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Accurate investigation of shale pores is critical to the assessment of shale-gas reservoir properties. Qualitative and quantitative methods have been commonly conducted in shale pore studies. In this study, we take the black shale from the Upper Ordovician and Lower Silurian black shale in the Southern Sichuan Basin as an example. Both qualitative and quantitative methods were used to study the pores at multiple scales, and we discuss the effectiveness of shale pore detection by multiple methods. The following results were obtained: 1) The black shale is composed of quartz, feldsaper, calcite, dolomite and clay minerals in the study area, and its average TOC and porosity are 2.19 and 2.12%, respectively. 2) The CT results show that the pore size of macropores (pore size >0.5 μm) mainly ranges from 2 to 16 μm. Nitrogen adsorption analysis shows that organic-rich shale has abundant organic matter pores with narrow necks and wide bodies. The pores of organic-poor shale are mainly composed of mineral-associated pores with narrow slit shapes. The NMR results show that with increasing TOC, the left peak T2 relaxation times move leftwards, meaning that organic matter pores have a larger pore size than matrix pores at the mesopore scale. 3) CT data identify lamellation fractures and bed-cutting fractures, and their development is controlled by mineral type and content, TOC and laminae density. 4) The determination of segmentation thresholds in CT and transverse surface relaxivity in NMR seriously affects the accuracy of the results.
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INTRODUCTION
The remarkable success of the US shale gas revolution aroused wide concern among Chinese petroleum geologists (Jarvie et al., 2007; Wang et al., 2013; Lv et al., 2020). In recent years, China has achieved breakthroughs in shale gas exploration, and its known reserves have reached 2 × 1012 m3, with an annual production of 200 × 108 m3 in 2020 (Zhang et al., 2017; Li et al., 2021; Zhao et al., 2021). The black marine shale from the Upper Ordovician Wufeng Formation and Lower Silurian Longmaxi Formation in the Sichuan Basin has high organic matter content (TOC), high maturity, large thickness and wide distribution and is the main shale gas exploration target in China (Xu et al., 2020; Li et al., 2021). Shale gas reservoirs are typical “self-sources and self-reservoirs,” and their pore types differ from those of conventional reservoirs. A previous study showed that the main pore sizes of black shales are nanopores.
A series of qualitative and quantitative approaches, such as low-pressure nitrogen and CO2 gas adsorption, field emission-scanning electron microscopy (FE-SEM), nuclear magnetic resonance (NMR), high-pressure mercury intrusion (HPMI), and X-ray microcomputed tomography (CT), provide multiscale methods to determine pore properties, such as pore volume, pore size, specific surface area, and pore connectivity (Zhang et al., 2015; Ji et al., 2017; Huang et al., 2020; Li et al., 2020; Wang et al., 2020; Li, 2022). However, these methods cannot show pore distribution in three-dimensional space, limiting the further understanding of shale gas reservoir controlling factors. In this study, shale core samples from the Upper Ordovician Wufeng Formation and Lower Silurian Longmaxi Formation in the Sichuan Basin were collected. By combining organic geochemistry, petrology, CT scanning, helium porosity, NMR and low-pressure nitrogen adsorption, multiscale pore characteristics were investigated, and the effectiveness of shale pore detection by multiple methods was discussed.
GEOLOGICAL SETTING
The Sichuan Basin is located in southern China and covers a total area of 180×103 km2 (Han et al., 2016, 2019; Wang et al., 2020). It was formed from multistage tectonic cycles, including the Caledonian, Hercynian, Indosinian, Yanshanian, and Himalayan movements. The basement of the Sichuan Basin is composed of pre-Sinian metamorphic rocks, including Archaean-early Proterozoic gneiss rock and meso-upper Proterozoic low metamorphic greenschist.
From the Sinian to the Middle Triassic, the Sichuan Basin mainly deposited marine carbonate, and its thickness ranged from 4 to 7 km. Since the Late Triassic, the Sichuan Basin has entered the inner land lake stage (Mou et al., 2011). The Longmaxi Formation, with thicknesses ranging from 160 to 600 m, is composed of black shale, while its lower member commonly contains black shales with high TOC and abundant graptolites. Its upper member is composed of argillaceous limestone, silty mudstone and siltstone, with low TOC content. From bottom to top, the TOC content of the Longmaxi Formation shows a decreasing trend (Han et al., 2016, 2018). Figure 1.
[image: Figure 1]FIGURE 1 | Geographic location and lithological column of the Longmaxi and Wufeng Formations. (A) Location of Sichuan Basin; (B) Location of the study area (modified according to Wang et al., 2013); (C) Lithological column Longmaxi and Wufeng formation, Well N3.
