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The Ediacaran-Cambrian transition was one of the most important periods in Earth’s history. Based on the analysis of lithofacies, mineral composition, total organic carbon major and trace elements, we have studied the depositional environment and organic matter enrichment mechanism of Qiongzhusi Formation shale in the southern Sichuan Basin. The results show that V/Cr, Ni/Co, U/Th, Mo-EF and U-EF values suggest stronger reducing conditions in black shale compared to grey shale, with anoxic conditions decreasing from the interior of the faulted-sag to its exterior. Mo-TOC crossplots and U-Mo covariation analyses indicate a moderately restricted environment during the deposition of the Qiongzhusi Formation. Ba/Al and biogenic barium (Baxs) suggest that the black shale had higher paleoproductivity than grey shale, and the faulted-sag interior higher paleoproductivity compared to that of the slope and outside faulted-sag. The Ti/Al ratio indicates a stable terrigenous input during deposition. The chemical index of alteration (CIA) values in the Qiongzhusi formation range mostly from 50 to 70, indicating low chemical weathering under a cold and arid climate. The Cd/Mo ratio and Co (μg/g) × Mn (%) plot indicate that upwelling had a minor influence in general. Overall, the organic matter enrichment in the Qiongzhusi Formation was primarily controlled by the redox conditions, which were influenced by the Mianyang-Changning faulted-sag. We proposed two depositional models for the Qiongzhusi Formation shale in the southern Sichuan Basin: (1) OM-enriched black shale, deposited under anoxic-suboxic conditions, experiencing low chemical weathering, cold and arid climate and high paleoproductivity; (2) OM-lean grey shale, deposited under suboxic-oxic conditions, with low chemical weathering, a cold and arid climate and low paleoproductivity.
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1 INTRODUCTION
The Ediacaran-Cambrian (∼540 Ma) transition marks one of the most important periods in Earth’s geological history, characterized by significant events such as the “Snowball Earth” and the “Cambrian Explosion”. These events triggered profound changes in Earth’s paleoclimate and paleoenvironment, setting the stage for major geological and biological transformations (Knoll and Walter, 1992; Kirschvink et al., 1997; Hoffman et al., 1998; Hyde et al., 2000; Guo et al., 2007; Maruyama and Santhosh, 2008; 2014; Payne et al., 2009; Zhang et al., 2014; Jin et al., 2016; Li et al., 2018). During the Early Cambrian, the breakup of the Rodinia supercontinent led to extensive marine transgressions and global sea-level rise. The Sichuan Basin and its surrounding areas were influenced by these two events. During the deposition of the Qiongzhusi Formation in the Early Cambrian, this region was characterized by a semi-restricted to semi-open deep-water shelf environment. This environment remained locally anoxic for extended periods, leading to deposition of organic-rich black shale, predominantly distributed in the Mianyang-Changning faulted-sag in the Sichuan Basin (Huang et al., 2012; Li et al., 2013; Zou et al., 2015). While considerable research has investigated the depositional environment and organic matter (OM) enrichment mechanisms in the Lower Cambrian black shale of the Middle and Upper Yangtze Plate, most studies have primarily focused on provinces such as Hunan, Hubei, Guizhou and Yunnan (Wang et al., 2015; Gao et al., 2016; Zhai et al., 2018; Li et al., 2018; Fang, 2019; Zhao et al., 2020; Fu et al., 2021). In contrast, less attention has been given to the southern Sichuan Basin, particularly regarding the role of the Mianyang-Changning faulted-sag in influencing the depositional environment of Qiongzhusi Formation.
A large quantity of black shale is extensively present in the Sichuan Basin and its surroundings, particularly during the Ordovician-Silurian and the Ediacaran-Cambrian transition. Black shales are important source rocks and reservoirs for hydrocarbons, playing a crucial role in the accumulation and preservation of conventional natural gas and shale gas. In recent years, significant breakthroughs have been made in the exploration of marine shale gas in the Longmaxi Formation in the Sichuan Basin and its periphery. Commercial development of shale gas has been concentrated in large shale gas fields in Changning, Weiyuan, Zhaotong and Fuling, with proven geological reserves exceeding hundreds of billions of cubic meters (Zou et al., 2021). The Qiongzhusi Formation, also known by regional names such as the Niutitang, Shuijingtuo, and Jiulaodong formations, has also emerged as a promising target for shale gas exploration (Dong et al., 2025). Initial breakthroughs suggest that this formation could become the second commercially significant shale gas reservoir in China, following the Longmaxi Formation (He et al., 2024). Therefore, research on the depositional environments and organic matter enrichment of Lower Cambrian black shale in the Sichuan Basin is crucial for guiding shale gas exploration and development in this region.
