[image: image1]Geological Characteristics and Exploration Prospect of Black Shale in the Dongyuemiao Member of Lower Jurassic, the Eastern Sichuan Basin, China

		ORIGINAL RESEARCH
published: 10 November 2021
doi: 10.3389/feart.2021.765568


[image: image2]
Geological Characteristics and Exploration Prospect of Black Shale in the Dongyuemiao Member of Lower Jurassic, the Eastern Sichuan Basin, China
Guodong Wei1,2,3, Wei Wang1,2*, Liang Feng4, Xiucheng Tan3*, Chuan Yu1,2, Hualian Zhang1,2, Zhiping Zhang1,2 and Shengxiu Wang1,2
1Key Laboratory of Shale Gas Exploration, Ministry of Natural Resources, Chongqing Institute of Geology and Mineral Resources, Chongqing, China
2National and Local Joint Engineering Research Center of Shale Gas Exploration and Development, Chongqing Institute of Geology and Mineral Resources, Chongqing, China
3School of Geoscience and Technology, Southwest Petroleum University, Chengdu, China
4Chongqing Gas Field, PetroChina Southwest Oil and Gas Field Company, Chongqing, China
Edited by:
Feng Yang, China University of Geosciences Wuhan, China
Reviewed by:
Qilu Xu, China University of Petroleum, China
Zhipeng Huo, Northeastern University at Qinhuangdao, China
Xianfeng Tan, Chongqing University of Science and Technology, China
* Correspondence: Wei Wang, cqdyysg_ww@126.com; Xiucheng Tan, tanxiucheng70@163.com
Specialty section: This article was submitted to Economic Geology, a section of the journal Frontiers in Earth Science
Received: 27 August 2021
Accepted: 15 October 2021
Published: 10 November 2021
Citation: Wei G, Wang W, Feng L, Tan X, Yu C, Zhang H, Zhang Z and Wang S (2021) Geological Characteristics and Exploration Prospect of Black Shale in the Dongyuemiao Member of Lower Jurassic, the Eastern Sichuan Basin, China. Front. Earth Sci. 9:765568. doi: 10.3389/feart.2021.765568

China has yielded huge commercial production from the marine organic-rich shale but shows a slow exploration process in the lacustrine organic-rich shale. Multiple lacustrine shales in the Lower Jurassic of the eastern Sichuan Basin, rich in organic matters, are potential targets for shale hydrocarbon exploration and development. An investigation of the Dongyuemiao member, Lower Jurassic, was firstly conducted utilizing the macroscopic and microscopic analyses on outcrops and drilling cores to reveal the characteristics of sedimentary subfacies, mineral compositions, organic matter content and types, thermal maturity level, and reservoir quality. The dark shales in the Dongyuemiao member can be grouped into four general categories: shore, shallow, semi-deep, and deep lacustrine shales. The semi-deep and deep lacustrine shales generally have higher values in thickness (>20 m), average total organic carbon (TOC) content (>1.5 wt.%), and average porosity (>2%) relative to shore and shallow lacustrine shales. All four categories of shales primarily consist of type II kerogen and have thermal maturity levels exceeding the vitrinite reflectance value of 0.9–1.0% (or the Tmax of ∼440°C). Thermally powered pore generation generally promoted the pore system as indicated by the positive correlation between porosity and Tmax. Notably, the semi-deep lacustrine shale in the vicinity of the Qiyueshan Fault Zone shows abnormally high porosity and low oil saturation index (OSI) at Tmax>∼465°C potentially due to the promoted hydrocarbon expulsion through multiscale fractures. Except for the vicinity of the Qiyueshan Fault Zone, the semi-deep and deep lacustrine shales generally show the better exploration prospect relative to the shore and shallow lacustrine shales. Additionally, the high content of clay minerals (>40 wt%) reduced the brittleness of the semi-deep and deep lacustrine shales which may challenge the artificial hydraulic fracturing.
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INTRODUCTION
According to the suggestion of IPCC, global warming should be essentially limited to a threshold of 1.5°C by the mid-21st century to prevent dangerous climate change. To achieve the peak CO2 emissions before 2030 and the carbon neutrality before 2060, China has stepped up the exploration and development of clean energy, and natural gas is an important part of energy conversion.
