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For a more in-depth analysis on the marine chemical condition during the earliest Cambrian, mechanism of organic matter enrichment and exploration potential of shale gas resources, based on the petrology, organic geochemistry, and elemental characteristics of the W207 Well, this study discuss the Early Cambrian paleo-ocean environment and factors controlling of organic matter enrichment during the deposition of black strata Qiongzhusi Formation in the upslope areas, southwestern Sichuan Basin, Yangtze Block, China. The sedimentary cycles show that during the depositon of fine-grained Qiongzhusi Fm, interactive cycles of multiple deep-water and shallow-water shelf developed, and were controlled by the rise and fall in sea level. In particular, the slope turbidite (fan) and gravity flow sediments indicate that the shallow-water shelf facies were dominant in the upslope area (SW Sichuan Basin), where not in deep water for a long time, and the sedimentary thickness of the organic rich black shale was limited. Evidence from organic geochemistry indicates that the organic matter of the Qiongzhusi Fm from the W207 Well was mainly of type I kerogen, with a high degree of thermal evolution, little residual hydrocarbon, and low capacity for hydrocarbon generation. The redox parameters indicate that the marine environment on the upslope was medium restrictive, with some upwelling. The seawater had undergone a transformation according to anoxic–oxidic. Therefore, paleo-ocean productivity in the upslope area was generally low, and exhibited a prominent downward trend from bottom to top. Given its high risk of exploration, the authors suggest that the direction of shale gas resource evaluation should change to the intracratonic sag (downslope) area, which is characterized by deep-water shelf facies.
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INTRODUCTION
In the Early Cambrian (541–514 Ma), a thick layer of shale that was rich in marine organic matter was deposited on the Upper Yangtze Platform (Sichuan Basin and its periphery) to form the Maidiping Fm–Qiongzhusi Fm. This area has since been an important potential site for the exploration of shale gas, and forms a major series after the Wufeng Fm–Longmaxi Fm (Hu et al., 2012; Huang et al., 2012; Sun et al., 2012; Zhang et al., 2020; Liang et al., 2021). The Early Cambrian is also a key period for the transformation of the marine environment and biological life in geological history. With the gradual increase in atmospheric marine oxygen in this period, multicellular organisms began to appear and flourish, forming the Cambrian Bio-radiation Event (Xiao et al., 1998; Zhu et al., 2008; Raven et al., 2021). Changes in the marine environment play a decisive role in the evolution of life (Bush et al., 2007; Shu et al., 2014), and are closely related to the formation of organic matter-rich shale (Zhao et al., 2020; Zhou et al., 2020). The enrichment of organic matter in high-quality marine source rocks is controlled by such factors as the terrigenous input, hydrodynamic conditions, redox conditions, and productivity in a sedimentary environment (Jin et al., 2020). Understanding the sedimentary environment of the Qiongzhusi Fm and exploring its mechanism of enrichment of organic matter are thus important for assessing its value as a resource for shale gas.
The characteristics of terrigenous input are closely related to the paleoclimate and paleoweathering conditions of the source area (Taylor and Mclennan., 1985). The degree of chemical weathering of surface rocks is mainly affected by temperature and humidity (Parker., 1970). Hot and humid climates promote the chemical weathering of rocks, while cold and dry climates are not conducive to it (Nesbitt and Young., 1982). In recent years, the chemical index of alteration (CIA), weathering index of Parker (WIP), chemical index of weathering (CIW), plagioclase index of alteration (PIA), Mg index (MgI), and mafic index of alteration (MIA) (Parker, 1970; Nesbitt and Young, 1982; Nesbitt et al., 1996; Fedo et al., 1995; Babechuk et al., 2014; Craig et al., 2017) have been widely used to reflect the degree of weathering and the paleoclimate.
In the hydrodynamic environment discrimination conditions, based on the unique geochemical characteristics of Mo and U elements and the influence of Mn, Fe and other particles on the enrichment of Mo elements, and using the corresponding relationship between Mo/TOC value in sediments and Mo element concentration in seawater, Mo-TOC charts (Algeo et al., 2008), UEF-MoEF covariant model (Algeo and Tribovillard, 2009) and Co*Mn plate (Sweere et al., 2016)for distinguishing the retention degree of sediments in different marine environments and open/upwelling environment are established. Because the Co*Mn model is not as precise as the Mo-TOC and UEF-MoEF models in the identification of the degree of retention, and cannot distinguish among the redox conditions of seawater, it can be used as a supplement for the development of the Mo-TOC and UEF-MoEF covariant models. The extensive use of the three methods can be used to distinguish among three marine environments, those with non-retention, weak retention, and strong retention, such as the Black Sea that has strong retention (Brumsack, 1989; Baturin, 2011) and the Cariaco Basin with weak retention (Piper and Dean, 2002).
The enrichment of organic matter in sediments is also closely related to the redox conditions of the sedimentary environment and the size of primary productivity in the ocean (Algeo et al., 2008; Zhang et al., 2016). Traditionally, oxygen content in the earlier Cambrian ocean is considered to have been close to that in the modern ocean (Logan et al., 1995; Scott et al., 2008), but the latest research shows that the redox environment in the Early Cambrian was in a highly stratified state, with oxidized water on the surface and anoxic iron deeper below. Dynamically changing sulfide seawater persisted between them (Chang et al., 2016; Zhu et al., 2018; Jin et al., 2020). The paleo-ocean redox conditions controlled the degree of enrichment of trace elements in the sedimentary rocks (Guo et al., 2007; Och et al., 2013). By analyzing the ratios of trace elements (U, V, Mo, V/Cr, and U/Th) and factors influencing their enrichment (through UEF, VEF, MOEF, etc.), the paleo-marine environment can be reconstructed (Guo et al., 2007; Och et al., 2013; Pi et al., 2013; Spangenberg et al., 2014; Zhao et al., 2020). The content of some biologically essential nutrient elements (such as Cu, Zn, P, and Ni) in sedimentary rocks can help evaluate paleo-productivity (Shen et al., 2015; Reinhard et al., 2016).
