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The Jurassic Lianggaoshan Formation lacustrine shale oil is the most potential exploration target of unconventional hydrocarbon resource in Southwest China. In this study, nuclear magnetic resonance (NMR), scanning electron microscopy (SEM), low-temperature N2 adsorption (LTNA), and high pressure mercury intrusion mercury injection capillary pressure are intergrated to reveal pore structure and its controlling factors of Lianggaoshan Formation lacustrine shale reservoir. Results indicate that three types of lithology combination are classified in the Jurassic Liangggaoshan lacustrine shale reservoir. Type A comprises pure shale. Type B is characterized by frequent shell limestone interbedding. Type C is characterized by frequent siltstone interbedding. The Type C shale is characterized by relatively high proportion of organic pores, high development and good connectivity of nanopores, and highest pore volume and Surface area. The nanopores of Lianggaoshan lacustrine shales are mainly dominated by mesopores and part of the macropores. Among them, the PV and SA are both mainly dominated by micropores. The enrichment of organic matter has little effect on the development of micropores, and does not affect the mesopore and macropore development. Quartz particles in Lianggaoshan lacustrine shale do not clearly facilitate the development of micropore and mesopore-macropore. Intraparticle pore in feldspar clast is an important component of mesopore and macropore. Clay minerals has no positive effect on the formation of micropore and mesopore-macropore.
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INTRODUCTION
Organic matter can be enriched in fine sediments in marine, transitional and lacustrine environments to form oil-bearing and natural gas-bearing organic shale (Gu et al., 2022a; Gu et al., 2022b; Gu et al., 2022c; Dong et al., 2022; Sun et al., 2022). At present, marine shale gas has achieved large-scale and efficient development (Zou et al., 2019; Li et al., 2022; Li et al., 2022; Li, 2022; Yuan et al., 2022). Fuling, Changning, Weiyuan, Zhaotong and other 100 billion square gas fields have been found in Sichuan Basin (Jiang et al., 2016; Jiang et al., 2018; Dong et al., 2022), forming the first 10 trillion square natural gas area in the history of China’s petroleum industry in southern Sichuan (Fan et al., 2020; Fu et al., 2021; Fan et al., 2022). The exploration and development of lacustrine shale oil in China started relatively late, but due to the deepening of basic geological theory and the progress of engineering technology (Fu et al., 2020), significant exploration progress has been made in many sets of shale strata, such as the Paleogene Kongdian Formation and Shahejie Formation in the Bohai Bay Basin, the Permian Lucaogou Formation in Jimusar Sag, the Cretaceous Qingshankou shale of Songliao Basin, the Jurassic Dongyuemiao Member in Eastern Sichuan Basin, and the Triassic Yanchang shale in Ordos Basin (Yang et al., 2019; Wei et al., 2021; Peng et al., 2022; Qiu and He, 2022). Lacustrine shale oil in several basins has entered the stage of industrial development (Xu et al., 2017; Chen et al., 2018; Han et al., 2021; Zhao et al., 2022).
Due to the relatively small proportion of organic pores, lacustrine shale has more complex pore structure and stronger heterogeneity than marine shale (Zhang et al., 2021; Zhang et al., 2023). Intraparticle pores in clay aggregates, interparticle pores between or at the edges of brittle minerals (quartz or feldspar), and dissolution pores in calcite and dolomite are thought to provide the main storage space required for lacustrine shale oil (Zhang et al., 2020). The shale oil resources in the Sichuan Basin exceed two billion tons, and the shale quality is similar to that of other basins (Xu et al., 2017; Liu et al., 2021; Shu et al., 2021). Suggesting good exploration and development prospects (Wang et al., 2020). To date, the petroleum geologists have launched a new round of exploration work for the Lianggaoshan Formation shale oil. However, the study of lacustrine shale oil in the Sichuan Basin has just started, and the understanding is not deep (Xu et al., 2017; Liu et al., 2020). The Lianggaoshan Formation lacustrine shale experiences complex sedimentation and structural evolution, forming a large number of multiscale pore and fracture systems, so the heterogeneity of the reservoir pore structure is strong. Based on scanning electron microscopy (SEM), nuclear magnetic resonance (NMR), and related geochemical experiments, combined with low-temperature N2 adsorption (LTNA) and mercury injection capillary pressure (MICP) measurement, this study quantitatively characterized the reservoir space and pore structure of the Lianggaoshan lacustrine shale in the Sichuan Basin by using the commonly used FHH model and analyzed the main influencing factors of the fractal dimension. This study has guiding significance for geological evaluation of lacustrine shale reservoir.
