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The heterogeneity of pore system of deep shale reservoir determines the occurrence, enrichment and migration behavior of shale gas within shales. In this study, multi-fractal analysis was applied to analyze CO2 and N2 adsorption data for obtaining multi-fractal parameters including Hurst index and multi-fractal spectrum (D5--D5+) of the deep Wufeng-Longmaxi shales collected from the Sichuan Basin, China, in order to study the connectivity and heterogeneity of micropore pores and meso-macropores as well as their influencing factors. The results showed that pore system of the Wufeng-Longmaxi deep shale exhibits distinct multifractal nature. There exists significant differences in the pore volume (PV) of micropores (<2 nm), mesopore (2–50 nm), and macropore (>50 nm) across different shale lithofacies due to their differences in TOC content and mineral composition. The heterogeneity and connectivity of micropores and meso-macropores within deep shales in the Sichuan Basin are controlled by multiple factors including shale lithofacies, burial depth, and pressure coefficients. Notably, siliceous shale (SL) and calcareous/argillaecous siliceous shale (C/ASL), known as sweet spot for current shale gas exploitation, exhibits characteristics such as relative low micropore connectivity, high micropore heterogeneity, high micropore PV and low meso-macropore connectivity. These suggest that isolated pressure-sealing compartment is easier formed within the overpressured SL and C/ASL. Thus, pressure in these shales is less likely to release during the Yanshanian-Xishanian tectonic uplift process, favoring the preservation of organic matter (OM) pores and residual interparticle pores, which is conducive to the accumulation of deep shale gas dominated by free gas.
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1 INTRODUCTION
By the end of 2022, China’s shale gas production reached 24 billion cubic meters, accounting for 80.4% of the targeted goal outlined in the “Shale Gas Development Plan (2016–2020)”. This implies the imperative to further improve shale gas production to meet China’s increasing energy demands and to support the “Gas Daqing” project in the Sichuan Basin (Guo et al., 2022; Yun, 2023). The demand for expanding shale gas reserves and production propels the exploration and development of deep shale gas, basin margin shale gas, and other potential shale gas formations (Li et al., 2014; Ma et al., 2018; Xu et al., 2019; Zou et al., 2021; Nie et al., 2022; He et al., 2023; Li et al., 2023; Yun, 2023; Zhao et al., 2023; Shan et al., 2024). In current, a high proportion of organic-rich marine shale in the southern Sichuan Basin is buried at deep (3,500–6,000 m burial depth) or ultra-deep (>6,000 m burial depth) (Nie et al., 2022). Shale gas resources with burial depths exceeding 3,500 m constitute over 60% of the total shale gas resources in the southern Sichuan Basin (He et al., 2019; 2020).
Shale gas primarily occurs as adsorbed gas and free gas within the pores and fractures of shale reservoirs (Curtis et al., 2012). The occurrence of shale gas and its relative proportions closely correlate with the pore structure of shale reservoirs (Clarkson et al., 2013; Teng et al., 2022; Zhang et al., 2023). Various methods have been employed to characterize the pore structures of shale reservoirs, including image analysis techniques such as high-resolution microscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM) (Bernard et al., 2012; Chalmers et al., 2012; Loucks et al., 2012), fluid injection methods like low-pressure nitrogen (N2), carbon dioxide (CO2), argon adsorption (Ar), and high-pressure mercury injection (Jiao et al., 2018; Wang et al., 2020), as well as non-intrusive methods including nuclear magnetic resonance (NMR), computed tomography imaging technology (CTIT), small-angle X-ray scattering (SAXS), small-angle neutron scattering (SANS), and ultra-small-angle neutron scattering (USANS) (Clarkson et al., 2013; Okolo et al., 2015; Liu et al., 2019; Wang et al., 2019; Wang et al., 2021; Zhang et al., 2023). These multi-scale techniques enable both qualitative and quantitative characterization of pore structures of shale reservoir. Unlike shallow shale gas, deep shale gas primarily exists in a supercritical state, with free gas highly concentrated in the shale reservoir under high-pressure to super-pressure conditions (Guo et al., 2022). Consequently, the preservation conditions of deep shale gas are notably superior to those of shallow shale gas, conductive for shale gas enrichment (Ma et al., 2018; Guo et al., 2022; Tang et al., 2024). Given the distinct pore structure characteristics of deep shale reservoirs and their complex gas accumulation mechanisms, it is imperative to comprehensively employ multiple techniques for precise characterization of these shales.
Fractal theory, renowned for its ability to elucidate the complexity and heterogeneous of pore systems within porous materials, has gained widespread application in investigating the pore structure characteristics of shale reservoirs (Liu and Ostadhassan, 2017; Liu et al., 2019). Through SEM images and gas adsorption data, fractal theory has revealed the fractal nature of the pore systems within shale reservoirs, establishing a correlation between fractal parameters and pore structure (Wang et al., 2018), which provides new perspective for studying the complexity of pore systems of shale reservoirs. Given the diverse scales of pores within deep shale reservoirs, spanning nano-to micro-to millimeter, the pore structures exhibit exceptional complexity (Nie et al., 2022; Zheng et al., 2024). Yet, previous studies have been deficient in quantitatively assessing the heterogeneity and connectivity of these pores within deep shale reservoirs.
