from the hydrocarbon resource faults, in order to reveal the natural gas-filling periods, migration patterns and phases, and dynamic evolution characteristics of accumulation in the Sha-3, Sha-2, and Sha-1 gas reservoirs. The aforementioned geochemical analysis data used in this study can represent the overall situation of the Jurassic Shaximiao Formation gas reservoirs in the study area.
5.1 Natural Gas-Filling Periods
Among the natural gas geochemistry parameters (Qin et al., 2006; Xu et al., 2017; Qin et al., 2018), the C1/C2 values go up with the increase of maturity or migration distance (Ye et al., 2017a), while the iC4/nC4 values go down with the increase of maturity but rise with the increase of migration distance in the case of loose reservoirs. However, they descend with the increase of migration distance in the case of tight reservoirs (Li et al., 2002; Zhang et al., 2022a). In addition, δ13 C1 values rise with the increase of maturity (Liu et al., 2007; Liu et al., 2007; Liu, 2021). These three parameters can reflect the maturity and migration patterns of natural gas and further reflect the natural gas-filling periods (Li et al., 2011).
It can be seen that the relationship between the C1/C2 values of the Sha-3 reservoir and the distance from the fault features two stages (Figure 4A). When the distance from the fault is less than 15 km, the C1/C2 values of natural gas are mainly affected by maturity and little by migration fractionation. As the migration distance increases, the C1/C2 values of natural gas descend, indicating that the early low-maturity natural gas and late high-maturity natural gas continuously supply hydrocarbon. The early low-maturity natural gas was first filled and always in the front of the migration direction, while the late high-maturity natural gas was subsequently filled and located on the side of the adjacent fault. When the distance from the fault is more than 15 km, the effect of migration fractionation gradually increases. Meanwhile, the C1/C2 values of natural gas increase and the iC4/nC4 values decrease as the migration distance increases. There are two possible reasons why the C1/C2 and iC4/nC4 values of natural gas are higher in the Huilong region. One is that the reservoir is loose, which leads to the increase of the C1/C2 and iC4/nC4 values along with the increase of migration distance, while the other is that the late fault hydrocarbon supply might exist in the Huilong region, and the natural gas migrated upward fast along the fault, resulting in high values of C1/C2 and iC4/nC4.
The cross plot between the C1/C2 values of the Sha-2 gas reservoir and the distance from the fault also features two stages (Figure 4B). When the distance from the fault is less than 5 km, the C1/C2 values of natural gas are mainly affected by maturity and little by migration fractionation. As the migration distance increases, the C1/C2 values of natural gas decrease, indicating that the early low-maturity natural gas and late high-maturity natural gas continuously supply hydrocarbon. The early low-maturity natural gas was first filled and always in the front of the migration direction, while the high-maturity natural gas was subsequently filled and located on the side of the adjacent fault. When the distance from the fault is more than 5 km, the effect of migration fractionation gradually increases. Meanwhile, the C1/C2 values of natural gas increase and the iC4/nC4 values decrease as the migration distance increases. The natural gas of Zhongjiang Gas Field Well A has medium C1/C2 values and high iC4/nC4 values, indicating that it may come from the hydrocarbon supplied by the F14 fault in the late stage.
It can be seen that the Sha-1 reservoir overall presents contemporaneous accumulation and is dominated by late natural gas of higher maturity (Figure 4C). Natural gas is greatly affected by migration, and the C1/C2 values of natural gas increase and the iC4/nC4 values decrease as the migration distance increases. Meanwhile, a small amount of late high-maturity natural gas could be found near the late active fault.
Generally, the Sha-3 and Sha-2 gas reservoirs both feature two-stage hydrocarbon supplies and accumulation, while the Sha-1 reservoirs feature late contemporaneous accumulation. In addition, the geochemical evidence, high salinity, and Na/K value of the formation water near the fault also indicate that the Shaximiao Formation gas reservoir features late hydrocarbon supplies. The original formation water of the Xujiahe Formation has high salinity and Na/K values, while the associated water of early hydrocarbon-generating gas reservoirs in the Xujiahe Formation usually has low salinity. According to the cross plot of formation water salinity, Na/K value, and the distance from the fault, the salinity and Na/K value of the formation water in the Shaximiao Formation gas reservoir are negatively correlated with the distance from the fault, which is mainly surrounded by late formation water of the Xujiahe Formation, featuring late high salinity and Na/K values (Figure 5).
5.2 Migration Pattern of Natural Gas
It can be seen that the iC4/nC4 values of the Sha-3 and Sha-2 gas reservoirs are mainly distributed around 1 (Figures 6A,B) and the iC4/nC4 values of the Sha-1 reservoir are mainly distributed above 1 (Figure 6C), indicating that the Sha-3 and Sha-2 gas reservoirs have two migration patterns, i.e., vertical seepage and lateral diffusion, while the main migration pattern of the Sha-1 reservoir is vertical seepage (Sima et al., 2017).
[image: Figure 6]FIGURE 6 | Intersection of natural gas iC4/nC4 values and distance from fault in the Shaximiao Formation reservoir, Zhongjiang gas field.
The Sha-3 reservoir has two migration patterns, seepage and diffusion, and two types of natural gas, low-maturity and high-maturity. Therefore, it can be divided into four types of combinations based on different migration patterns and maturity: the first one is late relatively high-maturity natural gas, which has higher values of C1/C2 and iC4/nC4, with the lateral migration distance less than 5 km; the second one is the mixture of late high-maturity natural gas and early low-maturity natural gas, which has medium-high C1/C2 values and high iC4/nC4 values, with the lateral migration distance less than 15 km and loose reservoirs; the third one is the mixture of late high-maturity natural gas and early low-maturity natural gas, which has higher C1/C2 values and lower iC4/nC4 values, with the lateral migration distance less than 15 km and tight reservoirs; the fourth one is early low-maturity natural gas, which has lower values of C1/C2 and iC4/nC4, with the lateral migration distance more than 15 km and tight reservoirs (Figure 6A).
The Sha-2 gas reservoir has two migration patterns, seepage and diffusion, and two types of natural gas, low-maturity and high-maturity. Therefore, it can be divided into three types of combinations based on different migration patterns and maturity: the first one is late relatively high-maturity natural gas, which has higher values of C1/C2 and iC4/nC4, with the lateral migration distance less than 5 km; the second one is the late high-maturity natural gas, which has higher C1/C2 values and lower iC4/nC4 values, with the lateral migration distance less than 5 km; the third one is early low-maturity natural gas, which has lower values of C1/C2 and iC4/nC4, with the lateral migration distance less than 5 km and tight reservoirs (Figure 6B).
The Sha-1 reservoir is dominated by the migration pattern of seepage and high-maturity natural gas. Therefore, it can be divided into two types of combinations based on migration patterns and maturity: the first one is late relatively high-maturity natural gas, which has medium-higher C1/C2 values and higher iC4/nC4 values, with the lateral migration distance between 0 and 10 km; the second one is the late high-maturity natural gas, which has higher C1/C2 values and lower iC4/nC4 values, with the lateral migration distance between 0 and 8 km (Figure 6C).
5.3 Dynamic Evolution Process of Accumulation
In the first stage, i.e., the early accumulation stage of the Shaximiao reservoir (141-128Ma, J3-K1), the source rocks in the fifth and third members of the Xujiahe Formation entered the hydrocarbon expulsion threshold with limited hydrocarbon expulsion and the gas gathering near the source, while the low-maturity natural gas and the associated low-salinity water entered the Sha-3 reservoir first and the Sha-2 gas reservoir partly (Figure 7A). In the second stage, i.e., the middle accumulation stage (105-88Ma, J1-K2), the source rocks in the Xujiahe Formation entered the period of hydrocarbon expulsion peak with enough hydrocarbon expulsion, and the high-maturity natural gas entered the Sha-3, Sha-2, and Sha-1 reservoirs from the lower part to the upper part along the faults (Figure 7B). In the third stage, i.e., the late accumulation stage (83–68Ma, late K2), the high-maturity natural gas and the high-salinity formation water of the Xujiahe Formation entered the Sha-3, Sha-2, and Sha-1 reservoirs in a hybrid phase state from the lower part to the upper part along the faults (Figure 7C).
[image: Figure 7]FIGURE 7 | Dynamic model evolution of the Middle Jurassic Shaximiao Formation in the Zhongjiang gas field (A,B,C).
Therefore, the Shaximiao reservoir in the Zhongjiang gas field shows the characteristics of local enrichment and different accumulation in time and space. The Sha-3 and Sha-2 gas reservoirs have two stages of hydrocarbon supplies with enough hydrocarbon and an extensive range of gas accumulation, in which hydrocarbon is mainly supplied by persistent active faults. The Sha-1 reservoirs only have one stage of late hydrocarbon supplies with relatively sufficient hydrocarbon and a small range of gas accumulation, in which hydrocarbon is mainly supplied by persistent active faults.
From the aforementioned discussion, it can be concluded as follows: the effective hydrocarbon source faults have obvious control over the accumulation of the Jurassic tight sandstone gas reservoirs; the filling and accumulation types of natural gas are obviously different from each other due to accumulation stages, and the fault properties and the distance from the channel sand bodies to the hydrocarbon source faults are closely related to filling efficiency. These conclusions are instructive to similar gas fields in the Sichuan Basin and other basins.
6 CONCLUSION

1) The Sha-3 and Sha-2 gas reservoirs in the Shaximiao Formation of the Zhongjiang gas field feature two stages of hydrocarbon supplies and accumulation, while the Sha-1 reservoir features late single hydrocarbon supplies and contemporaneous accumulation. The salinity and Na/K values of formation water are negatively correlated with the distance from the fault, which is surrounded by formation water of the Xujiahe Formation, featuring late high salinity and Na/K values.
2) The Sha-3 reservoir can be divided into four types of combinations based on its two migration patterns, i.e., seepage and diffusion, and is dominated by the water-soluble phase. The Sha-2 gas reservoir can be divided into three types of combinations based on its two migration patterns, i.e., seepage and diffusion, and is dominated by the miscible phase of the water-soluble phase and free phase. The Sha-1 reservoir can be divided into two types of combinations based on its main migration pattern, i.e., seepage, and is dominated by the free phase.
3) In the early accumulation stage, the source rocks entered the hydrocarbon expulsion threshold with limited hydrocarbon expulsion and the gas gathering near the source, while the low-maturity natural gas penetrated into the Sha-3 reservoir first and the Sha-2 gas reservoir partially. In the middle-late accumulation stage, the source rocks entered the period of hydrocarbon expulsion peak with sufficient hydrocarbon expulsion, while the high-maturity natural gas and the high-salinity formation water of the Xujiahe Formation penetrated into the Sha-3, Sha-2, and Sha-1 reservoirs in a hybrid phase state from the lower part to the upper part along the faults.
4) From the lower part of the Sha-3 gas reservoir to the upper part of the Sha-1 gas reservoir, the feature of natural gas changes from early-late continuous filling to late single filling, the lateral migration distance of oil and gas gradually becomes shorter, and the gas-rich range of the gas reservoirs gradually decreases.
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Due to the dual effects of fluvial and tides, the tidal sand bars in estuaries have complex sedimentary characteristics and complex internal structures, making them difficult to predict and describe. In this paper, the sedimentary dynamics numerical simulation method is used to establish a tidal-controlled estuary model. The effects of tidal range and sediment grain size on tidal sand bars are simulated. The length, width, and thickness of tidal sand bars, as well as the length and thickness of the internal shale layer, are also analyzed. The results show that in the environment of a tide-controlled estuary, the tidal range has a more significant effect on tidal sand bars compared to the sediment grain size under the specific conditions used in this study. The main effect of tidal range on tidal sand bars is that the greater the tidal range, the greater the length-to-width ratio of the sandbank, and the higher the degree of sandbank development. In a tidal-controlled estuary environment, the formation and distribution of shale layer structures are also affected by tides: the length of the shale layer increases as the tidal energy increases, but the changes in the thickness are not obvious. Numerical simulations of the development and distribution of the tidal sand bars and shale layers in estuaries based on sedimentary dynamics will provide a basis for the sedimentary evolution of tide-controlled estuaries and will provide guidance for the exploration and development of tidal estuaries.
Keywords: tide sand bar, sediment dynamic simulation, estuary, tidal range, sediment grain size
1 INTRODUCTION
The Oriente Basin is located in the transition zone between the active Cordillera mountain system of South America and the stable Gondwana shield (Zhang et al., 2018; Ma et al., 2020). It is located in the northeast of Ecuador, has a north–south trend, and is steep in the west and gentle in the east. It is part of the foreland basin. The Oriente Basin has nearly 30 billion barrels worth of oil reserves, accounting for 97% of Ecuador’s proven reserves, and is one of the most abundant basins in the northwest basin chain of South America (Yang et al., 2018). The strata of the Oriente Basin include sediments from the Phanerozoic Paleozoic to Quaternary eras (Toffolon and Crosato, 2007; Fan and Shang, 2014). The basin is composed of two sets of large sequences of metamorphic rock basements with sedimentary filling, and the sedimentary strata can be divided into three parts from bottom to top: a pre-Cretaceous basement sedimentary layer, a Cretaceous sedimentary layer consisting of continental facies and an intersecting shallow sea, and post-Cretaceous continental foreland strata. The main oil-producing strata in the Oriente Basin are Cretaceous, including the Hollin formation, which is Lower Cretaceous, and the Napo formation and Tena formation, which are Upper Cretaceous. From the Hollin formation to the Napo formation, transgression occurred from west to east followed by regression, and the Tena formation was deposited. In the Upper Cretaceous Napo formation, the main rock sources are marine black shale and asphaltene carbonate rock, while the main reservoirs of the Napo formation are composed of stacked tidal-controlled estuary sediment formations (Jaillard et al., 2006).
The earliest definition of an estuary was put forward by Pritchard, who defined an estuary as a semi-closed coastal water body where the salinity is significantly diluted by fresh water from the land, with salinity levels ranging from 0.1‰ to 30–35‰ (Pritchard, 1955). The definition is based on the salinity of the water body, but the specific geological or stratigraphic information is ignored, so there is limited information for the study of estuarine sediments. Fairbridge considered the importance of tidal action on estuaries and proposed that estuaries be defined as: “the upper limit of the passage of the ocean into the valley is the limit of tidal surge” (Fairbridge, 1980). However, the scope of this definition is not limited to estuaries and is also applicable to deltas and lagoons. Dalrymple put forward a “geological” definition of estuaries, believing that “the estuary is the submerged part of the incised valley system, receiving sediments from rivers and oceans, including sedimentary facies affected by tides, waves and rivers” (Dalrymple et al., 1992). This definition takes the incised valley system as a necessary condition for the formation of estuaries, but estuaries can also form transgressive parts with delta plains; transgression, sufficient sedimentary space, and the land transport of sediments are more important for the formation of an estuary. Dalrymple put forward a new definition of estuaries in 2006. He believed that an “estuary is the offshore part of drowning valley system, which receives sediments from rivers and oceans, and also contains sedimentary facies affected by tides, waves and rivers. The top of the bay is the upper limit of tidal facies sediment distribution, and the mouth of the bay is the lower limit of coastal facies sediment distribution”, and this definition is widely accepted (Dalrymple et al., 1992). At present, the most widely used methods used to study tidal-controlled estuary deposits include estuary outcrop field survey, modern deposition example anatomy, seismic data, and logging curve interpretation analysis (Dalrymple and Choi, 2007; Reisinger et al., 2017; Xie et al., 2018; Zheng et al., 2018). In paleo sedimentary fields, outcrops are very rare, furthermore, they can only provide two-dimensional structural information, and the information on the internal three-dimensional structure is insufficient; it is difficult to determine the anatomy of modern sedimentary examples, and this method is suitable for observing delta deposits and inland estuary deposits at low tide. Areas that are buried underwater are not easy to observe, and the resolution of seismic data is relatively limited (Jaillard et al., 2006). In this paper, the sedimentary dynamics numerical simulation method is used to set different tidal ranges and sediment grain sizes to carry out sedimentation simulations of the tidal-controlled estuary bar and its shale layer and to explore the effects of the controlling factors on tidal bar development and distribution. By analyzing the development characteristics of the length, width, and thickness of the bar, the relationship between each factor and the sedimentary characteristics of the estuary sand bar is revealed.
2 METHODS
The sedimentary dynamics method, also known as sedimentation simulation technology, is a reservoir description and prediction technology that was originally developed based on hydrodynamics and sedimentology. It quantitatively simulates the real clastic sedimentary system in nature on the scales of time and space and follows a series of physical laws, such as the law of conservation of energy. Sedimentary numerical simulation relies on computer technology and uses numerical calculation methods to solve fluid mechanics equations using a computer, thereby simulating the natural phenomena and geomorphological evolution process of the research object (Lageweg and Feldman, 2018). Numerical simulations have repeatability, operability, and variability of simulation factors. They can simulate sedimentary morphology in any environment according to various conditions and can quickly calculate the simulation results in a large time and space range. It is used to analyze the sedimentation of estuaries. The sedimentary characteristics under these factors are convenient.
Advances in computer technology have promoted the rapid development of sedimentary numerical simulation. The study of sedimentary numerical simulation began in the 1960s. At first, the entire geological sedimentation process was converted into simulated numerical values and then into computer numerical codes. By the 1980s, there had been more two-dimensional numerical simulation studies carried out abroad, and gradually, numerical simulation was applied to the study of topography and geomorphology (Van and Feldman, 2018). The most representative numerical model is 2DH; in the 1990s, people began to study three-dimensional numerical simulation, and three-dimensional hydrodynamic models based on the Navier–Stokes equations began to be established; after the 21st century, as the production needs of the petroleum industry intensified, numerical simulation began to be used in sedimentary research. Nowadays, many experts and scholars both at home and abroad apply numerical simulations of sedimentary dynamics to the sedimentation in estuaries. Schramkowski et al. (2002) conducted a numerical simulation of tidal-controlled estuaries in; Toffolon and Crosato (2007) studied tide control and specifically focused on the shape of the sand bar in the selected estuary; Lageweg et al. (2018) simulated the flow and tidal amplitude factors in a tidal-controlled estuary; Weisscher et al. (2019) published the use of Nays2D sedimentation numerical simulation software for morphological dynamic modeling to determine the impact of dynamic inflow disturbances on river patterns and dynamic meandering rivers. And Tang et al. (2019) used numerical simulation to study the reservoir configuration of tidal-controlled estuaries. This paper adopts Tang et al.'s sedimentation simulation model (Tang et al., 2019).
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In the above equations, U and V represent the average velocity of the fluid in the x and y directions, respectively; t represents the time; u, v, and ω represent the flow velocity in the x, y, and z directions; h represents the total depth of the water body; f represents Corio; ρ0 represents the reference density of the water; σ represents the reduction ratio according to the ordinate; Px and Py represent the horizontal pressure items approximated by Boussinesq; Fx and Fy represent the horizontal Reynolds stress determined by the concept of vortex viscosity; Mx and My represent water consumption; ζ represents the height difference between the free surface and the reference surface (z=0); S represents the model surface area; c represents the mass concentration; DH represents the horizontal eddy diffusion rate; DV represents the vertical eddy diffusion coefficient of the transport equation; and c(ι)represents the fraction of sediment mass concentration.
The sediment components mainly consist two types: cohesive and non-cohesive components. The cohesive sediment component is controlled by the suspended-transport equation, while the non-cohesive sediment component is partly in suspension and partly through bed load. For cohesive sediment components, the fluxes between the water phase and the bed are calculated with the well-known Partheniades-Krone formulations (Eqs. 6,7) (Caldwell and Edmonds, 2014). Based on this equation, the sediment transport for bedload could be calculated directly.
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Where [image: image]is the erosion flux of mud (kgm−2s−1),[image: image]is the erosion parameter (kgm−2s−1),[image: image] is the deposition flux of mud(kgm−2s−1),[image: image] is the falling velocity(ms−1), [image: image] is average sediment concentration, S is the erosion or deposition step function, D50 is the median grain size, [image: image] is critical shear stress for erosion(Nm−2) and [image: image] critical shear stress for deposition(Nm−2).
The simulated estuary shape is characterized by an ideal funnel shape (Figure 1). The model domain is 36km×100km, and consists equal grids with a resolution of 200 m by 160 m. The time step of 100 min is selected to ensure stability and accuracy. The maximum bed shear stress[image: image], falling velocity[image: image], critical shear stress for erosion [image: image]and critical shear stress [image: image]for sedimentation are assigned as 0.25 mms−1, 0.5 Nm−2, 1,000 Nm−2, respectively. It is worth noting that the current simulator mainly focuses on the simulation analysis of shallow water sediment processes, but cannot deal with deep water sediment processes.
[image: Figure 1]FIGURE 1 | Sediment thickness of the estuary at different tide heights (A) represents the tide at 3.4 m, (B) represents the tide at 6.8 m, and (C) represents the tide at 7.2 m).
3 RESULTS AND DISCUSSION
3.1 The impact of tidal range on the development characteristics of sand bars in tidal-controlled estuaries
The ebb tide increases as the tidal range increases. The simulation results of a tidal-controlled estuary indicate that the shape of the sand bar changes significantly as the tidal range changes (Figure 1). When the intensity of the tide is small, the tidal range is 3.4 m (Figure 1A), the sediment accumulation range is small, and the degree of development of the sand bars in the estuary is not high, but the thickness of the sand bars is the largest, with an average thickness of 24.5 m. When the height of the tidal range increases to 6.8m and 7.2m, the sand bars have a high degree of sedimentation along the outer estuary. At this time, the tidal sand bars and tidal channels are more developed. Under the conditions of a medium tidal range (Figure 1B) or a large tidal range (Figure 1C), the sand bars are eroded and redeposited, and the sand bars in the outer river mouth are long strips. These results here are in a very good agreement with those in the literatures (Billy et al., 2012; Alam, 2014). The greater the tidal range, the greater the receding tide, the greater the degree of sediment diffusion, the higher the degree of sand bar cutting by the tidal channel, and the larger the number of sand bars.
3.2 The influence of sediment grain size on the development characteristics of sand bars in tidal-controlled estuaries
Simulations of the sediment grain size were carried out to change the size of the sand. The model was divided into fine-grained sizes, medium-grained sizes, and coarse-grained sizes. There were three types of sediment grains for each case. The sediment grain sizes for the fine-grained size model were 80 μm, 64 μm, and 60 μm. Additionally, the sediment grain sizes for the medium-grained size model were 125 μm, 80 μm, and 64 μm, and the sediment grain sizes for the coarse-grained size model were 250 μm, 125 μm, 80 μm. As shown in Figure 2, changing sediment grain size does not affect the deposition rate of the estuary bar, and the deposition rate of the estuary bar under the three grain sizes is roughly the same. At the beginning of the simulation, the fine-grained sediments were transported far away, and there was obvious bar deposition in the middle of the estuary. At the end of the simulation, there was obvious strip deposition at the top of the estuary under medium- and coarse-grained conditions. As the simulation of the fine-grained and medium-grained estuarine models developed, sand and shale were deposited in the inner estuarine, forming sheet deposits. The channel mainly developed in the middle of the river. The tidal sand bar is in the shape of fine strips, and the segmentation of the sand bar is not obvious, which is agreed with the results proposed by Poppeschi et al. (2021) and Grasso et al. (2021). In the coarse-grained estuarine model, there are many rivers in the inner-river estuary, the curvature of tidal channel is higher, and the sand bar segmentation is stronger.
[image: Figure 2]FIGURE 2 | Sediment thickness of the estuary under different sediment grain size conditions (A): fine-grained size model, (B) medium-grained size model, (C) coarse-grained size model).
3.3 Analysis of the main controlling factors of sedimentary characteristics of tide-controlled estuary sand bodies
Changes in the external environment cause different sedimentary forms in tidal-controlled estuaries. The developmental law of tidal-controlled estuaries is controlled by many factors. At the same time, the distribution of the shale layers inside sand bars also changes with changes in various factors. The length-to-width ratio of sand bars can reflect the primary and secondary factors that control the shape of sand bars in tidal-controlled estuaries. By comparing the length-to-width ratio of sand bars, the main controlling factors that control the development of the sand bars in tidal-controlled estuaries are obtained to provide a theoretical basis for research on the mechanism of tidal-controlled estuaries.
Table 1 compares the six sets of simulation results above. Based the three sets of simulation results obtained with the different sediment grain size, when using the fine-grained size formula, the length-to-width ratio of sand bars is 8.37, while the length-to-width ratio of sand bars is 4.86 when using the coarse-grained size formula. Under the simulated conditions of the fine-grained size formula, the sand bars have a high degree of development, while for the simulation case with coarse-grained size formula, the sand bars are split into small-tide sand bars by the tidal energy.
TABLE 1 | Quantitative comparison of sand bar shapes under various factors in tidal-controlled estuaries.
[image: Table 1]Based on the three sets of simulation results with different tidal ranges, we found that when the tidal range is 7.2m, the length-to-width ratio of the sand bar is 9.87 and that the tidal range of 7.2 m has the greatest impact on the development of sediments in tidal-controlled estuaries. Under the simulated conditions of a tidal range of 7.2m, the sand bars have a high degree of development, the length increases with the height of the tidal range, and a long-strip sand bar is developed. The simulation results are similar to those determined in the works of Lageweg et al. (2018) and Leuven et al. (2016). In this study, the tidal channel that developed in the tidal-controlled estuary was complex; the tidal intensity was stronger; the tidal channel was stronger; there were more sand bars; and the shape of the estuary was more complex. In tidal-controlled estuaries, tides play a major role in the shape of the estuary. The greater the tidal range, the higher the degree of estuary development.
3.4 Analysis of the main controlling factors of the shale interlayer
Based on the analysis of the main factors controlling sand bar development in tidal-controlled estuaries, the influence of the tidal range and sediment grain size on the shale layer is further studied.
Figures 3, 4 are distribution diagrams of the thickness and length of the muddy shale layer at three tidal heights. According to the thickness distribution diagram in Figure 4, the thickness of most (61%) shale layers is concentrated at 0.1 m, and the thickness of most (87%) shale layers is concentrated between 0.04 m and 0.2 m. According to the distribution of shale layer length, 30% of the shale layer length is concentrated in the range of 0.5 km–2.5 km, and 70% of the shale layer length is greater than 8 km. When the tidal range is 3.4 m, the thickness is concentrated at 0.265 m, and the length is concentrated at 0.5 km and 2.5 km; when the tide is 6.8 m, the shale layer thickness is concentrated at 0.1 m and 0.15 m, and the length is concentrated at 1.8 m, 9.5 km, and 11 km. When the tide is 7.2 m, the thickness of the shale layer is concentrated at 0.07 m and 0.2 m, and the length is concentrated at 8.5 km and 10.5 km. Table 2 gives out the quantitative comparison of shale interlayer in the tidal bars under various tidal ranges. It can be seen from the above that the greater the tide range, the thinner the thickness of the shale layer, and the longer the length of the shale layer.
[image: Figure 3]FIGURE 3 | Thickness distribution inside the tidal shale layer.
[image: Figure 4]FIGURE 4 | Extension length distribution inside shale layer.
TABLE 2 | Quantitative comparison of shale interlayer shapes in tidal bars under various factors in tidal-controlled estuaries.
[image: Table 2]Figure 5 and Figure 6 show the distribution frequency of the thickness and length of the shale layer in the tidal bars under the three different sediment grain size simulation scenarios. When the grain size of the sediments is fine, the thickness of the shale layer is mainly between 0.1 m-0.45 m and 0.75 m–1 m, and the length is mainly between 1 km and 6 km; when the grain size of the sediments is medium, the shale layer thickness is mainly between 0.05 m and 0.35 m, and the length is mainly between 0–2 km and 8 km–11 km; when the grain size of the sediments is large, the shale layer thickness is mainly between 0.1 m and 0.3 m, and the length is mainly between 0 km and 4 km. Table 2 gives out the quantitative comparison of shale interlayer in the tidal bars under different sediment grain size. When the grain size is fine, the shale layer is thick and long, and when the grain size is coarse, the shale layer is thin and short. The grain size is inversely proportional to the thickness and length of the shale layer.
[image: Figure 5]FIGURE 5 | Shale layer thickness distribution for different sediment grain sizes.
[image: Figure 6]FIGURE 6 | Shale layer extension length distribution for different sediment grain sizes.
4 CONCLUSION
The sedimentary distribution characteristics of tidal-controlled estuary sand bars are of great significance to the development of sedimentary reservoirs in the tidal-controlled estuaries in the Napo Formation of the Oriente Basin. Based on the Navier–Stokes equation, this study established a dynamic model of tidal-controlled estuary sedimentation, and based on this model, we carried out a numerical simulation of tidal-controlled estuary sand bar sedimentation. The simulation results show that in tidal-controlled estuary environments, both tidal range and sediment grain size have an important influence on the shape of estuary sand bars. The main effect of tidal range on sand bars is that the greater the tidal range, the greater the length-to-width ratio of the sand bars in the estuary, and the higher the degree of sand bar development. When the sediment grain size is fine, more mature sand bars develop, and there is richer variety in the sand bar shapes. Fine-grained sediment could protect the development of estuary sand bars, while a coarser sediment grain size resulted in larger estuary sand bars barely being deposited: they developed slowly in the estuary bay, and there was no sediment deposition in the middle of the estuary. Further comparisons of the influence of the three factors on the morphological parameters of tidal sand bars show that the influence of tidal range on the sedimentary characteristics of tidal sand bars is greater than sediment grain size. Based on the analysis of the main factors controlling sand bar development, the formation and distribution characteristics of shale layers under the environmental conditions of tidal-controlled estuaries were further analyzed. The results show that the length of the shale layer increases as the main controlling factors of the estuary’s tidal range increase, but the changes in thickness are not obvious. The estuary sediment dynamics simulation method proposed in this study can provide model guidance for the exploration and development of estuary sand body sedimentary reservoirs in future research.
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Lithology