GEOLOGICAL BACKGROUND
Sichuan Basin is located in the Southwest China (Figure 1A), and the area is about 260,000 km2 (Figure 1A). In the Early-Middle Jurassic, the Sichuan Basin were dominated by a delta-lake sedimentary system and experienced four lake transgressions during this period (Cheng et al., 2023; Lei et al., 2023). From the bottom to the top, four sets of organic-rich shales formed in the Zhenzhuchong Member, Dongyuemiao Member, Da’anzhai Member, and Lianggaoshan Formation. The Lianggaoshan Formation comprises three members: first Member, second Member, and third Member. Within the range of lake deposition, the first Member and lower part of second Member are dominated by shore-shallow lake, and the third Member and upper part of second Member are dominated by semi-deep lake facies. Organic-rich shale is mainly developed in the upper part of second Member and third Member. According to the combination of rock types, the organic-rich shale can be divided into three types: Type A, Type B and Type C. Type A comprises pure shale, with clay content ranging between 20.4% and 65.4%. Type B is characterized by frequent shell limestone interbedding, with clay content ranging between 7.2% and 49.8%. Type C is characterized by frequent siltstone interbedding, with clay content ranging between 26.1% and 40.9% (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Sedimentary facies of the Sichuan Basin during Lianggaoshan Formation deposition, Southwest China. (B) Generalized stratigraphy of Jurassic Lianggaoshan Formation Sichuan Basin (based on the Well B).
SAMPLES AND METHODS
A total of 135 samples of Lianggaoshan lacustrine shale were acquired from drilling cores for SEM analysis, X-ray diffraction and TOC test. All experiments and measurements are finished in the PetroChina Exploration and Development Research Institute. The whole-rock and clay mineral X-ray diffraction measurement was carried out using a Malvern Panalytical X'Pert3 MRD X-ray diffractometer. TOC test was finished through a LECO CS230 Series Carbon and Sulfur Analyzer. Mercury intrusion was finished through a Quantachrome Poremaster. Samples were prepared with an approximate size of 20 × 20 mm2 and weighed out to 10–20 g, and then, the samples were dried at 110°C for at least 24 h under vacuum in an oven. The MICP ranged from 0 Mpa to 215 Mpa during this measurement. For low-temperature N2 adsorption, the samples were crushed into 60–80 mesh, dried in an oven at 110°C for 12 h, and then placed in an Autosorb-IQ3 specific surface and a pore size distribution analyzer (Cantor Company, United States). The pretreatment was completed by degassing at 110°C for 12 h in the vacuum condition, and then nitrogen carbon adsorption was carried out. After the experiment, the Brunauer–Emmett–Teller (BET) model was used to calculate the specific surface area, and the Barrett–Joyner–Halenda (BJH) model was employed to obtain the pore size distribution and volume. The reservoir space classification is based on schemes proposed by Loucks et al. (2012). The pore size was divided into three categories according to the pore size distribution (Rouquerol et al., 1994): micropores (pore size < 2 nm), mesopores (pore size between 2nm and 50 nm), and macropores (pore size >50 nm). When P/Po = 0.5, hysteresis loops of most samples begin to be observed, suggesting the great variation in pore size distribution (or morphology) causing different adsorption behaviors at this pressure (Guo et al., 2022a; Guo et al., 2022b; Li et al., 2022; Huang et al., 2022). The relative pressure (P/Po) was set as the threshold to divided the pore size distribution into two groups. The first group with P/Po=0-0.5 is subjected to the monolayer-multilayer adsorption process controlled by van der Waals force, while the second group with P/Po=0.5-1.0 experiences the capillary condensation adsorption process controlled by surface tension (Sun et al., 2015; Wang et al., 2015). In this paper, the Frenkel-Halsey-Hill (FHH) model is used to calculate the fractal dimensions of these two groups of samples separately, which are denoted as D2 and D1 for the first and second groups, respectively.
