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The pore structure is an important factor affecting reservoir capacity and shale gas production. The shale reservoir of the Longmaxi Formation in the Changning area, Southern Sichuan Basin, is highly heterogeneous and has a complex pore structure. To quantitatively characterize the shale’s pore structure and influencing factors, based on whole rock X-ray diffraction, argon ion polishing electron microscopy observations, and low-temperature nitrogen adsorption-desorption experiments, the characteristics of the shale pore structure are studied by using the Frenkel-Halsey-Hill (FHH) model. The research reveals the following: 1) The pores of the Longmaxi Formation shale mainly include organic pores, intergranular pores, dissolution pores and microfractures. The pore size is mainly micro-mesoporous. Both ink bottle-type pores and semiclosed slit-type pores with good openness exist, but mainly ink bottle-type pores are observed. 2) The pore structure of the Longmaxi Formation shale has self-similarity, conforms to the fractal law, and shows double fractal characteristics. Taking the relative pressure of 0.45 (P/P0 = 0.45) as the boundary, the surface fractal dimension Dsf and the structural fractal dimension Dst are defined. Dsf is between 2.3215 and 2.6117, and the structural fractal dimension Dst is between 2.8424 and 2.9016. The pore structure of micropores and mesopores is more complex. 3) The mineral components and organic matter have obvious control over the fractal dimension of shale, and samples from different wells show certain differences. The fractal dimension has a good positive correlation with the quartz content but an obvious negative correlation with clay minerals. The higher the total organic carbon content is, the higher the degree of thermal evolution, the more complex the pore structure of shale, and the larger the fractal dimension. The results have guiding significance for the characterization of pore structure of tight rocks.
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INTRODUCTION
Shale gas is a high-quality unconventional natural gas resource under the “carbon peaking and carbon neutralization” policy and has the characteristics of enormous resources, cleanness, and efficiency. Sichuan Basin is a key target area for shale gas exploration and development in China. The marine shale of the Wufeng-Longmaxi Formation has the characteristics of a high TOC value, large thickness, high maturity, good brittleness, and high gas content and is the preferred horizon for shale gas exploration and development (Jin et al., 2018; Fan et al., 2020a, 2020b; Ma et al., 2021; Qiu et al., 2021). Currently, three national shale gas demonstration areas, Fuling, Weiyuan-Changning, and Zhaotong, have been built for the shale gas of the Wufeng-Longmaxi Formation in the Sichuan Basin. These areas mentioned above mainly contain medium-shallow shale gas reservoirs with a buried depth of less than 3,500 m. Organic rich shale generally has the characteristics of low porosity and permeability (porosity less than 8% and permeability less than 10 nD) and mainly develops micron to nanometre pores (He et al., 2021, 2022a; Li et al., 2022a, 2022b; Fan et al., 2022). The pore structure is complex, and the specific surface area is large. The complex internal surface area can store a large amount of gas by adsorption. The proportion of free gas and adsorbed gas in shale is affected by the pore structure of the shale. The more complex the pore structure is, the stronger the adsorption capacity of hydrocarbon gas. The complex pore structure and heterogeneity of shale increase the level of difficulty for shale gas development (Liu J. et al., 2018; Li H. T. et al., 2021, Li et al., 2021 H.; Wang et al., 2021; Zhan et al., 2021). Quantitative characterization of the shale pore structure is of great significance for the effective development of shale gas.
