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The thermal evolution of source rocks and the generation of oil and gas were not isolated reactions of kerogen pyrolysis but were comprehensively controlled by many influencing factors. In this study, using Permian source rock samples from Junggar Basin, a large number of high-temperature thermal simulation experiments were carried out to study the characteristics of kerogen, for example, thermal evolution degree and hydrocarbon yield, and their influences under the open system, closed system, and different temperature–pressure conditions. The results show that the hydrocarbon yield under the low heating rate is higher than that under the high heating rate, and the hydrocarbon generation reaction can be fully carried out under the low heating rate, which is more favorable for hydrocarbon generation; with the increase in pressure in the reaction system, the dominant frequency of activation energy of hydrocarbon generation gradually decreases. In terms of the hydrocarbon yield, the oil yield is higher in a high-pressure environment, especially the yield of C6-14 component in hydrocarbons is obviously increased, while there is a relatively small difference between the C14+ components. The result of this research provides a scientific evidence for evaluating the evolution process, hydrocarbon generation kinetics, and hydrocarbon resource potential of source rocks under different temperature–pressure conditions.
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1 INTRODUCTION
After deposition, organic matter was transformed into a series of products such as oil and natural gas under changing temperature and pressure conditions with the basin settlement and stratigraphic burial. The transformation rates depend on the organic matter type and the time–temperature history (Petzoukha and Selivanov, 1991). Most researchers tried to study the influence of heating rate on hydrocarbon generation evolution by means of thermal simulation, especially the high-temperature thermal simulation experiment, which was considered as the simulation method of oil and gas generation closest to the actual underground situation (Hunt, 1979; Burnham et al., 1981; Behar et al., 1992; Price and Wenger, 1992; Liu et al., 1996, 1998; Burnham and McConaghy, 2014; Ji et al., 2016; Bao et al., 2017; Wang et al., 2018; Ma et al., 2020).
Khorasani and Michelson (1991) studied suberinite through thermal simulation, the results of which showed that suberinite could generate oil at an early stage under certain conditions. Mukhopad-hyay (1985) conducted a thermal simulation on type I kerogen, the results of which indicated that algae could be constantly decomposed into microsomes with an increase in temperature. Tissot and Welt (1978) and Durand and Monin (1980) simulated the mixture of type I and III kerogen, concluding that the hydrocarbon generation characteristics of the mixture were different from those of type I and III kerogen. However, Lewan et al. (1979) believed that the closed autoclave environment was unable to fully simulate the underground hydrocarbon generation environment of source rocks, and adding media such as water made the simulation condition closer to the natural environment. By simulating the biochemical hydrocarbon generation of some algae in different sedimentary environments and complex biochemical conditions as well as conducting hydrous and pressurized thermal simulation on hydrocarbon generation of sludge at the bottom of algae-rich lakes, Guo and Yang (2002) established hydrocarbon generation models of algal organic matters in different sedimentary environments. The transfer of hydrogen had been investigated extensively by Hoering (1984) and Lewan (1997); the addition of hydrogen provided the additional mass that enables the mass of bitumen, specifically to increase as the reactor conditions change from non-hydrous into hydrous conditions according to the Arrhenius equation. The temperature was the most important geological condition to determine the thermal evolution of organic matter and hydrocarbon generation (Gao et al., 2004; Liu et al., 2000). The reaction needs to attain the threshold temperature, and the reaction rate had an exponential positive correlation with geological temperature. Similar to many chemical reactions, the product composition of hydrocarbon generation reaction and its relationship with temperature and time can be quantitatively described by using chemical kinetic equations. Many research studies had been carried out at home and abroad on hydrocarbon generation kinetics of organic matters and its application (Tissot, 1969; Ungerer, 1988; Braun and Burnham, 1990; Sweeney and Burnham, 1990; Liao et al., 2018; Zhao, 1984; Lu et al., 2000). Tissot (1969) was the first one to propose the mathematical model, which was gradually improved and expanded in the later stage, and a series of reaction rate models such as overall reaction, cascade reaction, and parallel first-order reaction were put forward. Braun and Burnham (1989) presented a mathematical model for simulating oil generation, degradation, and other chemical reactions occurring during pyrolysis of petroleum source rocks over a specified history of temperature and hydrostatic pressure.
