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ABSTRACT 16 

Numerous approaches have been developed for determining past redox conditions in marine 17 

settings (e.g., Fe speciation, redox sensitive trace metal (RSTM) systematics, pyrite morphologies, 18 

I/(Ca+Mg) ratios), enabling a broad range of redox conditions, from fully oxic to euxinic, to be 19 

potentially identified. However, many points along this spectrum remain difficult to constrain, 20 

including dysoxic and highly versus weakly euxinic conditions. This limits the broader scale 21 

inferences that can be drawn from paleoredox studies, including links between oxygen availability 22 

and biological evolution, and the potential for isotope systems (e.g., Mo) to record water column 23 

signals. Here, we develop a new approach using RSTM ratios (Re/Mo, Re/U, Re/V, Mo/U), in 24 

combination with modified RSTM enrichment factors (EF*) and MoEF
*-UEF

* cross-plots, that 25 

potentially enables a robust, highly resolved reconstruction of ancient water column redox 26 

conditions to be achieved. We initially document the differential behaviour of RSTM EF* values and 27 

ratios in modern settings that range from fully oxygenated, through weakly (30-90 µM O2) and highly 28 

(<30 µM O2) dysoxic, to anoxic non-sulfidic and euxinic conditions. This redox behaviour is further 29 

resolved when the drawdown mechanisms for Mo are evaluated by MoEF
*-UEF

* cross-plots. We 30 

subsequently ground-truth this approach by considering samples from the Carboniferous Bowland 31 

Basin, which have previously been studied for redox conditions via independent geochemical and 32 

mineralogical techniques, as well as the Jurassic Kimmeridge Clay Formation, where redox 33 

conditions have been defined based on paleoecological characteristics. A strong degree of 34 

consistency between RSTM behaviour in modern and ancient settings highlights that weakly to 35 

highly dysoxic conditions are characterised by increases in Re/Mo, Re/U and Re/V ratios, 36 

accompanied by RSTM EF* values that only become notably enriched under highly dysoxic 37 

conditions. Non-sulfidic water column anoxia is indicated by increased UEF
* values and low Re/Mo 38 

ratios, while euxinia is readily identified by high Mo/U, low Re/U and very low Re/Mo ratios, 39 

alongside high MoEF
* values. In addition, highly euxinic conditions may be distinguished from weak 40 

euxinia by particularly high Mo/U ratios and MoEF
* values. This combined approach has the potential 41 

to provide a hitherto unprecedented level of insight into paleodepositional redox conditions, and 42 

consequently the chemical evolution of the biosphere. 43 

Keywords: enrichment factor; dysoxic; euxinic; redox sensitive trace metals 44 



1. Introduction 45 

Accurate reconstruction of water column redox conditions is essential for evaluating 46 

environmental controls on the evolution of the biosphere and atmosphere (e.g., Poulton and 47 

Canfield, 2011: Bennett and Canfield, 2020; Poulton, 2021). The development of proxies centred on 48 

Fe speciation and trace metal systematics has enabled refined reconstructions that potentially allow 49 

oxic, anoxic ferruginous (Fe2+-containing) and euxinic (H2S-containing) water column conditions to 50 

be distinguished (e.g., Algeo and Li, 2020; Bennett and Canfield, 2020; Poulton, 2021; Song et al., 51 

2023; Li et al., 2024). Trace metal systematics may provide a particularly valuable measure of paleo-52 

redox conditions, due to their differential behaviour under varying redox states (e.g., Anderson et 53 

al., 1989; Helz et al., 1996; Tribovillard et al., 2006; Robbins et al., 2006; Bennett and Canfield, 2020; 54 

Li et al., 2022; Paul et al., 2023b; Zhang et al., 2023; Song et al., 2023), although the full potential of 55 

this differential behaviour has rarely been explored.  56 

Molybdenum (Mo), uranium (U), vanadium (V) and rhenium (Re) are amongst the most 57 

commonly utilized redox-sensitive trace metals (RSTMs) for reconstructing ancient water column 58 

redox conditions. Under oxic conditions, Mo accumulation is dependent upon adsorption of the 59 

molybdate (MoO4
2-) anion onto Fe-Mn (oxyhydr)oxides, commonly resulting in limited enrichments 60 

in normal oxic marine sediments (Bertine and Turekian, 1973). Under dysoxic to ferruginous 61 

conditions, Mo may be drawn down via a particulate shuttle mechanism, due to uptake by minerals 62 

such as Fe- Mn (oxyhydr)oxides that may precipitate in the water column (e.g., Algeo and 63 

Tribovillard, 2009; Tribovillard et al., 2012; Paul et al., 2023b). In the presence of water column H2S, 64 

however, the molybdate anion is converted to particle-reactive thiomolybdate (Helz et al., 1996), 65 

leading to significantly enhanced Mo accumulation in the sediments (Emerson and Huested, 1991; 66 



Helz et al., 1996; Erickson and Helz, 2000). It is also worth noting that the Fe-Mn shuttle may persist 67 

in weakly euxinic bottom waters (e.g., the Cariaco Basin) and hence promote a degree of Mo 68 

accumulation (Algeo and Tribovillard, 2009). 69 

The behaviour of U contrasts with that of Mo, in that the key process is the reduction of soluble 70 

carbonate complexes (UO2(CO3)3
4-) to insoluble U(IV), which occurs in anoxic sediments rather than 71 

in the water column, and does not require dissolved sulfide (Anderson et al., 1989). Uranium may 72 

therefore be enriched in sediments accumulating beneath anoxic bottom waters (Anderson et al., 73 

1989; Klinkhammer and Palmer, 1991; Partin et al., 2013), regardless of whether euxinic or 74 

ferruginous conditions dominate.  75 

In the modern marine environment, V occurs in the quasi-conservative form of vanadate 76 

oxyanions (HVO4
2− and H2VO4

− ). Under oxic water column conditions, V is commonly transported 77 

to sediments adsorbed to Mn oxides (Emerson and Huested, 1991). Under dysoxic porewater 78 

conditions, where Mn oxides are reduced to Mn2+, V may be released from sediments and hence 79 

depleted (Emerson and Huested, 1991; Nameroff et al., 2002). Under anoxic conditions, however, 80 

reduction of V leads to different precipitation mechanisms under different redox conditions. First, 81 

the vanadate released following Mn oxide reduction is reduced to V(IV) and forms vanadyl ions 82 

(VO2
−), which are highly surface-reactive and tend to be retained in the sediment (Emerson and 83 

Huested, 1991). Vanadium may also be reduced to V(IV) following uptake by Fe minerals (e.g., green 84 

rust), with the potential for further reduction to V(III) during the oxidation of green rust to 85 

lepidocrocite (Haase et al., 2023). In sulfidic settings, the Mn shuttle may still provide a flux of V to 86 

the sediment (Cui et al., 2023), and the V that is subsequently released during the reductive 87 

dissolution of Mn oxides can be reduced to V(III), resulting in precipitation as V2O3 or hydroxide 88 



(V(OH)3) phases (Breit and Wanty, 1991; Wanty and Goldhaber, 1992), or adsorption to iron 89 

monosulfides (FeS) (Haase et al., 2024). 90 

Rhenium has a higher redox potential than U, Mo and V, and may begin to become enriched 91 

under dysoxic conditions, where the oxygen penetration depth below the sediment-water interface 92 

is shallow (~1 cm; Morford and Emerson 1999; Morford et al., 2012). The mechanism for Re 93 

enrichment under dysoxic and anoxic non-sulfidic conditions involves the reduction of ReO4
- to an 94 

insoluble phase (Colodner et al., 1992; Crusius et al., 1996; Morford and Emerson, 1999). This may 95 

lead to significant enrichment in the sediments, with high Re concentrations (ranging from 5 to 130 96 

ppb) reported for modern dysoxic and anoxic non-sulfidic sediments, compared to < 0.1 ppb for oxic 97 

sediments (Koide et al., 1986, Ravizza et al., 1991). Under euxinic conditions, Re sequestration also 98 

occurs, but does not appear to be linked to the formation of a sulfide phase, as there tends to be no 99 

correlation between Re and HS- concentrations in pore waters (Colodner et al., 1992). Instead, Re 100 

drawdown in the presence of sulfide is thought to be associated with pyrite precipitation, and/or 101 

coprecipitation as a discrete Mo-Re-S phase, such as Fe(Mo,Re)S4 (e.g., Helz and Dolor, 2012; 102 

Akintomide et al., 2021; Helz, 2022; Živković et al., 2023).  103 

The behaviour of RSTMs is commonly evaluated in terms of the extent of enrichment or 104 

depletion of a particular element in the deposited sediment, where the data are considered in terms 105 

of enrichment factors (EFs; Tribovillard et al., 2006) or after normalization to Al (e.g., Bennett and 106 

Canfield, 2020). In both cases a reference value is used, for example upper continental crust (UCC; 107 

McLennan, 2001), post-Archean Australian Shale (PAAS; Taylor and McLennan, 1985), or average 108 

shale (Turekian and Wedepohl, 1961). However, in addition to considering RTSM behaviour in this 109 

way, specific RSTM ratios may also aid in paleo-redox reconstructions. Indeed, the use of RSTM 110 

https://www.sciencedirect.com/science/article/pii/S0025322700001596#BIB28
https://www.sciencedirect.com/science/article/pii/S0025322700001596#BIB37
https://www.sciencedirect.com/science/article/pii/S0025322700001596#BIB15


ratios may, at least in part, negate problems that commonly arise when proportional differences 111 

between the major (i.e., Al) and RSTM reference values for average shale do not match those of the 112 

source material being eroded into the particular basin being studied, which makes derivation of oxic 113 

baseline values particularly problematic (see Doyle et al., 2018; Li et al., 2024; Sánchez-Roda et al., 114 

