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ABSTRACT 18 

The early Cambrian witnessed an increase in metazoan ecosystem complexity, likely 19 

linked to enhanced oxygen and nutrient availability. However, while improved stratigraphic 20 

and geochemical records suggest that the Cambrian explosion occurred under highly 21 

dynamic redox conditions, mechanistic links to nutrient availability and early Cambrian 22 

evolutionary innovations are poorly constrained. Here, we report paleoredox and nutrient 23 

data for two drill cores documenting late Cambrian Stage 2 to Stage 3 (~522 to 514 Ma) 24 

strata from the Yangtze Block, South China. The development of water column euxinia 25 

during Cambrian Stage 2 led to extensive recycling of P, fueling elevated primary production 26 

and hence an increase in atmospheric and shallow marine oxygen concentrations. The 27 

resulting expansion of oxygenated shelf area promoted sedimentary P retention, and in 28 

combination with a diminished supply of P from upwelling, drove a transition to oligotrophic 29 

shallow marine conditions during Cambrian Stage 3. Reduced primary production and 30 

limited water column oxygen consumption allowed for the stabilization of oxygenated 31 

continental shelf habitats that supported a burgeoning biotic complexity. 32 

 33 

INTRODUCTION 34 

The early Cambrian (Fortunian–end Stage 3; ca. 538.8–514 Ma) witnessed the abrupt 35 

appearance and rapid diversification of most modern animal phyla during the ‘Cambrian 36 

Explosion’ (Knoll and Carroll, 1999; Erwin et al., 2011; Wood et al., 2019). A wide range of 37 

potential triggers for the Cambrian Explosion have been proposed, including intrinsic 38 

developmental and ecological innovations (Erwin et al., 2011), and extrinsic changes 39 

(particularly oxygen levels) to environmental habitability (Smith and Harper, 2013; Knoll and 40 

Carroll, 1999; Lenton et al., 2014). The first animals likely had low oxygen demands (Mills 41 

et al., 2014), however the larger and more metabolically active skeletonizing animals that 42 

appeared during the early Cambrian would have required considerably higher oxygen levels 43 

(Sperling et al., 2013). Indeed, potential links between pulses of shallow-ocean oxygenation 44 

and biodiversity have been recorded on the early Cambrian Siberian platform (He et al., 45 
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2019; Zhuravlev et al., 2022) and in South China (Chen et al., 2015; Li et al., 2017). 46 

The availability of the bio-limiting nutrients phosphorus (P) and nitrogen (N) likely also 47 

exerted an important control on environmental habitability, with P generally considered to be 48 

the ultimate limiting nutrient for primary production on geological timescales (Tyrell, 1999). 49 

These nutrients control the degree of regional oxygen production and consumption, as well 50 

fueling more complex life (Brocks et al., 2017). Depositional redox conditions also control P 51 

recycling, resulting in feedbacks that dictate the evolution of regional marine redox state 52 

(Schobben et al., 2020; Bowyer et al., 2023). However, despite their fundamental importance 53 

for ecosystem habitability and animal evolution, integrated records of redox and P cycling in 54 

the early Cambrian are highly limited (see Creveling et al., 2014). 55 

Here, we report a geochemical study of shelf and slope successions from the Yangtze 56 

Block, South China. We utilize Fe speciation, redox sensitive trace element systematics and 57 

P phase partitioning to evaluate contemporaneous marine redox conditions and controls on 58 

primary productivity. These data allow a detailed assessment of redox and nutrient controls 59 

on the major biological events that occurred during the early Cambrian. 60 

 61 

GEOLOGIC SETTING AND MATERIALS 62 

We investigate two drill cores from the Yangtze Block, deposited in an open-marine 63 

continental shelf (ZK 402) and slope (CY 1) setting (see Supplemental Material1 for full 64 

details of the geologic setting and methods). Both cores preserve a relatively continuous 65 

record spanning the latter part of Cambrian Stage 2 through Cambrian Stage 3, offering a 66 

prime opportunity to evaluate biogeochemical changes across an interval that captures a 67 

major evolutionary event. 68 

 69 

RESULTS AND DISCUSSION 70 

Oceanic redox dynamics during the early Cambrian 71 

We employ a combination of Fe speciation and redox-sensitive trace metal (RSTM; Mo, 72 

