
Earth-Science Reviews 237 (2023) 104306

Available online 3 January 2023
0012-8252/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Environmental controls on very high δ238U values in reducing sediments: 
Implications for Neoproterozoic seawater records 

Matthew O. Clarkson a,*, Tim C. Sweere a,*, Chun Fung Chiu a, Rick Hennekam b, Fred Bowyer c, 
Rachel A. Wood a,c 

a Department of Earth Sciences, ETHZ, Zurich 8092, Switzerland 
b Department of Ocean Systems, NIOZ Royal Netherlands Institute for Sea Research, ‘t Horntje 1797 SZ, the Netherlands 
c School of GeoSciences, University of Edinburgh, James Hutton Road, Edinburgh EH9 3FE, UK   

A R T I C L E  I N F O   

Keywords: 
Ediacaran 
Tonian 
Uranium 
Molybdenum 
Sapropels 
Metal Isotopes 

A B S T R A C T   

Uranium isotopes (δ238U) are a widely applied tool for tracing global changes in oceanic anoxia. Interpretation of 
seawater values and trends, often reconstructed from carbonates, requires knowledge of the U isotope frac
tionation that occurs during U reduction, typically favouring the heavier 238U isotope relative to 235U. Yet the 
environmental controls on the expression of isotope enrichment during reduction (Δ238Uanox) are poorly un
derstood, leading to large uncertainties in interpretation of seawater records. This is particularly limiting for the 
Neoproterozoic, where exceptionally low inferred seawater δ238U requires very high Δ238Uanox, which are rarely 
seen in modern sediments. Here we present a compilation of authigenic δ238U from modern and recent (Medi
terranean sapropel) reducing settings to better constrain the first order controls on the expression of large U 
isotope enrichments. Accompanying geochemical data help identify the dominant mechanisms responsible for 
high Δ238Uanox, suggesting they are an expression of limited sedimentary U reduction in weakly euxinic settings 
or temporally dynamic reducing environments. Such environments are characterised by lower to intermediate 
organic carbon and uranium accumulation rates (OCAR, UAR) where U reduction appears dominated by non- 
diffusion-limited processes at the sediment-water interface, on sinking organic matter or within the water col
umn itself. Conversely, under strongly euxinic conditions with higher OCAR and UAR, U reduction occurs mainly 
under a diffusion-limited regime in the sediment. These findings suggest that the very low seawater δ238U of the 
Neoproterozoic may be a result of progressive ocean oxygenation and temporally dynamic expansions of anoxia, 
or the development of weakly euxinic conditions, rather than more widespread or ‘intense’ anoxia as previously 
inferred. Such a revised interpretation is more consistent with other geochemical and paleontological records 
from this time and is critical for understanding the relationship of anoxia to the rise of complex life.   

1. Introduction 

Seawater uranium isotope records (δ238Usw), primarily reconstructed 
from carbonate (δ238Ucarb) archives, have provided detailed insights into 
the magnitude and timing of global expansions of oceanic anoxia for 
many major transition and perturbations events in Earth history. The 
utility of U isotopes as a redox tracer stems from the fact that the largest 
isotope fractionation occurs during reduction and has a strong leverage 
on the global isotope mass balance (Andersen et al., 2017). Typically, U 
is reduced from soluble U(VI) to insoluble U(IV) which preferentially 

favours 238U relative to 235U in the insoluble phase (e.g. Stirling et al., 
2015; Stylo et al., 2015; Brown et al., 2018). Given that the majority of 
anoxic U removal occurs within the sediment rather than the water 
column (McManus et al., 2006), and because of the long residence time 
of U in the modern ocean (320–560 kyrs; Dunk et al., 2002), δ238Usw can 
track global changes in the areal extent of seafloor anoxia. Indeed, 
negative δ238Ucarb excursions are associated with numerous Phanerozoic 
deoxygenation events, including mass extinction intervals (Fig. 1; e.g. 
Jost et al., 2017; Clarkson et al., 2018; Zhang et al., 2018a). Proterozoic 
δ238Ucarb records further document multi-million-year fluctuations, 
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potentially tracking ocean oxygenation events in an otherwise pre
dominantly anoxic ocean (Fig. 1; Lau et al., 2017; Zhang et al., 2018c; 
Tostevin et al., 2019; Wei et al., 2021; Zhang et al., 2022). 

Regardless of time period, quantitative interpretation of δ238Usw in 
terms of the size of anoxic sinks and the areal extent of seafloor anoxia 
requires assumption of the magnitude of U isotope fractionation that 
occurs in anoxic sediments (i.e. the difference between reduced authi
genic δ238U and aqueous dissolved δ238U; Δ238Uanox). However, the 
relationship of Δ238Uanox to environmental and depositional controls, 
including ambient redox conditions, is poorly understood in the modern 
ocean (e.g. Lau et al., 2020; Lau et al., 2022), making it difficult to es
timate for ancient applications. Experimental and theoretical studies 
suggest a Δ238Uanox of ~ +1.2–1.4‰ associated with the precipitation of 
U(IV) as a result of the nuclear field shift effect (Abe et al., 2008; Basu 
et al., 2014; Stirling et al., 2015; Stylo et al., 2015; Brown et al., 2018). 
In modern anoxic sediments, however, U reduction primarily occurs 
within the sediment pile, creating a first order diffusion-limitation on 
isotope enrichment and hence a smaller expression of Δ238Uanox, with a 
theoretical maximum effective Δ238Uanox that is half of the full enrich
ment factor (i.e. ~ +0.6‰; Clark and Johnson, 2008; Andersen et al., 
2014; Lau et al., 2020). The importance of diffusion-limitation for 
anoxic U burial in the modern ocean is evident from an inferred global 
average Δ238Uanox of +0.4 ± 0.1‰ based on isotope mass balance cal
culations (Andersen et al., 2017). For interpretations of paleo-datasets, 

however, it is common to use a Δ238Uanox between +0.4 and + 0.8‰, 
based on the values observed in modern anoxic sediments, but this range 
results in large uncertainties for estimates of the areal extent of anoxia 
(e.g. Jost et al., 2017; Lau et al., 2017; Clarkson et al., 2018; Zhang et al., 
2020b). Thus, knowledge on the controls of Δ238Uanox is a severe limi
tation for the quantitative application of δ238U as a geochemical tracer. 

The Neoproterozoic carbonate δ238U records pose a particular chal
lenge for interpretation using isotope mass balance models and the 
diffusion-limitation framework. Specifically, two intervals of excep
tionally low δ238Usw are inferred for the early Tonian and late Ediacaran 
(Fig. 1, down to ~ − 1.2‰; Zhang et al., 2018c; Zhang et al., 2022) 
which are markedly lower than other negative δ238Usw excursions of the 
Proterozoic and early Paleozoic (around − 0.9‰, Fig. 1; Lau et al., 2017; 
Dahl et al., 2019; Wei et al., 2021). Note that the lowermost carbonate 
δ238U values are used here to infer δ238Usw as carbonates are often 
positively offset from seawater due to early diagenesis (Romaniello 
et al., 2013). These extreme Neoproterozoic δ238Usw excursions appear 
to be long lived (>0.5 Myrs), so are unlikely to be the result of a dynamic 
U cycle response that is predicted for Phanerozoic perturbation events 
(see Zhang et al., 2020b; Kipp and Tissot, 2022 for discussion on dy
namic models). Instead, the Neoproterozoic δ238Usw excursions are 
suggested to reflect a larger expression of Δ238Uanox (Wei et al., 2021; 
Zhang et al., 2022). This requirement is illustrated using a simple steady- 
state two-sink model describing the relationship of δ238Usw to the 

Fig. 1. Summary of carbonate δ238U through time. 
a published carbonate δ238U records updated from 
Chen et al. (2021) from original sources (Brennecka 
et al., 2011a; Romaniello et al., 2013; Dahl et al., 
2014; Azmy et al., 2015; Hood et al., 2016; Lau et al., 
2016; Dahl et al., 2017; Elrick et al., 2017; Jost et al., 
2017; Lau et al., 2017; Song et al., 2017; Bartlett 
et al., 2018; Chen et al., 2018; Clarkson et al., 2018; 
Herrmann et al., 2018; Wei et al., 2018; White et al., 
2018; Zhang et al., 2018a; Zhang et al., 2018b; Zhang 
et al., 2018c; Dahl et al., 2019; Gilleaudeau et al., 
2019; Tostevin et al., 2019; Zhang et al., 2019; Brüske 
et al., 2020a; Cao et al., 2020; Cheng et al., 2020; del 
Rey et al., 2020; Li et al., 2020; Zhang et al., 2020a; 
Zhang et al., 2020c; Clarkson et al., 2021b; Chen 
et al., 2022; Zhang et al., 2022). b Schematic of late 
Proterozoic ocean redox dynamics modified from 
Wood et al. (2019) and references therein, based on 
local and global redox records. Note that euxinia after 
~645 Ma was restricted to South China and was 
highly intermittent (Li et al., 2010; Och et al., 2016; 
Bowyer et al., 2017). Ocean Oxygenation Events 
(OOEs) in the early Tonian are inferred from higher 
values in the carbonate δ238U record (Zhang et al., 
2022) but have not yet been identified with local 
tracers. These records indicate progressive oxygena
tion in the late Neoproterozoic and changes in the 
occurrence of anoxic ferruginous (non-sulfidic) and 
euxinic (sulfidic) conditions. c Higher resolution plot 
of Mesoproterozoic to Cambrian published carbonate 
δ238U records with updated age models (see Table S2; 
after Yang et al., 2021; Bowyer et al., 2022). Distinctly 
low δ238Ucarb values are seen in the early Tonian and 
late Ediacaran compared to Mesoproterozoic, mid- 
Neoproterozoic and Paleozoic.   
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fraction of U buried in anoxic sinks (Fanox) assuming different Δ238Uanox 
values (Fig. 2): 