RESULTS
Reservoir space characteristics
Organic pore
Organic pores are generally considered to be the main pore type of shale reservoirs and one of the key factors for shale gas enrichment (Xi et al., 2018; Cai et al., 2022; Wang et al., 2022; Xi et al., 2022). Organic matters in Lianggaoshan shale is mainly woody organic matter, followed by solid bitumen. The results of argon ion polishing scanning electron microscope show that the development of organic pores is different with different micro components. There are no organic pores in the woody organic matter (Figures 2A, B), but only shrinkage fracture at the edge of woody organic matter (Figure 2C). Both hydrogen-rich vitrinite and solid bitumen contain varying degrees of round organic pores (Figures 2D, F). The development degree of shale organic pores in Type A and Type C shale is slightly higher (Figures 2D, E), mostly irregular, and the pore size is mostly 100nm–500 nm (Figure 2D). Type A shale locally develops honeycomb organic pores (Figure 2E), and the Type B shale organic pores are less developed (Figure 2F).
[image: Figure 2]FIGURE 2 | High-resolution SEM image of organic matters in Lianggaoshan Formation lacustrine shale reservoir. (A) No organic pores are developed in woody organic matter (OM), Type A shale, Well C, 2455.06m; (B) No organic pores are developed in woody organic matter (OM), Type A shale,Well B, 1896.13 m; (C) Only shrinkage fracture are oberved at the edge of woody organic matter (OM), Type B shale, Well C, 2452.29m; (D) Organic pores in bitumen, Type B shale, Well A, 1751.71 m; (E) Organic pores in bitumen, Type C shale, Well C, 2465.48m; (F) Organic pores in hydrogen-rich vitrinite, Type C shale, Well B, 1928.58 m
Inorganic pore
According to the observation of argon ion polishing scanning electron microscopy, there are four types of inorganic pores developed in the lacustrine shale of Lianggaoshan Formation in the study area, including interparticle pore between grains, intraplatelet pore within clay aggregates, intercrystalline pore within pyrite framboids and intraparticle pore (Figure 3).
[image: Figure 3]FIGURE 3 | High-resolution SEM image of inorganic pores in Lianggaoshan Formation lacustrine shale reservoir. (A) Intraparticle pores in clay mineral aggregates, Type A shale, Well A, 2161.25m; (B) Intraparticle dissolution pores in feldspar granules, Type A shale, Well B, 2455.06m; (C) Type A shale, Well C, 1764.7m; (D) Intraparticle pores in clay mineral aggregates, Type B shale, Well D,2437.33 m; (E) Type B shale, Well B, 2452.29 m; (F) Type B shale, Well E, 1751.71 m; (G) Type C shale, Well A, 2164.49 m; (H) Type C shale, Well C, 1928.58 m; (I) Intercrystalline pores in strawberry pyrite aggregates, Type C shale, Well D, 2465.48 m
The interparticle pore is one of the main pore types of lacustrine shale in the Lianggaoshan Formation (Figure 3A). It is a primary pore between quartz, feldspar, clay minerals (such as illite, chlorite, etc.) and other particles arranged and accumulated, and remained after diagenetic compaction (Figure 3B). Through observation and analysis, it is shown that the micro-pores developed between mineral particles and between mineral particles and clay minerals in the study area are mainly triangular, polygonal, elongated and irregular in shape. The pore size range is large, nano-scale and micron-scale pores are developed, mainly formed by the contact of brittle particles and plastic particles. Since most of the intergranular pores with large pore size in the early stage were filled with asphalt, only part of the intergranular pores with relatively small pore size remained, which were preserved by a certain compressive supporting structure formed by the disorderly accumulation of clay minerals and brittle particles or clay minerals.
