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A systematic study of the pore structure characteristics of Lower Cambrian shales in the southeastern Upper Yangtze Platform, was conducted using organic geochemistry, mineralogy, nitrogen adsorption, physical property analysis, and scanning electron microscopy. The results indicate that: 1) The Total organic carbon (TOC) content shows a strong correlation with quartz and clay minerals. Shales with low TOC content and rich in clay minerals primarily exhibit slit-shaped and narrow slit-like inter-clay particle pores with pore size distribution is dominated by mesopores and macropores. Shales with high TOC content predominantly feature narrow slit-like and ink bottle-shaped pores with pore size distribution dominated by micropores and mesopores. 2) Shale pore structures vary significantly under different gas content and preservation conditions. Shales under favorable preservation conditions exhibit a relatively “high porosity, low permeability, and high gas content” pattern, with well-developed organic pores and a strong pore-permeability correlation. In contrast, shales under unfavorable preservation conditions appear dense, with excessively developed fractures increasing both average pore size and local permeability. The pore-permeability correlation is weak, presenting a relatively “low porosity, high permeability, and low gas content” pattern. 3) TOC content plays a crucial role in controlling pore structure, showing overall positive correlations with pore volume, specific surface area, and porosity, and negative correlations with pore size. High TOC content enhances shale plasticity, resulting in lower pore diameters. Factors such as compaction and unfavorable preservation conditions lead to the shrinkage, collapse, and closure of some narrow pore throats, negatively impacting pore volume, specific surface area, brittleness, and fractal dimension, exhibiting a negative correlation with TOC content. 4) The pore structure of Lower Cambrian shales is complex, with fractal dimensions D1 and D2 exhibiting negative correlations with average pore size and positive correlations with TOC, specific surface area, and total pore volume. A high D1 value indicates well-preserved nanoscale pore surface structures with low complexity, suggesting minimal alteration by external fluids and better shale gas preservation. D1 serves as an indicator for shale gas content and preservation conditions. D2 shows better correlations with various pore structure parameters, making it suitable for characterizing pore structures.
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1 INTRODUCTION
Shale oil and gas, as an important supplement and replacement for conventional oil and gas resources, have become a global exploration and development hotspot. Shale gas is generated and stored in organic-rich mud shale formations, constituting a natural gas accumulation system with adsorption and free gas as its main occurrence modes (Hu et al., 2021; Wang et al., 2022). The discovery of the Fuling Shale Gas Field marks a significant breakthrough in China’s shale gas exploration and development, playing a crucial role in leading and demonstrating unconventional oil and gas development and optimizing the energy structure in China. In recent years, with technological advancements and the rise of nanogeoscience (Wang et al., 2021a), research on the micro-pore structure of shale reservoirs has become a key focus in both domestic and international shale oil and gas exploration and development. As research deepens and new technologies emerge, there has been substantial progress in understanding shale micro-pore structures (Bernard et al., 2012; Wang et al., 2017; Zhu et al., 2019; Hackley et al., 2020; Xu et al., 2021; Sun M. et al., 2022; Sun Y. et al., 2022; Li et al., 2022).
Studies by Yang et al. (2016) and Wang et al. (2018) on the Longmaxi Formation in the Sichuan Basin revealed a positive correlation between organic matter abundance and shale pore volume and specific surface area. Liu et al. (2016), in their research on the micro-pore structure of Longmaxi Formation shale in southern Sichuan during the Lower Silurian period, found that approximately 80% of the shale reservoir space consists of micro-to mesopores. Poorly organic-rich shales are dominated by slit-shaped pores with a fractal dimension generally less than 2.75, and the storage space is mainly inorganic mineral pores. Conversely, richly organic shales primarily feature “ink bottle” shaped pores with a fractal dimension generally greater than 2.85, and the storage space is mainly organic pores. Zhang et al. (2020), in their study of Longmaxi Formation shale in Weiyuan area, suggested that the fractal dimension is mainly related to the degree of micro-pore development. Specifically, Total Organic Carbon (TOC) and quartz content control micro-pore development and show a positive correlation with the fractal dimension, while the volume fractions of carbonate rocks and clay minerals are negatively correlated with the fractal dimension.
