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ABSTRACT 23 

Emerging geochemical evidence suggests considerable redox heterogeneity in the mid-24 

Proterozoic ocean. However, quantitative estimates of the extent of different modes of anoxia remain 25 

poorly constrained. Due to their complementary redox-related behaviour, uranium and molybdenum 26 

isotopes can be combined to reconstruct ancient marine redox landscapes, but this approach has not 27 

been applied to the mid-Proterozoic. Here, we present new δ238U and δ98Mo data for marine rocks 28 

from the ~1.4 Ga Xiamaling Formation, North China Craton, together with independent redox 29 

indicators (Fe speciation and redox-sensitive trace metals). We find that most samples deposited 30 

under oxic or dysoxic conditions retain low U and Mo contents, with δ238U and δ98Mo values 31 

indistinguishable from continental crust, demonstrating a dominant detrital signal. By contrast, 32 

euxinic samples with authigenic enrichments in U and Mo record the highest authigenic δ238U and 33 

δ98Mo values, consistent with efficient reduction of U and Mo. Samples deposited under ferruginous 34 

conditions exhibit a wider range of intermediate δ238U and δ98Mo values that generally fall between 35 

the (dys)oxic and euxinic end-members. Using a coupled U-Mo isotope mass balance model, we infer 36 

limited euxinia (<0.5% of the global seafloor area) but extensive low-productivity (dys)oxic and 37 

ferruginous settings in ~1.4 Ga oceans. This redox landscape would have provided potentially 38 

habitable environments for eukaryotic evolution in the mid-Proterozoic.   39 

 40 

INTRODUCTION 41 

Reconstructing the oxygenation history of Earth’s surface environment is crucial to understand 42 

the trajectory of Earth’s habitability. The mid-Proterozoic (1.8–0.8 Ga) was a critical interval for 43 

early eukaryote evolution (Knoll and Nowak, 2017), and while emerging evidence suggests that 44 



biological innovation at this time occurred under heterogeneous ocean redox conditions (Sperling et 45 

al., 2014; Zhang et al., 2016; Luo et al., 2021; Song et al., 2023), the global extent of different modes 46 

of anoxia remains poorly constrained. As such, a quantitative assessment of the global redox 47 

landscape may provide critical insight into the spatial extent of potentially habitable conditions, thus 48 

ultimately enabling improved consideration of potential controls on early eukaryote evolution. 49 

Uranium and molybdenum isotopes (δ238U and δ98Mo) are useful tools for reconstructing global 50 

redox conditions because of their redox sensitivity and long oceanic residence times (Andersen et al., 51 

2017; Kendall et al., 2017). The largest U isotope fractionations occur during U reduction in anoxic 52 

environments, with heavy U isotopes preferentially sequestered in the sediments (Weyer et al., 2008). 53 

The largest Mo isotope fractionations occur during adsorption to Mn-Fe (oxyhydr)oxides under oxic 54 

conditions (Kendall et al., 2017). By contrast, minimal isotopic difference is expected between Mo 55 

in sediments and coeval seawater during near-quantitative drawdown under strongly euxinic 56 

conditions (Nägler et al., 2011). Since rapid Mo burial specifically requires relatively high dissolved 57 

sulfide concentrations, but U burial only requires anoxia, a particularly robust reconstruction of the 58 

extent of different ocean redox conditions can be achieved when considering δ238U and δ98Mo 59 

together (Andersen et al., 2020; Kendall et al., 2020). Although there are several studies using either 60 

δ238U or δ98Mo to investigate ocean redox variability in the mid-Proterozoic (Arnold et al., 2004; 61 

Yang et al., 2017; Gilleaudeau et al., 2019; Luo et al., 2021), there have been no studies of U-Mo 62 

isotope co-variation during this period.  63 

Here, we present new U and Mo isotope data for drill core samples from the ~1.4 Ga Xiamaling 64 

Formation, North China Craton. In combination with new Re concentration data, which enables 65 

specific identification of dysoxic conditions (Crusius et al., 1996; Song et al., 2023; Li et al., 2025), 66 



and existing Fe speciation, δ98Mo and U-Mo concentration data, we first explore δ238U and δ98Mo 67 

systematics in the context of the local redox state. We then utilize an isotope mass balance model to 68 

reconstruct the spatial extent of different redox conditions in the ~1.4 Ga ocean.  69 