2024; Wang et al., 2024).  115 

In particular, Mo/U ratios have been employed, alongside other redox proxies such as Fe 116 

speciation, to strengthen arguments for the presence of euxinia (e.g., He et al., 2022). However, 117 

while there are several commonly used paleo-redox proxies that may allow identification of water 118 

column euxinia or anoxic, non-sulfidic (i.e., ferruginous) conditions, the identification of settings 119 

that are depleted in oxygen, but not to the extent of full anoxia (i.e., dysoxic), has proven more 120 

challenging, as proxies such as Fe speciation and the most commonly applied RSTMs (e.g., Mo, U) 121 

are unable to distinguish such intermediate redox states (Raiswell and Canfield, 1998; Algeo and 122 

Tribovillard, 2009; Poulton, 2021). This lack of versatility in the geochemical toolbox limits the 123 

accuracy of environmental reconstructions, and particularly limits understanding of potential links 124 

between oxygen levels and biological evolution (e.g., Sperling et al., 2022). 125 

Nevertheless, based on the RSTM behaviour outlined above, elevated Re/Mo ratios have 126 

sometimes been used to identify dysoxic settings (e.g., Crusius et al., 1996; Kendall et al., 2010; 127 

Schobben et al., 2020; Li et al., 2022), based on the accumulation of Re, but not Mo, under such 128 

conditions. The use of this proxy is also predicated on the fact that elevated Re/Mo ratios under 129 

dysoxic conditions should be distinct from those observed under euxinic conditions, whereby 130 

euxinic drawdown of both Re and Mo should result in much lower Re/Mo ratios (Crusius et al., 1996; 131 

Kendall et al., 2010; Helz, 2022). However, since Re is also sequestered under anoxic non-sulfidic 132 



conditions, but Mo specifically requires the presence of sulfide or a particulate shuttle draw down 133 

mechanism, elevated Re/Mo ratios may also potentially occur under anoxic non-sulfidic conditions. 134 

In fact, Re/U and/or Re/V ratios may potentially be more robust, or at least complementary, redox 135 

indicators for the identification of dysoxic conditions, but environmental calibration of different 136 

RSTM ratio proxies in modern and ancient environments has not been performed. 137 

In order to improve the utility of Mo, U, V and Re as paleoredox proxies, we present and 138 

evaluate a compilation of published data for marine environments spanning a wide range of redox 139 

conditions. We subsequently build upon these findings by considering two ancient settings (the 140 

Carboniferous Bowland Shale and the Jurassic Kimmeridge Clay Formation), for which redox 141 

conditions have previously been constrained by independent techniques (Raiswell et al., 2001; Li et 142 

al., 2024). Our approach allows a comprehensive evaluation of the combined use of RSTM 143 

enrichment factors and ratios as a means to more accurately reconstruct paleoredox conditions, 144 

with a particular focus on the elusive dysoxic redox state.  145 

 146 

2. The marine redox ladder 147 

In comparing data from modern and ancient environments, redox terminology first needs to be 148 

constrained. Tyson and Pearson (1991) suggested that oxic conditions should be defined where 149 

bottom water O2 concentrations are >2 ml/L (90 μM), whereas dysoxic conditions range from 0.2‒150 

2 ml/L (9‒90 μM), suboxic conditions reflect O2 concentrations <0.2 ml/L (<9 µM), and anoxia 151 

essentially refers to functionally oxygen-free conditions (noting here that trace oxygen can generally 152 

be detected in ‘anoxic’ bottom waters with advanced technology; Canfield and Thamdrup, 2009). 153 

However, the application of such subtle distinctions is difficult for ancient settings where direct 154 



measurements of oxygen concentrations are not possible, and sediments record average conditions 155 

whereby fluctuating oxygen levels may have influenced the redox chemistry of a single sample (e.g., 156 

Wignall and Myers, 1988; Dahl et al., 2019; Poulton, 2021). Recently, Algeo and Li (2020) used an 157 

alternative redox terminology (oxic, dysoxic, suboxic and euxinic) and noted that there tends to be 158 

a range of temporal redox variability, from large basins (e.g., the Black Sea) with relatively stable 159 

redox conditions, to small basins (e.g., Saanich Inlet) with highly variable redox conditions (Anderson 160 

and Devol, 1973). 161 

Here, noting the importance of distinguishing anoxic non-sulfidic conditions (i.e., ferruginous) 162 

from euxinic conditions (Poulton and Canfield, 2011), we apply a redox scheme in which the oxic 163 

field is marked by an oxygen content of >90 μM, the dysoxic field has a seafloor-bearing oxygen 164 

content ranging from 90 μM to very low oxygen (~1 μM), anoxic non-sulfidic conditions occur where 165 

oxygen is below ~1 μM O2 and free H2S is absent, and euxinia reflects the presence of H2S in the 166 

water column. However, noting additional distinct RSTM behaviour, we further divide oxic settings 167 

into >200 µM O2 and 90-200 µM O2 zones, while dysoxic settings are divided into weakly (30-90 µM) 168 

and highly (<30 µM) oxygen-depleted zones. 169 

 170 

3. Study sites 171 

3.1. Modern case studies  172 

Our data compilation from modern environments (see Table 1) includes permanently euxinic 173 

basins, which are usually silled with poor connection to the open ocean, seasonally euxinic basins 174 

with episodic ventilation, oxygen minimum zones (OMZs) on continental margins, and well-175 

oxygenated open ocean settings. The euxinic basins have a large degree of variation in terms of H2S 176 



concentrations below the chemocline (12‒4000 µM), while the OMZs document a diverse range in 177 

oxygen depletion at the seafloor (generally 0.1‒90 µM O2, noting that samples collected above or 178 

below the OMZ may reflect fully oxygenated bottom waters; Table 1). Oxic conditions are 179 

characterised by well-ventilated seafloor with high oxygen contents (bottom water O2 usually 180 

beyond 200 μM), through to somewhat depleted O2 levels of 90-200 µM (Table 1). However, we 181 

note here that even in fully oxygenated settings, sediment pore waters can be oxygen poor, 182 

especially under conditions of enhanced organic carbon burial and rapid sedimentation rate (e.g., 183 

Crusius et al., 1996; Morford and Emerson 1999). 184 

 185 

3.2. Ancient case studies  186 

Our focus is on two well-characterized formations from England that show evidence for 187 

fluctuating redox conditions, namely the Carboniferous Bowland Shale Formation and the Late 188 

Jurassic Kimmeridge Clay Formation. The Bowland Shale Formation accumulated in the Bowland 189 

Basin, northern England, during the Early Carboniferous Visean‒Serpukhovian stages, and 190 

succeeded the ramp carbonates of the Pendleside Limestone Formation (Gawthorpe, 1986). The 191 

Bowland Shale records variable redox conditions, based on a combined evaluation of multiple redox 192 

proxies, including U and Mo systematics, Fe speciation and framboidal pyrite petrography (Emmings 193 

et al., 2020; Li et al., 2024), and we augment these published data with new V and Re analyses. Our 194 

focus is on two sections, Tory Log Clough (TLC) and Dinckley Hall (DH) (Li et al., 2024). The TLC section 195 

includes the upper part of the Pendleside Limestone, which consists of alternating beds of 196 

calcareous mudstone and deep-water limestone (micritic mudstone and calcarenites of turbiditic 197 



origin), and the lower part of the Bowland Shale Formation. The DH section is dominated by dark 198 

grey, organic-rich shales of the Bowland Shale Formation (Li et al., 2024). 199 

The Late Jurassic Kimmeridge Clay Formation has an extensive outcrop over England and is best 200 

known from the coastal exposures of the Wessex Basin in southern England (Cox and Gallois, 1981). 201 

The frequent alternations of organic-rich shale and mudstone that characterize the Kimmeridge Clay 202 

Formation have received detailed attention in terms of their paleontology, sedimentology and 203 

geochemistry (e.g., Myers and Wignall, 1987; Wignall, 1990; Tribovillard et al., 1994; Raiswell et al., 204 

2001). Whereas our focus on the Bowland Basin is to use our new RSTM approach to test the 205 

potential to refine existing redox interpretations based on geochemistry (e.g., Li et al., 2024), for 206 

the Kimmeridge Clay Formation we take a different approach, whereby we compare our new RSTM 207 

data to paleoecological characteristics. Specifically, we present new Mo, U, V and Re data for 208 

samples that have previously been investigated in terms of an oxygen-restricted biofacies (ORB) 209 

scheme, which is based on the abundance and diversity of fossils (Wignall and Hallam, 1991), 210 

thereby providing an independent (i.e., non-geochemical) framework for interpreting depositional 211 

redox conditions. The ORB scheme documents a general decrease in the severity of redox conditions 212 

from ORB 1 to ORB 6, where ORB 1-2 represent anoxic water column conditions lacking benthos, 213 

and ORB 3-6 document progressively higher oxygen contents, from highly dysoxic (ORB 3) with few 214 

benthic species, through to weakly dysoxic (ORB 6) conditions with higher diversity (Wignall and 215 

Hallam, 1991). 216 

 217 

4. Methods  218 

4.1 Total digestion procedure 219 



Redox sensitive trace metals were determined for the Bowland Shale (V and Re) and 220 

