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The Ediacaran–Cambrian transition is characterized by an unprecedented change in biosphere, lithosphere, and atmosphere. However, the identification of this transition and its global correlation remains debated. East Yunnan is a region of utmost importance in the study of the Ediacaran-Cambrian transition. Although strata from this region have been well studied, recognition of the base of the Cambrian continues to be controversial. This paper presents, a carbon chemostratigraphic isotope and trace element profile through the Dengying and Zhujiaqing formations in the Sujiawa section in East Yunnan. Through carbon isotope and trace element analyses of the Dengying and Zhujiaqing formations we attempt to regionally correlate the section and discuss the paleo-marine redox environment changes during this period. The Fe content of samples is low and the Mn/Sr ratios of the majority of the Sujiawa section samples is lower than 10 and shows no correlations with δ13Ccarb and δ18Ocarb values, indicating that the samples retain near-primary δ13Ccarb characteristics. The carbon isotope profile from the Sujiawa section, shows a prominent negative δ13Ccarb in the basal Zhongyicun Member (N1’, −7.3‰) that most likely represents the prominent negative excursion recorded in Ediacaran-Cambrian strata across the world. REE patterns and Y/Ho ratios were used to screen samples, to ensure that the primary seawater REE features and Ce anomalies were preserved. The samples satisfying this screening process show seawater-like REE distribution patterns in leached carbonates and may have recorded Ce anomalies of the seawater from which the carbonates precipitated. These data show that the Baiyanshao Member has Ce/Ce* values between 0.57 and 0.88, the Daibu Member between 0.56 and 0.83, and the Zhongyicun Member between 0.60 and 0.96. The Ce anomalies through the section indicates that the region experienced suboxic-oxic-anoxic conditions throughout the Ediacaran-Cambrian period. Carbon isotope and trace element analyses indicate that the strata record a negative carbon isotope excursion event and anoxic conditions during the period of deposition. This study complements the carbon chemostratigraphic information and trace element data in the region and provides valuable clues for understanding the lithofacies changes through the Ediacaran and Cambrian in different regions of South China.
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1 INTRODUCTION
The Ediacaran-Cambrian transition represents one of the most significant periods in Earth’s history, which witnessed the emergence of the majority of metazoan phyla (e.g., Arthropoda, Brachiopoda, and Mollusca) present in the oceans today. This radiation in biodiversity was accompanied by a dramatic increase in ecological interactions, niche exploitation and predatory lifestyles that gave rise to the first complex metazoan-dominated marine ecosystems (Muscente et al., 2019; Wood et al., 2019; Shahkarami et al., 2020; Vaziri et al., 2021). Efforts to understand the temporal context of these significant events continue to be hindered by the inability to satisfactorily correlate key stratigraphic sections across this transition. The Global Boundary Stratotype Section and Point (GSSP) of the Ediacaran-Cambrian (E-C) boundary is currently located in the Fortune Head section in Newfoundland and defined by the first appearance of the ichnotaxon Treptichnus pedum (Brasier et al., 1994; Landing, 1994). Despite ratification over 30 years ago, the debate on the Ediacaran-Cambrian boundary remains a topic of heated discussion (Rozanov, 1967; Zhu, 1997; Zhu, 2001; Zhu et al., 2003; Qian et al., 2002; Peng and Babcock, 2011; Babcock et al., 2014; Topper et al., 2022). The reliability of T. pedum as a correlative marker has been repeatedly questioned. One of the most significant complications when employing T. pedum for global correlation is that of facies dependence, as T. pedum is predominantly confined to siliciclastic rocks (Gehling et al., 2001; Geyer, 2005; Babcock et al., 2014; Buatois, 2018; Zhu et al., 2019; Topper et al., 2022). This lithofacies dependence reduces the utility of T. pedum as a proxy of the base of the Cambrian, as many key regions that straddle the Ediacaran-Cambrian boundary are preserved in predominantly carbonate facies, such as China, Kazakhstan, Siberia and Mongolia (Topper et al., 2022; Bowyer et al., 2023). This has resulting in scientists frequently adopting different proxies to determine the Ediacaran-Cambrian boundary (Budd et al., 2003; Zhu et al., 2017; Darroch et al., 2018; Tarhan et al., 2018; Zhu et al., 2019; Topper et al., 2022). The use of different proxies to define the boundary has muddied the waters, highlighted the difficulty of accurately recognizing and correlating the base of the Cambrian (Landing et al., 2013; Zhu et al., 2019; Bowyer et al., 2022; Bowyer et al., 2023; Topper et al., 2022).
Ediacaran-Cambrian strata are widely distributed across the eastern Yunnan area and consequently the region has been heavily studied over the last 50 years (Ishikawa et al., 2008; Jiang et al., 2012; Li et al., 2013; Geyer, 2019; Zhu et al., 2019; Zhu et al., 2021). Nevertheless, recognition of the Ediacaran-Cambrian boundary remains difficult. Early studies placed the base of the Cambrian above the Daibu Member of the Zhujiaqing Formation, primarily due to the lack of recognizable fossils in the Daibu Member (Figure 3; Li et al., 2001; Li et al., 2009; Li et al., 2013; Zhu, 2001). The subsequent discovery of fossils, such as Anabarites trisulcatus generally considered as a taxon characteristic of the Cambrian, saw the base of the Cambrian pushed down into the Daibu Member (Luo et al., 1982; Zhou et al., 1997; Shen and Schidlowski, 2000; Steiner et al., 2007; Yang et al., 2016). However, the discovery of Anabarites and Cloudina co-occuring in strata in Southern Shaanxi province of South China placed uncertainty over the value of Anabarites as a diagnostic Cambrian taxon (Cai et al., 2019).
With uncertainty surrounding the first appearance of key Cambrian fossils, carbon isotope chemostratigraphy has been increasingly utilized to recognize the base of the Cambrian and promote regional and international correlation (Shen and Schidlowski, 2000; Li et al., 2009; Li et al., 2013). A pronounced negative carbon isotope excursion has been repeatedly recorded across numerous stratigraphic sections in Yunnan, such as the Laolin and Xiaotan sections (Li et al., 2009; 2013). This prominent excursion in the Ediacaran and Cambrian strata of Yunnan has been referred to as the L1’ (Li et al., 2009) or the N1 (Li et al., 2013) excursion and has been correlated with an excursion that has been documented from many sections around the world, referred to widely as the BACE (Basal Cambrian carbon isotope Excursion; see Zhu et al., 2006; Zhu et al., 2019). Often used as a proxy to identify the base of the Cambrian, the presence of this excursion, would place the Ediacaran-Cambrian boundary in the basal Daibu Member of the Zhujiaqing Formation (Li et al., 2009; Li et al., 2013; Zhu et al., 2019). However, to complicate issues, the siliceous dolostone at the base of the Zhujiaqing Formation in some localities unconformably overlies the massive dolostone at the top of the Dengying Formation, frequently obscuring the proposed boundary (Zhu et al., 2021) and as such, the Ediacaran-Cambrian boundary in South China is still uncertain.