For qualitative or quantitative characterization of the shale pore structure, environmental scanning electron microscopy, argon ion polishing technology, transmission electron microscopy, the mercury intrusion method, and the low-pressure gas adsorption method are mainly used at present. However, because the heterogeneity of the shale pore structure does not conform to the traditional European geometric law, these methods cannot be directly used to characterize the heterogeneity of the pore structure. Fractal geometry theory was proposed by Mandelbrot and can be used to characterize special structures that do not conform to European geometric laws and have certain self-similarity (Mandelbrot, 1978, 1984, 1985). In recent years, it has been widely used in the shale pore structure field (Li et al., 2019a; Liu et al., 2020; Li, 2021; Liu et al., 2021). Pore image data, gas or liquid flow test data (such as nitrogen adsorption and mercury intrusion tests), and NMR data can be used to study the pore fractal characteristics (Yang et al., 2017; Liu J. S. et al., 2018; Tang et al., 2019; Wei et al., 2019). For different types of shale reservoir spaces, researchers have attempted to use different models such as the Frenkel-Halsey-Hill (FHH) model, Newton-Kantorovich (NK) model, and Neimark model to carry out fractal research on the shale pore structures (Ahmad and Mustafa, 2006; Pan et al., 2021; Chang et al., 2022). The FHH model is more suitable for rocks with porous media than other models. Also, the FHH model is the most accurate for rock with microporous - mesoporous. In addition, among the various calculation models, the FHH fractal model is widely used in shale pore structure, which is simple to calculate and has strong applicability (Zhang et al., 2018; Li et al., 2019a; Tang et al., 2022).
The Changning area in the Southern Sichuan Basin is close to the basin’s edge. The Longmaxi Formation shale has complex sedimentation and structural evolution, forming a large number of multiscale pore and fracture systems, so the heterogeneity of the reservoir pore structure is strong. Based on scanning electron microscopy (SEM), X-ray diffractometry (XRD), and related geochemical experiments, combined with low-temperature nitrogen adsorption experiments, this study quantitatively characterized the pore structure of the Longmaxi Formation shale in the study area by using the commonly used FHH model and analyzed the main influencing factors of the fractal dimension. The research results have guiding significance for the characterization of the pore structure of marine shale and evaluation of the shale gas reservoir capacity.
GEOLOGICAL SETTING
The Changning area is located at the southern edge of the Sichuan Basin, and its geographical location is located in the south of Changning County, northeast of Junlian County, west of Gao County, and east of Xuyong County. The structure is located at the end of the southwest extension of the high and steep fold belt in Eastern Sichuan, at the junction of the Southern Sichuan fault fold belt and the Loushan fault fold belt, and adjacent to the Southern Huaying Mountain fault fold belt in the west (Figure 1A). The surface of the study area mainly develops NE, NW, EW, and other multidirectional faults and related folds (Fan et al., 2020b; He et al., 2022b). The long axis of the Changning anticline is WNW-ESE, the NE wing is steep, the SW wing is gentle, and the axial plane at the NW end of the anticline is curved, plunging to the south of Gao County, reaching the Jin’e area in the east, and disappearing in the Xuyong syncline. The core of the anticline is exposed to the lower Ordovician, and the two wings of the anticline are exposed to the Silurian, Permian, Triassic, Jurassic, and Cretaceous, along with the Middle Devonian and Carboniferous systems (Figure 1B) (Li et al., 2022c).
[image: Figure 1]FIGURE 1 | Regional geological overview of the Changning area (Wu et al., 2021). (A). Tectonic position (He et al., 2019); (B). Surface geological map; (C). Comprehensive stratigraphic histogram (Feng et al., 2016).
From the late Ordovician to the Early Silurian, affected by the Duyun tectonic movement, most areas of the Sichuan Basin were trapped by the subaqueous uplift in Sichuan, the Niushou Mountain-Central Guizhou uplift, and the Jiangnan-Xuefeng uplift, forming a large-scale deep-water depression dominated by the continental shelf. Rapid transgression occurred in the depression, forming a large-scale oxygen-poor/anoxic deep-water shelf environment (Wang et al., 2019). Organic matter and silica are enriched and continuously distributed at the bottom of the Longmaxi Formation, forming an area of 10.7 × 104 km2 of organic-rich (TOC greater than 2%) cumulative shale facies belt, in which the thickness of the high-quality shale interval is greater than 35 m (Figure 1C).
SAMPLES AND METHODS
Samples and experiments
Due to the influence of weathering, the pore structure of the outcrop samples may change, which cannot reflect the real pore structure characteristics. Therefore, the shale samples were taken from 12 Longmaxi Formation drilling cores from two evaluation wells (ZK1 and ZK2) in the study area, and the sampling depth covered Member one of the Longmaxi Formation from bottom to top. The lithology of the sample was mainly black and greyish black organic-rich shale, and the type of organic kerogen was mainly type I and a small amount of type II1.
