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ABSTRACT

Numerous approaches have been developed for determining past redox conditions in marine
settings (e.g., Fe speciation, redox sensitive trace metal (RSTM) systematics, pyrite morphologies,
I/(Ca+Mg) ratios), enabling a broad range of redox conditions, from fully oxic to euxinic, to be
potentially identified. However, many points along this spectrum remain difficult to constrain,
including dysoxic and highly versus weakly euxinic conditions. This limits the broader scale
inferences that can be drawn from paleoredox studies, including links between oxygen availability
and biological evolution, and the potential for isotope systems (e.g., Mo) to record water column
signals. Here, we develop a new approach using RSTM ratios (Re/Mo, Re/U, Re/V, Mo/U), in
combination with modified RSTM enrichment factors (EF") and Mogr"-Ugr™ cross-plots, that
potentially enables a robust, highly resolved reconstruction of ancient water column redox
conditions to be achieved. We initially document the differential behaviour of RSTM EF” values and
ratios in modern settings that range from fully oxygenated, through weakly (30-90 uM O3) and highly
(<30 uM 03) dysoxic, to anoxic non-sulfidic and euxinic conditions. This redox behaviour is further
resolved when the drawdown mechanisms for Mo are evaluated by Mog"-Ugr™ cross-plots. We
subsequently ground-truth this approach by considering samples from the Carboniferous Bowland
Basin, which have previously been studied for redox conditions via independent geochemical and
mineralogical techniques, as well as the Jurassic Kimmeridge Clay Formation, where redox
conditions have been defined based on paleoecological characteristics. A strong degree of
consistency between RSTM behaviour in modern and ancient settings highlights that weakly to
highly dysoxic conditions are characterised by increases in Re/Mo, Re/U and Re/V ratios,
accompanied by RSTM EF® values that only become notably enriched under highly dysoxic
conditions. Non-sulfidic water column anoxia is indicated by increased Ug* values and low Re/Mo
ratios, while euxinia is readily identified by high Mo/U, low Re/U and very low Re/Mo ratios,
alongside high Mog" values. In addition, highly euxinic conditions may be distinguished from weak
euxinia by particularly high Mo/U ratios and Mogf" values. This combined approach has the potential
to provide a hitherto unprecedented level of insight into paleodepositional redox conditions, and

consequently the chemical evolution of the biosphere.

Keywords: enrichment factor; dysoxic; euxinic; redox sensitive trace metals
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1. Introduction

Accurate reconstruction of water column redox conditions is essential for evaluating
environmental controls on the evolution of the biosphere and atmosphere (e.g., Poulton and
Canfield, 2011: Bennett and Canfield, 2020; Poulton, 2021). The development of proxies centred on
Fe speciation and trace metal systematics has enabled refined reconstructions that potentially allow
oxic, anoxic ferruginous (Fe?*-containing) and euxinic (H2S-containing) water column conditions to
be distinguished (e.g., Algeo and Li, 2020; Bennett and Canfield, 2020; Poulton, 2021; Song et al.,
2023; Li et al., 2024). Trace metal systematics may provide a particularly valuable measure of paleo-
redox conditions, due to their differential behaviour under varying redox states (e.g., Anderson et
al., 1989; Helz et al., 1996; Tribovillard et al., 2006; Robbins et al., 2006; Bennett and Canfield, 2020;
Li et al., 2022; Paul et al., 2023b; Zhang et al., 2023; Song et al., 2023), although the full potential of
this differential behaviour has rarely been explored.

Molybdenum (Mo), uranium (U), vanadium (V) and rhenium (Re) are amongst the most
commonly utilized redox-sensitive trace metals (RSTMs) for reconstructing ancient water column
redox conditions. Under oxic conditions, Mo accumulation is dependent upon adsorption of the
molybdate (Mo04?) anion onto Fe-Mn (oxyhydr)oxides, commonly resulting in limited enrichments
in normal oxic marine sediments (Bertine and Turekian, 1973). Under dysoxic to ferruginous
conditions, Mo may be drawn down via a particulate shuttle mechanism, due to uptake by minerals
such as Fe- Mn (oxyhydr)oxides that may precipitate in the water column (e.g., Algeo and
Tribovillard, 2009; Tribovillard et al., 2012; Paul et al., 2023b). In the presence of water column H.S,
however, the molybdate anion is converted to particle-reactive thiomolybdate (Helz et al., 1996),

leading to significantly enhanced Mo accumulation in the sediments (Emerson and Huested, 1991;
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Helz et al., 1996; Erickson and Helz, 2000). It is also worth noting that the Fe-Mn shuttle may persist
in weakly euxinic bottom waters (e.g., the Cariaco Basin) and hence promote a degree of Mo
accumulation (Algeo and Tribovillard, 2009).

The behaviour of U contrasts with that of Mo, in that the key process is the reduction of soluble
carbonate complexes (UO2(CO3)3*) to insoluble U(IV), which occurs in anoxic sediments rather than
in the water column, and does not require dissolved sulfide (Anderson et al., 1989). Uranium may
therefore be enriched in sediments accumulating beneath anoxic bottom waters (Anderson et al.,
1989; Klinkhammer and Palmer, 1991; Partin et al.,, 2013), regardless of whether euxinic or
ferruginous conditions dominate.

In the modern marine environment, V occurs in the quasi-conservative form of vanadate
oxyanions (HVO4%~ and H,VO4™ ). Under oxic water column conditions, V is commonly transported
to sediments adsorbed to Mn oxides (Emerson and Huested, 1991). Under dysoxic porewater
conditions, where Mn oxides are reduced to Mn?*, V may be released from sediments and hence
depleted (Emerson and Huested, 1991; Nameroff et al., 2002). Under anoxic conditions, however,
reduction of V leads to different precipitation mechanisms under different redox conditions. First,
the vanadate released following Mn oxide reduction is reduced to V(IV) and forms vanadyl ions
(VO27), which are highly surface-reactive and tend to be retained in the sediment (Emerson and
Huested, 1991). Vanadium may also be reduced to V(IV) following uptake by Fe minerals (e.g., green
rust), with the potential for further reduction to V(IIl) during the oxidation of green rust to
lepidocrocite (Haase et al., 2023). In sulfidic settings, the Mn shuttle may still provide a flux of V to
the sediment (Cui et al., 2023), and the V that is subsequently released during the reductive

dissolution of Mn oxides can be reduced to V(lll), resulting in precipitation as V.03 or hydroxide
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(V(OH)3) phases (Breit and Wanty, 1991; Wanty and Goldhaber, 1992), or adsorption to iron
monosulfides (FeS) (Haase et al., 2024).

Rhenium has a higher redox potential than U, Mo and V, and may begin to become enriched
under dysoxic conditions, where the oxygen penetration depth below the sediment-water interface
is shallow (~1 cm; Morford and Emerson 1999; Morford et al.,, 2012). The mechanism for Re
enrichment under dysoxic and anoxic non-sulfidic conditions involves the reduction of ReO4 to an
insoluble phase (Colodner et al., 1992; Crusius et al., 1996; Morford and Emerson, 1999). This may
lead to significant enrichment in the sediments, with high Re concentrations (ranging from 5 to 130
ppb) reported for modern dysoxic and anoxic non-sulfidic sediments, compared to < 0.1 ppb for oxic
sediments (Koide et al., 1986, Ravizza et al., 1991). Under euxinic conditions, Re sequestration also
occurs, but does not appear to be linked to the formation of a sulfide phase, as there tends to be no
correlation between Re and HS™ concentrations in pore waters (Colodner et al., 1992). Instead, Re
drawdown in the presence of sulfide is thought to be associated with pyrite precipitation, and/or
coprecipitation as a discrete Mo-Re-S phase, such as Fe(Mo,Re)Ss (e.g., Helz and Dolor, 2012;
Akintomide et al., 2021; Helz, 2022; Zivkovi¢ et al., 2023).

The behaviour of RSTMs is commonly evaluated in terms of the extent of enrichment or
depletion of a particular element in the deposited sediment, where the data are considered in terms
of enrichment factors (EFs; Tribovillard et al., 2006) or after normalization to Al (e.g., Bennett and
Canfield, 2020). In both cases a reference value is used, for example upper continental crust (UCC;
McLennan, 2001), post-Archean Australian Shale (PAAS; Taylor and McLennan, 1985), or average
shale (Turekian and Wedepohl, 1961). However, in addition to considering RTSM behaviour in this

way, specific RSTM ratios may also aid in paleo-redox reconstructions. Indeed, the use of RSTM
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ratios may, at least in part, negate problems that commonly arise when proportional differences
between the major (i.e., Al) and RSTM reference values for average shale do not match those of the
source material being eroded into the particular basin being studied, which makes derivation of oxic
baseline values particularly problematic (see Doyle et al., 2018; Li et al., 2024; Sdnchez-Roda et al.,
2024; Wang et al., 2024).

