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The Shanxi Formation layers in the northeast of the Zhoukou Depression, Southern North China Basin, mainly consist of dark mudstone interbed with tight stone and widely developed coal seam, which is a promising target for unconventional oil and gas exploration. A series of geochemical and geological methods were used to analyze the characterization and controls of the pores structural heterogeneity in low-thermal-maturity shale. These methods include the Rock-Eval analysis, total organic carbon (TOC) analysis, scanning electron microscope observation with an energy-dispersive spectrometer (SEM-EDS), X-ray diffraction, and low-pressure N2 adsorption. Based on these measurements, the pore diameter, specific surface area (SSA), and fractal dimension (D) were calculated, and then, the pore structure heterogeneity was analyzed. The result shows the pores of Shanxi Formation shale are mainly interparticle pores with low porosity and low permeability, and the pore structure is highly complex. The average fractal dimension of the micropore and the macropore are both 2.77, but that of the mesopore is 2.65, indicating a less-complex mesopore structure than the micropore and macropore. The S2, S1, and TOC exhibit no clear correlation with SSA and fractal dimension of pores, which proved the little impact of organic matter on the heterogeneity of pore structure in the low-maturity shale of the research area. The illite has a strong effect on the pore structural heterogeneity of Shanxi Formation shale. The samples with high content of illite show higher SSA, better physical properties, and low fractal dimension, reflecting low pore structural heterogeneity. However, the quartz and clay minerals show a slight correlation with SSA and no obvious relationship with the fractal dimension, indicating a little effect of them on the pore structure heterogeneity. The pore structural heterogeneity decreases along with the increase in porosity, while the permeability influenced by a variety of reasons under the compaction shows a poor relationship with SSA and fractal dimension. On the whole, the pore structural heterogeneity decreases for low-thermal-maturity shale with high content of illite and high porosity, which should be considered to be the better unconventional oil and gas reservoir in the research area.
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1 INTRODUCTION
The usage of new technologies, including horizontal hydraulic fracturing, micro-seismic monitoring, and multi-well industrial exploitation, caused a shale gas revolution all over the world (Jarvie et al., 2007; He et al., 2018; Liu et al., 2019a; Liu et al., 2019b). Shale is a kind of fine-grained sedimentary rock composed of debris particles with diameters smaller than 0.0625 mm. In recent years, shale gas has drawn significant attention and has been proved to be stored in three different states in the geological environment: free gas in pores and natural fractures, adsorbed gas in organic matter and clay minerals, and dissolved gas in residual oil and water (Zhang et al., 2012; Tian et al., 2016; Zhou et al., 2019; Liu et al., 2021). Adsorption is one of the important mechanisms for shale gas occurrence, and the adsorption capacity of shale was used to accurately evaluate the adsorbed gas content in shale reservoirs (Rani et al., 2015; Zhou et al., 2018; Li et al., 2019).
Compared with the conventional reservoirs, the shale and tight sandstone have developed a micro-nano pore throat system, which shows large pore size span, low porosity and permeability, and strong heterogeneity in pore structure (Curtis, 2002; Zhang et al., 2012; Tan et al., 2014; Chen et al., 2019a; Chen et al., 2019b). The research on pore structure of shale reservoir has developed from qualitative description to quantitative characterization. The pore model, as an important aspect of unconventional reservoir pore structure characterization, has developed from no mineral attribute to mineral attribute, and improving the accuracy of reservoir characterization (Kennedy et al., 2002; Ji et al., 2016; Jiang et al., 2016; Gao et al., 2018; Wu et al., 2020a; Chen et al., 2021). In recent years, a series of technologies, including high-pressure mercury injection, low-temperature nitrogen and carbon dioxide adsorption, field emission scanning electron microscope, atomic force microscope, nuclear magnetic resonance, small-angle neutron scattering, and high-resolution CT scanning, improved the measurement accuracy of pore size from micron to nanoscale. Moreover, the comprehensive use of various methods increases the characterization accuracy of unconventional reservoirs (Wu et al., 2019a; Wu et al., 2019b; Wu et al., 2019c; Wu et al., 2020b; Wu et al., 2020c; Wu et al., 2020d; Zeng et al., 2022). At the same time, considering the high complexity of shale and tight sandstone samples, Euclidean geometry cannot give accurate description and characterization. Fractal dimension (D), as an important parameter used to analyze complex rock pore networks, was used to represent the pore structural heterogeneity in detail and quantificationally express the degree of complexity of the pore system (Zeng et al., 2021; Zhang et al., 2021). The fractal dimension is frequently calculated from nitrogen adsorption data according to the fractal Frenkel−Halsey−Hill (FHH) method (Yao et al., 2012).
Previous researchers mainly focused on the tectonic evolution characteristics, sedimentary facies and depositional model, reservoir and hydrocarbon of the whole sediment unit in the Zhoukou Depression from the Carboniferous to Permian or upper Palaeozoic periods (Quan et al., 2002; Sun et al., 2004; Zhai et al., 2005; Hu et al., 2006; Liu et al., 2008a; Liu et al., 2008b; Kuang et al., 2009; Li and Yao, 2011; Cao et al., 2013; Li and Ma, 2013; Zhao et al., 2017; Zhao et al., 2019; Li et al., 2020). The formation sequence of the research area has not yet been identified and classified in detail, and the microcosmic study in the reservoir needs to be quantified further. Moreover, the pore structure complexity needs more detailed characterization to meet the demand of exploration. The main purpose of this research is to investigate the pore structural heterogeneity of low-thermal-maturity shale reservoirs from the viewpoint of fractal characteristics. The relationships between organic matter, mineral content, pore structure parameters, and fractal dimension were then characterized to find out the controls on the pore structural heterogeneity.