δ238Usw = δ238Uriv–
(
Fanox

*Δ238Uanox
)
–
(
Fother

*Δ238Uother
)

(1)  

where riverine δ238U (δ238Uriv) = − 0.3‰ (Upper Continental Crust; 
UCC) and Fother is the fraction of non-anoxic sinks (including Mn-oxides 
and hydrothermal sinks) with an average Δ238Uother = +0.03‰ 
(Andersen et al., 2017). This exercise demonstrates that a δ238Usw value 
of − 0.9‰, e.g. inferred for the Cryogenian (Lau et al., 2017), can be 
explained with an average Δ238Uanox of ~ +0.6‰ relative to seawater, 
but requires that all U is buried in anoxic sinks (Fig. 2). This is plausibly 
explained using the diffusion-limitation framework and a fully anoxic 
ocean. By contrast, the early Tonian and late Ediacaran δ238Usw minima 
are only compatible with a Δ238Uanox above +0.9‰ and even larger 
values are plausible assuming that non-anoxic U sinks were also present. 

This simple illustrative model assumes riverine U inputs had a 
similar δ238Uriv to the UCC as is seen in modern rivers (Noordmann et al., 
2015a; Noordmann et al., 2015b; Andersen et al., 2016). It is unlikely 
that the very negative Neoproterozoic δ238Usw values reflect changes in 
δ238Uriv, as weathering processes only induce minor isotope fraction
ation and there is no significant δ238U variation for the main crustal rock 
types or for different crustal ages (Noordmann et al., 2015a; Noordmann 
et al., 2015b; Andersen et al., 2016; Andersen et al., 2017). Bruske et al. 
(2020a) hypothesised that terrestrial weathering in a mildly oxidative 
atmosphere could produce leaching artefacts, resulting in lower δ238Uriv 
in the early Paleoproterozoic. However, as a more oxidized atmosphere 
was established during the Great Oxidation Event (2.45–2.32 Ga) such 
weathering related fractionations were deemed insignificant for the 
remainder of the Proterozoic (Brüske et al., 2020a). Major changes in the 
size of hydrothermal sinks, which also favour 238U relative to 235U, can 
further be discounted as an explanation for the extremely low δ238Usw 
values since the magnitude of isotope fractionation caused by hydro
thermal alteration of oceanic crust is i) minor in the modern ocean 
(+0.15‰; Andersen et al., 2017) and ii) thought to only be significant in 
an oxidized ocean (Andersen et al., 2015). Thus, a higher Δ238Uanox is 
the most plausible reason to explain exceptionally low Neoproterozoic 
δ238Usw values. 

The reasons for such high inferred Δ238Uanox values are not clear. 
Following earlier explanations (Andersen et al., 2017; Andersen et al., 

2020) it is suggested that the very low late Ediacaran δ238Usw values are 
indicative of non-diffusion-limited U reduction on a global scale, 
occurring within an organic floc at the sediment water interface or 
within the water column (Wei et al., 2021). Late Ediacaran δ238Usw 
values are thus interpreted as indicating more ‘intense’ anoxia than 
earlier and later intervals and imply an even greater area of seafloor 
anoxia (Wei et al., 2021). As a result, it was suggested that these anoxic 
expansions induced intervals of significant biodiversity reduction or 
turnover in early metazoans (Zhang et al., 2018c; Wei et al., 2021). This 
interpretation, however, presents a paradox, as other global redox 
tracers, including molybdenum (δ98Mo) and selenium isotopes (δ82/ 

76Se), show progressively more oxygenated conditions during the late 
Neoproterozoic (see summary in Fig. 1; Chen et al., 2015; Pogge von 
Strandmann et al., 2015) and multiple Ocean Oxygenation Events 
(OOEs; Sahoo et al., 2016). Moreover, local redox records from in-situ 
proxies such as Fe-speciation, cerium anomalies and I/Ca, demon
strate that anoxia during this time interval was extremely spatially, 
temporally and chemically dynamic (Fig. 1; Li et al., 2010; Wood et al., 
2015; Och et al., 2016; Tostevin et al., 2016; Bowyer et al., 2017; Tos
tevin and Mills, 2020) with no clear global uniform expansion of anoxia 
in shallow marine sediments or correlation to biodiversity. Less is known 
about local redox dynamics for the early Tonian. Zhang et al. (2022) use 
the δ238Usw record to infer non-diffusion-limited U reduction associated 
with organic matter in the water column and hence the expansion of 
anoxia into shallow waters, linked to high productivity. 

To better understand the environmental controls on large expres
sions of Δ238Uanox we examine authigenic δ238U (δ238Uauth) systematics 
in modern and recent (Mediterranean sapropels S1 to S9) reducing 
sediments using a combination of new and published data. Additionally, 
we use water column sulfide concentrations, authigenic molybdenum 
isotopes (δ98Moauth), Mo and U enrichment factors (MoEF & UEF), metal 
accumulation rates and organic carbon accumulation rates to better 
characterise the redox environments. In doing so, we identify those 
conditions conducive to higher Δ238Uanox values. Contrary to previous 
suggestions (Wei et al., 2021; Zhang et al., 2022), we ascertain that 
higher Δ238Uanox are more typical of less-reducing localities, at lower 
H2S concentrations close to the chemocline, and those with temporally 
variable anoxia. If these findings are applicable to the Neoproterozoic, 
this suggests that the very negative δ238Usw values might be better 

Fig. 2. Two-sink U isotope mass balance model. Illustrates the range of plausible Δ238Uanox values required to generate given δ238Usw values as a function of the 
fraction of anoxic sedimentary U sinks relative to total U sinks (Fanox). Arrows refer to δ238Usw minima that can be explained by a fully anoxic ocean with varying 
Δ238Uanox. Note that δ238Ucarb. minima are interpreted to be closest to seawater but may be positively offset due to early diagenesis (Romaniello et al., 2013). 
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interpreted as being a consequence of the progressive oxidation of the 
oceans and the temporally dynamic redoxcline indicated by local redox 
proxies, or the development of weakly euxinic conditions driven by 
secular changes in global iron-sulfate dynamics. 

2. Materials and methods 

We present a compilation of modern and recent δ238Uauth and 
authigenic U concentrations ([Uauth]) (Table S3) derived from bulk 
measurements on reducing sediments. We separate samples based on the 
predominant environmental setting, but acknowledge there may be 
some overlap, for example upwelling sites might also include data from 
the hypoxic edges of the oxygen minimum zone (Bruggmann et al., 
2021). The modern anoxic sediment dataset is restricted to samples 
where Al concentrations were reported in the original publication, 
allowing for calculation of [Uauth] and δ238Uauth values following pre
viously described methods (Chiu et al., 2022). Where Al is not reported 
or another detrital element used for correction, we use reported 
δ238Uauth, but do not include those studies that only report bulk δ238U. 
For consistency and owing to the range of detrital compositions 
commonly used in the literature for detrital corrections, we calculated 
δ238Uauth using detrital U/Al (U/Aldetrital) of the Upper Continental Crust 
(UCC = 0.35 ppm/wt% and a δ238Udetrital of − 0.3‰ Taylor and 
McLennan, 1985, McLennan, 2001, Andersen et al., 2017). UCC has a 
similar U/Al value to Post Archaean Average Shale (PAAS; U/Aldetrital =

0.31; Taylor and McLennan, 1985) which is also commonly used. Note 
that a lower U/Al value of 0.11 has been used in the literature, cited as 
PAAS based on a publication error in Tribovillard et al. (2006) which in 
fact reflects the average continental crust (i.e. upper and lower conti
nental crust; Taylor and McLennan, 1985; McLennan, 2001). In support 
of this approach, the UCC U/Aldetrital appears to fit well with U/Al re
lationships for the global compilation (Fig. S1). For the Black Sea we use 
a range of local U/Aldetrital estimates (0.31–0.37) based on the sus
pended load of Turkish rivers and sediments from the Danube 
(Yiğiterhan and Murray, 2008). This value is similar to UCC and results 
in larger detrital corrections and notably higher δ238Uauth than previ
ously estimated (U/Aldetrital = 0.18; Montoya-Pino et al., 2010; Ander
sen et al., 2014; Rolison et al., 2017; Brüske et al., 2020b) but is likely 
more accurate. For the Black Sea samples, we propagate the uncertainty 
in U/Aldetrital using a Monte-Carlo approach assuming a uniform range in 
detrital compositions (Table S3). Where available, δ98Moauth are also 
included in the compilation, where we use originally reported δ98Moauth 
values owing to greater consistency in Mo/Aldetrital estimates in the 
literature. 

