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Taking the Longmaxi deep-marine shale gas reservoir in Zigong region as the research target, this paper aimed to characterize the nano-scale pore structure and investigate the reservoirs’ heterogeneity based on fractal theory. By conducting a series of experimental studies, mainly including TOC, XRD, gas adsorption (N2 and CH4), we were able to clarify the main controlling factors for the heterogeneity of deep shale pore structure. Our results indicated that the deep marine shale possessed a significant amount of organic matter, as the average TOC value is 3.68%. The XRD analysis results show that quartz and clay were the main mineral types, and the total content of these two minerals averaged 77.5%. Positive correlations were observed between TOC and quartz, while TOC decreases as the clay mineral increases, this discovery indicating that quartz is biogenic. Based on FHH (Frenkele-Halseye-Hill) method, by using the LTNA adsorption isotherms, we took relative pressure P/P0=0.5 as the boundary, then two separate fractal dimension were deduced, D1 and D2 represent the fractal characteristics of small and large pores, respectively. Our study revealed that both D1 and D2 demonstrated positive correlations with N2 adsorption pore volume and adsorption specific surface area, while negatively correlated with the adsorption average pore diameter. Moreover, the two fractal dimensions showed positive associations with TOC and quartz and negative associations with clay. Additionally, D1 and D2 also demonstrated a positive correlation with Langmuir volume. The presence of micropores was found to significantly influence the formation of an irregular pore structure in shale. As the pore size decreased, the adsorption specific surface area increased, resulting in a more intricate pore structure, and the fractal dimension of the pores elevated, ultimately. This intricate structure is beneficial for the accumulation of shale gas. These research findings offer valuable insights for the comprehensive assessment of deep shale gas, and enrich our knowledge of enrichment mechanisms in deep shale gas reservoirs.
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1 INTRODUCTION
Shale gas resources have a wide distribution range and large reserves, making it an extremely important unconventional energy type. In the past two decade, shale gas exploration and development have achieved remarkable success worldwide, especially in North America, attracting widespread attention from the energy industry (Zhang et al., 2020; Cui et al., 2023; Yang et al., 2024; Zheng et al., 2024). In 2020, the United States achieved an impressive production of over 7,000 × 108 m3 of shale gas, highlighting the enormous potential of this energy source (Wang et al., 2022). China, as a large energy consuming country, has made significant breakthroughs in shale gas development through extensive work in recent years, and has established five national shale gas development demonstration zones, namely, Weiyuan-Zigong, Fushun-Yongchuan, Changning-Weiyuan, Jiaoshiba, and North-Zhaotong (Zhu et al., 2018; Zhu et al., 2021; Song et al., 2023; Wang Enze et al., 2024; Zou et al., 2024). According to the research, China’s shale gas production has exceeded 250 × 108 m3 in 2023, more than double the production in 2018, indicating that the industry plays a crucial role in boosting China’s natural gas production.
Shale gas production in China is consistently increasing, with current production mainly originating from shallow layers. Nonetheless, there remains a considerable disparity in comparison to the United States’ shale gas production. Chinese geologists have directed their research efforts towards deep shale gas, which is located at depths surpassing 3,500 m, owing to its vast resource potential l (He et al., 2020; HE Zhiliang and JIANG, 2021; NIE Haikuan and DANG, 2022). The estimated shale gas geological resources in China amount to 123.01 × 1012m3, with deep shale gas resources representing 55.45 × 1012m3. Within the Sichuan Basin, deep shale gas resources exceeding 3,500 m constitute over 60% of the overall resources (Zou et al., 2017;He et al., 2020).
