
 1 

 

Redox-sensitive trace metals as paleoredox proxies: a 

review and analysis of data from modern sediments 

 

William W. Bennett 1,2,* and Donald E. Canfield 1 

 

1 Nordcee, Department of Biology, University of Southern Denmark, Campusvej 55, 5230 Odense 

M, Denmark 

2 Environmental Futures Research Institute, School of Environment and Science, Griffith University 

Gold Coast campus, Queensland 4215, Australia 

 

*Corresponding Author: w.bennett@griffith.edu.au 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2 

Abstract 

Redox-sensitive trace metals have been used extensively as geochemical proxies to infer the redox-

status of marine sediments at the time of their deposition, and by extension, the concentration of 

oxygen in the overlying water and atmosphere. However, to reliably apply these paleoredox proxies 

in ancient sediment samples we must calibrate their geochemical behavior in modern sedimentary 

environments with known redox-status. Here we report a new compilation and analysis of modern 

trace-metal enrichment data for a range of marine depositional environments, including euxinic basins, 

continental margin upwelling settings, and normal oxic settings. The enrichments (i.e., concentrations 

normalized to aluminum content) of vanadium, uranium, molybdenum and rhenium (the VUMoRe 

database) in the various depositional categories were analyzed using receiver operating characteristic 

(ROC) curve analysis to systematically identify threshold values that differentiate the various settings. 

The enrichment of both Mo (> 5.0 µg g-1/%) and V (> 23 µg g-1/%), but with V not exceeding 46 µg 

g-1/%, provides strong evidence for a euxinic basin-type depositional environment. Furthermore, the 

enrichment of V (> 46 µg g-1/%), U (> 5 µg g-1/%) and Mo (> 5 µg g-1/%)  is strong evidence for 

sediments depositing within the anoxic core of perennial OMZ environments, whereas the enrichment 

of U (> 1 µg g-1/%) coinciding with a low enrichment of V (< 23 µg g-1/%) and Mo (< 5 µg g-1/%)  is 

strong evidence of sediment deposition in the oxic water beneath the core of a perennial OMZ 

environment. The new method we describe here for determining enrichment thresholds of trace metal-

based redox proxies will support the reliable classification of ancient depositional environments and 

the ongoing development of trace metals as paleoredox proxies. 
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1. Introduction 

Redox-sensitive trace metals such as vanadium (V), uranium (U), molybdenum (Mo) and rhenium 

(Re) are often applied as paleoredox proxies in ancient sediments (Brumsack, 2006; Scholz, 2018; 

Tribovillard et al., 2012, 2006; Zhang et al., 2016). The authigenic enrichment of these metals in 

sediments is driven by the different solubility and/or affinity for particulates of the various redox 

states, which in turn can be related to the redox status at the time of sediment deposition or during 

early diagenesis (Tribovillard et al., 2006). These paleoredox proxies are routinely applied to samples 

from various periods of geologic time, including: the Neoarchean Era, where they provided strong 

evidence for the oxygenation of ocean margins during this time (e.g. Kendall et al., 2010); the 

Mesoproterozoic Era, where they have provided new insights into atmospheric oxygen concentrations 

(e.g. Wang et al., 2017; Zhang et al., 2016); and the Mesozoic Era, where they provided evidence of 

increased productivity and wide-spread euxinic conditions during the Cenomanian/Turonian oceanic 

anoxic event (e.g. Brumsack, 2006). 

 

Despite the extensive use of trace metal redox proxies to interpret the ancient rock record, there have 

been no attempts to use observations from modern systems to objectively determine enrichment 

thresholds for differentiating various depositional environments. Qualitative reviews of paleoredox 

proxy geochemistry (e.g. Tribovillard et al., 2006) provide a useful framework for understanding 

general patterns of enrichment and how they might be used to infer paleoredox in the rock record, but 

they do not provide the detail required to derive enrichment thresholds for differentiating depositional 

environments. Similarly, studies that compile data from a limited number of modern locations for 

comparison with ancient sediments fail to account for the variability that may be present across 

different locations experiencing similar redox conditions. Ultimately, the lack of a comprehensive 

modern calibration of redox-sensitive trace metal enrichments for specific depositional environments 

limits the accuracy of any application of these proxies to ancient sediments. 
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Recently, Cole and co-workers criticized the widespread application of redox-sensitive trace metals 

as paleoredox proxies, with their primary concern being a highly variable detrital signal for some 

commonly used trace metals (i.e. Fe, Cr, U, V) (Cole et al., 2017). Their approach for assessing the 

variability in the detrital signal was to use data from soils across the United States averaged on the 

catchment scale. This approach, while demonstrating wide variability, fails to account for the various 

processes of sediment transport from the terrestrial to the marine environment that are likely to reduce 

detrital signal variability prior to deposition (e.g. fluvial mixing and selective transport of fine 

particulates; estuarine mixing and flocculation of larger particulates; and finally, oceanic mixing). The 

authors concluded that, given the high degree of variability observed in soils at the catchment scale 

for the selected paleoredox proxies, future assessments of authigenic enrichment/depletion should 

account for detrital variability by using confidence intervals rather than single crustal average cutoff 

values. While we agree that applying confidence intervals to account for variability under given 

depositional conditions is a valuable approach, we propose that the most accurate way in which to 

derive threshold values of trace metal enrichment/depletion in marine sediments is to examine 

observations from marine sediments themselves, rather than from soils. 