U, V) systematics (see Text S3) to provide a robust framework for interpreting depositional 73 
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redox conditions (e.g., Tribovillard et al., 2006; Poulton, 2021). In modern and ancient 74 

marine sediments, a highly reactive (FeHR) to total Fe (FeT) ratio of >0.38 provides an 75 

indication of anoxia, while FeHR/FeT <0.22 suggests oxic conditions, with values between 76 

considered equivocal. When anoxia is indicated, the extent of pyritization (FePy) of the FeHR 77 

pool is used to differentiate between ferruginous (FePy/FeHR <0.6) or euxinic (FePy/FeHR >0.8) 78 

conditions (Poulton, 2021). Generally, RSTMs tend to be less soluble under reducing 79 

conditions, leading to authigenic enrichments in the sediment, with Mo in particular requiring 80 

the presence of dissolved sulfide (Tribovillard et al., 2006). 81 

During late Cambrian Stage 2 to early Stage 3 (interval I), the development of persistent 82 

euxinia at both sites is suggested by a combination of high FeHR/FeT (>0.7) and high 83 

FePy/FeHR ratios (0.69 ± 0.11 for ZK 402 and 0.92 ± 0.04 for CY 1; Fig. 1; Table S1). This 84 

interpretation is supported by high enrichment factors (EFs; see Text S2) for the RSTMs and 85 

high MoEF/UEF ratios. During the initial stages of interval II (middle to late Stage 3), a decline 86 

in FeHR/FeT ratios, EF values and MoEF/UEF ratios occurs in both drill cores (Fig. 1). 87 

Subsequently, on the shelf (ZK 402), FeHR/FeT ratios and RSTM enrichments remain 88 

persistently low. This suggests a transition to dominantly oxic conditions, although 89 

occasional minor increases in FeHR/FeT ratios, EF values and MoEF/UEF ratios may indicate 90 

transient, short-lived anoxia. On the slope (CY 1), despite decreasing trends in redox proxy 91 

data from intervals I to II, values remain elevated, indicating continued euxinia, perhaps 92 

punctuated by episodic ferruginous intervals (lower MoEF/UEF ratios; Fig. 1). 93 

A compilation of global Fe speciation data (Text S4; Table S2) provides further insight into 94 

spatio-temporal variability in marine redox state (Fig. 2A). While the majority of data are from 95 

South China, a stratified early Cambrian ocean is apparent, with oxic surface waters 96 

overlying ferruginous deeper waters (with occasional euxinia), prior to the latter part of Stage 97 

2 (Fig. 2). Euxinia then became common in outer shelf to slope settings, before extending 98 

into shallow shelf settings at the Stage 2-Stage 3 boundary. A clear transition to expanded 99 

shelf oxygenation then occurred, while deeper waters remained largely anoxic during Stage 100 

3. The local marine redox state inferred from Fe speciation data is consistent with estimates 101 

of global marine redox from U and Mo isotopes (Fig. 2). Carbonates from South China, 102 
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Siberia and Morocco in the latest Fortunian and Stage 2 document negative δ238U 103 

excursions (Wei et al., 2018; Dahl et al., 2019), suggesting episodic expansions of seafloor 104 

anoxia during these intervals. By contrast, consistently higher δ238U data recorded in 105 

carbonates from Siberia and shales from South China in Stage 3 (Dahl et al., 2019; Wei et 106 

al., 2020) provide evidence for more widespread oxygenation. Furthermore, modern-like 107 

δ98Mo signatures in Cambrian Stage 3 also suggest a major expansion of oxic seafloor 108 

(Chen et al., 2015). 109 

 110 

Marine eutrophication and animal diversification 111 

High total organic carbon (TOC) and total P (Ptot) concentrations recorded in the lower 112 

part of interval I in both drill cores (Fig. 3) potentially indicate high marine primary productivity 113 

and nutrient levels. The greenhouse climate of the early Cambrian (Hearing et al., 2018), 114 

likely drove enhanced chemical weathering (Peters and Gaines, 2012; Lipp et al., 2021) and 115 

hence a high terrigenous nutrient influx. Alternatively, or in addition, high nutrient levels could 116 

have occurred via upwelling of nutrient-replete deep ocean waters (e.g., Behrenfeld et al., 117 