Unconventional shale gas is the main growth point of China’s natural gas resource in the last decade. For instance, the Wufeng-Longmaxi Shale in South China has yielded a proven geological reserve of >2 trillion cubic meters and an annual output of >20 billion cubic meters in 2020, making China the largest shale gas production region outside North America (He and Zhu, 2012; Li et al., 2015; Wang et al., 2015; Liu et al., 2017; Dong et al., 2018; Chen et al., 2020; Qiu et al., 2020). More recently, the exploration and development of lacustrine shale gas in the Fuling and Yuanba areas of the Sichuan Basin (southwestern China) and the Yanchang Formation of the Ordos Basin (northern China) have well developed. Thereinto, the shale gas resources of the organic-rich shale in the Ziliujing Formation (Lower Jurassic) of the Sichuan Basin were estimated to be > 1 trillion cubic meters (Zhang et al., 2008; Zou et al., 2019a), indicating a very substantial exploration prospect.
Nevertheless, the organic-rich shale in the Ziliujing Formation was deposited in the lacustrine environment. Compared with the stable sedimentary environment of marine shale, the deposition of lacustrine organic-rich shale was frequently influenced by multiple factors, including the changes in climate, lake level, and sediment supply (Jiang et al., 2016; Xu et al., 2017a). Lacustrine organic-rich shale thus generally shows a stronger heterogeneity and contains sandstone, siltstone, or limestone interlayers (Jiang et al., 2013; Ju et al., 2014; Wei et al., 2014). The strong heterogeneity not only affects the enrichment and evolution of organic matter but also challenges the fracturing stimulation and the sustainable high production (a high initial production but decreases rapidly). Considering the sandstone or limestone interlayers, the lacustrine organic-rich shale in the Ziliujing Formation can be subdivided into four members, including the Zhenzhuchong, Dongyuemiao, Maanshan, and Daanzhai members from the bottom to the top, respectively (Figure 1). Thereinto, the Daanzhai member has been hydraulically fractured to yield an initial gas rate of 1,500 m3 to 50 × 104 m3 per day (Zou et al., 2019b), whereas the other members are still virgin land for shale gas production.
[image: Figure 1]FIGURE 1 | (A) Simplified tectonic map showing the location of the Sichuan Basin. (B) Well and outcrop locations of the study area. (C) Lithology profiles of lacustrine shales in the Lower Jurassic of the Sichuan basin.
In this study, an investigation of the Dongyuemiao member was firstly conducted utilizing the macroscopic and microscopic analyses on outcrops and drilling cores in the eastern Sichuan Basin to reveal the spatial distribution of sedimentary subfacies and the characteristics of mineral compositions, organic matter content and types, thermal maturity level, and reservoir quality and then to evaluate the exploration prospect. Thorough knowledge of the lacustrine organic-rich shales in the Ziliujing Formation will aid in understanding the unique features of lacustrine shale, its reservoir quality, shale gas, or oil potential.
GEOLOGICAL SETTING
The Sichuan Basin, with a rhomboid shape, is located in southwest China (Figure 1). The basin behaved as an active margin from the middle Paleozoic to the Early Triassic (Dong et al., 2015). Intensive lateral compression has controlled tectonic activity in the basin since the middle Triassic, leading to the generation of fold–thrust belts on the northern and eastern boundary (Yan et al., 2000; Hao et al., 2008; Xu H. et al., 2019; Liu et al., 2019; Liu et al., 2020a; Liu et al., 2020b; Liu et al., 2021). Due to the re-compression derived from the Pacific Ocean plate in the Late Cenozoic, the eastern Sichuan Basin was intensely folded and regionally exhumed. Generally, the Sichuan Basin was dominated by marine deposition before the late Triassic and gradually transferred to the deposition of fluvial–lacustrine facies at the end of the Triassic (Reinhardt, 1988). The deposition center of early Jurassic lake was located in the eastern and northeastern Sichuan Basin.
