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Investigation of pore characteristics and their preservation mechanism of over 6000 m ultra-deep shale reservoirs is of significance for shale gas exploration and development in the Sichuan Basin. In this study, the pores structure and multifractal characteristics of pores for the Longmaxi shale and Qiongzhusi shale in the Sichuan Basin are well studied by using field emission scanning electron microscopy (FE-SEM), gas adsorption and multifractal analysis. The results show that: (1) Extremely strong mechanical compaction resulting from ultra-deep burial depth can lead to the homogenization of pore structure, which is characterized by the change of bubble-like OM pores to silt or fracture shape pores and the higher average pore diameter (APD) value. (2) The Longmaxi shale and Qiongzhusi shale reservoirs have the obvious multifractal nature for different pore sizes. Samples from the Longmaxi shale and Qiongzhusi shale in well CS#1 demonstrate the higher average H values and smaller average ΔD values compared with those samples in well MS#1, indicating that shale reservoir in over-pressure condition has higher connectivity and less heterogeneity. The pore preservation in over 6000 m ultra-deep shale reservoirs are influenced by several geological factors, including 1) quartz is beneficial for the preservation of pores especially for OM pores due to its supporting effect; 2) the shale reservoirs in over-pressure show many more OM pores and higher surface porosity than those in normal pressure; 3) the direct floor of Qiongzhusi shale is likely the critical geological factor affecting the pores preservation. Therefore, the Longmaxi shale with both over-pressure condition and high quartz content is likely the best target zone for deep shale gas exploration in the Sichuan Basin.
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INTRODUCTION
Recently, great progress in shale gas exploration and development has been made in China, especially in revealing the mechanisms of shale gas generation and accumulation (Guo and Zhang., 2014; Borjigin et al., 2017; Guo et al., 2017; Wang et al., 2019; Shu et al., 2020; Xi et al., 2022), the formation and preservation of organic matter (OM) pores in shales (Liang et al., 2017; Dong et al., 2021; Ma et al., 2022; Teng et al., 2022; Yu K et al., 2022), and the characteristics of shale gas in China (Zou et al., 2010; Zou et al., 2016; Zou et al., 2019; Li et al., 2021; Feng et al., 2022; Nie et al., 2022). Shale gas production in China exceeded 230×108 m3 by the end of 2021, most of which was distributed in marine Longmaxi shale reservoirs in the Sichuan Basin and its surrounding area. Deep-shale gas with a buried depth of more than 3500 m has become an important potential resource for further shale gas exploration in the Sichuan Basin. He et al. calculated that the distribution area (12.6×104 km2) of the Longmaxi shales with burial depth exceeding 3500 m in the Sichuan Basin is more than twice as large as those with burial depth less than 3500 m (He et al., 2021). The Longmaxi shale with burial depth ranging from 3500 to 4500 m in the southern Sichuan Basin covers an area of about 8.37×1012 m3 (Liu et al., 2021a). Deep shale gas in the Sichuan Basin has displayed a huge potential; for example, the test production of shale gas in well L203 and platform W204 (four sub-wells) reaches 138×104 m3/d and 214.4×104 m3/d, respectively. Moreover, progress has been made in porosity evolution of deep gas shale reservoirs and the enrichment characteristics of deep shale gas. For instance, laminated organic-rich siliceous shale and laminated organic-rich mixed shale of deep shale reservoirs have better shale gas resource potential due to their abundant OM pores (Wang et al., 2022), and OM pores appear to be well preserved in deep shale reservoirs with TOC less than 5.5% (Gao et al., 2022; Zheng et al., 2022). However, the pore characteristics and preservation mechanism of ultra-deep (over 6000 m) shale reservoirs remain unclear.
The pore structure of shale reservoirs is the key factor affecting the transportation and storage properties of shales, further controlling shale gas content (Loucks et al., 2012; Gou et al., 2019; Zheng et al., 2022). Pore size can be divided into micropore (<2 nm), mesopore (2–50 nm), and macropore (>50 nm) (Sing et al., 1985). To evaluate the pore characteristics of shale reservoirs, a series of quantitative methods—such as high-pressure Hg intrusion and low-pressure N2, CO2, and Ar gas adsorption (Loucks et al., 2012; Zhang et al., 2017; Zheng et al., 2022)—and visual qualitative methods such as field emission scanning electron microscopy (FE-SEM) and CT have been widely used to obtain information about pores, including porosity, specific surface area (SSA), pore volume (PV), and pore size distribution (PSD), and to provide a visual of pore geometries and distribution (Mastalerz et al., 2013; Yu Y. X et al., 2022; Zheng et al., 2022).
In recent years, a series of ultra-deep wells has been drilled in the Sichuan Basin, for example, well MS#1 (total vertical depth 8418 m) and well CS#1 (total vertical depth 8448 m). These two wells provide an unparalleled opportunity to study the pore characteristics of over- 6000-m ultra-deep shale reservoirs. Huang et al. (2020) reported that formation temperature becomes dominant in over-3200-m shale reservoirs. In other words, the gas adsorption capacity in over-6000-m ultra-deep buried shale reservoirs will decrease significantly due to the high formation temperature. The term “ultra-deep” refers to strata deeper than 25,000 feet (approximately 4572 m), which were widely used in deep continental drilling programs in the last century (Dyman et al., 2003).
