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Natural gas is a clean and efficient energy source. Shale gas, one of the unconventional natural gases, is becoming an indispensable part of natural gas. Compared with marine facies shale gas, which has large-scale exploitation, marine and continental transitional facies shale gas have greater development potential. It could be the new direction of development in the future. In this article, the basic geological characteristics, sedimentary environment, and reservoir characteristics of organic-rich transitional facies shale in the southern Sichuan basin are analyzed by lithologic characteristics, chemical element analysis, reservoir space, gas bearing characteristics, and so on and are compared with domestic and abroad transitional shale gas. The results show that the sedimentary period of transitional shale of Upper Permian Leping Formation has a high paleoproductivity level and deposition rate favorable for the accumulation of organic matter in southern Sichuan basin. It was warm and humid paleoclimatic by Sr, V, Cr, Ni, Co, and other trace elements analysis. According to the experimental test analysis of reservoir characteristics, the organic matter is mainly type Ⅲ kerogen, and the thermal evolution degree is mainly overmature in the reservoir. The reservoir space is mainly of microfractures and micropores. The main types of micropore development are intergranular pore, intragranular pore, and organic pore. Compared with other shale gas regions that form industrial airflow, the study region with large thickness, highly brittle mineral content, high level of organic carbon content, and excellent gas-bearing characteristics, it has favorable conditions for shale gas accumulation. The southern Sichuan basin could be the key area for breakthroughs in the exploration and development of transitional shale gas in the next step.
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1 INTRODUCTION
According to the sedimentary background, shale can be divided into three types: marine facies; transitional facies; and continental facies (Montgomery et al., 2006; Liang et al., 2008). In China, marine facies shale is mainly developed in Paleozoic strata, transitional facies shale in Carboniferous–Permian strata, and continental facies shale in Cenozoic strata (Zou et al., 2015; Dong et al., 2016; Zou et al., 2016; Li., 2022). At present, China has achieved great success in shallow, middle, and deep marine shale gas (Liang et al., 2016; Yang et al., 2019; Zhang et al., 2020a; Liang et al., 2020). The exploration and research of transitional facies shale gas are at the initial stage. Previous studies have shown that China’s transitional facies shale gas resource distribute widely and has great resource potential, such as Ordos basin, Qinshui basin, and southern of north China basin. Transitional facies shale gas resource of 19.8 × 1012 m3, accounted for 25% of the total shale gas resource in China. Although the study of transitional facies shale gas started late, it will have great exploration and developmental prospects (Zou et al., 2010; Dong et al., 2016; Yang et al., 2017; Guo et al., 2018; Kuang et al., 2020).
It is currently believed that the Ordos basin and Sichuan basin are the regions most likely to take the lead in the commercial development of transitional facies shale gas. The favorable areas of the two basins can reach 13.3 × 104 km2, accounting for 72% of the whole country. The total geological resources of the two basins can reach 13.5 × 1012 m3, accounting for 68% of the whole country (Chen et al., 2012; Ding et al., 2013; Shan et al., 2015; Li et al., 2019). Zhaotong National Shale Gas Demonstration Zone, which is located at the junction of Yunnan, Guizhou, and Sichuan, has realized the commercial development of coal bed methane of the upper Permian Leping formation and the production reached 1.1 × 108 m3 in 2019. At an early stage, Shan Chang’an and other researchers have done a lot of basic research on coalbed methane reservoir and gas accumulation mechanism of Leping formation in Zhaotong Demonstration Zone (Chen et al., 1999; Shan et al., 2018; Kang et al., 2019; Shan et al., 2019; Shan et al., 2020). Petro China Zhejiang Oilfield Company had found good carbonaceous shale gas in the process of drilling and evaluating the coalbed methane resources of Leping formation, the highest gas measured value up to 67%. This article systematically combs the geological characteristics of the transitional facies shale gas of the upper Permian Leping formation in the southern Sichuan basin (Figure 1), making clear the geological characteristics and resource potential of transitional facies shale gas in the Leping Formation of the southern Sichuan basin. The obtained knowledge will be of great significance to the exploration and development of transitional shale gas in other areas.