Kimmeridge Clay (Mo, U, V and Re) formations by inductively coupled plasma–mass spectrometry 221 

in the Cohen Laboratories at the University of Leeds. Rock powders were first ashed at 550oC for 8 222 

h, before a quantitative digestion using concentrated HNO3, HF and HClO4. Additional H3BO3 was 223 

then added to avoid the formation of Al hexafluorate complexes, and the samples were 224 

subsequently heated to dryness. The residues were then re-dissolved with near-boiling HNO3 and 225 

diluted with ultrapure 18.2 MΩ H2O. Accuracy and precision, estimated from repeat analyses of 226 

United State Geological Survey standard SGR-1b (Green River Shale), were better than 5% for all 227 

elements of interest. Previously published Mo and U data for the Bowland Shale Formation were 228 

determined using the same approach and instrumentation (Li et al., 2024).  229 

4.2 Enrichment factor calculations 230 

Here, we adopt the approach of calculating enrichment factors when normalizing our RSTM 231 

data, since this allows direct comparison with calibrated trends in the co-behaviour of elements 232 

such as Mo and U (e.g., Tribovillard et al., 2006; 2012; Algeo and Tribovillard, 2009). Enrichment 233 

factors are commonly calculated as: 234 

ElementEF= Element/Al
ElementUCC/AlUCC

     (1) 235 

Here, we use the UCC database (McLennan, 2001) to normalize the elemental data, but with an 236 

updated Re concentration value of 0.29 ppb (Chen et al., 2016). However, a limitation when 237 

calculating EFs in this way arises from the highly variable degree of detrital sediment dilution by 238 

chemical sedimentation (e.g., carbonate, silica) in different environmental settings. For example, 239 

variable dilution by carbonate results in average Al contents of 7.6 wt% for northwest US margin 240 

sediments, whereas the average Al content for Black Sea sediments is 3.2 wt% (Crusius et al., 1996; 241 



Morford and Emerson, 1999). The low detrital Al component typical for (bio)chemical sediments 242 

leads to artificially elevated EF values relative to siliciclastic sediments (Tribovillard et al., 2006; Van 243 

der Weijden, 2002), which clearly compromises direct comparison of different environmental 244 

settings required for the current study. Variable sedimentation rates also affect EFs, whereby rapid 245 

sedimentation decreases EF values, either because of enhanced dilution of phases precipitating in 246 

the water column, or because of more rapid development of closed system porewater conditions. 247 

However, variable sedimentation rates will generally have much less impact on RSTM ratios, which 248 

is why they are potentially more robust redox indicators and the principal focus of this study. 249 

Given these considerations, we adopt the approach of Krewer et al. (2024), which eliminates 250 

the problem of variable dilution by chemical sediments. We initially calculate excess element 251 

concentrations as: 252  Elementexcess= Elementsample- (Alsample× ElementUCC
AlUCC

)  (2) 253 

To convert the excess concentration of an element (i.e., the redox-promoted drawdown 254 

concentration) to a form that is consistent with the original derivation of EFs (Eqn 1), we need to 255 

adopt the assumption used in Eqn 1 that the source material supplied to the basin had an elemental 256 

concentration equivalent to average upper continental crust (i.e., the ElementUCC value). The 257 

addition of the ElementUCC value to the calculated Elementexcess value therefore gives the equivalent 258 

concentration used in the traditional EF calculation, but accounts for any dilution by, for example, 259 

carbonate or silica. To convert this to a relative enrichment value (i.e., EF*), the total element 260 

concentration is then divided by the ElementUCC value, to give (Eqn 3). 261 

ElementEF *= Elementexcess  + ElementUCC
ElementUCC

     (3) 262 



For consistency, and because the extent of dilution by chemical sedimentation is generally not 263 

known for many of the samples included in this study, we calculate EF* values for all samples, 264 

including those dominated by siliciclastics (although generally this only has a limited impact for such 265 

samples). In some rare cases, where Al is higher than the UCC value and the element of interest has 266 

a very low concentration, this may result in negative elementEF
* values, indicating a particularly high 267 

level of element depletion relative to the average UCC value. However, this affected only 2 samples 268 

in our entire database of modern and ancient samples. Furthermore, since these samples return EF 269 

values of <1 when calculated in the traditional way (indicating element depletion), redox 270 

interpretations remain entirely unaffected. Thus, in terms of a uniform approach that overcomes 271 

the problem of low Al contents in chemical sediments, hence allowing the degree of element 272 

enrichment in different settings to be directly compared, the approach of calculating EF* is highly 273 

beneficial (see Supplementary Information for an example of the impact of sediment dilution on 274 

enrichment factor calculations).  275 

4.3 Statistical analysis 276 

We use independent t-test with a confidential interval of 95% to determine whether there are 277 

significant differences between RSTM EF* values and ratios under different redox conditions. Since 278 

t-test can only determine the significance between two groups of data, we apply this approach to 279 

adjacent redox fields of particular interest (see Supplementary Information). All statistical analyses 280 

were performed using IBM SPSS Statistic software. 281 

5. Results 282 

5.1. RSTM variability in modern environments 283 

5.1.1. Enrichment factors 284 



The broad EF* characteristics for the different RSTMs are compiled in Table 2. Average UEF
* 285 

values progressively increase through each redox zone, with values that are consistently low in oxic 286 

(> 200 µM O2 = 1.1 ± 0.3; 90- 200 µM O2 zone = 1.2 ± 0.3) and weakly dysoxic (1.3 ± 0.6) settings, 287 

giving little evidence for any significant degree of enrichment. This is consistent with a t-test showing 288 

no significant difference between these redox settings (see Supplementary Information, Table S1). 289 

Average highly dysoxic (2.0 ± 2.0) and anoxic (2.2 ± 0.6) values are higher and overlap (with a p value > 290 

0.05), with highly dysoxic values being particularly variable between different settings (Fig. 1). 291 

However, higher EF* values in highly dysoxic settings uniquely occur in Peru margin sediments, 292 

which also have unusually high MoEF
* and VEF

* values (Fig. 1; note that when the Peru margin 293 

sediments are excluded, the average UEF
* value (1.5 ± 0.5) for highly dysoxic settings remains slightly 294 

elevated relative to oxic and weakly dysoxic values). 295 

Modern euxinic environments show a high degree of variability, largely due to highly U-enriched 296 

sediments on the Namibian margin (Fig. 1), giving an overall average of (4.4 ± 3.4). However, as 297 

discussed below, the Namibian margin sediments appear to be anomalous, and when these samples 298 

are excluded, euxinic settings have a lower UEF
* value of 3.4 ± 1.8. Furthermore, similar to MoEF and 299 

ReEF values, when Namibian samples are excluded, UEF values show a progressive increase as sulfide 300 

concentrations initially increase, but values then decrease in Kyllaren Fjord samples, where very 301 

high concentrations of sulfide (~4 mM) are recorded (Fig. 1). As discussed below, Kyllaren Fjord has 302 

distinct characteristics that may explain the deviation from the trend of increasing RSTM 303 

enrichments as sulfide concentrations increase. 304 

 Molybdenum shows limited enrichment in two oxic groups with very low MoEF
* values (> 200 305 

µM O2 = 0.94 ± 0.27; 90-200 µM O2 = 1.0 ± 0.2), and there is no obvious difference between two 306 



groups (supported by a p value > 0.05; Table S1). Weakly (1.6 ± 1.8) and highly (4.7 ± 12.4) dysoxic 307 

settings have progressively elevated average values, but highly dysoxic samples have a particularly 308 

variable range, again driven by Peru margin sediments (Fig. 1). In anoxic sediments, average MoEF
*

 309 

values are similar to dysoxic settings (5.2 ± 2.1, p value > 0.05; Table S1), but with less variability. In 310 

euxinic settings, MoEF
* values are generally highly enriched (29 ± 17, or 32 ± 16 when the 311 

anomalously low Kyllaren Fjord samples are excluded) and show a similar trend to UEF
* values (Fig. 312 

1), with increasing values as sulfide concentrations initially increase (note that unlike UEF
* values, 313 

Namibian margin samples follow this MoEF
* trend). 314 

Rhenium displays the largest overall variability in EF* values (Fig. 1). Although the data show a 315 

relatively high degree of variability through the oxic zone, it is notable that most settings have 316 

significantly elevated (i.e., >>1) ReEF
* values, giving average values of 20 ± 22 for the > 200 µM O2 317 

zone, and higher average values of 54 ± 19 for the 90-200 µM O2 zone. These features may be a 318 

consequence of (variable) Re drawdown due to the development of dysoxic porewaters in surficial 319 

sediments beneath oxic bottom waters, potentially coupled with inadequacy in terms of the utility 320 

of the updated Re value for UCC to represent the Re content of typical oxic marine sediments (giving 321 

high overall values). In the weakly and highly dysoxic zones, ReEF
* values are again highly variable, 322 

but moderate average levels (31 ± 24) occur in weakly dysoxic settings, while average values 323 

increase considerably (94 ± 100) in highly dysoxic settings (Fig. 1). High ReEF
* values (117 ± 24) are 324 

maintained in anoxic settings, while through the euxinic zone, ReEF
* values show similar behaviour 325 

to MoEF
* values, with an initial progressive increase as sulfide concentrations increase, giving an 326 

average value of 92 ± 96 (103 ± 99 when the anomalously low Kyllaren Fjord samples are excluded). 327 



The extent of variability in VEF
* values is considerably less than for the other RSTMs (Fig. 1). 328 

However, in the oxic zone, VEF
* values are relatively high at the highest O2 concentrations (1.7 ± 0.2 329 

in Svalbard sediments), with generally lower values throughout the rest of the oxic zone (including 330 

depleted values in African margin samples), giving an average value for all > 200 µM O2 samples of 331 