In this study, FE-SEM, SEM image processing, and low-pressure CO2 and N2 adsorption were used to investigate the pore characteristics of over-6000-m ultra-deep shale reservoirs. Moreover, multifractal analysis was performed to study pore connectivity and heterogeneity and their controlling factors. Finally, we concluded by studying the preservation mechanism of OM pores in over-6000-m ultra-deep shale reservoirs.
MATERIALS AND METHODS
Sampling
Ultra-deep shale samples, including those from Lower Cambrian Qiongzhusi and Lower Silurian Longmaxi shale, were collected from well MS#1 and well CS#1 in the Sichuan Basin. Well MS#1 was drilled on the structural high part of the Malubei anticline within the Tongnanba tectonic belt in the northeastern Sichuan Basin (Figure 1). Thirty-two shale samples from the Longmaxi Formation (6601–6926 m) and Qiongzhusi Formation (7690–8044 m) were collected from well MS#1, with their paleo-burial depths exceeding 8000 m and 11,000 m, respectively (Jiao et al., 2018). The lithology of the Longmaxi shale in well MS#1 consists of gray and dark gray shale with TOC ranging from 0.36% to 4.22% (average 1.32%) and ERo ranging from 1.77% to 2.17% (average 1.98%). The ERo refers to the equivalent vitrinite reflectance that is converted from the bitumen reflectance (BRo) using the formula ERo=0.4+0.618×BRo (Feng, 1988). The lithology of the Qiongzhusi Formation comprises light gray to dark gray silty shale, dark gray shale, and carbonaceous shale with TOC ranging from 0.4% to 8.95% (average 3.25%) and ERo ranging from 3.05% to 3.27% (average 3.15%).
[image: Figure 1]FIGURE 1 | Structural units of Sichuan Basin and the studied wells’ locations.
Well CS#1 is located on the Boya nose structure in the northern slope of the central Sichuan uplift in the northern Sichuan Basin (Figure 1). Thirty shale samples from the Longmaxi Formation (6940–7152 m) and Qiongzhusi Formation (7719–8146 m) were collected from this well, with paleo-burial depths exceeding 9000 m and 12,000 m (Xie, 2020). The Longmaxi shale consists of dark gray and black carbonaceous shale with TOC ranging from 2.05% to 4.38% (average 3.56%) and ERo ranging from 2.09% to 2.14% (average 2.11%). The Qiongzhusi shale mainly comprises gray and carbonaceous shale with TOC ranging from 0.42% to 4.13% (average 2.0%) and ERo ranging from 2.08% to 2.22% (average 2.15%). To the best of our knowledge, wells MS#1 and CS#1 are among the deepest boreholes exposing the Cambrian Qiongzhusi Formation and Silurian Longmaxi Formation in Asia, and they provide important information about the pore characteristics of over-6000-m ultra-deep shale reservoirs.
In this study, a total of 62 samples with burial depths exceeding 6000 m were collected. The TOC, ERo, and mineral composition of these shales are shown in Supplementary Table S1. It is noted that the relatively low value of ERo for the shales from well CS#1, compared with those from well MS#1, are due to the low geothermal value of the western Sichuan depression (Richardson et al., 2008; Zhu et al., 2015).
Methods
In total, 8–10 large fragments from each cutting sample were selected for optical microscopic and FE-SEM observation. The remaining smaller fragments of samples were ground to 40–60 mesh with an agate mortar. Then, 2 g of 40–60 mesh samples were weighed for low-pressure CO2 and N2 adsorption. The remaining samples were ground to less than 200 mesh for XRD and organic geochemistry analysis. TOC and XRD tests were conducted using the LECO C230 Elemental Analyzer and D8 Advance X-ray diffractometer, respectively.
FE-SEM observation
Three samples from well MS#1 and seven samples from well CS#1 were selected for SEM observation. Each sample was cut to a size of 8×8×3 mm3 and wet-polished with ultrathin emery papers with a sequence of 30 μm, 15 μm, 9 μm, 6 μm, 3 μm, and 1 μm to decrease the surface roughness for better performance in argon ion milling. FE-SEM observation was conducted on a Hitachi su8220 scanning electron microscope. Before observation, the surface of sample was coated with a layer of platinum. In total, 80–100 SEM images for each sample were obtained at magnifications varying from 1k× to 200k×. Then, these images were processed with Pores (Particles) and Cracks Analysis System (PCAS) software to acquire quantitative information about the pores, including their morphological and statistical parameters. The details of the processing procedures for the PCAS can be found in Liu et al. (2011) and Jiao et al. (2018).
CO2 and N2 adsorption
Combined low-pressure CO2 and N2 adsorption can accurately quantify pore structure over the nanopore range (0.33–100 nm) (Zhang et al., 2017). Samples were degassed at 110°C for 8 hours under vacuum to remove residual moisture and volatile matter before testing (Mastalerz et al., 2013). Low-pressure CO2 adsorption was performed using ASAP 2020 at 273 K under a relative pressure (P/P0) ranging from 0.0004 to 0.03. The density functional theory (DFT) method was used to obtain information about pores, including the SSA, PV, and PSD. In fact, the actual detectable pore size ranges approximately from 0.03 to 0.9 nm using the DFT model (Zhang et al., 2017; Jiao et al., 2018).
N2 adsorption is an efficient method for acquiring pore parameters across the overall nanopore range (0.33–100 nm) (Thommes et al., 2006; Sun et al., 2016; Zhang et al., 2017). The DFT model was performed to provide more accurate information about pore sizes ranging from approximately 0.9 nm to 30 nm (Jiao et al., 2018).