The Early Jurassic Ziliujing formation of the eastern Sichuan Basin has a thickness of 100–400 m and consists of four members: the Zhenzhuchong, Dongyuemiao, Maanshan, and Daanzhai members from the bottom to the top (Li and He, 2014; Liu et al., 2020), respectively (Figure 1C). Because of the shallow water depth during the early lake flood, the Zhenzhuchong member is dominant by the interbeds of sandstone with mudstone and contains minor black shale (Guo et al., 2011; Guo et al., 2016). The continued lake transgression greatly elevated the water depth and enlarged the lake area, which benefited the deposition of black shale interbedding with thin intervals of sandstone or shell limestone in the Dongyuemiao member (Li et al., 2013; Tan et al., 2016). The Daanzhai member was deposited during the maximum flooding period and was dominated by black shale (Figure 2).
[image: Figure 2]FIGURE 2 | Selected outcrop and drilling core photographs to show the characteristics of the lithology in four members. (A) Dark-gray sandstone interbedded with shell mudstone, the Daanzhai member in the outcrop NX. (B) Dark-gray shell limestone, the Daanzhai member of the well KJ5 (drilling cores). (C) Medium- to thick-bedded, sandstone interbedded with dark-gray shale, the Maanshan member in the outcrop DB. (D) Dark-gray silty mudstone with shell debris, the Maanshan member of the well CS1 (drilling cores). (E) Thin-bedded, dark-gray shale intercalated with light-gray to gray sandstone, the Dongyuemiao member in the outcrop HX. (F) Black shale interbedded with shell debris, the Dongyuemiao member of the well KJ6 (drilling cores). (G) Medium- to thick-bedded, light-gray siltstone, the Zhenzhuchong member in the outcrop XL. (H) The light-gray siltstone of the Zhenzhuchong member of the well FD1 (drilling cores). Please see Figure 1B for outcrop and well locations.
SAMPLES AND METHODS
A total of 54 rock samples of various sedimentary subfacies were obtained from outcrops and drilling cores, most of which were dark shale samples. Individual samples contain shell debris. Each sample will be divided into multiple parts for different experiments. A set of subsamples were crushed to fine powders (<100 μm) and analyzed for bulk rock properties, including bulk porosity (35 samples), mineralogical composition (15 samples), total organic carbon (TOC) content (41 samples), rock pyrolysis (41 samples), and carbon isotope analysis (11 samples). The bulk porosity of the samples was determined by measuring the grain volume under ambient conditions and the bulk volume by Archimedes’ principle and by coupling of mercury immersion with a helium pycnometer (Pearson, 1999; Bustin et al., 2008; Chalmers et al., 2012). The difference between the bulk and grain volume was calculated as the bulk porosity. Random-powder x-ray diffraction (XRD) was used for mineralogical composition analysis using a Bruker D8 advance x-ray diffractometer at 40 kV and 30 mA with Cu Ka radiation. Stepped scanning measurements were performed at a rate of 4°/min with a range of 3°–85°. After the samples were treated with 4% HCl to remove carbonates, the TOC content was measured using a Vario MACRO CHNS analyzer. The rock pyrolysis analyses were completed using a Rock-Eval VI Standard analyzer, and the amounts of free hydrocarbons (S1) and pyrolysis hydrocarbons (S2) and the temperature of the maximum pyrolysis yield (Tmax) were obtained. The detailed operations of TOC content and rock pyrolysis analyses were following Espitalié et al. (1984). Rock samples for carbon isotope analysis were also decalcified with HCl, extracted with methylene chloride to remove bitumen, and dried at 90°C. Combustion to CO2 was performed in an oxygen–helium atmosphere at 900°C with copper oxide as catalyst. The evolved gas was purified over copper and silver at 600°C and transferred to a MAT-253 triple collector mass spectrometer. The results are reported as PDB standard.
Vitrinite reflectance (Ro) measurements were conducted on polished blocks under reflected light using a Leica MPV-SP microphotometric system following the procedures of Schoenherr et al. (2007). Small shale cubes were polished with argon ion milling at an acceleration voltage of 3 kV and a milling time of 2 h. Images were obtained by field emission scanning electron microscopy (FE-SEM) (Milliken et al., 2013).
