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The Cambrian Terreneuvian Yuertusi Formation of the Tarim Basin, regarded as a potential hydrocarbon source rock (TOCmax = 29.8 wt%), preserves the record of the Ediacaran to Cambrian Series 2 transition. This study presents a high-resolution multi-proxy investigation of the Sugaitebulake and Yutixi sections of the NW Tarim Basin. Evidence of hydrothermal activity and euxinic conditions in the earliest Cambrian has been delineated by samples from the lower part of the Yuertusi Formation group A, featured by weakly positive Ce anomalies (Ce/Ce*avg. = 0.46), extremely positive Eu anomalies (Eu/Eu*avg. = 26.39), Y/Ho ratios (Y/Hoavg. = 40.48) and several barite layers. Mo and U covariation suggests that the Yuertusi Formation group A and Xiaoerbulake Formation were deposited under sulfidic conditions, whereas the Ediacaran Qigebulake Formation, and Yuertusi Formation groups B and C and D accumulated under suboxic to anoxic conditions. The basin has been weakly restricted and characterized by elevated productivity (Ba-excessavg. = 6,410.42 ppm) during Terreneuvian time. Suboxic conditions in late Ediacaran time (Qigebulake Formation) became euxinic conditions in association with increased sea level and productivity sustained by hydrothermal activity and upwelling, which have been preserved in the organic-rich lower part of the Yuertusi Formation. Suboxic conditions were reestablished during the Cambrian Terreneuvian time as reflected in the geochemistry of the upper part of the Yuertusi Formation. Euxinic conditions were once again established early in Cambrian Series 2 Xiaoerbulake Formation. Euxinic conditions were coincident with transgressions of the South Tianshan Ocean during that interval. The accumulation and preservation of organic matter of the Early Cambrian northern Tarim Platform reflect the interaction of hydrothermal activity, coastal upwelling, and sea level change.
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HIGHLIGHTS