 70 

GEOLOGIC SETTING 71 

The ~1.4 Ga Xiamaling Formation (Zhang et al., 2015) study site is located in the Xiahuayuan 72 

region of Hebei Province, north China (Fig. 1A), where the formation can be divided into six units 73 

(Wang et al., 2017; see Supplemental Material for detailed geologic background). Here, we focus on 74 

fresh drill core material from the upper four units (Fig. 1B), which are dominantly composed of low 75 

thermal maturity mudstones and black shales, representing deep-water deposition (Wang et al., 2017).  76 

 77 

RESULTS 78 

In total, 50 samples were analyzed for δ238U compositions, while an additional 15 samples were 79 

analysed to augment existing δ98Mo data (Zhang et al., 2019; see Supplemental Material for methods 80 

and data). Bulk δ238U values show relatively constant values through unit 4 (-0.22 ± 0.04‰, 2SD;  81 

Fig. 2). An excursion to lower values (as low as -0.41‰) and then to higher values (up to 0.08‰) 82 

occurs in unit 3, followed by a progressive increase to values approaching 0.2‰ at the top of unit 2 83 

(Fig. 2). Samples in unit 1 show more scatter, but with an initial drop to lower values, followed by a 84 

general increase up-section (Fig. 2). Calculated authigenic δ238U (δ238Uauth) compositions (see 85 

Supplemental Material for detrital corrections; note that samples with low U and Mo contents were 86 

excluded from authigenic correction) range from -0.44‰ to +0.26‰, and exhibit a similar trend to 87 

bulk δ238U values (Fig. 3). Our δ98Mo data range from 0.15‰ to 1.26‰, with negligible difference 88 



relative to authigenic δ98Mo (δ98Moauth) (Fig. 2; Table S1). In almost all cases, Re enrichment factors 89 

(ReEF; see Supplemental Material for the enrichment factor (EF) calculation) are above 1 (Fig. 2). 90 

 91 

DISCUSSION 92 

Local Redox conditions 93 

Previous detailed reconstructions have invoked a generally anoxic, but dynamic redox setting 94 

for the Xiamaling Formation (Zhang et al., 2016; Wang et al., 2017; Song et al., 2023). Based on 95 

mostly low but variable highly reactive Fe to total Fe (FeHR/FeT) ratios and UEF-MoEF values, coupled 96 

with generally low pyritization (Fepy) of the FeHR pool (Fig. 2), units 3 and 4 have been interpreted to 97 

record orbital-scale variability in the spatial extent of a ferruginous oxygen minimum zone (OMZ), 98 

which became more productive through unit 3 (Wang et al., 2017; Song et al., 2023). More expansive 99 

deeper water anoxia developed in unit 2, with a progression from ferruginous to euxinic conditions, 100 

while unit 1 documents continued euxinia, punctuated by more oxygenated conditions in the upper 101 

half of the unit (Fig. 2; Wang et al., 2017).  102 

Persistent enrichments in Re (Fig. 2), including for samples with low FeHR/FeT ratios, further 103 

suggest that deeper waters below the OMZ in units 3 and 4 were likely dysoxic (Crusius et al., 1996; 104 

Song et al., 2023; Li et al., 2025), although intervals of fully oxygenated conditions (Zhang et al., 105 

2016; Wang et al., 2017) cannot be discounted (hence we refer to such samples as being (dys)oxic).  106 

Controls on U and Mo Isotope Compositions 107 

To explore δ98Mo-δ238U variability, we plot δ98Mo and δ238U profiles in the context of local 108 

redox conditions (Fig. 2). The (dys)oxic samples have δ238U values that are essentially 109 

indistinguishable from average continental crust (-0.3‰), consistent with generally low U contents 110 



and a dominant detrital contribution (Fig. 2; Fig. S1) (Andersen et al., 2017). Ferruginous samples 111 

have δ238Uauth values that span a relatively wide range (Fig. 2), consistent with a previous δ238U study 112 

of ferruginous lakes (Cole et al., 2020). In more detail, ferruginous samples with low TOC and UEF 113 

values (termed F2 samples) tend to have δ238U similar to the detrital composition, whereas higher 114 

