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The Upper Permian Wujiaping (WJP) Formation in the Yangtze Block (Southern China) has great potential for shale gas exploration. However, the sedimentary characteristics and environmental evolution of the WJP Formation are poorly understood. Based on 260 hand specimen samples obtained from 18 sections and 1 borehole in the eastern Yangtze Block, petrographic observations reveal that the WJP Formation is composed of 11 rock types. Combined with analyses of geochemical compositions, the sedimentary facies belts of the WJP Formation are divided into shoreland, shallow-water shelf, deep-water shelf shoal, restricted platform, and open platform. Bauxite was developed in the shoreland at the bottom of the WJP Formation, which is attributed to the Dongwu movement. The formation of paleo-uplift exerted a significant effect on paleogeomorphology and led to a major change in the sedimentary model from the underlying stratum to the WJP Formation. During the lower WJP Formation sedimentary period, gradual transgression occurred in the eastern Yangtze Block, and the lithology was mainly composed of clastic rocks. Shoreland, shallow-water shelf, and deep-water shelf were developed northeastward in turn. In the period of the upper WJP Formation, due to durative transgression, the area of the shoreland reduced southwestward. The lithology converted from clastic rocks into carbonates, and the restricted platform and open platform were developed northeastward. A few patched shoals formed in the restricted platform.
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1 INTRODUCTION
The Upper Permian is one of the most important source rocks in the Paleozoic of the Yangtze Block in South China (Chai, 2019; Liang and Li, 2021). The lower member of the Wujiaping (WJP) Formation is considered to have good potential in shale gas exploration and development (Liang et al., 2008). Focusing on the shale of the Wujiaping Formation, a large number of exploration practices have been carried out in the past 10 years in the southern Yangtze Block (Zhou et al., 2012; Zhang et al., 2014; Zhang et al., 2013; Luo and He, 2014; Wang et al., 2014; Gu et al., 2015; Li G. L. et al., 2015; Li J. et al., 2015; Liu et al., 2015; Jiang et al., 2019; Hu et al., 2020; Wang et al., 2015). Regarding the eastern Yangtze Block, early studies have shown that the Upper Permian Wujiaping Formation has gas accumulation conditions, but its shale gas prospects are still unclear, which is mainly due to the poor understanding of the sedimentary characteristics and evolution of the WJP Formation (Fan, 2016; Cai, 2017; Lin et al., 2009; Zhao et al., 2012). Regarding the development of shoreland and tidal flats at the bottom of the Wujiaping Formation, scholars have reached an agreement (Zhao et al., 2012; Liu et al., 2010; Tian et al., 2010). However, regarding the rest of the Wujiaping Formation, some researchers considered it the middle ramp (Lin et al., 2009), while others prefer the open platform (Zhao et al., 2012; Tian et al., 2010). In addition, although researchers noted the development of the bauxite and aluminous clay rocks at the bottom of the Wujiaping Formation, its distribution and geological meanings have been ignored. Moreover, in order to broaden the exploration of shale gas, researchers conducted a survey of the sedimentary environments, total organic carbon (TOC), distribution, maturity of organic matter, and type of organic matter of the carbonaceous mudstone (Teng et al., 2010; Cai, 2017; Cao et al., 2018; Zhao et al., 2012; Liu et al., 2010; Tian et al., 2010) while ignoring the effects of the paleoclimate, redox conditions, and hydrodynamic conditions on the organic accumulation. Based on these, the analysis of petrology and geochemical data, the rock types, sedimentary environment, and sedimentary evolution of the Wujiaping Formation on the eastern Yangtze Block was carried out in this paper to provide a geological basis for the exploration of shale gas resources in the Wujiaping Formation.
2 GEOLOGIC SETTINGS
The study area is located in the Yangtze Block, bordered by the Qinling orogenic belt to the north and the Jiangnan–Xuefeng uplift to the east (Figure 1A). Controlled by tectonic movements, the study area experienced a craton basin in Caledonian (Nh-O1), foreland uplift basin (O2-S), craton basin in Hercynian and Early Indosinian (D-T2), foreland basin in Late Indosinian and Early Yanshan (T3-J2), intense fold deformation in Early Yanshan (J3-K1), extensional basin in Late Yanshan and Early Himalayan (K2-E), and intense compression and deformation in Late Himalayan (N-Q).
[image: Figure 1]FIGURE 1 | Tectonic diagram of the eastern Yangtze Block. (A) Plate tectonic reconstruction of the Yangtze Block during the Wuchiapingian (modified from Liang and Li, 2021). (B) Tectonic units in the eastern Yangtze Block in modern times (modified from Liang and Li, 2021). (C) Study area and the locations of the sections and wells.
