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Abstract

:

To further study the reservoir characteristics and adsorption capacity of the Taiyuan Formation shale in the South North China Basin (SNCB), the pore structure and adsorption capacity of shale are discussed using various analysis tests, including elemental geochemistry, organic geochemistry, mineral composition, low-temperature nitrogen adsorption (LTNA), and methane adsorption experiments. The results indicate that the Taiyuan Formation shale formed in a poor oxygen and anaerobic sedimentary environment in still water. The average value of total organic carbon (TOC) content is 2.37%. The organic matter type mainly consists of type III kerogen. The vitinite reflectance (Ro) ranges from 3.11% to 3.50%. The clay mineral content varies greatly, averaging at 40.7%, while the quartz content averages at 37.7%. The Taiyuan Formation shale mainly develops interparticle (InterP) pores, followed by organic pores, intraparticle (IntraP) pores, solution pores, and microfractures. BET specific surface area (SSA) is between 9.47 m2/g and 22.14 m2/g, while pore volume (PV) ranges from 0.0098 cm3/g to 0.022 cm3/g, indicating favorable conditions for shale gas storage. According to the results of the CH4 adsorption experiment, Langmuir volume from Taiyuan Formation shales exhibits 1.35~4.30 cm3/g, indicating excellent adsorption capacity. TOC content shows a positive correlation with both Langmuir volume and BET SSA from Taiyuan Formation shales, suggesting that TOC plays a crucial role in controlling microscopic pores and gas adsorption capacity. Organic matter enhances the shale adsorption capacity by providing abundant pore SSA. Due to formation compaction, the pore size of clay minerals decreases, leading to an increase in pore SSA, while kaolinite exhibits weak hydrophilic ability. Consequently, with the increase in clay minerals and kaolinite content, the shale adsorption capacity is enhanced to a certain extent. However, an increase in the carbonate mineral content may result in a decrease in the proportion of clay minerals, therefore reducing the CH4 adsorption capacity of shale.
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1. Introduction


The increasing global energy demand and gradual depletion of traditional fossil fuel reserves have made shale gas a typical unconventional natural resource. Its efficient exploration and development are now crucial for alleviating the energy crisis and protecting the environment [1,2,3]. Shale gas resources in China have enormous potential, and the organic-rich shale formation has a long geological age, many sedimentary types, and a wide distribution area. Taking into account the differences in material composition and formation environment, shale gas resources can be classified into three types: marine, marine–continental transition, and continental facies [4,5]. Among them, Marine shale gas has a large thickness, wide distribution area, and strong horizontal continuity. The kerogen is mainly type I~II1, and the abundance and maturity of organic matter are high. The commercially developed shale gas mainly comes from the deep-sea shelf mud shale of the Upper Ordovician-Lower Silurian (Wufeng–Longmaxi Formation) in the Sichuan Basin and its surrounding areas [6,7]. The continental shale has a large total thickness, concentrated development, and a high abundance of organic matter. However, due to the low organic matter evolution [8], the high clay mineral content, and the low brittle mineral content, its gas generation capacity is limited, and the development of shale gas is challenging [9]. The marine–continental transitional shale gas has a favorable development situation. The geological resources account for approximately 25% of the total shale gas reserves in China. The shale is widely distributed, with predominantly type III kerogen and high organic matter abundance, currently in the peak stage of gas generation. Despite significant breakthroughs in exploration and development in the Ordos Basin, Qinshui Basin, SNCB, Central Hunan Area, Southeast Sichuan Area, and Guizhou Area, cost and technical challenges are expected due to the thin continuous thickness of shale, rapid vertical and horizontal changes, as well as frequent interbedding with coal seams and tight sandstones [10,11].