New and published sapropel data (see Table 1, S3 & S4) come from 
two localities in the Eastern Mediterranean; namely ODP Site 967 
(Andersen et al., 2020) and Site 46PE406-E1 (Clarkson et al., 2021a; 
Sweere et al., 2021; Chiu et al., 2022). Calculated δ238Uauth, δ98Moauth 
and enrichment factor data follow previously described methods (Chiu 
et al., 2022). We use local U/Aldetrital of 0.26 and Mo/Aldetrital of 0.2 
(ppm/wt%) for all sapropel samples constrained using non-sapropel 
sediments at Site 46PE406-E1 (Clarkson et al., 2021a; Chiu et al., 
2022). Note that for the most recent anoxic interval (sapropel S1) at Site 
46PE406-E1 we use δ238Uauth from carbonate leachates because they 
more precisely record authigenic values compared to detritus corrected 
bulk measurements at low U concentrations (Clarkson et al., 2021a). For 
these samples, [Uauth] data are calculated using δ234U, which can give an 
estimate of the detrital fraction in younger sediments (see Andersen 
et al., 2014; Holmden et al., 2015), but are within error of estimates 
using U/Al (Clarkson et al., 2021a). Note that estimated [Uauth] are 
likely lower than true depositional [Uauth] in some S1 samples, because 
post-depositional oxidative diagenesis caused U loss (Clarkson et al., 
2021a). Total organic carbon (TOC) data are presented for all sapropel 
samples from Site 46PE406-E1 following previously described methods 
(Table S4; Chiu et al., 2022). 

The modern and sapropel δ238Uauth data are shown as a function of 

[Uauth] in Fig. 2. We also summarise the distribution of Δ238Uanox per 
environment (δ238Uauth-δ238Uaq), calculated using modern seawater 
(− 0.39‰; Andersen et al., 2017) or water column data for δ238Uaq 
(Black Sea; Bruske et al., 2020, Lake Pavin; Cole et al., 2020) in Fig. 3. 
For sapropels we use the global seawater value to calculate Δ238Uanox, 
acknowledging that this leads to a minor decrease in Δ238Uanox for the 
samples from the upper part of S5 which may have experienced bottom 
water U depletion (Andersen et al., 2018; Chiu et al., 2022). We also 
calculate the U-abundance weighted average Δ238Uanox of each deposi
tional environment to account for the range of U enrichments seen in 
each locality, and to better understand the leverage of different reducing 
environments on global U isotope mass balance. The abundance 
weighted average Δ238Uanox is calculated for each environment and for 
the global dataset: 

Σ
(
Δ238Uanox

*( [U]auth
/

Σ[U]auth
) )

(2)  

where Σ[U]auth is the sum of [Uauth] for all samples from that 
environment. 

For Site 46PE406-E1, linear sedimentation rates are calculated using 
previously published age models (Grant et al., 2016; Sweere et al., 2021) 
and combined with dry bulk densities to calculate bulk accumulation 
rates (BAR). Accumulation rates for Mo, U (MoAR and UAR) and organic 
carbon (OCAR) were then calculated by multiplying concentrations by 
BAR and expressed as ng/cm2/yr and g/m2/yr, respectively, to facilitate 
comparison to modern environments. 

3. Results 

3.1. Modern compilation 

3.1.1. Overview 
The data compilation demonstrates important differences in the 

magnitude and variability of U isotope fractionation as a function of 
[Uauth] and depositional environment (Fig. 3). The vast majority of 
samples show higher δ238Uauth than modern seawater (− 0.39‰), 
indicative of the enrichment of 238U, relative to 235U, in the reduced 
authigenic phase (Weyer et al., 2008; Montoya-Pino et al., 2010; 
Andersen et al., 2014; Noordmann et al., 2015b; Rolison et al., 2017; 

Table 1 
Summary of data sources.  

Classification Location Reference 

Modern Euxinic Black Sea Basin Andersen et al. (2014); Bruske et al. 
(2020); Rolison et al. (2017);  
Montoya-Pino et al. (2010)   

Black Sea 
Chemocline 

Andersen et al. (2014); Bruske et al. 
(2020)   

Black Sea Unit II Montoya-Pino et al. (2010); Bruske 
et al. (2020)   

Cariaco Basin Andersen et al. (2014); Bruske et al. 
(2020)   

Kyllarren Fjord Noordmann et al. (2015)   
Landsort Deep Noordmann et al. (2015)  

Hypoxic Toulon Bay Dang et al. (2018)   
Washington 
Margin 

Andersen et al. (2016)  

Upwelling Peru Margin Bruggmann et al. (2021); Weyer 
et al. (2008)   

Namibia Margin Abshire et al. (2020); He et al. 
(2021)  

Ferruginous Lake Pavin, Lake 
Brownie 

Cole et al. (2020)  

Mixed NZ Fjords Hinojosa et al. (2016)     

Sapropel S1, S5 ODP Site 967 Andersen et al. (2018, 2020)  
S1 Site 46PE406-E1 Clarkson et al. (2021); This study  
S5, S7 Site 46PE406-E1 Sweere et al. (2020); Chui et al. 

(2022)  
S3, 4, 6, 8, 9 Site 46PE406-E1 Sweere et al. (2020); This study  
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Brüske et al., 2020b). Most samples have δ238Uauth below ~ +0.8‰, 
supporting a maximum Δ238Uanox of ~ +1.2‰ in natural sediments 
(Andersen et al., 2014). One sample from the Black Sea chemocline has 
higher δ238Uauth although this estimate has larger uncertainty based on 
the range of local U/Aldetrital estimates for the Black Sea (Table S4). 
Despite great variability, the U-abundance weighted average Δ238Uanox 
of global marine samples is calculated as +0.4‰ (Fig. 4), in excellent 
agreement with estimates from global mass balance calculations (0.4 ±
0.1‰; Andersen et al., 2017) suggesting that the compiled database is 
representative of modern reducing U sinks. 

A minority of samples have δ238Uauth lower than modern seawater, 
possibly reflecting U adsorption to organic matter and authigenic metal 
oxide phases, or potentially an artefact of abiotic Fe-reduction 

(Brennecka et al., 2011b; Stylo et al., 2015; Hinojosa et al., 2016; 
Abshire et al., 2020; Cole et al., 2020). Little is known about the relative 
contributions of these isotopically light phases to reducing sediments, or 
the potential of these phases to mask the higher δ238Uauth that is more 
typical of U reduction. Very low U concentrations have been observed in 
fresh planktic organic matter (~0.3 ppm; Holmden et al., 2015) and 
adsorption experiments required doping with U in order to make precise 
measurements (Chen et al., 2021), suggesting that the contribution to 
bulk reducing sediments should generally be small. That said, the U 
contributions of so-called particulate non-lithogenic U (PNU) to anoxic 
sediments can be significant (10–70%; Zheng et al., 2002) but this likely 
reflects a combination of reduced U(IV) and adsorbed U(VI), with higher 
and lower δ238Uauth respectively. The U pool of dispersed metal oxides is 

Fig. 3. Compilation of modern (a) and sapropel (b) δ238Uauth values. Figure limited to 60 ppm Uauth for clarity, excluding two samples from Namibia. Degree of 
euxinia in b is qualitatively estimated based on δ98Mo and MoEF–UEF (see section 3.2.1) in the same samples and refers to peak sapropel conditions (Sweere et al., 
2021; Chiu et al., 2022). 
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likely small, with no clear dominance to the U budget of bulk sediments 
that show enrichments in Fe-Mn-oxide phases (Clarkson et al., 2020; 
Clarkson et al., 2021a). Uranium isotope fractionation linked to abiotic 
Fe reduction may involve kinetic processes that favour 235U (Stylo et al., 
2015), but even in ferruginous lake sediments only a few samples have 
negative Δ238Uanox values (Cole et al., 2020). Further work is required to 
separate these competing U pools, and whilst the δ238Uauth of some 
samples are dominated by such contributions (Fig. 3), given their rela
tively low [U auth] we expect U accumulation via reduction, showing 
isotope fractionation due to the nuclear field shift effect, to be dominant 
for most of the sample set. 