In particular, Mo/U ratios have been employed, alongside other redox proxies such as Fe
speciation, to strengthen arguments for the presence of euxinia (e.g., He et al., 2022). However,
while there are several commonly used paleo-redox proxies that may allow identification of water
column euxinia or anoxic, non-sulfidic (i.e., ferruginous) conditions, the identification of settings
that are depleted in oxygen, but not to the extent of full anoxia (i.e., dysoxic), has proven more
challenging, as proxies such as Fe speciation and the most commonly applied RSTMs (e.g., Mo, U)
are unable to distinguish such intermediate redox states (Raiswell and Canfield, 1998; Algeo and
Tribovillard, 2009; Poulton, 2021). This lack of versatility in the geochemical toolbox limits the
accuracy of environmental reconstructions, and particularly limits understanding of potential links
between oxygen levels and biological evolution (e.g., Sperling et al., 2022).

Nevertheless, based on the RSTM behaviour outlined above, elevated Re/Mo ratios have
sometimes been used to identify dysoxic settings (e.g., Crusius et al., 1996; Kendall et al., 2010;
Schobben et al., 2020; Li et al., 2022), based on the accumulation of Re, but not Mo, under such
conditions. The use of this proxy is also predicated on the fact that elevated Re/Mo ratios under
dysoxic conditions should be distinct from those observed under euxinic conditions, whereby
euxinic drawdown of both Re and Mo should result in much lower Re/Mo ratios (Crusius et al., 1996;

Kendall et al., 2010; Helz, 2022). However, since Re is also sequestered under anoxic non-sulfidic
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conditions, but Mo specifically requires the presence of sulfide or a particulate shuttle draw down
mechanism, elevated Re/Mo ratios may also potentially occur under anoxic non-sulfidic conditions.
In fact, Re/U and/or Re/V ratios may potentially be more robust, or at least complementary, redox
indicators for the identification of dysoxic conditions, but environmental calibration of different
RSTM ratio proxies in modern and ancient environments has not been performed.

In order to improve the utility of Mo, U, V and Re as paleoredox proxies, we present and
evaluate a compilation of published data for marine environments spanning a wide range of redox
conditions. We subsequently build upon these findings by considering two ancient settings (the
Carboniferous Bowland Shale and the Jurassic Kimmeridge Clay Formation), for which redox
conditions have previously been constrained by independent techniques (Raiswell et al., 2001; Li et
al., 2024). Our approach allows a comprehensive evaluation of the combined use of RSTM
enrichment factors and ratios as a means to more accurately reconstruct paleoredox conditions,

with a particular focus on the elusive dysoxic redox state.

2. The marine redox ladder

In comparing data from modern and ancient environments, redox terminology first needs to be
constrained. Tyson and Pearson (1991) suggested that oxic conditions should be defined where
bottom water O, concentrations are >2 ml/L (90 uM), whereas dysoxic conditions range from 0.2—
2 ml/L (9-90 uM), suboxic conditions reflect O, concentrations <0.2 ml/L (<9 uM), and anoxia
essentially refers to functionally oxygen-free conditions (noting here that trace oxygen can generally
be detected in ‘anoxic’ bottom waters with advanced technology; Canfield and Thamdrup, 2009).

However, the application of such subtle distinctions is difficult for ancient settings where direct
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measurements of oxygen concentrations are not possible, and sediments record average conditions
whereby fluctuating oxygen levels may have influenced the redox chemistry of a single sample (e.g.,
Wignall and Myers, 1988; Dahl et al., 2019; Poulton, 2021). Recently, Algeo and Li (2020) used an
alternative redox terminology (oxic, dysoxic, suboxic and euxinic) and noted that there tends to be
a range of temporal redox variability, from large basins (e.g., the Black Sea) with relatively stable
redox conditions, to small basins (e.g., Saanich Inlet) with highly variable redox conditions (Anderson
and Devol, 1973).

Here, noting the importance of distinguishing anoxic non-sulfidic conditions (i.e., ferruginous)
from euxinic conditions (Poulton and Canfield, 2011), we apply a redox scheme in which the oxic
field is marked by an oxygen content of >90 uM, the dysoxic field has a seafloor-bearing oxygen
content ranging from 90 uM to very low oxygen (~1 pM), anoxic non-sulfidic conditions occur where
oxygen is below ~1 uM 0O; and free H,S is absent, and euxinia reflects the presence of H,S in the
water column. However, noting additional distinct RSTM behaviour, we further divide oxic settings
into >200 uM O, and 90-200 uM O; zones, while dysoxic settings are divided into weakly (30-90 uM)

and highly (<30 uM) oxygen-depleted zones.

3. Study sites
3.1. Modern case studies

Our data compilation from modern environments (see Table 1) includes permanently euxinic
basins, which are usually silled with poor connection to the open ocean, seasonally euxinic basins
with episodic ventilation, oxygen minimum zones (OMZs) on continental margins, and well-

oxygenated open ocean settings. The euxinic basins have a large degree of variation in terms of H,S
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concentrations below the chemocline (12-4000 uM), while the OMZs document a diverse range in
oxygen depletion at the seafloor (generally 0.1-90 uM O, noting that samples collected above or
below the OMZ may reflect fully oxygenated bottom waters; Table 1). Oxic conditions are
characterised by well-ventilated seafloor with high oxygen contents (bottom water O, usually
beyond 200 uM), through to somewhat depleted O, levels of 90-200 uM (Table 1). However, we
note here that even in fully oxygenated settings, sediment pore waters can be oxygen poor,
especially under conditions of enhanced organic carbon burial and rapid sedimentation rate (e.g.,

Crusius et al., 1996; Morford and Emerson 1999).

3.2. Ancient case studies

Our focus is on two well-characterized formations from England that show evidence for
fluctuating redox conditions, namely the Carboniferous Bowland Shale Formation and the Late
Jurassic Kimmeridge Clay Formation. The Bowland Shale Formation accumulated in the Bowland
Basin, northern England, during the Early Carboniferous Visean—Serpukhovian stages, and
succeeded the ramp carbonates of the Pendleside Limestone Formation (Gawthorpe, 1986). The
Bowland Shale records variable redox conditions, based on a combined evaluation of multiple redox
proxies, including U and Mo systematics, Fe speciation and framboidal pyrite petrography (Emmings
et al., 2020; Li et al., 2024), and we augment these published data with new V and Re analyses. Our
focus is on two sections, Tory Log Clough (TLC) and Dinckley Hall (DH) (Li et al., 2024). The TLC section
includes the upper part of the Pendleside Limestone, which consists of alternating beds of

calcareous mudstone and deep-water limestone (micritic mudstone and calcarenites of turbiditic
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origin), and the lower part of the Bowland Shale Formation. The DH section is dominated by dark
grey, organic-rich shales of the Bowland Shale Formation (Li et al., 2024).

The Late Jurassic Kimmeridge Clay Formation has an extensive outcrop over England and is best
known from the coastal exposures of the Wessex Basin in southern England (Cox and Gallois, 1981).
The frequent alternations of organic-rich shale and mudstone that characterize the Kimmeridge Clay
Formation have received detailed attention in terms of their paleontology, sedimentology and
geochemistry (e.g., Myers and Wignall, 1987; Wignall, 1990; Tribovillard et al., 1994; Raiswell et al.,
2001). Whereas our focus on the Bowland Basin is to use our new RSTM approach to test the
potential to refine existing redox interpretations based on geochemistry (e.g., Li et al., 2024), for
the Kimmeridge Clay Formation we take a different approach, whereby we compare our new RSTM
data to paleoecological characteristics. Specifically, we present new Mo, U, V and Re data for
samples that have previously been investigated in terms of an oxygen-restricted biofacies (ORB)
scheme, which is based on the abundance and diversity of fossils (Wignall and Hallam, 1991),
thereby providing an independent (i.e., non-geochemical) framework for interpreting depositional
redox conditions. The ORB scheme documents a general decrease in the severity of redox conditions
from ORB 1 to ORB 6, where ORB 1-2 represent anoxic water column conditions lacking benthos,
and ORB 3-6 document progressively higher oxygen contents, from highly dysoxic (ORB 3) with few
benthic species, through to weakly dysoxic (ORB 6) conditions with higher diversity (Wignall and

Hallam, 1991).