 

Here we present a new approach to deriving paleoredox proxy threshold values for differentiating 

authigenic enrichment/depletion from the detrital signal. All available redox-sensitive trace metal data 

from modern depositional environments was synthesized into a common database, and trace metal 

enrichment/depletion thresholds were derived using a statistically robust, systematic and objective 

approach. These thresholds, based on empirical observations of modern sedimentary environments, 

provide a reliable foundation for the paleoredox interpretation of the ancient sedimentary record. 
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2. Materials and Methods 

2.1. Data compilation 

Geochemical data were compiled from published and unpublished sources for a variety of modern 

depositional environments, defined in this case as sediments less than ~10,000 years old (Table 1). 

The full database, referred to as the VUMoRe database from this point forward, is freely available for 

download as an Electronic Annex. The studied environments included restricted, permanently euxinic 

basins, such as the Black Sea and the Cariaco Basin; unrestricted continental margin settings where 

either seasonal or perennial oxygen-minimum zones (OMZs) exist, such as the Chilean and Namibian 

margins; and several ‘normal’ oxic marine settings. We restricted our compilation to data from well-

characterized depositional environments (e.g. direct measurements of bottom water O2 and/or H2S 

concentrations), and to the most commonly applied paleoredox proxies (i.e. V, U, Mo, Re). It should 

be noted that the geochemical data in this compilation come from a variety of sample-types, depending 

on the design of the original study, which may represent different sources of geochemical variability. 

For example, a series of surficial sediment samples from different sites within a location will reflect 

spatial variability in geochemical processes; whereas samples from various depths within a single 

sediment core at a single site will reflect temporal variability and the influence of early diagenetic 

processes. We do not attempt to analyze data from the various sample-types separately, but rather take 

the approach of pooling all data to allow the investigation of broad trends in trace metal enrichment 

from various depositional environments. This results in the highest degree of variability within each 

depositional environment and, therefore, represents the most conservative approach to investigating 

the geochemical differences between them. Finally, we acknowledge the large variation in sample 

numbers for the various depositional categories (up to a factor of ~5 for Beneath Seasonal OMZ and 

Within Perennial OMZ categories), and while this will contribute to uncertainty in our analysis, it 

highlights the need for additional research of trace metal behavior in modern marine environments. 
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Table 1. Characteristics of each location within each depositional environment. 

Dep. Env. Location 
BW O2 
(µM) 

Water 
Depth (m) 

Data 
points 

No. 
Sites 

No. 
Depths Source(s) 

Euxinic Basin 

Black Sea, Unit I (a) 0 380-1176 58 2 27-31 (Lüschen, 2004) 

Black Sea, sapropel 
(b) 0 460-2186 12 4 3 (Brumsack, 1989) 

Black Sea (c) 0 1503-2164 11 5 1-3 (Ravizza et al., 1991) 

Cariaco Basin 0 893 52 1 52 (Piper and Dean, 
2002) 

Within  
Perennial 
OMZ 

Peruvian Margin (a) < 5 153-364 7 7 1 (Böning et al., 2004) 

Peruvian Margin (b) 0 259-376 41 3 7-18 (Scholz et al., 2011) 

Namibian Margin (a) 0 <150 16 16 1 (Calvert and Price, 
1983) 

Namibian Margin (b) 0 83 64 1 64 (Borchers et al., 
2005)a 

Mexican Margin < 5 235-785 9 9 1 (Nameroff et al., 
2002) 

Beneath  
Perennial 
OMZ 

Peruvian Margin (a) 10-100 593-1357 4 4 1 (Böning et al., 2004) 

Peruvian Margin (b) 12-93 697-2025 50 5 6-14 (Scholz et al., 2011) 

Mexican Margin 17 1020 1 1 1 (Nameroff et al., 
2002) 

Within  
Seasonal 
OMZ 

Chilean Margin (a) 0.7b 126 6 1 6 (Böning et al., 2009, 
2005) 

Chilean Margin (b) 0b 34-122 6 3 2 This workc 

Gulf of California nd 415-800 59 5 9-21 (Brumsack, 1989) 

Beneath  
Seasonal 
OMZ 

Chilean Margin (a) 140 536-798 23 2 11-12 (Böning et al., 2009, 
2005) 

Chilean Margin (b) 105-220 1015-2000 4 2 2 This workc 

Oxic 

Senegal Margin 200-240 1445-3804 12 3 4 (Morford and 
Emerson, 1999) 

Washington Margin 25-100 110-1994 29 4 4-10 (Morford and 
Emerson, 1999) 

Skagerrak 230-260 190-695 8 3 2-3 This workc 

Svalbard 289-347 115-329 8 4 2 This workc 

Long Island Sound 250 5-18 6 3 2 This workc 
a additional, unpublished data was provided by the authors; b lowest observed bottom-water O2 concentration; c previously 
unpublished data from the authors personal sample collection, analyzed as per protocols described in Wang et al. 2017. 
 

