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Abstract 25 

    Early animals experienced multiple-phase radiations and extinctions from the late 26 

Ediacaran to the Early Cambrian. Oxygen likely played an important role in these 27 

evolutionary events, but detailed marine redox evolution during this period remains 28 

highly debated. The emerging vanadium (V) isotope system can better capture short-29 

term perturbations to global ocean redox conditions. In this study, we analyzed V 30 

isotope compositions (δ51V) of organic-rich cherts and black shales deposited from the 31 

late Ediacaran to the Early Cambrian (ca. 560–518 Ma) in the Yangtze Block, South 32 

China. The robust positive correlation between the δ51V values and previously reported 33 

δ98Mo values validates V isotope system as a paleo-oxybarometer. The continuously 34 

temporal open-ocean seawater δ51V variation reconstructed from the sedimentary δ51V 35 

records, suggest that the ocean experienced a rapid transition from expansive euxinia 36 

at ca. 560–553 Ma to widespread oxygenation likely reaching the modern level at ca. 37 

552–551 Ma, kept extensively oxygenated afterwards (ca. 551–521 Ma), and possibly 38 

reached the modern oxygenation level again at ca. 521–518 Ma. The prolonged and 39 

widespread oceanic oxygenation may have been beneficial to the ecological radiation 40 

of early animals from the late Ediacaran to Early Cambrian, ultimately leading up to 41 

the “Cambrian Explosion”. 42 
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1. Introduction 51 

    The late Ediacaran to Early Cambrian is a crucial period in evolutionary history, 52 

witnessing multiple-phase radiations and extinctions of early animals (e.g., Shu et al., 53 

2014; Zhu et al., 2019). The Ediacaran soft-body bilaterian clades characterized the late 54 

Ediacaran (e.g., Chen et al., 2019), which died out across the Ediacaran-Cambrian 55 

transition (Narbonne, 2005). Instead, hard skeletal metazoans appeared and rapidly 56 

diverged, leading to widespread occurrences of small shelly fossils in the earliest 57 

Cambrian strata (Knoll and Carroll, 1999; Butterfield, 2011). During the Cambrian 58 

Stage 3 (521–514 Ma), most extant animal phyla appeared, accompanied by increase 59 

in complexity of morphologies and behaviors, establishment of metazoan-dominated 60 

marine ecosystems, and major diversification in eukaryotic organisms, namely 61 

“Cambrian Explosion” (e.g., Butterfield, 2011; Erwin et al., 2011). 62 

Marine redox evolution during this period was proposed to be one of the main 63 

drivers for these evolutionary events, but the reconstruction results based on various 64 

redox proxies are highly debated. They include progressive increase (e.g., Chen et al., 65 

2015) or large fluctuation (e.g., Wei et al., 2021) in global oceanic oxygenation extent, 66 

dynamic shelf oxygenation (e.g., Li et al., 2020), and persistent marine anoxia (e.g., 67 

Sperling et al., 2015). This distinction likely results from different responses of various 68 

elemental and isotopic tracers to different threshold levels of oxygen (e.g., Algeo and 69 

Li, 2020; Kendall, 2021). Some can only trace local redox conditions, such as Fe 70 

speciation, Ce anomaly, and Cr isotope system (e.g., Poulton and Canfield, 2011; Ling 71 

et al., 2013; Wei et al., 2020); while some can reconstruct global marine redox state, 72 

but are insensitive to short-term change due to their long oceanic residence times, such 73 

as Mo and U isotope systems (e.g., Chen et al., 2015; Wei et al., 2021). Early animals 74 

evolved via multiple phases of radiations and extinctions from the late Ediacaran to 75 

Early Cambrian, necessitating a proxy to reconstruct short-term evolution in global 76 

marine oxygenation extent. 77 

Vanadium isotope system is an emerging redox proxy with such an ability 78 

sensitively enough to trace short-term change in global marine redox state (see Section 79 



2; e.g., Wu et al., 2020; Nielson, 2021). The Yangtze Block preserves widespread 80 

distributed Ediacaran-Cambrian organic-rich sedimentary rocks, which may document 81 

contemporary marine redox information. In this study, we analyzed V isotope 82 

compositions of organic-rich cherts and black shales deposited from the late Ediacaran 83 

to Early Cambrian (ca. 560–518 Ma) in the Yangtze Block, which have been 84 

investigated for their element enrichments, Fe speciation, and Mo isotope compositions 85 

before (Chen et al., 2015). The aims of this study include, (1) to validate the V isotope 86 

composition in black shale as a paleo-oxybarometer, (2) to reconstruct the evolution in 87 

global marine oxygenation extent from the late Ediacaran to Early Cambrian, and (3) 88 

to explore the relationship between marine redox change and early animal evolution. 89 

 90 

2. V isotope system as an oceanic paleo-oxybarometer 91 

Vanadium has two isotopes, 50V and 51V, with abundances of 0.24% and 99.76%, 92 

respectively. Its isotope composition is usually reported in the δ notation (in per mil) 93 

relative to an Alfa Aesar (AA) standard solution first employed at Oxford University 94 

(Nielsen et al., 2011): 95 

δ51Vsample = [(51V/50V)sample/(51V/50V)AA − 1] × 1000 (‰)                       (1) 96 

As a redox-sensitive transition metal, V has multiple oxidation states, V(III), 97 

V(IV), or V(V) in the Earth’s surface environment, controlled by environmental Eh and 98 

pH conditions (Taylor and van Staden, 1994). During continental chemical weathering, 99 

V(III) or V(IV) in silicate rocks could be oxidized to V(V) and be mobilized into rivers 100 

(Gustafsson, 2019), which is the dominant source of the modern oceanic V (Shiller and 101 

Mao, 2000). The average δ51V value of the run-off (including both dissolved and 102 

particulate V pools; δ51Vriver) of the Yangtze River Basin is −0.6 ± 0.4‰ (Schuth et al., 103 

2019), matching the estimated total riverine input value of −0.6‰ required by mass 104 

balance (Wu et al., 2019a). It should be noted that the δ51V values of the particulate V 105 

pool of the Yangtze River Basin are much lower from −2.1‰ to −0.1‰, possibly due 106 

to the preferential adsorption of lighter V isotopes onto particulate Fe (oxyhydr)oxides 107 

(Schuth et al., 2019). The δ51V value of the upper continental crust (UCC) is estimated 108 



to range from −0.8‰ to −0.6‰, based on the reported values of the andesite and quartz 109 

latite standards (Wu et al., 2016). Therefore, the riverine δ51V signatures inherit those 110 

of silicate rocks, indicating no significant V isotope fractionation occurs during 111 

weathering, which has been corroborated by the latosol V isotope profile (Qi et al., 112 