3.1.2. Euxinic basins 
Permanent and temporary euxinic basins (Black Sea, Cariaco Basin, 

Landsort Deep and Kyrallen Fjord) are classic locations for studying the 
impact of redox-dependant processes on metal isotope systematics. For 
samples with low U enrichments and low δ238Uauth, U is likely near- 
quantitatively reduced in isolated porewaters (Lau et al., 2020). Pro
gressive U enrichment under diffusion-limited conditions leads to a 
positive correlation of δ238Uauth with [Uauth] up to ~10 ppm for all 
euxinic localities. At higher sedimentary [Uauth] in the Black Sea, 
δ238Uauth decreases, thought to reflect bottom water U depletion and 
preferential removal of the heavy isotope via sedimentary reduction 
(Rolison et al., 2017; Brüske et al., 2020b). This feature is consistent 
with the water column δ238U profile that shows a gradual decrease 

below the chemocline (Fig. 5). Some of the Black Sea data overlap with 
samples from modern hypoxic margins (see section 3.1.4), with lower U 
enrichments and much higher δ238Uauth. These samples are exclusively 
from the basin margin closest to the chemocline between 100 and 300 m 
water depth (Fig. 5). Comparing sedimentary δ238Uauth with water col
umn δ238U (Fig. 5; Rolison et al., 2017; Brüske et al., 2020b), and hence 
accounting for bottom water U depletion, demonstrates that chemocline 
samples have the highest Δ238Uanox (Figs. 4 & 5), within error of the full 
enrichment factor. Deeper in the basin, Δ238Uanox remains approxi
mately constant (Fig. 5). These depth dependant differences were not 
identified previously by Bruske et al. (2020b), who used a much lower 
U/Aldetrital (0.18 ppm/wt%) compared to the local estimate from the 
Danube and Turkish rivers used here (0.31–0.37) or UCC (0.35), instead 
inferring relatively constant Δ238Uanox for all samples. This highlights 
the importance of using local detrital values to obtain δ238Uauth. Simi
larly high δ238Uauth values are seen in the Holocene Black Sea Unit II 
samples that mark the onset of euxinia in the basin (Fig. 3–5). For Unit II, 
Δ238Uanox reaches up to ~ +1‰ (Montoya-Pino et al., 2010; Brüske 
et al., 2020b), assuming no significant effect of bottom water U deple
tion during deposition. For the seasonally euxinic Cariaco Basin (Fig. 3), 
δ238Uauth are generally lower than the Black Sea, with a maximum 
around +0.2‰ (Δ238Uanox ~ +0.6‰) but with a positive correlation 
between δ238Uauth and [Uauth] (Andersen et al., 2014; Lau et al., 2017; 
Brüske et al., 2020b). In contrast to the Black Sea, Cariaco Basin samples 
do not show a clear negative correlation of δ238Uauth and [Uauth] at 

Fig. 4. Summary of U isotope systematics for different 
environments. Box-whisker plots used to summarise the dis
tribution of Δ238Uanox for modern reducing environments 
compared to the entire global database (a) and for sapropels 
from Site 46PE406-E1 (b). Outliers are defined as >1.5×
interquartile range (IQR) (closed circles) and > 3× IQR (open 
circles). Uranium-abundance weighted average Δ238Uanox (di
amonds) are shown for comparison. Grey line demarks the 
diffusion-limited threshold of +0.6‰. Note that euxinic basins 
do not include the Black Sea chemocline data or Unit II.   
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higher concentrations, likely because U depletion in bottom waters is 
only ~10% of the U inventory (Andersen et al., 2014; Brüske et al., 
2020b). The temporarily euxinic basins of Landsort Deep and Kyrallen 
Fjord (Noordmann et al., 2015b) show lower U enrichments and 
δ238Uauth values, but in a trend that is consistent with other euxinic lo
calities. Overall, euxinic basins show a wide range of Δ238Uanox values, 
spanning the entire theoretical range. When the Black Sea chemocline 
and Unit II samples are excluded, the U-abundance weighted average 
Δ238Uanox of euxinic basins is +0.5‰, close to the diffusion-limited 
threshold. By contrast, the U-abundance weighted average Δ238Uanox 
of Black Sea chemocline samples is higher, at +0.8‰, and + 0.74‰ for 
the Unit II samples. Both are outside of the interquartile range for the 
euxinic basins as a whole (Fig. 4). 

3.1.3. Upwelling margins 
Data from modern upwelling margins, namely Peru and Namibia 

(Weyer et al., 2008; Abshire et al., 2020; Bruggmann et al., 2021; He 
et al., 2021), tend to overlap with euxinic basins, but with a larger range 
of [Uauth] and more limited range of δ238Uauth, almost exclusively below 
+0.2‰ (Δ238Uanox < +0.6‰; Fig. 4). The highest [Uauth] are from the 
upwelling centre near Luderitz in Namibia (up to 95 ppm; Abshire et al., 
2020), whilst samples from the periphery of the upwelling zone further 
south tend to show lower U enrichments (He et al., 2021) and are similar 
to the Peru Margin (Weyer et al., 2008; Bruggmann et al., 2021). Some 
samples have δ238Uauth closer to modern seawater despite very large U 
enrichments. These data are thought to reflect more quantitative U 
reduction in isolated porewaters as a result of high organic accumulation 
and U reduction rates (Lau et al., 2020). These lower δ238Uauth values 
result in the weighted average Δ238Uanox of +0.24‰ for upwelling set
tings, that is much lower than euxinic basins and the diffusion-limited 
threshold. 

3.1.4. Hypoxic and ferruginous settings 
Less reducing localities, represented by modern hypoxic settings, 

tend to show lower U enrichments with the largest range of δ238Uauth 
values for any oceanographic setting (Fig. 3), reaching a maximum of 
+0.86‰, equivalent to Δ238Uanox of ~1.2‰ and close to the full theo
retical isotope enrichment factor (Andersen et al., 2016; Dang et al., 
2018). Some samples from the Washington Margin show higher [Uauth] 
and lower δ238Uauth (<+0.2‰), more comparable to upwelling sites and 
likely reflecting temporarily more reducing conditions. Despite the large 
range in δ238Uauth for hypoxic margins, the U-abundance weighted 
average Δ238Uanox is ~ + 0.5‰. Samples from the New Zealand fjords 
(Hinojosa et al., 2016) capture a range of reducing conditions, from 
suboxic to anoxic, and generally show relatively muted δ238Uauth values 
with a maximum of − 0.16‰ for the largest U enrichment. Ferruginous 
sediments are poorly represented in the dataset and are exclusively from 
lake settings, but overlap with the hypoxic margin samples, showing a 
large variability in δ238Uauth for only limited U enrichments (Cole et al., 
2020) but with a very low U-abundance weighted average Δ238Uanox of 
~0.1‰. 

3.2. Sapropels 

3.2.1. Interpretative framework 
Quaternary aged Mediterranean sapropels are used to further 

investigate δ238Uauth systematics. Sapropels are organic-rich intervals 
from the Mediterranean where anoxia is thought to have been driven by 
a combination of stratification and enhanced productivity linked to 
precession modulation of monsoon dynamics (Rohling et al., 2015). 
Sapropels have the advantage of recording time-averaged conditions 
over several kyrs, rather than the snapshot offered by modern sediments. 
Moreover, they represent the largest oxic-anoxic transitions for the 
Quaternary where depositional conditions are well understood and good 
age models are available (Grant et al., 2016) to calculate organic carbon 
and metal accumulation rates (see section 3.2.3). The sapropel data 
presented here come from two localities in the Eastern Mediterranean 
(Site 967 at ~2100 m depth, and Site 46PE406-E1 at ~1700 m depth) 

Fig. 5. Uranium isotope systematics for the Black 
Sea. a Water column dissolved O2 and H2Stotal con
centrations (Rolison et al., 2017). b Water column 
δ238U (black lines) and core top sediment (<2 cm) 
δ238Uauth (open circles) from different sediment-water 
interface depths sampled at the basin margins (Roli
son et al., 2017; Brüske et al., 2020b). Grey data 
points are bulk measurement δ238U. Uncertainties 
(2SD) for δ238Uauth are propagated errors using a 
Monte Carlo approach assuming a uniform distribu
tion of local detrital U/Al estimates from Turkish and 
Danube river sediments (0.31–0.37; Yiğiterhan and 
Murray, 2008). Sampling depths for Unit II samples 
from Montoyo-Pino et al. (2010) are not reported so 
these depths were set to the same depth as Brüske 
et al. (2020).   
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and cover several sapropel events (S1 to S9 deposited during the last 250 
kyr) that systematically capture different degrees of deoxygenation, H2S 
concentrations and bottom-water renewal times (Rohling et al., 2002; 
Rohling et al., 2015; Andersen et al., 2018; Andersen et al., 2020; 
Hennekam et al., 2020; Clarkson et al., 2021a; Sweere et al., 2021; Chiu 
et al., 2022). By using multiple sapropels from two nearby cores, the 
effect of secondary environmental variabilities on δ238Uauth should be 
minimised, allowing for a more direct comparison of U reduction 
mechanisms under different redox regimes. 