The characteristics of shale reservoirs are collectively controlled by organic matter (OM), inorganic mineral composition, their evolution, and diagenetic processes. The pore characteristics of shale reservoirs vary significantly under different geological conditions, exhibiting strong heterogeneity (Aplin et al., 2006; Bernard et al., 2012; Wang et al., 2018; Dowey and Taylor, 2020; Liu Y. et al., 2021; Wang et al., 2021a; Liu D. et al., 2021; Sun M. et al., 2022; Lai et al., 2022; Wang et al., 2023a; Wang et al., 2023b; Dong et al., 2023; Shi et al., 2023). Additionally, influenced by the unique geological conditions in China, shale gas in southern marine shale formations is significantly constrained by preservation conditions (Wang et al., 2016; Liu D. et al., 2021; Guo et al., 2022; Wu et al., 2022). The development characteristics and controlling factors of shale pores in different thermal evolution stages and under the influence of tectonic preservation conditions are still not clear enough, and research on the response and constraints of shale pore structures to gas content and preservation conditions in southern China is still an area that requires further exploration (Wang et al., 2021a; 2022). This study focuses on the Lower Cambrian Niutitang Formation and Bianmachong Formation shales in the southeast part of the Yangtze region, aiming to provide insights for the exploration and development of Paleozoic ancient shale gas in complex tectonic regions in southern China and similar areas worldwide.
2 GEOLOGICAL SETTING
The study area is located at the southeastern margin of the Upper Yangtze Block. In the Early Cambrian, it experienced passive continental margin deep-water shelf sedimentation, with water depth gradually decreasing from southeast to northwest (Wang et al., 2017; Wei et al., 2022). The majority of the block comprises Cambrian sedimentary strata, with a total thickness ranging from 2,000 to 2,700 m. Organic-rich shales are mainly developed in the Lower Cambrian Niutitang Formation, Jiumenchong Formation, and Bianmachong Formation (Chen et al., 2020). In the study area, the Niutitang Formation shale exhibits significant thickness (50–70 m) and a widespread distribution in the Cengong block, predominantly consisting of black/gray-black siliceous shale. The Bianmachong Formation represents a suite of continental margin, relatively close to offshore, and shallow-water restricted marine-land source clastic sediments (Chen et al., 2020). It displays characteristics of both marine shale (sedimentary environment) and transitional shale (lithological composition), with predominant interbedding of gray-black shales and shale with thin interlayers of fine sand-siltstone. The maximum thickness of a single shale layer in the formation is 35.5 m.