Carbonaceous
mudstone
(carbonaceous shale)

Coal

Sandstone

Mudstone

Characteristics of rocks
and minerals

The content of quartz and feldspar is less than
30%, the content of clay minerals is more than
30%, and the content of organic carbon is
between 6 and 40%

The content of quartz and feldspar is less than
30%, clay mineral is less than 15%, and organic
carbon is more than 40%

The content of quartz and feldspar is more than
50%, the content of clay mineral is less than 30%,
and the content of organic carbon is less than 6%
The content of quartz and feldspar is less than
30%, the content of clay mineral is more than
50%, and the content of organic carbon is less
than 6%

Conventional logging curve

Medium gamma, high neutron, medium
resistivity, and medium density

“Three high, two low” characteristics (igh
neutron, high acoustic time difference, high
resistivity, low gamma, and low density)
Medium low gamma, medium low neutron, and
medium high resistivity

Low resistivity, high acoustic time difference,
high gamma, low density, and high neutron

Electrical imaging logging
curve

Dark color, bedding is not obvious, local
foliation development, and intercalated
with bright color mass

The yellow band has obvious bedded
characteristios and s often characterized
by block falling

Light yellow band, often mixed with dark
muddy mass

Black band with bright color lumps,
horizontal bedding
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Sample number

s1
s2
s3
S4
S5
S6

Well section
(m)

1,067.37-1,067.67
1,097.72-1,098.02
1,100.52-1,100.72
1,107.23-1,107.53
1,117.45-1,117.75
1,138.3-1,138.6

Sample type Measurement points Standard deviation Vitrinite reflectance
value (%)

Shale 46 003 311

Shale 36 0.04 ES

Shale 34 003 321

Shale 29 001 321

Shale 2 001 322

Shale 6 0.01 313
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Number 1 2 5 4 5 6 7 8 9 10
ciA 87.08 84.61 86.05 88.10 89.72 87.17 88.00 86.97 85.48 87.25
St/Cu 284 387 493 466 248 522 323 088 996 066
Number " 12 13 14 15 16 17 18 19 20
ciA 89.85 95.66 84.41 82.40 81.49 88.31 83.10 89.92 88.24 86.74
St/Cu 088 321 8.45 435 2.98 3.19 320 454 251 304
Number 21 22 23 24 25 2 27 28 29 30
ciA 86.29 82,52 87.05 85.20 89.73 85.84 85.89 90.80 9138 88.83
St/Cu 173 329 332 452 248 075 248 3.02 1.21 292
Number 31 32 33 3 35 36 37 38 39 40
ciA 87.43 8459 84.50 88.19 87.29 84.74 8028 85.26 87.84 82.45
St/Cu 266 6.16 228 1.72 19.94 3.15 51.44 23.17 6.08 391
Number o 42 43 44 45 46 47 48 49 50
ciA 8243 89.79 87.33 84.91 82.49 84.41 85.66 81.09 8154 85.31
Sr/Cu 12.82 4.72 375 8.37 3.30 3.84 3.37 341 337 1.87
Number 51 52 53 54 55 56 57 58 Average Value
ciA 83.42 82.18 8281 8381 8390 8321 84.98 8695 86.10

Sr/Cu 1.65 316 277 10.18 654 233 3.86 295 523
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Underground
condiions

Evaluation index

Surface lithology and
characteristics of karst
formation

Topography

Water supply conditions of
the well site

Development status of
karst pipeline
Development status of the
Karst aquifer

Fold position

Distance from the fault
zone

Hydrodynamic conditions

Geophysical prospecting
for karst

Karst avoidance area

Thick continuous limestone,
dolomite, and strong karst
formation

Typical karst landform with large
height difference relative to
topography

The groundwater table is deep, far
from surface rivers.

Underground rivers or caves are
developed.

One or more sets of medium-
strong karst aquifers (sensitive
layers) are developed.

Fracture development zone of the
syncline core

On the fault zone

Deep circulation runoff-discharge
area
Abnormal development zone

Karst-sensitive area

Midde or thick limestone, impure
limestone development area, and
medium-strong karst formation

Karst landform is developed, and the
relative topographic height difference is
larger.

The groundwater level is general, and
the distance from the surface river is
general

Underground rivers or karst caves may
be developed.

One or more sets of medium-strong
karst aquifers or interbedded karst
formations are developed.

Synciine core or wing

Near the fault zone

Deep circulation runoff-discharge area

Abnormal development zone

Karst-insensitive area

Clastic rock area, clastic rock, lastic
rock intercalated with carbonate rock,
and weak karst formation

Clastic rock hilly or mountainous
landform, with fittle topographic:
fluctuation

The groundiwater level is shallow and
close to the surface river.

No underground rivers or caves are
developed.

Mainly clastic rocks, with little or no karst
aquifers are developed

Syncline wing
Far away from the fault zone
Deep circulation recharge area

Non-abnormal development zone
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Non-homogeneous
carbonate rocks

Homogeneous Pure
Carbonate Rocks

Type

Carbonate rock
intercalated with the
ciastic rock type
Clastic rock
intercalated with
carbonate rock type

Interbedded clastio
rock and carbonate
rock type

Continuous carbonate
rock type

Subtype

Limestone
intercalated with
shale subtype
Shale intercalated
with limestone
subtype

Interbedded
subtypes of shale
and limestone

Subtypes of micritic
and sitty granular
limestone

Fiinty limestone
subtype

Subtype of
argilaceous banded
limestone

Stratum

First member of the Nandan
Formation

First member of the Huohong
Formation, the lower part of the
first member of the Nandan
Formation

Lower part of the first member of
the Nandan Formation

Second member of the Nandan
Formation

Sidazhai Formation

‘Wuzhishan Formation

Lithological
characteristics

Medium-thick micrite limestone
intercalated with thin shale

Medium-thick shale intercalated with thin
marl

Interbedded medium-thin shale and
micritic limestone

Middle-thick layer of powder grain
limestone, locally intercalated with a
middle-thick layer of micrite and powder
crystal limestone

Continuous distribution of middle-thin
layers of flinty limestone

Middle-thin argillaceous banded
limestone, lenticular limestone, and
nodular limestone

Karst formation
classification

Weak-medium
karst formation

Weak karst
formation

Weak-medium
karst formation

Strong karst
formation

Medium-strong
karst formation
Weak-medium
karst formation
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System | Series | Formation ( Member) | Thicknoss(m ) Lithology
Third member |  106-194 | Interbedded thin to middlo-thick layers of siltylaystone and tuffaceous ilstone
Thick i llaceous siltstonc, n i 1 medium tick
S [ p— i el and massve toffscoous ilstone and srgillacoous slstonc, itercalated with a small amount of medium thic
bl tuffacoous sandstone
Formation
Firstmember | 111172 | Interbedded thin to middle-thick layers of uffaceous silstone, fine sandstone and siltyclaystone
Pemian
Middle Second member | 238735 | Interbedded thin to middlethick flinty imestone and bioclastc limestone
Sidazai
Formaion | pimymonber | gagp | 1oed tinlayred icoous ok, arilacoussiccous ok ndskycaystone, el i yered
flint-siriped limestone.
Lower
Second member |  283-559 | Thin to middlethick layers of chert-bearing micrite limestone, bioclsti, with  small amouat of thin siliceous rocks
Nondan
U N
PPEL | Formation - y1.7q | Thin o middiclayer of cher bearin micrie limestone ineralted with siceous ock and cabonceous shale o
Carboniferous s soember which shale mainly exiss in the upper part and limestone mainly exists in the lower part
Lower [ Dawaba
et 378411 | Thin to middle shale, ity shale,calcarcous shale intercalated with thin ayered siliceous rock, sandstone
‘Wazhishan
: 30-186 | Lenticular limestone, clastic imestone and argilaceous bended imestone
Formation
Upper [— -
" 71113 | The lower part s clay sficcous rock and the upper pat is siliccous shale
Fomation
Devonian Thidmember | 7285 | Middle-thick layer claystone,siltyclaystone, and interbedded organic claysione
Middle
‘Huohong = " » " "
& Second member | 60-90 | Thick and massive fine-grained quartz sandstone, quarz silstone, locally intercalaed with a small amount of shale:
Lower
Firstmember | 165-196 | Middle-tick laer claystone,sltclaystone, and inerbedded organic claystone






OPS/images/feart-10-907685/feart-10-907685-g013.gif





OPS/images/feart-10-909469/feart-10-909469-g005.gif
ey






OPS/images/feart-10-909469/feart-10-909469-g004.gif





OPS/images/feart-10-909469/feart-10-909469-g003.gif
Type C in the East

Type B i the middle

Tyae diln e wist





OPS/images/feart-10-909469/feart-10-909469-g002.gif





OPS/images/feart-10-909469/feart-10-909469-g001.gif
Sty

' |sichusn tasi






OPS/images/feart-10-899947/crossmark.jpg
©

|





OPS/images/feart-10-895382/math_9.gif
0
2PN =
a")w\ j]wc

oN'; 3

a;i‘;i Koy

[C3

o),

©






OPS/images/feart-10-895382/math_7.gif
J[N’,(K,.a’éokhae wc,aa'—")m:a

,2,3,

4






OPS/images/feart-10-895382/math_6.gif





OPS/images/feart-10-895382/math_5.gif
2nr Kh ©





OPS/images/feart-10-895382/math_4.gif
pllx,y,2)ely) = pus.





OPS/images/feart-10-895382/math_3.gif





OPS/images/feart-10-899947/feart-10-899947-g003.gif
>






OPS/images/feart-10-899947/feart-10-899947-g002.gif
. B

T I e Description [seatee]

Palcooie-Trisssic o s
Feol

£k ; U e

§

i 0

HE
2 20 i o A
HAE w51 - | A=
AH £ T A -
Ll R 7 - Jor 10 ®

o H |

HET = i

£ 10 for 1 o Lowermenber

- st

A== ors | o a—

£ [(ae e S
[Frowroroe Fomean 2] | 0%

> -

o E E (e
e s fh o oo g






OPS/images/feart-10-899947/feart-10-899947-g001.gif





OPS/images/feart-10-895382/math_14.gif
K+ N (p) -3 (p)™ a4






OPS/images/feart-10-895382/math_13.gif
U(x.ﬂ
Fra z
at K’*M 5
o ?i)dA
+[Jociin
=0,

(13)





OPS/images/feart-10-895382/math_11.gif
Pr=Nipi+ N pri+ N uPsms (11)





OPS/images/feart-10-895382/math_10.gif
Nipi+ Nipi+ Nepe + Nipy,

(10)





OPS/images/feart-10-895382/math_1.gif
[0





OPS/images/feart-10-895382/inline_2.gif





OPS/images/feart-10-895382/math_2.gif
Ip g Ir.
Kugh Kok wc, [





OPS/images/feart-10-895382/math_17.gif
a7





OPS/images/feart-10-895382/math_16.gif





OPS/images/feart-10-895382/math_15.gif
K+ Na) - (pa) =2 (o)™

(15)





OPS/images/feart-10-885637/feart-10-885637-g002.gif
8 Granuardolomit,
s Xiushan Ro






OPS/images/feart-10-839427/feart-10-839427-t002.jpg
Mainly parameter

Lower limit of shale area
Shale thickness

TOC (%)
Ro (%)

Burial depth

Surface condition
Total air content
Preservation condition

Variation range

The smallest area of the target area may be found in it, and it may be distributed in the stable area or the reformed area.
According to many factors, the lower shale area is 200-500 km?

‘The thickness of a single layer is not less than 10 m, or the ratio of mudstone thickness to stratum thickness is greater than
60. Single layer thickness is greater than 5 m and continuous is not less than 30 m

1.5%-2%, average not less than 2%

Type | kerogen not less than 1.2%; Type Il not less than 0.7%; Type lll not less than 0.5%

300-4,500 m

The terrain height difference is small, such s plains, hills, deserts, etc.