The main component of shale gas is CH4, which often occurs in reservoir rock dominated by organic-rich shale. It exists mainly in the adsorption state and free state, with a small amount being dissolved [12,13]. The adsorbed gas primarily exists on the pore surface of organic matter and clay minerals, accounting for 20–85% of the total gas content. The free gas mainly occurs in microcracks and pores with a large pore size, constituting 15–80% of the total gas content. A small amount of dissolved gas is present in asphaltene, liquid hydrocarbon, kerogen, and formation water [13,14,15]. Numerous controlling factors affect the methane adsorption capacity of shale, including the content, type, and maturity of organic matter, the composition and content of minerals, PV, pore structure, water content, and so on [16,17,18]. Among them, Zhang et al. believed that organic matter is the primary controlling factor of gas adsorption in shale gas systems. Type III kerogen exhibits stronger aromatization, more pores, and higher shale adsorption capacity, while type I kerogen has the lowest adsorption capacity [19]. Chen et al. concluded from their adsorption experiments and grand canonical Monte Carlo simulation that organic matter serves as the main adsorbent in shale due to the high distribution density and strong intensity of adsorption sites and large SSA [20]. Zhang and Fu investigated the Langmuir volume (VL) of coal-measure shale from the Shanxi-Taiyuan Formation in the central and southern Qinshui Basin. They found that VL was positively correlated with TOC content, clay mineral content, and SSA, while it was negatively correlated with quartz content and average pore size. Additionally, they observed that as Ro increased, VL initially increased but then decreased [21]. Ji et al. investigated the relationship between the types of clay mineral and methane adsorption in over-mature shales, revealing that illite/smectite (I/S) mixed layer exhibits a stronger methane adsorption capacity than kaolinite, while illite exhibits the weakest methane adsorption capacity [22]. Sun and Guo analyzed the influence of pore structure on the adsorption capacity of Upper Paleozoic transitional shale in the Ordos Basin. Studies have shown that methane adsorption capacity is positively correlated with the SSA of micropores in shale, and TOC content and clay minerals also significantly contribute to the methane adsorption capacity of shale [23]. Xing et al. elucidated the controlling factors of water in the nanopores of shale and its influence on methane adsorption [24]. The analysis revealed that the type and content of clay minerals were the primary factors affecting the water content or water absorption capacity of shale, while competitive adsorption between water and methane at adsorption sites was the main mechanism leading to a decrease in methane adsorption capacity of shale [24]. In recent years, the methane adsorption capacity of marine shale has been extensively studied. Due to differences in sedimentary environments, there are significant differences in reservoir material composition and gas occurrence mechanism between marine–continental transitional shale and marine shale [25]. These differences will cause a significant amount of uncertainty in determining the main controlling factors of gas enrichment in the marine–continental transitional shale [26]. Therefore, it is necessary to further clarify the reservoir characteristics and methane adsorption capacity of transitional shale to provide a scientific basis for accurately evaluating the potential of transitional shale gas.



The Shanxi-Taiyuan Formation is the main stratum of marine–continental transitional shale in the SNCB. The shale has a large thickness and wide distribution, which is of great significance for the exploration and development of marine–continental transitional shale gas. To comprehensively understand the characteristics and gas-bearing properties of the shale reservoir from the Taiyuan Formation in the SNCB, experiments on element geochemistry, mineral composition, organic geochemistry, pore structure characteristics, and methane adsorption were carried out in this paper. The material composition, pore structure parameters of shale, and their controlling effects on methane adsorption capacity are discussed. The research results are helpful for a better understanding of the shale reservoir characteristics and shale gas enrichment mechanism of the Taiyuan Formation in the SNCB, providing a theoretical reference for the exploration and development of coal measures shale gas from the Lower Permian in the study area.




2. Geological Background


The SNCB is in the south of the North China Block, which belongs to the junction between the south of the North China Block and the Qinling–Dabie orogenic belt. It can be divided into six first-order tectonic zones: the western Henan uplift zone, the Zhoukou Depression zone, the Taikang Uplift zone, the Kaifeng Depression zone, the Xuzhou-Bengbu Uplift zone, and the Hefei Basin [27,28]. Well Z is located on the northwest slope of Taikang Uplift, at the junction of Tongxu Uplift and Kaifeng Depression, SNCB (Figure 1a). The tectonic evolution has gone through four periods: the development period of the neritic sedimentary basin of the Cambrian–Middle Ordovician, the denudation period of cratonic paleocontinental uplift of the Late Ordovician–Devonian, the development period of marine–continental transitional subsidence basin of the Carboniferous–Permian, and the development period of the continental basin of the Triassic–Quaternary [29]. The coal-bearing rocks are developed at the lower part of the Permian in this area. The source rocks are widely distributed and well-developed. The Taiyuan Formation consists of carbonate rocks from the epicontinental sea and clastic rocks from shoreland, with a thickness ranging from 39 to 140 m. The lithology mainly comprises limestone, sandstone, mudstone, and coal. The lithology mainly consists of limestone, sandstone, mudstone, and coal (Figure 1b). It represents an overall transgressive and regressive sequence. The shale section represents a lagoon facies, while the limestone section represents a restricted platform facies. Some areas have thick shale with high organic matter content, which presents potential for shale gas exploration [29].




3. Samples and Experiments


3.1. Samples


In this study, 20 shale samples of Taiyuan Formation were collected from Well Z in the SNCB, with a sampling depth ranging from 2844 to 2911 m. We analyzed the organic carbon abundance and whole-rock mineral composition of all samples. Additionally, some samples were analyzed using elemental geochemistry, macerals, LTNA, scanning electron microscopy (SEM), and methane adsorption experiments.




3.2. Experimental Methods


The LECO CS-200 sulfur-carbon analyzer was used to analyze the TOC of shale samples. The sample with a particle size of 0.075 mm, weighing 0.1 g, was taken. The inorganic carbon component in the sample was removed by diluting hydrochloric acid with a mass fraction of 5%. The treated sample was washed with deionized water and then placed in an oven at 80 °C for continuous drying for 48 h. Finally, the TOC determination experiment was carried out after the sample had been dried. The macerals and Ro of shale samples were measured using the LEICA DM 4500 P micro-spectrophotometer. The macerals were identified and quantitatively analyzed following the China Petroleum and Natural Gas Industry Standard (SY/T 6414-2014) [32]. The Ro was measured following the China Petroleum and Natural Gas Industry Standard (SY/T 5124-2012) [33].