The experimental test included organic carbon content (TOC), vitrinite reflectance (Ro), whole rock X-ray diffraction analysis, scanning electron microscopy observations, and low-temperature nitrogen adsorption-desorption experiments. These tests were mainly conducted at the State Key Laboratory of Oil and Gas Reservoir Geology and Development Engineering, and some data were obtained from the Shale Gas Research Institute of PetroChina Southwest Oil and Gas Field Company. The organic carbon content of shale was tested by a CS230SH carbon and sulfur analyzer produced by Leco company located in the United States, using the solid-state infrared absorption method and following the Standard for the Determination of Total Organic Carbon in Sedimentary Rocks (GB/T 19145-2003). The mineral composition of the whole rock was analyzed according to the SY/T5163-2010 standard and determined by an X’Pert MPD PRO X-ray diffractometer produced by Panaco company in the Netherlands. A Quanta 450 environmental scanning electron microscope made by FEI Company in the United States was used for the Argon ion polishing scanning electron microscopy observations. The working voltage of the instrument was set to 15 kV and 15 nA, and the maximum pore resolution was 3 nm. According to the GB/T16594-2008 standard, an Ilion II 697 argon ion polishing instrument and a Merlin Compact field emission scanning electron microscope were used to determine.
A six-station automatic specific surface area and porosity analyzer (Quantachrome Instruments, United States) was used for the low-temperature nitrogen adsorption experiments. The measured pore size range was 0.35–500 nm. Before the experiment, the samples were placed in deionized water for ultrasonic cleaning to remove surface impurities, and the samples were dried and pretreated after decontamination. Then, the dried samples were manually ground to 20–50 mesh in an agate mortar, and the ground powder samples were vacuum dried for 14 h under a high temperature of 120°C. During the experiment, liquid nitrogen with a purity greater than 99.999% was used as the adsorption medium. Under a constant temperature liquid nitrogen condition of 77 K, the gas adsorption capacity under the gradual increase in the relative pressure and the desorption capacity when the pressure decreased were measured to obtain the isothermal adsorption and desorption data for the sample.
Calculation of the fractal dimension based on nitrogen adsorption and desorption data
According to the International Union of Pure and Applied Chemistry (IUPAC) classification standard of pore size, the pores of shale can be divided into micropores (<2 nm) and mesopores (2–50 nm), and macropores (>50 nm) (Li et al., 2019a; Yang et al., 2022). Organic-rich shale mainly develops micron to nanometre pores, and pores with a diameter of 2–50 nm are the main contributors to shale porosity and the main space for gas enrichment. Research has revealed that the low-temperature liquid nitrogen adsorption-desorption method can better characterize micropores (<2 nm) and mesopores (2–50 nm). Therefore, this study mainly analyses the fractal characteristics of these two types of pores. The fractal dimension of shale is calculated based on the low-temperature nitrogen adsorption curve data for the sample, and the commonly used FHH model is applied:
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Where V is the volume of adsorbed gas under different relative pressures, cm3/g; P0 refers to the saturated steam pressure, MPa; K is the slope of the equation fitting curve; C is a constant; and D is the fractal dimension.
Different publicity calculations are used to calculate the fractal dimension according to the morphological characteristics of the low-temperature nitrogen adsorption curve. If the surface tension of liquid/gas is the more important factor, the capillary force tends to reduce the interface area, and the fractal dimension is calculated by Formula (2). Suppose the van der Waals force between the solid and the adsorption layer is the main factor, and the adsorption is mainly affected by the surface roughness of the gas/adsorption layer interface. In that case, Formula (3) is used to calculate the fractal dimension. When quantifying the complexity of shale pores, the fractal dimension is between 2 and 3. The larger the fractal dimension is, the more complex the shale pore structure. The object does not have fractal characteristics if the fractal dimension is less than 2 or greater than 3 (Tang et al., 2022).