[image: Figure 1]FIGURE 1 | Schematic diagram of the study area. (A) Tectonic location of the Sichuan Basin within China. (B) Location of the study area in the Sichuan Basin. (C) Distribution of the study wells.
2 GEOLOGICAL SETTING
Most areas of Yunnan, Guizhou, and Sichuan were uplifted to the earth’s crust at the end of the Middle Permian, and the Middle Permian of Maokou formation suffered from weathering and denudation in different degrees (Chen et al., 1999; Ma et al., 2009; Shen et al., 2019; Wang et al., 2020; Gao., 2021). The sedimentation under the bottom coal seam of the Leping formation in the study area is the product of the swamp developed on the erosive surface (Shao et al., 1998; Zheng and Hu, 2010; Shao et al., 2013; Xiao et al., 2020). Subsequently, a large-scale basalt eruption occurred in the western region, and the basalt wedge-shaped layers were accumulated on the planation surface of the Maokou formation limestone. After that, the tectonic movement gradually changed from ascending to descending, which started the deposition of the main strata in the Late Permian (Chen et al., 1999; Ma et al., 2009; Zhang et al., 2020b; Yu et al., 2022).
After the end of the Dongwu movement, a large area of Yunnan, Guizhou, and Sichuan began to subside and sea water intruded into the eastern Sichuan from southeast through Southeast Guizhou (Zhao et al., 2012; Luo et al., 2014; Su et al., 2020; Sun, 2020). In the Late Permian, northwest Guizhou and southeast Sichuan often alternate between a shallow beach land and coastal plain, and the typical coal bearing formation of land–sea interaction developed (China General Administration of Coalfield Geology, 1996; China General Administration of Coalfield Geology, 1999). The typical shallow marine limestone in the coal seam is missing, and the environment is mainly coastal plain and transitional facies due to the influence of Luzhou and Central Guizhou Uplift in the eastern part of southern the Sichuan basin. The overall topography of the study area slopes from southwest to northeast. It is an offshore piedmont plain in the western part of the study area. The transgression zone, which is in the eastern part of the study area, forms a large area of tidal flat swamp facies (Figure 2A). At this time, the lacustrine facies and fluvial facies, dominated by continental sand and mudstone deposits, were formed in the western side of the study area (China General Administration of Coalfield Geology, 1996; China General Administration of Coalfield Geology, 1999), and occlusion water swamp facies developed locally. However, stable swamp was difficult to form because of the rapid crustal vein-like subsidence, large terrain differentiation, and uneven basement. In addition, the cycle development was poor because of complex surface water flow, strong hydrodynamic force, and the thickness and phase transition of sediments, especially clastic rocks that changed frequently. With the continuous advance of sea water from the east to west, the coal measure strata deposited in tidal flat gradually migrated from east to west, so as to develop the tidal flat swamp facies widely in the centre of study area in the late deposition of Leping formation (Figure 2B).
[image: Figure 2]FIGURE 2 | Sedimentary stage of Leping Formation. (A) Early sedimentary stage of Leping Formation. (B) Late sedimentary stage of Leping Formation.
3 RESERVOIR CHARACTERISTICS
3.1 Lithologic Association and Distribution Characteristics
The overlying strata of Leping formation is green silty mudstone of Feixianguan formation, and the underlying strata of Leping formation is basalt of Emeishan formation or limestone of Maokou formation. The top and bottom boundary of the study area is clearly marked with good contrast. The coal measure strata of Leping formation is generally in the transitional facies sedimentary environment, with frequent interaction of sandstone, mudstone, and coal seam which reflects the frequent turbulence of sea water. The sea water continuously advanced from the west to east, and the coal measure strata are gradually distributed upward from the east to west during the whole sedimentation period of Leping formation. The lithology of Leping formation can be divided into three lithologic associations from east to west in the study area (Figure 3): A type (upper coal and lower sand type) in the west; B type (top ash, middle coal, and lower sand type) in the middle; and C type (upper ash and lower coal type) in the east.
