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Pore and pore network evolution of shale is critical for the evaluation the pore system in shale gas reservoirs. Thermal maturation effect acts as an indispensable role in porosity evolution. In this paper, high-temperature and high-pressure in-situ thermal simulation experiments were conducted to investigate the process and controlling factors of pore evolution in marine-continental transitional shale. Multiple methods, including scanning electron microscopy (SEM), X-ray diffraction, helium porosimetry and low-pressure N2 and CO2 adsorption were used to investigate the evolution of mineral composition and pore structure at different stages of thermal maturity. The results showed that type III organic matter (OM) generated petroleum with the thermal maturity increasing. The total organic carbon (TOC) decreased by 13.3% when temperature reached 607°C. At the same time, it produced numerous organic and mineral pores during hydrocarbon generation. Besides, some changes in mineral composition have occurred, especially in illite (from 11% to 31%) and kaolinite (from 89% to 69%). In general, it can divide into 3 stages (maturity, high maturity and over maturity) for shale pore system evolution with the thermal maturity increasing. In the low maturity period, large amounts of pyrolytic bitumen and oil generated to fill the pores, causing the pore system to diminish; in the high maturity period, a large number of pores were generated when oil is cracked into gas, resulting in a rapid expansion of the pore system; in the over-maturity period, the cracking of pyrolysis and hydrocarbon slowed down, allowing the pore system to stabilize. Shale pore evolution is primarily controlled by the thermal evolution of OM, and the conversion of inorganic minerals contributes less to pore evolution compared to organic matter. The high maturity period (1.2% < Ro < 2.0%) was the period when extensive pyrolysis and hydrocarbon generated in the Shanxi Formation shale, which contributed mostly for the pores generation and accumulation of shale gas.
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INTRODUCTION
Marine, marine-continental transitional, and continental shales are widely distributed in China, and contributed 15% of the total natural gas production (Zou et al., 2019). Recently, marine shale is already being effectively developed in Sichuan Basin, with annual production of 200 × 108 m3 in 2020.And many researches on shale pore system evolution and shale gas accumulation in marine shales have been systematic analyzed (Liu Y. et al., 2020; Xu et al., 2020). Marine-continental transitional shale gas, which accounts for about a quarter of total stock of shale gas, represents a new strategic substitute resource for the China’s natural gas industry (Bhatti et al., 2020; Chen et al., 2020; Abouzar and Ghanbarian., 2021; Gao, 2021; Guo et al., 2021; Wu et al., 2021). And the unconventional resource in upper Paleozoic Carboniferous-Permian units in the Ordos Basin is rich (Yin et al., 2020). However, researchers pay small attention to the marine-continental transitional shale. There are few works for Permian Shanxi Formation shale and the enrichment mechanism of this type of shale are still unknown.
The pore system is very complex and many factors may influence the pores generation and evolution, such as total organic content, thermal maturity, maceral type, overburden/tectonic compaction (Chen and Xiao, 2014; Zargari et al., 2015; Ko et al., 2016; Liu Y. et al., 2020; Liu et al., 2020b; Dong et al., 2020; Hower and Groppo., 2021; Wang and Wang., 2021; Xue et al., 2021). Apart from the diagenetic process, the hydrocarbon generation of OM also constitutes a key influencing factor for shale pore evolution (Jarvie et al., 2007; Zhang et al., 2020; Hou et al., 2022). For the marine-continental transitional shale, the OM mostly comes from terrestrial higher plants and the type of OM is type III (Qiu et al., 2021). In the recent research of the typical marine-continental transitional shales such as Permian Longtan Formation, some researchers concluded that almost no pore developed in type III OM (Jiang et al., 2017; Li et al., 2020; Zhao W et al., 2020). Some others discovered that some type III OM contains hydrocarbon-generating gas pores, but these pores were inhomogeneous (Liu et al., 2020c; Kuang et al., 2020; Qie et al., 2021). Some researchers also hold different opinions toward the pore development degree of type III OM. Some believed that vitrinite tends to have poor pore development (Dong et al., 2015); and some previous researchers reported that large numbers of micropores smaller than 2 nm were observed in vitrinite (Mastalerz et al., 2013). Obviously, the pore system of type III OM is insufficiently understood, especially the pore evolution inside OM.
