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To clarify the implication of alkane carbon and hydrogen isotopes for the genesis and accumulation of over-mature shale gas, we carried out a comparative study on Longmaxi shale gases from eight blocks in the Upper Yangtze area. The results show that the δ13CCH4, δ13CC2H6, and δ13CC3H8 of Longmaxi shale gas are all positively correlated with Ro. According to the distribution model of δ13C with thermal maturity, the Longmaxi shale gas lies in the reversal stage. Shale gas is a mixture of the kerogen cracking gas and secondary cracking gas, and the mixing ratio of the two cracking gas can be estimated by isotopic fractionation experiments of thermogenic gas. The proportion of secondary cracking gas in the shale gas of the Longmaxi Formation ranges from 33 to 72%. The increase of secondary cracking gas with lower δ13C would reduce the carbon isotope of the shale gas. The δ13CC2H6 and δ13CC3H8 have acute sensitivity to the occurrence of secondary cracking gas, hence they can be used as potential indicators of shale gas content. The decline of gas generation capacity, the reduction of micropores, and the destruction of tectonic movement are the considerable factors leading to the decrease of gas content in high-maturity shale.
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INTRODUCTION
Organic alkane gas is a small molecule hydrocarbon formed by the degradation or cracking of organic matter under specific temperature, pressure, and catalytic conditions. As the principles of kinetic isotopic effect have been widely accepted, alkane carbon and hydrocarbon isotopic analysis has made remarkable achievements in studying the genesis and accumulation of natural gas (Berner et al., 1995; Cramer et al., 2001; Cramer, 2004; Burruss and Laughrey, 2010; Wang et al., 2015; Curiale and Curtis, 2016; Cao et al., 2020; Feng et al., 2020; Li et al., 2020). The carbon and hydrogen isotopes composition of organic alkane gas is not only related to the material composition of the hydrocarbon generation material, but also effected by the isotope fractionation in the process of biochemical degradation or thermal evolution cracking (Burruss & Laughrey, 2010). In addition, they are also influenced by secondary changes during migration and accumulation after hydrocarbon generation. Therefore, they contain vast quantities of information on hydrocarbon accumulation (Cai et al., 2005; He, 2017).
Shale gas is formed in a relatively closed system characterized by self-generation, self-storage, and in-situ accumulation. Due to its wide distribution and tremendous resource, shale gas has become a vital natural gas resource globally (Curtis, 2002; Zou et al., 2010; Freeman et al., 2011; Huang et al., 2020a). Distinct from with the accumulation of conventional gas, the formation of shale gas lacks secondary migration. In addition, it is affected by the cracking of retained hydrocarbon and Rayleigh fractionation in the high- and over-mature stage, and desorption and fractionation of depressurization associated with tectonic uplift (Burruss and Laughrey, 2010; Tilley et al., 2011; Xia et al., 2013; Feng et al., 2020; Jiang et al., 2020; Milkov et al., 2020). Therefore, carbon and hydrogen isotopes of shale gas show distinct characteristics from those of conventional natural gas. The carbon isotopic reversals or rollovers of shale gas are common in the high- and over-mature shale gas, such as Fayetteville shale gas in North America and Longmaxi shale gas in Sichuan Basin, China (Tilley et al., 2011; Zumberge et al., 2012; Dai et al., 2014). However, there are no carbon isotopic reversals in low-mature shale gas, such as Eagle Ford Shale and Chang seven Shale in Ordos Basin (Dai et al., 2016; He, 2017). Moreover, the shale gas wells with carbon isotopic reversals tend to have high production, which has attracted significant attention. Considerable amount of researches have been carried out on the causes of carbon isotopic reversals in high- and over-mature shale gas. Currently, the main views on the cause of carbon isotopic reversals in high- and over-mature shale gas are as follows: the mixture of kerogen- and oil-cracking gases (Tilley and Muehlenbachs, 2013; Xia et al., 2013; Zhao et al., 2019), Rayleigh fractionation of alkanes (Burruss and Laughrey, 2010; Feng et al., 2020), carbon exchange at high temperature (Dai et al., 2016; Yang et al., 2017), Fischer-Tropsch synthesis (Tang and Xia, 2011); water-kerogen redox reaction (Price, 2001; Burruss and Laughrey, 2010), decomposition of C2+ alkanes (Telling et al., 2013; Xia and Gao., 2018), isotope fractionation during the desorption process (Freeman et al., 2011; Wang et al., 2015; Ma et al., 2020), isotope fractionation caused by tectonic uplift (Jiang et al., 2020; Milkov et al., 2020).