1.3 ± 0.4, and an average value for 90-200 µM O2 samples of 1.1 ± 0.1. Vanadium enrichments persist 332 

at low values throughout the subsequent dysoxic zone (weakly dysoxic = 1.3 ± 0.1; highly dysoxic = 333 

1.3 ± 0.3), with enhanced variability in the highly dysoxic zone again being largely due to Peru margin 334 

sediments, while similar average values (1.2 ± 0.1) occur for anoxic settings (Fig. 1). In euxinic 335 

settings, average VEF
* values are slightly increased to moderate levels (1.5 ± 0.1; note that no V data 336 

were available for Kyllaren Fjord). 337 

 338 

5.1.2. RSTM ratios 339 

The broad characteristics of different RSTM ratios are compiled in Table 3. Re/Mo ratios are 340 

generally highly elevated relative to UCC values (Re/MoUCC = 0.17 ppb/ppm) in oxic and dysoxic 341 

settings, while ratios are commonly lower in anoxic and euxinic settings, with values that straddle 342 

the average UCC ratio, particularly in euxinic settings (Fig. 2). There are, however, additional distinct 343 

differences in Re/Mo ratios under different redox conditions. In the highest [O2] marine settings (> 344 

200 µM; Table 1), Re/Mo ratios are relatively low, but the data show considerable variability (4.2 ± 345 

4.4 ppb/ppm; Fig. 2). As oxygen decreases from ~200 to ~90 µM, Re/Mo ratios show less variability, 346 

with moderate enrichments overall (8.2 ± 2.3 ppb/ppm, p value < 0.05; Table S1). Under dysoxic 347 

conditions down to ~30 µM O2, Re/Mo ratios fluctuate considerably, but overall, average values are 348 

high (15 ± 19 ppb/ppm), and even higher values with somewhat diminished variability (21 ± 16 349 



ppb/ppm) are evident in dysoxic settings with O2 concentrations <30 µM (Fig. 2). Anoxic settings 350 

show a clear decline to low (4.7 ± 2.4 ppb/ppm) Re/Mo ratios (see t-test in Table S1), and very low 351 

ratios then occur (0.57 ± 0.50 ppb/ppm) under euxinic conditions, with a significant statistical 352 

difference between the two redox groups (Table S1).  353 

In contrast to Re/Mo ratios, Re/U ratios are generally higher than UCC values (Re/UUCC = 0.09 354 

ppb/ppm) across all redox states (Fig. 2). In detail, Re/U ratios are relatively constant and low overall 355 

in the oxic (> 200 µM O2 = 1.8 ± 1.7 ppb/ppm; 90-200 µM O2 = 3.8 ± 0.7 ppb/ppm) and 30-90 µM 356 

dysoxic (2.8 ± 1.7 ppb/ppm) zones (Fig. 2). However, an increase to relatively high, but variable, 357 

Re/U ratios (8.1 ± 8.2 ppb/ppm) is apparent in the <30 µM O2 dysoxic zone, which is also supported 358 

by a t-test (Table S1). There is then a shift to moderate Re/U ratios (5.3 ± 1.9 ppb/ppm, with a 359 

statistical difference relative to data in the dysoxic field, see Table S1) in the anoxic zone, followed 360 

by low values (1.8 ± 1.5 ppb/ppm) in euxinic settings (Fig. 2). Similar to Re/U ratios, Re/V ratios are 361 

generally elevated relative to UCC values (Re/VUCC = 0.002 ppb/ppm) across all redox states (Fig. 2). 362 

Variability in Re/V ratios is also similar to that observed for Re/U ratios (Fig. 2) through the oxic zone 363 

(> 200 µM O2 = 0.05 ± 0.06 ppb/ppm; 90-200 µM O2 = 0.11 ± 0.04 ppb/ppm) and into the 30-90 µM 364 

O2 dysoxic zone (0.08 ± 0.06). There is then a similar relative increase to high ratios (0.31 ± 0.24 365 

ppb/ppm) in the <30 µM O2 dysoxic field, with a clear statistical difference compared to oxic samples 366 

(Table S1), and although the data continue to show a high degree of variability (Fig. 2), the range in 367 

Re/V ratios remains similar through the anoxic (0.34 ± 0.26 ppb/ppm) and euxinic (0.24 ± 0.22 368 

ppb/ppm) zones (p value > 0.05; Table S1). 369 

Mo/U ratios (Fig. 2) are persistently low and statistically indistinguishable (Table S1) through 370 

the oxic zone (> 200 µM O2 = 0.58 ± 0.36 ppb/ppm; 90-200 µM O2 = 0.50 ± 0.14 ppb/ppm), and while 371 



average values are higher in the dysoxic zones (weakly dysoxic = 1.0 ± 1.7 ppb/ppm; highly dysoxic 372 

= 0.84 ± 1.37 ppb/ppm), Mo/U ratios are highly variable. Similar moderate Mo/U ratios (1.3 ± 0.5 373 

ppb/ppm) persist in anoxic settings, while euxinic settings are characterized by high ratios (5.1 ± 3.5 374 

ppb/ppm, with a significant statistical difference between euxinic and anoxic data, p < 0.001; Table 375 

S1). 376 

 377 

5.2. RSTMs in the Bowland Shale Formation 378 

All new geochemical data for the ancient case studies are provided in Supplementary 379 

Information Tables S2-S5. Based on Fe speciation, U and Mo systematics, and pyrite framboid size 380 

ranges, oxic conditions have been suggested during deposition of the Pendleside Limestone (note 381 

that our samples are from the calcareous mudstones of this formation) and the lower part of the 382 

Bowland Shale Formation (0‒66.8 m at TLC). There was then a transition to conditions that 383 

fluctuated between ferruginous, weakly euxinic and highly euxinic (with weakly and highly euxinic 384 

conditions being broadly defined based on pyrite framboid size ranges, and relatively low and high 385 

MoEF enrichment factors, respectively) through the overlying Bowland Shale Formation (Fig. 3; Li et 386 

al., 2024). Broadly speaking, the new ReEF
* and VEF

* data show similar behaviour to the MoEF
* and 387 

UEF
* data, with low values in the lower part of the succession and generally higher, but fluctuating, 388 

values above the basal part of the Bowland Shale Formation (Fig. 3). However, enrichments in V are 389 

relatively muted above a height of ~70 m in the upper part of the Bowland Shale Formation (DH 390 

section; Fig. 3).  391 

Re/Mo ratios show a large degree of variability through the TLC and DH sections, with overall 392 

high, but fluctuating values in the Pendleside Limestone and lowermost Bowland Shale in the TLC 393 



section (31 ± 24 ppb/ppm; Fig. 3). However, above the upper part of the P1c ammonoid zone, Re/Mo 394 

ratios are low and relatively constant (2.8 ± 2.2 ppb/ppm) through both sections, until the E1b zone, 395 

where there is a slight increase (7.8 ± 6.0 ppb/ppm) in the DH section (Fig. 3). Re/U ratios are 396 

relatively low and stable (4.0 ± 1.9 ppb/ppm) in the Pendleside Limestone, but the degree of 397 

variability increases considerably as redox conditions become more reducing through the Bowland 398 

Shale Formation (6.0 ± 5.0 ppb/ppm), with peaks in Re/U commonly occurring in weakly or highly 399 

euxinic intervals (Fig. 3).  400 

The Re/V profile is similar to the Re/U profile, with relatively low and stable values (0.08 ± 0.05 401 

ppb/ppm) through the Pendleside Limestone (Fig. 3). This is followed by generally higher and more 402 

variable values (0.34 ± 0.24 ppb/ppm) through the remainder of the succession, although Re/V 403 

ratios are commonly low (0.24 ± 0.17 ppb/ppm) in the lower part of the Bowland Shale Formation 404 

in the DH section, with a distinct transition to higher and more variable values (0.61 ± 0.24 ppb/ppm) 405 

through the prolonged highly euxinic interval in the middle to upper Bowland Shale Formation (Fig. 406 

3). Mo/U ratios show distinct behaviour relative to the other RSTM ratios (Fig. 3). In the Pendleside 407 

Limestone, Mo/U ratios are persistently low (0.17 ± 0.10 ppb/ppm), with values that fall below the 408 

average UCC value. Similar low values are also found in overlying ferruginous intervals in both 409 

sections (0.39 ± 0.39 ppb/ppm). By contrast, euxinic samples commonly have ratios that plot above 410 

the UCC value, with a distinct overall increase in samples interpreted to record highly euxinic (3.4 ± 411 

1.4 ppb/ppm) relative to weakly euxinic (1.9 ± 1.1 ppb/ppm) conditions (Fig. 3). This is supported by 412 

a t-test (p < 0.001), showing a significant difference between weakly and highly euxinic samples 413 

(Table S1). 414 

 415 



5.3. RSTMs in the Kimmeridge Clay Formation 416 

Our dataset for the Kimmeridge Clay Formation includes sporadic samples for which ORB have 417 

been defined (comprising samples that range from ORB 1 to ORB 6; Table S2), in addition to a 418 

continuous section that comprises ~40 m of stratigraphy through the late scitilus, wheatleyensis and 419 

early hudlestoni ammonite biozones of the Upper Kimmeridgian (Fig. 4). The biofacies of this section 420 

comprises ORB 3-6, and RSTMs show consistent behaviour in terms of enrichment factors, with 421 

relatively muted overall variability for MoEF
*, UEF

* and particularly VEF
*, with values that are 422 

commonly close to 1 or slightly elevated. There are, however, occasional peaks to much higher 423 

values for these elements, and these uniquely occur in samples from the most reducing ORB (ORB 424 