In this study, we focused on the deep overpressured organic-rich shale from the Wufeng-Longmaxi Formation in the Dazu gas block in the southern Sichuan Basin, and TOC content analysis, FE-SEM observation, low-pressure CO2 and N2 adsorption were also conducted. Moreover, the box-counting fractal analysis method was used to quantitatively characterize the multi-fractal nature of pore system within deep shale reservoirs. Additionally, we selected superdeeply (>6,000 m) overpressured Wufeng-Longmaxi shales from well C-1 in the northern Sichuan Basin and deep normal-pressured Wufeng-Longmaxi shale from well N-1 in the southern Sichuan Basin for comparative analysis. This allows us to explore the relationships between shale burial depth, shale lithofacies, formation pressure, and multi-fractal parameters. The purpose of our study is to provide a reference for optimizing shale gas favorable areas in the exploration of deep shale gas in the southern Sichuan Basin.
2 GEOLOGICAL BACKGROUND
The Sichuan Basin, situated on the northwest margin of the Yangtze Platform, is bordered by the Qiyue mountain to the southeast, the Songpan-Ganzi orogenic belt to the west, and the Qinling orogenic belt to the north (Figure 1), covering an area of approximately 180,000 km2. It experienced multiple stages of tectonic evolution, including the formation stage of metamorphic and crystalline basement in the Pre-Sinian, the passive continental margin stage from the Sinian to the Middle Triassic, the stage of basin-mountain conversion and formation of composite foreland basin under the background of tectonic compression since the Late Triassic, and the stage of uplift and fold transformation since the Cenozoic (Liu et al., 2021). According to the topography between the Sichuan Basin and its surrounding orogenic belts, as well as the deep and frontal structural characteristics and dynamic formation mechanisms of the basin, the basin-mountain structure is categorized into five types (Liu et al., 2021): linearly abrupt margin-plate systems in the northern (I) and western (II) sectors, diffusely gradual interior-plate systems in the eastern (III) and southwestern (IV) sectors, and the uplift-basin region in the central sector (V). The southern Sichuan Basin typically refers to the area south of the Weiyuan structure, including blocks like Weiyuan, Yongchuan, Changning, and Dingshan.
[image: Figure 1]FIGURE 1 | (A). The location of sampling well and the column chart of well Z-1, modified from Liu et al. (2024). (B). Column chart of well Z-1.
Currently, the primary interval for deep shale gas exploitation in the southern Sichuan Basin is predominantly concentrated in the upper Wufeng Formation and the lower Longmaxi Formation. These intervals primarily comprise black carbonaceous siliceous shale and carbonaceous shale deposited in deep-water shelf facies, characterized by richness in graptolite and TOC content. Deep shale reservoir in the southern Sichuan Basin exhibits a high degree of thermal evolution, with equivalent vitrinite reflectance (ERO) ranging from approximately 2.0%–3.0%, indicative of over-mature dry gas generation. The roof of the target interval of shale gas exploitation in southern Sichuan Basin is gray silty mudstone and argillaceous siltstone from the upper part of the Longmaxi Formation, while its underlying floor consists of dark gray nodular limestone from the Ordovician Baota Formation or Linxiang Formation. These strata are typically compacted, exhibiting poor physical properties (low porosity and permeability) and high breakdown pressure, offering favorable roof and floor seal conditions (Ma et al., 2018). Pressure coefficient of shale reservoirs is closely related to their preservation conditions, with a high pressure coefficient (>1.2) generally indicating good preservation conditions for shale gas (Gao et al., 2019; Ma et al., 2020). For instance, well D-1 in the Dazu block exhibits a pressure coefficient of 1.86, yielding gas production of 49,000 cubic meters per day and 456,700 cubic meters per day after straight well fracturing and horizontal well fracturing, respectively. In contrast, well N-1 in the Yuxi block, exhibits a pressure coefficient of 1.05, with gas production reaching only 700–800 cubic meters per day after straight well fracturing. Another comparative well, C-1, situated in the northern slope zone of the northern Sichuan Basin, shows a pressure coefficient ranging from 1.77 to 1.89, exhibiting obvious gas indications.
3 SAMPLES AND METHODS
3.1 Samples
A total of thirty-five samples of organic-rich shale were collected from two representative deep wells (D-1 and N-1) in the southern Sichuan Basin, as well as an ultra-deep well (C-1) in the northern Sichuan Basin. These samples were conducted a series of analyses, including TOC analysis, mineral composition analysis, optical microscopy observation, FE-SEM observation, and low-pressure CO2 and N2 adsorption. Table 1 shows detailed information on these samples, including depth, TOC content, and lithofacies. To preserve sample freshness, all samples were securely wrapped in plastic bags to prevent weathering.
TABLE 1 | The detailed information of shale samples from well D-1.