RESULTS
Sedimentary Subfacies and Characteristics
Deposits of the Dongyuemiao member can be grouped into four general subfacies categories based on texture, structure, and petrography: shore, shallow, semi-deep, and deep lacustrine deposits (Figure 3). Shore lacustrine deposits primarily consist of light-gray to gray fine sandstone or siltstone with some horizontal or wavy laminations (Figure 3B), suggesting the high-energy condition with a relatively high oxygen concentration (Walker, 1967; Miall, 2013). The shallow lacustrine deposit consists of gray to dark-gray siltstone that is frequently interbedded with gray to dark-gray mudstone. Low-angle-inclined to horizontal laminations and bioclastic debris commonly appear in the siltstone and mudstone intervals, respectively (Figure 3D), suggesting a euphotic, oxidic, and circulating water setting. Shell debris in shale generally is the result of short-distance transportation by strong water energy, which also can be verified by the biological disturbance structures. Semi-deep lacustrine deposit is characterized by thick-bedded, dark-gray to gray shale, which is frequently intercalated with banded or laminated shells. The increase of shale thickness relative to the shallow deposits suggests a low-energy and reducible water setting. Deep lacustrine deposit is dominated by thick-bedded dark shale (Figure 3H). Generally, the shale thickness increases from the shore to deep lacustrine deposits. The sedimentary structure of deep lacustrine shale is mainly horizontal bedding. Integrating the total thickness of black shale (Figure 4A) and sedimentary textures and structures obtained from cores and outcrops, the regional distributions of the subfacies are as shown in Figure 4B, which indicates a deposition center located in the north-central part of the study area.
[image: Figure 3]FIGURE 3 | Selected outcrop and drilling core photographs to show the characteristics of sedimentary subfacies in the Dongyuemiao member. (A) Medium- to thick-bedded, dark-gray sandstone from shore lake, the bottom of the outcrop LJ. (B) Light gray-green sandstone from shore lake, the well KJ5 (drilling cores). (C) Medium- to thick-bedded, gray sandstone from shallow lake, the bottom of the outcrop GM. (D) Gray mudstone contains shell debris from shallow lake, the well LP1 (drilling cores). (E) Gray siltstone from the semi-deep lake, the bottom of the outcrop XJ. (F) Gray mudstone interlayered shell debris from semi-deep lake, the well KJ3 (drilling cores). (G) Medium- to thick-bedded, gray siltstone and fine sandstone with some thin layers of gray-black shale from deep lake, the bottom of the outcrop ZF. (H) Black-gray shale from deep lake, the well LP8 (drilling cores). Please see Figure 1B for outcrop and well locations.
[image: Figure 4]FIGURE 4 | (A) Dark shale thickness (in meters) and (B) sedimentary facies of the Dongyuemiao member. The thickness of dark shale is the largest in the southwest of Wanzhou City, reaching 50 m, where it is also the center of the lake basin during the deposition of the Dongyuemiao member.
Mineral Compositions
The XRD analysis indicates that the black shale of the Dongyuemiao member is primarily composed of clay ranging from 39.2 to 60.8 wt.% (at an average of 48.1 wt.%), quartz ranging from 21.2 to 46.7 wt.% (at an average of 31.4 wt.%), carbonates up to 26.8 wt.% (at an average of 14.8 wt.%), feldspar less than 5.1 wt.%, and minor heavy minerals (Table 1). Clay and quartz in the semi-deep and deep lacustrine shales generally exceed 40 and 30 wt.%, respectively. Carbonates, dominant by calcite, are relatively higher (>20 wt.%) in the shore and shallow lacustrine shales. The brittleness index estimated from mineral compositions presents an average value of 48.9%, but it varies with sedimentary subfacies. The average brittleness indexes of the shore, shallow, semi-deep, and deep lacustrine shales decrease by 51.4, 50.2, 48.7, and 46.5%, respectively. The content of brittle minerals is very important for fracturing stimulation (Bustin et al., 2008; Tian et al., 2017; Xu et al., 2020). The brittleness index that can be estimated by the total brittle minerals (e.g., quartz, carbonate) content is generally more than 40%. Particularly, the appearance of shell debris increases the carbonate content of shale and increases the brittleness index of shale. The shale lithofacies identified from the ternary diagram (Gamero et al., 2013) indicate that the Dongyuemiao member belongs to the mixed argillaceous mudstone, mixed mudstone, silica-rich argillaceous mudstone, and argillaceous/ siliceous mudstone (Figure 5).
