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The hydrocarbon generation model and hydrocarbon potential are investigated in the Lishui Sag, based on gold-tube pyrolysis experiments of deeply buried type Ⅲ kerogen. From this, we discuss the classification of kerogen types of source rocks with mixed organic matter sources. The hydrocarbon generated from the source rocks of the Lingfeng Formation and Yueguifeng Formation is dominated by natural gases with little oil in the West subsag, and the hydrocarbon generation model of the Lingfeng Formation is similar to that of Yueguifeng Formation, but the gas potential of Lingfeng Formation is higher than that of Yueguifeng Formation. The hydrocarbon potential of the Yueguifeng Formation in the East subsag is much higher than the West subsag, and it has considerable oil potential. Macerals diversity of source rocks is responsible for the difference of hydrocarbon generation characteristics for type Ⅲ kerogen in the Lishui Sag. It is not rigorous to evaluate the hydrocarbon potential of kerogen only based on pyrolysis parameters. Application of kerogen type index (KTI) can improve the accuracy of the classification of kerogen types with mixed organic matter sources. According to the classical kerogen classification template, the selected samples belong to type III kerogen. In this article, the selected samples were further subdivided into type III and type II/III based on the KTI value. Type III kerogen (0.5 ≤ KTI < 1.5) mainly produces gas, and type II/III kerogen (1.5 ≤ KTI < 5) mainly produces gas, but its oil potential is higher than that of type III.
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INTRODUCTION
Comprehensive evaluation of source rocks is the basis of oil and gas potential of a sedimentary basin, and hydrocarbon generation simulation of source rocks becomes an important part of oil and gas exploration. The hydrocarbon generation model of source rocks is closely related to the types of kerogen, and the chart based on rock pyrolysis parameters proposed by Tissot and Welte is usually used to divide the types of kerogen (Tissot and Welte, 1984). The term kerogen represents the organic constituent of the sedimentary rocks that is neither soluble in aqueous alkaline solvents nor in the common organic solvents (Tissot and Welte, 1984). Kerogen is widely accepted as the source material of hydrocarbon and the hydrocarbon generation model of kerogen proposed by Tissot points out that type I kerogen is mainly deposited in lake environment and mainly generates oil; type II kerogen is deposited in marine environment with oil and gas dipping properties; and type III kerogen is a kind of gas dipping organic matter deposited in continental environment. However, with the development of oil and gas exploration to deep and unconventional fields and the deepening of kerogen hydrocarbon generation simulation research, the Tissot model shows some limitations (Li et al., 2018; Agrawal and Sharma, 2020). The discovery of type III kerogen in delta plain deposits, which is dominated by oil generation, also indicates that the type of kerogen cannot determine the type of hydrocarbon generation (Agrawal and Sharma, 2020). Based on the hydrocarbon generation simulation experiments, the diversity of kerogen types is the main reason for the difference of hydrocarbon generation modes of source rocks (Tissot, 1984; Dembicki, 2009). Even then, due to the different sedimentary environment, source and evolution of organic matter of source rocks in different basins, the same type of kerogen has its own hydrocarbon generation characteristics (Horsfield, 1989; Liu et al., 2012). Therefore, in order to judge the hydrocarbon generation potential of a basin, it is not enough to just know the organic matter types of the source rocks. In recent years, most of the hydrocarbon generation and expulsion simulation experiments for source rocks in various basins have focused on the hydrocarbon generation characteristics of coal, type I and type II kerogen, and crude oil cracking, while there is little relevant research on hydrocarbon generation and expulsion simulation of type III kerogen (Jasper et al., 2009; Tian et al., 2009; Tian et al., 2012; Wang et al., 2014; Hill et al., 2003). Meanwhile, more and more hydrocarbon generating sags with type III kerogen as the main organic matter type have been found such as Xihu Sag and Lishui Sag in the East China Sea Shelf basin (ECSSB) (Su et al., 2013; Cheng et al., 2019; Li et al., 2019).
