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Shale pore structure and gas resource evaluation are greatly influenced by the development and evolution of organic matter (OM) pores, which are controlled by the process of hydrocarbon generation. In this paper, hydrocarbon gas generation and OM pore evolution were investigated on a low mature Dalong Formation shale (Ro = 0.78%, TOC = 10.40%) by the high-temperature high-pressure simulation experiments. Results indicated that hydrocarbon gas production rate show a slight increase when Ro < 2.0% and then a rapid increase when Ro > 2.0%. BET surface area and pore volume of the simulated samples increase significantly with the increases of conversion of TOC, thermal maturation level and hydrocarbon production rate, suggesting that the hydrocarbon gas generation process controls the development of OM pores. With increased Ro value, OM pores are primarily developed in amorphous kerogen and solid bitumen at wet gas generation stage and dry gas generation stage, respectively. The BET surface area and pore volume normalized to TOC can be comparable to that of naturally evolved pure kerogen of Niutitang Formations at high maturity stage. After Soxhlet extraction, BET surface area and pore volume generally have significant increase, particularly at main oil generation (Ro = 1.32%) and wet gas generation stages (Ro = 1.83%), due to that the nanometer-sized OM pores are exposed after extraction. Accordingly, an integrated model of OM pore evolution in organic-rich shale was established, and OM pore evolution can be divided into three stages: initial development stage, rapid development stage and slightly destruction stage. The three stages correspond respectively to the three stages of hydrocarbon generation: liquid hydrocarbon to wet gas generation stage, dry gas generation stage, and gas depletion stage. This study further indicates that shale with extremely high maturation degree still has better OM pore development and shale gas potential.
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1 INTRODUCTION
Shale gas has been a focus in the current research due to the depletion of conventional oil and gas in the last few decades (Hao et al., 2013; Soeder, 2018; Li et al., 2022). Unlike conventional oil and gas, shale gas stores directly in the internal pore space of shale without or less being transported (Afagwu et al., 2022; Feng et al., 2023). Hence, it is crucial to investigate shale pore structure variations as well as its evolution features (Gao et al., 2020; Cao et al., 2021). Shale pores can be classified into micropore (pore diameter <2 nm), mesopore (pore diameter between 2 and 50 nm) and macropore (pore diameter >50 nm) in terms of the classification of International Union of Pure and Applied Chemistry (IUPAC) scheme (Sing et al., 1985). Many scholars have widely investigated shale reservoir pores qualitatively and quantitatively by various techniques, such as low pressure N2 gas adsorption (N2GA), low-pressure CO2 gas adsorption (CO2GA), scanning electron microscopy (SEM), mercury injection capillary pressure (MICP) and nuclear magnetic resonance (NMR) (Li et al., 2019a; Cao et al., 2020; Cao et al., 2023). Thestudies have improved the understanding of shale pore types, geometric topological structures, evolutionary process and gas occurrence states in shale gas reservoirs (Jarvie et al., 2007; Chukwuma et al., 2018; Xu et al., 2021; Hu et al., 2022).
Research findings suggest that organic matter (OM) pores are the most important pore type in shale pore system (Zhao et al., 2017; Nie et al., 2018; Li et al., 2019b; Borjigin et al., 2021), which directly control shale porosity, gas content and hydraulic properties of shale gas reservoirs (Song et al., 2016; Sheng et al., 2020). Shale has experienced complex diagenetic process in its natural state, and the thermal evolution process with maturity is the main factor that controls hydrocarbon generation and shale pore development (Fishman et al., 2012; Valenza et al., 2013; Wu et al., 2015; Millken and Curtis, 2016). Previous studies investigated drilled shales with various maturation levels in the southern Sichuan Basin and indicated that OM pores gradually increase with increasing Ro value of 0.5%–1.7%, but decrease when Ro is below 0.5% or above 1.8% (Hu et al., 2023). Thermal maturity are regarded to play a crucial role in OM pore development (Hu et al., 2017). Maturity-related secondary processes such as hydrocarbon generation, cracking, and formation of solid bitumen, exert unique influences on the development of OM porosity (Lis et al., 2025). For the OM-rich Upper New Albany shale, Mastalerz et al. (2013) suggested that maturity exerted the dominated control on the development of porosity, masking the effects of compositional differences. In recent years, more and more scholars also have paid attention to shale pore evolution process and its relevant mechanism, and made great progresses. Studies indicated that not all OM components in shale formation develop pores. For example, OM pores are well developed in Woodford shale, Barnett shale and Longmaxi shale but undeveloped in Haynesville shale and Kimmeridge shale (Curtis et al., 2012a; Ko et al., 2018; Nie et al., 2019). Therefore, some researchers suggested that OM pores are controlled firstly by original kerogen type, which results in significant differences in OM pore development between marine and transitional shales (Jiang et al., 2017; Xi et al., 2018). OM pores have been widely detected in high-mature to over-mature marine shales and are considered to be the main contributor to total porosity (Curtis et al., 2012a; Löhr et al., 2015). These OM pores generally have widths of several nanometers to several micrometers, and therefore provide most storage space for adsorbed gas and free gas (Cao et al., 2022; Zhao et al., 2025). However, transitional shale of Taiyuan Formation-Shanxi Formation shale in Qinshui Basin have shown high total organic carbon (TOC) content, but the development of OM pores varies significantly (Liu et al., 2022). Therefore, it is crucial to investigate the characteristics of macerals and their respective OM pore development, as relying solely on maturity can not always yield conclusive results (Zhang et al., 2025). Recently, most of the researches have been focused on static pore characteristics of natural evolved shales, and it can not.trace the development of shale pores in geological history. Moreover, the experimental analysis of naturally matured shales is inevitably influenced by the heterogeneity of shale component and may not totally obtain the underlying mechanisms of shale pore evolution (Bernard et al., 2012; Milliken et al., 2013; Ko et al., 2018).