2.2. Data filtering 

Data were filtered using specific criteria to ensure samples from uncertain depositional conditions 

were not included in the analysis: 1) only permanently euxinic settings were included in the ‘euxinic 

basin’ category, thereby excluding seasonally euxinic settings such as Saanich Inlet (although this 

location is considered separately in Section 3.6.1); 2) only samples where sediments deposited within 
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the core of an OMZ were attributed to the ‘within OMZ’ category; 3) samples where sediments 

deposited within the upper or lower edge of an OMZ were not included in any category due to possible 

variability in the position of the chemocline; 4) samples where sediments deposited beneath the core 

of an OMZ were only included in the ‘beneath OMZ’ category if bottom water O2 was equal to or 

greater than 10 µmol L-1; 5) locations were classified as ‘seasonal OMZ’ if they experience substantial 

periods (i.e. months) without upwelling throughout the year, and ‘perennial OMZ’ if upwelling tends 

to persist throughout the year (albeit with variable intensity); and 6) samples from normal marine 

environments were only included in the ‘oxic’ category if there was no evidence of anaerobic 

respiration in the water column. We acknowledge that individual measurements of O2 at a location at 

one time may not represent the average O2 concentration at that location, but the sites included in this 

compilation are sufficiently well-characterized that the probability of misclassification is low. 

 

2.3. Trace metal normalization 

To compare trace metal data from the wide variety of sedimentary locations considered in this work it 

was necessary to normalize the trace metal concentration data. There are several approaches for trace 

metal normalization in sediments, with the most common being division of trace metal concentrations 

by aluminum concentrations (TM/Al) to account for terrigenous detrital inputs. This approach is 

subject to a number of limitations, as outlined in detail by Van Der Weijden (2002), including the 

introduction of spurious correlations between element ratios that were originally uncorrelated, and the 

modification of genuine correlations between the original non-normalized variables. Furthermore, the 

use of aluminum as a normalizing element in sediments with low detrital inputs and high biogenic 

components (e.g. continental margin upwelling sediments) can lead to unrealistically high TM/Al 

values (Brumsack, 2006). 

 

An alternative approach to normalization using aluminum is to calculate the excess trace metal content 

(TMXS) of the sediments, as described by Brumsack (2006), which can provide a more reliable 

indicator of trace metal enrichment in sediments with low detrital inputs. However, this normalization 
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requires knowledge of the metal to aluminum ratio in the detrital fraction of the sediment – this is 

often unknown and a crustal average value used instead, which can introduce considerable error when 

an environment receives terrigenous inputs that differ from the crustal average composition. The same 

limitation exists with enrichment factors (EF) calculated by division of TM/Al values by the crustal 

average. 

 

In this study we compare trace metal concentrations from a wide variety of locations, which 

necessitates some form of normalization to account for the vastly different detrital inputs. We avoid 

analyzing correlations between normalized metal concentrations, but rather we take the approach of 

determining threshold values that allow the differentiation between the various depositional 

environments. Given the variety of depositional environments considered in this work, we argue that 

the use of TM/Al is the most objective approach for determining threshold values for differentiating 

these environments, where: 

𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑒𝑒𝑒𝑒𝑚𝑚 =  
𝑇𝑇𝑒𝑒𝑇𝑇𝑒𝑒𝑒𝑒 𝑚𝑚𝑒𝑒𝑚𝑚𝑇𝑇𝑚𝑚 𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑒𝑒𝑇𝑇𝑚𝑚𝑒𝑒𝑐𝑐𝑒𝑒 (𝜇𝜇𝜇𝜇 𝜇𝜇−1)
𝐴𝐴𝑚𝑚𝐴𝐴𝑚𝑚𝑒𝑒𝑒𝑒𝐴𝐴𝑚𝑚 𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑚𝑚𝑒𝑒𝑇𝑇𝑚𝑚𝑒𝑒𝑐𝑐𝑒𝑒 (𝑤𝑤𝑚𝑚. %)

 

For those researchers wanting to analyze the data in a different way (e.g. TMXS), all raw data is freely 

available in the VUMoRe database. 

 

2.4. Statistical analysis and threshold derivation 

All statistical analyses were done using GraphPad Prism 7.04 (GraphPad Software, Inc.). The 

normality of the datasets was evaluated using the D’Agostino and Pearson normality test (p = 0.05). 