SAMPLES AND EXPERIMENTS
A total of 72 shale samples from the Lower Longmaxi Formation and Wufeng Formation were collected from four wells and one outcrop section in the southern Sichuan Basin. The mineral content of black shale samples was analysed using RINT-TTR3 X-ray Diffraction (XRD) at a current of 100 mA and a voltage of 45 kV. The TOC content was determined using a LECO CS-230 carbon analyser. CT scanning is completed by nano Voxel-3502 E at a current of 35 μA and a voltage of 50 kV, and its voxel size is 0.5 μm. NMR was performed by RecCore04. Low-temperature nitrogen adsorption was completed by QuadraSorb Station.
EXPERIMENTAL RESULTS
Mineralogy, porosity and organic geochemistry
XRD results show that the black shale of the Longmaxi Formation is composed of quartz (average: 30.78 wt%), calcite (average: 14.57 wt%), feldspar (average: 7.82 wt%), dolomite (average: 9.62 wt%), clay (36.04 wt%) and pyrite (2.54 wt%). Quartz, feldsaper, calcite, dolomite and clay occupy a large proportion, and their ternary diagram shows that their percentages vary greatly (Figure 2A). Clay mainly contains chlorite, illite and illite–smectite, and the ternary diagram shows that illite and illite–smectite account for the majority of the composition (Figure 2B). The distributions of TOC and porosity are shown in Figure 2A. The TOC of black shale ranges from 0.34 wt% to 7.7 wt%, with an average of 2.19 wt%, the highest TOC content in the bottom of the Longmaxi Formation (Figure 3A). The porosity of black shale ranges from 0.68 to 4%, with an average of 2.02% (Figure 3B).
[image: Figure 2]FIGURE 2 | Ternary diagram of the XRD mineral composition (A) and clay type (B) for the study shale samples.
[image: Figure 3]FIGURE 3 | Distributions of TOC and porosity of black shale in the study area.
CT results
The quantitative and qualitative data presented in this section, such as three-dimensional (3D) distribution pores and fractures, pore volume, and pore size, were calculated from CT data (Figures 4). The dataset comprised 3,950 2D images, each comprising square pixels with a side length of 0.5 μm. The distribution of fractures shows two distinct types. The first type is lamellation fractures parallel to bedding layers, showing good connectivity (Figures 5A,B), and its thickness mainly ranges from 40 to 70 μm (Figure 5C). The second type is bed-cutting fractures, which are composed of a series of isolated fractures and show irregular distribution and poor connectivity (Figures 5C,D). The widths of the fractures range from 20 to 110 μm, with lengths varying from 65 to 500 μm (Table 1), and their thicknesses are mainly 2–6 μm (Figure 5F). Figure 6 shows the pore three-dimensional (3D) distribution, the percentage number of pores and fractures, and the pore volume distribution with different pore diameters. Limited by the low resolution of the CT technique (0.5 μm), pores larger than 0.5 μm were recognized. The pore volumes of the two selected samples account for 2.44 and 2.56%, and fractures account for 0.42 and 0.41%. The pore volume mainly comes from pores with diameters of 4–8 µm.
[image: Figure 4]FIGURE 4 | Thin section observations and three-dimensional image from CT of the black shale. (A) Thin section observations, Well Y7, 2275.26 m, sample 7–15, horizontal bedding. (B) Three-dimensional image of sample 7–15 from CT; (C) thin section observations, well Y7, 2286.71 m, sample 7–18; (D) three-dimensional image of sample 7–18 from CT.
[image: Figure 5]FIGURE 5 | Three-dimensional distribution of the two types of fractures from the CT data. (A) Three-dimensional image of lamellation fractures from CT, sample tj-17, shuanghe section; (B) lamellation fractures were given different colours by their thickness, sample tj-17, shuanghe section; (C) thickness distribution of lamellation fractures, sample tj-17, shuanghe section; (D) three-dimensional image of bed-cutting fractures from CT, Well Y7, 2286.71 m, sample 7–18; (E) bed-cutting fractures were given different colours by their thickness, Well Y7, 2286.71 m, sample 7–18; (F) thickness distribution of bed-cutting fractures, Well Y7, 2286.71 m, sample 7–18.
TABLE 1 | The size features of fractures.
[image: Table 1][image: Figure 6]FIGURE 6 | Pore features from CT data. (A) Three-dimensional distribution of pores, Well Y7, 2275.26 m, sample 7–15; (B) the percentage of pore volume, sample 7–15; (C) pore size distribution of sample 7–15; (D) three-dimensional distribution of pores, Well Y7, 2286.71 m, sample 7–18; (E) the percentage of pore volume, sample 7–18; (F) pore size distribution of sample 7–18.