As the burial depth of deep shale gas reservoirs generally exceeding 3500m, and they have undergone extremely complex structural and diagenetic evolution, this greatly increases the complexity of the pore structure of shale gas reservoirs. Shale gas reservoir possesses unique characteristics such as self-generation and self-storage (Zhang et al., 2019; Zhang et al., 2020). The mineral particles and organic matter in shale reservoirs contain large scale range of pores (nano/micro/millimeter scale) and micro-fractures, providing important storage space for shale gas enrichment, and also offered flow channels for shale gas seepage (Zhang et al., 2019; Zhao et al., 2022). By clarify the reasons for the complexity and heterogeneity of pore systems in shale gas reservoir, we can achieve more efficient development of deep shale gas resources (Yang et al., 2016; Zhang et al., 2020; Qiu et al., 2021; Xie et al., 2022; Cui et al., 2024). The characterization of pore structure in shale gas reservoirs involves many aspects, including pore types, pore shape, pore size, pore volume, pore specific surface area, spatial distribution of pore systems, connectivity between pores. There are two main categories of technical means for characterizing shale reservoir pore structure. On the one hand, the direct observation method includes scanning electron microscopy (SEM) and Computed Tomography (CT) (Loucks et al., 2009; Yang et al., 2016; Zhang et al., 2017; Zhang et al., 2019; Guo et al., 2019). These methods analyze two-dimensional and three-dimensional images to provide information on pore structure parameters. On the other hand, indirect measurement methods like gas adsorption (CO2, N2, He), mercury intrusion capillary (high-pressure and rate-controlled), and small/ultra-small angle neutron scattering enable quantitative analysis of shale pore structure (Clarkson et al., 2012; Clarkson et al., 2013; Schmitt et al., 2013; Yang et al., 2017; Li et al., 2019). By utilizing these techniques, researchers can gain a deeper understanding of the complexity of micro/nano pore structures in shale gas reservoirs, and then ultimately improving the efficiency of shale gas extraction and production.
Prior research has shown the effectiveness of the experimental approach of low-temperature nitrogen adsorption (LTNA) in the characterization of shale reservoir’ pore structure. Scholars from both domestic and international backgrounds have extensively studied shale pore structure using this technique (Chen et al., 2019; Chen et al., 2019; Guo et al., 2019). Recently, fractal theory has been proven to be a highly effective mathematical method for characterizing the complexity of pores in unconventional oil and gas reservoirs, such as tight gas and oil in sandstone, shale gas and oil reservoirs, and coal (Yao et al., 2008; Hu et al., 2016; Zhang et al., 2020; Dou et al., 2021). The FHH fractal model, derived from the adsorption curve of LTNA experiments, is commonly utilized for quantitatively assessing the heterogeneity/complexity of shale pore structure.
This paper aims to accurately characterize the heterogeneity/complexity of the pore systems of deep Longmaxi shale in Zigong region. We conducted a series of systematic experimental studies for this purpose, including TOC, XRD, gas adsorption (N2 and CH4). Through these experiments, the study aimed to explore the factors affecting fractal dimension.
2 GEOLOGICAL SETTING
Sichuan Basin, located in the southwest China, covering an area of over 18 × 104km2, one of the largest oil and gas bearing basins, is known as the most promising region for shale gas development (Li et al., 2022; Shi et al., 2023). Structurally, it is positioned on the northwest side of the Yangtze platform, functioning as a secondary tectonic unit. It was formed as a basin during the Indosinian era and was subsequently fully tectonically compressed during the Himalayan-Yanshan movement, resulting in its current structural layout (Zhang et al., 2020). The geotectonic sections of the basin comprise of the southeastern depression zone, the central uplift area, and the northwest depression zone. The research site in the Zigong locality is specifically positioned in the Ziliujing Sag within the central Sichuan uplift area (Figure 1). The research concentrates on the Silurian LMXF, recognized for being a shallow marine shelf phase shale with abundant organic matter (TOC>2.5%), substantial thickness (30–150 m), and high gas content (>5 m3/t). These unique geological conditions make the Sichuan Basin the most successful area for shale gas development in China. The thermal maturity of the sedimentary OM in Longmaxi shale has reached the high-over-mature stage. During the mature stage, a large quantity of shale gas is generated along with the maturation of organic matter, while also generating a large number of organic pores (Yu et al., 2018; Teng et al., 2021). These micropores play a mortal role in providing essential storage capacity for shale gas accumulation.
[image: Figure 1]FIGURE 1 | The location of sampling well Z301 in Zigong region.
3 SAMPLES AND METHODS
3.1 Samples
In the Zigong area, Jilin Oilfield Company (PetroChina) positioned a crucial evaluation well called Z301 (Figure 1) in the Xindian syncline structure in 2022. The purpose of deploying Well Z301 was to clarify the shale gas resource potential in this region. Well Z301 exhibits excellent gas measurement display, with an average gas content of 4.0 mL/g. A total of 62.7 m core section of black shale was acquired from depths ranging between 3911.1 and 3973.8 m.
3.2 Experimental methods
All analytical tests involved in this paper were completed in the core laboratory of iRock Tecnologies, Beijing, China.