2 REGIONAL GEOLOGICAL CHARACTERISTICS
The Southern North China Basin is located in the southeast of the North China Plate (platform) and consists of six second-order tectonic units, namely, the Kaifeng Depression, Taikang Uplift, Huaibei Uplift, Zhoukou Depression, Changshan Uplift, and Xinyang-Hefei Depression from, north to south (Figure 1). This basin is formed by multiple superimpositions of basin prototypes on the nearly EW-trending basement structure as many Mesozoic-Cenozoic depressions have developed. It extends in nearly EW direction and parallel to the Qinling-Dabie Orogenic Belt (Li et al., 1996).
[image: Figure 1]FIGURE 1 | Geological structure outline map of the northeastern part of the Zhoukou Depression. BBB, Bohai Bay Basin; BZF, Bozhou Fault; CSU, Changshan Uplift; DSSF, Danfeng-Shangnan-Shangcheng Fault; GCF, Gucheng Fault; GCLS, Gucheng lower high; HBU, Huaibei Uplift; JLB, Jiaolai Basin; KFD, Kaifeng Depression; LJF, Luoji Fault; NQJS, Niqiuji Sag; NXB, Nanxiang Basin; QDOB, Qinling-Dabie Orogenic Belt; QSB, Qinshui Basin; SB, Subei Basin; SNCB, South North China Basin; SYSB, South Yellow Sea Basin; TLF, Tan-Lu Fault; WLH, Wanglou High; XYHFD, Xinyang-Hefei Depression; YJS, Yanji Sag; ZKD, Zhoukou Depression. 1. Well location; 2. Provincial city; 3. Prefecture-level city; 4. Provincial boundary; 5. Normal fault; 6. Reverse fault; 7. Coastline, river, or lake; 8. Basin boundary; 9. National boundary; 10. Basin; 11. Depression; 12. Uplift; 13. Sag; 14. High; 15. The study area; 16. Sea. (A) Geological structure outline map of Southern North China Basin (SNCB); (B) Geological structure outline map of Zhoukou Depression (ZKD); (C) Geological structure outline map of research filed.
The Zhoukou Depression, an area of about 32,600 km2, is located in the central part of the Southern North China Basin (Li et al., 1996). Administratively, the study area is located in the northwestern part of Anhui Province and under the jurisdiction of Fuyang City, Anhui Province. Tectonically, it lies in the northeastern part of the Zhoukou Depression and is surrounded by the Taikang Uplift in the north, the Huaibei Uplift (located in the west of the Tanlu fault zone) in the east, and faces the Qinling-Dabie orogenic belt in the south. It is a Mesozoic-Cenozoic fault basin formed on a stable platform in North China, and can be divided into the northern zone and the southern zone by the Gucheng Fault. The northern zone can be then divided into Yanji sag and Wanglou uplift by a nearly NE-SW-trending reverse fault, and the southern zone can be divided into Niqiuji sag and Gucheng lower uplift by a nearly NE-SW-trending normal fault (Luoji fault) (Figure 1) (Liu et al., 2020).
In the research area, a total of 21 Wells were drilled, of which 5 wells showed a complete Upper Paleozoic strata, and 12 wells got oil and gas showings in the Cenozoic, Mesozoic and Paleozoic strata, revealing great oil and gas exploration potential. On the basis of analyzing the drilling, logging, and seismic data, it is concluded that the Shanxi Formation in the research area is a promising target exploration strata for unconventional oil and gas in Southern North China Basin. The Shanxi Formation was deposited in the early Permian, and is divided into 3 third-order sequences (SQs1, SQs2, and SQs3) from bottom to top according to sedimentary cycles caused by sea-level eustacy. The Shanxi Formation mainly consists of dark mudstone interbed with tight sandstone, and widely developed coal seam (up to 0–15 m). Shale and tight sandstone layers in the Shanxi Formation, representing the major source rock and reservoir in this research filed, are mainly developed in the SQs2 and SQs3 third-order sequences (Figure 2) (Liu et al., 2020).
[image: Figure 2]FIGURE 2 | Trends of tidal flats and lithology varying with sea level. 1. Sand flat; 2. Mud flat; 3. Mixed flat; 4. Swamp; 5. Vegetation; 6. Curve of change in average high tide line; 7. Curve of change in average low tide line; 8. Fining-upwards sequence; 9. Coarsening-upwards sequence.