3 SAMPLES AND METHODS
A total of 52 shale samples were collected from the Niutitang Formation and Bianmachong Formation in the study area, including TXA well, CYA well, and TMA well (Figure 1). In this study, a series of tests, analyses, and calculations were conducted on these 52 black shale samples, including Total Organic Carbon (TOC) content, maturity, mineral composition, organic geochemistry, Field Emission Scanning Electron Microscopy (FE-SEM), petrophysical properties, pore structure, methane isotherm adsorption, and fractal dimension analysis. All sample analyses were performed by SGS North America Inc. (Beijing) using unconventional oil and gas technology. The TOC content of the 52 samples was measured using a LECO CS-230 carbon-sulfur analyzer, following the guidelines of “GB/T 19,145-2003 Determination of Total Organic Carbon in Sedimentary Rocks.” The asphaltene reflectance (Rb) of 9 samples was determined using an MPV-III microscope photometer, based on the method outlined in “SY/T 5124-1995 Method for Determination of Vitrinite Group Reflectance in Sedimentary Rocks.” The equivalent vitrinite reflectance (Ro) was calculated using the formula Ro = 0.3195 + 0.679Rb (Feng and Chen, 1988). Mineral composition analysis of 22 samples was conducted using a SmartLab9 X-ray diffractometer, following the guidelines of “SY/T 5163-2010 X-ray Diffraction Analysis of Clay Minerals and Common Non-Clay Minerals in Sedimentary Rocks.” The pore volume and permeability of 52 samples were measured using an HKC-2 helium porosity tester, according to “SY/T 5336-2006.” Nitrogen adsorption experiments and pore structure parameter analysis of 22 samples were performed using a Quadrasorb SI specific surface area and pore size analyzer, following the method outlined in “SY/T 6154-1995 Static Nitrogen Adsorption Capacity Method for Determining Rock Specific Surface Area and Pore Size Distribution.” Scanning electron microscopy observations of 22 samples were conducted using a Quanta 200F FE-SEM at a temperature of 24°C and a humidity level of 35%. Shale gas content testing was conducted using the WX-1 integrated intelligent shale on-site desorption instrument developed by Wuxi Research Institute of Petroleum Geology, Sinopec Petroleum Exploration and Production Research Institute. The gas loss recovery method was based on the USBM method (Yang et al., 2022). In addition, this paper provides a comprehensive and systematic observation and description of shale fractures, including the measurement of the following metrics: 1) fracture type; 2) fracture inclination angle; and 3) fracture linear density (frequency of fracture occurrence per unit length).
[image: Figure 1]FIGURE 1 | Location and stratigraphic characteristics of the study area.
Characterization by fractal dimension has been widely used to quantitatively describe pore surface roughness and the pore structure of heterogeneous porous media, and the FHH model presently is the most effective fractal model for studying pore structure of porous materials (Avnir and Jaroniec, 1989). Thus, the FHH model is used to describe the fractal characteristics of pore structure of shales in the study area. There are two distinct linear segments at a relative pressure (P/P0) of 0–0.5 and 0.5–1, indicating that the pore spaces in shale have fractal characteristics in these two regions. Accordingly, the fractal dimension D1 (P/P0: 0–0.5) and D2 (P/P0: 0.5–1.0) are used to characterize the roughness of the pore surface and the complexity of the pore structure, respectively.
4 RESULTS
4.1 Geochemical and mineral composition characteristics
The Total Organic Carbon (TOC) content of black shale samples from the Lower Cambrian in the study area ranges from 0.5% to 8.5%, with the equivalent vitrinite reflectance (Ro) ranging between 2.2% and 2.9%, indicating an over-mature stage. Specifically, the TOC content of the Bianmachong Formation shale mainly falls within the range of 0.5%–1.7%, while the Niutitang Formation shale exhibits TOC content ranging from 1.1% to 8.5%, with the majority exceeding 4% (Table 1). Regarding mineral composition, both the Bianmachong Formation and Niutitang Formation black shale are dominated by quartz and clay minerals (Table 1). The Bianmachong Formation shale has a quartz content ranging from 33.1% to 38.4%, with an average of 36.2%, and a relatively high clay mineral content ranging from 44.4% to 54.9%. In comparison, the Niutitang Formation shale has a higher quartz content ranging from 27.5% to 68.3%, with an average of 47.7%, and a clay mineral content ranging from 8.7% to 42.5%, with an average of 21.8%. The averages for feldspar, pyrite, and carbonate minerals are 11.5%, 10.1%, and 8.9%, respectively. There is a strong positive correlation between TOC content and the presence of quartz and clay minerals (Figure 2), indicating a close relationship between TOC and quartz. Shale intervals rich in TOC show elevated biogenic quartz content (Wang et al., 2017).
TABLE 1 | Statistical summary of TOC, maturity, and mineral composition parameters for Lower Cambrian shale.
[image: Table 1][image: Figure 2]FIGURE 2 | Correlations between TOC and mineral contents in Lower Cambrian shale. (A) Correlations between TOC and quartz content. (B) Correlations between TOC and clay mineral content.