Given the economic and scientific importance of the Qiongzhusi Formation, understanding the depositional environments and factors controlling organic matter enrichment in the southern Sichuan Basin is crucial for guiding future exploration and development efforts. However, significant discrepancies remain regarding the mechanisms controlling for organic matter enrichment. It has been suggested that factors such as paleoproductivity, depositional environment, sedimentation rate, terrigenous input, sea-level fluctuations, volcanic activity, upwelling currents and hydrothermal processes influence the organic matter enrichment (Demaison and Moore, 1980; Pedersen and Calvert, 1990; Canfield, 1994; Gallego-Torres et al., 2007; Lash et al., 2014). However, the main controlling factor for organic matter (OM) accumulation is still debated, mostly focusing on primary productivity vs redox conditions. Our study tries to figure out this problem via the OM enrichment in the Lower Cambrian black shale in the Sichuan Basin. Previous studies have focused on the depositional environments and controlling factors of organic matter enrichment in Lower Cambrian black shale of the Middle and Upper Yangtze Plate, but the influence of Mianyang-Changning faulted-sag have not been discussed (Wang et al., 2015; Gao et al., 2016; Yin et al., 2017; Zhai et al., 2018; Li et al., 2018; Fang, 2019; Zhao et al., 2020; Fu et al., 2021). This paper aims to conduct a comparative study of the Qiongzhusi Formation shale in the intra-faulted-sag, slope and extra-faulted-sag areas of the Mianyang-Changning faulted-sag in the southern Sichuan Basin using geochemical methods. By doing so, the depositional environment and organic matter (OM) enrichment mechanisms of the Qiongzhusi Formation shale in the southern Sichuan Basin could be further elucidated, which is of great significance to understand the distribution of organic-rich black shale.
2 GEOLOGICAL SETTING
The Yangtze Block evolved from a rift basin to a passive continental margin basin during the Ediacaran-Cambrian transition (Wang and Li, 2003), which could be divided into carbonate platform, transitional belt and slope to deep basin. The sedimentary facies are usually shallow-water carbonate platform facies, transitional facies, and deep water slope and basinal facies from the northwest to southeast (Figure 1) (Chen et al., 2009).
[image: Figure 1]FIGURE 1 | Sketch map showing the location of study area and the depositional facies and paleoenvironments of the South China Craton during the early Cambrian (modified from Gao et al., 2016).
The studied wells are located in the Sichuan Basin, which was situated in the transitional zone between the Gondwana and Laurasia continents, located in the western part of the Upper Yangtze Block and the eastern part of the Qinghai-Tibet Plateau (Figure 1). This area has been influenced by multiple stages of thrusting and nappe from mountain-building events, resulting in typical overlapping basin topography features observed today, surrounded by a complex basin-mountain system (Li et al., 2006; Liu et al., 2011). The Qiongzhusi Formation (∼520 Ma) in the Sichuan Basin and its surrounding areas has experienced multiple tectonic movements such as the Tongan, Xingkai Rift, Caledonian, Hercynian, Indosinian, Yanshan and Himalayan Movements. During the late Cambrian, the Tongan Movement caused a regional uplift of the Sichuan Basin, leading to erosion and the formation of incised valleys at the top of the Dengying Formation in the Mianyang-Changning area. The Xingkai Movement resulted in structural inversion, further extending and subsiding the incised valleys, forming the north-south trending Mianyang-Changning faulted-sag (Figure 1). The formation of this faulted-sag created accommodation space for the deposition of the Maidiping and Qiongzhusi formations black shales during the Early Cambrian. The Mianyang-Changning faulted-sag significantly controlled the deposition of the Qiongzhusi Formation in the southern Sichuan Basin (Zhong et al., 2013; Wang et al., 2016). In the Sichuan Basin, the Qiongzhusi Formation shale thickens gradually from north to south, ranging from 250 to 600 m. The thickest section is found in the Changning structural zone, reaching up to 650 m. The lowermost black shale of the Qiongzhusi Formation is 60–300 m thick (Huang et al., 2012).
3 DATA AND METHODS
This study analyzed a total of 140 fresh drilling core samples from three wells (W1, W2 and W3) in the southern Sichuan Basin, located inside, on slope and outside the Mianyang-Changning faulted-sag, respectively (Figure 1). The Qiongzhusi Formation predominantly comprises black and grey shale. Vertically, it can be classified into six members (M1 through M6, from bottom to top). M1, M3 and M5 are composed of OM-enriched (TOC ≥ 2%) black shale, while members M2, M4 and M6 comprise of OM-lean (TOC < 2%) grey shale (Tables 1 and 2).
TABLE 1 | Average mineralogical composition of the Qiongzhusi shale in Lower Cambrian from the wells in Sichuan Basin (%).
[image: Table 1]TABLE 2 | TOC, major element contents and geochemical parameters of the Qiongzhusi shale in Lower Cambrian from the wells in Sichuan Basin.