4. Methods

4.1 Total digestion procedure
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Redox sensitive trace metals were determined for the Bowland Shale (V and Re) and
Kimmeridge Clay (Mo, U, V and Re) formations by inductively coupled plasma—mass spectrometry
in the Cohen Laboratories at the University of Leeds. Rock powders were first ashed at 550°C for 8
h, before a quantitative digestion using concentrated HNO3, HF and HCIO4. Additional H3BO3 was
then added to avoid the formation of Al hexafluorate complexes, and the samples were
subsequently heated to dryness. The residues were then re-dissolved with near-boiling HNOs and
diluted with ultrapure 18.2 MQ H,0. Accuracy and precision, estimated from repeat analyses of
United State Geological Survey standard SGR-1b (Green River Shale), were better than 5% for all
elements of interest. Previously published Mo and U data for the Bowland Shale Formation were
determined using the same approach and instrumentation (Li et al., 2024).

4.2 Enrichment factor calculations

Here, we adopt the approach of calculating enrichment factors when normalizing our RSTM
data, since this allows direct comparison with calibrated trends in the co-behaviour of elements
such as Mo and U (e.g., Tribovillard et al., 2006; 2012; Algeo and Tribovillard, 2009). Enrichment
factors are commonly calculated as:

Element/Al
Elementgp=——"7"— (1)
Elementycc/Alycc

Here, we use the UCC database (MclLennan, 2001) to normalize the elemental data, but with an
updated Re concentration value of 0.29 ppb (Chen et al., 2016). However, a limitation when
calculating EFs in this way arises from the highly variable degree of detrital sediment dilution by
chemical sedimentation (e.g., carbonate, silica) in different environmental settings. For example,
variable dilution by carbonate results in average Al contents of 7.6 wt% for northwest US margin

sediments, whereas the average Al content for Black Sea sediments is 3.2 wt% (Crusius et al., 1996;
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Morford and Emerson, 1999). The low detrital Al component typical for (bio)chemical sediments
leads to artificially elevated EF values relative to siliciclastic sediments (Tribovillard et al., 2006; Van
der Weijden, 2002), which clearly compromises direct comparison of different environmental
settings required for the current study. Variable sedimentation rates also affect EFs, whereby rapid
sedimentation decreases EF values, either because of enhanced dilution of phases precipitating in
the water column, or because of more rapid development of closed system porewater conditions.
However, variable sedimentation rates will generally have much less impact on RSTM ratios, which
is why they are potentially more robust redox indicators and the principal focus of this study.

Given these considerations, we adopt the approach of Krewer et al. (2024), which eliminates
the problem of variable dilution by chemical sediments. We initially calculate excess element
concentrations as:

Element
Elementexcess= Elementsample' (AlsampleX e (2)

Alycc

To convert the excess concentration of an element (i.e., the redox-promoted drawdown
concentration) to a form that is consistent with the original derivation of EFs (Eqn 1), we need to
adopt the assumption used in Eqn 1 that the source material supplied to the basin had an elemental
concentration equivalent to average upper continental crust (i.e., the Elementuycc value). The
addition of the Elementuycc value to the calculated Elementexcess Value therefore gives the equivalent
concentration used in the traditional EF calculation, but accounts for any dilution by, for example,
carbonate or silica. To convert this to a relative enrichment value (i.e., EF*), the total element

concentration is then divided by the Elementycc value, to give (Eqn 3).

* Element + Elementycc
Elementg = S (3)
Elementycc
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For consistency, and because the extent of dilution by chemical sedimentation is generally not
known for many of the samples included in this study, we calculate EF* values for all samples,
including those dominated by siliciclastics (although generally this only has a limited impact for such
samples). In some rare cases, where Al is higher than the UCC value and the element of interest has
a very low concentration, this may result in negative elemente values, indicating a particularly high
level of element depletion relative to the average UCC value. However, this affected only 2 samples
in our entire database of modern and ancient samples. Furthermore, since these samples return EF
values of <1 when calculated in the traditional way (indicating element depletion), redox
interpretations remain entirely unaffected. Thus, in terms of a uniform approach that overcomes
the problem of low Al contents in chemical sediments, hence allowing the degree of element
enrichment in different settings to be directly compared, the approach of calculating EF” is highly
beneficial (see Supplementary Information for an example of the impact of sediment dilution on

enrichment factor calculations).

4.3 Statistical analysis

We use independent t-test with a confidential interval of 95% to determine whether there are
significant differences between RSTM EF* values and ratios under different redox conditions. Since
t-test can only determine the significance between two groups of data, we apply this approach to
adjacent redox fields of particular interest (see Supplementary Information). All statistical analyses

were performed using IBM SPSS Statistic software.

5. Results
5.1. RSTM variability in modern environments

5.1.1. Enrichment factors



285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

The broad EF" characteristics for the different RSTMs are compiled in Table 2. Average Ug"
values progressively increase through each redox zone, with values that are consistently low in oxic
(>200 uM O3 = 1.1 £ 0.3; 90- 200 uM O3 zone = 1.2 + 0.3) and weakly dysoxic (1.3 £ 0.6) settings,
giving little evidence for any significant degree of enrichment. This is consistent with a t-test showing
no significant difference between these redox settings (see Supplementary Information, Table S1).
Average highly dysoxic (2.0 £ 2.0) and anoxic (2.2 + 0.6) values are higher and overlap (with a p value >
0.05), with highly dysoxic values being particularly variable between different settings (Fig. 1).
However, higher EF* values in highly dysoxic settings uniquely occur in Peru margin sediments,
which also have unusually high Mog™ and Ve values (Fig. 1; note that when the Peru margin
sediments are excluded, the average Ugt value (1.5 + 0.5) for highly dysoxic settings remains slightly
elevated relative to oxic and weakly dysoxic values).

Modern euxinic environments show a high degree of variability, largely due to highly U-enriched
sediments on the Namibian margin (Fig. 1), giving an overall average of (4.4 + 3.4). However, as
discussed below, the Namibian margin sediments appear to be anomalous, and when these samples
are excluded, euxinic settings have a lower Ugs value of 3.4 + 1.8. Furthermore, similar to Mogr and
Reer values, when Namibian samples are excluded, Ugr values show a progressive increase as sulfide
concentrations initially increase, but values then decrease in Kyllaren Fjord samples, where very
high concentrations of sulfide (~4 mM) are recorded (Fig. 1). As discussed below, Kyllaren Fjord has
distinct characteristics that may explain the deviation from the trend of increasing RSTM
enrichments as sulfide concentrations increase.

Molybdenum shows limited enrichment in two oxic groups with very low Mogs" values (> 200

UM O, = 0.94 + 0.27; 90-200 uM O, = 1.0 + 0.2), and there is no obvious difference between two
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groups (supported by a p value > 0.05; Table S1). Weakly (1.6 + 1.8) and highly (4.7 + 12.4) dysoxic
settings have progressively elevated average values, but highly dysoxic samples have a particularly
variable range, again driven by Peru margin sediments (Fig. 1). In anoxic sediments, average MogF"
values are similar to dysoxic settings (5.2 + 2.1, p value > 0.05; Table S1), but with less variability. In
euxinic settings, Mo values are generally highly enriched (29 + 17, or 32 + 16 when the
anomalously low Kyllaren Fjord samples are excluded) and show a similar trend to U values (Fig.
1), with increasing values as sulfide concentrations initially increase (note that unlike Ugs" values,
Namibian margin samples follow this Mog;" trend).

Rhenium displays the largest overall variability in EF” values (Fig. 1). Although the data show a
relatively high degree of variability through the oxic zone, it is notable that most settings have
significantly elevated (i.e., >>1) Regr” values, giving average values of 20 + 22 for the > 200 pM 0>
zone, and higher average values of 54 + 19 for the 90-200 uM O, zone. These features may be a
consequence of (variable) Re drawdown due to the development of dysoxic porewaters in surficial
sediments beneath oxic bottom waters, potentially coupled with inadequacy in terms of the utility
of the updated Re value for UCC to represent the Re content of typical oxic marine sediments (giving
high overall values). In the weakly and highly dysoxic zones, Regr” values are again highly variable,
but moderate average levels (31 + 24) occur in weakly dysoxic settings, while average values
increase considerably (94 + 100) in highly dysoxic settings (Fig. 1). High Regr” values (117 + 24) are
maintained in anoxic settings, while through the euxinic zone, Regr” values show similar behaviour
to Mogs~ values, with an initial progressive increase as sulfide concentrations increase, giving an

average value of 92 £ 96 (103 £ 99 when the anomalously low Kyllaren Fjord samples are excluded).
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The extent of variability in Ve values is considerably less than for the other RSTMs (Fig. 1).
However, in the oxic zone, Ver* values are relatively high at the highest O, concentrations (1.7 + 0.2
in Svalbard sediments), with generally lower values throughout the rest of the oxic zone (including
depleted values in African margin samples), giving an average value for all > 200 uM O samples of
1.3+0.4, and an average value for 90-200 uM O, samples of 1.1+ 0.1. Vanadium enrichments persist
at low values throughout the subsequent dysoxic zone (weakly dysoxic = 1.3 + 0.1; highly dysoxic =
1.3+0.3), with enhanced variability in the highly dysoxic zone again being largely due to Peru margin
sediments, while similar average values (1.2 + 0.1) occur for anoxic settings (Fig. 1). In euxinic
settings, average Vir values are slightly increased to moderate levels (1.5 + 0.1; note that no V data

were available for Kyllaren Fjord).