[image: Figure 3]FIGURE 3 | Lithological association and distribution characteristics of the study area. The red box represents the Leping Formation. Type A in the west. Type B in the middle. Type C in the east.
Type A (upper coal and lower sand): in the upper section, sand, coal, mud, carbonaceous mudstone interbedded; in the lower section, sand and mud interbedded, mainly in Junlian, Hezhang, and other areas in the west of the study area. Type B (top ash, medium coal, and lower sand): a small amount of limestone at the top, sand, coal, and mud interbedded in the middle section, sand and mud interbedded in the lower section, mainly in Gongxian and Zhenxiong areas in the middle of the study area. Type C (upper ash and lower coal): interbedded limestone, mud, and coal in the upper section, interbedded sand, coal, mud, and carbonaceous mudstone in the lower section, mainly in the eastern Xuyong area of the study area.
The mudstone series in the coal measure strata of Leping formation can be further divided into two types: mudstone and carbonaceous mudstone (carbonaceous shale). Thus, the main lithology in Leping formation includes four types: carbonaceous mudstone (carbonaceous shale), coal, mudstone, and sandstone (Table 1). Coal, mudstone, and sandstone are generally easier to distinguish by the field profile or naked eye core observation. Coal and carbonaceous mudstone (carbonaceous shale) are difficult to distinguish macroscopically. Thus, they are usually distinguished by the amount of organic carbon in the laboratory. In general, carbonaceous mudstone (carbonaceous shale), coal, sandstone, and mudstone have obvious differences in conventional logging (gamma, neutron, resistivity, and density) and electric imaging logging. In addition, the four types of lithology are different in mineral composition and organic carbon content. The organic carbon content is often used as the criterion for distinguishing the four types of lithology: the organic carbon content of carbonaceous mudstone is between 6 and 40%, the organic carbon content of coal is more than 40%, and that of mudstone and sandstone is less than 6% (Wang et al., 2005). The specific differences are shown in Table 1.
TABLE 1 | Statistics of lithology and logging characteristics of carbonaceous mudstone, coal, sandstone, and mudstone.
[image: Table 1]According to the laboratory test results (Figure 4), the mineral composition of the transitional facies shale reservoir is composed of quartz, feldspar, pyrite, and clay minerals. The average content of brittle minerals is 66.9%, and the average content of clay minerals is 33.1%. There is a small amount of anatase in the stratum which is speculated to be Emeishan basalt formation. There are three types of clay minerals in Leping Formation. Chlorite content is the highest in clay mineral, ranging from 28 to 61%, with an average of 41.5%. The second clay mineral is iron-montages, accounting for 20–52%, with an average of 35.7%. The remaining clay mineral is kaolinite.
[image: Figure 4]FIGURE 4 | Y4 well statistical analysis chart of whole rock minerals and clay minerals.
3.2 Geochemical Characteristics
3.2.1 Elemental Analysis
Sedimentary rock is formed by the redistribution of elements in the earth’s crust. In the deposition process, the physical and chemical changes of various elements follow sediments as carriers, and the phenomena of migration, transformation, combination, and dispersion had taken place. Because of the difference of sedimentary environment, the accumulation rule of elements is also different. Therefore, the sedimentary environment can be identified by the feature of element variation. An X-ray fluorescence spectrometer was used to test the element content of the samples. The depositional environment of Leping Formation is analyzed according to the geochemical indexes from test results. According to the previous research results, Chemical Index of Alteration (CIA) can be used to judge the paleoclimate of the study area (Nesbitt and Young, 1982; McLennan et al., 1993). In general, the high CIA values represent warm and wet paleoclimate and the low CIA values reflect dry and cold paleoclimate. The CIA between 50 and 65 reflects the dry and cold climate under the background of low degree chemical weathering; the CIA between 65 and 85 reflects the warm and humid climate under the background of moderate chemical weathering; and the CIA between 85 and 100 reflects the thermal and humid climate under the background of strong chemical weathering. In addition, Sr/Cu ratio is also a common indicator to distinguish the climatic environment. The Sr/Cu ratio of 1.3–5.0 indicates a warm and humid climate; the Sr/Cu ratio greater than 5.0 indicates a dry and thermal climate (Lerman and Baccini, 1978). According to the measured results, the CIA of the rock samples from the Leping Formation in the study area is between 81.09 and 95.66, with an average of 86.10 (Table 2); the Sr/Cu ratio is between 0.66 and 51.44, with an average of 5.23 (Table 2). However, it was found that the maximum value of Sr/Cu was 51.44, which was abnormally high. Thus, after removing the abnormal value, the Sr/Cu ratio is between 0.66 and 23.17, with an average of 4.34 (Table 2). Finally, it is concluded that the Leping Formation was deposited in warm and humid paleoclimate.