2022). 113 

In the modern open ocean, V is a conservative element with a residence time of ca. 114 

92 kyr (Nielsen, 2021), longer than the oceanic mixing time (~1600 yr; Broecker and 115 

Peng, 1982). This leads to the global homogeneity of the modern open-ocean seawater 116 

δ51V values (δ51VOSW = +0.20 ± 0.15‰; Wu et al., 2019a). Depositional manners of 117 

oceanic V into various sediments are completely different, as well as associated V 118 

isotope fractionations (Wu et al., 2019b, 2020). In the oxic seawater ([O2] > 10 μM), 119 

the dominant V species is soluble vanadate (VO43−) or its protonated states (HVO42− 120 

and H2VO4−), which can be readily adsorbed onto Fe-Mn (oxyhydr)oxides and clay 121 

minerals (e.g., Morford and Emerson, 1999; Gustafsson, 2019). The expressed V 122 

isotope fractionation between oxic sediment and open-ocean seawater (Δ51VOX−OSW) is 123 

~−1.1‰ (Wu et al., 2020). Under oxygen-deficient conditions ([O2] < 10 μM), 124 

dissolved V(V) is reduced to vanadyl ions (VO2+) or its hydrolyzed species, VO(OH)+ 125 

or VO(OH)2, and these V(IV) species tends to be deposited by adsorption or formation 126 

of organic complexes (e.g., Tribovillard et al., 2006; Gustafsson, 2019). The expressed 127 

V isotope fractionation between anoxic sediment and open-ocean seawater (Δ51VANOX-128 

OSW) is ~−0.7‰ (Wu et al., 2020). Under euxinic conditions, although V(IV) can be 129 

reduced to insoluble V(III) by H2S, this process is kinetically slow (Wanty and 130 

Goldhaber, 1992) and does not induce V enrichment even in Framvaren Fjord having 131 

the highest H2S concentration (8 mM) in the modern marine euxinic settings (Scott et 132 

al., 2017). Hence, V(IV) species likely dominate in euxinic settings and the expressed 133 

V isotope fractionation between euxinic sediment and open-ocean seawater 134 

(Δ51VEUX−OSW) should be similar to Δ51VANOX−OSW. However, the observed 135 

Δ51VEUX−OSW in the Cariaco Basin is only ~−0.4‰, which may be due to the reservoir 136 

effect (Wu et al., 2020). Hydrothermal sediments are an additionally important sink for 137 

oceanic V, due to the adsorption of Fe oxides, and the associated V isotope offset 138 



(Δ51VHT−OSW) is ~−0.4‰ (Wu et al., 2022). 139 

The modern oceanic mass balance model of V isotopes has been summarized by 140 

Nielsen (2021), and shown in Fig. 1A. The δ51VOSW value is controlled by the 141 

proportions of major V sinks (oxic, anoxic, euxinic, and hydrothermal sediments) and 142 

consequently by global marine redox states. The redox potential of the V(V)−V(IV) 143 

pair is higher than those of U(VI)−U(IV) and Mo(VI)−Mo(IV) pairs (Algeo and Li, 144 

2020), and the oceanic residence time of V (ca. 92 kyr in the open ocean and probably 145 

shorter in locally anoxic/euxinic environments due to the reduction of organic matter) 146 

is much shorter than those of U (ca. 400 kyr; Ku et al., 1977) and Mo (ca. 440–700 kyr; 147 

Miller et al., 2011). Therefore, relative to δ238UOSW and δ98MoOSW values, temporary 148 

δ51VOSW values reconstructed from sedimentary δ51V records should be more sensitive 149 

to short-term global marine redox evolution, especially subtler marine deoxygenation. 150 

 151 

3. Geological background and samples 152 

All the samples studied herein were collected from the Yangtze Block, South 153 

China. They include black shales from the Upper Ediacaran Miaohe Member of the 154 

Doushantuo Formation at the Jiulongwan section in the Yangtze Gorges area (Hubei 155 

Province), organic-rich cherts and black shales from the Ediacaran−Cambrian Liuchapo 156 

and Niutitang Formations at the Longbizui section in Hunan Province, and black shales 157 

from the Lower Cambrian Shuijingtuo Formation at the Yanjiahe section in the Yangtze 158 

Gorge area (Fig. 2). 159 

3.1. Upper Ediacaran Miaohe Member at the Jiulongwan section 160 

The Doushantuo Formation in the Yangtze Gorges area was deposited in shallow 161 

water below or near wave base in an intrashelf basin or in a shelf lagoon (Jiang et al., 162 

2011). It can be litho-stratigraphically subdivided into four members. The first member 163 

comprises ~5-m-thick cap dolostones overlying the diamictites of the Nantuo 164 

Formation, which are equivalent to Marinoan glacial sediments (Condon et al., 2005). 165 

The second member (~70-m-thick) consists of interbedded organic-rich shales and 166 



dolostones with abundant pea-sized cherty nodules, preserving complex microfossils 167 

such as acanthomorphic acritarchs, probable animal eggs and embryos, multicellular 168 

algae, and filamentous and coccoidal cyanobacteria (Yin et al., 2007). The third 169 

member (~50-m-thick) comprises dolostones intercalated with cherty layers in the 170 

lower part and interbedded with limestones in the upper part. The fourth member, 171 

Miaohe Member, is ~10-m-thick black shales, usually used as a marker bed for 172 

stratigraphic correlation. The Miaohe Member at the Jiulongwan section is devoid of 173 

fossils. At an adjacent section, however, this member contains more than 20 species of 174 

carbonaceous compressions macrofossils, which are likely colonial prokaryotes or 175 

macroalgae (Xiao et al., 2002). The top of the Miaohe Member was constrained by the 176 

U-Pb age of ca. 551 Ma (Condon et al., 2005). 177 

3.2. Ediacaran-Cambrian Liuchapo and Niutitang Formations at the 178 

Longbizui section 179 

At the Longbizui section, the Liuchapo Formation is conformably overlying the 180 

Doushantuo Formation and conformably overlain by the Niutitang Formation. It 181 

consists of dark grey to black cherts intercalated with thin layers of black shales, 182 

deposited in the deep-water slope to basin setting (Wang et al., 2012). It could be 183 

generally correlated with the Piyuancun Formation in South Anhui Province, and 184 

shallow-water Dengying Formation in the Yangtze Gorges area, East Yunnan Province, 185 

and North Guizhou Province (Fig. 2C). In the upper Liuchapo Formation, the Cambrian 186 

small shelly fossils first appear (Qian and Yin, 1984). A zircon U-Pb age of 545.76 ± 187 

0.66 Ma was reported for the lower Liuchapo Formation at the Longbizui section (Yang 188 

et al., 2017), and a zircon U-Pb age of 536.3 ± 5.5 Ma was reported for the top of the 189 