In recent years, China has vigorously developed unconventional oil and gas (Tang et al., 2015; Feng et al., 2018; Huang et al., 2020b, 2021), and achieved a yearly shale gas output of 200 × 108 m3 in 2020, becoming the largest shale gas production country outside North America (Zou et al., 2021). Although China has made significant breakthroughs in marine shale gas and terrestrial shale gas, the current shale gas production mainly comes from the Ordovician Wufeng Formation shale and Silurian Longmaxi Formation shale (Longmaxi shale for short) in the Upper Yangtze area (Zhao et al., 2020). The Longmaxi shale is widely distributed in the Upper Yangtze area. Currently, the production of Longmaxi shale gas is mainly carried out in the Changning, Weiyuan, Zhaotong, Fuling and other blocks in the Sichuan Basin and the surrounding areas. There are still plenty of shale gas resources to be developed in the Upper Yangtze area.
Numerous studies on the carbon and hydrogen isotopes of Longmaxi shale gas in the Upper Yangtze area have been carried out, but these studies mainly focus on a single block (Tang et al., 2015; Yang et al., 2017; Feng et al., 2018; Chen et al., 2020). There are few studies comparing the isotopic composition of shale gas from different regions and its connection with gas content. We studied the data from 102 wells in eight shale gas production blocks in the Upper Yangtze area and compared their thermal maturity, gas content, composition, and isotopes composition of Longmaxi shale gas. The relationships between alkane carbon isotopes and thermal maturity, cracking gas composition, and gas content of shale gas are analyzed. Thus, some possible factors affecting the enrichment of Longmaxi Formation gas are discussed. We hope that this study will provide a reference for exploring the shale gases with high- or over-maturity.
GEOLOGICAL SET
The Upper Yangtze area mainly includes the Sichuan Basin, Chongqing Province, and the north of Guizhou Province and Yunnan Province (Figure 1). The Longmaxi shale is rich in graptolite fossils, which are mainly deposited in the marine shelf environment, and are characterized by high bio-silicon content and high TOC (Xu et al., 2004). The black shale of the Longmaxi Formation is continuous and thick, generally up to 300 m. The abundance of organic matter in Longmaxi shale is relatively high and gradually increases from top to bottom, with a TOC of 5.1–6.8%. High-quality shale reservoirs are mainly located at the bottom of the shale interval of 10–60 m and are the leading shale gas-producing layer (Dai et al., 2016; Yang et al., 2017; Zou et al., 2021). The burial depth of Longmaxi shale in the Upper Yangtze area is 500–6000 m. Commercial exploitation of shale has been fulfilled in the shale shallower than 3500 m. A breakthrough in production has been partially achieved in the deep shale of 3500–4500 m. The distribution area of shale below 4500 m is about 3.09 × 104 km2, and the recoverable shale gas resource is estimated to be 3.78 × 1012 m3, which shows good prospects for exploration (Zhao et al., 2020; Zou et al., 2021). The reservoir quality and gas-bearing properties of the Longmaxi shale in the Upper Yangtze area are obviously heterogeneous. The enrichment of shale gas is controlled by many factors such as organic matter abundance, thermal maturity, tectonic evolution, roof, floor thickness, structural morphology, and fault development (Ou et al., 2018; Jiang et al., 2020; Xi et al., 2022).
[image: Figure 1]FIGURE 1 | Paleogeography of Longmaxi shale and distribution of main shale gas blocks in the Upper Yangtze area (modified from Xu et al., 2004).