[image: Table 2]The mineral composition, major and trace elements were conducted at the Institute of Geology and Geophysics, Chinese Academy of Sciences. The mineral composition of the shale samples were determined by the X-ray diffraction (XRD) technique (D/Max-IlB, Rigaku Co. Japan). CuKa radiation (35 kV × 30 mA) and a graphic mono-chrometer for diffractedbeams were used. Major element concentrations were determined using AXIOS Minerals made by PANalytical Corporation of Holland, with analytical precision better than 1%. Trace element concentrations were determined using element inductively coupled plasma mass spectrometry (ICP-MS) from FINNIGAN MAT Company, with analytical precision better than 3%.
Enrichment factors (EF) are used to show trace metal concentrations, excluding the effects of dilution by calcium carbonate and organic matter. EF for trace elements relative to upper continental crust (UCC) (McLennan, 2001) were calculated as: (Element/Al)sample/(Element/Al)UCC. Excess Ba (Baxs) was calculated as an indicator of biogenic barium, using the equation: Baxs = Batotal − (Ba/Al)detr × Alsample (Schoepfer et al., 2015).
The CIA can be calculated using the molar ratios of specific substances, according to the following formula:
[image: image]
The term CaO* refers specifically to the CaO present in silicates. The content of CaO* is primarily determined using the formula CaO_residual = CaO - P2O5 × (10/3). If CaO_residual is less than Na2O, then CaO* equals CaO_residual. If CaO_residual is greater than Na2O, then CaO* equals Na2O (Mclennan, 1993). The CIA value increases with greater chemical weathering intensity. During diagenesis, clay minerals are susceptible to potassium exchange, which requires assessing the degree of potassium exchange and correcting for it. Because plagioclase (Na and Ca) is more susceptible to weathering than potassium feldspar (K), (Nesbitt and Young, 1982), thus K and CIA need to be corrected. Nesbitt et al. (1996) proposed using an Al2O3-CaO + Na2O-K2O ternary diagram for this correction to obtain the corrected CIA*, reflecting the adjusted chemical weathering index.
4 RESULTS
4.1 Shale lithofacies
Based on the observation of thin sections, the shale lithofacies of six members are analyzed. The black shales from M1, M3 and M5 have similar lithofacies, showing weakly laminated fine-grained mudstone with a lamina spacing ranging from 0.5 to 2 mm (Figures 2A,C,E), indicating a deep-water depositonnal environment. The grey shales from M2 and M6 show different lithofacies with weakly laminated and laminated mudstone (Figures 2B,D,F), respectively, indicating a shallow-water depositional environment. The grey shale from M4 shows homogeneous mudstone with a particle-size ranging from 20 to 50 um (Figure 2D), but appear as laminated mudstone in M6, with a lamina spacing of 0.1–0.5 mm (Figure 2F). Notably, the mud content of black shale is higher than that of grey shale, while the sand content of grey shale is higher than that of black shale, and the lamina in grey shale are more developed (Figure 2). Due to the shallower water and inceasing terrigenous input during the deposition of grey shale, a lamellar sedimentary structure with interlayers of sand and mud was formed.
[image: Figure 2]FIGURE 2 | Thin sections from Well W1 showing shale lithofacies. (A) Weakly laminated black shale from Member 1. (B) Weakly laminated grey shale from Member 2. (C) Weakly laminated black shale from Member 3. (D) Homogeneous mudstone from Member 4. (E) Weakly laminated black shale from Member 5. (F) Laminated grey shale from Member 6.
4.2 Mineral compositions
Minerals in the studied samples consist of quartz, K-feldspar, plagioclase, calcite, dolomite, pyrite and clay minerals. Quartz, feldspar (K-feldspar + plagioclase) and clay minerals are the dominant components. There are clear distribution patterns of the shale mineral composition from Well W1 to W3 (Table 1). For example, the quartz content gradually decreases from W1 to W3, accounting for average of 54.79%, 38.83% and 37.31% of total mineral content, respectively (Table 1). Conversely, the clay minerals content gradually increases from W1 to W3, accounting for 14.85%, 15.40% and 24.47% of minerals on average, respectively (Table 1). These findings indicate that the water depth was gradually shallower from the interior of the faulted-sag to its exterior, resulting in the increase of terrigenous input, with a decrease in quartz content, and an increase in clay mineral content.
4.3 Total organic carbon contents
The total organic carbon (TOC) analysis results indicate significant lateral and vertical variations (Table 2). Laterally, the highest TOC content is observed in Well W1 located within the faulted-sag (average = 2.37%), followed by Well W2 on the slope of the faulted-sag (average = 1.55%), and Well W3, outside the faulted-sag, showing the lowest TOC content (average = 1.40%) (Table 2). These trends suggest a strong influence of the faulted-sag on organic matter deposition and preservation. The higher TOC content within the faulted-sag may reflect anoxic conditions and limited sediment dilution in this area. Within each well, the TOC content is notably higher in the black shale (M1, M3 and M5) compared to the grey shale (M2, M4 and M6) (Table 2). For instance, in Well W1, the average TOC values for M1, M3 and M5 are 4.45%, 3.27% and 2.26%, respectively, while M2, M4, M6 exhibit lower TOC averages of 2.95%, 0.22% and 1.09%, respectively. These findings suggest episodic variations in organic matter productivity and preservation conditions, with black shale likely corresponding to periods of enhanced organic productivity or restricted depositional environments.