Liuchapo Formation at an adjacent section (Chen et al., 2009). Therefore, the 190 

Ediacaran-Cambrian boundary could be placed in the upper Liuchapo Formation. 191 

The overlying Niutitang Formation consists of a lower unit of siliceous and 192 

phosphorous shales (~10 m thick) with thin phosphorite intercalations, and an upper 193 

thicker succession of black shales and mudstones. Its lower part generally lacks fossils, 194 



but the upper part and its equivalents contain fossils of Qiongzhusian age, such as the 195 

assemblage of hexactinellid sponges and demosponges, some organic tissues, and 196 

mineralised spicules in Hunan Province, and trilobites in Guizhou Province, 197 

representing the peak of the “Cambrian Explosion”. Therefore, the upper Niutitang 198 

Formation is correlated approximately with Cambrian Stage 3 (Fig. 2C). 199 

3.3. Lower Cambrian Shuijingtuo Formation at the Yanjiahe section 200 

In the Yangtze Gorges area, the Shuijingtuo Formation consists of black shales 201 

uncomfortably overlying the Ediacaran-Cambrian Yanjiahe Formation, and could be 202 

generally correlated with the Shiyantou and Yu’anshan Formations in East Yunnan 203 

Province, Niutitang Formation in West Hunan Province, and Hetang Formation in 204 

South Anhui Province (Fig. 2C). The Lower Cambrian black shales in the Yangtze 205 

Block are characterized by the Ni-Mo sulphide layer, which is typically 1–30 cm in 206 

thickness and has varying Ni-Mo enrichments from several times higher than average 207 

UCC contents to ore-level in different areas. A relatively precise Re–Os isochron age 208 

of 521 ± 5 Ma has been obtained from three mine sites in Guizhou and Hunan Provinces 209 

(Xu et al., 2011). 210 

 211 

4. Methods 212 

4.1. Major and trace elements, Fe speciation, and Mo isotope analyses 213 

The geochemical data of major and trace elements, Fe speciation, and Mo isotope 214 

composition (δ98Mo) of the studied samples were reported by Chen et al. (2015), except 215 

those of some samples from the Miaohe Member at the Jiulongwan section (marked in 216 

Table S1). In this study, Al, V, Mo, and U contents, FeHR/FeT and Fepy/FeHR ratios, and 217 

δ98Mo values of all samples are listed in Table S1. 218 



4.2. V isotope analyses 219 

For V isotope analyses, sample digestion, V purification via ion chromatographic 220 

procedures, and high-precision spectrometry measurements, were carried out at the 221 

CAS Key Laboratory of Crust-Mantle Materials and Environments at the University of 222 

Science and Technology of China. Labwares were acid-cleaned prior to use and samples 223 

were treated using ultra-pure reagents. 224 

4.2.1. Sample digestion 225 

Sample powders containing at least 6 μg of V were ashed overnight at 550 ℃ to 226 

remove organic phases. The ashed samples were completely digested using a mixture 227 

of 3 mL of concentrated HCl, 1 mL of concentrated HNO3, and 2 mL of concentrated 228 

HF. After dry-down, the samples were re-dissolved in 1 mL of 1 M HNO3 for the 229 

following chromatographic procedures, which were identical with those developed by 230 

Wu et al. (2016). 231 

4.2.2. V purification 232 

The first column was charged with 2 mL of Bio-Rad AG 50W-X12 cation resin 233 

(200–400 mesh). The sample dissolved in 1 mL of 1 M HNO3 together with 4 mL of 1 234 

M HNO3 + 0.1 M HF was loaded onto the column to elute Ti and Al. Vanadium was 235 

collected with 19 mL of 1.2 M HNO3 and thus separated from most matrix elements 236 

(e.g., Fe, Ca, Mn, and Cr). This cation exchange procedure described above was run 237 

twice in order to completely remove Fe and Ti. 238 

Afterwards, the dried sample was dissolved in 1 mL of dilute HCl (2 < pH < 3) 239 

added with 33 μL of H2O2, in preparation for the following anion exchange procedure 240 

modified after Nielsen et al. (2011). In such a weakly acidic condition, V can react with 241 

H2O2 to form oxyanions which can be strongly adsorbed onto the anion exchange resin 242 

(Kiriyama and Kuroda, 1983). The sample solution was loaded onto the column charged 243 

with 1.4 mL of Bio-Rad AG 1-X8 anion resin (200–400 mesh), together with 15 mL of 244 



dilute HCl (2 < pH < 3) + 1% H2O2 to elute residual matrix elements. Vanadium was 245 

collected with 17 mL of 1 M HCl and 3 mL of 6 M HCl, and was then dried down. The 246 

sample was subsequently processed with a similar anion chromatographic separation to 247 

completely remove the residual matrix elements, especially Cr. The solution containing 248 

purified V was dried down, and was re-dissolved in 2% HNO3 for MC-ICP-MS 249 

measurements. 250 

The overall chemical procedure yields of V were >99%, and the total procedural 251 

blank was <2 ng, which was negligible compared to V in the digested sample. 252 

4.2.3. MC-ICP-MS measurements 253 

Vanadium isotope compositions were analyzed using a Thermo-Fisher Scientific 254 

Neptune-Plus MC-ICP-MS. An Aridus II desolvator (CETAC Technologies) system 255 

connected to a 50 μL/min PFA MicroFlow Teflon nebulizer (Elemental Scientific Inc) 256 

was used to introduce sample and standard solutions. The MC-ICP-MS is equipped 257 

with nine Faraday cups that allow the simultaneous collection of two V isotopes (50V+ 258 

and 51V+) and the potentially interfering beams (49Ti+, 52Cr+, and 53Cr+). The center cup 259 

was equipped with a 1010 Ω resistor to accommodate the large beam of 51V which has 260 

a natural abundance of 99.76%. Measurements were run in the medium-resolution 261 

mode (resolution >5500) with Ni sampler and Ni X-skimmer cones (Thermo Fisher), 262 

to resolve target isotopes from polyatomic interferences. The data were collected for 40 263 

cycles with an integration time of 4.194 s, and each analysis was repeated three times 264 

for the same sample/standard solution. The typical sensitivity of 51V was ~150 V/ppm, 265 

and we thus kept V concentrations of the sample and standard solutions around 0.8 ppm, 266 

which were sufficient for high-precision analyses. Between each measurement, the 267 

sample introduction system was cleaned with 5% HNO3 (60 s) and then 2% HNO3 (60 268 

s). After the wash-out procedure, the background 51V signal was lower than 30 mV that 269 

can be negligible. 270 

To correct isobaric interferences of 50Ti and 50Cr on 50V, the 50Ti/49Ti ratio of 100 271 

ppb GSB Ti and 50Cr/53Cr ratios of 100 ppb GSB Cr standard solutions were measured 272 



before each sequence analysis. The instrumental mass-bias factors for Ti (βTi) and Cr 273 