δ238Uauth values are observed for samples with higher TOC and UEF (termed F1 samples) (Fig. 2). 115 

Euxinic samples are generally enriched in authigenic U and record the highest δ238Uauth values (Fig. 116 

2; see Supplemental Material for discussion of two euxinic samples with anomalously low δ238Uauth). 117 

Integrating our new δ98Mo analyses with previously published data (Zhang et al., 2019) shows 118 

that (dys)oxic and F2 samples are dominantly characterized by low δ98Mo values (0.34 ± 0.14‰), 119 

close to continental crust (~0.3‰) (Voegelin et al., 2014), while the highest δ98Mo values are 120 

observed for euxinic and F1 sediments (Fig. 2). It is noteworthy that euxinic samples have δ98Mo 121 

values spanning a wide range, possibly suggesting variable, and relatively low, water column sulfide 122 

levels (Neubert et al, 2008). In addition, sulfidic pore waters may also have exerted an important 123 

control on the observed δ98Mo variability (Kendall et al., 2017).  124 

While δ238U systematics are commonly used to evaluate global ocean redox changes, the 125 

potential impact of local redox conditions and organic carbon loading on fractionations recorded in 126 

the sediments needs to be considered (Lau et al., 2022; Rutledge et al., 2024). Although bulk δ238U 127 

values show a general positive correlation with TOC (when OMZ samples are excluded) and U 128 

contents, δ238Uauth values display no such correlation (Fig. 3), suggesting a negligible local 129 

environmental control on δ238Uauth fractionations. We also note that our δ238Uauth values are generally 130 

comparable to shale δ238Uauth data (-0.27‰ to 0.16‰) from the ~1.36 Ga Velkerri Formation, 131 



northern Australia (Yang et al., 2017), suggesting a consistent isotopic offset from global seawater 132 

and a relatively stable seawater δ238U composition.  133 

Neither δ98Mo or δ98Moauth compositions show a systematic covariation with TOC or Mo 134 

contents (Fig. 3), therefore local changes in productivity or sedimentation rate appear to have exerted 135 

minimal impact on the observed δ98Mo variability. Diamond et al. (2018) and Zhang et al. (2019) 136 

reported two distinct δ98Mo maxima for euxinic sediments of the Xiamaling Formation at two 137 

different localities, which likely suggests heterogenous sulfide availability in the relatively low-138 

sulfate mid-Proterozoic ocean (Fakhraee et al., 2019). Nevertheless, a combined evaluation of δ238U-139 

δ98Mo data can be used to estimate global ocean redox variability (Andersen et al. 2020; Kendall et 140 

al., 2020).   141 

 142 

Reconstructing Global Redox Conditions 143 

Generally, fluctuating δ238U and δ98Mo values in the Xiamaling Formation are consistent with 144 

local redox dynamics, and their ranges across different redox conditions are relatively constant 145 

throughout the formation (Fig. 2), suggesting relatively stable oceanic U-Mo inventories and isotopic 146 

compositions. To quantitatively evaluate the global oceanic redox distribution at this time, we employ 147 

a stochastic isotope mass balance model, assuming that both U and Mo are dominantly sourced from 148 

rivers and are buried under (dys)oxic, ferruginous and euxinic conditions. In this model, U-Mo burial 149 

is a function of the areal proportion of each redox sink, and seawater δ238U and δ98Mo are calculated 150 

from U-Mo burial and corresponding isotope fractionations for each redox sink, utilising specific 151 

fractionation factors from previous studies (Table S2; see Supplemental Material for details of the 152 

modelling approach). By running the model 10,000 times from a modern-day initialization through a 153 



random selection of ferruginous and euxinic areal fractions, model outputs (i.e., U and Mo isotope 154 

compositions for each redox sink) are produced that fit both the δ238U and δ98Mo data for the 155 