The Lishui Sag has a low degree of exploration and is located at the gateway of developing oil and gas resources in the ECSSB (Chen et al., 2008; Su et al., 2014; Li et al., 2016; Zhang et al., 2019; Liu et al., 2020; Sun et al., 2020). Up to now, one oil-gas field and six oil-bearing structures have been discovered, indicating that it has certain exploration potential. However, only fluorescence and gas logging anomalies have been obtained in five wells (Zhang et al., 2015; Li et al., 2020). It is considered that the insufficient hydrocarbon supply capacity of local subsags is one of the main failure reasons. Therefore, it is necessary to re-evaluate the hydrocarbon generation potential of source rocks in each subsag (Shen et al., 2019). The Lishui Sag is a typical hydrocarbon bearing depression with type III kerogen as the main kerogen type of source rocks, which is representative in the ECSSB (Li et al., 2019). Therefore, the study of hydrocarbon generation and hydrocarbon potential of type III kerogen in Lishui Sag has significance to the evaluation of oil and gas potential of other sags in the basin. In this research, the model of hydrocarbon generation of type III kerogen in mature stage under deep buried conditions is studied by gold tube pyrolysis experiments. The reasons for the difference of hydrocarbon generation characteristics are discussed. In addition, the hydrocarbon generation potential of source rocks in different layers of the Lishui Sag is evaluated.
GEOLOGICAL BACKGROUND
The Lishui Sag is located in the southwest of Taibei basin in the ECSSB and adjacent to Jiaojiang sag in the north. It is a Cenozoic single fault half graben depression formed on the basement of Mesozoic residual basin. The Lishui Sag is divided into two subsags, the East subsag and the West subsag, with an area of 1.46 × 104 km2 (Figure 1A). The area of East subsag is about 4.8 × 103 km2, and the maximum deposit thickness is more than 7.5 km; the area of West subsag is about 9.8 × 103 km2, and the maximum deposit thickness is 12 km. The faults in Lishui Sag are mainly NNE-NE trending. From west to east, the faults can be divided into four structural zones: western slope structural zone, central inversion structural zone, Lingfeng ridge, and Eastern step-fault zone (Figure 1B; Ge et al., 2007). In Lishui Sag, oil and gas are mainly discovered in the Paleocene. The main source rocks are the mudstones in lower Paleocene Yueguifeng (E1y) Formation and overlying Lingfeng (E1l) Formation. The Mingyuefeng Formation (E1m) is the main reservoir (Figure 1C; Li et al., 2019). The main source rocks in Lishui Sag are deeply buried (more than 3 km) and have reached mature stage. Some source rocks in the E1y formation buried more than 4 km deep have reached the over mature stage. The kerogen types of source rocks in Lishui Sag are relatively simple. According to the classical classification chart of kerogen types, more than 86% of the source rocks are type III, which provides a good sample condition for exploring the hydrocarbon generation characteristics of typical type III kerogen in this article (Chen et al., 2008; Su et al., 2014; Li et al., 2019).
[image: Figure 1]FIGURE 1 | Geographical location (A), structural features (B), and stratigraphic column (C) of the Lishui Sag.
MATERIALS AND METHODS
Samples Selection and Preparation
As mentioned above, the hydrocarbon generation characteristics of source rocks are greatly affected by organic matter type, sedimentary environment, and maturity, so the above factors should be fully considered when selecting samples. In view of the limited number of wells in the Lishui Sag, and the burial depth of source rock, the well location with good oil and gas displaying the source rock of E1y formation should be selected as the sampling well. Secondly, considering the influence of heterogeneity of source rock at the same layer, single subsag should not be selected for sampling well. At the same time, due to the differences in sedimentary environment, the source rocks of the E1y and E1l formations should be sampled. The samples selected in this experiment are mudstones of the E1l formation and E1y formation in LD well in the West subsag, and the organic matter type is typical type III kerogen, which is representative in the whole area. Meanwhile, mudstones of the E1y formation in W1 well of the East subsag are selected for comparative study (Figure 2). Due to the burial depth, the three mudstone samples have reached the mature stage. In order to avoid the influence of maturity in the same layer, the vitrinite reflectance (Ro) of the samples from the E1y formation has little difference. The source rocks in the Lishui Sag are mainly type III kerogen and are mostly gray or gray-black mudstone, and their TOC is relatively low. Therefore, in order to ensure the validity and accuracy of the experimental results, the kerogen was selected instead of source rock for hydrocarbon generation simulation experiment. The preparation process of kerogen is as follows: Soxhlet extracting mudstone powder (0.5 kg) for 72 h; adding dilute hydrochloric acid with a mass fraction of 20% to the extracted sample, and heating the sample in a water bath at 80°C for 4 h; after no bubbles are generated, the supernatant is decanted by centrifugation; adding hydrofluoric acid and repeating the above steps; adding distilled water several times to remove inorganic salt, and finally drying in an oven at 80°C to obtain the separated kerogen. The basic information of samples is shown in Table 1.