• Redox conditions changes were revealed by multiple redox proxies.
• Episodic hydrothermal activity of the earliest Cambrian was confirmed by REEs and Eu anomalies.
• Elevated productivity in the early Cambrian was evinced by excess-Ba and TOC contents.
• Weakly restricted hydrology during the Ediacaran-Cambrian interval is indicated by Mo-U covariation.
• Accumulation of organic matters was characterized by favorable preservation, hydrothermal events and costal upwelling.
1 INTRODUCTION
The critical Ediacaran-Cambrian transition (635–514 Ma) has witnessed numerous fundamental events of Earth history, including the melting of the snowball Earth, the break-up of Rodinia, and the Ediacaran bio-explosion (Cowie and Glaessner, 1975; Gao et al., 1981; Kimura and Watanabe, 2001; Tyson, 2005; Jiang et al., 2007; Yao et al., 2014a; Yao et al., 2014b). Moreover, triggered by the transition from glacial period to interglacial period, the Cambrian transgression during that interval has laid a foundation of oil-bearing basins with deposits of marine facie, such as Al Noor Oilfield of Oman, Kovykta Oilfield of East Siberia, Anyue Gasfiled of Sichuan, and Tarim Oilfield (Yao et al., 2014a; Gao et al., 2022; Zhu et al., 2017). It also resulted in fundamental geological events that closely linked to the hydrocarbon source rocks from the Sinian to Cambrian. These significant geological events are recorded in the Cambrian Meishucun Formation of the Yangtze Platform, which includes the Yuertusi Formation (Cambrian Terreneuvian) of the Tarim Platform (Wang et al., 1985; Li et al., 1992; Jiang et al., 2007; Zhang et al., 2017). The Yuertusi Formation, a potential hydrocarbon source rock, is accumulated in an open-marine shelf environment (Zhu et al., 2017; Wang et al., 2022). In contrast with the Yangtze Platform, little research has been devoted to assessing organic matter accumulation and preservation during the Ediacaran to Cambrian interval of the Tarim Platform (Yu et al., 2005; 2009; Yao et al., 2014b; Zhang et al., 2016; Yang et al., 2017; Zhang et al., 2017; Wang et al., 2022).
Ancient marine carbonate and fine-grained deposits are repositories of geochemical and isotopic data that can elucidate bottom water redox conditions (McLennan, 1989; Calvert and Pedersen, 1993; 1996; Jones and Manning, 1994; Bau and Dulski, 1996; Holser, 1997). Based on the deep-layer exploration project, Yu et al. (2003), Yu et al. (2005), and Yu et al. (2009) have reported rare earth elements (REEs) concentrations, Re-Os dating, and Nd isotope data from chert of the basal Yuertusi Formation of the Penglaiba section. Recently, several researchers have focused on petrologic classifications of cherts and their hydrocarbon potential (Gao et al., 2022; Yao et al., 2014a; Yang et al., 2017; Zhu et al., 2017).
This study presents a high-resolution geochemical stratigraphic analysis spanning, in ascending order, the Qigebulake Formation Late Ediacaran, the Yuertusi (Cambrian Terreneuvian), and the Xiaoerbulake formations (early Cambrian Series 2) of the Sugaitebulake and Yutixi sections. This study elucidates changing paleo-redox conditions recorded by this succession in the northern Tarim Platform with emphasis on the accumulation and preservation of organic matter in the Yuertusi Formation.
2 STUDY SECTIONS
2.1 Paleogeographic reconstruction
The Tarim Basin, the largest oil-bearing intra-continental basin in China, is located in the south of Xinjiang Uygur Autonomous Region, Northwest China. During the Ediacaran-Cambrian transition, the Tarim Platform, was surrounded by the north Tianshan Ocean, by the Kuman Aulacogen to the northeast, and the Kunlun Paleocean to the south, lying in a low latitude position along within the Yangtze Platform (Figure 1). The Tianshan and Kunlun oceans evolved to passive continental margins following Keping rifting (Li et al., 1992; Feng, 2005; Yu et al., 2009; Li, 2010).
[image: Figure 1]FIGURE 1 | Tectonic paleogeography of the Tarim Platform during the Cambrian Terreneuvian to Series 2 transition (modified from Xu et al., 2010).
Basement rocks drilled in the northern Tarim Basin are dated around pre-Sinian and consist of moyite, quartz monzonlite, granodiorite and gabbro (Yu et al., 2005; 2009). U-Pb ages of the basement span from 1791 ± 1 Ma to 1848 ± 7 Ma (Yang X. et al., 2017). The basement has been generated in association with Tarim Movement in the middle Neoproterozoic (time equivalent to the Jinning Movement of South China), which resulted in the separation of the Tarim and South China plates (Figure 1; Gao et al., 2022; Feng, 2005; Li, 2010).
During Ediacaran time, most of the northern platform was covered by offshore facies and subordinate rift deposits. By the Cambrian Terreneuvian—Series 2 transition, the western region of the platform was dominated by restricted and open platform facies, while the northern platform experienced the accumulation of shelf and slope deposits, and northwest and northeast regions of the platform accumulated deep marine facies (Figure 1; Feng, 2005; Li et al., 1992; Li, 2010; Gao et al., 1981; Wang et al., 1985; Yao et al., 2014a; Yao et al., 2014b).
2.2 Samples
2.2.1 Sugaitebulake section
The Sugaitebulake section is located in Akesu area of Xinjiang Uygur Autonomous Region, ∼50 km away from Keping County (79°2.871′E, 40°30.374′N), the northwest region of the Tarim Basin (Figures 1, 2A). The section provides a largely conformable record of the Ediacaran-Cambrian Series 2 transition (Figure 3). The upper Qigebulake Formation comprises about 7 m of karstified algal dolomite (Figures 2A,B). The overlying 18-m thick Yuertusi Formation is composed of about 3 m of gray-black phosphorus chert (Figures 2C, 4A) and shale (Figure 4B) overlain by approximately 7 m of thick bedded coarse-grained dolomite interbedded with medium-bedded shale and thin-bedded marlstone (Figure 2D), and barite layers (Figures 2F, 4D) that pass upward into medium-bedded dolomite in the upper part. The basal Xiaoerbulake Formation consists of thin-bedded cherts and dolomite (Figure 2E). The Yuertusi and Xiaoerbulake formations contain a small shelly fauna, trilobites, and diverse acritarch assemblages. Forty samples were collected spanning a 20.8-m thick section for geochemical analysis (Figure 3).
[image: Figure 2]FIGURE 2 | Outcrop photos of the Sugaitebulake and Yutixi sections, NW Tarim Basin: (A) Lingkuang section nearby; (B) The Ediacaran Cambrian boundary of the Sugaitebulake section; (C) Bedded chert; (D) Marlstone interbedded with shale; (E) The Yuertusi Fm. Xiaoerbulake Fm. boundary; (F) Barite in limestone; (G) Chert interbedded with P, C, and Si enriched shale; (H) Chert of basal Xiaoerbulake Fm.; and (I) Marlstone to grainstone interbedded with shale and P-nodule.
[image: Figure 3]FIGURE 3 | Lithological profiles and sampling sites of the Sugaitebulake and Yutixi sections, NW Tarim, China.
[image: Figure 4]FIGURE 4 | Plane-polarized micrographs of samples of the Qigebulake, Yuertusi, and Xiaoerbulake formations: (A) Phosphorite; (B) Shale; (C) Bioclast limestone; (D) Barite; (E) Marlstone; and (F) Dolomite with fractures.
2.2.2 Yutixi section
The Yutixi section is located in the Akesu area as well, ∼75 km from Akesu City (80°15.774′E, 41°10.276′N) in newly discovered abandoned phosphorite ore mine (Figures 2, 3). The 12-m thick Yuertusi Formation is comprised of black shale interbedded with phosphorite and marlstone in the lower part (Figure 2G). These deposits are interbedded with siltstone, shales, and bio-clastic limestone (Figure 4C), marl (Figures 2H, 4E), and barite. The upper Yuertusi Formation displays marlstone and limestone intercalated with shale (Figure 2J). The basal Xiaoerbulake Formation consists of finely-crystalline dolomite and shale (Figures 2I, 4F). Thirty samples were collected over a 13.2-m thick succession from the Yutixi section, for geochemical analysis (Figure 3).
3 MATERIALS AND METHODS
All geochemical analyses, including major and trace elements, REE, and total organic carbon (TOC) were carried out at the Analytical Laboratory of the CNNC Beijing Research Institute of Uranium Industry (BRIUI). Thin-sections were analysed using a polarizing microscope (Zeiss Axioscope-40) at the Microscope Analytical Laboratory of China University of Geosciences (CUG-Beijing).
Major oxides concentrations were obtained by X-ray fluorescence of fused glass disks using an X-ray fluorescence spectrophotometer (Zetium AB104L/AL104). Loss-on-ignition (LOI) was measured by the weight loss of sample after heating to 1,000°C in porcelain crucibles for 1 hour. Powdered samples (1 G per sample), were fused with 6 g of Li2B4O7/LiBO2 at 1,050°C for 1 hour. The analytical accuracy exceeded 2.00%, monitored by use of Chinese national standards GB/T 14,506.14-2010 and GB/T 14,506.28-2010.
Trace element and REE concentrations were determined by an Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (NexION 300D). Samples were milled to a grain size smaller than 200 mesh. Powdered samples were digested with 2N HCL to remove carbonate and calcium minerals. Following this, 75.0 mg of each residue was dissolved in a tight Teflon screw-cap beaker using a 6 mL mixture of 6N HF and 6N HNO3 (1:2) at ∼180°C for 2 days after which the liquid was evaporated. Samples initially diluted with 1.00% HNO3 were further diluted with 100 mL ultrapure water containing 20 ppb In. Analytical precision and accuracy were enhanced by running duplicate analyses of samples and two international reference standards (BHVO-1 and AGV-1). Analytical accuracy was better than 5.00% and was monitored by use of the Chinese national standard GB/T 14,506.30-2010.