2006; Bowyer et al., 2017). Upwelling can be evaluated using Co (ppm)×Mn (wt%) values, 118 

whereby upwelling systems are characterized by low sedimentary Co and Mn 119 

concentrations due to their depletion in upwelled deep-ocean waters, in addition to recycling 120 

of Mn back to the water column under reducing conditions. However, restricted basins are 121 

characterized by relatively high Co and Mn concentrations due to relatively high riverine 122 

inputs and limited water exchange with the open ocean (Sweere et al., 2016).  123 

The low Co×Mn values in the lower part of interval I are similar to those of modern 124 

upwelling systems (<0.4 ppm%; Sweere et al., 2016), suggesting strong upwelling (Text S5). 125 

This internal marine nutrient supply was augmented by nutrient recycling from the sediment, 126 

which we evaluate via the phase partitioning of P. This approach quantifies four 127 

operationally-defined P pools (Thompson et al., 2019), including Fe-bound P (PFe), 128 

authigenic carbonate fluorapatite, biogenic apatite and CaCO3-bound P (Pauth), detrital 129 

apatite (Pdet), and organic-bound P (Porg). Reactive P (Preac) represents potentially mobile P 130 

during transport and early diagenesis, and is calculated as the sum of PFe, Pauth and Porg. 131 
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Porg is preferentially released from organic matter (Corg) via anaerobic remineralization, 132 

resulting in Corg/Porg ratios above the Redfield ratio of 106/1 (Ingall et al., 1993). In addition, 133 

PFe may be released during reductive dissolution of Fe (oxyhydr)oxide minerals (Slomp et 134 

al., 1996). A proportion of this P may undergo ‘sink switching’ to authigenic phases in the 135 

sediment (Slomp et al., 1996). However, P may also be recycled back to the water column, 136 

particularly under sulfidic conditions, potentially driving a positive productivity feedback (Van 137 

Cappellen and Ingall, 1996). 138 

In samples from interval I, molar Corg/Porg and Corg/Preac ratios are significantly greater than 139 

the Redfield ratio of 106/1 (Fig. 3), demonstrating release of P from organic matter (Corg/Porg) 140 

and recycling back to the water column (Corg/Preac). This recycling occurs alongside high Ptot 141 

contents relative to average shale (0.009; Turekian and Wedepohl, 1961), suggesting 142 

particularly high levels of bioavailable phosphate in the overlying water column. Expanded 143 

euxinia (Fig. 2) would have resulted in a high degree P recycling in continental margin 144 

settings, promoting a strong positive productivity feedback following upwelling to the surface 145 

ocean (Van Cappellen and Ingall, 1996), and providing a food supply for early mobile 146 

animals (Fig. 4). Furthermore, increased TOC burial in shelf and slope environments as a 147 

consequence of enhanced primary productivity likely contributed to gradual atmospheric and 148 

shallow ocean oxygenation (He et al., 2019). Hence, increased oxygen availability and food 149 

supply in the shallow ocean drove the major evolutionary event recorded by the Chengjiang 150 

and Qingjiang lagerstätte, which occur coincident with the first appearance of mineralized 151 

trilobites in Cambrian Stage 3 (Fig. 2; Sun et al., 2022). The gradual decline in TOC and P 152 

in the upper part of interval I may be related to the development of weakly euxinic conditions 153 

and weakened upwelling, leading to a decrease in bioavailable P and hence lower TOC 154 

burial. 155 

 156 

Oligotrophic stabilization of shelf oxygenation  157 

Total P (as Ptot and Ptot/Al ratios) and TOC remain low throughout interval II in both cores, 158 

suggesting reduced levels of productivity and nutrient availability (Fig. 3). Variability in TOC 159 

and P may also be influenced by changes in redox conditions, lithology and sedimentation 160 
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rate. However, the decrease in TOC and P in both cores initially occurs in shale in the upper 161 

part of interval I, which was deposited under euxinic conditions. Furthermore, despite the 162 

lithological differences between the two cores in interval II (and possible corresponding 163 

changes in sedimentation rate), a synchronous decline in TOC and P is observed in both 164 

cores, suggesting that productivity was the dominant control on TOC and P variability (Text 165 