Intraplatelet pore is the micropore within illite and chlorite (Figure 3A). When shale pore water is alkaline and rich in potassium ions, montmorillonite will convert to illite as the burial depth increases, accompanied by a decrease in volume, resulting in intraplatelet pore. Intraplatelet pores are widely developed in lacustrine shale of Lianggaoshan Formation (Figure 3C), which are generally developed between illite lamellae and between illite and mica lamellae (Figure 3D). This type of pore morphology can be slit, triangle or polygon (Figure 3E). The formation of this kind of pores is caused by the early clay mineral pores (Figure 3F). With the increase of burial depth, the intraplatelet pore decreases rapidly under strong compaction.
Intraparticle pore is a secondary pore generated by the dissolution of soluble minerals such as feldspar and carbonate by acidic fluid produced after decarboxylation of organic matter (Figure 3B). The intraparticle pore size is relatively small, mainly between 0.05um and 4um (Figure 3G).
Intercrystalline pore within pyrite framboids is an intergranular micropore formed by mineral crystallization under stable environment and suitable medium conditions (Figures 3H, I). In general, the inorganic pores in Type A shale are mainly intraparticle pore, intercrystalline pore within pyrite framboids and interparticle pore, and the pore size of inorganic pores is more than 1 μm. The inorganic pores of Type C shale are mainly intraparticle pore, interparticle pore and intercrystalline pore within pyrite framboids. In contrast, Type B shale has the lowest development of inorganic pores.
Microfracture
The microfractures developed in shale reservoirs are not only conducive to the enrichment of free gas, but also the main channel for shale gas seepage and migration, which plays a key role in the development of shale gas. According to the genesis of fractures, the microfractures in lacustrine shale of Lianggaoshan Formation can be divided into bedding fracture, shrinkage fracture and structural fracture (Figure 4).
[image: Figure 4]FIGURE 4 | High-resolution SEM image of microfractures in Lianggaoshan Formation lacustrine shale reservoir. (A) Multiple bedding fracture are parallel to each other, Type A shale,Well C, 2455.06 m; (B) Bedding fracture in Type A shale,Well B, 1896.13 m; (C) Shrinkage fracture between organic matter and clay mineral, Type B shale,Well C, 2452.29 m; (D) Shrinkage fracture between organic matter and clay mineral, Type B shale,Well A, 1751.71 m; (E) Structural fracture in Type C shale, Well C, 2465.48 m; (F) Structural fracture in Type C shale, Well B, 1928.58 m.
Proportion of different reservoir spaces
Organic pores are generally lipophilic, while inorganic pores are mostly hydrophilic (Li et al., 2016). Tinni et al. (2014) used nuclear magnetic resonance experiments to identify the distribution characteristics of transverse relaxation time (T2) of oil-wet pores and hydrophilic pores in shale gas reservoirs. It is generally believed that organic pores in shale gas reservoirs have strong oil wettability, while inorganic pores have strong water wettability. Accordingly, NMR experiments were conducted under water- and oil-saturated conditions, respectively, to observe the signal characteristics on the transverse relaxation time (T2) distribution spectra of the two types of pores. The presence of three peaks in the T2 spectra of lipophilic pores indicates three types of organic pores: volumetrically dominant small pores with short T2, large pores with long T2, and microfracture developed in organic matter (Figure 5). Based on the above theoretical understanding, Fu et al. (2021) proposed a method for calculating the proportion of organic and inorganic pores based on the wettability of shale pores.