Updated MoEF–UEF trends (Fig. 6) and δ98Moauth data (Fig. 7) are 
used to qualitatively define the degree of euxinia for these samples (This 
study; Andersen et al., 2018; Andersen et al., 2020; Sweere et al., 2021; 
Chiu et al., 2022). Sapropels from Site 967 tend to show larger Mo and U 
enrichments compared to Site 64PE406-E1 (Fig. 6), indicative of more 
reducing conditions as a consequence of lower ventilation rates at the 
deeper Site 967 (De Lange et al., 2008; Chiu et al., 2022). The most well 
developed sapropel is S5, followed by S7, where both are thought to 
have been strongly euxinic during peak sapropel development with large 
Mo and U enrichments (Fig. 6). At the peak of these two events, water- 
column H2Stotal concentrations were greater than the thiomolybdate 
switch point of 100 μmol/mol (Neubert et al., 2008) resulting in largely 
quantitative Mo sulfidation and δ98Moauth (Sweere et al., 2021; Chiu 
et al., 2022) similar to modern seawater (~2.3‰; Archer and Vance, 
2008). By contrast, S3, 4, 6, 8 and 9 were less well developed and 
moderately euxinic with lower Mo and U enrichments (Fig. 6) and a 
broad range of δ98Moauth values below seawater values (Sweere et al., 
2021). Sapropel S1 is the most poorly developed sapropel event and only 
weakly euxinic at peak conditions, with low MoEFs and UEFs, and 
δ98Moauth are distinctly lower than the other sapropel events (This study; 
Andersen et al., 2020). For S1, geochemical evidence demonstrates 
enhanced ventilation during the event and Site 64PE406-E1 was 
strongly affected by post-depositional oxidation (i.e. “burndown”) and 
loss of redox-sensitive trace metals and organic carbon (Fig. 6; De Rijk 
et al., 1999; Rohling et al., 2015; Clarkson et al., 2021a). In the upper 
sapropel samples from S1, Mn-cycling may be important for Mo sys
tematics (Reitz et al., 2007), leading to a steep trajectory in MoEF–UEF 
space (Fig. 6). But there is no clear evidence of Mn-cycling affecting 

δ238Uauth systematics that are dominated by reduction in these samples 
(Clarkson et al., 2021a). Such MoEF–UEF trends would also be consis
tent with oxidative loss of U and Mo, and low δ98Moauth (Fig. 7) can be 
explained by partial sulfidation. S1 samples from Site 967, and from the 
onset of the sapropel at Site 64PE406-E1, do not show these complica
tions (Andersen et al., 2020; Clarkson et al., 2021a). Other sapropels 
only show minor disturbance or complete preservation (Hennekam 
et al., 2020). 

3.2.2. Sapropel δ238Uauth and [Uauth] 
For S5, there is a general positive correlation of δ238Uauth and [Uauth] 

at lower U enrichments (Fig. 3b), which are consistently below the 
diffusion-limited threshold value of +0.2‰. Like the Black Sea, 
δ238Uauth decreases at [Uauth] > ~10 ppm. This trend is thought to 
signify bottom water U depletion due to long deep-water renewal times 
(~1030+820/

− 520 yrs) compared to today (~100 yrs), assuming a constant 
Δ238Uanox of +0.6‰ throughout the sapropel event (Andersen et al., 
2018; Chiu et al., 2022). These lower δ238Uauth could also reflect a 
decrease in Δ238Uanox due to more quantitative pore water U reduction 
(Lau et al., 2020) supported by MoEF/UEF ratios similar to modern 
seawater (Fig. 6). 

For S7, δ238Uauth reaches higher values up to +0.4‰ and more 
limited [Uauth] compared to S5. The less reducing sapropels (S1, 3, 4, 6, 
8, 9) tend toward higher δ238Uauth at lower [Uauth], with the highest 
δ238Uauth value seen in S1 (Fig. 3b; Andersen et al., 2020; Clarkson et al., 
2021a). The differences in U isotope systematics between the sapropels 
are summarized in Fig. 4 and Table 2. Whilst the U-abundance weighted 
average Δ238Uanox are similar between the sapropels, the less reducing 
sapropels tend to have higher Δ238Uanox than S5, and above the 
diffusion-limited threshold. The U-abundance weighted average 
Δ238Uanox of the entire sapropel dataset is slightly below the diffusion- 
limited threshold at +0.53‰, and similar to modern euxinic basins, 
but higher than the global marine value of +0.4‰. 

3.2.3. Isotope systematics with organic carbon and metal accumulation 
rates 

For Site 46PE406-E1, we further examine δ238Uauth combined with 

Fig. 6. Mo and U enrichment factor (EF) framework used 
to help constrain interpretations from δ98Mo in sapropel 
data. Interpretative trajectories after Algeo and Tribovillard 
(2009). Most samples show a consistent relationship that is 
close to the seawater trend, suggesting variable enrichments 
under euxinic conditions. Some samples plot with higher 
MoEF/UEF which capture redox variation associated with the 
onset or end of sapropels. Some S1 samples show a steeper 
MoEF–UEF relationship that may indicate Mo enrichment from 
Mn cycling and/or U loss during post-depositional oxidative 
diagenesis. Note that data from Site 967 are recalculated after 
Andersen et al. (2018, 2020) using local detrital estimates from 
Site 64PE406-E1 (Clarkson et al., 2021a; Chiu et al., 2022).   
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δ98Moauth from the same samples (This study; Andersen et al., 2018; 
Andersen et al., 2020; Sweere et al., 2021; Chiu et al., 2022), in the 
context of organic carbon and authigenic metal accumulation rates 
(Fig. 7; OCAR, UAR, MoAR). Whilst OCAR reflects both productivity and 
preservation, it serves as an independent proxy for the severity of local 
redox conditions and allows comparison to reaction transport model 
predictions (Lau et al., 2020; see section 4.1). Moreover, examining U 

and Mo systematics using accumulation rates helps normalize for vari
able dilution effects due to admixtures of carbonate, siliciclastic and 
organic carbon components. Since most studies cannot accurately esti
mate mass accumulation rates, we also show the equivalent authigenic 
concentration and isotope data as a function of TOC in Fig. S3 but focus 
on AR here. UAR and MoAR are positively correlated with OCAR across 
all sapropels (Fig. 7a, b) and similar to those reported for the Black Sea 
(UAR = ~60–200 ng/cm2/yr, Dunk et al., 2002; MoAR = 196 ng/cm2/ 
yr, Algeo & Lyons 2006; OCAR = ~0.69–2.09 g/m2/yr, Calvert et al., 
1998). Note that some samples may show lower apparent OCAR and 
metal AR due to post-depositional oxidative diagenesis, but this is likely 
restricted to S1 samples that show clear evidence for U loss (Clarkson 
et al., 2021a) and are identifiable by very low OCAR in Fig. 7c. Vari
ability in sapropel UAR and MoAR might reflect the importance of 
decreased bottom water ventilation and limited O2 supply on local redox 
conditions, but the role of PNU delivery for U supply cannot be 
discounted. 

The relationship of δ238Uauth with OCAR is less straightforward but 
similar to the relationships of δ238Uauth with [U]auth (Fig. 3). The 
δ238Uauth of the strongly euxinic sapropel S5 shows an increase with 
OCAR but remains below the diffusion-limited threshold of +0.2‰ 
(Andersen et al., 2014). At OCAR > ~0.6 g/m2/yr, δ238Uauth for S5 
decreases, corresponding to samples with higher [Uauth] and UAR. By 
contrast, the higher δ238Uauth of the weaker sapropels (S1, 3, 4, 6, 9) are 
associated with low–intermediate OCAR (0.1–0.7 g/m2/yr). The non-S5 

Fig. 7. Sapropel U and Mo systematics as a function of organic carbon accumulation rates (OCAR). a and b illustrate the positive correlation between U and 
Mo accumulation rates (UAR, MoAR) with increasing OCAR. c δ238Uauth shows the highest values at low – intermediate OCAR associated with lower UAR in the 
weakest sapropel events. These samples also show δ98Mo evidence for lower H2S concentrations in d. Higher MoAR tend to occur at higher OCAR and record 
seawater δ98Mo due to quantitative Mo removal. Weaker sapropel events tend toward δ238Uauth = +0.2‰ with increasing OCAR and UAR (red arrow) reflecting the 
mixing of diffusion-limited and non-diffusion-limited U(IV). Sapropel S5 (blue arrows) shows a dominance of diffusion-limited U(IV) throughout, and the effects of 
bottom water U depletion or quantitative U removal at higher OCAR. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Table 2 
Summary statistics for reducing sediment compilation.  

Classification U-abundance weighted average Δ238Uanox 

(‰) 

Modern Hypoxic + 0.53  
Black Sea Chemocline + 0.80  
Black Sea Unit II + 0.74  
Euxinic Basins + 0.51  
Upwelling + 0.24  
Ferruginous lakes + 0.14  
Global Marine 
Reducing 

+ 0.40 

Sapropel S1 + 0.81  
S3, 4, 6, 8, 9 + 0.63  
S7 + 0.64  
S5 + 0.40  
All Sapropel + 0.53  
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sapropels collectively show a decrease in maximum δ238Uauth and vari
ability with increasing OCAR, down to the diffusion-limited value of 
+0.2‰. 

