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Abstract

:

The shale reservoirs of the Lower Cambrian Qiongzhusi Formation are widely distributed in the Sichuan Basin and have abundant gas resources. However, the shale lithofacies of the Qiongzhusi Formation are complex due to frequent sea level changes. The reservoir pore structure characteristics and gas content of different shale lithofacies vary significantly, which makes identifying the ‘sweet spot’ a challenging task. In this study, core observation and X-ray diffraction (XRD) were used to analyze the lithofacies types and characteristics of the study area. The pore types of different shale lithofacies were observed using field emission-scanning electron microscopy. Pore structures were studied using low-temperature gas (including N2 and CO2) physisorption, and the pore volume (PV), specific surface area (SSA) and pore structure were systematically characterized. The primary factors influencing pore formation in different types of shale lithofacies were analyzed by combining geochemical experiments and mineral contents. The results indicate that the lithofacies of the Qiongzhusi Formation shale in the study area can be classified into five categories according to mineral compositions: Siliceous argillaceous shale (CM-1), Argillaceous siliceous mixed shale (M-2), Argillaceous siliceous shale (S-3), Siliceous rock (S) and Calcareous siliceous shale (S-2). Pores are abundant in S-3 shale, M-2 shale and CM-1 shale. The S-3 shale is more enriched in organic pores and clay mineral pores compared to other lithofacies shales, and the pore morphology is mainly wedge-shaped and plate-like. M-2 shale and CM-1 shale are rich in clay minerals and mainly develop clay mineral pores and are mainly wedge-shaped and plate-like. The S shale and S-2 shale mainly develop interparticle pores and clay mineral pores, which are mainly slit-like. The results show that TOC, pyrite content, quartz and feldspar mineral content, clay mineral type and content affect the pore structure in the study area. Quartz and feldspar content have a negative effect on micropore and mesopore volumes. TOCs have a weak positive correlation with micropore volume and micropore SSA. Clay mineral content has significant positive effects on the PV and SSA of micropores and mesopores, indicating that clay mineral content is the main factor affecting the pore structure of shale.
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1. Introduction


Shale gas is an abundant unconventional energy source and has become a focal point in the field of oil and gas exploration and development in recent years. The United States, relying on the unconventional oil and gas revolution, significantly increased its domestic oil production, transitioning from an importer to an exporter of energy, achieving ‘energy independence’ [1,2,3]. In recent years, China’s research and development in shale gas have rapidly progressed, making it the second-largest producer of shale gas in the world [4]. Sichuan Basin is rich in shale gas resources and is a key area for shale gas exploration and development in China [5].



Different from conventional reservoirs, shale has self-contained source-reservoir systems with a complex pore structure [6,7]. Shale gas can be stored as free gas in intercrystalline pores and cracks, or as gas adsorbed on the surface of organic matter and clay minerals, and a small amount of dissolved shale gas dissolved in liquid hydrocarbons and water [8,9,10]. Previous studies have shown that the pores of rocks are the main places for shale gas storage, and the pore structure plays an important role in the reservoir of shale gas [11,12]. Therefore, it is essential to determine the volume and structure of shale pores to evaluate the shale reservoir. The size of the specific surface area of shale directly affects the reservoir capacity of adsorbed gas, and the size of the pore volume of shale directly affects the reservoir capacity of free gas [13,14]. The term pore size defined by the International Union of Pure and Applied Chemistry (IUPAC) is widely used in shale research: micropore (pore size < 2 nm), mesopore (2 nm pore size 50 nm) and macropore (pore size > 50 nm) [15]. Micropores have a large specific surface area, which plays an important role in shale adsorption. Mesopores also have a certain specific surface area, and mesopores and macropores provide the main pore volume [11].



The TOC, mineral composition and pore structure of shale are all obviously heterogeneous, which increases the difficulty of shale reservoir research. Lithofacies reflect different sedimentary environments and geological characteristics, and the differences in mineral composition and organic matter content of different lithofacies lead to different pore structure characteristics [16,17]. At present, different scholars have different classification schemes for shale lithofacies, and there are a variety of classification schemes. Shale lithofacies classification schemes widely used by scholars fall into three categories: (1) lithofacies classification according to the structure and sedimentary characteristics of shale; (2) lithofacies classification according to the mineral composition of shale; (3) lithofacies classification according to the paleontological assemblage [18,19,20]. Previous studies have found that the mineral types, organic matter and thermal maturity of rocks are the main factors affecting pore structure. TOC content is an important factor controlling the development of micropores. Organic matter in mature shale forms a large number of micropores, which have a larger specific surface area [21]. Rigid particles such as siliceous minerals and pyrite can inhibit compaction and protect pores [22]. The type and content of clay minerals can affect the specific surface area and pore volume of the reservoir. Clay minerals in shale have a larger specific surface area and pore volume. Illite and montmorillonite have large specific surface area [11,23]. Annular chlorite can protect pores, while pore-filling chlorite can block pores and lead to poor physical properties [24].



The Lower Cambrian Qiongzhusi Formation in southwest Sichuan has a rapid change in sea level, developed multiple lithofacies, strong heterogeneity, and the pore structure characteristics between different lithofacies are quite different [25]. Therefore, it is of great significance to analyze the pore structure of different lithofacies in the Qiongzhusi Formation for evaluating shale reservoirs and finding sweet spots. The pore characteristics of the Qiongzhusi Formation shale reservoir were studied by predecessors [26,27]. However, these studies mainly focus on characterizing pore structure and studying the factors controlling the development of pore structure, but they rarely analyze the differences in pore structure between different lithofacies. At present, the difference in pore structure and the controlling factors of pore difference development in different shale reservoirs of Qiongzhusi Formation in southwest Sichuan are not clear. Therefore, it is of great significance to analyze the pore structure of different lithofacies in the Qiongzhusi Formation for evaluating shale reservoirs and finding sweet spots.



In this study, we performed a pore structure analysis of shale samples from the Qiongzhusi Formation in southwestern Sichuan Basin. The lithofacies of shale are divided according to mineral composition. On this basis, the pore size distribution and pore structure of different lithofacies were analyzed by mercury injection and low-pressure gas (CO2 and N2) adsorption measurement. The factors affecting the development of pore structure were analyzed combined with the mineral composition and organic matter characteristics. This paper provides important insights and evaluation for the study of shale gas enrichment mechanism.




2. Geological Setting


The Sichuan Basin, located in the southwest of China, is a northeast southwest trending diamond-shaped basin with a total area of about 1.8 × 104 km2 [28,29]. The Sichuan Basin is rich in natural gas resources, with shale gas resources exceeding 4.0 × 1012 m3, which is currently the largest gas-producing area in China [30]. It is structurally bounded by the Qiyao Mountains in the east, the Longmen Mountains in the west, the Daliang Mountains in the south, and the Daba Mountains in the north (Figure 1a) [31]. The Sichuan basin is divided into six structural units based on the nature of the basement and hydrocarbon distribution, including the low gentle structural belt in northern Sichuan, gentle structural belt in central Sichuan, high steep structural belt in eastern Sichuan, low steep structural belt in western Sichuan, low steep structural belt in southern Sichuan, and low folded structural belt in southwestern Sichuan [32,33].