The mineral composition was analyzed using a Bruker D8 ADVANCE DaVinci X-ray diffractometer. A sample weighing more than 0.5 g and with a particle size of less than 0.075 mm was taken. The test instrument utilized the Cu target, and the rotation angle ranged from 3° to 70°. Quantitative analysis was conducted through step scanning at a speed of 4°/min and an interval of 0.02°. The database for mineral identification comes from the China Petroleum and Natural Gas Industry Standard (SY/T 5163-2018) [34].



The shale was prepared into a block measuring approximately 1 cm × 1 cm × 0.3 cm, and the sample surface was polished using the Gatan693 ion polishing instrument. The polished samples were then placed in a Quanta 250 FEG high-resolution SEM to observe the pore morphology. The SEM has a resolution of up to 0.8 nm, magnification ranging from 6 to 1 × 106 times, and an adjustable accelerating voltage range of 0.2 to 30 kV.



First, approximately 0.5 g of the sample was subjected to high-temperature calcination to eliminate organic matter. Subsequently, around 0.5 mg of the resulting residue was weighed and dissolved in a mixture of HNO3, HF, and HClO4 with a ratio of 2:2:1, using a volume of 7.5 mL. After being evaporated to dryness at high temperature, a mixed acid of HNO3 and HF with a ratio of 1:1 was added and kept at 190 °C for 48 h. After cooling, the solution was evaporated to obtain a wet salt state and then slowly added with 4 mL of HNO3 and kept at 170 °C for 4 h. The dissolved sample was diluted by a factor of 2000 using 2% HNO3. Finally, the dissolved and diluted sample was tested on an ICP-MS instrument, and the relative error of the analysis data was less than 5%.



The LTNA experiment utilized the Micromeritics ASAP2460 automatic SSA and pore size analyzer. The shale sample was crushed to 80 mesh, and 1.5 g of the shale sample underwent vacuum degassing at 250 °C for 12 h to eliminate free water and volatile substances in the sample. The relative pressure range for the experiment was set between 0.0001 and 0.995. The PV, pore size distribution (PSD), and SSA of the samples were calculated using BJH and BET models, respectively.



Methane adsorption experiments were conducted using the H-Sorb 2600 high-pressure gas isothermal adsorption instrument. The shale samples were crushed to a size of 60–80 mesh, and 1.5 g of samples were vacuumed at 105 °C for more than 12 h. The experiment utilized the static volume method with a test temperature of 90 °C and a maximum experimental equilibrium pressure of 12 MPa.





4. Results


4.1. Organic Geochemical Characters


The TOC content distribution of shale samples from Well Z in the SNCB ranges from 0.58% to 7.43%, with an average of 2.37%. From the result of TOC distribution frequency (Figure 2), most shales have a TOC content between 1% and 4%, while a few shales have a TOC content exceeding 7%. It can be observed that the Taiyuan Formation shale exhibits a high organic carbon abundance, providing a good material basis for the formation of shale gas. The Ro of the shale samples from the Taiyuan Formation ranges between 3.11% and 3.50%, with an average of 3.23%. This indicates that the shale from the Taiyuan Formation has reached an over-mature stage. The organic macerals of Taiyuan Formation shale are primarily composed of sapropelic and vitrinite, with the sapropelic accounting for 20.0% to 92.0%, averaging 48.1%. The vitrinite content ranges from 2.0% to 44.0%, with an average of 27.8%. The calculation results of the kerogen type index (TI) indicate that the organic matter of Taiyuan Formation shale is primarily kerogen type III, followed by type II1 kerogen. The results of shale pyrolysis indicate that the hydrocarbon content is low due to the high degree of thermal evolution, resulting in a limited potential for hydrocarbon generation (Table 1).




4.2. Sedimentary Environmental Characteristics


The change in the sedimentary water environment usually elicits a specific geochemical response in sedimentary rocks (shale, sandstone, limestone, mudstone, etc.). Therefore, the parameters of trace elements and rare earth elements in rocks can better reflect the original geochemical information and paleoenvironmental characteristics preserved by source rocks [35,36]. The enrichment and accumulation of V, Ni, Cu, Zn, and other elements in sediments are controlled by the redox conditions of the sedimentary environment. These elements are typically enriched under reducing conditions [37,38].