Although the precise temporal relationship between fossil taxa from the Ediacaran and the Cambrian remains unresolved, it is widely believed that changes in the global ocean environment were important factors influencing the early evolution of animals (Grotzinger et al., 1995; Knoll and Carroll, 1999; Amthor et al., 2003; Marshall, 2006; Maloof et al., 2010; Wang et al., 2012). Together with the pronounced negative carbon isotope excursion, previous studies have identified negative Ce anomalies in carbonates (Komiya et al., 2008) and the enrichment of redox sensitive V and U in shelf sediments (Kimura and Watanabe, 2001) providing evidence for fluctuating conditions in the marine environment. In particular, negative Ce anomalies and the enrichment of redox sensitive V and U indicate periods of anoxia in the shallow seas during the Ediacaran-Cambrian (Kimura and Watanabe, 2001; Komiya et al., 2008). However, a variety of other factors have been suggested to explain these chemical anomalies such as, increased particulate organic carbon produced by plankton (Rothman et al., 2003), catastrophic methane release (Bartley et al., 1998), upwelling of euxinic bottom waters (Wille et al., 2008; Chang et al., 2017), and sealevel transgressions (Zhu et al., 2004).
Here, in order to improve our understanding of the paleoenvironmental conditions on the Yangtze Platform and to promote stratigraphic correlation across the platform we present a δ13C chemostratigraphic profile through the Denying and Zhujiaqing formations at the Suijawa section in South China. This study additionally integrates trace element data to provide a new perspective on the Ediacaran-Cambrian boundary in eastern Yunnan. The paleoredox conditions of strata through the section were assessed using the ratio of key trace elements. The significance of these results in regards to the palaeoenvironmental interpretation of the Suijawa section is discussed.
2 GEOLOGICAL SETTING, STRATIGRAPHY
The study area is located in the southwest of the Yangtze Platform with a paleogeographic position of about 11–18°S (Figures 1, 2; Chen et al., 2002). The late Ediacaran to early Cambrian strata in this area have been interpreted as recording predominantly a continuous transgressive sedimentary sequence (Qian et al., 1996; Zhu et al., 2003; Zhu et al., 2007; Zhou et al., 2017; Yang and Steiner, 2021). The South China Plate deepens from the northwest to the southeast, and can be divided into three parts: the platform interior, marginal zone and slope to the deep basin (Zhu et al., 2003). Strata in eastern Yunnan have experience extensive tectonic activity and many of the previously studied sections (e.g., Laolin, Xiaotan and Meishucun sections) are separated by significant faults (Tian, 1990), that has impeded correlation. The lithology of Ediacaran-Cambrian strata also varies across the platform, however a generalized sequence consists of the Dengying Formation, the overlying Zhujiaqing Formation (including the Daibu, Zhongyicun and Dahai members), followed by the Shiyantou and Yuanshan formations (Figure 3). The Dengying Formation, that includes the Donglongtan, Jiucheng and Baiyanshao members is mainly comprised of dolostone. The Donglongtan Member is predominantly dolostone, and is overlain by the shales of the Jiucheng Member. The Baiyanshao Member comprises thickly bedded to massive dolostone (Qian et al., 1996). Contact with the overlying Zhujiaqing Formation is frequently unconformable, but where preserved the base of the overlying Zhujiaqing Formation is defined by the presence of siliceous dolostone (Qian et al., 1996; Zhu, 2001). The Zhujiaqing Formation contains three members; the Daibu, Zhongyicun and Dahai members. The Daibu Member comprises siliceous dolostone with some interbedded dolomitic chert horizons. The Zhongyicun Member is predominantly grey, thick beds of phosphorites and the base of the member is defined by the first presence of phosphorite (Qian et al., 1996). The Dahai Member predominantly comprises thickly bedded limestone. The overlying Shiyantou Formation, not sampled in the Sujiawa section, comprises thickly to thinly bedded quartz siltstone (Zhu, 2001).
[image: Figure 1]FIGURE 1 | Simplified geological map of the Sujiawa section, Huize county, Yunnan province, South China. Paleogeographical map of Huize area. Showing the location of 1) the Sujiawa section; 2) the Laolin section; 3) the Meishucun section; 4) the Xiaotan section (modified from Zhu et al., 2003; Li et al., 2013).
[image: Figure 2]FIGURE 2 | Outcrop pictures of the Sujiawa section, Huize county, Yunnan province, South China. (A) Outcrop of medium - thin white and grey dolomite in the lower part of Baiyanshao Member; (B) Outcrop of medium-thin limestone intercalated with calcareous shale in the upper part of Baiyanshao Member; (C) Outcrop of siliceous dolostone in the Daibu Member; (D) Outcrop of phosphorite in the Zhongyicun Member.
[image: Figure 3]FIGURE 3 | Stratigraphic correlation of strata during the Precambrian to early Cambrian across South China, Siberia and southeastern Newfoundland (modified from Zhu, 2001; 2019; 2021). The Sujiawa section is located in eastern Yunnan, and the stratigraphic successions, in ascending order, consist of the Dengying Fm. (Baiyanshao Mb.), Zhujiaqing Fm. (Daibu Mb., Zhongyicun Mb., Dahai Mb.).
The Sujiawa section (GPS: N26°22′40.7″, E: 103°12′48.2″) is located near Dahai, Huize County, northeast of Kunming city, Yunnan Province (Figures 1, 2). The Sujiawa section commences at the base of the Baiyanshao Member and continues through the Daibu and Zhongyicun members with a total true thickness of 161 m (Figure 4). The Baiyanshao Member is 64.3 m in true thickness, and can be divided into two parts; the lower part is composed of medium-thin layer dolostones and the upper part consists of medium-thin-layer limestone beds. Limestone beds have not been previously documented from the upper Baiyanshao Member in East Yunnan and are a unique lithology to this locality (Figure 4). The Zhujiaqing Formation conformably overlays the Baiyanshao Member of the Dengying Formation. In the Zhujiaqing Formation, the Daibu Member is composed of medium-thin-layer siliceous dolostones with black cherts and the member is approximately 23.1 m in true thickness. The Zhongyicun Member is composed of phosphorites with a thickness of 70 m (Figure 4).
[image: Figure 4]FIGURE 4 | Stratigraphic column, carbon isotope and trace element characteristics of Ediacaran-Cambrian strata in the Sujiawa section, Huize county, Yunnan province, South China.