RESULTS
Pore types and characteristics of shale
Generally speaking, the pores of organic-rich shale mainly include three types: inorganic pores, organic pores, and microfractures. These three types of pores are developed in the Longmaxi Formation shale in the Changning area. Shale has a complex mineral composition and various inorganic pores, including intergranular pores, intragranular pores, intercrystalline pores, and dissolution pores (Wang et al., 2018; Li et al., 2020; Wang and Wang, 2021). Shale has a high degree of the thermal evolution of organic matter, and primary organic pores and hydrocarbon generation shrinkage pores are widely developed. Due to the extrusion of mineral particles and the action of tectonic stress, mineral edge fractures and tectonic microfractures are developed.
Intergranular pores are mostly residual primary pores, the residual intergranular pore space after compaction and water loss transformation in diagenesis (Wang et al., 2020). This type of pore is similar to the residual primary intergranular pores of conventional reservoirs and usually shrinks with the increase in burial depth. Quartz and feldspar minerals are highly brittle, and mineral particles support each other, often forming mineral intergranular pores, which are mainly produced in a slit or irregular shape (Figure 2A). Intragranular pores are developed in the interior of clastic particles, such as biological cavity pores (Figure 2B) and wall pores of organisms developed in biological particles, and intragranular pores developed in quartz, feldspar, clay, and other particles, some of which form intragranular dissolved pores under the action of an acidic fluid (Figure 2C). Intercrystallite pores are micropores formed by mineral crystallization under the condition of a stable environment and appropriate medium conditions, including pyrite, clay minerals, dolomite, etc., and the pore diameters are mostly distributed between 10 and 500 nm. The most common intercrystallite pores in the study area are strawberry pyrite (Figure 2D) formed in the deep water and anoxic reduction environment and pores developed between the crystals of clay minerals (Figure 2E). The study area mainly develops intergranular organic pores and pyrite-associated organic pores, mainly micropores and mesopores, which contribute greatly to the specific surface area and pore volume of shale and are the main reservoir space of adsorbed natural gas. The content of clastic particles is high, and organic matter fills between the clastic particles and forms organic pores (Figure 2F), which are mainly round and oval.
[image: Figure 2]FIGURE 2 | Microscopic pore types and characteristics of the Longmaxi Formation shale in the Changning area. (A) N216, 2,302.5 m, clay mineral particles supporting residual pores; (B) N216, 2,316.7 m, biological cavities developed inside biological particles; (C). ZK2, 2,233.8 m, intragranular dissolution pores; (D). ZK2, 233.95 m, intracrystalline pores of strawberry pyrite; (E). N216, 2,308.2 m, intracrystalline pores developed between the crystals of clay minerals; (F). ZK2, 2,214.37 m, organic pores with a honeycomb distribution; (G). N201, intracrystalline fracture; (H). N216, fracture in the crystal; (I). N216, diagenetic contraction fracture; (J). N216, bedding fracture; (K). N216, hydrocarbon expulsion contraction fracture; (L). N216, dissolution fracture.
In addition, the fractures in the study area are widely developed, mainly including three types of microfractures (Wu et al., 2021): 1) mineral intracrystalline fractures and intragranular fractures formed by tectonic action, in which the intracrystalline fractures are also called mineral crystal edge fractures or paste grain fractures (Li et al., 2019a; 2019b). Mineral crystals are deformed and displaced to varying degrees by early tectonic action, forming a certain degree of fractures with the surrounding, and the fracture surfaces are mostly crystal surfaces. The fracture shape coordinates with the crystal boundary, and the opening is approximately 0.01–0.10 μm (Figure 2G). Intragranular fractures, also known as mineral joint fractures, are caused by lattice dislocation or fracture in the crystal under tectonic action (Figure 2H) (Ameen, 2016; Cheng et al., 2021; Shan et al., 2021; Song et al., 2021; Liu et al., 2022a; Wang et al., 2022). 2) Diagenetic contraction fractures and bedding fractures are formed by diagenesis, in which diagenetic contraction fractures are formed by a series of physical and chemical actions such as dehydration, contraction, dry cracking, phase transformation, or recrystallization of sediments during diagenesis, which is characterized by a long extension distance and large opening variation range (Figure 2I). The most prominent feature of bedding fractures is that they are oriented with clay minerals and other minerals, and the opening of fractures can be large or small locally, with a width of approximately 0.01–23.3 μm, which is mostly filled with minerals (Figure 2J). 3) Abnormal high-pressure fractures, hydrocarbon expulsion contraction fractures, and dissolution fractures formed by hydrocarbon generation and expulsion of organic matter, in which abnormal high-pressure fractures are generally developed in shale rich in organic matter, which is mostly controlled by the morphology of kerogen and mineral crystals. Kerogen as the centre extends radially along the surface of the mineral particles and is considered the main transportation channel for the lateral migration of oil and gas. Hydrocarbon expulsion contraction fractures are mainly developed from the interior of organic matter to the edge of organic matter and mineral particles (Gao, 2019; Fan et al., 2020c; Li, 2022). For long-axis organic matter, contraction fractures divide it into multiple sections, most of which are arc-shaped, and the width of the fracture is up to 20 μm in the middle of the fracture arc (Figure 2K). The fracture can also show a slender “hair” shape, bending and pinching out at the end, formed by the volume contraction caused by the dehydration of organic matter at the later stage (Figure 2L) (Ambrose et al., 2010; Li et al., 2018, 2019c).