Not less than 0.5 mt

Middie
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Development and distribution of regional shale
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Samples Trace element content (ug/g) Element ratio

v cr Co Ni Cu sr Mo Ba U s/Cu  UTh V/Cr EFMo  EFu
1 20514 20124 5164 10389 12349 70584 542 30799 947 572 093 147 495 374
24 11853 2886  67.82 19233 7275 25392 294 4064 142 349 031 411 1041 218
34 7131 5028 1096 6303  80.16 23902 089 7209 085 298 034 142 279 1.6
44 32471 16297 4764 5121 21199 62883 081 20141 269 297 022 199 045 065
5t 17102 5393 5027 5115 12696 34143 073 16256 295 269 027 347 075  1.32
6t 54.70 53.96 454 2013 4454 24496 139 76265 339 550 038 101 235 249
7 34.02 2378 3943 8913 2802  127.01 074 3416  1.16 453 036 143 318 216
B 57789 79170 1882 11350 9951 16702 033 4523 437 168 018 073 118 073
ot 35017 171690  57.02 11378 28222 73961 178 48848 300 318 022 209 099 072
10# 68576 110056 1170 9662 2691 12291 037 4221 569 457 046 062 065 094
14 10097 6228 4886 8342 8550 25398 088 10499 130 297 026 162 064 251
12¢ 18160 13074 2248 10653 7582  87.84 108 24344 133 116 028 130 048  1.48
13# 32096 11154 4182 6500 18832  627.73 144 31537 444 333 026 288 055 127
144 17143 7035 6306 17779 12490 29927 104 9147 296 240 028 244 066  1.37
15# 152.65 160.18 23.49 4271 36.40 193.87 1.81 169.63 2ar 5.33 0.58 0.95 0.83 141
Samples Rare earth element content (ug/g) (LarYb)y
La Yb sc Y T Th
1 65.58 412 27.06 42.65 1.58 1022 10.723
24 389.09 17.25 11.41 370.10 938 454 15.204
34 2064 3.44 14.34 48.34 1.69 249 4.042
4# 86.05 547 31.10 59.42 202 1247 10.608
54 82.37 471 17.99 54.42 1.96 1105 11.786
6 4855 268 654 31.91 097 892 12.213
7 17.94 1.61 505 22.70 080 3.23 7.533
8 131.68 859 3802 75.96 266 2463 10340
ot 82.87 494 3775 60.31 235 1355 11.306
10# 133.88 16.02 36.46 95.67 394 3458 5636
11# 33.38 216 1204 24.08 1.01 498 10.421
124 31.26 233 7.97 25.82 083 473 9.037
13# 166.17 593 2726 61.42 205 17.10 18.885
14# 85.17 722 20.38 75.711 223 13.05 7.950

154 26.32 1.46 1168 17.21 0.67 3.94 12.187
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Samples

Detection limit
1#
2#
3#
a4
5#
6#
T#
8#
o#
10#
14
124
13#
144
154

Major element content (%)

Sio,

4051
33.57
42,62
38.04
43.35
40.3
41.71
36.27
40.64
36.34
40.92
38.92
39.68
41.36
37.94

Al205

13.47
14.16
24.25
23.34
24.07
23.19
16.07
10.01
19.16
12.73
19.39
23.07
22.98
25.39
19.62

Mgo

0.0335 0.0375 0.0277

226
2.89
0.83
1.02
1.33
1.15
3.43
3.83
212
261
1.74
1.09
0.66
0.47
1.35

Na 0

0.0021

052
074
1.07
11
11
1.45
0.63
0.15
1.38
0.59
114
0.87
117
0.62
0.59

K20 P05 Tio,
184 017 26
0.91 0.31 283
134 033 457
0.9 021 5.08
0.96 0.36 4.57
1.4 0.4 4.79
0.48 0.37 42
0.2 0.43 1.7
1.32 0.42 31
0.52 0.18 1.59
1.63 0.41 3.66
1.97 0.06 4.1

1.46 021 3.78
0.83 0.23 4.55
3.02 0.45 3.36

Ca0  TFe;0;5

11.52
773
07
0.75
1.58
0.86
5.46
1.8
4.12
1.08
248
0.62
069
05
351

8.02
15.89
6.6
12.43
7.53
9.58
16.22
19.84
11.9
28.45
12.28
14.45
10.15
6.06
14.37

MnO

0.0382 0.0019 0.0333 00438 0.0078 0.0138

0.1
0.15
0.02
0.17
0.06
0.1
0.09
0.16
0.16

03
0.16
0.04

02
o1
0.15

Loss

on ignition

(%)

/

18.34
18.01
17.37
16.62
14.22
16.32

9.81

16
14.8
16.81
16.44
14.47
19.53
20.11
1811

CIA (g/mol)

/
84.01
826
84.86
83.78
80.87
81.94
87.2
81.72
83.56
87.85
799
82.84
82.69
79

86.1

P (ug/g)

/

742254
1353.521
1440.845
916.901
1571.831
1746.479
1615.493
1877.465
1833.803
785.915
1790.141
261.972
916.901
1004.225
1964.789

P/AI

0.010
0.018
0.011
0.007
0.012
0.014
0.020
0.035
0.018
0.012
0.017
0.002

0.007
0.019
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Samples

2#
3#

4#
5#

6#
T#
8#
o#
10#
1

124
134

144
154

Lithology

Limestone
Lime mudstone
Carbonaceous
mudstone
Lime-bearing
mud layer
Lime-bearing
mud layer
Mudstone
Sity mudstone
Mudstone
Mudstone
Sity mudstone
Carbonaceous
mudstone
Mud shale
Muddy
sitstone

Shale
Sit-bearing
mudstone

Depth
(m)

3,157.80
3,159.32
3,161.23

3,163.20
3,165.31

3,167.37
3,168.80
3,171.77
3173.48
3,175.20
3,177.12

3,180.18
3,182.39

3,185.04
3,186.71

TOC

(%)

5.85
3.44
3.38

1.35
121

4.37
5.07
3.98

1.98
1.96
1.28

0.23
3.15

0.61
295

Maceral identification and type

Rran (%)

%
78
66
62
42

76

828BBY

74
82

Exinite  Vitrinite

%

14
28
33

53

19

41
17
4l
23
32
65

55
30

24
16

Inertinite

%

8
6

osBowa

-

Type
index

205
6
1.25

-23.75
188

-85
243
-47.75
33
4
-38.75

-29.3
6.5

17
27

Type Minimum Maximum Mean

il
[
1l

[
1l

[
1l
[
[

1l
[

1
il

Il

223
3.06
222

247

238

252
297
2.96
3.06
3.14
321

3238
an

329
335

2.55
343
261

286

2383

285
3.42
341
3.48
3.56
357

356
3.56

372
375

2.39
3.1
2.4

265

262

2.69
323
3.26
332
343
3.45

3.49
3.63

3.65
3.57

Standard
deviation

0.08
0.1
on

0.1

013

0.09
013
on
0.12
0.12
on

0.12
0.12

0.13
0.12

Measuring
points.

20
20
20

20
20

20
16
20
15
12
10

10
15

20
16
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Diagenetic environment

Submarine
Mixed water

Shallow-medium burial

Near-surface diagenetic environment
Medium to deep buried

Buried deep

Destructive diagenesis

1st seabed horse teeth, fibrous cementation
2nd single crystal or polycrystaline cementation
Compaction, 3rd cementation

Cementation

Cementation

Asphalt filing

Constructive diagenesis

Micryization
Dolomitization, 1st dissolution
Recrystalization

Karstification

15t of buried dissolution, recrystalization
2nd burial dissolution
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Rock type

Carbonate

Dolomite

Limestone

Granular dolomite

Crystalline dolomite

Granular limestone

Crystaliine limestone

Lithology

Sand-clastic dolomite

Oolttc dolorite

Soy dolomite, ooitic dolomite
Sandy sand-clastic dolomite
Sandy ooitic dolomite
Mud-powder crystaliine dolomite
Powder crystaline dolomite
Fine crystalline dolomite
Mesocrystaline dolomite
Sand-clastic dolomitic imestone
Bioclastic dolormitic imestone
Oolitic dolomitic limestone
Micrite limestone

Development degree

High
Medium
Low
Low
Low
High
High
Medium
Low
Medium
High
Low
High

Storage performance

Medium ~ good
Medium ~ good
Medium-poor
Poor ~ medium
Poor ~ medium
Poor

Medium ~ good
Medium ~ good
Poor ~ medium
Poor ~ medium
Poor ~ medium
Poor ~ medium
Poor
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honeysomb B Residual granular dolomite, developed
disoluton’ pors, Well Moxi 13, 4615.36m, dissalvd pores and coves, Well Moxi 12,
Longuangmiso Formation - Longwangmiao Formation

dolomite, racks disolve and expand O Residal granular dolomite, dissoluion
o Torm Kars caves in 3 ong sip shape, Well expansion cave developed slong rcturs,
Mo 13,4619 62, Longnangiso Formation
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Storage Space Type

Porosity  Primary

Secondary

Dissolution cave

Fracture

Residual intergranular pores
Algae grid pores
Intercrystaline pores
Intergranular pores
intercrystaline dissolved pores
Mold pore

Intragranular pores

Lithology

Sprite dolomite, sprite dolomite, sprite oolitic dolornite, residual sitt dolomite
Algae bonded dolomite

Powder crystaline dolomite, fine crystaline dolomite

Sprite dolomite, sprite dolomite, sprite oolitic dolomite, residual silt dolomite

Medium crystaline dolomite, medium-fine crystaline dolomite, coarse crystaline dolomite
Sprite dolomite, oolitic dolomite, gypsum agglomerate mud-sit crystal dolomite

Ooltic limestone, sandy limestone

Sandy dolomite

Residual granular dolomite, granular dolomite, fine crystaliine dolomite

Tight and non-tight carbonate rocks

Frequency
Low

Extremely low
Medium ~ Low
High

Medium ~ High
Low

Low

Medium

Low ~ Medium
High

Medium ~ High
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Well name

Moxi 12
Moxi 12

Moxi 12

Moxi 13

Moxi 13

Moxi 13

Moxi 13

Moxi 17

Moxi 17

Moxi 17
Chengkoushixine
Chengkoushixihe
Chengkoushixine
Nanzhengfucheng
Shizhushuangiiuba
Shizhushuangiivba
Shizhushuangiiuba
Shizhushuangiivba
Xiushanrongxi
Zhenbabashan

Strata

Longwangmiao
Longwangmiao
Longwangmiao
Longwangmiao
Longwangmiao
Longwangmiao
Longwangmmiao
Longwangmiao
Longwangmmiao
Longwangmiao
Longwangmmiao
Longwangmiao
Longwangmmiao
Longwangmiao
Longwangmmiao
Longwangmmiao
Longwangmiao
Longwangmmiao
Longwangmiao
Longwangmiao

Lithology

Sand-clastic dolomite
Sand-clastic dolomite
Sand-clastic dolomite
Sand-clastic dolomite
Sand-clastic dolomite
Sand-clastic dolomite
Sand-clastic dolomite
Sand-clastic dolomite
Sand-clastic dolomite
Sand-clastic dolomite
Leopard porphyry limestone
Leopard porphyry limestone
Leopard porphyry limestone
Sand-clastic dolomite
Micrite limestone

Leopard porphyry limestone
Dolomite

Sprite dolomite
Sand-clastic dolomite
Leopard porphyry limestone

8'°Cpog (%)

-0.81
-0.82

8"0ppg (%)

-6.44
-6.43
-6.52
-6.52
-6.11
-6.44
-6.83
-5.92
-5.83
-5.70
0.09

-0.70
-0.66
0.67

-3.53
-5.09
-2.82
-4.84
-3.14
0.33

Z Value

122.0419
122.0263
122.4738
122.6582
122.7562
121.6938
122.1379
123.8118
122.38121
123.89886
1255014
125.5861
125.4623
123.8804
122.48191
116.94723
127.08894
119.17892
122.4883
126.2001
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Depth (m)

4,024.29
4,041.66
4,053.95
4,062.35
4,072.92
4,080.01
4,085.46
4,087.84
4,089.63
4,091.7

4,092.91
4,094.68

TOC (%)

0.77
02
1.82
228
172
2.74
32
4.05
4.79
202
1.26
222

Langmuir volume
(m°1)

1.07
0.31
122
1.58
0.73
1.88
1.28
141
172
125
05

0.77

Langmuir pressure
(MPa)

3.84
0.37
051
2.36
0.39
299
054
0.7
1.19
22
1.09
0.97

1/S mixed
layer (%)

23.94
24854
20.448

20.24
19.787
16.698

13.39

11.21

18.29
8771
30317
38.164

llite (%)

19.38
21.964
17.892

18.92
15.867
16.698

5.974

7.08

11.78

8.502
15.904

23.03

Chlorite (%)

13.68
10.982
4.26
484
3.006
2.904
1.236
0.76
0.93
0.537
3.479
4.606
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Rock Fabrics Depth (m) TOC (%) Quartz(%) Feldspar (%) Total clay (%) Calcite (%) Dolomite (%) Siderite (%)

Shale (Ling 3) 3,201 024 20 26 303 304 22 07
Shale (Ling 3) 3295 043 19.2 78 303 179 158 12
Shale (Ling 3) 3299 085 213 9.4 307 228 55 07
Shale (Ling 3) 3303 067 238 1.8 382 73 42 15
Shale (Ling 3) 3323 035 321 6.4 282 255 35 08
Shale (Ling 3) 3326 055 4238 1.2 208 67 29 14
Shale (Ling 3) 3329 1.25 295 16.1 383 67 24 12
Shale (Ling 3) 3331 098 367 158 358 46 25 09
Shale (Ling 3) 3349 050 309 1.4 202 195 4 08
Shale (Ling 3) 3353 074 311 12.7 347 7 93 05
Shale (Ling 3) 3357 058 338 74 286 79 16.2 08
Orgaric-rich shale (Ling 3) 3383 1.78 108 5.1 388 154 18.1 18
Organic-rich shale (Ling 3) 3,391 3.56 16.7 122 549 13 73 £ 3
Organic-rich shale (Ling 3) 3407.32 436 149 98 459 13 88 63
Organic-rich shale (Ling 3) 3408.92 3.33 16.4 138 58.6 12 13 32
Orgaric-rich shale (Ling 3) 3412.12 257 15.3 126 55.4 01 85 2

Organic-rich shale (Ling 3) 3414.87 386 143 95 616 25 39 19
Orgaric-rich shale (Ling 3) 3418 247 139 125 552 16 1.4 16
Organic-rich shale (Ling 3) 3,422 218 142 124 486 69 10.2 13
Organic-rich shale (Ling 3) 3426 3.18 165 1.6 57.7 07 39 14
Organic-rich shale (Ling 3) 3,430 228 152 104 545 19 101 i 7 4
Orgaric-rich shale (Ling 3) 3459 344 16.2 145 56.6 04 8 12
Organic-rich shale (Ling 3 member) 3,463 2.00 189 18.4 414 08 16.4 03
Organic-rich shale (Ling 3) 3,467 227 141 iy 488 07 122 15
Organic-rich shale (Ling 3) 3471 1.90 122 21 30 : | 25.3 34
Mudstone (Ling 2) 3481 157 286 7.9 348 105 116 06
Mudstone (Ling 2) 3,485 2.38 17.7 109 482 25 14 09
Mudstone (Ling 2) 3489 260 18.3 13.2 408 39 14.2 14
Mudstone (Ling 2) 3493 308 17.4 102 482 17 1.7 28
Mudstone (Ling 2) 3497 2.92 19 166 45 o7 124 09
Mudstone (Ling 2) 3556.95 1.27 256 86 4438 03 148 1

Mudstone (Ling 2) 3557.35 063 25 159 241 14 236 11
Mudstone (Ling 2) 3557.75 1.82 109 21 55.4 05 15 12
Mudstone (Ling 2) 3561 050 148 16.4 339 05 265 08
Mudstone (Ling 2) 3563.15 1.29 312 136 229 182 68 1

Mudstone (Ling 2) 3596 191 17.2 239 314 13 185 1

Mudstone (Ling 2) 3,608 1.18 16.4 229 34 09 186 11
Mudstone (Ling 2) 3631 1.49 25.1 136 392 a7 34 13
Mudstone (Ling 2) 3676 060 17.3 168 308 232 39 11
Mudstone (Ling 2) 3,705 083 16.1 13.9 374 256 33 08
Mudstone (Ling 2) 3726 099 203 126 434 68 93 12
Mudstone (Ling 2) 3729 1.37 237 19.1 227 15 19.1 42
Mudstone (Ling 2) 3732 096 208 14.7 13.9 13 207 16
Organic-rich shale (Ling 1) 3752 084 281 11 109 212 17.8 17
Organic-rich shale (Ling 1) 3,754 223 14 15.1 345 10 18.1 06
Organic-rich shale (Ling 1) 3,756 273 126 156 382 79 18.2 12
Orgaric-rich shale (Ling 1) 3,758 330 1.6 15.2 413 87 149 12
Organic-rich shale (Ling 1) 3,760 412 97 14.4 42.4 82 17.3 17
Organic-rich shale (Ling 1) 3765.14 280 95 1.7 56.1 16 103 14
Orgaric-rich shale (Ling 1) 3767.54 1.86 144 12.2 463 09 17.9 11
Organic-rich shale (Ling 1) 3770.74 3.57 7.4 1.3 559 26 1.7 16
Organic-rich shale (Ling 1) 3772.24 3.13 18.7 15 353 1 208 2

Organic-rich shale (Ling 1) 3,775 1.96 225 86 438 23 128 12
Organic-rich shale (Ling 1) 3802 2.36 206 64 434 128 88 13
Organic-rich shale (Ling 1) 3804 271 136 195 369 114 10.1 1

Organic-rich shale (Ling 1) 3,806 360 136 87 448 93 136 15
Orgaric-rich shale (Ling 1) 3809 291 165 82 434 8 165 15
Organic-rich shale (Ling 1) 3811 219 25 101 321 73 16.3 15

Orgaric-rich shale (Ling 1) 3813 094 20.1 16.6 34.4 91 15.1 07
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Depth (m) Quartz (%) Potash feldspar (%) Plagioclase (%) Calcite (%) Dolomite (%) Pyrite (%) Clay minerals (%)

4,024.29 315 07 76 0 0 32 57
4,041.66 333 0 6.2 0 0 27 578
4,053.95 35.9 0 71 29 6.4 5.1 426
4,062.35 209 09 36 55 124 37 44
4,072.92 424 0 84 25 52 31 38.7
4,080.01 443 0.9 6.9 35 34 4.7 363
4,085.46 57.5 0 34 6.9 9 26 206
4,087.84 64.4 1.1 33 37 47 38 19
4,089.63 422 09 44 45 97 7.3 31

4,091.7 51 0 14 42 219 36 179
4,092.91 317 11 5.1 29 57 38 497

4,094.68 18.4 1 38 0 2.8 82 658
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Shale name

Ling 1
Ling 2

Ling 3
Longtan
Barnett
Lewis

New Albany

Burial depth
(m)

3,763-3,820
3,481-3,732
3,291-3,471
1,300-2,500
1981-2,501
914-1829
183-1,494

TOC (%)

0.84-4.12
0.50-3.08
0.24-4.36
0.36-26.99
2.00-7.00
0.45-2.50
1.00-25.00

Ro (%)

3.49-4.17
3.39-3.93
3.38-4.13
1.10-2.74
1.10-2.20
1.60-1.88
0.40-1.00

Kerogen type

Porosity (%)

0.11-1.01 (average 0.52)
0.17-2.26 (average 1.22)
0.83-1.07 (average 0.95)
1.39-6.05
4.00-5.00
3.00-5.50
10.00-14.00
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Well

XNY-1
XNY-1
XNY-1
XNY-1
XNY-1
XNY-1

Fm.

Longmaxi
Longmaxi
Longmaxi
Longmaxi
Longmaxi
Longmaxi

Depth (m)

4,024.29
4,041.66
4,053.95
4,062.35
4,072.92
4,080.01

No.

©m~

1
12

Well

XNY-1
XNY-1
XNY-1

XNY-1
XNY-1

Fm.

Longmexi
Longmaxi
Longmaxi
Longmaxi
Longmexi
Longmaxi

Depth (m)

4,085.46
4,087.84
4,089.63
4,001.7
4,00291
4,094.68
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oste
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1417
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2
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0
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03

0as8
ose2
0064

0303
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0724

oy

2
1088
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g0

0

21
5747

o004

2750
5504
om0

083
4870
3288

Ho

2
o213
o214
o0zn
0
oaa6
1167
o168

osiz
1085
o067

o840
o740
0529

e

2
0561
o815
0507
0
1147
2025
oaas

126
2851
s

1254
1388
1019

™

2
0080
0086
oo7s
10
o158
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oose

0153
029
oore

0130
o8
o116
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2
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10
1028
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0776
e
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006
10
o147
0250
o8t

o107
0180
oot

o086
o110
o060





OPS/images/feart-10-867616/math_1.gif





OPS/images/feart-10-909107/feart-10-909107-g008.gif





OPS/images/feart-10-867616/feart-10-867616-t002.jpg
Samples.