The studied data within each depositional environment category were not consistently normally 

distributed, which remained the case after log transformation. Consequently, differences in TOC 

concentration and trace metal enrichment between depositional environments were evaluated using 

Kruskal-Wallis non-parametric tests followed by Dunn’s multiple comparisons post-hoc tests (p = 

0.05). 
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Receiver operating characteristic (ROC) curve analysis was done on each combination of depositional 

environment, for each element. Optimal threshold values were selected based on maximizing the 

Youden’s J statistic (J-index), calculated as the sum of the true positive rate (TPR) and the true 

negative rate (TNR) minus one. This index places equal weight on minimizing both the false positive 

rate (FPR) and the false negative rate (FNR) (Youden, 1950). Additional details of the ROC curve 

analysis are provided in Section 3.6. For a comprehensive discussion of ROC analysis, we refer the 

reader to Berrar and Flach (2012). 

 

3. Results and Discussion 

3.1. Total organic carbon 

The selected depositional environment categories were initially investigated for differences in their 

TOC concentrations (Figure 1). Sediments depositing within the anoxic core of perennial OMZ 

environments (within P-OMZ) had significantly higher TOC concentrations than all other 

environments, with a median TOC concentration of 10.5 wt. %. All other depositional environments 

had median TOC concentrations between 2.0 – 4.7 wt. %. The TOC concentration of the oxic 

environments (median of 2.0 wt. %) is reflective of the nearshore and continental margin locations 

that comprise this category – this is due to a general lack of trace metal enrichment data from deep sea 

marine settings. Thus, while our TOC concentrations for oxic environments do not reflect the global 

average (0.6 wt. %, after diagenesis, for fine-grained sediments; Berner, 1982), the bias toward TOC-

enriched oxic sites is likely to result in a more conservative assessment of the threshold between oxic 

and OMZ/euxinic depositional environments due to the enhanced trace metal enrichment typically 

associated with organic matter deposition. 
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Figure 1. Total organic carbon (TOC) concentrations (wt. %) of a range of modern marine 

depositional environments (Table 1). The box represents the interquartile range; the whiskers 

represent the 5th and 95th percentiles; and the cross represents the mean. Data exceeding the 5th 

and 95th percentiles are represented as open circles. Letters indicate significant differences at 

the p = 0.05 level. 

 

3.2. Trace metal enrichments 

The compiled trace metal enrichment data for each depositional environment were plotted as box and 

whisker plots (Figure 2) to investigate patterns of enrichment. Broadly, the smallest enrichments are 

recorded from sediments experiencing either permanent, or at least temporary, exposure to oxygen 

(i.e. normal oxic or seasonal OMZ environments). Trace metal enrichments in the sediments of euxinic 

basins are typically larger than all other environments except for those depositing within perennial 

OMZ settings, where the largest trace metal enrichments are recorded. Data from the Namibian Margin 

drives the very large enrichments observed for sediments depositing within perennial OMZs (see 

Figure S1 of the Supplementary Information for a figure of trace metal enrichments with the Namibian 

data excluded). This may be due to the high porewater concentrations of dissolved sulfide (up to 22 

mmol L-1) that drive a flux of sulfide to the water-column of the Namibian Margin (Borchers et al., 

2005; Brüchert et al., 2003; Emeis et al., 2004), although this has recently been observed to also occur 
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on the Peruvian Margin (Schunck et al., 2013). The degree to which the high concentration of 

dissolved sulfide in OMZ shelf sediments and bottom-waters drives the trace metal enrichments in 

these areas remains an area in need of additional research. 

 

The effect of diagenesis on trace metal enrichments was explored by plotting depth profiles for those 

sites where core data was available (Figure S2) and determining the mean, standard deviation and 

coefficient of variation for each location (Table 2). There was a relatively high variability of 

enrichment with depth in perennial OMZ settings (i.e. Namibian and Peruvian Margins), indicated by 

coefficients of variation from 36-61 %. This is in contrast to the lower variability typical of the other 

locations; for example, the range of coefficients of variation observed in euxinic settings was only 8.7-

26 %. Unfortunately, there is insufficient data to draw reliable conclusions about the impact of 

diagenesis on trace metal enrichments at these locations; therefore, we have included observations 

from all depths in our statistical analysis. Future research should seek to explore the impact of 

diagenesis on trace metal enrichments in these settings to allow further refinement of our findings. 
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Table 2. Mean enrichment, standard deviation (SD) and coefficient of variation (CV) for trace 

metal enrichment depth profiles at selected locations. 