The Sichuan Basin has undergone several stages of tectonic movement, including the early Paleozoic craton depression stage, the late Paleozoic craton rift stage, and the Mesozoic–Cenozoic foreland depression stage [34,35]. The study area is a low folded structural belt in southwestern Sichuan, which is located in a passive continental margin with a stagnant and anaerobic marine sedimentary environment. The Lower Cambrian strata are widely distributed in the low steep structural belt in southern Sichuan, buried at a depth of 3000–7500 m, including the Maidiping Formation, the Qiongzhusi Formation, the Canglangpu Formation and the Longwangmiao Formation (Figure 1b) [36]. The organic rich shale of the Qiongzhusi formation is a typical Marine shale, which was formed during the sea level rise period in the early Cambrian, and was the main source rock of the Lower Cambrian oil and gas system in Sichuan Basin. According to previous studies, the shale gas in the Qiongzhusi Formation in the southwestern Sichuan basin derived from organic hydrocarbon generation in the local Qiongzhusi shale, and also migrated from the Qiongzhusi shale in the tensional trough [37]. The sedimentary environment of Qiongzhusi shale gradually changed from deep water environment to shallow water environment from bottom to top. The Qiongzhusi formation can be segmented into three members by the logging data and core observations. The lower member is deposited in a deep shelf sedimentary environment and is mainly composed of massive black shale, and it gradually transitions upward into dark-gray shale, intercalated with thin-layer siltstone (Figure 2d–f). The middle member is dominated by dark-gray silty shale, intercalated with thin-layer siltstone with horizontal bedding, which indicates a shallow shelf environment (Figure 2c). The upper member is composed of dark-gray silty shale and gradually transitions upward into gray silty shale and gray shale with horizontal bedding, which indicates a shallow shelf environment (Figure 2a,b). Three sets of organic-rich shale were located at the bottom of each member.




3. Samples and Methods


3.1. Samples


A total of 55 samples of Qiongzhusi Formation were obtained from three wells, including L4, W1 and C1 in Southwest Sichuan Basin, Figure 1. Thirty-one samples were collected in the L4 core, eight samples were from C1 well, and sixteen samples were from W1 well. All analytical experiments were conducted at the SINOPEC East China Oil & Gas Company Experimental Research Center.




3.2. Analytical Methods


In this paper, the mineral composition of the Qiongzhusi Formation shale was analyzed by XRD, and the TOC characteristics were analyzed by geochemical experiments. The lithofacies of the Qiongzhusi Formation were divided according to the mineral composition. The pore structure characteristics of different lithofacies of the Qiongzhusi Formation were analyzed by using integrated field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), low-pressure gas (CO2 and N2) adsorption and mercury intrusion porosity measurement.



3.2.1. TOC and Minerals


First, the sample was crushed in 200 mesh for the determination of TOC content and mineral composition. The TOC content was analyzed by a CS-230 carbon-sulfur analyzer, which is designed on the basis of the infrared absorption detection principle. The powder sample was treated with excess of 5% HCl to remove carbonate mineral. The sample was then burned under oxygen-rich conditions to burn the organic matter and release CO2, which were then transformed into the measurable signals using infrared spectroscopy.



The shale sample was crushed and ground to about 300 mesh. The shale samples’ mineralogical compositions were identified by X-ray diffraction on a diffractometer Rigaku Ultima IV in Cu-Kα radiation (λ = 0.154178 nm) using Soller slits.



Carbonate minerals and organic matter in shale were removed with 2% HCl and H2O2. After collecting the clay components (<2 μm) from the aqueous dispersion through disaggregation and ultrasonic dispersion, they were loaded onto a glass slide to form a 20 mm × 20 mm area and then air-dried. After saturation in ethylene glycol vapor (at around 40 °C for 7 h), the glass slide was identified by a Rigaku-Ultima-IV X-ray diffractometer, with Cu-Kα radiation, as a function of the 2θ angle (8 to 80°, with 0.02° step, and 5 s time per step). The clay mineral composition and content of shale samples were calculated based on the Chinese oil and gas industry standard SY/T 5163-2018 [38].




3.2.2. FE-SEM


The size and morphology of pores can be directly observed by field emission scanning electron microscopy (FE-SEM). Shale samples were observed by Zeiss SIGMA electron microscope combined with argon ion polishing technique. Finly grinding and argon ion polishing were applied on the surface of the shale sample, and spraying gold on the sample surface was applied to enhance electrical conductivity, which can significantly improve the quality of the image.




3.2.3. Polarizing Microscope


The laminated structure, grain size, morphology of mineral crystals and organic matter distribution of shale can be observed by polarizing microscope. In this experiment, Zeiss skopA.1 polarizing microscope was used to observe a thin section of shale samples from the Qiongzhusi Formation in southwest Sichuan.




3.2.4. Low-Pressure Gas Adsorption


Low-pressure nitrogen adsorption (LPNA) experiments can characterize the pore structure parameters of macroscopic pores (2~100 nm) in shale, and low-pressure CO2 adsorption experiments can characterize the pore structure characteristics of micropores (0~2 nm) in shale. In this study, the adsorption/desorption experiments of low-pressure N2/CO2 gas were conducted using the Micromeritics ASAP2020 analyzer. The sample powder was degassed for 12 h at 150 °C before the experiment. The density functional theory (DFT) was used to analyze the CO2 adsorption experiment results, and the pore structure parameters (PV, SSA, PSD, etc.) of shale micropores were obtained. The nitrogen adsorption experiment results were analyzed by using the Brunauer–Emmett–Teller (BET) equation and Barrett––Johner–Halenda (BJH) theory, and the pore size distribution, pore volume and specific surface area of mesopore and macropore were calculated.




3.2.5. Mercury-Intrusion Porosimetry


According to Chinese oil and gas industry standard (SY/T) 5346-2005 [39], the high-pressure mercury injection experiments were conducted using a porosimeter (Autopore IV 9520). Prior to testing, samples were treated to remove hydrocarbons and then dried to constant weight at 105 °C. The mercury was cleaned to ensure that it was free of mechanical impurities and oxide film. The core plug was placed into the penetrometer. A sealed penetrometer was inserted into the low-pressure port of the device, then the air was removed to inject the mercury. Next, the penetrometer filled with mercury was removed from the low-pressure port and weighed, and finally placed into the high-pressure port to inject mercury under stepwise applied pressure. The AutoPore IV 9520 software will automatically control degassing and intrusion and obtain high-pressure mercury injection capillary pressure data.






4. Results


4.1. Mineral and Organic Chemical Characteristics


The X-ray diffraction results show that the content of siliceous minerals in the shale of Qiongzhusi Formation is the highest, ranging from 31.3% to 80.8%, with an average of 58.03% (Appendix A, Table A1). Among the siliceous minerals, quartz is the most abundant, accounting for 22% to 57.7% of the total mineral content, with an average of 37.15%. Feldspar content ranges from 7.3% to 39.7%, with an average content of 20.87%. According to previous studies, the primary productivity of the Qiongzhusi shale in the southwestern Sichuan basin is at a low level. The quartz in the shale was mainly terrigenous and a small percentage was biogenic [40]. And the feldspar of the Qiongzhusi shale is also mainly terrigenous [41]. The calcareous mineral content is low, ranging from 3.2% to 24.5%, with an average content of 10.56%. The calcareous minerals of Qiongzhusi shale include calcite and dolomite. Among them, the calcite content is 1.3% to 21.3%, and the average content is 5.21%. The dolomite content is 1.9% to 14.1%, and the average content is 5.35%. A small amount of pyrite is developed in the shale of Qiongzhusi Formation, and the content ranges from 0.2% to 8.6%, with an average content of 2.31%. Clay minerals are abundant, ranging from 5.9% to 53.5%, with an average of 28.76%. The shale of Qiongzhusi Formation is in the high-over mature stage, and the kaolinite and smectite are transformed into illite and chlorite, so the shale contains almost no kaolinite and smectite. The clay minerals of Qiongzhusi Formation include mixed-layer I/S, illite and chlorite, with an average proportion of 29.04%, 34.58% and 36.37% relative to clay respectively (Appendix A, Table A2). The results show that TOC content in the shale ranges from 0.01% to 3.55%, with an average value of 0.432%.