[image: Table 1]3.2 Methods
3.2.1 TOC analysis
TOC content serves as a vital parameter in assessing the OM abundance of shale, thereby influencing its potential for hydrocarbon generation. Shale powder samples, with a particle size of 200 mesh and a weight ranging from 0.1 to 0.5 g, was treated with a diluted HCl solution in a volume ratio of 1:7 to remove inorganic carbon. Subsequently, these samples were dried in an oven at 60°C–80°C and combusted in a high-temperature oxygen flow to determine the amount of carbon dioxide by using infrared detectors. The TOC analysis was conducted at the Keyuan Engineering Technology Testing Center of Sichuan Province.
3.2.2 Mineral composition analysis
Mineral composition analysis was conducted using the X'Pert PRO DY2198 X-ray diffractometer, following the SY/T6201-1996 standard. Approximately 1–2 g of 200-mesh powder samples were analyzed under following conditions: tube voltage of 35 kV, tube current of 30 mA, Cu target radiation source (λ = 1.54 Å), scanning range of 2θ = 5°–80°, and scanning speed of 2°/min.
3.2.3 FE-SEM observation
Before observation, shale samples were first treated into a rectangular block of 8 mm × 8 mm × 3 mm, and were then ground using ultra-thin diamond sandpaper with particle sizes ranging from 30 μm to 0.1 μm to achieve a smooth surface. Subsequently, the surface was further polished using an argon ion polishing machine (Hitachi IM 4000) under vacuum conditions, making it exceptionally smooth. The argon ion polishing process was set to 120 min, which can effectively avoid damage to the sample surface caused by mechanical polishing, and reveal the true pore morphology of shale. Following argon ion polishing, high-resolution pore images of the shale samples were captured using secondary electron microscopy.
3.2.4 Low pressure CO2 and N2 adsorption
Low pressure gas adsorption (CO2, N2, and Ar) experiment is utilized for determining pore structure parameters such as PV, specific surface area (SSA) and pore size distribution (PSD) of shale samples. In this study, low-pressure N2 adsorption experiment was performed using the Quadrasorb SI analyzer at the State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Chengdu University of Technology, China. First, 1–2 g of shale samples with a particle size of 60–80 mesh were degassed under Flovac Degasser for over 10 h at 80°C to eliminate moisture. Subsequently, the N2 adsorption experiment was conducted at a temperature of 77.3 K, and adsorption capacity was measured by increasing the pressure to reach N2 saturation vapor pressure and then decreasing it at various relative pressures (P/P0 = 0.01–0.99). In theory, the pore size detected by N2 adsorption ranges from 0.33–200 nm (Jiao et al., 2018). For low-pressure CO2 adsorption, the sample was degassed for more than 10 h and then subjected to a temperature of 273.15 K and relative pressures (P/P0) of 4 × 10−4 to 3 × 10−2 to obtain CO2 adsorption isotherms. In theory, CO2 adsorption can characterize the pore structures of pore sizes ranging from 0.3 nm to 2 nm (Wei et al., 2016; Tong et al., 2022).
3.2.5 Multi-fractal analysis
The fractal theory, proposed by Mandelbrot in 1975, was widely applied to assess the pore structure of porous media such as coal and shale reservoirs (Mandelbrot, 1975; Zheng et al., 2022). Unlike monofractals, which are characterized by a single-dimensional fractal dimension, the pore structure of deep shale reservoirs exhibits exceptional complexity, necessitating characterization through multiple dimensions. Multi-fractal, also referred to as fractal measures, serve as vital tools for describing the pore structure of complex porous media, which can characterize the distribution of a physical quantity.
The sequence of PSD of shale samples {xi} was determined using CO2 and N2 adsorption data. The pore size range ε is artificially defined, dividing the sequence {xi} into N subsets of length ε. Then, the probability distribution function {Pi(ε)} of the N subsets in the sequence {xi} is calculated. If the PSD of the shale reservoir exhibits multi-fractal nature, the probability distribution function {Pi(ε)} exhibits the following relationship with ε.
[image: image]
where ε refers to the singularity exponent.
The number of subsets within the N subsets exhibiting the same probability size is represented as Nα(ε). As ε decreases, Nα(ε) increases, which corresponds to the following relationship:
[image: image]
where f(a) represents the frequency of subsets represented by α among all subsets.
The partition function is defined as follows:
[image: image]
Where τ(q) represents the mass exponent.
Taking the logarithm of both sides of the equation yields:
[image: image]
By applying the Legendre transformation to the above equation, a and f(a) are obtained.
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The generalized dimension Dq can be defined as follows:
[image: image]
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The curves of a and f(a) can reflect the heterogeneity of PSD. Here, amin referss to pores with larger volume (micropore), while amax represents pores with smaller volume (meso-macropore). The difference Δa = amax - amin, reflects the extent of variation among the pores. Similarly, Δf = f(amax) - f(amin) reflects the relative proportion of meso-macropore to micropore. Thus, a positive Δf indicates the dominance of meso-macropore. The curve D(q) versus q provides insights into the fractal characteristics of different pores.