The Shanxi Formation is the carbonate-clastic tidal flat sedimentary system, which can be characterized by mudstone interbedded with tight sandstone, and further divided into five microfacies namely sand flat, mixed flat, mud flat, limemud flat, and peat flat. Sand flat developed below the average low-water line, mixed flat between the average high water line and average low-water line, and mud flat above the average high water line (Figure 2) (Cattaneo and Steel, 2003; Cummings et al., 2006a; Cummings et al., 2006b; Su et al., 2020; Ward et al., 2020). Meanwhile, the limemud flat mainly consists of carbonate sediments in a clear-water environment, and the peat flat is characterized by the development of coal seams (Zhu, 2009; Longhitano et al., 2012; Song et al., 2018; Wang, 2018). The sediments in the sand flat mainly include fine and medium sandstone (Espitalié et al., 1977), and those in the mixed flat mostly the interbedding of thin laminated fine sandstone and mudstone, or the mixture of sandstone and silty mudstone. The sediments in the mud flat mainly include mudstone, silty mudstone, and carbonaceous mudstone (Figure 3). The Shanxi Formation is approximately 262.4 ft (approximately 80 m) thick on average, and the maximum thickness is 328 ft (approximately 100 m). It is buried at 4,018–8,724.8 ft (1,225–2,660 m) depths, averaging 5,105.9 ft (approximately 1,556.7 m), and thin coal seams are widely developed (Figure 3).
[image: Figure 3]FIGURE 3 | Division of sequence stratigraphic framework of Shanxi Formation (well A) 1. Fine sandstone; 2. Medium sandstone; 3. Mudstone; 4. Limestone; 5. Coal seam; 6. Rising of sea level; 7. Dropping of sea level; 8. Width of mudstone; 9. Width of sandstone; 10. Width of limestone.
3 SAMPLING AND EXPERIMENTAL METHODS
3.1 Geochemical Characteristic Analysis
3.1.1 Vitrinite Reflectance Analyses
A total of 23 samples from the Shanxi Formation were used in vitrinite reflectance analyses. Vitrinite reflectance analyses were conducted at the State Key Laboratory of Petroleum Resources and Prospecting of the China University of Petroleum (Beijing), using a Leica 4500P+CRAIC Spectrophotometer apparatus according to the testing standard of SY/T5124-2012, under the 23°C and 48% relative humidity testing environment.
3.1.2 Rock-Eval Analyses
A total of 84 samples from the Shanxi Formation were used in Rock-Eval analyses (Figure 4). This experiment is an established method for representing the type of organic matter in sedimentary rocks as well as their petroleum generation potential (Espitalié et al., 1977). The samples were subjected to programmed heating in an inert atmosphere to determine the amount of volatile gas and residual bitumen (S1 peak) and the amounts of nonvolatile hydrocarbons and oxygen-containing organic compounds released during thermal cracking of the remaining organic matter in the rock (recorded in as S2). In other words, S1 presents residual bitumen in the Shanxi Formation shale samples, whereas S2 presents hydrocarbons generated during the Rock-Eval process. Hence, S2 can present the content of kerogen to some extent.
[image: Figure 4]FIGURE 4 | TOC, S1 (mg/g) and S2 (mg/g) histogram. There are three groups of data scopes, color-coded: black, ranges of TOC data; green, ranges of S1 data; blue, ranges of S2 data.
3.1.3 Mineral Composition Analysis
A total of 10 samples from the Shanxi Formation were used in mineral composition analysis. X-ray diffraction is a widely used and statistically valid method to identify minerals and clay minerals composition in shale reservoirs. The mineral composition was measured by a Bruker D8 ADVANCE X-ray poly-crystalline diffractometer.
3.1.4 Pore Image Analysis
SEM observation is a commonly method used to provide visualization of the pores. In this research, pores image analysis is supported by a scanning electron microscope (SEM) equipped with an energy-dispersive spectrometer (EDS) and electron backscatter diffraction (EBSD) (Huang et al., 2017).
3.1.5 Porosity and Permeability Analysis
A total of 10 samples from the Shanxi Formation were used in porosity and permeability analysis. The samples were evaluated by Coretest AP608 overburden pore porosity and permeability experiments, and measured by helium as a carrier gas.
3.2 Low-Pressure N2 Adsorption Analysis
Adsorption is the accumulation of molecules on the surfaces of a material (adsorbent). This process creates a layer of adsorbate on the adsorbent’s surface and is a consequence of surface energy (Gregg and Sing, 1982). Low-pressure (77K) N2 adsorption analysis is widely used to characterize the specific surface area (SSA), especially for the mesopore (pore diameter ranges from 2 to 50 nm) (Rouquerol et al., 1994). The N2 adsorption is measured at low pressure (<0.127 MPa) and temperature (−196°C), and the equivalent surface areas are calculated according to the Brunauer–Emmett–Teller (BET) method (Brunauer et al., 1938):
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where γ is the surface tension of liquid nitrogen at boiling point (8.59) (Wang et al., 2000; Qi et al., 2002a; Groen et al., 2003), Vm is the molar volume of liquid nitrogen in cm3/mol, R is the gas constant in mol*K, T is the boiling point of nitrogen (77K), P is the gas vapor pressure in MPa, P0 is the saturation pressure of adsorbent in MPa, d is the diameter of the pore in nanometers (nm), and rK is the Kelvin radius of the pore in nanometers (nm).
A total of 20 samples from the Shanxi Formation shale were used in low-pressure N2 adsorption analysis through a Micromeritics ASAP 2020 instrument, which is based on the manometric method. In the beginning, the void volume of the sample cell (SC) containing the adsorbent, is determined by helium expansion. Subsequently, specific amounts of the nitrogen gas are transferred into the sample cell and record the adsorption equilibrium pressure. The equilibrium pressure and the void volume data can be used to calculate the residual gas volume.