Mineral composition and organic geochemical characteristics
According to the experimental test data for 12 samples from the two evaluation wells, ZK1 and ZK2, in the study area, the shale mineral components mainly include quartz, feldspar (potassium feldspar and plagioclase), calcite, dolomite, pyrite, clay minerals, etc. The quartz content of well ZK1 is between 23.8 and 39.8%, with an average of 33.03%, and that of well ZK2 is between 27.35 and 58.88%, with an average of 42.93%. The feldspar content of well ZK1 is between 4.3 and 19.9%, with an average of 9.52%, and that of well ZK2 is between 3.83 and 16.73%, with an average of 8.60%. The content of carbonate minerals (calcite and dolomite) in well ZK1 is between 11.4 and 31.6%, with an average of 19.03%, and that in well ZK2 is between 7.35 and 30.86%, with an average of 16.77%. The clay minerals include mainly illite, along with illite/montmorillonite mixed layer and chlorite. The content of well ZK1 is between 29.2 and 40.1%, with an average of 35.83%, and that of well ZK2 is between 11.23 and 48.30%, with an average of 30.81% (Table 1). According to the organic sulfur carbon test results, the TOC and Ro in the study area are both high. The TOC of well ZK1 is between 0.89 and 4.89%, with an average of 2.43%, and the Ro is between 2.24 and 2.62%, with an average of 2.48%. The TOC of well ZK2 is between 1.19 and 4.13%, with an average of 2.86%, and the Ro is between 2.46 and 2.78%, with an average of 2.65% (Table 1). Overall, with the increase in depth, the content of quartz and brittle minerals gradually increases, while the content of clay minerals gradually decreases. The content of brittle minerals reaches the maximum at the bottom of the Longmaxi Formation. In addition, the maximum values of TOC and Ro are also at the bottom of the Longmaxi Formation. Due to the different structural positions of the two wells, there are large differences in the mineral components, but the variation rules are the same.
TABLE 1 | Mineral composition and vertical changes in the Wufeng-Longmaxi Formation shale in the Changning area.
[image: Table 1]Pore morphological characteristics
Low-temperature nitrogen adsorption-desorption experiments were carried out on the 12 samples from the two wells in the study area. With the increase in relative pressure, nitrogen was gradually adsorbed on the pore surface of shale, and capillary condensation occurred (Li et al., 2015; Ma et al., 2022). After reaching the maximum pressure, the pressure began to decrease, and the nitrogen adsorbed on the pore surface of shale gradually began to evaporate in the capillary, resulting in desorption. Because the phenomenon of nitrogen desorption is obviously later than that of adsorption at the same pressure, a hysteresis loop is formed (Xu et al., 2017). According to the IUPAC classification of isothermal adsorption curves and hysteresis loops, pores can be divided into four different categories, i.e., cylindrical pores, ink bottle pores, parallel plate pores, and slit pores.