Multifractal analysis
Multifractal theory was first proposed by Mandelbrot to study turbulent flow and was then used to characterize the pore connectivity and heterogeneity of soil and shale (Paz Ferreiro et al., 2010; Paz Ferreiro et al., 2013; Liu et al., 2019). The data sets measured by N2 or CO2 adsorption were studied by multifractal analysis using the box counting method (Halsey et al., 1986). The box counting method was applied to CO2 or N2 adsorption data to study multifractal characteristics (Lopes and Betrouni, 2009). To implement multifractal analysis for pores of shale, a set of boxes with equal length ε are divided. The boxes are defined as index i, and N(ε) represents the total number of boxes (size ε) that cover the PSD curve. Thus, the ith box of size ε is specified as ui (ε). For the N2 or CO2 adsorption isotherm, the relative pressure P/Po was taken as the length ε. The probability mass function for the ith box can be calculated as
[image: image]
where Ni(ε) refers to the volume of adsorbed N2 or CO2 for the ith box and Ni(ε) represents the total volume of adsorbed Ar. Pi(ε) is defined by an exponential function for each box of size ε as
[image: image]
where ai represents the singularity exponent that represents how singularities of the system tend to be infinite as ε approaches 0 (Halsey et al., 1986). For multifractal distribution properties of sections of size ε, N(ε) shows an increase with decreasing ε, following a power law function:
[image: image]
where Na(ε) represents the number of boxes for the probability mass function of the ith box, and Pi(ε), which has singularity strength between α and α+dα. f(a) is the spectrum of the fractal dimension that characterizes abundance in the set with α singularity. a(q) and f(a) are calculated based on the following formula (Chhabra and Jensen, 1989):
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where
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Here, q refers to the exponent that characterizes the fractal properties at different scales of the pore size. a and f(a) can be calculated by linear regression using Formulas (4), (5), whereas q varies from −5 to 5 for successive unit steps. For multifractal theory, the probability distribution function is defined as
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where τq refers to the mass scaling function of order q and can be calculated as
[image: image]
The generalized dimension (Dq) can be calculated as (Halsey, et al., 1986)
[image: image]
where for q=1, Dq can be expressed as
[image: image]
The association of Dq and q can reflect the fractal characteristics. ΔD is calculated as (Dq)max - (Dq)min, which can be used to characterize the heterogeneity of porosity distribution over the pore size range. The H value, calculated as (D2+1)/2, is known as the Hurst exponent (Holmes et al., 2017). H exponent, ranging from 0.5 to 1, reflects the degree of the positive auto-correlation. Therefore, H can be applied to characterize the pore connectivity and permeability of shales (Martínez et al., 2010). A low H value represents poor pore connectivity.
RESULTS
SEM analysis and PCAS processing
About 1000 SEM images were processed using PCAS analysis. The geometric parameters of pores (e.g., perimeter, area, length, and width) and the statistical parameters of pore systems (e.g., form factor and probability entropy) were obtained through PCAS processing. The form factor refers to the regularity of pores; a value of 1.0 refers to a perfect circle whereas a value of 0.785 represents a square in 2D. A high form factor value indicates complexity in the pore boundary. Probability entropy can describe a pore’s directionality in 2D, the value of which ranges from 0 to 1. Pores tend toward the same direction with decreasing values of probability entropy (Soroushian and Elzafraney, 2005). The definition of form factor and probability entropy can be seen in Liu et al. (2011) and Jiao et al. (2018).
Pores can be divided into organic matter (OM) pores and mineral-associated pores, including intraparticle (intra-P) and interparticle (inter-P) pores, based on the pore classification by Loucks et al. (2012). The dimension of OM usually ranges from tens of nanometers to tens of micrometers in the Longmaxi and Qiongzhusi shale from well MS#1 (Figure 2). Most OM particles are crushed and show irregular shapes. OM usually occurs in association with minerals like pyrite (Figure 2A) and quartz (Figure 2B). In general, pores resulting from hydrocarbon generation are often circular or elliptical in shape (Loucks et al., 2009). Figure 2C shows that very few pores are observed in the Longmaxi and Qiongzhusi shale from well MS#1 and that these pores are irregular, silt-like, and microcrack in shape. Intra-P pores occur mainly as intercrystalline pores within pyrite framboid (Figure 2C) and can also develop in quartz (Figure 2B). Moreover, many intra-P pores can be observed within feldspar (Figure 2B), and these are known as dissolved pores. Inter-P pores can be observed between the boundary of quartz and feldspar or other minerals like pyrite (Figure 2B). Mineral-associated pores, including inter-P pores and intra-P pores, contribute up to 95% of the total surface porosity of the shales from well MS#1, based on PCAS analysis (Table 1). Table 1 shows that the mean size of OM pores is 75 nm, whereas the mean size of mineral-associated pores is close to 110 nm. Moreover, the probability entropies of OM and mineral-associated pores are relatively high in all cases, with average values ranging from 0.813 to 0.956, implying that the mineral-associated and OM pores in samples from well MS#1 are more directional. In addition, the higher form factor value of the OM pores demonstrates that OM pores are more regular than mineral-associated pores.
[image: Figure 2]FIGURE 2 | Pore types in the Longmaxi and Qiongzhusi shales from wells MS#1 and CS#1. (A,B) OM is closely associated with minerals like pyrite and quartz; (C) OM is developed within pyrite; (D) OM pores; (E) bubble-like OM pores; (F) OM pores developed in clay minerals; (G) intra-P pores developed in pyrite; (H) inter-P pores and intra-P pores; (I) intra-P pores within quartz.