3 MATERIALS AND METHODS
All samples in this study were collected from the Sujiawa section in Huize County, Yunnan Province. A total of 65 rock samples were collected from the Baiyanshao Member to the Zhongyicun Member, of which 37 were from the Baiyanshao Member, 14 were from the Daibu Member, and 14 were from the Zhongyicun Member (Figure 4).
At each sampled horizon, material was collected for shelly fossil, isotope and trace element analysis. Of the total 65 samples, 19 samples were excluded from the carbon isotope analysis because they lacked sufficient carbonate minerals. Three samples were lost and hence also omitted from the elemental (include trace element) analysis. Thin sections of rock samples were inspected under a polarizing microscope in order to identify visible alterations such as calcite micro-veins and areas of recrystallized calcite, so these regions can be avoided when performing elemental and isotopic analyses. Samples were then cut to get access to a fresh surface that were microdrilled to obtain powder for analysis, with 10–20 g extracted from most samples. Quartz and feldspar veins were deliberately avoided, ensuring that the best possible primary signal would be obtained. The prepared samples were then placed into a sample bag for carbon and oxygen isotope and major and trace element analyses.
3.1 Carbon isotope analysis
Sample testing was performed using a Thermo Scientific 253 Plus isotope ratio mass spectrometry (IRMS) system equipped with Gas Bench Ⅱ (Gas Bench-IRMS) at the State Key Laboratory of Continental Dynamics at Northwestern University. All samples consist of 100 μg of powder that was placed into a glass vial and reacted with phosphoric acid for 2 h at 70°C. Generated CO2 gas was transferred to IRMS for measurement with helium for carrier gas. The IRMS is able to run 16 samples consecutively and 2 standards were inserted every 6 samples for isotopic calibration. Each standard sample was analyzed ten times. The analytical results were calibrated by Chinese reference standard GBW04405 (δ13Ccarb= 0.57‰, δ18Ocarb= −8.49‰). The analytical standard deviation of values from 10 repeated analyses were under 0.2‰ and 0.3‰, respectively. Isotopic data are reported in delta notation relative to the international Vienna Pee Dee Belemnite (VPDB) standard for δ13Ccarb and δ18Ocarb.
3.2 Major and trace element analysis
Major and trace element analyses were undertaken at the State Key Laboratory of Continental Dynamics at Northwest University following the protocol of Wang and Liu (2016). A small part of each sample was added to the flux including lithium borate, lithium fluoride and ammonium nitrate, mixed thoroughly and poured into the platinum tray. Lithium bromide (0.15 mg) was then added and melted on the fusion machine at high temperatures. After the melt had cooled to form a flat glass sheet, RIX2100X fluorescence spectrometer (XRF) was used to analyze the content of major elements. The relative deviation of the analyses was under 5‰.
The whole rock trace element analysis was also completed at the State Key Laboratory of Continental Dynamics at Northwest University. The samples were initially ground through a 200 mesh. Sample powders (50 mg) were weighed in 25 mL tubes for dissolution using 3 mol/L acetic acid and shaken at room temperature. The reaction time was approximately 12 h, which was sufficient to ensure a complete reaction. The insoluble residues were separated by centrifugation and ultrapure water was then added to the previous supernatant and dried again to remove the remaining acetic acid. ELAN6100DRC ICP-MS was used for testing and analysis, and Rh was used as an internal standard to monitor the signal drift during measurements. The relative deviation of the analyses was under 5‰.
4 RESULTS
4.1 Petrographic preservation
Microscopic observations of samples are necessary for identifying the sample lithology and for choosing the appropriate rock component for geochemical analysis. Petrographic images of horizons through several members can be seen in Figure 5 and are described as follows. The lower Baiyanshao Member predominantly contains dolosparite, dolomicrosparite, and partially recrystallized dolomicrosparite (Figure 5D). The upper Baiyanshao Member contains sparite, microsparite, and partially recrystallized pelsparite. (Figure 5C). The overlying Zhongyicun Member is typically a phosphorite-bearing member of the Zhujiaqing Formation. Phosphate in the Zhongyicun Member can instantly be recognized in thin section (Figures 5A,B).
[image: Figure 5]FIGURE 5 | Microscopic photos of the rocks in the Sujiawa section, Huize county, Yunnan province, South China. (A, B) Phosphatic dolostone in the Zhongyicun Member (ZYC-1 and ZYC-3); (C) Limestone in the upper part of Baiyanshao Member (S-11-1); (D) Dolostone in the middle and lower part of Baiyanshao Member (S-5-1).
4.2 Carbon isotopes
The C- and O-isotope and trace element results are listed in Supplementary Table S1. The δ13Ccarb profile of the Sujiawa section is presented in Figure 4. δ13Ccarb values of the lower part of the Baiyanshao Member of the Dengying Formation remain predominantly steady but show a general decline from 0‰ to −2‰ until the middle part of the middle member where there is a small fluctuation, with a maximum value of δ13Ccarb at −0.52‰ and a minimum value is −3.44‰. The δ18Ocarb values of the lower part of the Baiyanshao Member of the Dengying Formation range from −6.52‰ to −13.91‰. In the upper part of the Baiyanshao Member, a prominent positive δ13Ccarb excursion occurs with a maximum value of 2.11‰, followed by a small negative δ13Ccarb excursion with a minimum value of −1.30‰. δ13Ccarb values rise slightly to 0.73‰ in the uppermost Baiyanshao Member. The δ18Ocarb values of the upper part of the Baiyanshao Member range from −6.94‰ to −13.35‰. In the Daibu Member, δ18Ocarb values range from −8.58‰ to −12.36‰ and δ13Ccarb values are stable in the range of 1‰ ∼ −1‰, before a gradual decline in values ending in a pronounced negative δ13Ccarb excursion of −7.3‰ at the base of the overlaying Zhongyicun Member. δ13Ccarb values then rise to −3.8‰, fluctuating between −3.8‰ and −5.6‰ for the next 20 m (true thickness) of the Zhongyicun Member. In the middle part of the Zhongyicun Member, a weak positive δ13Ccarb excursion occurs, with the maximum value of 0.2‰. The δ13Ccarb record fluctuates between −1.9‰ and 0.2‰ for the remainder of the Zhongyicun Member before another negative δ13Ccarb excursion at the top of Zhongyicun Member, with a minimum value of −4.5‰ (Figure 4). The δ18Ocarb values of the Zhongyicun Member ranges from −9.26‰ to −14.44‰.
4.3 Major and trace element analysis
The Mn and Fe values are listed in Supplementary Table S1; Figure 6. The Mn values in the Baiyanshao Member are 0.77–5.42 ppm. The Mn values in the Daibu Member are 0.77–13.94 ppm. The Mn values in the Zhongyicun Member are 0.77–26.34 ppm. The Fe values in the Baiyanshao Member are 7.00–194.60 ppm. The Fe values in the Daibu Member are 17.50–65.10 ppm. The Fe values in the Zhongyicun Member are 5.60–252.00ppm.