Deployed by the CNPC and cored for the entire section, the W207 Well is a special evaluation well of the Qiongzhusi Fm in the southwestern Sichuan Basin of China. It provides an important basis for studying the sedimentary environment and the mechanism of enrichment of organic matter in the Qiongzhusi Fm at shallow-water shelf facies (upslope area). This study analyzes the total organic carbon (TOC) content, organic carbon isotopic composition (δ13Corg), and major and trace element contents of the Qiongzhusi Fm from the W207 Well in the Weiyuan area. We used the factors influencing the redox environment (U/Th, V/Cr, Corg/P, UEF, VEF, MoEF, etc.) and indicators of paleo-ocean productivity (Cu, Zn, Ni, Babio, etc.) to reconstruct the paleo-ocean environment in the upslope area on the west side of the Mianyang-Changning Intracratonic Sag. Further, we analyzed the factors controlling the enrichment of organic matter of the Qiongzhusi Fm, and clarify its potential as a source of marine shale gas in the southern Sichuan Basin.
GEOLOGICAL SETTING
Tectonic Characteristics
The W207 Well (Weiyuan area) is located in the west side of the middle segment of the Mianyang–Changning Intracratonic Sag. The area belongs to the Leshan–Weiyuan slope and transitions into the interior of the intracratonic sag to the East. Owing to the long-term and transgressive sequential marine clastic-carbonate deposition of the Doushantuo Fm (Zds) and the carbonate platform deposition of Dengying Fm (Z2dn) in the Late Sinian, the Upper Yangtze Platform (Sichuan Craton) had an extension in the earlier Cambrian. Taking the formation of the Mianyang–Changning Intracratonic Sag as the main signal of Xingkai Taphrogenesis (Liu et al., 2013), prominent paleogeographic differentiation began to appear in the Upper Yangtze Platform in the earlier Cambrian (Hou et al., 2017). Representing the initial stage of extension (542–529 Ma), the Lower Cambrian Maidiping Fm is only locally developed in the central and western, western margin, and southwestern margins of the Sichuan Basin. In the Upper Yangtze Platform and most areas around it, the Qiongzhusi Fm (multiple sets of synonymous strata, also known as Jiulaodong Fm, Qingping Fm, Guojiaba Fm, Shuijingtuo Fm, and Niutitang Fm) was deposited at the peak stage of extension (521–514 Ma), which appeared as unconformable contact with the underlying Dengying Fm. Therefore, during the sedimentary period of Qiongzhusi Fm, the Upper Yangtze Platform can be divided into three special structural areas from west to east: upslope area, intracratonic sag or downslope area, and a deep basin area (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Simplified map of China that shows the location of the Sichuan Basin (gray), South China Block. (B) Early-Cambrian tectonic paleogeography of the Upper Yangtze Region (modified from Li et al., 2019 and Ding et al., 2021). The W207 Well is located at west side of Mianyang-Changning Intracratonic Sag. (C) Aggregation kinetic model between Yangtze and Gondwana (Arabia) in the Early Paleozoic.
Despite controversial subduction-collage mode, with complete disintegration of Rodinia gradually converged to Gondwana in the Late Neoproterozoic-Early Paleozoic, previous evidence suggests that the South China Block gradually subducted from the northwest edge of Rodinia to the East Gondwana (Jiang et al., 2003; Li et al., 2008, 2013). The prominent non-conformity between the Cambrian and the Ordovician on the western margin of the Yangtze Block and the latest detrital zircon U-Pb age/Lu-Hf isotope reveal that a large number of Pan-African young zircons (ca. 0.55–0.52 GA) are related to the provenance of the East African Orogenic Belt in the Cambrian on the western margin of the Yangtze Block (Yao et al., 2015; Chen et al., 2018). The western margin of the Yangtze is thus more likely to be collaged with the northern margin of East Gondwana (low equatorial latitude) (Figure 1C). Taking the Sichuan Basin as an important benchmark, the Yangtze Craton, which dissociated in the Proto-Tethys Ocean, had inherited the weak structural pattern of the basement and continued to be tensioned by the periphery of the craton. As a result, a tectono-depositional differentiation was formed in the craton during the Sinian (Ediacaran)–Cambrian transition period. Considering the boundary characteristics of the Sinian (Ediacaran)–Cambrian as the benchmark in a similar way, the South China (Yangtze) platform before the deposition of Qiongzhusi Fm was in three special sedimentary facies from the northwest to the southeast, including the platform facies, slope transition facies, and deep-water basin facies (Li et al., 2020; Ding et al., 2021). Considering plate tectonics, the uplift groove pattern of the Sichuan Basin and its periphery during the Sinian Cambrian transition period was mainly formed in the stage of convergence of the Gondwana continent. During the subduction of the Proto-Tethys Ocean, oceanic crust and plates were dragged by the driving force of plate subsidence, and episodic uplift and rifting events might have occurred on the shallow surface of the crust (Wang et al., 2016; Li et al., 2019; Wang, 2020). After South China and Gondwana completely collaged in 516 Ma, the compression background caused the intracratonic sag fill quickly with sediments.
Depositional and Stratum-Related Characteristics
The Qiongzhusi Fm is a set of shelf facies of shale deposit with a thickness of 259.9 m. The pulveryte interval of the W207 Qiongzhusi Fm can be divided into three continuously superimposed third-order sequences. Controlled by the rise and fall in sea level, the characteristics of the sedimentary cycles show that interactive cycles of conversion between multiple deep-water shelf and shallow-water shelf developed (Figure 2). The lithology of the strata of the deep-water shelf facies was mainly black carbonaceous mudstone/shale, black silty mudstone/shale, and black mud/shale mixed with a small amount of stone coal, rich in organic matter. It developed a horizontal bedding, and represented deep seawater and a weak hydrodynamic force.
[image: Figure 2]FIGURE 2 | Macroscopic characteristics of cores in the whole section of Qiongzhusi Fm, W-207 Well. The Qiongzhusi Fm can be divided into three third-order sequences. SQI: First member of Qiongzhusi Fm (Є1q1), 3,242.13–3,135.94 m; SQ II: Second member of the Qiongzhusi Fm (Є1q2), 3,135.94–3,043.65 m; SQ III: Third member of the Qiongzhusi Fm (Є1q3), 3,043.65–3,000.59 m.