W207-44.
W207-43
W207-42
W207-41
W207-40
W207-39
W207-38
W207-37
W207-36
W207-35
W207-34
W207-33
W207-32
W207-31
W207-30
W207-29
W207-28
W207-27
W207-26
W207-25
W207-24
W207-23
W207-22
W207-21
W207-20
W207-19
W207-18
W207-17
W207-16
W207-15
W207-14
W207-13
W207-12
W207-11
W207-10
W207-09
W207-08
W207-07
W207-06
W207-05
W207-04
W207-03
W207-02
W207-01
PAAS

sioz/

6295
s57.02
8572
5388
5593
56.40
6772
67.07
6675
65.14
6132
65.04
6275
6128
58.30
6003
61.96
6187
50.80
46.31
6175
6168
.27
6247
6046
6285
45.21
2.1
50.62
61.67
50.53
55.80
6087
58.94
5952
6049
5621
58.08
5882
6254
6301
4328
5996
6115
62.80

A%

667
818
820
806
868
846
672
656
698
7.26
753
713
.47
7
672
644
7.40
7.3
676
571
707
723
526
7.48
757
7.49
521
763
813
762
680
576
717
742
699
7.18
461
697
718
7
698
467
679
647
1001

Fe/
%

a2
434
439
421
441
302
245
258
271
a19
402
312
as1
a7
443
370
382
arr
343
316
a6
420
156
417
441
296
438
4.08
494
378
393
EES
404
368
330
335
145
513
481
327
304
300
343
298
505

Mn/
1029

407
469
a2
598
a8
428
414
469
421
a7
401
319
290
333
598
550
306
367
645

2182
407
a2
7.47
272
455
299

27.98
278
285
258
353
516
238
326
367
a1
7.47
258
238
231
238
1297
265
292
7.47

P/
%

on
010
on
014
o1
020
013
o1
o2
on
009
o1
013
013
009
010
on
on
o1
007
010
010
on
010
010
010
009
on
on
012
o1
010
00
009
009
008
007
009
009
on
008
006
008
009
007

z
ppm

187.00
151.00
219.00
123,00
141.00
237.00
76.40
44.90
9840
112,00
9650
7470
142,00
101.00
4430
127.00
9220
141.00
118,00
4950
5330
5410
27.80
57.00
150.00
190.00
4830
152.00
108.00
5240
299.00
110,00
4210
47.80
4820
4970
2030
120.00
132.00
115.00
881.00
31.60
586.00
8620
8500

Vippm

184,00
197.00
263.00
267.00
257.00
304.00

98.40
95.80
94.40
11400
155.00
201.00
485,00
11400
10000
91.70
137.00
20000
143.00
89.20
107.00
11000
58.30
187.00
17200
793.00
191.00
727.00
557.00
12500
895.00
169.00
131.00
12300
109.00
12300
4270
205.00
22600
985.00

1,245.00
21300
923.00
967.00
15000

Ba/ppm

1,619.00
1,681.00
1945.00
1,254.00
1,356.00
1,365.00
859.00
87800
945,00
1,20000
1,376.00
122800
1,158.00
1,101.00
965,00
927.00
1,007.00
987.00
888.00
74300
906.00
943,00
1,07000
241800
984.00
954.00
689.00
918.00
960.00
1,159.00
1,121.00
1,035.00
1,183.00
122100
1,167.00
1,201.00
1,035.00
1,347.00
1,448.00
1,445.00
1,65000
1,817.00
1,627.00
1972.00
65000

Mo/
ppm

10.30
667
769
582
559
978
248
392
407
831
1590
17.00
1560

27.30
1520
17.50
13.40
12.90
290
896
984

26.10
116
17.70

2460

2250
934

21.50
17.20

2050

24.60

36.50

3350

25.30

25.50

2230
199

38.30

2090

2010

2000

24.60

60.10

55.00
100

Nif
ppm

6373
56.84
68,67
65.47
7124
8154
3185
3030
33.40
4883
65.44
7441
11105
61.19
4971
6230
69.42
4
61.62
37.59
39.32
51.64
14.49
8021
107.93
10150
60.94
9529
11525
64.15
15428
122.48
7670
8031
89.35
79,68
2048
12669
8203
10455
98.46
5378
183.00
200.46
55.00

cu/
ppm

46.48
4968
60.66
32.45
083
088
215
244
21.30
30,06
46.93
2
35.39
2
023
3474
3552
37.08
2091
27.87
3487
a0
1871
%075
432
4335
24.08
059
4572
4258
52.58
a2.01
56.23
41.39
38.97
44.48
1089
50.49
5862
53.87
8.1
ars1
50.43
45.40
50.00

o

68.60
97.40
10800
94.50
920
103.00
7470
60.70
75.70
83.30
96.90
86.50
9050
84.00
80.70
69.00
88.00
88.90
70.00
7070
84.10
84.10
49.40
80.70
91.30
98.40
60.70
98.90
11200
86.50
9160
64.50
85.00
85.40
85.00
81.40
31.90
88.70
88.90
98.60
119.00
60.90
91.00
85.90
11000

ppm

1600
19.40
2050
17.90
19.20
17.70
10.00
1020
1090
12.80
1560
1360
15.80
15.30
1480
1490
17.40
16.90
15,50
14.20
1580
16.40
531
17.40
18.40
17.50
14.00
17.50
2080
16.30
15.40
14.70
18.40
17.30
21.30
1960
620
16.70
16.80
16.60
15.10
11.30
2070
17.90
23,00

™
ppm

7.74
1080
1100
1290
1300
1150
1120
1060
1160
1080
1180
1190
1200
1290
1150
1130
1230
1240
1080
993
1200
1150
833
11.40
1180
1150
731
1290
1190
11.10
864
827
1100
1130
1050
1080
493
1.70
1090
1020
11.00
7.40
10.10
987
1460

ur
ppm

881
671
890
7.50
732
11.90
454
466
575
7.74
12.90
17.10
1570
2380
840
929
978
ot
608
591
655
1030
27
11.90
25.40
1680
7.99
1670
15.20
1490
1580
2420
1720
1210
842
988
392
2400
2210
19.10
1350
16.90
3000
27.70
310

Mo/
ppm

15.43
816
939

728

645

1158
370
599

587

11.46
2111
2384
2090
38.39
2263
27.28
1813
1754
1465
1569
1392
36.16
221

2372
3252
3002
1795
2824
2118
3880
3622
61.77
4679
3420
3651
3110
432

5498
4166
2827
2885
5271
88.59
85.05

Uer/
ppm

a21
265
350
300
272
453
218
230
268
344
552
7.74
680
1080
404
465
a2r
426
288
334
299
461
1.48
513
1084
726
495
7.08
603
633
7.50
1356
774
527
389
444
275
1111
992
869
631
1166
1428
1381

Ver/
ppm.

184
161
214
221
197
2.0
098
097
091
105
137
188
406
107
1.00
095
124
181
141
104
101
102
o074
167
151
7.06
245
636
457
1.09
878
196
122
1.10
104
114
062
196
210
924
1199
304
907
997

Baio/
ppm

1,085.80
1,04955
1,412.31
7301
791.94
81573
42233
452.10
494.99
72839
886.75
764,57
67298
63892
51847
508.42
526.21
50899
448.75
37188
446.46
47335
72820
193188
492,37
467.26
35083
4262
432,00
664.00
67928
66096
716.96
73921
7272
73460
73562
894.30
98175
982.98
1,10002
1,01384
1,186.20
1,851.74

N
co

397
294
336
365
arn
461
318
296
306
380
418
549
7.05
401
335
419
399
458
398
265
249
315
273
461
587
579
436
545
554
393
1001
834
a17
465
419
a07
330
758
490
630
653
475
887
1169

vicr
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Samples

W207-44
W207-43
W207-42
W207-41
W207-40
W207-39
W207-38
W207-37
W207-36
W207-35
W207-34
W207-33
W207-32
W207-31
W207-30
W207-29
W207-28
W207-27
W207-26
W207-25
W207-24
W207-23
W207-22
W207-21
W207-20
W207-19
W207-18
W207-17
W207-16
W207-15
W207-14
W207-13
W207-12
W207-11
W207-10
W207-09
W207-08
W207-07
W207-06
W207-05
W207-04
W207-03
W207-02
W207-01

Depth
(m)

3,000.59
3,010.55
3,015.08
3,026.19
3,035.38
3,043.95
3,085.91
3,062.45
3,080.51
3,088.35
3,103.15
3,110.67
3,115.74
3,130.65
3,138.43
3,142.57
3,147.64
3,149.58
3,151.99
3,157.82
3,1569.56
3,161.69
3,177.64
3,179.10
3,181.40
3,184.63
3,186.42
3,187.41
3,189.12
3,221.06
3,222.01
3,224.51
3,226.01
3,226.94
3,228.38
3,230.18
3,230.82
3,233.63
3,235.14
3,237.58
3,238.27
3,240.11
3,241.19
3,242.29

TOC
(Wt%)

0.39
0.65
0.70
0.68
0.81
1.28
0.30
0.30
0.38
0.61
0.76
1.08
1.30
294
1.20
114
1.60
147
1.02
(kg
1.27
1.49
0.18
0.79
0.96
147
0.34
114
0.74
1.94
294
241
287
a2
172
112
027
154
1.50
1.92
157
178
331
341

59Carg
(%0)

-30.94
-30.72
3065
3044
-30.55
-3057
-30.82

-308
-31.15
-31.66
-31.84
-31.87
-31.83
-31.56
3157
-3207
-3201
-3205
3191
-31.83
-31.96
-32.35
-31.42
-33.27
-33.48
-33.77

-328
-33.89
-33.79
-32.79
-3291

326
-32.86
-33.03
-33.42
-33.56
3294
-34.29
-34.38
-34.43
-34.47
-34.59
-34.95
-34.81

S
(mg/g)

0.02
0.01
0.02
0.01
0.01
0.01
0.02
0.02
0.02
0.02
0.01
0.02
0.02
0.02
0.01
0.02
0.02
0.02
0.02
0.01
0.02
0.02
0.01
0.01
0.02
0.01
0.02
0.02
0.02
0.02
0.02
0.06
0.02
0.02
0.02
0.02
0.01
0.02
0.02
0.02

0.02

S:
(mg/g)

0.05
0.04
005
003
0.03
0.04
0.05
003
0.05
0.05
003
0.06
0.05
0.03
0.03
005
0.05
0.05
0.04
0.04
005
0.05
0.05
0.04
005
0.04
0.05
0.06
005
0.06
0.06
007
0.06
0.06
0.068
009
0.06
0.06
0.08
009
0
0
0
0.04

(mg/g)

0.04
0.06
0.06
0.07
0.07
0.09
0.07
0.06
0.09
0.08
0.1

0.03
0.08
0.1

0.08
0.14
0.08
0.09
0.12
0.14
0.1

0.07
02

0.05
0.06
0.06
0.2

0.03
0.03
0.06
0.09
0.24
0.06
0.06
0.07
0.06
0.19
0.06
0.06
0.07
0.06
0.15
0.07
0.1

Trmax

(c)

329
608
317
610
611
611
342
609
a4
320
332
350
327
611
612
375
612
352
334
611
332
316
375
612
332
612
351
612
612
611
372
365
612
612
612
437
612
366
375
612
479
293
479
361

HI

wwro0Z
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No

2k5-2-1
zk1-1-1
zk2-1-1
zk1-1-2
Cy2-1
Cy2-2
Cy2-3
Cy2-4
Cy2-5
CY2-6
QDD1-8
QDD1-9
QDD1-
19
QDD1-
08
QDD1-

Depth/
m

255
309
731
221
658.58
1,021.7
844.75
980.9
910.57
996.5

1,507.94

1,313.8
2,325

1,507.2

17105

1,313.1

900.81
902.91
905.31
907.37
908.82
915.37
917
918
9125
927.65
928.5
931.85
934.6
940.8
943.5
944.3
945.8
947.8
950.2
951.5
953
956
956.8
958.5
960.5
962
963.8
966.6
967.5
970.1
975.4
976.5
978
985.9
986.9
990.3
992.3
994
999
1,002.5
1,004.5
1,006.5
1,007
1,016.6
1,024.2
1,029
1,034.7
1,042.3

Minerals and contents %

Quartz  Feldspar

1.8
336
316
17
37
39.6
444
425
163
253
432
225
18.9

33.1

36.7

43.9

383
312
392
45.5
46.3
17.9
335
403
44
471
46.1
138
42
67.8
605
465
35.4
486
503
468
45.4
557
526
309
31
304
318
252
319
207
383
453
481
366
4238
365
168
44
402
44.7
56.2
59.8
67.3
25.6
403
28.1
327
46.9

04
26
16
14
19
15
08
32
08
57
29
8.1

12

8.3

12

03

05
02

0.8
07
03
03
03

07

06
05
05
06
08
06

04
02
02
03

05
03

06
0.4
03
06
07
0.4

04

0.4

02
03

04
03

Plagioclase Calcite Dolomite Siderite Pyrite Clay minerals

17
19
1.8
2.2
3
23
3.1
08
35
35
4.2
42

35

12

05

25
| 2
0.8
3.4

0.7
22
3.8

15

08
08
1.8
17
17
19
29
24
17
11
13
18
13
12
18

13
09
06

12
41

11
13
07
05

31

14

13
L e

63 75
22 -
48 -
34 —

64.5 4.7
24 145
18 52
19 89

221 69
32 1.4

22 32
13 29
02
08

49.6 1.4

373 169
07
13.7 10
15.3 5

615 16

105
18 3
25 38

35
94 9.2
87 79
64
93 57
92 17
63 105

263 11
85
03

49
10.8

57.7 19.9
46 5
77 2838

419 169

a7

23

46
6

53
46
16
31

06
13
09

17

21

16

33
03
25

a1
05
06
38

27

a7
36

37
24
29
02
18

03
102
55
103
52
48
73
a7
05
11
15
41
22
03

0
12
24

1
51
01
6.4
27

12
38

1
T3
29
6.5
22
28
23
36
31
37
22
15
0

31

22

15

13
15
0.9
25

46

13
01
249
12
14
19

6.4
07
31

1.4
33
125
23
05
02
06
07
24
0.1

96
02
4.7
6.3
15
29
45

32
0.4
15
07
0.7

1.6
505
574
625
56.7
47.8
425
48
106
188
378
56.8
389

528
2641
47.1

54.1
645
56.1
484
28
14.2
64.6
549
472
259
278
73
466
286
387
484
43
456
393
486
50
342
382
266
429
502
463
415
412
258
59.3
438
395
526
485
415
42
422
528
518
422
347
326
25
549
125
53
465

Lithology

Argilaceous bioclastic limestone
Sity mudstone

Sity mudstone

Silt-bearing mudstone

Sity mudstone

Sity mudstone

Fine-grained lithic sandistone

Sity mudstone

Bioclastic limestone

Argilaceous-bearing siltstone

Argilaceous siltstone

Sity mudstone

Calcareous-bearing argilaceous sandstone

Sty mudstone
Calcareous-bearing argilaceous sandstone
Sity mudstone

Sandy mudstone
Sandy mudstone

Sandy mudstone

Sandy mudstone

Sandy limestone

Dolomitic fmestone

Sandy mudstone

Sandy mudstone

Argilaceous sandstone
Calcareous-bearing argilaceous sandstone
Calcareous-bearing argilaceous sandstone
Dolomitic limestone

Argilaceous sandstone

Argilaceous sandstone

Argilaceous sandstone

Argilaceous sandstone
Dolomite-bearing sandy mudstone
Argilaceous sandstone

Argilaceous sandstone

Argilaceous sandstone

Sandy mudstone

Argilaceous sandstone

Argilaceous sandstone

Lime and argilaceous-bearing sandstone
Calcareous-bearing sandy mudstone
Sandy mudstone

Calcareous-bearing sandy mudstone
Dolomite-bearing sandy mudstone
Dolomite-bearing sandy mudstone
Argilaceous-bearing sandy limestone
Sandy mudstone

Argilaceous sandstone

Argilaceous sandstone

Sandy mudstone

Sandy mudstone

Dolomite-bearing argilaceous sandstone
Dolomitic limestone

Argilaceous sandstone

Sandy mudstone

Sandy mudstone

Argilaceous sandstone

Argilaceous sandstone

Argilaceous sandstone
Argilaceous-bearing sandy dolomite
Sandy mudstone

Dolomite-bearing sandy limestone
Sandy mudstone

Argillaceous sandstone
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Sample depth (m)

3,885
3,892.95

3,897.42
3,901.54

3,906.71
3,910.7

3,914.03
3,915.82

3,919.26
3,921.37

Carbon number range

Cis=Ca1
CisCas

Ci6-Cas
Ci5-Cas

Cig=Ca7
Ci5Cas
Cig=Cas
Ci6Cas

Ci6-Cas
Cis5=Cas

Peak carbon number

Cig
Ciz

Cig, Cas.
Cio

Cos, Co7
Cio
Cig
Cio

Cig, Cas.
Cig

cpPl

1.158
1122

1.170
1.143

1.085
1141
1.084
1.129

1.149
1.147

Oep

1.020
1.047

1.105
1013

1.047
0.950
1.007
1.015

1.073
0990

$NCoy/SNC0*

1.498
2090

0174
1.178

0075
1.454
0829
0.908

0379
1.696

(nC2¢ + NC2)/(nC2g + NC20)

6.448
4.223

0.494
4.194

0.344
4.793
2.489
3.443

0999
5.424

Pr/Ph

0.641
1.226

0214
1.408

0.339
0.730
0.329
0.403

0.295
0.934
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Parameter 176 178 180 188 184 182 186
Depth/m 2,145.00 2,145.38 2,145.63 2,147.13 2,146.25 2,145.88 2,146.50
Specific surface area/m?/g <2nm 37.22 4.4 87.7 98.35 105.66 109 135.78
2-50 nm 813 12.33 11.858 2221 16.702 20.154 15.836
>50 nm 0.065 0373 033 0271 0097 0369 0.182
Total 45415 54.103 99.888 120.831 122.459 129523 151.798
TOC/% 866 105 278 289 34 347 439
44.31 50.80 4467 57.72 50.50 58.77 61.08

Clay/%
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Parameter 176 178 180 188 184 182 186
Depth/m 2,145.00 2,145.38 2,14563 2,147.13 2,146.25 2,145.88 2,146.50
Pore volume/cm®/g <2nm 00111 00106 00259 0.0287 0.0305 00328 0039
2-50 nm 0.0159 00312 0.02667 0033 0.026 0.03886 0.0469
>60 nm 000145 0.0065 0.00305 0.00599 0.0033 0.00858 0.00495
Total volume 002845 00483 0.05562 0.06769 0.0598 0.08024 0.09085
TOC/% 866 105 278 289 34 347 439
Clay/% 4431 50.80 4467 57.72 50.50 58.77 61.08
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Well

Z74

397

Z349

2221

2218

7139

Y52

Y72

Y75

Y80

Y208

Depth/m

2517.10

2059.03

2297.37

2063.00

2166.00

2589.50

2143.00

2383.70
2385.70
2383.70
2385.70
2385.70

2383.70
2385.70

2413.48
2448.16
2360.50

2413.48

2209.98

2213.40

2492.50
2509.80
2532.60

2486.40
2509.80

Lithology

Fine sandstone

Siltstone

Siltstone

Sittstone

Fine sandstone

Fine sandstone

Fine sandstone

Fine sandstone

Sittstone
Siltstone
Fine sandstone

Sittstone

Fine sandstone

Fine sandstone
Fine sandstone
Sittstone

Siltstone
Fine sandstone

Mnm

494.30
513.78
523.29-528.71

496.11
491.57-497.47

494.75-497.93

517.40-517.86

535.93-544.50

518.31
544.04

459.27-466.56
487.94-492.48
502.01

471.12
523.28-548.55

497.02

509.26-5613.33

520.57-547.20

582.25

463
463.37-499.29

487.03-497.02

533.67-542.69

Q

0.16
0.19
0.27

0.28
0.27-0.28

0.20-0.24

0.32-0.33

0.38-0.47

0.31
0.63

0.19-0.31
0.15-0.56
0.61

0.26
0.41-0.60

0.26

0.27-0.75

0.38-0.44

0.98

0.16-0.30
0.16-0.30

0.16-0.39

0.41-0.63

QF535

0.75
0.86
1.13-1.15

094
0.78-0.98

0.76-0.84

1.14-1.16

1.24-1.38

1.10
1.86

0.60-0.81
0.61-1.32
148

0.83
1.23-1.73

089

092177

1.22-1.50

285

0.64-1.02
0.64-1.02

0.65-1.16

1.38-1.71

Color

Blue-green
Green
Yellow-green

Blue-green
Blue-green

Blue-green

Green

Yellow-green

Green
Yellow-green

Blue
Blue-green
Green

Blue
Yellow-green

Blue-green

Green
Yellow-green

Yellow

Blue
Blue-green

Blue-green

Yellow-green

Position

Healed fracture of quartz grain
Fracture through the quartz grain
Quartz overgrowth

Healed fracture of quartz grain

Calcite cement
Healed fracture of quartz grain

Fracture through the quartz grain
Calcite cement

Healed fracture of quartz grain
Feldspar

Fracture through the quartz grain
Fracture through the quartz grain

Vein
Vein

Healed fracture of quartz grain
Healed fracture of quartz grain
Healed fracture of quartz grain

Fracture through the quartz grain
Healed fracture of quartz grain
Quartz overgrowth

Feldspar

Feldspar

Feldspar

Feldspar

Healed fracture of quartz grain
Fracture through the quartz grain
Fracture through the quartz grain

Fracture through the quartz grain
Fracture through the quartz grain
Fracture through the quartz grain
Fracture through the quartz grain
Healed fracture of quartz grain
Fracture through the quartz grain
Fracture through the quartz grain
Feldspar

Healed fracture of quartz grain

Fracture through the quartz grain
Fracture through the quartz grain
Fracture through the quartz grain
Fracture through the quartz grain
Fracture through the quartz grain

Healed fracture of quartz grain
Healed fracture of quartz grain
Fracture through the quartz grain
quartz overgrowth

Fracture through the quartz grain
Fracture through the quartz grain
Calcite cement

Feldspar

Healed fracture of quartz grain
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Region /outcrop

Norther area

Southern area

S8
Lsx
MW
GzZs
HL

XH
sQ
HCC
PS

Number of samples

46
34
45
35
31

37
30
19
9

Average porosity /%

3.56
2.88
231
2.46
1.82

214
1.43
1.32
1.78

Average
permeability /x10" pym?

0.024
0.019
0015
0.027
0.005

0.046
0.130
0.077
0.056
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Sample  Depth  Lithofacies ~ TOC  Siliceous  Clay SA PV o IP(%)  MF D, D,

No. (m) (%) mineral mineral (m%g) (em®/kg) (%) (%)
(%) (%)

1 2,200.71 \ 1.14 53 32 4.976 18 31.3 55.4 183 27038 25475
2 2,202.10 \ 6.22 70 23 5.039 14 348 59.1 6.1 27049  2.3986
3 2,293.08 v 857 69 27 2.886 9 329 58.4 87 2.667 22362
4 2,204.89 Vi 6.51 28 32 3.12 1 31.8 57.2 11 26853  2.2421
5 2,206.34 | 027 o 91 8.489 17 286 46.3 25.1 27517 2.6005
6 2,300.50 I 1.84 28 62 5.379 14 26.5 58.8 14.7 27143 2.5060
7 2,297.40 ] 7.45 44 55 2.383 8 243 56.9 18.8 26685 24813
8 2,207.78 v 6.01 61 37 0.677 3 248 63.2 12 25883  2.2001
9 2,299.00 n 2,02 46 49 3.896 13 26.4 57.5 16.1 26660 2.5378
SA, surface area; PV, pore volume; OP, organic pore; IP, inorganic pore: MF, microfracture.
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Layer
sample

The Dongyuermiao Member in Fuling
area

The Da'anzhai Member in Yuanba
area

No.