The quantity of adsorbed gas is then calculated as the difference between the quantity of gas transferred into the SC and the quantity of gas that could be accommodated in the void volume of the SC if no adsorption occurred (non-adsorption case). The gas dosing and equilibration steps are repeated until the N2 pressure (P) and the saturation pressure (P0) are equal. The SC is then gradually evacuated stepwise and the pressure is measured to calculate the amount of adsorbed gas. Hysteresis occurs due to desorption and adsorption differences (Huang et al., 2017).
3.3 Pore Structure and Fractal Dimension Analysis
Fractal dimension (D) is an important parameter used to analyze complex rock pore networks. It can represent the pore structural heterogeneity in detail and point out the degree of complexity of the pore system. The fractal dimension of the pores structure was computed in this work using the Frenkel–Halsey–Hill (FHH) (Yao et al., 2012) model:
[image: image]
where V is the volume of adsorbed gas molecules at equilibrium pressure in m3/t, V0 is the volume of monolayer coverage in m3/t, D is the fractal dimension of the pore structure, P is the equilibrium pressure of the gas in MPa, and P0 is the gas saturation pressure in MPa (Huang et al., 2017).
A larger fractal dimension means a coarser and more complex pore surface area. According to the measured nitrogen adsorption isotherm, the data of P/P0 was selected and plotted in Ln [Ln (P/P0)] with Ln (V/V0), and then the fractal dimension was calculated according to the slope of the fitting trend line.
4 RESULTS
4.1 Organic Matter Characteristics
The total organic carbon (TOC) content of the Shanxi Formation shale ranges from 0.25% (minimum) to 3.00% (maximum) and mainly varies from 0.5% to 1.0% (Figure 4). The vitrinite reflectance (RO) of shale varies from 0.85% (minimum) to 1.24% (maximum), with an average of 1.1%, whereas the RO of shale mainly ranges from 1.0% to 1.2% (Figure 5).
[image: Figure 5]FIGURE 5 | Vitrinite reflectance (RO) histogram.
The S1 ranges from 0.001 mg/g (minimum) to 0.36 mg/g (maximum), with an average of 0.07 mg/g, and mainly varies from 0.01 mg/g to 0.1 mg/g (Figure 4). The S2 ranges from 0.1 mg/g (minimum) to 9.30 mg/g (maximum), with an average of 2.83 mg/g, and most samples show an S2 range of 1.0–5.0 mg/g (Figure 4). The Tmax varies from 432°C to 455°C, with an average of 444°C (Figure 5). The organic matter in Shanxi Formation shale varies form Type II1 to Type III, mainly Type II2 followed by Type III. The Type II1 organic matter is limited (Figure 6).
[image: Figure 6]FIGURE 6 | Plot of the hydrogen index (HI) versus Tmax.
4.2 Mineral Composition Characteristics
The minerals of the Shanxi Formation shale mainly consist of clay minerals (minimum 47.5%, maximum 70.0%, and 61.0% on average) and quartz (minimum 26.0%, maximum 41.7%, and 33.7% on average). In addition, a small amount of plagioclase and siderite are also developed (average: 1.9% and 6.4%, respectively), and the K-feldspar and rutile minerals are hardly exist (Table 1). The samples from well E mainly consist of clay minerals (minimum 47.5%, maximum 51.1%, and average 49.3%) and quartz (minimum 36.9%, maximum 41.7%, and average 38.7%). Besides, a small amount of plagioclase and siderite is also developed (average: 2.2% and 8.5%, respectively), and the K-feldspar (the value is 0.9%) and rutile minerals are hardly exist (the average value is 0.9%) (Table 1). The samples in well F mainly consist of clay minerals (minimum: 61.9%, maximum: 70.0%, and average: 66.0%), and followed by quartz (minimum 26.0%, maximum 38.1%, and average 38.6%). However, K-feldspar, plagioclase, siderite, and rutile minerals are hardly exist (Table 1).
TABLE 1 | Mineral composition of Shanxi Formation shale samples.
[image: Table 1]The clay minerals of Shanxi Formation shale consist of mixed-layer illite-smectite, illite, chlorite, kaolinite, and pyrophyllite. The mixed-layer illite-smectite accounts for the majority of clay minerals (minimum 10.0%, maximum 64.0%, and average 42.1%), which is followed by chlorite and illite (average: 17.2% and 15.6%, respectively). Besides, some of the samples developed kaolinite and pyrophyllite (the average values are 21.9% and 24.5% respectively), and the smectite-illite ratio is 17.5% (Table 1). The samples in well E mainly consists of kaolinite (minimum 45.0%, maximum 49.0%, and average 47.0%), and the mixed-layer illite-smectite, illite, chlorite followed by kaolinite (average: 14.7%, 22.0%, and 16.3%, respectively). The samples in well F mainly consist of mixed-layer illite-smectite (minimum 36.0%, maximum 64.0%, and average 56.9%), and chlorite, illite followed (average: 17.6% and 12.9%, respectively). Besides some of the samples developed pyrophyllite and kaolinite (average: 24.5% and 3.0%, respectively).