To avoid the impact of shale heterogeneity, scholars used thermal simulated experiments on immature to low-maturity shale sample to obtain a series of samples with different Ro values, and then carried out gas adsorption, MICP and SEM tests to investigate dynamic characterization of shale pores and summarized the controlling factors of shale pore development (Guo et al., 2017; Ko et al., 2018; Song et al., 2020; Wang et al., 2020; Wang and Guo, 2021; Hu et al., 2023). Shale pore evolution was considered to be primarily controlled by the hydrocarbon generation and clay mineral transformation (Wang and Guo, 2019; Song et al., 2021). Mastalerz et al. (2013) pointed out that OM porosity development corresponds to the hydrocarbon generation, with shale having higher porosity at early stage (Ro < 1.0%) and late stage (Ro > 1.4%) of hydrocarbon generation, and lower porosity when Ro = 1.0–1.4% due to the infilling of liquid hydrocarbon. Total porosity in the Posidonia shale exhibits a decreasing trend and then an increasing trend with increased thermal maturation, with the minimum value at Ro = 0.85% (Han et al., 2017). Cao et al. (2021) revealed that there are two opportune development periods with corresponding Ro values of 1.11%–1.53% and 2.5%–2.9%, respectively, for shale pore development, which corresponds to the late oil generation stage and the cracking peak of liquid hydrocarbon to gas, respectively. Peng et al. (2019) carried out pyrolysis experiments and determined the limited Ro value for favorable and target areas of shale gas exploration. Wang et al. (2020) and Cao et al. (2021) pointed out that OM pores can be destructed when Ro values at extremely high maturity stage, specifically Ro > 3.5%, due to the graphitization of OM. However, the stepwise changes of OM pores at various maturation stages, as well as the influence of hydrocarbon generation process on pore structure, remain unclear.
According to previous studies, scholars focused mainly in the division of hydrocarbon generation stage, the qualitative research in shale pore structure with variations in thermal maturities, and the establishment of shale pore evolution model. However, variations in shale microstructure throughout hydrocarbon generation process, particularly pore structure heterogeneity to the hydrocarbon generation stages and products, are still poorly understood. Hence, a shale with lower maturity of Upper Permian Dalong Formation from the northwestern Sichuan Basin was collected in this study. Subsequently, a semi-closed pyrolysis experimental instrument was adopted to simulate hydrocarbon generation process, and 11 simulated samples under different temperature points (300–650°C) were obtained, representing different thermal maturation levels. Rock pyrolysis analysis, total organic carbon (TOC) content and whole rock reflectance (Rb) analysis were conducted to examine organic geochemistry of the original and thermally simulated samples. Additionally, N2GA and FE-SEM experiments were performed to investigate pore structure characteristics of simulated samples and their extracted samples. The purposes of this study were designed to be: 1) the purpose of hydrocarbon gas generation; 2) the feature and evolution of shale pores during hydrocarbon gas production; 3) to establish a general model of OM pores for the marine shale of Dalong Formation.
2 SAMPLES AND EXPERIMENTS
2.1 Geological setting and sample
The studied sample was collected from the Changjianggou section in Shangsi town, Guangyuan city, Sichuan Basin. The studied area is located in the northwestern Sichuan Bain, the upper Yangtze Platform (Figures 1A, B). Dalong Formation is primarily composed of silty shale, gray-black shale, and black siliceous shale (Figure 1C), which is deemed to be formed in deep-water anoxic environment (Wei et al., 2018). Previous studies have demonstrated that the Dalong shales have a high TOC content, with δ13Corg values of −28.5‰ to −25.2‰ and Ro value of 0.6%–3.5% (Xia et al., 2010). Specific information of the studied sample is shown in Table 1. The sample is characterized by a high TOC content of 10.40%, Ro value of 0.78%, S1 value of 0.12 mg/g, S2 value of 41.03 mg/g, and δ13Corg value of −27.48‰. These characteristics indicate that the Dalong shale is characterized by type II1 kerogen and has high hydrocarbon gas generation potential.
[image: Figure 1]FIGURE 1 | Shale sampling location of Dalong Formation in Sichuan Basin. (a) Geographical location and studied area, (b) sampling site, and (c) lithological column (modified after Cao et al., 2021).
TABLE 1 | Basic geochemical data of the original shale of Dalong Formation.
[image: Table 1]2.2 Methods
2.2.1 Thermal simulation experiment
In order to better understand the evolution mechanism of shale hydrocarbon generation and expulsion, hydrocarbon production rate and variations in organic geochemical parameters, as well as the evolution process of shale pores, thermal simulation experiments were performed constrained by geological conditions of Lower Cambrian Niutitang Formation in ZD1 well (Zhai et al., 2020; Zhang et al., 2021; Figure 2), which is located in the Wulingshan area, southern China and has indicated significant shale gas content (Li et al., 2017). The thermal simulation experiments were performed by a semi-open experimental system in a thermos-compression hydrocarbon generation and expulsion instrument, which was jointly developed by National Research Center for Geoanalysis, Chinese Academy of Geological Science and Nantong Huaxing Petrolum Instrument Co., LTD. Accordingly, 11 temperature points were designed for simulation experiments: 300°C, 325°C, 350°C, 400°C, 425°C, 450°C, 500°C, 550°C, 590°C and 650 °C at a heating rate of 2 °C/min (Table 2). Each temperature setting was maintained for 72 h, and then the sample cell was waited to cool naturally, and hydrocarbon gas yield was collected in terms of Su et al. (2020).