SRR

10
1
12
13

Well

i

XL101
XL101
XL101
XL101
XL101

YL4
YL4
YL4
YL4
YL4
YL4
YL4

Depth
(m)

2736.3
2294.3
2275.6
22755
2274.2
2269.7

3790.1
3786.5
3760.8
3755.5
3754.4
3752.6
3748.2

TOC/
%

133
058
197
196
184
1.46

088
0.70
131
0.79
0.78
131
123

Ro/
%

119
1.06
0.96
0.96
1.02
0.99

143
144
1.38
1.36
1.35
1.31
1.33

Mineral composition/%

Quartz  Feldspar

231
42.7
20.1
223
275
235

334
50.3
325
29.2
26.4
34.8
288

26
95
26
23
23
28

3.0
6.9
38
31
28
36
20

Carbonate  Pyrite

124
38
96
186
95
92

10.0
37
230
6.7
6.4
84
10.1

0.4
09
03
0.7
0.4
0.6

0.8
0.3
19
20
0.9
13
13

Clay

615
431
67.4
6.1
60.3
63.9

52.8
38.8
3838
59.0
65.3
51.9
57.8

BET

surface

area/(M?
g7

1.706
3.251
1.048
1.337
072
0.863

6.918
4.989
2.206
3.578
4411
3.323
2.486

BJH pore
volume/
(cm®
g7

0.0064
0.0045
0.0072
0.0064
0.0041
0.0057

0.0136
0.0089
0.0104
0.0117
0.0133
0.0099
0.0112
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Sample

Cy2-5
2k5-2-1

zk1-1-1
CY2-6

Lithology

Biodlastic imestone
Argilaceous biocastic
imestone

Sity mudstone
Argilaceous sittstone

Sedimentary
facies

Restricted platform

Mixed flat

Lagoon
Sand flat

Parameters

Breakthrough Breakthrough Median Median

pressure/MPa radius/nm pressure/MPa radius/nm
091 154.20 6.28 2231
042 329.99 36.44 3.84
004 3941.68 10.58 13.23
002 7,202.82 546 25.64
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Salinity Emulsion type ESNV AV/mPa's PV/mPass YP/Pa Gi0s/G1omin FLyrup/mL

0 W/O 422 51.6 40 1.5 3.0/4.0 4.8
ow 6 50.5 39 115 3.6/4.5 8.2
5%CaSO4 Ww/0 419 535 4 125 3.0/35 5.2
ow 6 49.5 39 105 3.0/4.0 6.4
5%NaCl W/O 427 59.0 47 120 256/3.0 6.2
ow 6 55.5 43 125 2.0/25 72
10%NaCl W/0 401 635 50 135 3.0/4.0 74

ow 6 59.5 48 115 26/35 8.4
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Density

Top section (g/em®)
Bottom section (g/cm®)
Density variation (g/cm®)
SF

W/O emulsion-based drilling
fluid

1.48
1.53
0.05
0.508

O/W emulsion-based dri
fluid

1.47
151
0.04
0.507
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Hot-rolling temperature/'C

Emulsion type

W/0
ow

W/o
ow

W/o
ow

W/0
ow

ES

467

444

422

354

AV

/mPas

56.5
58.5

52.0
535

515
50.5

305
38.5

PV

/mPas

45
47

40
41

40
39

22
30

YP/Pa

1.5
1.5

12
125

1.5
1.5

85
85

Gi105/Gromin

3.035
3.5/4.0

25/35
3.03.5

3.0/4.0
3.5/4.5

1.0/1.5
1515

Flutnp
/mL

38
42

36
6.2

4.8
82

16.8
18.4
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No

S 5% ETEE et =

rey

Wells

z10
z119
338
Go1
N76
Y423
H79
L68
z82
z82
W100

Depth (m)

1421.32
2186.80
2022.63
2671.20
1789.30
2335.68
2731.10
1984.70
2011.80
2008.29
1907.05

Lithology

black shale
black shale
black shale
black shale
black shale
black shale
black shale
black shale
black shale
black shale
carbonate vein

8'°C (%o,
PDB)

13
0.2
0.8
-14
15
15
0.8
13
16
0.5
-82

8'°0 (%o,
PDB)

-10.2
=75
81
-10.5
-9.3
-1
-7
-9.1
-9.4
-10.8
-20.0
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BUSGEBR2BCEISHEERTIB83IaG

SGEBRTECIICGEBINICBEBIUSGEEBR=E

ZUEGEBIR2BE®

Wells

Ls7
Ls7
Ls7
57
157
157
157
157
57
157
157
157
157
157
157
L68
Les
168
168
168
L68
7§
7B
N76

2

z

2
o

2
2

2
2

750
750
750
250
250
262
262
268
266

w100

w100

Wi00

w100

w100
w100
w100
w100
w100
w100

Wi00

Wi00

Wi00

Wi00

w100

w100
w100
w100
w100

b

Depth
(m)

2330.10
233160
233355
2335.48
2337.15
233880
234094
234235
234450
2316.70
234820
234950
235295
235379
231845
1998.40
2071.40
207660
207820
2080.10
208230
172910
172735
171660
126220
126300
1264.50
1267.9-1
12679-2
127645
1277.20
127850
127880
127950
128040
128170
1283.00
1284.05
128470
1287.70
194320
194380
1944.07
194560
1946.00
1942.50
1938.00
2047.04
204876
2015.14
201450
201370
201300
201180
201108
199100
198975
1984.11
201490
200220
199160
191060
190873
1907.05
1904.35
189998
1895.75
1894.70
™

TOC  TiO, Si0; AlO; Fea0y MnO  PiOs A Fe Mo P Ba st cr Co N Cu  zZ  Ga
(%) (ppm)
1050 057 5591 1481 591 012 026 034 784 418 000 011 4427 809 887 204 420 1098 81 105
1276 065 5787 1639 653 004 081 039 868 457 003 014 5425 1077 926 198 424 OL8 986 207
1200 056 5772 1614 720 004 038 034 854 503 003 017 5490 929 895 224 450 1130 923 216
1480 064 5746 1584 636 005 033 039 839 445 004 015 5881 1354 929 199 432 1080 913 204
1725 047 5421 1354 1020 002 087 028 717 713 001 016 5806 1628 6.5 214 459 1274 895 179
921 049 5579 1437 894 002 035 030 761 625 001 015 6041 1835 696 201 434 1207 938 1886
1630 057 5481 1582 682 002 036 034 838 477 002 016 6394 1581 965 227 442 1557 1006 211
1430 065 6007 1452 535 002 056 039 760 875 002 024 6972 2258 774 219 3683 1215 07 102
1400 056 6115 1491 606 002 036 034 789 424 002 016 7604 2121 866 240 387 1364 937 207
1955 035 4323 1198 1554 006 061 021 63 1087 004 027 4751 2040 663 220 540 2328 1105 17.0
2063 040 4955 1875 1128 035 101 024 728 785 027 044 7144 367 809 253 585 2941 1261 197
2618 046 5706 1426 754 002 051 027 755 527 002 022 8160 2769 642 283 409 1318 963 188
1101 062 5616 1674 616 003 040 037 886 431 002 018 8760 2065 758 234 406 1064 1076 204
1530 048 549 1483 747 008 090 020 7.8 522 002 039 7881 308 550 235 398 1202 996 174
33 065 5512 1427 602 006 020 039 755 421 005 009 5594 939 1010 145 273 572 792 181
780 065 4895 1726 846 017 023 039 914 5% 013 010 7213 1105 793 220 422 1088 1023 230
961 055 4299 1480 1300 005 060 033 784 909 004 026 3992 1430 630 344 511 1887 1182 216
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pH value Cleanup efficiency % Water
contact angle ()

7 472 1165
6 63.5 927
5 86.3 56.4
4 90.7 348
3 96.1 236

Surfactant flushing fluid 89.4 36.1
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Drill cuttings/% Emulsion type ESIV AV/mPa:s PV/mPas YP/Pa Gi10s/Giomin FLyrnp/mL

0 W/0 422 515 40 156 3.0/4.0 4.8
ow 6 50.5 39 15 3.5/4.5 82
5 W/0 436 56.5 43 135 3.0135 5.4
ow 6 58.5 46 125 3.6/4.0 6.2
10 W/0 461 60.5 46 14.5 3.5/45 72

ow 6 63.5 50 135 4.0/5.5 8.2
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Sample Area Formation ~ Depth (m) ~ TOC (%) R, (%)  Solid kerogen Mineral (%)

Quartz  Feldspar ~ Clay ~ Carbonate  Pyrite

# Chongaing  Longmaxi 2,405 473 2.58 1 50.4 1.3 323 21 30
#2 756 496 273 1 69.5 28 241 = 36
#3 774 313 2.46 1 457 9.8 379 65 -
#4 Hunan Longmaxi 1,569.2 208 2.56 1 543 7.4 31.2 27 33
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Area Formation Well Burial depth Burial age Uplift age Evolutionary duration
(m) (Ma) (Ma) (Ma)

Chongaing Longmaxi v 6,400 Early Jurassic (195) Late cretaceous (96) 100
Hunan Longmaxi sv1 6,000 Early Triassic (230) Early Jurassic (180) 50
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Area Formation  Depth(m)  Average TOC (%)  Average R, (%) Average Straight well gas Porosity (%)
gas content () production (10" m®/q)

Chongaing  Longmaxi 2318-2416 30 255 6.1 60 465
Hunan Longmaxi 1,024-1,083 25 268 15 0206 -
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Study area Well Depth H/IC c/o 8"Cppa(%) Kerogen type

Luzhou 1205 4,019.67-4,019.72 1.64 0.081 -31.77 ¥
4,021.63-4,021.68 1.49 0.064 -30.47 I

4,023.74-4,023.79 1.61 0.045 -20.98 I

4,032.1-4,032.15 152 0.058 -30.04 I

4,033.03-4,033.08 1.48 0.075 -30.87 I

4,034.0-4,034.14 1.31 0.042 -31.44 I

Changning N201 2,498.75-2,498.83 1.15 0.083 -27.65 1l
2,614.38-2,514.42 1.48 0.067 -30.12 I

2,516.565-2,516.63 1.36 0.042 -28.27 Iy

2,519.15-2,519.19 1.51 0.033 -31.24 ]

2,521.31-2021.34 155 0.029 -30.57 |

2,523.08-2,523.12 1.28 0.037 -31.64 I

Weiyuan w201 1,514.24-1,514.36 155 0.074 -30.09 I
1,526.34-1,526.46 1.48 0.067 -20.86 g

1,531.49-1,531.55 1.39 013 -28.77 I

1,5365.76-1,635.87 1.63 0.085 -30.24 I

1,640.12-1,640.25 158 0.077 -29.87 ]

|

1,548.54-1,548.68 1.49 0.058 -31.54
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Study area  Well

Luzhou 1205

Weiyuan W201

Changning  N201

Depth

4,008.77-4,008.83
4,009.91-4,009.98
4,019.67-4,019.72
4,021.63-4,021.68
4,023.74-4,023.79
4,032.1-4,082.15
4,033.03-4,033.08
4,034.0-4,034.14
1,497.26-1,497 41
1,506.33-1,506.45
1,514.24-1,514.36
1,526.34-1,526.46
1,631.49-1,531.55
1,635.76-1,535.87
1,540.12-1,5640.25
1,548.54-1,548.68
2,481.63-2,481.67
2,487.14-2,487.32
2,498.75-2,498.83
2514.38-2,514.42
2,516.55-2,516.63
2519.15-2,519.19
2,521.31-2021.34
2,523.08-2,523.12

Rb (%)

3.44
3.49
3.51
3.42
3.48
3.55
3.79
3.68
3.43
3.37
3.20
3.32
3.34
3.39
3.46
3.44
3.50
357
3.56
3.60
37
3.72
3.59
2.66

Ro (%)

2.7
2.74
2.76
269
2.74
279
296
2.87
261
259
2.46
2.56
251
259
263
262
2.77
2.82
2.80
2.84
291
292
2.84
2.84

TOC (%)

205
216
2.40
2,68
3.64
4.28
3.90
3.76
294
3.18
3.57
4.33
4.94
521
4.81
4.57
254
278
3.04
3.45
447
5.34
4.51
3.78
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Sample Depth/m Quartz Feldspar Clay mineral Carbonate Pyrite

L205-1 4,008.77-4,008.83 33 10 44 10 3
L205-2 4,000.91-4,000.98 36 8 34 20 2
L205-3 4,019.67-4,019.72 44 10 26 17 2
1205-4 4,021.63-4,021.68 42 9 32 14 3
L205-6 4,023.74-4,023.79 54 4 27 9 6
1205-6 4,032.1-4,032.15 54 2 24 15 5
L205-7 4,033.03-4,033.08 60 2 n 5 4
L205-8 4,034.0-4,034.14 68 3 17 9 3
W201-1 1,497.25-1,497.41 32 7 41 18 2
W201-2 1,506.33-1,506.45 36 8 37 17 *
W201-3 1,614.24-1,514.36 38 10 29 20 3
W201-4 1,626.34-1,526.46 46 9 23 18 4
W201-5 1,631.49-1,5631.55 51 6 27 12 4
W201-6 1,635.76-1,535.87 57 8 25 4 6
W201-7 1,640.12-1,540.25 44 12 29 10 5
W201-8 1,648.564-1,548.68 39 * 34 18 2
N201-1 2,481.53-2,481.67 34 v 39 18 2
N201-2 2,487.14-2,487.32 41 10 34 13 2
N201-3 2,498.75-2,498.83 47 6 28 16 4
N201-4 2,514.38-2,614.42 52 9 24 10 5
N201-5 2,516.55-2,516.63 59 8 28 9 6
N201-6 2,519.15-2,519.19 57 3 18 17 5
N201-7 2,521.31-2021.34 39 7 24 24 5
N201-8 2,523.08-2,623.12 34 9 17 36 4
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Vertical bedding
parallel bedding
organic matter

inorganic matter

a from room
temperature
(20°C) to 100°C

-190.9
-182.6
388
-352.0

« from 100°C
to 200°C

2733
271.8
209.3
467.7

« from 200°C
to 300°C

-124.2
456

-1733
18.3

« from 300°C
to 400°C

-203.3
192
-489.0
-45.6

« from 400 ‘C

to 500°C

-252.5
1.8
-1,154.1
56.7

« from 500°C
to 600°C

-99.3
70
-356.5
1.4

« from 600°C
to 700°C

-411
147
-2450
66.5

a from room
temperature
(20°C) to 700°C

-87.2
325
-1970.4
40.3
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Location Stratum Facies Key parameters of shale reservoir (average)

TOC content  Gas content  Effective porosity ~ Brittle mineral content

Y$302 Jiusi Fm. lagoon 11% ~2m’/t 2.1% 717%
Jiaoshiba area  Wufeng-Longmaxi Fm. Inner shelf >3% >6 m¥/t >5% ~60.0%
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Depth (m)

17112-17245
1896.4-1909.8
1913.6-1939.3
1942.6-1968.5
1991.6-2004.1
2058.8-2081.4

Thickness
(m)

133
134
257
259
125
226

Minerals (%)

Quartz +
feldspar

348
194
221
321
16.0
20.2

Carbonatite

488
56.6
50.5
378
49

28

Pyrite

15
06
06
1.0
08
06

Clay

138
221
256
279
329
352

Brittle
mineral

836
76.0
726
69.9
650
630

Other parameters (%)

TOC Effective

1.0
141
1.0
L1
13
L1

porosity

Gas
content
(m*/t)

19
18
18
17
31
16

Reservoir

types

I-ne
mn
1]
mn





OPS/images/feart-10-929538/feart-10-929538-t005.jpg
Evaluation parameters

Gas content

TOC content
Effective porosity
Brittle mineral content
Thickness

Lithofacies

Type-Il reservoir

260%
210m

Lithofacies M

Type-lll reservoir

21%
21%
1%
260%
210 m

Lithofacies M
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Factors

Sediment grain size

Tidal range

Parameters

Fine grain
Medium grain
Coarse grain
34m

68m

72m

Average length of
shale interlayer/km

55
46
26
32
46
9.4

Average thickness of
shale interlayer/m

023
018
027
024
0.18
0.15

Length-thickness ratio of
shale interlayer (10)

239
255
096
133
255
626
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Main carbon peak Pr/Ph Princ1? Phinc18 OEP 5Ca1-/Caz, Car + C2s/Con + Range
Cao of carbon number

nC19 0.96 0.13 0.13 1.05 228 234 nC2-nC38
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Stra

V)

Jox

Reservoir CH, CoHg Ci/C, iCa/nCy co, N, 51
(%) (%) (%) (%) Cy
(%e)
Jst 85.99-94.31 223-585 14.89-38.63 0.88-150 0-319 041-513 -37.68~-30.4
92.08 (34) 423 (34) 22,66 (34) 1.05 (34) 030 (34) 1.33 (34) ~35.46 (7)
Js2 81.48-95.72 1.9-8.68 11.57-39.07 0.50-150 0-1.72 0.38-3.71 -386--345
90.91 (45) 2.09 (45) 24,06 (45) 1.06 (45) 035 (42) 15 (34) 3629 (4)
Js3 82.31-94.76 23-819 10.75-38.65 0.75-157 0-0.9 0-4.09 -40.54--34.7
9167 (82) 474 (82) 2036 (82) 101 82) 014 (82) 1.06 (78) 36,98 (15)
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Factors

Sediment grain size

Tidal range

Parameters

Fine grain
Medium grain
Coarse grain
34m

68m

72m

Average length
of tidal

bar/km

12,64
81
78
741
8.1
1165

Average width
of tidal

bar/km

151
1.56
1.6

1.61
1.56
118

Average thickness
of tidal
bar/m

23

224
227
245
224
168

Length-width ratio
of tidal
bar

837
519
4.86
46

519
9.87
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Type number Fracture 1 half-length (m) Fracture 2 half-length (m) Fracture 3 half-length (m) Fracture 4 half-length (m)

1 180 120 120 180
2 120 180 180 120
3 120 140 160 180
4 150 150 150 150
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Plan number doy (M) dyz (M) das () das (M) das (m)

1 20 20 40 20 20
2 10 20 60 20 10
3 20 30 20 30 20
4 10 40 20 40 10
5 24 24 24 24 24
6 14 19 24 29 34
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Figure 3

I OTMMOOT>»

Well name

Le 36
Le 36
Zhen 65
Zhuang 36
Ning 142
Le 36
Ning 146
Ban 33

Depth/m

1,366.6-1,365.7
1,348.2-1,348.3
2,304.6-2,304.7
1,735.76-1,735.8
1,706.5-1,706.6
1,366.8-1,365.9
1,679.7
1,847.6

Phenomenon description

Slump sandy folds
Convolute bedding

Slump deformation structure, micro-deformated convolute bedding
Slump rocks, ball pilow structure

Slump rocks, ball pilow structure and iron nodules

Mixing structure with strong slump deformation

Heavy load casts on bedcing plane

Heavy load casts on bedding plane
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Figure 4 Well name

ESrFrA«"IT0MmMTMOO0 >

Ning 46
Ling 96
Ling 96
Ning 146
Ning 146
Ling 96
Zhuang 35
Zhuang 37
Ling 96
Ning 146
Lisa
Zhuang 42
Zhuang 19

Depth/m Phenomenon description

1,684.0-1,684.1  Blocky sand debris flow with a positive grain sequence inside and a directional mudstone at the top
1,549.8-1,649.9 Blocky sand debris flow with a negative grain sequence inside, which is in abrupt contact with the underlying rock formation
1941.0-1,941.1  Blocky sand debris flow with uniform bedding inside
1,658.48-1,658.50  Blocky sand debris flow with a large number of directional mud band at the top and the long axis parallel to the surface
1,658.48-1,658.50  Blocky sand debris flow with directional mud clast at the top
1942.5-1,942.6 Blocky sand debris flow with directional mud tearing debris
1655.5-1,655.6  Blocky sand debris flow with mud clast and mud tearing debris inside
1629.5-1,629.6  Sand debris flow with contact surface of trench structure
1942.6-1942.7  Sand debris flow with contact surface of groove structure
1,641.3-1,641.4 Turbidite flow with bouma sequence and flame-shaped structure at the bottom
1,938.15-1,938.25  Turbidite flow with parallel bedding at the top, small flame-shaped structures, and deformation bedding at the bottom
1,729.8-1,729.9 Turbidite flow with deformation bedding
1,947.7-1,947.75  Turbidite flow with lenticular sand clast and boast internal blocky structure
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Figure 3
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Well name

Ning 25
Bai 246

Ning 117
Ning 117
Yue 66
Ling 79
Zhuang 42

Depth/m

1762.6-1762.7
2056.8-2056.9

1,512.0-1514.0
1,513.0-1513.2
2012.3-2012.4
1,647.5-1,647.6
1922.4-1922.5

Phenomenon description

Liquefaction and deformation of sandstone grain layers under seismic action
Four tuffs developed in the southwestern slip system, indicating multiple phases of volcanic activity during the depositional
period

Slump deformation structure, micro-deformated convolute bedding

Lithologic interface tuff development indicative of volcanism

Gray fine sandstone with layers rich in fossilized plant fragments (dark portions)

Semi-consolidated dark mud gravels broken and tom during the earthquake and deposited in situ in angular form
Sandy debris flow with overlying mud interlayer with scouring surface
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Number Well Formation Subsection Number Depth range of samples/m

1 Zhuang3s Yanchang Chang 6 10 1,693.0-1,7939
2 Zhuang37 Yanchang Chang 6 14 1,606.0-1,708.5
3 Zhuang26 Yanchang Chang 6 9 1,690.0-1810.0
4 Zhuang19 Yanchang Chang 6 11 1,856.5-1966.6
5 Ning142 Yanchang Chang 6 10 1,662.0-1670.0
6 Ning25 Yanchang Chang 6 8 1,208.0-1412.3
7 Ning146 Yanchang Chang 6 12 1,678.0-1695.3
8 Ning117 Yanchang Chang 6 8 1,399.0-1,516.1
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Number

ol ol A

Well

Zhuang3s
Zhuang37
Zhuang26
Zhuang42
Ban29

Formation

Yanchang
Yanchang
Yanchang
Yanchang
Yanchang

‘Subsection

Chang 6
Chang 6
Chang 6
Chang 6
Chang 6

Number
10
16

18
1

Depth range of samples/m

1,693.0-1,793.9
1,606.0-1,708.5
1,690.0-1,810.0
1,856.5-1,966.6
1,662.0-1,670.0
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Number

oL e ol S

Well

Le36
Ban33
Zhuangd7
Zhuang42
Le36
Ban33
Zhuang42

Formation

Yanchang
Yanchang
Yanchang
Yanchang
Yanchang
Yanchang
Yanchang

Subsection

Chang 6
Chang 6
Chang 6
Chang 6
Chang 7
Chang 7
Chang 7

Number

waen e

Depth range of samples/m

1,242.4-1,370.0
1729.0-1850.0
1,606.0-1708.5
1,610.0-1711.0
1,242.4-1,370.0
1729.0-1850.0
1711.0-1820.0
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Subsection Characteristic
parameters