Xiamaling Formation (Fig. 4). An advantage of our model is that specific isotope compositions for 156 

~1.4 Ga seawater are not required, as the model calculates coeval seawater isotope compositions in 157 

association with randomly selected isotope compositions and fractionation factors for each sink. 158 

The resultant area that intersects all coloured areas (area b in Fig. 4) suggests that, at most, ~0.5% 159 

of the global seafloor was overlain by euxinic waters at ~1.4 Ga, while the areal fraction of 160 

ferruginous conditions was at least 20%, leaving the rest of the seafloor in a (dys)oxic state. Our 161 

estimate of more expansive ferruginous conditions is consistent with ferruginous-dominated redox 162 

models proposed for the mid-Proterozoic (Poulton et al., 2010; Planavsky et al., 2011; Poulton and 163 

Canfield, 2011). By contrast, our estimate for the extent of euxinia at ~1.4 Ga is relatively small 164 

compared to estimates for other intervals of the mid-Proterozoic (<10%), which were constrained by 165 

either 238U or 98Mo alone (Gilleaudeau et al., 2019; Luo et al., 2021). This may reflect either 166 

temporal variability in water column euxinia, or model limitations when considering one isotope 167 

system in isolation.  168 

Recent studies have suggested increased ocean oxygenation at ~1.4 Ga, relating to enhanced 169 

nutrient-driven primary productivity (Cox et al., 2016). However, our results suggest that large 170 

expanses of the ocean were more likely dysoxic than oxic, and as such, elevated productivity was 171 

likely restricted to local settings experiencing increased nutrient availability, driven either by locally-172 

enhanced nutrient influxes or recycling under euxinic conditions (Song et al., 2023). The limited 173 

extent of euxinia in ~1.4 Ga oceans would have diminished the specific ‘toxicity’ control of sulfide 174 

on eukaryote evolution (Anbar and Knoll, 2002), which together with the expansive extent of at least 175 



mildly oxygenated oceans (Heard et al., 2023), may have exerted a significant control on the evolution 176 

of the biosphere in the mid-Proterozoic.  177 

 178 

CONCLUSIONS 179 

Uranium and Mo isotope systematics in the ~1.4 Ga Xiamaling Formation provide constraints 180 

on global ocean redox evolution in the mid-Proterozoic. Our δ238U and δ98Mo data exhibit distinct 181 

ranges related to different redox conditions, with (dys)oxic samples having δ238U-δ98Mo values 182 

indistinguishable from the detrital input. By contrast, the highest δ238Uauth-δ98Moauth values are 183 

preferentially recorded in euxinic samples. Ferruginous sediments with low TOC tend to have low 184 

δ238U-δ98Mo values, while higher-TOC ferruginous samples tend to have intermediate to high δ238U-185 

δ98Mo compositions. Coupled U-Mo modelling results suggest that eutrophic euxinic settings covered 186 

~0.5% of the global seafloor at most, while less-productive ferruginous and (dys)oxic settings were 187 

much more extensive at ~1.4 Ga. This redox partitioning may account for the moderate diversification 188 

of eukaryotes observed in the Xiamaling Formation. Similar studies linking mid-Proterozoic isotopic 189 

and fossil records will help to determine whether the Xiamaling Formation documents a relatively 190 

static mid-Proterozoic redox environment, or one stage in a temporal progression towards increased, 191 

stable ecological niche space that promoted enhanced eukaryotic diversification.  192 

 193 

ACKNOWLEDGMENTS 194 

This work was funded by a China Scholarship Council-University of Leeds Scholarship to YS, NERC 195 

grant NE/R010129/1 to SWP, BJWM and GAS, NERC grant NE/T008458/01 to SWP and FTB, and 196 

NERC grant NE/V004824/1 to MBA and FOO. SWP was supported in part by the World Research 197 



Hub (WRH) Program of the International Research Frontiers Initiative, Tokyo Institute of 198 

Technology. 199 

 200 

REFERENCES CITED 201 

Anbar, A. D., and Knoll, A. H., 2002, Proterozoic ocean chemistry and evolution: a bioinorganic 202 

bridge?: Science, v. 297, p. 1137-1142,  https://doi.org/10.1126/science.1069651 203 