3) present in this section, while there is only subtle variability between ORB 4‒6, with generally 425 

lower EF* values as the ORB level increases (Fig. 4). Rhenium EF* values show similar trends to the 426 

other RSTM values, but values are commonly highly elevated by comparison. Samples that 427 

document ORB 1 and 2 biofacies in the more complete dataset (Table S3) have considerably 428 

elevated MoEF
* and UEF

* values relative to ORB 3‒6 samples. By contrast, ReEF
* and VEF

* values for 429 

ORB 1 and 2 biofacies samples have a similar range to those observed for ORB 3 and 4 (Table S3).  430 

Re/Mo, Re/U and Re/V ratios also show similar trends, with values that are generally elevated 431 

relative to UCC (to a lesser degree for Re/V), and a large degree of overall variability in response to 432 

changes in ORB levels (Fig. 4), which we evaluate in more detail in the discussion below. However, 433 

Mo/U ratios show highly contrasting behaviour, and while Mo/U ratios show significant variability, 434 

they are persistently lower than the UCC value across all of the ORB present in Fig. 4. This is 435 

commonly the case in terms of the complete dataset (Table S3), although there are occasional 436 



samples that have Mo/U ratios above the UCC value. By contrast, Mo/U ratios in samples of ORB 1 437 

and ORB 2 are persistently elevated relative to the UCC value (Table S3).  438 

 439 

6. Discussion 440 

6.1. RSTM behaviour in modern environments 441 

6.1.1. Enrichment factors 442 

Our compilation of modern environmental data generally shows RSTM behaviour consistent 443 

with expectations for different redox conditions (see summaries in Tribovillard et al., 2006; Robbins 444 

et al., 2006; Bennett and Canfield, 2020; Algeo and Li, 2022; Paul et al., 2023b), but with novel insight 445 

and nuance arising from our consideration of both enrichment factors and RSTM ratios. Uranium 446 

generally becomes progressively enriched as reducing conditions intensify, with very low UEF
* values 447 

in oxic and weakly dysoxic settings, moderate values in highly dysoxic and anoxic settings (see 448 

discussion below for a detailed evaluation of the Namibian samples), and high values in euxinic 449 

settings (Fig. 5; Table 2). This is also in general agreement with a recent study focusing on U 450 

accumulation in coastal environments (Paul et al., 2023b). However, euxinic settings with low sulfide 451 

concentrations show a high degree of overlap with both anoxic and highly dysoxic settings (Fig. 1). 452 

These characteristics highlight that, when applied in isolation, UEF
* values do not adequately 453 

distinguish dysoxic to euxinic sediments (Table 2), although values close to 1 provide a strong 454 

indication of conditions that are not fully anoxic, while high values generally indicate euxinia.  455 

The behaviour of Mo is similar to U, with a general progressive increase as redox conditions 456 

become more reducing (Table 2; Fig. 5). However, the particularly variable MoEF
* values that occur 457 

under dysoxic conditions warrant further consideration in terms of potential controls on Mo 458 



drawdown to the sediments. As discussed above, it is well-established that Mo drawdown may 459 

occur via enhanced sulfide availability and/or via a particulate shuttle mechanism, which are 460 

commonly distinguished using a MoEF-UEF cross-plot (e.g., Algeo and Tribovillard, 2009; Tribovillard 461 

et al., 2012).  462 

Here, we take this approach and distinguish our modern environmental data in terms of oxic, 463 

dysoxic and anoxic depositional settings (Fig. 6). Although a significant proportion of dysoxic 464 

samples follow the redox variation trajectory (Fig. 6b), consistent with dysoxic, rather than oxic, 465 

depositional conditions (Algeo and Tribovillard, 2009; Tribovillard et al., 2012), a large degree of 466 

overlap is apparent between oxic and dysoxic settings (cf. Figs. 6a and 6b), clearly highlighting a key 467 

limitation in the use of such cross-plots to distinguish oxic and dysoxic depositional conditions.  468 

When considered in detail, a clear array of dysoxic samples from the Arabian Sea and Peru 469 

margin follow the particulate shuttle pathway (Fig. 6b). However, a proportion of the dysoxic Peru 470 

margin samples plot in the upper region of the redox trajectory pathway, in an area that would 471 

normally be considered to indicate euxinic depositional conditions (cf. Figs. 6b and c). This suggests 472 

a combined drawdown influence from the particulate shuttle mechanism and from progressive 473 

anoxia (see also Scholz et al., 2017; Vollebregt et al, 2023), with the latter likely reflecting non-474 

sulfidic anoxia (and hence enhanced U drawdown) close to the sediment-water interface. This would 475 

have augmented the U content of samples that were already enriched in Mo due to drawdown via 476 

the particulate shuttle pathway. Hence, it is the combined effect of these processes on samples 477 

from the Arabian Sea and Peru margin that are responsible for the relatively high degree of MoEF 478 

variability observed in the weakly and highly dysoxic zones (Fig. 1).  479 



Anoxic and euxinic samples show particularly complex behaviour in terms of controls on Mo 480 

and U drawdown. While anoxic samples plot closest to the redox trajectory, euxinic samples 481 

commonly plot between the redox and particulate shuttle trends (Fig. 6c). In detail, the euxinic 482 

Saanich Inlet and Cariaco Basin show a particularly strong influence from the particulate shuttle 483 

pathway, consistent with a lasting impact from the Fe-Mn particulate shuttle in weakly euxinic 484 

bottom waters (Algeo and Tribovillard, 2009; see Table 1), which may relate to the slower sulfidation 485 

kinetics of Fe (oxyhydr)oxides at lower sulfide concentrations (Canfield et al., 1992; Poulton et al., 486 

2004). In addition, apart from the Nambian margin samples, the remaining euxinic samples plot 487 

between the anoxic samples and the particulate shuttle trajectory (Fig. 6c), suggesting a combined 488 

influence from drawdown due to progressive anoxia and via a particulate shuttle mechanism.  489 

These characteristics are perhaps not unexpected, since while U drawdown is promoted by 490 

redox conditions in sediment porewaters close to the sediment-water interface (Anderson et al., 491 

1989; Klinkhammer and Palmer, 1991), Mo drawdown under euxinic conditions is initiated in the 492 

water column, via two pathways. The first pathway occurs via the aforementioned uptake to Fe-Mn 493 

(oxyhydr)oxides, while the second pathway reflects the formation of particle reactive 494 

thiomolybdates within the euxinic water column itself, followed by scavenging by transition metal 495 

particles and organic matter (Helz et al., 1996; Vorlicek et al., 2004; Nägler et al., 2011). Following 496 

deposition, subsequent drawdown of Mo likely occurs in sulfidic porewaters, further augmenting 497 

the sequestration of Mo. However, since our modern sample suite documents near-surface 498 

sediments, the influence of diagenetic Mo drawdown may be incomplete. Thus, while anoxic 499 

samples plot relatively close to the redox trajectory, most euxinic samples document the variable 500 



influence of Mo drawdown via the two different water column pathways, combined with 501 

subsequent drawdown in sulfidic porewaters. 502 

The euxinic MoEF
*‒UEF

* cross-plot also highlights the distinct nature of the Namibian margin 503 

sediments (Fig. 6c). These samples have unusually elevated UEF
* values relative to MoEF

* values, and 504 

the U data also contrast with the other RSTMs, which follow the general trend of increasing RSTM 505 

EF* values as sulfide concentrations initially increase (Fig. 1). This may be associated with the 506 

particular hydrography, plus Mo and U accumulation mechanisms, on the margin. Redox variability 507 

on the Namibian margin is characterized by highly fluctuating redox conditions controlled by diverse 508 

water masses (e.g., Brüchert et al., 2003; He et al., 2021). Although the sediment experiences 509 

conditions that fluctuate from weakly euxinic to dysoxic, unlike other seasonally euxinic basins (e.g., 510 

Sannich Inlet), Mo delivery via the particulate Fe and Mn (oxyhydr)oxide shuttle is generally not 511 

observed (He et al., 2021; Kossack et al., 2023), and Mo accumulation is dominated by diffusive Mo 512 

influxes into the sediment (Kossack et al., 2023). By contrast, U enrichment is almost exclusively 513 

delivered in particulate form, and 50-90% of the particulate U supply is buried in the sediment 514 

(Borchers et al., 2005; Kossack et al., 2023). In addition, U accumulation is promoted by the 515 

deposition of phosphorite (Lachkar and Gruber, 2012; Kossack et al., 2023). Given this, we exclude 516 

data from the Nambian margin from further consideration. 517 

Overall, the above discussion highlights difficulties in using Mo enrichment factors, in isolation, 518 

as a robust tool for reconstructing oceanic redox conditions, since high values may occur in dysoxic 519 

and euxinic settings (and likely in anoxic settings as well). However, our approach reinforces the 520 

utility of MoEF
*-UEF

* cross-plots for providing key information in terms of the pathways influencing 521 



Mo and U enrichments in marine sediments (e.g., Algeo and Tribovillard, 2009; Tribovillard et al., 522 

2012).  523 

Re accumulation is particularly sensitive to oxygen levels, with low average ReEF
* values in 524 

the >200 µM O2 zone, moderate enrichments in the 90- 200 µM O2 and weakly dysoxic zones, and 525 

a high average degree of enrichment in the highly dysoxic and anoxic zones (Fig. 1; Table 2). However, 526 

variability in ReEF
* values is high throughout each redox zone (Fig. 5), with variability in the extent of 527 

drawdown in oxic and dysoxic settings likely reflecting variable levels of oxygen depletion in the 528 

sediment, which is regulated by sedimentation rate and organic carbon burial (Morford and 529 