[image: Figure 6]FIGURE 6 | Correlation analysis of δ13C, δ18O and Mn/Sr of Baiyanshao Member, Daibu Member and Zhongyicun Member in the Sujiawa section, Huize county, Yunnan province, South China. (A) Cross plot of δ13C-δ18O; (B) Cross plot of Mn/Sr-δ18O; (C) Cross plot of Mn/Sr-δ13C; (D) Cross plot of Fe-Mn.
Figure 4 shows the cerium anomaly analysis through the Sujiawa section. The REEs are normalized to Post-Archean Australian Shale (PAAS) (Taylor and McLennan, 1985). In our analysis, the formula for the cerium anomaly is: C [image: image] (Lawrence et al., 2006) and Ce/Ce* values varied between 0.558 and 0.971 (Supplementary Table S2).
The trend of Ce (ppm) through the Sujiawa section is shown in Figure 4. Some Ce anomalies are shown in Figure 4 with data showing high Y/Ho ratios (>36), samples with ratios elevated above the detrital background, showing a strong seawater REE signal (Tostevin et al., 2016; Cherry et al., 2022). Regarding paleo-oceans, Ce anomalies up to 0.3-0.6 are considered to be oxic environments, and values >0.9 are considered to represent anoxic environments, and ratios between 0.6 and 0.9 are considered to indicate suboxic environments (Ling et al., 2013). The Ce/Ce* values of the Dengying Formation in the Sujiawa section (Figure 4) are 0.57–0.88. The Ce/Ce* values of the lower and middle samples of the Baiyanshao Member of the Dengying Formation are 0.62–0.83. The Ce/Ce* values of the upper part of the Baiyanshao Member of the Dengying Formation are 0.57–0.88. The Ce/Ce* values of the Daibu Member are 0.56–0.83, and the Ce/Ce* values through the majority of the Zhongyicun Member are 0.60–0.96. The top of the Zhongyicun Member displays high values that are above 0.9 (Figure 4).
5 DISCUSSION
5.1 Diagenetic evaluation
Before using carbon isotopes for reliable stratigraphic correlation and palaeoenvironmental reconstruction, it is important to assess for diagenetic alteration to ensure that the isotopic characteristics of primary carbonate are preserved (Derry et al., 1994; Kaufman and Knoll, 1995; Bartley et al., 1998; Veizer et al., 1999; Wotte et al., 2007). Thin sections of samples through the Sujiawa section (Figure 5) do not show high levels of recrystallisation that indicates that the carbonates, have undergone limited diagenetic modifications. Meteoric diagenesis can lead to Mn and Fe enrichment and Sr depletion in marine carbonate rocks (Brand and Veizer, 1980; Veizer, 1983; Azmy et al., 2011). Thus, the Mn/Sr ratio and the Mn, Fe content are frequently employed to distinguish diagenetically altered samples from unaltered samples. It is generally accepted that samples that display a Mn/Sr ratio of less than 10, indicate that they have not undergone late diagenesis (Kaufman and Knoll, 1995; Bartley et al., 1998; Azmy et al., 2014). In addition to Mn/Sr ratios, progressive diagenesis can also lead to 13Ccarb and δ18Ocarb depletion in marine carbonates, so the δ18Ocarb value and its correlation with the δ13Ccarb value can be used to evaluate the preservation of the original carbon isotopic signature (Bathurst, 1975; Kaufman and Knoll, 1995; Li et al., 2009). Carbonates that have not undergone a significant diagenetic transformation (Veizer et al., 1999) typically show δ18Ocarb values of > −10‰. In addition, if δ13Ccarb and δ18Ocarb values do not show a positive correlation, it is also a good indicator that the carbonate rocks have retained their original chemical composition (Kaufman and Knoll, 1995).
As shown in Figure 6, almost half of our carbonate δ18Ocarb values are < −10‰. In early isotopic studies, these low values would have been considered to represent diagenesis alteration (Derry et al., 1992; Derry et al., 1994; Kaufman and Knoll, 1995), however in recent studies these values have been reevaluated. The δ18Ocarb values of a large number of Cambrian carbonates are also reported to be less than 10‰, but their corresponding δ13Ccarb values are still considered to reflect the near-primary carbon isotope signal (Dillard et al., 2007; Wotte et al., 2007; Guo et al., 2010; Li et al., 2013; Ishikawa et al., 2014; Chang et al., 2017). It has been suggested, that this may be related to the different sensitivity of oxygen and carbon isotopic compositions of carbonate rocks to diagenesis (Kaufman and Knoll, 1995; Chang et al., 2017). Carbonate oxygen isotopes are more sensitive to diagenesis and isotopic exchange between carbonate and diagenetic fluids or hydrothermal fluids, which can result in significant negative excursions of carbonate δ18Ocarb values (Kaufman and Knoll, 1995; Veizer et al., 1999). In contrast, carbonate carbon isotopes are more robust to diagenetic alteration and more likely to preserve the near-primary signature (Derry et al., 1994; Kaufman and Knoll, 1995; Wotte et al., 2007; Ishikawa et al., 2014). Thus, although the δ18Ocarb signature can be used to trace diagenetic alteration, a threshold of values lower than −10‰ may not be suitable for distinguishing altered carbonates, at least for Cambrian strata (Chang et al., 2017). Consequently, the relationship between carbon and oxygen isotopes is seen as a more significant indicator of diagenesis for early Paleozoic carbonates. A cross-plot of δ13Ccarb and δ18Ocarb values, shows no positive correlation (r2=0.04), suggesting that there was restricted influence of diagenetic alteration on δ13C values in the Sujiawa section (Dillard et al., 2007; Guo et al., 2010; Li et al., 2013).
The Mn/Sr ratio of the majority of Sujiawa section samples is lower than 10 (based on 10 analyses per sample) and shows no correlations with δ13Ccarb (r2=0.02) and δ18Ocarb (r2=0.09) values, indicating that the samples retain near-primary δ13Ccarb characteristics (Figure 6; Supplementary Table S1; Derry et al., 1992; Kaufman and Knoll, 1995; Bartley et al., 1998; Azmy et al., 2014; Chang et al., 2017). This data however, excludes the measurement errors caused by lithological factors (insignificant carbonate available). Although some samples are siliceous carbonates and phosphorous carbonates, only one Daibu Member and four Zhongyicun Member samples had Mn/Sr ratios higher than 10 (Figure 6). One sample however (Daibu Member 19-1), did display severe diagenesis (high Mn/Sr ratio) and subsequently this point was removed. However, samples from the Zhongyicun Member are obtained from phosphorites and consequently the measurements of their major elements will most likely be greatly disturbed, so the accuracy of the Mn/Sr ratios of these 4 samples of Zhongyicun Member is questioned. As can be seen from Figure 6, there is little difference between the carbon and oxygen isotopes of the 4 samples from the Zhongyicun Member compared with the previous samples, suggesting that diagenetic overprinting of these samples is not too severe to warrant exclusion. In addition, the low content of Mn and Fe in the samples (Supplementary Table S1; Figure 6D) reflect the limited influence of diagenesis on those carbonates.