(βCr) were estimated from the differences between the measured and true (0.972537; 274 

Leya et al., 2007) 50Ti/49Ti ratios and between the measured and true (0.45737; Shields 275 

et al., 1966) 50Cr/53Cr ratios, respectively. During the measurements of samples, the ion 276 

beam intensities of 50Ti and 50Cr were subtracted from mass 50 intensity, based on the 277 

measured 49Ti and 53Cr ion beams and calculated βTi and βCr, respectively. Every sample 278 

was bracketed by the USTC-V before and after each single measurement. The USTC-279 

V is an ultrapure single V solution from GuoBiao Testing & Certification (Beijing), 280 

whose δ51V value relative to the AA from Oxford University (δ51VUSTC-V) has been 281 

calibrated to be +0.06 ± 0.08‰ (2SD, n = 186; Fig. S1A). The good long-term 282 

reproducibility demonstrates that the USTC-V is a reliable bracketing standard to 283 

address the instrumental mass-bias effect on V isotopes. Thus, the final V isotope 284 

compositions were reported after being converted into δ51V value relative the AA from 285 

Oxford University by Eq. (2): 286 

δ51Vsample = 1000 × [(51V/50V)sample/(51V/50V)USTC-V − 1] + δ51VUSTC-V (‰)         (2) 287 

The data quality was monitored based on the measurements of another in-house V 288 

isotope standard (BDH), rock reference materials, and duplicated sample. The short-289 

term average δ51V value of the BDH during the measurements of the V isotope data in 290 

this study is –1.23 ± 0.06‰ (2SD, n = 30; Fig. S2), well consistent with the long-term 291 

(over five years) value of –1.24 ± 0.08‰ (2SD, n = 367; Fig. S3) in our lab and values 292 

reported by other labs (e.g., Nielsen et al., 2011; Schuth et al., 2019). The δ51V values 293 

of the rock reference materials, SGR-1 (shale, –0.18 ± 0.03‰) and BCR-2 (basalt, –294 

0.71 ± 0.03‰), are consistent with the previously reported values, –0.21 ± 0.11‰ (Wu 295 

et al., 2020) and –0.78 ± 0.08‰ (Wu et al., 2016), respectively (Table S1). The δ51V 296 

value of a selected sample (08LBZ-19; –0.75 ± 0.06‰) is consistent with that of the 297 

replicate (–0.75 ± 0.07‰; including digestion, purification, and MC-ICP-MS 298 

measurement). The reported δ51V values have 2SD smaller than 0.08‰ (Table S1), 299 

within the long-term external reproducibility of the δ51V measurements (±0.08‰). All 300 

these above demonstrate the reliability of our δ51V analyses. 301 

 302 



4.3. δ51V correction for detrital V 303 

Detrital materials may contribute significant amount of V to the digested solutions, 304 

considering high V content of the UCC (107 ppm; McLennan, 2001). We thus infer that 305 

variable proportions of detrital contributions, as indicated by the large range of Al 306 

contents (0.2–8.4 wt.%; Table S1), may cause significant shifts on measured V contents 307 

and δ51V values. We use following equations to obtain the content (Vauth), proportion 308 

(fauth), and isotope composition (δ51Vauth) of authigenic (non-detrital) V: 309 

Vauth = Vsample – (V/Al)det × Alsample                                       (3) 310 

fauth = 1 – (V/Al)det × (Al/V)sample                                         (4) 311 

δ51Vauth = [δ51Vsample – δ51Vdet × (1 – fauth)]/fauth                                            (5) 312 

in which the V/Al ratio and δ51V value of detrital components are assumed to be close 313 

to those of the UCC, 13.3 ppm/wt.% (McLennan, 2001) and from –0.8‰ to –0.6‰ (Wu 314 

et al., 2016), respectively. All the samples contain significant authigenic V components, 315 

with fauth values from 0.67 to nearly 1.00 (Table S1). Therefore, the potential effect of 316 

the δ51VUCC uncertainty on the corrected δ51Vauth results could be negligible (Table S1). 317 

The corrected results based on the δ51VUCC of –0.6‰ were used in the following 318 

discussions. In addition, the differences between measured and corrected δ51V values 319 

are within the uncertainties of our δ51V analyses for the most of the samples (Table S1), 320 

implying negligible corrections to our analyzed results. The exceptions are 08LBZ-22 321 

and 08LBZ-21, whose δ51Vauth values have differences of 0.13‰ and 0.14‰ greater 322 

than the measured values, respectively. 323 

 324 

5. Results 325 

The Vauth and δ51Vauth values of the organic-rich cherts and black shales from the 326 

Miaohe Member at the Jiulongwan section, Liuchapo and lower Niutitang Formations 327 

at the Longbizui section, and lower Shuijingtuo Formation at the Yanjiahe section are 328 

listed in Table S1, and are plotted in Fig. 3 together with the δ98Mo, FeHR/FeT, and 329 



Fepy/FeHR profiles. 330 

The Vauth contents vary within a large range, from 112 ppm to 2348 ppm in the 331 

Miaohe Member, from 96 ppm to 541 ppm in the Liuchapo Formation and from 124 332 

ppm to 1928 ppm in the lower Niutitang Formation, and from 16 ppm to 153 ppm in 333 

the lower Shuijingtuo Formation. The δ51Vauth values of the majority part of the Miaohe 334 

Member (with depth from 82 m to 72.65 m) show an increasing trend from –1.06‰ to 335 

–0.52‰, generally consistent with the previously published data from the same section 336 

(Fan et al., 2021). The elevated δ51Vauth values (–0.28‰ and –0.25‰) at the top of the 337 

Miaohe Member, however, were not reported by Fan et al. (2021) possibly due to low 338 

sampling resolution. At the Longbizui section, the δ51Vauth values keep relatively low 339 

between –0.78‰ and –0.47‰ in the Liuchapo Formation and increase from –0.75‰ to 340 

–0.05‰ in the lower Niutitang Formation. At the Yanjiahe section, the δ51Vauth values 341 

of the lower Shuijingtuo Formation stay within a narrow range between –0.53‰ and –342 

