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The lacustrine shale, represented by the Lianggaoshan Formation, is widely distributed in oil and gas basins of China and will be a key target for unconventional hydrocarbon exploration in the future. Due to the complexity of geological conditions, the distribution of lacustrine shale and the mechanism of organic matter (OM) enrichment show significant differences between different basins. In this study, seismic interpretation, core observation, high-frequency geochemical analysis and other methods are integrated to reveal factors controlling lacustrine shale distribution and OM accumulation in lacustrine shale. The results suggest that six bottom-to-top organic-rich shale intervals are identified within the Lianggaoshan Formation due to lake-basin migration. The migration process of depocenters controls the planar distribution of lacustrine organic-rich shale. The organic-rich lacustrine shale within 1st Member and 2nd Member is characterized by relatively high paleoproductivity and dysoxic condition. The lacustrine organic-rich shale of the upper to the top of 3rd Member is characterized by relatively low paleoproductivity, relatively high terrestrial input, and dysoxic condition. Paleoproductivity and preservation condition caused by lake-level rise are generally the major influencing factor of organic matter accumulation in 1st Member and 2nd Member organic-rich shale. The input of terrestrial OM, and the condition of preservation caused by rapid deposition are the major factors controlling OM accumulation in 3rd Member of Lianggaoshan Formation.
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INTRODUCTION
Organic matter (OM) in fine-grained sedimentary rock (such as shale) is not only an important carrier of reservoir space and hydrocarbon occurrence, but also the material basis for hydrocarbon formation (Ross and Bustin, 2009; Fu et al., 2019; Zou, 2019; Fu et al., 2021). Its content is closely related to oil and gas production in both conventional and unconventional reservoirs (Zou et al., 2013; Zou et al., 2019; Li et al., 2022; Li et al., 2023). The OM enrichment in fine-grained sedimentary rock has important guiding significance for the prediction and evaluation of hydrocarbon “sweet spots” (Qiu and Zou, 2020a; Qiu and Zou, 2020b). The OM enrichment in shale is a complex physical-chemical process, which is affected by paleoclimate condition, paleoredox condition, paleosalinity, regional tectonic background, sediment transport process, hydrothermal activity, volcanic activity, gravity flow deposition (Deng et al., 2019; Liang et al., 2020; Liu et al., 2020; Gu et al., 2022a; Gu et al., 2022b; Lei et al., 2023). The impact of various paleo-environmental factors such as major geological events (water hypoxia events, biological extinction events) (Murphy et al., 2000), and the mechanisms (favorable or unfavorable) of different environmental conditions affecting OM can be summarized into three types of elements: input, preservation, and dilution of OM. The OM input mainly includes net primary productivity of endogenous seawater (or lake water) (excluding respiratory consumption by producers themselves) and inflow of terrestrial OM accompanied by debris (Lei et al., 2023). The preservation of organic matter mainly refers to the amount of input OM remaining on the sediment surface (after degradation and before sedimentation), which is mainly related to the redox characteristics of bottom water (Tribovillard et al., 2006). Dilution of OM mainly refers to the dilution of the molar concentration of OM by the input amount and input rate (or authigenic carbonate yield) of terrestrial debris (Deng et al., 2019).
The successful development of marine shale oil benefits by countries represented by the United States has triggered a wave of unconventional hydrocarbon exploration and development worldwide (Wang et al., 2016a; Wang et al., 2016b; Wang et al., 2018; Jiang et al., 2022). In recent years, the practical experience of marine shale oil has been continuously applied to the geological studies of lacustrine shale hydrocarbon resources (Lu et al., 2012). Major breakthroughs in shale oil have been achieved in several sedimentary basins in western and northern China (Hu D. et al., 2021; Hu Z. et al., 2021; He et al., 2022; Cai et al., 2023; Lai et al., 2023).