4.4 Element variations
The analysis of major elements in the Qiongzhusi Formation shale indicates a dominance of SiO2, TiO2 and Fe2O3, with minimal variations across the studied wells (Table 2). In Well W1, the average contents of SiO2, Al2O3 and Fe2O3 are 67.01%, 12.99% and 4.91%, respectively. In Well W2, SiO2 content is slightly lower at 65.42%, while Al2O3 and Fe2O3 average 14.38% and 5.20%, respectively. Well W3 shows a further reduction in SiO2 (60.45%) and slightly elevated levels of Al2O3 (13.65%) and Fe2O3 (5.17%). SiO2 content exhibits a gradual decrease from the interior to the exterior of the faulted-sag. These trends indicate a progressive decrease in silica content from the faulted-sag interior to its exterior, likely linked to sediment input variations or diagenetic processes.
The trace element analysis reveals enrichment in several key elements, including Ba, V, Cr, Zn, Sr, and Rb, with Ba being particularly abundant (Table 2). Average Ba concentrations are highest in Well W1 (1,473 μg/g), followed by Well W3 (1,179 μg/g) and Well W2 (1,118 μg/g). All values significantly exceed the UCC average of 550 μg/g. Elements such as Mo, U, and V consistently exceed UCC levels across the wells, suggesting persistent anoxic conditions conducive to organic matter preservation. High Ba levels suggest high primary biogenic productivity, supporting the TOC trends observed in black shale.
5 DISCUSSION
5.1 Paleo-redox conditions
Trace elements such as U, V, Cr, Th, Mo, Ni, Co along with ratios like U/Th, Ni/Co, V/Cr, V/Sc, V/(V + Ni) are widely used to infer redox conditions (Emerson and Huested, 1991; Jones and Manning, 1994; Li et al., 2018; Liu et al., 2021; Pipe et al., 2025). Previous studies suggest that V/Cr < 2.00 indicates oxic conditions; 2.00 < V/Cr < 4.25 suggests suboxic conditions; and V/Cr > 4.25 indicates anoxic conditions (Jones and Manning, 1994). Similarly, Ni/Co < 5.00 indicates oxic conditions; 5.00 < Ni/Co < 7.00 suggests suboxic conditions; and Ni/Co > 7.00 indicates anoxic conditions (Jones and Manning, 1994). Besides, U/Th < 0.75 indicates oxic conditions; 0.75 < U/Th < 1.25 suggests suboxic conditions; and U/Th > 1.25 indicates anoxic conditions (Tonger Liu and Xu, 2004).
Based on the values of V/Cr, Ni/Co and U/Th, significant differences in redox conditions are observed among the Qiongzhusi Formation shale from the three wells (W1, W2 and W3) located in different tectonic settings. Overall, the black shale (M1, M3 and M5) exhibit a stronger reducing (anoxic-suboxic) conditions compared to the grey shale (M2, M4 and M6), which suggest a suboxic-oxic enviroment (Figures 3–5). Among the wells, Well W1, located inside the faulted-sag, exhibits the strongest reducing (anoxic) conditions (Table 2). Well W2 on the slope of the faulted-sag shows slightly lower values (e.g., for M1, average values of V/Cr, Ni/Co and U/Th are 7.69, 8.09 and 2.76, respectively) (Table 2). The Well W3, located outside the faulted-sag, reflects a moderate reducing environment (Table 2). Thus, the redox conditions were significantly influenced by the Mianyang-Changning configuration.
[image: Figure 3]FIGURE 3 | Vertical variations of TOC, V/Cr, Ni/Co, U/Th, Mo-EF, U-EF, Baxs, Ba/Al, Ti/Al and CIA of the Qiongzhusi Formation shale in the Lower Cambrian from the Well W1 in the Southern Sichuan Basin. Dashed blue line represents the upper continental crust (UCC) average. Dashed green line represents the boundary to separate cold from warm climate.
[image: Figure 4]FIGURE 4 | Vertical variations of TOC, V/Cr, Ni/Co, U/Th, Mo-EF, U-EF, Baxs, Ba/Al, Ti/Al and CIA of the Qiongzhusi Formation shale in the Lower Cambrian from the Well W2 in the Southern Sichuan Basin. Dashed blue line represents the upper continental crust (UCC) average. Dashed green line represents the boundary to separate cold from warm climate.