DATA SET
Table 1 lists the molecular composition and carbon and hydrogen isotopic data of eight major shale gas fields (i.e., Weiyuan, Changning, Zhaotong, Fushun, Dingshan, Jiaoshiba, Pengshui, Wuxi) in the Upper Yangtze area (Dai et al., 2014, 2016, 2017; Wu et al., 2015, 2017; Yang et al., 2017; Feng et al., 2018, 2019; Xin et al., 2019; Cao et al., 2020). There are usually some differences in the stable isotopes of gases obtained by different sampling means. Numerous desorption experiments show that the desorption rate of methane in shale is significantly faster than that of ethane and propane. In addition, alkanes enriched in 12C are more accessible to release from shale than alkanes enriched in 13C (Wang et al., 2015; Liu et al., 2018; Ma et al., 2020). Therefore, the data analyzed in this study are all gas samples collected at the wellhead. Some wells are sampled multiple times, and only the latest data are used in this study. The latest data after stable production tend to be more accurate, and the molecular and isotopic compositions of shale gas would change little after a short period of production (Zhang et al., 2018). The primary geological characteristics, such as static (depth, thickness, thermal maturity, porosity, brittleness) and dynamic parameters (gas content, and pressure cofficient) of Longmaxi shale from different blocks, were also collected. Although the Longmaxi shale is thick, the shale gas is mostly from high-quality shale reservoirs at the bottom of the shale intervals. The static parameters of shale gas wells are mainly the average values of high-quality shale reservoirs. Table 2 shows no momentous distinction among the static parameters of shale, but the dynamic parameters show significant differences. In particular, the gas content showed obvious differences, distributed between 0.45 and 8.0 m3/t.
TABLE 1 | Geochemical characteristics of shale gas from Longmaxi formation in the Upper Yangtze area (Data from Dai et al., 2014; 2016; 2017; Wu et al., 2015; 2017; Yang et al., 2017; Feng et al., 2018; 2019; Xin et al., 2019; Cao et al., 2020).
[image: Table 1]TABLE 2 | Primary geological characteristics of Longmaxi formation shale in the Upper Yangtze area (Data from Dong et al., 2016; Zou et al., 2016; Zhao et al., 2020).
[image: Table 2]The Longmaxi Shale gas is mainly dominated by methane with a wetness of less than 5%, which shows the characteristics of dry gas at the over-mature stage. The carbon and hydrogen isotopes of Longmaxi shale gas in the eight shale gas blocks are quite different. Longmaxi shale gas has δ13CCH4 values from −26.3‰ to −37.3‰, δ13CC2H6 values from -31.0‰ to −42.8‰, δ13CC3H8 values from −33.1‰ to −50.5‰, and δDCH4 values from -129‰ to −163‰. Among them, the carbon and hydrogen isotopes of Longmaxi shale gas in the Weiyuan block are relatively low, while those of Longmaxi shale gas in the Zhaotong block are relatively high. In addition, the shale gases in eight blocks all show the characteristics of complete carbon isotope reversal (δ13CCH4 > δ13CC2H6 > δ13CC3H8) (Figure 2). The shale gas in the Changning block has the most significent carbon isotope reversal, with an average δ13CCH4−δ13CC2H6 of 6.34‰, while the shale gas in the Fushun block has the smallest carbon isotope reversal, with an average δ13CCH4−δ13CC2H6 of 1.75‰. These indicate that the geological conditions of different blocks may have an essential influence on the isotope characteristics of the Longmaxi shale gas.
[image: Figure 2]FIGURE 2 | Carbon isotopes distribution of Longmaxi shale gas in the Upper Yangtze area.
DISCUSSION
The Origin of Longmaxi Shale Gas
The isotope characteristics of alkane gas are a standard method for identifying the source of natural gas, and has achieved good results in the exploration of conventional gas and coalbed methane (Berner et al., 1995; Cramer et al., 2001; Cramer, 2004; Burruss & Laughrey, 2010; Telling et al., 2013). It is generally considered that the carbon isotope of organic methane is less than −25‰, while that of inorganic methane is greater than −25‰ (Jenden et al., 1993). As shown in Table 1, δ13CCH4 of Longmaxi shale gas in the Upper Yangtze area are all less than −25‰, indicating organic origin. Whiticar, 1999 established a δ13CCH4−δDCH4 diagram based on the study of methane from various recent and ancient sedimentary environments to distinguish natural gas of different sources. As shown in Figure 3, the Longmaxi shale gas is located in the organic high-mature origin area.
[image: Figure 3]FIGURE 3 | Plot of δ13CCH4−δDCH4 for identification of genetic types of Longmaxi shale gas in the Upper Yangtze area (modified from Whiticar, 1999).