Enrichment Factors (EFs) are used to assess the degree of enrichment of authigenic precipitates relative to upper continental crust values. EFs were calculated as per the following equation: EF = (Element/Al)sample/(Element/Al)UCC, where the (Element/Al)UCC is the ratio of the upper continental crust (UCC) value of Al and the element of interest (Taylor and McLennan, 1985; McLennan, 2001).
Rare Earth Elements were normalized against Post-Archean Australian Shale (PAAS) (Taylor and McLennan, 1985; McLennan, 1989; 2001). Eu anomalies were calculated using the equation described by Dulski (1994): Eu/Eu*=3 × EuN/(2 × SmN + TbN) (Bau and Dulski, 1996). This approach was adopted to mitigate potential errors during ICP-MS analysis induced by the presence of barium compounds in the samples (Nance and Taylor, 1976; Taylor and McLennan, 1985).
Ce anomalies, Y anomalies and Pr anomalies were calculated from the following equations as following: [image: image]; [image: image]; [image: image]
“N” refers to elemental concentrations normalized against PAAS.
In the study, Ba-excess was assumed to represent biogenic-Ba, and was calculated as follows: ex-Ba = Ba total-(Ba/Al)detr × Al sample (Schoepfera et al., 2015). Average UCC values were used for detrital Ba and Al concentrations.
4 RESULTS
4.1 Major and trace elements
Major element concentrations of the analyzed samples display great variations (Table 1). SiO2 contents of Qigebulake Formation vary from 6.07% to 4.51% (average=5.29%). SiO2 contents of Yuertusi Formation vary from 3.23% to 92.38% (average=29.95%). SiO2 of Xiaoerbulake Formation varies from 3.02% to 53.54% (average=27.53%). The Al2O3 contents of Qigebulake Formation vary from 0.678% to 0.848% (average=0.763%). Al2O3 of Yuertusi Formation ranges from 0.55% to 19.03 (average=6.24%). Al2O3 of Xiaoerbulake Formation varies from 0.05% to 12.86% (average=3.88%).
TABLE 1 | Major element concentrations (wt%) for samples of the Qigebulake Fm., Yuertusi Fm., and Xiaoerbulake Fm.
[image: Table 1]Trace elements results of the Sugaitebulake and Yutixi sections are provided in Table 2. Samples of the two sections were classified into totally ten groups, according to their lithology and stratum units (Figure 5). Most of the samples of Yuertusi Formation are strongly enriched in metal trace elements. Enrichments of trace elements are described below:
(1) Sugaitebulake section: As shown in Figure 5A, samples of Qigebulake Formation display the abundances of trace elements with obvious enrichments of Ni (ppm)>Zn (ppm)>U (ppm)>Cr (ppm)>Mo (ppm)>V (ppm)>Cu (ppm)>Li (ppm). Samples of different lithological facies show analogous abundances of trace elements with enrichments of Mo (ppm)>U (ppm)>Ba (ppm)>Zn (ppm)>V (ppm)>Sr (ppm)>Cu (ppm)>Cr (ppm) for phosphorite and shales of lower Yuertusi Formation (Figure 5B), Ba (ppm)>U (ppm)>Mo (ppm)>Ni (ppm)>Zn (ppm)>V (ppm)>Cr (ppm) for dolomite and marlstone of middle Yuertusi Formation (Figure 5C), U (ppm)>Mo (ppm)>V (ppm)>Cs (ppm)>Li (ppm)>Th (ppm)>Cu (ppm) for shales of middle Yuertusi Formation (Figure 5D), Mo (ppm)>Ni (ppm)>U (ppm)>Sr (ppm)>V (ppm)>Cr (ppm)>Ba (ppm) for marlstone and dolomite of upper Yuertusi Formation (Figure 5E). Enrichment magnitudes of the Xiaoerbulake Formation are Mo (ppm)>U (ppm)>Ni (ppm)>V (ppm)>Cr (ppm)>Zn (ppm).
(2) Yutixi section: Samples of different lithological facies show similar abundances of trace elements compared with that of the Sugaitebulake section, and with enrichments of Ba (ppm)>Mo (ppm)>Sr (ppm)>V (ppm)>U (ppm)>Cu (ppm)>Pb (ppm)>Cr (ppm) for shales and phosphorite of lower Yuertusi Formation (Figure 5G), Mo (ppm)>Ba (ppm)>U (ppm)>Ni (ppm)>Sr (ppm)>V (ppm)>Cr (ppm)>Co (ppm) for marlstone and limestone of upper Yuertusi Formation (Figure 5H), Mo (ppm)>Ba (ppm)>U (ppm)>V (ppm)>Li (ppm)>Cr (ppm) for shale of upper Yuertusi Formation (Figure 5I). As shown in Figure 5J, samples of Xiaoerbulake Formation display the abundances of trace elements with enrichments of Mo (ppm)>U (ppm)>V (ppm)>Ni (ppm)>Sr (ppm)>Cr (ppm)>Pb (ppm).
TABLE 2 | Trace element concentrations (ppm) for samples of the Qigebulake Fm., Yuertusi Fm., and Xiaoerbulake Fm.
[image: Table 2][image: Figure 5]FIGURE 5 | Trace element Enrichment Factors (EFs) relative to Upper Continental Crust (UCC) for samples of the Qigebulake Fm, Yuertusi Fm and Xiaoerbulake Fm (classified by different litho-facies).
In summary, abundances of trace elements for the samples of the Sugaitebulake and Yutixi sections show significantly enrichments of Mo (ppm)>U (ppm)>V (ppm)>Ba (ppm)>Cr (ppm)>Ni (ppm)>Cu (ppm)>Zn (ppm).
4.2 Rare earth elements
Rare earth element concentrations of the Sugaitebulake and Yutixi sections sample suites are presented in Table 3. Total concentrations of rare earth elements range from 7.94 ppm to 653.14 ppm. Mean values of total REEs are 40.63 ppm, 200.78 ppm and 94.62 ppm for the Qigebulake Formation, Yuertusi Formation and Xiaoerbulake Formation, respectively. Average concentrations of rare earth elements of Post-Archean Australian Shale (PAAS) were used to normalize REEs of the studied samples. As a result, the samples were divided into eleven groups according to their different REEs patterns. Similar REEs patterns are observed for samples of the two sections, and details are described as following.
TABLE 3 | Rare earth element concentrations (ppm) for samples of the Qigebulake Fm., Yuertusi Fm., and Xiaoerbulake Fm.
[image: Table 3]4.2.1 Sugaitebulake section
Samples from the Qigebulake Formation display a subtle increase in the concentration of heavier elements (LaN/YbN: 0.68 to 0.82; average=0.75), weakly negative Ce anomalies (Ce/Ce*avg. = 0.55 ± 0.01; n = 2), and moderately positive Y anomalies (Y/Y*avg. = 1.73 ± 0.04; n = 2). Only sample SGT8-2 shows a moderate Eu anomalies (Eu/Eu* = 1.20) (Figure 6A). Samples of the Yuertusi Formation group A exhibit obvious increases of heavier elements concentrations (LaN/YbN: 0.13 to 1.21; average = 0.69), enriched heavy rare earth elements (HREEs) weakly negative Ce anomalies (Ce/Ce*avg.=0.46 ± 0.03; n = 6), strongly positive Eu anomalies (Eu/Eu*avg. = 15.98 ± 7.58, n = 6) and moderately positive Y anomalies (Y/Y*avg. = 1.59 ± 0.07, n = 6) (Figure 6B). Yuertusi Formation group B samples display increasing concentrations of heavier REEs (LaN/YbN: 1.04 to 1.77; average = 1.42), weakly negative Ce anomalies (Ce/Ce*avg. = 0.60 ± 0.14, n = 7), weakly to moderately positive Eu anomalies (Eu/Eu*avg. = 2.23 ± 1.84; n = 7) and moderately positive Y anomalies (Y/Y*avg. = 1.97 ± 0.28, n = 7). By contrast, samples of the Yuertusi Formation group C are characterized as generally flat REEs patterns (LaN/YbN: 1.36 to 2.42; average = 1.82), weakly negative Ce anomalies (Ce/Ce*avg. = 0.77 ± 0.06; n = 21), and moderately positive Y anomalies (Y/Y*avg.=1.34 ± 0.11; n = 21), while only three samples (SG8-27, SG8-28 and SG8-31) display moderately positive Eu anomalies (Eu/Eu*avg. = 1.35; n = 3) (Figure 6D). Samples of Yuertusi Formation group D also exhibit flat REEs patterns (LaN/YbN = 1.01 to 1.13; average = 1.07), weakly negative anomalies Ce anomalies (Ce/Ce*avg. = 0.92 ± 0.04; n = 2), and moderately positive Y anomalies (Y/Y*avg. = 1.36 ± 0.04, n = 2). However, group D samples show no Eu anomalies (Figure 6D). Samples of the Xiaoerbulake Formation present flat REEs patterns (LaN/YbN = 0.73 to 1.39; average = 1.06), moderately positive Y anomalies (Y/Y*avg. = 1.56 ± 0.22, n = 2) and weakly negative Ce anomalies (Ce/Ce*avg. = 0.80 ± 0.08; n = 2) (Figure 6J). Only one sample (SG8-40) display a weakly positive Eu anomalies (Eu/Eu* = 1.92) (Figure 6J).
[image: Figure 6]FIGURE 6 | PAAS-normalized REEs patterns for samples of the Qigebulake Fm, Yuertusi Fm and Xiaoerbulake Fm (sorted by enrichment features of REEs and stratum units).
4.2.2 Yutixi section
REE enrichment patterns of samples of the Yutixi section are similar to those of the Sugaitebulake section. Samples of Yuertusi Formation group A of the Yutixi section exhibit increasing concentrations of heavier REEs (LaN/YbN=0.40 to 0.88; average = 0.56), weakly negative Ce anomalies (Ce/Ce*avg. = 0.46 ± 0.04; n = 7), strongly positive Eu anomalies (Eu/Eu*avg. = 35.32 ± 31.68; n = 7) and moderately positive Y anomalies (Y/Y*avg. = 1.53 ± 0.09; n = 7). These trends are similar to those of group A of the Sugaitebulake section (Figures 6A, F). Samples of the Yuertusi Formation group B display increasing abundances of heavier REEs (LaN/YbN = 1.21 to 1.92; average = 1.54), weakly negative Ce anomalies (Ce/Ce*avg. = 0.61 ± 0.11, n = 8), moderately positive Eu anomalies except for sample YT8-9 (Eu/Eu*avg. = 2.27 ± 1.33; n = 8), and weakly to moderately positive Y anomalies (Y/Y*avg. = 1.47 ± 0.18, n = 8). In contrast, samples of Yuertusi Formation group C are characterized by generally constant REE values (LaN/YbN = 0.97 to 2.08; average = 1.641), weakly negative Ce anomalies (Ce/Ce*avg. = 0.79 ± 0.09; n = 9), and weakly positive Y anomalies (Y/Y*avg. = 1.29 ± 0.16, n = 9). Notably, only one sample (YT8-22) displays a moderately positive Eu anomalies (Eu/Eu* = 1.93) (Figure 6H). Samples of group D display flat REEs patterns (LaN/YbN = 1.79 to 2.40; average = 2.11), whereas slight right-leaning REEs patterns are observed in Figure 6I, with weakly negative Ce anomalies (Ce/Ce*avg. = 0.72 ± 0.05; n = 4); though one sample (YT8-27) exhibits a positive Eu anomalies (Eu/Eu* = 1.74). Samples of the Xiaoerbulake Formation are characterized by essentially flat REE trend (LaN/YbN = 1.37 to 1.50; average = 1.44), weakly negative Ce anomalies (Ce/Ce*avg. = 0.75 ± 0.05, n = 2), and moderately positive Y anomalies (Y/Y*avg. = 1.58 ± 0.05, n = 2).