The V/(V + Ni) ratio can indicate the stratification and redox conditions of the water [37]. When V/(V + Ni) is less than 0.46, it reflects an oxygen-rich oxidation environment; when it is between 0.46 and 0.57, it reflects an oxygen-poor weak reduction environment; when it is between 0.57 and 0.83, it reflects an anoxic reduction environment; when it is between 0.83 and 1, it reflects a static sea environment [37]. The V/(V + Ni) ratio of the Permian Taiyuan Formation shale is 0.76~0.87, with an average of 0.82 (Table 2). This value is significantly higher than the threshold of 0.57, indicating that the ancient water existed in an anoxic static sea environment during the sedimentary period of the Taiyuan Formation. The Cu/Zn ratio can reflect the redox conditions of ancient water. Cu/Zn < 0.21 is an anoxic environment, 0.21 < Cu/Zn < 0.63 is an oxygen-poor environment, and Cu/Zn < 0.63 is an oxygen-rich environment [39]. The Cu/Zn ratio of the Taiyuan Formation shale ranges from 0.16 to 0.23, with an average of 0.22 (Table 2). This indicates that the ancient water existed in an oxygen-poor and anoxic sedimentary environment during the deposition period of the Taiyuan Formation. The Ce anomaly is also a reliable and effective method for determining redox conditions [40]. Due to the extremely low content of Ce, the Ce anomaly can generally be replaced by the ratio of Ce/La. The Ce/La ratio less than 1.5 indicates an oxygen-rich environment, the ratio between 1.5 and 1.8 indicates an oxygen-poor environment, and the ratio greater than 1.8 indicates an anoxic environment [40]. The Ce/La ratio of the Taiyuan Formation shale ranges from 1.57 to 2.00, with an average of 1.81 (Table 2), indicating that the ancient water existed in poor oxygen and anaerobic sedimentary environment during the sedimentation period of the Taiyuan Formation. In summary, the geochemical parameters of the V/(V + Ni) ratio, Cu/Zn ratio, and Ce/La ratio all indicate that the sedimentary period of the Permian Taiyuan Formation in the SNCB was poor oxygen and anaerobic sedimentary environment of static water.




4.3. Petrological and Mineralogical Characteristics


Mineral composition is an important factor that affects the nanopore structure of shale. Different inorganic minerals have distinct differences in crystal structure and physical and chemical properties, which result in variations in pore morphology and size between crystals and particles, as well as SSA and even adsorption heat of particles. Consequently, these differences lead to variations in the adsorption capacity of shale [41]. The XRD test results of Taiyuan Formation shale samples show that the mineral composition is predominantly quartz and clay minerals (Figure 3), with a significant variation in the content of clay minerals ranging from 12.4% to 60.0%, averaging 40.7%. The quartz content ranges from 19.7% to 51.3%, with an average of 37.7%. In addition to quartz and clay minerals, the Taiyuan Formation shale also contains small amounts of feldspar, carbonate, and pyrite. Among these, the feldspar content ranges from 0% to 10.3%, averaging at 2.8%; the carbonate content ranges from 0% to 57.7%, averaging at 11.7%. It exhibits obvious heterogeneous distribution vertically, where individual samples with high carbonate content may be attributed to their collection location near limestone layers. The pyrite content ranges from 0% to 18.1%, averaging at 5.2%. Pyrite shows distinct enrichment sections in the vertical direction. A small amount of siderite is also present in the Taiyuan Formation shale, with the content ranging from 0 to 7.5% and an average of 2.0%. This indicates that the Taiyuan Formation shale has a high concentration of brittle minerals, which is more conducive to shale reservoir fracturing (Figure 4). According to the analysis results of clay mineral composition in the Taiyuan Formation shale, the main clay minerals are I/S mixed layer, accounting for 19.0% to 81.0%, with an average of 55.5%. Followed by illite, its content ranges from 7% to 40%, with an average of 25.2%; only a few samples contain trace amounts of chlorite, with the highest content being at 9% (Figure 5).



Lithofacies refer to the combination of rock types or lithologies formed in a specific sedimentary environment. The division of lithofacies mainly relies on factors such as mineral composition, sedimentary structure, organic matter abundance, and development characteristics of biology [42,43,44]. Based on the characteristics of shale mineral composition, the three-terminal element method is employed, with quartz + feldspar + pyrite, clay minerals, and carbonate minerals as three-terminal elements. The Taiyuan Formation shale in the SNCB can be mainly classified into siliceous shale, clay-rich shale, and mixed shale, with a small amount of siliceous shale (Figure 6).




4.4. Pore Type and Morphological Characteristics


Shale pores are the storage space for gas in shale gas reservoirs, and the microscopic characteristics of the pores largely determine the performance of the shale reservoir [45,46]. According to the genetic mechanism, morphological characteristics, and development location of pores, shale pores can be classified into three categories: inorganic pores, organic pores, and microfractures. Among them, inorganic pores mainly include mineral InterP and IntraP pores [47,48]. The results of SEM show that various pore types develop in the shale samples of the Taiyuan Formation in the SNCB, mainly including organic pores, mineral InterP pores, IntraP pores, and microfractures (Figure 7 and Figure 8).



Organic pores are secondary pores formed during the thermal evolution stage when kerogen is converted into hydrocarbon fluids, primarily developing inside and between organic particles. The organic matter contains nanoscale pores and microfractures, which are small in size and not connected (Figure 7a,b). Some organic matter can fill the InterP pores of strawberry pyrite (Figure 7d), interlayer pores of clay minerals (Figure 7b), and calcite crystals (Figure 8d), forming organic-mineral complexes. The organic matter in these complexes hardly developed internal pores, and some organic matter particles did not develop internal pores (Figure 7c,d).