In the Early Permian, due to the tectonic subsidence, most areas of the eastern Yangtze Block were rapidly and extensively transgressed. However, the differential uplifting movement of crust at the end of the Early Permian, called the Dongwu movement, resulted in different degrees of denudation at the top of the Maokou Formation. In the Late Permian, with the opening of the Paleo–Tethys Ocean, large-scale intracontinental rifting occurred in the Middle and Upper Yangtze Block. The seawater invaded from east to west. Through the multi-stage transformation of the structural system during the Triassic to Quaternary, currently, the study area is located between the fault–fold belts and the uplift belts (Figure 1B).
3 SAMPLES AND ANALYTICAL METHODS
3.1 Sample collection and handling
A total of 260 hand specimen samples were obtained from 18 sections and 1 well in the study area (Figure 1C). Thin sections with a thickness of 0.03 mm were prepared from all samples and impregnated with blue dye to recognize porosity. The thin sections of carbonates were stained using Alizarin Red S in one-third of the region to distinguish calcite and dolomite.
All the rock samples were air-dried and finely ground to a 200 mesh size for geochemical analysis. Major and trace elements were measured in the Key Laboratory of Sedimentary Basin and Oil and Gas Resources, Ministry of Natural Resources, Chengdu, China. Major elements were analyzed using an X-ray fluorescence spectrometer (PW2404). Loss on ignition (LOI) was estimated by heating the sample at 1,000°C for 90 min and recording the weight loss. The analytical accuracy errors of the major element data were generally less than 5%. Trace elements were determined using an Element XR inductively coupled plasma mass spectrometer (ICP-MS). Then, 50 mg samples were dissolved in a mixed solution of HClO4, HF, and HNO3. The analytical uncertainty was usually less than 5%.
3.2 Analytical methods
In order to rebuild the sedimentary environment of the WJP Formation in the study area, the paleoclimate, redox conditions, and hydrodynamic conditions of the Wujiaping Formation are discussed in this article.
3.2.1 Analytical method for paleoclimate
The paleoclimate of the Wujiaping Formation is inferred from the chemical index of alteration (CIA).
The CIA is often applied to determine the degree of chemical weathering and the climate (Nesbitt and Young, 1982). Normally, if the CIA values range from 80 to 100, it is suggestive of a hot and humid climate with intensive chemical weathering. If the CIA values are between 60 and 80, it reflects a warm and humid climate with medium chemical weathering. The low CIA values (50–60) reveal a cold and arid climatic condition with weak chemical weathering (Fedo et al., 1995; Yan et al., 2010; Fu et al., 2015; Ma et al., 2015). The CIA is obtained from the following equation: CIA = 100 × [Al2O3/(Al2O3+CaO*+ Na2O+K2O)], where the major element concentrations are presented as molecular proportions and CaO* is defined as the concentration of CaO present in the silicate fraction only. McLennan (1993) pointed out that the CaO* values followed the following rules: CaO values were accepted only if CaO<Na2O; and if CaO>Na2O, it was assumed that the concentration of CaO is equal to that of Na2O.
3.2.2 Analytical method for redox conditions
Redox conditions in the Wujiaping Formation are indicated by the index of trace elements.
Mo and U are the trace elements most sensitive to changes in seawater redox conditions (Tribovillard et al., 2012; Algeo and Tribovillard, 2009). First, the content of Mo and U is very low in continental upper crust and clastic sediments. They are enriched in seawater and remain inactive in the oxidizing environment, making them easily precipitate in sediments in the anoxic environment. Based on the different enrichment processes of Mo and U in sediments, the U enrichment factor (EF)–Mo enrichment factor covariant maps are proposed to interpret redox conditions. With the increase in the reduction in the bottom water, the enrichment degree of U and Mo increases, and the rate of enrichment of Mo is faster than that of U. Thus, the ratio of MoEF/UEF increases with the increase in the reduction in seawater (Wedepohl, 1971; Wedepohl, 1991). In this article, the EF was used to quantitatively describe the enrichment degree of Mo and U elements. The EF is calculated based on the average shale component. The formula is EFelement = (element/Al)sample/(element/Al)average shale (Brumsack, 2006; Ross and Bustin, 2009).
3.2.3 Analytical method for hydrodynamic conditions
Zr elements are often enriched in heavy minerals of sandstone in coastal environments and rare in clay minerals of mudstone in deep marine environments. On the contrary, Rb elements are often enriched in light minerals such as clay and mica in deep marine environments. Thus, the Zr/Rb ratio can quantify the relative strength of the hydrodynamic conditions. The higher the Zr/Rb ratio is, the stronger the hydrodynamic conditions of sedimentary environments are (Liu et al., 2002).