4 RESULTS
4.1 Mineralogical and geochemical characteristics
The TOC content of deep shales collected from well D-1 varies between 0.97% and 5.25%, averaging at 3.13%. Specifically, shale samples from the Wufeng Formation exhibit a notably higher TOC content in comparison to those from the Longmaxi Formation, with their values ranging from 2.35% to 5.25% (average 3.98%) and 0.97%–4.4% (average 2.54%), respectively. The TOC content from well D-1 shows an increasing trend with increasing burial depth (Figure 1), consistent with previous studies (e.g., Guo et al., 2017).
The deep shales from well D-1 predominantly consist of quartz and clay minerals. As buried depth increases, there is a general trend of rising quartz content, as well as a decrease in clay minerals content (Figure 1). In well D-1, the quartz content ranges from 29% to 82% (averaging at 51.36%), while the clay mineral content ranges from 6% to 52% (averaging at 26.93%). Compared to shallow - moderate buried shale from well JY-1 in the Fuling Block (Guo et al., 2017), shales from well D-1 exhibit relatively higher quartz content and lower clay mineral content. Increased silica content plays a beneficial role in establishing a rigid framework within the shale reservoir, thus protecting the pores from compaction (Cai et al., 2022). Following the lithofacies classification proposed by Loucks et al. (2012), shale samples from well D-1 can be categorized into five sub-lithofacies types (Figure 2).
[image: Figure 2]FIGURE 2 | Ternary diagram showing the mineral composition of shale samples.
Significant differences in TOC content are observed among different shale lithofacies (Table 1). SAL exhibits the lowest TOC content at 0.97%, whereas SL exhibits the highest TOC content at 4.60%. The descending order of the TOC content is observed in SL (average 4.60%), C/ASL (average 3.56%), A/SML (2.25%), ASL (average 2.63%), and SAL (average 0.97%). Additionally, the quartz content and TOC content demonstrate a noteworthy consistency, displaying a synergistic increase. This covariant relationship may be related to the presence of siliceous organisms like radiolaria and diatoms within the Wufeng Formation-Longmaxi shale (Xi et al., 2019). In well D-1, the ERo ranges from 2.2% to 2.45%, averaging at 2.33%, suggesting that these shales are at stage of overmature, showing excellent potential for oil and gas exploration.
4.2 Pore morphology characteristics
Deep shale reservoirs within well D-1 show complex pore network, including OM pores, interparticle pores, and intraparticle pores. OM pores are very common in these samples, especially for the silica-rich shale such as C/ASL and SL. In C/ASL and SL, OM pores are well developed between rigid minerals (Figure 3A), whereas they are poor between clay minerals (Figure 3B). This indicates that rigid minerals promote the development of OM pores, consistent with previous study (Wang, 2020), which suggested that the location and extent of OM pores are closely related to the abundance, type, and distribution of OM. As a comparison, A/SML exhibits poor-developed OM pores (Figure 3C).
[image: Figure 3]FIGURE 3 | SEM secondary electrons images of shales from well D-1. (A). OM pores are well developed between rigid minerals such as quartz in SL, indicating the protection effect of rigid minerals on OM pores, SL, sample D8, 3,891.94 m. (B). OM close to clay minerals contains moderate-developed pores, C/ASL, sample D9, 3,891.94 m. (C). Poor-developed pores are observed in OM surrounded by clay minerals, A/SML, sample D3, 3,877.09 m. (D). Intraparticle pores are observed in pyrite framboid and calcite, resulting from dissolution, C/ASL, sample D9, 3,891.94 m. (E). Dissolution pores are observed in pyrite framboid, A/SML, sample D3, 3,877.09 m. (F). Interparticle pores are developed between rigid minerals such as quartz and feldspar, exhibiting linear and triangle shaped, C/ASL, sample D9, 3,891.94 m.
Intraparticle pores are also common in shales from well D-1. In A/SML, intraparticle pores are well developed in clay minerals (Figure 3C), differing from C/ASL and SL that interparticle pores distributed in clay minerals are moderate-developed, and dissolution pores associated with feldspar (Figure 3D) and pyrite framboid (Figure 3E) are developed. Interparticle pores in our samples are mainly distributed between rigid minerals, which is more common in C/ASL and SL. Interparticle pores generally exhibit linear and triangle shaped (Figure 3F), indicating intense compaction.
4.3 Pore structure characteristics
According to the DFT and BJH models, adsorption data from low-pressure CO2 and N2 adsorption was analyzed to obtain the PSD curve and pore structure parameters of shales (Table 2). Integration of the PSD curves in different pore size ranges, the variation curve of PV increment with pore size and the histogram of PV fraction for deep shale samples were obtained (Figure 4).
TABLE 2 | Pore structure parameters of over-pressured deep shales of Wufeng-Longmaxi Formation from well D-1.
[image: Table 2][image: Figure 4]FIGURE 4 | PSD and histogram of PV for over-pressured deep shale from Wufeng-Longmaxi Formation in well D-1.