Some InterP pores are often developed at the edges of mineral particles in the Taiyuan Formation shale (Figure 8). The pore morphology, mostly triangular, banded, or irregular, is controlled by the original pores and diagenesis compaction, and the pore connectivity is good. A small number of IntraP pores develop in the brittle mineral particles (Figure 8a,d). Due to their small pore size and poor connectivity, they have little effect on the enrichment and migration of shale gas. The carbonate unstable minerals develop a small number of dissolution pores due to the influence of acidic fluids (Figure 8b), and these dissolution pores are mostly isolated from each other. The formation of dissolution pores in the gas window has a positive impact on the occurrence of shale gas. Microfractures with various shapes can also be observed in shale samples, primarily shrinkage fractures between clay mineral layers. During the diagenetic process of clay minerals, smectite undergoes a transformation from I/S mixed layer to illite. This transformation is accompanied by dehydration and volume reduction, resulting in shrinkage fractures between clay mineral layers. Additionally, the pore connectivity is good. However, under intense compaction, clay mineral particles are arranged more closely, leading to deformation and closure of pores between them (Figure 8c).




4.5. Pore Structure Characteristics


The Taiyuan Formation shale exhibits a highly intricate and varied pore structure characterized by a broad range of PSD. According to the classification system proposed by IUPAC, we can classify these pores into three distinct categories: micropores (λ < 2 nm), mesopores (λ = 2~50 nm), and macropores (λ > 50 nm) [49]. Based on the categorization of adsorption curves by IUPAC and the characteristics of hysteresis loops, the nitrogen adsorption curves of shale exhibit similarities with type IV adsorption curves while predominantly featuring H3 and H4 hysteresis loops (Figure 9). First, the H4 hysteresis loop includes Z-11 and Z-20. The adsorption curve slowly increases. The adsorption and desorption curves overlap when P/P0 is less than 0.5. When P/P0 is between 0.5 and 1.0, the hysteresis loops are narrow with a slight inflection point at P/P0 = 0.5, indicating the presence of fine bottlenecks and slit/wedge pores in the shales.



The SSA of Taiyuan Formation shale in SNCB ranges from 9.47 to 22.14 m2/g, with an average of 14.51 m2/g, according to the BET method calculation results. The PV and PSD characteristics of shale samples are analyzed based on the calculation results of BJH theory (Table 3, Figure 10). The total PV varies between 0.0098 and 0.022 cm3/g, with an average of 0.017 cm3/g. The APS varies between 3.59 and 6.30 nm, with an average of 4.84 nm. The PV and SSA distribution of shale is unimodal, with a peak value at 2–5 nm, indicating that the predominant micropores are mesoporous, and the main contribution to SSA comes from pores sized between 2 and 5 nm. The development of nanoscale pores within shale facilitates efficient storage of shale gas by providing sufficient space for gas adsorption.




4.6. Methane Adsorption Characteristics


The methane adsorption test underestimates the actual adsorption capacity because it ignores the volume of the adsorption phase, and direct measurement of the actual adsorption capacity of methane is not possible. The measured gas adsorption volume is referred to as excess adsorption volume. Therefore, the influence of the adsorption phase volume must be considered to accurately calculate the absolute adsorption volume. Rexer et al. modified the binary Langmuir adsorption model by considering the adsorption phase density as a variable and proposed a ternary Langmuir model [50]. Through nonlinear fitting, the excess adsorption volume was used to directly obtain the Langmuir volume and Langmuir pressure. The equation of the ternary Langmuir model is:


    V   e x   =      V   L   × P     P   L   + P      1 −      ρ   g       ρ   a         



(1)




where P is the equilibrium pressure, MPa; Vex is the excess adsorption volume at P, cm3/g; PL is the Langmuir pressure, MPa; VL is the Langmuir volume, cm3/g; ρg is the methane density at P, g/cm3; ρa is the density of methane adsorption phase, g/cm3.



The adsorption curves of shale samples at 90 °C under pressures ranging from 0 to 10 MPa are presented in Figure 11, illustrating the excess and absolute adsorption of CH4. Upon comparing these two curves, it is evident that the CH4 adsorption volume experiences a rapid increase with increasing pressure at low levels (0–3 MPa). Moreover, there is minimal disparity between the excess and absolute adsorption volumes. As the pressure exceeds 4 MPa, the CH4 adsorption volume continues to rise but at a slower pace, while the difference between excess and absolute adsorption volumes becomes more pronounced. Conversely, the absolute adsorption volume significantly surpasses the excess adsorption volume, with this distinction gradually widening. It is crucial to adjust the excess adsorption curve according to formation pressure and temperature when estimating actual methane adsorption capacity under formation conditions. Failure to do so may lead to an underestimation of geological reserves for shale gas [51]. The shale samples exhibit VL fitted by Vex within a range of 1.35 to 4.30 cm3/g and an average value of 2.57 cm3/g. PL varies from 3.34 to 5.70 MPa, with an average value of 4.35 MPa (Table 3).





