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ABSTRACT 15 

     The terminal Ediacaran to lower Cambrian (538–521 Ma) documents the disappearance of 16 

Ediacaran soft-bodied biota and the diversification of early animals, including the emergence of small 17 

shelly fauna, archaeocyath sponges and trilobites. Despite extensive study, the role of oceanic 18 

oxygenation in macroevolutionary events across this interval remains unclear, with understanding 19 

hindered by limited constraints on temporal and spatial variability in geochemical conditions, both 20 

regionally and globally. Here, we report multi-proxy geochemical data (including organic carbon 21 

concentrations, carbonate and organic carbon isotopes, Fe speciation and redox sensitive trace 22 

elements) from three sections documenting different water-depths through the early Cambrian 23 

(Terreneuvian) Yurtus Formation of the Tarim Basin, North China. Our data reveal a highly dynamic 24 

oxygen minimum zone (OMZ), distinguished by a core of unstable ferruginous to dysoxic conditions, 25 

with peripheral dysoxic to oxic conditions that developed on the inner-outer shelf at different stages. 26 

The temporal and spatial extent of the OMZ appears to have been controlled by changes in 27 

productivity, driven by sea-level and climatic influences on upwelling. We expand on regional 28 

observations by considering published geochemical data from globally distributed successions across 29 

this interval, in addition to the lowest global occurrence of key fossil taxa. Our integration of regional 30 

and global geochemical datasets, alongside mechanistic insight from regional and global stratal 31 

stacking patterns, suggest that marine redox fluctuations responded dynamically to changes in 32 

upwelling driven by major sea level transgression and climate. These connected processes and 33 

palaeoenvironmental conditions formed the backdrop for the main phase of the Cambrian explosion.  34 

 35 

Keywords: Redox conditions; OMZ; Early Cambrian; Tarim Basin, sea level 36 
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 37 

INTRODUCTION  38 

     The early Cambrian was a critical period of Earth history characterized by the radiation of animals 39 

(metazoans) and the disappearance of the Ediacaran biota across the Ediacaran-Cambrian (E-C) 40 

transition (Marshall, 2006; Zhu et al., 2019). The Fortunian and Stage 2 (≤538.8 Ma to ca. 521 Ma) 41 

witnessed a major phase of emergence and diversification of Cambrian-type small shelly fauna (SSF), 42 

and the widespread co-option of biomineralization (skeletonization) that was previously limited to 43 

the tubular cloudinid morphogroup and Namacalathus in the terminal Ediacaran Period (Steiner et 44 

al., 2007; Bowyer et al., 2023a). This interval also encompasses the phylum-level diversification of 45 

large-body bilaterian metazoans, and the emergence of all modern animal phyla in the so-called 46 

‘Cambrian Explosion’ (Knoll and Carroll, 1999).  47 

     Early Cambrian metazoan diversification is commonly considered to have been triggered by 48 

enhanced ocean oxygenation (Chen et al., 2015). However, the temporal and spatial nature of ocean 49 

redox conditions through the early Cambrian is far from resolved. Some studies have argued that the 50 

deep ocean remained predominantly anoxic and ferruginous (Fe2+-containing; Goldberg et al., 2007; 51 

Schröder and Grotzinger, 2007; Cai et al., 2015; Sperling et al., 2015) until at least Series 2 of the 52 

Cambrian, whereafter more expanded oxygenation occurred (Li et al., 2017; Dahl et al., 2019a). More 53 

recently, dynamic seawater redox conditions have been proposed, with distinct spatiotemporal 54 

variability (e.g., Wei et al., 2018; He et al., 2019). The available data support redox-stratified water 55 

column conditions characterized by oxic surface waters and mid-depth euxinia (free aqueous H2S) in 56 

productive continental margin settings, overlying deeper ferruginous waters (e.g., Feng et al., 2014; 57 

Cai et al., 2015; Jin et al., 2016; Liu et al., 2024), or ferruginous/euxinic oxygen minimum zones 58 
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(OMZs) overlying oxic deeper waters (e.g., Guilbaud et al., 2018). OMZ-type conditions that reflect 59 

changes in the extent of denitrification above anoxic deeper waters have also been inferred 60 

(Hammarlund et al., 2017). 61 

     Uncertainties in the precise spatiotemporal nature and evolution of water column redox conditions 62 

ultimately preclude a detailed understanding of how the redox state of the early Cambrian ocean 63 

impacted biological evolution. While intervals of expanded anoxia may have exerted stress on marine 64 

ecosystems, marine redox fluctuations may have also contributed to pulses of diversification (e.g., 65 

Wood and Erwin, 2017; Wei et al., 2018). Spatiotemporal changes in paleoredox conditions linked to 66 

sea level change may also have driven speciation of some sessile shallow marine fauna on the Siberian 67 

Craton during the Terreneuvian to Series 2 (Zhuravlev et al., 2023). It is notable that the development 68 

of an OMZ-type model for the early Cambrian has only been possible due to the analysis of multiple 69 

sections representing bathymetric transects across individual basins (Hammarlund et al., 2017; 70 

Guilbaud et al., 2018). However, studies of the spatial distribution of OMZ-type conditions, their 71 

significance in terms of biological radiations during the early Cambrian, and the drivers for observed 72 

temporal variability in paleoredox conditions, remain highly limited. 73 

     Early Cambrian strata are well preserved on the Tarim Block, North China, and contain a rich SSF 74 

assemblage (Qian, et al., 2000; Yao et al., 2005), thereby providing an opportunity to better 75 

understand potential links between ocean redox conditions and the early radiation of metazoans. Here, 76 

we document the chemostratigraphy of the terminal Ediacaran to lower Cambrian Yurtus Formation, 77 

utilizing Fe speciation, major and trace element concentrations, total organic carbon (TOC), and 78 

carbonate and organic carbon (δ13C) isotopes. These data were collected from three sections 79 

(Sugaitebulake, Kungaikuotan and Shiairike) that represent different paleo-water depths from inner 80 
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to outer shelf, thereby allowing a detailed exploration of the relationship between spatiotemporal 81 

variability in ocean redox conditions on the Tarim Block and concurrent bio-evolutionary change. 82 

 83 

GEOLOGICAL BACKGROUND 84 

     The Tarim Block (Fig. 1A) is one of the oldest cratonic blocks in China. Following the 85 

Neoproterozoic break-up of Rodinia, the North Tarim lithosphere evolved from a rift to a passive 86 

continental margin basin (Yu et al., 2009). On the northwestern margin of the Tarim Basin, in the 87 

Aksu area (Fig. 1A), the Yurtus Formation records deposition in a continental margin setting, which 88 

was linked to the infant southern Tianshan Ocean to the north (Yu et al., 2009; Gao et al., 2022). 89 

Litho- and bio-stratigraphic studies and palaeogeographic reconstruction indicate an unrestricted 90 

marine shelf depositional environment (Dong et al., 2009; Yao et al., 2005). Pulsed basin subsidence 91 

during ongoing development of the North Tarim passive margin, in addition to the effects of 2nd-order 92 

(10–80 Myr) eustatic sea level rise across the terminal Ediacaran to lower Cambrian, resulted in at 93 

least two distinct multi-million year transgressive episodes and the development of open marine 94 

connectivity to the global ocean (Fig. 1B, Yu et al., 2009; Zhang et al., 2020; Zhou et al., 2021).   95 

     The Yurtus Formation unconformably overlies the Ediacaran dolostone-dominated Qigebulake 96 

Formation (Fig. 1C), and conformably underlies the Xiaoerbulake Formation, which consists of thin-97 

bedded dolostones and fossiliferous layers containing trilobites (Yue and Gao, 1992). Despite 98 

significant lateral variability, the Yurtus Formation can be subdivided into three lithological units: (1) 99 

a lower unit comprising chert and interbedded shale with phosphatic nodules; (2) a middle unit of 100 

black shale with carbonate interbeds, passing to grey shale and carbonate alternations; and (3) an 101 

upper unit of thin-bedded carbonates, occasionally interbedded with calcareous shales (Fig. 1B).  102 
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     The Sugaitebulake section (SGTB, Fig. 2A) is the only sampled section where carbonates are 103 

dominantly preserved as limestone. The lower unit is characterized by chert and shale, followed by 104 

interbedded limestone and chert/shale of the middle unit (Fig. 2A). Limestone beds thicken-upwards 105 

through the middle unit, while mudstone interbeds become thinner (Fig. 2A; Gao et al., 2022). The 106 

overlying upper unit transitions from nodular limestone to dolostone, with a transgressive surface 107 

marked by the re-appearance of thin calcareous siliciclastic interbeds (Fig. 2A; Zhou et al., 2014). At 108 