4.2 Physical properties and gas content
The statistical results of shale physical parameters (Table 2) indicate that the physical properties and gas content of Niutitang and Bianmachong shale formations are generally comparable. However, significant differences in pore volume are observed under different gas content and preservation conditions. Taking Niutitang Formation as an example, the average gas content in TXA well is 1.6 m3/t, with methane accounting for over 80%. In CYA well, the average gas content is 1.0 m3/t, with methane exceeding 95%. TMA well generally exhibits gas content below 0.3 m3/t, with nitrogen accounting for over 95% (Wang et al., 2016). The gas content and preservation conditions in TXA, CYA, and TMA wells of the Niutitang Formation gradually deteriorate, and the porosity decreases accordingly (Table 2; Figure 3). In terms of permeability, the permeability of the Bianmachong and Niutitang shale in TX-1 well, which has better preservation and gas content, is generally below 2 × 10−3 mD, showing a good positive correlation between pore and permeability (Figure 3). On the other hand, the permeability of Niutitang shale in CYA and TMA wells is higher, with a weaker correlation between pore and permeability. Compared to TXA well, TMA well’s Niutitang shale exhibits a smaller median radius, higher median pressure, denser reservoir, and generally demonstrates a “low porosity, high permeability, low gas content” characteristic. In contrast, the shale properties of TXA well, characterized by better preservation and gas content, generally show a “high porosity, low permeability, high gas content” pattern (Table 2; Figure 3).
TABLE 2 | Statistics of shale reservoir physical parameters in the study area.
[image: Table 2][image: Figure 3]FIGURE 3 | Characteristics of shale physical properties under different gas contents and preservation conditions.
4.3 Pore structure characteristics
4.3.1 Pore types
According to the classification by the International Union of Pure and Applied Chemistry (IUPAC) (Sing, 1985), nitrogen adsorption isotherms of 22 shale samples exhibit three types of curves: H2, H3, and H4 (Figures 4A–C), corresponding to ink bottle-shaped, slit-shaped, and narrow slit-like pores, respectively. The adsorption curves and corresponding pore types and parameter statistics are shown in Table 3. Clay-rich, organic-poor shales are dominated by slit-shaped pores, with a larger average pore diameter and lower pore volume and specific surface area. Organic-rich shales, on the other hand, are characterized by ink bottle-shaped and narrow slit-like pores, with a smaller average pore diameter and higher pore volume and specific surface area.
[image: Figure 4]FIGURE 4 | Shale Nitrogen Adsorption Isotherm Characteristics. (A–C) Liquid nitrogen adsorption and desorption isotherms of Cambrian shale samples. (D) Liquid nitrogen adsorption and desorption isotherms of Silurian Longmaxi shale samples (Yang et al., 2016).
TABLE 3 | Pore types and parameter statistics of shale pores.
[image: Table 3]In comparison with the Lower Silurian Longmaxi Formation shale in southern China, the Lower Cambrian shale exhibits a lower degree of organic pore development and smaller pore sizes (Wang et al., 2017; 2018; Zhang et al., 2022). The average pore diameter is generally less than 4–5 nm (Table 3), and the nitrogen adsorption quantity and hysteresis loop area are significantly smaller than those of the Longmaxi Formation (Figure 4D), indicating that the Longmaxi Formation has larger pore volume and more ink bottle-shaped organic pores (Liu et al., 2016).