5.1.2. RSTM ratios

The broad characteristics of different RSTM ratios are compiled in Table 3. Re/Mo ratios are
generally highly elevated relative to UCC values (Re/Moucc = 0.17 ppb/ppm) in oxic and dysoxic
settings, while ratios are commonly lower in anoxic and euxinic settings, with values that straddle
the average UCC ratio, particularly in euxinic settings (Fig. 2). There are, however, additional distinct
differences in Re/Mo ratios under different redox conditions. In the highest [0,] marine settings (>
200 uM; Table 1), Re/Mo ratios are relatively low, but the data show considerable variability (4.2 +
4.4 ppb/ppm; Fig. 2). As oxygen decreases from ~200 to ~90 uM, Re/Mo ratios show less variability,
with moderate enrichments overall (8.2 + 2.3 ppb/ppm, p value < 0.05; Table S1). Under dysoxic
conditions down to ~30 uM O, Re/Mo ratios fluctuate considerably, but overall, average values are

high (15 + 19 ppb/ppm), and even higher values with somewhat diminished variability (21 + 16
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ppb/ppm) are evident in dysoxic settings with O, concentrations <30 uM (Fig. 2). Anoxic settings
show a clear decline to low (4.7 + 2.4 ppb/ppm) Re/Mo ratios (see t-test in Table S1), and very low
ratios then occur (0.57 + 0.50 ppb/ppm) under euxinic conditions, with a significant statistical
difference between the two redox groups (Table S1).

In contrast to Re/Mo ratios, Re/U ratios are generally higher than UCC values (Re/Uuycc = 0.09
ppb/ppm) across all redox states (Fig. 2). In detail, Re/U ratios are relatively constant and low overall
in the oxic (> 200 uM O3 = 1.8 + 1.7 ppb/ppm; 90-200 uM O, = 3.8 + 0.7 ppb/ppm) and 30-90 uM
dysoxic (2.8 + 1.7 ppb/ppm) zones (Fig. 2). However, an increase to relatively high, but variable,
Re/U ratios (8.1 + 8.2 ppb/ppm) is apparent in the <30 uM O3 dysoxic zone, which is also supported
by a t-test (Table S1). There is then a shift to moderate Re/U ratios (5.3 + 1.9 ppb/ppm, with a
statistical difference relative to data in the dysoxic field, see Table S1) in the anoxic zone, followed
by low values (1.8 + 1.5 ppb/ppm) in euxinic settings (Fig. 2). Similar to Re/U ratios, Re/V ratios are
generally elevated relative to UCC values (Re/Vucc = 0.002 ppb/ppm) across all redox states (Fig. 2).
Variability in Re/V ratios is also similar to that observed for Re/U ratios (Fig. 2) through the oxic zone
(>200 pM 02 = 0.05 * 0.06 ppb/ppm; 90-200 uM O, = 0.11 £ 0.04 ppb/ppm) and into the 30-90 uM
02 dysoxic zone (0.08 £ 0.06). There is then a similar relative increase to high ratios (0.31 + 0.24
ppb/ppm) inthe <30 uM O, dysoxic field, with a clear statistical difference compared to oxic samples
(Table S1), and although the data continue to show a high degree of variability (Fig. 2), the range in
Re/V ratios remains similar through the anoxic (0.34 + 0.26 ppb/ppm) and euxinic (0.24 + 0.22
ppb/ppm) zones (p value > 0.05; Table S1).

Mo/U ratios (Fig. 2) are persistently low and statistically indistinguishable (Table S1) through

the oxic zone (>200 uM 02 = 0.58 + 0.36 ppb/ppm; 90-200 uM O, = 0.50 + 0.14 ppb/ppm), and while
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average values are higher in the dysoxic zones (weakly dysoxic = 1.0 + 1.7 ppb/ppm; highly dysoxic
= 0.84 + 1.37 ppb/ppm), Mo/U ratios are highly variable. Similar moderate Mo/U ratios (1.3 + 0.5
ppb/ppm) persist in anoxic settings, while euxinic settings are characterized by high ratios (5.1 + 3.5
ppb/ppm, with a significant statistical difference between euxinic and anoxic data, p < 0.001; Table

s1).

5.2. RSTMis in the Bowland Shale Formation

All new geochemical data for the ancient case studies are provided in Supplementary
Information Tables S2-S5. Based on Fe speciation, U and Mo systematics, and pyrite framboid size
ranges, oxic conditions have been suggested during deposition of the Pendleside Limestone (note
that our samples are from the calcareous mudstones of this formation) and the lower part of the
Bowland Shale Formation (0-66.8 m at TLC). There was then a transition to conditions that
fluctuated between ferruginous, weakly euxinic and highly euxinic (with weakly and highly euxinic
conditions being broadly defined based on pyrite framboid size ranges, and relatively low and high
Moer enrichment factors, respectively) through the overlying Bowland Shale Formation (Fig. 3; Li et
al., 2024). Broadly speaking, the new Regr” and Ver* data show similar behaviour to the Mogs" and
Ugr data, with low values in the lower part of the succession and generally higher, but fluctuating,
values above the basal part of the Bowland Shale Formation (Fig. 3). However, enrichments in V are
relatively muted above a height of ~70 m in the upper part of the Bowland Shale Formation (DH
section; Fig. 3).

Re/Mo ratios show a large degree of variability through the TLC and DH sections, with overall

high, but fluctuating values in the Pendleside Limestone and lowermost Bowland Shale in the TLC
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section (31 + 24 ppb/ppm; Fig. 3). However, above the upper part of the P1.c ammonoid zone, Re/Mo
ratios are low and relatively constant (2.8 £ 2.2 ppb/ppm) through both sections, until the E1 zone,
where there is a slight increase (7.8 + 6.0 ppb/ppm) in the DH section (Fig. 3). Re/U ratios are
relatively low and stable (4.0 £ 1.9 ppb/ppm) in the Pendleside Limestone, but the degree of
variability increases considerably as redox conditions become more reducing through the Bowland
Shale Formation (6.0 * 5.0 ppb/ppm), with peaks in Re/U commonly occurring in weakly or highly
euxinic intervals (Fig. 3).

The Re/V profile is similar to the Re/U profile, with relatively low and stable values (0.08 + 0.05
ppb/ppm) through the Pendleside Limestone (Fig. 3). This is followed by generally higher and more
variable values (0.34 + 0.24 ppb/ppm) through the remainder of the succession, although Re/V
ratios are commonly low (0.24 + 0.17 ppb/ppm) in the lower part of the Bowland Shale Formation
in the DH section, with a distinct transition to higher and more variable values (0.61 + 0.24 ppb/ppm)
through the prolonged highly euxinic interval in the middle to upper Bowland Shale Formation (Fig.
3). Mo/U ratios show distinct behaviour relative to the other RSTM ratios (Fig. 3). In the Pendleside
Limestone, Mo/U ratios are persistently low (0.17 £ 0.10 ppb/ppm), with values that fall below the
average UCC value. Similar low values are also found in overlying ferruginous intervals in both
sections (0.39 + 0.39 ppb/ppm). By contrast, euxinic samples commonly have ratios that plot above
the UCC value, with a distinct overall increase in samples interpreted to record highly euxinic (3.4 +
1.4 ppb/ppm) relative to weakly euxinic (1.9 £ 1.1 ppb/ppm) conditions (Fig. 3). This is supported by
a t-test (p < 0.001), showing a significant difference between weakly and highly euxinic samples

(Table S1).
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5.3. RSTMs in the Kimmeridge Clay Formation

Our dataset for the Kimmeridge Clay Formation includes sporadic samples for which ORB have
been defined (comprising samples that range from ORB 1 to ORB 6; Table S2), in addition to a
continuous section that comprises ~40 m of stratigraphy through the late scitilus, wheatleyensis and
early hudlestoni ammonite biozones of the Upper Kimmeridgian (Fig. 4). The biofacies of this section
comprises ORB 3-6, and RSTMs show consistent behaviour in terms of enrichment factors, with
relatively muted overall variability for Mogr", Uegr® and particularly Vee', with values that are
commonly close to 1 or slightly elevated. There are, however, occasional peaks to much higher
values for these elements, and these uniquely occur in samples from the most reducing ORB (ORB
3) present in this section, while there is only subtle variability between ORB 4-6, with generally
lower EF" values as the ORB level increases (Fig. 4). Rhenium EF” values show similar trends to the
other RSTM values, but values are commonly highly elevated by comparison. Samples that
document ORB 1 and 2 biofacies in the more complete dataset (Table S3) have considerably
elevated Mogr” and Ugr” values relative to ORB 3—6 samples. By contrast, Regr and Ver values for
ORB 1 and 2 biofacies samples have a similar range to those observed for ORB 3 and 4 (Table S3).