4 RESULTS
Through the observations from hand specimen samples and thin sections, 11 rock types of the Wujiaping Formation are classified (Table 1).
TABLE 1 | Rock types of the Wujiaping Formation in the region of the eastern Yangtze Block.
[image: Table 1]4.1 Lithologic composition
4.1.1 Bauxite
Bauxite is composed of hydroxides and oxides, commonly known as gibbsite, boehmite, and diaspore. Bauxite and aluminous clay rock are developed in the study area. Macroscopically, bauxite is usually flesh red and brown, with no obvious stratification (Figure 2A). Microscopically, a large number of aluminous minerals and clay are observed, and oolitic structures are also developed (Figures 2B–D).
[image: Figure 2]FIGURE 2 | Macroscopic and microscopic characteristics of rock types in the Wujiaping Formation in the eastern Yangtze Block. (A) Bauxite, P3W1, LSXP. (B) Bauxite, P3W1, LSXP. (C) Bauxite, P3W1, well XD-1. (D) Aluminous clay rock, P3W1, well XD-1. (E) Siliceous rock, P3W1, LSXP. (F) Argillaceous siltstone, P3W1, LSXP. (G) Carbonaceous mudstone, P3W1, JHP. (H) Carbonaceous mudstone, P3W1, JHP. (I) Siliceous mudstone, radiolarian, P3W1, LSXP. (J) Bioclastic mudstone, P3W1, DSP. (K) Micrite, P3W2, JTBP. (L) Calcisphere limestone, P3W2, DKP. (M) Bioclastic limestone, P3W2, SZCP. (N) Bioclastic limestone, P3W2, JKP. (O) Chert nodule and clot limestone, P3W2, DKP.
4.1.2 Siliceous clastic rocks
The siliceous clastic rocks in the WJP Formation are divided into siliceous rocks and argillaceous siltstones. Siliceous rocks in the study area are mainly developed at P3W1 while also found in P3W2 in some areas like well XD-1, JTBP in Lichuan, DKP in Xuanhan, and XJBP in Laifeng. At the macro-scale, siliceous rocks are characterized by a black–gray lamellar structure (the thickness of each lamina is less than 10 cm; Figure 2E).
Argillaceous siltstones in the Wujiaping Formation are mainly developed at P3W1. At the macro-scale, the argillaceous siltstone is grayish yellow and faint yellow, with a few interlayers of gray mudstone (Figure 2F).
4.1.3 Mudstone
The mudstone in the study area is composed of carbonaceous mudstone, siliceous mudstone, and bioclastic mudstone.
At the macro-scale, carbonaceous mudstone in the Wujiaping Formation is characterized by black–gray or black, and plenty of horizontal beddings can be found (Figures 2G, H). Usually, carbonaceous mudstone is mainly distributed at the lower part of P3W1, and its stratification is inconspicuous.
Siliceous mudstone is mainly developed at P3W1, which is usually accompanied by siliceous rocks. At the macro-scale, siliceous mudstone is characterized by black–gray and rare beddings. Microscopically, some siliceous radiolarians can be found in siliceous mudstone (Figure 2I).
Bioclastic mudstones in the Wujiaping Formation are mainly developed at P3W1. Macroscopically, bioclastic mudstone is gray, with no obvious bedding. At the micro-scale, plenty of fragments of brachiopods and echinoderms (such as crinoids) can be found in bioclastic mudstone (Figure 2J).
4.1.4 Carbonate rocks
Carbonate rocks in the study area are classified as micrite, calcisphere limestone, bioclastic limestone, bioclastic micrite, and chert nodule and clot limestone.
Micrite in the Wujiaping Formation is mainly distributed in P3W2. At the macro-scale, the micrite is light gray and gray, and the thickness of a single layer is more than 30 cm. Microscopically, the size of the micrite crystal ranges from 0.01 mm to 0.03 mm (Figure 2K).
Calcisphere limestone is mainly distributed in P3W2. At the macro-scale, the calcisphere limestone is light gray, and the thickness of a single layer is more than 60 cm. Microscopically, plenty of calcispheres are developed, and the size ranges from approximately 0.12 mm to 0.2 mm (Figure 2L).
Bioclastic limestone is mainly developed in P3W2. At the macro-scale, the bioclastic limestone is light gray, and the thickness of a single layer is more than 50 cm. At the micro-scale, plenty of bioclasts are developed, such as brachiopods and echinoderms (Figure 2M). The bioclastic limestone in the Wujiaping Formation is mainly developed in the shoal.