Breakthroughs have been obtained in the exploration of lacustrine shale hydrocarbons of the Middle Jurassic Lianggaoshan Fm. from Pingchang and Fuling areas of the Sichuan Basin since 2017 (Hu D. et al., 2021; Hu Z. et al., 2021; Cheng et al., 2023), demonstrating a good prospect for unconventional hydrocarbon exploration within the Lianggaoshan Formation. However, due to the significant differences in geological background between different basins and different environmental conditions during the development of lacustrine shale, there is significant uncertainty in its application, which poses great difficulties for exploration and development.
Based on seismic interpretation, core observation, high-frequency geochemical analysis and other methods, this study aims to reveal the lake-basin migration in the sedimentary process of Lianggaoshan Formation, characterizes the paleoenvironment of organic-rich shale, discusses the control of paleoclimate, redox properties of water bodies, paleoproductivity, and paleosalinity on organic matter enrichment, and reveals the relationship between the distribution of lacustrine shale, organic matter enrichment, and the sedimentary process of Lianggaoshan Formation.
GEOLOGICAL SETTING
The Sichuan Basin is located in southwestern China. During the sedimentary period of the Early Jurassic Ziliujing Formation (Fm.) to the Middle Jurassic Lianggaoshan Fm., the vast majority of this Basin belongs to the delta-lake sedimentary system (Figure 1A). The provenance of Lianggaoshan Fm., can be divided into three types: Type I, Type II and Type III, which reflects that the nature of parent rock has changed from igneous rock to metamorphic rock and sedimentary rock. The provenance areas correspond to the Micangshan area, northern margin of Yangtze plate, and Dabashan area respectively (Cheng et al., 2023). After the completion of Lianggaoshan Fm., sedimentation, the basin was converted into a river sedimentary system in internal conversion during the Middle Jurassic Shaximiao Fm., sedimentation period (Cheng et al., 2023; Hu et al., 2023). The Lianggaoshan Fm., forms a separate third-order sequence, with a sequence boundary between the underlying and upper strata (Figure 1B). The Lianggaoshan Fm., belongs to the Middle Jurassic Aalenian to Bajocian Stage in terms of geological age (Huang, 2019), with a total thickness ranging from 100 to 260 m. The stratigraphic thickness gradually decreases from northeast to southwest. According to the characteristics of rock assemblages and cyclicity, the Lianggaoshan Fm., is divided into three segments: 1st Member, 2nd Member, and 3rd Member (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Paleogeography of Lianggaoshan Fm. in Sichuan Basin. (B) Stratigraphic column of Jurassic Lianggaoshan Fm. in Sichuan Basin. SB, sequence boundary.
SAMPLES AND METHODS
First, four Shaximiao Formation mudstone/shale samples and 28 Lianggaoshan shale samples obtained from coring wells were processed into 25 mm × 25 mm rock sample. Then, these rock samples were made into 0.03 mm thick thin-sections. Before the observation of petrology characteristics, the thin-sections shall be pretreated with mixed solution of alizarin red-S and potassium ferrocyanide.
The rock type and microscopic characteristics of thin-sections were observed through a Carl Zeiss polarizing microscope. The remaining samples were ground to 200 mesh powder by a mortar for elemental content detection. The main elements were tested using the Axios PW4400 X-ray fluorescence spectrometer, while the trace elements (TE) were tested using the Thermo X Series 2 plasma mass spectrometer. Corresponding analysis accuracy of both was below 5%. The TOC value was obtained using the American LECO CS-230 infrared sulfur and carbon analyzer, and pyrolysis parameters such as S1, S2, and Tmax were obtained using the OGE-II rock pyrolysis analyzer.