The shallow-water and semi-deep-water shelves were also below the stormed wave base. The seawater was relatively quiet, with hydrostatic low-energy deposition in this environment. The lithology of the sediment is mainly black argillaceous siltstone, black silty mudstone, and grayish-green lithic feldspar sandstone, with fine-grained sandstone mixed with it. The overall grain size was fine, the horizontal bedding was developed, and a small amount of cross-bedding could be seen locally. In this environment, calcareous siltstone, thin-layer micrite limestone, and silty limestone were also deposited.
The sedimentary thickness of the deep-water shelf facies and shallow-water shelf facies was quite different in the W207 Well. The deep-water shelf facies ranged from several meters to tens of meters, and generally decreased in thickness from bottom to top. The total thickness is 67m, accounting for 25.8%. Although there was no evidence of benthos in the strata under this sedimentary environment, it can be judged to be deep-water, low-energy, and anoxic deposition due to a small amount of bacteria and algae, siliceous sponge bone needles, and radiolaria. Moreover, the bottom of Qiongzhusi Fm in the W207 Well is characterized by typical slope of turbidite fan deposition, mainly silty deposition, interbedded with carbonaceous shale deposited in the continental shelf. The rhythmic occurrence of D and E segments of the typical Bouma sequence, and development of small sand bedding and horizontal bedding can be seen locally, which is a consequence of deposition due to gravitational flow (Figure 3). We infer that the Qiongzhusi Fm in the upslope area is dominated by shallow-water shelf deposits, and slope turbidites have developed. The Weiyuan area where W207 is located has not been in the deep water area close to the intracratonic sag for a long time. The sedimentary thickness of the organic-rich black shale is thus limited. Deep-water shelf facies have mainly developed on the east of the Weiyuan area, close to the Mianyang–Changning Intracratonic Sag. We think that organic-rich shale is thin in the west and gradually thickens eastward.
[image: Figure 3]FIGURE 3 | Petrological characteristics of Qiongzhusi Fm, W-207 Well. (A) W207 Well, 3,232.80m, at the bottom of Qiongzhusi Fm, soft sediment deformation (B) W207 Well, 3,231.66 m, at the bottom of Qiongzhusi Fm, cross bedding and lenticular pyrite nodules (C) W207 Well, 3,186.30 m, the lower part of Qiongzhusi Fm, black shale alternates with gray laminar calcareous shale (D) W207 Well, at the bottom of Qiongzhusi Fm, black shale is in contact with gray black siltstone, suspected of Bouma sequence (E) W207 Well, 3,220.57m, the lower part of Qiongzhusi Fm, black shale is in contact with gray elliptic calcareous nodules (F) W207 Well, 3,242.29 m, silty calcareous mudstone (G) W207 Well, 3,242.29 m, silty calcareous mudstone, with a large amount of carbonate clasts (H) W207 Well, 3,149.58 m, the middle part of Qiongzhusi Fm, mainly composed of silty mudstone and with little argillaceous siltstone (I) W207 Well, 3,088.35 m, the upper part of Qiongzhusi Fm, felsic siltstone (J) W207 Well, 3,055.91 m, the upper part of Qiongzhusi Fm, normal grain sequence, suspected parallel bedding development, dolomitic lithic siltstone laminated siliceous shale and carbonaceous shale with the characteristics of turbidite deposition (K) W207 Well, 3,000.59 m, silty argillaceous very fine-grained quartz sandstone.
EXPERIMENTS METHODS AND DATA SOURCES
A total of 44 samples, including siliceous shale, black shale, dark-gray argillaceous siltstone, and gray siltstone, were collected from the earliest Cambrian black strata of the Qiongzhusi Fm from the W207 Well in the southwestern Sichuan Basin (Figure 2).
Total Organic Carbon Content and Pyrolysis
Measurements of total organic carbon content (TOC) were performed using a LECO CS-344 carbon/sulfur analyzer with an analytical accuracy of ±0.5%. About 80–120 mg powder (120 mesh) of each sample was weighed and treated with 10% HCl to thoroughly remove the carbonates. Subsequently, the residue was filtered and rinsed with H2O to remove chlorides before introducing the dried residue to the C/S analyzer. Pyrolysis was performed by using a Rock-Eval VI analyzer.
The pyrolysis process lasted 12 min. The initial temperature was 90°C, and the constant temperature was maintained for 2 min to obtain the S0 peak. In the first stage, the temperature was 300°C, and constant temperature was maintained for 3 min to obtain the S1 peak. In the second stage, within 6 min, the heating rate was 50°C/min, and constant temperature was maintained at 600°C for 1 min to get the S2 peak. The Tmax was corresponding peak temperature of S2 during rock pyrolysis, indicating the thermal maturity of organic matter.
Bulk Organic Carbon Isotopic Ratios (δ13Corg)
The measurements of δ13Corg were carried out on carbonate-free samples using an elemental analyzer (EA) coupled with a flow interface that automatically transferred carbon dioxide gas into a Finnigan delta-plus mass spectrometer. The samples included bulk oil, pure bitumen, and kerogen from the source rocks. Casein was used as the external standard (Elemental Microanalysis Ltd.) with a value of δ13CV-PDB of −26.98‰. The results were reported in terms of per mil relative to VPDB (i.e., Vienna Peedee Belemnite), and the reproducibility of the replicate analyses was ±0.3‰.
Main Element Analysis
The 44 samples from Qiongzhusi Fm in Well W207 were pretreated by the glass melt method and then analyzed by a Primus II X-ray fluorescence spectrometer (XRF). The processing flow of major element analysis was as follows: 1) The 200 mesh samples were placed in a 105°C oven to dry for 12 h; 2) One Gram of the dried powder sample was weighed and placed in a ceramic crucible, and then heated to 1,000°C for calcination for 2 h; 3) Weigh 0.6 g sample, 0.3 g NH4NO3 oxidizer and 0.6 g accelerant (Li2B4O7/LiBO2/LiF = 9/2/1), then place them in a platinum crucible and mix them evenly, melt them at 1,050°C, cool them after complete melting, take out the glass sheet and test them on the machine. The analysis accuracy is better than 2%.