In conclusion, it is here considered that the δ13Ccarb values presented here have undergone limited diagenesis and preserve values close to the near-primary signal, promoting use in stratigraphic correlations and paleo-environmental reconstructions.
5.2 Stratigraphic correlation
5.2.1 Regional chemostratigraphic correlation
δ13C chemostratigraphic profiles of the Ediacaran-Cambrian boundary interval have been presented for numerous sections across eastern Yunnan Province, most notably from the Meischucun, Xiaotan and Laolin sections (Braiser et al., 1990; Zhu, 1997; Li et al., 2009; Li et al., 2013). The locations of these sections in relation to the Sujiawa section can be seen in Figure 1. The similarities in the δ13C chemostratigraphic profiles of the Xiaotan and Laolin sections have been discussed previously with specific excursions promoting accurate correlations between the sections (Li et al., 2009; Li et al., 2013; Topper et al., 2022). Palaeontologic and δ13C data from the Meishucun section (Figures 1, 3) however, suggests that there is a depositional discontinuity below the base of the Zhongyicun Member (Figures 1, 3; Li et al., 2009; Li et al., 2013; Geyer, 2019; Steiner et al., 2020; Zhu et al., 2019; Zhu et al., 2021; Bowyer et al., 2022) and the large negative excursion at the base of the Cambrian (preserved in the Laolin and Xiaotan sections) is not recorded at the Meischucun section (Li et al., 2009).
It has been shown that the strata at each section across the Yangtze platform during the Ediacaran- Cambrian transition shows some variation in lithology (Zhu et al., 2021; Figure 7). In some sections like the Meishucun section, Xiaoshiba section and Yiliang section, the Zhujiaqing Formation (generally considered to be basal Cambrian in age) unconformably overlies the Dengying Formation. However, some sections preserve a comformable contact between the Zhujiaqing Formation and the Dengying Formation, such as Laolin section and the Xiaotan section. In our section the Zhujiaqing Formation also conformably overlies the Dengying Formation and consequently the Sujiawa section can be correlates well with the Laolin and Xiaotan section, in regards to lithology. Also, the δ13C chemostratigraphic profile of the Sujiawa section (Figure 4) bears a number of similarities to the Laolin and Xiaotan sections (see Figure 8) and a number of significant peaks and excursions (e.g., L1 ′, N1, N1′ and L1, P1, P1′) can be confidently recognized between the sections. All three sections (Figure 8; Li et al., 2009; Li et al., 2013) show a small positive δ13C excursion in the Baiyanshao Member of Dengying Formation (L1, P1′ and P1), followed by a large negative δ13C excursion (L1′, N1′ and N1). The majority of the Zhongyicun Member records negative δ13C values with another marked negative δ13C excursion (N23, L2’, N2’) (however not as pronounced as the previous excursion) recorded in the mid to upper Zhongyicun Member (Figure 8). The Ediacaran-Cambrian boundary demarcation in eastern Yunnan has been contentious (Luo et al., 1982; Zhou et al., 1997; Shen and Schidlowski, 2000; Steiner et al., 2007). In the absence of reliable first occurrences of T. pedum, the base of the Cambrian in South China has frequently been associated with the first appearance of shelly fossils, in particular fossils of the A. trisulcatus-Protohertzina anabarica Assemblage Zone (A. trisulcatus, Prohertzina anabarica, Prohertzina unguliformis, Ganloudina symmetrica, Rugatotheca typica) (Figure 3; Steiner et al., 2007; Steiner et al., 2020; Yang et al., 2016; Yang and Steiner, 2021; Zhu et al., 2017). The base of the A. trisulcatus-P. anabarica Assemblage Zone in East Yunnan had been recorded in the Zhongyicun Member of the Zhujiaqing Formation (Figure 3; Steiner et al., 2007; 2020; Yang et al., 2016; Yang and Steiner, 2021; Zhu et al., 2017). More recently, δ13C chemostratigraphy has been implemented in many studies to aid correlation across the Yangtze Platform of South China (Brasier et al., 1990; Ishikawa et al., 2008; Li et al., 2009; Li et al., 2013; Steiner et al., 2020). In particular, in East Yunnan Li et al. (2009), Figure 2; Li et al. (2013), Figure 3) placed the Ediacaran-Cambrian boundary between the Daibu Member and the Zhongyicun Member of the Zhujiaqing Formation (Figure 3) based on its association with a pronounced negative δ13C excursion (Figure 8, L1′ and N1) in the Daibu Member. Subsequent studies have documented shelly fossils (such as G. symmetrica and Rugatotheca typical) in the Daibu Member in the Xiaotan section (Yang et al., 2016), that were assigned to the A. trisulcatus-P. anabarica Assemblage Zone. This discovery saw the base of the Cambrian moved towards the contact between the Daibu Member of the Zhujiaqing Formation and the underlying Dengying Formation (Yang et al., 2016; Figure 8). However, as the contact between the two formations (Zhujiaqing Formation and Dengying Formation) is not conformable and the thickness of the Daibu Member varies considerably across the platform (Yang et al., 2016), uncertainties regarding the boundary persists. Despite these uncertainties the close association of the first appearance of shelly taxa characteristic of the A. trisulcatus-P. anabarica Assemblage Zone together with the presence of a pronounced negative δ13C excursion (L1’, N1) indicates that the Ediacaran-Cambrian boundary in the eastern Yunnan region of South China is most likely placed within the Daibu Member of the Zhujiaqing Formation (Zhuravlev et al., 2012; Yang et al., 2016; Zhu et al., 2017; Yang and Steiner, 2021; Topper et al., 2022).
Compared with the Xiaotan section (Li et al., 2013) and the Laolin section (Li et al., 2009), the overall trend of carbon isotopes in the Sujiawa section during the Ediacaran-Cambrian transition is similar. All three sections show a stable positive period from the upper part of Dengying Formation followed by a negative excursion in the Zhujiaqing Formation (Figure 8). The main difference however, is that the nadir of the negative δ13Ccarb excursion in the Sujiawa section occurs in what the authors have interpreted as the basal Zhongyicun Member, while in the Xiaotan and Laolin sections the nadir of the excursions occurs in the underlying Daibu Member (Figure 8). The authors speculate that this slight discrepancy may be related to the unique lithology of the members in the Sujiawa section in regards to coeval stratigraphic sections in East Yunnan. The Zhongyicun Member typically contains phosphorites however in nearby sections (see Yang et al., 2016), the base of the Zhongyicun Member is typically defined as silty dolomitic siltstones (Lishuping section) or dark limestone and dolomitic limestone (Laolin section). With this uncertainty in mind, we await robust biostratigraphic controls (the only fossils recovered currently, are indistinct tubular taxa; Figure 7) and numerical age control to assist in the definition of key members and provide additional regional correlation.