Andersen, M.B., Matthews, A., Bar-Matthews, M. and Vance, D., 2020. Rapid onset of ocean 204 

anoxia shown by high U and low Mo isotope compositions of sapropel S1: Geochemical 205 

Perspectives Letters, 15, p. 10-14, https://doi.org/10.7185/geochemlet.2027. 206 

Andersen, M.B., Stirling, C.H., and Weyer, S., 2017, Uranium isotope fractionation: Reviews in 207 

Mineralogy and Geochemistry, v. 82, p. 799-850, https://doi.org/10.2138/rmg.2017.82.19. 208 

Arnold, G.L., Anbar, A.D., Barling, J., and Lyons, T.W., 2004, Molybdenum isotope evidence for 209 

widespread anoxia in mid-Proterozoic oceans: Science, v. 304, p. 87-90, 210 

https://doi.org/10.1126/science.109178. 211 

Cole, D.B., Planavsky, N.J., Longley, M., Böning, P., Wilkes, D., Wang, X., Swanner, E.D., 212 

Wittkop, C., Loydell, D.K., Busigny, V., and Knudsen, A.C., 2020, Uranium isotope 213 

fractionation in non‐sulfidic anoxic settings and the global uranium isotope mass 214 

balance: Global Biogeochemical Cycles, v. 34, e2020GB006649, 215 

https://doi.org/10.1029/2020GB006649. 216 

Cox, G. M., Jarrett, A., Edwards, D., Crockford, P. W., Halverson, G. P., Collins, A. S., Poirier, A., 217 

and Li, Z. X., 2016, Basin redox and primary productivity within the Mesoproterozoic Roper 218 

Seaway: Chemical Geology, v. 440, p. 101-114, 219 

https://doi.org/10.1016/j.chemgeo.2016.06.025. 220 

Crusius, J., Calvert, S., Pedersen, T., and Sage, D., 1996, Rhenium and molybdenum enrichments in 221 

sediments as indicators of oxic, suboxic and sulfidic conditions of deposition: Earth and 222 

Planetary Science Letters, v. 145, p. 65-78, https://doi.org/10.1016/S0012-821X(96)00204-X. 223 

Diamond, C.W., Planavsky, N.J., Wang, C. and Lyons, T.W., 2018, What the ~ 1.4 Ga Xiamaling 224 

Formation can and cannot tell us about the mid‐Proterozoic ocean. Geobiology, v. 16, p. 219-225 

236, https://doi.org/10.1111/gbi.12282. 226 

Fakhraee, M., Hancisse, O., Canfield, D.E., Crowe, S. A., and Katsev, S., 2019, Proterozoic 227 

seawater sulfate scarcity and the evolution of ocean–atmosphere chemistry: Nature Geoscience, 228 

v. 12, p. 375-380, https://doi.org/10.1038/s41561-019-0351-5. 229 

Gilleaudeau, G.J., Romaniello, S.J., Luo, G., Kaufman, A.J., Zhang, F., Klaebe, R.M., Kah, L.C., 230 

Azmy, K., Bartley, J.K., Zheng, W., and Knoll, A.H., 2019, Uranium isotope evidence for 231 

limited euxinia in mid-Proterozoic oceans: Earth and Planetary Science Letters, v. 521, p. 150-232 

157, https://doi.org/10.1016/j.epsl.2019.06.012. 233 

Heard, A.W., Wang, Y., Ostrander, C.M., Auro, M., Canfield, D.E., Zhang, S., Wang, H., Wang, 234 

X., and Nielsen, S.G., 2023, Coupled vanadium and thallium isotope constraints on 235 

Mesoproterozoic ocean oxygenation around 1.38-1.39 Ga. Earth and Planetary Science 236 

Letters, v. 610, p. 118127, https://doi.org/10.1016/j.epsl.2023.118127. 237 

https://doi.org/10.1126/science.1069651
https://doi.org/10.2138/rmg.2017.82.19
https://doi.org/10.1126/science.1091785
https://doi.org/10.1029/2020GB006649
https://doi.org/10.1016/j.chemgeo.2016.06.025
https://doi.org/10.1016/S0012-821X(96)00204-X
https://doi.org/10.1111/gbi.12282
https://doi.org/10.1016/j.epsl.2019.06.012
https://doi.org/10.1016/j.epsl.2023.118127