Chang6  Heavy mineral
composition
ZTR index

The southwestern part of the study
area

Zircon (>50%) + white titanium + little
garnet
04

The northeastern part of the study
area

Zircon (>50%) +tourmaline + tle
garmet
06

The centre of the study area zircon

(>50%) + tourmaline + gamet + little white
titanium
06
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Number Well Formation Subsection Depth range/m

1 Le36 Yanchang Chang 6 1,242.4-1,3700
2 Zhen6s Yanchang Chang 6 1,304.3-1,411.7
3 Ban33 Yanchang Chang 6 1,720.0-1,850.0
4 Le20 Yanchang Chang 6 1,430.0-1,536.0
5 Ling96 Yanchang Chang 6 1,688.9-1,678.7
6 Yues6 Yanchang Chang 6 1,903.9-2,028.0
7 Lis4 Yanchang Chang 6 1,775.5-1,804.1
8 Bai246 (Neighbor area) Yanchang Chang 6 1,800.0-1,896.9
9 Ling79 (Neighbor area) Yanchang Chang 6 1,950.2-2,003.3
10 Zhuang42 Yanchang Chang 6 1,711.0-1,820.0
1 Ban29 Yanchang Chang 6 1,403.0-1,520.8
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Stage

Formation

Changhebian section

Rhuddanian

Himantian

Late Katian

Tianlin section

Rhuddanian

Hirnantian

Late Katian

Longmaxi
Formation

Wufeng Formation

Longmaxi

Formation

GYQ Formation

Waufeng Formation

Samples

CH-13
CH-12
CH-11
CH-10
CH-09
CH-08
CH-07
CH-06
CH-05
CH-04
CH-03
CH-02
CH-01

TL-23
TL-22
TL-21
TL-20
TL-19
TL-18
TL-17
TL-16
TL-15
TL-14
TL-13
TL-12
TL-11
TL-10
TL-05
TL-05
TL-05
TL-05
TL-05
TL-04
TL-03
TL-02
TL-01

Depth
(m)

3.98
3.52
3.02
255
1.91
173
1.69
1.37
121
1.05
0.83
0.65
0.30

12.10
11.85
11.33
10.88
10.45
10.36
10.26
10.10
9.94
9.28
8.95
7.54
6.40
5.88
5.32
4.83
4.05
3.30
245
1.90
1.35
0.84
0.30

s,
)

Trace elements (ppm)

Mo

50.6
372
109.4
17.7
215
82
22
9.4
50.0
23
33
1.2
12

83.1
106.6
66.3
67.5
75.2
8.7
19.6
179
71.9
50.4
1.2
127
6.4
15.3
30.1
359
6.5
13.0
256
5.5
44
0.9
13

14.6
18.2
23.0
16.4
126
10.1
3.0
12.1
19.0
46
4.9
33
38

1.1
16.5
16.3
38.0
35.0
51
73
6.4
349
248
46
6.6
79
76
14.4
17.5
97
8.1
133
4.0
29
18
32

25
24
22
23
15
12

15
10

21
23
15

Sc

So~og

~ooon

CNOOEDDOONEODNN®D®D NG

©geg

Zr

330
315
308
396
410
231
216
288
217
133
310
396
385

264
245
261
192
357
168
162
138
125
17
234
243
210
196
147
184
192
182
260
364
297
288
299

Sr

354
255
233
254
174
77
84
47
98
.
83
74
34

328
112
334
141
234
62
51

35
e
69
13
242
121
128
126
200
95
122
165
121
88
95
56

511
699
896
851
489
437
325
458
298
345
338
217

630
175
822
278
886
334
469
311
448
355
409
1108
297
357
337
916
369
377
544
368
248
21
246

41.79
39.78
36.44
34.83
29.96
31.45
50.33
5217
39.07
4415
39.96
47.69
34.98

36.94
33.94
54.33
38.99
37.69
46.33
34.56
37.82
41.82
38.46
26.44
2919
33.14
45.88
35.54
3541
28.24
43.55
74.16
35.69
40.39
43.33
39.54

Ce

74.64
77.99
66.92
76.32
61.03
61.20
99.43
102.29
82.16
96.76
80.78
100.29
74.77

67.46
71.60
100.06
76.22
89.756
98.22
74.29
76.87
88.59
75.58
46.84
57.66
60.81
100.54
80.59
69.65
47.88
79.97
134.26
75.66
70.92
84.32
89.66
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Stage

Formation

Changhebian section

Rhuddanian

Himantian

Late Katian

Tianlin section

Rhuddanian

Himantian

Late Katian

Longmaxi
Formation

Wfeng Formation

Longmexi
Formation

GYQ Formation

Wufeng Formation

Samples

CH-13
CH-12
CH-11

CH-10
CH-09
CH-08
CH-07
CH-06
CH-05
CH-04
CH-03
CH-02
CH-01

TL-23
TL-22
TL-21

TL-20
TL-19
TL-18
TLA7
=18
TL-15
TL-14
TL-13
TL-12
TL-11
TL-10
TL-05
TL-05
TL-05
TL-05
TL-05
TL-04
TL-08
TL-02
TL-01

Depth  TOC (%)

(m)

3.98
352
3.02

255
1.91
1.73
1.59
1.37
1.21
1.05
0.83
0.55
0.30

12.10
11.85
11.33

10.88
1045
10.36
10.25
10.10
9.94
9.28
8.96
7.54
6.40
5.88
5.32
4.83
4.05
3.30
245
1.90
1.35
0.84
0.30

3.59
2.86
5.42

6.11
4.35
3.58
401
327
31
23T
124
2.03
1.34

2 g
491
4.56

3.1
3.24
0.68
047
0.59
215
2.08
231
3.66
4.99
378
37
3.05
368
253
239
21
327
0.79
124

Major element (wt, %)

Sio,

69.85
67.11
7279

71.76
53.36
60.44
58.44
59.17
62.11
61.88
64.31
59.11
49.94

7212
70.23
69.98

70.76
64.31
60.34
55.33
52.44
55.38
61.21
77.16
75.03
7213
70.33
68.69
7164
79.88
71.53
64.53
59.97
58.35
65.41
51.89

Al,05

1017
9.17
9.93

10.06
11
12.37
7.1

10.35
11.08
14.01
1.77
12.34
10.16

769
10.25
11.65

10.76
9.88
13.22
12.55
14.44
12.43
12.93
7.19
7.83
9.62
11.02
104
9.38
7.61

9.65
13.33
11.33
15.44
8.77
12.52

K0

3.85
2.03
201

3.15
3.89
4.44
3.88
3.87
4.33
455
2.1
411
3.14

1.68
237
3.15

3.44
407
201
312
3.1
322
3.46
3.65
284
2.66
2.48
245
21
2.05
2.94

3.8
a1
472
3.88
244

Na,0 Fe,0,
048 353
0.65 237
071 371
056 644
037 633
041 344
0.1 461
085 433
065 211
064 322
088 321
065 344
044 288
051 5.1
081 498
021 319
013 465
024 298
322 254
298 207
221 285
099 338
1.04 321
021 195
0.37 201
iH 21
0.76 a9
089 322
1.07 229
032 224
034 307
045 471
054 377
07 389
0.44 215
057 455

MgO  MnO
4.07  0.04
354 003
277 0.04
052 0.06
416  0.06
412 003
113 002
415  0.03
211 0.02
248 0.03
244  0.03
307 0.02
298 0.02
214 0.08
361 007
331 005
319 007
356 0.04
211 001
103 001
293 0.02
33 004
337 003
077  0.02
188 0.02
232 0.02
333 002
204 003
211 002
211 002
312 003
354 0.04
289 003
515 0.03
315  0.02
671 003

TiO,

0.24
0.12
0.21

0.19
0.31
0.49
0.1
0.33
0.44
0.68
0.39
0.48
0.22

0.37
0.5
0.67

0.64

0.5
0.62
0.58
0.67
0.68
062
0.35
0.38
0.37
0.55
0.51
045
0.36
0.44
0.64
0.56
071
0.41
0.59

Ca0

212
244
117

3.18
349
333
388
311
4.12
715
4.89
899
7.45

177
1.88
1.79

128
1.96
987
1007
13.22
11.37
334
045
175
111
176
4.89
156
177
4.98
729
4.89
6.96
314
785

P05

0.24
0.05
0.06

0.12
0.28
0.1
0.41
0.46
0.46
0.44
0.74
1.56
1.07

0.15
021
0.33

0.25
0.38
0.08
0.42
0.08
0.83
0.47
0.06
027
0.12
0.21
0.23
0.18
0.09
02

0.99
0.44
0.08
0.12
0.07

icv

141
1.24
1.07

1.15
1.68
1.36
173
1.61
1.08
1.34
127
1.68
1.69

1.60
1.39
1.06

1.24
1.35
1.64
1.58
1.73
1.84
117
1.03
1.18
1.01
1.00
1.35
1.02
117
1.55
154
1.39
1.44
1.50
1.82
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Depth (m) Quartz (%) Potash feldspar (%) Plagioclase (%) Calcite (%) Dolomite (%) Pyrite (%) Clay minerals (%)

4,024.29 315 07 76 0 0 32 57
4,041.66 333 0 6.2 0 0 27 578
4,053.95 35.9 0 71 29 6.4 5.1 426
4,062.35 209 0.9 36 55 12.4 37 44
4,072.92 424 0 84 25 52 31 38.7
4,080.01 443 0.9 6.9 35 34 47 36.3
4,085.46 57.5 0 34 6.9 9 26 206
4,087.84 64.4 1.1 33 37 a7 38 19
4,089.63 422 09 44 45 97 73 31

4,091.7 51 0 14 42 219 36 179
4,092.91 317 11 5.1 29 57 38 497

4,094.68 18.4 1 38 0 2.8 82 658
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S =

Well

SWY-1
SWY-1
SWY-1
SWY-1
SWY-1

Fm.

Longmaxi
Longmaxi
Longmaxi
Longmaxi
Longmexi
Longmaxi

Depth (m)

4,024.29
4,041.66
4,053.95
4,062.35
4,072.92
4,080.01

No.

© o~

1
12

Well

SWY-1
SWY-1
SWY-1

SWY-1
SWY-1

Fm.

Longmaxi
Longmaxi
Longmaxi
Longmaxi
Longmaxi
Longmaxi

Depth (m)

4085.46
4087.84
4089.63
4091.7
4092.91
4094.68
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cr Fe Ni Cu zn cd Ba Pb

ppm in % in ppm in ppm in ppm in ppm in ppm in ppm in

sample sample sample sample sample sample sample sample
818 34 73 509 1326 o7 4085 202
76.5 6.3 139.5 84.1 854 0.6 330.6 214
40.2 19 346 34.6 1263 15 3321 152
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Rock
unit
name

Second White Specks Formation
Shale
NAS72-r0

Mowry Shale
Mahogany Shale
Springfieid Coal #1
Springfieid Coal #2
Wiicox Lignite
Yabulai Shale
NASuis

Alginite  AOM ~ Other  Solid
liptinite  bitumen

15 64 10 10
65 25 10 0
35 30 5 X
85 4 0 10
6 X
16 X
8 X
45 5 X 10
28 19 19 33

Vitrinite  Inertinite
1
traces.
30
1
82 12
72 12
82 10
30 10
0 1

Methane
yield
(umol
g-1
ToC)

513

1.12/
0.21/0.90
5.10
0.46
0.26
2.57
0.25
0.01/0.02
0.58

Heating
condition

100°C, 38 months

100°C, 12 months./100°C, 1 months./140°C,

1 months
100°C, 12 months
100°C, 12 months
100°C, 12 months
100°C, 36 months
100°C, 12 months

100°C, 1 months./140°C, 1 months

100°C, 12 months

AOM, Amorphous organic matter. Maceral analysis resuits of Second White Specks Formation Shale were adopted from Furmann et al. (2015). X: not present or not counted. Heating

pressures were at ambient pressure.
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NAS)\s, 80'C 56 80 36 03 253
Alfol
Alfoil 56 80 36 nd. 149
56 80 36 03 362
56 80 36 01 283
56 80 36 03 245
56 80 36 02 247
NAS7.0, 100°C 12 100 12 112 nd.
NASya, 60°C 58 60 12 031 450.2
NASvs, 100°C 58 100 12 058 4556
NASng, 100'C 56 100 36 028 1061
56 100 36 063 1106
56 100 36 028 1158
56 100 36 068 1510
NASye, 120C 56 120 36 022 563
56 120 36 0.42 321
56 120 36 043 668
56 120 36 029 433
56 120 36 0.45 313
56 120 36 0.32 339
56 120 36 037 293
56 120 36 0.46 298
NASixs, 80°C 15.1 80 14 029 162
15.1 80 14 0.1 179
151 80 14 0.13 200
151 80 14 0.16 209
151 80 14 0.13 196
15.4 80 14 008 204
151 80 14 0.13 186
NASne, 100'C 151 100 14 023 399
15.1 100 14 0.19 453
15.1 100 14 021 379
151 100 14 021 388
151 100 14 027 370
15.1 100 14 0.22 334
Springfield Coal #2, 80°C 69.0 80 36 341 14
69.0 80 36 325 28
69.0 80 36 210 26
69.0 80 36 317 1.0
Alfoil 69.0 80 36 3.26 24
Springfield Coal #2, 100°C 69.0 100 36 277 20
69.0 100 36 261 0.4
69.0 100 36 266 19
69.0 100 36 224 71
Springfield Coal #2, 120°C 69.0 120 36 342 25
69.0 120 36 273 42
69.0 120 36 395 57
69.0 120 36 2.45 38
Springfield Goal #1, 60 °C 69.0 60 12 0.13 265
69.0 60 12 0.13 256
Springfield Coal #1, 100'C 69.0 100 12 0.26 322
Second White Specks Formation 80°C 38 80 38 255 534
38 80 38 216 617
38 80 38 3.00 395
38 80 38 235 494
38 80 38 255 588
38 80 38 2.41 501
Second White Specks Formation 100°C 38 100 38 505 3224
38 100 38 5.49 4133
38 100 38 447 3153
38 100 38 5.49 3750
38 100 38 492 2930
38 100 38 5.39 3139
Mowry Shale 60°C 25 60 12 278 188.4
25 60 12 235 190.4
25 60 12 263 192.3
Mowry Shale 100°C 25 100 12 521 354.2
25 100 12 499 345.1
Mahogany Shale 60°'C 152 60 12 0.30 282
152 60 12 031 35.0
Mahogany Shale 100°C 152 100 12 0.46 402
152 100 12 047 432
Wilcox Lignite 60°C 58 60 12 0.06 277.9
58 60 12 0.06 280.6
Wilcox Lignite 100°C 58 100 12 0.23 34238
58 100 12 026 3532
NAS,75.qp, 100°C 12 100 1 021 na.
12 100 1 0.20 na.
NAS:72 pp, 140°C 12 140 1 093 na.
12 140 1 0.87 na.
1.2 140 1 091 na
Yabulai Shale, 100°C 52 100 1 0.01 na.
52 100 1 001 na.
Yabulai Shale, 140°C 52 140 1 0.02 na.
52 140 1 0.02 na

n.a., not applicable. n.d., not determined. NAS, New Albany Shale. Methane yields of NASs, NASe, Springfield Coal #2, and Second White Specks Formation were re-calculated from
Ma et al. (2021), and other samples were re-calculated from Wei et al. (2018, 2019).
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Sets of experiments

Mowry Shale
Mahogany Shale
NAS.72.1.00
NASwae

Wilcox Lignite
Springfield Coal #1
NASys

NASwe

Second White Specks Formation
Springfield Coal #2
NAS.72.1.00
Yabulai Shale

Chip diameter (mm)

1t03
1t03
1t03
1t03
1t03
1t03
1t06
1t03
1t03
1t05
0.25 t0 0.42
0.25 to 0.42

Heating temperature (C)

60 and 100
60 and 100
60 and 100
60 and 100
60 and 100
60 and 100
80, 100, and 120
80 and 100
80 and 100
80, 100, and 120
100 and 140
100 and 140

Heating duration (months)

12
12
12
12
12
i
36
14
38
36
1
1
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Rock unit
name

New Albany Shale NAS72.q0

New Albany Shale NASis

New Albany Shale NASne

Yabulai Shale

Second White Specks Formation Shale
Mowry Shale

Springeid Coal #1

Springfield Coal #2

Wilcox Lignite

NASwums

Kerogen type

TOC content
(wt.%)

12
56
151
52
38
25
69

69

58

58

Ro (%)

0.42
0.54
0.51
0.47
0.42
0.57
0.54
0.54
0.39
0.62

Age

Devonian

Upper Devonian

Upper Devonian

Jurassic

Cretaceous (Cenomaniar)
Cretaceous
Pennsyivanian
Pennsyivanian

Paleocene

Devonian

Origin

Indiana

Daviess Co., Indiana
Harrison Co., Indiana
Inner Mongolica, China
Alberta, Canada
Colorado

Indiana

Gibson Co., Indiana
Texas, United States
Indiana
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Depth (m)

4,024.29
4,041.66
4,053.95
4,062.35
4,072.92
4,080.01
4,085.46
4,087.84
4,089.63
4,091.7

4,092.91
4,094.68

Formation pressure

(MPa)

39.48
39.65
39.77
39.85
39.96
40.02
40.08
40.10
4012
4014
40.15
4017

Langmuir volume

(m*1)

1.07
0.31
122
1.58
0.73
1.88
128
1.41
172
1.25
05

077

Langmuir pressure

(MPa)

3.84
0.37
0.51
2.36
0.39
2.99
0.54
0.7
1.19
22
1.09
0.97

Adsorbed gas

content (m®/t)

0.98
0.31
1.20
1.49
072
1.75
1.26
1.39
1.67
1.19
0.49
0.75

Total gas
content (m*/t)

1.37
151
258
237
2.34
3.69
4.93
5.67
6.23
4.66
3.03
4.84

Free gas
content (m*/t)

0.39
1.20
1.38
0.88
1.62
1.94
3.67
4.28
4.56
347
2.54
4.09
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Depth (m) TOC (%) Clay minerals VS mixed lite (%) Chlorite (%)

(%) layer (%)
4,024.29 0.77 57 23.94 19.38 13.68
4,041.66 02 57.8 24.854 21.964 10.982
4,053.95 1.82 426 20.448 17.892 4.26
4,062.35 228 44 20.24 1892 484
4,072.92 172 38.7 19.787 15.867 3.096
4,080.01 274 36.3 16.698 16.698 2.904
4,085.46 32 206 13.39 5974 1.236
4,087.84 4.05 19 1n.21 703 0.76
4,089.63 479 31 18.29 11.78 093
4,091.7 202 17.9 8.771 8592 0.537
4,092.91 1.26 49.7 30.317 16.904 3.479

4,094.68 222 65.8 38.164 23.03 4.606
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Sample Clay (%) Feldspar (%) Quartz (%) Calcite (%) Dolomite (%) Pyrite (%) Anhydrite (%)

27
26
29
34

1 28 30
2

3

4

5 =

6

7

8

20 49
24 42
2 34
22 51
29 31
20 41
31 48
30 46
27 50
27 60
31 52
27 58
2 46
23 ]
2 53
29 50
27 49
39 22
29 49
27 51
29 42
31 39
27 52
53 6
27 45
30 29
41 24
24 51
24 56
32 35
31 12
24 45
20 58
26 61
28 42
2 46
25 49
22 39
31 16 22
18 50 27
22 2 66
17 42 3
14 63 8
18 20 8
22 50 3
19 54 7

5

4

3

7

6

S e

33

12

16
9 18
10 18
1 7
12 13
13 6
14 16
15 24
16 13
17 13
18 18
19 23
20 14
21 13
22 20
23 18
24 13
25 32
26 19
27 35
28 2
29 20
30 8
31 23
32 27
33 12
34 16
35 7
36 23
37 17
38 15
39 28
40 2
a1 4
42 9
43 31
44 1
45 43
46 19
47 16
48 23
49 18
50 14
51 7
52 20
53 36
54 15
55 18
56 22
57 46
58 23
59 6
60 22
61 28
60 20
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Number  Depth (m)  Porosity (%) Sample Sample Fluid Mobile Bound
water saturation (%)  oil saturation (%)  loss saturation (%) oil saturation (%) oil saturation (%)

1 2,403.93 3.99 36.29 34.30 29.41 7.75 26.56
2 2515.82 2.63 48.01 31.48 2051 7.18 24.30
3 2,527.04 2.77 7.57 3463 57.79 7.57 27.06
4 2,540.45 2.78 29.89 43.60 26.51 27.81 15.79
5 2,547.35 275 31.27 38.92 29.80 4.07 34.85
6 2,552.98 2.84 59.11 21.85 19.04 12.75 9.10
7 2,565.65 4.30 45.01 12.52 42.48 8.18 4.34
8 2,573.32 2.45 32.01 22.40 45.59 3.46 18.94
g 2,579.45 4.34 58.95 15.11 25.94 7.59 7.52
10 2,589.7 285 63.28 13.37 23.35 5.28 8.08
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Number

b e R i

Lithofacies type

Organic-containing mixed shales
Organic-containing grapholith shales
Organic-rich grapholith shales
Organic-rich grapholith shales
Organic-rich mixed shales
Organic-rich grapholith shales
Organic-ich grapholith shales
Organic-rich mixed shales
Organic-containing graphoith shales
Organic-containing graphoith shales

T2 cutoff calue (ms)

0.42
0.64
06

0.18
079
03

03

183
024
032

Pore
cutoff diameter (nm)

8.4
128
12
36
15.8
6
6
36.6
4.8
6.4
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Depth