TABLE 1 | Mineral compositions of black shale in the Dongyuemiao member in the eastern Sichuan Basin.
[image: Table 1][image: Figure 5]FIGURE 5 | The ternary diagram of the shale lithofacies in the Dongyuemiao member. 1-Carbonate-dominated lithotype; 2-clay-rich carbonate mudstone; 3-mixed carbonate mudstone; 4-silica-rich carbonate mudstone; 5-argillaceous/carbonate mudstone (marl); 6-carbonate/siliceous mudstone; 7-carbonate-rich argillaceous mudstone; 8-mixed argillaceous mudstone; 9-mixed mudstone; 10-mixed siliceous mudstone; 11-carbonate-rich siliceous mudstone; 12-clay-dominated lithotype; 13-silica-rich argillaceous mudstone; 14-argillaceous/siliceous mudstone; 15-clay-rich siliceous mudstone; 16-silica-dominated lithotype.
Porosity and Pore Structure
Helium porosity of black shale in the Dongyuemiao member generally ranges from 1.42 to 3.83% and presents an average value of 2.41% (Table 2). Shale porosity varies with sedimentary subfacies, showing average values of 2.14, 2.67, and 2.48% in the shallow, semi-deep, and deep lacustrine shales, respectively.
TABLE 2 | The results of total organic carbon (TOC), rock pyrolysis, vitrinite reflectance (RO), carbon isotope of organic matter (δ13Corg), and porosity analyses on the black shale of the Dongyuemiao member in eastern Sichuan Basin.
[image: Table 2]Pore networks in the black shale of the Dongyuemiao member are composed of fracture pores, mineral-matrix pores, and organic-matter pores (Figure 6). Multi-scales of fractures were not controlled by individual particles but were paralleling to the bedding surface and cemented by white calcite (Figure 6A). Mineral-matrix pores include interparticle and intraparticle mineral pores. Interparticle pores, with a variety of shapes ranging from elongated to rounded to angular, were generally scattered; for instance, the linear pore space between large clay platelets (Figure 6C) and the triangular pore space between rigid grains (e.g., pyrite) (Figure 6D). Intraparticle mineral pores were dominant by the carbonate dissolution pores, particularly the dissolution-rim moldic pores after partial or complete dissolved fossils (Figure 6E). Organic-matter pores, occurring as irregular, bubble-like, and elliptical pore space within organic matter and commonly ranging 1–50 nm in length, were widely identified (Figure 6F).
[image: Figure 6]FIGURE 6 | (A) Fractures are filled with white calcite (B) microfracture, (C) intergranular pore between large clay platelets (D) triangular intercrystalline pore of pyrite, (E) mineral dissolution pore, and (F) irregular, bubble-like organic-matter pore in the black shale of the Dongyuemiao member.
Organic Geochemical Characteristics
The total organic carbon (TOC) content in the black shale of the Dongyuemiao member generally ranges from 0.83 to 2.47 wt.% (Table 2). The average TOC content varies with sedimentary subfacies, showing average values of 1.36, 1.79, and 1.62% in the shallow, semi-deep, and deep lacustrine shales, respectively (Figure 7).
[image: Figure 7]FIGURE 7 | Total organic carbon (TOC, wt%) in the black shale of the Dongyuemiao member.
The rock pyrolysis results of the black shale of the Dongyuemiao member are present in Table 2. The free hydrocarbon content indicated by the S1 value ranges 0.02–1.07 mg HC/g rock; the hydrocarbon-generating potential indicated by the S2 value ranges from 0.18 to 12.90 mg HC/g rock. The majority of samples are thermally matured or highly matured as indicated by Tmax ranging from 440°C to 507°C. The ratio of the hydrocarbon index [HI, (100×S2)/TOC] to Tmax indicates that most of the shale samples obtained from the Dongyuemiao member primarily contains type II kerogen with minor type III kerogen (Figure 8).