4.3 Characterization of Pores
The organic matter could be readily identified by SEM. The black points are organic matter (Figures 7A,C), which can be identified under high magnification (Figure 7B). Few pores can be observed in organic matter (Figures 7B,C), and only a few cracks can be observed. It is hard to ascertain that these cracks in organic matter are related to thermal evolution considering the sample processing procedure before microscopic analysis. The relatively low thermal maturity, which is reflected by the relatively low vitrinite reflectance values (RO: 0.8–1.2%), impedes the formation of pores in organic matter of the Shanxi Formation shale.
[image: Figure 7]FIGURE 7 | SEM images of organic matter in Shanxi Formation shale. (A) organic matter pores; (B) organic matter pores with authigenic minerals fill in; (C,D) organic matter pores.
Although the pores of organic matter are not well developed, interparticle pores occur among clay minerals (Figures 8A,C). The clay minerals lost their crystalline morphology and character during sedimentation, compaction, and consolidation that develop during diagenesis (Huang et al., 2017). Some clay minerals exhibit sheet-like shapes because of compaction (Figures 8B,D).
[image: Figure 8]FIGURE 8 | SEM images of interparticle pores related to clay minerals in Shanxi Formation shale. (A,C) gaps among clay minerals; (B,D) pores among clay minerals.
The porosity and permeability experimental results of Shanxi Formation shale are presented in Figure 9. The porosity of Shanxi Formation shale ranges from 0.8% (minimum) to 3.78% (maximum), with an average of 1.74%, and the permeability ranges from 0.0032 mD (minimum) to 0.0189 mD (maximum), with an average of 0.001 mD. This result shows the Shanxi Formation shale has low porosity and permeability (Figure 9). The well E is located in the south of the study area, and the Shanxi Formation shale is buried under 1400 m. The well F is located in the south part, and the Shanxi Formation shale is buried under 2600 m. From the porosity and permeability value, the porosity of well E with shallow depth is higher than well F, and the permeability distribution of well E is more compact than well F. The porosity of Shanxi Formation shale decreased as the depth increases. However, the permeability changes are irregular, which may be influenced by the geometry shape, grain size, and arrangement direction of the pores.
[image: Figure 9]FIGURE 9 | The relationship between permeability and porosity. The relationship between permeability and porosity of (A) well E and well F, (B) well F and (C) well E
The porosity of Shanxi Formation shale samples of well E and well F shows a poor correlation with its permeability (Figure 9A). The correlation for shale samples from well F is the worst (Figure 9B). However, the correlation for shale samples from well E is better, although there are only three data points (Figure 9C).
Intergranular pores are well developed and pores are mainly filled with organic matter and minerals. Since upper paleozoic developed coal strata in the study area, the environment of the sedimentary is acidic-weak to acidic. The dissolution began when the mudstone was not consolidated into rock, and was associated with pressure dissolution. In this period, the early clay matrix was formed, resulting in a large number of fillings in the primary pores. After that, organic matter matured as the Shanxi Formation shale buried depth increased, and the rock is under the diagenetic stage. The filling of clay minerals and authigenic minerals in the pores, reduced the space of pores developed in the later stage. Hence, the Shanxi Formation shale in the study area shows poor physical properties of low porosity and low permeability.
4.4 Low-Pressure N2 Adsorption Analysis
4.4.1 Specific Surface Area and Pore Size Distribution
For the 20 samples of Shanxi Formation shale, the SSAs ranged from 1.67 m2/g to 10.57 m2/g, with an average of 3.7 m2/g (Figure 10). The SSAs of well E ranged from 6.19 m2/g to 10.57 m2/g, with an average of 8.05 m2/g, and those of well F ranged from 1.67 m2/g to 7.94 m2/g, with an average of 3.72 m2/g. Samples from Well E exhibit much higher SSAs than well F.
[image: Figure 10]FIGURE 10 | Specific surface area of 20 samples.
The Shanxi Formation shale reservoir nitrogen adsorption and desorption curve (Figure 11) shows an inverse “S” shape for each sample. The adsorption and desorption curve has little difference between each sample. In the low-pressure section (P/P0<0.2), the adsorption curve slowly rises, and the curve is gentle and slightly convex, showing a monolayer of nitrogen adsorbed on the surface of reservoir pore throats. In the middle-pressure section (0.2<P/P0<0.8), the adsorption capacity increased slowly as the relative pressure increased, and the adsorption curve is approximately linear, indicating the multi-molecular layer nitrogen adsorption. In the high-pressure section (0.8<P/P0<1.0), the adsorption curve increased rapidly and showed a concave shape. When the equilibrium pressure is close to the saturated vapor pressure, the slope of the adsorption curve of most samples is still increasing. However, the sample did not show adsorption saturation. This shows that a small number of pore throats with pores diameter larger than 50 nm are developed in the samples. When P/P0>0.45, the desorption curve is above the adsorption curve.
[image: Figure 11]FIGURE 11 | Comparison of the isotherms and hysteresis of Shanxi Formation.