Kungaikuotan (KGKT, Fig. 2B), the lower unit of the Yurtus Formation comprises a basal chert 109 

horizon overlain by shale. Muddy dolostone intercalations mark the beginning of the middle unit, 110 

with the frequency of muddy dolostone and dolostone interbeds increasing upwards until the 111 

lithostratigraphy is dominated by thicker dolostone beds. The transition from muddy dolostone to 112 

interbedded dolostone with thin calcareous siliciclastic interbeds in the upper unit is interpreted to 113 

represent a transgressive surface (Fig. 2B). In the Shiairike section (SARK, Fig. 2C), the lower unit 114 

is composed of alternating beds of chert and shale (Fig. 2C), with an up-section decrease in the 115 

frequency of chert interbeds, and an increase in shale interbeds (Zhou et al., 2014). The appearance 116 

of thin dolostone interbeds marks the base of the middle unit, with an increase in the frequency of 117 

dolostone beds culminating in a thick-bedded dolostone-dominated upper unit. Thin calcareous 118 

siliciclastic interbeds in the upper unit are rare, which results in the transgressive surface being less 119 

pronounced (Fig. 2C).  120 

     Whilst the paleodepth of SGTB relative to KGKT is difficult to discern from bulk lithostratigraphy 121 

alone, regional paleobathymetric reconstructions that incorporate insights from outcrop and drill core 122 

suggest that SGTB represents the shallowest section, KGKT an intermediate-depth section, and 123 

SARK the deepest section (Zhu et al., 2018). The overall lithostratigraphic architecture is therefore 124 
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consistent with thickening of the basal Yurtus siliceous-shale facies, in this area of the Tarim Basin, 125 

to the south and east with distance from SGTB (Fig. 1A; Zhou et al., 2014). This reconstruction also 126 

implies that limestones are restricted to carbonates of the shallowest section (SGTB, Yao et al., 2014; 127 

Zhu et al., 2018). 128 

     Given the extreme stratigraphic condensation (<30 m representing ≥15 Myrs), the Yurtus 129 

Formation is relatively understudied compared to similar-aged successions in South China and 130 

Siberia. However, biostratigraphic constraints provide useful insight into the approximate age of 131 

different levels within the Yurtus Formation. Small shelly fossils of the Anabarites-Protohertzina 132 

assemblage (SSF I), as well as acritarchs of the Asteridium-Heliosphaeridium-Comasphaeridium 133 

(AHC) assemblage, have been identified in the lower Yurtus Formation (Xiao and Duan, 1992; Yao 134 

et al., 2005), which together characterize the lower Fortunian Stage (Fig. 3, Maloof et al., 2010; Zhu 135 

et al., 2019).  136 

     The second SSF zone (SSF II), comprising the Paragloborilus-Siphogonuchites assemblage, is 137 

found in the middle-upper Yurtus Formation, consistent with an upper Fortunian to lower Stage 2 age. 138 

The lowest occurrence (LO) of the mollusk species Aldanella attleborensis in the middle Yurtus 139 

Formation (Qian and Xiao, 1984), allows the base of Cambrian Stage 2 to be approximated (Fig. 3, 140 

ca. 529.7 Ma based on lowest occurrence information on the northern Siberian Platform; Kaufman et 141 

al., 2012; Grazhdankin et al., 2020). Limestones of the SGTB section, which have not undergone 142 

syndepositional or later dolomitization, and are therefore primed for fossil preservation, record the 143 

lowest occurrence of Aldanella at 4.1 m above the base of the Yurtus Formation (Fig. 3, Table S1, 144 

Xiao and Duan, 1992). The stratigraphic position of Aldanella is particularly important for accurate 145 

temporal calibration of δ13Ccarb trends in the Tarim succession relative to the global 146 
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chemostratigraphic composite (see below, Fig. 3).  147 

     The third SSF zone (SSF III), comprising the Sinosachites-Lapworthella assemblage, is found in 148 

the uppermost Yurtus Formation, and is consistent with an assignment to Stage 2. Furthermore, the 149 

Lapworthella-Ninella-Cambroclavus assemblage in the upper Yurtus Formation (Xiao and Duan, 150 

1992) supports an upper Stage 2 to lower Atdabanian age (Yue and Gao, 1992; Steiner et al., 2007). 151 

The Sunyidiscus, Ushbaspis and Kepingaspis-Tianshanocephalus trilobite zones are also recognized 152 

in the overlying Xiaoerbulake Formation (Xiao and Duan, 1992), with the Shizhudiscus Sugaitensis 153 

Chang assemblage, which occurs near the base of the Xiaoerbulake Formation, representing the 154 

lowermost level of definitively Atdabanian-aged (ca. ≤521 Ma) strata. Hence, despite extremely 155 

condensed deposition, the entirety of the Yurtus Formation can be correlated to the Terreneuvian 156 

Series based on readily correlatable global biostratigraphic information (Fig. 3). 157 

 158 

METHODS 159 

     Shale, chert and carbonate samples were collected from the SGTB, KGKT and SARK sections 160 

(Fig. 1). After removing weathered surfaces, veins and nodules, samples were crushed to <200 mesh 161 

and oven dried at 40℃. 162 

 163 

Iron speciation 164 

     Operationally-defined pools targeting carbonate Fe (Fecarb), ferric (oxyhydr)oxide Fe (Feox) and 165 

magnetite Fe (Femag) were analyzed at the University of Leeds following well-established procedures 166 

(Poulton and Canfield, 2005; Poulton, 2021). Only samples with total iron (FeT) >0.5 wt.% were 167 

selected for iron speciation analyses, following standard protocols (Clarkson et al., 2014). In brief, 168 
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Fecarb was determined via a 48 h, 50°C extraction using a sodium acetate solution at pH 4.5. The Feox 169 

pool was then extracted using a 50 g/L sodium dithionite and 0.2 M sodium citrate solution at pH 4.8. 170 

Finally, the Femag pool was extracted via a 6 h, 0.2 M ammonium oxalate and 0.17 M oxalic acid 171 

solution. All extracts were analyzed for Fe by atomic absorption spectroscopy. Pyrite Fe (Fepy) was 172 

extracted via a hot CrCl2 distillation and calculated stoichiometrically from the sulfide extracted as 173 

Ag2S (Canfield et al., 1986). Replicate analyses of international reference material WHIT (Alcott et 174 

al., 2020) yielded a relative standard deviation (RSD) of <5% for all Fe phases.  175 

 176 

Major and trace element analyses 177 

     For major elements, ~50 mg of each sample was dissolved in 2 ml of hydrofluoric acid (HF), 5 ml 178 

of nitric acid (HNO3), and 2-3 drops of perchloric acid (HClO4), followed by analysis by inductively 179 

coupled plasma optical emission spectrometry at the China University of Geosciences (Beijing). 180 

Accuracy was monitored relative to international standards AGV-2, GSR-1 and GSR-5, with a RSD 181 

of <3% for all elements of interest. For trace element analyses (Mo, U, V, Mn and Co), sample 182 

powders were leached with 2 mol/L HCl, followed by dissolution with a mixed solution of HNO3 and 183 

HF with a volume ratio of 3:1. Samples were then heated to dryness and re-dissolved in 3% HNO3 184 

prior to analysis using inductively coupled plasma-mass spectrometry at the China University of 185 

Geosciences (Beijing). Analytical precision monitored by standards AGV-2, BHVO-2, W-2, GSR-1 186 

and GSR-3 was <5% for each element of interest.  187 

     We utilize major element concentrations to assess chemical weathering intensity, via the chemical 188 

index of alteration (CIA) proxy. CIA values were calculated as molar [(Al2O3)/(Al2O3 + CaO* + 189 

Na2O + K2O)] × 100, where CaO* represents the CaO content of the silicate fraction only (Nesbitt 190 
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and Young, 1982). However, given the potential for a high degree of error when applying this 191 

approach to carbonates, we only report CIA values for siliciclastics. Therefore, for our samples with 192 

low carbonate contents, CaO* was calculated after correction using P2O5 data (CaO* = mole CaO − 193 

mole P2O5 × 10/3), however, if the remaining number of moles was higher than that of Na2O, then 194 

CaO* was assumed to be equivalent to Na2O (McLennan, 1993). When applied to fine-grained 195 

sediments, diagenetic K-metasomatism (conversion of kaolinite to illite) should also be taken into 196 

consideration (Fedo et al., 1995). The addition of diagenetic K2O to shale samples (K2Ocorr) was 197 

quantified in moles [m × Al2O3 + m × (CaO∗ + Na2O)]/(1–m), where m was calculated as K2O/(Al2O3 198 

+ CaO∗ + Na2O + K2O), and these K2Ocorr values were used in the calculation of CIAcorr values (Table 199 

S1; Fedo et al., 1995). 200 

     Enrichment factors (EFs) were calculated to reveal possible authigenic trace element enrichments. 201 

However, application of EF values to sediments rich in silica (as is the case here) is problematic, as 202 

elevated values are commonly obtained relative to siliciclastic sediments, due to the low detrital Al 203 

component that tends to characterise such chemical sediments (Tribovillard et al., 2006; Krewer et 204 

al., 2024). Here, we overcome this problem by initially calculating excess element concentrations, 205 

where UCC represents Upper Continental Crust (McLennan, 2000): 206  Elementexcess = Elementsample − (Alsample × ElementUCCAlUCC )  (1) 207 