Emerson, 1999). Rapid sedimentation rates combined with enhanced organic carbon input 530 

stimulates oxygen depletion in porewaters close to the sediment-water interface, promoting 531 

reduction of Re(VII) to Re(IV) and accumulation in the sediment (Crusius et al., 1996; Morford and 532 

Emerson, 1999). These controls are clearly important on the African and northwest US margins, 533 

where a high organic carbon flux promotes oxygen-depletion in near-surface porewaters (Morford 534 

and Emerson, 1999), resulting in relatively enhanced Re drawdown (Fig. 1). Similarly, Arabian Sea 535 

samples are organic-rich, promoting relatively high enrichments in Re under weakly dysoxic 536 

conditions (Goswami et al., 2012). The progressive enrichment in Re as the intensity of dysoxia 537 

increases is well documented (Crusius et al., 1996; Morford and Emerson, 1999; Yamashita et al., 538 

2007), and high ReEF
* values generally persist in anoxic and euxinic settings, although there is 539 

considerable variability and overlap (Fig. 1, Table 2). This clearly precludes definitive redox 540 

interpretations based on ReEF
* values alone. 541 

Vanadium EF* values are particularly variable through the >200 µM O2 zone, with an overall 542 

progressive (but fluctuating) decrease from 280-200 µM (Fig. 1). We speculate that this may be due 543 



to slightly enhanced dissolution of V-bearing phases in dysoxic porewaters and loss of V from the 544 

sediments as [O2] decreases (Emerson and Huested, 1991; Nameroff et al., 2002). Generally 545 

speaking, however, VEF values are above 1 throughout most redox states (Table 2; Fig. 5), and hence 546 

show little discernible evidence for the proposed loss of V from sediments deposited under dysoxic 547 

conditions (cf. Emerson and Huested, 1991; Nameroff et al., 2002). This suggests that application of 548 

V depletion as a diagnostic tool for dysoxia is limited, and is restricted to the identification of dysoxic 549 

porewaters beneath well-oxygenated bottom waters. Thus, in intermediate redox settings, the 550 

behaviour of V appears more strongly controlled by the rapid development of anoxic porewaters 551 

beneath dysoxic bottom waters, giving rise to V enrichment in the sediments. Indeed, the similarity 552 

in VEF
* values under dysoxic and anoxic conditions suggests that it is primarily porewater anoxia that 553 

drives the extent of V enrichment in most redox settings. However, higher average V enrichments 554 

tend to occur in euxinic settings (Table 2), although there is considerable overlap with other redox 555 

zones (Fig. 5). 556 

A particular feature of the data concerns the relatively low UEF, MoEF and ReEF values in Kyllaren 557 

Fjord sediments, where EF*s deviate from the general trend of increasing values as sulfide 558 

concentrations increase (Fig. 1; see also Noordmann et al., 2015). This may be explained by a 559 

combination of basinal restriction, since Kyllaren Fjord is a 29 m deep basin with limited connection 560 

to the open ocean, and high sedimentation rates (1 mm/yr; Noordmann et al., 2015). Without 561 

sufficient resupply of RSTMs to the basin, and with high sedimentation rates diluting RSTM 562 

enrichments from the water column, sediment trace metal accumulation is restricted. This is similar 563 

to the Black Sea, where Mo drawdown is controlled by limited resupply from deep waters (Algeo 564 

and Lyons, 2006), although in the case of the Black Sea, this is not severe enough to dramatically 565 



reduce observed Mo enrichments (Fig. 1). Despite this limitation, the clear progressive trend, in 566 

terms of increasing MoEF
* values as sulfide concentrations increase in the remaining euxinic settings 567 

(Fig. 1), highlights the utility of Mo enrichment factors as a potential means to distinguish highly and 568 

weakly euxinic conditions (e.g., Song et al., 2023; Li et al., 2024), particularly when resupply of Mo 569 

is not limited. 570 

 571 

6.1.2. RSTM ratios 572 

In almost all cases, the variability in RSTM ratios is lower than variability in EF values, with the 573 

notable exception of Mo/U ratios in dysoxic settings (Tables 2 and 3). The clear progressive increase 574 

in Re/Mo ratios as water column oxygen levels decrease through the oxic and dysoxic zones (Fig. 5; 575 

Table 3) highlights the potential utility of Re/Mo ratios as a sensitive indicator of the degree of water 576 

column oxygen depletion. However, significant overlap between weakly and highly dysoxic settings, 577 

which as discussed above reflects variability in the strength of Mo drawdown via the particulate 578 

shuttle, highlights a limitation in the use of Re/Mo ratios alone. The dramatic and persistent 579 

decrease in Re/Mo ratios that then occurs in euxinic settings (Figs. 1 and 5) clearly reflects enhanced 580 

drawdown of Mo in the presence of water column sulfide (Emerson and Huested, 1991; Helz et al., 581 

1996), and Re/Mo ratios may be particularly low in basins that fluctuate between euxinic and oxic 582 

(Helz, 2022). It is perhaps surprising, however, that Re/Mo ratios are low in anoxic non-sulfidic 583 

settings (Fig. 2), since as discussed above, high ratios might be expected under such conditions due 584 

to extensive Re drawdown but limited Mo drawdown in the absence of dissolved sulfide in the water 585 

column. These anoxic non-sulfidic settings do not appear to be appreciably impacted by Mo 586 

drawdown via the particulate shuttle mechanism (Fig. 6c), and hence it may be the development of 587 



sulfidic porewaters close to the sediment-water interface that is responsible for Mo sequestration 588 

in the sediments, and hence low Re/Mo ratios (Morford et al., 2005). The resultant significant 589 

overlap in average Re/Mo ratios between anoxic and fully oxic (i.e., >200 µM O2) settings (Fig. 2) 590 

highlights that additional proxies are required for a robust redox interpretation. 591 

The overall increase in Re/U and Re/V ratios through the oxic and dysoxic zones (Table 3; Fig. 5) 592 

reflects enhanced Re drawdown as oxygen is increasingly depleted, although the high degree of 593 

variability apparent in each redox zone highlights that porewater chemistry, specifically the relative 594 

development of dysoxic versus anoxic porewater conditions close to the sediment-water interface, 595 

exerts a strong control on these ratios. However, the increase in Re/U and Re/V ratios from the >200 596 

µM to the 90-200 µM oxic zone (Table 3) is particularly noteworthy, and suggests that such ratios 597 

may be a particularly sensitive indicator of oxygen depletion through the oxic zone. The decrease in 598 

Re/U and Re/V ratios that then occurs as oxygen concentrations decrease further (i.e., in the dysoxic 599 

30-90 µM zone) likely reflects generally more rapid development of anoxic porewaters, thus 600 

stimulating enhanced U and V drawdown.  601 

It is perhaps unexpected that Re/U and Re/V ratios remain relatively high under anoxic 602 

conditions (Table 3; Fig. 5), since both U and V would be expected to be drawn down more 603 

extensively in the complete absence of oxygen (Anderson et al., 1989; Emerson and Huested, 1991). 604 

Instead, anoxia appears to promote a similar relative increase in Re sequestration, which is reflected 605 

by increased ReEF
* values under anoxic conditions (Fig. 5). Under euxinic conditions, Re/U ratios then 606 

decrease compared to anoxic settings, while Re/V ratios remain relatively constant. This suggests 607 

that, in these modern sediments at least, the intensity of reducing conditions may exert a 608 

particularly strong control on U drawdown. 609 



The distinct behaviour of Mo/U ratios relative to the other RSTM ratios is particularly striking 610 

(Table 3; Fig. 5). Average ratios below the UCCMo/U ratio in oxic and dysoxic settings clearly reflect 611 

enhanced drawdown of U as porewaters become anoxic, while the high degree of variability in 612 

dysoxic settings reflects drawdown of Mo via the particulate shuttle, as discussed above. The slight 613 

increase in Mo/U ratios in anoxic settings is likely due to enhanced Mo drawdown due to the 614 

development of sulfidic porewaters (Fig. 5). However, the key attribute of Mo/U ratios is the 615 

dramatic increase in euxinic sediments, which occurs in all settings except the Namibian margin, 616 

which as discussed above, have unusually high U contents, giving low Mo/U ratios. Thus, Mo/U 617 

ratios are a powerful tool for identifying euxinic conditions, particularly when combined with other 618 

techniques (e.g., Re/Mo ratios) that are able to distinguish Mo/U enrichments under euxinic 619 

conditions from those that may occur under dysoxic conditions (Fig. 5). It is worth noting that even 620 

in Kyllaren Fjord, where Mo and U resupply is strongly limited, high Mo/U ratios are still observed, 621 

consistent with other fjord settings (e.g., Paul et al., 2023a). This suggests that this ratio provides a 622 

robust indication of euxinia in settings with diverse hydrographic characteristics, redox variability 623 

and sedimentation rates. 624 

 625 

6.2. Insight from Bowland Basin 626 

The Bowland Basin samples have previously been interpreted to reflect deposition under oxic, 627 

anoxic ferruginous, and weakly and highly euxinic conditions, based on Fe speciation, U and Mo 628 

enrichment factors, and pyrite framboid size ranges (Fig. 3; Li et al., 2024). Importantly, the 629 

distinction between weakly and highly euxinic settings is based on a combined evaluation of MoEF 630 

values and pyrite framboid size ranges (Li et al., 2024), and is thus not predicated on RSTM 631 



systematics alone. As discussed below, our RSTM approach provides strong support for these redox 632 

groupings, but also provides an opportunity for refined interpretations.  633 

In terms of RSTM enrichment factors, the Bowland Basin shows a high level of consistency with 634 

modern environments (cf. Figs. 5 and 7), with a clear increase in average RSTM enrichment factors 635 

as redox conditions become progressively more reducing. This progressive increase is particularly 636 

striking for MoEF
*, UEF

* and ReEF
* values, while VEF

* values show more muted behaviour, similar to 637 

modern environments. RSTM ratios also show a high degree of consistency with modern 638 

environments. In the Bowland Basin, Re/Mo ratios decline slightly in anoxic samples, with a further 639 

substantial decrease in euxinic samples (Fig. 7), as in modern environments (Fig. 5). Re/U and Re/V 640 

ratios in the Bowland Basin show similar (Re/U) or slightly increased (Re/V) ratios in anoxic samples, 641 

relative to better oxygenated samples (Fig. 7), which is again similar to modern settings (Fig. 5). 642 