The nitrogen adsorption isotherms of Shanxi Formation shale show obvious hysteresis loops (Figure 11). The International Union of Pure and Applied Chemistry (IUPAC) classified the adsorption isotherms into six types, from Type I to Type VI. The IUPAC also classified the hysteresis patterns into four types, Type H1 to Type H4. The shale samples isotherms are closely similar to Type III isotherm shape (Figure 11). The hysteresis is the same as Types H3 and H4. The Type H3 loop is related to plate-like particles giving rise to slit-shaped pores. Similarly, the Type H4 loop is usually associated with narrow slit-like pores (Sing, 1985; Rouquerol et al., 1994; Rouquerol et al., 1999; Jiang et al., 2010; Kuila et al., 2012). With the increase of relative pressure, the adsorption curve and desorption curve rise fast. When the relative pressure is close to 1, the curve is almost perpendicular to the P/P0 axis and does not reach the adsorption saturation, indicating the occurrence of condensation in the pores during nitrogen adsorption. After that, the relative pressure decreased and the desorption amount decreased rapidly. There is no obvious inflection point between the adsorption curve and desorption curve. This adsorption characteristic often occurs in wedge-shaped holes with openings at both ends or in the formation of non-rigid aggregates composed of flake-like particles (Sing, 1985; Rouquerol et al., 1999; Jiang et al., 2010; Kuila et al., 2012). According to the isotherms and hysteresis description, the pores morphology of Shanxi Formation is type B (Mohammad et al., 2013; Xu et al., 2019), and means dominance of slit-plate-like pores, which is open and has good connectivity. The adsorption and desorption isotherms converge at a relative pressure (P/P0) of 0.45–0.5, equivalent pore diameter of 2.3–2.7 nm according to the BET calculation based on the relationship between relative pressure (P/P0) and diameter. Therefore, it is considered that the hysteresis loop and the “forced closure” of shale pores shown by nitrogen adsorption isotherm of Shanxi Formation occur in the range of pore diameter between 2.3 and 2.7 nm.
4.4.2 The Fractal Dimension
Due to the analytical temperature of the nitrogen, adsorption analyses are too low (−196°C) for nitrogen molecules to get access to the micropore. The nitrogen adsorption analyses are usually used to demonstrate the mesopore size (2–50 nm) distribution (Unsworth et al., 1989; Rouquerol et al., 1994). Moreover, the “forced closure” emerges corresponding to diameter 2.3–2.7 nm, and the area of the incremental pores fluctuates rapidly from 2–3 nm of pore diameter (Figure 12); hence, we divided the size of the pores in this research into three ranges with diameters <2 nm (micropore), 2–50 nm (mesopore), and >50 nm (macropore).
[image: Figure 12]FIGURE 12 | Comparison of the pore diameter and incremental pore are of Shanxi Formation shale samples.
A scatter diagram of Ln [Ln (P0/P)] versus Ln (V/V0) for the shale samples data using the original low-temperature nitrogen adsorption isotherm data is represented in Figure 13. Most of the correlation coefficients of the linear fitting curves were larger than 0.96 for all the three ranges, and only a few of the correlation coefficients of the linear fitting curves were larger than 0.84 for all the three ranges.
[image: Figure 13]FIGURE 13 | Fractal dimensions of the pores in Shanxi Formation shale samples.
Calculation results are based on the Frenkel-Halsey-Hill (FHH) model by the low-pressure N2 adsorption data of the 20 samples. The results show only two data points of the pore size d>50 nm. It indicates that the Shanxi Formation shale has few macropores but mainly developed micropores and mesopores. The low porosity and permeability also indicate a low pore diameter for the Shanxi Formation shale.
As evident from Table 2 and Figure 14, the micropore has a relatively high fractal dimension with an average of 2.77, the mesopore shows a low fractal dimension with an average of 2.65, while the macropore has a high fractal dimension with an average of 2.77. The fractal dimension reflects the structure of pores. Micropore and macropore represent the largest fractal dimensions, meaning the strongest pore structure complexity. However, the mesopore represents the lowest fractal dimensions, meaning less pore structure complexity and better pore connectivity compared with the micropore and the macropore. The fractal dimension of pores in the Shanxi Formation shows that the shale has a coarser pore surface, a lower pore connectivity, and stronger heterogeneity of the reservoir. Compared with the Yanchang Formation shale (lower-maturity shale) (Wang, 2018) in the Ordos basin of the North China Plate, the shale of Shanxi Formation shows relatively higher fractal dimensions on average but a narrow range of fractal dimensions, proving stronger pore structure complexity but lower pore structure diversity in the lower-maturity shale. Compared with highly mature marine shales, the Shanxi Formation shale in the research area represents relatively equal fractal dimensions, indicating high pore structure complexity but lower pore structure diversity in the lower-maturity shale (Yang et al., 2014; Tang et al., 2015).
TABLE 2 | Tables of fractal dimension of Shanxi Formation shale samples.
[image: Table 2][image: Figure 14]FIGURE 14 | Comparison of different pore diameter fractal dimensions of Shanxi Formation.
5 DISCUSSION
5.1 Influence of Rock Framework Particles on Specific Surface Area
The heterogeneity of pore structure is essentially affected by the rock framework particles, which mainly include kerogen and minerals components. To analyze the influence of rock framework particles on the pore structural heterogeneity, the correlations of specific surface area and fractal dimension with S1, S2, TOC and quartz, clay minerals, and other types of clay minerals were established.
5.1.1 Effect of Organic Matter on Specific Surface Area
For the 20 samples, both were used in low-pressure N2 adsorption and Rock-Eval analysis. The S1 and TOC present no clear correlation with the SSA. The S2 exhibits a slight positive correlation with the SSA, but with a rather low correlation coefficient (R2 = 0.4939) (Figure 15). This proved that the residual bitumen of low thermal-maturity shale has no obvious effect on SSA and the kerogen slight effect on it.