[image: Figure 2]FIGURE 2 | The thermal simulated temperature designed for this study was determined with reference to the thermal burial history of ZD1 well (modified from Zhai et al., 2020).
TABLE 2 | Simulation temperature-pressure conditions and yields of hydrocarbon gas products.
[image: Table 2]2.2.2 Rock-Eval pyrolysis, TOC test and solid bitumen reflectance (Rb) measurement
Pyrolysis measurement was performed by a Rock-Eval 6 apparatus in terms of industry standards of GB/T18602-2012. Sample with 100 mg was ground to 100–200 μm and heated to 600 C using helium gas as the carrier gas, to acquire geochemistry parameters, i.e., maximum cracking temperature Tmax, free hydrocarbon S1 and cracking hydrocarbon S2, as described by Lafargue et al. (1998). Original and simulated samples were crushed to 150 μm and subsequently analyzed by a LECO CS-344 instrument to obtain the TOC content. Due to lack of vitrinite grain in the studied samples, we firstly measured the Rb value using a MSP-200 microphotometer instrument, and then Ro value was calculated by the formula of Ro = 0.336 + 0.6569Rb proposed by Feng and Chen (1988). This is also the most commonly used formula and approach to obtain the Ro value of marine shale samples.
2.2.3 GC analysis and soxhelt extraction
In this study, only pyrolysis gas production was measured, including hydrocarbon gas and nonhydrocarbon gas. The amount of gas production was gathered and analyzed in terms of pre-designed scheme, and then measured by the Agilent 6890 N gas chromatography (GC) instrument with an HP-5 ms (5%-phenyl-methylpolysiloxane) fused silica capillary column (30 m × 0.25 mm × 0.25 μm). The oven was firstly heated to 50 C for 1 min, subsequently increased to 100 C at 20 C/min, and then to 315 C at 3 C/min, and finally maintained at 315 C for 16 min. The temperature of the injector and ion source were 300 C and 250°C, respectively, with a split mode. Helium gas was used as the carrier gas at a constant flow rate of 1.0 mL/min. The scan range was from 50 to 550 amu in full scan and multiple ion detector mode at 70 eV. The original and simulated samples were extracted. Firstly, the powder residues were dried under vacumm at 40 C for 3–4 h. And then, the dired residues were transferred to a pre-extracted cellulose thimble and Soxhlet extracted with 200 mL dichloromethane: methanol (9:1 vol/vol) for 72 h, in order to comparatively study the influence of extractable OM on pore structure.
2.2.4 Low-pressure nitrogen gas adsorption (N2GA) measurement
N2GA measurement was performed on a Micromeritics ASAP 2460 surface area and pore volume instrument on shale samples before and after Soxhlet extraction to characterize pore surface area and volume. Prior to the test, the samples were powered to less than 80 μm. Then, samples with weight of 0.3–0.5 g were degassed at 110 C in a vacuum for 12 h to remove water substances and gaseous impurities. These treated samples were conducted exposure to liquid nitrogen (−196 C) and a series of precisely controlled gas pressures. The Brunuer-Emmett-Teller (BET) theory and the Braett-Joyner-Halenda (BJH) theory were adopted to determine surface area and pore volume, respectively (Brunauer et al., 1938; Barrett et al., 1951).
2.2.5 Field emission scanning electron microscope (FE-SEM) observation
FE-SEM observations can obtain a visual depiction of pore morphology, size, type and location of shale. Minerals, pores, and OMs can also be identified from one another by their different gray scales. Simulated samples and extracted samples were firstly mechanically polished by ion milling with an accelerating voltage of 1–5 kV, and subsequently they were coated with layer of C (99.99% purity) approximately 5 nm thick. The treated samples were performed FE-SEM experiments using a ZEISS GEMINI’2 FE-SEM instrument, with an Energy Dispersive Spectroscopy (EDS) that was used for elemental analysis.
3 RESULTS
3.1 OM characteristics before and after thermal simulation
The organic geochemical characteristics of all shale samples are displayed in Figure 3 and Tables 1, 3. According to the experimental results, the original samples displayed a high TOC content (TOC = 10.40%) and a low maturity level (Ro = 0.78%).
[image: Figure 3]FIGURE 3 | Organic geochemical parameters of original sample and simulated samples under different simulation temperatures. (a) Ro value; (b) TOC; (c) Tmax; (d) S1 + S2; (e) δ13Cker.
TABLE 3 | Organic geochemical parameters of simulated samples under different pyrolysis temperatures.
[image: Table 3]In terms of the formula proposed by Feng and Chen (1988), Ro value of the samples after pyrolysis was calculated from the Rb value measured by a MSP-200 microphotometer instrument. According to the Ro value of the simulated samples listed in Table 3, the thermal evolution of the Dalong Formation shale can be divided into three stages according to thermal evolution degree in Figure 3. (1) Low maturity-mature stage: the measured Ro values are 0.78%–1.03%, corresponding to thermal simulation temperatures ranging from unheated to 325°C; (2) High maturity stage: the Ro values are within 1.32%–1.83%, corresponding to thermal simulation temperatures of 350–400°C; (3) Over-maturity stage: the Ro values are greater than 2.05%, corresponding to thermal simulation temperatures of 425–650°C.