TABLE 1 | PCAS processing results.
[image: Table 1]OM pores are very common in the Longmaxi and Qiongzhusi shale from well CS#1. The dimensions of OM particles range from hundreds of nanometers to tens of micrometers (Figure 2D). OM pores in these shales are generally bubble-like in shape and can be up to 50–250 nm (Figures 2D, E). Intra-P pores within clay minerals (Figure 2F) and pyrites (Figure 2G) are dominant, whereas inter-P pores are mainly developed between OM and quartz (Figure 2D) and/or between quartz (Figure 2H). Intra-P pores within quartz show triangle and slit shapes (Figure 2I). OM pores in these samples can contribute to 60%–90% of total surface porosity (Table 1). Additionally, Table 1 shows that the mean size of OM pores in the Longmaxi shale ranges from 34 to 37 nm, whereas the mean size of mineral-associated pores is in the range of 55–85 nm. For the Qiongzhusi shale, the mean size of OM pores is about 29 nm, whereas the mean size of mineral-associated pores is about 26–57 nm. The probability entropy of OM pores in all cases is close to 1, whereas that of mineral-associated pores ranges from 0.742 to 0.898, demonstrating that the mineral-associated pores are more directional than OM pores. Moreover, higher form factor values in OM pores indicate that they are more regular in shape compared with mineral-associated pores (Table 1).
Pore volume, specific surface area, and average pore diameter
The DFT method based on CO2 and N2 adsorption isotherms is a suitable method for exploring pores with sizes ranging from 0.33 to 100 nm (Thommes et al., 2006; Zhang et al., 2017). In this study, the DFT method for CO2 and N2 adsorption data was used to investigate the nanopore structure characteristics of the Longmaxi shale and Qiongzhusi shale from wells MS#1 and CS#1, and the calculated PV and SSA results are presented in Supplementary Table S2. The PV values derived from N2 adsorption (PVN2-DFT) in the Longmaxi and Qiongzhusi shale from well MS#1 are in the range of 0.0234–0.0356 cm3/g (average 0.0289 cm3/g) and 0.0272–0.0439 cm3/g (average 0.0379 cm3/g), respectively. Their SSA values derived from N2 adsorption (SSAN2-DFT) are in the range of 7.80–11.00 m2/g (average 9.31 m2/g) and 8.58–14.94 m2/g (average 12.44 m2/g), respectively. For the samples from CS#1, the PVCO2-DFT values for Longmaxi and Qiongzhusi shale range from 0.0021 to 0.0027 cm3/g (average 0.0024 cm3/g) and 0.0009–0.0022 cm3/g (average 0.0016 cm3/g), respectively, whereas their SSACO2-DFT values are 15.76–17.38 m2/g (average 16.31 m2/g) and 9.40–15.26 m2/g (average 12.27 m2/g), respectively. In addition, the PVN2-DFT values for the Longmaxi and Qiongzhusi shale from well CS#1 are in the range of 0.0225–0.0453 cm3/g (average 0.0299 cm3/g) and 0.0058–0.0434 cm3/g (average 0.0240 cm3/g), respectively, whereas the PVN2-DFT values of these shales range from 13.03 to 17.20 m2/g (average 14.69 m2/g) and 2.41–16.02 m2/g (average 9.46 m2/g), respectively.
The APD derived from the N2 adsorption isotherm was also obtained (Supplementary Table S2). The APD of the Longmaxi and Qiongzhusi shale from well MS#1 ranges from 15.73 to 20.37 nm (average 17.91 nm) and 11.92–21.46 nm (average 15.88 nm), respectively. Meanwhile, the APD of samples from well CS#1 is in the range of 8.75–14.09 nm (average 11.44 nm) and 9.45–15.04 nm (average 12.83 nm), respectively.
The ratios of mesopore/micropore volume (Me/MiPV) and mesopore/micropore surface area (Me/MiSSA), derived from N2 adsorption data, are suitable parameters for describing the pore structure of ultra-deep shales (Jiao et al., 2018). The results of Me/MiPV and Me/MiSSA ratios for the samples are presented in Supplementary Table S2. The ratio of Me/MiPV of the Longmaxi and Qiongzhusi shale from well MS#1 is in the range of 16.93–24.44 (average 20.26) and 13.47–25.22 (average 18.95), respectively, whereas their Me/MiSSA ratio ranges from 2.33 to 2.98 (average 2.60) and 1.73–3.25 (average 2.47), respectively. For the samples from well CS#1, the Me/MiPV ratio of the Longmaxi and Qiongzhusi shales is 4.78–17.34 (average 8.72) and 6.05–37.49 (average 13.79), respectively, whereas their Me/MiSSA ratio is in the range of 0.72–2.55 (average 1.32) and 1.14–7.57 (average 2.54), respectively.
Multifractal characteristics
Multifractal analysis based on CO2 and N2 adsorption isotherms is a more suitable method for characterizing the multifractal characteristics of micropores and meso-macropores (Liu, 2018). In general, a non-linear correlation between τ(q) and q indicates the existence of fractal characteristics (Liu, 2018). Therefore, a non-linear correlation between τ(q) and q in our samples (Supplementary Figures S1A–C) indicates that all shale samples have multifractal characteristics in their pores.