Low-temperature nitrogen adsorption
The nitrogen adsorption-desorption isotherms are shown in Figures 7, 8. According to the classification of the International Union of Pure and Applied Chemistry (IUPAC), these isotherms of black shale feature Type IV hysteresis loops. The hysteresis loop shape shows that the organic-rich shale pore type is H2 (inkbottle-shaped pore), which has narrow necks and wide bodies. These isotherms of organic-poor shale feature Type IV characterized H4-type hysteresis loops, which means narrow slit-shaped pores developed (De Boer, 1958; Sing, 1985). Using nitrogen adsorption-desorption isotherms, BET surface areas and BJH pore volume were calculated. The pore size distribution (PSD) shows that pores with diameters of approximately 4 nm are the main source of pore volume (Figures 7B,C). The BET surface areas are in the range of 3.902–17.84 m2/g (Figure 9A), and their average value is 11.93 m2/g (Figure 9A). The BJH pore volumes range from 0.017 to 0.063 cc/g (Figure 9B), and their average value is 0.041 cc/g.
[image: Figure 7]FIGURE 7 | Nitrogen adsorption and desorption isotherms (A) and pore-volume distributions (B) for six representative core samples.
[image: Figure 8]FIGURE 8 | Nitrogen adsorption and desorption isotherms (A) and pore-volume distributions (B) for six outcrop samples.
[image: Figure 9]FIGURE 9 | Relationship between TOC and surface area and pore volumes obtained from nitrogen adsorption isotherm analyses.
NMR analysis results
The current study suggest that the detected T2 correlates with pore size in NMR measurements (Yao et al., 2010). Twelve black shale samples from two well cores were subjected to NMR measurements. The NMR amplitudes of the black shale sample mainly show bimodal distributions, supplemented with few trimodal and unimodal distributions. The T2 relaxation times of shale samples range from 0.01 to 110 ms (Figure 10). The first peak (P1) normally was at 0–10 ms, the second peak was at 8–16 ms, and the third peak was at 13–110 ms. P3 is interpreted as a fracture. Figure 9.
[image: Figure 10]FIGURE 10 | T2 spectra for seven outcrop samples (A) and five core samples (B).
The T2 relaxation times are controlled by the pore size of the rock, and the relationship between the T2 relaxation times and pore size can be expressed as follows (Liang et al., 2016; Zhang et al., 2017):
[image: image]
Fs is the geometric factor of pore shape, which is equal to two for a cylindrical pore and three for a spherical pore, r is the pore radius in nanometres, and ρ2 is the proportionality constant between 1/T2 and the surface-to-volume ratio of the pore. For simplification purposes, the value of Fs is given as two because the pore morphology of shale is regarded as cylindrical.
[image: image]
Combined with the PSD from nitrogen adsorption, we define ρ2 as 0.5 nm/ms. The pore radius can be derived from Eq. 2 and is expressed as Eq. 3:
[image: image]
Therefore, the pore size of P1 is 0–20 nm, and that of P2 is 20–140 nm.
DISCUSSION
Pore type and PSD in black shale
Based on the occurrence position, pore types are subdivided into interparticle pores found between particles and crystals, intraparticle pores located within particles and organic matter pores located within organic matter (Loucks, et al., 2012). On the basis of pore size, pores were divided into micropores (pore diameter<2 nm), mesopores (pore diameter 2–50 nm) and macropores (pore diameter>50 nm) (Sing, 1985).
In this study, limited by the low resolution of CT, pores with sizes larger than 0.5 μm were identified, and their pore sizes mainly ranged from 2 to 16 μm. The PSD from nitrogen adsorption shows that organic-rich shale commonly has a higher pore volume and surface area than organic-poor shale (Figure 9), and the peak of the PSD is approximately 4 nm. In Figure 10A, the peak of the T2 relaxation times moves leftwards with increasing TOC, while this trend is not obvious in Figure 10B because their TOC gap is small. Since the T2 relaxation times are positively related to pore size in NMR experiments (Liang et al., 2016; Zhang et al., 2017), the trend shows that organic pores have a larger pore size than matrix pores.