Re/Mo, Re/U and Re/V ratios also show similar trends, with values that are generally elevated
relative to UCC (to a lesser degree for Re/V), and a large degree of overall variability in response to
changes in ORB levels (Fig. 4), which we evaluate in more detail in the discussion below. However,
Mo/U ratios show highly contrasting behaviour, and while Mo/U ratios show significant variability,
they are persistently lower than the UCC value across all of the ORB present in Fig. 4. This is

commonly the case in terms of the complete dataset (Table S3), although there are occasional
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samples that have Mo/U ratios above the UCC value. By contrast, Mo/U ratios in samples of ORB 1

and ORB 2 are persistently elevated relative to the UCC value (Table S3).

6. Discussion
6.1. RSTM behaviour in modern environments
6.1.1. Enrichment factors

Our compilation of modern environmental data generally shows RSTM behaviour consistent
with expectations for different redox conditions (see summaries in Tribovillard et al., 2006; Robbins
etal., 2006; Bennett and Canfield, 2020; Algeo and Li, 2022; Paul et al., 2023b), but with novel insight
and nuance arising from our consideration of both enrichment factors and RSTM ratios. Uranium
generally becomes progressively enriched as reducing conditions intensify, with very low Ugr" values
in oxic and weakly dysoxic settings, moderate values in highly dysoxic and anoxic settings (see
discussion below for a detailed evaluation of the Namibian samples), and high values in euxinic
settings (Fig. 5; Table 2). This is also in general agreement with a recent study focusing on U
accumulation in coastal environments (Paul et al., 2023b). However, euxinic settings with low sulfide
concentrations show a high degree of overlap with both anoxic and highly dysoxic settings (Fig. 1).
These characteristics highlight that, when applied in isolation, Ug" values do not adequately
distinguish dysoxic to euxinic sediments (Table 2), although values close to 1 provide a strong
indication of conditions that are not fully anoxic, while high values generally indicate euxinia.

The behaviour of Mo is similar to U, with a general progressive increase as redox conditions
become more reducing (Table 2; Fig. 5). However, the particularly variable Mogs" values that occur

under dysoxic conditions warrant further consideration in terms of potential controls on Mo
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drawdown to the sediments. As discussed above, it is well-established that Mo drawdown may
occur via enhanced sulfide availability and/or via a particulate shuttle mechanism, which are
commonly distinguished using a Mogr-Uer cross-plot (e.g., Algeo and Tribovillard, 2009; Tribovillard
et al., 2012).

Here, we take this approach and distinguish our modern environmental data in terms of oxic,
dysoxic and anoxic depositional settings (Fig. 6). Although a significant proportion of dysoxic
samples follow the redox variation trajectory (Fig. 6b), consistent with dysoxic, rather than oxic,
depositional conditions (Algeo and Tribovillard, 2009; Tribovillard et al., 2012), a large degree of
overlap is apparent between oxic and dysoxic settings (cf. Figs. 6a and 6b), clearly highlighting a key
limitation in the use of such cross-plots to distinguish oxic and dysoxic depositional conditions.

When considered in detail, a clear array of dysoxic samples from the Arabian Sea and Peru
margin follow the particulate shuttle pathway (Fig. 6b). However, a proportion of the dysoxic Peru
margin samples plot in the upper region of the redox trajectory pathway, in an area that would
normally be considered to indicate euxinic depositional conditions (cf. Figs. 6b and c). This suggests
a combined drawdown influence from the particulate shuttle mechanism and from progressive
anoxia (see also Scholz et al., 2017; Vollebregt et al, 2023), with the latter likely reflecting non-
sulfidicanoxia (and hence enhanced U drawdown) close to the sediment-water interface. This would
have augmented the U content of samples that were already enriched in Mo due to drawdown via
the particulate shuttle pathway. Hence, it is the combined effect of these processes on samples
from the Arabian Sea and Peru margin that are responsible for the relatively high degree of Mok

variability observed in the weakly and highly dysoxic zones (Fig. 1).
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Anoxic and euxinic samples show particularly complex behaviour in terms of controls on Mo
and U drawdown. While anoxic samples plot closest to the redox trajectory, euxinic samples
commonly plot between the redox and particulate shuttle trends (Fig. 6¢c). In detail, the euxinic
Saanich Inlet and Cariaco Basin show a particularly strong influence from the particulate shuttle
pathway, consistent with a lasting impact from the Fe-Mn particulate shuttle in weakly euxinic
bottom waters (Algeo and Tribovillard, 2009; see Table 1), which may relate to the slower sulfidation
kinetics of Fe (oxyhydr)oxides at lower sulfide concentrations (Canfield et al., 1992; Poulton et al.,
2004). In addition, apart from the Nambian margin samples, the remaining euxinic samples plot
between the anoxic samples and the particulate shuttle trajectory (Fig. 6¢), suggesting a combined
influence from drawdown due to progressive anoxia and via a particulate shuttle mechanism.

These characteristics are perhaps not unexpected, since while U drawdown is promoted by
redox conditions in sediment porewaters close to the sediment-water interface (Anderson et al.,
1989; Klinkhammer and Palmer, 1991), Mo drawdown under euxinic conditions is initiated in the
water column, via two pathways. The first pathway occurs via the aforementioned uptake to Fe-Mn
(oxyhydr)oxides, while the second pathway reflects the formation of particle reactive
thiomolybdates within the euxinic water column itself, followed by scavenging by transition metal
particles and organic matter (Helz et al., 1996; Vorlicek et al., 2004; Nagler et al., 2011). Following
deposition, subsequent drawdown of Mo likely occurs in sulfidic porewaters, further augmenting
the sequestration of Mo. However, since our modern sample suite documents near-surface
sediments, the influence of diagenetic Mo drawdown may be incomplete. Thus, while anoxic

samples plot relatively close to the redox trajectory, most euxinic samples document the variable
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influence of Mo drawdown via the two different water column pathways, combined with
subsequent drawdown in sulfidic porewaters.

The euxinic Mogr —Ugs™ cross-plot also highlights the distinct nature of the Namibian margin
sediments (Fig. 6¢). These samples have unusually elevated Ug* values relative to Mogs” values, and
the U data also contrast with the other RSTMs, which follow the general trend of increasing RSTM
EF* values as sulfide concentrations initially increase (Fig. 1). This may be associated with the
particular hydrography, plus Mo and U accumulation mechanisms, on the margin. Redox variability
on the Namibian margin is characterized by highly fluctuating redox conditions controlled by diverse
water masses (e.g., Briichert et al., 2003; He et al.,, 2021). Although the sediment experiences
conditions that fluctuate from weakly euxinic to dysoxic, unlike other seasonally euxinic basins (e.g.,
Sannich Inlet), Mo delivery via the particulate Fe and Mn (oxyhydr)oxide shuttle is generally not
observed (He et al., 2021; Kossack et al., 2023), and Mo accumulation is dominated by diffusive Mo
influxes into the sediment (Kossack et al., 2023). By contrast, U enrichment is almost exclusively
delivered in particulate form, and 50-90% of the particulate U supply is buried in the sediment
(Borchers et al., 2005; Kossack et al., 2023). In addition, U accumulation is promoted by the
deposition of phosphorite (Lachkar and Gruber, 2012; Kossack et al., 2023). Given this, we exclude
data from the Nambian margin from further consideration.

Overall, the above discussion highlights difficulties in using Mo enrichment factors, in isolation,
as a robust tool for reconstructing oceanic redox conditions, since high values may occur in dysoxic
and euxinic settings (and likely in anoxic settings as well). However, our approach reinforces the

utility of Mogr -Uer cross-plots for providing key information in terms of the pathways influencing
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Mo and U enrichments in marine sediments (e.g., Algeo and Tribovillard, 2009; Tribovillard et al.,
2012).