Supplementary Figures S1E, F demonstrate that Dq decreases rapidly with an increase of q, while q < 0 and Dq decrease slowly with an increase of q, where q > 0. The decreasing trend of Dq indicates the non-uniformity degree of micropores, mesopores, and macropores in shales. The multifractal parameters of all samples are shown in Supplementary Table S3. Among them, values of ΔD and H are widely used to characterize the connectivity and heterogeneity of shale pores (Liu et al., 2019). The ΔD value derived from the CO2 adsorption isotherm (ΔDCO2) of Longmaxi and Qiongzhusi shale from well CS#1 is in the range of 1.08–1.23 (average 1.17) and 0.59 to 1.47 (0.95), respectively, whereas their H values derived from the CO2 adsorption isotherm (HCO2) range from 0.88 to 0.90 (average 0.89) and 0.88–0.92 (average 0.89), respectively.
The ΔDN2 values of Longmaxi and Qiongzhusi shale from well MS#1 are 1.39–1.86 (average 1.66) and 1.23–1.89 (average 1.63), respectively, whereas their HN2 values range from 0.75 to 0.79 (average 0.78) and 0.76 to 0.85 (average 0.80), respectively. For the samples from well CS#1, the ΔDN2 values of Longmaxi and Qiongzhusi shale are in the range of 0.89–1.43 (average 1.24) and 0.83 to 1.71 (average 1.29), respectively. Meanwhile, their HN2 values range from 0.77 to 0.84 (average 0.80) and 0.65 to 0.86 (average 0.81), respectively.
DISCUSSION
Differences in pore characteristics of shales from wells MS#1 and CS#1
We compare the Longmaxi and Qiongzhusi shale from well MS#1 and CS#1 to better understand the effects of pressure coefficient and shale burial depth on pore characteristics because the two wells are ultra-deep and have obvious differences in pressure coefficients.
1) There are some similarities in the two shales. For example, all samples in over-6000-m ultra-deep shale reservoirs show higher APD and Me/MiSSA values and higher Me/MiPV values compared to non-superdeep shales (Jiao et al., 2018). Moreover, type IV and H3 hysteresis loop patterns of the N2 adsorption isotherm were observed in our samples (Supplementary Figure S2).
2) More pores (especially OM pores) are developed in the Longmaxi and Qiongzhusi shale from well CS#1 based on SEM observation, compared to those of well MS#1, indicating that the shales in well CS#1 may have better OM pore-preservation conditions. The OM pores are more regular than the mineral-associated pores, as mentioned previously, which means that the surfaces of OM pores are more complex. Generally, the surfaces of OM pores show harbor-like shapes, whereas the surfaces of mineral-associated pores are smooth (Figures 2E, F). Interestingly, the OM pores have many higher values of probability entropy compared to mineral-associated pores for the two shales from well CS#1, whereas the mineral-associated pores show higher values of probability entropy for the shales from well MS#1 (Table 1). This may indicate that mineral-associated pores in ultra-deep shales are easily compacted under over-pressure conditions, compared to OM pores, because the OM pores likely contain large amounts of gas to maintain their over-pressure. In normal pressure conditions, extremely strong compaction can lead to orientation of OM pores in ultra-deep shale. Meanwhile, many microfractures are generated among minerals with no discernible orientation, further resulting in a decrease in probability entropy.
The Longmaxi shale and Qiongzhusi shale are at the over-mature stage and contain a high TOC, indicating that they have considerable shale gas generation potential. A consensus was reached that silica minerals like quartz can provide a supporting framework for the preservation of OM pores (Clarkson et al., 2013; Cao et al., 2022), whereas carbonate cementation can reduce the PV of shale reservoirs (Zheng et al., 2018; Zheng et al., 2022). Quartz is very common in our samples, especially in the Longmaxi shales from well CS#1 (average 63.7%). OM pores are mainly distributed in pyrobitumen surrounded by quartz for the two shales from well CS#1 (Figures 2E, F), suggesting that quartz can protect these OM pores from compaction. For example, a high-quartz sample (C7) has the highest OM pore surface porosity, 6.05%, whereas the lower-quartz samples C26 and C28 have lower OM pore surface porosity (5.51% and 3.37%), despite their similar TOC contents, and are in over-pressure conditions (Supplementary Table S1). This indicates that shales with higher quartz have better pore preservation conditions.
Despite the similar hydrocarbon generation potentials and quartz content, the shales from well CS#1 were found to have higher OM-pore surface porosity than the shales from well MS#1. For example, the samples M18 and C26 have similar TOC values and quartz contents (Supplementary Table S1); however, the latter has a higher surface porosity for OM pores (Table 1). The current results of shale gas exploration and development in the Sichuan Basin show that the pressure coefficient can be used as a good indicator of the preservation condition of shale gas (Guo and Zhang, 2014). A higher pressure coefficient generally indicates better preservation (Gao et al., 2019; Wang et al., 2020). Therefore, pressure coefficient seems to be the main factor for OM pore preservation because the pressure coefficients of the two shales from well CS#1 (1.77–1.89) are higher than those of the shales from well MS#1 (1.01–1.46); that is, well CS#1 has better OM pore preservation than well MS#1. This further indicates that the differences in the development of OM pores within shales from wells MS#1 and CS#1 are mainly controlled by the pressure coefficient and quartz content. In addition, carbonate cementation has little effect on OM pore development in our shale samples due to their low carbonate content (average 9.30%) (Zheng et al., 2022).