The classical theory of oil and gas generation was based on a normal-pressure environment, without taking abnormal pressure into consideration. Previous research studies on the influence of pressure on hydrocarbon generation can be roughly summarized as follows: first, pressure has no obvious influence on the thermal evolution and hydrocarbon generation of organic matters (Hunt, 1979; Tissot and Welt, 1978; He et al., 2002); second, the increase in pressure can promote the thermal evolution of organic matters, especially the thermal cracking of hydrocarbons (Petzoukha and Selivanov, 1991; Yang and Wang 1987; Braun and Burnham, 1990); third, the increased pressure can inhibit the thermal evolution and hydrocarbon generation of organic matters (Connan et al., 1992; Price and Wenger, 1992; Price, 1993; Hao et al., 1995; Zou and Peng, 2001). According to the experiment conducted by Petzoukha and Selivanov (1991), the increase in effective stress can facilitate the hydrocarbon generation of organic matters by enhancing the catalytic activity of clay minerals. By analyzing the causes of the influence of effective stress on the evolution of organic matters, it was found that the increase in effective stress can stimulate the evolution of organic matters. The primary reason is that the increase in effective stress acting directly on rock particles can crush the solid organic matters to some extent, which enlarges the surface area of organic matters involved in the reaction, thereby promoting the hydrocarbon generation of organic matters. Some researchers tried to adjust the chemical reaction frequency factor (Dalla et al., 1997; Carr et al., 2009) or activation energy (Burnham, 2019; Xiao et al., 2005) in currently available vitrinite reflectance models to reveal the role played by pressure or overpressure in the thermal evolution of organic matters, so as to predict the evolution history of the Ro value when overpressure inhibited the thermal evolution of organic matters. Although the actual situation observed in the basin shows that overpressure can inhibit the thermal evolution and hydrocarbon generation of organic matters (Hao et al., 2004; Bao et al., 2017), the degree to which thermal evolution and hydrocarbon generation of organic matters are inhibited in overpressure environment remains unknown.
In this study, a large number of high-temperature thermal simulation experiments were carried out to explore the characteristics of kerogen, for example, thermal evolution degree and hydrocarbon yield, and their influences under different temperature–pressure conditions such as the open system, closed system, atmospheric pressure, and high pressure, in order to clarify the difference of hydrocarbon generation products under different heating rates and pressure conditions and provide reference for oil and gas exploration in overpressure basins.
2 MATERIALS AND METHODS
2.1 Materials
The materials used in this study included 14 outcrop samples, all of which were collected from the Middle Permian Lucaogou Formation (P2l, 10 samples) and Hongyanchi Formation (P2h, 4 samples) in the outcrop profile of Dongdalongkou section and Hongyanchi section, southeast margin of the Junggar Basin. All samples were unweathered shales located more than 5 m above the ground (Figure 1). Based on burial history and apatite fission track, the samples experienced a maximum geological temperature of 90–100°C.
[image: Figure 1]FIGURE 1 | Regional geological map of the Junggar Basin and the sample locations.
2.2 Methods
TOC measurements and programmed pyrolysis (Rock-Eval) were conducted to measure the free hydrocarbons (S1 peak), potentially generative hydrocarbons (S2 peak), and temperature of the S2 peak maximum (Tmax). The hydrogen index (HI) was calculated by 100×S2/TOC.
The vitrinite reflectance (Ro) of the kerogen was assessed by reflectance measurements of the aceral vitrinite. The sample preparation was as follows: the whole rock samples were crushed to less than 2 mm and then mixed with agar in a 1:1 ratio. The mixed sample was consolidated with a setting machine, and the formed samples were ground and polished. Finally, the polished thin sections were placed under the Zeiss Scope A1 microscope. During measurements, 20–55 effective points were measured. Kerogen was isolated by the standard HCl/HF treatment.