Thermal simulation experiment of hydrocarbon generation is one of the most important way to investigate source rocks and evaluate shale gas reservoirs (He et al., 2020; Santosh and Feng., 2020; Wang et al., 2020). Thermal simulation experiment can be used to examine the hydrocarbon dynamics during hydrocarbon generation-expulsion of source rocks, and now it has also been frequently used to investigate the pore dynamics in shale reservoirs (Shi et al., 2018; Wang et al., 2021; Zhang et al., 2021; Zhao et al., 2021). Through extensive thermal evolution simulation on low maturity shale, previous researchers have demonstrated that maturity is the main controlling factor for the development of organic pores in shale (Klaver et al., 2012; Löhr et al., 2015; Zargari et al., 2015; Sun et al., 2021). Besides, the shale inhomogeneity, experiment development degree, and water-bearing condition also have some impacts on the development degree of organic pores in shale (Sun et al., 2015; Li and Li., 2021; Zhang et al., 2022). In addition, due to the limitations of design purpose, sample selection and experimental equipment, it is difficult to match the simulation evolution stage and experimental conditions with the real underground conditions. However, previous researchers have tried to investigate the shale diagenetic history and organic pore evolution in different ways. Dong et al. (2015) controlled the simulation temperature by assuming a short action and without considering the effect of formation pressure, and the porosity after experiments could be a little larger than that of the real geological sample. Chen and Xiao performed an anhydrous pyrolysis experiment on three low maturity shale samples with different kerogen types or TOC contents at a wide range of temperatures and applied N2 adsorption, CO2 adsorption to characterize the micro-nano pore systems. (Chen and Xiao, 2014). Ji et al. (2017). designed high-temperature and high-pressure simulation experiments for constant temperature and constant pressure, respectively, to explore how temperature and pressure control shale pore evolution. The results showed that large numbers of micropores can form in OM, pyrite, and dolomite matrices.
Identifying the process and controlling factors of pore evolution is the basis for understanding the genesis and enrichment mechanism of shale gas (Cavelan et al., 2020). However, there are still few researches on pore structure evolution for marine-continental transitional shale. So in this paper, the Shanxi Formation shales were collected to conduct the thermal simulation experiment to analysis the pore evolution and shale gas accumulation. High-temperature, high-pressure thermal simulation experiments were performed on low maturity marine-continental transitional shale from Ordos Basin. And the pore system of shale samples were characterized before and after simulation, respectively. Besides, the rock pyrolysis, X-ray diffraction (XRD), and gas adsorption results were quantitatively compared to explore the process and controlling factors of pore evolution. The findings could provide some clues for examining the enrichment mechanism of marine-continental transitional shale gas.
SAMPLES AND EXPERIMENTS
Experiment Samples and Experiments
In this paper, dozens of marine-continental transitional shale samples were collected from Permian Shanxi Formation shale across the Palougou section in Baode, Ordos Basin (Figure 1). The shale samples from Permian Shanxi Formation are a typical marine-continental transitional shale. The selected shale samples were cut into several similar groups to conduct the thermal simulation experiments. Multiple techniques were used in this paper, XRD and SEM were used to obtain microscopic petrological and mineralogy characteristics; Rock-Eval and vitrinite reflectance analysis were used to get the geochemical characteristics of the shales; and SEM, low pressure N2 and CO2 adsorption were conducted to obtain the pore structure of the shale.
[image: Figure 1]FIGURE 1 | (A) Locations of the Ordos Basin. (B) Sketch map of Ordos Basin, the study area, and gas resource distribution. (C) Thickness distribution of Shanxi Formation shale and well location.
TOC, rock-Eval and XRD analyses were completed at the Key Laboratory of Petroleum Geochemistry of CNPC, using a LECCO CS230 carbon-sulfur analyzer and Rigaku TTR III automatic X-ray diffractometer. Low-temperature CO2 and N2 adsorption experiments were completed at Beijing Center for Physical & Chemical Analysis, using an Autosorb-IQ-MP specific surface and porosity analyzer. The test pore size interval was 0.35–200 nm. Pore structure parameters were calculated with Dubinin-Radushkevich (DR) model and Barrett-Johner-Halenda (BJH) model. All experiments were run in strict accordance with the national and industry specifications for experiment.