[image: Figure 2]FIGURE 2 | Kerogen type classification of the selected samples. Note: Ws, source rock in the West subsag; Wk, corresponding kerogen in the West subsag; Es, source rock in the East subsag; Ek, corresponding kerogen in the East subsag.
TABLE 1 | Basic information of the selected samples.
[image: Table 1]Experimental Process and Conditions
At present, simulation experiments of hydrocarbon generation of source rocks can be divided into open systems, semiopen systems, and closed systems (Behar et al., 1995; Tang et al., 1996; Dieckmann et al., 1998; Dieckmann et al., 2000; Zhang et al., 2008; Bayon et al., 2011; Wang et al., 2011; Hartwig et al., 2012.; Xu et al., 2020). Previous experiments show that the products of simulation experiments of hydrocarbon generation in closed system are closer to the hydrocarbon generating components of source rocks under geological conditions (Zhang et al., 2008). In this study, the gold tube pyrolysis experiment was carried out in a closed system and the experimental process and conditions are as follows: the kerogen sample was sealed into gold tube with inner diameter of 3 and 40 mm in length under the protection of argon and placed in an autoclave with a pressure of 50 MPa (Tang et al., 1996; Ruble et al., 2001; Hill et al., 2007; Zhang et al., 2008). Each sample was divided into two groups (12 in each group) and heated from room temperature to the required temperature at the heating rate of 2°C/h and 20°C/h, respectively, and the temperature interval was 24°C. Because water participates in the maturation process and expulsion of hydrocarbon in source rocks under geological conditions (Seewald, 2003; Lewan and Roy, 2011), and it has an important impact on the thermal stability of source rocks (Ruble et al., 2003), in our gold tube pyrolysis experiment a fixed amount of distilled water (about 15% of the sample weight) is added to each sample. After the thermal simulation experiment, qualitative and quantitative analysis of gases (including nonhydrocarbon gas) and carbon isotope analysis of hydrocarbon gas (C1-C3) and CO2 were carried out. The light component (C6-C14) of thermal simulation oil was qualitatively and quantitatively analyzed by gas chromatography, and the heavy component (C14+) of thermal simulation oil was analyzed by organic extraction and weighing. The whole components of thermal simulation oil were analyzed by Gas Chromatography-Mass Spectrometry (GC-MS), and the yield and kinetic parameters of hydrocarbon generation were calculated. At the end of the experiment, the kinetic parameters of hydrocarbon generation, thermal simulation gas production, and isotope data of each component of each sample can be obtained.
RESULTS
Hydrocarbon Generation Model
Because the selected samples have entered the mature stage, the starting temperature for the simulation experiment of hydrocarbon generation in gold tube is 350°C, which is used to simulate the present maturity and the hydrocarbon generation characteristics. In this experiment, a four-component model is adopted. C1 represents methane, C2-C5 represents heavy hydrocarbon gases, C6-C14 represents light oil components, and C14+ represents heavy oil components, where C1-C5 represents natural gas components and C6+ represents oil components. According to the simulation results, it can be seen that, under different heating rates, the simulated temperatures at which hydrocarbon generation products begin to generate and decrease are slightly different (Figure 3).
[image: Figure 3]FIGURE 3 | Hydrocarbon generation characteristics of kerogen in source rocks of Lishui Sag under two heating rates.