4.3 Total organic carbon (TOC)
Total organic carbon (wt%) contents of samples of the Sugaitebulake and Yutixi sections are presented in Table 4. TOC of the Sugaitebulake section (0.019–3.7; average = 0.45) is less than that of Yutixi section (0.119–17.2; average = 1.68). The average TOC of all samples is 0.97. However, TOC contents of Yuertusi group A samples (TOCavg. = 3.58 wt%) of both sections are relatively high and coincide with the elevated concentrations of Ba (28,877.55 ppm).
TABLE 4 | Selected geochemical proxies for samples of the Qigebulake Fm., Yuertusi Fm., and Xiaoerbulake Fm.
[image: Table 4]5 DISCUSSION
5.1 REEs patterns and Ce anomalies
REE concentrations document contributions from seawater, hydrothermal sources, and terrestrial sources (Mclennan, 1989; Murray et al., 1991; Murray et al., 1992; Murray, 1994; Mclennan, 2001). They are commonly used as proxies for water column chemistry (Adachi et al., 1986; Mills and Elderfield, 1995; Holser, 1997; Nothdurft et al., 2004). Debris derived from continents generally displays minimal or no fractionation of LREEs compared with HREEs. In contrast, seawater generally displays enriched HREE contents, negative Ce anomalies, and positive Y anomalies (Bau and Dulski, 1996; Cao et al., 2012; Ganai and Rashid, 2015).
REE patterns of the Sugaitebulake and Yutixi sections share similar enrichment trends and can be classified into two categories according to their REE contents normalized to PAAS. The first category is characterized by flat REEs patterns, weakly to moderately negative Ce anomalies, moderately positive Y anomalies, and slight Eu anomalies (Nothdurft et a., 2004; Shields and Stille, 2001; Murray et al., 1991). This category reflects contributions from terrigenous and seawater sources and includes samples of the Yuertusi Formation groups C and D and the Xiaoerbulake Formation of both sections (Figures 6D, E, H–J). The second category displays increasing enrichments of heavier REEs, enrichments of HREEs, weakly to moderately negative Ce anomalies, moderately positive Y anomalies, and moderately to extremely positive Eu anomalies (Bau and Dulski, 1996; Cao et al., 2012; Ganai and Rashid, 2015). The latter suggests a hydrothermal contribution and includes samples from the Qigebulake Formation of Sugaitebulake section and the Yuertusi Formation groups A and B (Figures 6A–C, F, G; Holser, 1997; Adachi et al., 1986; Mills and Elderfield, 1995; Nothdurft et al., 2004).
Therefore, vast paleo-ocean geochemical information has been recorded in most of the studied samples. REE patterns of samples of the Yuertusi Formation group A of both sections suggest a hydrothermal signature. The Y/Ho ratios provide useful information regarding seawater chemistry and paleo-redox conditions (Bau and Dulski, 1996; Morford and Emerson, 1999; Algeo and Rowe, 2012). Modern seawater is generally characterized by higher Y/Ho ratios (∼45), compared with lower Y/Ho ratios (∼28) of terrigenous debris (Jacobs et al., 1987; Owen and Armstrong, 1999). Relatively high Y/Ho ratios of samples of the Qigebulake Formation (Y/Hoavg. = 46.50), Yuertusi Formation group A (Y/Hoavg. = 40.48), group B (Y/Hoavg. = 46.75), and the Xiaoerbulake Formation (Y/Hoavg. = 42.70) from both sections are consistent with modern seawater compositions. In contrast, samples of the Yuertusi Formation group C (Y/Hoavg. = 37.46) and group D (Y/Hoavg. = 32.27) exhibit lower Y/Ho ratios, which suggests certain influence of terrestrial sediment flux. The Sugaitebulake section may reflect a diminished terrestrial input as suggested by the lower Y/Ho ratio (average = 41.78 for total samples) relative to that of the Yutixi section (average = 37.92 for total samples), during the Ediacaran Qigebulake Formation to early Cambrian Series 2 Xiaoerbulake Formation (Table 3).
Ce anomalies are commonly used to elucidate paleo-redox conditions (Wu and Ouyang, 1992; Wilde, 1996; Holser, 1997) assuming that diagenesis hasn’t altered REE abundances (Shields and Stille, 2001). Generally, negative Ce anomalies could be influenced by the arching effect of mid rare earth elements (MREEs) and hydrothermal alteration (Rangin et al., 1981; Ogihara, 1999). The coefficient of determination (R2=0.53) of Ce/Ce* versus Dy/Sm and that R2 (0.28 of Ce/Ce* versus Eu/Eu* (Figures 7A, D) suggest a weak arching effect recorded in the studied samples. Moreover, the possible scavenging effect of REEs during post-depositional alteration is ruled out because of no correlation between Ce/Ce* and bulk REEs (R2 = 0.08) for samples of the Yuertusi Formation (Figure 7B) (Murray et al., 1991; Shields and Stille, 2001; Murray, 1990). Positive La anomalies may trigger negative Ce anomalies in those cases where Pr anomalies range from 0.95 to 1.05. As shown in Figure 7C, only four samples plot in that field and only one sample with no La anomalies (SG8-13; Figure 6C) might be affected by Pr anomalies. In summary, Ce anomalies in the studied samples can be used in our analysis of paleo-marine environments.
[image: Figure 7]FIGURE 7 | Crossplots of Ce/Ce* versus (A) Eu/Eu*, (B) bulk REE, (C) Pr/Pr*, and (D) Dy/Sm.
Ce anomalies of seawater is a reflection of dissolved Ce(Ⅲ) versus undissolved Ce(Ⅳ). Negative Ce anomalies are most common in sediments deposited under anoxic bottom water conditions where insoluble Ce(Ⅳ) easily precipitates as metal complexation particles (Sholkovitz, 1990; Wilde, 1996; Ganai and Rashid, 2015). By contrast, Ce(Ⅳ) is reduced to Ce(Ⅲ) under oxic to suboxic conditions, thus resulting in positive Ce anomalies (Ganeshram, et al., 2002). Anoxic basin and shelf regions are generally delineated by weakly negative to moderately positive Ce anomalies, whereas oxic conditions are generally manifested by moderately to strongly negative Ce anomalies (Holser, 1997). However, it is important to bear in mind that negative Ce anomalies may be affected by redox variations, sea level fluctuations and pH of the watermass (Wu and Ouyang, 1992; Wilde, 1996). A previous study (Yao et al., 2014a) and weakly negative Ce anomalies (Ce/Ce*avg. = 0.67) of the present study suggest that the oxygen-deficient bottom water was overlain by oxygenated water during the Ediacaran-Cambrian transition.
Samples of the Qigebulake Formation (Sugaitebulake section) exhibit weakly negative Ce anomalies (0.543 to 0.551; average = 0.55). Such values are generally associated with organic matter that accumulated under oxygen-depleted conditions extending into the euphotic zone (Thomson et al., 1995; Kidder et al., 2003; Ganai and Rashid, 2015). However, low TOC contents imply episodically oxic or suboxic conditions during Late Ediacaran time. In contrast, weak Ce anomalies documented in both sections of the Yuertusi Formation group A (0.406 to 0.518; average = 0.46) suggest the existence of anoxic conditions during Early Cambrian Terreneuvian time accounting for organic matter enrichment (TOCavg. = 3.58 wt%, Table 4). Moderate Ce anomalies (Table 4) in both sections of the Yuertusi Formation group B (0.45 to 0.82; average=0.62) and corresponding low TOC contents (0.09 to 0.60 wt%; average. = 0.28 wt%) indicate suboxic conditions. However, anoxic conditions were re-established in Early Cambrian Series 2 as suggested by moderate Ce anomalies (0.72 to 0.86; average=0.78) and higher concentrations of TOC (0.55 to 2.04 wt%; average=1.05 wt%) documented from samples of the Xiaoerbulake Formation of both sections (Figure 10).
5.2 Eu anomalies and hydrothermal activities