However, not all isotopic-based identification methods of natural gas genesis are still applicable to high- and over-mature shale gas reservoirs. For instance, the Bernard diagram modified by Chen et al. (1995), which is widely used in conventional gas, are no longer accurate in identifying the genesis of shale gas. As shown in Figure 4A, Longmaxi shale gases partly fall in the oil cracking gas category and partly in the mixed area of inorganic gas and coal-derived gas. It is contradictory that the original organic matter of Longmaxi shale was dominated by the type I or type II1 kerogen (Ou et al., 2018; Jiang et al., 2020). The discrimination diagram of δ13CCH4-δ13CC2H6-δ13CC3H8 (Dai, 1992) is also not applicable to Longmaxi shale gas. As shown in Figure 4B, most Longmaxi shale gases fall outside the indicator areas. Especially in the δ13CCH4-δ13CC3H8 map, almost all shale gas is not in the indicator zone, indicating that shale gas is different from the organic nature gas seen in the past. Distinct with the conventional gas originating from marine sapropel organic matter (Dai et al., 2014), the δ13CCH4 of Longmaxi shale gases are higher. Meanwhile, the δ13CC2H6 of and δ13CC3H8 of Longmaxi shale gas are dramatically lower. Therefore, some new indicators or genetic maps are needed to identify the origin of shale gas. Milkov and Etiope (2018) modified several genetic diagrams based on the data of 20,000 natural gas samples worldwide. As shown in Figure 5, the 1Longmaxi shale gas belongs to late-mature thermogenic gas.
[image: Figure 4]FIGURE 4 | Discrimination diagram of gas origin for Longmaxi shale gas in the Upper Yangtze area. (A) Modified Bernard diagram about the relationship between δ13C and C1/(C2 + C3), base map from reference (Chen et al., 1995); (B) relationship between δ13CCH4, δ13CC2H6, and δ13CC3H8, base map from reference (Dai et al., 2014; Liu et al., 2016).
[image: Figure 5]FIGURE 5 | Genetic diagram of nature gas revised by Milkov and Etiope (2018). CO2 reduction (CR), methyl-type fermentation (F), secondary microbial (SM), early mature thermogenic gas (EMT), oil-associated (mid-mature) thermogenic gas (OA), and late-mature thermogenic gas (LMT).
Cracking Gas Composition of Longmaxi Shale Gas
It is gradually accepted that the retained crude oil and wet gas in the shale would crack and generate considerable amounts of secondary cracking gas during the high- and over-mature stages (Zhao et al., 2019). Based on the humidity and alkane carbon isotopes of shale gas with different thermal maturities globally, previous studies show that the carbon isotopes of shale gas changes in an inverted “S” shape with the decrease in the humidity (Tilley et al., 2011; Zumberge et al., 2012; Hao and Zou, 2013). As we all know, natural gas humidity decreases with thermal maturity. As the thermal maturity of shale increases, the carbon isotope composition of shale gas will undergo several stages of change from normal isotope sequence to partial reversal isotope sequence and complete reversal isotope sequence (Tilley and Muehlenbachs, 2013; Dai et al., 2014). Xia et al. (2013) proposed a distribution model of alkane carbon isotopes of shale gas with increasing thermal maturity and divided it into four stages (I, II, III, and IV) according to the characteristics of carbon isotope (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) Distribution mode of δ13C with thermal maturity proposed by Xia et al. (2013). (B) Relationship between the δ13C and Ro of Longmaxi shale gas in the Upper Yangtze area.
Figure 6B shows the relationship between the alkane carbon isotopes of the Longmaxi shale gas and the thermal maturity. The δ13CCH4, δ13CC2H6, and δ13CC3H8 of Longmaxi shale gas all increase with Ro. The increase rate of δ13CC2H6 and δ13CC3H8 is greater than that of δ13CCH4. It is consistent with stage III in the model proposed by Xia et al. (2013). At stage III, the cracking of retained hydrocarbon in the shale reaches a peak and begins to decrease gradually. Previous studies suggested that the isotope fractionation of secondary cracking is more potent than that of kerogen cracking, so the alkane carbon isotopes of secondary cracking gas are lighter than those of kerogen cracking gas (Tilley et al., 2011; Hao and Zou, 2013; Xia et al., 2013; Zhao et al., 2019). Therefore, as the secondary cracking of the over-mature shale weakens, the alkane carbon isotopes of shale gas gradually increases. Ethane and propane are low in shale gas, so δ13CC2H6 and δ13CC3H8 are more sensitive to δ13CCH4. The trend lines of δ13CC2H6 and δ13CC3H8 show a more significant slope than that of δ13CCH4, as shown in Figure 6B. When Ro increases to around 4%, the δ13CC2H6 and δ13CC3H8 will be greater than that of δ13CCH4, and the carbon isotope of shale gas will eventually return to a positive order. Liu et al. (2018) studied the extremely high mature shale gas in Southern North China Basin and found that the carbon isotope composition of shale gas with Ro ≈ 4.1% shows a normal sequence.