[image: Figure 15]FIGURE 15 | Correlation of the average fractal dimensions with S1, S2, and TOC of Shanxi Formation. Average fractal dimensions with (A) S1 and S2, (B) TOC.
5.1.2 Effect of Minerals on Specific Surface Area
For the 10 samples used both in low-pressure N2 adsorption analysis and X-ray diffraction analysis, quartz has a positive effect on the SSA, while clay minerals show a negative correlation with the SSA (Figure 16A). For different types of clay minerals, the illite has a positive correlation with the SSA, while mixed-layer illite-smectite has a negative correlation with the SSA (Figure 16). Chlorite also has a negative correlation with the SSA, but with a rather low correlation coefficient R2 (Figure 16B). Samples with higher content of quartz exhibit higher SSA, while samples with higher content of clay minerals show lower SSA. For different types of clay minerals, samples with high content of illite exhibit higher SSA, whereas samples with high content of mixed layers of illite-smectite and chlorite show lower SSA.
[image: Figure 16]FIGURE 16 | Correlation of SSA with quartz, clay minerals and other types of clay minerals. Correlation of SSA with (A) quartz and clay minerals, (B) Illite, chlorite, mixed-layer illite-smectite (I/S). Illite (It); Chlorite (C); Mixed-layer illite-smectite (I/S).
Quartz can keep crystal form under the compaction, high content quartz means high SSA of quartz. The content of illite increased as the depth of shale increased. Clay minerals and mixed-layer illite-smectite are hard to keep crystal form under the compaction, and filled with authigenic minerals in the pores, decreased the SSA of Shanxi Formation shale. All in all, quartz and illite increase the SSA, whereas clay minerals and mixed-layer illite-smectite decrease the SSA.
5.1.3 Effect of Porosity and Permeability on Specific Surface Area
For the 10 samples that used in porosity and permeability, X-ray diffraction, and low-pressure N2 adsorption analysis, porosity has a positive effect on the SSA (Figure 17A), while permeability shows no clear correlation with the SSA (Figure 17B). The larger the SSA is, the higher porosity of the reservoir is. High porosity means more pores or large pores developed in the reservoir. As the number of pores increased, the SSA of pores increased too. However, the result between permeability and SSA presents a poor correlation coefficient R2. Permeability may be influenced by the geometry shape, grain size, and arrangement direction of the pores. In Figure 16, quartz also has a positive effect on the SSA. In fact, quartz, as rock skeleton grains, plays an important role in resistance to the compaction, and then the pores were kept. Hence, high content quartz means large porosity, and then high SSA. Hence, the permeability affects by many influences, so the relationship with SSA is poor.
[image: Figure 17]FIGURE 17 | Correlation of SSA with porosity and permeability of Shanxi Formation shale. Correlation of SSA with (A) porosity, (B) permeability.
All in all, the porosity of Shanxi Formation shale increased as the SSA increasing, but the relationship between permeability and SSA is hard to be identified.
5.2 Influence of Rock Framework Particles on Fractal Dimension
5.2.1 Effect of Organic Matter on Fractal Dimension
The fractal dimension of the micropore, mesopore and macropore of the Shanxi Formation shale, each has a different correlation with the S1 and S2 (Figure 18). For the micropore, it presents a positive correlation with the S1 and a negative correlation with the S2. However, the correlation coefficient of the micropore is low, which shows the irrelevance of organic matter with the micropore structure heterogeneity. The fractal dimension of the mesopore presents a negative correlation with the S1 and a positive correlation with the S2. However, the correlation coefficient of the mesopore is low for the S1 and S2. This indicates that mesopore structure heterogeneity also has a low correlation with organic matter. The fractal dimension of the macropore presents a negative correlation with the S1 and S2, and the correlation coefficient of the macropore is the lowest, which means the macropore structure heterogeneity has no obvious relationship with organic matter, either (Figure 18).
[image: Figure 18]FIGURE 18 | Pore size distributions and relationship between fractal dimension and kerogen. Relationship between fractal dimension and (A) S1, (B) S2.
All in all, for Shanxi Formation shale the fractal dimension of the micropore, mesopore, and macropore present no obvious relationship with the S1 and S2. It is proved that the content of organic matter does not affect the pore structure heterogeneity of Shanxi Formation shale in the research area.
5.2.2 Effect of Minerals on Fractal Dimension
The mesopore, micropore, and macropore present great differences in the correlation between fractal dimension and quartz and clay minerals. The fractal dimension of the micropore and macropore presents a negative correlation with quartz, but a positive correlation with clay minerals. On the contrary, the fractal dimension of the mesopore presents a positive correlation with quartz, but a negative correlation with clay minerals. None of the micropore, mesopore, and macropore presented a strong correlation coefficient between the fractal dimension with quartz and clay minerals (Figure 19).
[image: Figure 19]FIGURE 19 | The relationship of fractal dimension with detrital minerals and clay minerals. relationship between fractal dimension and (A) quartz, (B) clay minerals, (C) I/S and (D) It.