S6). 166 

Given the generally enhanced continental weathering flux indicated for the early Cambrian 167 

(including during intervals I and II; Peters and Gaines, 2012; Lipp et al., 2021), the decline 168 

in nutrient levels likely reflects a reduction in sedimentary P recycling and P upwelling from 169 

deeper waters. During interval II, Ptot/Al ratios remain below average shale in both drill cores 170 

(Fig. 3). On the shelf (ZK 402), ferruginous samples in the lower part of interval II have 171 

elevated Corg/Porg and Corg/Preac ratios relative to the Redfield ratio, but with values that are 172 

considerably lower than those of interval I (Fig. 3). This suggests that the extent of P 173 

recycling was considerably diminished, with lower Ptot/Al ratios implying a major overall 174 

decrease in bioavailable P. Furthermore, while the dominantly oxic samples from the rest of 175 

interval II also have high Corg/Porg ratios, Corg/Preac ratios plot below the Redfield ratio. This 176 

suggests that the P released during early diagenesis was fixed in the sediment as authigenic 177 

phases (supported by an increased proportion of Pauth; Fig. 3). This C/P pattern implies very 178 

low bioavailable P, consistent with most modern oligotrophic settings, which are 179 

characterized by higher Corg/Porg ratios and lower Corg/Preac ratios (Slomp et al., 2013). 180 

In the slope setting (CY 1), Corg/Porg ratios are elevated and Corg/Preac ratios scatter close 181 

to the Redfield ratio during interval II, with higher values for euxinic samples and lower 182 

values for ferruginous samples (Fig. 3 and Fig. S4). These is consistent with a dynamic P 183 

response to the prevailing water column redox conditions, with intermittently enhanced P 184 

recycling back to the water column under euxinic conditions, although the lower Ptot contents 185 

relative to interval I (Fig. 3) suggest that water column P concentrations were likely greatly 186 

diminished overall. In addition, elevated Co×Mn values suggest that this limited flux of 187 

regenerated P was likely not efficiently transported to the photic zone, due to much lower 188 

rates of upwelling, thereby resulting in the development of oligotrophic conditions on the 189 



8 

 

shelf (Fig. 4). This would have reduced primary productivity in surface waters, thus 190 

decreasing the amount of dissolved O2 consumed during the oxidation of sinking organic 191 

matter, and thereby stabilizing oxic conditions in shelf environments.  192 

Our data demonstrate that variability in ocean circulation and sedimentary P recycling 193 

played a critical role in marine redox and nutrient dynamics during the early Cambrian. 194 

Prevailing euxinia along continental margins and active ocean circulation during late 195 

Cambrian Stage 2 to early Stage 3 resulted in intensified sedimentary P recycling in deep 196 

waters and enhanced nutrient supply to the surface ocean (Fig. 4). Increased primary 197 

production would have led to higher atmospheric and shallow marine oxygen levels, and 198 

hence an expansion of oxic waters. The enhanced oxygen availability and food supply likely 199 

facilitated the early Cambrian bioradiation that occurred at this time. The expanded oxic 200 

seafloor area and diminished ocean circulation that occurred during middle to late Cambrian 201 

Stage 3 then promoted the retention of sedimentary P in shelf areas, and along with reduced 202 

upwelling, resulted in a decrease in shallow marine nutrient levels. Under the ensuing 203 

oligotrophic conditions, stable oxygenated continental shelves developed, thereby creating 204 

habitats that supported a burgeoning diversity in animal life. 205 

 206 

ACKNOWLEDGMENTS 207 

This work was supported by the National Natural Science Foundation of China (42102171, 208 

41921002, 42073006, 41927801). FB and SWP acknowledge funding from the Natural 209 

Environment Research Council, UK (NE/R010129/1). TH acknowledges support from a 210 