4.2. Lithofacies Characteristics


Lithofacies can reflect the characteristics of the lithology, structure and fossils of the sedimentary environment. Different lithofacies reflect various sedimentary environments [42]. The shale lithofacies of the Qiongzhusi Formation are complex due to frequent sedimentary environment changes.



The mineral composition of the shale in different periods is obviously different due to the fact that the sea level of the Qiongzhusi Formation changes frequently. The siliceous mineral content of the Qiongzhusi Formation is the most abundant, which shows a trend of increasing first and then decreasing from bottom to top, followed by the clay mineral content, which decreases first and then increases from bottom to top. The classification of lithofacies by mineral components can reflect the lithological characteristics and sedimentary environment of shale, which is helpful for the study of the influence of rock mineral composition on the development of pore structure. Therefore, this study divides shale lithofacies according to the ternary system composed of siliceous minerals, calcareous minerals and clay minerals



The typical shale lithofacies classification scheme is based on siliceous minerals (quartz and feldspar), carbonate minerals, and clay minerals. Some scholars divide shale into four lithofacies based on the 50% threshold of each of these three mineral contents: (1) Argillaceous shales with clay mineral content greater than 50%. (2) Calcareous shale with calcium mineral content greater than 50%. (3) Siliceous shale with siliceous mineral content greater than 50%. (4) Mixed shale with each mineral content less than 50%, which means that it is mainly formed by the mixing of two or three minerals with similar contents. Based on the four types of shale lithofacies, some scholars further subdivided them into 16 types, with the boundaries of 25%, 50%, and 75% of mineral content. Among them, there are three types of lithofacies that are mainly composed of a single component with a single mineral content greater than 75%, which are named siliceous rock (silica content greater than 75%), mudstone (clay mineral content greater than 75%), and limestone (carbonate mineral content greater than 75%) [18,19,20]. In addition, there are 13 lithofacies, and the specific classification scheme is shown in Figure 3c. Due to the complex lithofacies in the Qiongzhusi Formation area, the four-category division cannot fully characterize the shale lithofacies of the Qiongzhusi Formation. Therefore, this article chooses to divide the Qiongzhusi Formation shale into 16 lithofacies based on mineral content (Figure 3c).



The lithofacies of the Qiongzhusi Formation shale in the study area was eventually classified into five categories according to mineral compositions: Siliceous argillaceous shale (CM-1), Argillaceous siliceous mixed shale (M-2), Argillaceous siliceous shale (S-3), Siliceous rock (S) and Calcareous siliceous shale (S-2) (Figure 3c). S-type shale is rich in siliceous minerals, with the content ranging from 74.5% to 80.8%, with an average of 76.35%. The siliceous mineral content of S-2 shale ranges from 56.2% to 74.8% with an average content of 43.04%, and the clay mineral content ranges from 7.5% to 24.4% with an average content of 18.66%. The siliceous mineral content of S-3 shale ranges from 53.3% to 66.9%, with an average content of 59.75%, and the clay mineral content ranges from 24.8% to 35.4%, with an average content of 28.25%. The clay mineral content of M-2 shale is high, the content range is 32.8% to 48.6%, the average content is 43.04%; the siliceous mineral content is 35.4% to 46.6%, the average content is 39.63%. The CM-1 shale is rich in clay minerals, the content range is 48.5% to 53.5%, the average content is 50.28%; the content of siliceous minerals is the least among the five lithofacies, the content range is 31.3% to 41%, and the average content is 36.26% (Figure 3b).



The TOC content of S-3 shale is the highest among the five lithofacies, ranging from 0.03% to 3.55%, with an average of 0.71%. This is followed by M-2 shale with an average TOC of 0.47%. The mean TOC values of both CM-1 and S-2 shales are 0.34%. S shale has the lowest TOC, ranging from 0.14% to 0.52%, with an average of 0.27% (Figure 3a,d).



By using a polarizing microscope to observe the thin sections of different lithofacies, it can be seen that the microscopic characteristics of different lithofacies shale have obvious differences. The grain size of S-3 shale is 0.01–0.08 mm, the content of quartz + feldspar is 60%–65%, and the organic matter is distributed in clusters (Figure 4a,f). The particle size of S-2 shale is 0.01–0.055 mm, the content of quartz + feldspar is 60%–65% (Figure 4b,g). The thin section shows that the particle size of S shale is 0.01–0.06 mm, the content of quartz + feldspar mineral is 75%–80%, and organic matter with band-like distribution can be observed locally (Figure 4c,h). M-2 shale grain size is between 0.01 and 0.044 mm, with clay mineral content of 45%–50%; organic matter in stellate-dispersed distribution can be observed (Figure 4d,i). CM-1 shale grain size is between 0.01 and 0.055 mm, clay mineral content is 50%–60%, and organic matter and pyrite in stellate dispersed distribution can be observed (Figure 4e,j).




4.3. Pore Characteristics


4.3.1. Organic Matter Pores (OM Pore)


The OM pore is an important part of shale pores in the Qiongzhusi Formation. Organic pores develop in the organic matter, which are mainly elliptical, irregular and honeycomb in shape [43]. The size of OM pores ranges from several nanometers to hundreds of nanometers.



The development of organic pores in different lithofacies has significant differences. The development of organic pores is related to the abundance of organic matter. The S-3 shale has high organic matter content and the most abundant organic pores (Figure 5a,f). Shale with high quartz content has strong compaction resistance, which is favorable to the preservation of organic pores. The S and S-2 lithofacies have low organic matter abundance, and organic pores are not enriched (Figure 5b,g,c,h). Organic pores are almost undeveloped in M-2 and CM-1 shales, which are low in siliceous minerals. Pyrite intergranular pores are filled with organic matter and organic pores are observed (Figure 5d,i,e,j).




4.3.2. Intergranular Pore


Intergranular pores are usually developed between quartz, feldspar, clay minerals and pyrite [44]. Argon ion polishing SEM observation results show that the intergranular pores in the study area are mainly clay mineral pores (CL pore) and pyrite pores. The clay mineral pores are mainly distributed between the clay mineral aggregates, with triangle or slit shapes (Figure 6a–e). They may be caused by the shrinkage of illite during diagenetic transformation into other minerals.



Some clay mineral pores are filled with organic matter or pyrite. The pore size and shape of clay mineral pores of shales with different lithofacies are obviously different. The clay mineral pores in CM-1 shale and M-2 shale are destroyed by compaction, and the pore size distribution is between 17 nm and 200 nm, with triangular shapes (Figure 6d,e). Clay mineral pores in S-3, S-2 and S-type shales are well protected, with pore width being several nanometers to hundreds of nanometers, and pore length being hundreds of nanometers to several microns (Figure 6a–c). Argon ion polishing SEM observation results show that intergranular pores are mainly developed in raspberry-like pyrite, with good connectivity, and the pore sizes are mainly distributed in the range of 50 nm and 300 nm (Figure 6f–j). Organic matter often develops in the intergranular pores of pyrite, which has a certain protective effect on the organic pores. The CM-1, M-2 and S-3 shales contain more pyrite and clay minerals, and the intergranular pores are enriched.




4.3.3. Intragranular Dissolution Pores (IntraGD Pore)


Dissolution pores are common in the shale of the Qiongzhusi Formation in southwest Sichuan. These pores are mainly formed by the dissolution of quartz, feldspar and carbonate minerals by organic acids produced during the thermal evolution of organic matter. The shape of the solution hole is generally irregular, and the pore size ranges from several nanometers to several hundred nanometers (Figure 6c).