0.36‰. 343 

 344 

6. Discussion 345 

6.1. Validation of V isotope system as a paleo-oxybarometer 346 

The V isotope system has been advocated as a paleo-oxybarometer (Wu et al., 347 

2020; Nielson, 2021), but its application is in infancy yet (Fan et al., 2021). In this study, 348 

we find a robust positive correlation between the δ51Vauth and δ98Mo values of the 349 

studied samples (R2 = 0.66, n = 28), as well as a roughly positive correlation between 350 

the Vauth and Mo contents (R2 = 0.41, n = 28) (Fig. 4). 351 

Molybdenum is also a redox-sensitive metal element, and its isotope system has 352 

been widely applied to trace the evolution in global marine oxygenation extents 353 

throughout the Earth history (e.g., Arnold et al., 2004; Kendall et al., 2015; Chen et al., 354 

2015; Wei et al., 2021). As shown in Fig. 1B, the rivers are the dominant input of the 355 

modern oceanic Mo, with an average δ98Mo value (δ98Moriver) of +0.7‰ (Archer and 356 



Vance, 2008). In the modern open ocean, Mo is present as the conservative oxyanion 357 

(molybdate) with long residence time of ca. 440–700 kyr (Miller et al., 2011). The 358 

modern open-ocean seawater δ98Mo value (δ98MoOSW) is globally homogeneous 359 

(+2.34‰; e.g., Barling et al., 2001; Siebert et al., 2003), and significantly higher than 360 

the modern δ98Moriver. This is because that in well-oxygenated settings, dissolved 361 

molybdate is adsorbed by precipitating Fe or Mn oxyhydroxides, with a significantly 362 

negative isotope fractionation (Δ98MoOX–OSW) of ~–3‰ (Barling et al., 2001). Whereas, 363 

in strongly euxinic basins, molybdate from the open ocean is converted into 364 

thiomolybdate species and nearly quantitatively removed into the sediment, so that the 365 

Mo isotope fractionation between the sediment and open-ocean seawater (Δ98MoEUX–366 

OSW) is muted (mean = –0.5‰; Arnold et al., 2004; Neubert et al. 2008); in suboxic, 367 

ferruginous, and weakly euxinic settings, the average isotope fractionation associated 368 

with Mo precipitation (Δ98MoRED–OSW) is –0.7‰ (Poulson Brucker et al., 2009; 369 

Goldberg et al., 2012). 370 

The positive correlation between the Vauth and Mo contents of the studied samples 371 

(Fig. 4A) indicates a same source of authigenic V and Mo, likely from riverine input 372 

and/or open ocean. Hydrothermal source is not considered especially for V, since its V 373 

contribution is negligible based on the consistent V contents of fresh and 374 

hydrothermally-altered basalts (Humphris and Thompson, 1978). The investigated 375 

areas were intrashelf basin (Yangtze Gorges area) and slope/basin (Longbizui section) 376 

facies of the Yangtze Block from the late Ediacaran to Early Cambrian, far away from 377 

the continent (Fig. 2A), and the co-variation trend of the Mo and U enrichment factors 378 

(MoEF and UEF; Fig. 5A and Table S1) additionally suggests that they were well-379 

connected to the open ocean or weakly restricted, rather than strongly restricted. 380 

Therefore, we think the authigenic V and Mo in the studied samples were sourced from 381 

the open ocean, rather than directly from riverine input. 382 

Relative to the reductive burials in reducing sediments, lighter isotopes of both V 383 

and Mo tend to be more preferentially enriched in oxic sediments by the adsorption 384 

onto Fe or Mn oxyhydroxides (Fig. 1), so that the open-ocean seawater is more enriched 385 

in heavier isotopes (i.e. both δ51VOSW and δ98MoOSW increase) when the global ocean is 386 



more oxygenated. Therefore, the positive correlation between the δ51Vauth and δ98Mo 387 

values of the studied samples (Fig. 4B) may reflect similar co-variation between the 388 

δ51VOSW and δ98MoOSW values in response to global marine redox variation from the 389 

late Ediacaran to Early Cambrian. Moreover, similar trends of both V and Mo isotope 390 

fractionations in response to local redox variation and the extent of basin restriction 391 

would have further strengthened the δ51Vauth and δ98Mo co-variation of the studied 392 

samples. 393 

As mentioned above, the δ51VOSW value is more sensitive to short-term marine 394 

redox changes due to higher redox potential and shorter oceanic residence time of V. 395 

Our V isotope data however show variability similar to the Mo isotope data. This may 396 

be because: (1) V isotope system is more sensitive to marine deoxygenation, but our 397 

data likely indicate an increase in marine oxygenation extent from the late Ediacaran to 398 

Early Cambrian (see Section 6.3); and (2) our sampling resolution (Table S1) are 399 

generally longer than the residence time of both oceanic Mo and V. Therefore, paired 400 

high-resolution V and Mo isotope studies for other sections documenting marine 401 

deoxygenation events, are needed to test the proposed higher sensitivity of V isotopes 402 

compared to Mo isotopes. 403 

6.2. δ51VOSW variation from the late Ediacaran to Early Cambrian 404 

Uptake of oceanic V into various redox types of sediments is accompanied by 405 

distinct isotope fractionations (Fig. 1A; Wu et al., 2019b, 2020). Based on the δ51Vauth 406 

values recorded in black shales and their local depositional redox conditions, we can 407 

reconstruct contemporary δ51VOSW variation that should be globally homogeneous from 408 

the late Ediacaran to Early Cambrian. The MoEF and UEF co-variation trend and Fe 409 

speciation data (Fig. 5 and Table S1) indicate that the samples of the Miaohe Member 410 

at the Jiulongwan section were deposited in euxinic settings, except the two topmost 411 

samples (09JLW-41 and -42) that were deposited in anoxic (ferruginous and non-412 

sulfidic) settings; the ones of the Liuchapo Formation at the Longbizui section were 413 

deposited in anoxic settings, while those of the lower Niutitang Formation were 414 



generally deposited in euxinic settings, except the basal one (08LBZ-19); and the ones 415 

of the lower Shuijingtuo Formation at the Yanjiahe section were deposited in anoxic 416 

settings. 417 

For anoxic samples, the Δ51VANOX-OSW of –0.7‰ can be used to reconstruct 418 

contemporary δ51VOSW values (δ51VOSW = δ51Vauth – Δ51VANOX-OSW; Wu et al., 2020). 419 

For euxinic samples, the Δ51VEUX−OSW is between –0.7‰ and 0.0‰ controlled by the 420 

V drawdown efficiency (Wu et al., 2020; Fan et al., 2021). A simple Rayleigh 421 

fractionation model suggested that the Δ51VEUX−OSW should increase with the V 422 

depletion extent (Wu et al., 2020). In other word, if the δ51VOSW was constant, samples 423 

with higher Vauth contents should possess higher δ51Vauth values (δ51Vauth = δ51VOSW + 424 