TABLE 2 | Element records of paleoclimate.
[image: Table 2]3.2.2 Organic Geochemical Analysis
The samples from more than 10 wells in the study area were tested experimentally. The results show that the TOC values of carbonaceous shale range from 13.0 to 29.4% on an average (Figure 5) and vitrinite reflectance range from 3.11 to 3.81%, and most samples are around 3.2% (Table 3). The Leping Formation is overmature source rock. This indicates that the Leping Formation shale has a high TOC content and high thermal evolution degree. Organic maceral testing shows that the main composition is vitrinite, with a part of inertinite, and little exinite (Figure 6). The organic matter type of Leping Formation carbonaceous shale is mainly type III.
[image: Figure 5]FIGURE 5 | TOC distribution histogram of the Leping Formation carbonaceous shale in the study area.
TABLE 3 | Maturity analysis of shale and coal samples in coal measure strata of well Y4.
[image: Table 3][image: Figure 6]FIGURE 6 | Organic maceral. (A,B) Vitrinite. (C,D) Inertinite.
3.3 Physical Characteristics
Organic and inorganic pores are well developed in the shale of the Leping formation by scanning electron microscopy of rock samples in the study area. Referring to the classification methods of Loucks et al. (2012) and Jiang et al. (2022), we divide the shale pore into interparticle pore, intraparticle pore, interbedded pore of clay minerals, intergranular pore of pyrite, organic pore, and microfracture. The interparticle pore (Figures 7A,B) is mainly formed by the arrangement and accumulation of mineral particles or diagenesis compaction. It is commonly found between crystal particles. Sometimes, some interparticle pores are filled with clay minerals. The intraparticle pore (Figures 7C,D) is formed by diagenetic transformation or dissolution of minerals. It is commonly found in minerals. The interbedded pore of clay minerals (Figures 7E,F) is cracked between the layered clay minerals. The intergranular pore (Figures 7G,H) of pyrite is the pore that remains after the pyrite crystals packed loosely during the growth process. It mostly appears as pyrite framboids. The organic pore (Figures 7I,J) is mostly formed by gas production or the gas escaped from organic matter within minerals. The formation of microfracture (Figures 7K,L) is related to stress changes caused by the sedimentary structure and diagenetic evolution (Fu et al., 2019; Zhang et al., 2021; Liu et al., 2022).
[image: Figure 7]FIGURE 7 | Different types of pores. (A,B) Interparticle pore. (C,D) Intraparticle pore. (E,F) Interbedded pore of clay minerals. (G,H) Intergranular pore. (I,J) Organic pore. (K,L) Microfracture.
A number of wells in the study area are selected to test the Leping formation physical characteristics by the nuclear magnetic resonance technology (NMR). The results showed that the Leping Formation carbonaceous shale gas reservoir in the study area has high porosity and relatively low permeability (Shan et al., 2015; Zhang et al., 2020c; Zhang et al., 2022a; Zhang et al., 2022b; Zhang et al., 2022c). The total porosity of mud shale ranges from 7.7 to 10.4% (Figure 8), and the permeability is generally less than 0.10 mD, with an average of about 0.005 mD.