Europium (Eu) is a useful proxy for the recognition of hydrothermally influenced marine sediment (Owen and Olivarez, 1988; Owen and Armstrong, 1999). Positive Eu anomalies generally indicate hydrothermal activity during sedimentation (Murray, 1990, Murray et al., 1991; Murray, 1994; Ganai and Rashid, 2015; Klinkhammer et al., 1994). Such anomalies commonly reflect high temperature conditions (>250°C) in which the europium redox potential is reduced from Eu(Ⅱ) to Eu(Ⅲ). Eu(Ⅱ) remains stable in strongly alkaline anoxic water under low temperature (∼25°C), including pore-water of anoxic marine deposits. Macrae et al. (1992) and Klinkhammer et al. (1994) postulated that most Eu(Ⅱ) was produced via high-temperature alteration of plagioclase feldspar in submarine basalt (MacRae et al., 1992; Klinkhammer et al., 1994). Positive Eu anomalies are commonly observed in deposits adjacent to hydrothermal vents, yet positive Eu anomalies may be found in sediment as far as ∼10 km from hydrothermal vents due to mixing of seawater. However, the presence of barium compounds [e.g., BaO or Ba(OH)2] in samples can yield misleading results (Ogihara, 1999; Kidder et al., 2003; Kamber et al., 2004; Nothdurft et al., 2004). Similarly, deposition under strongly reducing conditions and elevated terrigenous detrital flux may lead to inaccurate Eu anomalies. Therefore, it is essential to consider the relationship of Ba versus Eu/Eu* by use of the equation presented by Dulski (1994). The relatively low R2 (0.256) of Eu/Eu* versus Ba for samples of the Yuertusi Formation (Figure 8C) and the Qigebulake and Xiaoerbulake formations (R2=0.106) (Figure 8D) suggest some degree of alteration of Eu/Eu* by barium compounds. However, weak correlations (R2 = 0.024) between Eu/Eu* and Al2O3 for samples of the Yuertusi Formation and the Xiaoerbulake and Qigebulake formations (R2 = 0.184) suggest that positive Eu anomalies were not affected by terrigenous sediment flux (Figure 8B).
[image: Figure 8]FIGURE 8 | Crossplots of Eu/Eu* versus (A) Al2O3 (wt%) of the Yuertusi, Qigebulake, and Xiaoerbulake formations; (B) Ba (ppm) of the Yuertusi, Qigebulake and Xiaoerbulake formations.
Samples of the Qigebulake Formation and Yuertusi Formation groups A and B exhibit increasing enrichment of heavier REEs, strong enrichment of HREEs, moderately to extremely positive Eu anomalies, weakly to moderately negative Ce anomalies, and positive Y anomalies. These patterns suggest a strong hydrothermal influence during the Ediacaran-Cambrian transition (Figures 6, 10). In particular, samples of Yuertusi Formation group A of both sections display increasing heavier left-leaning REE enrichment, extremely elevated Eu anomalies (5.21–82.66; average = 26.39), moderate Y anomalies (1.37–1.66; average = 1.55), and field features including barite layers (Figure 4D), and siliceous bands within marlstone, all consistent with deposition in association with hydrothermal activity during the Early Cambrian Terreneuvian (Figure 10; Gao et al., 2022; Zhu et al., 2016; Kimura and Watanabe, 2001). However, the weak Eu anomalies (Eu/Eu*avg. = 1.01) displayed by groups C and D of the Yuertusi Formation and Xiaoerbulake Formation (Eu/Eu*avg. = 0.99) may reflect hypoactive hydrothermal activity and degradation of organic matter (Gao et al., 2022). Instead, heterogeneous distributions of Eu anomalies in vertical direction (with peak value of Eu/Eu* at SG8-4, and YT8-2) and significantly enrichments of platinum group elements (PGEs) in the basal Yuertusi Formation (Figure 10) both illustrate episodic hydrothermal activity.
In summary, Early Cambrian Terreneuvian has witnessed several hydrothermal events recorded by contemporaneous sediments, which may have been associated with rifting of the Tarim Platform and the South Tianshan Ocean. However, the geochemical signatures of hydrothermal activity appear to have varied spatially, perhaps reflecting of seawater dilution, migration, and upwelling.
5.3 Paleo-productivity
Paleo-productivity is a fundamental link in the global cycling of carbon, ecological dynamics and redox conditions. However, estimation of the role of productivity in the accumulation of ancient marine deposits is hindered by the reliability of dilutive effects of clastic flux and organic matter preservation. Geochemical proxies, including TOC and Ba-excess (or biogenic-Ba) are commonly used to evaluate marine productivity (Tribovillard et al., 2006; Calvert and Pedersen, 2007).
Organic carbon content is arguably the most direct proxy of productivity (Pedersen and Calvert, 1990). However, it is estimated that only ∼0.1%–10% of organic matter exported from the surface layer survives to accumulate on the seafloor. Much of the deposited organic matter is subsequently decomposed during bacterial sulfate reduction and de-nitrification. Thus, enriched TOC values (more than 10 wt%) in ancient sediments likely reflect the combination of enhanced productivity favorable preservation (euxinic to anoxic conditions), and diminished dilution related to clastic flux (Mansour et al., 2020; Tyson, 2005; Schoepfer, et al., 2014).
The relatively low TOC content of Yuertusi Formation samples may reflect the effects of weathering. Tao et al. (2016) studied Yuertusi samples from the Dongergou section and pointed out that weathering could have diminished as much as 95% TOC and chloroform asphalt A. Still, the presence of several samples with high TOC (e.g., 17.2 wt% of YT8-6, 9.58 wt% of YT8-7, and 9.24 wt% of YT8-4) suggests elevated productivity, favorable conditions for preservation, and little dilution in studied samples (Table 4; Figure 10). Indeed, the source rock potential of the Yuertusi Formation was confirmed by the measured TOC content of ∼29.8 wt% from well Xinkedi-1 in March 2018 (Zhu et al., 2016; Gao et al., 2022; Mansour and Wagreich, 2022).
Barium-excess (Ba-excess), generally regarded as a proxy for biogenic-barium (bio-Ba), can be used to reconstruct oceanic productivity based on the precipitation of barite in association with decomposing organic matter (Paytan and Griffith, 2007; Zhang et al., 2016). Barite remains insoluble under suboxic to oxic conditions. Ba enrichment can preserve the record of enhanced surface water productivity even under bottom water conditions unfavorable to organic matter preservation. Ba-excess ranges from 1,000 to 5,000 ppm in the sediment deposition beneath the highly productive equatorial Pacific (Murray and Leinen, 1993).
The influence of detrital flux on Ba enrichment is suggested by negative ex-Ba values of 14 samples (Table 4). On the contrary, the Yuertusi Formation group A displays strong enrichment of Ba-excess (∼10,000–52,000 ppm; average=28,877.55 ppm) (Figures 9A, B). Figure 9C also exhibits moderately to highly contents (∼1,000–9,000 ppm) of Ba-excess for samples of the Yuertusi group B. Yuertusi Formation groups C and D, and the Xiaoerbulake and Qigebulake formations display low Ba-excess concentrations (∼1,000–9,000 ppm) (Figure 10). Thus, the combination of extreme enrichment of Ba-excess and very high TOC contents provides compelling evidence of elevated productivity of the north Tarim Platform during the Early Cambrian Terreneuvian.
[image: Figure 9]FIGURE 9 | Crossplots of (A) Ba ppm vs. Al %; (B) excess-Ba ppm vs. TOC; (C) excess-Ba ppm vs. Eu/Eu*.
[image: Figure 10]FIGURE 10 | Vertical trends of selected geochemical proxies of the Sugaitebulake and Yutixi sections.
The relatively weakly correlation of TOC and Ba-excess (Figure 9C) suggests that one or both proxies were altered, perhaps by post-depositional oxidation. In addition, it is possible that enhanced productivity was sustained by hydrothermal activity, as suggested by the weak co-variance (R2 = 0.26) of Ba-excess and Eu/Eu* (Figure 9D).
5.4 Redox proxies and changes of redox conditions
Trace element compositions are dominated by terrigenous and authigenic material, though only the latter is modified by redox-related enrichment variations (Thomson et al., 1995; Tribovillard et al., 2006). For example, U, V, and Mo are especially sensitive to changing redox conditions, whereas Cr, and Co are also proxies for terrigenous clastic flux (Tribovillard et al., 2006). Assessment of the degree of the enrichment of authigenic species commonly involves Al-normalization which mitigates the dilutive effects of organic matter flux and the precipitation of authigenic constituents, notably biogenic carbonate (Lucinda et al., 1987; Thomson et al., 1995). However, the authigenic contribution may be under- or overestimated if the sources of the Al are Al-enriched or Al-deficient samples alternatively. Therefore, it is important to judge whether samples are derived from common silicate minerals, which is evaluated by the correlation of Al and detrital proxies such as Th, Sc, and Zr.
The studied samples display strong covariance of Sc and Al (R2 = 0.827), and Zr and Al (R2 = 0.765), which suggests sediments are derived from common silicate minerals. Low coefficients of determination of V, U, Cr, Mo, Ba, and Al (Figure 11) suggest that these elements are suitable redox proxies, whereas the strong covariance of Sc and Al suggests that Sc is a proxy for terrestrial contribution.
[image: Figure 11]FIGURE 11 | Crossplots of selected redox proxies (ppm) versus Al concentrations (wt%) of the Yuertusi Fm, Qigebulake Fm and Xiaoerbulake Fm (for judging signals contribution of terrigenous debris and seawater).
Uranium exists as U (VI) under oxic—suboxic conditions, complexes with carbonate ion forming uranium acyl, an intermediate form of aqueous UO2 (CO3)24- (Langmuir, 1978). U (VI) reduces to U (IV) under anoxic conditions ultimately precipitating as UO2 (Wignall and Hallam, 1996). Thiobacillus, an essential catalyst for reduction, is associated with TOC. Strong relationships of U and TOC are generally typical in sediment deposited under non-sulfidic conditions. The existence of sulfidic conditions is suggested by weak correlation of U and TOC (Algeo and Maynard, 2004; Tribovillard et al., 2006).