There is a large amount of retained oil and wet gas in organic-rich shale at the mature stage. When the thermal maturity reaches a certain level (such as Ro>1.6%), the retained hydrocarbon begins to crack and generate gas. At this time, there are both kerogen cracking gas and secondary cracking gas in the shale. The carbon and hydrogen isotopes of methane in the kerogen cracking gas and the secondary cracking gas are different. Therefore, it can be used to analyze the composition of kerogen cracking gas and secondary cracking gas in shale gas (Li et al., 2020). According to the isotope fractionation mechanism of thermogenic gas (Berner et al., 1995; Cramer et al., 2001), comparative experiments on the thermal cracking of kerogen and normal C22 alkanes (retained liquid hydrocarbon equivalent) have been carried out. The trend models of δ13CCH4 and δDCH4 for two types of cracking gas are established (Qu, 2015). Figure 7 shows that Longmaxi shale gas is located in the middle of the trend lines of kerogen cracking gas and secondary cracking gas. It is consistent with the previous research that shale gas is a mixture of kerogen cracking gas and secondary cracking gas (Tilley et al., 2011; Hao and Zou, 2013; Xia et al., 2013; Yang et al., 2017; Zhao et al., 2019; Milkov et al., 2020).
[image: Figure 7]FIGURE 7 | Relationship between methane carbon and hydrogen isotopes of thermal simulation results of kerogen and nC22 (modified from Qu 2015).
Therefore, the cracking gas composition of shale gas can calculate based on this research. The vertical line based on the hydrogen isotope of Longmaxi shale gas (δDCH4-shale) will intersect with the extension of the δ13CCH4-δDCH4 trend line of kerogen cracking gas and retained hydrocarbon cracking gas (Figure 7). The two intersection points respectively represent the δ13CCH4 of the kerogen cracking gas and secondary cracking gas. They can be expressed as δ13CCH4-kero and δ13CCH4-seco (Eqs 1, 2). The methane carbon isotope of Longmaxi shale gas (δ13CCH4-shale) is a mixture of two end members. Therefore, the equation of δ13CCH4-shale, δ13CCH4-kero, and δ13CCH4-seco can be established. The ratio of retained hydrocarbon cracking gas is X, while that of kerogen cracking gas is 1-X (Eq. 3).
[image: image]
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When the δ13CCH4-shale and δDCH4-shale of shale gas samples are substituted into the above equations, the ratio of kerogen cracking gas and retained hydrocarbon cracking gas can be obtained.
The proportion of retained hydrocarbon cracking gas in the Longmaxi shale gas ranges from 31 to 83% (Table 3). Among the six shale gas blocks (no δDCH4-shale in the Wuxi and Dingshan blocks), the proportion of retained hydrocarbon cracking gas in the Weiyuan block is the highest (average 72%), while that in the Changning block is the lowest (average 33%). There are two possible causes for the difference in the composition of cracking gas in shale gas. 1) The thermal maturity of Longmaxi shale in the Weiyuan block (Ro of 2.1–2.7%) is lower than that in other shale gas blocks, and it is still in the stage of retained hydrocarbon cracking. However, the thermal maturity of Longmaxi shale in the Changning block is exceptionally high (Ro of 3.1–3.2%). Most retained hydrocarbons of Longmaxi shale in the Changning block have been consumed, resulting in a reduction of secondary cracking gas. Therefore, the proportion of secondary cracking gas in the Weiyuan block is higher than that in the Changning block. 2) As the Weiyuan block is close to the Leshan-Longnüsi paleo-uplift, its preservation conditions are relatively poor. Liu et al. (2016) believed that there is communication between the Weiyuan anticline and the surface, which accounts for the low pressure of Longmaxi shale gas in the Weiyuan block. The shale gas generated in the early stage may dramatically dissipate during the tectonic uplift. Thus, the secondary cracking gas primarily developed in the later period plays an essential contribution to the shale gas.