There is then a slight divergence in behaviour, with both Re/U and Re/V progressively increasing 643 

through weakly and highly euxinic settings in the Bowland Basin (Fig. 7), while in modern settings, 644 

Re/U decreases slightly and Re/V remains relatively constant under euxinic conditions (Fig. 5).  645 

Trends in Mo/U ratios are as striking in the Bowland Basin as they are in modern settings, with 646 

a dramatic increase to substantially elevated ratios in euxinic settings. In detail, Bowland Basin 647 

Mo/U ratios are below the UCC value in all redox settings except for samples deposited under 648 

euxinic conditions. This is similar to modern settings, with the exception that under anoxic 649 

conditions, modern settings have Mo/U ratios that are slightly above the UCC value (Fig. 5). This 650 

suggests that under ferruginous conditions in the Bowland Basin, sulfidic porewaters did not 651 

develop close to the sediment-water interface, thus limiting Mo drawdown and thereby resulting in 652 

relatively low Mo/U ratios. These observations further highlight how a detailed evaluation of RSTM 653 



ratios may provide insight into porewater redox conditions, in addition to water column redox 654 

systematics.  655 

A particularly important feature of the data relates to the clear increase in Mo/U ratios from 656 

weakly to highly euxinic conditions (Fig. 7). This occurs alongside a substantial increase in MoEF
* 657 

values, as well as moderate increases UEF
* and ReEF

* values, and Re/U and Re/V ratios (although 658 

given the divergent behaviour of Re/U and Re/V ratios relative to modern environments, we do not 659 

place particular emphasis on these ratio increases here). This clearly highlights the utility of Mo/U 660 

ratios, particularly when supported by increased MoEF
* values, for distinguishing weakly and highly 661 

euxinic conditions. For example, Mo isotopes in siliciclastic sediments deposited under euxinic 662 

conditions are commonly used to reconstruct the isotopic composition of seawater Mo, which may 663 

then be used to model the global extent of different redox conditions (e.g., Kendall, 2021). However, 664 

this approach requires relatively high concentrations of dissolved sulfide in the water column, to 665 

give near-quantitative Mo drawdown and hence a water-column Mo isotope signal (e.g., Neubert 666 

et al., 2008). Our findings suggest that Mo/U ratios may be a useful tool for evaluating the likelihood 667 

that this requirement is met. 668 

The techniques applied by Li et al. (2024) to the Bowland Basin redox reconstruction were not 669 

able to identify any degree of oxygen depletion from the water column, other than fully anoxic 670 

conditions. Thus, samples that did not show evidence for anoxic deposition were defined as ‘oxic’ 671 

(Fig. 3). However, our approach enables a refined interpretation for these samples, which are 672 

characterised by high Re/Mo ratios, moderate Re/U ratios and low Re/V ratios (Fig. 7), suggesting 673 

they were deposited under weakly dysoxic, rather than fully oxic, conditions (see Table 3). This 674 

refined redox interpretation is more consistent with the paleontological record for these horizons 675 



(e.g., the Pendleside Limestone; Fig. 3), where the benthos is characterised by a low diversity 676 

assemblage, comprising only a few thin-shelled brachiopods and bivalves, combined with small-677 

scale burrowing. This further highlights the enhanced utility of our approach, which may provide a 678 

hitherto unprecedented level of insight into ancient redox conditions and links to the biotic record. 679 

We also note that the redox interpretations outlined here are fully supported by a MoEF
*-UEF

* 680 

crossplot (Fig. 8), where the samples dominantly follow the redox trajectory pathway. However, a 681 

significant proportion of weakly euxinic samples (and perhaps some ferruginous samples), plot 682 

between the redox trajectory and particulate shuttle pathways, again highlighting the complex 683 

drawdown pathways for Mo from the water column, as suggested above for modern environments. 684 

In addition, the weakly dysoxic samples plot in a position that would previously have been assigned 685 

to oxic samples (see also Fig. 6a), again highlighting the limitations of such cross-plots for recognition 686 

of oxic to dysoxic settings, which instead requires detailed insight from Re-based RSTM ratios. 687 

 688 

6.3. Insight from the Kimmeridge Clay 689 

The Kimmeridge Clay samples provide an additional opportunity to assess the robustness of 690 

our RSTM approach, but in a way that is entirely independent of existing geochemical or 691 

mineralogical constraints on paleoredox interpretations. Oxygen-restricted biofacies 3-6 are 692 

considered to represent dysaerobic (i.e., dysoxic) conditions, with progressively increased levels of 693 

oxygen depletion from ORB 6 to ORB 3 (Wignall and Hallam, 1991; Wignall, 1994). As such, ORB 6 694 

may overlap with the 90-200 µM O2 zone, as indicated by the size range of pyrite framboid 695 

populations from this biofacies, which plot in the oxic-dysoxic field on a mean-standard deviation 696 

cross-plot (Wignall and Newton, 1998). Towards the other end of the redox spectrum, ORB 3 is 697 



comparable to our highly dysoxic zone, albeit with framboids plotting in the euxinic field on a mean-698 

standard deviation plot, although values are slightly greater than for ORB 1 and 2 (Wignall and 699 

Newton, 1988). ORBs 1 and 2 lack benthos and are interpreted to be anoxic biofacies, with ORB 1 700 

only containing fossils derived from the upper water column, thereby likely recording euxinic 701 

conditions (Wignall and Hallam, 1991; Wignall, 1994). Thus, in contrast to the Bowland Basin, which 702 

dominantly provides a window into differential RSTM behaviour under anoxic conditions, the 703 

Kimmeridge Clay Formation provides particularly enhanced resolution through the various zones of 704 

oxygen depletion, prior to the development of fully anoxic conditions. 705 

Redox-sensitive trace metal EF* trends for the Kimmeridge Clay Formation (Fig. 9) are similar to 706 

those observed for modern environments (Fig. 5), with a significant increase in UEF
* and MoEF

* values 707 

under anoxic/euxinic conditions, while ReEF
* values reach a relatively constant level under highly 708 

dysoxic and anoxic/euxinic conditions, and VEF
* values show an overall increase through the dysoxic 709 

zones, but with muted variability overall (Fig. 9). The RSTM ratios also show trends that are strikingly 710 

similar to those observed in modern environments. In detail, the clear progressive increase in Re/Mo, 711 

Re/U and Re/V ratios that occurs as the level of oxygen depletion intensifies from ORB 6 to ORB 3 712 

(Fig. 9), highlights the major utility of these proxies for identifying different intensities of dysoxia. It 713 

is noticeable, however, that Re/Mo ratios show a large degree of variability, and although average 714 

Mo/U ratios through these dysoxic zones show consistent behaviour with modern environments 715 

(i.e., low average values that are below the UCCMo/U ratio), the data also show considerable 716 

variability. The high degree of variability observed for these RSTM ratios is similar to that observed 717 

in modern environments (cf., Figs. 5 and 9), suggesting that the dysoxic Kimmeridge Clay Formation 718 



samples may have been similarly impacted by enhanced Mo drawdown via a particulate shuttle 719 

mechanism.  720 

We evaluate this in Fig. 10, which shows a clear separation in terms of samples that follow the 721 

redox trajectory and those that follow the particulate shuttle pathway, which in turn explains the 722 

large degree of variability apparent in dysoxic Re/Mo and Mo/U ratios (Fig. 9). This again highlights 723 

the utility of considering Mo-based RSTM ratios alongside MoEF-UEF cross-plots, since this approach 724 

allows samples that have been clearly affected by enhanced particulate shuttle drawdown to be 725 

identified. Hence, exclusion of such samples when calculating average Re/Mo and Mo/U ratios 726 

would potentially provide a more robust and diagnostic assessment of the different oxygen-727 

depleted zones. 728 

The RSTM ratio characteristics of the anoxic/euxinic ORB 1 and 2 are also entirely consistent 729 

with the insight obtained from modern environments. Here, the substantial increase in Mo/U ratios, 730 

combined with elevated MoEF
* values and low Re/Mo ratios (Fig. 9), is clearly highly characteristic 731 

of euxinic settings, with the progressive increase in Mo/U ratios from ORB 2 to ORB 1 supporting 732 

highly euxinic conditions in the latter case, which is consistent with independent constraints from 733 

pyrite framboid size range analyses (Wignall and Newton, 1998). 734 

 735 

6.5. Improved application of RSTMs as paleoredox proxies 736 

Most reconstructions of paleoredox conditions over recent years have focussed on identifying 737 

oxic, anoxic (often ferruginous) and euxinic water column conditions, largely because commonly 738 

used techniques such as Fe speciation are not able to distinguish different levels of oxygen depletion 739 

prior to the development of anoxia (e.g., Poulton and Canfield, 2011; Raiswell et al., 2018; Poulton, 740 