4.3.2 Microscopic characteristics of pores
Microscopic features of shale under scanning electron microscopy reveal that the clay-rich shale of the Bianmachong Formation has a low TOC content, with well-developed interlayer pores between slit-shaped clay minerals (Figure 5A), corresponding to the morphology of adsorption isotherms, which are predominantly slit-shaped and narrow slit-like (Table 3). In comparison with the Bianmachong Formation, the Niutitang Formation shale has a higher TOC content, and the development of organic matter (OM) pores has increased, but the pore size of OM pores is generally less than 50 nm (Figures 5A–C). In contrast to the TXA well, the Niutitang Formation shale in the TMA well, which has poor preservation conditions, is denser, with smaller organic pore sizes (Figures 5B, C). The shale exhibits high levels of compression and deformation, with densely developed fractures, and noticeable phenomena of particle and aggregate compression and fragmentation, resulting in incomplete and irregular shapes (Figures 5D, E). Additionally, in the Niutitang Formation shale from the TMA well, narrow fissures between OM and mineral particles, formed either by OM shrinkage or mineral fracture, are commonly observed (Figure 5F). This is consistent with the predominant narrow slit-like morphology of pores corresponding to the N2 adsorption isotherms of shale samples from the TMA well (Table 3).
[image: Figure 5]FIGURE 5 | FE-SEM images of Lower Cambrian shale in the study area. (A) Well-developed interlayer pores between slit-shaped clay minerals are more prominent than OM pores, Bianmachong Formation, TXA well, 1,718.4 m. (B) Lower development of OM pores, Niutitang Formation, TXA well, 1,800.2 m. (C) OM pore sizes generally smaller than 20–50 nm, Niutitang Formation, TMA well, 1,450.5 m. (D) Microscopic features show well-preserved particle and aggregate shapes, particularly regular forms of pyrite (FeS) particles, Niutitang Formation, TXA well, 1,779.3 m. (E) Microscopic features reveal dense reservoir, with noticeable compression and fragmentation of pyrite (FeS) particles and aggregates, Niutitang Formation, TMA well, 1,445.3 m. (F) Low development of OM pores, narrow fissures developed at the edges of OM and minerals, Niutitang Formation, TMA well, 1,439.3 m.
4.3.3 Fractal dimensions
Fractal characteristics of shale pores (Table 1) show that the fractal dimension D1 of Lower Cambrian shale ranges from 2.564 to 2.840, with a mean value of 2.723. The D2 dimension ranges from 2.593 to 2.952, with a mean value of 2.867. D2 is generally greater than D1, indicating that the internal structure of the shale is significantly more complex than its surface structure. Both D1 and D2 are markedly greater than those of Longmaxi Formation shale in the Sichuan Basin and its surrounding areas, suggesting a higher complexity in the pore structure of the Lower Cambrian shale.
As shown in Figure 6, there is a negative correlation between clay mineral content and fractal dimensions (Figures 6A, D). The positive correlation of TOC with quartz content in marine shale makes the relationships between quartz, TOC, and fractal dimensions similar to those of reservoir parameters (Figures 6B, C, E, F). Overall, the correlations between TOC, quartz content, clay minerals, and D2 are better than those with D1. It is noteworthy that with increasing TOC content, especially when TOC content exceeds 4%, the increase in fractal dimensions D1 and D2 is limited and tends to stabilize. Additionally, when TOC content exceeds 6%, a slight decrease in fractal dimensions D1 and D2 is observed with the increasing TOC content (Figures 6C, F).
[image: Figure 6]FIGURE 6 | Correlations between fractal dimensions and reservoir parameters of shale. (A) Correlation between clay mineral content and fractal dimension D1. (B) Correlation between quartz content and fractal dimension D1. (C) Correlation between TOC content and fractal dimension D1. (D) Correlation between clay mineral content and fractal dimension D2. (E) Correlation between quartz content and fractal dimension D2. (F) Correlation between TOC content and fractal dimension D2.
The relationship between D1 and D2 and pore structure parameters reveals a negative correlation with average pore diameter and a positive correlation with specific surface area and total pore volume (Figure 7). Elevated values of D1 and D2 indicate the development of nanoscale pores, suggesting increased surface roughness and internal structural complexity. Generally, D2 demonstrates stronger correlations with various pore structure parameters (Figures 7D–F). As D2 increases, shale pore diameter gradually decreases, while pore volume and specific surface area increase. When D2 surpasses 2.9, its variation with pore volume and specific surface area becomes limited, indicating stabilization in pore structure and complexity. Additionally, samples from TXA well with better gas content and preservation conditions exhibit significantly larger D1 than samples from TMA well under the same conditions (Figures 6A–C, 7A–C), implying that shale pore surfaces in TXA well are notably rougher than those in TMA well.