[image: Figure 7]FIGURE 7 | SEM images of tubular fossils derived from the Baiyanshao Member (A–D) to the Daibu Member (E–H) in the Sujiawa section, Huize county, Yunnan province, South China. (A–D) from SJW-01, SJW-02, SJW-06, SJW-06+1; (E–H) from SJW-09. Scale bars: 500 μm (A,E,F,G and H), 1 mm (B–D) All fossils are deposited at the Department of Geology, Northwest University, Xi’an, China.
5.2.2 Global chemostratigraphic correlation
The current Ediacaran-Cambrian boundary is defined by the first appearance of T. pedum and the stratotype section is at Fortune Head in Newfoundland (Figure 3; Brasier et al., 1994; Landing, 1994). The reliability of T. pedum as a marker for the base of the Cambrian has been widely criticized (see discussion in Topper et al., 2022) and consequently many studies have turned to alternative proxies to identify the base of the Cambrian in sections worldwide. For example, the first appearance of key shelly fossils (such as Protohertzina and Anabarites, Figure 3) are frequently utilized as indicators of early Cambrian strata (Kouchinsky et al., 2001; Kouchinsky et al., 2017; Steiner et al., 2007; Steiner et al., 2020; Topper et al., 2022) as is the significant negative carbon excursion (referred to as L1′, N1 or the BACE, Figure 8) that straddles the Ediacaran-Cambrian boundary. Carbon isotope chemostratigraphy has been useful in recognizing the Ediacaran-Cambrian transition in South China (Brasier et al., 1990; Ishikawa et al., 2008; Li et al., 2009; Li et al., 2013; Figures 8B,C), Siberia (Kaufman and Knoll, 1995; Figure 9D; Knoll et al., 1995; Kouchinsky et al., 2001), Mongolia (Braiser et al., 1994; Smith et al., 2016; Yang et al., 2020; Topper et al., 2022; Figure 9B), Iran (Brasier et al., 1990; Kimura et al., 1997), Morocco (Maloof et al., 2010; Figure 9C), and Oman (Amthor et al., 2003). Despite the increasing reliance on carbon isotope chemostratigraphy for regional and international correlation, the accuracy of interpreting carbon isotope curves is somewhat dependent on reliable biostratigraphic data (Betts et al., 2018; Topper et al., 2022). For example, the first appearance of the shelly fossil Protohertzina is frequently associated with the prominent negative excursion (the BACE, N1 or L1’) and it has been suggested that the shelly taxon could represent an alternative boundary marker to the first appearance of T. pedum (Topper et al., 2022). However, in the absence of biostratigraphic markers or radiometric dates, some regions such as Morocco (Maloof et al., 2010) and the Sujiawa section presented herein, must rely predominantly on δ13C carbon profiles to place the Ediacaran-Cambrian boundary (Maloof et al., 2010).
[image: Figure 8]FIGURE 8 | C-isotope stratigraphic correlation scheme between sections on the Yangtze platform. (A) Yunnan Sujiawa section, this study; (B) Yunnan Laolin section, Li et al., 2009; (C) Yunnan Xiaotan section (carbon isotopes combine with SSF zone), Li et al., 2013; Yang et al., 2016.
[image: Figure 9]FIGURE 9 | Global carbon stratigraphic correlation scheme in the early Cambrian. (A) Yunnan Sujiawa section, this study; (B) Khirekhan Mountain in Mongolia, Yang et al., 2020; Brasier et al., 1994; (C) Anti-Atlas Mountains in Morocco, Maloof et al., 2010; (D) Kotuikan River in NW Siberia, Kaufman and Knoll, 1995.
The chemostratigraphic profile from the Sujiawa section, is here compared with three other δ13C profiles from Mongolia, Morocco and Siberia (Figure 9). A number of similarities can be drawn and a negative carbon isotope excursion have been reported from each of the four profiles presented. In the Zavkhan Basin in Mongolia, the BACE has been recorded in the upper part of the Zuun-arts Formation (Smith et al., 2016; Topper et al., 2022; Figure 9B). In Morocco’s Anti-Atlas Mountains, a negative carbon isotope excursion, "1N" has been documented towards the base of the Tifnout Member (Maloof et al., 2010; Figure 9C) and in Siberia the negative carbon isotope excursion, referred to as “N" as been reported in the Staraya Rechka Formation (Kaufman and Knoll, 1995; Figure 9D). The position and the magnitude of the negative carbon isotope excursion in the Sujiawa section, is comparable to what has been documented from within South China (Figure 8) and the three international sections mentioned above (Figure 9). Like the successions in Morocco, there is not strong biostratigraphic control from the strata in the Sujiawa section, where only tubular fossils have been found. Correlation of the δ13C profile from the Sujiawa section has been strengthened by similarities to the Laolin and Xiaotan sections where there is some biostratigraphic control.
Based on similar stratigraphic positions, the prominent negative carbon isotope excursion recorded in the Sujiawa section, is most likely the N1 and L1’ excursions recorded in the Laolin and Xiaotan sections that have subsequently been correlated with the BACE on a global scale (Li et al., 2009; Li et al., 2013; Topper et al., 2022). With some controversy surrounding at which point of the curve to define the boundary (see Zhu et al., 2019; Topper et al., 2022) we tentatively placed the boundary in the Sujiawa section within the Daibu Member or the Zhongyicun Member awaiting confirmation from biostratigraphic controls.
5.3 Trace elements and redox in the paleoenvironment
5.3.1 Detrital effect and diagenesis
Similar to carbon isotope chemostratigraphy, when rare Earth elements are used in paleoenvironmental studies, it is critical to ensure that the information extracted from the carbonate rocks is not affected by diagenetic alteration or non-carbonate contaminants. This is because the carbonate leaching processes inevitably erodes (but only partially) the detrital aluminumsilicate components of the samples. The PAAS normalized REE+Y distribution pattern and the carbonate leachate Y/Ho ratio promoted the ability to distinguish the origin of the rare Earth elements signal in the studied samples from seawater. The REE+Y pattern in detrital materials is considered to be relatively flat with a Y/Ho ratio of approximately 28 (Bau et al., 1996). The REE+Y pattern in modern seawater is usually characterized by light REE depletion and negative Ce anomalies with a Y/Ho ratio higher than 60 (Wang et al., 2020).