[image: Figure 5]FIGURE 5 | Vertical variations of TOC, V/Cr, Ni/Co, U/Th, Mo-EF, U-EF, Baxs, Ba/Al, Ti/Al and CIA of the Qiongzhusi Formation shale in the Lower Cambrian from the Well W3 in the Southern Sichuan Basin. Dashed blue line represents the upper continental crust (UCC) average. Dashed green line represents the boundary to separate cold from warm climate.
5.2 Water mass circulation
Trace elements such U and Mo are often used to study the degree of water mass restriction in modern and ancient marine environments. In oxic waters, both U and Mo exist in stable high-valence Species (U6+ and Mo6+), while in anoxic environments, they are reduced to low-valence Species (U4+ and Mo4+), leading to precipitation and enrichment in sediments (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). However, the enrichment mechanisms of U and Mo are different. The uptake of U by sediments begins at the redox boundary between Fe (III) and Fe (II), whereas the uptake of Mo requires the presence of H2S (Zheng et al., 2000). Therefore, U begins to accumulate at relatively shallow-water depths and under weaker reducing conditions, meaning the uptake of U by sediments occurs earlier than that of Mo (Algeo and Tribovillard, 2009). Secondly, Mn and Fe hydroxides can act as carriers to adsorb Mo from seawater, thereby facilitating its incorporation into sediments, while U remains unaffected (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009). Previous studies have used the Mo/TOC ratio and the U-Mo covariation patterns to assess the degree of water mass restriction (Algeo and Lyons, 2006; Rowe et al., 2008; Algeo and Maynard, 2008; Algeo and Tribovillard, 2009; Tribovillard et al., 2012; Zou et al., 2015; Wu et al., 2017; Li et al., 2017). The uptake of authigenic Mo and U may be influlenced by benthic redox condition, particulate shuttles and changes in the aqueous Mo/U ratio (Algeo and Tribovillard, 2009). Consequently, the U-Mo covariation pattern can simultaneously indicate both water mass restriction and the redox conditions of marine basins (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009). Studies of modern marine basins have established three types of U-Mo covariation patterns corresponding to non-restricted, weakly restricted and strongly restricted marine environments (Tribovillard et al., 2012).
The Mo vs TOC crossplot provides insight into environmental restriction levels. Both black and grey shale of the Qiongzhusi Formation indicate a moderate restriction environment, similar to Framvaren Fjord (Algeo and Lyons, 2006) (Figures 6A–C). The U-Mo covariation pattern also supports a moderately restricted environment (Figures 6D–F). Within this context, the grey shales have lower Mo-EF and U-EF values and were more oxygenated conditions than black shale, consistent with previous interpretations.
[image: Figure 6]FIGURE 6 | Crossplots of Mo concentration versus TOC for (A) Well W1; (B) Well W2; and (C) Well W3. Dashed lines represent the regression trends for four modern anoxic marine systems (Saanich Inlet, Cariaco Basin, Framvaren Fjord, and Black sea), indicating variable degrees of hydrographic restriction. Red arrows represent the restricted trends. Crossplots of Mo-EF versus U-EF for (D) Well W1; (E) Well W2; and (F) Well W3. Solid line shows Mo–U molar ratio equal to seawater value (1 × SW). Dashed lines indicate Mo–U molar ratios equal to fractions of seawater value (0.1 × SW, 0.3 × SW, 3 × SW). Grey field represents the “unrestricted marine” trend, characteristic of depositional systems with no limited trace metal renewal. Red arrows represent the restricted and reducing trends. M1, Member 1; M2, Member 2; M3, Member 3; M4, Member 4; M5, Member 5; M6, Member 6 (modified from Algeo and Lyons, 2006; Algeo and Tribovillard, 2009).
5.3 Paleoproductivity
The distribution of nutrient elements such as C, N, O, Si, P and Ba in the ocean is primarily regulated by biogeochemical metabolism processes. Typically, proxies such as P, Ba/Al and biogenic Ba (Baxs) are widely used to assess marine paleoproductivity (Dymond et al., 1992; Francois et al., 1995; Zhang et al., 2016; Wu et al., 2020; Qiu et al., 2022). Sedimentary Ba includes both biogenic Ba from biological sources and terristrial Ba conbined with silicate. Baxs, representing biogenic Ba in sediment, is calculated as total Ba in sediment minus terrigenous Ba, and serves a proxy for biological productivity in marine environments (Eagle et al., 2003).
Statistical analyses suggest that Baxs values exceeding 600 μg/g indicate high paleoproductivity, whereas values below 600 μg/g signify low productivity. Vertically, the Ba/Al and Baxs values in the Qiongzhusi Formation shale from the three Wells show a stable trend, with slightly higher values in the black shale intervals than in the grey shale ones (Figures 3–5). Laterally, the faulted-sag interior records higher paleoproductivity compared to that of the slope and the outside faulted-sag, which may be related to higher nutrient input from rifting activity in the northern South China block in the context of the Rodinia breakup (Wang et al., 2015) (Table 2).