3.2.1 TOC
The MultiN/C3100 TOC analyzer was used to measure the content of TOC. To prepare for the TOC content test, we use an agate mortar to grind shale samples into powder (60–80 mesh). By adding an appropriate amount of dilute hydrochloric acid to the powdered shale sample, inorganic minerals such as carbonates could be dissolved, then rinse the powdered shale sample with distilled water to achieve a neutral PH. Subsequently, the samples were dried for future use. The experiment was conducted following the procedures specified in the National Standard of China (GB/T19145-2022).
3.2.2 XRD
The XRD experimental instrument used for mineral content determination was the D8 DISCVER X-R diffractometer. The experiment followed the procedures specified in the PetroChina standard (SY/T 5163–2018).
3.2.3 CH4 adsorption
An experiment on isothermal adsorption was carried out with magnetic levitation balance (Ru-Isosorb HP Static-III), under high-pressure gas conditions. The experiment followed the procedures specified in the Energy Industry Standard of China (NB/T 10117–2018). The mass variation measured by the magnetic levitation balance served in the calculation of the quantity of adsorbed methane gas. This data was then used to compute the shale adsorption parameters, based on the Langmuir theoretical model, and a graph illustrating the isothermal adsorption curve was generated.
3.2.4 LTNA
The LTNA experiment utilized the American Mike ASAP2460 multi-station extended specific surface and porosity analyzer to conduct low-temperature nitrogen adsorption measurements. Firstly, the shale samples should be ground into powder (60–80 mesh) in the experimental preparation stage, and then degassed under specific temperature and pressure conditions (Vacuum environment, 110°C, 24 h), in order to eliminate any residual bound and capillary water. The experimental conditions included a temperature of −196.15°C, with the adsorption quantity being recorded at various relative pressure (P/P0) levels. The experimental process adhered to the gas adsorption BET method outlined in the national standard of China (GB/T 19587–2017).
3.3 Fractal theory
Fractal theory originates from mathematical statistical methods. In recent years, it has been widely used by petroleum geologists for characterizing the pore structure features of unconventional reservoirs, such as shale gas and oil, tight sandstone gas and oil and coalbed methane (Mandelbrot, 1975; Li et al., 2016; Zhang et al., 2021; Zhang et al., 2024). Deep shale reservoirs have experienced complex structural and diagenetic changes in extreme temperature and pressure environments, leading to significant variability. Using fractal theory, the irregularity of pore surfaces can be quantitatively obtained. Fractal theory suggests that the fractal dimension usually falling within the range of 2–3. When the fractal dimension approaches 2, suggesting a more uniform pore structure, whereas a value nearing 3 indicates a more uneven pore structure, and increased reservoir heterogeneity.
Based on N2 adsorption data, geologists used various methods to calculate the fractal dimension. Among these models, the FHH model, introduced by the renowned French mathematician Mandelbrot, has been proven to be the most effective (Mandelbrot, 1975). The FHH model can be explained by the following mathematical formula:
[image: image]
In mathematical formula (1), V represents adsorption volume of N2 (cm3/g); P is the equilibrium pressure (Mpa); P0 represents the saturation pressure (Mpa); S represents the slope of the linear formula; C is a constant.
D can be determined by calculating the slope S of the linear equation, D=S+3.
4 RESULTS
4.1 TOC and mineral composition
According to the TOC content provided in Table 1, shale samples in Well Z301 showcased a significant organic matter content. Specifically, the shale samples analyzed demonstrated TOC content ranging from 1.75% to 5.38% (averaged 3.68%). Except for sample Z-70-B (TOC=1.75%), all of the remaining eleven samples had TOC values exceeding 2%. According to the experimental results of XRD, quartz is the most predominant mineral, followed by clay, these two minerals making up 77.5% of the total mineral content according to Table 1 and Figure 2. Specifically, quartz varied from 27.6% to 67.5% (averaged 49.1%), while clay varied from 10.5% to 51.5% (averaged 28.5%). The I/S content of the clays ranged from 53% to 78% (averaged 66%), the Illite content from 12% to 44% (averaged 25%), and the Chlorite content from 0% to 20% (averaged 9%). Furthermore, the shale reservoir minerals included dolomite, feldspar, calcite, pyrite, with average contents of 9.6%, 5.0%, 4.6%, and 3.2%, respectively.
TABLE 1 | TOC and mineral content of the 12 shale samples in Well Z301, Zigong region.
[image: Table 1][image: Figure 2]FIGURE 2 | Mineral composition of the shale samples.