Δ51VEUX-OSW). In fact, however, there is a negative correlation between the Vauth 425 

contents and δ51Vauth values, especially for the euxinic samples (R2 = 0.48, n = 17; Fig. 426 

6). This negative correlation doesn’t support the effect related to V drawdown 427 

efficiency on the Vauth and δ51Vauth variations, and also not support larger oceanic V 428 

reservoir with higher δ51VOSW values under greater extent of global marine oxygenation. 429 

Instead, we think this should result from both V drawdown efficiency (related to local 430 

redox state and basin restriction extent) and δ51VOSW variation (related to global marine 431 

oxygenation extent). The samples of the Miaohe Member (with higher Vauth contents 432 

and lower δ51Vauth values; Fig. 6) should have been deposited under less globally 433 

oxygenated condition with locally more enhanced drawdown efficiency, relative to 434 

those of the Niutitang Formation (with lower Vauth contents and higher δ51Vauth values; 435 

Fig. 6). 436 

As said before, the investigated areas were well-connected to the open ocean or 437 

weakly restricted from the late Ediacaran to Early Cambrian (Fig. 5A). Therefore, we 438 

reconstructed continuously temporal δ51VOSW variation from the sedimentary δ51Vauth 439 

records of this study (Fig. 7A), by using Δ51VANOX-OSW of –0.7‰ and Δ51VEUX−OSW of 440 

–0.4‰ (Wu et al., 2020). It should be noted that the reconstructed δ51VOSW results from 441 

the euxinic samples of the Niutitang Formation may be lower than the reality, due to 442 

potentially low V drawdown efficiency (see above). The δ51VOSW values are listed in 443 

Table S1, and plotted against the depositional ages estimated by Chen et al. (2015) in 444 



Fig. 7B. During the deposition of the Miaohe Member, the δ51VOSW values increase 445 

progressively from –0.66‰ to –0.12‰ from ca. 560 Ma to 553 Ma, and sharply to 446 

+0.45‰ slightly higher than the modern δ51VOSW value at ca. 552–551 Ma. Afterwards, 447 

the δ51VOSW values are generally slightly lower than the modern δ51VOSW value, 448 

between –0.08‰ and +0.23‰ from ca. 549 Ma to 527 Ma. At the onset of the Cambrian 449 

Stage 3 (ca. 521–518 Ma), the δ51VOSW values reconstructed from the δ51Vauth values of 450 

the anoxic samples at the Yanjiahe section are from +0.17‰ to +0.34‰, which are well 451 

consistent with the potential lower limits of the δ51VOSW values (from +0.10‰ to 452 

+0.35‰) reconstructed from the δ51Vauth values of the euxinic samples at the Longbizui 453 

section. This indicates that the difference in the effect related to V drawdown efficiency 454 

in the investigated areas is actually minimal, but also suggests that the δ51VOSW values 455 

at ca. 521–518 Ma are robust within the modern δ51VOSW range. 456 

6.3. Evolution in global marine redox oxygenation extent from the late 457 

Ediacaran to Early Cambrian 458 

The increasing δ51VOSW trend from ca. 560 Ma to 551 Ma indicates a rapid 459 

transition in the global marine redox condition from expansive euxinia (Fan et al., 2021) 460 

to widespread oxygenation likely reaching the modern level, which was also supported 461 

by the higher δ98Mo values from the top of the Miaohe Member (+2.1‰; Kendall et al., 462 

2015). This marine oxygenation event was thought to be episodic (Kendall et al., 2015), 463 

and to happen again at ca. 521 Ma (Chen et al., 2015), since strongly euxinic samples 464 

that can faithfully record contemporary δ98MoOSW values were lacking between the two 465 

oxygenation events. However, the elevated δ51VOSW values reconstructed from the 466 

sedimentary δ51Vauth records of the Liuchapo, lower Niutitang, and lower Shuijingtuo 467 

Formations suggest that the ocean kept extensively oxygenated since ca. 551 Ma, and 468 

possibly reached the modern oxygenation level at ca. 521 Ma, in good agreement with 469 

the Mo and U isotope evidence (e.g., Wen et al., 2015; Chen et al., 2015; Wei et al., 470 

2021). 471 

A V isotope mass balance model could be used to constrain the evolution in the 472 



proportion of oxic V output flux and oxic seafloor area from the late Ediacaran to Early 473 

Cambrian. Assuming the oceanic V cycle is at a steady state, the V input flux to the 474 

ocean is balanced in mass and isotope by output fluxes. The main V input to the ocean 475 

is riverine transport (Shiller and Mao, 2000), while the V outputs could be subdivided 476 

into four types, oxic, anoxic, euxinic, and hydrothermal sediments (represented by 477 

subscriptions of OX, ANOX, EUX, and HT, respectively) (Fig. 1A; Wu et al., 2020; 478 

Nielsen, 2021). Accordingly, we can get following equations: 479 

Friver = FOX + FANOX + FEUX + FHT                                        (6) 480 

friver = fOX + fANOX + fEUX + fHT = 1                                        (7) 481 

δ51Vriver = δ51VOX × fOX + δ51VANOX × fANOX + δ51VEUX × fEUX + δ51VHT × fHT       (8) 482 

where Friver, FOX, FANOX, FEUX, and FHT are fluxes of riverine V input to the ocean and 483 

various outputs from the ocean, fOX, fANOX, fEUX, and fHT are the fractions of various V 484 

output fluxes relative to the input flux, and δ51Vriver, δ51VOX, δ51VANOX, δ51VEUX, and 485 

δ51VHT are the δ51V values of riverine input and respective outputs. 486 

Enhanced V enrichments (several thousand ppm) in the Ediacaran and 487 

Phanerozoic black shales suggests extensive oxidative weathering of continental V after 488 

the Marinoan glaciation (Sahoo et al., 2012). Therefore, it is reasonable to infer that the 489 

post-Marinoan δ51Vriver value was invariably close to the modern one (–0.6 ± 0.4‰; 490 

Schuth et al., 2019), considering that oxidative weathering process has been 491 

demonstrated to be accompanied with insignificant V isotope fractionation (Qi et al., 492 

2022). The Δ51VOX−OSW, Δ51VANOX−OSW, Δ51VEUX−OSW, and Δ51VHT−OSW are –1.1‰, –493 

0.7‰, –0.7‰ to 0.0‰, and –0.4‰, respectively (Wu et al., 2020, 2022; Nielsen, 2021). 494 

Among them, the average Δ51VEUX−OSW controlled by V drawdown efficiency, is 495 

inferred to be smaller in the Ediacaran-Cambrian ocean, relative to the modern ocean 496 

(Fan et al., 2021). We tentatively set Δ51VEUX−OSW to be –0.4‰, –0.2‰, and 0.0‰ in 497 

the model. Hydrothermal V output should be strongly controlled by seafloor 498 

oxygenation extent. According to the modern oxic (~377 Mmol/yr) and hydrothermal 499 