Thermal Simulation Experiments
Thermal simulation experiment was carried out at the Key Laboratory of Oil and Gas Reservoir of CNPC, using a diagenesis physical simulation system. Closed system thermal simulation method was applied. The experiment was completed in a split reactor system. The temperature of each reactor can be separately controlled by the program set on the computer. The maximum experiment temperature was 550°C; the maximum static rock pressure was 275 MPa. The main body of the instrument is an autoclave that contains the massive samples needed for simulation. The autoclave cavity is 2 cm in diameter and 40 cm deep. Two-dimensional FE-SEM images of the samples before and after simulation was completed with an Apreo dual-probe low vacuum FE-SEM. The experiment procedure was as follows: 1) The sample was divided into four parallel samples, which were separately prepared into four FE-SEM samples and four 100-mesh powder samples; 2) FE-SEM imagery characterization was performed on the four SEM samples to obtain pore structure information of the original samples; 3) The four samples were separately placed into four reactors, the desired simulation temperatures were set, the experiment pressure was set to 60 MPa, the temperature increase rate was set to 20°C/h; 4) The four samples after thermal simulation were taken out, naturally cooled after 8 h of constant temperature, before.
FE-SEM imagery characterization was performed at the same position as in step (2) to obtain their pore structure information under the simulation temperature; (5) The four powder samples were placed into four respective reactors and thermally treated at the same temperature point as set in step (3); (6) Organic geochemical, XRD, and gas adsorption analyses were performed on the thermally treated powder samples.
Thermal decomposition experiment was carried out with a synchronous thermal analyzer, using air as the reaction gas. High-purity N2 was injected as the protective gas. The sample was heated at the temperature increase rate of 10°C/min to obtain its DG curve from normal temperature to 1,000°C (Figure 2). Thermal gravimetric analysis was proceeded in two stages: from normal temperature to 308°C, the mass of the sample reduced from 255.72 to 253.91 g, with weight loss rate of 0.71%; from 308 to 600°C, the mass of the sample reduced from 253.91 to 172.05 g, with weight loss rate of 32%. The experiment result indicated that the OM thermal decomposition temperature of Shanxi Formation shale is between 308 and 600°C, with maximum DTG corresponding to approximately 550°C. The Ro of the original sample is 0.78%. The four temperature points set for the simulation were: 400°C, 450°C, 500°C, and 550°C; the corresponding Ro levels were approximately 1.0%–1.2%, 1.4%–1.6%, 1.8%–2.0%, and 2.2%–2.5%. It can be classified into three evolution stages according to the different Ro size: low maturity, high maturity and high over-maturity stage.
[image: Figure 2]FIGURE 2 | Thermal gravimetry (TG) and differential thermal gravimetry (DTG) curves of the samples.
EXPERIMENT RESULTS
Organic Geochemistry, Petrology and Mineralogy
The marine-continental transitional shale in the Shanxi Formation has been cut and preserved as 5 samples with the same characteristics. The original shale samples were selected from the original samples of organic geochemistry, petrology and mineralogy, and then thermal simulation experiments were performed on the remaining 4 shale samples. Geochemical parameters, mineral composition and gas adsorption experimental results of the original samples and thermal simulation experimental samples at different temperatures were shown in Table 1. It can be obtained from the data: original shale vitrinite reflectance (Ro) = 0.78%, total organic carbon (TOC) = 19.47%, free hydrocarbon content = 1.7 mg/g, pyrolysis hydrocarbon content = 60.46 mg/g, the maximum Pyrolysis peak temperature = 436°C. According to the analysis of microscopic components, the types of OM were mainly chitinite and vitrinite, and the type of kerogen is type III; the mineral components were mainly clay minerals and quartz, with a small amount of feldspar; the clay minerals were mainly kaolinite, Illite content is less (Table 1).
TABLE 1 | Shale sample parameters under different simulation temperatures.