As the temperature increases, the TOC content of the samples display a gradually decreasing trend, which decreases from 10.40% for original sample to 5.83% for sample CJG-590 at temperature 590°C (Figures 3B, 4A). Overall, the conversion of TOC during simulation temperature occurs mainly at Ro value < 1.83%, probably due to that abundant OM converts into liquid hydrocarbon at this stage. When simulation temperature is higher than 400°C, the corresponding Ro value is higher than 1.83%, and at this stage, kerogen begins to crack into hydrocarbon gas, and the decreasing degree of TOC becomes slow.
[image: Figure 4]FIGURE 4 | Variations in TOC content (a) and S1+S2 value (b) for the original and simulated samples.
Tmax value and S1+S2 value also display significant variations with increased thermal maturation evolution (Figures 3C, D). Tmax value displays a slight increase when Ro value rises from 0.78% to 1.32%, and then increase rapidly to an extremely high value (590–650°C) (Figure 3C). Tmax value is invalid when source rock enters high to over-maturity stages (Guo et al., 2019), and the Tmax value is not used to calculate Ro value in this study. The value of S1+S2 show a drastically decrease with increased thermal maturation level (Figure 4B). At low maturity stage, the S1+S2 value show a slight decrease, decreasing from 41.15 mg/g to 25.95 mg/g. However, it decreases rapidly when entering high to over-maturity stage, decreasing from 9.50 mg/g to 1.25 mg/g at high maturity stage and from 0.52 mg/g to less than 0.10 mg/g at over-mature stage (Figure 3D).
Carbon isotope of kerogen changes slightly with increased Ro value. As seen in Figure 3E, δ13Cker value generally becomes lighter for samples varying from low-maturity stage to over-maturity stage for the Dalong Formation shale due to the enhancement of aromatization, but they are still within the type II1 kerogen range.
3.2 Gas generation during thermal simulation
Gas generation products and their changes with increasing thermal maturation level are displayed in Table 4 and Figure 5. The amount of total gas and retained gas show a slowly increasing trend when Ro value is less than 2.0%, subsequently they have a significant increase with Ro>2.0% (Figure 5A). Thus it can be seen that the retention efficiency of generated gas varies from 57.59% to 72.54%, suggesting that most of generated gas was retained within shale pores. Normalized to TOC, the total gas production rate and hydrocarbon gas rate also display similar increasing trends in Figure 5B with total gas production in Figure 5A. Total gas production rate varies from 35.34 to 671.43 mL/gTOC, and hydrocarbon gas production rate ranges from 7.52 to 434.94 mL/gTOC. The proportion of hydrocarbon gas rate in total gas rate varies from 21.29% to 67.00%, and it shows a gradually increase and then a general decrease with increased Ro value. Non-hydrocarbon gas rate also show a slow increasing trend at Ro < 2.0% and a rapid increase when Ro > 2.0% except for Ro = 4.5%.
TABLE 4 | Gas production characteristics of the Dalong Formation shale under different pyrolysis temperatures.
[image: Table 4][image: Figure 5]FIGURE 5 | Gas production characteristics with increased thermal evolution degree (a, b), and their correlations with OM conversion (c) and S1+S2 value (d).
The generation of gas production is the function of thermal maturation evolution and the conversion of OM. As OM conversion is below 30%, total gas rate, hydrocarbon rate and non-hydrocarbon rate are all limited, due to that the conversion of OM mainly produces liquid hydrocarbon at this stage. When OM conversion is higher than 30% at high-to over-mature stage, gas production rate can increase rapidly (Figure 5C). The influence of S1+S2 value on gas production is similar to that of OM conversion (Figure 5D). This indicates that OM and S1+S2 are firstly converted into liquid hydrocarbon, and only when shale sample enters high-to over-mature stage, liquid hydrocarbon and kerogen can produce gas in large quantities.
3.3 Variations in pore morphologies during thermal simulation
To visually understand OM pore evolution with increased thermal evolution degree, high-resolution FE-SEM observations were conducted on the five simulated samples and representative FE-SEM images were selected for analysis. As shown in Figure 6, OM pores display different characteristics at different thermal maturation levels. Shale samples with Ro value of 0.83%–1.32% have experienced the whole oil generation period, and they generally develop several OM cracks with larger sizes (Figures 6A–C), which are caused by the shrinkage of OM grains (Zhang et al., 2019). OM pores are hardly visible, probably due to that liquid hydrocarbons fill and occupy OM pores (Cao et al., 2021). Overall, the shale samples demonstrate a relatively low degree of pore development. Shale samples with Ro value of 1.32%–2.57% are within the main hydrocarbon gas generation stage, and they develop a large amount of nanometer-sized spongy pores, particularly the pores with diameters of 2–10 nm (Figures 6D–F). However, OM pores developed at Ro = 1.83% and 2.57% are different, due to different forms of OM. OM pores are primarily developed within amorphous kerogen due to that kerogen cracks into hydrocarbons at Ro value = 1.83%, and those mainly developed within solid bitumen due to that liquid hydrocarbon cracks into gas at Ro = 2.57% (Cao et al., 2020). These OM pores in solid bitumen are better developed than those in amorphous kerogen, and they are well connected with each other and contribute significantly to shale porosity. Shale samples with extremely high Ro value of 3.12% remain natural gas generation capacity, and therefore small-sized OM pores continue to be formed (Cao et al., 2021) and meanwhile more nearby small-sized OM pores are merged into large-sized pores (Figures 6G–I). OM pores are displayed heterogeneously among different OM particles at the same maturation level. OM pores are well developed in dispersed solid bitumen (Figure 6G), while blocky amorphous OM grain does not contain numerous internal pores (Figure 6H). This is consistent with the results of Loucks and Reed (2014) and Cao et al. (2020), who divided OM pores into three forms, as in situ amorphous kerogen-related pores, solid bitumen-related pores and biotic structure OM related pores. Moreover, it also can be seen that compressional deformation of OM pores occurs at Ro = 3.12% (Figure 6G), probably due to great lithostatic pressure and insufficient gas supply at this stage (Borjigin et al., 2021).