To then allow direct comparison with established techniques for identifying different paleoredox 208 

conditions (e.g., MoEF vs UEF crossplots; Tribovillard et al., 2012), we use these excess values to 209 

calculate revised EF values (EF*) for our silica-rich sediments (Krewer et al., 2024; Li et al., 2025): 210 

ElementEF ∗ = Elementexcess+ElementUCCElementUCC      (2) 211 
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This approach overcomes the problem of low Al contents in chemical sediments, and allows EF* 212 

values to be directly compared to EF values calculated for siliciclastic sediments. 213 

 214 

Total organic carbon contents and carbon isotope analyses 215 

     To determine total organic carbon (TOC) and organic carbon isotopes, ~200 mg of sample was 216 

treated twice with 6 N HCl overnight to remove carbonate minerals, after which the residue was 217 

washed with distilled water to dissolve any acid residue (until the pH was >5.0) and dried overnight 218 

at 40°C. TOC was then determined using a Euro-EA3000 elemental analyzer at the Institute of 219 

Geology and Geophysics, Chinese Academy of Sciences (IGGCAS). The accuracy and precision for 220 

TOC were <10% and <5%, respectively. Organic C (13Corg) and carbonate C (13Ccarb) isotopes were 221 

determined using a Finnigan MAT-253 gas mass spectrometer at IGGCAS. For 13Ccarb analyses, 222 

around 50 mg of sample powder was reacted with phosphoric acid at 72°C to generated CO2 for 223 

analysis. Carbon isotope results are reported in standard δ-notation relative to the Vienna Pee Dee 224 

belemnite (V-PDB), with an analytical precision of <0.15‰.  225 

 226 

RESULTS 227 

Total organic carbon and carbon isotopes  228 

     Total organic carbon contents range from 0.02 to 10.91 wt.% (mean = 1.62 wt.%), with the highest 229 

values recorded in the lower part of the Yurtus Formation in all three sections (Fig. 2). Carbonate and 230 

organic carbon isotopes show broadly covarying stratigraphic trends through the KGKT and SARK 231 

sections, but no clear covariance is present through the SGTB section (Fig. 2). 232 
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     In the SGTB section, δ13Ccarb values range from -5.81 to +0.80‰ (mean = -0.51‰), δ18Ocarb ranges 233 

from -11.17 to -3.39‰ (mean = -6.11‰), and δ13Corg ranges from -34.13 to -27.99‰ (mean = -234 

32.02‰). Carbonaceous chert and shale samples yield δ13Ccarb and δ18Ocarb values that are consistent 235 

with the magnitude and trends of interbedded or overlying limestone and dolostone samples. Low 236 

δ13Ccarb values at the base of the SGTB section increase in the overlying middle interval of interbedded 237 

shale and limestone, whereupon δ13Ccarb data show two minor positive excursions, separated by values 238 

near 0‰ (Fig. 2). Values of δ13Ccarb then decrease through the nodular limestone interval, before 239 

increasing in interbedded dolostones and shales above the transgressive surface near the top of the 240 

section (Fig. 2).  241 

     In the KGKT section, δ13Ccarb values range from -12.84 to +1.86‰ (mean = -3.81‰), δ18Ocarb 242 

ranges from -12.96 to -1.44‰ (mean = -7.55‰), and δ13Corg ranges from -37.59 to -28.25‰ (mean = 243 

-33.43‰). Carbonaceous shales, cherts and interbedded dolostones show consistent stratigraphic 244 

trends in δ13Ccarb and δ13Corg through the section (Fig. 2). The most negative δ13Corg and δ13Ccarb data 245 

are recorded at the base of the section, whereafter scattered values show a gradual increase to a 246 

maximum near the base of the middle unit of muddy dolostone. There is a gap in data across the 247 

middle Yurtus Formation, but both δ13Corg and δ13Ccarb show another negative excursion in muddy 248 

dolostones and shales that overlie the transgressive surface (ca. 11–12 m). Values then increase 249 

progressively throughout the uppermost dolostone-dominated interval. 250 

     In the SARK section, δ13Ccarb values range from -9.83 to +3.06‰ (mean = -0.03‰), δ18Ocarb ranges 251 

from -14.80 to -3.55‰ (mean = -7.17‰), and δ13Corg ranges from -36.13 to -23.94‰ (mean = -252 

31.21‰). As with the SGTB and KGKT sections, carbonaceous shales, cherts and dolostones in the 253 

SARK section track consistent trends in δ13Ccarb and δ13Corg up-section (Fig. 2). Both δ13Ccarb and 254 
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δ13Corg are low throughout the shale and chert-dominated lower Yurtus Formation, but show two 255 

prominent positive excursions through the middle and upper Yurtus Formation, reaching values of 256 

+3.06‰ and 1.58‰, respectively. The excursions are separated by a negative excursion down to -257 

3.47‰ (Fig. 2). 258 

 259 

Iron speciation and redox sensitive trace elements  260 

     Highly reactive Fe (FeHR), representing Fe phases that are potentially reactive towards dissolved 261 

sulfide in surface and near-surface environments (Canfield et al., 1992; Poulton et al., 2004), was 262 

calculated as the sum of Fecarb + Feox + Femag + Fepy (Poulton and Canfield, 2011). In the SARK 263 

section, all samples have FeHR/FeT ratios >0.38 (Fig. 2; see Supplementary Table S1 for all data). 264 

However, for the KGKT and SGTB sections, while most samples have FeHR/FeT ratios >0.38, a few 265 

samples from the middle of the Yurtus Formation have ratios that fall between 0.22-0.38, with one 266 

sample below 0.22 in the KGKT section (Fig. 2). All samples have Fepy/FeHR ratios <0.6 (Fig. 2).  267 

     Redox sensitive trace element (RSTE) data are plotted as both enrichment factors and normalized 268 

to TOC (Fig. 2).  When normalized to TOC, the data generally show considerable scatter, suggesting 269 

that redox conditions, rather than simply TOC content, exerted a strong control on RSTE drawdown 270 

to the sediments. MoEF
*, UEF

* and VEF
* values display broadly similar stratigraphic trends across the 271 

three sections, but with some notable differences (note that the enrichment factor data show similar 272 

trends to RSTE concentrations; see Table S1). The lower Yurtus Formation (Interval I; Fig. 2) is 273 

characterized by high RSTE EF* values at KGKT and SARK (Fig. 2B, C), with MoEF
*

 ranging from 274 

2.4 to 45.6 (mean 13.3), UEF
* ranging from 2.1 to 41.2 (mean 10.1), and VEF

* ranging from 1.3 to 275 

28.9 (mean 6.4). By contrast, the SGTB section generally exhibits moderate enrichments, with MoEF
*

 276 
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ranging from 1.2 to 10.3 (mean 2.7), UEF
* ranging from 2.8 to 9.4 (mean 4.6), and VEF

* ranging from 277 

2.8 to 10.1 (mean 5.0). These RSTE EF* values then decrease with increasing stratigraphic height in 278 

the lower Yurtus Formation (Interval II; Fig. 2) in the KGKT and SARK sections (with an increase 279 

to moderate values in the upper part of Interval II in the SARK section), while moderate values persist 280 

in the SGTB section.  281 

     The overlying Interval III (Fig. 2) is generally characterized by moderate RSTE enrichments at all 282 

three sites, although limited data are available for this interval at KGKT. Interval IV is not present in 283 

the interval sampled at SARK, but the base of Interval IV shows higher enrichments at both the SGTB 284 

and KGKT sections (Fig. 2). Manganese concentrations fluctuate considerably, with enrichments in 285 

the lower part of Interval I and throughout most of intervals II and III at SARK, and depletions 286 

throughout intervals I, II and lower Interval III at SGBT. Highly variable MnEF values occur in 287 

Interval I and the lower part of Interval II at the KGKT section, followed by general enrichments up-288 

section (Fig. 2).  289 

 290 

Upwelling proxies 291 

Hydrographic conditions in the early Cambrian can be assessed based on Co (ppm) × Mn (wt%) 292 

values. Generally, sediments in upwelling systems are characterized by Mn and Co depletion, while 293 

sediments from restricted basins show elevated values. As a result, low Co × Mn (< 0.4 ppm.wt%) 294 

are typical for coastal upwelling settings (Böning et al., 2004), while typical restricted settings such 295 

as the Black Sea exhibit higher Co × Mn (> 0.4 ppm.wt%). All Co × Mn values during Interval I 296 

across the three sections are lower than 0.4 ppm.wt% (Fig. 6), suggesting extensive upwelling during 297 

the early to middle Fortunian, consistent with an open marine setting (Dong et al., 2009; Zhou et al., 298 
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2021). Values of Co × Mn show an increasing trend during Interval II (Fig. 6), with some larger than 299 

the 0.4 threshold (Fig. 6), indicating waning upwelling during the late Fortunian to early Stage 2. Co 300 

× Mn values decrease again during intervals III to IV (Fig. 6), supporting another interval of more 301 

intense upwelling. This trend is consistent with previous studies of the Yurtus Formation, which 302 

record upwelling in both the lower and upper part of the succession (Li et al., 2022; Zhang et al., 303 