Bioclastic micrite is mainly developed in P3W2. It is mainly composed of micrite, and a few bioclasts, such as brachiopods, can be found (Figure 2N). The bioclastic micrite in the Wujiaping Formation is mainly developed in the restricted platform.
Chert nodules and clot limestone are mainly developed in P3W2. The chert nodule and clot limestone are light gray, and the thickness of a single layer is more than 80 cm. There is no obvious bedding in it. Plenty of chert nodules and clots can be found, and their size is 4–8 cm and 5–16 cm, respectively (Figure 2O).
4.2 Elemental geochemistry
4.2.1 CIA
The results of the major element examination and CIA values in the Wujiaping Formation are shown in Table 2.
TABLE 2 | Major elements of the Wujiaping Formation in the region of the eastern Yangtze Block.
[image: Table 2]In well XD-1, the CIA values of P3W1 range from 58.08 to 85.84 (avg. 67.51), and upward, in P3W2, the CIA values maintain relatively low values, varying between 17.74 and 59.39 (average: 50.27).
The trend of the CIA in the Wujiaping Formation in the JTBP section is similar to that of XD-1. The CIA values of the lower part of P3W1 show a stable range from 63.80 to 79.25 (average: 72.86). In the upper part of P3W1, the values of the CIA decrease sharply, ranging from 43.57 to 59.90 (average: 49.20).
4.2.2 Mo and U
The enrichment factors of Mo and U in the Wujiaping Formation are shown in Table 3.
TABLE 3 | Trace elements of the Wujiaping Formation in the region of the eastern Yangtze Block.
[image: Table 3]In well XD-1, the values of both MoEF and UEF in the Wujiaping Formation are very low (mainly less than 2), indicating that Mo and U are not enriched during this time. The values of MoEF and UEF in P3W1 range from 0.12 to 1.20 (average: 0.63) and 0.40 to 2.60 (average: 1.20) individually. Comparatively speaking, MoEF and UEF in P3W2 are higher than in P3w1, ranging from 0.45 to 22.10 (average: 5.81) and 1.87 to 51.40 (average: 11.45), respectively.
In the JTBP section, the values of MoEF show an opposite trend, especially in P3W1. In P3W1, the values of MoEF were between 15.13 and 479.21 (avg. 110.39), while in P3W2, the average value of MoEF decreased to 47.21 (from 3.94 to 211.45). Although the values of UEF were all less than 1 in the whole Wujiaping Formation, the ratio of MoEF/UEF values ranged from 79.19 to 2131.03 (average: 463.37) in P3W1 and 16.76 to 600.77 (average: 134.7) in P3W2, respectively.
4.2.3 Zr/Rb
The values of Zr/Rb ratios in the Wujiaping Formation are shown in Table 3.
In well XD-1, the Zr/Rb ratios of P3W1 range from 10.56 to 59.60 (average: 17.51). Upward, the values of Zr/Rb ratios decrease to 7.47 (from 1.75 to 13.37) in P3W2.
In the JTBP section, the values of Zr/Rb ratios of the Wujiaping Formation vary from 0.01 to 0.07 (average: 0.02).
5 DISCUSSION
5.1 Significance of the development of bauxite
Based on the differences in genesis, bauxite can be divided into sedimentary bauxite, accumulation bauxite, laterite bauxite, and magmatic bauxite (Liu et al., 2002; Liu et al., 2022; Gao et al., 2014).
The bauxite in the study area is mainly developed at the bottom of the Wujiaping Formation, and its formation may be related to the Dongwu movement. Because of the Dongwu movement, the carbonate rocks in the Maokou Formation were exposed to the earth’s surface and encountered weathering and denudation, and a paleo-crust of weathering was formed. In the sedimentary period of the Wujiaping Formation, the bauxite was formed autochthonously or transported nearby.
The bauxite in the WJP Formation is more likely to be sedimentary bauxite, and the distribution of the bauxite may also be the scope of the paleo-uplift. The observation of thin sections showed that the bauxite of the Wujiaping Formation is developed in the area of Shizhu-Sinan-Xuan’en, which is also the range of the paleo-uplift before the sedimentary of the WJP Formation (Figure 3).
[image: Figure 3]FIGURE 3 | Distribution of bauxite at the bottom of the Wujiaping Formation in the study area.
5.2 Paleoclimate
The CIA values show that the paleoclimate of the bottom of the Wujiaping Formation in well XD-1 was hot and humid, which is consistent with the formation of the paleo-crust of weathering. The hot and humid climate would favor the weathering and denudation of carbonate rocks in the Maokou Formation. Upward, it underwent two circulations of warm–humid and cold–arid in P3W1. In P3W2, the paleoclimate was cold and arid persistently. The fluctuations in the CIA value show that well XD-1 underwent the hot–warm–cold process in the Wujiaping Formation (Figure 4).