The purpose was to simulate the entire evolution process of shale from low thermal maturity to the end of oil and gas production under different heating rates and pressure conditions. The thermal simulation experiments were conducted at the Guangzhou Institute of Geochemistry, Chinese Academy of Sciences. The temperature fluctuation was less than 1°C.
2.2.1 Open Pyrolysis
Rock-Eval was used to carry out the simulation experiment under the open system. The heating rates were 20°C/min, 30°C/min, 40°C/min, and 50°C/min; aiming at the middle Permian in the southeast of Junngar, 14 samples of the Permian source rocks were subjected to pyrolysis experiments with different heating rates to analyze hydrocarbon products at different temperature points.
2.2.2 Close Pyrolysis
The source rock sample No. 2911 was selected, which was sealed into the gold tube under the protection of argon, and the tube was placed in the autoclave filled with water through the high-pressure pump. The high-pressure water made the tube flexible and deformed to apply pressure on the sample encapsulated under the protection of argon to ensure that there was no air pollution. The gold pipe was sealed with wire welding. The samples were heated at the rates of 20°C/min and 2°C/min, respectively. The experiment was carried out under the pressures of 20, 60, 120, and 180 MPa, respectively, with pressure fluctuation < 5 MPa.
After the room temperature rose naturally to 250°C, the temperature rose to 275, 300, 325, 350, 375, 400, and 450°C, respectively, at the rates of 2°C/h and 20°C/h for 12 h, with temperature fluctuation <1°C. Taking out kerogen samples at each temperature point and measuring vitrinite reflectance, the products were collected at each temperature point, and the hydrocarbon yield at each temperature point was determined (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic diagram of the pyrolysis analysis.
After heating the tube containing the sample, the tube was taken out of the autoclave. The detection contents included gas, light hydrocarbons (C6-14), and heavy hydrocarbons (C14 +). The tube was put into the vacuum system to release the gas into the system. The collection and analysis method of liquid hydrocarbons (C6 +) was as follows: after the gas analysis was completed, the on-line sample bottle frozen with liquid nitrogen was used to collect a small amount of C6-10 light hydrocarbons diffused into the vacuum glass tube; the sample bottle was removed and dichloromethane solvent was quickly injected. Then, the tube was taken out from the autoclave, cut together with the sample, put into the same sample bottle, and vibrated with an ultrasonicator for 1 min to completely dissolve the oil generated in the tube into the solvent to effectively avoid the loss of C6-10 hydrocarbons. Then 1 ml of clear liquid in the upper layer of a 4-ml sample bottle was taken out, transferred to a 2-ml sample bottle, and an automatic sampler was used for chromatographic analysis. The model of gas chromatography was Agilent 7890N, and the column is HP-5, 30 m × 0.32 × 0.25. Chromatographic conditions: the temperature of the sample inlet: 290°C, the initial temperature of the column box: 40°C, constant temperature for 5 min, which then rose to 290°C at the rate of 4°C/min for 10 min. Deuterated C24 was used as the internal standard for quantitative analysis of light hydrocarbons (C6-14). C6-14 saturated hydrocarbons and aromatics were quantified by the GC graph integration method. A part of C14+ was quantified by extraction, filtration, and weighing. The extraction solvent was dichloromethane; TEFLON organic filter membrane was adopted, with a pore diameter 0.45 μm. KINETIC software was used for data processing, and common frequency factor was used for all parallel reactions.
3 RESULT AND DISCUSSION
3.1 Geochemical Parameters of the Samples
The source rock P2l collected in the Hongyanchi section is mainly composed of dark gray mudstone, with the total organic carbon (TOC) content ranging from 1.54 to 6.76%, the average of which is 3.44%. Chloroform bitumen “A” ranges from 0.06 to 0.32%, with an average of 0.17%; “S1+S2” ranges from 1.06 to 43.02 mg/g, with the average being 15.10 mg/g; hydrogen index (IH) is within the range of 25–566 mg/g, with an average of 301.14 mg/g, and the IH of most samples is above 200 mg/g; hydrocarbon productivity index (PI) lies between 0.02 and 0.09, with the average being 0.04; CP ranges from 0.09 to 3.59%, with an average of 1.25%; the degradation (D) rate (%) is within the range of 2.16–48.28%, with an average of 26.02%, and most samples have a degradation rate of about 20%; and the hydrocarbon index spans from 1.23 to 30.49, with the average being 12.40. In the Dongdalongkou section, the total organic carbon (TOC) content ranges from 0.69 to 12.0%; the “S1+S2” ranges from 0.9 to 75.1 mg/g (Figure 3). The Ro value of source rock samples P2l ranges between 0.55 and 0.84%, implying that the organic matters are in the immature and low mature stages.