2020).  304 

 305 

DISCUSSION  306 

Diagenetic evaluation 307 

     We use a combination of thin section petrography and geochemical data to evaluate the extent of 308 

diagenetic alteration. Chert samples are largely homogeneous in their mineral distribution but contain 309 

scattered monocrystalline quartz grains (Fig. S1A), while shale/mudstone samples show well-310 

developed parallel laminations, with lighter laminae composed primarily of micritic dolomite and 311 

calcite, and darker laminae dominated by clay minerals and organic matter (Fig. S1B). Most dolostone 312 

samples are composed of homogeneous fine-grained micritic matrix that shows little evidence for 313 

coarse recrystallization (Fig. S1C). Some chert and fine-grained carbonate samples yield well-314 

preserved, filamentous cyanobacteria (Fig. S1D), possible sponge spicules and radiolarians (Fig. 315 

S1E), shell fragments (Fig. S1F), benthic red algae (Fig. S1G) and algal fragments (Fig. S1H). The 316 

fidelity of preservation visible in thin section suggests that these carbonates have undergone limited 317 

diagenetic alteration. 318 
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We also consider correlations between δ13
Ccarb and geochemical indicators that are commonly 319 

inferred to reflect the pervasiveness of diagenesis. First, carbonates that have undergone extensive 320 

diagenetic alteration often yield elevated Mn/Sr ratios (Derry et al., 1994), and may also exhibit low 321 


18

O values (Kaufman et al., 1993). However, Mn enrichments may also be associated with syn-322 

depositional redox conditions, and so these data should also be considered in stratigraphic context to 323 

reveal secular changes relative to other palaeoredox indicators. Second, pervasive diagenetic 324 

alteration during later-stage dolomitization may result in statistically significant covariations between 325 


13

Ccarb and 
18

Ocarb, δ13
Ccarb and Mn/Sr, and/or δ13

Ccarb and Mg/Ca (Marenco et al., 2008). All 326 

samples from the three sections have Mn/Sr <10 [with the majority of samples (80%) yielding Mn/Sr 327 

<5]. The majority of δ18Ocarb values are greater than -10‰ (Table S1), with the five samples with 328 

δ18Ocarb < -10‰ yielding Mn/Sr ≤1 (Table S1). There is no strong and statistically significant 329 

correlation between Mn/Sr and δ18Ocarb (Fig. S2A). In particular, samples of the Yurtus Formation 330 

with exceptionally low δ13Ccarb values near the base of each section (-12.8‰ to -9.8‰) also have very 331 

low Mn/Sr ratios of 0.02–0.3, and there is no systematic up-section relationship between Mn/Sr values 332 

and δ13Ccarb in any of the three sections (Fig. S2B). Moreover, cross-plots of δ13Ccarb versus Sr 333 

concentrations and Mg/Ca ratios show no significant, strong correlations (Fig. S2C, D). Whilst all 334 

carbonate samples have undergone some diagenesis, we consider the trends in δ13Ccarb data to 335 

primarily reflect long-term global trends in seawater composition.  336 

 337 

Evaluation of CIA values 338 

During chemical weathering, mobile elements (K, Na) are preferentially dissolved relative to 339 

immobile elements (e.g., Al), leading to elevated CIA ratios (Nesbitt and Young, 1982). Therefore, 340 
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high CIA values reflect high chemical weathering under humid and warm climate conditions, while 341 

low CIA values indicate low chemical weathering and consequently reflect cool conditions (Nesbitt 342 

and Young, 1982). However, CIA values can be influenced by provenance composition, sedimentary 343 

recycling and K-metasomatism, which should be evaluated prior to application of CIA values (Fedo 344 

et al., 1995).  345 

The distribution of major and trace elements can provide valuable information on sedimentary 346 

provenance (McLennan and Taylor, 1991). Crossplots of Zr vs. TiO2 (Fig. S3A) and La/Sc vs. Th/Co 347 

ratios (Fig. S3B), as well as a La–Th–Sc ternary diagram (Fig. S3C), suggest that the Yurtus 348 

Formation was derived predominantly from felsic igneous rocks. Furthermore, during the Ediacaran 349 

to Cambrian transition, the Tarim Block evolved into a passive continental margin basin (Yu et al., 350 

2009), permitting the Yurtus Formation to have developed within a relatively stable tectonic setting, 351 

which also supports a stable provenance composition. The crossplot of Zr/Sc vs. Th/Sc ratios (Fig. 352 

S3D) shows that most data are within the range of the first cycle of the parent rocks, indicating a 353 

primary control from the composition of the source rocks, rather than by the polycyclic reworking of 354 

sedimentary material (McLennan, 1993). Some samples from the SARK section are consistent with 355 

the trend reflecting transport recycling of their provenance rocks (Fig. S3D). Therefore, we present 356 

these samples with open circles in the CIA plot (Fig. 2C).  357 

Diagenetic K-metasomatism (conversion of kaolinite to illite) should also be taken into 358 

consideration, especially for our fine-grained samples, as K-metasomatism may be a major diagenetic 359 

process in shales (Fedo et al., 1995). The extent of K-metasomatism can be identified using an Al2O3 360 

− (CaO* + Na2O) − K2O (A-CN-K) ternary diagram (Fedo et al., 1995). The theoretical weathering 361 

trends of the source rocks should be parallel to the A–CN boundary (Fig. S4). Here, similar to a 362 
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previous study of the Yurtus Formation (Li et al., 2022), deviation from the predicted weathering 363 

trends towards the K2O apex on the A–CN–K diagram is observed, suggesting the effects of K 364 

metasomatism (Fig. S4). This can be corrected by projecting each data point back to its original 365 

(predicted) position on the A–CN–K diagram (Fedo et al., 1995). To minimize the effect of K 366 

metasomatism, we use CIAcorr (see above) to interpret the paleo-weathering intensity and climatic 367 

patterns. 368 

 369 

Chronostratigraphy 370 

The terminal Ediacaran through lower Cambrian record hosts numerous globally-recognized 371 

negative δ13C excursions (e.g., the basal Cambrian negative carbon isotope excursion, ‘1n/BACE’) 372 

and positive δ13C excursions (2p-6p, II, III, IV; Maloof et al., 2010; Zhu et al., 2006, 2019; Topper et 373 

al., 2022; Bowyer et al., 2023a, 2023b; Yang et al., 2023a). When combined with available 374 

biostratigraphic information, these δ13C data may therefore aid temporal correlations between the 375 

Tarim Basin and globally distributed sections (Fig. 3). The basal Cambrian GSSP at Fortune Head on 376 

the Burin Peninsula, Newfoundland, is defined at the level of the lowest occurrence of the 377 

ichnospecies Treptichnus pedum (Brasier et al., 1994). Globally distributed successions that have δ13C 378 

chemostratigraphic utility (e.g., carbonate or mixed siliciclastic-carbonate successions), record the 379 

lowest occurrence of T. pedum coincident with peak 2p, or even later, suggesting that the 1n/BACE, 380 

by definition, is terminal Ediacaran in age (Nelson et al., 2023; Bowyer et al., 2023a, 2023b). Given 381 

the paucity of radiometric constraints and ongoing uncertainty in global correlation between ca. 538–382 

533 Ma, the maximum age for the Ediacaran-Cambrian boundary is currently thought to be ca. ≤538 383 

Ma (Nelson et al., 2022). 384 
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Highly negative δ13Ccarb values at the base of the Yurtus Formation at KGKT, SGBT and SARK 385 

(Figs. 2, 3) correlate with the 1n/BACE interval, and this is corroborated by the constituent Fortunian 386 

small shelly fossil assemblage found in the SGTB section (Yang et al., 2023b; Yao et al., 2014; Xiao 387 

and Duan, 1992). δ13Ccarb values in the basal Yurtus Formation at KGKT (as low as -12.8‰) and 388 

SARK (as low as -9.8‰) are generally lower than, or similar to, previously reported minimum values 389 

from the Yurtus Formation in other sections of the Tarim Basin (e.g., -9.8‰ in the Wushi phosphorite 390 

section, -7.7‰ in Dongergou section, -5.4‰ in Penglaiba section; Guo et al., 2017). 391 

Subsequent to the BACE interval, values of δ13Ccarb generally increase in each section; a pattern 392 

which is mirrored in the global composite δ13Ccarb record of the Fortunian Stage (Fig. 3). Whilst 393 

confident δ13Ccarb correlation of the Yurtus Formation is partially obscured by extremely condensed 394 

deposition, the specific levels of fossil assemblages guide the most parsimonious temporal calibration 395 

when considering the global lowest occurrences of small shelly fossils based on published global 396 

chronostratigraphic schemes (Fig. 3; e.g., Bowyer et al., 2023a; Yang et al., 2023a).  397 

The precise stratigraphic levels of reported fossil occurrences at SGTB are shown in Fig. 3, 398 

which emphasizes the utility of SSF occurrence data in informing accurate chemostratigraphic 399 

correlation. Specifically, the lowest documented occurrence of Aldanella corresponds to a 400 

stratigraphic height of 4.1 m in SGTB, coincident with δ13Ccarb values of <0.5‰. The lowest 401 

occurrence of Aldanella in global chronostratigraphic schemes occurs approximately coincident with 402 