Location Core ID Metal 
Enrichment (µg g-1/%) 

CV (%) Source(s) 
Mean SD 

Black Sea Station 6 

V 29 6.3 22 

(Lüschen, 2004) 
U 3.3 0.75 23 

Mo 17 4.5 26 

Re 5.0 0.85 17 

Cariaco Basin PL07-39PC 
V 30 2.6 8.7 

(Piper and Dean, 2002) 
Mo 12 2.9 24 

Namibian Margin SL226620 

V 140 73 52 

(Borchers et al., 2005) 
U 33 20 61 

Mo 41 25 61 

Re 16 5.7 36 

Peruvian Margin MUC19 

V 64 31 48 

(Scholz et al., 2011) U 5.9 2.3 39 

Mo 10 3.6 36 

Gulf of California E17 
V 22 2.5 11 

(Brumsack, 1989) 
Mo 2.6 0.85 33 

Washington Margin WEC203B 

V 17 0.89 5.2 

(Morford and Emerson, 1999) 
U 0.37 0.080 22 

Mo 0.15 0.032 21 

Re 1.1 0.55 50 

 

Possible drivers of the observed trace metal enrichment patterns will be explored in more detail in the 

following sections. We note, however, that it is not the objective of this work to provide a 

comprehensive review of the marine geochemistry of V, U, Mo and Re (we refer the reader to Morford 

and Emerson, 1999; Tribovillard et al., 2006; Brumsack, 2006; and Sheen et al., 2018 for this purpose). 

Rather, we discuss the general patterns of enrichment in the context of their utility in differentiating 

different depositional environments. 
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Figure 2. Trace metal enrichments (log10 scale) of a range of modern marine depositional 

environments. The box represents the interquartile range; the whiskers represent the 5th and 

95th percentiles; and the cross represents the mean. Data exceeding the 5th and 95th percentiles 

are represented as open circles. Letters indicate significant differences at the p = 0.05 level. The 

crustal average value (Rudnick and Gao, 2013) is shown as a gray solid line with two standard 

deviations represented by the gray shading (except for Re, where the two gray lines represent 

two separate estimates of the crustal average value) (Li and Schoonmaker, 2003; Rudnick and 

Gao, 2013). The dashed gray lines on the V/Al plot represent the confidence interval for detrital 

vanadium enrichments proposed by Cole et al. 2017. 

 

3.2.1. Vanadium 

The early diagenetic behavior of V in marine sedimentary environments is not well studied (Ho et al., 

2018; Scholz, 2018). Despite this, V enrichment (or lack of) has been previously used to assist with 

inferring the redox status of ancient marine depositional environments (e.g. Piper and Calvert, 2009; 

Pi et al., 2013; Zhang et al., 2016). The compilation of V enrichment data from various depositional 
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environments allows us to examine broad patterns in V geochemistry and provide a more reliable 

assessment of the utility of V as a paleoredox tracer in ancient environments. 

 

The largest V enrichments are observed in sediments depositing within the core of perennial OMZs 

(median = 92.0 µg g-1/%), which is in stark contrast to the three-fold lower enrichments observed in 

euxinic basins (median = 29.5 µg g-1/%). Samples from the Namibian Margin exhibit the largest 

enrichments in perennial OMZ settings, although the majority of observations from the Peruvian 

Margin also exceed those from euxinic basins (Figure S1). The broad enrichment trends are consistent 

with the large flux of reactive solid phases (e.g. particulate organic matter and Fe/Mn-

(oxyhydr)oxides, capable of adsorbing dissolved V) to the seafloor in OMZ environments coupled 

with the high water renewal rates (and therefore dissolved V) typical of open marine environments 

(Algeo and Lyons, 2006; Ho et al., 2018; Scholz et al., 2017; Sweere et al., 2016). In contrast, 

hydrographically restricted euxinic basins tend to have lower rates of sedimentation and deep-water 

renewal, which may limit the accumulation of V in these environments (Algeo and Lyons, 2006; 

Scholz, 2018).  

 

In modern depositional settings where oxygen is present (i.e. normal oxic environments and beneath 

OMZs), V is slightly, on average, enriched above the crustal average value of 11.9 µg g-1/% (Rudnick 

and Gao, 2013). The much lower V enrichment for sediments depositing beneath the core of perennial 

OMZs, relative to sediments depositing within the core of perennial OMZs, indicates that the oxic 

bottom-waters limit the accumulation of V under these conditions (see below for further discussion of 

the possible geochemical mechanisms). This highlights the possibility of using a low V enrichment 

coupled with enrichment of U, for example (see Section 3.2.2), as an indicator of sediments depositing 

in the oxic waters beneath a perennial OMZ setting (Calvert and Pedersen, 1993; Zhang et al., 2016). 

 

Within surficial sediments depositing in the oxic water underlying an OMZ, V adsorbed to Fe/Mn-

(oxyhydr)oxides may be released to the porewater and diffuse to the overlying water. The likely 
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absence of free sulfide in close proximity to the zone of Fe/Mn-reduction may prevent the capture of 

V from the porewater as authigenic V solid-phases (e.g. V(III) hydroxide) (Wanty and Goldhaber, 

1992). This is in contrast to the conditions present in the sediments depositing within an OMZ, where 

sulfate-reduction is likely to occur in closer proximity to the sediment-water interface, and thus 

dissolved sulfide is available to reduce dissolved V to the insoluble V(III) oxidation state (Böning et 

al., 2004). We note that the thermodynamics of V(III) hydroxide formation are poorly studied (Wanty 

and Goldhaber, 1992), and its presence in marine sediments has not, to our knowledge, been directly 

observed. 

