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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.
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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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