2021). Furthermore, as demonstrated here, Mo-U covariation (e.g., Algeo and Tribovillard, 2009; 741 

Tribovillard et al., 2012) does not adequately distinguish oxic and dysoxic depositional conditions 742 

(Fig. 6). Our approach of combining RSTM EF values with RSTM ratios provides heightened, robust 743 

nuance in terms of redox reconstructions in general, particularly allowing a range of oxygen-744 

depleted settings to be recognised, while strengthening identification of weakly and highly euxinic 745 

conditions. 746 

Noting the general move away from defining specific threshold values for universal application 747 

to different environmental settings, due to the likelihood for inherent regional variability (see 748 

Poulton and Canfield, 2011; Algeo and Li, 2020; Poulton, 2021), we specifically stop short of defining 749 

such values here. Nevertheless, the broad ranges observed for RSTM EF* values and ratios are 750 

reasonably consistent between modern and ancient settings, thereby providing a first 751 

approximation of different redox states. However, it is the combined consideration of relative 752 

changes in enrichment factors and ratios, combined with the additional insight afforded by MoEF-753 

UEF cross-plots, that provides the most robust redox interpretation, particularly when applied 754 

alongside independent techniques such as Fe speciation (Poulton and Canfield, 2011; Poulton, 2021), 755 

I/(Ca+Mg) ratios (Lu et al., 2010) and/or pyrite framboid size ranges (Wilkin et al., 1996; Wignall and 756 

Newton, 1998). 757 

Based on the combined characteristics of samples from modern settings, and from the Bowland 758 

Shale and Kimmeridge Clay formations, fully oxic (>200 µM O2) conditions are commonly 759 

characterized by low EF* values and low RSTM ratios, although slightly elevated ReEF
* values and 760 

depleted (< 1) VEF
* values may indicate dysoxic porewaters close to the sediment-water interface. 761 

The 90-200 µM O2 zone is also marked by variable development of dysoxic porewaters close to the 762 



sediment-water interface, but in general, Re enrichments tend to be at a moderate level, giving 763 

similarly elevated Re/Mo and Re/U ratios. Weakly dysoxic settings are characterized by the 764 

additional development of higher Re/Mo ratios and moderate Mo/U ratios, but in both cases, these 765 

ratios may be impacted by enhanced drawdown of Mo via the particulate shuttle pathway, which 766 

requires consideration in terms of a MoEF-UEF cross-plot. Highly dysoxic settings may also be 767 

significantly affected by Mo drawdown via the particulate shuttle pathway, however, this redox 768 

zone is characterized by moderate average UEF
* and MoEF

* values, and high ReEF
* values, resulting in 769 

high Re/Mo, Re/U and Re/V ratios.  770 

Anoxic non-sulfidic conditions are, perhaps surprisingly, rather difficult to resolve from RSTM 771 

systematics alone, since while U enrichment factors may be somewhat elevated (see Fig. 5), there 772 

is commonly a high degree of overlap with dysoxic settings. Similarly, most other RSTM enrichment 773 

factors and ratios also show significant overlap with other redox states. However, low Re/Mo ratios 774 

alongside elevated UEF
* values may be considered diagnostic of anoxic conditions (Figs. 5 and 7; 775 

Table 3). In addition, recognition of anoxic non-sulfidic conditions may be achieved via Fe speciation 776 

analyses (Poulton and Canfield, 2011; Poulton, 2021), which considered alongside RSTM systematics, 777 

can provide a particularly robust indication of anoxic, non-sulfidic water column conditions (e.g., He 778 

et al., 2022; Li et al., 2024).  779 

A particularly useful aspect of our refined evaluation of RSTM systematics is the potential ability 780 

to distinguish weakly and high euxinic conditions. Euxinia in general may be identified by high Mo/U 781 

ratios, combined with high MoEF
* values and low Re/Mo ratios (Table 3; Fig. 5; Fig. 9), but particularly 782 

elevated Mo/U ratios and MoEF
* values are diagnostic of highly euxinic conditions (Fig. 7). One 783 

caveat here is that a low level of Mo resupply to a particular basin may result in depleted Mo 784 



drawdown, even under highly euxinic conditions, as appears to occur in the Kyllaren Fjord 785 

(Noordmann et al., 2015) and to an extent in the Black Sea (Algeo and Lyons, 2006). In addition, 786 

global RSTM drawdown under widespread anoxia/euxinia may also result in limited enrichment of 787 

Mo in the sediments (e.g., Algeo, 2004; Goldberg et al., 2016). Nevertheless, very high Mo/U ratios 788 

and MoEF
* ratios, combined with low Re/Mo ratios, appear to provide a robust indication of highly 789 

euxinic conditions.  790 

 791 

7. Conclusions 792 

Our RSTM datasets from modern and ancient environments provide new insight into the utility 793 

of RSTMs for reconstructing ancient redox conditions. Modern settings have average UEF
* values 794 

that gradually increase from oxic to euxinic conditions, but this parameter alone does not 795 

adequately distinguish dysoxic to euxinic conditions due to a high degree of overlap between each 796 

redox field (Fig. 11). Similarly, enhanced Mo accumulation may occur under dysoxic, anoxic non-797 

sulfidic and euxinic depositional conditions, due to drawdown either via a particulate shuttle 798 

mechanism under non-euxinic conditions (e.g., Arabian Sea, Peru margin) or due to water column 799 

euxinia (e.g., Black Sea). However, these pathways may be distinguished by MoEF
*-UEF

* cross-plots, 800 

thus aiding redox interpretations. Rhenium accumulation in oxic and dysoxic settings is highly 801 

variable, and is regulated by oxygen depletion in porewaters, which is related to organic carbon 802 

depositional fluxes and sedimentation rates. Under anoxic and euxinic conditions, ReEF
* values are 803 

also rather variable, with significant overlap with highly dysoxic settings, thus limiting robust redox 804 

reconstructions based Re enrichment factors alone (Fig. 11). Vanadium enrichments are highly 805 



dependent on porewater redox conditions, with enrichments commonly occurring across a wide 806 

spectrum of redox conditions. 807 

Redox sensitive trace metal ratios provide heightened insight into paleoredox conditions. In 808 

modern settings, Re/Mo ratios are commonly high under dysoxic conditions and low under anoxic 809 

to euxinic conditions, with particularly low ratios occurring under euxinic conditions (Fig. 11). An 810 

overall progressive increase in Re/U and Re/V values from oxic to dysoxic conditions highlights the 811 

utility of these ratios for providing unprecedented insight into the degree of oxygen depletion in 812 

ancient marine settings (Fig. 11). Mo/U ratios are persistently low under oxic conditions, but 813 

elevated ratios may occur under dysoxic and euxinic conditions (Fig. 11). However, MoEF
*-UEF

* cross-814 

plots can again distinguish these drawdown pathways, and euxinic conditions may also be identified 815 

by the combined consideration of Re/Mo ratios.  816 

Our new data from the Bowland Basin and the Kimmeridge Clay Formation show a high degree 817 

of consistency with modern settings. The Bowland Basin data are particularly useful for 818 

demonstrating how weakly and strongly euxinic conditions may be distinguished using Mo/U ratios 819 

(Fig. 11). This approach should prove useful in future studies attempting to track the Mo isotope 820 

composition of ancient seawater, which requires quantitative drawdown of Mo under strongly 821 

euxinic conditions. Another important finding from the Bowland Shale study, is that weakly dysoxic 822 

conditions may be identified by high Re/Mo, moderate Re/U and low Re/V ratios. The Kimmeridge 823 

Clay RSTM data allow an independent calibration relative to the paleontological record, via the 824 

determination of oxygen-restricted biofacies. This approach demonstrates how RSTM ratios, 825 

particularly when combined with MoEF
*-UEF

* cross-plots, may be used to reconstruct different 826 

degrees of oxygen depletion under dysoxic conditions.  827 



Consequently, our approach demonstrates how a combination of RSTM ratios, enrichment 828 

factors and MoEF-UEF cross-plots, particularly when applied alongside independent paleoredox 829 

indicators such as Fe speciation, I/(Ca+Mg) ratios and/or pyrite framboid size ranges, can be used 830 

to reconstruct a broad spectrum of redox conditions during deposition of ancient mudrocks. Fully 831 

oxic settings (> 200 µM O2) record low RSTM ratios and EF* values, while slight increases in Re/Mo 832 

and Re/U ratios indicate a subtle decline in O2 concentrations (90-200 µM). A transition from weakly 833 

(30-90 µM O2) to highly (<30 µM O2) dysoxic conditions may be revealed by increases in Re/Mo, 834 

Re/U and Re/V ratios, accompanied by RSTM EF* values that only become notably enriched under 835 

highly dysoxic conditions. Water column anoxia is indicated by enhanced UEF
* values and a sharp 836 

decline in Re/Mo ratios. Euxinic conditions are marked by high Mo/U, low Re/U and very low Re/Mo 837 

ratios, alongside high MoEF
* values. Additionally, the increasing intensity of euxinia can be identified 838 

by exceptionally high Mo/U and MoEF
* values. While further detailed studies of RSTM systematics 839 

under different redox conditions in the modern environment are clearly required, our new insight 840 

suggests that when applied appropriately and with consideration for potential local environmental 841 

controls, a hitherto unprecedented level of insight into paleodepositional redox conditions may be 842 

achieved.   843 
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