The illite and the mixed-layer illite-smectite exhibit different correlation with the fractal dimension. The fractal dimension of micropore presented a positive correlation with the mixed-layer illite-smectite, whereas the mesopore and macropore presented a negative correlation with the mixed-layer illite-smectite. The relationship between fractal dimension and the illite of micropore presented a negative correlation with a strong correlation coefficient. However, the relationship between fractal dimension and the illite of mesopore and macropore presented a negative correlation with a poor correlation coefficient.
For all three types of pores, quartz has an inconspicuous correlation with the fractal dimension, and the correlation coefficient R2 values are low (Figure 19A). This indicated that quartz does not affect the fractal dimension of the Shanxi Formation shale. For the micropores, clay minerals and the mixed-layer illite-smectite present a slightly positive correlation with fractal dimension (Figures 19B,C). However, the illite shows obviously negative correlation with a high correlation coefficient R2 (Figure 19D). For the mesopores, the mixed-layer illite-smectite and illite also present slightly but opposite correlation with fractal dimension (Figures 19C,D). The former is negative and the latter is positive. For the macropores, any type of mineral shows no impact on the fractal dimension. The illite shows a hair-like or acicular form and shows a more confirmative effect of the illite minerals on structural heterogeneity for micropore (Figure 19D). The absolute value of the slope of correlation lines with fractal dimension for micropore is larger than mesopore and macropore (Figure 19). It can be concluded that the mixed-layer illite-smectite and illite affect the fractal dimension of Shanxi Formation shale. This also indicates a stronger impact of the clay minerals on structural heterogeneity for micropore.
Quartz can keep crystal form under the compaction and has a smooth surface of the mineral. The mixed-layer illite-smectite is easy to lose crystal form during the compaction. This indicates the two types of minerals mentioned above are not the main influencing factors of pore heterogeneity. As the burial depth of illite increased, the content of illite increased too. Illite has a high correlation with the fractal dimension of micropore, which improves to be the main influencing factor of pore heterogeneity. All in all, quartz, clay minerals, and mixed-layer illite-smectite present no obvious contribution to pore structural heterogeneity. However, illite decrease pore structural heterogeneity of micropore. Compaction is the main factor affecting the pores of Shanxi Formation shale in the study area.
5.2.3 Effect of Porosity and Permeability on Fractal Dimension
The fractal dimension of the micropore, mesopore and macropore of the Shanxi Formation shale, represent a similar correlation with porosity and permeability (Figure 20). The fractal dimension of the micropore and macropore both presented a negative correlation with porosity and permeability, while the mesopore presented a positive correlation with porosity and permeability (Figures 20A,B). The results only show a good negative correlation between porosity and the fractal dimension of the micropore (R2 = 0.5512). Other pores have a poor correlation coefficient R2 between porosity and permeability and the fractal dimension. The larger the micropore fractal dimension, the poor the porosity of the Shanxi Formation shale reservoir, and the more complex the micropore (Figure 20A).
[image: Figure 20]FIGURE 20 | Relationship of fractal dimension with porosity and permeability. Fractal dimension with (A) porosity, (B) permeability.
All in all, for Shanxi Formation shale, the fractal dimension of the micropore presents good negative relationship with porosity. It is proved that the Shanxi Formation shale with higher porosity presents lower micropore structure heterogeneity in the research area.
6 CONCLUSION

1) The Shanxi Formation shale in the study area shows low porosity and permeability, and the pore structure is complexed. Micropore and macropore have a relatively high fractal dimension with an average of 2.77. Mesopore has a low fractal dimension with an average of 2.65. The fractal dimension average of different pores of Shanxi Formation shale is all larger than 2.5, which means all the structures of pores are complex. However, the structure of pores of the micropore and macropore is more complex than the mesopore.
2) Organic matter displays a low impact on the pore structure heterogeneity for Shanxi Formation shale in the research area. S2, S1, and TOC exhibit no clear correlation with SSA, which means the organic matter has little effect on SSA. For Shanxi Formation shale the fractal dimension of micropore, mesopore and macropore present no obvious relationship with organic matter. This proved that organic matter is not the main factor affecting the heterogeneity of pore structure of Shanxi Formation shale in the research area. The low maturity is the reason for the non-influence of organic matter.
3) Illite has a strong effect on the pore structural heterogeneity of Shanxi Formation shale. It is the main factor of the pore structural heterogeneity. As the content of illite increased, the SSA increased, whereas the fractal dimension decreased. This indicates pores with high content of illite have high SSA and low fractal dimension, reflecting low pore structural heterogeneity. Although the correlation coefficients R2 of quartz and clay minerals with SSA are more than 0.5, quartz and clay minerals have no obvious relationship with the fractal dimension. Hence, quartz and clay minerals have little impact on the pore structure heterogeneity. All in all, samples with high content of the illite present low pore structural heterogeneity. Quartz and clay minerals have little impact on the pore structure heterogeneity.
4) The Shanxi Formation shale with higher porosity presents lower micropore structure heterogeneity in the research area. However, the permeability has no correlation with pore structure heterogeneity. As the porosity increased, the SSA increased, while the fractal dimension decreased. This indicates pores with high porosity have high SSA and low fractal dimension, reflecting low pore structural heterogeneity. However, the relationship between permeability and SSA, and the relationship between permeability and fractal dimension are poor. These may be influenced by the geometry shape, grain size, and arrangement direction of the pores in the research area, which control by compaction. Hence, the relationship between permeability and pore structural heterogeneity is not clear.
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