U/Al ratios of the studied samples range from 0.416 to 109.93 (Figure 10). Most samples are enriched in U relative to Post-Archean Australian Shale (PAAS) average (0.310). Average U/Al ratios of the Qigebulake Formation, Yuertusi Formation, and Xiaoerbulake Formation are 4.58, 8.67, and 44.38, respectively (Table 4; Figure 10). Samples of the Yuertusi Formation group A, and the Xiaoerbulake Formation are characterized by U/Al ratios of 3.88–96.66 (average = 26.76) and 9.24 to 109.93 (average = 44.38), respectively. These values are significantly enriched relative to euxinic deposits in the Black Sea (U/Al = 3.3). It is noteworthy that the rest samples of both studied sections display modest enrichment of U (average U/Al = 3.52) (Figure 10).
The Sugaitebulake and Yutixi sections display the bottom water redox variations associated with the Ediacaran to Cambrian transition. U abundances of the sections indicate that the ocean was weakly anoxic during the Late Ediacaran. However, conditions became euxinic during the early Cambrian Terreneuvian time as suggested by the weak correlation between U/Al and TOC for samples from the Yuertusi Formation group A (Figure 12B). Bottom conditions became weakly anoxic during the Late Cambrian Terreneuvian as oxygen levels increased. By the early Cambrian Series 2, the paleocean had once again become euxinic.
[image: Figure 12]FIGURE 12 | Crossplots of TOC versus (A) V/Al and (B) U/Al ratios respectively of the Yuertusi, Qigebulake, and Xiaoerbulake formations.
Thorium is generally present in seawater as Th(IV) in seawater and displays little response to changing redox conditions. The Th/U ratio has a long history of use as a redox proxy (Wignall and Twitchett, 1996; Algeo and Maynard, 2004; Cao et al., 2021). Generally, Th/U ratios ranging from 0 to 2 imply anoxic conditions, whereas ratios ranging from 2 to 7 indicate oxic conditions (Yao et al., 2014b). Average Th/U ratios of the Qigebulake Formation, Yuertusi Formation, and Xiaoerbulake Formation (Table 4) are 0.88, 0.95, and 0.12, respectively. More specifically, average Th/U ratios of the Yuertusi Formation groups A, B, C, and D are 0.11, 0.95, 1.31, and 0.77, respectively. Yet only eight samples (SG8-16, SG8-27, SG8-28, SG8-29, SG8-33, SG8-34, SG8-35, and YT8-27) of both sections exhibit higher Th/U ratios that ranging from 2.007 to 3.909, are consistent with oxic or suboxic deposits. In contrast, Th/U ratios of remaining samples range from 0.003 to 1.962 (average = 0.671) suggesting that each section was primarily deposited under anoxic conditions (Figure 10; Cao et al., 2021).
Variations of Th/U can be considered in terms of sea level fluctuations. The early Cambrian Terreneuvian Yuertusi Formation group A deposits and the initial Cambrian Series 2 Xiaoerbulake Formation accumulated matching with rising sea level, which likely contributed to the establishment of euxinic conditions. Each transgression was preceded by a regression accompanied by deposition of the Upper Ediacaran Qigebulake Formation and the Upper Cambrian Terreneuvian Yuertusi Formation groups B, C, and D. Moreover, 7/8 samples with higher Th/U ratios (>2; see Table 4) of the Sugaitebulake section may imply that depositional conditions of the section were more oxygenated than the Yutixi section.
Vanadium displays a strong predilection for anoxic sediments (Calvert and Pedersen, 1993; 1996; Tribovillard et al., 2006). V(V) is generally associated with hydrogen vanadate (HVO42− or H2VO41−) in oxic seawater and is readily adsorbed by ferromanganese hydroxides (Wanty et al., 1990). Non-sulfide anoxic and euxinic conditions favor the uptake of V from seawater to sediment (Morford and Emerson, 1999; Algeo and Maynard, 2004). Generally, humic acid is required to catalyze the reduction of V (V) to V (IV). Weak co-variance of V and TOC is consistent with accumulation of sediment under euxinic conditions (Calvert and Pedersen, 1993; 1996; Morford and Emerson, 1999; Algeo and Maynard, 2004; Tribovillard et al., 2006).
Significant variation of V/Al ratios of the studied samples (8.56–1,465.78; average = 234.63) demonstrate that most samples display enrichments of vanadium relative to PAAS (15.0). Indeed, average V/Al of the Qigebulake Formation, Yuertusi Formation, and Xiaoerbulake Formation are 101.68, 207.47, and 735.54, respectively, well exceeding the PAAS average. The Yuertusi Formation group A (V/Alavg. = 781.98) and the Xiaoerbulake Formation (V/Alavg. = 735.54) are especially rich in vanadium compared with Black Sea deposits (V/Alavg. = 28.8) (Li et al., 2016). By contrast, average V/Al of the reminder samples of Qigebulake Formation, Yuertusi Formation groups B, C, and D are 101.68, 81.21, 8.19, and 74.80, respectively. Furthermore, the low coefficient of determination of V/Al ratios versus TOC (R2 = 0.136) suggests that bottom conditions were euxinic during Early Cambrian Terreneuvian time (Figure 12A) as well as early Series 2 time. These intervals of euxinic may be linked to global transgression during the Ediacaran to Cambrian interval (Kimura and Watanabe, 2001). Similarly, defined by relatively low V/Al (Figure 10), the paleo-ocean was under suboxic conditions during the late Ediacaran and late Cambrian Terreneuvian intervals, which might be associated with periodical regressions.
The V/Sc ratio has been used as a redox proxy (Tribovillard et al., 2006; Algeo and Maynard, 2004; Yu et al., 2011; Li et al., 2016). V/Sc ratios in excess of 24 suggest euxinic conditions (Kimura and Watanabe, 2001; Jiang et al., 2007). Specifically, average V/Sc ratios of individual units are 20.16 (Qigebulake Formation), 340.51 (Yuertusi Formation group A), 29.78 (Yuertusi Formation group B), 11.45 (Yuertusi Formation group C), 15.85 (Yuertusi Formation group D), and 143.67 (Xiaoerbulake Formation), respectively (see Table 4; Figure 10). Variations of V/Sc (Figure 10) suggest the existence of euxinic conditions during the Early Cambrian Terreneuvian and initial Cambrian Series 2 times. However, bottom conditions appear to have been suboxic during the late Ediacaran and late Cambrian Terreneuvian intervals. Moreover, the Yutixi section (V/Scavg. = 426.48) may stay euxinic longer than the Sugaitebulake section (V/Scavg. = 240.21).
The V/Cr ratio is another proxy for assessing paleocean redox conditions (Yao et al., 2014a). Threshold V/Cr values that have been used to infer redox conditions include euxinic conditions (V/Cr>4.25), suboxic conditions (V/Cr: 2–4.25), and oxic conditions (V/Cr<2) (Jones and Manning, 1994; Jiang et al., 2007; Figure 10). Elevated V/Cr values of samples of the Yuertusi Formation group A (2.26–17.28; average = 8.22) and the Xiaoerbulake Formation (0.97–25.64; average = 9.35) are consistent with previously described proxies, which suggests that euxinic conditions existed in the basin during Early Cambrian Terreneuvian and initial Series 2 time. However, relatively low V/Cr ratios for samples the Qigebulake Formation (0.81–1.43; average=1.12), the Yuertusi Formation group B (0.93–4.99; average = 2.14), group C (0.55–4.73; average = 1.52), and group D (1.05–5.41; average = 2.40) suggest suboxic conditions in Late Ediacaran time and during the late Cambrian Terreneuvian.
Previous investigations of the Niutitang Formation of the Yangtze Platform have highlighted the role of hydrothermal activity in trace metal element enrichments, including Mo, U, and Ni. (Tribovillard et al., 2006; Jiang et al., 2007; Li et al., 2015; Gao et al., 2018). Moderate correlation (R2 = 0.63) of Eu/Eu* and V/Al of the studied samples (Figures 13A, B) suggests that hydrothermal activity during Early Cambrian Terreneuvian time (R2 = 0.03 for all samples exclusive of group A samples) contributed some amount of V in these deposits.
[image: Figure 13]FIGURE 13 | Crossplots of Eu/Eu* versus (A) V/Al of the Yuertusi, Qigebulake, and Xiaoerbulake formations; (B) detail of Figure 13A; (C) U/Al of the Yuertusi, Qigebulake, and Xiaoerbulake formations.
5.5 Mo-U covariation and paleo-hydrography
Mo-U covariation and Mo versus TOC are commonly used to define degrees of anoxia and watermass restriction (Algeo and Tribovillard, 2009, 2011; Algeo and Rowe, 2012; Tribovillard et al., 2012). The enrichment of Mo and U is influenced by these elements concentrations in seawater, redox conditions, and degrees of basin restriction (Algeo and Lyons, 2006). They present analogous concentrations in global seawater owing to their relatively long residence time (Mo = ∼78 ka; U = ∼45 ka). Molybdenum generally occurs as MoO42− (stable status) under oxygenated conditions but is reduced to Mo (IV) from Mo (VI) under anoxic and sulfidic conditions. Thiomolybdate (MoO4-xSx2− or MoSx) formed under sulfidic conditions (H2S or HS−) are captured by Mn-Fe-oxyhydroxides or are complexed with humic acid. By contrast, the uptake of U by sediment at redox boundaries, especially near the sediment-water interface, occurs in the absence of hydrogen sulfide. Therefore, the different behavior of Mo and U under oxygen depleted conditions permits the distinction of sediment that accumulated under anoxic versus euxinic conditions.