5. Discussion


5.1. Effect of Organic Matter Characteristics on Shale Adsorption Capacity


The abundance of organic matter is an important indicator for evaluating the pore development and the adsorption gas content in highly over-mature shale. Organic matter is the material basis for the formation of a nanoscale pore network. It possesses strong adsorption capacity, with its surface and internal pores being the main sites for gas adsorption [52]. From the correlation between VL and TOC of shale (Figure 12a), there is a significant positive correlation between VL and TOC, with a correlation coefficient of 0.883. This indicates that the CH4 absolute adsorption volume increases with the increase of TOC content of shale, which is consistent with previous research findings [23,48]. Meanwhile, through the analysis of the correlation between TOC and total PV as well as pore SSA in shale (Figure 12b,c), there is a positive correlation between TOC and SSA, with a correlation coefficient of 0.616. Additionally, TOC exhibits a weak positive correlation with total PV, with a correlation coefficient of 0.322. These findings indicate a significant coupling relationship among hydrocarbon generation, pore increase, and gas storage in shale. During the process of shale gas reservoirs, numerous nanoscale pores are formed within organic matter due to hydrocarbon generation and discharge. The higher the organic matter abundance in shale, the more developed the organic pores, and the increased pore SSA can provide more adsorption sites for CH4, thus effectively improving the shale adsorption capacity.



Different types of organic matter possess varying chemical structures in shale, which impact the shale adsorption capacity. It can be observed from the experimental results of methane adsorption in shale with different types of organic matter that the organic matter exhibits the weakest adsorption capacity with type I kerogen (Figure 13a), while the organic matter has strong adsorption capacity with type II and III kerogen, with little difference between them. This is primarily attributed to the different macerals and microstructures of various types of organic matter. Compared to type I, the organic matter with type III kerogen has a higher vitrinite content and more aromatic structures, both of which exhibit a stronger affinity for CH4, therefore enhancing shale adsorption capacity [19]. Although the adsorption capacity of organic matter with type III kerogen is stronger, its hydrocarbon generation capacity and potential for developing organic pores are poor, and almost no organic pores are developed during the thermal evolution process. In contrast, organic matter with type II kerogen has significant hydrocarbon generation potential and is easily able to develop organic pores [53]. Therefore, the adsorption capacity of organic matter with type II kerogen is slightly stronger than that of organic matter with type III kerogen in the study area. However, due to the high maturity of the Taiyuan Formation shale in the SNCB, which is in the stage of cracking and gas generation, the difference in organic matter type does not have a significant effect on shale adsorption capacity [19].



The organic maturity affects the development of organic pores in shale, therefore influencing the shale adsorption capacity. Most researchers believe that with the increase of organic maturity, the organic pores become more developed in shale, and the aromatization of organic matter gradually enhances, resulting in an enhancement of shale adsorption capacity [54,55]. Through the correlation between organic maturity and VL, the absolute adsorption volume of shale decreases with the increase in organic maturity. This is because as the evolution stage progresses into the high-over maturity stage and the burial depth increases, it inhibits the development of shale organic pores. Additionally, solid asphalt and oil formed in the early stages fill some organic pores, therefore reducing pore connectivity and limiting space for shale gas occurrence. As a result, there is a decrease in shale adsorption capacity, indicating that organic maturity has a certain influence on shale adsorption capacity from the Taiyuan Formation in the SNCB (Figure 13b).




5.2. Effect of Pore Structure on Shale Adsorption Capacity


The pore structure characteristics of shale affect the occurrence state of shale gas and are also key factors affecting shale adsorption capacity [55]. The correlation between pore structure parameters and VL of Taiyuan Formation shale was analyzed, leading to the conclusion that the relationship between shale adsorption capacity and pore structure parameters is significantly weaker compared to that with organic matter. Specifically, VL shows a strong positive correlation with total pore SSA and a weak positive correlation with total PV, with respective correlation coefficients of 0.6290 and 0.3450. Macroporous PV and SSA do not show a significant correlation with VL, while mesoporous PV and SSA exhibit a weak positive correlation with VL (Figure 14). Research shows that the greater the total PV and SSA of shale in the Taiyuan Formation, the stronger the shale adsorption capacity. The main reason is that the adsorption of shale gas molecules is a physical process, and it has a certain effective range for adsorption. Meanwhile, macropores in shale primarily serve as storage spaces for free gas and act as migration channels for shale gas [56]. The mesopores are widely developed in the pores of the Taiyuan Formation shale, providing the main PV and SSA for the shale. This increases the number of adsorption sites on its surface and provides the primary storage space for gas adsorption, therefore enhancing the shale adsorption capacity.