δ13Ccarb peak 5p in both South China (‘ZHUCE’; Steiner et al., 2020; Yang et al., 2023a) and the 403 

Siberian Platform (Grazhdankin et al., 2020), where δ13Ccarb values peak at >5‰ (Fig. 3). The absence 404 

of a significant positive δ13Ccarb excursion at this level in SGTB is either due to aliasing of δ13Ccarb 405 

data as a result of stratigraphic condensation, or diagenesis that has skewed the δ13Ccarb magnitude to 406 
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more negative values but retained the overall trend in seawater composition recorded by the global 407 

composite record. In recognition of the influence of condensation on the regional δ13Ccarb record, only 408 

broad trends in δ13Ccarb throughout the Yurtus Formation, in addition to biostratigraphic constraints, 409 

are herein considered useful for informing best-fit correlation to the global chemostratigraphic 410 

composite (see Supplementary Materials and Fig. 3). Maximum δ13Ccarb values are achieved in the 411 

thicker SARK section, which we interpret to correspond with peak 5p (ZHUCE, Fig. 3). Peak 5p is 412 

then followed by a negative δ13Ccarb shift (labelled 5n in Fig. 3), which can be correlated across the 413 

Tarim Basin and globally, and is recorded during early transgression in sections of the Siberian 414 

Platform (Bowyer et al., 2023b). This chemostratigraphic correlation is consistent with the underlying 415 

lowest occurrence of Aldanella at SGTB, and with increasing SSF diversity in the overlying middle 416 

Yurtus Formation. 417 

Small shelly fossil diversity increases dramatically in many successions across the 418 

Fortunian/Stage 2 boundary (e.g., Khomentovsky and Karlova, 1993), and this increase is also 419 

recorded in the middle to upper Yurtus Formation in other sections, including Shayilike, Linkuanggou 420 

and Xiaoerbulake that are proximal to SARK, and the Wushilinkuang section near KGKT (Fig. 3; 421 

Qian et al., 2009). The globally recognized 6p peak may be absent from isotope profiles of the upper 422 

Yurtus Formation, similar to the δ13Ccarb record across sections of South China (e.g., Ishikawa et al., 423 

2008; Yang et al., 2023a). However, peak values at SGTB and SARK, in the absence of additional 424 

biostratigraphic information, may correspond with peak 6p or later Stage 2 positive δ13Ccarb values 425 

(Fig. 3). At present, this appears to be the most parsimonious correlation, as it is consistent with 426 

observed patterns of relative sea level change between each of the three sections, in addition to 427 

available biostratigraphic and chemostratigraphic data. The uppermost negative δ13Ccarb excursion in 428 
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the Tarim Basin sections likely corresponds to the negative δ13Ccarb excursion in the aftermath of peak 429 

6p on the global chemostratigraphic scale in middle-late Stage 2, and to the SHIyantou Carbon isotope 430 

Excursion (SHICE) in South China (Zhu et al., 2006; Maloof et al., 2010; Li et al., 2013). The 431 

appearance of the third, and most diverse, SSF assemblage in the uppermost Yurtus Formation 432 

recorded in the Xiaoerbulake, Linkuanggou, Wushilinkuang and Shayilike sections, then 433 

approximates to the upper boundary of Stage 2 (Qian et al., 2009; Maloof et al., 2010). 434 

 435 

Reconstruction of paleo-redox conditions  436 

Fe speciation has been widely applied to ancient sediments to evaluate oceanic redox conditions, 437 

and is based on extensive calibration in modern and ancient marine settings (Raiswell and Canfield, 438 

1998; Raiswell et al., 2001; Poulton and Raiswell, 2002; Clarkson et al., 2014), the latter of which 439 

specifically includes the effects of diagenesis. FeHR/FeT ratios >0.38 are commonly indicative of water 440 

column anoxia, while values <0.22 suggest oxic depositional conditions, and values between 0.22-441 

0.38 are considered equivocal (Poulton and Canfield, 2011). For anoxic samples, Fepy/FeHR 442 

ratios >0.8 commonly occur under euxinic conditions, whereas ferruginous conditions are 443 

characterized by lower ratios (<0.6), with ratios between 0.6-0.8 considered equivocal (Poulton, 444 

2021). As discussed in the literature (e.g., Poulton, 2021), Fe speciation is best utilized in combination 445 

with other indicators for water column redox chemistry, such as RSTE systematics. Therefore, to 446 

provide the most robust redox interpretation, we consider Fe speciation results alongside RSTE data.      447 

Mn oxides are reduced under dysoxic-anoxic conditions, commonly resulting in sediment 448 

depletion relative to UCC (e.g., Algeo and Li, 2020). Under oxic conditions, V occurs as the vanadate 449 

ion (H2V(V)O4
-) and is deposited in sediments via adsorption onto Mn oxides. During Mn oxide 450 
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reduction, the adsorbed V may be released from sediments (Emerson and Huested, 1991; Nameroff 451 

et al., 2002), resulting in V depletion under dysoxic conditions. By contrast, under anoxic conditions, 452 

vanadate is reduced to the highly surface-reactive vanadyl ion (V(III)O2
+), which is commonly 453 

retained in the sediment (Emerson and Huested, 1991).  454 

Uranium tends to be transported as uranyl carbonate complexes (U(VI)O2(CO3)3
4-) under oxic 455 

conditions (Tribovillard et al., 2006), with U reduction occurring at the Fe(II)–Fe(III) redox boundary 456 

(Klinkhammer and Palmer, 1991). This reduction primarily occurs in anoxic sediments, promoting 457 

authigenic enrichments regardless of whether free sulfide is available (Klinkhammer and Palmer, 458 

1991). Molybdenum is transported as the molybdate anion (MoO4
2-) and is largely unreactive in oxic 459 

settings, with the main removal pathway to the sediments being via uptake by Fe-Mn (oxyhydr)oxide 460 

minerals (Bertine and Turekian, 1973). Under ferruginous conditions, the water column precipitation 461 

of Fe (oxyhydr)oxides or green rust (e.g., Zegeye et al., 2012) can promote moderate Mo enrichments 462 

by a particulate shuttle mechanism (e.g., Algeo and Tribovillard, 2009; Tribovillard et al., 2012). 463 

However, at elevated concentrations of free sulfide (>11 µM), molybdate is converted to particle-464 

reactive thiomolybdate (Helz et al., 1996), potentially resulting in substantial Mo enrichment in the 465 

sediments (Emerson and Huested, 1991; Helz et al., 1996; Erickson and Helz, 2000).  466 

To test the validity of our redox data and to provide preliminary insight, we initially consider 467 

general relationships between FeHR/FeT ratios and UEF values across the three sections (Fig. S5), since 468 

both proxies require only anoxia to promote enrichments (e.g., He et al., 2022). The SGTB and KGKT 469 

sections are commonly enriched in both FeHR and U (Fig. S5), providing strong support for anoxic 470 

depositional conditions (e.g., He et al., 2022; Li et al., 2024). However, some samples, particularly 471 

for the SARK section, have elevated FeHR/FeT ratios, but enrichments in U are either small or absent 472 



23 

 

(Fig. S5). This signal may arise when Fe2+ is transported from anoxic ferruginous waters into oxic or 473 

dysoxic settings, promoting precipitation of Fe (oxyhydr)oxides (and hence FeHR/FeT enrichments), 474 

but no enrichment in U. We consider this nuanced behaviour in more detail below. For samples 475 

deposited under anoxic water column conditions, enrichments in both Fepy/FeHR and Mo provide a 476 

robust indication of water column euxinia. Our samples show consistent behaviour between the two 477 

proxies, with low Fepy/FeHR ratios and low to moderate MoEF values (Figs. 2 and 4) providing strong 478 

support for non-sulfidic water column conditions throughout the depositional setting. 479 

 480 

Redox conditions at the Sugaitebulake section (inner shelf)   481 

During intervals I and II, elevated FeHR/FeT ratios, combined with moderate enrichments in U 482 

and V, and depletions in Mn (Fig. 2A), suggest dominantly anoxic depositional conditions during the 483 

Fortunian to early Stage 2. However, generally low MoEF values (Fig. 2A) imply dysoxic water 484 

column conditions (Fig. 4A). These combined signals suggest that bottom waters were likely 485 

dominantly dysoxic, with anoxic conditions generally being restricted to porewaters at the sediment-486 

water interface. These redox conditions generally persisted into middle Stage 2 (Interval III), with 487 

similar RSTE systematics (Figs. 2A and 4C). However, the decrease in FeHR/FeT ratios towards 488 

equivocal values, alongside decreasing UEF
* and VEF

* values (Fig. 2A), may imply that the water 489 

column became more oxygenated. These conditions continued into the late Stage 2 (Interval IV), but 490 

an increase in FeHR/FeT, combined with a major increase in UEF
*, VEF

* and MoEF
* values across a 491 

temporally-restricted zone at the bottom of Interval IV, suggests the development of anoxic 492 

ferruginous conditions (Figs. 2A and 4D). 493 

 494 
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Redox conditions at the Kungaikuotan section (mid shelf)  495 