[image: Figure 8]FIGURE 8 | Cross plot of hydrogen index (HI) with Tmax for black shale samples of the Dongyuemiao member.
The carbon isotope of organic matter varies from −26.77%PDB to −24.62%PDB (Table 2), consisting of the typical ranges of type II (−25.5%PDB ∼ −27.2%PDB) and III (−20.0%PDB to −26.0%PDB) kerogen (Huang et al., 1984).
The vitrinite reflectance (Ro) of the Dongyuemiao member varies from 0.89 to 1.77% (a thermal maturity from the gas-condensate window to gas window) (Table 2) and is linearly correlated with Tmax (Figure 9). Ro generally increases from the west to the east of the study area (Figure 10).
[image: Figure 9]FIGURE 9 | Trends between the vitrinite reflectance (Ro) and Tmax of black shale of the Dongyuemiao member.
[image: Figure 10]FIGURE 10 | Contour map shows the Ro for black shale in the Dongyuemiao member.
DISCUSSION
Controlling Factors on Shale Porosity
Massive micro- to nanopores, particularly various shapes of pores in organic matters (i.e., organic-matter pore), were revealed in the organic-rich shale utilizing the high-resolution SEM in conjunction with other techniques, which made the organic-rich shale serve as both source and reservoir rock in the petroleum system (Loucks et al., 2012; Milliken et al., 2013; Yang et al., 2019). The positive correlation between TOC content and bulk porosity once suggested that the organic matter (OM) pores can be a dominant component of the pore system in the organic-rich shale (Xu et al., 2017b; Gao et al., 2018; Liu et al., 2020a). Nevertheless, there is no visible correlation between TOC content and porosity in the black shale of the Dongyuemiao member (Figure 11A).
[image: Figure 11]FIGURE 11 | Cross plots of (A) TOC content with porosity (B) Tmax with porosity, and (C) OSI (oil saturation index) with porosity in the black shale of the Dongyuemiao member.
OM pores were derived from the inheritance of primary bioorganic structure (i.e., primary OM pore) or secondarily generated by thermal cracking of organic matter (i.e., secondary OM pore). Primary OM pore rarely appears in the amorphous and ductile marine detrital OM (type II) as a consequence of burial compaction. Despite that the black shale of the Dongyuemiao member was deposited in the lacustrine environment, its organic matter was primarily categorized as type II that was unfavorable for inheriting primary OM pores (Figure 8). Because the primary pores (organic or inorganic) can be infilled by secondary OM (e.g., bitumen, solid bitumen, or migrabitumen) at a low thermal maturity level (Ro < ∼1.0%). Secondary OM pores were primarily generated during the gas window; in other words, the thermal maturity level indicated by Ro should exceed ∼1.0%. Dramatically, the thermal maturity levels of black shale in the Dongyuemiao member generally exceed ∼1.0% (Figures 8–10). A cross plot of porosity with Tmax was adapted to reveal the influence of thermal cracking on shale porosity (Figure 11B). The majority of black shale samples in the Dongyuemiao member show a positive correlation between porosity and Tmax when the Tmax ranges from ∼440°C to ∼465°C. This correlation consists of the tendency of Posidonia Shale (Type II) (Han et al., 2017) and seems to suggest the thermally driven pore generation, e.g., the secondary OM pore. However, as Tmax exceeds ∼465°C, there is a negative correlation between porosity and Tmax (Figure 11B), implying some pore destruction mechanisms at high thermal maturity levels.
According to the conclusion of Han et al. (2017), the generation of secondary OM pore was accompanied by the decrease of oil retention capacity. Notably, except for highly matured samples (Tmax > ∼465°C), the oil saturation index [OSI=(100 × S1)/TOC] positively correlates with porosity in the black shale of the Dongyuemiao member (Figure 11C), implying good hydrocarbon retention of thermally generated pores. The OSI values of highly matured samples (Tmax > ∼465°C) are less than 10 mg HC/g TOC (Figure 11C), indicating a strong hydrocarbon expulsion. Considering the multi-scales of healed and unhealed fractures identified in cores and outcrops (Figures 6A,B), we suspected that fractures may account for the abnormally high porosity in samples of Tmax>∼465°C which also promoted the hydrocarbon expulsion and subsequently the healing of fractures by with calcite decrease the shale porosity.