Table 2 exhibits significant variations in pore structure parameters across different shale lithofacies, confirming the influence of shale lithofacies on the pore development within deep shales. Notably, SAL exhibits the smallest micropore PV (0.0038 cm3/g), while SL contains the largest micropore PV (0.0080 cm3/g) and macropore PV (0.0034 cm3/g). Analyzing the proportions of PV among different shale lithofacies reveals that C/ASL shows the highest proportion of micropores and the lowest proportion of macropores. In contrast, SAL has the smallest proportion of micropores and the largest proportion of mesopores. Across all shale lithofacies, micropores and mesopores collectively dominate the total PV, with mesopores contributing the majority (36.42%–59.15%, averaging at 49.42%), followed by micropores (23.58%–56.30%, averaging at 37.54%), and macropores constituting the smallest proportion (7.26%–17.7%, averaging at 13.03%). These findings reconfirm the complex relations between shale lithofacies and pore structures of deep shales.
4.4 Multi-fractal analysis
4.4.1 Micropore
According to the CO2 adsorption data, multi-fractal characteristics of micropores (<2 nm) of shales were analyzed. The results show a noticeable linear correlation between log u(q,ε) and logε for the samples from well D-1 (Figure 5A), indicating the multi-fractal nature of micropore distribution in these shales (Ferreiro et al., 2009). Specifically, when q < 0, a significant positive correlation between log u(q,ε) and logε is obtained, while for q > 0, a significant negative correlation between log u(q,ε) and logε is obtained. Furthermore, the fitting lines of log u(q,ε) and logε gradually converge, suggesting a relatively concentrated distribution of micropores within a narrower range of pore sizes (Ferreiro et al., 2009).
[image: Figure 5]FIGURE 5 | (A). Log-log plots of the partition function versus box scale of sample D1 from well D-1 from CO2 adsorption isotherms. (B). The correlation of Dq and q of shales from well D-1. (C). PSD of shales from the CO2 adsorption. (D). Multi-fractal singularity spectra f (a) for shales from the CO2 adsorption isotherms.
For all shale samples from well D-1, the generalized dimension D(q) exhibits a monotonic decrease as q increases (Figure 5B), with D0 > D1 > D2, indicative of the multi-fractal nature of micropore distribution in these samples. Here, D0 represents the singularity of non-empty boxes containing a specific porosity value within a continuous range of micropore ranges, regardless of the porosity probability within the box (Liu et al., 2019). Table 3 exhibits that all shale samples from well D-1 have the same D0 value (1.003). D1, representing entropy information, can be used to characterize the concentration of pore distribution within the micropore. Thus, D0-D1 can be used to represent the uniformity of pore distribution within a specific pore size range (Li et al., 2015; Song et al., 2018). The D0-D1 values of samples range from 0.076 to 0.130, averaging at 0.094, suggesting a relatively concentrated PSD within the micropores in these samples.
TABLE 3 | Multi-fractal parameters of shale samples from well D-1 based on CO2 adsorption isotherms.
[image: Table 3]Examining the PSD curve (Figure 5C), micropores in the shale samples from well D-1 predominantly distribute within the ranges of 0.40–0.70 nm and 0.80–0.85 nm, further confirming the concentrated distribution within the micropore range. The H index, known as the Hurst index (H = (D2+1)/2), can characterize the pore connectivity (Holmes et al., 2017). The Hmicro values in samples from well D-1 range from 0.89 to 0.93, averaging at 0.91, indicating relative high micropore connectivity. Moreover, the multi-fractal spectrum (D5--D5+) can serve as a parameter for characterizing the heterogeneity of PSD within the pore size range (Liu et al., 2019). The (D5--D5+)micro values of samples range from 0.919 to 1.554, averaging at 1.083, indicating a high heterogeneity in PSD within the micropore range.
The singularity spectra f(a) and scaling exponent a of shale samples exhibit a clear asymmetry (Figure 5D), further confirming the multi-fractal nature of micropore distribution. The (a0)micro values range from 1.062 to 1.103, averaging at 1.075, exhibiting a relatively concentrated distribution of micropores within this range. Furthermore, the (a5--a5+)micro values, indicative of the degree of heterogeneity in pore distribution, range from 1.338 to 2.097, averaging at 1.526, showing significant internal disparities and high heterogeneity in PSD within the micropore range (Do and Do, 2003). The Rd value, calculated as Rd = ((a0-a5+) - (a5--a0)), reflects the deviation of the symmetry line of the f(a) spectrum, averaging at −0.469, suggesting that micropores in these shales are primarily concentrated within the high-probability region or the concentrated region of PSD.
4.4.2 Meso-macropore
According to the N2 adsorption data, the multi-fractal characteristics of meso-macropores (2–200 nm) were studied. It shows a clear positive linear relationship between log u(q,ε) and logε for all shale samples, with the fitting lines gradually closing each other (Figure 6A). The generalized dimension D(q) exhibits a monotonic decrease as q increases (Figure 6B), indicating the presence of multi-fractal nature in PSD within the meso-macropore range. Table 2 shows relative low values of D0-D1 (average 0.214) within meso-macropore range, reflecting a more uniform pore distribution, consistent with the PSD curve (Figure 6C). The Hmeso-macro values of the shale samples range from 0.74 to 0.86, with an average of 0.80, indicating relative low meso-macropore connectivity. The (D5--D5+)meso-macro values range from 0.806 to 1.547, with an average of 1.212, indicating high heterogeneity in PSD within the mesopore-macropore range. Moreover, the singularity spectra f(a) and scaling exponent a exhibits a clear asymmetry (Figure 6D), also confirming the multi-fractal nature of pore distribution within the meso-macropore range. The (a5--a5+)meso-macro values of the shale samples range from 0.950 to 2.029, with an average of 1.616, reflecting a high heterogeneity of pore distribution within the meso-macropore range. The average Rd value for the shale samples is 0.046, indicating that the pores within the meso-macropore range are mainly distributed in the lower-probability region or the sparse region of PSD.