During Interval I, enrichments in FeHR/FeT, UEF
*, VEF

* and MoEF
* suggest that early to middle 496 

Fortunian water column conditions were dominantly anoxic and ferruginous (Figs. 2B and 4A). 497 

However, occasional enrichments in Mn (Fig. 2B), combined with relatively increased enrichments 498 

in Mo relative to U (Fig. 4A), suggest that the water column may have periodically become oxic, with 499 

Mo drawdown being enhanced via uptake by sinking Fe-Mn (oxyhydr)oxide minerals formed in the 500 

water column (Algeo and Tribovillard, 2009). This particulate shuttle mechanism becomes 501 

particularly pronounced during the late Fortunian to early Stage 2 (Fig. 4B), where fluctuating Mn 502 

contents, FeHR/FeT ratios and RTSE concentrations suggest unstable dysoxic to oxic water column 503 

conditions (Interval II, Fig. 2B).  504 

Subsequently, during the upper part of Interval III (middle Stage 2), the RSTE data suggest that 505 

fluctuating dysoxic-oxic conditions continued, finally giving way to anoxic ferruginous conditions in 506 

the lower part of Interval IV (Figs. 2B and 4C), coincident with ferruginous conditions documented 507 

at SGTB. During Interval IV, however, a subsequent progressive transition to more persistently oxic 508 

conditions appears to have occurred, as indicated by relatively low UEF
*, VEF

* and MoEF
* values, as 509 

well as MnEF
* values that plot close to the UCC value (Fig. 2B). Again, relatively elevated MoEF

* 510 

values suggest a partial control from drawdown via the particulate shuttle mechanism (Fig. 4D).  511 

 512 

 Redox conditions at the Shiairike section (outer shelf) 513 

During the early-middle Fortunian (Interval I), elevated FeHR/FeT ratios (>0.38), combined with 514 

high UEF and VEF values, suggest dominantly anoxic depositional conditions at SARK. Low Fepy/FeHR 515 

ratios suggest ferruginous, rather than euxinic, water column conditions (Poulton and Canfield, 2011), 516 
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which is consistent with the data dominantly plotting in the non-sulfidic field on a MoEF vs UEF 517 

crossplot (Fig. 4A; Algeo and Tribovillard, 2009; Tribovillard et al., 2012). However, two samples in 518 

the lower half of Interval I have elevated Mn contents (Fig. 2C), implying that the water column may 519 

have periodically transitioned to a fully oxic state.  520 

During the late Fortunian to early Stage 2 (Interval II), FeHR/FeT ratios remain elevated, but UEF
*, 521 

VEF
* and MoEF

* values initially decrease to low levels below the upper part of Interval II (Fig. 2C), 522 

with the data plotting in the oxic zone on a MoEF
* vs UEF

* crossplot (Fig. 4B). These geochemical 523 

signals suggest that Fe2+ was transported from nearby anoxic waters and oxidized to Fe 524 

(oxyhydr)oxides in the oxic water column (e.g., Scholz, 2018), which is supported by similar 525 

enrichments in Mn (Fig. 2C). Towards the top of Interval II, relatively minor enrichments in U and V, 526 

coupled with fluctuations in MnEF
* values (Fig. 2C), suggest that the water column likely fluctuated 527 

between fully oxic and dysoxic. 528 

Persistent oxic (potentially occasionally dysoxic) conditions then developed during middle 529 

Stage 2 (Interval III), as indicated by low UEF
*, VEF

* and MoEF* values (Figs. 2C and 4C). 530 

Enrichments in FeHR/FeT ratios and MnEF
* values again suggest oxidation of reduced Fe and Mn 531 

transported from nearby anoxic or dysoxic waters. Similar geochemical signals (Figs. 2C and 4D) 532 

suggest that these conditions persisted through the middle part of Stage 2. 533 

 534 

Synthesis: A redox-environmental model for the early Cambrian Tarim Basin 535 

Our consideration of redox dynamics through the three sections demonstrates that a fluctuating 536 

oxygen minimum zone (OMZ)-type setting developed during the early Cambrian (Fig. 5). This OMZ 537 

appears to have expanded and contracted, and varied in reducing intensity, likely in response to sea 538 
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level and productivity changes, which we explore in more detail below.  539 

During the early Fortunian, the dysoxic water mass at the edge of the OMZ initially expanded 540 

on the inner and outer shelf, while the extent of ferruginous anoxia fluctuated in the upper and lower 541 

part of the OMZ (Fig. 5A). This redox regime may have been driven, at least in part, by transgression 542 

(Figs. 1, 7A; Yao et al., 2014; Zhang et al., 2020), which likely brought nutrient-rich water to the 543 

shelf, resulting in relatively high productivity and organic export (Fig. 2; Chen et al., 2019). However, 544 

the precise redox structure likely reflects a balance between both upwelling and continental 545 

weathering nutrient sources.  546 

Although the data show considerable scatter, CIA values are particularly low during Interval I 547 

(57 ± 9%), with some indication of a progressive increase throughout this interval, particularly in the 548 

KGKT section (Fig 2B). This increase in chemical weathering intensity is consistent with the 549 

suggestion that initial marine transgression during the early Cambrian was accompanied by a 550 

progressively warming climate (e.g., Hearing et al., 2018; Zhang et al., 2020). Nevertheless, generally 551 

low CIA values in the lower Yurtus Formation are consistent with relatively low chemical weathering 552 

intensity on the continents, which may be due to a relatively cool regional climate. This is consistent 553 

with suggestions that the lower part of the Yurtus Formation records a low terrigenous input due to 554 

colder climatic conditions relative to the upper part (e.g., Li et al., 2022; Zhang et al., 2020). Other 555 

evidence for a cool climate during the terminal Ediacaran to lower Fortunian includes 556 

contemporaneous glacial diamictites identified in North China, and elsewhere, although uncertainty 557 

remains regarding the isochroneity of glacial deposition in this interval (Chen et al., 2020; Zhang et 558 

al., 2021). A cool climate would be expected to provide a relatively diminished (but progressively 559 

increasing) influx of nutrients (e.g., P) from continental weathering. By contrast, the relatively cool 560 
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climate through most of this interval would be expected to promote enhanced upwelling (Zhang et 561 

al., 2020; Yao et al., 2014; Yu et al., 2009), and hence we speculate that the relatively intense reducing 562 

conditions during Interval I (Fig. 5), including their focus in shallower water regions of the shelf, 563 

likely dominantly reflects enhanced upwelling of nutrient-rich deeper waters. Prevalent upwelling is 564 

supported by the generally lower Co × Mn values during Interval I across the three sections (Fig. 6).  565 

The Tarim Block underwent post-rift subsidence during the E-C transition (Dong et al., 2009), 566 

and the stratigraphic expression of eustatic transgression is therefore expected to have been 567 

overprinted, to some degree, by relative sea level change associated with pulsed basin subsidence (Yu 568 

et al., 2009). However, as noted above, deposition of the Yurtus Formation broadly archives lower 569 

Cambrian 2nd-order eustatic sea level rise, equivalent to the Sauk megasequence of Laurentia (Sloss, 570 

1963). Terreneuvian third-order sequences (<5 Myr duration) have also been identified in stratal 571 

stacking patterns of the Siberian Craton (e.g., Bowyer et al., 2023b), and in lower Cambrian deposits 572 

of South China (e.g., Zhu et al., 2019). The condensed SGTB and KGKT sections may similarly 573 

record at least two nested 3rd-order sequences, broadly expressed as decameter-scale stacking patterns 574 

of shallowing-upward lithofacies (Fig. 2), which can be further subdivided into a hierarchy of small-575 

scale (centimeter to decimeter scale) sequences that are associated with regional basin subsidence and 576 

shorter-term climatic variability. 577 

As sea-level decreased through the first 3rd-order cycle during the late Fortunian to early Stage 578 

2 (Fig. 1; Yao et al, 2014; Zhang et al., 2020), the spatial extent of the OMZ contracted, with anoxic 579 

waters at the heart of the OMZ giving way to dysoxic-dominated conditions (Fig. 5B). This was likely 580 

in response to lower rates of primary productivity, as indicated by TOC contents and higher Co × Mn 581 

values (Figs. 2, 6). The CIA values are generally high during this interval (63 ± 11%), but the trends 582 
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are rather variable (Fig. 2). The SGTB and KGKT sections show the least scatter in the CIA data, 583 

perhaps reflecting the most robust chemical weathering signal, with the former shows an initial 584 

decrease in CIA values, followed by a subsequent increase through the upper part of Interval II (Fig. 585 

2). The KGKT section does not show a clear signal (Fig. 2), which may be attributed to the sparse 586 

sample collection in Interval II (Fig. 2B). A jump to generally higher values is also apparent in the 587 

SARK section, but they scattered, which could have been affected by sedimentary recycling (Figs. 588 