[image: Figure 4]FIGURE 4 | Geochemical column of the Wujiaping Formation in well XD-1.
In the JTBP section, the values of the CIA show that the paleoclimate of P3W1 changes from warm–humid to cold–arid. In the lower part of P3W2, the paleoclimate stayed cold and arid, while in the upper part of P3W2, the paleoclimate converted into warm and humid. At the end of P3W2, the climate became cold and arid again. The fluctuations in the CIA value show that the JTBP section has experienced the warm and humid–cold and arid–warm and humid process in the Wujiaping Formation (Figure 5).
[image: Figure 5]FIGURE 5 | Geochemical column of the Wujiaping Formation in JTBP.
In general, the paleoclimate during the Wuchiapingian Stage changes from warm and humid in P3W1 to cold and arid in P3w2.
5.3 Redox conditions
In well XD-1, the values of both MoEF and UEF in the Wujiaping Formation are mostly less than 2, and the MoEF and UEF values in P3W2 are higher than those in P3W1. It indicates that the reductibility of seawater in P3W2 was stronger than that in P3W1 although the water redox conditions in both P3W1 and P3W2 were oxic. The ratio of MoEF/UEF ranges from 0.23 to 1.71 (avg. 0.58), which shows the same redox condition as the MoEF and UEF (Figure 4).
In the JTBP section, the values of MoEF show an opposite trend, especially in P3W1. In P3W1, the values of MoEF show strong reductibility of seawater, while in P3W2, the average value of MoEF decreased, indicating weaker reductibility than the former. The values of UEF were all less than 1, but the ratio of MoEF/UEF in P3W1 is much larger than that in P3W2, which also shows the stronger reductibility of P3W1 than P3W2. Therefore, it is obvious that the water redox conditions of the whole Wujiaping Formation in the JTBP section are anoxic, and the reductibility in P3W2 is weaker than in P3W1 (Figure 5).
5.4 Hydrodynamic conditions
In well XD-1, the Zr/Rb ratios in P3W1 decrease more rapidly than in P3W2. It shows that the seawater hydrodynamic condition in P3W1 was stronger than in P3W2 (Figure 4).
For the JTBP section, the values of Zr/Rb ratios of the whole Wujiaping Formation are very low, which indicates that the seawater hydrodynamic condition in the JTBP section was weak, consistent with the anoxic environment from the analysis above (Figure 5).
5.5 Sedimentary facies
Through the observation of the thin sections and the analysis of the geochemical data, the sedimentary facies of the Wujiaping Formation in the study area are classified into shoreland, shallow-water shelf, deep-water shelf, and shoal.
5.5.1 Shoreland
Because of the Dongwu Movement, the carbonate rocks in the Maokou Formation were unevenly lifted and encountered weathering and denudation, forming the paleo-weathering crust (Figure 2A). Bauxite is developed at the bottom of the WJP Formation in well XD-1 and LSXP in the paleo-weathering crust. Overlying the bauxite, argillaceous siltstones with few parallel and cross-beddings are also observed (Figure 2F), which shows the high hydrodynamic conditions in these two areas. Combined with the inheritance of the paleo-topography affected by the Dongwu Movement, we believe that shoreland is developed in the study area. In addition, based on the geochemical analysis in well XD-1, the redox conditions are oxic, and its values of Zr/Rb show high hydrodynamic conditions, which are also in agreement with the development of shoreland (Figure 4).
In the MGP, a coal seam with a thickness of 43 cm and an interlayer of carbonaceous mudstone is developed in lower P3W1 (Figures 6A,B). Furthermore, in the carbonaceous mudstone of the SJP, carbonized plant fragments are observed in P3W1 (Figure 6C). Therefore, the marsh was undoubtedly developed in shoreland.
[image: Figure 6]FIGURE 6 | Macroscopic characteristics of different sedimentary facies in the Wujiaping Formation in the eastern Yangtze Block. (A) Coal seam, P3W1, MGP. (B) Enlargement for (A), P3W1, MGP; (C) carbonized plat fragments, P3W1, SJP; (D) mudstone and carbonaceous mudstone, P3W1, BTP; (E) micrite, interlayered with mudstone, P3W1, JKP; (F) crinoid and brachiopod in bioclastic limestone, P3W1, XJBP; (G) siliceous rock, P3W1, JTBP; (H) ammonoid in siliceous mudstone, P3W1, JTBP; and (I) heavy-layer bioclastic limestone, P3W2, JKP.