Shale Gas Exploration Prospect
Due to the low-energy and anoxic setting that was indicated by the horizontal lamination or even lack of lamination, the black shales of semi-deep and deep lacustrine subfacies in the Dongyuemiao member generally have a TOC content greater than 1.5% (Table 2; Figure 12A), which can be classified as the good source rock following the standard of (Qin, 2005) but is slightly less than the average TOC content of 2.0% in the “sweet point” of the overlying Daanzhai member (Zou et al., 2019b). In contrast, the vast majority of shales samples obtained from shore and shallow lacustrine subfacies in the Dongyuemiao member have a TOC content less than 1.5%. The higher TOC content in the semi-deep and deep lacustrine shales generally yielded higher values in the hydrocarbon generating potential (S1 + S2) (Figure 12A).
[image: Figure 12]FIGURE 12 | Cross plots of (A) TOC content with the hydrocarbon generating potential (S1 + S2) (B) TOC content with OSI, and (C) Tmax with OSI of the black shale of the Dongyuemiao member.
Nevertheless, the OSI values of some semi-deep lacustrine shale samples are abnormally low (<30 mg HC/g TOC) at high TOC content (>1.8 wt.%) (Figure 12B). These low OSI samples are coupling with high Tmax magnitudes (>470°C) (Figure 12C), which indicates that these samples are primarily located in the eastern of the study area, i.e., in the vicinity of the Qiyueshan Fault Zone (Figure 10). The risk of hydrocarbon leakage from the semi-deep lacustrine shale in the vicinity of the Qiyueshan Fault Zone thus cannot be neglected (Xu S. et al., 2019).
The clay mineral contents of the semi-deep and deep lacustrine shales are generally higher than 40 wt.% (Figure 5), which challenges the artificial hydraulic fracturing by 1) the decrease of brittleness index and inhibition of open and propagation of hydraulic fractures (Tian et al., 2017) and 2) the interactions between clay minerals and hydraulic fracturing fluids, including water-blocking effect, shale swelling, and mineral dissolution and precipitation (Lyu et al., 2015; Herz-Thyhsen et al., 2020). The silty mudstone or siltstone interlayers in the semi-deep lacustrine shales can either promoted or inhibited the fracture propagation that may depend on the in-situ stress state of various structural domains.
CONCLUSION
The dark shales in the Dongyuemiao member can be grouped into four general categories: shore, shallow, semi-deep, and deep lacustrine shales. The shore lacustrine shale generally has a very thin thickness, with an average TOC content of 0.94 wt%, average brittle mineral content of 51.4 wt%, and average porosity of 1.58%; shallow lacustrine shale has a thickness up to 20 m, average TOC content of 1.36 wt%, average brittle mineral content of 50.2 wt%, and average porosity of 2.19%; semi-deep lacustrine shale has a thickness up to 50 m, average TOC content of 1.79 wt%, average brittle mineral content of 48.7 wt%, and average porosity of 2.68%; and deep lacustrine shale has thickness more than 50 m, average TOC content of 1.62 wt%, average brittle mineral content of 46.5 wt%, and average porosity of 2.23%. All four categories of shales primarily consist of type II kerogen and have thermal maturity levels exceeding the vitrinite reflectance value of 0.9–1.0% (or the Tmax of ∼440°C). Thermally powered pore generation generally promoted the pore system as indicated by the positive correlation between porosity and Tmax. Notably, the semi-deep lacustrine shale in the vicinity of the Qiyueshan Fault Zone shows abnormally high porosity and low OSI at Tmax > ∼465°C potentially due to the promoted hydrocarbon expulsion through multiscale fractures. Except for the vicinity of the Qiyueshan Fault Zone, the semi-deep and deep lacustrine shales generally show the better exploration prospect relative to the shore and shallow lacustrine shales. Additionally, the high content of clay minerals (>40 wt%) reduced the brittleness of the semi-deep and deep lacustrine shales which may challenge the artificial hydraulic fracturing.
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