Mo/Al values of the studied samples range from 0.04 to 89.91 (average = 10.48), generally well in excess of the average value of upper continental crust (1.6) (Taylor and McLennan, 1985; Zhang et al., 2016) (Table 4; Figure 10). Samples of the Yuertusi group A and Xiaoerbulake Formation are especially enriched in Mo (Figure 10). By contrast, average Mo/Al ratios of the Qigebulake Formation and Yuertusi Formation groups B, C, and D display low Mo contents (Figure 10). Yuertusi Formation group A and Xiaoerbulake Formation cluster in the sulfidic field of the Mo-U crossplot (Figure 14A). Most of samples of the Qigebulake Formation, Yuertusi Formation groups B, C, and D are distributed between the suboxic to anoxic fields (Figure 14A). A few samples of Yuertusi group B, and C are scattered between anoxic and sulfidic conditions (Figure 14A). Thus, Mo-U covariation suggests that the paleocean was euxinic during Early Cambrian Terreneuvian and early Series 2 time, and it experienced suboxic conditions in Late Ediacaran time and during the early Cambrian Terreneuvian transitions, consistent with other redox proxies.
[image: Figure 14]FIGURE 14 | (A) Mo(EF) versus U(EF); (B) Mo (ppm) versus TOC of the Yuertusi Fm, Qigebulake Fm and Xiaoerbulake Fm (modified from Algeo and Tribovillard, 2006, 2009, 2011, 2012).
The Mo-TOC crossplot has been used to consider hydrographic aspects of ancient oceans (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009). Such an analytical approach is especially useful for assessing circulation or restriction (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009). Mo concentrations of the studied deposits comport with a well-mixed or open ocean (Figure 14B). Increasing basin restriction and consequent depletion of the elemental reservoir, which would be manifested by diminished Mo contents, could be misinterpreted as evidence of anoxic non-sulfidic conditions (Tribovillard et al., 2012). (Figure 14A) Consideration of Mo and U enrichment values suggests that the ocean during the Late Ediacaran - Cambrian Series 2 time interval was weakly restricted, and with quick circulation via upwelling. Strongly enriched Mo and U levels of the Yuertusi group A (Figure 10) further confirm that these deposits accumulated under anoxic to euxinic conditions, consistent with earlier described proxies. The fact that most of the studied samples plot between the 0.1 × SW and 1 × SW trend lines suggests that the seawater Mo/U ratio of the Tarim Platform during the Ediacaran-Cambrian transition was similar to that of the modern and most dissolved particulates of Mo and U were adsorbed by sediments.
5.6 Accumulation of organic matter
Significant global changes in Earth’s marine environment and biosphere that accompanied the Ediacaran-Cambrian transition are archived in the geochemical and isotopic record of contemporaneous sedimentary deposits. However, remaining controversies require further research (Cowie and Glaessner, 1975; Zhang et al., 2016). The Tarim Platform was in the Proto-Tethys domain during the Sinian to Cambrian (∼540 Ma) (Figure 1) and shared similar depositional settings with the Yangtze Platform. Interbedded shale and carbonate of the Yuertusi Formation appears to correlate with black shale of the Niutitang Formation of the Yangtze Platform (Yu et al., 2001). Moreover, hydrothermal activities have been responsible for polymetallic (Ni-Mo-V-Au) associated with the organic-rich rocks (Jiang et al., 2016).
By contrast, little detailed work has been devoted to understanding the potential role of changing marine redox conditions and hydrothermal activity on the Tarim Platform on accumulation of organic matter (Zhu et al., 2012). Hydrothermal fluids contain diverse trace metal elements, including biotic nutrients (e.g., Fe, P, K, and Si) that sustain productivity. Indeed, abundant inactive phosphate mines in Bachu and Keping counties, NW Tarim Basin, likely reflect a strong hydrothermal influence. Ophiolitic rocks dated between 590 and 600 Ma (Yu et al., 2009) in the South Tianshan Orogenic Belt suggest that the South Tianshan Ocean had matured before the Cambrian. Thus, hydrothermal activity may have been linked to displacement between north Tarim and the South Tianshan Ocean.
Organic carbon contents of pelagic deposits are commonly less than 0.5 wt%, whereas sediment deposited in association with costal upwelling may contain more than 3 wt% TOC (Sanders et al., 2014; Mansour and Wagreich, 2022). The combination of high TOC contents in studied Yuertusi Formation samples, including a value of 29 wt% measured from Well Xinkedi-1 (Figure 1), and phosphorite nodules distributed in basal Yuertusi Formation suggest that costal upwelling acting in concert with hydrothermal activity sustained robust productivity and accumulation of organic matter.
Integration of the described proxy data yields a depositional model for the Ediacaran to Cambrian transition of the Tarim Platform (Figure 15). Hydrothermal fluids advecting along faults mixed with seawater that was ultimately transported to the shelf by upwelling. Enhanced upwelling may have been associated with rising sea level at this time. The nutrient-rich fluids triggered increased primary productivity and supplied trace metals that were incorporated into accumulating sediment, including organic-rich deposits and phosphate nodules (Figure 15). The increased flux of organic matter depleted water column oxygen levels thus favoring the establishment of anoxic and euxinic conditions, which favored the preservation of accumulating organic matter.
[image: Figure 15]FIGURE 15 | Paleocean environmental model of the northern Tarim Platform, China in the early Cambrian.
6 SUMMARY AND CONCLUSION
Investigation of the Yuertusi Formation over the past decade has shed light on the record of changing paleo-environmental conditions spanning the Ediacaran—Cambrian boundary in the Tarim Basin. This study assesses the interplay of sea level change, variable levels of bio-productivity, hydrothermal activity, and organic matter accumulation and preservation in the Yuertusi Formation and immediately over and underlying deposits. Abundances of trace elements for the samples of the Sugaitebulake and Yutixi sections are of significantly enrichments of Mo (ppm)>U (ppm)>V (ppm)>Ba (ppm)>Cr (ppm)>Ni (ppm)>Cu (ppm)>Zn (ppm). Enrichment of heavier REEs of Yuertusi Formation group A samples, weakly positive Ce anomalies, extremely positive Eu anomalies, moderately positive Y anomalies, and enriched Ba indicate episodic hydrothermal activity contemporaneous with accumulation of the lower Yuertusi Formation in the north Tarim Platform during the Early Cambrian Terreneuvian.
The depositional site of the studied sections on the Tarim Platform was weakly restricted during Late Ediacaran - Series 2 transition. Suboxic conditions occurred during accumulation of the Qigebulake Formation in Late Ediacaran time. Increasing productivity, induced by hydrothermal activity and upwelling enhanced by rising sea level, resulted in the accumulation of the organic-rich lower part (group A especially) of the Yuertusi Formation. The consequent drawdown of dissolved oxygen resulted in the establishment of anoxic to euxinic conditions that favored preservation of the organic matter exported to the seafloor. Lowering sea level during the lower part of the Fortunian stage was accompanied by suboxic to oxic conditions and accumulation of Yuertusi groups B, C, and D deposits. However, euxinic conditions were again established in the early part of Cambrian Series 2 Xiaoerbulake Formation, perhaps in association with another transgression. Mo-U co-variations suggest that the basin was weakly restricted throughout most of the studied interval. The present investigation illustrates the significance of hydrothermal activity and upwelling in the accumulation and preservation of organic matter in the Tarim Basin during the Ediacaran-Cambrian transition.
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SG8-14 1544 Gypsum 1578 354 825 877 2804 007 1.93 [ 015 0.16 235 | 3094 99.98
5G8-15 1530 Marlstone | 18.69 242 373 | 1090 | 279 05 | 1s 0.10 007 742 | 2706 | 10000
SG8-16 1,495 Shale 5192 1457 435 377 49 008 9.22 0.03 0.58 038 10.05 99.94
SG8-17 1452 Barite 895 203 0.81 152 46.49 004 130 0.10 0.09 013 38.52 99.97
5G8-18 1420 Marlstone | 5404 1541 Ev) 300 | 439 018 | 966 002 059 124 795 | 9999
SG8-19 1,387 Siltstone 8.60 206 075 138 46.94 003 129 0.07 0.09 0.30 38.46 99.96
$G8-20 1,360 Shale 51.65 1521 4.03 2.03 5.20 015 9.31 | 0.01 059 123 10.06 99.47
$G8-21 1317 Barite 10.15 240 342 184 43.33 007 145 0.04 0.10 023 36.96 | 100.00
5G8-22 1295 Shale | 48.17 1371 388 395 810 050 | 809 002 057 262 | 1035 | 9996
$G8-23 1255 Marlstone 6.86 142 101 1.08 48.67 007 0.90 0.09 0.06 028 39.51 99.95
$G8-24 1,100 Barite 727 173 120 0.89 48.21 001 L4 0.14 0.08 0.08 39.22 99.96
5G8-25 1075 Marlstone | 680 156 136 IER) 003 | 112 013 006 013 | war | sess
$G8-26 978 Dolomite 435 123 183 352 46.73 0.02 0.74 029 0.06 022 40.98 99.96
$G8-27 864 Dolomite 4392 14.90 392 432 998 0.09 7.58 0.06 0.67 0.64 13.92 100.00
$G8-28 810 Marlstone 9.28 256 255 7.63 3723 005 139 | 0.29 0.14 057 38.27 99.94
$G8-29 762 Limestone 10.25 295 212 456 4047 005 1.60 0.16 0.15 021 37.46 | 99.98
$G8-30 714 Dolomite 628 144 188 172 47.52 004 0.81 0.11 0.07 053 39.56 99.97
SG8-31 694 Shale 38.50 13.70 4.18 5.25 11.98 026 7.40 0.06 0.64 0.58 17.38 99.94
$G8-32 575 Marlstone 6.13 177 141 193 4759 0.02 0.94 | 0.12 0.09 027 39.70 99.98