5.5.2 Shallow-water shelf
The shallow-water shelf is the shallow-water area between the storm wave base and the normal wave base, the depth of which mainly ranges from 10 m to 200 m.
In the study area, the shallow-water shelf was mainly developed in the lower WJP Formation. In BTP, the lithology at the lower WJP Formation is characterized by mudstone and argillaceous siltstone, and we prefer the shoreland of the sedimentary environment (Figure 6D). Adjacent to BTP, micrite is observed in JKP (Figure 6E), which indicates the different sedimentary facies between them. In addition, in the same strata of the WJP Formation in SZCP and XJBP, bioclastic micrite is observed, with a few brachiopods and crinoids in it (Figure 6F). There must be sedimentary facies that are mainly composed of carbonate rocks and located on the seaward side of the shoreland, that is, shallow-water shelf. In addition to the carbonate rocks, clastic rocks, such as mudstone, are also observed as the interlayer between carbonates in the JKP (Figure 6E).
5.5.3 Deep-water shelf
The deep-water shelf refers to the area below the storm wave base, where wave action is weaker than that in the shallow-water shelf.
In JTBP, 3.6-m-thick siliceous rock and siliceous mudstone, interlayered with carbonaceous mudstone, are found at the bottom of the WJP Formation, which shows significant differences from the sediments in JKP and XJBP (Figure 6G). In the siliceous mudstone, few ammonoids are recognized (Figure 6H). In addition, the geochemical analysis shows the strong reductibility of redox conditions in JTBP, compared with both the overlying strata in the JTBP and the same strata in well XD-1 (Figure 4). The sedimentary facies in the JTBP are more likely to be the deep-water shelf.
5.5.4 Restricted platform
During the sedimentary period of P3W2, further east of the study area, grainstone with sparry calcite cementation and breccia limestone are found, and the thickness can be more than 300 m (Zhao et al., 2012). It indicates that the rimmed carbonate platform was formed during this time. In the study area, the restricted platform and open platform are classified.
The restricted platform in the study area is mainly developed in P3W2. The compositions of the lithology include bioclastic micrite and calcisphere limestone, interlayered with micrite. The geochemical analysis of well XD-1 showed that in the restricted platform, the CIA is less than 60, indicating a cold and arid paleoclimate, which is obviously different from the shoreland (Figure 4).
5.5.5 Open platform
The open platform in the study area is mainly developed in P3W2. The lithology is mainly composed of calcisphere limestone, micrite, and chert nodule and clot limestone, interlayered with carbonaceous mudstone and siliceous rock.
5.5.6 Shoal
In XYP, JKP, and SZCP, heavy-layered grayish bioclastic limestone is developed in P3W2, and plenty of bioclasts are observed, such as brachiopods and crinoids (Figure 6I). Under the microscope, the bioclasts were observed to be cemented by clean calcite (Figure 2M), which indicates the strong hydrodynamic conditions in these areas. Therefore, shoals are developed in the study area, mainly in P3W2.
5.6 Distribution of sedimentary facies
Based on the comprehensive analysis of petrology, geochemistry, and sedimentary facies of every section in the study area, two cross-sectional comparison charts of sedimentary facies were built.
In the comparison chart of sedimentary facies from west to east, during the sedimentary period of P3W1, shoreland, shallow-water shelf, deep-water shelf, shallow-water shelf, and shoreland are developed eastward in turn. In P3W2, the sedimentary facies are dominated by the restricted platform and open platform, and few patched shoals can be found in BTP (Figure 7).
[image: Figure 7]FIGURE 7 | Cross-sectional comparison of sedimentary facies in the direction from west to east of the eastern Yangtze Block.
In the comparison chart of sedimentary facies from north to south, in P3W1, shoreland, shallow-water shelf, deep-water shelf and shoreland are identified in turn. In P3W2, the restricted platform, open platform, and patched shoals can also be found, while in LJHP, shoreland is still developed in the upper WJP Formation (Figure 8).
[image: Figure 8]FIGURE 8 | Cross-sectional comparison of sedimentary facies in the direction from north to south of the eastern Yangtze Block.
Based on the analysis of the sedimentary facies, during the sedimentary period of P3W1, slow transgression occurred in the Early Wuchiapingian. Most of the study area is mainly composed of clastic rock, formed in the sedimentary environment of shoreland (Figure 9). The lithologies are mainly composed of bauxite, argillaceous siltstones, carbonaceous mudstone, bioclastic mudstone, and argillaceous mudstone. In the areas of Wulong, Yanhe, and Nanjiang, shallow-water shelves are developed with the lithology of micrite and bioclastic limestone. In the Wuxi and Lichuan areas, deep-water shelf is recognized. Black siliceous rocks were mainly deposited in the deep-water shelf, and complete ammonite fossils were also found. On the whole, during the sedimentary period of P3W1 in the study area, the seawater was the deepest in the Wuxi–Lichuan area, indicating that during the Dongwu Movement, the Wuxi–Lichuan area may have formed a tectonic depression with the reductive sedimentary environment, which is conducive to the deposition of organic-rich shale.