Re accumulation is particularly sensitive to oxygen levels, with low average Regs values in
the >200 uM O; zone, moderate enrichments in the 90- 200 uM O, and weakly dysoxic zones, and
a high average degree of enrichment in the highly dysoxic and anoxic zones (Fig. 1; Table 2). However,
variability in Regr” values is high throughout each redox zone (Fig. 5), with variability in the extent of
drawdown in oxic and dysoxic settings likely reflecting variable levels of oxygen depletion in the
sediment, which is regulated by sedimentation rate and organic carbon burial (Morford and
Emerson, 1999). Rapid sedimentation rates combined with enhanced organic carbon input
stimulates oxygen depletion in porewaters close to the sediment-water interface, promoting
reduction of Re(VIl) to Re(lV) and accumulation in the sediment (Crusius et al., 1996; Morford and
Emerson, 1999). These controls are clearly important on the African and northwest US margins,
where a high organic carbon flux promotes oxygen-depletion in near-surface porewaters (Morford
and Emerson, 1999), resulting in relatively enhanced Re drawdown (Fig. 1). Similarly, Arabian Sea
samples are organic-rich, promoting relatively high enrichments in Re under weakly dysoxic
conditions (Goswami et al., 2012). The progressive enrichment in Re as the intensity of dysoxia
increases is well documented (Crusius et al., 1996; Morford and Emerson, 1999; Yamashita et al.,
2007), and high Regs values generally persist in anoxic and euxinic settings, although there is
considerable variability and overlap (Fig. 1, Table 2). This clearly precludes definitive redox
interpretations based on Regr” values alone.

Vanadium EF” values are particularly variable through the >200 pM 0, zone, with an overall

progressive (but fluctuating) decrease from 280-200 uM (Fig. 1). We speculate that this may be due
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to slightly enhanced dissolution of V-bearing phases in dysoxic porewaters and loss of V from the
sediments as [02] decreases (Emerson and Huested, 1991; Nameroff et al., 2002). Generally
speaking, however, Ver values are above 1 throughout most redox states (Table 2; Fig. 5), and hence
show little discernible evidence for the proposed loss of V from sediments deposited under dysoxic
conditions (cf. Emerson and Huested, 1991; Nameroff et al., 2002). This suggests that application of
V depletion as a diagnostic tool for dysoxia is limited, and is restricted to the identification of dysoxic
porewaters beneath well-oxygenated bottom waters. Thus, in intermediate redox settings, the
behaviour of V appears more strongly controlled by the rapid development of anoxic porewaters
beneath dysoxic bottom waters, giving rise to V enrichment in the sediments. Indeed, the similarity
in Ve values under dysoxic and anoxic conditions suggests that it is primarily porewater anoxia that
drives the extent of V enrichment in most redox settings. However, higher average V enrichments
tend to occur in euxinic settings (Table 2), although there is considerable overlap with other redox
zones (Fig. 5).

A particular feature of the data concerns the relatively low Ugr, Mogr and Regr values in Kyllaren
Fjord sediments, where EF*s deviate from the general trend of increasing values as sulfide
concentrations increase (Fig. 1; see also Noordmann et al., 2015). This may be explained by a
combination of basinal restriction, since Kyllaren Fjord is a 29 m deep basin with limited connection
to the open ocean, and high sedimentation rates (1 mm/yr; Noordmann et al., 2015). Without
sufficient resupply of RSTMs to the basin, and with high sedimentation rates diluting RSTM
enrichments from the water column, sediment trace metal accumulation is restricted. This is similar
to the Black Sea, where Mo drawdown is controlled by limited resupply from deep waters (Algeo

and Lyons, 2006), although in the case of the Black Sea, this is not severe enough to dramatically
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reduce observed Mo enrichments (Fig. 1). Despite this limitation, the clear progressive trend, in
terms of increasing Mogr values as sulfide concentrations increase in the remaining euxinic settings
(Fig. 1), highlights the utility of Mo enrichment factors as a potential means to distinguish highly and
weakly euxinic conditions (e.g., Song et al., 2023; Li et al., 2024), particularly when resupply of Mo

is not limited.

6.1.2. RSTM ratios

In almost all cases, the variability in RSTM ratios is lower than variability in EF values, with the
notable exception of Mo/U ratios in dysoxic settings (Tables 2 and 3). The clear progressive increase
in Re/Mo ratios as water column oxygen levels decrease through the oxic and dysoxic zones (Fig. 5;
Table 3) highlights the potential utility of Re/Mo ratios as a sensitive indicator of the degree of water
column oxygen depletion. However, significant overlap between weakly and highly dysoxic settings,
which as discussed above reflects variability in the strength of Mo drawdown via the particulate
shuttle, highlights a limitation in the use of Re/Mo ratios alone. The dramatic and persistent
decrease in Re/Mo ratios that then occurs in euxinic settings (Figs. 1 and 5) clearly reflects enhanced
drawdown of Mo in the presence of water column sulfide (Emerson and Huested, 1991; Helz et al.,
1996), and Re/Mo ratios may be particularly low in basins that fluctuate between euxinic and oxic
(Helz, 2022). It is perhaps surprising, however, that Re/Mo ratios are low in anoxic non-sulfidic
settings (Fig. 2), since as discussed above, high ratios might be expected under such conditions due
to extensive Re drawdown but limited Mo drawdown in the absence of dissolved sulfide in the water
column. These anoxic non-sulfidic settings do not appear to be appreciably impacted by Mo

drawdown via the particulate shuttle mechanism (Fig. 6¢), and hence it may be the development of
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sulfidic porewaters close to the sediment-water interface that is responsible for Mo sequestration
in the sediments, and hence low Re/Mo ratios (Morford et al., 2005). The resultant significant
overlap in average Re/Mo ratios between anoxic and fully oxic (i.e., >200 uM 0;) settings (Fig. 2)
highlights that additional proxies are required for a robust redox interpretation.

The overall increase in Re/U and Re/V ratios through the oxic and dysoxic zones (Table 3; Fig. 5)
reflects enhanced Re drawdown as oxygen is increasingly depleted, although the high degree of
variability apparent in each redox zone highlights that porewater chemistry, specifically the relative
development of dysoxic versus anoxic porewater conditions close to the sediment-water interface,
exerts a strong control on these ratios. However, the increase in Re/U and Re/V ratios from the >200
UM to the 90-200 uM oxic zone (Table 3) is particularly noteworthy, and suggests that such ratios
may be a particularly sensitive indicator of oxygen depletion through the oxic zone. The decrease in
Re/U and Re/V ratios that then occurs as oxygen concentrations decrease further (i.e., in the dysoxic
30-90 uM zone) likely reflects generally more rapid development of anoxic porewaters, thus
stimulating enhanced U and V drawdown.

It is perhaps unexpected that Re/U and Re/V ratios remain relatively high under anoxic
conditions (Table 3; Fig. 5), since both U and V would be expected to be drawn down more
extensively in the complete absence of oxygen (Anderson et al., 1989; Emerson and Huested, 1991).
Instead, anoxia appears to promote a similar relative increase in Re sequestration, which is reflected
by increased Regr” values under anoxic conditions (Fig. 5). Under euxinic conditions, Re/U ratios then
decrease compared to anoxic settings, while Re/V ratios remain relatively constant. This suggests
that, in these modern sediments at least, the intensity of reducing conditions may exert a

particularly strong control on U drawdown.
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The distinct behaviour of Mo/U ratios relative to the other RSTM ratios is particularly striking
(Table 3; Fig. 5). Average ratios below the UCCwo/u ratio in oxic and dysoxic settings clearly reflect
enhanced drawdown of U as porewaters become anoxic, while the high degree of variability in
dysoxic settings reflects drawdown of Mo via the particulate shuttle, as discussed above. The slight
increase in Mo/U ratios in anoxic settings is likely due to enhanced Mo drawdown due to the
development of sulfidic porewaters (Fig. 5). However, the key attribute of Mo/U ratios is the
dramatic increase in euxinic sediments, which occurs in all settings except the Namibian margin,
which as discussed above, have unusually high U contents, giving low Mo/U ratios. Thus, Mo/U
ratios are a powerful tool for identifying euxinic conditions, particularly when combined with other
techniques (e.g., Re/Mo ratios) that are able to distinguish Mo/U enrichments under euxinic
conditions from those that may occur under dysoxic conditions (Fig. 5). It is worth noting that even
in Kyllaren Fjord, where Mo and U resupply is strongly limited, high Mo/U ratios are still observed,
consistent with other fjord settings (e.g., Paul et al., 2023a). This suggests that this ratio provides a
robust indication of euxinia in settings with diverse hydrographic characteristics, redox variability

and sedimentation rates.

6.2. Insight from Bowland Basin

The Bowland Basin samples have previously been interpreted to reflect deposition under oxic,
anoxic ferruginous, and weakly and highly euxinic conditions, based on Fe speciation, U and Mo
enrichment factors, and pyrite framboid size ranges (Fig. 3; Li et al., 2024). Importantly, the
distinction between weakly and highly euxinic settings is based on a combined evaluation of Mogr

values and pyrite framboid size ranges (Li et al., 2024), and is thus not predicated on RSTM
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systematics alone. As discussed below, our RSTM approach provides strong support for these redox
groupings, but also provides an opportunity for refined interpretations.