 

Particulate organic matter also plays a role in the transport of V to the seafloor (Ho et al., 2018; 

Ohnemus et al., 2017), although the relative importance of POM versus reactive mineral phases as a 

transport vector to sediments remains unclear and is likely to be highly variable. POM-associated V 

should be more effectively liberated in the oxic bottom-waters beneath an OMZ, due to the high rate 

of organic matter mineralization associated with oxic respiration (Canfield, 1994). In contrast, the 

anoxic water column conditions overlying sediments depositing within an OMZ environment should 

favor the preservation of particulate organic matter (Nierop et al., 2017) and, in turn, the retention of 

associated V within the sediment. Again, authigenic V(III) hydroxide formation may play an important 

role in retaining V once it is liberated from POM, although the relative importance of this mechanism 

is currently unknown. 

 

3.2.2. Uranium 

The largest U enrichments occur for sediments depositing within the core of perennial OMZs (median 

= 15.8 µg g-1/%), with around four-fold lower enrichments observed for sediments depositing within 

euxinic basins (median = 3.7 µg g-1/%). The large U enrichments in perennial OMZ settings are 

dominated by samples from the Namibian Margin, although 75% of observations from the Peruvian 

Margin exceed the median of the euxinic basin enrichments (Figure S1). As discussed in Section 3.2.1, 

these trends may be partially explained by the more rapid deep-water renewal by upwelling in 
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continental margin OMZ settings compared to the relatively long deep-water residence times of 

restricted euxinic basins, where the concentration of U can be as low as 60% of the salinity-normalized 

seawater concentration (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009; Sweere et al., 2016). 

Additionally, zones of strong upwelling are characterized by high primary productivity and thus high 

fluxes of organic carbon to the seafloor, which can drive the enhanced authigenic enrichment of U in 

these sediments (McManus et al., 2006, 2005). We also note the possible importance of particulate 

non-lithogenic uranium (PNU), consisting of U that is most likely associated with biologically-derived 

particulates (e.g. phytoplankton remains) in the water-column (Hirose and Sugimura, 1991; Zheng et 

al., 2002). The PNU fraction has been reported to contribute up to 72% of total authigenic U in the 

sediments of the semi-enclosed Santa Barbara Basin and up to 54% of total authigenic U in the 

sediments depositing within the OMZ of the California Margin (Zheng et al., 2002), although the 

relative importance of this mechanism at other locations remains uncertain and should be the focus of 

future research.  

 

Relatively large enrichments in U are observed for sediments depositing in the oxic waters beneath 

perennial OMZs (median = 2.2 µg g-1/%), which are similar to the enrichments observed in euxinic 

settings and differentiate this particular oxic environment from the other oxic environments examined 

here (i.e. normal oxic and beneath seasonal OMZ settings where U enrichments are similar to the 

crustal average of 0.331 µg g-1/% (Rudnick and Gao, 2013)). The presence of an authigenic U 

enrichment signal in sediments underlying a perennial OMZ setting are likely due to the small oxygen 

penetration depths typical of these sediments that receive relatively large quantities of reactive organic 

carbon (McManus et al., 2005; Morford and Emerson, 1999); and the preservation of a substantial 

PNU signal owing to the generally low bottom-water oxygen conditions present beneath perennial 

OMZ settings (Zheng et al., 2002). In contrast, sediments depositing within normal oxic and beneath 

seasonal OMZ settings are exposed to higher oxygen concentrations (at least seasonally) than those 

depositing beneath perennial OMZ settings (Böning et al., 2005; Scholz et al., 2011). This scenario 

would typically result in greater oxygen penetration depths (and therefore a lower rate of authigenic 
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U precipitation) and conditions less favorable for the preservation of the sedimentary U signal 

(McManus et al., 2005; Zheng et al., 2002). 

 

In the context of ancient sedimentary environments, an important caveat is that PNU would have been 

less significant in pre-Mesozoic sediments due to the lack of planktic biomineralization (i.e. by 

foraminifera and coccolithophores) and was likely to be insignificant in Precambrian sediments due 

to the lack of biomineralization altogether (Ridgwell, 2005). Ancient sediments, therefore, may exhibit 

lower U enrichments than their modern analogues and thus require careful interpretation when using 

enrichment thresholds derived from modern environments. 