[image: Figure 6]FIGURE 6 | FE-SEM images showing OM pore development characteristics of the simulated samples with different Ro values. (a–c) sample with Ro = 1.32% after thermal simulation at 350°C; (d) sample with Ro = 1.59% after thermal simulation at 375°C; (e) sample with Ro = 1.83% after thermal simulation at 400°C; (f) sample with Ro = 2.57% after thermal simulation at 450°C; (g–i) sample with Ro = 3.12% after thermal simulation at 500°C.
3.4 Pore structure parameter characteristics
Table 5 shows the pore structure characteristics, mainly BET surface area and pore volume, of all five simulated and extracted samples. The original shale sample of Dalong Formation investigated by Hu et al. (2023) has BET surface area of 0.31 m2/g and pore volume of 0.0012 cm3/g. After thermal simulation, the BET surface area and pore volume significantly increase with pyrolysis temperature. The BET surface area of the simulated samples increases from 2.05 m2/g to 12.74 m2/g as Ro values increase from 1.32% to 3.61%, and then decreases to 9.85 m2/g at Ro = 4.50%. The pore volume generally increases from 0.013 cm3/g to 0.30 cm3/g with increased Ro of 1.32%–4.50%. After Soxhlet extraction, the BET surface area and pore volume generally increase. For the original Dalong shale, the BET surface area and pore volume are 0.91 m2/g and 0.0083 cm3/g after extraction, respectively (Hu et al., 2023). The extracted samples have BET surface area of 6.92–15.90 m2/g and pore volume of 0.14–0.33 cm3/g with the increase of Ro, which is not totally consistent with the simulated samples. This also indicates that liquid hydrocarbon has important role in pore structure parameters, especially at the main stage of oil generation and the early stage of gas generation.
TABLE 5 | Pore structure parameters of the simulated and extracted samples.
[image: Table 5]3.5 N2GA adsorption isotherms and pore features
Figure 7 shows the N2 adsorption curve of all samples before and after Soxhlet extraction. For the original sample, N2 adsorption curve does not close in the low-pressure part, indicating that shale pores are not developed. Both the original and the extracted samples display very low N2 adsorption amounts (Figure 7A), suggesting poorly developed pores, which is consistent with the FE-SEM observations. However, after thermal simulation, distinct hysteresis loop is observed in each sample group (Figures 7B–F), suggesting the presence of capillary condensation within the pore structure as well as demonstrating the development of numerous pores in the shale. In terms of the classification criteria by IUPAC for isotherms (Thommes et al., 2015), the N2 adsorption-desorption loop of each temperature point can be defined as Type H3 and the isotherm can be classified as Type IV. The combination of Type IV isotherm and Type H3 hysteresis loop suggests that mesopores (diameters of 2–50 nm) are dominated in the sample. It is important to state that the isotherms of the samples undergo changes after reaching 550°C, indicating that with the increasing temperature and pressure, the compaction effects on the rock intensify, and the pore types can be undergoing alterations. Additionally, the influence of extractable OM on N2 adsorption and desorption occurs mainly at 350–400°C. After Soxhlet extraction, N2 adsorption amounts increases significantly, suggesting that extractable OM occupies a large amount of pore space at 350–400°C and the extraction can significantly increase the adsorption capacity at these temperature points.
[image: Figure 7]FIGURE 7 | N2 adsorption and desorption isotherms of samples before and after Soxhlet extraction.(a) CSO-O; (b) CJG-350; (c) CJG-400; (d) CJG-450; (e) CJG-550; (f) CJG-650.
4 DISCUSSIONS
4.1 Pore evolution with variations in TOC content
TOC content has been considered to be the main factor that controls nanometer-scale pore development in unconventional shale gas reservoir (Curtis et al., 2012a; Curtis et al., 2012b; Milliken et al., 2013), and TOC content generally exhibits positive correlations with shale pore structure parameters (Milliken et al., 2013). As shown in Figure 6, OM pores are seldom in the samples treated with low pyrolysis temperature, but samples treated with high pyrolysis temperatures display a large number of nanometer-sized OM pores. This result suggests that numerous OM pores are developed during thermal simulation process, due to that OMs had been converted into oil and gas accompanied with the reduction of OM volume. Jarvie et al. (2007) concluded that shale microporosities were created by OM decomposition, and deemed that shale porosity could increase 4.9% when 35% of the OM was converted. Bousige et al. (2016) found that specific surface area of shale shows a linearly increasing trend with increased thermal maturation level, because newly generated nanometer-sized pores are formed from the macromolecular structure of OMs. Figure 8 displays the correlations of TOC conversion rate during thermal simulation with BET surface area and pore volume. Exponential positive correlations are displayed between TOC conversion rate and BET surface area as well as pore volume, with correlation coefficients of 0.93 and 0.97, respectively (Figures 8A, B). This suggests that nanometer-sized pores are developed in a rapidly growing way not a general growth rate with the decrease of OM.
[image: Figure 8]FIGURE 8 | Crossplots of S1content with (a) BET surface area, and (b) pore volume.