Trace Element Analysis
The concentrations of trace elements in the bitumen and potential source rocks were determined using inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7,700×) combined with inductively coupled plasma atomic emission spectrometry (ICP-AES; Agilent VISIA). The sample powders (200 mesh) were first prepared by dissolution using a mixture of four acids (HNO3 + HClO4 + HF + HCl). The organic-rich samples were combusted in a muffle oven at 750 C to remove organic matter before dissolution by acids. The analytical procedure detailed by Pi et al. (2013) was followed. The standard deviation of the elemental concentrations was <10%. Bulk trace elements were analyzed at the ALS Laboratory Group’s Mineral Division, ALS Chemex, in Guangzhou, China (Table 2).
The enrichment factors (EF) of redox-sensitive elements were calculated by XEF = [(X/Al) sample/(X/Al) PAAS], where X and Al represent the contents of the specified elements and aluminum elements, respectively. The reference standard was the content of elements in post-Archean Australian average shale (PAAS). The biogenic Ba was calculated as Babio = Basample - (BA/Al) PAAS ×Alsample, and the reference standard here was also the content of elements in PAAS (Taylor and Mclennan, 1985).
RESULTS AND DISCUSSION
Hydrocarbon Potential
Total Organic Carbon Content
The organic carbon content (TOC) is the basic parameter in assessing source rocks for shale gas. On the one hand, only when the abundance of organic matter reaches a certain degree can it have sufficient capacity for hydrocarbon generation. On the other hand, once the organic matter has been converted into hydrocarbons, certain storage space is formed to store hydrocarbons, and the residual organic carbon reaches a certain amount such that it has the ability to adsorb hydrocarbon gases, which become shale gas reservoirs when the two parts of gas reach a certain amount. They then become shale gas reservoirs. Researchers have different views of this based on regions and strata. The standard of organic carbon content in the Qiongzhusi Fm, with high maturity in south China, can be reduced to 0.5–1.0% (Zhang et al., 2002).
The TOC of 44 samples from W207 in Qiongzhusi Fm ranged from 0.18% to 3.41%, with an average of 1.31% (Table 1). The section with high TOC (TOC>1%) was 130 m (Table 1). The TOC content of the LSQ black rocks (3,242.42–3,177.64 m) ranged from 0.18% to 3.41% (average of 1.63%) while that of USQ black rocks (3,161.69–3,000.59 m) ranged from 0.30% to 2.94% (average of 0.99%). This considerable difference may relate to the special sedimentary backgrounds of the lower and upper strata, which control the enrichment and preservation of organic matter by adjusting nutrient input and water chemistry. The data on W207 show that the common abundance of residual organic matter in this well. There were only two sets of sections with relatively high TOC, corresponding to the bottom of Є1q1 and middle of Є1q2-3, respectively. This is consistent with the two sets of high-GR sections.
TABLE 1 | Organic geochemical parameters of Qiongzhusi Fm, W-207 Well.
[image: Table 1]The sum of S1 and S2 yields is widely used to indicate the hydrocarbon potential, and decreases sharply with increasing quantity of petroleum generated and expelled from the source rocks (Peters and Cassa, 1994). Conversely, TOC content is the main source of hydrocarbon generation, and undergoes little change in weight percent when oil and gas are generated (Lu et al., 2012; He et al., 2020b). By considering the low S1 and S2 yields (mainly ranging from 0.04 mg/g to 0.12 mg/g) due to the generation and expulsion of a large amount of hydrocarbons under a high degree of thermal evolution, the TOC content was applied to assess the degree of enrichment of organic matter within the source rocks (Peters and Cassa, 1994; Peters et al., 2005; Lu et al., 2012).
However, these ranges of TOC are widely accepted as representing fair to medium quality of source rocks in the upslope area, and were not all higher than the lower TOC limit of 0.5% that has been determined for the main source rocks in the Mianyang–Changning Intracratonic Sag.
Maturity and Type of Organic Matter
Maturity is a parameter reflecting whether the source rock has evolved to the stage of oil or gas generation, and is the basis for evaluating its potential for hydrocarbon generation. Judgments of the thermal maturity of Paleozoic source rocks have long been controversial for the following reasons: 1) Higher plants appeared only after the Devonian (Li, 1994), and kerogen microscopic examination showed that organic matter in the source rocks was all derived from marine phytoplankton (algae) and bacteria, with no vitrinite. 2) The standards for conversion from Rb (bitumen reflectance) to Ro are usually different in different regions. 3) Under a high degree of thermal evolution, the rock pyrolysis method is easily affected by sample pollutants, and it is challenging to reliably measure Tmax. 4) Analyzing the diagenetic evolution of clay minerals can be used to classify the stage of maturity, but cannot be used to quantitatively judge it. Due to the defects of each available method, we conservatively used 44 data items on rock pyrolysis Tmax to identify the maturity of the source rocks of W207 Qiongzhusi Fm. The mature stage of black shale was divided into the following: Ro<0.5%, Tmax <435°C was considered immature; 0.5% < Ro < 1.3%, 435°C < Tmax < 475°C was considered mature; 1.3% < Ro < 2%, 475 °C < Tmax < 500°C was considered highly mature; Tmax > 500°C was considered to be in the stage of over-maturity, of which 2% < Ro < 3% was the early stage of over-maturity, and 3% < Ro < 4% was the late stage.
For highly mature source rocks of the Qiongzhusi Fm, the Tmax measured by rock pyrolysis was less than 435°C, and could easily lead to the illusion of an immature source rock. This phenomenon occurred because the rate of conversion of Lower Cambrian source rocks is generally as high as 90%, resulting in a low S2 value of the pyrolytic hydrocarbons. This makes the sample vulnerable to the “false peak” of pyrolysis generated by pollutants, and thus the peak temperature Tmax of S2 is low (Zhang et al., 2007). The values of Tmax fluctuated between 293° and 612°C, indicating that most samples were subject to the peak value generated by the pyrolysis of the drilling fluid and solid asphalt, and could not represent their real maturity. S1, S2, and S3 were very low, indicating that W207 has a small amount of residual hydrocarbons and poor capacity for hydrocarbon generation (Figure 4), and the source rock had entered the stage of high maturity. Samples with Tmax greater than 475°C might have more accurately reflected the maturity (high-over maturity) of the source rock.
[image: Figure 4]FIGURE 4 | Characteristic map of total organic carbon (TOC) vs. S1+S2 from the Qiongzhusi Fm, W-207 Well. LSQ: lower section of Qiongzhusi Fm (3,242.42–3,177.64 m); USQ: upper section of Qiongzhusi Fm (3,161.69–3,000.59 m).