TABLE 3 | Proportion of kerogen cracking gas and secondary cracking gas in Longmaxi shale gas in the Upper Yangtze Area.
[image: Table 3]Implication of Carbon Isotopes for Shale Gas Content
Gas content is the focus of shale gas resource evaluation. Previous studies suggest that the shale gas wells with carbon isotope reversal tend to be highly productive (Tilley et al., 2011; Zumberge et al., 2012). Feng et al. (2018) believed that the daily output of Longmaxi shale gas wells in the Weiyuan block shows a positive relationship with the magnitude of carbon isotope reversal (δ13CCH4-δ13CC2H6). Chen et al. (2020) proposed that the gas content of Longmaxi shale in the Zhaotong block was positively correlated with δ13CCH4-δ13CC2H6 and negatively correlated with δ13CC2H6. Figure 8 shows the correlations between the gas content and carbon isotopes of Longmaxi shale gas in the Upper Yangtze area. The shale gas content exhibits a moderate correlation with δ13CC2H6 and δ13CC3H8. As the shale gas content increases, the δ13CC2H6 and δ13CC3H8 become lighter.
[image: Figure 8]FIGURE 8 | Plots of δ13CC2H6 and δ13CC3H8 versus gas content of Longmaxi shale gas in the Upper Yangtze Area.
The δ13CC2H6 and δ13CC3H8 of Longmaxi shale gas are positively correlated with thermal maturity and negatively correlated with gas content. It means that the gas content of Longmaxi shale may decrease with thermal maturity. It can also be drawn from the relationship between thermal maturity and gas content of Longmaxi shale in the Upper Yangtze area (Figure 9). However, this is inconsistent with previous studies that the shale gas content increases with thermal maturity (Zou et al., 2010; Liu et al., 2016).
[image: Figure 9]FIGURE 9 | Relationship between Ro and gas content of Longmaxi shale gas in the Upper Yangtze Area.
The shale gas content shows distinct variation characteristics at different maturity stages (Figure 10). The gas content of shale increases with the thermal maturity during the relatively low mature stage (Ro<2.2–2.6%). The gas content of shale decreases with the thermal maturity during the relatively high mature stage (Ro>2.2–2.6%). Our observations suggest that the following causes may lead to the decrease of Longmaxi shale gas content with thermal maturity.
[image: Figure 10]FIGURE 10 | Schematic diagram for hydrocarbon generation, pore volume, alkane carbon isotopes, and gas content at different mature stages in shales (modified from Li et al., 2018; Wang et al., 2019; Liu et al., 2018).
1) The consumption of organic matter in high- and over-mature shale leads to a significant decline in gas generation capacity, which may be an essential factor in the reduction in shale gas content. It has been suggested that hydrocarbon generation always exists in the source rocks with the thermal maturity (Ro) less than 5% (Li et al., 2018). The hydrocarbon generation process of organic matter can be divided into five periods, including biochemical gas generation (0% < Ro <0.3%), low maturity (0.3% < Ro <0.7%), mature (0.7% < Ro <1.3%), high-mature (1.3% < Ro <2.0%), over-mature (2.0% < Ro <5.0%). The products of hydrocarbon generation mainly include biogas, immature oil and transition gas, mature crude oil and associated gas, kerogen degradation gas, liquid hydrocarbon cracking gas, wet gas cracking gas, and methane cracking gas. Kerogen cracking gas is mainly produced when Ro>1.1% and reaches the peak when Ro ≈ 1.6%, then gradually exhausts and stops when Ro ≈ 3.0% (Chen et al., 2007; Jiang et al., 2020). Liquid hydrocarbons and wet gas are mostly cracking when Ro>1.3%, and reach the peak when Ro ≈ 2.6%, then gradually decrease and stop when Ro ≈ 3.5% (Waples, 2000; Zhao et al., 2011; Li et al., 2018). Methane starts to crack when Ro>5%. Therefore, high- and over-mature shale gas comprises kerogen cracking gas and secondary cracking gas. The Ro of the Longmaxi shale in the Upper Yangtze area is more significant than 2.0%, and in some blocks greater than 3.0%. Thus, the gas generation capacity of Longmaxi shale has been dramatically weakened.