4.3.4. Microfractures


The development of micro-fractures can increase permeability, improve the connectivity between pores, and enhance reservoir formation ability [45]. The microfractures in the study area are relatively developed, including shrinkage fractures, grain margin fractures, and clay mineral layered fractures (Figure 6k–o), and organic matter shrinkage fractures can be found locally. Microcracks generally develop along the edges of particles, with widths ranging from tens of nanometers to 200 nanometers.





4.4. Pore Structure


4.4.1. Characteristics of High-Pressure Mercury Injection


High-pressure mercury injection tests can determine the pore-throat parameters, connectivity and other information on rock in a reservoir. In this study, high-pressure mercury injection tests were conducted on shale samples with different lithofacies, and the pore volume distribution curves corresponding to different pore sizes were derived according to the test results. In the shale in the study area, macropores are the most developed, and pores above 10 microns account for a large proportion of the pore volume. The pore distribution of S-2 and S-type shales has an obvious double peak phenomenon, with pore size distributions ranging from 2 to 100 nm and from 10 to 100μm (Figure 7c,d). The primary peak pore size of CM-1 and M-2 lithofacies ranges from 50 to 100 nm, and a small peak pore size range from 2 to 10 nm (Figure 7a,b). The primary peak pore size of S-3 lithofacies shale ranges from 10 to 100 μm, with a small peak of 2 to 10 nm (Figure 7e). The S-2 and S shale has a wider pore range and more developed micropores than other lithofacies (Figure 7f), which may be caused by the better pore preservation conditions due to the higher content of siliceous minerals.




4.4.2. N2 Adsorption Characteristics


N2 adsorption experiments were carried out on different shale facies samples from the Qiongzhusi Formation in southwest Sichuan Basin to characterize the mesopore with pore size of 2~50 nm. The isothermal adsorption curves of Qiongzhusi shale were analyzed according to the classification method of the International Union of Pure and Applied Chemistry (IUPAC) (Figure 8f) [46]. The isothermal adsorption curve of Qiongzhusi shale is mainly type IV, indicating the existence of numerous mesoporous and large pores, and the hysteresis loop of nitrogen adsorption has the characteristics of type H3 and type H4. The hysteresis loop of nitrogen adsorption in S and S-2 lithofacies is mainly H3 type (Figure 8c,d), indicating that the pore morphology is slit-type. The amount of adsorbed nitrogen is less when the relative pressure is low, indicating that there are fewer micropores. When the relative pressure is greater than 0.9, the nitrogen adsorption content increases rapidly, indicating that the pores are mainly medium pores and macro pores. The hysteretic loop of the CM-1 and M-2 lithofacies has the characteristics of both types H3 and H4, and the pore morphology is mainly wedge-shaped and plate-like (Figure 8a,b). The N2 adsorption capacity of CM-1 and M-2 lithofacies increases rapidly when the relative pressure is less than 0.1, and slowly when the relative pressure is higher than 0.9, indicating that the shale is dominated by micropores, with a few mesopores and macropores. The hysteretic loop of S-3 lithofacies has the characteristics of both H3 type and H4 type, and is more similar to H4 type, and the pore morphology is mainly wedge-shaped and plate-like (Figure 8e). The N2 adsorption capacity of S-3 rock facies increases rapidly when the relative pressure is small, and increases slowly when the relative pressure is greater than 0.9, indicating that micropores are mainly developed.



The pore size distribution of Qiongzhusi Formation in the study area was analyzed based on the results of the nitrogen adsorption test. The distribution of the mesopore is mainly unimodal distribution. The pore types are mainly wedge holes and slit holes, and the pore volume is mainly composed of medium pores with a size of 2–5 nm (Figure 9a–e). The mesopores of S-3, CM-1 and M-2 are more enriched than those of S and S-2 (Figure 9f).




4.4.3. CO2 Adsorption Characteristics


CO2 adsorption experiments were conducted on shale samples with different lithofacies of the Qiongzhusi Formation to characterize the pore structure between 0 and 2 nm. The experimental results show that the pore size distribution characteristics of different rock facies in the study area are different. The distribution of micropores in the CM-1 and M-2 shale samples in the study area is generally bimodal, and the corresponding pore size ranges are 0.45–0.65 nm and 0.78–0.84 nm (Figure 10a,b). In the S and S-2 shale samples, the pore size distribution of micropores presents a three-peak characteristic, and the corresponding pore size ranges are 0.45–0.55 nm, 0.58–0.63 nm, and 0.8–0.84 nm (Figure 10c,d). The peak value of micropore pore size of S and S-2 lithofacies is lower than that of other lithofacies, indicating that the amount of micropores is relatively small. In the S-3 shale samples, the pore size distribution of micropores also presents three-peak characteristics, and the corresponding pore size peaks are 0.45–0.55 nm, 0.58–0.63 nm, and 0.78–0.84 nm (Figure 10e). Some samples had the largest pore volume in the range of 0.45–0.55 nm, which may be due to the relatively developed organic pores. The pore size peak value of S-3 facies is high, indicating that micropores are very developed (Figure 10f).



The micropore volume of five lithofacies was calculated. The S-3 shale is the most enriched, followed by CM-1 and M-2, and the S and S-2 lithofacies have fewer micropores.






5. Discussion


The development of pores is affected by many factors. In this research, the effects of organic matter, pyrite, siliceous minerals, carbonate minerals and clay minerals on pores are discussed to determine how the composition of shale affects pores.



5.1. Effect of Organic Matter on Pores


In the process of hydrocarbon generation in high-maturity marine shales, a large number of organic pores are formed, so the pore volume and specific surface area are positively correlated with the total organic carbon content [47,48]. Due to the low TOC and compaction in the shale of Qiongzhusi Formation in the study area, the organic pores are not abundant. The TOC Micropores volume and CO2 specific surface area are enriched in CM-1, M-1 and S-3 shale (Figure 11a–e). TOC has a positive correlation with the pore volume and specific surface area of micropores, and the R2 were 0.26 and 0.57, respectively (Figure 11f,g). The relationship between the above-mentioned parameters indicates that the organic pores are micropores, and the organic pores increase the specific surface area of the micropores.




5.2. Effect of Pyrite on Pores


The impact of pyrite on the pore structure of the Qiongzhusi Formation was investigated. The poor correlation between pyrite content and the pore volume and specific surface area of mesopores and macropores indicates that pyrite has no positive effect on the development of mesopores and macropores in the shale of the Qiongzhusi Formation (Figure 12b,c,e). Pyrite content showed a significant positive link with the pore volume and specific surface area of micropores, and the correlation coefficient (R) of both were higher than 0.5 (Figure 12a,d). The relationship between the above parameters suggests that pyrite is associated with micropores enrichment. Generally, pyrite is formed under hydrostatic conditions, in which clay minerals and organic matter are abundant, and micropores such as organic pores and clay mineral pores are enriched [49,50]. The clay minerals and organic matter fill the intergranular pores so that the macropores are reduced. At the same time, pyrite can preserve organic pores through the inhibition of compaction, so the enrichment of pyrite is conducive to the development of organic pores [51]. The CM-1, M-2 and S-3 shale are rich in pyrite (Figure 12f), so the preservation conditions of organic pores are good and organic pores are abundant.