(~60 Mmol/yr) V output fluxes (Nilsen, 2021), we set fH to be 0.16fO. The δ51VOSW 500 

value thus can be expressed through the following equation: 501 

δ51VOSW = δ51Vriver – (Δ51VOX−OSW × fOX + Δ51VANOX−OSW × fANOX + Δ51VEUX−OSW × fEUX 502 



+ Δ51VHT−OSW × fHT)                                                   (9) 503 

In addition, the V output flux is determined by V output rate (F’output) and seafloor 504 

areas of various sediments (Aoutput). Among them, the V output rates are assumed to be 505 

controlled by first-order kinetics with respect to the coeval V reservoir in the ocean (R). 506 

That is, each F’output = F’output0 × R/R0 (subscript 0 represents the modern values). Then 507 

we replace each foutput in the mass balance equations (Eqs. 7 and 8) with: 508 

foutput = [(F’output0 × R/R0) × Aoutput]/Friver = (F’output0 × Aoutput)/Friver0              (10) 509 

The parameters used in the mass balance model are listed in Table S2. We can 510 

drive δ51VOSW value as a function of the proportions of V output fluxes into oxic, anoxic, 511 

and euxinic sediments relative to the input flux, fOX and fEUX/(fANOX + fEUX), and as a 512 

function of the proportions of oxic, anoxic, and euxinic seafloor areas relative to the 513 

total seafloor area, AOX/ATotal and AEUX/(AANOX + AEUX) (Fig. 8). Our modelling 514 

sensitivity analyses show that (1) δ51VOSW values lower than –0.2‰, characterized by 515 

the period between ca. 560 Ma and 553 Ma (Table S1 and Fig. 7B), cannot be modeled 516 

when Δ51VEUX−OSW = –0.4‰ (Figs. 8A and D), demonstrating that the average 517 

Δ51VEUX−OSW was smaller relative to that of the modern ocean, when the ocean was 518 

expansively euxinic; (2) the oxic V output flux accounts for <34% of the global 519 

seawater V removal (Fig. 8C) and consequently the oxic sediments may have covered 520 

<41% of the seafloor (Fig. 8F) at ca. 560–553Ma (δ51VOSW values generally lower than 521 

–0.2‰); and (3) the oxic V output flux accounts for >57% of the global seawater V 522 

removal (Fig. 8A) and consequently the oxic sediments may have covered >68% (Fig. 523 

8D) of the seafloor at ca. 551 Ma and 521–518 Ma (δ51VOSW = +0.3‰). 524 

6.4. Prolonged and widespread oxygenation and early animal evolution 525 

The Ediacaran metazoans are characterized by three successive assemblages, the 526 

Avalon, White Sea, and Nama biotas (Darroch et al., 2018). Notably, both the diversity 527 

and taxonomic disparity of macroscopic soft-bodied organisms increase significantly 528 

after ca. 560 Ma (Droser et al., 2017), together with key evolutionary innovations 529 

including the appearance of bilaterians, shallow burrow, biomineralization, and 530 



predation (Fig. 7C; Wood et al., 2019). The low δ51VOSW values at ca. 560–553 Ma 531 

suggests the ocean may have been expansively euxinic, but the increasing trend 532 

indicates the global oxygenation extent should have increased, especially in shallow 533 

shelf settings (Fig. 7B). Afterwards, the phyla, classes, and genera of early animals 534 

increased, and reached their first peaks (Cambrian Explosion) at the onset of the 535 

Cambrian Stage 3 (Fig. 7C; Erwin et al., 2011; Fan et al., 2020), coincident with that 536 

the ocean kept widespread oxygenation from ca. 551 Ma to 521 Ma, and possibly 537 

reached the modern oxygenation level at ca. 521–518 Ma. 538 

Based on this coincidence, we propose that prolonged and widespread marine 539 

oxygenation from the late Ediacaran to Early Cambrian should have played an essential 540 

role in the ecological radiation of marine eukaryotes and early animals. It not only could 541 

supply life-essential O2 for early animals, but also could permit large size and ecological 542 

dominance of the characteristic Ediacaran-Cambrian fauna. Meanwhile, the 543 

establishment of the complex ecosystem may have in turn contributed to marine 544 

oxygenation, due to (1) the consumption of the large dissolved organic carbon reservoir 545 

by sponges, (2) enhanced biological pump by planktonic animals and algae, and (3) 546 

shallow burrow of benthic motile animals (Butterfield, 2011; Lenton et al., 2014). 547 

The focused interval between ca. 560 Ma and 518 Ma also witnessed the 548 

extinctions of the Ediacaran-type soft-body animals across the Ediacaran-Cambrian 549 

transition and the small shelly animals during the Cambrian Stage 2 (529–521 Ma) (e.g., 550 

Narbonne, 2005; Shu et al., 2014; Zhu et al., 2019). These extinctions were thought to 551 

be caused by extensive marine anoxia (e.g. Zhang et al., 2018; Wei et al., 2018; Wang 552 

et al., 2018), but not supported by our reconstructed δ51VOSW data (Fig. 7B). We think 553 

this is possibly because that the marine anoxia was not the dominant driver for the 554 

Ediacaran-Cambrian animal extinctions, or because the relatively low sampling 555 

resolution in this study led to the missing documents of marine anoxia events across the 556 

Ediacaran-Cambrian transition and Cambrian Stage 2 (Fig. 7B). 557 

 558 



7. Conclusions and outlook 559 

In this study, we analyzed δ51V values of organic-rich cherts and black shales 560 

deposited from the late Ediacaran to Early Cambrian in the Yangtze Block. Based on 561 

these sedimentary δ51V records, we reconstructed the temporary δ51VOSW variation from 562 

ca. 560 Ma to 518 Ma. It suggests a rapid transition in the global marine redox condition 563 

from expansive euxinia at ca. 560–553 Ma to widespread oxygenation likely reaching 564 

the modern level at ca. 552–551 Ma. Afterwards (ca. 551–521 Ma), the ocean kept 565 

extensively oxygenated and possibly reached the modern oxygenation level again at ca. 566 

521–518 Ma. The prolonged and widespread oceanic oxygenation may have been 567 

beneficial to the ecological radiation of marine eukaryotes and early animals from the 568 

late Ediacaran to Early Cambrian, which may have in turn contributed to marine 569 

oxygenation. The application of V isotope system as a paleo-oxybarometer is still in 570 

infancy. Further V isotope investigation is needed to trace high-resolution evolution in 571 

global marine redox condition throughout the Earth history, especially for oceanic 572 

deoxygenation event, and to explore the relationship between marine redox change and 573 

radiation and/or extinction of early animals. 574 
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Figure caption 791 