As shown in Table 2, under a heating rate of 20°C/h, the methane yield of Lingfeng Formation in the West subsag increases rapidly at 432°C (Ro = 1.19), and the maximum methane yield reaches 91.97 mg/g TOC when the temperature reaches 599.8°C (Ro = 3.87). The yield of heavy hydrocarbon gases increases at 408°C (Ro = 0.96). When the temperature reaches 481.7°C (Ro = 1.19), the yield of heavy hydrocarbon gases reaches the maximum value of 8.48 mg/g TOC. With the increase of temperature, the yield of heavy hydrocarbon gases begins to decrease, and the methane yield increases sharply. When the temperature reaches 551.8°C (Ro = 3.06), the yield of heavy hydrocarbon gases is close to zero, and methane is the main hydrocarbon generating gas. The maximum yields of heavy oil and light oil components are 8.15 mg/g TOC and 14.36 mg/g TOC, respectively, at 456.5°C (Ro = 1.50). The yield of heavy oil components is close to zero when the temperature is higher than 551.8°C (Ro = 3.06), and the yield of light oil components is close to zero when the temperature is higher than 575.8°C (Ro = 3.50). At this time, the main hydrocarbon generation product is methane (Figure 3A). Under a heating rate of 2°C/h, the methane yield of the Lingfeng Formation in the West subsag increases rapidly at 384°C (Ro = 1.08) and reaches 96.3 mg/g TOC when the temperature reaches 578°C (Ro = 4.22). With the increase of temperature, the yield tends to be stable. When the temperature reaches 442°C (Ro = 1.85), the yield of heavy hydrocarbon gases reaches the maximum value of 9.06 mg/g TOC. With the increase of temperature, the yield of heavy hydrocarbon gases begins to decrease. When the temperature reaches 540°C (Ro = 3.67), the yield of heavy hydrocarbon gases is close to zero. The maximum yields of heavy oil and light oil components are 7.93 mg/g TOC and 14.90 mg/g TOC, respectively, at 422°C (Ro = 1.55). When the temperature is higher than 516°C (Ro = 3.22), the yield of heavy oil components is close to zero, and the yield of light oil components is close to zero when the temperature is higher than 540°C (Ro = 3.67) (Figure 3B). If the hydrocarbon generating components are divided into natural gas and oil components, the sample of Lingfeng Formation in the West subsag generates oil slightly earlier than gas under the heating rate of 20°C/h and reaches the maximum yield at 456.5°C (Ro = 1.50) and then starts cracking to form natural gas. When the temperature reaches 599.8°C (Ro = 3.87), the maximum yield of natural gas is achieved (Figure 3C).
TABLE 2 | Yield and carbon isotope data of different compositions by gold tube hydrocarbon generation simulation experiment.
[image: Table 2]Under a heating rate of 20°C/h, the methane yield of Yueguifeng Formation in West subsag begins to increase rapidly at 432°C (Ro = 1.19). When the temperature reaches 599.8°C (Ro = 3.87), the maximum methane yield reaches 55.13 mg/g TOC. When the temperature reaches 481.7°C (Ro = 1.84), the yield of heavy hydrocarbon gases reaches the maximum value of 3.77 mg/g TOC. With the increase of temperature, the yield of heavy hydrocarbon gases begins to decrease. When the temperature reaches 528.1°C (Ro = 2.62), the yield of heavy hydrocarbon gases is close to zero. The maximum yield of heavy oil and light oil components are 2.36 mg/g Toc and 8.07 mg/g TOC at 481.7°C (Ro = 1.84) (Figure 3D). Under the heating rate of 2°C/h, the methane yield of Yueguifeng Formation in the West subsag begins to increase rapidly at 408.3°C (Ro = 1.36), and the maximum methane yield reaches 58.89 mg/g TOC when the temperature reaches 599.1°C (Ro = 4.45). When the temperature is 432.6°C (Ro = 1.69), the heavy hydrocarbon gases yield reaches the maximum value of 3.97 mg/g TOC. With temperature continuous increase to 551.9°C (Ro = 3.86), the heavy hydrocarbon gases yield is close to zero. The maximum yield of heavy oil components is 5.48 mg/g TOC at 432.6°C (Ro = 1.69), and the maximum yield of light oil components is 8.61 mg/g TOC at 432.6°C (Ro = 1.69). The yield of light oil components is higher than that of heavy oil components (Figure 3E). The time of oil and gas generation of Yueguifeng Formation in the West subsag is similar. Under a heating rate of 20°C/h and the temperature of 432°C (Ro = 1.69), the oil reaches the maximum yield and then begins to crack to form natural gas. When the temperature reaches 599.8°C (Ro = 3.87), the maximum yield of natural gas is achieved (Figure 3F).