The lower REE+Y content in the sedimentary rocks from the Sujiawa section than the North American shales composites (NASC) indicates that the material is not contaminated by detritus (200 ppm; Haskin and Gehl, 1962). In addition, if the Y/Ho ratio of sedimentary rocks is higher than that of the North American shales (25.95) and closer to that of modern seawater (45), it similarly indicates the presence of small amounts of terrigenous detritus in the rock samples (Webb and Kamber, 2000). The REE+Y contents of the strata in the Sujiawa section are basically <200 ppm (Supplementary Table S2). The Y/Ho ratios range from 28.0 to 64.9 (Supplementary Table S2), with the majority of samples having a much higher Y/Ho ratios than the North American shales. This suggests that the REE+Y signal in these samples is mainly from seawater rather than detrital materials. In addition, comparing Y/Ho to the abundance of elements found in oxides and sulfides can be used to determine if carbonate rocks are contaminated with non-carbonate minerals, including Ni (which indicates oxide enrichment) and Sc (which indicates sulfide enrichment). The Ni and Sc content of the carbonate rocks in this study is low. As seen in Figure 10, Ni does not correlate with Y/Ho values, indicating the absence of oxide contaminants in the leachate. In addition, the lack of correlation between Sc and Y/Ho indicates that these samples have not been contaminated with sulfides (Wang et al., 2020). Overall, these results suggest that the leachate of these samples are not contaminated with debris and consequently the REE+Y values can reflect the palaeo-redox conditions more accurately.
[image: Figure 10]FIGURE 10 | Relationship of Y/Ho ratios to concentrations of Sc and Ni in leachates form carbonate rocks from the Sujiawa section, Huize county, Yunnan province, South China.
Previous studies (Webb and Kamber, 2000; Nothdurft et al., 2004; Ling et al., 2013) have demonstrated that REE data for samples with Al < 0.30%, Fe < 0.45%, Th < 0.30 ppm, Sc < 2 ppm, REE <10 ppm, and Y/Ho > 36 are environmentally significant. In this study, there may be differences in total rare Earth elements for samples that do not meet the above criteria, but the shale normalized delineation pattern and main parameter characteristics are the same (Figure 11) and can be utilized in the interpretation of sedimentary environmental traceability. Here the Eu anomalies in Supplementary Table S2 were calculated using Eu/Eu*= EuN/(SmN2×TbN)1/3 (Lawrence et al., 2006). The majority of samples through the Sujiawa section show positive Eu anomalies (>1). Positive Eu anomalies can be caused by hydrothermal fluid or interference by various barium compounds when measured by ICP-MS (Dulski, 1994). Such artificially positive Eu anomalies can be detected by positive correlation between Ba/Nd and Eu/Eu* (Ling et al., 2013). Most of the samples from the Sujiawa section, including the Baiyanshao Member, Daibu Member and Zhongyicun Member, have high Ba/Nd (>20) and show positive correlation between Eu/Eu* and Ba/Nd (Supplementary Table S2; Figure 12). This suggests that ICP-MS measurement errors caused by Ba may have contributed to the artificially positive Eu anomalies. However, except for the samples with Ba/Nd > 20, the Eu positive anomalies of the remaining samples from the Sujiawa section are small and comparable to previous studies (Slack et al., 2007; Ling et al., 2013). In this case, the contribution of Ce derived from hydrothermal fluids is negligible (<1%) (Slack et al., 2007).
[image: Figure 11]FIGURE 11 | PAAS normalized REE+Y distribution patterns of the Baiyanshao Member, Daibu Member and Zhongyicun Member in the Sujiawa section, Huize county, Yunnan province, South China. (A–C) show the patterns for all samples; (D–F) shows the patterns for sample that satisfy the criteria discussed in the text. (PAAS normalized REE+Y distribution patterns of sea water was expanded 107 times).
[image: Figure 12]FIGURE 12 | (A) Cross plots of Eu anomalies vs. Ba/Nd; (B) Ce anomalies vs. DyN/SmN; (C) Ce anomalies vs. Eu anomalies.
Although REE is generally stable during carbonate diagenesis (Webb et al., 2009), diagenesis can cause REE patterns to push towards more Ce enrichment, Eu loss and low DyN/SmN, thus showing a negative correlation between Ce/Ce* and Eu/Eu* and DyN/SmN (Shields and Stille, 2001). For interpreting diagenesis of Ce anomalies, we excluded the samples with high Ba/Nd (>20), and drew cross-plots of Ce/Ce* vs. Eu/Eu* and Ce/Ce* vs. DyN/SmN. No negative correlation between them was detected (Figure 12). This suggests that the Ce anomalies were not altered by hydrothermal fluid or diagenesis.
5.3.2 Ce anomaly
Trace element and REE distributions in marine carbonates are considered representative of trace element and REE distributions in seawater at the time of deposition (Zhao and Zheng, 2014; Liu et al., 2019). As such, trace elements and REE can provide evidence regarding the depositional environment of the carbonate formation (Ling et al., 2013; Wei et al., 2018).
In oxidized seawater, Ce3+ is easily oxidized to insoluble Ce4+, which is more easily adsorbed onto particles and separates from other REEs, resulting in negative Ce anomalies in seawater. In anoxic seawater, the extent of negative Ce anomalies is reduced or even absent (Guo et al., 2007). Because of this, Ce anomalies have been frequently used to determine redox environments (Ling et al., 2013; Wei et al., 2018; Wang et al., 2020). Ce/Ce* data after strict screening (Figure 4; Supplementary Table S2) infers that the Ce profile in the Sujiawa section reflects the paleo-redox environment of the Ediacaran-Cambrian in East Yunnan. The dolomite in the lower part of the Baiyanshao Member of the Dengying Formation in the Sujiawa section was deposited in a suboxic environment and the limestone in the upper part in a suboxic-oxic environment. The Daibu Member of the Zhujiaqing Formation represents an oxic-suboxic environment and the lower part of the Zhongyicun Member was deposited in an anoxic environment, with the upper part of the member indicating deposition in an anoxic environment-suboxic environment. We can see that across the E-C transition, there are noticeable changes in the paleo-redox environment. From the Baiyanshao Member to the lower part of Daibu Member, the paleo-redox environment is in a partially oxidizing environment, this changes at the top of the Daibu Member and the bottom of the Zhongyicun Member (the nadir of the prominent negative excursion) where the paleo-redox environment changes from suboxic to anoxic, and this change is consistent with the trend of previous studies (Ling et al., 2013). Towards the middle of the Zhongyicun Member, the palaeo-redox environment changes again to a suboxic environment, and the top of the Zhongyicun Member, represents an anoxic reduction environment.