CLASSIFICATION AND CHARACTERISTICS OF SEDIMENTARY FACIES
The main sedimentary facies types of Lianggaoshan Fm. include delta and lacustrine facies (Hu et al., 2023). The delta facies are mainly composed of delta front and delta plain subfacies (Cheng et al., 2023). The lake facies can be subdivided into shallow lake and semi-deep lake subfacies (Table 1). The semi-deep lake subfacies are mainly characterized by black shale (Figure 2A), and siltstone bodies of gravity flow origin are developed inside. The shallow lake subfacies are mainly characterized by gray mudstone (Figure 2B), and shell fossils can be observed internally (Figures 2B, C). The delta facies does not affect the development of lacustrine shale, so this study will not discuss it.
TABLE 1 | Sedimentary facies division of Lianggaoshan Fm. in Sichuan Basin.
[image: Table 1][image: Figure 2]FIGURE 2 | Typical lithological combinations and sedimentary facies types of Lianggaoshan Fm. in outcrops. (A) Gravity flow siltstone in black shale of semi-deep lake, QLX Outcrop, 3rd Member. (B) Black shale formed in semi-deep lake and grey mudstone formed in shallow lake, CRG Outcrop, 1st Member. (C) Shallow lacustrine grey mudstone and semi-deep lacustrine black shale, AJY Outcrop, 2nd Member.
SEDIMENTARY EVOLUTION OF LACUSTRINE FACIES
Variation of lake level and sequence division
The frequent migration of continental lake-basins and the rise and fall of lake-levels make it difficult to apply traditional system tract classification methods due to the unclear system tract characteristics of lake-basin sequence stratigraphy (Cheng et al., 2023). Previous studies based on outcrop observation received that the Lianggaoshan lake-basin underwent a complete cycle of lacustrine transgression-lacustrine extension, which was divided into a 3rd-order sequence. Using seismic data, sequence boundary (SB) and maximum flooding surface (MFS) can be identified, which is easy to operate in the actual work of sequence stratigraphy and is convenient for analysis and research (Figure 4). Therefore, using the lacustrine transgression-lacustrine extension system tract division can more intuitively understand the evolution process of lake-basin and explain the filling pattern of sedimentary sequences.
During the sedimentary period of the Lianggaoshan Fm., the tectonic setting was relatively stable and it was a large depression lake-basin (Bai et al., 2022; Cheng et al., 2023). The top boundary of Lianggaoshan Fm. is bounded by black grey mudstone/shale and sandstone at the bottom of Shaximiao Formation. The logging curve features upward that GR changes from box high value to toothed medium low value, acoustic curve changes from high value to low value, and resistivity changes from box low value to toothed high value. This interface is a typical lithologic discontinuity (Figure 2A). The shale at the bottom of the Lianggaoshan Fm. is in integrated contact with the limestone of the underlying Ziliujing Fm., which is also a lithological discontinuous surface (Figure 1B). These two lithological mutation surfaces serve as 3rd-order sequence boundary (SB), and the division of sequence boundary in the Lianggaoshan Fm. is widely accepted and recognized, without controversy. Petrology characteristics of maximum flooding surface (MFS): it is located in the position where the maximum lake transgression reaches in the sequence, which is the boundary between lacustrine transgression system tract and extension system tract, and is characterized by retrogradation cycles (or parasequence sets) turning into progradation or aggradation cycles (or parasequence sets). The Lianggaoshan Fm. MFS is shown as the upper part of a large section of black shale on the core (Figure 3). This section of shale is characterized by deep color and laminated structure. The continuous thickness of the shale interval is 12–25 m, and pyrite grains can be seen, which reflects the sedimentary environment of strong reduction, and does not contain or have less scale debris (Figure 3). MFS in the study area is relatively easy to identify, mainly manifested as straight or toothed high GR, high acoustic time difference, and low electrical resistance characteristics (Figure 4). Among them, the acoustic time difference is affected by the lower velocity of black shale, and the high value of the box shaped is obvious.
[image: Figure 3]FIGURE 3 | Development characteristics of lacustrine organic-rich shale in 1st Member of Lianggaoshan Fm., (based on Well HQ1).