[image: Figure 7]FIGURE 7 | Correlations between fractal dimensions and pore structure parameters. (A) Correlation between pore size and fractal dimension D1. (B) Correlation between specific surface area and fractal dimension D1. (C) Correlation between total pore volume and fractal dimension D1. (D) Correlation between pore size and fractal dimension D2. (E) Correlation between specific surface area and fractal dimension D2. (F) Correlation between total pore volume and fractal dimension D2.
5 DISCUSSION
5.1 Impact of TOC content and mineral composition on pore structure
Interrelationships among shale pore structure parameters reveal a strong positive correlation between total pore volume and specific surface area, both of which are negatively correlated with average pore diameter (Figures 8J–L). Compared to the Bianmachong Formation shale, the Niutitang Formation shale has a smaller average pore diameter but larger specific surface area and pore volume (Figures 8A–C). In terms of the relationships between TOC, quartz, clay mineral content, and specific surface area, pore volume, and average pore diameter, the variations in reservoir pore structure parameters are primarily controlled by the positive correlation of TOC and quartz content. Specifically, average pore diameter is negatively correlated with TOC and quartz content but positively correlated with clay mineral content (Figures 8G–I). Specific surface area and total pore volume generally exhibit positive correlations with TOC and quartz content but negative correlations with clay mineral content (Figures 8D–F). Shales with low organic content (TOC content less than 2%) typically have a specific surface area less than 10 m2/g, while shales with high organic content (TOC content greater than 2%) generally exhibit an average pore diameter less than 3–4 nm and a specific surface area greater than 20 m2/g (Figures 8D, G). This indicates the abundant development of organic pores smaller than 5 nm within organic matter (Kuila et al., 2014; Wang et al., 2017), leading to a reduction in average pore diameter and an increase in specific surface area and pore volume, facilitating the adsorption of gases (Mosher et al., 2013). An anomalous decrease in specific surface area and total pore volume occurs when TOC and quartz content are excessively high (Figures 8A, B, D, E).
[image: Figure 8]FIGURE 8 | Correlations among TOC, mineral content and pore structure parameters. (A) Correlation between total pore volume and TOC content. (B) Correlation between total pore volume and quartz content. (C) Correlation between total pore volume and clay mineral content. (D) Correlation between specific surface area and TOC content. (E) Correlation between specific surface area and quartz content. (F) Correlation between specific surface area and clay mineral content. (G) Correlation between pore size and TOC content. (H) Correlation between pore size and quartz content. (I) Correlation between pore size and clay mineral content. (J) Correlation between total pore volume and specific surface area. (K) Correlation between pore size and specific surface area. (L) Correlation between pore size and total pore volume.
When the TOC content reaches 4%, the fractal dimensions D1 and D2 generally exceed 2.7 and 2.9, respectively, with a limited increase and a tendency to stabilize (Figures 6C, F). The pore structures exhibit similarity and convergence, indicating a stabilization of the pore structure. Studies by Vernik and Landis (1996) have shown that when the TOC content in shale exceeds 5%, organic matter between clay and detrital particles can form a continuous network structure, isolating clay and detrital particles from each other and stabilizing the shale pore structure. Therefore, when the TOC content is above 4%, the uniformity of shale pore development is high, dominated by organic pores and a small number of pores between clay mineral particles.