[image: Table 1]FE-SEM Observation
A small amount of clay mineral interlayer pores, organic pores, dissolution pores and micro-fractures developed in the original samples. The observation results of nearly 500 observation layers show that with the increase of thermal simulation temperature, the pore system of the sample first decreases and then increases (Figure 3). Using FE-SEM observation, it was found that some microcracks appeared in the sample at 400°C (Figure 3B), but the OM had melted, the surface softened and folded, and the oil spilled out of the pyrolyzed asphalt, which was an intermediate product of the pyrolysis of the OM (Figure 3C). The pyrolyzed bitumen is highly plastic and can fill the original pores, resulting in a reduced pore system (Figure 3F). From 450 to 500°C, the liquid hydrocarbon products produced in the early stage were continuously consumed by secondary pyrolysis, resulting in the formation of organic pores or the expansion of the original organic pores, and the organic micro-cracks also continue to be generated or expanded (Figures 3G–N). Besides, some bar OM (ligneous OM) also begins to generate large numbers of singular organic pores. These circular or elliptical pores spread in a dispersed manner, generally smaller than 20 nm in size (Figures 3O,P).
[image: Figure 3]FIGURE 3 | Evolution of OM and inorganic minerals under different temperatures. (A) Original sample, where no pore was developed; (B) 400°C simulation sample, where microfactures appeared on the edge of OM and minerals; (C) Original sample, a few biogenic air pores were developed; (D) 400°C simulation sample, OM melted to produce pyrolytic bitumen that fills the original pores; (E) A few original pores developed in the inorganic minerals; (F) 400°C simulation sample, where the original pores were filled; (G) OM pores were developed in the original sample; (H) 450°C simulation sample, micropores emerged; (I) OM pores developed in the original sample; (J) 450°C simulation sample, the OM pores enlarged; (K) Very few microfractures emerged on the edge of minerals in the original sample; (L) 450°C simulation sample, the microfractures on the edge of minerals increased and broadened; (M) No pore developed in the original sample; (N) 450°C simulation sample, OM pores and fractures developed; (O) Original sample, pores were not developed on the edge of massive OM; (P) 500°C simulation sample, large numbers of singular pores emerged in the OM; (Q) A few inorganic mineral pores and fractures developed in the original sample; (R) 500°C simulation sample, where inorganic mineral pores and fractures have not changed visibly, large numbers of pores and fractures emerged inside the OM; (S) Intergranular pores and fractures developed in the OM and inorganic minerals in the original sample; (T) 500°C simulation sample, where the intergranular pores and fractures increased and enlarged; (U) No pore developed in the original sample; (V) 550°C simulation sample, OM pores and fractures are developed; (W) A few OM pores were present in the original sample; (X) 550°C simulation sample, OM increased and enlarged.
For samples at 550°C, organic pores and micro-cracks continued to increase, but the increase was smaller (Figures 3U–X). Although micro-fractures were likely to appear at the edges of inorganic minerals and OM, the inorganic mineral pores and fractures have little change before and after the thermal simulation experiment (Figures 3I,R,T).
Gas Adsorption
Low-temperature CO2 adsorption and low-temperature N2 adsorption experiments were carried out to quantitatively compare the structural characteristics of micro-pores (d < 2 nm) and mesopores (2 nm < d < 50 nm) in the samples before and after thermal simulation experiments. The experimental results show that with the increase of the temperature of the thermal simulation experiment, the structural parameters of the micropores and mesopores show a trend of first decreasing and then increasing. The BET mesopore specific surface area first decreased from 4.12 m2/g of the original sample to 1.0 m2/g (400°C), and then increased to 1.3 m2/g (450°C), 1.55 m2/g (500°C) and 2.65 m2/g (550°C). Correspondingly, the BJH mesopore volume first decreased from 0.0154 cm3/g in the original sample to 0.004 cm3/g (400°C), and then increased to 0.0043 cm3/g (450°C), 0.0045 cm3/g (500°C) and 0.0063 cm3/g (550°C) (Table 1). Similarly, the specific surface area of DR micro-pores first decreased from 27.97 m2/g of the original sample to 23.88 m2/g (400°C), and then increased to 39.68 m2/g (450°C), 52.99 m2/g (500°C) and 63.34 m2/g (550°C). In addition, the volume of DR micro-pores decreased from 0.0112 cm3/g of the original sample to 0.0096 cm3/g (400°C), and then increased to 0.0159 cm3/g (450°C), 0.0213 cm3/g (500°C), and 0.0254 cm3/g (550°C) (Table 1). It can be obtained from the experimental data that the higher the temperature of the thermal simulation experiment, the higher the degree of micro-pore development of the sample. For example, under the temperature condition of 550°C, the micro-porous structure parameters of the samples are more than twice that of the original samples.