[image: Figure 4]FIGURE 4 | Synthetic seismogram of Jurassic system in Well LG3. MFS, maximum flooding surface; SB, sequence boundary.
Evolution and migration of lake-basin
This study uses the maximum flooding surface (MFS) and spatial distribution of shale/mudstone to analyze the migration and evolution of Lianggaoshan lake-basin. The sedimentary period corresponding to MFS results in widespread distribution of lacustrine mudstone/shale. This widely distributed set of lacustrine mudstone/shale is prone to forming continuous strong reflection coaxial lines on seismic sections, often serving as a marker layer that can be traced throughout the entire study area. In the presence of a lower hyperplane, the lower hyperplane serves as the MFS; in the absence of a undersurface, the MFS can be determined based on the characteristics of the farthest point of the undersurface or strong reflection on the seismic sections. The seismic response characteristics of the MFS inside the Lianggaoshan Fm. are obvious. Affected by the high-speed sandstone at the top, the mudstone/shale at the top of the MFS exhibits continuous and stable strong trough reflections. Figure 5 shows that the MFS of the two periods formed continuous strong reflections on the seismic section, which can be continuously compared and traced in Central, Northern, and Eastern Sichuan Basin. These MFSs are characterized by onlaping sequence boundary (SB) between Lianggaoshan and Ziliujing Formation.
[image: Figure 5]FIGURE 5 | Seismic section showing maximum flooding surface (MFS) and sequence boundary (SB) in Lianggaoshan Formation. (A) Well PL108-MX39-GA129-YH3-LG80-QLB2-WBQ15. (B) Well YB1-LA1-LG167-LG3-LQ2-PA1.
This study utilized the classification method of lacustrine organic-rich shale proposed by Lu et al. (2012). In the TOC range of less than 0.75%, the S1 value of lacustrine shale is in the low range. As the TOC content increases, S1 rapidly increases, suggesting that the oil content is rapidly increasing and entering the median range. Subsequently, when the TOC content exceeds 2%, the oil content of Lianggaoshan shale reaches saturation, and the S1 value reaches equilibrium and hardly rises, entering the high value stage (Figure 6A). Therefore, the TOC lower limit value of Lianggaoshan lacustrine organic-rich shale is 0.75%. Based on the identification and classification criteria of continuous thickness greater than 3 m and logging TOC greater than 0.75% (Figure 6B), the organic-rich shale thickness and spatial distribution in each member of the Liangshan Formation are tracked and compared horizontally.
[image: Figure 6]FIGURE 6 | Correlations between different indicators. (A) TOC-S1 diagram for Lianggaoshan lacustrine shale. (B) AC-TOC diagram for Lianggaoshan lacustrine shale.
The spatial distribution characteristics of Lianggaoshan organic-rich shale suggest that six stages of shale are developed from bottom to top (Figure 7), representing multiple migration stages of Lianggaoshan lake-basin. Within Lianggaoshan Fm., the lake-basin within 1st Member formed the 1st to 3rd stage shale, and the depocenter of the lake-basin gradually expanded from the Southeastern to the Central Sichuan Basin (Figure 8A). The lake-basin within 2nd and 3rd Member formed the 4th to 6th stage shale (Figure 7). At this time, the depocenter of the lake-basin is located in the Central Sichuan Basin (Figure 8B). Shale thickness corresponding to MFS of 1st Member reaches maximum in Southeastern Sichuan Basin, with a thickness of 18 m. The depocenter of the lake-basin at the MFS of 2nd Member is near Central Sichuan Basin, with a maximum shale thickness of 14 m (Figure 8B). The organic-rich shale thickness corresponding to the upper 3rd Member is relatively thin (Figure 8C), with a maximum of about 7 m, but the distribution range is relatively large (Figure 8D).
[image: Figure 7]FIGURE 7 | Cross-section showing distribution of Lianggaoshan organic-rich lacustrine shale.