The organic carbon isotope (δ13C) can provide important information about the main types of organisms during the sedimentary period, and can reflect the main types of primitive organisms. It is an effective indicator of the types of organic matter in over-mature source rocks. The results showed that plankton was relatively abundant in lipids in the organic matter of different biological species. In addition, its high contribution led to lower values of organic carbon isotopes (δ13C), indicating the characteristics of sapropel type I kerogen (Huang, 1988; Tenger et al., 2004). The range of variation of organic carbon isotopes in the 44 samples of Qiongzhusi Fm was −34.95‰∼ −30.44‰, with an average of −32.49‰. The range of variation of organic carbon isotopes at the bottom of Qiongzhusi Fm was −34.95‰∼−32.60‰, with an average of −33.73%, that in the middle interval was −33.89‰∼−30.80‰, with an average of −32.16‰, and that in the upper layer was −30.49‰∼−30.44‰, with an average of −30.65‰, showing the characteristics of type I kerogen.
In combination with numerous algae macerals that are favorable for oil generation in the black rocks, the data suggest that both the LSQ and USQ might have made a significant contribution to the superabundant Lower Paleozoic petroleum resource over geological history (Figure 5). This is supported by numerous observations of asphaltene within the investigated black shale and the abundant bitumen-containing hydrocarbon reservoirs overlying them.
[image: Figure 5]FIGURE 5 | Organic maceral characteristics of the Early Cambrian black strata, Qiongzhusi Fm, W-207 Well, NW Sichuan Basin. (A–D) relative abundant benthic algae, acritarchs (E) Numerous bitumen, and (F) abundant volvox.
Effects of Paleoweathering and Terrigenous Detrital on Paleoproductivity
Paleoweathering
The WIP has been used to characterize the degree of weathering of silicate rocks (Srivastava et al., 2018). Owing to the abundant Si content of the earliest Cambrian Qiongzhusi Fm, the WIP provides the best option for quantifying the degree of paleoweathering and its effects on the formation of the black rocks in Qiongzhusi Fm. These were mainly the black shales in the Є1q1 and black siliceous rocks in the Є1q2-3. Furthermore, in light of bond strength, the individual mobilities of the most mobile major elements were considered when calculating the WIP (Eqs. 1 and 2), thus indicating that the WIP is widely applicable (Parker, 1970).
[image: image]
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where the data in Eq. 1 are as molar proportions of the oxides, and CaO* indicates the CaO content of silicate minerals, excluding CaO bound in carbonates and silicates (Nesbitt and Young, 1982; He et al., 2020a).
The relatively low WIP values suggest more intense chemical weathering related to heavy rainfall and continental runoff under a warm and humid climate, whereas relatively high values indicate a relatively low degree of chemical weathering that relates to a cool and arid climate (Srivastava et al., 2018). Table 2 shows that the WIP of each layer in W207 was relatively stable, ranging from 47.11% to 71.59% with an average of 59.38%. This shows that the paleoclimate of the upslope area was warm and humid in this period. The WIP of the Qiongzhusi Fm decreased gradually from the bottom to the top, indicating that weathering had gradually increased. Furthermore, these results indicate that the degree of weathering during the deposition of Є1q2-3 was much stronger than that during the deposition of Є1q1, thus suggesting that a higher abundance of terrigenous detrital matters was carried into the upper part in comparison with the lower part.
TABLE 2 | Analysis table of major and trace elements in Qiongzhusi Fm, W-207 Well.
[image: Table 2]Terrigenous Detrital
The relative contributions of terrigenous detrital matter, as reflected by the Ti content of the sediments ((Terrigenous%=(Tisample TiPAAS)×100); post-Archaean Australian shale (PAAS) with Ti = 5,995 ppm)) can also be used to provide insights into the degree of weathering. Relatively high values imply a stronger continental weathering (Taylor and Mclennan, 1985; Murray and Leinen, 1996; Li et al., 2017). The terrigenous value of siliceous shale samples from Є1q3 fluctuated between 70.08% and 73.48% (average of 71.90%), thus indicating strong continental weathering. The values ranged from 74.08% to 85.77% (average of 79.83%) within the black shale samples from Є1q2, showing stronger weathering. The terrigenous values were relatively low for shales from Є1q1, ranging from 57.98% to 86.97% (average of 73.21%), excluding samples W207–8 and W207-3 (37.09% and 45.78%, respectively) (Table 2). The values indicate much stronger weathering (from the top to the bottom) during the deposition of Qiongzhusi Fm, which is consistent with the results of the WIP.
Upwelling and Watermass Restriction
The Mo/TOC ratios of mudstone samples in well W207 ranged from 6.44% to 27.47% (mean, 14.37%). The Mo/TOC ratios in Є1q2 was 6.44–27.47 (mean 15.35), and those of Є1q2 and Є1q3 ranged from 6.90 to 26.41 (mean 11.79) and 8.27 to 20.92 (mean 12.92). Most of the samples of Є1q1 and Є1q2 were in the semi-restricted environment. The injection point of Є1q2 was above some of that of Є1q1, which indicates that the efficiency of circulation of the watermass was higher during this period of deposition, while it was closed during the deposition of Є1q3 in the upper part. The degree of limitation was close to that of the Framvaren Fjord. The Mo-TOC model shows that this was not a moderate restriction (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) For the Early Cambrian in the Qiongzhusi Fm, W207 Well, upslope area of Yangtze Platform, compared with generalized patterns of sedimentary Mo-TOC covariation associated with deepwater renewal in silled anxic basins (eg., Black Sea, Framvaren Fjord, Cariaco Basin and Saanich Inlet) ((Algeo and Lyons, 2006). (B) Euxinic conditions indicated by UEF vs. MoEF during the deposition of the early Cambrian Qiongzhusi Fm, SW Sichuan Basin. Dotted lines show MoEF/UEF ratios equal to the seawater (SW) value (i.e., 1 × SW) and fractions thereof (0.3 × SW, and 0.1 × SW) (Algeo and Tribovillard, 2009). (C) Crossplots of CoEF × MnEF vs. TOC for the Qiongzhusi Fm in the W207 Well. The model data is from Sweere et al. (2016). Є1q1’2,3: first, second and third member of the Qiongzhusi Fm.