[image: Figure 9]FIGURE 9 | Distribution of sedimentary facies in P3W1 of the eastern Yangtze Block.
In P3W2, carbonates gradually replaced clastic rocks after a short period of mixed deposition of clastic rocks and carbonate rocks, and the main sedimentary facies changed to the restricted platform and open platform, showing a gradual deepening trend from east to west. In the restricted platform, there are three patched shoals in the areas of Fuling–Wulong, Yanhe, and Zhenba, while in the west and southeast of the study area, shoreland is still developed, which is mainly composed of carbonaceous mudstone, partially composed of argillaceous siltstone, and a small amount of siliceous rock (Figure 10).
[image: Figure 10]FIGURE 10 | Distribution of sedimentary facies in P3W2 of the eastern Yangtze Block.
5.7 Sedimentary evolution
Based on the literature research and comprehensive analysis of rock types, sedimentary facies, and geochemical analysis of the Wujiaping Formation in the study area, the sedimentary evolution model from the Middle Permian Maokou Formation to the Upper Permian Changxing Formation is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Sedimentary evolution from the Middle Permian Maokou Formation to the Upper Permian Changxing Formation of the eastern Yangtze Block.
During the period of P2m, a restricted platform, shallow-water shelf, and deep-water basin were developed in the study area. Some patched shoals can also be found on restricted platforms. Because of the Dongwu Movement, carbonates of the Maokou Formation were exposed to the surface and encountered strong weathering. Therefore, bauxite was developed in some areas, and shoreland can also be found around the paleo-uplift.
In the period of P3W1, shoreland, shallow-water shelf, and deep-water shelf were developed in the study area, which was related to the transgression.
During the period of P3W2, a rimmed carbonate platform was formed. The restricted platform and open platform are developed. A few patched shoals can be found in Fuling–Wulong, Yanhe, and Zhenba. A shoreland was still present in the eastern Sichuan Basin.
In the period of P3c, the restricted platform, bioherm, slope, and basin were developed from west to east.
To sum up, the carbonate platform was mainly developed in the sedimentary period of the Maokou Formation. Because of the Dongwu Movement, most of the study area was uplifted and exposed to the surface. The carbonate platform was partially destroyed with the deposition of clastic sediments and the presence of mixed sedimentation. During the period of P3W2, a carbonate platform was formed again because of the transgression. In the period of P3c, a typical rimmed carbonate platform was finally formed.
6 CONCLUSION
In the study area, 11 rock types are classified in the Wujiaping Formation, including bauxite, siliceous clastic rocks (siliceous rocks and argillaceous siltstone), mudstone (carbonaceous mudstone, siliceous mudstone, and bioclastic mudstone), and 4 types of carbonates (micrite, calcisphere limestone, bioclastic limestone, bioclastic micrite, and chert nodule and clot limestone).
Due to the Dongwu Movement, the carbonate rocks of the Maokou Formation were exposed to the surface, encountering strong weathering and denudation, which formed the paleo-weathering crust. During the Early Wuchiapingian, slow transgression occurred in the study area. Bauxite and argillaceous siltstone were deposited in shoreland, while carbonaceous mudstone and coal seams formed in the marsh, micrite in the shallow-water shelf, and siliceous rock in the deep-water shelf. During this time, the carbonate platform in the Maokou Formation was partially destroyed, resulting in mixed sedimentation of clastic rocks and carbonate rocks. In the Late Wuchiapingian, a rimmed carbonated platform started to form in the study area, with the restricted platform, open platform, and patched shoals.
From the analysis of lithology and sedimentary facies, a large amount of carbonaceous mudstone and siliceous rocks were widely developed in the Early Wuchiapingian, which shows the substantial potential of source rock for future gas and oil exploration.