In the Niutitang Formation shale of the study area, the relationship between TOC content and porosity, as well as rock mechanical parameters, also exhibits a segmented pattern. When the TOC content is around 6.0% or higher, the relationship between TOC content and porosity, as well as elastic modulus, changes from positive correlation to negative correlation (Figure 9). This indicates that excessively high TOC content enhances shale plasticity (Milliken et al., 2013; Wang et al., 2017), leading to shrinkage and closure of some pores under compaction (Wang et al., 2017). The aforementioned relationships highlight the significant control of TOC and quartz content on shale reservoir pore structure. The coupling relationship between TOC, quartz content, and shale porosity, pore volume, specific surface area, fractal dimensions, and brittleness suggests a geological and engineering sweet spot in high-TOC and high-quartz content shale intervals that have not yet reached the TOC inflection point. For shale intervals with excessively high TOC content, such as the Niutitang Formation shale with TOC content exceeding 6%, the negative correlation between TOC content and average pore diameter, increased plasticity, and changes in pore structure parameters indicate a decreasing trend in porosity, pore volume, specific surface area, fractal dimensions, and brittleness (Figures 6C, F, 8A). This trend is unfavorable for the accumulation of shale gas and reservoir fracturing enhancements. Therefore, identifying the key parameters and their critical values controlling shale reservoir pore structure is of great significance for shale gas exploration and development.
[image: Figure 9]FIGURE 9 | (A) Correlation between TOC content and porosity in the Niutitang shale. (B) Correlation between TOC content and dynamic Young’s modulus in the Niutitang shale of well TX1.
5.2 Impact of tectonic preservation conditions on pore structure and gas content
The tectonic preservation conditions are significant factors influencing shale gas enrichment and are closely related to the development of faults and fractures. Practical exploration and development of shale gas in southern China indicate that, influenced by multiple tectonic movements, shale fractures vary in degrees of development across different regions and stratigraphic units, exerting a crucial influence on the accumulation and preservation of shale gas (Wang et al., 2016; 2021b; Fan et al., 2020; 2024). The development scale of high-angle fractures often reflects the preservation conditions of shale gas, showing a strong correlation with shale brittleness. This fracture type is predominant in marine shale formations in southern China (Wang et al., 2021b).
There are noticeable differences in porosity and gas content under different preservation conditions in the Niutitang Formation. The drilling results of three wells in the study area (Figure 10) reveal that the TXA well is located in a structurally stable area, distant from faults, and the drilling operation proceeded smoothly. The shale gas content of the Niutitang Formation shale ranges from 1.1 to 2.9 m3/t, with a maximum of 7.1 m3/t. The CYA well is situated near a fault, experiencing four instances of lost circulation during the drilling of the shallow 500 m carbonate rock. The gas content ranges from 0.3 to 1.8 m3/t. The TMA well is located in a strike-slip fault zone with highly developed highcarbonate rock. The gas content-angle faults and fractures. Numerous and large-scale high-angle fractures are encountered, and gas anomalies appear shortly after drilling into shallow layers. The on-site desorption gas content is only 0.1–0.3 m3/t, with nitrogen (N2) constituting over 95% of the gas composition, indicating that the shale gas preservation conditions of the TMA well have been significantly compromised (Wang et al., 2016). The relationship between fracture density and gas content in three wells in the study area is illustrated in Figure 10. The moderately developed fractures in the TXA well contribute to an increase in shale content. As the scale of fracture development increases, preservation conditions gradually deteriorate, leading to a decrease in gas content in CYA and TMA wells. Therefore, excessive fracture development disrupts shale gas preservation conditions, introducing external fluids. Under the influence of fractures and foreign fluids, the local permeability of shale increases, resulting in a weaker pore-permeability correlation overall, characterized by “low porosity, high permeability, low gas content” (Table 2; Figure 3).
[image: Figure 10]FIGURE 10 | Structural position, fracture density, and gas content distribution of key wells in the Niutitang shale of the study area.