The MoEF/UEF ratios ranged from 1.51 to 9.38 (mean 4.24). Most of the samples in Є1q1 have high enrichment coefficients of Mo and U. Thus, the MoEF/UEF ratio was high at 1.51–9.38 (mean 4.85). The MoEF/UEF ratios of Є1q2 and Є1q3 are relatively low, ranging from 1.69 to 5.60 (mean 3.22) and 2.37 to 3.62 (mean 2.79). The most samples from Є1q2 and Є1q3 is 0.3–1 times the seawater. Under the enhancement of seawater reduction conditions, the rates of uptake of Mo that substantially exceed those of U, resulting in a progressive increase in sediment MoEF/UEF ratios of most samples in Є1q1 at the bottom to more than 1 times the seawater. However, it is far lower than the ratio of Mo affected by the adsorption of manganese and iron particle carriers (Mo/U ratio is 3–10 times). At higher enrichment coefficients, MoEF/UEF did not decrease further, which indicates a connection between the ocean and the open sea in this area during the deposition of the Qiongzhusi Fm. The circulation efficiency of watermasses was high, and this was an unrestricted marine environment (Figure 6B).
The contents of Co and Mn are generally low in an upwelling setting due to the loss of Co and Mn in the secondary oxidation environment. However, watermasses with a higher degree of restriction seawater show higher Co and Mn contents due to the external input (Sweere et al., 2016). For example, the hydrologic characteristics of the upwelling setting in Namibia, Peru, and Gulf of California are low CoEF × MnEF (<0.5). At the same time, the limited Black Sea Basin has a higher CoEF × MnEF (>2) (Sweere et al., 2016). CoEF × MnEF of Є1q1 is 0.42–8.42 (average 1.25); CoEF × MnEF of Є1q2 is 0.49–1.14 (average value is 0.63); CoEF × MnEF of Є1q3 is 0.62–0.96 (mean 0.79). As shown by CoEF × MnEF, the values of most samples ranged from 0.5 to 2, and their seawater environment could not be accurately distinguished. These samples might have been affected by unstable seasonal rises in the ocean current. Combined with the above, we think that in the sedimentary period, the ocean in the upslope area was related to the open sea. The efficiency of circulation of the watermasses was high, showing a moderately restricted marine environment (Figure 6C).
Redox Conditions
Effect on δ13Corg
The change in δ13Corg can reflect changes in the degree of burial of organic matter, and depends on the change in marine primary productivity and the degree of preservation of organic matter in anoxic water (Goldberg et al., 2007; Schoepfer et al., 2015; Zhang et al., 2018). The positive values of δ13Corg positive for W207 and the upward decrease in its TOC content indicate that conditions for the preservation of organic matter had worsened, and the sedimentary environment had gradually transitioned from anoxic to oxidic. This was compared with the data on δ13Corg from the W207 well and the Songlin Section (Chen et al., 2006) in upslope, the Songtao Section in the downslope, and the Longbizui Section in the deep-water basin. The values of δ13Corg of the Songtao Section in the downslope (deep-water shelf facies) were −34.7‰∼−29.3‰ (mean −31.89‰), and that of the Longbizui Section was −36.5‰∼−33.5‰ (mean −34.48‰), similar to those of the Weiyuan and Songlin areas. This shows that the value of δ13Corg was significantly higher than that in sedimentary areas with deep water characteristics. Negative values of δ13Corg were noted at the bottom of the middle and upper Yangtze, which was a widespread transgression event of the Yangtze Plate in the Early Cambrian (Guo et al., 2013; Wang et al., 2015). In this context, the Yangtze Platform was in an anoxic environment caused by global transgression in this period. After the regression, the Weiyuan area on the upslope entered the oxidation state earlier. Then, such deep-water areas as the intracratonic sag and deep-water basin gradually tended toward oxidation.
A certain correlation was noted between changes in the redox environment and values of δ13Corg in different areas of the Yangtze Platform. Although the trend was one of increase, there was some variation in δ13Corg across the profiles. The Weiyuan and Songlin areas on the upslope area which their δ13Corg records are similar, and δ13Corg is higher than the deepwater basin area. The difference of δ13Corg composition, redox environment and TOC content can be better explained. With the gradual oxidation of the water environment in Weiyuan and Songtao areas, organic matter is gradually degraded, resulting in δ13Corg value beginning to increase first. The deep-water area is still in a continuous anoxic environment, with a large amount of organic matter preserved and the input of chemoautotrophic biomass to organic matter (Goldberg et al., 2007), with negative δ13Corg excursion. It can be seen that the difference in δ13Corg in different areas of the Yangtze Platform reflects the difference in organic matter preservation caused by the change of marine redox environment.
Effect on Elemental Parameters
The ratios of the redox-sensitive elements V/Cr, U/TH, and Corg/P are important indicators of the redox environment of paleo-oceans (Och et al., 2013; Pi et al., 2013; Jin et al., 2020; Zhao et al., 2020). The phosphorus cycle in sediments, measured in terms of the Corg/p value, is often controlled by redox conditions. Under oxidation conditions, phosphorus P element is generally adsorbed by iron hydroxide and stored in sediments (Kraal et al., 2010; Westermann et al., 2013). In anoxic environments, iron hydroxide in sediments dissolves, resulting in the release of adsorbed phosphorus (März et al., 2008). Corg/p < 50 indicates an oxic marine environment, 50 > Corg/p > 100 indicates a secondary oxidation environment, Corg/p > 100 indicates an anoxic environment (Algeo and Ingall, 2007).