3) The APD values of the Longmaxi and Qiongzhusi shale in our samples are much higher than in previous studies showing that the APD value of shallow-buried shales ranges from 3–7 nm (Hou et al., 2014; Jiao et al., 2018). Statistical results show that the APD value of most gas-producing shales generally ranges from 3 to 7 nm (Xie, 2020). The APD value of our samples is in the range of 8.75–21.46 (average 14.51 nm). Specifically, the APD values of the Longmaxi and Qiongzhusi shale from well CS#1 range from 8.75 to 14.09 nm (average 11.44 nm) and 9.45–15.98 nm (average 12.83 nm), respectively, which is lower than the Longmaxi (15.73–20.37 nm, average 17.91 nm) and Qiongzhusi shale (11.92–21.46 nm, average 15.88 nm) from well MS#1 (Figure 3). The results of PCAS processing show that the size of mineral-associated pores is much higher than that of OM pores. Notably, the APD value of the Longmaxi shale is clearly smaller than that of the Qiongzhusi shale, whether from well CS#1 or MS#1, indicating that the OM pores with smaller sizes are easily developed in Longmaxi shale. Therefore, it is reasonable to believe that the smaller pore size of the Longmaxi shale is due to the development of OM pores.
4) The PSD of pores in over-6000-m ultra-deep shale reservoirs is characterized by multiple peaks (Supplementary Figure S3), which is different from previous studies showing that bimodal peaks are dominant in shallow shale reservoirs (Jiao et al., 2018). In addition, the ratios of Me/MiSSA and Me/MiPV in our samples exceed 1 and 5 (Figure 3). In addition, the ratios of Me/MiPV for the Longmaxi and Qiongzhusi shale in well MS#1 are significantly higher than those in well CS#1, implying that the two shales in well MS#1 have higher mesopore proportions. Therefore, we suggest that the high proportion of mesopores is a common feature of ultra-deep shale reservoirs.
[image: Figure 3]FIGURE 3 | Comparison of pore structural parameters including (A) APD, (B) Me/MiSSA, (C) Me/MiPV, (D) H value and (E) Heterogeneity of shale samples.
Potential factors influencing pore connectivity and heterogeneity
CO2 adsorption is a suitable method for studying the micropore range of pore size of organic-rich shales (0.33–2 nm), whereas N2 adsorption can be used to characterize the wide range of pore sizes (2–200 nm) (Zhang et al., 2017; Jiao et al., 2018; Liu et al., 2019). Thus, multifractal analysis based on CO2 and N2 adsorption isotherms was used to study the connectivity and heterogeneity of micropores and meso-macropores (2–200 nm).
The heterogeneity comparison of micropores and meso-macropores in samples from well CS#1 shows that micropores have lower heterogeneity and higher H values as compared with meso-macropores (Supplementary Figures S4A, B). Moreover, no clear correlation is obtained between the micropore connectivity and meso-macropore connectivity of the two shales (Supplementary Figures S4C, D), indicating that the connectivity of shale micropores and meso-macropores needs to be studied separately.
The influence of PV and SSA
The correlation of PV, SSA, and the ΔD and H values of shales from well CS#1 is plotted in Figure 4 to determine whether pore structure parameters affect the heterogeneity and connectivity of pores. Figure 4A shows that there is a moderate positive correlation between ΔD value and micropore volume, whereas a moderate negative relationship is obtained between micropore volume and H value. This indicates that micropores in shale can increase the heterogeneity and reduce the connectivity of pores. Therefore, we inferred that the micropores in these samples may be widely distributed within the micropore aperture range. Remarkably, similar linear relationships are observed between the SSA of micropores and the ΔD and H values (Figure 4B). Notably, no obvious correlation is obtained between the PV and SSA of meso-macropores and the values of ΔD and H (Supplementary Figure S5), indicating that the meso-macropores have no obvious control over the heterogeneity and connectivity of pores in shale. This is consistent with the previous study by Liu (2018).
[image: Figure 4]FIGURE 4 | Correlation of micropores (A) and meso-macropore (B) volume and ΔD and H values.
The influence of shale mineral composition
Given the difference in mineral composition, Pearson correlation analysis was performed to illustrate whether mineralogy or TOC could control the pore heterogeneity and connectivity of shale. The quartz content of shales from well MS#1 is positively correlated with the ΔD value of meso-macropores, and a negative correlation between the quartz content and H value for meso-macropores was obtained (Table 2). This indicates that higher quartz content does lead to higher heterogeneity and lower connectivity for meso-macropores in shales from well MS#1. In addition, the calcite content is positively correlated with the H value of meso-macropores (Table 2), also indicating a higher connectivity of shale meso-macropores with high calcite content.
TABLE 2 | Relationship between mineral composition and values of △D and H for shales from well MS#1.
[image: Table 2]The correlation between mineral composition and ΔD and H values of micropores and meso-macropores in the two shales from well MS#1 differs from those from well CS#1 (Table 3). The TOC content is negatively correlated with the ΔD value of meso-macropores. This negative correlation also holds for the dolomite content versus H value of meso-macropores (Table 3). This indicates that lower TOC content can lead to less heterogeneity in meso-macropores and that higher dolomite content does lead to less connectivity of meso-macropores.
TABLE 3 | Relationship between mineral composition and values of △D and H for shales from well CS#1.