[image: Figure 3]FIGURE 3 | Geochemical parameter profile of P2l of the Dongdalongkou section.
The sediment in the Middle Permian Lucaogou Formation belongs to freshwater lake–fluvial swamp facies; the rock has a laminar structure and a massive structure (Figure 4). Through the field geological survey and sampling in the southeast margin of the Junggar Basin, the kerogen macerals of the samples were identified (Table 1). The organic matters of the Middle Permian Lucaogou Formation in the Dongdalongkou section are dominated by type I organic matters, and those in the Hongyanchi section are dominated by type Ⅱ1.
[image: Figure 4]FIGURE 4 | Images of the Lucaogou Formation shale samples of the Dongdalongkou section. (A) The sample is mainly composed of scaly argillaceous, 5% micro-cryptocrystalline dolomite, 2% carbonaceous component, and 3% silty sand. (B) The composition is mainly scaly argillaceous, 6% iron dolomite, 4% carbonaceous component, and 4% silty sand. The carbonaceous material is linearly distributed along the bedding, and the silty sand is mainly quartz, feldspar, and other particles. (C) The rock composition is mainly scaly argillaceous, 40% carbonate, and 7% silt, and the silt is unevenly distributed. Carbonate is mainly composed of calcite and siderite, both of which are cryptocrystalline and difficult to distinguish. Silt is mainly composed of quartz, feldspar, and other particles. (D) The rock has a very fine-grained sandy structure. The particle composition is mainly feldspar, a small amount of rock debris, and quartz. It can be seen that 2% of peat is distributed in strip and bedding orientation. Intergranular interstitial material is mainly carbonate, accounting for 10%, and a small amount of argillaceous material, accounting for 2%. The carbonate components are mainly siderite and a small amount of calcite. Siderite is distributed in petal and spherical shapes, and calcite microcrystalline structure.
TABLE 1 | TOC and Rock-Eval pyrolysis data of selected samples.
[image: Table 1]3.2 Influences of Different Heating Rates on the Hydrocarbon Conversion Rates
3.2.1 Open Pyrolysis
Rock-Eval pyrolysis was applied to conduct pyrolysis experiments at different heating rates to analyze hydrocarbon products obtained at different temperature points. The characteristics of samples collected from different regions, and strata were basically the same. Taking the analysis results of type I organic black mudstone samples in the Dongdalongkou section as an example, in the initial heating stage at a temperature of 300–425°C, the hydrocarbon yield of extracts with a low heating rate (20°C/min) was higher than that with a high heating rate (50°C/min). At 400°C, the phased hydrocarbon conversion rate of samples with a low heating rate (20°C/min) was 3.2%, while that of samples with a high heating rate (50°C/min) was 1.5%, with a difference of 1.7% between the two conversion rates (Figure 5). In the process of gradually heating up to 450°C, the difference of conversion rate further increases, and the maximum was 3.7%. Given different heating rates (20°C/min, 50°C/min), the cumulative conversion rate varied greatly at the peak of hydrocarbon generation at 400–450 °C (Figure 6), with the difference between two conversion rates reaching 20–30%. For example, at 425°C, there can be a difference as high as 23% between the two cumulative hydrocarbon conversion rates.
[image: Figure 5]FIGURE 5 | Phased hydrocarbon conversion rates of sample 2,910 of the Dongdalongkou section under different heating rates.
[image: Figure 6]FIGURE 6 | Cumulative hydrocarbon conversion rates of sample 2,910 of the Dongdalongkou section under different heating rates.