2C and S3D). These general trends are consistent with short-lived climate cooling and widespread 589 

regression during lower Stage 2, at the peak of δ13Ccarb 5p (Ishikawa et al., 2008). Indeed, global 590 

cooling at this time has been suggested to result from CO2 drawdown associated with increased 591 

organic carbon burial, which is manifest as increasing δ13Ccarb up to peak 5p (Figs. 2 and 3; Ishikawa 592 

et al., 2008). The cooling climate would have limited the chemical weathering of nutrients, and while 593 

upwelling may have been somewhat enhanced at the peak of regression, the overall delivery of 594 

nutrients was only sufficient to maintain dysoxic, rather than fully anoxic, conditions in the Tarim 595 

Basin (Fig. 5B). 596 

Successions deposited during middle Stage 2 record δ13Ccarb peak 6p (e.g., Morocco, and some 597 

sections of the Siberian Platform), which may also have been deposited during a 3rd-order eustatic 598 

sequence (Fig. 3; Braiser, 1990; Zhang et al., 2020; Bowyer et al., 2023b). Peak 6p may be preserved 599 

in the SGTB and SARK sections (Fig. 3), but the lithostratigraphic expression of a distinct 3rd-order 600 

sea level cycle in this interval is not clearly preserved in the Tarim Basin (Fig. 2). At this time, the 601 

OMZ appears to have further weakened, culminating in the development of fully oxic conditions 602 

towards the top of the SARK section (Fig. 5C).  603 

The lower part of the subsequent 3rd-order sequence, immediately above the transgressive 604 
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surface at SGTB and KGKT, records the redevelopment of a relatively small ferruginous OMZ core, 605 

but conditions were otherwise dominantly dysoxic (Fig. 5D). Relatively high chemical weathering is 606 

indicated by CIA values that are generally high (87 ± 8%), with a particularly strong influx of nutrients 607 

from enhanced chemical weathering resulting in shallowing of the OMZ. Whilst the upwelling flux 608 

of nutrients may have been relatively weak due to sluggish circulation under a relatively warm climate, 609 

short-lived upwelling may also have been induced during transgression at the base of this 3rd-order 610 

sequence, as indicated by low Co × Mn values in intervals III and IV (Fig. 6). Sea level fall is also 611 

recorded through late Stage 2 in the Tarim Basin (Fig. 1), which may reflect shallowing near the top 612 

of a 3rd-order sequence given that an isochronous sequence is also preserved on the Siberian Platform 613 

from 6p/7p to IV (see correlations in Bowyer et al., 2023b; Zhuravlev et al., 2023). In the Tarim Basin, 614 

the OMZ appears to have shallowed during late Stage 2 (Fig. 5D). 615 

 616 

Global sea level cycles, paleoredox and macroevolutionary patterns 617 

Our redox reconstruction for the Tarim Basin builds upon more recent evidence for the 618 

development of OMZ-type conditions in the early Cambrian (Hammarlund et al., 2017; Guilbaud et 619 

al., 2018), but provides new insight into regional OMZ chemistry, as well as a more nuanced 620 

evaluation of OMZ dynamics and links to biological evolution, and local and eustatic sea level change. 621 

Specifically, Guilbaud et al. (2018) found evidence for a more reducing OMZ setting in the Baltic 622 

Basin from the Fortunian stage though to the middle Cambrian Stage 5. Here, mid-depth settings were 623 

characterized by fluctuating euxinic and ferruginous anoxia, and this redox structure was linked to 624 

the distribution of small carbonaceous fossils in oxic inner- and outer-shelf settings and ferruginous 625 

mid-shelf environments. Hammarlund et al. (2017) found evidence for a progressive shift from 626 
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euxinic to oxygen-depleted conditions during deposition of the younger (~518 Ma) Yu’anshan 627 

Formation of Yunnan, China. This formation includes the Chengjiang biota, which appears to have 628 

been deposited under oxygen-depleted mid-depth waters, with deeper waters that were assumed to 629 

have been anoxic (Hammarlund et al., 2017). 630 

By contrast, the highly dynamic OMZ-type setting we document for the early Cambrian Tarim 631 

Basin was dominantly characterized by relatively mild reducing conditions, with dysoxic conditions 632 

around a ferruginous core (Fig. 5). Indeed, although we find no evidence for ferruginous conditions 633 

during the late Fortunian to early Stage 2 (Fig. 5B), it is possible that a ferruginous core existed 634 

between our sample localities at this time as well. Significantly, however, the intensity of reducing 635 

conditions appears to have declined with time, alongside a general retraction in the overall spatial 636 

extent of the OMZ (Fig. 5). Moreover, the most reducing conditions are recorded during 3rd-order 637 

transgressions (Figs. 3, 7), which may point to a common mechanism for regional oxygen depletion 638 

associated with enhanced productivity driven by pulsed nutrient upwelling. We expand upon this 639 

observation below, by considering a compilation of published data that reflect changing global 640 

paleoredox conditions alongside patterns of global macroevolution from the terminal Ediacaran to 641 

Cambrian Stage 3. 642 

The timing of multiple shallow marine oxygenation events that punctuate the Cambrian from 643 

middle Stage 2 to Stage 4 have been inferred from patterns of δ13Ccarb and δ34SCAS (sulfur isotopic 644 

composition of carbonate associated sulfate) in Siberian Platform carbonates (He et al., 2019). Co-645 

occurring increases in δ13Ccarb and δ34SCAS are interpreted to have resulted from the progressive burial 646 

of organic carbon and pyrite under reducing water column conditions (He et al., 2019). This 647 

increasing reductant burial would have resulted in a progressive increase in atmospheric oxygen 648 
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concentrations, resulting in shallow marine oxygenation events (OOEs) at peaks in δ13Ccarb and 649 

δ34SCAS. These peaks are followed by decreasing δ13Ccarb and δ34SCAS that reflect expanding 650 

oxygenation and a corresponding reduction in the areal extent of reducing conditions conducive to 651 

organic carbon and pyrite burial, which would slow/stifle atmospheric oxygenation (He et al., 2019).  652 

Here, we temporally calibrate additional published δ34SCAS data throughout the Fortunian to 653 

lower Stage 2 (Fig. 7C, Table S2, Loyd et al., 2012; Dahl et al., 2019). This compilation clearly shows 654 

that, whilst regional differences in the magnitude of δ34SCAS data exist, the general pattern of co-655 

occurring trends in δ13Ccarb and δ34SCAS extends down to at least the base of Stage 2 (Fig. 7C). By 656 

contrast, positive correlation between δ13Ccarb and δ34SCAS is less apparent in the Fortunian, across the 657 

interval that records recovery from the 1n/BACE and increasing δ13Ccarb in advance of peak 5p (Fig. 658 

7B). A similar decoupling of δ13Ccarb and δ34SCAS throughout the Botoman-Toyonian is hypothesized 659 

to have resulted from a decrease in the marine sulfate reservoir and expanded shallow marine anoxia 660 

(He et al., 2019). 661 

Globally-distributed Fortunian strata record the initiation of transgressive cratonic flooding 662 

coincident with the base of the Sauk megasequence (Sloss, 1963). This interval is also characterized 663 

by a global episode of phosphorite deposition, and widespread phosphatic preservation of SSFs (Cook, 664 

1992). Our Tarim Basin geochemical data, in addition to global compilations of Fe speciation (Fig. 665 

S6, Table S2) and δ34SCAS data (Fig. 7C), strongly suggest that Fortunian phosphogenesis was 666 

promoted under globally widespread shallow marine ferruginous anoxia, where P was likely sourced 667 

from both organic matter and adsorption to Fe minerals, similar to later Series 2 to 3 phosphatic 668 

deposits of Australia (Creveling et al., 2014).  669 

The onset of 2nd-order transgression may have been driven, in part, by flattening global 670 
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hypsometry associated with circum-Gondwana subduction (Tasistro-Hart and Macdonald, 2023), and 671 

coincides with geochemical and stratigraphic evidence for cool climatic conditions. We suggest that 672 

the combination of major transgression during cool climatic conditions in the Fortunian may have 673 

primed shelf environments for enhanced nutrient upwelling, which fueled primary productivity, drove 674 

expanded ferruginous anoxia, and cultivated conditions that were ideally suited to widespread 675 

phosphorite deposition. Global flooding of shallow platform environments during the Sauk 676 

transgression, in combination with anoxic expansion, allowed for the progressive burial of organic 677 

carbon and pyrite that culminated in the major shallow marine OOE at peak 5p (Fig. 7). 678 

This interval also documents a major diversification of SSFs associated with the appearance of 679 

a wide variety of skeletal Cambrian taxa (Maloof et al., 2010). Evolutionary innovations that are 680 

archived by the multitude of Fortunian taxa therefore emerged during an interval of global redox 681 

instability characterized by frequent expansion and contraction of anoxic-dysoxic OMZs into shallow 682 

marine environments. The pattern of rapid diversification and oscillating paleoredox conditions 683 

throughout the Fortunian may be consistent with hypotheses that invoke anoxia as a driving 684 

mechanism for morphological novelties that were subsequently co-opted as evolutionary innovations 685 

(Wood and Erwin, 2017). Gradual shallowing of Cambrian environments through 3rd-order sequences 686 

correspond with waning nutrient upwelling (Figs. 5B, C, 7D-F) and OOEs that correspond with peak 687 