5.3. Effect of Mineral Composition on Shale Adsorption Capacity


The inorganic minerals in shale mainly include clay minerals and brittle minerals. Different inorganic minerals have distinct differences in crystal structure and physical and chemical properties, which result in varying SSA of these minerals. Therefore, the variation in mineral composition and content leads to differences in the pore structure of shale and its impact on methane adsorption capacity [57]. The mineral composition of the Taiyuan Formation shale in the SNCB mainly consists of quartz and clay minerals, accounting for over 70%. Only sample Z-20 has a predominant mineral composition of carbonate minerals, which accounts for 57.7%. Therefore, quartz and clay minerals may have the most significant impact on shale pore structure and methane adsorption capacity. By analyzing the correlation between clay mineral content and pore SSA, it can be concluded that there is a positive correlation between the clay mineral content and pore SSA of shale, indicating that the clay minerals in Taiyuan Formation shale have a certain influence on its pore SSA (Figure 15a). Since there is a positive correlation between clay mineral content and pore SSA of shale, which further affects the methane adsorption capacity of clay minerals, it can be concluded that there is a significant positive correlation between clay mineral content and VL. The correlation coefficient is 0.50 (Figure 15b). This also indicates that the clay mineral content is the main factor determining the adsorption capacity of marine–continental transitional shale. The strong plasticity of clay minerals is the main reason. As their content increases, the compaction of the formation causes a closer arrangement of clay minerals, which promotes the deformation of large pores in shale. This leads to a decrease in pore size and an increase in the number of micropores and mesopores in shale, gradually increasing the pore SSA and improving methane adsorption capacity. However, due to the stronger hydrophilicity of clay minerals, the correlation between VL and clay minerals is significantly weaker than that with organic matter.



The main components of clay minerals in the Taiyuan Formation shale include I/S mixed layer, illite, and kaolinite. By analyzing the correlation between clay mineral composition and SSA and VL, it can be concluded (Figure 15a,b) that the kaolinite content in shale is positively correlated with SSA and VL, with correlation coefficients of 0.33 and 0.67, respectively. The illite content has a weak negative correlation with SSA and VL. The content of the I/S mixed layer shows no correlation with SSA but exhibits a weak negative correlation with VL. It indicates that an increase in the kaolinite content leads to a corresponding increase in the SSA of shale pore, and due to its weak hydrophilicity, kaolinite enhances the methane adsorption capacity of shale. However, an increase in illite content may lead to an increase in the large pore content of shale, which reduces the SSA of shale pore. Additionally, both illite and I/S mixed layers have strong hydrophilic abilities. Water molecules will adsorb onto their surfaces, occupying adsorption sites and blocking the pore throat, therefore reducing the methane adsorption capacity of shale [58]. Therefore, the influence of clay mineral composition on shale adsorption capacity is more complex.



Brittle minerals in shale primarily consist of quartz, feldspar, and carbonate minerals. By analyzing the correlation between brittle minerals and SSA and VL, it can be concluded that there is a weak negative correlation between carbonate mineral content in shale and SSA and VL (Figure 15c,d). There is no correlation between quartz and feldspar content with SSA and VL. The main reason is that the brittle minerals provide a limited pore SSA, and the methane adsorption is weak. Therefore, the content of quartz and feldspar minerals does not have an obvious effect on the shale adsorption capacity. However, due to the high content of carbonate minerals in individual shale samples, as the carbonate mineral content increases, the proportion of clay minerals may decrease. This results in a reduction in both the SSA and methane adsorption volume of shale, therefore decreasing the shale adsorption capacity [59].





6. Conclusions


The element geochemical characteristics indicate that the Taiyuan Formation shale in the SNCB was formed in a hydrostatic, poor oxygen, and anaerobic sedimentary environment. The average TOC content is 2.37%. The organic matter is mainly type III kerogen, and the Ro ranges from 3.11% to 3.50%, suggesting that the Taiyuan Formation shale possesses favorable sedimentary conditions for organic matter enrichment and serves as a material basis for shale gas generation.



The mineral composition of the Taiyuan Formation shale mainly consists of quartz and clay minerals, which can be classified into siliceous shale, clay-rich shale, and mixed shale. The clay mineral content varies significantly, with an average content of 40.7%. The average quartz content is 37.7%. Pyrite exhibits distinct enrichment zones vertically. The Taiyuan Formation shale has a high proportion of brittle minerals, indicating its good fracturability.



SEM and LNGA experiments reveal the development of organic pores, InterP pores, IntraP pores, dissolution pores, and microcracks in Taiyuan Formation shale. Among these, InterP pores are more prominently developed. The shale has a pore volume ranging from 0.0098 to 0.022 cm3/g, with an average value of 0.0176 cm3/g. Additionally, the SSA ranges from 9.47 to 22.14 m2/g, with an average value of 14.51 m2/g, indicating that the Taiyuan Formation shale possesses significant gas storage capacity.