5.3.3 Paleoenviroment during the E-C transition
Reconstruction of paleoenvironments during the Ediacaran-Cambrian transition is crucial for understanding the ‘‘Cambrian Explosion”. As one of the most characteristic geochemical signatures across the E-C boundary, the significant negative carbon isotope excursion provides important clues for understanding what happened during this interval. Numerous mechanisms have been proposed to explain the geochemical and biological changes, including severe methane release (Kirschvink and Raub, 2003), oceanic anoxia (Kimura and Watanabe, 2001), hydrothermal activities (Steiner et al., 2001), termination of an unusually large oceanic reservoir of organic carbon (Rothman et al., 2003) and upwelling of euxinic bottom waters (Wille et al., 2008).
The absolute values of the BACE (N1 and L1’) vary significantly in carbonate sections around the globe. In South China, the absolute values of the N1 excursion in the Xiaotan section is −12.2‰ (Li et al., 2013), whereas the L1’ in the Laolin section is −7.2‰ (Li et al., 2009) and in the Sujiawa section the negative carbon isotope excursion reaches −7.3‰. These values are comparable to other sections around the world, that show a similar range of absolute δ13Ccarb values. For example, in Mongolia the BACE reaches −10.2‰ (Topper et al., 2022), whereas in Morocco, absolute values only reach −5.2‰ (Maloof et al., 2010). Many reasons have been put forth to explain large differences in absolute δ13Ccarb values. Paleobathymetry has been suggested to play a role in absolute δ13Ccarb values as the surface water has δ13Ccarb values that are heavier by about 2‰–3‰ than deep water values in modern oceans (e.g., Kroopnick, 1985; Gruber et al., 1999; Sarmiento and Gruber, 2006). This vertical gradient is due to an increase biological activity (Raven and Falkowski, 1999), as photosynthesis in the oceans is limited to the photic zone, causing depletion in 12C in the surface water. Absolute δ13Ccarb values can also be affected by diagenetic alteration (e.g., Derry et al., 1992). However, we have shown here using rare Earth element analyses that the Sujiawa section has undergone limited diagenesis, so it is likely that diagenesis has not played a significant role in the isotopic signal in the Sujiawa section. Mineralogy has also been utilized to explain differences in absolute δ13Ccarb values, as limestone samples can have marginally higher δ13Ccarb values than dolostone (Pulsipher et al., 2021). It has also been shown that paleogeography can affect absolute values, as δ13Ccarb values in surface waters at high latitudes (colder) is higher with respect to the atmosphere than in the warmer, low latitude ocean surface waters by ∼ 2‰ (Lynch Stieglitz et al., 1995; Lynch-Stieglitz, 2003). These values contrast with warmer water temperatures in low latitudes that may result in higher levels of primary productivity resulting in higher δ13Ccarb values (Hollander and McKenzie, 1991; Pulsipher et al., 2021). Finally, the presence of organic matter also potentially plays a significant role in determining absolute δ13Ccarb values, as preservation of organic matter under anoxic or euxinic conditions together with terrigenous organic matter input (Lehmann et al., 2002; Izumi et al., 2012; Li et al., 2020) can cause negative carbon isotope excursions. The Sujiawa section shows a relatively lower value of negative carbon isotope when compared to sections such as Xiaotan and the BAY4/5 section in Mongolia (Li et al., 2013; Topper et al., 2022). The Sujiawa section was near the equator (11–18°S), deposited in a slightly deeper water setting (when compared with other sections in South China) and the excursion coincided with anoxic conditions (as shown by Ce anomalies), which may have limited biological activity at the time. The nadir of the carbon isotope excursion in the Sujiawa section was also recorded in black phosphorite dolostone that represents increased organic content (Qian et al., 1996; Zhu et al., 2007). Based on the evidence presented in this paper and the potential mechanisms mentioned above, the lower absolute δ13Ccarb values observed in the Sujiawa section (when compared to select sections worldwide) may have been caused by a combination of paleobathymetry, paleogeography, mineralogy, anoxia and the presence of increased organic content.
In the Sujiawa section, positive Ce anomalies during the E-C transition suggest that the paleoenvironment was in anoxic conditions (Figure 4). Many scholars have presented evidence of anoxia around the E-C transition (Ling et al., 2013; Jin et al., 2016; Sahoo et al., 2016; Wei et al., 2018; Wood and Erwin, 2018; Wood et al., 2019; Wang et al., 2020). For example, some previous studies in Oman (Schroder and Grotzinger, 2007) and Anhui, China (Chang et al., 2017) have reported enriched V (Vanadium) and U (Uranium) in black shales near the Ediacaran-Cambrian boundary representing deposition in anoxic environments ((Oman’s black shale age is 542.0 ± 0.3 Ma (Amthor et al., 2003), the stratigraphic age of Re-Os isotope analysis in South China is 541 ± 16 Ma (Mao et al., 2002)). To explain these periods of shallow sea anoxia in the E-C transition, a number of mechanisms have been proposed. These include, increased particulate organic carbon produced by plankton (Rothman et al., 2003), upwelling of euxinic bottom waters (Wille et al., 2008; Chang et al., 2017), and transgressive events (Zhu et al., 2004). It has been previously suggested that transgressive events and the upwelling of euxinic bottom waters may have been a driving force behind anoxic conditions at this time (Zhu et al., 2004; Dilliard et al., 2007; Guo et al., 2010; Wang et al., 2011). The frequent juxtaposition of anoxic conditions and negative carbon isotope excursions in the vicinity of the Ediacaran-Cambrian boundary suggests that there may be a link between the two phenomena. Whether there is a direct link between negative carbon isotope excursions and anoxia will rely on future studies, but it will be crucial in our understanding of the environmental conditions that witnessed the evolution and diversification of the earliest animals.
6 CONCLUSION

(1) The Sujiawa section preserves a thick, continuous, predominantly carbonate sequence through Ediacaran-Cambrian strata in East Yunnan. A prominent negative carbon isotope excursion occurs in what is interpreted as the basal Zhongyicun Member, most likely represents the negative carbon excursion reported in many localities across the Ediacaran-Cambrian transition (BACE, N1, L1′). This suggests that the Ediacaran-Cambrian boundary should be placed in the proximity of the Daibu and Zhongyicun members of the Sujiawa section awaiting further information from diagnostic shelly fossils or radiometric dates.
(2) The Ce anomalies in the Sujiawa section reflects paleoenviroment changes from oxic to anoxic conditions during the Ediacaran-Cambrian transition. Therefore, we speculate that shallow sea anoxic events that occur during the Ediacaran-Cambrian transition may be related to the prominent negative carbon excursion that has been recorded across the globe (BACE, N1 and L1′).
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