Kah, L.C., Lyons, T.W., and Frank, T.D.,2004, Low marine sulphate and protracted oxygenation of 238 

the Proterozoic biosphere: Nature, v. 431, p. 834-838, https://doi.org/10.1038/nature02974. 239 

Kendall, B., Dahl, T.W., and Anbar, A.D., 2017, The stable isotope geochemistry of molybdenum: 240 

Reviews in Mineralogy and Geochemistry, v. 82, p. 683-732, 241 

https://doi.org/10.2138/rmg.2017.82.16.  242 

Kendall, B., Wang, J., Zheng, W., Romaniello, S.J., Over, D.J., Bennett, Y., Xing, L., Kunert, A., 243 

Boyes, C., and Liu, J., 2020, Inverse correlation between the molybdenum and uranium 244 

isotope compositions of Upper Devonian black shales caused by changes in local depositional 245 

conditions rather than global ocean redox variations. Geochimica et Cosmochimica Acta, v. 246 

287, p. 141-164, https://doi.org/10.1016/j.gca.2020.01.026. 247 

Knoll, A.H., and Nowak, M.A., 2017, The timetable of evolution: Science advances, v. 3, 248 

e1603076, https://doi.org/10.1126/sciadv.1603076. 249 

Lau, K.V., Hancock, L.G., Severmann, S., Kuzminov, A., Cole, D.B., Behl, R.J., Planavsky, N.J., 250 

and Lyons, T.W., 2022, Variable local basin hydrography and productivity control the uranium 251 

isotope paleoredox proxy in anoxic black shales: Geochimica et Cosmochimica Acta, v. 317, 252 

p. 433-456, https://doi.org/10.1016/j.gca.2021.10.011. 253 

Li, S., Wignall, P.B., and Poulton, S.W., 2025, Co-application of rhenium, vanadium, uranium and 254 

molybdenum as paleo-redox proxies: Insight from modern and ancient environments: 255 

Chemical Geology, v. 674, 10.1016, https://doi.org/10.1016/j.chemgeo.2024.122565. 256 

Luo, J., Long, X., Bowyer, F.T., Mills, B.J., Li, J., Xiong, Y., Zhu, X., Zhang, K., and Poulton, 257 

S.W., 2021, Pulsed oxygenation events drove progressive oxygenation of the early 258 

Mesoproterozoic ocean: Earth and Planetary Science Letters, v. 559, 116754, 259 

https://doi.org/10.1016/j.epsl.2021.116754. 260 

McLennan, S.M., 2001, Relationships between the trace element composition of sedimentary rocks 261 

and upper continental crust: Geochemistry, Geophysics, Geosystems, v. 2, 2000GC000109, 262 

https://doi.org/10.1029/2000GC000109. 263 

Nägler, T. F., Neubert, N., Böttcher, M. E., Dellwig, O., and Schnetger, B., 2011, Molybdenum 264 

isotope fractionation in pelagic euxinia: Evidence from the modern Black and Baltic 265 

Seas: Chemical Geology, v. 289, p. 1-11, https://doi.org/10.1016/j.chemgeo.2011.07.001. 266 

Neubert, N., Nägler, T.F., and Böttcher, M.E., 2008, Sulfidity controls molybdenum isotope 267 

fractionation into euxinic sediments: Evidence from the modern Black Sea: Geology, v. 36, p. 268 

775-778, https://doi.org/10.1130/G24959A.1. 269 

Planavsky, N.J., McGoldrick, P., Scott, C.T., Li, C., Reinhard, C.T., Kelly, A.E., Chu, X., Bekker, 270 

A., Love, G.D., and Lyons, T.W., 2011, Widespread iron-rich conditions in the mid-271 

Proterozoic ocean: Nature, v. 477, p. 448-451, https://doi.org/10.1038/nature10327. 272 