4.2 Low-temperature nitrogen adsorption (LTNA) experiment
4.2.1 N2 isotherms
Figure 3 displays the N2 isotherms of the twelve shale samples. In general, the isotherms display a reversed ‘S' shape. Based on the characteristics of the N2 isotherms shape, the International Union of Pure and Applied Chemistry divided it into five categories. According to the IUPAC’s criteria, the N2 isotherms of the twelve shale samples in Well Z301 consistent with a type IV isotherm (Ji et al., 2016; Song et al., 2023).
[image: Figure 3]FIGURE 3 | N2 isotherms of the shale samples.
Moreover, the N2 isotherms for adsorption and desorption exhibit a notable overlap at low pressures (P/P0<0.5). However, once the relative pressure surpasses 0.5, there is a clear divergence between the two isotherms, creating a distinct hysteresis loop. This loop offers insights into the pore types (Zhang et al., 2020; Zhang et al., 2021). As per the IUPAC’s criteria, the twelve hysteresis loops mostly display a combination of type H2 and type H3. The former (type H2), generally indicates the presence of ink bottle pores (small pore necks, big pore bodies); Whereas the latter (type H3), usually linked to slit pores (Zhang et al., 2020; Zhang et al., 2024).
4.2.2 Pore structure parameters
As is shown in Table 2, utilizing the adsorption curve data of LTNA, using the BET model, the N2 adsorption specific surface area (SSA) and average pore diameter (APD) were obtained. Additionally, using the BJH model, N2 adsorption pore volume (PV) was obtained. The SSA determined by BET model (BET-SSA) ranges from 19.39 m2/g to 37.40 m2/g (averaged 28.51 m2/g). The PV obtained through BJH model (BJH-PV) ranges from 0.0205 m3/g to 0.0337 m3/g (averaged 0.0295 m3/g). The APD determined by BET model (BET-APD) varies from 3.25 nm to 4.59nm, with an average of 3.77 nm.
TABLE 2 | Pore structure parameters, fractal dimension and Langmuir volume of the shale samples.
[image: Table 2]4.2.3 Pore size distribution (PSD)
Figure 4 illustrates the use of the DFT model in analyzing the shale pore size distribution in the research site. Both profiles of PV and SSA exhibit a distinct bimodal pattern. Micropores are evident on the left side of the pore volume curve, peaking at 1.3 nm, while mesopores dominate the range of 3–10 nm. Similarly, micropores peak at 1 nm on the left side of the specific surface area curve, with mesopores ranging between 2–5 nm on the right. Hence, micropores and mesopores with diameters less than 10 nm are the main causes of PV and SSA.
[image: Figure 4]FIGURE 4 | Pore size distribution curves, (A) for pore volume; (B) for specific surface area.
As shown in the quantitative calculation results in Table 3, mesopores account for the majority of the PV, followed by micropores, contribution rates of these two types of pores were 58.87% and 37.22%, and macropores’ contribution can be ignored (Figure 5A); A similar trend is observed for the SSA, where micropores and mesopores contribute 58.30% and 41.49%, respectively, while macropores only contribute 0.21% (Figure 5B).
TABLE 3 | Contributions of micro/meso/macro pores to PV and SSA.
[image: Table 3][image: Figure 5]FIGURE 5 | The contribution of micropore, mesopore and macropores (A) for PV; (B) for SSA.
4.3 CH4 adsorption isotherms
The occurrence of shale gas involves a significant aspect of adsorbed CH4, which is the result of physical adsorption between shale and CH4 (Yao et al., 2008; Gasparik et al., 2014; Li et al., 2016). Conducting CH4 adsorption experiments in laboratory settings is a common practice to determine the adsorption capacity of shale. The CH4 adsorption experiment consist of two stages: adsorption and desorption, which collectively define the behavior of CH4 occurrence in the reservoir. The main parameter that reflects this behavior is the quantity of adsorbed shale gas. By applying the Langmuir equation under varying pressure conditions, the volume of adsorbed CH4 can be calculated. The maximum capacity for CH4 adsorption, also known as the Langmuir volume, indicates the relationship between pressure and adsorption capacity.
As illustrated in Figure 6, the adsorption of CH4 increases gradually, with the increasing of pressure. It shows that the CH4 adsorption capacity nearly reaches its maximum as the pressure approaches 30 MPa. The adsorption values of CH4 ranging from 1.77 m3/t to 6.53 m3/t (averaged 3.65 m3/t). In general, shale with high TOC content tends to have a stronger methane adsorption capacity.
[image: Figure 6]FIGURE 6 | CH4 adsorption isotherms of the shale samples.