2) The reduction of organic pores in over-mature shale may be another important factor leading to the decrease of gas content. Numerous micro-pores and nano-pores are generally developed in organic-rich shale (Loucks et al., 2012; Guo et al., 2017; Hu et al., 2017). These pores are mainly composed of organic pores and inorganic mineral matrix pores. The organic pores account for more than 50% of the storage space of shale (Singh et al., 2009; Passey et al., 2010). The content, type, and maturity of organic matter control the development of organic matter pores (Xu et al., 2019). Wang et al. (2019) established the pore structure evolution from immature shale to over-mature shale based on shale data worldwide. They proposed that the evolution of micropores and mesopores in shale could be divided into four stages. In the first stage (0.4% < Ro <0.7%), the pore evolution is mainly related to the burial and compaction process. The discharge of liquid hydrocarbons generated by kerogen and the chemical dissolution of minerals would increase the pore volume (Loucks et al., 2012; Ko et al., 2018). In the second stage (0.7% < Ro <1.2%), the filling of petroleum and bitumen leads to a significant reduction of pore volume in shale (Guo et al., 2017). In the third stage (1.2% < Ro <2.2%), the micro-pores in the organic matter are significantly increased due to the secondary cracking of retained liquid hydrocarbons (Kuila et al., 2014; Hu et al., 2017). The matrix pores formed by inorganic minerals are gradually reduced due to compaction and cementation (Wang et al., 2013). In the fourth stage (Ro>2.2%), the pores of organic matter in the shale begin to reduce significantly due to long-term compaction and graphitization of organic matter (Topór et al., 2017). The Ro of the Longmaxi shale in the Lower Yangtze area is generally greater than 2.2%, and thus the reduction of micro-pores in the shale would decrease the gas content.
3) Tectonic movement affects the accumulation and destruction of shale gas. The time, amplitude, and scale of the last tectonic uplift have an essential impact on the differential enrichment of shale gas (Jiang et al., 2020). As seen in Figure 11, the amplitudes of last structure uplift in well DY1 and PY1 have slight difference, while the time of last structure uplift in well DY1 is significantly later than that in well PY1. When the shale reaches high- and over-maturity through deep burial, the gas escape in the shale will generally occur during the subsequent tectonic uplift and depressurization (Milkov et al., 2020). The time and amplitude of the last structure uplift will directly affect the shale gas content. The Longmaxi shale with higher thermal maturity tends to have an earlier period and greater amplitude of the last tectonic uplift. The last tectonic uplift is generally inclined to cause a decrease in gas content. Jiang et al. (2020) proposed the relationship between the gas content of the Longmaxi shale in the Yangtze area and the time and amplitude of the last tectonic uplift (Figure 12). There is a particular connection between the shale gas content and the last tectonic uplift. The shale gas content decreases with the enlargement of the uplift amount and the advance of the uplift period. On the contrary, it increases with the diminution of the uplift amount and the delay of the uplift period.
[image: Figure 11]FIGURE 11 | Comparison of the burial histories of well DY1 in Dingshan block and well PY1 in Pengshui block (modified from Xu et al., 2015 and Qiu et al., 2020).
[image: Figure 12]FIGURE 12 | connection among gas content, Ro, uplift time, and uplift amplitude of Longmaxi shale gas in Yangtze Area (modified from Jiang et al., 2020). The size of the red circle represents the level of air content.
The completeness of the yellow circle represents the Ro, and the full circle refers to Ro = 4%.
CONCLUSION

1) The alkane carbon and hydrogen isotopes of Longmaxi shale gas in the Upper Yangtze area are quite different. The isotopic characteristics and their differences are significant for the origin and accumulation of shale gas.
2) The high- and over-mature shale gas comprises kerogen cracking gas and secondary cracking gas. The proportion of secondary cracking gas in the Longmaxi shale gas is 33–72%. The carbon isotopes of shale gas gradually decrease with the content of secondary cracking gas.
3) The weakening of gas generation capacity and the reduction of micro-pores are essential reasons for the decrease of gas content in over-mature shale with thermal maturity. The Longmaxi shale with higher thermal maturity tends to have an earlier period and greater amplitude of last tectonic uplift, which may be another cause of the decrease in gas content.
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