Figure 4 showed the comparison of low-temperature CO2 adsorption isotherms of samples at different temperatures. As can be seen from the figure, under the temperature condition of 400°C, the adsorption capacity of the sample is the smallest, even lower than that of the original sample. After that, with the increase of the temperature of the thermal simulation experiment, the adsorption amount of the sample also began to increase, and reached the highest level at 550°C. The size distribution of the DFT micropores (Figure 5) also supports this observation. But it is worth noting that, compared with the original samples, two new peaks at 0.55 and 0.65 nm appeared in the pore size distribution of the samples at 450°C, 500°C and 550°C, which indicated that during the thermal evolution, the new micro Pore diameters may appear between 0.5 and 0.7 nm.
[image: Figure 4]FIGURE 4 | Low-temperature CO2 adsorption isotherms of the samples at different temperatures.
[image: Figure 5]FIGURE 5 | Pore size distribution of micro-pores in the samples at different temperature points.
Figures 6, 7 show the low-temperature N2 adsorption curves and mesopore distributions of the samples under different temperature conditions. It can be seen that the N2 adsorption-desorption curve of the original sample is similar to the H3 curve under the IUPAC classification. With the increase of relative pressure, the adsorption curve rises slowly; when approaching the saturated vapor pressure, the adsorption curve rises sharply and the desorptioncurve falls sharply due to capillary condensation. This experimental phenomenon indicated that there were groove pores around. The N2 adsorption-desorption curves of the thermal simulation samples were similar to the H4 curve, and also show some characteristics of the H3 curve. The adsorption-desorption loop was narrow. As the relative pressure increased, the adsorption curve firstly rose slowly. And then the curve became a steep rise due to capillary coalescence when the pressure near the saturation vapour pressure. The desorption curve dropped fast, which indicating the existence of slit pores and slot pores open on four sides. With the increase of the temperature of the thermal simulation experiment, the mesopores and micropores changed from mainly slot pores to coexistence of slit pores and slot pores.
[image: Figure 6]FIGURE 6 | Low-temperature N2 adsorption curves of the samples at different temperature points.
[image: Figure 7]FIGURE 7 | Pore size distribution of mesopores in the samples at different temperature points.
The mesoporous structure parameters of the thermal simulation experimental samples are significantly smaller than those of the original samples. From 400 to 550°C, the structural parameters increased, but were still smaller than the original samples. The BET specific surface area decreased from 4.12 m2/g of the original sample to 1.0 m2/g (400°C), then increased to 1.39 m2/g (450°C), 1.55 m2/g (500°C) and 2.65 m2/g (550°C). The BJH mesopore volume reduces from 0.015 cm3/g for the original sample to 0.004 cm2/g, then increases to 0.0043 cm3/g (450 °C), 0.0045 cm3/g (500°C), and 0.0063 cm3/g (550°C).
DISCUSSION
Process of Pore Evolution
Previous researchers have found that nanopores were related to the petroleum generation and OM reshape through heating experiments and SEM observation (Ko et al., 2016). Similar to previous pyrolysis experiments on type I kerogen, the results of thermal simulation experiments for type Ⅲ kerogen showed that porosity were associated with the stages of OM. From the observation for the shale samples during the process of the artificial heating experiments, it is found that there were distinct changes for shale pores during the thermal evolution, so the shale evolution process can divide into four stages as follows (Figure 8):
[image: Figure 8]FIGURE 8 | Parameters variation trend for the simulated samples at different temperatures.
Stage 1 (1.0% < Ro < 1.2%),the maturity stage. It is corresponding to the simulated temperature of 400°C. The porosity decreased rapidly in this stage. During this period, the pyrolysis of OM produced a large amount of pyrolysis asphalt, the TOC decreased and the hydrocarbon generation capacity (S1+S2) decreased from 62.16 mg/g to 31.23 mg/g. Micro-pores and micro-cracks appeared in the interior or edges of OM. Most of these new pores were observed to be mainly slit pores. In addition, the high plasticity hot asphalt filled the pores in a large area, resulting in a sharp reduction of the pore system, especially the mesopores.