4.4 Fractal dimensions
As shown in Figure 7, there is a strong correlation between the double logarithm of the adsorption volume (V) and the relative pressure (P/P0). The double logarithmic curve can be clearly divided into two parts, indicating the existence of two types of fractal dimensions in shale pores (Wang et al., 2015). Therefore, taking relative pressure P/P0=0.5 as the boundary point, two types of fractal dimensions were calculated, namely, D1 and D2.
[image: Figure 7]FIGURE 7 | Results of fractal dimension calculation.
Table 3 displays the calculation results for D1 and D2. The range of D1 is between 2.5970 and 2.6591 (averaged 2.6238). Similarly, the range of D2 is from 2.8331 to 2.9110 (averaged 2.8735). These results show higher values compared to the shallow shale samples from YC area, southeastern edge of Sichuan Basin (Li et al., 2016). In this area, the average depth of the sample is 765.2m, the average D1 is 2.4146, and the average D2 is 2.6459. This implies that with the increasing of the burial depth for the shale sample, there is a development of a more intricate pore structure due to mechanical compaction (Li et al., 2016). Furthermore, the fractal dimension of the deep marine shale in Zigong region surpasses that of the continental shale found in the Dongying Sag (with D1 averaging 2.5245 and D2 averaging 2.6889), the continental shale from the Qingshankou Formation (D1 average of 2.3815, D2 average of 2.6892), the deep continental shale within the Lower Urho Formation in the central Junggar Basin (D1 averaging 2.5409, D2 averaging 2.7056), and the marine-continental transitional shale of the Leping Formation within the Qianjiang Basin (D1 averaging 2.5805, D2 averaging 2.6750) (Wang et al., 2015; Liu et al., 2019; Zhang et al., 2021). The comparison of pore fractal dimensions among various types of shale reveals that deep marine shale reservoirs in Zigong region exhibit the most complex pore structure and the highest level of heterogeneity.
5 DISCUSSION
5.1 Relationships between TOC and mineral content
Insights into the original depositional setting during shale formation can be gleaned from its mineral composition. As quartz and clay are the most abundant minerals in shale gas reservoirs in the Zigong area, we focus on studying the relationship between these two minerals and TOC. A remarkable positive correlation is noticed between TOC and quartz (Figure 8A, R2=0.86), while a notable negative correlation is observed between TOC and clay (Figure 8B, R2=0.91). These results are in agreement with prior research on marine shale from the Niutitang and Longmaxi Formation, but contrast with findings from transitional marine and continental shale from the Shanxi Formation (Hu et al., 2016; Sun et al., 2016; Yang et al., 2017). Differences in depositional environments may account for these discrepancies. Transitional marine and continental shale are produced in shallow water sedimentary settings where organic matter derives primarily from higher plants. The proximity to land encourages the accumulation of organic matter and clay minerals sourced from terrestrial debris. In contrast, marine sedimentary environments have greater water depth and organic matter is predominantly sourced from lower aquatic organisms like algae. Consequently, the inflow of terrestrial debris is minimal. Furthermore, quartz in marine sedimentary settings are largely biogenic in origin and demonstrate a strong affinity with quartz during marine shale organic matter formation. Thus, TOC content in marine shale displays a positive correlation with quartz, while TOC in marine and continental shale is closely associated with terrigenous clast input (Chalmers et al., 2012; Sun et al., 2016; Yang et al., 2017).
[image: Figure 8]FIGURE 8 | Relationships between TOC and mineral content. (A) For TOC vs. Quartz; (B) for TOC vs. Clay.
5.2 Relationships between TOC, mineral content and D
As illustrated in Figure 9, both D1 and D2 displayed positive correlations with the TOC, with R2 of 0.77 and 0.31, respectively (Figures 9A,B). As the TOC content increases, D gradually rises, as seen in studies on continental coal-measure shale in Nenjiang Formation and marine shale in Niutitang Formation (Yang et al., 2014; Zhang et al., 2024). This phenomenon is attributed to the formation of numerous organic micropores during the thermal evolution of sedimentary organic matter, which results in intricate pore structures (Ross and Bustin, 2009; Hu et al., 2016). Consequently, higher TOC content leads to an increase in shale micropore content, complexity of pore structure, and overall heterogeneity, ultimately resulting in a larger fractal dimension.
[image: Figure 9]FIGURE 9 | TOC/mineral content vs. D.