Poulton, S.W., Fralick, P.W., and Canfield, D.E., 2010, Spatial variability in oceanic redox structure 273 

1.8 billion years ago: Nature Geoscience, v. 3, p. 486-490, https://doi.org/10.1038/ngeo889. 274 

Poulton, S.W., and Canfield, D.E., 2011, Ferruginous conditions: a dominant feature of the ocean 275 

through Earth's history: Elements, v. 7, p. 107-112, https://doi.org/10.2113/gselements.7.2.107. 276 

Rutledge, R.L., Gilleaudeau, G.J., Remírez, M.N., Kaufman, A.J., Lyons, T.W., Bates, S., and 277 

Algeo, T.J., 2024, Productivity and organic carbon loading control uranium isotope behavior in 278 

ancient reducing settings: Implications for the paleoredox proxy: Geochimica et 279 

Cosmochimica Acta, v. 368, p. 197-213, https://doi.org/10.1016/j.gca.2024.01.007. 280 

https://doi.org/10.2138/rmg.2017.82.16
https://doi.org/10.1016/j.gca.2020.01.026
https://doi.org/10.1016/j.gca.2021.10.011
https://doi.org/10.1016/j.epsl.2021.116754
https://doi.org/10.1029/2000GC000109
https://doi.org/10.1016/j.chemgeo.2011.07.001
https://doi.org/10.2113/gselements.7.2.107
https://doi.org/10.1016/j.gca.2024.01.007


Song, Y., Bowyer, F.T., Mills, B.J., Merdith, A.S., Wignall, P.B., Peakall, J., Zhang, S., Wang, X., 281 

Wang, H., Canfield, D.E., and Shields, G.A., 2023, Dynamic redox and nutrient cycling 282 

response to climate forcing in the Mesoproterozoic ocean: Nature Communications, v. 14, p. 283 

6640, https://doi.org/10.1038/s41467-023-41901-7. 284 

Sperling, E.A., Rooney, A.D., Hays, L., Sergeev, V.N., Vorob'Eva, N.G., Sergeeva, N.D., Selby, 285 

D., Johnston, D.T., and Knoll, A.H., 2014, Redox heterogeneity of subsurface waters in the 286 

Mesoproterozoic ocean: Geobiology, v. 12, p. 373-386, https://doi.org/10.1111/gbi.12091. 287 

Voegelin, A.R., Pettke, T., Greber, N.D., von Niederhäusern, B., and Nägler, T.F.,2014, Magma 288 

differentiation fractionates Mo isotope ratios: evidence from the Kos Plateau Tuff (Aegean 289 

Arc): Lithos, v. 190, p. 440-448, https://doi.org/10.1016/j.lithos.2013.12.016. 290 

Wang, X., Zhang, S., Wang, H., Bjerrum, C.J., Hammarlund, E.U., Haxen, E.R., Su, J., Wang, Y., 291 

and Canfield, D.E., 2017, Oxygen, climate and the chemical evolution of a 1400 million year 292 

old tropical marine setting: American Journal of Science, v. 317, p. 861-900, 293 

https://doi.org/10.2475/08.2017.01. 294 

Weyer, S., Anbar, A.D., Gerdes, A., Gordon, G.W., Algeo, T.J., and Boyle, E.A., 2008, Natural 295 

fractionation of 238U/235U: Geochimica et Cosmochimica Acta, v. 72, p. 345-359, 296 

https://doi.org/10.1016/j.gca.2007.11.012. 297 

Yang, S., Kendall, B., Lu, X., Zhang, F., and Zheng, W., 2017, Uranium isotope compositions of 298 

mid-Proterozoic black shales: Evidence for an episode of increased ocean oxygenation at 1.36 299 

Ga and evaluation of the effect of post-depositional hydrothermal fluid flow: Precambrian 300 

Research, v. 298, p. 187-201, https://doi.org/10.1016/j.precamres.2017.06.016. 301 

Zhang, S., Wang, X., Hammarlund, E. U., Wang, H., Costa, M. M., Bjerrum, C. J., Connelly, J. N., 302 