Jiangsu Distinguished Professor Award. We thank Eva Stüeken, Miquela Ingalls and an 211 

anonymous reviewer for constructive comments that significantly improved the manuscript. 212 

 213 

Data Availability 214 

All data that support the findings of this study are provided in Supplementary Tables S1 215 

and S2. 216 

 217 



9 

 

REFERENCES CITED 218 

Behrenfeld, M. J., O'Malley, R. T., Siegel, D. A., McClain, C. R., Sarmiento, J. L., Feldman, 219 

G. C., Milligan, A. J., Falkowski, P. G., Letelier, R. M., and Boss, E. S., 2006, Climate-220 

driven trends in contemporary ocean productivity: Nature, v. 444, no. 7120, p. 752-755, 221 

https://doi.org/10.1038/nature05317. 222 

Bowyer, F. T., Krause, A. J., Song, Y. F., Huang, K. J., Fu, Y., Shen, B., Li, J., Zhu, X. K., 223 

Kipp, M. A., van Maldegem, L. M., Brocks, J. J., Shields, G. A., Le Hir, G., Mills, B. J. 224 

W., and Poulton, S. W., 2023, Biological diversification linked to environmental 225 

stabilization following the Sturtian Snowball glaciation: Science Advances, v. 9, no. 34, 226 

https://doi.org/10.1126/sciadv.adf9999. 227 

Bowyer, F., Wood, R. A., and Poulton, S. W., 2017, Controls on the evolution of Ediacaran 228 

metazoan ecosystems: A redox perspective: Geobiology, v. 15, no. 4, p. 516-551, 229 

https://doi.org/10.1111/gbi.12232. 230 

Brocks, J. J., Jarrett, A. J. M., Sirantoine, E., Hallmann, C., Hoshino, Y., and Liyanage, T., 231 

2017, The rise of algae in Cryogenian oceans and the emergence of animals: Nature, 232 

v. 548, no. 7669, p. 578-+, https://doi.org/10.1038/nature23457. 233 

Chen, X., Ling, H. F., Vance, D., Shields-Zhou, G. A., Zhu, M. Y., Poulton, S. W., Och, L. M., 234 

Jiang, S. Y., Li, D., Cremonese, L., and Archer, C., 2015, Rise to modern levels of ocean 235 

oxygenation coincided with the Cambrian radiation of animals: Nature Communications, 236 

v. 6, https://doi.org/10.1038/ncomms8142. 237 

Creveling, J. R., Johnston, D. T., Poulton, S. W., Kotrc, B., März, C., Schrag, D. P., and Knoll, 238 

A. H., 2014, Phosphorus sources for phosphatic Cambrian carbonates: Geological 239 

Society of America Bulletin, v. 126, no. 1-2, p. 145-163, 240 

https://doi.org/10.1130/B30819.1. 241 

Dahl, T. W., Connelly, J. N., Li, D., Kouchinsky, A., Gill, B. C., Porter, S., Maloof, A. C., and 242 

Bizzarro, M., 2019, Atmosphere-ocean oxygen and productivity dynamics during early 243 

animal radiations: Proc Natl Acad Sci U S A, v. 116, no. 39, p. 19352-19361, 244 

https://doi.org/10.1073/pnas.1901178116. 245 

Erwin, D. H., Laflamme, M., Tweedt, S. M., Sperling, E. A., Pisani, D., and Peterson, K. J., 246 

https://doi.org/10.1038/nature05317
https://doi.org/10.1111/gbi.12232
https://doi.org/10.1038/nature23457
https://doi.org/10.1038/ncomms8142
https://doi.org/10.1073/pnas.1901178116


10 

 

2011, The Cambrian conundrum: early divergence and later ecological success in the 247 

early history of animals: Science, v. 334, no. 6059, p. 1091-1097, 248 

https://doi.org/10.1126/science.1206375. 249 

He, T. C., Zhu, M. Y., Mills, B. J. W., Wynn, P. M., Zhuravlev, A. Y., Tostevin, R., von 250 

Strandmann, P. A. E. P., Yang, A. H., Poulton, S. W., and Shields, G. A., 2019, Possible 251 

links between extreme oxygen perturbations and the Cambrian radiation of animals: 252 