From the low-temperature nitrogen adsorption-desorption curves of the 12 samples (Figure 3). In the relatively low-pressure stage (P/P0<0.45), the shapes of the adsorption curve and desorption curve are the same, but the two do not coincide. The curve rises slowly and presents an upward slightly convex shape. This stage is the transition from adsorption monolayer to multi-molecular layer. In the relatively high-pressure stage (P/P0>0.45), the adsorption capacity increases slowly with the increase of pressure, and this stage is a multi-layer adsorption process, the adsorption curve shows obvious hysteresis. According to the shape of the nitrogen adsorption-desorption curve, we believe that the pore morphology in the study area is of two types: mainly ink bottle-type pores along with semiclosed slit-type pores with good openness, indicating that micropores, mesopores, and macropores are developed in the shale, but mainly micropores and mesopores occur, which is also why this study only uses low-temperature nitrogen adsorption experiments. Compared with previous studies, there is a big difference in the stage of the high-pressure ratio (Bu et al., 2015; Xi et al., 2018; Liu et al., 2019). We think there may be the following two reasons: first, there are maybe certain errors in the experimental results, but considering the uniqueness of the rocks, we still use these data; the second is that the high-pressure section is mainly filled with macropores, and the proportion of macropores in Longmaxi formation shale in Changning area is small (mainly microporous and mesoporous). Therefore, in the relatively high-pressure stage, the amount of nitrogen filled in the macropores is small, and there will be no sudden increase.
[image: Figure 3]FIGURE 3 | Low-temperature nitrogen adsorption-desorption curves of the Longmaxi Formation shale in the Changning area. (A–F) is from ZK1, and (G–L) is from ZK2.
Pore fractal dimension
As mentioned above, when P/P0 = 0.45, most samples’ adsorption and desorption curves begin to become inconsistent. Therefore, we take the relative pressure of 0.45 as the boundary, divide the curve into a “relatively low-pressure section curve” and a “relatively high-pressure section curve”, and calculate the fractal dimension of each section. In the relatively low-pressure stage (P/P0<0.45), the fractal dimension mainly reflects the single molecule and multiple molecule adsorption and filling in the pores, which can be used to indicate the irregularity, roughness, and complexity of the pore surface or can also be used to indicate the complexity of the relatively large pores (mesopores), which we define as the surface fractal dimension Dsf. In the relatively high-pressure stage (P/P0>0.45), gas capillary condensation occurs with increased gas pressure. The fractal dimension usually indicates the complexity of the pore space and structural irregularity, or it can also be used to indicate the complexity of the relative micropores. We define this as the structural fractal dimension Dst. Formula (1) is used to create the correlation diagram of ln (V) and ln [ln (P0/P)] (Figure 4), and linear fitting for different relative pressure sections is conducted. Then, the fractal dimension of the sample pores in the relatively low-pressure and relatively high-pressure stages is calculated through Formula (2). The results show that the surface fractal dimension Dsf of well ZK1 is between 2.4054 and 2.6117, and the structural fractal dimension Dst is between 2.8424 and 2.8703. The surface fractal dimension Dsf of well ZK1 is between 2.3215 and 2.5746, and the structural fractal dimension Dst is between 2.8716 and 2.9013 (Table 2). Overall, the fractal dimension of the shale pore structure of the Wufeng-Longmaxi Formation in the study area is large, indicating that the shale pore structure is relatively complex. At the same time, the structural fractal dimension Dst is greater than the surface fractal dimension Dsf, demonstrating that the microporous structure’s complexity is significantly greater than that of the mesoporous structure.
[image: Figure 4]FIGURE 4 | ln (V) vs ln [ln (P0/P)] curves of the Longmaxi Formation shale in the Changning area. (A–F) is from ZK1, and (G–L) is from ZK2.
TABLE 2 | Fractal dimension of the Wufeng-Longmaxi Formation shale based on the FHH theoretical model.
[image: Table 2]DISCUSSION
Relationship between the fractal dimension and shale mineral composition
There are many types of organic shale minerals, including quartz, feldspar, calcite, dolomite, clay minerals, pyrite, etc. There are certain differences in the content of mineral components in different regions, and their effects on the fractal dimension are also different (Kennedy et al., 2002; Liu et al., 2022b). Here, the relationship between the fractal dimension and quartz, feldspar (potassium feldspar + plagioclase), carbonate rock (calcite + dolomite), and clay minerals are analyzed (Figure 5).