As is shown in Figures 9C,D, both of the fractal dimensions demonstrate a positive relationship with quartz content, with R2 of 0.71 and 0.26, respectively. This discovery is consistent with previous studies on Longmaxi Formation shale in Hunan and western Hubei. However, there is a contrasting outcome for Wufeng-Longmaxi shale in Yunnan and northern Guizhou, where an obvious negative correlation exists between shale samples’ D and quartz (Hu et al., 2016; Wang et al., 2022). This variance can be attributed to the prevalence of biogenic quartz the association between fractal dimension and quartz resembles that of fractal dimension and TOC content. Therefore, shale samples with higher quartz content showcase larger fractal dimensions. Conversely, as is represented in Figures 9E,F, both D1 and D2 show an adverse relationship with clay mineral (R2 of 0.80 and 0.27, respectively). This negative correlation may be due to the elevated clay content in shale samples, resulting in a higher presence of adsorbed water. Consequently, the pores become more uniform due to the penetration of water molecules (Yao et al., 2008).
5.3 Relationships between pore structure parameters and D
As shown in Figure 10, both D1 and D2 displayed positive correlations with BET-SSA and BJH-PV, while demonstrating a negative correlation with BET-APD. This discovery is consistent with prior studies, suggesting that shale pore structure heterogeneity is predominantly influenced by micropore content (Li et al., 2016). With an increase in micropore content, the BET-APD of shale samples decreases and the pore structure complexity escalates. Consequently, shale samples with higher micropore content showcase elevated BET-SSA and BJH-PV, leading to increased complexity and heterogeneity in reservoir pore structure, ultimately resulting in elevated D.
[image: Figure 10]FIGURE 10 | Pore structure parameters vs. D.
5.4 Relationships between LV and D
The Langmuir volume (LV) represents the adsorption capacity of the shale samples. For shale samples in Well Z301, an obvious positive relationship was found in Figure 11, indicating that LV increased when fractal dimension elevated, especially for LV vs. D1, and R2 were 0.73 and 0.24, respectively. This finding was different from the research on the fractal dimension of coal in the Hancheng area (Ordos Basin), but consistent with earlier investigations on shale in Niutitang Formation (Sichuan Basin) (Yang et al., 2014; Zhao et al., 2019). This discrepancy is due to the fact that shale’s CH4 adsorption capacity is predominantly depending on two factors: specific surface area and adsorption potential energy (Zhou et al., 1999; Yang et al., 2014). A larger D indicates a more intricate pore structure, and heightened heterogeneity of the pore surface, creating additional adsorption sites for CH4 molecules. As a result, a larger specific surface area leads to enhanced absorption capability. The adsorption potential energy is closely tied to the distance between CH4 molecules and the shale surface. The smaller the distance, the stronger the interaction force between CH4 molecules and the shale surface, and greater the adsorption potential energy. The distance The distance was correlated with pore diameter (Gregg and Sing, 1982). Therefore, the smaller the pore diameter, the more complex the pore structure, and the larger the fractal dimension.
[image: Figure 11]FIGURE 11 | Relationships between LV and D.
6 CONCLUSION

(1) Shale samples in Z301 exhibited a high abundance of organic matter (TOC averaged 3.68%), and the predominant minerals in the shale samples were quartz and clay, with a combined content exceeding 75%; The quartz were mainly originated from biological sources, as relevant analysis shows that quartz increased with increasing TOC, while decreased with increasing clay.
(2) Shale samples in Well Z301 are predominantly ink-bottle/slit-shaped pores, primarily in the scale of nanometer, with micropores (r<2 nm) and mesopores (2<r<50 nm) playing a significant role in specific surface area and pore volume (the total contribution rates were 96.09% and 99.79%, respectively), while macropores’ contribution was minor.
(3) Organic pores were the predominant type of pores of shale samples in Well Z301, with pore volume and specific surface area both exhibited positive correlations with TOC and quartz, while showing a negative correlation with clay.
(4) Fractal dimension is influenced by multiple parameters Firstly, it showed positive relationships with specific surface area and pore volume, while displayed a negative relationship with average pore diameter. Additionally, it displayed positive relationships with TOC and quartz, while a negative relationship with clay. Moreover, fractal dimension is also positively associated with Langmuir volume. Micropores play a crucial role in creating a complex pore structure in shale. Micropores result in a larger specific surface area, expanded pore volume, and a more complex pore structure, ultimately increasing the fractal dimension of the pores. This enhanced fractal dimension is advantageous for the accumulation of shale gas.
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