[image: Table 3]The quartz content has no obvious correlation with TOC, implying that quartz in shales from well MS#1 may be terrigenous. The effect of terrigenous quartz on the preservation of pores mainly provides a rigid framework to resist compaction and deformation (Thyberg et al., 2010; Ye et al., 2022). The dominance of mineral-associated pores in these shales (Table 1) indicates that these pores have relatively poor connectivity and further increases the heterogeneity of meso-macropores. The calcite content in the shales is in the range of 0%–21.1% (average 7.81%), and dissolved pores are observed within them. Notably, these dissolved pores are not filled with pyrobitumen, indicating that they may form after the generation of amounts of oil and gas and may be caused by the leaching of meteoric water. Therefore, these dissolved pores are conducive to increasing the connectivity of meso-macropores.
OM pores are profound and ubiquitous in shales from well CS#1 (Figures 2E, F), and they are mainly 20–250 nm, based on SEM observation. Therefore, the increase of TOC content can reduce the heterogeneity of meso-macropores because of their concentrated distribution. Carbonate cementation in carbonate-rich shale (carbonate content >10%) is common (Zheng et al., 2018; Zheng et al., 2022). Because of the extensive carbonate dissolution and subsequent re-precipitation, amounts of primary inter-P pores in carbonate-rich shale samples can be filled with carbonate cements. For example, high-carbonate sample C13 (calcite 6%, dolomite 21%) and sample C30 (calcite 4%, dolomite 19%) show much lower H values. This indicates that shales with higher carbonate content (including calcite and dolomite) have poorer pore connectivity.
Preservation mechanism of pores in over-6000-m ultra-deep shale reservoirs
The abundance of OM in shales is an important factor affecting pore development (Mastalerz et al., 2013; Zheng et al., 2022). Zheng et al. (2022) reported that with increasing TOC content, the PV of micropores, mesopores, and macropores in shales clearly increases. This phenomenon has been observed in our samples from well MS#1. A weakly positive relationship between TOC content and the PV and SSA of meso-macropores is obtained (Figure 5). The SEM images show that only a few OM pores are developed in these shales (Figures 2B, C). It is also clear that the OM in shales from well MS#1 contains more mesopores than macropores (Figure 2C). In addition, an obvious negative correlation between TOC content and the PV and SSA of meso-macropores in shales from well CS#1 is obtained (Figures 5B, C). This is quite distinct from previous studies (Zheng et al., 2018; Zheng et al., 2022). Milliken et al. (2013) and Zheng et al. (2022) reported that Devonian Marcellus shale and Silurian Longmaxi shale samples with TOC >5.5% demonstrate little or no contribution to the porosity of shale reservoirs with increasing TOC content. The ultra-deep Longmaxi shale and Qiongzhusi shale from well CS#1 suffered strong compaction. OM in ultra-deep burial is plastic mineral and susceptible to compaction at high temperature and pressure; this is why OM pore surface porosity in ultra-deep shale is clearly lower than in shallow-deep shale reservoirs (Xie, 2020). The negative correlation between TOC content and the PV and SSA of meso-macropores of the shale reservoir from well CS#1 also indicates this. Notably, the shale samples with TOC <2.0% contain many more PV of meso-macropores than those with TOC exceeding 2.0%, which does not accord with our SEM images showing that many OM pores are developed (Figures 2D, E). A careful comparison shows that the shale samples with high TOC content and low PPV and SSA all are from the Lower Qiongzhusi Formation (samples C23–C30). As is known, the direct floor of the Qiongzhusi Formation is a karst reservoir of the Late Sinian Dengying Formation that consists of dolomite, and the Tongwan unconformity between the Dengying Formation and Qiongzhusi Formation is widely distributed in most areas of the Sichuan Basin (Liu et al., 2021a). The Tongwan unconformity is an important channel for hydrocarbon migration in the Lower Paleozoic strata of the Sichuan basin (Liu et al., 2015; Liu et al., 2021a). The CS#1 well area is located on the eastern side of the Mianyang–Changning sag, and the efficiency of hydrocarbon emission is high (Liu et al., 2021a; Liu et al., 2021b). Thus, the Qiongzhusi shale close to the Tongwan unconformity is hard to maintain in over-pressure conditions, leading to decreasing pore size and further decreasing the PV and SSA of the shale reservoir. For the shales from well MS#1 close to the Tongwan unconformity, the PV and SSA are similar to the other samples. Consequently, the direct floor of the Qiongzhusi shale is an important factor controlling pore preservation in shale. After this factor was excluded, we found that TOC content is positively correlated with the PV of meso-macropores of shale with TOC <2.5%, whereas shale samples with TOC >2.5% show obvious decreases in meso-macropores with further increases in TOC (Figure 5C).
[image: Figure 5]FIGURE 5 | Relationship between TOC content and PV and SSA of meso-macropores of shales.
OM maturity is of great significance in the formation and development of pores, especially for OM pores (Curtis et al., 2012a; Curtis et al., 2012b; Zhang et al., 2020). Previous studies showed that Longmaxi shale has higher PV, SSA, and total porosity than Qiongzhusi shale and that Longmaxi shale has better pore connectivity (Zhang et al., 2020). The Longmaxi shale in this study has lower OM maturity compared to the Qiongzhusi shale, which shows much higher PV, SSA, and surface porosity. Marine shale reservoirs in the Sichuan Basin with ERo ranging from 2.0% to 3.5% have considerable shale gas generation potential (Xie, 2020; Zheng et al., 2022). This further suggests that the differences in pore development (especially in OM pores) between the Longmaxi and Qiongzhusi shales and between the two wells have other, more important, causes than OM maturity.
Overall, geological factors affecting the pore development between the two shales and between the two wells can be summarized as follows.