To our knowledge, shale pores are primarily composed with OM pores and mineral-related pores. OM pores are primarily controlled by thermal maturation level, and the development of mineral-related pores is more complicated (Ko et al., 2016). Therefore, shale pore evolution responding to thermal maturation changes during the process of thermal simulation experiments refers mainly to OM pore evolution. BET surface area and pore volume normalized to TOC can better reflect OM-hosted pore development characteristics. BET surface area normalized to TOC ranges between 3.23 m2/gTOC and 200.55 m2/gTOC, and pore volume normalized to TOC ranges from 0.01 to 0.50 cm3/gTOC. After the normalized to TOC, both BET surface area and pore volume show a rapid increase. Particularly, BET surface area normalized to TOC and pore volume normalized to TOC both display exponential correlations with TOC conversion rate, with correlation coefficients of 0.94 and 0.98, respectively (Figures 8C, D), better than the correlations of TOC conversion rate with BET surface area and pore volume. This further indicates that the newly generated nanometer-sized pores are mainly OM-related pores, which is well consistent with previous studies (Valenza et al., 2013; Cao et al., 2021).
4.2 Pore evolution with variations of extractable OM
Previous studies illustrated that asphaltene and liquid hydrocarbon (extractable OM) produced by the thermal degradation of OM can fill the pores and lead to the decrease of pore volume and surface area (Lin et al., 2014; Pommer and Milliken, 2015). In the early stage of oil window, a great deal of extractable OM is generated and quickly occupies shale pores, which significantly reduces the pore volume. With further evolution, extractable OM would be cracked into hydrocarbon gas and therefore extractable OM with minor amount can slightly decrease pore volume (Wang et al., 2022). Wu et al. (2015) regarded that extractable OM existed in thermally simulated shale samples across from 350°C to 500 C in the form of veinlet and droplet shapes and exhibited significant influence on OM pore development. And after extraction, new pores are appear inside OMs and surrounding minerals, which results in the significant increase of specific surface area (Guo et al., 2018; Wu et al., 2019).
Pyrolytic parameter S1 represents the free hydrocarbon in source rock, and it is generally equal to the value of extractable OM. The simulated samples have low S1 value, significantly lower than the original sample. Extractable OM often composes a significant portion of OM in the organic-rich shale with low maturation level, and hence it can have an obvious effect on shale pore evolution (Ko et al., 2016; Guo et al., 2018). The correlations of S1 value with BET surface area and pore volume for the original and simulated samples are shown in Figure 9, which suggest that extractable OM has a negative influence on surface area and pore volume of the studied samples. Extractable OM is considered to have various degrees of influence on shale pores, particularly it preferentially infills and occupies in the pores with smaller diameters (Li et al., 2016). Although the extractable OM is low in simulated samples, it can also fill and block a great deal of nanometer-sized pores and significantly reduce pore surface area and volume.
[image: Figure 9]FIGURE 9 | Crossplots of TOC conversion rate with (a) BET surface area, (b) pore volume, (c) BET surface normalized to TOC, and (d) pore volume normalized to TOC.
To deep reveal the influence of extractable OM on surface area and volume of shale pore, N2GA measurements were also implemented to the extracted samples. The original shale of Dalong Formation is characterized as oil-prone kerogen type (type II1 kerogen), and extractable OM can be largely generated and block shale pores. The BET surface area and pore volume of the simulated and extracted samples are shown in Figure 10. All extracted samples show higher surface areas and pore volumes than the simulated samples except CJG-650 with Ro = 4.50%, suggesting that abundant extractable OM is retained in the simulated samples. The surface area and pore volume of the original sample GSC-O increase slightly after extraction, indicating that nanometer-sized pores are not well-developed at this stage. At main oil generation stage, OM pores have been developed and also occupied by extractable OM in sample CJG-350. After extraction, the surface area can increase 237.48% for the extracted samples compared with the corresponding simulated sample. At wet gas generation stage, shale is considered to generate mainly wet gas and light oil, and the surface area can increase 321.49% for the sample CJG-400 after extraction, which also suggests that extractable OM exhibits significant role in shale pore structure at this stage. However, at dry gas generation stage, BET surface area increases slightly after extraction for samples CJG-450, CJG-550 and CJG-650. Variations in pore volume for the samples before and after extraction are not totally consistent with BET surface area. It even has a slightly decrease at extremely high maturity after extraction for sample CJG-650 with Ro = 4.50%.Overall, the maximum increase in pore volume occurs in sample CJG-350, and pore volume still has slightly increase after extraction for sample CJG-400, CJG-450 and CJG-500, indicating that extractable OM fills primarily in pores with smaller sizes.
[image: Figure 10]FIGURE 10 | Comparisons of BET surface area (a) and pore volume (b) in the simulated and extracted samples. Sample GSC-O were cited by Hu et al. (2023).
As illustrated above, the influence of extractable OM on pore evolution mainly occurs at oil generation stage and wet gas generation stage. The reasons can be concluded to be: 1) at oil generation stage (Ro = 1.32%), oil generation is generally completed and gas generation just begins, and a large amount of extractable OM is retained in the pores, which results in a large increase in pore volume and a slight increase in surface area after extraction; 2) at wet gas generation stage (Ro = 1.83%), a large amount of nanometer-sized OM pores are developed, and the nanometer-sized pores are exposed after extraction, which results in a large increase in BET surface area but limited increase in pore volume; and 3) at dry gas generation stage, most extractable OM has been converted into dry gas and the increase in BET surface area and pore volume is not obvious, even some pores can be destructed during extraction process at extremely high maturity stage.