Sapropels S5 and S7 tend to show higher MoAR at higher OCAR. 
Some of these samples show high δ98Moauth close to modern seawater 
values (~2.3‰; Archer and Vance, 2008), indicating strongly euxinic 
conditions (Andersen et al., 2018; Chiu et al., 2022). Samples with lower 
MoAR and δ98Moauth record intermediate conditions during the onset or 
termination of the sapropel events. Some samples with lower MoAR and 
OCAR also record seawater-like δ98Moauth values. These samples likely 
reflect Mo removal within sulfidic porewaters, but beneath a more 
oxygenated water column, with more limited Mo enrichment (Scott and 
Lyons, 2012). Alternatively, short-lived bottom water euxinic episodes 
could explain these data. The less developed sapropels (S1, 3, 4, 6, 8, 9) 
record a wide range of δ98Moauth values across low–intermediate OCAR 
(<0.7 g/m2/yr), but are always lower than modern seawater (Fig. 7) 
reflecting partial sulfidation and non-quantitative Mo removal (Sweere 
et al., 2021). Samples from S1 (this study), with OCAR <0.5 g/m2/yr, 
have generally much lower δ98Moauth compared to the other sapropels 
(− 1.4 to +0.1‰). 

3.3. U and Mo isotope covariation 

The sapropel samples from Site 46PE406-E1 show covarying Mo and 
U isotope systematics according to OCAR and hence local redox condi
tions. These behaviours create distinct trajectories when examined 
within δ98Moauth–δ238Uauth space (Fig. 8), trends that are shared by 
modern samples. In short, strongly euxinic samples (Black Sea basin, 
Cariaco and the better developed sapropels) tend to show intermediate 
or lower δ238Uauth with higher δ98Moauth. The Black Sea basin and S5 
samples tend toward the lowest δ238Uauth values whilst less developed 
sapropels are closer to +0.2‰. By contrast, Black Sea chemocline and 
the most poorly developed sapropels tend to show the highest δ238Uauth 
with lower δ98Moauth. 

4. Discussion 

4.1. Environmental controls on high Δ238Uanox 

Extremely low Neoproterozoic δ238Usw requires a U-abundance 
weighted average Δ238Uanox of at least +0.9‰, higher than the diffusion- 
limited threshold. Assuming that large amounts of U burial also 
expressed lower isotope enrichments, and given that non-reducing U 
sinks also existed, it is likely that a high proportion of U sinks had even 
higher Δ238Uanox values, closer to the full theoretical enrichment factor 
of ~+1.2‰. Such high δ238Uauth values are poorly represented in pub
lished modern datasets. But the above re-examination, in particular 
using UCC or local U/Aldetrital for authigenic correction, and together 
with the trends identified in sapropel samples, shows that these high 
Δ238Uanox values tend to be associated with i) hypoxic settings; ii) anoxic 
settings with lower water-column H2S concentrations; iii) the onset of 
weaker sapropel events, and iv) low–intermediate OCAR and UAR. The 
modern and sapropel data compilation demonstrates that the only 
anoxic environments to record a U-abundance weighted average 
Δ238Uanox above +0.6‰ are modern chemocline sediments from the 
Black Sea and weakly euxinic sapropels (Fig. 4). 

Very high Δ238Uanox (above +0.6‰) are thought to be an expression 
of either i) partial U removal under a diffusion-limited regime in hypoxic 
settings, which leads to correspondingly low U enrichments, or ii) non- 
diffusion-limited U reduction in anoxic settings (Andersen et al., 2014; 
Andersen et al., 2017). The high Δ238Uanox associated with partial U 
reduction in hypoxic settings are caused by a slower rate of U depletion 
in porewaters that effectively decreases diffusion-limitation to the 
reduction site (Fig. 9; Andersen et al., 2014). Previous work also high
lights the higher permeability associated with coarser grainsizes to 
explain the very high Δ238Uanox data from Toulon Bay (Dang et al., 
2018), but the wider applicability of this control remains unknown. 
Conversely, hypoxic samples with very low Δ238Uanox likely reflect more 
quantitative U reduction in porewaters due to even greater oxygen 

Fig. 8. Comparison of U and Mo isotope system
atics for anoxic sediments. Data for modern euxinic 
settings (Brüske et al., 2020b) and the Mediterranean 
sapropels (This study; Sweere et al., 2021; Chiu et al., 
2022) show similar trajectories that separate accord
ing to strength of euxinia. High δ238Uauth have 
distinctly lower δ98Moauth values, suggestive of partial 
Mo sulfidation and only weakly euxinic conditions 
whilst samples that record δ98Moauth that are closer to 
seawater tend to show lower δ238Uauth values. Sam
ples that show evidence of basin restriction and bot
tom water U depletion show the lowest δ238Uauth 
values but δ98Moauth closer to modern seawater. Late 
Ediacaran shales (open squares; Kendall et al., 2015) 
also fit these trends.   
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penetration (Andersen et al., 2014; Andersen et al., 2016). Given the 
tendency for reduction mechanisms that result in very high or very low 
Δ238Uanox, the U-abundance weighted average for hypoxic sinks is 
+0.5‰. Note that this is a higher Δ238Uanox than typically assigned to 
hypoxic settings (Andersen et al., 2017) and is driven largely by inclu
sion of the Toulon Bay samples (Dang et al., 2018). Further work is 
required to better characterise the importance of hypoxic sites for the 
global U isotope mass balance. 

For fully anoxic environments, the environmental control on the 
prevalence of non-diffusion-limited U reduction is less well understood, 
with hypotheses focusing on reduction directly at or above the sediment- 
water interface. In this context, higher Δ238Uanox could signify U 
reduction within a highly permeable organic floc layer (Andersen et al., 
2017; Andersen et al., 2020; Cheng et al., 2020). Water column U 
reduction has also been proposed to remove diffusion-limitation con
trols (Cheng et al., 2020; Lau et al., 2020; Wei et al., 2021; Zhang et al., 
2022) although water column reduction is not clearly evident in the 
Black Sea water column U concentration and isotope profiles (Rolison 
et al., 2017). Others have suggested that U reduction occurs on sinking 
organic matter and can be delivered to the sediment as PNU (Zheng 
et al., 2002; Scholz et al., 2011; Bruggmann et al., 2021; He et al., 2021) 
and could plausibly remove diffusion-limitation controls during U 
reduction. 

Whilst requiring less diffusion-limitation, likely linked to organic 
carbon delivery, high organic carbon accumulation is not the defining 
characteristic of higher Δ238Uanox (Andersen et al., 2020). This is clearly 
demonstrated in the sapropel compilation where higher δ238Uauth are 
seen at low–intermediate OCAR (0.2–0.7 g/m2/yr; Fig. 7), equivalent to 
~2–5 wt% TOC (Fig, S3). This result is predicted by reaction transport 
modelling due to the mixing of U(IV) from different reduction regimes 
(Lau et al., 2020). One hypothetical U(IV) pool is reduced in the water 
column, as PNU or above the sediment in an organic floc (Δ238Uanox >

+0.6‰), whilst the second U(IV) pool accumulates in the sediment pile 
due to sediment reduction under a diffusion-limited regime (Δ238Uanox 
< +0.6‰). Higher OCAR corresponds to higher UAR with a greater 

contribution of pore-water reduced U(IV) to the sediment mass balance 
relative to that supplied from the non-diffusion-limited regime. By 
contrast, at lower OCAR, less sedimentary U accumulation means the U 
(IV) pool with Δ238Uanox > +0.6‰ dominates the mass balance (Fig. 9). 
This mixing behaviour likely explains the non-S5 sapropel data, where 
δ238Uauth is higher at lower OCAR and decreases with increasing OCAR 
(Fig. 7), eventually reaching +0.2‰ (Δ238Uanox = +0.6‰). The rela
tively constant UAR/OCAR of non-S5 samples (Fig. 7a) implies that the 
high δ238Uauth values are not a function of increased particulate U de
livery alone but is likely due to the decreased relative contribution of 
sedimentary authigenic U at low total UAR under weakly euxinic con
ditions. Similarly, the Black Sea chemocline samples have intermediate 
OCAR (0.69 g/m2/kyr; Calvert et al., 1991), low [Uauth], high δ238Uauth 
and low δ98Mo (Figs. 7 & 8; Rolison et al., 2017; Brüske et al., 2020b), 
corresponding to modern water column [H2Stotal] <100 μmol/mol 
(Rolison et al., 2017) and porewater [H2Stotal] <500 μmol/mol (at 2 cm 
core depth; Barnes and Cochran, 1991). 

Experimental studies suggest that larger Δ238Uanox are expected at 
lower rates of U reduction (Brown et al., 2018) which would also be 
consistent with the trends seen in the sapropel and Black Sea chemocline 
datasets if U reduction rates scale with sulfate reduction rates and hence 
H2S concentrations (Barnes and Cochran, 1993). The reaction transport 
model framework (Lau et al., 2020) further identifies that high 
Δ238Uanox would be expected under conditions with a high proportion of 
non-diffusion-limited U(IV) but at high sedimentation rates. Rapid 
burial effectively decreases the sediment residence time, transporting 
the sediment package deeper than can be resupplied by diffusion, thus 
limiting pore-water U reduction. For the sapropels, however, sedimen
tation rates alone cannot explain high δ238Uauth (Fig. S2). 