5.3. Effects of Minerals on Pores


Pore structure parameters of different lithofacies shale of the Qiongzhusi Formation are obtained based on the data of CO2 adsorption experiment, N2 adsorption experiment and high-pressure mercury injection, (Appendix A, Table A3). As shown in Figure 12, the PSD characteristics of different shale rock facies are significantly different. The number of micropores in Qiongzhusi Formation shale is the largest, followed by mesopores and a few macropores. The number of micropores of CM-1 and M-2 shale was abundant, followed by mesopore (Figure 13a,b). The number of micropores and mesopores of S-3 is abundant, and the mesopore is lower than that of CM-1 and M-2 (Figure 13e). Compared with other lithofacies, the micropores of S and S-2 shales are not enriched, the mesopores are abundant, and the macropores are more abundant (Figure 13c,d).



Previous studies have shown that siliceous minerals generally protect pores [52]. There is a positive correlation between the content of quartz + feldspar minerals and the volume of macropores in the study area, but the correlation coefficient is less than 0.5 (Figure 13h), indicating that quartz and feldspar minerals do not play an obvious role in protecting macropores. The content of quartz + feldspar minerals is negatively correlated with the pore volume of mesopore (Figure 13g), and the R2 is 0.187. The quartz and feldspar content are negatively correlated with the pore volume of micropores (Figure 13f), and the correlation coefficients of both are higher than 0.5. The relationship between the above parameters indicates that high quartz + feldspar content is not conducive to the development of micropores and mesopores. The correlation between carbonate mineral content and the pore volume of micropore, mesopore and macropores is not obvious, and the correlations are all less than 0.2 (Figure 13i–k). Consequently, it can be concluded that carbonate minerals are not the major causes of micropores formation. Previous studies have shown that clay minerals have a large pore volume and specific surface area, which is very important for the development of nanometer-micron pores in shale [53]. According to the analysis of the relationship between clay mineral content and pore structure parameters, the clay mineral content is positively correlated with the pore volume of micropores and mesopores, and the correlation coefficients of the two groups of relationships were all higher than 0.5 (Figure 13i,m). This indicates that clay mineral pores are micropores and mesopores, providing a large amount of pore volume for shale. The content of clay minerals is negatively correlated with the volume of macropores (Figure 13n), which may be caused by clay minerals filling intergranular pores and reducing the volume of macropores.



The content of siliceous mineral is negatively correlated with the CO2 specific surface area and N2 specific surface area, and the R2s are 0.67 and 0.64, respectively (Figure 14a,d,e,h). The poor correlation between carbonate mineral content and the CO2 specific surface area and N2 specific surface area shows that carbonate minerals have no significant effect on the specific surface area of shale pores of the Qiongzhusi Formation in the Sichuan basin (Figure 14b,d,f,h). The clay mineral content is positively correlated with the CO2 specific surface area and N2 specific surface area, which indicates that clay mineral pores provide a large amount of specific surface area for shale (Figure 14c,d,g,h).



Previous studies have shown that the pore volume specific surface area of different clay minerals is obviously different. Illite and montmorillonite have large specific surface area and pore volume [54]. The clay minerals of the Qiongzhusi Formation mainly include mixed-layer I/S, illite and chlorite. In view of pore structure characteristics, different types of clay minerals have different effects on pore structure. Both the content of mixed-layer I/S and illite are positively correlated with the volume of micropores, and the correlation coefficients are 0.81 and 0.53, respectively (Figure 15a,b), indicating that both minerals have a large number of micropores, but the volume of micropores in mixed-layer I/S is much higher than that of other clay minerals. Chlorite content and micropore volume exhibited an obvious negative correlation, as shown in Figure 15c, indicating that chlorite in the study area is mainly pore-filling chlorite, which blocks the pores between particles and reduces the pore volume of the reservoir [24]. Therefore, it can be concluded that clay minerals are the major causes affecting the pore structure of Qiongzhusi Formation shale in the study area.





6. Conclusions


	(1)

	
According to mineral composition, the shale of the Qiongzhusi Formation in southwest Sichuan is divided into five lithofacies, including Siliceous argillaceous shale (CM-1), Argillaceous siliceous mixed shale (M-2), Argillaceous siliceous shale (S-3), Siliceous rock (S) and Calcareous siliceous shale (S-2).




	(2)

	
The pore structure of different lithofacies is different. the pore structure of S and S-2 lithofacies is mainly slit-type, and the pore structure of S-3, CM-1 and M-2 lithofacies are predominantly wedge-shaped and plate-like.




	(3)

	
Pores above 10 microns are small in number but have the largest pore volume. Mesopores in S and S-2 shale mainly have sizes in the range of 2–5 nm, while micropores are mainly in the ranges of 0.45–0.55 nm, 0.58–0.63 nm, and 0.8–0.84 nm. Mesopores in CM-1 and M-2 shale also have sizes in the ranges of 2–5 nm, while micropores are mainly in the ranges of 0.45–0.65 nm and 0.78–0.84 nm., and pores are more enriched than S and S-2 types. Mesopores in S-3 shale have sizes in the ranges of 2–5 nm, while the pore size distribution of micropores are in the ranges of 0.45–0.55 nm, 0.58–0.63 nm, and 0.78–0.84 nm. The micropores in S-3 shale is the most enriched




	(4)

	
The pore structure of the Qiongzhusi Formation is affected by TOC, quartz and feldspar mineral content and clay mineral type and content. In organic-rich shale, organic pores are abundant, and the specific surface area and pore volume of micropores are large. Pyrite has a protective effect on micropores, and the environment in which pyrite is formed is rich in clay minerals and organic matter, which is conducive to the formation of micropores and mesopores. Quartz and feldspar do not protect the pores, and their formation environment is not conducive to the enrichment of clay minerals and organic matter. Clay mineral content has significant positive effects on the PV and SSA of micropores and mesopores. Clay mineral content is the primary factor affecting the pore structure of Qiongzhusi Formation shale in the Sichuan Basin. Chlorite has a negative effect on PV, while mixed-layer I/S and illite increase PV in Qiongzhusi shale.
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Table A1. Geological characteristics of Qiongzhusi formation shale samples in southwestern Sichuan Basin.






Table A1. Geological characteristics of Qiongzhusi formation shale samples in southwestern Sichuan Basin.





	
Sample ID

	
Depth (m)

	
TOC (%)

	
Mineral Content (%)

	
Lithofacies




	
Quartz

	
Feldspar

	
Calcite

	
Dolomite

	
Pyrite

	
Total Clay






	
W1-1

	
3286.95

	
0.76

	
29.4

	
13.1

	
3.1

	
9.5

	
3.9

	
41

	
M-2




	
W1-3

	
3292.56

	
1.8

	
24.1

	
15.6

	
2.1

	
3.3

	
4.5

	
50.4

	
CM-1




	
W1-4

	
3294.89

	
1.99

	
31.9

	
14.7

	
2.5

	
2.9

	
1.8

	
46.2

	
M-2




	
W1-5

	
3297.55

	
3.55

	
35.9

	
22.4

	
7.3

	
2.9

	
3

	
28.5

	
S-3




	
W1-6

	
3300.93

	
0.52

	
39.6

	
32

	
4

	
2.6

	

	
21.8

	
S-2




	
W1-7

	
3304.11

	
0.45

	
38.3

	
28.6

	
1.3

	
1.9

	
2.1

	
27.8

	
S-3




	
L4-1

	
3311.19

	