The V/Cr, Ni/Co, U/TH, and Corg/P ratios of the Qiongzhusi Fm had similar vertical variations in the W207 Well (Figure 7). Generally high U/Th and V/Cr ratios were obtained at the bottom of the Qiongzhusi Fm, ranging from 0.80 to 2.98 (mean 1.77) and 1.28–11.26 (mean 4.74). This indicates that the sedimentary environment in this period generally ranged from one of secondary oxidation to anoxia. After this, it transitioned to a short oxidation period; but then the water returned to an anoxic state. The gray mudstone section in the lower part of the Qiongzhusi Fm (near 3,180 m) had high U/Th (1.09–1.46, mean1.28) and V/Cr values (2.75–8.07, mean 5.78), indicating that the anoxic sedimentary environment had been restored to a certain extent. Subsequently, the U/Th and V/Cr ratios decreased and gradually stabilized, indicating that the sedimentary environment had changed from anoxic to one of oxidation. During the middle deposition stage of the Qiongzhusi Fm (around 3,130 m), the sedimentary environment changed again. The U/Th and V/Cr ratios reached 1.84 and 4.57, respectively, and the water was in an anoxic state once again, but finally transitioned to the highest oxidation environment. Values of U/Th and V/Cr of samples at the top of the Qiongzhusi Fm were less than 1.25 and 4.25, respectively, indicating that the marine environment had been in a fairly stable oxidation to secondary oxidation state during this period (Jones and Manning, 1994).
[image: Figure 7]FIGURE 7 | Characteristics of the paleo-marine environment (redox parameters) of the Qiongzhusi Fm, W-207 Well. Є1q1, 2,3: first, second and third member of Qiongzhusi Fm.
The value of Corg/P of samples at the bottom of Qiongzhusi Fm was 9.57–104.02 (mean 57.71), indicating that it was deposited in an environment of partial anoxic reduction. The value of Corg/P of the remaining lower section (middle and upper part) was low, with a range of 4.12–39.62 (except samples at 3,130.65 m), indicating a relatively oxidized environment. Corg/P for samples at 3,130.65 m was 60, indicating that the oxygen content in seawater was relatively low during this period. This is consistent with the results indicated by the V/Cr and U/Th ratios.
The analyses of the above indices (element ratio, enrichment coefficient, and Corg/P) shows that the sedimentary environment of Qiongzhusi Fm has undergone an evolution of the form anoxic–oxidation–anoxic–secondary oxidation. During the stage of earlier deposition of the Qiongzhusi Fm, the marine environment was strongly anoxic, and then gradually tended to oxidize. During middle deposition, the sedimentary environment briefly changed to anoxic and then transitioned to an oxidation environment once again. At the end of deposition, the ocean in the upslope area, west of the intracratonic sag, was generally in an oxidation–secondary oxidation environment. The results show prominent anoxic watermass in the earlier sedimentary period of the Qiongzhusi Fm, which might be related to transgressive events in the same period. Then, the marine environment gradually transitioned to oxidation with regression.
Paleoproductivity
In the Early Cambrian, the marine ecosystem was relatively singular. Primary productivity mainly depended on the carbon-generating capacity of phytoplankton on the surface of seawater, and their prosperity depended on the abundance of nutrient elements in the ocean. In addition, the genesis, enrichment, and preservation of biogenic barium were closely related to the degradation of organic matter. When there was no strong sulfate reduction, the increase in biological productivity was related to the increase in elemental Ba content in organic-rich sediments. Therefore, biogenic Ba is an effective indicator of paleoproductivity (Stroobants et al., 1991; Von Breymann et al., 1992).
We found that such parameters of productivity as Cu/Al, Zn/Al, Ni/Al, and Babio had high values at the bottom and in the middle of the Qiongzhusi Fm. At the same time, the remaining lithologic sections had low values (Figure 8), indicating that the western ocean of the Upper Yangtze Platform had a certain productivity in the early sedimentary stage of the Qiongzhusi Fm. With the evolution of the sedimentary stage, its productivity gradually decreased. The two sets of strata with high TOC values at the bottom and middle of the Qiongzhusi Fm correspond to the productivity indicated by the above parameters. During the period of a slight increase in TOC content at the top of the Qiongzhusi Fm (3,050 m), the vertical trend of change in the parameters of productivity, such as Ni/Al, Cu/Al, Zn/Al, and Babio, also indicated that productivity had picked up in this period. Therefore, changes in productivity might have affected the accumulation of organic matter in the mudstone of the Qiongzhusi Fm.
[image: Figure 8]FIGURE 8 | Characteristics of paleo-ocean productivity parameters of the Qiongzhusi Fm, W-207 Well. Є1q1, 2,3: first, second and third member of Qiongzhusi Fm.
Mechanism of Organic Matter Enrichment in Upslope Area
Main Factors Controlling the Enrichment of Organic Matter
Terrigenous input, sedimentary hydrodynamics, redox conditions, and productivity are closely related to the enrichment of organic matter. Our analysis shows that the WIP of the Qiongzhusi Fm was relatively stable. A warm and humid paleoclimate during the sedimentary period of the Qiongzhusi Fm was conducive to biological activities and a rich source of organic matter. However, there was no significant correlation between the WIP and the TOC (Figure 9A); we think that the paleoclimate was not the main factor controlling the enrichment of organic matter in the Qiongzhusi Fm in the upslope area. In addition, the map of intersection of indicators of terrigenous input (Terrigenous, Ti/Al) and TOC also show no significant correlation between the terrigenous input and the enrichment of organic matter (Figures 9B,C). Although the Weiyuan area is located on an upslope on the west side of the intracratonic sag, a certain amount of terrigenous input (increasing gradually from bottom to top) caused a decrease in organic matter content. Therefore, the input of terrigenous clasts on the western margin of the Yangtze Platform might not have been conducive to the enrichment of organic matter of the Qiongzhusi Fm.
[image: Figure 9]FIGURE 9 | Cross-plots indicating the organic matter enrichment mechanism of the Early Cambrian Qiongzhusi Fm, W207 Well, SW Sichuan Basin. (A-B) paleoweathering and terrigenous detrital index vs. TOC (organic matter enrichment). (C-D) hydrodynamic index vs. TOC. (E-G) redox index vs. TOC. (H-I) paleoproductivity index vs. TOC. WIP: weathering index of Parker (Parker, 1970); Terrigenous: Ti content of sediments; Babio: biogenic Ba; TOC: total organic carbon; Є1q1’2,3: first, second and third member of Qiongzhusi Fm.