4.3 Pore evolution with thermal maturation
Pore evolution in unconventional gas/oil reservoirs with simulated temperatures has been studied by many scholars in the last few years (Curtis et al., 2012a; Mastalerz et al., 2013). The response of OM pore evolution to Ro value has been investigated by multiple techniques such as CO2GA, N2GA, FE-SEM and NMR methods (Kuila et al., 2014; Cui et al., 2019). For natural Dalong shales, there is a positive correlation between surface area and TOC content at a high thermal maturation level, but no significant correlation at a low maturity stage (Cao et al., 2021). This suggests that thermal maturation level determines shale pore development. Previous studies have concluded shale pore evolution with increased Ro value less than 3.5% (Ko et al., 2018; Cao et al., 2021), and pore characteristics are not clear when Ro value exceeds 4.0%, which restricts the exploration of shale gas with extremely high maturity.
To further reveal the evolution of shale pores with thermal maturities across from low maturity to extremely high maturity, the Dalong shale sample was subjected to simulation experiments and five points were obtained to conduct N2GA measurement, covering oil generation stage (Ro = 1.32%), wet gas generation stage (Ro = 1.83%), dry gas generation stage (Ro = 2.57%–3.61%) and gas depletion stage (Ro = 4.50%). As shown in Figure 11, BET surface area and pore volume show a slight increase at the oil generation stage, due to that OM pores are initially generated at this period. When entering wet gas generation, OM pores begin to be developed in large amounts but they are generally blocked by extractable OMs, therefore the BET surface area slightly increases and pore volume slightly decreases. When sample enters dry gas stage, OM pores are better developed and contribute significantly to shale porosity, which is favorable for shale gas generation and enrichment. Exploration practice also indicates that the Ro value of the Wufeng-Longmaxi Formation shale reservoir that has been commercial production ranges from 2.21% to 2.74% in Fuling shale gas field (Borjigin et al., 2017) and 2.17%–3.21% averaged 2.84% in Weiyuan shale gas field (Xiang et al., 2023). However, when Ro is at 4.50%, hydrocarbon generation potential is exhausted, and carbonization occurs for the OMs. It results in that nanometer-sized pores are destructed, leading to the decrease in BET surface area, but pore volume slightly increases due to the merge of nanometer-sized pores into large-sized pores.
[image: Figure 11]FIGURE 11 | Comparison of BET surface area (a) and pore volume (b) variations in the simulated and extracted samples with increased Ro value. Sample with Ro = 0.73% was referred to Hu et al. (2023).
The BET surface area and pore volume normalized to TOC were also compared to those of pure kerogen samples from different strata in Figure 12. The BET surface area normalized to TOC show a rapid increase from 3.24 to 200.55 m2/gTOC with Ro range of 0.73%–3.61%, and then it drops to 163.13 m2/gTOC when Ro value decreases to 4.50% (Figure 12A). The BET surface area of simulated sample at a low Ro value (0.73%–1.32%) is consistent with the low-mature Dalong Formation kerogen with Tmax value of 439–440°C, and that of simulated samples at extremely high Ro value (Ro = 4.50%) can be compared with kerogen of Niutitang Formation with Tmax value of 506 C. The highest BET surface area normalized to TOC for the simulated sample is lower than that of kerogen samples of Longmaxi Formation with Tmax value of 602 C and 606°C, probably due to that the Longmaxi Formation kerogen is type I kerogen and the Dalong Formation is characterized as type II1 kerogen. Pore volume normalized to TOC for the studied samples ranges from 0.01 to 0.50 cm3/gTOC, and it shows a gradually increase as Ro is below 2.57% and a rapid increase as Ro of 3.61%–4.50%, which is higher than that of pure kerogens compared with the BET surface area. This is probably due to that internal structure of shale has been destroyed and it significantly increases shale porosity compared with natural shale samples (Hu et al., 2023).
[image: Figure 12]FIGURE 12 | Comparison of BET surface area normalized to TOC (a) and pore volume normalized to TOC (b) for thermal simulated samples with naturally evolved shales. CJG-O′ is the original Dalong shale from Hu et al. (2023), CJC-1-K and CJG-7-K are kerogen samples of Dalong Formation, QT-2-K and NSH-6-K are kerogen samples of Longmaxi Formation and ZY-3-K is kerogen sample of Niutitang Foramtion (Cao et al., 2015).
4.4 Pore evolution with hydrocarbon gas generation
As a type II1 kerogen oil-prone source rock, the first consideration is how large volumes of gas can be formed, and the second is how gas can be stored (Jarvie et al., 2007). There are three distinct stages of hydrocarbon gas generation within shale: (1) the decomposition of kerogen to gas and bitumen; (2) the decomposition of bitumen to oil and gas; and (3) the decomposition of oil to gas and a carbon-rich coke or pyrobitumen residue. The three hydrocarbon gas generation processes can promote OM pore development, and therefore the correlation between hydrocarbon gas production and pore structure is significantly meaningful to source-storage of shale gas.
Gaseous hydrocarbon generation originating from kerogen pyrolysis and liquid hydrocarbon cracking can generate high pore pressures in shale, which is conducive to the development of shale pores. Therefore, there are good positive correlations of gaseous hydrocarbon production with micropore volume, mesopore volume and macropore volume, with correlation coefficients of 0.8991, 0.8524 and 0.5466, respectively (Wang and Guo, 2021). In this study, BET surface area of the simulated samples increases exponentially with the yield of hydrocarbon gas (Figure 13A), indicating that the process of hydrocarbon gas generation can generate nanometer-sized pores that can exponentially increase shale pore surface area. Unlike surface area, a linearly positive correlation is between hydrocarbon gas production and pore volume (Figure 13B), suggesting that the development of pores are primarily controlled by the space releasing of hydrocarbon cracking. The BET surface area normalized to TOC and pore volume normalized to TOC were also plotted with hydrocarbon gas production (Figures 13C, D), and the correlations became better, with correlation coefficients of 0.87 and 0.97, respectively. This suggests that the generated pores during hydrocarbon gas generation process are primarily OM pores.