Stage 2 (1.2% < Ro < 2.0%), the high maturity stage, the corresponding simulated temperature was 400–500°C. The pore system developed rapidly in the stage. During this period, the pyrolysis of OM produced a large amount of gaseous hydrocarbons, and the (S1+S2) level decreased from 31.23 mg/g to 2.31 mg/g. The formation of a large number of organic pores resulted that the pore system expanded rapidly. Additionally, a large amount of organic acid also produced when OM generated hydrocarbons. It leaded to the transformation of feldspar minerals and many dissolution pores were observed. High temperature and pressure conditions in this stage stimulated the transformation of clay minerals such as kaolinite and illite as well, which leading to an increment of the inorganic mineral pore system. So both organic and inorganic pores increased rapidly in this stage. In the late of this period (2.0% < Ro < 2.5%), it is also in the high maturity stage, while the formation of new pores speeded down. The corresponding simulated temperature is around 550°C. During this period, OM contents continued to decrease, with (S1+S2) levels dropping from 2.31 mg/g to 0.52 mg/g. The organic minerals tended to stabilize, the conversion rate decreased. The pore space contribution from this period to whole porosity was much smaller than last period.
Stage 3 (Ro > 2.5%), over-mature stage. And the pore system was trend to stable. At this period, (S1+S2) level was 0.52 mg/g, a small amount of OM was pyrolyzed and a small amount of organic pores were generated. At this time, the rock was in the late diagenetic stage and had good compression resistance and stability. Mineral particles and OM particles existed alternately to form an interconnected organic-inorganic pore network system, which kept the entire pore system relatively stable.
In conclusion, the whole process of porosity evolution during the thermal simulation was roughly divided into 3 stages (maturity, high maturity and over maturity) as the thermal maturity increases. The porosity first decreased, then increased, and finally stabilized. The high maturity period (1.2 %< Ro<2.0%) was the period when extensive hydrocarbon generated in the Shanxi Formation shale.
Summarily, the high maturity period (1.2% < Ro < 2.0%) is the period of OM maturity. At this time, the shale of the Shanxi Formation was extensively pyrolyzed to generate hydrocarbons, and the pore system was greatly expanded. This period is the best period for pore evolution.
Controlling Factors of Pore Evolution
Hydrocarbon generation and diagenesis were key controlling factors for shale pore evolution (Cavelan et al., 2020; Liu et al., 2017; Zhao Z. et al., 2020). From the results of thermal simulation experiments: with the increase of simulated temperature, TOC decreased from 19.47% to 16.92%; (S1+S2) level decreased from 62.16 mg/g to 0.52 mg/g (Table 1; Figure 8). This indicated that strong pyrolysis hydrocarbon generation occurred in the OM. In our observations, maturity and OM type affect the pore system. In immature shale, organic pores were not developed; in mature shale, pores were mainly developed in OM. Therefore, maturity is a key factor affecting the development of shale pores (Sun et al., 2015). In shale samples, the pore system does not increase linearly with the increase of maturity, and secondly, it showed a trend of first decreasing and then increasing rapidly. Obviously, in the low maturity stage, the OM loses some pores; in the high maturity stage, a large number of pores regenerated. In the low maturity stage, a large amount of pyrolysis asphalt produced by the pyrolysis of OM fills the pores in a large area, resulting in a smaller pore system, and the volume of mesopores decreases from 0.0154 cm3/g to 0.004 cm3/g; the volume of micropores decreases from 0.0112 cm3/g to 0.0096 cm3/g. In the high over-maturity stage, OM undergoes structural rearrangement, pyrolysis cyclization, aromatization polycondensation or cross-linking to generate small molecular hydrocarbons, resulting in a large number of pores. The pyrolyzed bitumen produced in the early stage also began to undergo a second pyrolysis, resulting in a large number of organic pores and the rapid expansion of the pore system. Micropore volume increased from 0.0096 cm3/g to 0.0254 cm3/g; mesopore volume increased from 0.004 cm3/g to 0.0063 cm3/g. In addition, the type of organic pores changed with increasing maturity. The original sample is at an immature stage, affected by shallow biological processes, resulting in a small amount of biogas and a small number of slots. In the thermal simulation experimental samples, a large number of pores and cracks generated in the OM, and the pores were mainly slits.