[image: Figure 6]FIGURE 6 | (A). Log-log plots of the partition function versus box scale of sample D1 from well D-1 from N2 adsorption isotherms. (B). The correlation of Dq and q of shales from well D-1. (C). PSD of shales from the N2 adsorption. (D). Multi-fractal singularity spectra f (a) for shales from the N2 adsorption isotherms.
5 DISCUSSION
5.1 Factors influencing PV
Micropore and meso-macropore in different shale lithofacies exhibit significant differences in PV, emphasizing the role of TOC content and mineral composition in controlling PV of shale. The TOC content of shale samples exhibits a strong positive correlation with micropore PV (R2 = 0.78), while displaying a decreasing trend with meso-macropore PV (Figure 7A). The TOC content of shale can reflect the OM abundance. During thermal maturation, pores within the OM develop at the nano-micrometer scale (Curtis et al., 2012; Ma and Xie, 2018). Thus, OM pores existing in the form of meso-macropores are susceptible to be compacted during deep burial.
[image: Figure 7]FIGURE 7 | The relationship of micropores and meso-macropores PV and (A) TOC content, (B) clay minerals, (C) carbonates, and (D) pyrite contents of samples from well D-1. Lower triangle represents SAL, upper triangle refers to A/SML, circle refers to ASL, rectangle represents SL, and diamond represents C/ASL. Moreover, red represents micropore whereas blue refers to meso-macropores.
In addition to TOC content, the PV is also influenced by mineral composition of shale. Clay mineral content shows a good positive correlation with meso-macropore PV, while exhibiting a negative correlation with micropore PV (Figure 7B), which is supported by the SEM observation that pores associated with clays are mainly meso-macropores. Interestingly, shales with high carbonates content correspond to a notable decrease in mesopore PV, possibly indicating that the intense calcium cementation can block the pore throat, leading to a reduction in mesopores (Zheng Y. J. et al., 2022). The weak negative correlation between carbonates and meso-macropores PV may also prove it (Figure 7C). Notably, pyrite exhibits a significant effect on the PV of shale. Figure 7D reveals that as pyrite content increases, the micropore PV increases, while the meso-macropore PV exhibits an obvious decrease. In this study, pyrite in the shale is predominantly pyrite framboids and euhedral-subhedral pyrite (Figures 3D, E). Pyrite framboid is often associated with OM, in which a small amount of pores are developed. Euhedral-subhedral pyrite generally coexists with pyrite framboid or OM (Figure 3E), filling in inter-P pores, significantly reducing the meso-macropore PV.
5.2 Factors influencing the heterogeneity and connectivity
Tables 3, 4 demonstrate that micropore in the deep shales from well D-1 exhibits lower heterogeneity and higher connectivity compared to meso-macropore. There is no noticeable correlation between Hmicro and Hmeso-macro, and between (D5--D5+)micro and (D5--D5+)meso-macro, emphasizing the need for separate analyses of micropore and meso-macropore in shale reservoirs.
TABLE 4 | Multi-fractal characteristics of shale samples from well D-1 from the N2 adsorption isotherms.
[image: Table 4]5.2.1 Mineral composition
Figure 8 illustrates the relationship between shale mineral composition and multi-fractal parameters. TOC is positively associated with Hmicro and inversely related to (D5--D5+)micro (Figures 8A, B), indicating that OM can increase micropore connectivity while reducing micropore heterogeneity, which is consistent with previous study that OM can generate a lot of micropores and mesopores during maturation (Wang et al., 2020; Teng et al., 2022). Quartz exhibits a negative correlation with (D5--D5+)micro (Figure 8C), suggesting a role in decreasing micropore heterogeneity, which is due to that silica in Wufeng-Longmaxi shale partially sources from biogenic silica (Xu et al., 2021). Moreover, clay minerals and feldspar show a positive correlation with (D5--D5+)micro (Figures 8D, E), suggesting an increase in micropore heterogeneity by these minerals.
[image: Figure 8]FIGURE 8 | The correlation of mineral composition and micropore and meso-macropore heterogeneity and connectivity. (A). TOC contents versus Hmicro. (B). TOC contents versus (D5--D5+)micro. (C). Quartz contents versus Hmicro. (D). Quartz contents versus (D5--D5+)micro; (E). Feldspar contentsversus Hmicro. (F). Feldspar contents versus (D5--D5+)micro. (G). Quartz contents versus (D5--D5+)meso-macro. (H). Clay contents versus (D5--D5+)meso-macro.