[image: Figure 13]FIGURE 13 | Crossplots of hydrocarbon gas production with (a) BET surface area, (b) pore volume, (c) BET surface normalized to TOC, and (d) pore volume normalized to TOC.
4.5 OM pore evolution model in shale
The evolution pattern of OM pores in shale can be inferred by reasonably in terms of variations in BET surface area and pore volume with increased Ro values. Previous studies have indicated that OM pores dominate the internal pore space of shale, and volumes of micropores and mesopores are also controlled by OM content (Milliken et al., 2013; Zhang et al., 2018). Cao et al. (2021) and Hu et al. (2023) investigated pore development with increased temperatures (300–550°C) for the Dalong shale, and established OM pore evolution model with Ro value below 3.50%. In terms of previous studies and the finding in this study, OM pore evolution model was roughly established in Figure 14. It can be divided into three stages: initial development stage, rapid development stage, and slightly destruction stage.
[image: Figure 14]FIGURE 14 | OM pore evolution model of Dalong Formation shale.
The initial development stage refers to room temperature to 400°C, with Ro value of 0.73%–1.83%, corresponding to the low maturity to high mature stage. As the temperature of 350°C, corresponding to Ro = 1.32%, OM undergoes pyrolysis, leading to the gradual development of cracks along the edges of OMs and few OM pores. When the two types of pores reach a sufficient size, they can interconnect each other and form large-scale OM micro-cracks. These pores typically have diameters larger than 50 nm, even micrometer size. When temperature is 400°C, corresponding to Ro of 1.83%, OM pores occur mainly within amorphous kerogen that cracks to hydrocarbon gas. OM pores are generally have smaller sizes and are not well connected with each other. Therefore, it is worth noting that although a significant number of micropores and mesopores have developed naturally within amorphous kerogen at high mature stage, and therefore provide a certain amount of surface area and pore volume.
The rapid development stage of OM pores refers to the temperature range of 450–550°C, with Ro value of 2.57%–3.61%, corresponding to over-mature stage. At 450°C, the BET surface area and pore volume of the simulated samples increase rapidly, especially OM pores are well developed in solid bitumen grains which are formed due to the liquid hydrocarbon cracks to hydrocarbon gas. At 450°C, corresponding to Ro = 2.57%, a great number of OM pores are formed, with pore diameters spanning from several nanometers to hundreds of nanometers. And at 550°C, corresponding to Ro = 3.61%, two phenomena occur within OMs. On the one hand, numerous newly generated sponge-like pores are developed within OMs, and on the other hand, larger sizes of pores are formed by merging nearby smaller sized pores. At this stage, OM pores are well-connected and form a complex pore network system. This indicates that OMs at metamorphic stage still have abundant pores when Ro is higher than 3.50%, which is of vital importance for shale gas exploration in over-mature shale gas reservoirs.
The slightly destruction stage of OM pores refers to the temperature range of 650°C, corresponding to Ro = 4.50% and extremely high mature stage, the BET surface area slightly decreases and pore volume still increases. During this stage, shale pore volume increased slowly compared to the previous stage, and nanometer-sized pores (micropores and mesopores) decrease to some extent. BET surface area decreases due to that graphization of OM which results in OM pores merged into larger-sized pores, and these large-sized pores can continue to contribute pore volume. Therefore, at this stage, pore evolution refers mainly to the decrease of OM micropores and mesopores and the increase of larger-sized pores. As stated by previous studies, OM micropores and mesopores are the main occurrence space for adsorbed gas and most free gas, and therefore, it indicates that OM pores at extremely high maturity stage are still well-developed and have great potential for shale gas exploration, which can guide the deep shale gas exploration in southern Sichuan Basin of China.
5 CONCLUSION
In this study, we systematically investigated the variations in hydrocarbon gas generation and OM pore evolution of the Dalong Formation shale in northwestern Sichuan Basin, China, by a series of semi-closed pyrolysis experiments. The analyses for gas products were used to explore the potential of hydrocarbon generation, and FE-SEM and N2GA measurements were conducted to understand OM pore variations. According to the above discussions, the primarily conclusions are summarized as follows.
(1) The amount of total gas and hydrocarbon gas show a slow increasing trend when Ro < 2.0% and subsequently a significant increase when Ro > 2.0% except for Ro = 4.5%. The retention efficiency of generation gas varies from 57.59% to 72.54%, suggesting that most generated gas is retained within shale layer.
(2) The development and evolution of OM pores is a function of hydrocarbon gas generation. Hydrocarbon gas rate has an exponential correlation with BET surface area, and a linear correlation with pore volume. During pyrolysis experiments, shale pores are created due to OM decomposed to hydrocarbons, and OM pores are primarily existed in amorphous kerogen and solid bitumen at wet gas generation stage and dry gas generation stage, respectively. Therefore, BET surface area and pore volume display significant correlations with OM conversion rate.
(3) Extracted samples generally have higher BET surface area and pore volume, particularly at main oil generation and wet gas generation stages, due to that the abundant OM pores are exposed after extraction. However, at dry gas generation stage, BET surface area and pore volume are slightly increased, suggesting that most extractable OM has been converted into dry gas.
(4) OM pore evolution model was established and divided into three stages: initial development stage, rapid development stage and slightly destruction stage, which correspond respectively to liquid hydrocarbon and wet gas generation stage, dry gas generation stage and gas depletion stage, respectively. This study indicates that OM pores are still well-developed at extremely high maturity stage and have great potential for deep shale gas exploration.
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