In terms of RSTM enrichment factors, the Bowland Basin shows a high level of consistency with
modern environments (cf. Figs. 5 and 7), with a clear increase in average RSTM enrichment factors
as redox conditions become progressively more reducing. This progressive increase is particularly
striking for Mogs, Ugr” and Regr” values, while Vg™ values show more muted behaviour, similar to
modern environments. RSTM ratios also show a high degree of consistency with modern
environments. In the Bowland Basin, Re/Mo ratios decline slightly in anoxic samples, with a further
substantial decrease in euxinic samples (Fig. 7), as in modern environments (Fig. 5). Re/U and Re/V
ratios in the Bowland Basin show similar (Re/U) or slightly increased (Re/V) ratios in anoxic samples,
relative to better oxygenated samples (Fig. 7), which is again similar to modern settings (Fig. 5).
There is then a slight divergence in behaviour, with both Re/U and Re/V progressively increasing
through weakly and highly euxinic settings in the Bowland Basin (Fig. 7), while in modern settings,
Re/U decreases slightly and Re/V remains relatively constant under euxinic conditions (Fig. 5).

Trends in Mo/U ratios are as striking in the Bowland Basin as they are in modern settings, with
a dramatic increase to substantially elevated ratios in euxinic settings. In detail, Bowland Basin
Mo/U ratios are below the UCC value in all redox settings except for samples deposited under
euxinic conditions. This is similar to modern settings, with the exception that under anoxic
conditions, modern settings have Mo/U ratios that are slightly above the UCC value (Fig. 5). This
suggests that under ferruginous conditions in the Bowland Basin, sulfidic porewaters did not
develop close to the sediment-water interface, thus limiting Mo drawdown and thereby resulting in

relatively low Mo/U ratios. These observations further highlight how a detailed evaluation of RSTM
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ratios may provide insight into porewater redox conditions, in addition to water column redox
systematics.

A particularly important feature of the data relates to the clear increase in Mo/U ratios from
weakly to highly euxinic conditions (Fig. 7). This occurs alongside a substantial increase in MogF"
values, as well as moderate increases Ugr and Regs” values, and Re/U and Re/V ratios (although
given the divergent behaviour of Re/U and Re/V ratios relative to modern environments, we do not
place particular emphasis on these ratio increases here). This clearly highlights the utility of Mo/U
ratios, particularly when supported by increased Mog¢" values, for distinguishing weakly and highly
euxinic conditions. For example, Mo isotopes in siliciclastic sediments deposited under euxinic
conditions are commonly used to reconstruct the isotopic composition of seawater Mo, which may
then be used to model the global extent of different redox conditions (e.g., Kendall, 2021). However,
this approach requires relatively high concentrations of dissolved sulfide in the water column, to
give near-quantitative Mo drawdown and hence a water-column Mo isotope signal (e.g., Neubert
et al., 2008). Our findings suggest that Mo/U ratios may be a useful tool for evaluating the likelihood
that this requirement is met.

The techniques applied by Li et al. (2024) to the Bowland Basin redox reconstruction were not
able to identify any degree of oxygen depletion from the water column, other than fully anoxic
conditions. Thus, samples that did not show evidence for anoxic deposition were defined as ‘oxic’
(Fig. 3). However, our approach enables a refined interpretation for these samples, which are
characterised by high Re/Mo ratios, moderate Re/U ratios and low Re/V ratios (Fig. 7), suggesting
they were deposited under weakly dysoxic, rather than fully oxic, conditions (see Table 3). This

refined redox interpretation is more consistent with the paleontological record for these horizons
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(e.g., the Pendleside Limestone; Fig. 3), where the benthos is characterised by a low diversity
assemblage, comprising only a few thin-shelled brachiopods and bivalves, combined with small-
scale burrowing. This further highlights the enhanced utility of our approach, which may provide a
hitherto unprecedented level of insight into ancient redox conditions and links to the biotic record.

We also note that the redox interpretations outlined here are fully supported by a Mogs"-Ugs"
crossplot (Fig. 8), where the samples dominantly follow the redox trajectory pathway. However, a
significant proportion of weakly euxinic samples (and perhaps some ferruginous samples), plot
between the redox trajectory and particulate shuttle pathways, again highlighting the complex
drawdown pathways for Mo from the water column, as suggested above for modern environments.
In addition, the weakly dysoxic samples plot in a position that would previously have been assigned
to oxic samples (see also Fig. 6a), again highlighting the limitations of such cross-plots for recognition

of oxic to dysoxic settings, which instead requires detailed insight from Re-based RSTM ratios.

6.3. Insight from the Kimmeridge Clay

The Kimmeridge Clay samples provide an additional opportunity to assess the robustness of
our RSTM approach, but in a way that is entirely independent of existing geochemical or
mineralogical constraints on paleoredox interpretations. Oxygen-restricted biofacies 3-6 are
considered to represent dysaerobic (i.e., dysoxic) conditions, with progressively increased levels of
oxygen depletion from ORB 6 to ORB 3 (Wignall and Hallam, 1991; Wignall, 1994). As such, ORB 6
may overlap with the 90-200 uM O zone, as indicated by the size range of pyrite framboid
populations from this biofacies, which plot in the oxic-dysoxic field on a mean-standard deviation

cross-plot (Wignall and Newton, 1998). Towards the other end of the redox spectrum, ORB 3 is
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comparable to our highly dysoxic zone, albeit with framboids plotting in the euxinic field on a mean-
standard deviation plot, although values are slightly greater than for ORB 1 and 2 (Wignall and
Newton, 1988). ORBs 1 and 2 lack benthos and are interpreted to be anoxic biofacies, with ORB 1
only containing fossils derived from the upper water column, thereby likely recording euxinic
conditions (Wignall and Hallam, 1991; Wignall, 1994). Thus, in contrast to the Bowland Basin, which
dominantly provides a window into differential RSTM behaviour under anoxic conditions, the
Kimmeridge Clay Formation provides particularly enhanced resolution through the various zones of
oxygen depletion, prior to the development of fully anoxic conditions.

Redox-sensitive trace metal EF" trends for the Kimmeridge Clay Formation (Fig. 9) are similar to
those observed for modern environments (Fig. 5), with a significant increase in Ugr” and Mogr” values
under anoxic/euxinic conditions, while Regs” values reach a relatively constant level under highly
dysoxic and anoxic/euxinic conditions, and Vgr~ values show an overall increase through the dysoxic
zones, but with muted variability overall (Fig. 9). The RSTM ratios also show trends that are strikingly
similar to those observed in modern environments. In detail, the clear progressive increase in Re/Mo,
Re/U and Re/V ratios that occurs as the level of oxygen depletion intensifies from ORB 6 to ORB 3
(Fig. 9), highlights the major utility of these proxies for identifying different intensities of dysoxia. It
is noticeable, however, that Re/Mo ratios show a large degree of variability, and although average
Mo/U ratios through these dysoxic zones show consistent behaviour with modern environments
(i.e., low average values that are below the UCCwmou ratio), the data also show considerable
variability. The high degree of variability observed for these RSTM ratios is similar to that observed

in modern environments (cf., Figs. 5 and 9), suggesting that the dysoxic Kimmeridge Clay Formation
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samples may have been similarly impacted by enhanced Mo drawdown via a particulate shuttle
mechanism.

We evaluate this in Fig. 10, which shows a clear separation in terms of samples that follow the
redox trajectory and those that follow the particulate shuttle pathway, which in turn explains the
large degree of variability apparent in dysoxic Re/Mo and Mo/U ratios (Fig. 9). This again highlights
the utility of considering Mo-based RSTM ratios alongside Mogr-Ugr cross-plots, since this approach
allows samples that have been clearly affected by enhanced particulate shuttle drawdown to be
identified. Hence, exclusion of such samples when calculating average Re/Mo and Mo/U ratios
would potentially provide a more robust and diagnostic assessment of the different oxygen-
depleted zones.

The RSTM ratio characteristics of the anoxic/euxinic ORB 1 and 2 are also entirely consistent
with the insight obtained from modern environments. Here, the substantial increase in Mo/U ratios,
combined with elevated Mogs" values and low Re/Mo ratios (Fig. 9), is clearly highly characteristic
of euxinic settings, with the progressive increase in Mo/U ratios from ORB 2 to ORB 1 supporting
highly euxinic conditions in the latter case, which is consistent with independent constraints from

pyrite framboid size range analyses (Wignall and Newton, 1998).