The type of OM also plays a role in pore development. Compared with type I and type II kerogen, type III kerogen is more prone to a large number of micro-pores (Jia et al., 2020). The OM of our experimental samples is type III, and a large number of micro-pores and a small amount of mesopores were generated during the thermal simulation experiment, further confirming that type III OM has the potential to generate a large number of pores and cracks (Figure 3). In the high maturity stage (400–500°C), a large number of micro-pores were formed, and the pore volume increases from 0.0096 cm3/g to 0.0159 cm3/g, an increase of 1.2 times; a small amount of mesopores develops, and the pore volume increases from 0.004 cm3/g to 0.0045 cm3/g. In the high over-maturity period (500–550°C), a large number of mesopores were formed, and the pore volume increased from 0.0045 cm3/g to 0.0063 cm3/g, an increase of 0.4 times; the micro-pores also developed continuously, and the pore volume increased by 0.2 times, resulting in an increase of 0.4 times. The micro-pores were interconnected to form mesopores. Previous studies have demonstrated that rock micro-pores containing vitrinite components were very developed (Ji et al., 2017). Our FE-SEM observation also revealed that singular pores were developed in bar OM, with pore size smaller than 20 nm. This result is consistent with the organic pore development characteristics of the high-maturity shale in the Shanxi Formation, which further verifies the reliability of our thermal simulation results. However, given the limited resolution of FE-SEM, we likely did not observe many pores smaller than 10 nm.
The inorganic minerals in the Shanxi Formation shale samples were mainly clay minerals and quartz, with less feldspar. XRD analysis showed that with the increase of simulation temperature, the content of clay minerals first increased and then decreased; the content of kaolinite decreased; the content of illite increased; the content of quartz decreased first and then increased; the content of feldspar decreased to zero (Table 1; Figure 8), the result indicated that inorganic minerals were transformed during diagenesis. When the simulated temperature reached to 450°C, the inherently acidic diagenetic conditions of coal measure formations resulted in the transformation of feldspar to kaolinite (Kuila et al., 2014), which increased the content of clay minerals. The potassium ions released by the feldspar alteration also caused the continuous transformation of kaolinite to illite. When the simulated temperature exceeds 450°C, the high temperature and high pressure conditions further stimulate the transformation of clay minerals, and the released siliceous precipitates were transformed into authigenic quartz, thereby reducing the content of clay minerals and increasing the content of quartz (Peltonen et al., 2009; Xu et al., 2021). The range of 400–500°C was the main transformation period of clay minerals, and the corresponding Ro was 1.0%–2.0%. After this, the degree of transformation and the contribution to the storage space decreased. The acidic fluid generated by organic hydrocarbon generation can dissolve soluble minerals and generate dissolution pores. From the FE-SEM observation, the feldspar dissolution cracked in the simulated samples tended to enlarge (Figure 3I). In addition, increased or enlarged micropores and microfractures can also be observed inside the quartz mineral, but at a limited rate of increase (Figure 3T). Overall, from the XRD results, the inorganic minerals in the shale were transformed with the increase of temperature; but from the FE-SEM results, no obvious mineral pores were observed in the samples before and after the thermal simulation experiment. One possible explanation was that the high-pressure conditions generated by the closed system used for the experiments inhibited the development of pores to some extent, especially for inorganic minerals that cannot generate hydrocarbons.
In summary, as the temperature of the thermal simulation experiment increased, both organic hydrocarbon generation and inorganic mineral transformation played a certain role in the development of shale pores, but the former had a much greater impact on the development of pores. The type of OM determined the type of pore development; the maturity of OM controlled the degree of pore development. In addition, in the closed-system thermal simulation experiments, the pressure inhibited the development of shale pores to a certain extent. In other words, under high pressure conditions, there were fewer pores and smaller pore sizes.