The variable behaviour of δ238Uauth between the different sapropels, 
and in the modern dataset, suggest that high δ238Uauth might be a 
common feature of anoxic sediments. But, following the reactive 
transport model framework (Lau et al., 2020), sustained U accumulation 
appears to effectively mask the contribution from non-diffusion-limited 
U reduction in most anoxic settings. This is consistent with the 

Fig. 9. Interpretative framework of con
trols in the expression of Δ238Uanox. Sche
matic model modified from Andersen et al. 
(2014, 2017) illustrating the net result of 
diffusion-limitation on U isotope fraction
ation and U flux for different settings. Upper 
panel illustrates the sedimentary redox 
environment and the impact on dissolved U 
concentrations of seawater and porewaters 
(black line). For scenarios that involve U 
reduction within an organic floc the ratio of 
sedimentary U(IV) to water column U(IV) 
varies depending on total UAR and OCAR. 
Dotted shading represent organic-rich floc
cule at the sediment water interface, and 
grey shading is the underlying sediment pile. 
Vertical red arrows connecting upper and 
lower panels are scaled for relative U flux. 
Lower panel shows the range of Δ238Uanox 
observed in modern and recent sediments 
(horizontal red arrows) and the U-abundance 
weighted average (red diamonds) identified 
from anoxic sediments in this study. The 
average Δ238Uanox for oxic sediments is taken 
as the global average oxic sink (Andersen 
et al., 2017). (For interpretation of the ref
erences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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observation that the highest sapropel δ238Uauth values occur at the onset 
of S1 and, specifically, at the shallower, better ventilated locality (De 
Rijk et al., 1999; Rohling et al., 2002; Andersen et al., 2020; Clarkson 
et al., 2021a). The abruptness of sapropel onset could also be important 
for dictating the U reduction regime for S1 (Andersen et al., 2020). A 
similar scenario might be applicable for the Black Sea Unit II, which 
represents the first establishment of anoxic conditions in the basin. More 
generally, PNU is thought to account for a large contribution of U in the 
Peru Margin sediments (up to 36% for anoxic sediments), with high 
inferred δ238Uauth of +0.17 ± 0.63‰, but total sediment δ238Uauth <

+0.2‰ (Bruggmann et al., 2021). In Namibia, pore-water δ238U >
+0.2‰ imply oxidative U release from a high δ238Uauth source, but again 
sediment δ238Uauth are consistently below the diffusion threshold (He 
et al., 2021). Identifying the wider role of PNU delivery is further 
potentially complicated by the adsorption of isotopically light U as 
particles settle through the water column that can dominate bulk sedi
ment δ238Uauth in rare cases (Holmden et al., 2015; Hinojosa et al., 
2016). Such an increased supply of isotopically light U adsorbed to 
organic matter could be an additional contributor to the observed trends 
in the sapropel data, but no attempt has yet been made to quantify such 
contributions in reducing settings. Moreover, this model would still 
require a dominant non-diffusion-limited U(IV) pool at lower OCAR, 
thus not affecting the wider implications of this study. 

The hypothesised importance of relatively low UAR for high 
Δ238Uanox was previously suggested to explain the Black Sea Unit II 
samples (Andersen et al., 2014), but has since not been widely adopted 
as part of the modern framework for the dominant controls of U isotope 
fractionation in sediments. The data presented here systematically 
illustrate the control of UAR on the expression of Δ238Uanox, and based 
on the above discussion, we suggest a modification of previous frame
works (Andersen et al., 2014; Andersen et al., 2017). This updated 
framework (Fig. 9) hypothesises the presence of a non-diffusion-limited 
U(IV) pool for the majority of anoxic sites, but where the expression of 
Δ238Uanox in the sediment depends on the ratio of sediment to water 
column (including PNU and organic floc) derived U(IV), and hence UAR. 

4.2. Implications for Neoproterozoic records 

4.2.1. Redox instability 
If the above observations can be extended to the Neoproterozoic, one 

mechanism to explain high Δ238Uanox is through progressive oxygena
tion and redox instability, acting via either i) partial U reduction with 
less diffusion-limitation in hypoxic settings or ii) greater relative con
tributions of non-diffusion-limited U(IV) under temporally dynamic 
anoxic conditions. In contrast to previous interpretations of more 
‘intense’ anoxia during the late Ediacaran (Wei et al., 2021), this revised 
framework is more consistent with previous studies using local redox 
proxies (Fig. 1). Indeed, local redox tracers identify a highly dynamic 
redox landscape with temporary incursions of predominantly low oxy
gen (manganous) or anoxic non-sulfidic (ferruginous) waters onto 
oxygenated shelf environments but with great spatial heterogeneity 
where phases of biotic turnover or change have not been established to 
be coincident with episodes of anoxia (Wood et al., 2015; Och et al., 
2016; Tostevin et al., 2016; Bowyer et al., 2017; Wood et al., 2019). 
Globally, the predominantly anoxic post-Sturtian ocean saw frequent 
oceanic oxygenation events that likely became progressively stronger 
into the Phanerozoic with the gradual build-up of atmospheric and 
oceanic dissolved O2 (Chen et al., 2015; Pogge von Strandmann et al., 
2015; Sahoo et al., 2016; Lyons et al., 2021; Chen et al., 2022; Shi et al., 
2022). Thus, the very low δ238Usw values of the late Ediacaran may 
reflect the global expansion of anoxia into more oxygenated shelf en
vironments, but with low–intermediate U accumulation rates associated 
with highly dynamic, and overall, less-reducing conditions. The change 
in U isotope systematics could plausibly reflect a broader chemocline (i. 
e. less-stratified) or less stable conditions as the stratified anoxic ocean 
of the Paleo- and Mesoproterozoic gave way to more oxygenated 

conditions in the late Neoproterozoic. Far less is known about local 
redox dynamics in the Tonian, but the same interpretation of increased 
oxygenation could be relevant (Dang et al., 2022), rather than an in
crease in water column U reduction and higher productivity (Zhang 
et al., 2022). Indeed, the Tonian δ238Ucarb record shows two intervals of 
higher values (Zhang et al., 2022) and high Δ238Uanox have been inferred 
in more oxygenated sediments throughout the Meso-Neoproterozoic 
(Dang et al., 2022). 

The Neoproterozoic U isotope records may have been further 
affected by redox structure through the availability of dissolved U. After 
long periods of widespread anoxia the deep ocean would have been 
depleted in U (Lyons et al., 2014). Such stratification could potentially 
lead to a build-up of dissolved U in the oxic surface ocean. As a result, U 
reduction would then preferentially occur close to the chemocline, 
compared to deeper locations where U supply would be severely limited. 
Moreover, U reduction from a depleted U pool in the deep ocean would 
be expected to be more quantitative, resulting in smaller isotope frac
tionation. Thus, redox structure could bias the global δ238Usw record 
toward shallow water processes where redox conditions would be 
inherently more dynamic, preventing substantial sedimentary U 
reduction. 

4.2.2. Euxinic transitions 
The data presented here further identify that weakly euxinic water 

column conditions (i.e. [H2Stotal] <100 μmol/mol) can be important for 
very high Δ238Uanox. The same constraint is apparent in late Ediacaran 
shales from the Doushantou Formation (Kendall et al., 2015), which 
show a similar relationship in δ238Uauth–δ98Moauth space as the less 
developed sapropels and Black Sea chemocline samples (Fig. 8); higher 
δ238Uauth associated with lower δ98Moauth. More broadly, similar 
δ238Uauth–δ98Moauth relationships are seen in shales from the Great 
Oxidation Event, Early Cambrian and Devonian (Asael et al., 2013; 
Andersen et al., 2020; Cheng et al., 2020; Kendall et al., 2020) sug
gesting that this control is widely applicable. 

The influence of such weakly euxinic conditions on U isotope sys
tematics could be a feature of major transitions in ocean chemistry 
through the Neoproterozoic. Specifically, a retraction of mid-depth 
euxinia and dominance of ferruginous conditions is documented 
around the Meso-Neoproterozoic boundary (Fig. 1; between 1.1 and 0.8 
Ga), potentially driven by an influx of Fe from weathering and the 
breakup of Rodinia (Guilbaud et al., 2015). If this transition phase were 
associated with weakly euxinic conditions, it could plausibly explain the 
very low early Tonian δ238Usw. Ferruginous conditions remained 
dominant through the Neoproterozoic to the Cambrian (Canfield et al., 
2008; Sperling et al., 2015), with mid-depth euxinia limited to the 
Yangtze Block, South China, from ~635 Ma where it was highly inter
mittent and with strong local environmental controls (Li et al., 2010; 
Och et al., 2016; Bowyer et al., 2017). Sulfate concentrations increased 
in the late Neoproterozoic to Paleozoic, possibly driven by a pulse of 
evaporite weathering ~575 Ma and potentially causing the Shurum 
oxygenation event (Shields et al., 2019; Shi et al., 2022). But, sulfate 
concentrations likely decreased again toward the onset of the most 
extreme δ238Ucarb excursion in the Late Ediacaran at ~550 Ma (Shi et al., 
2022). Thus, like the early Tonian, the late Ediacaran experienced major 
changes in the balance between iron and sulfate supply and removal, 
marking transitions between predominantly ferruginous and euxinic 
mid-depth conditions. These transitions were plausibly associated with 
weakly euxinic conditions that would explain the very high Δ238Uanox 
and very low δ238Usw values. 