6.5. Improved application of RSTMs as paleoredox proxies

Most reconstructions of paleoredox conditions over recent years have focussed on identifying
oxic, anoxic (often ferruginous) and euxinic water column conditions, largely because commonly
used techniques such as Fe speciation are not able to distinguish different levels of oxygen depletion

prior to the development of anoxia (e.g., Poulton and Canfield, 2011; Raiswell et al., 2018; Poulton,
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2021). Furthermore, as demonstrated here, Mo-U covariation (e.g., Algeo and Tribovillard, 2009;
Tribovillard et al., 2012) does not adequately distinguish oxic and dysoxic depositional conditions
(Fig. 6). Our approach of combining RSTM EF values with RSTM ratios provides heightened, robust
nuance in terms of redox reconstructions in general, particularly allowing a range of oxygen-
depleted settings to be recognised, while strengthening identification of weakly and highly euxinic
conditions.

Noting the general move away from defining specific threshold values for universal application
to different environmental settings, due to the likelihood for inherent regional variability (see
Poulton and Canfield, 2011; Algeo and Li, 2020; Poulton, 2021), we specifically stop short of defining
such values here. Nevertheless, the broad ranges observed for RSTM EF” values and ratios are
reasonably consistent between modern and ancient settings, thereby providing a first
approximation of different redox states. However, it is the combined consideration of relative
changes in enrichment factors and ratios, combined with the additional insight afforded by Moge-
Uer cross-plots, that provides the most robust redox interpretation, particularly when applied
alongside independent techniques such as Fe speciation (Poulton and Canfield, 2011; Poulton, 2021),
I/(Ca+Mg) ratios (Lu et al., 2010) and/or pyrite framboid size ranges (Wilkin et al., 1996; Wignall and
Newton, 1998).

Based on the combined characteristics of samples from modern settings, and from the Bowland
Shale and Kimmeridge Clay formations, fully oxic (>200 uM 0;) conditions are commonly
characterized by low EF* values and low RSTM ratios, although slightly elevated Regr" values and
depleted (< 1) Vi~ values may indicate dysoxic porewaters close to the sediment-water interface.

The 90-200 uM O; zone is also marked by variable development of dysoxic porewaters close to the



763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

sediment-water interface, but in general, Re enrichments tend to be at a moderate level, giving
similarly elevated Re/Mo and Re/U ratios. Weakly dysoxic settings are characterized by the
additional development of higher Re/Mo ratios and moderate Mo/U ratios, but in both cases, these
ratios may be impacted by enhanced drawdown of Mo via the particulate shuttle pathway, which
requires consideration in terms of a Mogr-Uer cross-plot. Highly dysoxic settings may also be
significantly affected by Mo drawdown via the particulate shuttle pathway, however, this redox
zone is characterized by moderate average Ugs” and Mogs* values, and high Regs” values, resulting in
high Re/Mo, Re/U and Re/V ratios.

Anoxic non-sulfidic conditions are, perhaps surprisingly, rather difficult to resolve from RSTM
systematics alone, since while U enrichment factors may be somewhat elevated (see Fig. 5), there
is commonly a high degree of overlap with dysoxic settings. Similarly, most other RSTM enrichment
factors and ratios also show significant overlap with other redox states. However, low Re/Mo ratios
alongside elevated Ugr" values may be considered diagnostic of anoxic conditions (Figs. 5 and 7;
Table 3). In addition, recognition of anoxic non-sulfidic conditions may be achieved via Fe speciation
analyses (Poulton and Canfield, 2011; Poulton, 2021), which considered alongside RSTM systematics,
can provide a particularly robust indication of anoxic, non-sulfidic water column conditions (e.g., He
et al,, 2022; Li et al., 2024).

A particularly useful aspect of our refined evaluation of RSTM systematics is the potential ability
to distinguish weakly and high euxinic conditions. Euxinia in general may be identified by high Mo/U
ratios, combined with high Mogr” values and low Re/Mo ratios (Table 3; Fig. 5; Fig. 9), but particularly
elevated Mo/U ratios and Mo values are diagnostic of highly euxinic conditions (Fig. 7). One

caveat here is that a low level of Mo resupply to a particular basin may result in depleted Mo
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drawdown, even under highly euxinic conditions, as appears to occur in the Kyllaren Fjord
(Noordmann et al., 2015) and to an extent in the Black Sea (Algeo and Lyons, 2006). In addition,
global RSTM drawdown under widespread anoxia/euxinia may also result in limited enrichment of
Mo in the sediments (e.g., Algeo, 2004; Goldberg et al., 2016). Nevertheless, very high Mo/U ratios
and Mok ratios, combined with low Re/Mo ratios, appear to provide a robust indication of highly

euxinic conditions.

7. Conclusions

Our RSTM datasets from modern and ancient environments provide new insight into the utility
of RSTMs for reconstructing ancient redox conditions. Modern settings have average U values
that gradually increase from oxic to euxinic conditions, but this parameter alone does not
adequately distinguish dysoxic to euxinic conditions due to a high degree of overlap between each
redox field (Fig. 11). Similarly, enhanced Mo accumulation may occur under dysoxic, anoxic non-
sulfidic and euxinic depositional conditions, due to drawdown either via a particulate shuttle
mechanism under non-euxinic conditions (e.g., Arabian Sea, Peru margin) or due to water column
euxinia (e.g., Black Sea). However, these pathways may be distinguished by Mogs -Ugr~ cross-plots,
thus aiding redox interpretations. Rhenium accumulation in oxic and dysoxic settings is highly
variable, and is regulated by oxygen depletion in porewaters, which is related to organic carbon
depositional fluxes and sedimentation rates. Under anoxic and euxinic conditions, Regr” values are
also rather variable, with significant overlap with highly dysoxic settings, thus limiting robust redox

reconstructions based Re enrichment factors alone (Fig. 11). Vanadium enrichments are highly
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dependent on porewater redox conditions, with enrichments commonly occurring across a wide
spectrum of redox conditions.

Redox sensitive trace metal ratios provide heightened insight into paleoredox conditions. In
modern settings, Re/Mo ratios are commonly high under dysoxic conditions and low under anoxic
to euxinic conditions, with particularly low ratios occurring under euxinic conditions (Fig. 11). An
overall progressive increase in Re/U and Re/V values from oxic to dysoxic conditions highlights the
utility of these ratios for providing unprecedented insight into the degree of oxygen depletion in
ancient marine settings (Fig. 11). Mo/U ratios are persistently low under oxic conditions, but
elevated ratios may occur under dysoxic and euxinic conditions (Fig. 11). However, Mogf -Ugs " cross-
plots can again distinguish these drawdown pathways, and euxinic conditions may also be identified
by the combined consideration of Re/Mo ratios.

Our new data from the Bowland Basin and the Kimmeridge Clay Formation show a high degree
of consistency with modern settings. The Bowland Basin data are particularly useful for
demonstrating how weakly and strongly euxinic conditions may be distinguished using Mo/U ratios
(Fig. 11). This approach should prove useful in future studies attempting to track the Mo isotope
composition of ancient seawater, which requires quantitative drawdown of Mo under strongly
euxinic conditions. Another important finding from the Bowland Shale study, is that weakly dysoxic
conditions may be identified by high Re/Mo, moderate Re/U and low Re/V ratios. The Kimmeridge
Clay RSTM data allow an independent calibration relative to the paleontological record, via the
determination of oxygen-restricted biofacies. This approach demonstrates how RSTM ratios,
particularly when combined with Mogr -Ugs™ cross-plots, may be used to reconstruct different

degrees of oxygen depletion under dysoxic conditions.
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Consequently, our approach demonstrates how a combination of RSTM ratios, enrichment
factors and Moer-Ugr cross-plots, particularly when applied alongside independent paleoredox
indicators such as Fe speciation, I/(Ca+Mg) ratios and/or pyrite framboid size ranges, can be used
to reconstruct a broad spectrum of redox conditions during deposition of ancient mudrocks. Fully
oxic settings (> 200 uM O3) record low RSTM ratios and EF” values, while slight increases in Re/Mo
and Re/U ratios indicate a subtle decline in O, concentrations (90-200 uM). A transition from weakly
(30-90 uM 0,) to highly (<30 uM 03) dysoxic conditions may be revealed by increases in Re/Mo,
Re/U and Re/V ratios, accompanied by RSTM EF" values that only become notably enriched under
highly dysoxic conditions. Water column anoxia is indicated by enhanced Ug" values and a sharp
decline in Re/Mo ratios. Euxinic conditions are marked by high Mo/U, low Re/U and very low Re/Mo
ratios, alongside high Mogr" values. Additionally, the increasing intensity of euxinia can be identified
by exceptionally high Mo/U and Mog¢" values. While further detailed studies of RSTM systematics
under different redox conditions in the modern environment are clearly required, our new insight
suggests that when applied appropriately and with consideration for potential local environmental
controls, a hitherto unprecedented level of insight into paleodepositional redox conditions may be
achieved.
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