Lithofacies type

Member

Water ~ Parallel
bedding
Connectivity
Vertical
bedding
Connectivity

Ol Paralel
bedding
Connectivity
Vertical
bedding
Connectivty

Shale wettability index

Shale wettabity
evaluation

2517.8

Organic-
containing
grapholith
shales

Lower Liang I

0.344

Moderate
0.248

Bad
0.179

Bad
0.6283

Good
05453
Ol wetting

2,577

Organic-
containing
grapholith
shales

Upper Liang |

0.551

Good
0.802

Good
0.106

Bad
0.265

Moderate
-0.092
Mixed wetting

25795

Organic-
containing
grapholith
shales

Upper Liang |

0.371

Moderate
0.497
Moderate
0.074

Bad
0.535

Good
0.335

Qil-prone
wetting

2,589.7

Organic-
containing
grapholith
shales

Upper Liang |

0.256

Bad
0.407
Moderate
0.257
Bad
0.275
Moderate
-0.133

Water-prone
wetting

2,403.9
Organic-

containing
mixed shales

Liang Il

0.356

Moderate
0228

Bad
0.449

Moderate
0.391

Moderate
0.07
Mixed wetting

26181
Organic-poor

grapholith
shales

Lower Liang |

0.218

Bad
0.273
Moderate
0.889

Good
0.19

Bad
-0.754
Water wetting

25131

Organic-poor
mixed shales

Lower
Liang Il

0.372
Moderate
0275
Moderate
0.263
Moderate
0.199
Bad
-0.102

Water-prone
wetting

2,607

Organic-poor
mixed shales

Lower Liang |

02

Bad
0.391
Moderate
0.083
Bad
0593
Good
0.32

Oil-prone
wetting
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Depth

Lithofacies type

Member

Water ~ Parallel
bedding
Connectivity
Vertical

bedding
Connectivty

Ol Paralel
bedding
Connectivty
Vertical
bedding
Connectivity

Shale wettability index

Shale wettabiity
evaluation

2,527

Organic-rich
grapholith shales

Lower Liang Il
0338

Moderate
0.29

Moderate
0.242

Bad
0.408

Moderate
0214

Oil-prone wetting

2,540.5

Organic-rich
grapholith shales

Lower Liang I

0.505

Good
0.203

Bad
0.343

Moderate
0.327

Moderate
0.286

Oil-prone wetting

2,542

Organic-rich
grapholith shales

Lower Liang Il

0.533

Good
1471

Good
0.424

Good
0.415

Moderate
-0.65

Water wetting

2,553

Organic-ich
grapholith shales

Lower Liang I
0532

Good
0.052

Bad
0.394

Moderate
0.233

Bad
0.319

Oil-prone wetting

2,558

Organic-rich
graphoiith shales

Lower Liang Il
0283

Moderate
0.071

Bad
0.42

Moderate
0.103

Bad
-0.1
Mixed wetting

2,547

Organic-rich
mixed shales

Lower Liang I

0.393

Moderate
0.622

Good
0.416

Moderate
0.169

Bad
-0.48

Water-prone
wetting

2,573

Organic-rich
mixed shalew

Upper Liang |
0096

Bad
0.578

Good
0.442

Moderate
0.204

Bad
-0.72

Water wetting
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Number Depth of samples Lithofacies types

in the shale
oil mobility experiment
(m)
1 2,403.93 Organic-containing mixed shale
2 2515.82 Organic-containing grapholith shale
3 25527.04 Organic-rich grapholith shale
4 2,540.45 Organic-rich grapholith shale
5 25547.35 Organic-rich mixed shale
6 2552.98 Organic-rich grapholith shale
7 2,555.65 Orgaric-rich grapholith shale
8 2573.32 Organic-rich mixed shale
9 25579.45 Organic-containing grapholith shale
10 25807 Organic-containing grapholith shale
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Number

At i B R L

Depth of samples
in the shale
oil mobility experiment
(m)

2,403.93
2,515.82
2,527.04
2,540.45
2,547.35
2,5562.98
2,565.65
2,573.32
2,579.45
2,589.7

Formation

Liang Mermber il

Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Upper Liang Member |
Upper Liang Member |
Upper Liang Member |
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Number

Sample depth in
the spontaneous imbibition
experiment (m)

2,403.93
2,513.07
2,517.83
2,527.04
2,540.45
2,542.24
2,547.35
2,562.98
2,557.73
2,573.32
2,576.98
2,579.45
2,589.7
2,607.23
2,618.06

Formation

Liang Member il
Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Lower Liang Member |
Upper Liang Member |
Upper Liang Member |
Upper Liang Member |
Upper Liang Member |
Upper Liang Member |
Upper Liang Member |
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Samples TOC (%)

LDZ-1
LDZ-2
LDZ-3
LDZ-4
LDZ-5
LDZ-6
LDZ-37

0.89
171
076
1.38
1.28
3.66
0.93

Samples

LDZ-7
LDZ-8
LDZ-9
LDZ-10
LDZ-11
LDZ-12

TOC (%)

201
10.40
9.77
219
174
217

Samples

LDZ-13
LDZ-14
LDZ-15
LDZ-16
LDZ-17
LDZ-18

TOC (%)

128
1.06
1.60
244
4.03
147

Samples

LDZ-19
LDZ-20
LDZ-21
LDZ-22
LDZ-23
LDZ-24

TOC (%)

092
075
0.80
096
123
079

Samples

LDZ-25
LDZ-26
LDZ-27
LDZ-28
LDZ-29
LDZ-30

TOC (%)

148
1.09
091
101
1.85
1.03

Samples

LDZ-31
LDZ-32
LDZ-33
LDZ-34
LDZ-35
LDZ-36

TOC (%)

1.01
050
070
0.89
1.03
1.09
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Depth/

Mineral constituent content (%)

Relative clay mineral contents (%)

Quartz Plagioclase Dolomite Calcite Pyrite Siderite Clay Smectite Illite Kaolinite Chlorite I/S /S
ratio
152754 397 21 202 39 47 0 24 0 159 8Ll 3 03 20
152793 329 34 10.7 215 27 0 288 0 31 632 5 07 20
152862 194 43 291 11 26 0 436 0 353 611 3 05 20
15318 2 34 294 131 28 0 293 0 304 628 6 120
153225 228 37 297 0 18 0 2 0 356 55 8 1320
153337 293 55 155 49 42 0 406 0 213 741 4 07 20
153419 38 39 55 29 56 0 441 0 321 633 4 08 20
153458 312 58 169 07 43 0 a0 26 673 6 1120
153594 312 4 259 0 38 0 35100 334 618 4 08 20
1537.15 305 52 158 87 22 0 375 0 134 455 1 020
153876 41 29 2 19 24 0 399 0 28 714 5 120
153947 393 4 19.8 0 31 0 337 0 30 638 5 120
171565 744 0 0 0 104 0 1520 234 471 18 117 20
171617 80.6 0 0 0 33 0 149 0 212 536 6 19 20
171641 368 0 0 0 378 0 254 — - - - - -
172655 153 8.1 57 325 41 0 43 0 24 606 7 87 20
173081 19.3 59 63 2 5 0 05 0 284 481 6 173 20
181376 33.4 22 4.4 0 18 0 583 0 182 494 17 1520
181432 288 47 55 0 21 0 588 0 212 413 18 197 20
18168 20.7 31 48 55 23 0 636 0 29 438 17 159 20
181778 265 3 8.1 10.4 19 0 502 0 24 465 15 141 20
182927 427 26 23 32 16 0 476 0 206 345 21 235 20
183072 24.4 18 0 0 2 0 718 0 142 261 31 284 20
183262 212 37 18 0 16 0 7170 165 362 2 215 20
183388 101 0 4 46 0 386 393 0 129 181 54 145 20
183462 30.1 06 82 0 14 0 506 0 278 386 16 178 20
1837.92 247 34 62 216 52 0 39 0 211 595 5 142 20
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Lithology Grain  Description Biogenic structures Depositional process
size® and sedimentary
environment
M Mudstones Silty mud  Dark grey or black grey mudstones, 0-1  Macrofossils: few solitary corals,  Suspension fallout, low sedimentation
including calcareous mudstone, brachiopod, or bryozoan rates. Bioclast was transported and
carbonaceous mudstones, laminated (Figure 6H). Trace fossils: deposited during the large tide and storm
common, with a varying thickness. A few Unidentified weather
marine fossils
Mb  Bioturbated Mud-VE  Dark grey or Black grey mudstones. 4-6  Trace fossils: Chondrites, Low sedimentation rates.a relative organic-
Mudstone Several meters thick, massive or Planolites, Palaeophycus rich, oxygen-deficient tidal zone
laminated, locally dense bioturbation.
Pyrite was found occasionally
Ms  Sigmoidal Mud-VE  Dark gray mudstones with thickness 0 Absent The soft sediments slide prograde forced by
mudstone from 10 to 30 cm Overall sigmoidal gravity, seaward inclined. The distal delta
deformation front environment
Mp  Phytophoric Mud-VE  Dark-grey mudstone or carbonaceous  0-1  Macrofossils: leaf and trunks of ~ Low sedimentation rates. Pools of standing
mudstone mudstones, with abundant plant fossi, lepidophyte, or unidentified water during low-stage channel
sometimes fragmented, varying thickness fossils, sometimes fragmented abandonment; floodplain facies or
supratidal environment
C  Coal seam Mud Black or black grey coal, generally appear  0-1  Macro fossils: similar with Mp ~ Low sedimentation rates. Typical swamp
with Mp lithofacies lithofacies facies
Ssr Symmetrical VE-F White to light grey sandstones with 0 Absent Oscillatory flow above fairweather wave
rippled- symmetrical ripples. Less than 1-2.5 m base
sandstone
Sar A symmetrical VE-F White to light grey sandstones. 0 Absent Migration of small ripples in condition of
rippled Unidirectional current ripples. Current lower flow regime
sandstones direction: 180°, ripples at the top surface
of the sandstones (Figure 7F)
Sir  Interference VE-F Vari-colored sandstones, ripple acting 0 Absent Fe-cemented surface indicated periods of
rippled sandstone surface was fuchsia, 15-40 m thick. long exposure. Extremely shallow water
Contains a few muddy bands environment. Relative high energy. The
(Figure 7G). Quartz content >90% most proximal ebb-tidal sandy flat
S Cross-bedded VE-E-M White to light grey sandstones. Including  0-1 Continuous reworking and movement of
sandstones awash cross bedding, herringbone flood and ebb currents. High sedimentation
bedding and parallel bedding. Thickness rates. Tidal-dominated environment
varying from L5 to 2 m. Erosional, sharp
or transitional base
Ss Structureless VE-E-M  White to light grey sandstones witha 0 Absent Periodic high-energy discharge with
sandstones varying thickness. Erosional or sharp variable flow intensities (bedload and
base, if sandstones with normal grading. suspended load), Erosion or sharp base
Transitional base if reversing grading indicated a high sedimentation rate
Sb Bioturbated SiF Grey to light grey sandstones, transitional 46 Trace fossils: Skolithos, High carrying capacity and bioturbation
sandstones base, bioturbated often on the top of the Ophiomorpha, Palaeophycus and favorable conditions (optimized oxygen,
sandstones. Parallel beddings are unidentified trace fossils salinity, temperature)
common. Only 1 bed was exhibited total
bioturbated with completely obliterated
primary sedimentary structure
Hb  Bioturbated Mud-VE  Dark grey-white to light heterolithic, ~ 4-5  Trace fossils: Skilithos, Deposition in alternating energy with local
heterolithic transitional base, beds are serval meters Ophiomorpha, Palaeophycus, tide influence. From mud-dominated to
with mud-sand couplets a few Chondrites, Planolites sand-dominated heterolithics, the energy
centimeters thick. Flaser, lenticular and and water depth get higher and deeper
wavy bedding were common
Lab Bioturbated - Grey-light grey arenaceous, trace fossils 24 Sandy particles were probably deposited
arenaceous dominated by zoophycos (Fig. 8N, O). and transported from the coastal current
limestone Thickness from 0.5 to 1.7 m during the transgressive intermission. Low
sedimentation rates. Lagoon environment,
with rich food in organic matter for trace
maker to build Zoophycos
Lc  Chert limestones — — Black chet (stiff inclusions) embedded in 0 Absent Pelagic environment (Alvarez et al. (1976);
a light grey limestone matrix, chet Hein and Karl (1983) or drowned shelf to
occurring as lenses. 3.4 m oceanic seamount settings (Murchey and
Jones (1992). Deepwater environment
Lm  Muddy — Dark grey- grey muddy limestone, fossils 0 Absent Restricted circulation of seawater, low
limestones are rare, matrix-supported sedimentation rates, lagoon environment

*VE, very fine sand; F, fine sand; M, medium sand.
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Number

Sample depth in
the spontaneous imbibition
experiment (m)

2,403.93
2,513.07
2517.83
2,527.04
2,540.45
2,542.24
2,547.35
2,552.98
2,5567.73
2,573.32
2,576.98
2,579.45
2,689.7

2,607.23
2,618.06

Lithofacies types

Organic-containing mixed shale
Organic-poor mixed shale
Organic-containing grapholith shale
Organic-rich grapholith shale
Organic-rich grapholith shale
Organic-rich grapholith shale
Organic-rich mixed shale
Organic-rich grapholith shale
Organic-rich grapholith shale
Organic-rich mixed shale
Organic-containing grapholith shale
Organic-containing grapholith shale
Organic-containing grapholith shale
Organic-poor mixed shale
Organic-poor grapholth shale
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Block

Weiyuan
Changning
Zhaotong
Fushun
Fuling
Pengshui

8"*Coma-shate (%)

-37.3--34.1 (35.08)
-26.3--29.8 (-28.0)
-28.5--26.8 (-27.7)
-35.5--32.0 (-33.5)
-32.2~-29.4 (-30.5)
-31.0--29.3 (-30.5)

8D CHa-shale
(%0)

-135~-147 (-138)
~149~-139 (-145)
-137~-129 (-134)
~152~-150 (~151)
~163~-141 (-148)
~156~-155 (~156)

§"Conarero (%)

-21.7--20.4 (-20.8)
-21.9--209 (-21.4)
-20.6--19.8 (-20.4)
-22.2--220 (-22.1)
-23.4~-21.1 (-21.9)
-22,6--22.5 (-21.6)

8"*Cotaeseco (%e)

~41.8--40.2 (-40.7)
—-42.0~-40.7 (-41.4)
-40.4--39.4 (-40.1)
-42.4--41.2 -423)
-43.8~-41.0 (-42.0)
~42.9--42.8 (-42.9)

Proportion of
secondary gas
(%)

67-83 (72)
26-42 (33)
31-44 37)
48-66 (58)
36-51 (44)
37-41 (39)





OPS/images/feart-10-854129/math_qu2.gif
inv = (D -3)in[In( )] +





OPS/images/feart-10-901989/feart-10-901989-t002.jpg
Shale
gas block

Weiyuan
Changning
Zhaotong
Fushun
Dingshan
Fuling
Pengshui
Wuxi

Depth
(m)

2000-3,700
1,500-1,600
2,390-2,516
3,200-4,500
2,240-3,780
2000-4,000
2,500-3,000
1,500-2000

Thickness
of high-
quality

shale
(m)

30-60
60-80
30-40
80
28-32
40-80
40-80
26-70

TOC (%)

1.0-102
1.9-73
2.1-6.0
3.0-4.0
3.0-35
1.5-6.1
1.0-83.0

3.0-11.0

Ro (%)

1.8-2.45
2.3-3.15
2.5-3.25
28-30
2.0-2.66
22-31

25-4.4
2.0-3.49

Porosity
(%)

1.7-10.9
34-8.4
34-74
35-4.5
30-59
3.7-8.1
0.2-2.28
30-6.0

Brittleness
in dex

42-96
42-95
55-63
>50
60-70
50-80
44-66
>50

Gas
content
(m°1)

23-75
3.1-7.8
24-45
3.5-4.2
2.0-6.6
1.3-6.3
0.45-2.46
25-80

Formation
pressure
coefficient

14-20
13-2.0
1.05-1.96

0.98-1.85
1.55

>1.2
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Shale gas block

Weiyuan
Changning
Zhaotong
Fushun
Dingshan
Fuling
Pengshui
Wuxi

Main component (mean, %)

Carbon and hydrogen isotopes (mean, %)

CH,

98.21
98.44
98.98
97.57
98.43
98.56
98.62
94.54

CoHg.

0.52
0.37
0.45
0.42
058
0.67
0.63
0.26

CsHg

0.02
0.01
0.02
0.02
0.01
0.03
0.01

Wetness

0.547
0.385
0.473
0.449
0.596
0.705
0.645
0.274

8"°Cona

-35.08
-27.96
-27.58
-33.48
-30.69
-30.54
-30.13
-29.3

§"°Ceare

-39.49
-34.31
-33.1
-36.23
-34.12
-35.51
-34.23
-31.65

§"°Ceans

-41.44
-36.28
-35.08
-39.4
-37.43
-39.09
-47.45

8Dcha

-6.42
-6.33
25
0.1
023
6.32
32

Numer of gas samples
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Formation

Lower Cambrian

Lower Silurian

Sample

#C1
#C2
#C3
#C4
#C5
#C6
#C7
#C8
#C9
#C10
Mean

#S1
#82
#83
#84
#85
#S6
#87
#58
#89
#3510
Mean

P/P, < 0.5

P/P, > 0.5

Fitting equation

6659 + 1.8479
0.5405x + 2.3850
8676x + 1.1878
0.5529x + 1.5166
6802 + 1.6823
0.6479x + 1.9451
8923x + 0.5502
0.6401x +2.1697
0.3387x + 0.6597
7935x + 1.9252

5506 + 1.9945
0.7772x +1.0159
5362x + 1.8845
.7223x + 1.2566

0.5064x + 1.7697
5115x + 1.9106
0.8303x + 1.1784

R?

0.9990
0.9886
0.9973
0.9993
0.9990
0.9991
0.9932
0.9989
0.9886
0.9974

0.9951
0.9954
0.9997
0.9991
0.9991
0.9966
0.9994
0.9942
0.9963
0.9979

D

2.34
246
214
245
232
235
N
236
266
221
234

245
222
2.46
228
243
212
2.49
249
217
248
236

Fitting equation

-0.2894x + 2.0000
-0.1599x + 2.6711
-0.2953x + 1.4267
-0.2112x + 1.6664
-0.2937x + 1.8877
-0.2047x + 2.2833
-0.4138x + 0.7102
-0.2173x + 2.4169
-0.3369x + 0.6578
-0.2168x + 2.1894

-0.1201x + 2.3918
-0.1971x + 1.3610
-0.1675x + 2.1110
-0.1664x + 1.5613
-0.1700x + 1.9414
-0.1646x + 1.6507
-0.1229x + 2.1093
-0.1186x + 2.2544
-0.2051x + 1.5043
-0.2007x + 1.8796

R?

0.9967
0.9964
0.9856
0.9973
0.9973
0.9853
0.9972
0.9943
0.9862
0.9648

0.8535
0.9244
0.9783
0.9224
0.9690
0.8829
0.9346
0.9331
0.9524
0.9955

D,
271

2.70
279
271
2.80
2.59
278
275
2.78
2.74

2.88
2.80
2.83
2.83
2.83

2.88
2.88
2.79
2.80
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Formation Sample Bulk shale Isolated OM

Pore volume  Surfacearea  Average pore  Porosity (%)  Porevolume  Surface area  Average pore

(ml/g) (m?/g) diameter (nm) (mi/g) (m?/g) diameter (nm)

Lower Cambrian ~ #C1 0008 598 668 145

#C2 0.005 1273 4.68 157 0.013 14.34 412

#C3 0010 326 7.20 122 0017 16.16 401

#C4 0009 10.64 520 190

4C5 0.009 1097 620 200

#06 0.008 7.07 473 1.37

#C7 0011 7.80 812 142

#08 0.006 890 584 098

#09 0007 548 4.99 1.34

#C10 0.008 7.08 568 1.67 0017 17.76 3.89

Mean 0008 7.99 593 1.49 0015 16.00 401
Lower Siurian #S1 0.022 15.78 19.14 432 0.109 64.15 2177

#S2 0010 562 17.36 243

#S3 0019 13.41 16.46 367

#34 0011 667 19.73 3.89

#5 0015 991 18.87 287

#36 0.012 725 18.31 321

#s7 0017 13.11 21.90 4.00 0.104 65.20 20.14

#S8 0.019 15.40 22.55 4.12

#59 0012 6.60 16.13 2.98 0.002 76.06 19.88

#S10 0.016 11.49 15.58 3.46

Mean 0.015 10.53 18.60 3.50 0.102 68.47 20.60
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Formation Sample

Lower #C1

Cambrian #C2
#C3
#C4
#C5
#C6
#C7
#C8
#C9
#C10
Mean

Lower Silurian #81
#82
#83
#54
#85
#56
#S7
#S8
#89
#3510
Mean

TOC

(Wt%)

1.71
723
0.59
274
4.60
277
576
1.94
1.28
4.48
331

4.02
0.92
313
1.10
2.82
157
262
3.05
0.30
17
212

Ro
(%)

3.36
37
3.59
3.31
3.21
3.84
391
3.65
367
3.33
3.56

272
2.10
214
231
2.30
218
257
258
212
2.16
231

Note. Brittle minerals = quartz + feldspar + carbonate + pyrite.