Comprehensive Mo/TOC, CoEF × MnEF and Cd/Mo hydrodynamic condition indexes. In particular, Cd is related to algal productivity. For the Black Sea with a strong restriction, the primary productivity and organic matter accumulation rate are very low. The Cd/Mo ratio of the sediment was close to that of seawater. The relatively high-level primary productivity might have led to the more effective entry of Cd into deeper seawater and sediments. Compared with Mo, a slight enrichment of Cd was observed. Sweere et al. (2016) summarized the differences in Cd/Mo in different restriction basins, and limited the boundary between productivity and preservation conditions, the two factors controlling the enrichment of organic matter, to a Cd/Mo value of 0.1. This is an empirical value; if Cd/Mo is greater than 0.1, the enrichment of organic matter in sediments is mainly controlled by productivity, and if Cd/Mo is less than 0.1, the enrichment is mainly controlled by preservation conditions. The overall variation in Cd/Mo in the W207 Well was between 0.002 and 0.072, with an average value of 0.013, indicating that preservation conditions mainly controlled the enrichment of organic matter of sediments in this area.
The oxygen content in seawater directly determines whether the organic matter can be well preserved in sediments for large-scale enrichment. A relatively restricted sedimentary environment, a certain extent of upwelling, and a widely developed anoxic environment promote the preservation of organic matter and the enrichment of redox-sensitive elements. A strong positive correlation was noted between parameters of the redox index (such as Corg/P, Ni/Co, and U/Th) and TOC in the Qiongzhusi Fm, W207 (Figures 9E–G). From an anoxic to an oxic environment, the oxidation–reduction conditions during the deposition of the Qiongzhusi Fm changed from bottom to top in the Weiyuan area. The anoxic interval in Є1q1 was the most enriching in organic matter. The redox conditions of the sedimentary environment were the key factors controlling the preservation and enrichment of organic matter in the upslope area, west of the Mianyang–Changning Intracratonic Sag.
The primary productivity of surface seawater is an important source of organic matter in the shale. Enriching organic matter also requires high biological productivity to provide organic carbon as a material guarantee. However, such paleoproductivity indicators as Zn, P/Al, and Babio were weakly correlation with the TOC (R2Zn = 0.0726, R2p = 0.0451, R2Babio = 0.0575) in the Qiongzhusi Fm, W207. A certain positive correlation was noted between P/Al and TOC in Є1q1 and Є1q2, and the ocean in the upslope area had a certain productivity (Figures 9H–I). With continuous sedimentary evolution, the productivity gradually decreased. P/Al and the TOC changed to a negative correlation in Є1q2, possibly due to the influence of changes in seawater redox conditions on the increase in phosphorus content. It reflects a certain productivity in this period. However, its strength of control over the enrichment of organic matter for shale was secondary.
Enrichment of Organic Matter During the Deposition of Qiongzhusi Fm in the Upslope Area
The process of enrichment of organic matter in Qiongzhusi Fm in the upslope area, west of the Mianyang–Changning Intracratonic Sag, is the key issue for assessing the potential for shale gas in the Southwest Sichuan Basin. Higher productivity can provide rich sources of organic matter and an anoxic environment can provide good preservation conditions (Zhang et al., 2018). Under the background of large-scale transgression during the early stage of deposition of the Qiongzhusi Fm (Feng et al., 2014; Zhai et al., 2016; Zhao et al., 2020; Fan et al., 2021), the Leshan–Weiyuan slope in the west side of the Mianyang–Changning Intracratonic Sag was connected to the open sea. Accompanied by a certain degree of upwelling in the sea water and rich nutrients imported from the deep seawater, this rendered productivity high during the early deposition of the Qiongzhusi Fm. Meanwhile, the widely developed anoxic environment further promoted the preservation of a large amount of organic matter and the enrichment of redox-sensitive elements in the lower layer of the Qiongzhusi Fm. With the regression of the sea, the sedimentary environment gradually transitioned to one of oxidation, with conditions for the preservation of organic matter gradually deteriorating.
During the middle deposition stage of the Qiongzhusi Fm, the sea level in the study area rose again. The sedimentary environment returned to a relatively anoxic state, and became rich in organic matter once again. The two sets of sedimentary sections under an anoxic paleo-ocean environment showed significant enrichment in organic matter, indicated by the TOC content. As the coupling between TOC and the redox index is better than that between it and the paleoproductivity index, a significant enrichment of organic matter (abnormally high TOC content) occurred during the depositon of Є1q3 (3,130.65 m). However, the change in productivity, reflected by such productivity indices as Cu/Al, Zn/Al, and Babio, was not prominent. Therefore, under the condition that the productivity did not change significantly, the anoxic condition created a better preservation environment for organic matter.
Ultimately, the change in sea level controlled the redox conditions, productivity, and thus the accumulation of organic matter during the formation of Earlier Cambrian black shale in the upslope, Upper Yangtze Platform (Figure 10). Although productivity affected the enrichment of organic matter in the black strata to a certain extent, it was not the main factor controlling it in the upslope area. A good coupling between redox environmental indicators and the TOC shows that the mechanism of enrichment of organic matter during the formation of Qiongzhusi Fm black shale in the Earlier Cambrian was controlled more by paleo-ocean redox conditions, which ultimately determined the content of organic matter.
[image: Figure 10]FIGURE 10 | Sedimentary paleo-ocean environment and productivity model of the Qiongzhusi Fm in the upslope area.
CONCLUSION

1) Interactive conversion cycles developed between multiple deep-water and shallow-water shelves under the control of the sea level rise in the upslope area, but the shallow-water shelf facies mainly developed. Typical slope turbidite- (fan) and gravity flow-induced deposits developed. The wells in the upslope area represented by the Weiyuan area did not have long-term deep-water sedimentary conditions, and the layer of organic, rich, black shale was thin.
2) The results of organic geochemistry showed that organic matter in the Qiongzhusi Fm was mainly type I kerogen, with a high degree of thermal evolution, little amounts of residual hydrocarbons, and low capacity for hydrocarbon generation.
3) The redox indices (U/Th, Corg/P, and UEF) showed that the sedimentary environment in the Early Cambrian in the upslope area underwent the anoxic oxidation–anoxic-secondary oxidation evolution; the marine environment was moderately restricted, with a certain degree of upwelling.
4) Change in the sea level controlled the redox conditions and productivity, and thus the enrichment of organic matter of the Qiongzhusi Fm. Productivity affected the accumulation of organic matter to a certain extent but was not the main factor controlling it. Redox conditions are key to the formation of organic matter.
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