	
25.4

	
7.4

	
3

	
9.6

	
2.3

	
52.3

	
CM-1




	
L4-2

	
3311.51

	
0.22

	
28.6

	
12.4

	
2.2

	
3.2

	
3.2

	
50.4

	
CM-1




	
L4-3

	
3312.27

	
0.17

	
27.8

	
8.2

	
3.7

	
14.1

	
2.9

	
43.3

	
M-2




	
L4-4

	
3313.44

	
0.23

	
28.7

	
8

	
2.3

	
9.9

	
1.9

	
49.2

	
CM-1




	
L4-5

	
3314.73

	
0.2

	
28

	
7.4

	
2.3

	
11.3

	
2.4

	
48.6

	
M-2




	
L4-6

	
3315.74

	
0.2

	
28.9

	
8.3

	
4.4

	
11.3

	
1.6

	
45.5

	
M-2




	
L4-7

	
3317.72

	
0.31

	
29.6

	
8.9

	
2.1

	
7.5

	
3.3

	
48.6

	
CM-1




	
L4-8

	
3317.93

	
0.25

	
31

	
9.2

	
2.1

	
7.4

	
4.3

	
46

	
M-2




	
L4-9

	
3320.1

	
0.48

	
42.9

	
17.9

	
2.7

	
6.7

	
1.5

	
28.3

	
S-3




	
L4-10

	
3325.17

	
0.35

	
46.9

	
16.4

	
4.4

	
8.8

	
1.5

	
22

	
S-2




	
L4-11

	
3328.72

	
0.51

	
45.1

	
19

	
3

	
6.6

	
1

	
25.3

	
S-3




	
L4-12

	
3342.24

	
0.51

	
43.9

	
25.5

	
3.2

	
3.8

	
2.3

	
21.3

	
S-2




	
L4-13

	
3355.01

	
0.14

	
52.1

	
23.6

	
2.9

	
3

	
0.3

	
18.1

	
S




	
L4-14

	
3363.08

	
0.12

	
46.1

	
22.7

	
2.5

	
3.7

	
0.2

	
24.4

	
S-2




	
L4-15

	
3367.7

	
0.52

	
43.7

	
31.7

	
9.9

	
2

	
0.7

	
12

	
S




	
L4-16

	
3373.77

	
0.55

	
51.1

	
23.7

	
14.8

	
2.7

	
0.2

	
7.5

	
S-2




	
L4-17

	
3377.76

	
0.25

	
45.1

	
29.4

	
5.8

	
3.4

	
1.4

	
14.2

	
S




	
L4-18

	
3383.65

	
0.54

	
48.5

	
23.2

	
7.3

	
3.6

	
0.3

	
17.1

	
S-2




	
L4-19

	
3385.59

	
0.24

	
57.7

	
23.1

	
5.3

	
7.8

	
0.2

	
5.9

	
S




	
L4-20

	
3388.68

	
0.42

	
51.7

	
24.8

	
6.6

	
3.2

	
1.8

	
11.9

	
S




	
C1-1

	
3394.67

	
0.09

	
26.6

	
9.7

	
3.9

	
5.7

	
1.7

	
48.5

	
CM-1




	
C1-2

	
3395.64

	
0.07

	
26.5

	
11

	
2.7

	
4.1

	
2.4

	
49.6

	
CM-1




	
C1-3

	
3396.29

	
0.01

	
22

	
9.3

	
2.7

	
7.8

	
2.7

	
53.5

	
CM-1




	
L4-21

	
3397.23

	
0.14

	
43.5

	
31.8

	
5.1

	
4.1

	
0.8

	
14.7

	
S




	
C1-4

	
3397.85

	
0.03

	
25.4

	
11.2

	
3.3

	
10.5

	
2.9

	
42.8

	
M-2




	
C1-5

	
3399.93

	
0.05

	
25.3

	
7.3

	
3.5

	
7.4

	
2.9

	
50.1

	
CM-1




	
C1-6

	
3401.25

	
0.66

	
25.7

	
10.8

	
5.8

	
9

	
3.9

	
41.2

	
M-2




	
L4-22

	
3403.02

	
0.14

	
50.7

	
26.4

	
9.3

	
3.4

	
1.5

	
8.7

	
S




	
W1-8

	
3412.39

	
0.21

	
41.8

	
33.6

	
4.9

	
2

	

	
17.7

	
S




	
W1-9

	
3412.91

	
0.18

	
38.2

	
39.7

	
5.1

	
3.2

	

	
13.8

	
S




	
C1-7

	
3414.02

	
0.66

	
28

	
27.2

	
1.7

	
3

	
0.8

	
35.4

	
S-3




	
L4-23

	
3416.16

	
0.27

	
48.9

	
26.4

	
4.9

	
2.9

	
1.5

	
15.4

	
S




	
W1-10

	
3416.18

	
0.15

	
39.3

	
25.4

	
7

	
3.6

	
3.2

	
21.5

	
S-2




	
C1-8

	
3416.57

	
0.62

	
34.9

	
28.1

	
3.9

	
2.5

	
0.2

	
25.1

	
S-3




	
L4-24

	
3419.22

	
0.34

	
43.5

	
26.3

	
4

	
3.3

	
1.8

	
21.1

	
S-2




	
L4-25

	
3434.46

	
0.19

	
42

	
25

	
6.5

	
5.8

	
1.3

	
19.4

	
S-2




	
L4-26

	
3444.05

	
0.21

	
36.2

	
23.1

	
21.3

	
3.2

	
1.3

	
14.9

	
S-2




	
W1-11

	
3522.48

	
0.03

	
38.2

	
26.5

	
4.2

	
2.6

	

	
28.5

	
S-3




	
W1-12

	
3526.68

	
0.04

	
24.7

	
21

	
15

	
2.2

	
4.3

	
32.8

	
M-2




	
W1-13

	
3533.14

	
0.12

	
37.5

	
22.8

	
3.3

	
2.6

	
3.1

	
30.7

	
S-3




	
L4-27

	
3541.45

	
0.31

	
39.6

	
20.9

	
4.5

	
6.8

	
2.8

	
24.8

	
S-3




	
W1-14

	
3545.41

	
0.35

	
41.8

	
36.1

	
4.3

	
2.5

	

	
15.3

	
S




	
W1-15

	
3548.69

	
0.35

	
33.2

	
34.5

	
3.4

	
6

	

	
22.9

	
S-2




	
W1-16

	
3552.15

	
0.39

	
27.7

	
28.5

	
6.6

	
10.7

	
8.6

	
17.9

	
S-2




	
L4-28

	
3552.78

	
0.13

	
34

	
19.9

	
10.1

	
5.5

	
1.2

	
29.3

	
S-3




	
W1-17

	
3555.74

	
0.28

	
31.8

	
24.2

	
5.1

	
6.3

	
5.8

	
26.8

	
S-3




	
L4-29

	
3556.34

	
0.21

	
47.2

	
23.6

	
11.6

	
4.1

	
2.7

	
10.8

	
S-2




	
L4-30

	
3566.32

	
0.43

	
51.1

	
23.6

	
7

	
4.8

	
0.7

	
12.8

	
S




	
L4-31

	
3589.38

	
1.41

	
36.3

	
17

	
5.1

	
6.4

	
6.7

	
28.5

	
S-3











 





Table A2. Clay mineral composition of Qiongzhusi formation shale samples, southwestern Sichuan Basin.






Table A2. Clay mineral composition of Qiongzhusi formation shale samples, southwestern Sichuan Basin.