5.4 Terrigenous input
It is generally believed that the major elements Al and Ti are very stable in seawater and can indicate the input of terrigenous debris. Al occurs only in clay minerals, while Ti occurs both in clay minerals and sand-sized or silt-sized minerals, The Ti/Al ratio is widely used as an indicator of terrigenous input and source provenance (Boström and Peterson, 1969; Adachi et al., 1986; Yamamoto, 1987; Murray, 1994; Murphy et al., 2000; Yeasmin et al., 2017; Liu et al., 2021).
The results of analysis suggest that the contents of Al and Ti and Ti/Al ratios in the Qiongzhusi Formation shale from study Wells show a stable trend, indicating relatively stable terrigenous input in the southern Sichuan Basin (Figures 3–5; Table 2). Vertically, the contents of Al from M2 to M6 are similar and slightly higher than that of M1. Laterally, the Al contents from Well W2 to W3 are similar and slightly higher than that of Well W1. In addition, the Ti contents from M2 to M6 are also similar and slightly higher than that of M1 and the Ti contents from Well W2 to W3 are similar and slightly higher than that of Well W1 too. The contents of Al and Ti indicate that there were relatively few terrigenous inputs in early Qiongzhusi Formation also in the faulted-sag. However, the Ti/Al ratios in the Qiongzhushi Formation shale from the three wells are similar and show a stable trend. For example, the averages of Ti/Al ratios are 0.065 for W1 located in the faulted-sag, 0.064 for W2 on the slope of the faulted-sag and 0.063 for W3 outside the faulted-sag, suggesting that terrigenous input in the Qiongzhushi Formation in the southern Sichuan Basin originated from a common source (Table 2).
5.5 Weathering
Nesbitt and Young (1982) proposed using the Chemical Index of Alteration (CIA) to assess the degree of chemical weathering of source rocks in the provenance area. The CIA can reflect the degree of weathering of sediment sources: when CIA is between 50 and 65, it indicates low weathering in a cold and arid climate; when CIA is between 65 and 85, it indicates moderate weathering in a warm climate; and when CIA is greater than 85, it indicates intense weathering in a hot and humid climate (Nesbitt and Young, 1982).
Our Al2O3-CaO+Na2O-K2O ternary diagram shows a deviation from the weathering trend (Figure 7), reflecting a certain extent removal of K-bearing from parent rock. We correct the K contents and CIA based on the weathering trend which is parallel to A-CN line, forming another trend toward illite and muscovite. This suggests addition of K2O to clays, i.e., K enrichment. A line from K apex through sample intersects the premetasomatized weathering trend at a point which represents its premetasomatized composition (Figure 7). A prematasomatized CIA value (i.e, CIAcorrected) can be read by extending a line from the point to the CIA apex, which is parallel to the CN-K line (Figure 7). Only two samples of Well W1 locate on the weathering line, indicating no K metasomatism (Figure 7). The CIA* values are similar to CIA (Figure 7), ranging mainly from 50 to 70, indicating that the Qiongzhushi Formation in the southern Sichuan Basin is predominantly experienced low weathering under a cold and arid climate. This conflicts with the tropical paleogeographic setting and the expected warm climate background. This deviation may be originated from provenance which is supported by variable Ti/Al ration in the study interval. Vertically, the CIA* values of the Qiongzhushi Formation shale from the three wells show minimal variation, with CIA* values mainly ranging from 50 to 70. This suggests that the weathering of the Qiongzhushi Formation shale in the southern Sichuan Basin is relatively stable and low intensity. Laterally, the shale from Well W1, located in the faulted-sag (average CIA* of 59), exhibits similar weathering intensity to Well W2 on the faulted-sag slope (average CIA* of 58) and Well W3 outside the faulted-sag (average CIA* of 57). This indicates a predominantly low degree of weathering and a cold and arid climate, likely influenced by the distance from the provenance (Table 2).
[image: Figure 7]FIGURE 7 | Ternary diagram of molecular proportions Al2O3—(CaO* + Na2O)—K2O of the Qiongzhusi Formation shale in the Lower Cambrian from W1 to W3 in the Southern Sichuan Basin. Data based on the method described by Nesbitt and Young (1982), (1984). Tonalite (To), granodiorite (Gd), and granite (Gr) data are from Condie (1993). Our Al2O3-CaO + Na2O-K2O ternary diagram shows a deviation from the weathering trend (Figure 7), reflecting a certain extent removal of K-bearing from parent rock. We correct the K contents and CIA based on the weathering trend which is parallel to A-CN line, forming another trend toward illite and muscovite. This suggests addition of K2O to clays, i.e., K enrichment. A line from K apex through sample intersects the premetasomatized weathering trend at a point which represents its premetasomatized composition (Figure 7). A prematasomatized CIA value (i.e., CIAcorrected) can be read by extending a line from the point to the CIA apex, which is parallel to the CN-K line (Figure 7). Only two samples of Well W1 locate on the weathering line, indicating no K metasomatism (Figure 7). CIA–Chemical Index of Alteration, CaO*–CaO incorporated in the silicate fraction of the sample, Pl–plagioclase, Kfs–K-feldspar, Sme–Smectite, Kln–kaolinite, Gbs–gibbsite, Chl–chlorite, Ms.–muscovite, and Ilt–Illite. The CIA* range mainly from 50 to 70, indicating that the Qiongzhushi Formation in the southern Sichuan Basin is predominantly experienced low weathering under a cold and arid climate.