[image: Figure 8]FIGURE 8 | Contour plot showing distribution of Lianggaoshan lacustrine organic-rich shale. (A) Lianggaoshan 1st Member. (B) Lianggaoshan 2nd Member. (C) Lianggaoshan 3rd Member. (D) Lianggaoshan Formation.
ENVIRONMENTAL CONDITIONS
Paleo-productivity proxies
The content of life elements (P, Ba, Mo, Cu, Zn, Ni, etc.) can be used as indicators of paleo-productivity (Schoepfer et al., 2015; Gu et al., 2022a; Lei et al., 2023). The selection of paleo-productivity indicators can not only promote plankton development, but also be less susceptible to diagenesis, debris input, and water redox conditions, or can distinguish and correct these effects. Previously, P and Ba were commonly used to reflect the primary productivity of lake water bodies (Deng et al., 2019; Qiu et al., 2022). However, reducing the environment can hinder the accumulation of P and Ba and affect the accuracy of paleo-productivity assessment based on the content of these elements. To avoid the impact of terrigenous debris, Elementxs (Cuxs, Nixs, Znxs, and Baxs) can be applied as an indicator of paleo-productivity in lacustrine sediments (Lei et al., 2023). From the trend of vertical variation of TOC, organic-rich shale is developed between the upper part of the 1st and 2nd Member and MFS. Within these intervals (Figure 9), the paleo-productivity indicators (Cuxs, Nixs, Znxs, and Baxs) increase dsignificantly, indicating that the increase in paleo-productivity exhibits positive effects on organic matter enrichment. The upper 3rd Member also develops organic-rich shale, but the paleo-productivity does not have a significant control over the enrichment of organic matter in this interval (Figure 9).
[image: Figure 9]FIGURE 9 | Paleoproductivity condition and paleoclimate for the Lianggaoshan Formation.
Paleo-climate condition
Climate influences the sedimentary characteristics and organic matter accumulation within the lake-basin by controlling exogenic processes and controlling input of terrestrial sediments. CIA* (Chemical Index of Alteration) and PIA* are classic indicators for assessing paleo-climate (Price et al., 2003; Deng et al., 2019). Higher CIA* and PIA* generally indicate a humid climate, which is conducive to the input of terrigenous debris dominated by weathering (Nesbitt and Young, 1982). The CIA* value for upper part of 1st and 2nd Member is lower than 50, suggesting very low chemical weathering degree (Bai et al., 2015). The CIA* value for upper part of the 3rd Member is between 50 and 65 (Figure 9), suggesting a relatively low chemical weathering degree (Bai et al., 2015). It appears that the paleo-climate of upper part of 3rd Member is more conducive to the input of terrestrial debris than 1st and 2nd Member. The longitudinal variation trend of PIA* exhibits similarity to that of CIA*, reflecting the same characteristics of climate change.
Paleoredox condition
The redox level of bottom water is a key factor in the burial and preservation of OM, and paleoredox-sensitive elements (Mo, U, Ni, V, Cu, Mn, etc.) are commonly used in the reconstruction of paleoredox conditions in lacustrine environments (Algeo and Liu, 2020; Bennett and Canfield, 2020; Algeo and Rowe, 2021). This study used the bimetallic ratio to evaluate the redox condition of lacustrine bottom water. Results indicate that compared to other intervals, the reducibility of the organic-rich interval is significantly stronger. V/Cr, Ni/Co, and V/Sc exhibit high values within the organic-rich interval. The value of U/Th is distributed within the dysoxic condition range within the organic-rich interval. It is suggested that the upper parts of 1st, 2nd and 3rd Member are deposited in a dysoxic condition that is favorable for OM preservation.