[image: Figure 5]FIGURE 5 | Correlation between the shale mineral composition and fractal dimension of the Longmaxi Formation in the Changning area. (A–F) is from ZK1, and (G–L) is from ZK2.
There are positive correlations between the quartz content and fractal dimensions Dsf and Dst, among which the correlation coefficients of the quartz content in well ZK1 and Dsf and Dst are 0.3315 and 0.6089, respectively (Figure 5A). The correlation coefficients of the quartz content in well ZK2 and Dsf and Dst are 0.671 and 0.3668, respectively (Figure 5B), and the correlation coefficients of all samples with Dsf and Dst are 0.2295 and 0.6629, respectively (Figure 5C). Quartz is the most important brittle mineral, and its content is significant for the exploration and development of shale gas. The fractal dimension of shale and the quartz content in the Changning area are positively correlated, which is mainly related to the source of silica in the shale. The shale in Longmaxi Formation was deposited in a deep-water shelf environment. The deposition of a low siliceous biological framework formed a large number of biogenic quartzes, which increased the pores of organic matter, the number of micropores, and the fractal dimension of the shale. However, in sedimentary diagenesis, a small amount of terrigenous clastic siliceous materials inevitably enters, and the sorting and rounding degree is greater than the biogenic degree, reducing the complexity of the pores and the correlation coefficient.
The relationship between the feldspar content and fractal dimension in different wells is obviously different (Figures 5D–F). The feldspar content in well ZK1 has a weak medium negative correlation with Dsf and Dst, with correlation coefficients of 0.5565 and 0.2793, respectively (Figure 5D). The feldspar after handling has a good sorting performance, which mainly plays a good role in the intergranular pores and dissolution pores, and the pore size formed is large, leading to the negative correlation between the feldspar content and fractal dimension. The feldspar content of well ZK2 is weakly correlated with Dsf and Dst, with correlation coefficients of only 0.0605 and 0.099 (Figure 5E). The content of feldspar is very low (obviously lower than that of quartz), thus providing fewer pores. At the same time, feldspar mostly comes from terrigenous clasts, so it has little effect on the fractal dimension.
The correlation between the content of carbonate rock minerals and fractal dimension is generally very weak. The correlation coefficients of the carbonate rock content with Dsf and Dst in well ZK1 are 0.0028 and 0.0711, respectively (Figure 5G), and those in well ZK2 are 0.0932 and 0.9718, respectively (Figure 5H), while the correlation coefficients of all samples with Dsf and Dst are 0.0073, and 0.2456, respectively (Figure 5I). Some carbonate rocks exist in the form of cement, which fills and blocks the pores and reduces the connectivity of the pores. The negative correlation becomes stronger if the content is large and the filling is regular. In addition, carbonate rocks are soluble minerals, which often form large dissolution pores and have a weak contribution to the development of micropores. In general, the dual effect of carbonate rocks on pore development leads to the poor correlation between carbonate rocks and the microporous structure.
Compared with carbonate rock minerals, the negative correlation between clay minerals and the fractal dimension is obvious. The correlation coefficients between the clay mineral content of well ZK1 and Dsf and Dst are 0.3372 and 0.6895 (Figure 5J), respectively. The correlation coefficients between the clay mineral content of well ZK2 and Dsf and Dst are 0.2767 and 0.6949, respectively (Figure 5K). In contrast, the correlation coefficients between all samples and Dsf and Dst are 0.1748, and 0.5194, respectively (Figure 5L). Clay minerals have strong plasticity. During long-term diagenesis, clay minerals are strongly compacted, which reduces the porosity of the reservoir, especially the number of micropores. In addition, the deformation and filling of clay minerals also reduce the connectivity of pores, thereby reducing the complexity of the pore structure.