Geological Implication
The production tests from several wells from the eastern Ordos Basin have shown that the Permian continental and marine transitional shale has great potential and broadly exploration prospects (Kuang et al., 2020). The previous research has shown that organic-rich shale in the Shanxi Formation has the characteristics of high continuous thickness, high organic carbon content, and wide distribution range (Wu et al., 2021). So it has received extensive attention in the study of marine-continental transitional shale gas in recent years. But there is still a debate about the effectiveness for pore system of the Shanxi Formation. Some researchers believe that the pore system in Type III OM is not sufficient to form shale gas reservoir (Jiang et al., 2017). To reveal the effectiveness and evolution process for shale pores system, the artificial pyrolysis or thermal simulation experiments play a key factor. Many existing experiments, such as gold tube pyrolysis experiments, artificial high-pressure and high-temperature simulation experiments can explore the stepwise changes in pores shape and size in the process of thermal maturity (Chen and Xiao, 2014; Ko et al., 2016; Dong et al., 2020; Hower and Groppo., 2021).And then the experiments results can show the potential and effectiveness of the shale. So, for this study, we tried to use thermal simulation experiments to reveal the pore evolution process and controlling factors of marine-continental shale, and finally come to the conclusion that 1) the pore system of the Shanxi Formation shale is sufficient enough to accumulate shale gas and 2) whether the Type III OM has the capacity to generate the enough hydrocarbon for shale gas.
Through thermal simulation experiments and careful analysis during the process of the thermal simulation, two main understandings can be drawn: 1) Type III OM has good hydrocarbon generation potential, though the capacity of hydrocarbon generation for Type III OM is weaker than that of type I. 2) complex, stable and sufficient pore system in Shanxi Formation shale formed in the process of hydrocarbon generation and the high maturity stage (1.2% < Ro < 2.0%) is the extensive pyrolysis of OM in the Shanxi Formation shale to generate hydrocarbons period. The findings from high-pressure and high-temperature simulation experiments can guide to explore the “sweet-spots” for shale gas for this kind of shale. Based on our previous research, the regional maturity of the Shanxi Formation in the eastern Ordos Basin varies greatly, with Ro distribution ranging from 0.6% to 2.8%, and the maturity increases from northeast to southwest. The Ro of the shale in the northern Baode-Xingxian-Linxian line is 0.6%–1.2%, which is in the low maturity stage; the shale in the southern part is deeply buried and the maturity is high, and the Ro of the shale along the Shilou-Daning-Jixian line is 1.2%–2.2%, the Ro value along the Fuxian-Yichuan line is as high as 2.8% (Wu et al., 2021). Based on these findings, maturity can be used as a key indicator for finding the most favorable zones for shale gas in the Shanxi Formation. Based on the high-pressure and high-temperature simulation experiments and Ro distribution for the shale, it can roughly conclude that the most potential area for the Shanxi shale is around along the Shilou-Daning-Jixian line. However, due to the significant differences in temperature, pressure and fluid between actual formation conditions and thermal simulation experiments, this research work is only a preliminary exploration of pore evolution. The Ro can play a key factor for the exploration for the marine continental transitional shale, and TOC, depth, fracturity and other parameters also act the important role.
CONCLUSION

(1) The results from artificial high-temperature and high pressure thermal simulation experiments showed that the type III OM shale from Shanxi Formation has good hydrocarbon generation potential though smaller than type I OM. It produced large numbers of micropores (<2 nm) and small numbers of mesopores (2–50 nm) during hydrocarbon generation. And maturity can be used as a key indicator for finding the most favorable zones for shale gas in the Shanxi Formation.
(2) The key factor influenced the shale pore system evolution during the thermal simulation is the generation and adjustment of organic pores. The organic pores from conversion of inorganic minerals (kaolinite into illite) contribute less to pore volume than organic pores.
(3) The evolution of the shale pore system can be divided into 3 stages (maturity, high maturity and over maturity) as the thermal maturity increases. The porosity first decreased, then increased, and finally stabilized. The high maturity period (1.2%< Ro <2.0%) was the period when extensive hydrocarbon generated in the Shanxi Formation shale, which contributed mostly for the pores generation and accumulation of shale gas.
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