Zhang, B., Bian, L., and Canfield, D. E., 2015, Orbital forcing of climate 1.4 billion years 303 

ago: Proceedings of the National Academy of Sciences, v. 112, E1406-E1413. 304 

Zhang, S., Wang, X., Wang, H., Bjerrum, C.J., Hammarlund, E.U., Costa, M.M., Connelly, J.N., 305 

Zhang, B., Su, J., and Canfield, D.E., 2016, Sufficient oxygen for animal respiration 1,400 306 

million years ago: Proceedings of the National Academy of Sciences, v. 113, p. 1731-1736, 307 

https://doi.org/10.1073/pnas.1523449113. 308 

Zhang, S., Wang, X., Wang, H., Bjerrum, C.J., Hammarlund, E.U., Haxen, E.R., Wen, H., Ye, Y., 309 

and Canfield, D.E., 2019, Paleoenvironmental proxies and what the Xiamaling Formation tells 310 

us about the mid‐Proterozoic ocean: Geobiology, v. 17, p. 225-246, 311 

https://doi.org/10.1111/gbi.12337. 312 

Zhao, G., Sun, M., Wilde, S. A., and Li, S., 2005, Late Archean to Paleoproterozoic evolution of the 313 

North China Craton: key issues revisited: Precambrian Research, v. 136, p. 177-202, 314 

https://doi.org/10.1016/j.precamres.2004.10.002. 315 

 316 

 317 

 318 

 319 

 320 

https://doi.org/10.1016/j.lithos.2013.12.016
https://doi.org/10.1016/j.gca.2007.11.012
https://doi.org/10.1016/j.precamres.2017.06.016
https://doi.org/10.1073/pnas.1523449113
https://doi.org/10.1111/gbi.12337
https://doi.org/10.1016/j.precamres.2004.10.002


FIGURE CAPTIONS 321 

Figure 1. A: Geological map of the North China Craton, after Zhao et al. (2005) and Wang et al. 322 

(2017). Red square shows the location of the study area. B: Simplified stratigraphy of the Xiamaling 323 

Formation, with age constraints from Zhang et al. (2015).  324 

 325 

Figure 2. Stratigraphic geochemical profiles for the Xiamaling Formation. Total organic carbon 326 

(TOC), Fe speciation, U and Mo concentration data are from Wang et al. (2017). Re data are from 327 

this study (closed circles) and Song et al. (2023) (open circles). The bulk δ98Mo profile comprises 328 

data from Diamond et al. (2018) (red open circles), Zhang et al. (2019) (dark open circles for core 329 

samples and grey open circles for outcrop rocks), and this study (closed circles). All δ238U data are 330 

from this study. Blue shading on the δ98Moauth and δ238Uauth profiles  represent isotope ranges for 331 

(dys)oxic and F2 samples, while grey shading indicates the euxinic isotope range. EF–enrichment 332 

factor. (U)CC–(upper) continental crust. F1–high-TOC ferruginous. F2–low-TOC ferruginous. 333 

 334 

Figure 3.  Cross-plots of δ238U and δ98Mo versus their respective elemental and TOC contents. δ238Udet 335 

and δ98Modet represent average continental crust values of -0.3‰ (Andersen et al., 2017) and 0.3‰ 336 

(Voegelin et al., 2014), respectively. Note that the regression line on the δ238U versus TOC plot 337 

excludes the OMZ data (an R2 of 0.12 is obtained when the OMZ data are included). 338 

 339 

Figure 4. Simplified U-Mo isotope mass balance model outputs. Most likely isotope compositions 340 

are mapped as a function of the relative areal fraction in different redox sinks. Area (a) represents the 341 

solution space that satisfies the δ238U data for the three sinks, while area (b) represents the solution 342 



space that additionally satisfies the δ98Mo data. Thus, area (b) represents the inferred spatial extent of 343 

ferruginous and euxinic conditions, as satisfied by both isotope systems.  344 

 345 

 346 

1Supplemental Material. Detailed descriptions of the geological background, analytical methods, 347 

detrital corrections, further discussion, modelling approach and geochemical data. Please visit 348 

https://doi.org/10.1130/XXXX to access the supplemental material, and contact 349 

editing@geosociety.org with any questions. 350 
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