Relationship between the fractal dimension and organic matter
Organic matter is the material basis for the formation of hydrocarbon gases. At the same time, it significantly impacts the pore structure of shale, mainly the content of TOC and the degree of thermal evolution (Ro). The former mainly affects the development of organic pores, while the latter affects the size and morphology of organic pores, thus affecting the fractal dimension of shale pores (Burruss et al., 1983; Gao et al., 2020; Sun et al., 2022).
The TOC content and fractal dimension show a good positive correlation. The correlation coefficients between the TOC content of well ZK1 and Dsf and Dst are 0.4997 and 0.8516, respectively (Figure 6A), and the correlation coefficients between the TOC content of well ZK2 and Dsf and Dst are 0.586 and 0.5453, respectively (Figure 6B), and the correlation coefficients between the TOC content of all samples and Dsf and Dst are 0.5271 and 0.6336, respectively (Figure 6C). With the increase in the TOC content, micropores, mesopores, and macropores increase, improving shale adsorption capacity for hydrocarbon gases. In contrast, with the increase in the TOC content, the increase in the fractal dimension Dst is more obvious (especially in well ZK1), indicating that organic micro-mesopores are developed in the Changning area and that well ZK1 is more developed than well ZK2. With the increase in the organic carbon content, the number of micro-mesopores increases, and the pore structure tends to be more complex, which indicates that organic pores have a significant impact on the pore structure of shale.
[image: Figure 6]FIGURE 6 | Correlation between the organic matter content and maturity and fractal dimension of the shale.
The decomposition of kerogen or asphalt mainly forms the pores produced by organic matter during the ripening process, so the development of organic pores is related to the Ro of organic matter, which then affects the size of the fractal dimension. Ro and the fractal dimension are also positively correlated. The correlation coefficients of Ro in well ZK1 with Dsf and Dst are 0.2148 and 0.4738, respectively (Figure 6D). The correlation coefficients of Ro in well ZK2 with Dsf and Dst are 0.705 and 0.3813, respectively (Figure 6E). The correlation coefficients of Ro in all samples with Dsf and Dst are 0.2006 and 0.6384, respectively (Figure 6F). The samples are high over the mature stage, the maturity increases, and the aromatization degree of organic matter intensifies, making the interior of the organic pores rougher. At the same time, the increase in organic matter will also reduce the support capacity. Under the overlying strata, the internal pore deformation of organic matter intensifies, reducing the connectivity between pores, increasing pore complexity, and increasing the fractal dimension.
CONCLUSION
In this paper, taking the organic-rich shale of Longmaxi formation in the Changning area as an example, based on whole rock X-ray diffraction, argon ion polishing electron microscopy observations, and low-temperature nitrogen adsorption-desorption experiments, the pore structure of shale was quantitatively characterized by using Frenkel Halsey Hill (FHH) model. The main conclusions are as follows:
1) The pores of the organic-rich shale in the Longmaxi Formation in the Changning area of southern Sichuan are mainly organic, intergranular pores, dissolution pores, and microfractures, with mainly micropores and mesopores. The pore morphology is ink bottle-type and semiclosed slit-type with good openness. Calculating the fractal dimension reveals that the shale has good dual fractal characteristics. The surface fractal dimension Dsf is between 2.3215 and 2.6117, the structural fractal dimension Dst is between 2.8424 and 2.9013, and the structural fractal dimension is greater than the surface fractal dimension.
2) The fractal dimension of the shale is affected by both inorganic minerals and organic matter. The fractal dimension has a good positive correlation with the quartz content but an obvious negative correlation with clay minerals. The correlation between the feldspar content and fractal dimension is either poor or nonexistent, and the relationship between carbonate minerals and the fractal dimension is a very weak negative correlation. The higher the total organic carbon content and thermal evolution degree are, the greater the number of micro-mesopores and the larger the pore fractal dimension.
3) The pore size distribution is wide for different types of shale. The pore structure of shale is quantitatively characterized by the low-temperature nitrogen adsorption-desorption experiment and the FHH model. The experimental methods and fractal calculation models are different for different pore sizes of shale. Therefore, the main research direction of shale pore quantitative characterization is to carry out the quantitative characterization of shale pores through high-pressure mercury injection, liquid nitrogen adsorption, carbon dioxide adsorption, and other experiments and to select different fractal dimensions models.
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