[image: Figure 5]FIGURE 5 | NMR T2 spectra of Jurassic Lianggaoshan Formation lacustrine shale in different lithology combination under different states. (A) Type A shale,Well C, 2455.06m; (B) Type A shale,Well B, 1896.13 m; (C) Type B shale,Well C, 2452.29 m; (D) Type B shale,Well A, 1751.71 m; (E) Type C shale, Well C, 2465.48 m; (F) Type C shale, Well B, 1928.58 m.
The T2 spectrum shows that the Type A shale saturated by oil exhibits unimodal characteristics, and the corresponding amplitude is high. The calculation results suggest that the organic pores account for 26.02% of all reservoir spaces, and the inorganic pores account for 34.46%. The T2 spectrum shows that the Type B shale saturated by oil is also unimodal shape, the corresponding amplitude is low, and the organic pores only account for 1.82%. The T2 spectrum shows that the Type C shale saturated by oil is unimodal shape. The corresponding amplitude is relatively higher than Type B shale. When shale sample is saturated with water, the corresponding amplitude exhibits much higher than shale sample saturated with oil. The organic pores in Type C shale account for 19.00% (Figure 6).
[image: Figure 6]FIGURE 6 | Histogram showing proportion of reservoir spaces of Jurassic Lianggaoshan Formation lacustrine shale in different lithology combination.
Pore structure quantitative characteristics
LTNA isotherms
The IUPAC classification of LTNA curves and hysteresis loops divides nanoscale pores into four different categories, i.e., cylindrical pores, ink bottle pores, parallel plate pores, and slit pores (Thommes et al., 2015). Results suggest that Type C shale is dominated by parallel plate pores with high development and good connectivity. The Type A shale is dominated by parallel plate pores with lower development than Type C. The Type B shale is dominated by parallel plate pores with lowest development. Figures 7, 8.
[image: Figure 7]FIGURE 7 | LTNA isotherms curves for the Lianggaoshan Formation lacustrine shale reservoir. (A) Type A shale, Well A, 2161.25 m; (B) Type A shale, Well B, 2455.06 m; (C) Type A shale, Well C, 1764.7 m; (D) Type B shale, Well D,2437.33 m; (E) Type B shale, Well B, 2452.29 m; (F) Type B shale, Well E, 1751.71 m; (G) Type C shale, Well A, 2164.49 m; (H) Type C shale, Well C, 1928.58 m; (I) Type C shale, Well D, 2465.48 m
[image: Figure 8]FIGURE 8 | Pore-size distribution with MICP and LTNA for Jurassic Lianggaoshan Formation lacustrine shale in different lithology combination. (A) Type A shale, Well A, 2161.25 m; (B) Type A shale, Well B, 2455.06 m; (C) Type A shale, Well C,1896.18 m; (D) Type B shale, Well D, 2437.33 m; (E) Type B shale, Well B, 2452.29 m; (F) Type B shale, Well E, 1751.71 m; (G) Type C shale, Well A, 2164.49 m; (H) Type C shale, Well D, 2447.33 m; (I) Type C shale, Well E,1750.73 m.
Surface area (SA) and pore volume (PV)
The surface area of the Lianggaoshan shale samples were acquired through the BET model. The surface area of the Type C shale ranges from 0.48 m2/g to 4.32 m2/g and the SA of the Type B ranges from 0.63 m2/g to 1.82 m2/g. The surface area of the Type A shale ranges from 0.44 m2/g to 1.81 m2/g.
The pore volume range of the Lianggaoshan shale is between 2.73 cm3/kg and 13.90 cm3/kg (average value 7.99 cm3/kg). The average pore volume of the Type A and Type B is 6.23 cm3/kg and 6.33 cm3/kg, lower than that of the Type C shale (10.28 cm3/kg).
Pore-size distribution (PSD)
The PSD between 2nm and 100000 nm was acquired by integrating MICP and LTNA experiments. The results show that although the reservoir space of Lianggaoshan lacustrine shale is mainly mesopores ranging between 10nm and 50 nm and macropores ranging between 50nm and 100 nm.