Quartz

(wt%)

34.30
44.60
36.80
37.60
36.40
50.20
36.60
45.90
39.90
42.90
40.42

49.50
34.00
55.60
36.10
41.20
40.40
50.40
60.50
39.20
38.50
44.54

Feldspar
(wt%)

10.80
9.50
8.90
12.20
13.90
8.90
14.10
7.20
10.60
9.40
10.55

6.60
11.30
6.10
8.00
19.30
11.20
7.50
7.70
9.90
15.00
10.26

Carbonate
(wt%)

12.60
4.80
5.50
9.60
16.30
6.10
15.90
7.00
10.30
11.70
9.88

7.40
4.00
5.80
260
14.00
7.10
5.80
8.50
5.10
12.40
727

Pyrite
(wt%)

4.20
5.90
1.40
2.50
8.10
3.40
7.00
250
6.10
7.00
481

3.70
4.20
6.10
3.90
0.00
3.10
6.80
2.80
3.40
4.00
3.80

Brittle
minerals
(wt%)

61.90
64.80
52.60
61.90
72.70
68.60
7360
62.60
66.90
71.00
65.66

67.20
53.50
73.60
50.60
74.50
61.80
7050
79.50
57.60
69.90
65.87

Total clay
(Wt%)

38.10
35.20
47.40
38.10
27.30
31.40
26.40
37.40
37.40
29.00
34.77

32.80
46.50
26.40
49.40
25.50
38.20
29.50
20.50
42.40
30.10
34.13
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No

Inorganic element parameters

Organic geochemical parameters

Fe ug/g

2,682.00
5,639.00
10,189.00
9,148.00
3,220.00
6,131.00
15,308.00
11,893.00
17,225.00
18,051.00
9,887.00
9,321.00
11,999.00
11,569.00
12,602.00
12,047.00
8,580.00
12,156.00
13,699.00
15,562.00
15,276.00
12,803.00
11,553.00
10,492.00
14,357.00
15,571.00
561.00
8,076.00
12,302.00
12,563.00
9,433.00
34,552.00
10,810.00
13,6561.00
15,346.00
7,187.00
19,774.00
12,907.00
13,951.00
24,114.00
10,186.00
28,859.00
16,950.00
8,869.00
21,465.00
8,709.00
13,516.00
12,389.00
11,623.00
8,772.00
20,846.00
10,136.00
8,320.00
6,966.00
24,469.00
13,677.00
6,052.00
6,387.00
1976.00
2,820.00
11,020.00
7.627.00

Ba ug/g

127.00
1,075.00
2,153.00
1976.00
830.00
112.00
552.00
1,062.00
842.00
659.00
799.00
805.00
811.00
578.00
428.00
1,056.00
1,208.00
830.00
238.00
1964.00
978.00
1,069.00
772.00
528.00
190.00
1,496.00
13.00
129.00
1,194.00
499.00
454.00
79.00
417.00
1,145.00
2,381.00
616.00
900.00
1,030.00
89.00
115.00
846.00
97.00
248.00
722.00
110.00
293.00
799.00
653.00
304.00
407.00
1,384.00
171.00
351.00
123.00
202.00
293.00
69.00
236.00
244.00
37.00
294.00
125.00

U ug/g

2.00
4.00
7.00
4.00
2.00
3.00
9.00
6.00
9.00
8.00
7.00
6.00
7.00
8.00
6.00
7.00
5.00
6.00
10.00
8.00
8.00
8.00
7.00
6.00
7.00
10.00
1.00
5.00
8.00
4.00
7.00
10.00
7.00
9.00
9.00
5.00
12.00
11.00
9.00
13.00
8.00
13.00
14.00
9.00
12.00
8.00
11.00
11.00
9.00
8.00
11.00
9.00
8.00
7.00
7.00
12.00
7.00
8.00
2.00
3.00
11.00
8.00

Al wt%

0.68
1.39
2.84
2.06
0.85
0.52
1.49
1.03
1.58
145
111
1.04
1.05
1.32
1.19
1.18
1.08
1.32
1.43
1.23
127
1.38
1.33
0.90
1.45
133
021
1.00
1.26
073
111
1.29
114
1.65
1.29
1.27
1.62
1.36
1.26
1.82
1.33
1.44
1.78
1.10
2.03
127
1.30
131
1.26
1.23
1.18
1.56
0.94
077
0.66
0.94
0.64
0.86
0.30
0.32
0.70
0.75

Tiug/g

205.00
406.00
1,050.00
682.00
179.00
428.00
1,690.00
887.00
1,565.00
1,633.00
840.00
938.00
814.00
1,169.00
985.00
890.00
804.00
1,099.00
1,292.00
1,146.00
1,089.00
1,214.00
1,189.00
728.00
2,252.00
1,154.00
51.00
917.00
1,071.00
380.00
801.00
1,370.00
677.00
1,240.00
900.00
855.00
1,302.00
1,174.00
1,000.00
1973.00
493.00
1780.00
1962.00
515.00
1922.00
971.00
758.00
1,081.00
1,102.00
791.00
924.00
1,011.00
393.00
829.00
656.00
1,334.00
602.00
1,168.00
107.00
250.00
926.00
817.00

Srug/g

181
284
452
567
228
320
782
601
751
721
716
694
762
569
745
894
575
714
647
877
865
782
670
612
272
695
29
377
697
920
821
692
733
958
1,442
825
1,407
939
804
936
1,373
71
1,025
1,408
664
801
1,322
1,218
1,238
1,107
2,644
1,282
2,176
891
891
1,108
913
710
378
409
2,583
682

Mn ug/g

42
233
349
313
190
131
551
709
554
651
m
573
939
499
964
938
572
655
683
994

1,076
942
700
720

959
21
297
691
1,149
m
422
641
601
1,029
355
1,014
650
361
569
1,188
1,138
519
1,227
254
440
996

674
849
2085
632
629
707
710
668
455
294
67
91
385
251

TOC wt%

1.62
2238
1.70
1.58
1.23
212
2.00
2.34
3.39
2056
293
2.44
230
1.40
218
1.92
2.06
2.16
3.50
261
2.09
215
341
1.82
4.57
1.88
208
4.40
1.98
236
248
3.77
226
215
1.91
250
1.80
1.82
1.97
3.34
3.02
398
2.80
1.80
3.70
2356
220
229
333
2.41
276
2.30
291
31
1.37
202
3.85
151
0.58
2.74
1.95
1.74

RHP

653
721
6.61
6.36
5.54
6.58
.74
7.44
7.46
720
741
743
796
552

691
732
6.78
8.80
733
723
6.90
754
6.13
8.16
6.03
647
7.95
682
8.04
817
821
822
726
752
7.94
7.04
724
7.06
8.34
8.88
817
835
7.94
8.20
8.00
8.38
8.01
8.70
8.06
8.94
764
7.7
8.83
7.34
764
895
7.1
4.36
853

5.74

Tmax

442
443
441
442
442
441
441
442
442
441
443
442
441
441
444
444
444
444
446
445
444
447
443
444
442
444
443
442
442
440
439
445
444
446
445
443
444
441
443
443
443
445
441
446
443
442
447
446
445
443
446
440
447
440
446
442
445
443
433

418





OPS/images/feart-10-906987/feart-10-906987-t002.jpg
Basis of
division

Major or special types and
amounts of minerals; TOC;
Sedimentary structures

Lithofacies

Organic-rich calcareous
shale

Organic-rich laminated
calcareous mudstone

Organic-rich laminated
carbonate-bearing
mudstone
Intermediate-orgaric
laminated calcareous
mudstone
Organic-poor laminated
calcareous mudstone
Organic-poor thin-
bedded calcareous
mudstone

Laminated sity
mudstone

Color

Dark
gray

Dark
gray

Dark
gray

Gray

Light

gray
Light

gray

Dark
gray

Mineral composition

Carbonate content is generally above
75%., calcite veins are developed, with
abundant strawberry pyrite

Carbonate content is generally above
75%, Granular calcite are developed,
with abundant strawberry pyrite

Clay minerals content is generally
between 60 and 70%, with abundant

strawberry pyrite
Carbonate content is more than 65%

Carbonate content is more than 50%

Carbonate content is more than 50%,
the content of dolomite s significantly
higher than that of calcite

felsic content (up to 45%), with some
strawberry pyrite

TOC
contient

Above 3.5%

Above 3.5%

Above 3.5%

Between 2
and 3.5%

Less.
than 2%
Less
than 2%

5% on
average)

Laminated
characteristics

Well developed and clearly bounded,
consisting of light and dark laminae. The
light laminae are calcite veins, and the dark
laminae are organic-rich clay minerals

Well developed and clearly bounded.
consisting of light and dark laminae. The
light laminae are Granular calcite, and the
dark laminae are organic-rich dlay minerals
Well developed and clearly bounded

Laminae developed and fluctuated,
dominated by micritc calcite
Laminae are siightly developed but not

obvious
Lamina is not developed

Laminae developed
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Strata name TOC content Pore volume of micropores Pore volume of mesopores Pore volume of macropores

(%) Value ( Proportion (%) Value ( Proportion (%) Value ( Proportion (%)
x 10 mi/g) x 107 mi/g) x 107 mi/g)
Third Sub-member 10 12 103 38 325 67 57.3
Second Sub-member 16 18 153 4 339 6 50.8
18 26 228 49 43 39 342
First Sub-member 42 4 274 6.8 46.6 38 26

5.1 44 321 7.4 54 19 139
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Type

Lithofacies Porosity/
%

ORLS 15.3-263

OR-LAC=

Organic-rch laminoid clay  5.1-123

micriic mestone and

organic-rich banding iime clay

rock

Organic-bearing banding clay  0.5-63

micriic imestone and
organic-bearing lumpy ciay
micriic mestone

Permeability/
mD.

100.10-130.51

558-97.03

22

Type
of reservoir

space

Organic-matter strinkage pores/
racks, mineral intergranular pores,
bedding cracks, and clay mineral
shinkage pores/cracks

Mineral intergranuar pores, clay
mineral stinkage pores/cracks,
boring pores, and orgarism
coelom pores

Mineral intergranular pores, clay
mineral shrinkage pores, and a few
residual interpartcle pores

of full
pore
size

distribution
curve

Pore
size
range
(om)

20-20,000

80-200000

50-4,000

Pore
form
factor

020085

020071

0.41-063

Pore
fractal
dimension

1.38-180

1.43-180

140-175

Typical
well
section

G120 Well

(2695.7-2,792.1 m)

WX119 Wel
(2684.5-2,694.0m)

N119 Wel
(8,0006-3,150.0 m)

Daily
oil

output
(wa)

553

366

201

Daily
average
oil
output
(Z]

403

125

61
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Pore type Pore size Average pore  Average form  Probability entropy  Fractal dimension

M e area factor

Pore Organic-matter shrinkage pore 500/20 (nm) 50 (nm) 297 (nm?) 0.835 0.301 1378
Secondary mineral intergranular pore  700/80 (nm) 200 (1m) 29,400 (m?) 0,631 0205 1431
Clay mineral shrinkage pore 2000/50 () 500 (m)  0.23 (um?) 0412 0524 1.403
Residual interparticie pore 4/0.5 (um) 1 (um) 081 (u?) 0557 0750 1752
Organism coelom pore 31 (um) 2 (um) 4.21 (m?) 0717 0655 1.419
Boring pore 200/50 (um) 100 (um) 8,150 (unv) 0310 0831 1536

Crack. Bedding crack 20/5 (um) 10 (um) 87.4 (um?) 0.303 0050 1.404

Micro-crack  Organic-matter shrinkage crack 70050 (M) 70(m) 28415 () 0370 0.491 1702
Clay mineral shrinkage crack 4,000/200 (1m) 1,000 (1) 0.745 (un?) 0.205 0211 1.802
Structural micro-crack 50/10 (um) 20(m) 1673 (un?) 0233 0.462 1.796

Note: The average form factor

2S/C2. where S i the pare area and C is the pare perimater, reflacting the smootiness and roughness of pore edges.
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Mineral constituent Clay Quartz Feldspar Dolomite Pyrite Organic matter

Content (%)

5 39 109 29 26 20 16
Tz 5863 05- 610 o7-103 o= 107 oT- T o727
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Well

NY1
NY1
NY1
NY1
NY1
NY1
NY1
NY1
NY1
NY1
NY1
NY1
NY1

Note: Organic-rich lime shale—OR-LS.

Sample

NY1-1
NY1-2
NY1-3
NY1-4
NY1-5
NY1-6
NY1-7
NY1-8
NY1-9
NY1-10
NY1-11
NY1-12
NY1-13

Formation

Es'S
Es'S
Es'S
Es'S
Es'S
Es'S
Es’S
Es'S
Es’S
Es'S
Es®S
Es'S
Es'S

Organic-rich laminoid fime containing clay rock—OR-L-LC.
Organic-rich laminoid ciay micritc limestone—OR-L-CL.
Organic-rich shale—OR-S.

Depth/m

3316.55
3329.78
3347.32
3367.95
3365.04
3369.37
3375.77
3384.11
3406.16
3425.79
3436.37
3451.04
3462.83

‘Sample lithofacies

OR-LS (micro-crack and crack)
OR-L-LC (micro-crack and crack)
OR-LLC

OR-L-LC (micro-crack and crack)
OR-L-LC (crack)

OR-L-LC (micro-crack)

OR-L-CL (micro-crack)

OR-LS (crack)

OR-L-LC (micro-crack and crack)
OR-L-LC (crack)

OR-L-LC (crack)

OR-S (crack)

OR-L-LC (crack)

Sample weight/g

70
70
70
70
70
70
70
70
70
70
70
70
70
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Number

B NS R RRe =

Total

Well

NY1
Gx27
NX55
WX119
Wi125
W120
N11
Wi129

Formation

EstS
Eets
Es'S
EetS
Es®S
EstS
EstS
EstS

Depth
range of samples/m

3,315.0-3,500.0
2,300.0-2,317.6
1,602.5-1,642.0
1715.8-1719.0
1,898.7-1,906.4
1,502.5-1,642.0
3,593.0-3,594.1
2,550.9-2,555.6

Number of samples

19
1
6

SN s o

50
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Well

Gx27
Gx27
GXa7
GXa7
GX27
GX27
Gxa7
GX27
GX27
GX27
GX27
GX27
GX27
GX27
Gx27
Gx27

Note: Organic-bearing banding clay micritic limestone—0-B-CL.
Organic-bearing lumpy lime siltstone—O-L-LS.

Sample

Gx27-1
GX27-2
GX27-3
GX27-4
GX27-5
GX27-6
GX27-7
GX27-8
GX27-9
GX27-10
GX27-11
GX27-12
GX27-13
GX27-14
GX27-15
GX27-16

Formation

'S
'S
'S
'S
s’
'
'S
£aS
EstS
o'
Es®®
Es*®

Depth/m

2300.91
2302.8

2303.18
2304.8

2305.02
2305.85
2306.45
2306.86
2311.53
23124

2313.75
2314.95
2315.29
2315.95
2316.29
2317.29

Organic-rich laminoid ime containing clay rock—OR-L-LC.

Organic-rich laminoid ime containing clay rock—OR-L-LCC.

Organic-bearing lumpy clay micritic fimestone—O-L-CL.
Organic-bearing kumpy fime clay rock—O-L-L-LC.

Sample lithofacies

0-B-CL
O-L-Ls
OR-L-LC
OR-L-LC
OR-L-LC
O-B-CL
OR-L-LCC
OR-L-LLC
OR-L-LCC
0-B-CL
OR-L-LCC
O-L-LC
O-L-CL
O-L-LCk
0O-B-CL
0-B-CL
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Number Well Formation Number of samples Number of photos

1 NY1 Es*S 223 305
2 wx128  Es*S 16 20
3 axer Es"® 9 59
4 WG7 Es*S 5 10
5 w57 Es*® 5 8
6 w26 Es* 4 5
7 w129 Es® 4 7
8 Wx98 Est® 2 2
9 w7 Es"® 2 3
10 G6 Es*S 2 7
11 w46 Es*® 1 4

Total 281 430
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SamplelD ~ CFC-1  CFC-2 CFC-3 CFC-4 CFC-5 CFC-6 CFC-7 CFC-8 CFC-9  CFC- CFC-
10 1
Well TS3 TS3 TS3 Ts3 TS3 TS3 Ts3 TS3 TS3 TS3 Ts3
Depth 6,100.52
(m)
Al 0228 0318 0209 0210 0208 0216 0301 0017 0.166
Mn 12806 13066 12642 13119 12858 13264 13422 17022 17609 15673 15146
Fe 418.69 428.36 428.6 427.81 427.46 408.00 407.25 386.46 397.17 396.74 386.16
s 26168 26252 26091 26351 25341 22328 20095 11548 12293 14198 23194
z 0022 0018 0018 0020 0013 0030 0028 0025 0019 0014 0011
La 0238 0237 0260 0226 0231 0.301 0277 0204 0340 0.427 0320
Ce 0210 0200 0223  0.184 0208 0264 0246 0320 0366 0.498 0375
Pr 0019 0020 0028 0017 0022 0027 0025 0040 0045 0.062 0087
Nd 0077 0076 0078 0063 0070 0418 0109 0170 019 0.264 0.187
sm 0017 0016 0019 0016 0015 0020 002 0035 0039 0.055 0033
Eu 0006 0004 0005 0003 0005 0006 0006 0009 0012 0012 0.009
Gd 0039 0038 0044 0034 0037 0046 0049 0080  0.094 0091 0077
To 0005 ~ 0006 0007 0006 0007 0007 0007 0010 0010 0012 0.008
Dy 0053 0048 0048 00438 0049 0055 0049 0074 0,091 0080 0082
Y 0687 0503 0743 0640 0677 0727 0719 1081 1.187 0992 1.150
Ho 0011 0010 0012 0010 0011 0012 0012 0018 0021 0018 0017
Er 0030 0020 0029 0020 0027 0032 0082 004 0052 0.050 0045
Tm 0003 0002 0003 0008 0004 0004 00038 0005 0006 0.005 0,004
Yo 0014 0012 0014 0011 0010 0018 0009 0022 0024 0.020 0020
Lu 0001 0002 0.001 0002 0.001 0.001 0001 0003 0.004 0003 0001
REE 0724 0701 0776 0648 0691 0907 0847 1.180 1.299 1596 1.218
REE +Y 1.411 1.294 1519 1.287 1.369 1.634 1.565 2211 2.436 2.589 2.369
BSI 1.366 1.375 1.321 1.249 1.290 1.302 1.411 1.442 1.508 1.476 1.678
Y/Ho 61.34 5695 6206 6112 6365 5983 5055 5025 5535 55.35 68.92
(Lalla®)sn 3.249 2.660 2.097 2717 1.706 3.342 3.379 2.162 2239 1.954 3.420
CefCe’)sy 0628 0595 0581 0588 0.601 0608 0615 0661 0658 0689 0.749
Pr/P)sn 0876 0954 1028 0940 1069 0898 0891 0990 0982 0999 0822
(Pr/Yblen 0435 0552 0523 0508 0668 0645 086 0566 0607 0985 0601

“From Li et al. (2019).

Modern
Bahama
ooids®

0.159
0.185
0.041
0.205
0.063
0.019
0.1
0.018
0.129
1.607
0.033
0.102
0.013
0.074
0.011
1.162
2.769
1.178
48.70
1516
0.528
1.109
0.177
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Well No

TS301
TS301

TS3

TS3

T3

TS3

TS3

TS3

TS3

TS3

TS3

TS3

TS3

TS3
TH12374CX
TH12374CX
TH12374CX
TH12374CX

Formation

Or2y
Oy
Or2y
Oyay
Oi2y
Oyay
Os2y
Oy
Os2y
Or2y
Oi2y
Orzy
Os2y
Or2y
Or2y
Orzy
Or2y
Or2y

Depth (m)

6,130.35
6,206.00
6,107.80
6,112.20
6,112.70
6,100.00
6,100.32
6,100.37
6,100.52
6,100.56
6,106.00
6,106.25
6,106.30
6,106.81
6,284.63
6,284.70
6,287.20
6,287.27

Lithology

MC

MC

MC

MC

MC

CFC
CFC
CFC
CFC
CFC
CFC
CFC
CFC
CFC
CFC
CFC
CFC
CFC

8%C

(%o, VPDB)

-08
-08
-0.4
-10
-10
-13
=18
-23
-23
-20
-12
=13
-186
-1.7
-1.2
-18
-08

0.0

§'°0

(%o, VPDB)

-7

-6.4

-86

-8.1

-75

-14.1
-130
-13.7
-136
-14.1
-150
-185
-13.2
-153
-140
-146
-12.7
-125

#78r/%°Sr error(s)

070889 (4 x 10°9)
0.70880 (3 x 10°)
0.70894 (4 x 10°°)
0.70891 (5 x 1079
0.70885 (4 x 10°)
0.70966 (4 x 109
0.70960 (3 x 10°9)
0.70955 (3 x 10°°)
070956 (3 x 109
070963 (3 x 10°)
0.70971 (4 x 1079
0.70967 (4 x 1079
070970 (3 x 10°)
0.70970 (4 x 1079
070982 (3 x 10°)
0.70990 (4 x 10°)
0.70986 (3 x 109
0.70985 (3 x 1079
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Trails  FIA

Nt RAT
A2
FIA3
FAd
FIAS
FIAG
NG AT
FA2
FIAS
N2 AT
FA2
FIAS
FAd
FIAS
FIAS
FIAT

00k Maukiank TRaronTiata scieots: Rakisking L-Dx Soull-ckvnilec Siohies sduicas okiskns:

Well
name

83

Depth
(m)

610052

Host
mineral

cFC
cFe
cFe
cFC
cFC
cFC
cFe
cFC
cFe
cFe
cFC
cFe
cFe
CcFC
CFC
cFC

CoanNOZONOR g e

Size
(um)

50
6-40
6-42
3-24
544
414
6-45
48
a9
313
418
530
12-18
16
7-19
416

Inclusion
types™

LD
Lo
LO,LD
LO, LD
Lo
Lo
LO, LD
LO, LD
LO,LD
LO, LD
Lo
LO,LD
LO,LD
LD
Lo
Lo

Homogenization
temperatures (C) (N)

15001
110 to >200 (2)
120 to >200 (7)

85-145 (5)

125 (1)

>200(2)

Metastable freezing
temperatures (C)

40
501040
40
40
451040
451040
651040
40
40
451040
40
451040
501045
-50
451040
451040

Ice final melting
temperatures (C) (N)

o)
61000
0@
003
0. (1)
-121000
6100
om
011000
091007 (19)
081007 6)
251076
-411008()
—a2(1)
~11008(6)
090

Salinities
(wt%%)

004

o019
0-04

10-14
10-12
10-42
1268
69
12-16
14
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