Paleosalinity
Ba and Sr were proved to be two indicator elements sensitive to paleosalinity (Deng et al., 2019; Gu et al., 2022a; Gu et al., 2022b). Before using Sr/Ba to evaluate paleosalinity, it is first necessary to remove the adverse effects of carbonate rocks on the data (Gu et al., 2022a; Gu et al., 2022b). The test results of Lianggaoshan lacustrine shale indicate that the vast majority of samples have a CaO content below 10%, which can exclude the interference of carbonate rocks on paleosalinity characterization (Figure 10A). During Lianggaoshan deposition, the paleo-salinity of lake water tends to be freshwater (Figure 10B). However, Sr/Ba ratios significantly increase in the range of organic rich shale, suggesting that an increase in paleo-salinity is beneficial for improving paleo-productivity and thus for enrichment of OM (Figure 11).
[image: Figure 10]FIGURE 10 | (A) Cross-plot of Sr/Ba ratios and CaO concentration for Lianggaoshan lacustrine shale. (B) Cross-plot of Ba content and Sr content for Lianggaoshan lacustrine shale.
[image: Figure 11]FIGURE 11 | Paleoredox condition and paleo-salinity for the Lianggaoshan Formation.
FACTORS OF LACUSTRINE ORGANIC MATTER ENRICHMENT
During the 1st Member of Lianggaoshan, high biological productivity provided a material basis for lacustrine organic-rich shale (Figure 12A). After formation, the OM immediately entered the burial process. Only when the rate of OM accumulation exceeds the decomposition rate can OM enrichment be caused (Burdige, 2007; Lash and Blood, 2014; Lei et al., 2023). Although the lake-basin is relatively close to the provenance area during 1st Member deposition, but the paleo-climate during this period was not conducive to terrestrial OM input, but due to the large-scale lake-level rise, a dysoxic condition favorable for the preservation of OM was formed at the lake-basin bottom. With the uplift of Dabashan, the distance between the lake basin and the source area becomes farther, which is not conducive to the input of terrestrial OM during 2nd Member deposition. The other conditions controlling OM enrichment in 2nd Member are the same as those of the 1st Member (Figure 12B). During the 3rd Member, paleo-productivity was unable to form a large amount of lacustrine OM. The distance between the lake-basin and the provenance area is also unfavorable for terrestrial OM input. However, due to the favorable paleo-climate for chemical weathering during this period, a large amount of terrestrial organic matter entered the lake-basin (Figure 12C), and a high sedimentation rate can also shorten the time for OM to be oxidized in lake-basin, allowing for rapid deposition and burial of OM, which can also form a dysoxic condition conducive to OM preservation.
[image: Figure 12]FIGURE 12 | Pattern diagram of organic matter enrichment process for the Lianggaoshan Formation. (A) 1st Member of Lianggaoshan Formation. (B) 2nd Member of Lianggaoshan Formation. (C) 3rd Member of Lianggaoshan Formation.
CONCLUSION

1) During Lianggaoshan Fm. deposition, the lake-basin underwent multiple migrations. The multiple migrations of the lake-basin formed six stages of organic-rich shale from bottom to top within the Lianggaoshan Formation. During the deposition of Lianggaoshan Fm. 1st Member, the depocenter of the lake-basin gradually expanded from the southeastern Sichuan Basin to the Central Sichuan Basin. During the deposition of 2nd and 3rd Members, the depocenter of the lake-basin is located in the Central Sichuan Basin. The migration process of depocenters controls the planar distribution of lacustrine organic-rich shale.
2) The Lianggaoshan lacustrine organic-rich shale is distributed from the upper to the top of each member. The OM enrichment during the upper to the top of 1st Member and 2nd Member is controlled by relatively high paleo-productivity and preservation under dysoxic conditions. Organic matter enrichment during upper 3rd Member deposition is controlled by terrestrial input and dysoxic conditions. The dysoxic conditions corresponding to the upper 1st-2nd Member are caused by lake-level rise, while the dysoxic conditions corresponding to the upper 3rd Member are caused by rapid burial.
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