 

3.2.3. Molybdenum 

The largest Mo enrichments are observed in sediments depositing within the core of perennial OMZs 

(median = 23.9 µg g-1/%), which are approximately two-fold higher than the enrichments observed in 

euxinic basin sediments (median = 12.9 µg g-1/%) and over ten-fold higher than enrichments observed 

in sediments depositing within the core of seasonal OMZs (median = 2.07 µg g-1/%). A primary driver 

of Mo enrichment in anoxic environments is free sulfide; either by converting molybdate to the 

particle-reactive thiomolybdate species or by sorption/precipitation of Mo to/with authigenic iron 

sulfides (Algeo and Lyons, 2006; Erickson and Helz, 2002; Helz and Vorlicek, 2019). There is also 

increasing evidence, particularly from the application of X-ray absorption spectroscopic techniques 

for probing Mo bonding environments, that organic matter plays an important role in Mo scavenging 

(Dahl et al., 2017; Tessin et al., 2019; Wagner et al., 2017). This is further supported by the micro-

scale elemental analysis (by laser ablation – inductively coupled plasma mass spectrometry) of a range 

of ancient black shales and modern euxinic sediments that show only 0-20 % of Mo associated with a 

pyrite host phase (Chappaz et al., 2014). These findings reinforce the need for a range of Mo burial 

pathways, including those involving organic carbon, to be considered in paleoredox investigations. 
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In OMZ settings the high flux of reactive organic matter to the sediment drives high rates of sulfate 

reduction that can result in high concentrations of dissolved sulfide at shallow sediment depths, 

particularly in sediments with low concentrations of reactive iron (e.g. ~20 mmol L-1 sulfide reported 

in porewaters of some Namibian Margin sediments at depths < 10 cm) (Brüchert et al., 2003). While 

the sulfide-driven enrichment of Mo in OMZ settings has been thought to occur primarily within the 

sediment (Algeo and Lyons, 2006), there have been multiple reports of dissolved sulfide in the shelf 

regions of the water column of perennial OMZs such as those located on the Namibian and Peruvian 

Margins (Brüchert et al., 2003; Emeis et al., 2004; Schunck et al., 2013). Indeed, the Mo concentrations 

observed in sediments depositing within the OMZs on the Namibian and Peruvian margins (average 

= 49.9 ± 21.4 µg g-1) are broadly consistent with intermittent bottom water euxinia (Scott and Lyons, 

2012). Fe and Mn can also play a role in delivering Mo to the sediment via the sorption of molybdate 

to Fe/Mn-oxyhydroxides that ultimately sink to the sediment surface; such a mechanism has recently 

been reported as occurring on the Peruvian Margin (Scholz et al., 2017). The relative importance of 

this mechanism within other continental margin settings is an area that requires further research. 

 

In contrast to OMZ settings, euxinic basins contain consistently high dissolved sulfide concentrations 

that drive Mo enrichment in the underlying sediments (Algeo and Lyons, 2006; Algeo and Rowe, 

2012). However, these systems typically have much lower rates of deep-water renewal due to 

hydrographic restriction (Algeo and Lyons, 2006; Sweere et al., 2016), which may limit the resupply 

of dissolved Mo available for enrichment within the sediment. The data we present suggests that shelf 

sediments depositing within perennial OMZs can contain larger (i.e. approx. two-fold) enrichments of 

Mo than those depositing within euxinic basins, provided the OMZ supports sufficiently high 

concentrations of dissolved sulfide in the sediment and, occasionally, in the bottom waters (e.g. the 

Namibian and Peruvian Margin OMZs) (Brüchert et al., 2003; Emeis et al., 2004; Schunck et al., 

2013). 
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In normal oxic environments and beneath S-OMZs, Mo is only slightly enriched (0.16 – 0.21 µg g-

1/%) compared to the crustal average value of 0.135 µg g-1/% (Rudnick and Gao, 2013). Sediments 

depositing beneath perennial OMZs show a slightly larger enrichment in Mo (0.39 µg g-1/%) compared 

to the crustal average, but this value is highly variable compared to the other oxic environments. We 

note that one sediment sample collected from oxic sediments in the Skagerrak was enriched in Mo 

(6.4 µg g-1/%) and had very high concentrations of Mn (~2.9 %), which is consistent with strong Mo 

sorption to manganese oxide phases (N.B. this data-point was not included in the overall synthesis of 

Mo enrichment data) (Crusius et al., 1996). 

 

3.2.4. Rhenium 

The largest Re enrichment occurs in sediments depositing within the core of perennial OMZs (median 

= 14.6 ng g-1/%), although Re is only slightly less enriched in euxinic settings (median = 10.9 ng g-

1/%). Previous work has demonstrated that Re is enriched via diffusion into the sediment and 

precipitation of reduced authigenic Re solid-phases (Crusius et al., 1996; Morford et al., 2005). This 

enrichment process only seems to occur within the sediment porewater and not in the overlying water, 

even when the overlying water is strongly reducing (i.e. euxinic basins) – this implies that slow 

reaction kinetics favor the precipitation of Re in the sediment porewater (Crusius and Thomson, 2000). 