Under a heating rate of 20°C/h, the methane yield of Yueguifeng Formation in the East subsag begins to increase rapidly at 432°C (Ro = 1.19), and the maximum methane yield reaches 130.98 mg/g TOC when the temperature reaches 600°C (Ro = 3.87). When the temperature reaches 481.2°C (Ro = 1.81), the yield of heavy hydrocarbon gases reaches the maximum value of 42.53 mg/g TOC. With the increase of temperature, the yield of heavy hydrocarbon gases begins to decrease. When the temperature reaches 600°C (Ro = 3.87), the yield of heavy hydrocarbon gases is close to zero. The maximum yield of heavy hydrocarbon gases is 83.91 mg/g TOC at 408.1°C (Ro = 0.96). With the increase of simulation temperature, the yield of heavy hydrocarbon gases decreases gradually. The maximum yield of light oil reaches 30.30 mg/g TOC at 456°C (Ro = 1.47) and then decreases with the increase of simulated temperature (Figure 3G). Under the heating rate of 2°C/h, the methane yield of Yueguifeng Formation in East subsag begins to increase rapidly at 407.4°C (Ro = 1.38), and the maximum methane yield reaches 142.27 mg/g TOC when the temperature reaches 600°C (Ro = 4.45). When the temperature is 431.9°C (Ro = 1.69), the yield of heavy hydrocarbon gases reaches the maximum value of 34.89 mg/g TOC, and the yield of heavy hydrocarbon gases gradually decreases with the increase of temperature. The maximum yield of heavy oil components is 80.73 mg/g TOC at 384.2°C (Ro = 1.08), and the maximum yield of light oil components is 35.76 mg/g TOC at 431.9°C (Ro = 1.69) (Figure 3H). The sample of Yueguifeng Formation in the East subsag generates oil earlier than gas. Under the heating rate of 20°C/h and temperature of 408.1°C (Ro = 0.96), the sample begins to crack to form natural gas. When the temperature reaches 600°C (Ro = 3.87), the natural gas yield reaches the maximum (Figure 3I).
Kinetic Characteristics of Hydrocarbon Generation
In our gold tube pyrolysis experiment, the hydrocarbon gas yields provide the necessary data for calculating the gas generation kinetics parameters. It is widely accepted that the hydrocarbon generation process of sedimentary organic matter follows the principle of parallel first-order reaction kinetics (Tissot and Welte, 1984; Cramer et al., 2001; Cramer, 2004; Tian et al., 2009; Kotarba and Lewan, 2013; Wang et al., 2014; Wang et al., 2018). Based on this principle, using pyrolysis data and the Lawrence Livermore National Lab Kinetics software, a series of specific kinetic parameters (such as activation energy and frequency factor) are calculated for total hydrocarbon generation (Table 3).
TABLE 3 | Data of kinetic parameters of hydrocarbon generation from source rocks in the Lishui Sag.
[image: Table 3]As mentioned above, the source rocks in Lishui Sag are dominated by gas generation, so we focus on the kinetic parameters of natural gas. At different heating rates, the experimental yield of natural gas is in good agreement with the simulation results, which ensures the accuracy of the calculation of kinetic parameters of hydrocarbon generation (Figures 4A,C,E). The activation energy range of natural gas in Lingfeng Formation of the West subsag is 45–65 kcal/mol, the main activation energy is 53 kcal/mol, the average activation energy is 58.37 kcal/mol, and the frequency factor is 9.8×1011 s−1 (Figures 4A,B). The activation energy range of natural gas of Yueguifeng Formation in the West subsag is 47–68 kcal/mol, the main activation energy value is 60 kcal/mol, the average activation energy is 57.11 kcal/mol with frequency factor of 1.2×1012 s−1 (Figures 4C,D). The natural gas activation energy of Yueguifeng Formation in the East subsag is 46–64 kcal/mol, the main activation energy is 60 kcal/mol, the average activation energy is 53.31 kcal/mol, and the frequency factor is 6.5×1011 s−1 (Figures 4E,F). The frequency factor (A) refers to the factor of the total number of effective collisions of activated molecules, and the larger the value is, the easier the chemical reaction will be (Galwey and Brown, 2002; He et al., 2020).