DISCUSSION
Through correlationship between shale reservoir key parameters and fractal dimension, the main controlling factors of pore structure are discussed. The fractal dimension D1 reflects relative pressure (P/Po) > 0.5, representing capillary condensation. The fractal dimension D2 reflects relative pressure (P/Po) < 0.5, representing mono- and multi-layer adsorption (Figure 9).
[image: Figure 9]FIGURE 9 | Schematic diagram showing fractal fitting of Jurassic Lianggaoshan Formation lacustrine shale in different lithology combination. Micropore, mesopore, and macropore are represented as the blue, red, and black hollow circles, respectively. (A) Type A shale, Well A, 2161.25 m; (B) Type A shale, Well B, 2455.06 m; (C) Type A shale, Well C, 1764.7 m; (D) Type B shale, Well D, 2437.33 m; (E) Type B shale, Well E, 1751.71 m; (F) Type B shale, Well C, 1894.02 m; (G) Type C shale, Well A, 2164.49 m; (H) Type C shale, Well D, 2465.48 m; (I) Type C shale, Well C, 1928.58 m
For Lianggaoshan shale, the D1 reflects the micropore development, and D2 reflects the development degree of mesopore-macropore. D2 is generally larger than D1 and is closer to 3, suggesting that the mesopore-macropore has a simpler pore structure than micropore, and its heterogeneity is weaker. D1 is characterized by clearly positive correlation with SA and PV, suggesting micropores are major contributors to SA and PV of Lianggaoshan shale (Figures 10A, B).
[image: Figure 10]FIGURE 10 | Correlation between the shale mineral composition and fractal dimension of the Jurassic Lianggaoshan Formation lacustrine shale. (A) Correlation between fractal dimensions and total pore volumn; (B) Correlation between fractal dimensions and surface area; (C) Correlation between fractal dimensions and TOC content; (D) Correlation between fractal dimensions and quartz content; (E) Correlation between fractal dimensions and feldspar content; (F) Correlation between fractal dimensions and clay content.
The correlation between TOC and D1 is slightly positive, indicating that the enrichment of organic matter has little effect on the formation of micropores (Figure 10C). In addition, the enrichment of organic matter does not affect the mesopore-macropore development as well. Due to the low content of quartz in Lianggaoshan lacustrine shale, which is mainly detrital quartz, it does not significantly affect the formation of micropore and mesopore-macropore (Figure 10D). A slight positive correlation exists between D2 and feldspar content, indicating that intraparticle pores developed in feldspar particles provide partial mesopore-macropore but not micropores (Figure 10E). There is no correlationship between clay mineral content and D1, suggesting clay minerals has no perceptible effect on the formation of micropore. Meanwhile, there is a slightly negative correlationship between clay mineral and D2, suggesting the existence of clay minerals is unfavorable to the development of mesopore-macropore (Figure 10F).
CONCLUSIONS

1) Three types of lithology combination developed in the Jurassic Liangggaoshan lacustrine shale. Type A comprises pure shale. Type B is characterized by frequent shell limestone interbedding. Type C is characterized by frequent siltstone interbedding.
2) Organic pore, inorganic pore (including intraparticle pore in feldspar, interparticle pore, and intercrystalline pore between pyrite crystals), and microfractures compose reservoir spaces of Jurassic Liangggaoshan lacustrine shale. Type A shale has the highest proportion of organic pores, while Type B has the lowest proportion. The pores of Lianggaoshan lacustrine shales are dominated by mesopores and part of the macropores. Among them, the PV and SA are both mainly dominated by micropores.
3) The enrichment of organic matter has little effect on the development of micropores, and does not affect the mesopore and macropore development as well. Quartz particles in Lianggaoshan lacustrine shale do not clearly facilitate the development of micropore and mesopore-macropore. Intraparticle pore in feldspar clast is an important component of mesopore and macropore. Clay minerals has no positive effect on the formation of micropore and mesopore-macropore.
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