Nature Geoscience, v. 12, no. 6, p. 468-+, https://doi.org/10.1038/s41561-019-0357-z. 253 

Hearing, T. W., Harvey, T. H. P., Williams, M., Leng, M. J., Lamb, A. L., Wilby, P. R., Gabbott, 254 

S. E., Pohl, A., and Donnadieu, Y., 2018, An early Cambrian greenhouse climate: 255 

Science Advances, v. 4, no. 5, https://doi.org/10.1126/sciadv.aar5690. 256 

Ingall, E. D., Bustin, R. M., and Vancappellen, P., 1993, Influence of Water Column Anoxia 257 

on the Burial and Preservation of Carbon and Phosphorus in Marine Shales: 258 

Geochimica Et Cosmochimica Acta, v. 57, no. 2, p. 303-316, 259 

https://doi.org/10.1016/0016-7037(93)90433-W. 260 

Knoll, A. H., and Carroll, S. B., 1999, Early animal evolution: emerging views from 261 

comparative biology and geology: Science, v. 284, no. 5423, p. 2129-2137, 262 

https://doi.org/10.1126/science.284.5423.2129. 263 

Lenton, T. M., Boyle, R. A., Poulton, S. W., Shields-Zhou, G. A., and Butterfield, N. J., 2014, 264 

Co-evolution of eukaryotes and ocean oxygenation in the Neoproterozoic era: Nature 265 

Geoscience, v. 7, no. 4, p. 257-265, https://doi.org/10.1038/ngeo2108. 266 

Li, C., Jin, C. S., Planavsky, N. J., Algeo, T. J., Cheng, M., Yang, X. L., Zhao, Y. L., and Xie, 267 

S. C., 2017, Coupled oceanic oxygenation and metazoan diversification during the 268 

early-middle Cambrian?: Geology, v. 45, no. 8, p. 743-746, 269 

https://doi.org/10.1130/G39208.1. 270 

Lipp, A. G., Shorttle, O., Sperling, E. A., Brocks, J. J., Cole, D. B., Crockford, P. W., Del 271 

Mouro, L., Dewing, K., Dornbos, S. Q., Emmings, J. F., Farrell, U. C., Jarrett, A., 272 

Johnson, B. W., Kabanov, P., Keller, C. B., Kunzmann, M., Miller, A. J., Mills, N. T., 273 

O'Connell, B., Peters, S. E., Planavsky, N. J., Ritzer, S. R., Schoepfer, S. D., Wilby, P. 274 

R., and Yang, J., 2021, The composition and weathering of the continents over geologic 275 

https://doi.org/10.1126/science.1206375
https://doi.org/10.1038/s41561-019-0357-z
https://doi.org/10.1126/science.284.5423.2129
https://doi.org/10.1038/ngeo2108
https://doi.org/10.1130/G39208.1


11 

 

time: Geochemical Perspectives Letters, v. 17, p. 21-26, 276 

https://doi.org/10.7185/geochemlet.2109. 277 

Mills, D. B., Ward, L. M., Jones, C., Sweeten, B., Forth, M., Treusch, A. H., and Canfield, D. 278 

E., 2014, Oxygen requirements of the earliest animals: Proceedings of the National 279 

Academy of Sciences of the United States of America, v. 111, no. 11, p. 4168-4172, 280 

https://doi.org/10.1073/pnas.1400547111. 281 

Peters, S. E., and Gaines, R. R., 2012, Formation of the 'Great Unconformity' as a trigger 282 

for the Cambrian explosion: Nature, v. 484, no. 7394, p. 363-366, 283 

https://doi.org/10.1038/nature10969. 284 

Poulton, S. W., 2021, The Iron Speciation Paleoredox Proxy: Cambridge, Cambridge 285 

University Press. 286 

Schlesinger, W. H., and Bernhardt, E. S., 2013, Biogeochemistry: An analysis of global 287 

change. 3rd edition. . 288 

Schobben, M., Foster, W. J., Sleveland, A. R. N., Zuchuat, V., Svensen, H. H., Planke, S., 289 