The VL of Taiyuan Formation shale in the SNCB ranges from 1.35 to 4.30 cm3/g, indicating that the shale exhibits generally good adsorption capacity. The TOC is the main internal controlling factor of SSA and Langmuir volume of shale. With an increase in clay mineral and kaolinite content, there is a rising trend in the pore SSA of shale, which enhances its adsorption capacity to some extent. However, an increase in carbonate mineral content reduces the shale adsorption capacity.
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Figure 1. (a) Location map of the study area in the SNCB (modified after [30]); (b) Synthesis histogram of Lower Permian in z well of SNCB (modified after [31]). 
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Figure 2. The TOC distribution of Taiyuan Formation shale in the SNCB. 
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Figure 3. The XRD patterns of Taiyuan Formation shale in the SNCB (Z-10). 
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Figure 4. The content of whole-rock minerals for Taiyuan Formation shale in the SNCB. 
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Figure 5. The content of clay minerals for Taiyuan Formation shale in the SNCB. 
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Figure 6. Triple graph of shale mineral compositions of Taiyuan Formation in the SNCB. 
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Figure 7. The development characteristics of organic pores in the Taiyuan Formation shale in the SNCB. (a) Organic matter shrinkage joints and organic pores; (b) InterP pores, organic pores and organic matter shrinkage joints; (c) InterP pores and organic matter shrinkage joints; (d) Organic matter and pyrite. 
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Figure 8. The development characteristics of mineral pores in the Taiyuan Formation shale in the SNCB. (a) InterP pores and IntraP pores; (b) InterP pores and IntraP pores; (c) InterP pores and organic matter; (d) InterP pores, IntraP pores, organic matter and calcite. 
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Figure 9. LTNA curves of the Taiyuan Formation shale in the SNC. 
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Figure 10. Pore size distribution of Taiyuan Formation shale in the SNCB. 
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Figure 11. The methane adsorption curves for the Taiyuan Formation shale in the SNCB. 
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Figure 12. The relationship between pore structure parameters and VL and TOC for the Taiyuan Formation shale in the SNCB. (a) TOC and VL; (b) TOC and SSA; (c) TOC and PV. 
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Figure 13. The relationship between kerogen type and Ro and VL for the Taiyuan Formation shale in the SNCB. (a) kerogen type and VL; (b) Ro and VL. 
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Figure 14. The relationship between pore structure parameters and VL for the Taiyuan Formation shale in the SNCB. (a) SSA and VL; (b) PV and VL. 
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Figure 15. The relationship between brittle minerals, clay minerals, and VL for the Taiyuan Formation shale in the SNCB. (a) Clay minerals content and SSA; (b) Clay minerals content and VL; (c) Brittle minerals content and SSA; (d) Brittle minerals content and VL. 
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Table 1. Organic geochemical characteristics and hydrocarbon generative potential of shale samples from the Taiyuan Formation in the SNCB.
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	Sample ID
	Depth (m)
	TOC

(%)
	Ro

(%)
	Sapropel-Inite (%)
	Exinite

(%)
	Vitrinite

(%)
	Inertinite

(%)
	TI
	OM

Type





	Z-1
	2845.0
	2.61
	3.19
	84
	6
	6
	4
	78.5
	II1



	Z-4
	2861.5
	2.50
	3.24
	20
	10
	42
	28
	−34.5
	III



	Z-6
	2868.8
	2.27
	3.19
	28
	12
	40
	20
	−16.0
	III



	Z-7
	2876.4
	3.88
	3.11
	34
	14
	36
	16
	−2.0
	III



	Z-8
	2880.0
	3.52
	3.20
	50
	16
	24
	10
	30.0
	II2



	Z-11
	2886.6
	1.79
	3.17
	82
	8
	8
	2
	78.0
	II1



	Z-14
	2897.1
	1.32
	3.50
	25
	8
	44
	23
	−27.0
	III



	Z-17
	2905.7
	1.25
	3.33
	84
	2
	8
	6
	73.0
	II1



	Z-20
	2910.6
	2.24
	3.18
	92
	4
	2
	2
	90.5
	I










 





Table 2. The content of some elements of the Taiyuan Formation shale and identifications for redox condition.
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Sample

ID

	
Element Content/10−6

	
Redox Proxies




	
V

	
Ni

	
Cu

	
Zn

	
La

	
Ce

	
V/(V + Ni)

	
Cu/Zn

	
Ce/La






	
Z-1

	
120

	
18.4

	
16.1

	
73.3

	
49.32

	
98.56

	
0.87

	
0.22

	
2.00




	
Z-3

	
95

	
24.0

	
21.5

	
92.4

	
50.28

	
87.98

	
0.80

	
0.23

	
1.75




	
Z-5

	
164

	
28.0

	
22.8

	
99.2

	
47.52

	
88.32

	
0.85

	
0.23

	
1.86




	
Z-7

	
56

	
12.1

	
19.4

	
120.2

	
58.08

	
91.31

	
0.82

	
0.16

	
1.57




	
Z-13

	
99

	
30.5

	
14.1

	
60.4

	
26.40

	
49.80

	
0.76

	
0.23

	
1.89











 





Table 3. Experimental results of methane adsorption capacity for shale samples.
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	Sample ID
	BET SSA

(m2/g)
	PV

(10−3m3/g)
	APS

(nm)
	Langmuir

Volume

(m3/t)
	Langmuir

Pressure

(MPa)





	Z-1
	19.10
	21.79
	4.57
	2.82
	4.61



	Z-4
	14.21
	19.21
	5.41
	2.70
	4.45



	Z-6
	14.97
	18.43
	4.93
	1.89
	3.34



	Z-7
	16.53
	20.28
	4.91
	4.28
	5.21



	Z-8
	22.14
	20.73
	3.75
	4.30
	5.70



	Z-11
	11.33
	12.48
	4.41
	2.41
	4.03



	Z-14
	9.47
	14.92
	6.30
	1.56
	4.42



	Z-17
	11.89
	16.89
	5.68
	1.35
	3.63



	Z-20
	10.96
	9.827
	3.59
	1.85
	3.78
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