[image: Figure 4]FIGURE 4 | Fitting results of natural gas yield and distribution of activation energy for hydrocarbon generation of the source rocks in the Lishui Sag. A = frequency factor.
DISCUSSION
Difference Analysis of Hydrocarbon Generation Characteristics
Under different heating rates, the maximum yield of hydrocarbon generation products of the selected samples in Lishui Sag is stable (Figure 3), indicating that, in geological history, the hydrocarbon generation potential of source rocks depends on the composition and structure of kerogen and has little to do with sedimentation rate and geothermal gradient. The oil components yield of the Yueguifeng and Lingfeng Formations in the West subsag is low, and, with the increase of simulation temperature, the maximum yield almost simultaneously begins to decrease, indicating that the source rocks of the West subsag are typical gas-prone source rocks. According to the principle of conservation of mass, the methane generated by the source rocks of the West subsag should be mainly generated by direct cracking of kerogen, and the proportion of methane converted from oil components is relatively small. Although the degree of thermal evolution of the source rock in Yueguifeng Formation is relatively high, the distribution characteristics of its oil yield first increased and then decreased, which indicates the source rocks of Yueguifeng Formation are still in the main hydrocarbon generation period. The maximum yield of natural gas of Lingfeng Formation in the West subsag is higher than that of Yueguifeng Formation, which indicates that the gas generation potential of Lingfeng formation source rock is higher than that of Yueguifeng Formation. The hydrocarbon generation characteristics of the Yueguifeng Formation source rocks in the East subsag are quite different from those in the West subsag. Firstly, the yield of source rock of Yueguifeng Formation in the East subsag is much higher than that in the West subsag. It is worth noting that the sample of Yueguifeng Formation in the East subsag has relative high oil potential. The simulation results show that, at the temperature which is equivalent to the current maturity, the oil component has reached the maximum yield. Due to its high thermal evolution, it may be in the stage of oil generation peak or after the oil generation peak. At the heating rate of 20°C/h, when the simulated temperature is lower than 456°C (Ro = 1.47), the yield of heavy oil components decreases, while the yield of light oil components increases, and the yield of overall oil component also decreases. It shows that, with the increase of simulation temperature, heavy oil components will crack to form light oil components and natural gas (Figures 3G,I). In the case of similar thermal evolution degree, the hydrocarbon generation potential of Yueguifeng Formation in the East subsag is much higher than that in the West subsag, which may be related to the composition of organic matter.
In this study, the distribution characteristics of activation energy of methane and oil components are selected to analyze the difference of hydrocarbon generation kinetics of source rocks in the Lishui Sag. The range of activation energy for methane of the Lingfeng Formation in the West subsag is 46–65 kcal/mol, and the main activation energy value is 56 kcal/mol. The range of activation energy for methane of the Yueguifeng Formation in the West subsag is 44–68 kcal/mol, and the main activation energy value is 61 kcal/mol. The activation energy range of methane for the sample of the Yueguifeng Formation in the East subsag is 47–69 kcal/mol, and the main activation energy value is 53 kcal/mol (Figure 5A). According to the distribution of activation energy for methane, when the average activation energy difference is small, the distribution range of methane activation energy of Lingfeng Formation in the West subsag is the narrowest, which indicates that it is easier to generate methane. On the whole, there is little difference in the kinetic characteristics of methane generation in Lishui Sag. The range of activation energy for oil components in Lingfeng Formation of the West subsag is 43–58 kcal/mol, and the main activation energy value is 55 kcal/mol. The range of activation energy for oil components in Yueguifeng Formation in the West subsag is 41–56 kcal/mol, and the main activation energy value is 52 kcal/mol. And the range of activation energy for oil components in Yueguifeng Formation in the East subsag is 31–47 kcal/mol with a main activation energy value of 41 kcal/mol (Figure 5B). Obviously, the hydrocarbon generation kinetic characteristics of the samples of Lingfeng and Yueguifeng Formations in the West subsag are similar, while the samples of Yueguifeng Formation in the East subsag show its particularity with lower distribution range and average activation energy, and its oil generating capacity and potential are much higher than those of source rocks in the West subsag.