5.6 Upwelling events
Sweere et al. (2016) proposed using Cd/Mo ratios and Co (ug/g) × Mn (%) to assess the influence of upwelling events in marine deposits. Their research indicated that high Cd/Mo ratios are characteristic of sediments deposited in continental margin upwelling environments, whereas environments within restricted ocean basins show higher concentrations of Co and Mn (expressed as Co × Mn) (Sweere et al., 2016). Cd/Mo > 0.1 and Co (ug/g) × Mn (%) < 0.4 indicate a continental margin open ocean environment associated with upwelling currents (e.g., Namibian Margin). Cd/Mo < 0.1 and Co (ug/g) × Mn (%) > 0.4 indicate a restricted water column environment in marginal ocean basins (e.g., Black Sea) (Sweere et al., 2016). Currently, Cd/Mo and Co (ug/g) × Mn (%) are widely used to identify upwelling events in marine deposits (Zhang et al., 2018; Lu et al., 2019; McArthur, 2019; Qiu et al., 2023).
Based on the analyses of Cd/Mo and Co(ug/g) × Mn (%) of the Qiongzhusi Formation shale in the southern Sichuan Basin, the shale samples mainly indicate weak to moderate restricted water column conditions (Figures 8A–C), consistent with the interpretations mentioned above. The Cd/Mo values of the black shale (M1, M3 and M5) are predominantly less than 0.1, while those of the grey shale (M2, M4 and M6) are predominantly greater than 0.1 (Figures 8A–C). The Co (ug/g) × Mn (%) values both black and grey shale are predominantly above 0.4 (Figures 8A–C). The low Cd/Mo ratio indicates a deposition in a low oxygen or restricted environment, with minimal influence from upwelling currents (Sweere et al., 2016). This may be due to the palaeogeography location of the basin, which faced southwards to the ocean near to the northern margin of the Gondwana continent. Thus, it can be inferred that black shale was primarily deposited under oxygen-deficient or restricted conditions with limited upwelling influence, enhancing OM preservation, consistent with the conclusion mentioned above.
[image: Figure 8]FIGURE 8 | Crossplots of Cd/Mo against Co(ug/g) × Mn (%) of the Qiongzhusi Formation shale in the Lower Cambrian from W1 to W3 in the Southern Sichuan Basin (A) Well W1, (B) Well W2, (C) Well W3. M1, Member 1; M2, Member 2; M3, Member 3; M4, Member 4; M5, Member 5; M6, Member 6 (modified from Sweere et al., 2016)
5.7 Mechanism of organic matter enrichment
Previous studies indicate the enrichment of organic matter in modern and ancient marine sediments is influenced by such as primary productivity, depositional environment, terrigenous sediment supply, microbial activity, etc. These studies have proposed two genetic models: the preservation mode and the productivity mode (Demaison and Moore, 1980; Calvert, 1987; Pedersen and Calvert, 1990; Arthur and Sageman, 1994; Murphy et al., 2000; Lash et al., 2014). Two sedimentation models are proposed for the black shale and grey shale of the Qiongzhusi Formation in the southern Sichuan Basin. OM-enriched black shales (M1, M3, M5) (Figure 9A) were deposited under anoxic-suboxic conditions, experienced a low degree of chemical weathering, under cold and arid climate with high paleoproductivity, responding to organic matter enrichment with high TOC content. In contrast, the OM-lean grey shales (M2, M4, M6) (Figure 9B) were deposited under suboxic-oxic conditions with a similarly low degree of weathering but lower paleoproductivity, suggesting that strong reducing conditions contributed OM enrichment. The alternating deposition of black shale and grey shale during the E-C transition in South China is tightly linked with transgressive events (Zhang et al., 2020). The redox proxies in study interval show positive correlation with TOC, while primary productivity proxies show weak or no correlation with TOC (Figure 10). This indicates a main-controlling factor of redox conditions on OM accumulation mechanism. The relationship between marine redox conditions, primary productivity, and nutrient input is the key for the discussion understanding the mechanisms of OM enrichment. High primary productivity in surface waters can lead to increased oxygen demand during OM decomposition on the sea floor, and thus resulting in low-oxygen, reducing or anoxic conditions (Wei et al., 2016). Restricted water-mass circulations in a silled basin usually yield low-oxygen conditions in bottom waters. Previous studies have generated conflicting interpretations about the OM accumulation mechanism of the Early Cambrian shale from Yangtze Platform. For example, some geologists proposed that climate played an important role in the OM enrichment (Yeasmin et al., 2017; Zhai et al., 2018; Wang et al., 2020), while others found that upwelling, hydrothermal activity, primary productivity and redox conditions were the main control factors for OM enrichment of black shale in the Yangtze Block during the Early Cambrian (Gao et al., 2016; Zhou et al., 2017; Ma et al., 2019; Wu et al., 2020; Liu et al., 2021). However, the influence of Mianyang-Changning faulted-sag on the OM enrichment was not considered in the previous studies.