[image: Figure 8]FIGURE 8 | Porosity distribution histogram of the Leping Formation carbonaceous shale in the study area.
3.4 Gas-Bearing Characteristics
Gas-bearing characteristics is an important index to evaluate whether shale gas is worthy of exploration and development value. Understanding the gas bearing characteristics is the prerequisite for the next work (Daniel and Bustin, 2009; Wang and Gale, 2009; Huang et al., 2020; Zhang et al., 2022d; Zhang et al., 2022e). Based on the field gas content test of the carbonaceous shale samples from several wells in study area, it is found that Leping Formation carbonaceous shale has a high shale gas content. The total gas content of the carbonaceous shale ranges from 5.3 m3/t to 7.3 m3/t, with an average of 6.1 m3/t, showing the good gas bearing characteristics of Leping Formation (Figure 9).
[image: Figure 9]FIGURE 9 | Total gas content distribution histogram of the Leping Formation carbonaceous shale in the study area.
4 RESOURCE POTENTIAL ANALYSIS
Based on the analysis of sedimentary, stratigraphic, and reservoir geological conditions of the transitional shale in the Leping Formation of study area, it is concluded that the study area has a good potential for transitional shale gas exploration. According to the preliminary geological survey, drilling data, and laboratory test analysis, two favorable areas have been initially selected in the study area which can be used as breakthrough areas for the next key exploration. The optimal favorable area for the transitional carbonaceous shale of Leping Formation is 380 km2 with nearly 680 × 108 m3 of transitional shale gas resources in the A area. The optimal favorable area for the transitional carbonaceous shale of Leping Formation is 86 km2 with nearly 140 × 108 m3 of transitional shale gas resources in B area. The total accumulation of resources is nearly 800 × 108 m3 in the favorable areas (Figure 10). In July 2020, Petro China Zhejiang Oilfield Company drilled an evaluation well for the transitional carbonaceous shale gas of Leping Formation in the B area. The gas bearing test was carried out for the coal rock, shale with thin coal and shale in this set of coal measure strata. The results show that the gas content of coal rock is the highest, maximum up to 54 m3/t, the average gas content of mudstone with thin coal is 14.8 m3/t; the gas content of mudstone is low, but the average gas content can reach 3.0 m3/t. In summary, these wells show very good gas bearing characteristics which further proves that the study area has good shale gas exploration and developmental prospects (Kelts and Hsü, 1978; Zhang et al., 2022).
[image: Figure 10]FIGURE 10 | Distribution and resource quantity of transitional shale gas favorable areas in Leping Formation of the study area.
5 CONCLUSION

1) During the deposition period of Leping Formation, the study area experienced the retrogradation evolution process which led to the gradual deepening of the water body, and the coal measures strata deposited in the tidal flat swamp also gradually distributed upward from the east to west. There are four types of coal measure strata in the Leping Formation: carbonaceous mudstone, coal, mudstone, and sandstone. From east to west, the study area can be divided into three lithologic associations: type A (upper coal and lower sand type), type B (middle coal, lower sand, and top ash type), and type C (upper ash and lower coal type).
2) The content of brittle minerals in the transitional shale gas reservoir of Leping Formation in the study area is higher (average 66.9%), followed by clay minerals (average 33.1%). The content of chlorite is the highest in the clay minerals (41.5% on average), followed by the illite–montmorillonite mixture (35.7% on average). The TOC content is relatively high (average 17.9%); organic macerals are mainly vitrinite, followed by inertinite; kerogen type is mainly type III; vitrinite reflectance (Ro) is about 3.2%, which belongs to overmature source rock.
3) For the transitional shale gas of Leping Formation, two favorable areas are preliminarily selected in the study area, which can be used as breakthrough blocks for further exploration. The favorable area of the A area is 380 km2, and the resource amount is 680 × 108 m3; the favorable area of B district is 86 km2, and the resource amount is nearly 140 × 108 m3; the total resource accumulation is nearly 800 × 108 m3.
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