1) The differences in the mineral composition and floor between the Longmaxi and Qiongzhusi shales are likely the critical factors controlling pore preservation. FE-SEM images show that OM pores are usually developed in shales with high quartz content (e.g., C4 and C7). A positive relationship exists between the PV of mesopores and quartz content for the Qiongzhusi shales from well CS#1 (Figure 6A). This is consistent with previous findings that quartz is conducive to the development of pores, especially OM pores (Dong et al., 2021; Guan et al., 2021). Notably, quartz content is negatively correlated with the PV of meso-macropores for the Longmaxi shale from well CS#1 (Figure 6A), which is not in accordance with SEM observation. Further analysis showed that the samples with low PV of meso-macropores have high TOC content (e.g., C3–C7). Shales with high TOC content (>5%) are not favorable for the preservation of pores (Milliken et al., 2013). Interestingly, the relevance of quartz content and meso-macropore PV for shales from well MS#1 is very weak (Figure 6B), showing the obvious differences in pore structure of shales between the two wells. In addition, the floor of shale is critical for pore preservation, especially in the lower Qiongzhusi Formation, as mentioned previously.
2) The difference in the coefficient of shale between wells CS#1 and MS#1 is likely one such critical factor controlling pore development. Figure 3 shows obvious differences in pore structure, including the APD, Me/MiSSA, Me/MiPV, and H and ΔD values. In general, the shales from well MS#1 show higher APD values and higher proportions of mesopores, which do lead to greater heterogeneity. SEM observation showed that the shales from well CS#1 in over-pressure condition contain many more OM pores and have higher surface porosity than those from well MS#1 in normal pressure conditions (Xie, 2020). Statistics showed that the shales in over-pressure or high-pressure conditions have higher porosity than those in normal pressure conditions at different burial depths (Figure 7). Therefore, we have reason to believe that the coefficient of shale is the critical factor controlling the pore preservation in over-6000-m ultra-deep shale reservoirs.
[image: Figure 6]FIGURE 6 | Correlation between quartz content and PV of meso-macropores. (A) CS#1 well; (B) MS#1 well.
[image: Figure 7]FIGURE 7 | Relationship between porosity of the shale reservoir and burial depth.
Implications for deep-shale gas exploration
A better understanding of the pore preservation of ultra-deep shale may assist in the determination of favorable deep shale intervals and shale gas fields in the Sichuan Basin. Compared with Qiongzhusi shale, the higher quartz content (and the associated supporting effects) of the Longmaxi shales is one important factor positively affecting their pore development and preservation. In addition, the direct floor of the Qiongzhusi shale (and the associated Tongwan unconformity) is likely the critical geological factor negatively affecting their pore preservation and pressure coefficient and, ultimately, their gas contents. There is a threshold for the TOC content in shales, which favors OM pore development. The threshold of TOC is about 5.0% in shallow shale (Zheng et al., 2022) and even lower in deep shale reservoirs. Although the Qiongzhusi shale in the Sichuan Basin (MS#1) contains a high-quality shale interval of 80 m thickness, the low quartz content and Tongwan unconformity are not favorable for their pore preservation. Therefore, Longmaxi shale with both over-pressure or high pressure and high quartz content is likely the best target zone for deep shale gas exploration in the Sichuan Basin.
CONCLUSION
Samples from two ultra-deep wells, MS#1 and CS#1, were collected to study the pore characteristics and preservation mechanism of over-6000-m ultra-deep shale reservoirs in the Sichuan Basin. The conclusions are drawn as follows.
1) Ultra-deep shale reservoirs with burial depths of more than 6000 m have an obvious multifractal nature with different pore sizes. Compared with the two shales from well MS#1, the shales from well CS#1 contain relatively higher H values and lower ΔD values. This indicates that shale reservoirs in over-pressure conditions have better connectivity and less meso-macropore heterogeneity. Pearson correlation analysis indicated that quartz in the shales from well MS#1 can likely promote the preservation of pores (particularly mineral-associated pores in shales from well MS#1), further increase the heterogeneity of meso-macropores, and decrease the connectivity of meso-macropores. Meanwhile, calcite can increase the meso-macropore connectivity. In addition, for shales from well CS#1 with numerous bubble-like OM pores, TOC content can decrease meso-macropore heterogeneity. Calcite is conducive to increasing the meso-macropore connectivity of shales from well CS#1, particularly because the dissolved pores developed in these calcites are filled by pyrobitumen in OM pores.
2) The Longmaxi and Qiongzhusi shales in wells MS#1 and CS#1 have considerable shale gas generation potential because they contain high TOC contents and appropriate OM maturity. The Qiongzhusi shale in both wells, however, has relatively lower surface porosity and OM pore development degree than the Longmaxi shale. This further indicates that the surface porosity and development of OM pores are not only controlled by TOC contents and OM maturity but also by their quartz-supporting effect and pressure coefficient. Compared with Qiongzhusi shale, Longmaxi shale has a much higher quartz content and commonly has higher OM surface porosity and total surface porosity. The supportive effects of quartz seem to be a constructive factor that has promoted the preservation of OM pores. In addition, over-pressure conditions in the two shales in well CS#1 likely lead to better OM pore preservation compared to those in well MS#1 that are under normal pressure conditions. Notably, the direct floor of the Qiongzhusi shale is also likely a critical geological factor affecting the pore structure and total surface porosity, and it seems to be a destructive factor that has decreased the PV and SSA of the shales. Based on this study, Longmaxi shale with both over-pressure or high-pressure conditions and high quartz content is likely the best target zone for deep-shale gas exploration in the Sichuan Basin.
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