[image: Figure 9]FIGURE 9 | Organic matter accumulation model of the Qiongzhusi Formation shale in the Lower Cambrian from W1 to W3 in the Southern Sichuan Basin. (A) OM-enriched black shale, deposited under anoxic-suboxic conditions, experiencing a cold and arid climate and high paleoproductivity; (B) OM-lean grey shale, deposited under suboxic-oxic conditions, experiencing a cold and arid climate and low paleoproductivity
[image: Figure 10]FIGURE 10 | Crossplots of TOC against Ni/Co, U/Th, Mo-EF, U-EF, Ti/Al, CIA and Baxs for (A-G) Well W1; (H-N) Well W2; and (O-U) Well W3. M1, Member 1; M2, Member 2; M3, Member 3; M4, Member 4; M5, Member 5; M6, Member 6.
By examining the relationships between these factors and TOC, the main controlling factors influencing organic matter enrichment of the Qiongzhusi Formation shale can be inferred. Geochemical indicators reflecting paleo-redox conditions (Ni/Co, U/Th, Mo-EF and U-EF) show a strong positive correlation with TOC (Figures 3–5, 10A–D,H–K, O, P, Q, R). Conversely, geochemical indicators of paleoproductivity (Baxs, Ba/Al), terrigenous input (Ti/Al) and weathering effects (CIA) show weak correlation with TOC (Figures 3–5, 10E–G, L, M, N, S, T, U). Therefore, these findings suggest that the organic matter enrichment in the Qiongzhusi Formation shale in the southern Sichuan Basin was primarily controlled by paleo-redox conditions. Water circulation conditions show low to moderate restriction, in contrast with high OM enrichment observed (Figure 6). In addition, no significant difference in water circulation conditions is observed between OM-rich black shale and OM-lean grey shale. This may indicated a weak or egligible correlation between OM enrichment and water circulation in the study area.
Within the same lithostratigraphic unit, the Well W1, located in the inner faulted-sag, exhibits the highest TOC content, followed by the Well W2 on the slope of the faulted-sag while the Well W3, located outside the faulted-sag, shows the lowest TOC content. Additionally, the OM-enriched black shale generally has higher TOC content compared to the OM-lean grey shale. These findings indicate the redox conditions decreased gradually from the inner faulted-sag to the outer faulted-sag and the black shale experienced more reducing conditions compared to the grey shale. In summary, organic matter enrichment in the Qiongzhushi Formation shale in the southern Sichuan Basin was controlled by the redox conditions, which were influenced by the Mianyang-Changning faulted-sag. The strongest reducing (anoxic) conditions in the inner faulted-sag were most conducive to the enrichment of organic matter.
6 CONCLUSION
The depositional environment of the Qiongzhusi Formation shale in the southern Sichuan Basin exhibits the following six key characteristics: (1) The black shale shows stronger reducing conditions compared to grey shale, with redox conditions being more intense in the faulted-sag interior than on the slope and outside faulted-sag; (2) The Qiongzhusi Formation shale were deposited under moderate restricted conditions; (3) The paleoproductivity of black shale was higher than that of grey shale, and the shale in the faulted-sag interior indicates higher paleoproductivity compared to that of the slope and outside faulted-sag; (4) A stable terrigenous input persisted throughout the entire depositional period of study interval; (5) The Qiongzhusi Formation shale experienced a low degree of chemical weathering, under a cold and arid climate; (6) The influence of upwelling currents was minimal, with black shale exhibiting higher degree of restriction compared to grey shale.
The organic matter enrichment of the Qiongzhusi Formation shale was primarily controlled by the redox conditions, which were influenced by the Mianyang-Changning faulted-sag. In particular, the reducing (anoxic) conditions in the inner faulted-sag were most conducive to the organic matter accumulation. Two sedimentary models have been established for the Qiongzhusi Formation shale: (1) OM-enriched black shale was deposited under anoxic-suboxic conditions and experienced a low degree of chemical weathering, under a cold and arid climate and with high paleoproductivity; (2) OM-lean grey shale was deposited under suboxic-oxic conditions, and experienced a low degree of chemical weathering, a cold and arid climate and low paleoproductivity.
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