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Rock type Thin-section Size of grains Description Water energy Depositional
photography environment
Bauxite Figures 2A-D Silt to fined Alarge number of High Shoreland
aluminous minerals and
clay can be seen, and
oolitic structures are also
developed
Siliceous rock Figure 2E Mud (matrix) Black-gray and lamellar Low Deep-water shelf
structure
Argillaceous siltstone Figure 2F Mud (matrix) Faint yellow, a few Low to medium Shoreland
silt interlayers of gray
mudstone
Carbonaceous mudstone Figures 2G,H Mud (matrix) Black, plenty of Low Marsh of shoreland
horizontal beddings
Siliceous mudstone Figure 21 Mud (matrix) A fewsiliceous Low Deep-water shelf
silt (siliceous radiolarian
radiolarian)
Bioclastic mudstone Figure 2 Mud (matrix) Plenty of fragments of Low Shoreland
Silt to medium brachiopod and
(bioclasts) echinoderm (such as
crinoid)
Micrite Figure 2K Micrite (calcite) Micrite calcite, no Low Deep-water shelf and
obvious sedimentary shallow-water shelf
structures
Calcisphere limestone Figure 2L Micrite (matrix) Plenty of calcisphere, Medium Shallow-water shelf and
Silt to fined (calcisphere) ellipsoidal to rounded restricted platform
Bioclastic limestone Figure 2M Micrite to fined Plenty of bioclasts Medium to high Shoal
(cementation) fined to
medium (bioclasts)
Bioclastic micrite Figure 2N Micrite (cementation) Fes bioclasts Low to medium Restricted platform
Fined to medium
(bioclasts)
Chert nodule and clot Figure 20 Micrite (matrix) Chert nodules and clots, Low Deep-water shelf and
limestone with sizes 4-8 cm and shallow-water shelf

5-16 cm, respectively
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XD-1-HF5 P,W, 1.99 476 526 50.4 0.70 L16 0.61 10.44
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XD-1-HF10 P,W, 0.38 428 186 245 033 2,60 0.13 ey
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JTBP-HF3 P,W, 874 0.36 0.82 58.0 7412 021 35161 0.01
JTBP-HF4 P,W, 46.4 022 0.51 393 48.05 0.16 30545 0.01
JTBP-HF5 LA 148 037 0.48 388 155.48 027 57931 0.01
JTBP-HF6 P,W, 257 047 0.81 65.1 19.11 0.24 79.19 0.01
JTBP-HF7 P,W, 534 0.55 0.80 59.2 37.24 026 140.61 0.01
JTBP-HF8 P,W, 116 0.76 0.89 67.7 82.13 037 221.05 0.01
JTBP-HF9 P,W, 432 0.61 1.06 885 24.24 0.24 102.57 0.01
JTBP-HF10 Pw, 19.7 034 0.69 64.9 13.66 0.16 83.91 0.01
JTBP-HF11 P,W, 13.6 0.14 0.34 254 19.60 0.14 140.69 0.01
JTBP-HF12 P,W, 257 0.50 0.84 722 165.41 0.22 74441 0.01
JTBP-HF13 P,W, 247 0.17 0.15 9.69 86.96 041 21043 0.02
JTBP-HF14 PyW, 90.3 0.56 0.67 50.5 101.93 044 23353 0.01
JTBP-HF15 PwW, 334 034 0.54 46.2 401.38 0.28 142272 0.01
JTBP-HF16 | P,W, 72.1 0.05 0.12 ' 6.00 479.20 0.22 2131.03 | 0.02
JTBP-HF17 PwW, 16.6 025 0.37 18.6 25.56 027 96.17 0.02
JTBP-HF18 P,W, 99.5 0.18 0.45 20.3 146.29 0.18 800.57 0.02
JTBP-HF19 P,W, 12 027 0.38 306 21145 035 600.77 0.01
JTBP-HF20 P,W, 129 0.07 0.077 109 59.59 0.23 25948 0.01
JTBP-HF21 2.54 0.09 0.084 9.78 1273 031 40.87 0.01
JTBP-HF22 1.62 0.14 0.18 282 3.94 023 16.76 0.01
JTBP-HF23 257 0.09 0.088 14.1 11.87 0.29 40.90 | 0.01
JTBP-HF24 P,W, 2.40 0.06 0.078 5.02 18.18 0.29 63.20 0.02
JTBP-HF25 PyW, 2.08 0.03 0.070 715 19.35 0.20 97.17 0.01
JTBP-HF26 PW, 2.46 0.05 0.078 7.31 22.89 0.32 71.26 0.01
JTBP-HF27 P,W, 1.69 0.05 0.068 10.4 1147 021 5439 0.01
JTBP-HF28 P,W, 9.62 0.07 0.094 4.86 73.72 0.39 190.85 0.02
JTBP-HF29 P;W, 6.88 0.12 0.076 4.07 70.02 0.84 83.03 0.02
JTBP-HF30 P,W, 133 0.02 0.040 0.59 48.13 0.40 120.39 | 0.07
JTBP-HF31 P,W, 147 0.02 0.046 0.95 50.39 045 112,05 0.05
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