Under the following conditions above 500°C, because the experimental conditions were all constant temperature for 12 h, the amount of chloroform extract in the fast heating rate experiment was almost equal to that in the previous slow heating rate experiment, that was, the fast heating rate experiment only lag behind the slow heating rate experiment.
It implies the difference between the transformation of kerogen into hydrocarbons caused by different heating rates.
Therefore, the amount of chloroform extracted in the experiment with a low heating rate is more than that in the fast-heating experiment; this suggests that slow heating is more favorable for transforming organic matters into hydrocarbons. Based on the experimental results of the open system, the heating rate significantly affects the phased hydrocarbon conversion rate in the hydrocarbon generation reaction. Given the same ground temperature, the phased hydrocarbon conversion rate is higher in the hydrocarbon generation reaction with a lower heating rate.
3.2.2 Close Pyrolysis
The closed system thermal simulation experiment was conducted to measure the generated products at different heating rates. The phased oil yield at a low heating rate (2°C/h) significantly surpasses that at a high heating rate (20°C/h), with the competitive edge maintained (Figure 7). Especially in the peak stage of hydrocarbon generation (350–390°C), the phased oil yield at a low heating rate can reach 68.93 mg/g at 370°C, which was equivalent to 148% of the phased hydrocarbon yield at the high heating rate.
[image: Figure 7]FIGURE 7 | Phased oil yields at different heating rates of sample 2,911 in the closed system.
In view of the different heating rate results of the closed system, the analysis believes that the difference in the conversion rate of the two heating rates is due to the fact that the sample has entered the oil window (corresponding to 400°C), and the molecules that are easy to become oil and gas have long been broken down and discharged, at this time, the main residue in the sample is some difficult to fracture organic groups, and the pyrolysis reaction is also transformed from the cleavage of the low-ripening sample to the cleavage and polymerization, and even the polymerization is dominant, reflecting the polarization of the reaction. Rapid heating exerts adverse impacts on hydrocarbon generation, while slow heating is beneficial to both the generation and discharge of hydrocarbons, which is closely correlated with insufficient reaction time at high heating rates, indicating that the generation of oil and gas requires appropriate temperature and time, and a suitable heating rate contributes to the generation of oil and gas.
The composition of liquid hydrocarbon products with different heating rates is different, that is, under the pressure of 20 MPa, the liquid hydrocarbon products generated by heating simulation with a fast heating rate (20°C/h) are mainly heavy components C17-25, while light alkanes show a significantly slower heating rate (2°C/h) (Figure 8A). Under the pressure of 180 MPa, the liquid hydrocarbon components simulated by heating at different heating rates are significantly different only in the light C9-11 components, which show that the light components of the products with a slow heating rate are higher. The difference between other carbon numbers of hydrocarbons is not significant or basically similar (Figure 8B).
[image: Figure 8]FIGURE 8 | Composition comparison of liquid hydrocarbon products of sample 2,911 under different heating rates [(A) 20 Mpa, (B) 180 Mpa].
3.3 Oil Composition and Yields Under Different Pressure Conditions
The results of the hydrocarbon yields of different hydrocarbon components under different pressure conditions under the same temperature show that the pressure conditions affect the hydrocarbon generation yields of different kerogen components. As the hydrocarbon generation reaction proceeds, high-pressure conditions can effectively promote the generation of liquid hydrocarbon products. At 60 Mpa, the phased yield of liquid hydrocarbon C6-14 is significantly higher than that at 20 Mpa (Figure 9), while there is no significant difference between the yields of liquid hydrocarbon C6-14 at 120 and 180 Mpa, with the phased yield being higher than that at 60 Mpa. By analyzing the yield of C14+ components with a high carbon number, it is found that in the early stage of the reaction, the higher the pressure, the higher the instantaneous yield, while at the end of the reaction, the phased yield declines under high pressure. As a result, in terms of the instantaneous yield of liquid hydrocarbon, the phased yield under low pressure surpasses that under high pressure at the end of evolution (Figure 10); when it comes to the cumulative yield of liquid hydrocarbon, with the increase in pressure, the oil yield gradually goes up, but there is a relatively small difference between the oil yields under the pressure of 120 and 180 Mpa.