Regarding meso-macropores, there is a slight positive correlation between carbonates content and Hmeso-macro (Figure 8F), indicating that dissolution pores associated with carbonates can slightly increase meso-macropore connectivity, which is consistent with SEM observation (Figure 3E). In addition, quartz exhibits a weak positive correlation with (D5--D5+)meso-macro (Figure 8G) and a weak negative correlation is obtained between clay minerals ad (D5--D5+)meso-macro (Figure 8H), implying that quartz can increase meso-macropore heterogeneity while clays reduce it.
5.2.2 Over-pressure
The TOC content and mineral composition of shales from well D-1 demonstrate weak correlations with the heterogeneity and connectivity of micropore and meso-macropore. These suggest that other geological factors, such as overpressure and burial depth, may play a significant role in controlling the heterogeneity and connectivity of these pores. Overpressure can affect the pore structure of shale by resisting compaction effectively, thereby preserving pores, particularly OM pores (Xie and Hao, 2022). The multi-fractal characteristics of deep shales from well D-1 and well N-1 with similar burial depths but different pressure coefficients (1.86 and 1.1, respectively), reveal distinct differences. Shale samples from the overpressured well D-1 exhibit higher values of Hmicro compared to the normal-pressure well N-1 (Figure 9), suggesting that overpressure may increase micropore connectivity. Notably, there is no significant difference in meso-macropore connectivity between well D-1 and well N-1. Moreover, shale samples from the normal-pressure well N-1 exhibit higher values of (D5--D5+)micro, indicating higher micropore heterogeneity compared to shales from well D-1.
[image: Figure 9]FIGURE 9 | Multi-fractal parameters including (A) Hmicro, (B) (D5--D5+)micro, (C) Hmeso-macro, and (D) (D5--D5+)meso-macro. of micropores and meso-macropores of deep shale from wells D-1, N-1 and C-1.
Comparing samples from the same shale lithofacies (Table 5) helps mitigate the impact of shale composition on pore heterogeneity and connectivity. It reveals that overpressured deep shales exhibit higher micropore connectivity and lower micropore heterogeneity, indicating that overpressure can increase micropore connectivity while reducing micropore heterogeneity. Notably, SL and C/ASL, as the primary shale gas exploration intervals for the Wufeng-Longmaxi shales, display high micropore connectivity and large micropore heterogeneity, as well as low meso-macropore connectivity. These imply that high micropore connectivity and wide pore distribution may be conductive to the accumulation of shale gas.
TABLE 5 | The connectivity and heterogeneity of micropore and meso-macropore of different shale lithofacies from well D-1 and N-1.
[image: Table 5]For the deep shales of well D-1, low meso-macropore connectivity suggests that the formation of isolated pressure-sealed compartments within overpressured shales occurs more readily. During the Yanshanian to Himalayan period, the Sichuan Basin experienced considerable uplift and erosion, facilitating the depressurization of strata. The relative low meso-macropore connectivity in these intervals indicates the presence of numerous isolated pressure-sealed compartments within shales, which hinders pressure release during tectonic uplift, favorable for the shale gas accumulation.
5.2.3 Burial depth
Burial depth can significantly influence shale pore structure, primarily reducing OM pores and residual interparticle pores through mechanical compaction (Xie and Hao, 2022). Chen et al. (2022) observed that there is no significant difference in pore type and size at different depths, but shale porosity decreases with increased buried depth. Compared to shallow shales, deep shales contain a higher PV, with both being dominated by mesopores. In deep well D-1 and ultra-deep well C-1, both characterized by overpressure, but no significant differences are observed in micropore PV. However, a notable difference emerges in meso-macropore PV. These may reflect the significant influence of ultra-deep buried depth on the development of meso-macropore. Our previous studies suggested that ultra-deep burial depths and the subsequent intense compaction contribute to the “homogenization” of shale pore structures, leading to the enlargement of pores and a higher proportion of mesopores (Xie and Hao, 2022). The ultra-deep shales from well C-1 exhibit significantly lower Hmicro values and larger (D5--D5+)micro values than the deep shales from well D-1. This means that ultra-deep burial depth can notably reduce micropore connectivity and increase micropore heterogeneity. Conversely, minimal differences are observed in meso-macropore connectivity and heterogeneity for the both wells, suggesting that buried depth likely exhibit little influence on meso-macropore connectivity and heterogeneity in shales.
5.3 Relationship between multi-fractal characteristics and pore structure and significance for shale gas exploration
Figure 10 shows the correlation between the multi-fractal characteristics of micropores and meso-macropores in different shale lithofacies of overpressured deep shales from well D-1. Noticeable discrepancies are observed in the connectivity and heterogeneity of micropores and meso-macropores. Micropores are characterized by high connectivity, low heterogeneity, low PV, and a more concentrated distribution, while meso-macropores display low connectivity, large heterogeneity, high PV, and a dispersed distribution. These distinctions stem from the pronounced heterogeneity of micropores and meso-macropores within the overpressured deep shales. Micropores primarily form within OM, exhibiting high connectivity and a concentrated size range. Conversely, meso-macropores comprise both OM pores and mineral matrix pores, resulting in varied pore sizes and large heterogeneity. Moreover, the low connectivity of mineral matrix pores contributes to the relatively low connectivity of meso-macropores.