Bond, D. P. G., Marcelis, F., Newton, R. J., Wignall, P. B., and Poulton, S. W., 2020, A 290 

nutrient control on marine anoxia during the end-Permian mass extinction: Nature 291 

Geoscience, v. 13, no. 9, p. 640-+, https://doi.org/10.1038/s41561-020-0622-1. 292 

Slomp, C. P., Mort, H. P., Jilbert, T., Reed, D. C., Gustafsson, B. G., and Wolthers, M., 2013, 293 

Coupled Dynamics of Iron and Phosphorus in Sediments of an Oligotrophic Coastal 294 

Basin and the Impact of Anaerobic Oxidation of Methane: Plos One, v. 8, no. 4, 295 

https://doi.org/10.1371/journal.pone.0062386. 296 

Slomp, C. P., VanderGaast, S. J., and VanRaaphorst, W., 1996, Phosphorus binding by 297 

poorly crystalline iron oxides in North Sea sediments: Marine Chemistry, v. 52, no. 1, p. 298 

55-73, https://doi.org/10.1016/0304-4203(95)00078-X. 299 

Smith, M. P., and Harper, D. A. T., 2013, Causes of the Cambrian Explosion: Science, v. 341, 300 

no. 6152, p. 1355-1356, https://doi.org/10.1126/science.1239450. 301 

Sperling, E. A., Frieder, C. A., Raman, A. V., Girguis, P. R., Levin, L. A., and Knoll, A. H., 302 

2013, Oxygen, ecology, and the Cambrian radiation of animals: Proceedings of the 303 

National Academy of Sciences of the United States of America, v. 110, no. 33, p. 13446-304 

https://doi.org/10.7185/geochemlet.2109
https://doi.org/10.1073/pnas.1400547111
https://doi.org/10.1038/nature10969
https://doi.org/10.1038/s41561-020-0622-1
https://doi.org/10.1126/science.1239450


12 

 

13451, https://doi.org/10.1073/pnas.1312778110. 305 

Sun, Z. X., Zhao, F. C., Zeng, H., Luo, C., Van Iten, H., and Zhu, M. Y., 2022, The middle 306 

Cambrian Linyi Lagerstatte from the North China Craton: a new window on Cambrian 307 

evolutionary fauna: National Science Review, v. 9, no. 7, 308 

https://doi.org/10.1093/nsr/nwac069. 309 

Sweere, T., van den Boorn, S., Dickson, A. J., and Reichart, G. J., 2016, Definition of new 310 

trace-metal proxies for the controls on organic matter enrichment in marine sediments 311 

based on Mn, Co, Mo and Cd concentrations: Chemical Geology, v. 441, p. 235-245, 312 

https://doi.org/10.1016/j.chemgeo.2016.08.028. 313 

Thompson, J., Poulton, S. W., Guilbaud, R., Doyle, K. A., Reid, S., and Krom, M. D., 2019, 314 

Development of a modified SEDEX phosphorus speciation method for ancient rocks 315 

and modern iron-rich sediments: Chemical Geology, v. 524, p. 383-393, 316 

https://doi.org/10.1016/j.chemgeo.2019.07.003. 317 

Tribovillard, N., Algeo, T. J., Lyons, T., and Riboulleau, A., 2006, Trace metals as paleoredox 318 

and paleoproductivity proxies: An update: Chemical Geology, v. 232, no. 1-2, p. 12-32, 319 

https://doi.org/10.1016/j.chemgeo.2006.02.012. 320 

Turekian, K. K., and Wedepohl, K. H., 1961, Distribution of the Elements in Some Major 321 

Units of the Earth's Crust: GSA Bulletin, v. 72, no. 2, p. 175-192, 322 

https://doi.org/10.1130/0016-7606(1961)72[175:Doteis]2.0.Co;2. 323 

Tyrrell, T., 1999, The relative influences of nitrogen and phosphorus on oceanic primary 324 

production: Nature, v. 400, no. 6744, p. 525-531, https://doi.org/10.1038/22941. 325 

Van Cappellen, P., and Ingall, E. D., 1996, Redox Stabilization of the Atmosphere and 326 