[image: Figure 9]FIGURE 9 | Comparison of phased oil yields of sample 2,911 under different pressure conditions.
[image: Figure 10]FIGURE 10 | Comparison of cumulative oil yields of sample 2,911 under different pressure conditions.
The hydrocarbon generation evolution process of organic matter is included in a series of parallel and continuous reactions. The product concentration changes or the volume expansion effects of different components are different, resulting in discrepancy of influence under overpressure conditions on different components in the process of hydrocarbon generation (Al Darouich et al., 2006; Meng et al., 2008; Wu et al., 2016). Under the simulated experimental conditions of the same heating rate (2°C/h), the components of liquid hydrocarbon products under different pressures are significantly different (Figure 11). The chromatographic characteristics of hydrocarbon components under 20 Mpa are double peaks of C10 and C17, and the products under overpressure are leading peaks with C10 as the main peak carbon.
[image: Figure 11]FIGURE 11 | Composition comparison of liquid hydrocarbon products of sample 2,911 under different pressure conditions at the same heating rate.
We believe that the results reflect that the overpressure simulated experimental conditions can promote the cracking of heavy components and significantly increase the generation of light components.
3.4 Results of Activation Energy of Hydrocarbon Generation Under Different Pressure Conditions
Under the pressure of 20 Mpa, the activation energy is distributed within the range of 193–243 kj/mol, with the dominant frequency activation energy being 226 kj/mol, occupying a distribution ratio of 51.02%. Under a pressure of 60 Mpa, the activation energy varies from 188 kj/mol to 243 kj/mol, with a dominant frequency activation energy of 222 kj/mol, taking up a distribution ratio of 46.93%. Under a pressure of 120 Mpa, the activation energy ranges from 193 kj/mol to 243 kj/mol, with the dominant frequency activation energy being 226 kj/mol, occupying a distribution ratio of 67.32%, which is higher than that under the pressure of 60 Mpa. Under a pressure of 180 Mpa, the activation energy spans from 176 kj/mol to 243 kj/mol, with a dominant frequency activation energy of 226 kj/mol, taking up a distribution ratio of 45.1%, which is lower than that under the pressure of 60 Mpa. However, the initial activation energy is effectively reduced under the pressure of 180 Mpa, which creates more favorable conditions for the hydrocarbon generation reaction (Table 2).
TABLE 2 | Comparison of hydrocarbon generation kinetics under different pressures.
[image: Table 2]According to the hydrocarbon generation reactions under different pressures, the hydrocarbon generation kinetics was fitted. After unifying the kinetic pre-exponential factors, the distribution characteristics of activation energy under four different pressures were compared, and the distribution diagram of activation energy of hydrocarbon generation under different pressures was established, as shown in Figure 12. As the pressure increases, the dominant frequency of activation energy gradually declines.
[image: Figure 12]FIGURE 12 | Comparison of distribution of activation energy of hydrocarbon generation of sample 2,911 under different pressure conditions.
4 CONCLUSION

1) The hydrocarbon yield under a low heating rate is higher than that under a high heating rate, and the hydrocarbon generation reaction can be fully carried out under a low heating rate, which is more favorable for hydrocarbon generation.
2) With the increase in pressure in the reaction system, the dominant frequency of activation energy of hydrocarbon generation gradually decreases; in terms of the hydrocarbon yield, the oil yield is higher in a high-pressure environment, especially the yield of C6-14 component in hydrocarbons is obviously increased, while there is a relatively small difference between the C14+ components.
3) The components of liquid hydrocarbon products under different pressures are significantly different; the overpressure simulated experimental conditions can promote the cracking of heavy components and significantly increase the generation of light components.
The effect of temperature and pressure observed in this study implies that in addition to temperature and time, pressure will have a significant control on the extent of hydrocarbon generation in a geological basin. The oil-increased effect of pressure could be more significant in geological basins than shown in this study because in geological basins, such as Junggar Basin, temperatures are much lower and the reaction time can be much longer than the condition used in this study.
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