	
Sample ID

	
Depth (m)

	
Relative Content in Clay Minerals




	
Mixed-Layer I/S

	
Illite

	
Chlorite






	
L4-2

	
3311.82

	
36

	
38

	
26




	
L4-4

	
3313.44

	
36

	
37

	
27




	
L4-6

	
3315.74

	
44

	
34

	
22




	
L4-8

	
3317.93

	
38

	
38

	
24




	
L4-9

	
3320.1

	
37

	
41

	
22




	
L4-10

	
3325.17

	
34

	
42

	
24




	
L4-11

	
3328.72

	
33

	
42

	
25




	
L4-13

	
3355.01

	
13

	
24

	
63




	
L4-14

	
3363.08

	
16

	
22

	
62




	
L4-15

	
3367.7

	
25

	
35

	
40




	
L4-16

	
3373.77

	
20

	
41

	
39




	
L4-18

	
3383.65

	
22

	
34

	
44




	
L4-19

	
3385.59

	
24

	
38

	
38




	
L4-20

	
3388.68

	
15

	
31

	
54




	
L4-22

	
3403.02

	
27

	
24

	
49




	
L4-23

	
3416.16

	
21

	
30

	
49




	
L4-24

	
3419.22

	
23

	
28

	
49




	
L4-25

	
3434.46

	
27

	
35

	
38




	
L4-26

	
3444.05

	
31

	
31

	
38




	
L4-27

	
3541.45

	
37

	
35

	
28




	
L4-28

	
3552.78

	
41

	
34

	
25




	
L4-29

	
3556.34

	
24

	
39

	
37




	
L4-30

	
3566.32

	
25

	
31

	
44




	
L4-31

	
3589.38

	
48

	
46

	
6











 





Table A3. Pore characteristic parameters of the Qiongzhusi formation shale samples, southwestern Sichuan.






Table A3. Pore characteristic parameters of the Qiongzhusi formation shale samples, southwestern Sichuan.





	
Sample ID

	
Depth (m)

	
Pore Volume (cm3/g)

	
Surface Area (m2/g)

	
Lithofacies




	
Micropore

	
Mesopores

	
Macropores

	
Micropore

	
Mesopores






	
L4-2

	
3311.82

	
0.00058

	
0.00568

	
0.01310

	
7.311

	
4.593

	
CM-1




	
L4-4

	
3313.44

	
0.00094

	
0.00596

	
0.01034

	
7.781

	
5.411

	
CM-1




	
L4-6

	
3315.74

	
0.00093

	
0.00512

	
0.01334

	
8.144

	
4.361

	
M-2




	
L4-8

	
3317.93

	
0.00083

	
0.00537

	
0.00974

	
6.943

	
4.414

	
M-2




	
L4-9

	
3320.1

	
0.00011

	
0.0059

	
0.01937

	
2.809

	
3.705

	
S-3




	
L4-10

	
3325.17

	
0.0003

	
0.00403

	
0.02323

	
3.349

	
1.982

	
S-2




	
L4-11

	
3328.72

	
0.00008

	
0.00376

	
0.01558

	
2.037

	
2.281

	
S-3




	
L4-13

	
3355.01

	
0.00017

	
0.00393

	
0.01677

	
2.759

	
2.047

	
S




	
L4-14

	
3363.08

	
0.00021

	
0.00537

	
0.01320

	
3.618

	
2.701

	
S-2




	
L4-15

	
3367.7

	
0.00032

	
0.00483

	
0.01863

	
3.831

	
3.434

	
S




	
L4-16

	
3373.77

	
0.00032

	
0.00324

	

	
3.791

	
1.802

	
S-2




	
L4-18

	
3383.65

	
0.00036

	
0.00431

	
0.01190

	
4.365

	
2.533

	
S-2




	
L4-19

	
3385.59

	
0.00003

	
0.00472

	
0.02595

	
2.22

	
2.708

	
S




	
L4-20

	
3388.68

	
0.00018

	
0.00481

	
0.02914

	
2.777

	
2.22

	
S




	
L4-22

	
3403.02

	
0.00013

	
0.0048

	
0.00171

	
2.517

	
3.023

	
S




	
L4-23

	
3416.16

	
0.00024

	
0.00453

	
0.01799

	
3.406

	
2.939

	
S




	
L4-24

	
3419.22

	
0.00017

	
0.00367

	

	
2.751

	
2.42

	
S-2




	
L4-25

	
3434.46

	
0.00014

	
0.00355

	
0.004697

	
2.581

	
2.9

	
S-2




	
L4-26

	
3444.05

	
0.00021

	
0.00259

	

	
3.177

	
1.621

	
S-2




	
L4-27

	
3541.45

	
0.00046

	
0.00421

	
0.01338

	
5.072

	
3.054

	
S-3




	
L4-28

	
3552.78

	
0.00051

	
0.00504

	
0.01220

	
4.942

	
3.34

	
S-3




	
L4-29

	
3556.34

	
0.00052

	
0.00471

	

	
4.913

	
3.139

	
S-2




	
L4-30

	
3566.32

	
0.00036

	
0.00374

	

	
4.172

	
2.766

	
S




	
L4-31

	
3589.38

	
0.00136

	
0.00538

	
0.005177

	
9.977

	
4.177

	
S-3
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Figure 1. Study area location (a) and stratigraphic units (b) of the southern Sichuan Basin. 
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Figure 2. Stratigraphic column for Qiongzhusi formation of the southwestern Sichuan Basin. (a) Gray shale, well L4, 3313.10–3313.40 m. (b) Gray shale, well L4, 3317.32–3317.52 m. (c) Gray silty shale, well L4, 3404.04–3404.33 m. (d) Gray shale, well L4, 3471.31–3471.55 m. (e) Gray shale, well L4, 3507.52–3507.75 m. (f) Massive black shale, well L4, 3590.64–3590.88 m. GR is abbreviation for gamma ray logs. AC is abbreviation for sonic logs. CNL is abbreviation for compensated neutron logs. DEN is abbreviation for density logs. 
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Figure 3. (a) Vertical variation of TOC content in the shale of Qiongzhusi Formation. The samples are the well and sample number. (b) The percentage of mineral compositions. (c) The lithofacies classification based on mineralogy. (d) TOC contents in different lithofacies. Note: CM, CM-1, CM-2, and CM-3 represent mudstone, siliceous argillaceous shale, argillaceous shale, and calcareous argillaceous shale, respectively. M, M-1, M-2, and M-3 represent mixed shale, calcareous siliceous mixed shale, argillaceous siliceous mixed shale, and argillaceous calcareous mixed shale, respectively. S, S-1, S-2, and S-3 represent siliceous rock, calcareous siliceous shale, siliceous shale, and argillaceous siliceous shale, respectively. C, C-1, C-2, and C-3 represent limestone, siliceous calcareous shale, calcareous shale, and argillaceous calcareous shale, respectively. 






Figure 3. (a) Vertical variation of TOC content in the shale of Qiongzhusi Formation. The samples are the well and sample number. (b) The percentage of mineral compositions. (c) The lithofacies classification based on mineralogy. (d) TOC contents in different lithofacies. Note: CM, CM-1, CM-2, and CM-3 represent mudstone, siliceous argillaceous shale, argillaceous shale, and calcareous argillaceous shale, respectively. M, M-1, M-2, and M-3 represent mixed shale, calcareous siliceous mixed shale, argillaceous siliceous mixed shale, and argillaceous calcareous mixed shale, respectively. S, S-1, S-2, and S-3 represent siliceous rock, calcareous siliceous shale, siliceous shale, and argillaceous siliceous shale, respectively. C, C-1, C-2, and C-3 represent limestone, siliceous calcareous shale, calcareous shale, and argillaceous calcareous shale, respectively.