δ13Ccarb (Fig. 7B-D). The OOE at peak 5p approximately coincides with the lowest global occurrence 688 

of hyoliths and mollusks, including Aldanella and Watsonella (e.g., Grazhdankin et al., 2020; Yang 689 

et al., 2023a).  690 

In sum, the integration of regional and global geochemical data suggests that the evolutionary 691 

innovations of the Fortunian were promoted under redox and nutrient regimes that developed in 692 



33 

 

response to tectonically-induced transgression and prevailing climatic conditions. An increase and 693 

stabilization of global temperatures in late Stage 2, as suggested by elevated CIA values in the upper 694 

Yurtus Formation (Fig. 2), in addition to phosphate oxygen isotopes of eastern Avalonian SSFs 695 

(Hearing et al., 2018), may have stifled upwelling of anoxic waters and created favorable shallow 696 

marine conditions conducive to habitation by skeletonizing fauna (Fig. 4, 7C, D). Increasing stability 697 

of paleomarine redox conditions may also be inferred by the longer duration of oxic episodes recorded 698 

from the base of Stage 2 (Fig. 7D). These longer-lived oxic pulses, in turn, promoted increasing 699 

metacommunity complexity in shallow marine Cambrian ecosystems (e.g., Zhuravlev et al., 2022). 700 

 701 

CONCLUSIONS 702 

We present new geochemical data from the Tarim Basin that constrain paleoredox and climate 703 

throughout the terminal Ediacaran to upper Stage 2 of the Cambrian. Iron speciation and redox 704 

sensitive trace element data, when considered in the context of basin-wide stratal stacking patterns, 705 

reveals a consistent pattern of paleoredox conditions that developed in response to sea level change. 706 

These data suggest that the extent and strength of reducing conditions that characterized the core of 707 

an OMZ responded directly to transgression-induced nutrient upwelling into the Tarim Basin. The 708 

integration of paleontological data from the Tarim Basin, when considered in light of available global 709 

biostratigraphic constraints, indicates that the most extensive and long-lived episode of expanded 710 

OMZ anoxia in the Tarim Basin occurred during the Fortunian. This anoxic expansion was driven by 711 

nutrient upwelling, which was enhanced at the onset of global 2nd-order transgression during cool 712 

climatic conditions. A subsequent interval of basin-wide anoxia is also recorded during transgression, 713 

but is associated with a 3rd-order sequence. The development of expanded OMZ conditions was 714 
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therefore consistently associated with transgression-induced nutrient upwelling. 715 

Temporally calibrated global δ13Ccarb, δ34SCAS and Fe-speciation data further support a dominant 716 

driver for globally-widespread nutrient upwelling-driven anoxia and phosphogenesis during 2nd and 717 

3rd-order eustatic transgressions. Together, these data provide a common mechanism for widespread 718 

development of anoxic conditions associated with sea-level change. 719 

 720 

ACKNOWLEDGMENTS 721 

This study was financially supported by the National Natural Science Foundation of China (Grant 722 

No. (41961144023 and 41730424). FB acknowledges funding from UKRI Project EP/Y008790/1. 723 

We thank two anonymous reviewers for constructive comments that significantly improved the final 724 

manuscript. 725 

 726 

REFERENCES CITED 727 

Alcott, L.J., Krause, A.J., Hammarlund, E.U., Bjerrum, C.J., Scholz, F., Xiong, Y., Hobson, A.J., 728 

Neve, L., Mills, B.J.W., März, C., Schnetger, B., Bekker, A., and Poulton, S.W., 2020, 729 

Development of iron speciation reference materials for palaeoredox analysis: Geostandards 730 

and Geoanalytical Research, v. 44, p. 581–591, https://doi.org/10.1111/ggr.12342. 731 

Algeo, T.J., and Maynard, J.B., 2008, Trace-metal covaria- tion as a guide to water-mass conditions 732 

in ancient an- oxic marine environments: Geosphere, v. 4, p. 872–887, 733 

https://doi.org/10.1130/GES00174.1. 734 

Algeo, T.J., and Tribovillard, N., 2009, Environmental analysis of paleoceanographic systems based 735 

on molybdenum–uranium covariation: Chemical Geology, v. 268, p. 211–225, 736 

https://doi.org/10.1016/j.chemgeo.2009.09.001. 737 

https://doi.org/10.1111/ggr.12342


35 

 

Algeo, T.J., and Li, C., 2020, Redox classification and calibration of redox thresholds in 738 

sedimentary systems: Geochimica et Cosmochimica Acta, v. 287, p. 8–26, 739 

https://doi.org/10.1016/j.gca.2020.01.055. 740 

Bertine, K.K., and Turekian, K.K., 1973, Molybdenum in marine deposits: Geochimica et 741 

Cosmochimica Acta, v. 37, p. 1415–1434, https://doi.org/10.1016/0016-7037(73)90080-X. 742 
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 1065 

FIGURE CAPTIONS 1066 

Figure 1. Geological details and geographic position of the Yurtus Formation in the Tarim Basin. (A) 1067 
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Geological map of the Tarim Basin (modified after Zhou et al., 2014); (B) Stratigraphy of the Lower 1068 

Cambrian Yurtus Formation and sea level curve (modified after Zhou et al., 2014; Zhu et al., 2019); 1069 

(C) Paleo-bathymetric locations of the Kungaikuotan (KGKT), Sugaitebulake (SGTB) and Shiairike 1070 

(SARK) sections (modified after Gao et al., 2022). 1071 

 1072 

Figure 2. Lithostratigraphy, and stratigraphic variability in δ13C, TOC, redox and climate proxies in 1073 

the Yurtus Formation, Tarim Basin. (A) The Sugaitebulake section (SGTB); (B) The Kungaikuotan 1074 

(KGKT) section; (C) The Shiairike (SARK) section. Open circles on the CIA plot in the SARK 1075 

section represent those affected by the polycyclic reworking of sedimentary material. The basal 1076 

dolostone in the lithostratigraphic columns in each section is the Qigebulake Formation. Vertical 1077 

dashed lines in each column mark key threshold values for Fe speciation and redox-sensitive elements 1078 

documented in the text. I, II, III and IV correspond to: the early to middle Fortunian (I), late Fortunian 1079 

to early Stage 2 (II), and middle to late Stage 2 (III-IV).  1080 

 1081 

Figure 3. A possible model for the chemostratigraphic and biostratigraphic correlation of the Yurtus 1082 

Formation with the global composite record. Global composite δ13Ccarb curve with lowest fossil 1083 

occurrence information and summarized biotic diversity, anchored by available radiometric ages 1084 

(after compilations of Bowyer et al., 2023a, b, and references therein). Note lowest known global 1085 

occurrence of Aldanella calibrated during δ13Ccarb peak 5p, beneath radiometric age of 529.7 Ma in 1086 

the Olenek Uplift of the Siberian Platform (Kaufman et al., 2012; Grazhdankin et al., 2020). Published 1087 

fossil occurrence information for the Sugaitebulake section is shown, tied to absolute stratigraphic 1088 

height relative to δ13Ccarb data reported herein, with Aldanella recovered at 4.1 m above the base of 1089 
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the Yurtus Formation (Xiao and Duan, 1992). 1090 

 1091 

Figure 4. MoEF* versus UEF
* cross plot for the Kungaikuotan (KGKT), Sugaitebulake (SGTB) and 1092 

Shiairke (SARK) sections during early Fortunian (A), middle to late Fortunian (B), early Stage 2 (C), 1093 

and late Stage 2 (D). Cross plot is modified from Algeo and Tribovillard (2009) and Tribovillard et 1094 

al. (2012). 1095 

 1096 

Figure 5. Schematic representation of a dynamic OMZ model for the early Cambrian Tarim Block. 1097 

The dotted lines indicate the OMZ range, with possible expanded direction shown by different arrows. 1098 

The one-way arrows present the expanding direction while the double-sided arrows for the fluctuant 1099 

redox conditions.  1100 

 1101 

Figure 6. Co (ppm) × Mn (wt%) values at the Sugaitebulake (SGTB), Kungaikuotan (KGKT) and 1102 

Shiairke (SARK) sections. Dashed line indicates the threshold of 0.4 ppm.wt% to differentiate 1103 

upwelling from a restricted setting (Sweere et al., 2016).  1104 

 1105 

Figure 7. Summarized terminal Ediacaran to Cambrian Stage 3 biotic diversity (A) and compiled and 1106 

temporally calibrated δ13Ccarb data (B), after Bowyer et al. (2023b). (C) Temporally calibrated δ34SCAS 1107 

data from multiple sources (Table S2). (D) Hypothesized average global redox state after modelling 1108 

results of δ13Ccarb and δ34SCAS data of He et al. (2019). (E) Global 2nd and 3rd-order sequences from 1109 

multiple sources (e.g., Tasistro-Hart and Macdonald, 2023; Bowyer et al., 2023a). (F) Schematic 1110 

paleoredox reconstructions of the Tarim Basin after data and interpretations herein. 1111 
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