Yuertusi Formation
$G8-33 544 Dolomite 6.96 200 L1 439 4.0 003 [ 1.08 0.16 o.11 032 39.72 | 99.98
SG8-34 496 Dolomite 11.66 295 220 673 37.03 003 177 0.24 0.17. 030 36.86 99.95
5G8-35 396 Dolomite | 994 295 153 | 1605 | 2754 003 | 166 023 016 024 | 3967 | 10000
$G8-36 326 Dolomite 820 200 1.09 1822 2725 002 123 012 0.12 031 4144 100.00
$G8-37 251 Dolomite 9.04 146 492 14.31 2957 013 0.86 0.10 0.07 7.75 3174 99.95
SG8-38 216 Dolomite 3.98 075 0.19 19.93 3021 001 043 012 0.03 146 42.87 99.98
V $G8-39 116 Chert 50.40 190 L71 9.30 13.50 0.09 0.87 0.10 0.10 022 2181 100.00
$G8-40 a7 Dolomite 315 005 0.02 2132 29.86 0.02 0.02 0.08 0.01 0.04 4538 99.95

Yutixi section

Samples  Depth/cm ,  ALO; TFe,0;

Yuertusi Formation

YT8-1 1472 Shale | 4434 232 s | s | nass 060 092 000 008 973 595 | 8096

Y182 1426 | Phosphorite | 9108 076 180 02 097 009 022 000 004 043 248 | 9800

YT83 1391 | Phosphorite | 8186 157 167 026 250 013 052 003 009 171 260 | 9301

VT84 1361 Shale | 3179 821 s | um | s 041 129 000 043 661 | 26 | 8948

YT85 1328 | Phosphorite | 9238 055 | o 027 008 025 000 003 009 200 | 9750

YT8:6 1271 Shale | 4536 | 1080 240 152 064 032 660 000 063 016 | 2599 | 9aal

YT8.7 1231 Shale | 5073 | 1250 85 142 115 041 826 000 059 045 | 1706 | 9741

vies | L1s2 Marlstone 679 128 w0 | | en 007 087 002 006 on | 3o | 9996

Y189 1151 Marlstone | 5770 | 1393 e | 2m 451 041 807 002 066 053 773 | 9998
YT8-10 1033 Shale 545 117 194 1694 | 3071 003 076 017 006 007 | 4268 | 9999
Y1811 1012 siisone | 58.71 1538 539 252 199 059 811 001 071 096 559 9998
Y1812 999 Marlstone | 5461 | 1305 s |20 638 058 868 002 050 383 530 9849
YT813 965 Shale | 4367 | 1039 A R 043 622 005 042 200 | 1513 10000
VT84 920 Marlstone 629 140 307 | sz 3070 o 092 017 006 076 | 4125 | 999
Y1815 878 Marlstone | 16.18 289 500 166 | 3832 015 179 013 012 055 | 318 | 9997
YT8-16 810 Shale | 5437 | 1733 N | s 895 001 069 031 840 | 9999
YT817 78 Shale | 5239 | 1763 | 331 063 888 005 069 07 657 | 9996
Y7818 760 Barite 925 211 200 123 | 4555 009 125 009 010 040 | e | 9998
Y1819 706 Marlstone | 1234 268 216 106 | 4339 o 162 008 012 045 | 3590 | 9991
Y1820 71 Dolomite | 4254 | 1459 o2 | soe | 10| ose 722 009 060 057 | 116 | 9998
Y821 574 Shale | 5412 | 1903 s | 2m 116 089 9.41 002 081 025 68 | 997
Y1822 559 Dolomite | 1134 240 364 075 | 4377 011 173 011 012 023 | 372 9998

Yuertusi Formation
s | 502 Cay | 5961 | 1689 w | s as | o | wm 000 072 009 402 | 9996
Y7824 7 Marlstone 806 199 s | an | asw 0z 134 013 0.10 027 | w56 | 9991
Y7825 362 Limestone | 1203 286 135 081 | aam o 185 017 015 07 | 3602 | 9997
YT8.26 302 Dolomite 323 077 087 095 | 5123 007 051 076 001 s | am | 9993
Y1827 267 Shale | 5050 | 1775 | 2m si6 | as 880 002 078 023 935 | 10000
Y7828 210 Dolomite 335 069 on | am | s 007 050 017 001 008 | a2 | 9997
Xiaoerbulake Formation

Y1829 202 Dolomite | 5354 | 1286 796 L1 143 261 873 003 052 074 | 1041 | 9997
Y7830 152 Dolomite 302 070 o | oss | se| o 043 037 001 o0 | a2 | 9995
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SG8-6 1297 048 165 129 o4 2090 147 61431 a7 1300 | 10711 002 | 20871 1337 1| 5025895 oo | e | 5532

SG8.7 1360 049 154 128 089 2 182 58432 2967 1072 927396 oot | 2229 na 370 | 4902767 5747 8519 | 1543
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sGe25 098 | w!| | s w | s am e | | os| wse| | es| s 20 | 10m P





OPS/images/feart-12-1331413-t003.jpg
Sugaitebulake section

Samples La  Ce

Qigebulake Formation ‘
SG8-1 021 | om 026 | 03 | 03 03 | 031 | 044 | 045 07 | 0d6 | 05 050 | 036 | 032 | 353 EE Y 15 o7
sas2 009 | 004 007 | 008 | 005 ol | 008 | 010 Ol | 019 o1l | 013 0l | 01l | 010 | 1079 689 1768 157 o

Yuertusi Formation ‘

SG83 Lo 0S5 095 | Lo4 L7 1907 | L5 151 150 |22 1S L& L7 L2l L0 18 9254 | 26036 | 181 4480
SGB-4 081 | 028 | 050 | 056 06 1972 | 06 | 0% 107 179 | L1817 204 8L 176 10207 | 6886 | 1095 148 4120
5GBS 007 | 004 009 014 021 S8 018 | 03 051 081 06 | 06 081 05 | 055 | 1889 29 8% 06 366
SG86 157075 s s 249 319 209 37 365 | 637 410 435 472 323 298 29230 W5 s 109 236
G387 28 097 173 88 223 36 215 295 361 585 400 425 48 329 309 29230 2594 S8 135 990
SGB-8 285 | 108 193 IS8 195 1083 | 200 | 240 204 357 226 275 309 236 | 207 | 3060 ety | amey 221 299
689 065 | 028 | 06l | 06 | 076 08 | 070 | 094 | 091 195 09 035 0% 06l | 052 8045 @92 s 120 5509
G810 16 066 123 129 128 16 | L0 191 209 | 5&7 | 236 250 | 245 159 137 17929 18631 3560 0% 6538
SGB-11 02 o3 o2 02 o2 055 023 | 02 025 | 042 | 02 | 028 026 | 018 | 017 | R4 1540 azo0 | 209 | a70s
SG8-12 049 | 027 | 03 | 041 | 04l 120 | 040 | 051 | 045 | 080 | 046 | 050 | 047 | 033 | 028 | 6098 w19 0 200 4790
SGB13 o0 | o&7 o7 | 078 077 | s1s | 081 | 0% 094 | 191 | 097 | 105 100 | 071 | 06 | DL | &30 | 1950 195 | 56
SGB-14 125 (075 0| L2 L5 L0 | 108 1M 120 |27 | L7 126 L0 074 066 78 | 0t 200 | 502
SGB15 306 | 214 306 | 319 299 4% | 307 | 372 306 | 581|303 339 26 | L7315t M489 0025 e 24 23
SGB-16 125 |08 0% 07 o2 o075 | om 08 o7 |08 | 0722 0% | 054 | 07 | 06 | 1527 680 19008 a6 3207
SGB17 063 | 040 | 049 | 041 | 039 040 | 07 | 050 042 08 | 042 050 047 | 03 | 03 | 770 ue9 0219 37 4005
GBI 063 | 040 049 | 043 | 039 03 07 | 050 0@ 06l o4l 05 04 03 | 03 | 7 230 l0ne | 318 4021
SGB19 1 e 1e 16 1S 16l 18 L3 12 127 15 L9 08 081 22444 78 s s 368
Yuertusi Formation

G820 1201 s 1 1S L0 13 160 125 | 150 19 13 102 081 070 | 2108 614 | 2277 | 340 350
sGs21 104 |06 07 |03 02 | 046 | 06 | 06 | 05 | 070 | 052 | 08 | 060 | 043 040 | 11886 866 WISL A5 3656

G822 200 |16l |23 (231 23 207 236 271 200 | 299 | 193 | 225 17732 3 1695 | 449 | 275 | 4230