Our previous study showed that black shale has long-dimensional OM pores ranging from a few nanometres to one hundred nanometres, the pore size of interparticle pores ranges from 50 nm to 1 μm, and intraparticle pores have an obvious pore size distribution with pore sizes ranging from 25 nm to 3 μm in the southern Sichuan Basin (Han et al., 2016; Han et al., 2018). The relationship between shale composition and pore volumes shows that mesopore volumes had a moderate-strong positive correlation with TOC and carbonate content, while a moderate-weak negative correlation with quartz and clay content and macropore volumes had a moderate positive correlation with quartz content (Han et al., 2018). Both NMR and nitrogen adsorption show that organic pores are the main source of mesopores, which is consistent with previous studies proven by both qualitative and quantitative methods, such as N2 gas adsorption and FE-SEM images (Yang et al., 2016; Han et al., 2018; He et al., 2021; Qian et al., 2022).
Fracture types and controlling factors
Fractures are a key factor controlling shale gas accumulation and productivity (Gale et al., 2017; Li et al., 2018; Chen et al., 2021; Zhao et al., 2021). CT imaging shows that the black shale has two distinct types of fractures, lamellation fractures and bed-cutting fractures, in the study area. The thickness of bed-parallel fractures is generally dozens of times that of bed-cutting fractures (Figure 5). The development of fractures is controlled by mineral type and content, TOC and laminae density (Zeng et al., 2013; Cai et al., 2020; Lan et al., 2021; Xu et al., 2021). Lamellation fractures are commonly related to the primary sedimentary structure of shale (Xiang et al., 2022). The minerals in shale are commonly arranged in layers, and the mineral type and content vary in different layers. As a result, adjacent layers have different compressive abilities when subjected to compressional stress, and lamellation fractures form at laminae interfaces (Zeng et al., 2013; Gu et al., 2020; Xu et al., 2021). Laminae density also affects the formation of lamellation fractures. When the laminae density is less than 4 cm−1, the laminae density has an obvious correlation with the density of the lamellation fracture. However, when the laminae density is greater than 4 cm−1, the density of the lamellation fracture remains at approximately 1 cm−1 with the increase in fracture (Xu et al., 2021). Shale composition is an important factor affecting fractures, including mineral composition and content and TOC content (Ding et al., 2012; Zeng et al., 2013; Yin and Wu, 2020; Li, 2022). The statistical results show that with increasing quartz content, the fracture density increases first when the quartz content is less than 50%, while the fracture density decreases when the quartz content is over 50% (Han et al., 2022). Because of the positive relationship between TOC and quartz content, the relationship between TOC and fracture density also shows a similar trend (Han et al., 2022).
Effectiveness evaluation of shale pore detection by multiple methods
Nitrogen adsorption, CT and NMR are popular methods to detect shale pore structure. Primitive CT data comprise 3,950 2D images, and the pore features calculated from CT data are severely affected by X-ray images. Meanwhile, OM and pores show similar and continuing thresholds in X-ray images, and it is difficult to accurately determine the boundaries (Wang et al., 2019). If the threshold value increased from 42 to 54, shale porosity could change from 14% to nearly 49% (Bai et al., 2013). Therefore, the determination of segmentation thresholds is a problem that cannot be ignored.
The NMR method has been used in reservoir characterization since 1956 (Brown and Fatt, 1956). With the development of NMR instruments, NMR has been widely used to determine petrophysical properties and fluid characteristics in coal and shale (Liu et al., 2020; Zheng et al., 2020; Zhao et al., 2022). From Ea. (2), ρ2, called the transverse surface relaxivity, is a key parameter to calculate pore size. However, the value of ρ2 varies from 2 nm/ms to 21 nm/ms in shale (Coates et al., 1999; Curtis et al., 2010; Sondergeld et al., 2010). Therefore, accurately obtaining the value of the transverse surface relaxivity is still a critical issue.
CONCLUSION

1. The black shale of the Longmaxi Formation is mainly composed of quartz, feldspar, calcite, dolomite and clay minerals in the study area; its TOC ranges from 0.34 to 7.7% (average: 2.19%) and has a porosity ranging from 0.68 to 4% (average of 2.02%).
2. Limited by low resolution, CT results could identify macropore features with pore sizes larger than 0.5 μm, and their pore size distribution is mainly from 2 to 16 μm. Nitrogen adsorption analysis shows that organic-rich shale contains abundant OM pores that have narrow necks and wide bodies, and its PSD peaks at approximately 4 nm. NMR analysis shows that PSD has two peaks: P1 is 0–20 nm, and P2 is 20–140 nm. The left peak of T2 relaxation times moves leftwards with increasing TOC. This trend shows that organic matter pores have a larger pore size than matrix pores.
3. The black shale has two distinct types of fractures, lamellation fractures and bed-cutting fractures, in the study area. Their development is controlled by mineral type and content, TOC and laminae density.
4. Although NMR and CT have been widely used in shale pores, the determination of segmentation thresholds in CT and transverse surface relaxivity in NMR is still a problem to solve further.
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