Fig. 1. Schematic diagrams showing the modern oceanic (A) V and (B) Mo isotope 792 

mass balance models. In (A), the data are sourced from Wu et al. (2019a), (2020), 793 

Schuth et al. (2019), and Nielsen (2021). In (B), the data are sourced from 794 

Reinhard et al. (2013), Wei et al. (2021), and Kendall (2021). 795 

 796 

Fig. 2. (A) Simplified paleogeographic map of the Yangtze Block during the Ediacaran-797 

Cambrian transition modified after Jiang et al. (2011), showing the sampling 798 

locations of the Yangtze Gorges area and Longbizui section. (B) Geological map 799 

of the Yangtze Gorges area modified after Ling et al. (2013), showing the sampling 800 

locations of the Jiulongwan and Yanjiahe sections. (C) late Ediacaran to Early 801 

Cambrian (560–510 Ma) chrono-stratigraphy as well as stratigraphic correlation 802 

in the relevant sections in the Yangtze Block modified after Chen et al. (2015). 803 

 804 

Fig. 3. Various profiles of Vauth, δ51Vauth, δ98Mo, FeHR/FeT, and Fepy/FeHR of the organic-805 

rich cherts and black shales from the Miaohe Member at the Jiulongwan section, 806 

Liuchapo and lower Niutitang Formations at the Longbizui section, and lower 807 

Shuijingtuo Formation at the Yanjiahe section. The data of δ98Mo, FeHR/FeT, and 808 

Fepy/FeHR are sourced from Chen et al. (2015). NTT and LCP stand for Niutitang 809 

and Liuchapo, respectively. In the δ51Vauth profiles, the error bar shows external 810 

reproducibility of ±0.08‰. In the Fe speciation profiles, the divisions between 811 

oxic and anoxic conditions (FeHR/FeT = 0.22–0.38; red dashed lines) and between 812 

ferruginous and euxinic conditions (Fepy/FeHR = 0.7–0.8; green dashed lines) are 813 

derived from Poulton and Canfield (2011). 814 

 815 

Fig. 4. Cross-plots of (A) Vauth versus Mo contents and (B) δ51Vauth versus δ98Mo values 816 

of the organic-rich cherts and black shales from the Miaohe Member at the 817 

Jiulongwan section, Liuchapo and lower Niutitang Formations at the Longbizui 818 



section, and lower Shuijingtuo Formation at the Yanjiahe section. The data of Mo 819 

contents and δ98Mo values are sourced from Chen et al. (2015). 820 

 821 

Fig. 5. Cross-plots of (A) UEF versus MoEF and (B) FeHR/FeT versus Fepy/FeHR of the 822 

organic-rich cherts and black shales from the Miaohe Member at the Jiulongwan 823 

section, Liuchapo and lower Niutitang Formations at the Longbizui section, and 824 

lower Shuijingtuo Formation at the Yanjiahe section. The data of UEF, MoEF, 825 

FeHR/FeT, and Fepy/FeHR are sourced from Chen et al. (2015). In (A), the trend lines 826 

for different reducing depositional systems in the modern ocean are modified after 827 

Algeo and Tribovillard (2009), including open marine system, weakly restricted 828 

basin (i.e., Cariaco Basin), and strongly restricted basin (i.e., Black Sea). The 829 

dashed line represents the average weight Mo/U ratio of 3.1 for the modern 830 

seawater. In (B), the divisions between oxic and anoxic conditions (FeHR/FeT = 831 

0.22–0.38) and between ferruginous and euxinic conditions (Fepy/FeHR = 0.7–0.8) 832 

are derived from Poulton and Canfield (2011). 833 

 834 

Fig. 6. Cross-plot of (A) Vauth contents versus δ51Vauth values of the organic-rich cherts 835 

and black shales from the Miaohe Member at the Jiulongwan section, Liuchapo 836 

and lower Niutitang Formations at the Longbizui section, and lower Shuijingtuo 837 

Formation at the Yanjiahe section. The green and blue labels indicate that samples 838 

were deposited in anoxic and euxinic environments (no studied samples were 839 

deposited in oxic environments). The trend line (R2 = 0.48, n = 17) is defined by 840 

the data of the euxinic samples. 841 

 842 

Fig. 7. Temporal evolutions in (A) δ51Vauth values of the organic-rich cherts and black 843 

shales in the Yangtze Block, (B) reconstructed δ51VOSW values, and (C) known 844 

fossil record of animals at the phylum, class, and genus levels as well as key 845 

evolutional innovations from ca. 560 Ma to 518 Ma. In (A), YJH, NTT, LCP, and 846 

JLW stand for Yanjiahe, Niutitang, Liuchapo, and Jiulongwan, respectively. The 847 

green and blue labels indicate that samples were deposited in anoxic and euxinic 848 



environments (no studied samples were deposited in oxic environments). The 849 

green vertical bar represents the average δ51Vauth value (–0.52 ± 0.17‰) of the 850 

modern anoxic sediments (represented by the Peruvian margin and Santa Barbara 851 

Basin sediments with [O2] < 10 μM), and the blue vertical bar represents the 852 

average δ51Vauth value (–0.22 ± 0.13‰) of the modern euxinic sediments 853 

(represented by the euxinic Cariaco Basin sediments) (Wu et al., 2020). In (B), the 854 

gray vertical bar represents the estimated δ51VUCC value from −0.8‰ to −0.6‰ 855 

(Wu et al., 2016), and the blue vertical bar represents the modern δ51VOSW value 856 

(+0.20 ± 0.15‰; Wu et al., 2019a). In (C), the numbers of the Ediacaran genera, 857 

marine animal phyla and classes are sourced from Erwin et al. (2011), the marine 858 

animal genus diversity is sourced from a recent analysis of the Geobiodiversity 859 

Database, which is largely based on data from China (Fan et al., 2020), and the key 860 

evolutional innovations are sourced from Wood et al. (2019). 861 

 862 

Fig. 8. Results of sensitivity analyses showing how δ51VOSW value would vary as a 863 

function of the proportions of V output fluxes into oxic (fOX), anoxic (fANOX), and 864 

euxinic (fEUX) sediments relative to the input flux, and as a function of the 865 

proportions of oxic (AOX), anoxic (AANOX), and euxinic (AEUX) seafloor areas 866 

relative to the total seafloor area (Atotal), assuming that the V input and output in 867 

the ocean are at a steady state. Calculations are operated for (A, D) Δ51VEUX−OSW 868 

= –0.4‰, (B, E) Δ51VEUX−OSW = –0.2‰, and (C, F) Δ51VEUX−OSW = 0.0‰. 869 