[image: Minerals 13 01442 g003]







[image: Minerals 13 01442 g004] 





Figure 4. Thin section photos of different lithofacies of Qiongzhusi Formation in Well L4 in southwestern Sichuan Basin, plane-polarized light. (a) S-3 shale, 3589.38 m. (b) S-2 shale, 3434.46 m. (c) S-3 shale, 3368.41 m. (d) S-3 shale, 3317.93 m. (e) S-3 shale, 3313.44 m. (f) S-3 shale, 3589.38 m. (g) S-2 shale, 3434.46 m. (h) S-3 shale, 3368.41 m. (i) S-3 shale, 3317.93 m. (j) S-3 shale, 3313.44 m. 
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Figure 5. FE-SEM image of organic pores in shale samples from the Qiongzhusi Formation in southwestern Sichuan. (a) Honeycomb organic pores in kerogen, well W1, 3297.55 m. (b) Organic pores in kerogen, well L4, 3325.17 m. (c) Organic pores in kerogen, well L4, 3403.02 m. (d) Organic pores in kerogen which in pyrite pore, well W1, 3294.49 m. (e) Organic pores in kerogen, well W1, 3288.28 m. (f) Honeycomb organic pores in kerogen, well W1 3297.55 m. (g) Organic pores in kerogen, well L4 3419.22 m. (h) Organic pores in kerogen, well L4 3355.29 m. (i) Organic pores in kerogen, well L4 3311.82 m. (j) Organic pores in kerogen, well L4 3313.44 m. 
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Figure 6. FE-SEM image of inorganic mineral pores in shale samples from the Qiongzhusi Formation in southwestern Sichuan. (a) Clay pore, well W1, 3328.72 m. (b) Clay pore, well W1, 3363.08 m. (c) Clay pores, well W1, 3328.72 m. (d) Clay pores, well W1, 3311.82 m. (e) Clay pores in clay mineral and microfracture in quartz, well W1, 3313.44 m. (f) Pyrite pores, well W1, 3328.72 m. (g) Pyrite pores, well W1, 3325.17 m. (h) Pyrite pores, well W1, 3355.29 m. (i) Pyrite pores, well W1, 3317.93 m. (j) Pyrite pores, well W1, 3313.44 m. (k) Microfracture, well W1, 3328.72 m. (l) Microfracture, well W1, 3325.17 m. (m) Microfracture, well W1, 3388.68 m. (n) Microfracture, well W1, 3315.74 m. (o) Microfracture, well W1, 3313.44 m. 
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Figure 7. Pore size distribution of different lithofacies of Qiongzhusi Formation shale characterized by high-pressure mercury intrusion. L4-2 and L4-4 etc. are well and sample numbers (Figure 3). (a) Pore size distribution of Siliceous argillaceous shale (CM-1). (b) Pore size distribution of Argillaceous siliceous mixed shale (M-2). (c) Pore size distribution of Siliceous rock (S). (d) Pore size distribution of Calcareous siliceous shale (S-2). (e) Pore size distribution of Argillaceous siliceous shale (S-3). (f) Macropore volume of different lithofacies. 
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Figure 8. N2 adsorption-desorption curves of different lithofacies of the Qiongzhusi Formation shale in southwest Sichuan basin. L4-2 and L4-4 etc. are well and sample numbers (Figure 3). (a) hysteresis loop of siliceous argillaceous shale (CM-1). (b) hysteresis loop of Argillaceous siliceous mixed shale (M-2). (c) hysteresis loop of siliceous rock (S). (d) hysteresis loop of calcareous siliceous shale (S-2). (e) hysteresis loop of pore size distribution of Argillaceous siliceous shale (S-3). (f) Types of LN2GA hysteresis loop by IUPAC. 






Figure 8. N2 adsorption-desorption curves of different lithofacies of the Qiongzhusi Formation shale in southwest Sichuan basin. L4-2 and L4-4 etc. are well and sample numbers (Figure 3). (a) hysteresis loop of siliceous argillaceous shale (CM-1). (b) hysteresis loop of Argillaceous siliceous mixed shale (M-2). (c) hysteresis loop of siliceous rock (S). (d) hysteresis loop of calcareous siliceous shale (S-2). (e) hysteresis loop of pore size distribution of Argillaceous siliceous shale (S-3). (f) Types of LN2GA hysteresis loop by IUPAC.



[image: Minerals 13 01442 g008]







[image: Minerals 13 01442 g009] 





Figure 9. Pore size distribution of Qiongzhusi Formation shale characterized by N2 adsorption in southwest Sichuan basin. L4-2 and L4-4 etc. are well and sample numbers (Figure 3). (a) Siliceous argillaceous shale. (b) Argillaceous siliceous mixed shale. (c) Siliceous rock (S). (d) Calcareous siliceous shale (S-2). (e) Pore size distribution of Argillaceous siliceous shale (S-3). (f) Mesopores volume of different lithofacies. 
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Figure 10. Pore size distribution of Qiongzhusi Formation shale characterized by CO2 adsorption in southwest Sichuan basin. L4-2 and L4-4 etc. are well and sample numbers (Figure 3). (a) Siliceous argillaceous shale. (b) Argillaceous siliceous mixed shale. (c) Siliceous rock (S). (d) Calcareous siliceous shale (S-2). (e) Pore size distribution of Argillaceous siliceous shale (S-3). (f) Micropores volume of different lithofacies. 
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Figure 11. The average value of pore structure parameters of different lithofacies and the relationship between TOC and micropore parameters. (a) Average values of TOC and pore structure parameters in siliceous argillaceous shale (CM-1). (b) Average values of TOC and pore structure parameters in argillaceous siliceous mixed shale (M-2). (c) Average values of TOC and pore structure parameters in siliceous rock (S). (d) Average values of TOC and pore structure parameters in calcareous siliceous shale (S-2). (e) Pore size distribution of Argillaceous siliceous shale (S-3). (f) The relationship between TOC and micropore volume. (g) The relationship between TOC and CO2 specific surface area. 
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Figure 12. Correlation between pyrite content and pore structure parameters. (a) Pyrite content vs. micropore volume. (b) Pyrite content vs. mesopore volume. (c) Pyrite content vs. macropore volume. (d) Pyrite content vs. CO2 specific surface area. (e) Pyrite content vs. N2 specific surface area. (f) Pyrite content in different lithofacies. 
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Figure 13. (a–e) Pore size distribution characteristics of different lithofacies based on the data of CO2 adsorption experiment, N2 adsorption experiment and high-pressure mercury injection. (f–n) Correlation between minerals content and pore volume. 






Figure 13. (a–e) Pore size distribution characteristics of different lithofacies based on the data of CO2 adsorption experiment, N2 adsorption experiment and high-pressure mercury injection. (f–n) Correlation between minerals content and pore volume.
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Figure 14. Specific surface area distribution and the correlation between minerals content and the N2 specific surface area and CO2 specific surface area. (a–c) Minerals content vs. CO2 specific surface area. (d) CO2 specific surface area distribution and minerals content. (e–g) Minerals content vs. N2 specific surface area. (h) N2 specific surface area distribution and minerals content. 






Figure 14. Specific surface area distribution and the correlation between minerals content and the N2 specific surface area and CO2 specific surface area. (a–c) Minerals content vs. CO2 specific surface area. (d) CO2 specific surface area distribution and minerals content. (e–g) Minerals content vs. N2 specific surface area. (h) N2 specific surface area distribution and minerals content.
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Figure 15. Correlation between different clay mineral content and the pore volume of micropores. (a) Relative content of Mixed-layer I/S in clay minerals vs. micropore volume. (b) Relative content of illite in clay minerals vs. micropore volume. (c) Relative content of chlorite in clay minerals vs. micropore volume. 






Figure 15. Correlation between different clay mineral content and the pore volume of micropores. (a) Relative content of Mixed-layer I/S in clay minerals vs. micropore volume. (b) Relative content of illite in clay minerals vs. micropore volume. (c) Relative content of chlorite in clay minerals vs. micropore volume.
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