The characteristics of N2 adsorption-desorption isotherms also reflect differences in pore structure under different preservation conditions. Under the same geological conditions, the area of N2 adsorption-desorption hysteresis loop corresponds well to TOC content, representing the development of organic pores. In shale from TXA well with good gas content and preservation conditions, the area of N2 adsorption-desorption hysteresis loop is significantly larger than in TMA well. The dominant pore type in TXA well is ink bottle-shaped organic pores, while TMA well exhibits predominantly narrow slit-like pores (Table 3). This phenomenon reflects that marine organic-rich shale reservoir spaces are primarily dominated by ink bottle-shaped organic pores. With the deterioration of preservation conditions, decrease in formation pressure, and the escape of shale gas, organic pores gradually contract and close, and the proportion of slit-shaped pores between clay mineral particles in the storage space increases.
The relationship between fractal dimensions D1 and D2 and pore structure parameters indicates that both D1 and D2 play a certain indicative role in the development of nanoscale pores. High values of D1 and D2 suggest that the pore surface roughness and internal structure are complex, and the pores have not undergone external fluid alteration. Excessive fracture development and unfavorable preservation conditions in the TMA well result in varying degrees of alteration in shale pore structure, especially in pore surface structure. This alteration leads to a reduction in pore surface roughness, consequently causing a significant decrease in the fractal dimension D1 compared to the TXA well samples (Figures 6A–C, 7A–C). Therefore, fractal dimension D2 is suitable for characterizing the pore structure of shale, while fractal dimension D1 reflects the degree of alteration of the pore structure. Both dimensions are crucial indicators of gas content and preservation conditions in shale, especially in structurally complex areas.
6 CONCLUSION

(1) In the Lower Cambrian shale of the southeastern Guizhou, there is a strong correlation between TOC content and quartz and clay minerals. Low-TOC, clay-rich shale primarily exhibits platy and slit-shaped interlayer pores dominated by mesopores and macropores, with pore sizes generally larger than 5 nm. Organic-rich shale, on the other hand, features mainly slit-shaped and ink bottle-shaped pores, with a pore size distribution primarily in the micropore and mesopore range, generally smaller than 4 nm. The specific surface area of organic-rich shale is 2–3 times that of clay-rich shale. Total pore volume and specific surface area are positively correlated, and clay content is positively correlated with average pore size. However, the correlations between total pore volume/specific surface area and clay mineral content/average pore size are negative.
(2) Significant differences in pore structure are observed in shale reservoirs under different gas contents and preservation conditions. Shale under favorable preservation conditions exhibits a relatively “high porosity, low permeability, and high gas content” feature, with higher pore volume and peak pore size and a well-developed organic pore network, leading to strong pore-permeability correlation. In contrast, shale reservoirs under unfavorable preservation conditions appear denser, with lower pore volume and peak pore size. Shrinkage and compaction of organic matter induce the development of contraction fractures, and excessive fracture development increases average pore size and local permeability. The pore-permeability correlation is weak, resulting in a “low porosity, high permeability, and low gas content” characteristic.
(3) TOC content plays a crucial role in controlling pore structure and shale brittleness. It is generally positively correlated with pore volume, specific surface area, and pore density, and negatively correlated with average pore size. Shale sections with excessively high TOC content exhibit enhanced plasticity, lower pore sizes, and factors such as compaction or unfavorable preservation conditions cause some narrow pores to shrink, collapse, and close. This results in negative correlations between TOC content and pore volume, pore density, specific surface area, brittleness, and fractal dimensions. Therefore, identifying key parameters and their critical values that control shale reservoir pore structure is essential for shale gas exploration and development.
(4) The pore structure of Lower Cambrian shale is complex, with fractal dimensions D1 and D2 negatively correlated with average pore size and positively correlated with TOC, specific surface area, and total pore volume. D2 exhibits better correlations with various pore structure parameters and is suitable for characterizing shale pore structure. D1 serves as an indicator of gas content and preservation conditions, with high D1 values indicating well-maintained nanoscale pore surface structure and complexity, less affected by external fluid alteration, and conducive to shale gas preservation.
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