Whilst providing a hypothesis for very low δ238Usw values, under
standing the importance of longer-term changes in iron and sulfate 
availability for the U isotope record is challenging. Firstly, our under
standing of U isotope fractionation in ferruginous sediments is extremely 
limited. Modern ferruginous lake sediments show a low U-abundance 
weighted average Δ238Uanox (Fig. 4; Cole et al., 2020) but the range is 
large. It is also unclear how applicable these lake findings are to 
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ferruginous oceans, given the potential effects of U speciation on isotope 
fractionation (Chen et al., 2016). Moreover, higher Δ238Uanox values (up 
to +0.6‰) have been inferred for Neoproterozoic ferruginous marine 
samples (Dang et al., 2022). Secondly, interpretation using current 
Proterozoic geochemical frameworks is limited by the ability to identify 
low levels of dissolved sulfide (see also Scott and Lyons, 2012). For 
example, Fe-speciation is widely used to separate euxinic and ferrugi
nous depositional environments through this period (e.g. Li et al., 2010; 
Poulton and Canfield, 2011; Sperling et al., 2015; Och et al., 2016; 
Bowyer et al., 2017). But, in weakly euxinic sapropel events, large pyrite 
enrichments above the Fe-speciation threshold indicative of euxinia are 
not present (S1 & S7 and even after accounting for local detrital Fe-oxide 
enrichments; Matthews et al., 2017; Benkovitz et al., 2020). Thus, these 
conditions could easily be mistaken for ferruginous environments in the 
rock record. We suggest that distinct array trajectories in δ238Uauth– 
δ98Moauth space might provide a better way to characterise subtle 
changes in euxinia (Fig. 8), albeit itself complicated by changes in global 
seawater isotope compositions. Finally, the tendency for samples with 
very high Δ238Uanox to have lower [Uauth] makes it difficult to identify 
these samples using bulk measurements. We recommend that leaching 
approaches (Clarkson et al., 2021a; Dang et al., 2022) be used in order to 
avoid the uncertainties of detrital corrections for δ238Uauth estimates. 

4.3. Wider implications 

4.3.1. Shale archives 
The large degree of δ238Uauth variability found in reducing settings, 

with strong environmental controls, have wider implications for the use 
of U isotopes as a quantitative global redox indicator. It is common to 
use anoxic shales as an archive to reconstruct δ238Usw, for short term 
perturbation events such as the mid-Cretaceous Oceanic Anoxic Event 2 
(OAE2; Montoya-Pino et al., 2010; McDonald et al., 2022), snapshots of 
pre-Cambrian conditions (Kendall et al., 2015) and for secular changes 
through Earth history such as the Eocene-Oligocene transition (Dickson 
et al., 2021). In all cases knowledge of Δ238Uanox is critical to reconstruct 
global δ238Usw, most often assuming the diffusion-limited value of 
+0.6‰. The compilation presented here demonstrates that there are 
clearly large uncertainties in this approach as anoxic sediments could 
show any Δ238Uanox between 0 and + 1.2‰. These findings support 
previous work highlighting the importance of basin hydrography, 
organic carbon rain rate and sedimentation rate on Δ238Uanox (Lau et al., 
2020; Lau et al., 2022), adding the complexity of local sulfide levels and 
redox stability to the list of controls. Ultimately, these findings challenge 
the use of shale archives to reconstruct δ238Usw. 

It is obviously difficult to identify primary trends in δ238Usw through 
an anoxic sedimentary section if Δ238Uanox varies substantially in a 
single locality. This may be clear for measurement intervals below the 
residence time of U (Dickson et al., 2021) but is also relevant to longer- 
term records (e.g. Kendall et al., 2015; Wei et al., 2018; Wei et al., 2020). 
Such environmentally controlled variation can potentially be identified 
using MoEF–UEF (Algeo and Tribovillard, 2009) and δ98Mo–δ238U 
frameworks (Figs. 6 & 8), supported by Fe-speciation (e.g. Stockey et al., 
2020; Dickson et al., 2021; but also see 4.2.2). In a recent case for OAE2, 
McDonald et al. (2022) suggest varying Δ238Uanox through a section to 
explain differences in estimated δ238Usw from contemporary archives. 
Whilst this concept is likely closer to reality than applying a constant 
Δ238Uanox (Montoya-Pino et al., 2010) they assume a positive correlation 
between TOC and Δ238Uanox, which is not supported by the compilations 
presented here. In fact, the opposite may be true. We urge for greater 
consideration of how Δ238Uanox varies within a studied interval and call 
for larger error propagation to account for the variability in Δ238Uanox in 
modern reducing sediments. 

4.3.2. Carbonate archives and mass balance models 
When using oxic carbonates as an archive for δ238Usw, assumptions 

on the global U-abundance weighted average Δ238Uanox are required to 

estimate the areal extent of seafloor anoxia using isotope mass balance 
models. Again, most studies have used the +0.6‰ but also test higher 
and lower scenarios. To date, only one study uses contemporary anoxic 
sediments to estimate Δ238Uanox, but from a single locality, and sup
ported a Δ238Uanox of ~ + 0.5‰ for mass balance modelling (Clarkson 
et al., 2018). The use of contemporary oxic carbonate and anoxic shale 
records in this manner is encouraged but will always be limited by the 
availability of the geological record. Moreover, anoxic settings of lower 
U burial rates but higher Δ238Uanox may not be the obvious target for 
investigation but could have significant implications for global U burial 
depending, for example, on paleogeography, shelf hypsometry or che
mocline structure. If the global distribution of ancient redox environ
ments was similar to the modern (i.e. similar relative proportions of 
upwelling sites and restricted basins) the modern global U-abundance 
weighted average Δ238Uanox of +0.4‰ could be used for mass balance 
models. If this assumption cannot be made (e.g. during times of global 
stratification or widespread epeiric seas), there will be greater uncer
tainty. Our findings therefore make the case for developing spatially 
resolved, process-based biogeochemical models that integrate U iso
topes, to advance on simpler two-sink biogeochemical model ap
proaches (Clarkson et al., 2018; Zhang et al., 2020b). 

5. Conclusion 

The most direct interpretation for very low Neoproterozoic δ238Usw is 
a relative increase in the burial flux of U(IV) formed under a non- 
diffusion-limited regime. How this translates into the global extent, 
location or intensity of reducing conditions is less clear. The compilation 
presented here demonstrates that very high Δ238Uanox are consistently 
associated with less reducing environments, dynamic fluctuations in 
redox conditions and weak euxinia. All of these environments prevent 
high U accumulation rates via sedimentary reduction. With the revised 
interpretation of high Δ238Uanox based on modern and sapropel samples, 
the late Ediacaran δ238Usw record is more consistent with the temporally 
dynamic redox history suggested by other biological and geochemical 
datasets (Tostevin and Mills, 2020). Alternatively, the very low δ238Usw 
inferred for the Tonian and Late Ediacaran could reflect weakly euxinic 
conditions during transition intervals between predominantly ferrugi
nous and euxinic mid-depth waters (Canfield et al., 2008; Guilbaud 
et al., 2015; Shields et al., 2019; Shi et al., 2022). This study highlights 
that interpretation of δ238Usw as changes in the global extent of anoxia 
are complicated by changes in U reduction regime, which appear to have 
important spatial and chemical controls. Thus, lower δ238Usw cannot 
always be interpreted as more widespread anoxia. 
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Yiğiterhan, O., Murray, J.W., 2008. Trace metal composition of particulate matter of the 
Danube River and turkish rivers draining into the Black Sea. Mar. Chem. 111 (1), 
63–76. https://doi.org/10.1016/j.marchem.2007.06.019. 

Zhang, F., Algeo, T.J., Romaniello, S.J., Cui, Y., Zhao, L., Chen, Z.-Q., Anbar, A.D., 
2018a. Congruent Permian-Triassic δ238U records at Panthalassic and Tethyan sites: 
Confirmation of global-oceanic anoxia and validation of the U-isotope paleoredox 
proxy. Geology 46 (4), 327–330. 

Zhang, F., Dahl, T.W., Lenton, T.M., Luo, G., Shen, S.-Z., Algeo, T.J., Planavsky, N., 
Liu, J., Cui, Y., Qie, W., 2020a. Extensive marine anoxia associated with the late 
Devonian Hangenberg Crisis. Earth Planet. Sci. Lett. 533, 115976. 
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