Oceans by Phosphorus-Limited Marine Productivity: Science, v. 271, no. 5248, p. 493-327 

496, https://doi.org/doi:10.1126/science.271.5248.493. 328 

Wei, G. Y., Planavsky, N. J., Tarhan, L. G., He, T. C., Wang, D., Shields, G. A., Wei, W., and 329 

Ling, H. F., 2020, Highly dynamic marine redox state through the Cambrian explosion 330 

highlighted by authigenic δ238U records: Earth and Planetary Science Letters, v. 544, 331 

https://doi.org/10.1016/j.epsl.2020.116361. 332 

Wei, G.-Y., Planavsky, N. J., Tarhan, L. G., Chen, X., Wei, W., Li, D., and Ling, H.-F., 2018, 333 

https://doi.org/10.1073/pnas.1312778110
https://doi.org/10.1016/j.chemgeo.2016.08.028
https://doi.org/10.1016/j.chemgeo.2019.07.003
https://doi.org/10.1016/j.chemgeo.2006.02.012
https://doi.org/10.1130/0016-7606(1961)72%5b175:Doteis%5d2.0.Co;2
https://doi.org/doi:10.1126/science.271.5248.493


13 

 

Marine redox fluctuation as a potential trigger for the Cambrian explosion: Geology, v. 334 

46, no. 7, p. 587-590, https://doi.org/10.1130/g40150.1. 335 

Wood, R., Liu, A. G., Bowyer, F., Wilby, P. R., Dunn, F. S., Kenchington, C. G., Cuthill, J. F. 336 

H., Mitchell, E. G., and Penny, A., 2019, Integrated records of environmental change 337 

and evolution challenge the Cambrian Explosion: Nat Ecol Evol, v. 3, no. 4, p. 528-538, 338 

https://doi.org/10.1038/s41559-019-0821-6. 339 

Zhuravlev, A. Y., Mitchell, E. G., Bowyer, F., Wood, R., and Penny, A., 2022, Increases in 340 

reef size, habitat and metacommunity complexity associated with Cambrian radiation 341 

oxygenation pulses: Nat Commun, v. 13, no. 1, p. 7523, https://doi.org/10.1038/s41467-342 

022-35283-5. 343 

 344 

 345 

FIGURE CAPTIONS 346 

Fig. 1. Stratigraphic plots of Fe speciation, RSTM EFs and MoEF/UEF ratios for drill cores 347 

ZK402 and CY 1. Fm, Formation; Ed, Ediacaran; Fo, Fortunian; DY, Dengying; LCP, 348 

Liuchapo. 349 

 350 

Fig. 2. Marine redox conditions and biodiversity patterns during the early Cambrian. A. 351 

Compilation of Fe speciation data for platform, shelf, slope and basin environments from 352 

541 Ma to 514 Ma. Blue and orange lines represent the LOESS curves. B. Global diversity 353 

of phyla and classes (Erwin et al., 2011) and major Cambrian lagerstätten (Sun et al., 2022). 354 

C. Schematic evolution of local marine redox conditions based on iron speciation data. D. 355 

Schematic evolution of global marine redox conditions based on Mo and U isotope records 356 

(Chen et al., 2015; Dahl et al., 2019; Wei et al., 2020). 357 

 358 

Fig. 3. Stratigraphic distribution of TOC, δ13Corg, Ptot, Ptot/Al, Corg/Porg, Corg/Preac, Co×Mn and 359 

P phase partitioning.  360 

 361 

Fig. 4. Summary of marine redox and nutrient cycling during the early Cambrian. A. 362 
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Persistently euxinic conditions on the shelf and slope promoted P regeneration into the water 363 

column. Recycled P was transported to the photic zone by active upwelling, resulting in a 364 

positive productivity feedback that led to increased Corg burial, and ultimately atmospheric 365 

and shallow marine oxygenation. B. P was effectively fixed in shelf sediments. Continued 366 

euxinia in slope environments may have resulted in intermittent P recycling to the water 367 

column, but P in deep waters was not effectively transported to the photic zone due to 368 

decreased upwelling, which limited primary production and O2 consumption.  369 

 370 
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