[image: Figure 5]FIGURE 5 | Distribution of activation energy for hydrocarbon generation of methane and oil components AAC: average activation energy.
Macerals of Kerogen Control the Model of Hydrocarbon Generation
Li et al. (2019) indicate that the mudstone of Yueguifeng Formation shows high maturity and the advantage of aquatic organic matter input. The organic matter input heterogeneity of Lingfeng Formation mudstone is high, aquatic input is dominant in the lower part, and terrigenous input is dominant in the upper part. The mudstone of Yueguifeng Formation was deposited in saline lake with high clay content and relatively high salinity, while the mudstone of Lingfeng Formation was deposited in the transitional sedimentary environment. Generally, the source rocks in Lishui Sag show the characteristics of mixed organic matter input and the evolution process of sedimentary environment from continental facies to marine facies. The instability of organic matter input and the transitional sedimentary environment may be the main reasons for the dominance of type III kerogen of source rocks in Lishui Sag. As mentioned above, although the kerogen types of the source rocks in Lishui Sag are consistent in terms of pyrolysis parameters, their hydrocarbon generation characteristics are quite different. Therefore, it is not rigorous to judge the hydrocarbon generation potential of source rocks only from the types of kerogen derived from pyrolysis parameters. In this study, the maceral analysis of the selected samples was carried out in order to analyze the causes of the differences in hydrocarbon generation characteristics of the source rocks in Lishui Sag.
As shown in Figure 6, the maceral composition of source rocks in the West subsag and the East subsag is dominated by vitrinite. The vitrinite content of Lingfeng Formation and Yueguifeng Formation in the West subsag is dominant (≥70%), while the vitrinite content of Yueguifeng Formation in the East subsag is much lower than that in the West subsag. The content of liptinite in source rocks of Yueguifeng Formation in the East subsag is second only to vitrinite and much higher than that in the West subsag. There is a consensus that vitrinite is the main gas dipping macerals, and liptinite is the main oil dipping macerals (Tissot and Welte, 1984; Peters et al., 2005; Hakimi and Ahmed, 2016). According to the maceral composition, the source rocks in Lishui Sag are dominated by gas generation, and the source rocks of Yueguifeng Formation in the East subsag also have certain oil generation potential (Figure 7).
[image: Figure 6]FIGURE 6 | Maceral composition of selected samples in the Lishui Sag.
[image: Figure 7]FIGURE 7 | Ternary plots of the maceral composition, showing anticipated hydrocarbon phase of the selected samples in the Lishui Sag (modified after Tissot and Welte, 1984).
Classification of Kerogen Types From Mixed Organic Matter Sources
Through the hydrocarbon generation simulation experiment and maceral analysis of source rocks in the Lishui Sag, a limitation in inference of the hydrocarbon generation potential of source rocks is highlighted when only based on the types of kerogen obtained by pyrolysis parameters, especially for the source rocks with mixed organic matter sources. According to the classification of kerogen types in source rocks, many schemes have been proposed (Tissot and Welte, 1984; Van Krevelen, 1993). The results of previous studies show that the combination of kerogen type index (KTI = S2/S3 = HI/OI) can more effectively distinguish the boundary of kerogen types, especially for the mixed region division of type II and type III kerogen (Huang et al., 1982; Huang et al., 1984; Peters et al., 2005). However, it should be noted that, due to the differences in the research objects of scholars, there is no consensus on the value limit of KTI in the classification of kerogen types. Peters et al. (2005) classified kerogen into five types according to pyrolysis parameters and S2/S3 values. The values of S2/S3 for different types of kerogen are type IV < 1, 1 ≤ type III < 5, 5 ≤ type II/III < 10, 10 ≤ type II < 15, type I ≥ 15 (Peters et al., 2005). According to the pyrolysis parameters of hydrogen index (HI), oxygen index (OI), and their ratios, Huang et al. (1982) established an X-type diagram for the classification of kerogen types and divided kerogen into five types. With the improvement of the data and the deepening of the research, the value limits of HI/OI are adjusted: type Ⅲ2 < 0.5, 0.5 ≤ type Ⅲ1 < 1.5, 1.5 ≤ type Ⅱ < 15, 1.5 ≤ type Ⅰ2 < 40,type Ⅰ1 ≥ 40 (Huang et al., 1984). In this study, based on the hydrogen index, the types of kerogen should