[image: Figure 10]FIGURE 10 | (A). Cross plot between H value and PV showing the relationship between pore connectivity and PV of shale. (B). Cross plot between (D5--D5+) value and PV showing the relationship between pore heterogeneity and PV of shale. Lower triangle represents SAL, upper triangle refers to A/SML, circle represents ASL, square represents SL, diamond represents C/ASL.
The SL and C/ASL, as the primary shale gas exploitation targets within the Wufeng-Longmaxi shales, exhibit lower micropore connectivity, higher micropore heterogeneity, higher micropore PV, and lower meso-macropore connectivity compared to other shale facies like SAL, ASL and A/SML. These observations suggest that the increased silica content in these shales contributes to the complex micropore network. This complexity is likely a result of the prevalence of biogenic silica in the Wufeng-Longmaxi shale (Cai et al., 2022). The SAL and A/SML demonstrate higher micropore connectivity, lower micropore heterogeneity, and lower micropore PV. This can be attributed to the formation of organic-clay complexes within these formations (Gu et al., 2023). The presence of these complexes facilitates the interconnectedness among the dispersed OM particles, leading to increased micropore connectivity and reduced micropore heterogeneity. However, the low TOC content in SAL limits the development of OM pores, resulting in lower micropore PV. The significant variations in pore characteristics, including pore proportion, types, and multi-fractal characteristics such as connectivity and heterogeneity, among different shale lithofacies highlight the pronounced micropore and meso-macropore heterogeneity within deep overpressure shales. Factors such as diagenesis, thermal evolution, shale composition (TOC and mineralogy), burial depth, and pressure coefficient influence pore connectivity and heterogeneity in deep shales. Recognized as sweet spots for current shale gas extraction, C/ASL and SL exhibit specific features like relative low micropore connectivity, high micropore heterogeneity, high micropore PV and low meso-macropore connectivity. Therefore, a comprehensive analysis of shale reservoir quality and multi-fractal characteristics can offer valuable insights for optimizing shale gas favorable areas.
6 INCLUSIONS

(1) The CO2 and N2 adsorption isotherms reveal the multifractal nature of the pore system within the deep shales of the Sichuan Basin. Various shale lithofacies, distinguished by differing TOC content and mineral composition, exhibit significant disparities in the PV of micropores, mesopores, and macropores.
(2) The heterogeneity and connectivity of micropores and meso-macropores of deep shales in the Sichuan Basin are influenced by various factors, including TOC content, mineral composition, burial depth, and pressure coefficient. Overpressure plays a role in enhancing the micropore connectivity while reducing their heterogeneity. The meso-macropore connectivity and heterogeneity are more susceptible to the influence of different shale lithofacies. Ultra-deep burial depth tends to decrease micropore connectivity while simultaneously increasing their heterogeneity. However, its impact on the connectivity and heterogeneity of meso-macropores within shale remains insignificant.
(3) The C/ASL and SL, known as sweet spot for current shale gas exploitation for the Wufeng-Longmaxi shale, displays characteristics such as low micropore connectivity, large micropore heterogeneity, high micropore PV. This implies that independent pressure containment compartments are more susceptible to form within overpressured siliceous shale lithofacies of the Wufeng-Longmaxi Formation. Pressure in these shales is less likely to release during the Yanshanian-Xishanian tectonic uplift process, favoring the preservation of OM pores and intergranular residual pores, which is conducive to the accumulation of deep shale gas dominated by free gas.
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Strata Samples  Depth/m Lithofacies TOC Quartz+Feldspar+ Clays Calcite+Dolomite

(%) Pyrite (%) (] (%)
D1 3,866.90 Silica-rich argillaceous shale 0.97 18 52 0
(SAL)
D2 3,875.40 Argillaceous/siliceous 214 39 9 12
mixed shale (A/SML)
D3 3,877.09 Argillaceous/siliceous 225 16 37 17
mixed shale (A/SML)
D4 3,879.38 Argillaceous siliceous shale 356 52 39 9
Longmaxi (ASL)
Formation T
D5 3,882.40 Argillaceous siliceous shale 233 56 2 12
(ASL)
D6 388264 Argillaceous siliceous shale 229 57 30 13
(ASL)
D7 3,887.76 Argillaceous siliceous shale 236 53 2 13
(ASL)
D8 389172 Siliceous shale (SL) 440 77 18 5
DY 3,891.94 Calcareous/argillaceous 400 65 10 25
siliceous shale (C/ASL)
D10 3,895.54 Calcareous/argillaceous 312 74 1 15
siliceous shale (C/ASL)
Wafeng D11 3,895.70 Siliceous shale (SL) 525 76 17 7
Formation T 1 1
D12 3,897.40 Siliceous shale (SL) 371 78 19 3
D13 3,898.50 Siliceous shale (SL) 5.06 87 6 7
D14 3,898.90 Argillaceous/siliceous 235 50 32 18
mixed shale (A/SML)
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