be typical type III, but its hydrocarbon generation characteristics are quite different. Therefore, the kerogen type should be redefined according to the hydrocarbon generation characteristics of the source rocks in Lishui Sag. Based on the hydrocarbon generation characteristics of the source rocks derived from mixed organic matter in the Lishui Sag, a new value limit of kerogen type index is proposed to classify kerogen types. Type IV kerogen (KTI < 0.5) has low hydrocarbon generation capacity, and “dead carbon” occurs when hydrogen index is lower than 50 mg/g; type III kerogen (0.5 ≤ KTI < 1.5) mainly produces gas, and, with the increase of KTI value, a small amount of liquid hydrocarbon may be produced; type II/III kerogen (1.5 ≤ KTI < 5) mainly produces gas, but its oil generation capacity is much higher than that of type III kerogen; type II kerogen (5 ≤ KTI < 15) and type I kerogen (KTI > 15) are mainly oil prone (Figure 8). According to the dynamic characteristics of the selected kerogen, the main activation energy for methane of type II/III kerogen is less than that of type III kerogen, and the range of activation energy is similar. However, the main activation energy for oil components of type II/III kerogen is significantly smaller than that in type III kerogen, and the range of activation energy is also smaller than that of type III kerogen (Figure 5). The above phenomena indicate that the kinetic characteristics of gas generation between type II/III kerogen and type III kerogen are similar, but type II/III kerogen is easier to generate oil.
[image: Figure 8]FIGURE 8 | Classification chart of kerogen types (modified after Van Krevelen, 1993; Peters et al., 2005).
CONCLUSION
According to the characteristics of pyrolysis hydrogen index and oxygen index, the kerogen type of source rocks in Lishui Sag is mainly type III kerogen. Due to deep burial, the source rocks in Lishui Sag are basically in mature stage. The simulation of hydrocarbon generation by gold tube pyrolysis experiment shows that the source rocks in Lishui Sag mainly generate natural gas, and the hydrocarbon generation characteristics of source rocks in different structural positions are quite different. The oil yield of type III kerogen in Lingfeng and Yueguifeng Formations in the West subsag is relatively low. The natural gas is dominantly methane, which is mainly produced by direct cracking of kerogen. Based on the maximum yield and kinetic characteristics of hydrocarbon generation, the hydrocarbon potential of Lingfeng Formation in the West subsag is higher than that in Yueguifeng Formation. The hydrocarbon potential of Yueguifeng Formation source rock in the East subsag is much higher than that in the West subsag, and it has considerable oil potential.
Maceral analysis shows that the content of liptinite of the Yueguifeng Formation in the East subsag is much higher than that of the West subsag, which may responsible for the difference of hydrocarbon generation characteristics. For source rocks with mixed sources of organic matter, it is not rigorous to judge the type of kerogen only by hydrogen index and oxygen index, and maceral analysis should be supplemented to comprehensively judge hydrocarbon potential. Comprehensive use of kerogen type index (KTI), pyrolysis hydrogen index, and oxygen index can improve the accuracy of kerogen type classification of source rocks with mixed organic matter sources. We subdivided the mainly gas producing kerogen with mixed organic matter source into type III and type II/III. Type III kerogen (0.5 ≤ KTI < 1.5) mainly produces gas and, with the increase of KTI value, a small amount of liquid hydrocarbon may be produced. Type II/III kerogen (1.5 ≤ KTI <5) mainly produces gas, but its oil production capacity is much higher than that of type III kerogen.
In this study, the hydrocarbon generation model of type III kerogen with different maturity and structural position in Lishui Sag was investigated by the gold tube hydrocarbon generation simulation experiment in a closed system, and its hydrocarbon generation potential was evaluated, so as to provide theoretical basis for oil and gas exploration in Lishui Sag at the early stage of exploration. Based on the gold tube pyrolysis experiment, it is found that the hydrocarbon generation modes of type III kerogen divided by traditional pyrolysis parameters are quite different, which emphasizes the importance of maceral analysis in oil and gas potential evaluation. The next exploration direction of Lishui Sag should be in the East subsag, mainly for oil and gas, and the West subsag should be mainly for gas traps.
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