The extent of Re enrichment is primarily driven by the rate of organic carbon respiration, which drives 

the reducing conditions necessary for Re precipitation and is reflected in the positive correlation 

observed between Re enrichment and shallow oxygen penetration depths (Morford et al., 2012). 

 

More broadly, in open marine environments (i.e. OMZs and normal oxic settings), the median Re 

enrichment generally increases with increasing productivity, consistent with reduction intensity in the 

underlying sediments as the primary driver of Re enrichment (Morford et al., 2012).  In the normal 

oxic environments we have compiled, Re is relatively highly enriched (median = 0.63 ng g-1/%) 

compared to the crustal average range of 0.024 – 0.049 ng g-1/% (Li and Schoonmaker, 2003; Rudnick 

and Gao, 2013), which is likely due to the relatively high productivity of the oxic sediments included 
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in our compilation. Finally, the high variability in Re enrichments may reflect the relatively lower 

number of observations available for Re (i.e. less than half that of Mo and U) and implies that 

additional data is required to fully evaluate the utility of Re as a paleoredox tracer. 

 

3.6. Enrichment thresholds 

The compilation of trace metal enrichment data from a variety of depositional environments allows us 

to test several assumptions about trace metal enrichment patterns and their ability to differentiate 

specific environments. Furthermore, in combination with a novel approach to derive optimal 

enrichment thresholds, we can objectively quantify the performance of each threshold in terms of its 

ability to differentiate depositional environments. A hypothetical example is presented as Figure 3, 

which shows two overlapping distributions of trace metal enrichments from two different depositional 

environments. Our objective is to identify the trace metal enrichment threshold value that allows the 

most reliable differentiation between two depositional environments by minimizing false negatives 

(FN) and false positives (FP), and thereby maximizing true negatives (TN) and true positives (TP). 

 

 
Figure 3. Conceptual diagram showing the true negative (TN), true positive (TP), false negative 

(FN) and false positive (FP) proportions of hypothetical distributions of trace metal enrichment 

in two different depositional environments. The dashed line shows a hypothetical threshold 

value. 
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The most efficient way to identify optimal threshold values is using receiver operating characteristic 

(ROC) curve analysis, which tests all possible threshold values for a pair of distributions and quantifies 

the true positive rate (TPR) and false positive rate (FPR) at each one (Berrar and Flach, 2012). An 

example of the graphical output of this analysis approach is given as Figure 4. The optimal threshold 

is selected where Youden’s J statistic is at its maximum, calculated as the sum of the TPR and the true 

negative rate (TNR; equal to 1 - FPR) minus one (Youden, 1950). This approach places equal weight 

on minimizing both false positives and false negatives, which is the preferred approach when both 

false outcomes are equally undesirable. 

 

 
Figure 4. Receiver operating characteristic (ROC) curve for V enrichment in Euxinic Basin 

versus Within Perennial-OMZ depositional environments. The optimal threshold value is 

determined based on the point at which the sum of the true positive rate (TPR) and true negative 

rate (TNR; equal to 1 - FPR) is at its maximum, the specific values of which are represented by 

the dashed lines. 

 

The ROC curve results for each pairwise comparison are provided in Table 3. The area under curve 

(AUC) statistic is the probability that a randomly selected data-point from each tested distribution will 

be correctly classified using the threshold value; a value of 1.0 indicates a perfect test (i.e. the threshold 

provides 100% accuracy in classifying the true depositional environment), whereas a value of 0.5 
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indicates the test performs no better than random chance (Berrar and Flach, 2012). These raw statistical 

outputs were the basis for selecting a suite of threshold values that could be routinely applied for 

differentiating depositional environments based on trace metal enrichment data.
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Table 3. Area under curve (AUC), optimal thresholds (Thres.), true positive rate (TPR) and true negative rate (TNR) determined by ROC curve 1 

analysis for various combinations of depositional environments. 2 

Depositional Environment 
V/Al U/Al Mo/Al Re/Al 

AUC Thres. 
(µg g-1/%) TPR TNR AUC Thres. 

(µg g-1/%) TPR TNR AUC Thres. 
(µg g-1/%) TPR TNR AUC Thres. 

(ng g-1/%) TPR TNR 

Euxinic vs Oxic 0.99*** < 23.4 0.97 0.97 1.00*** < 1.40 1.00 1.00 1.00*** < 1.5 1.00 1.00 1.00*** < 2.9 1.00 1.00 

Euxinic vs Within P-OMZ 0.85*** > 46.3 0.77 0.95 0.86*** > 5.0 0.78 0.95 0.69*** > 21.9 0.56 0.94 0.68*** > 8.8 0.88 0.45 

Euxinic vs Within S-OMZ 0.98*** < 24.1 0.92 0.96 1.00*** < 1.7 1.00 1.00 1.00*** < 4.8 1.00 0.99 1.00*** < 4.0 1.00 0.98 

Euxinic vs Beneath P-OMZ 0.98*** < 23.1 0.98 0.98 0.86*** < 2.8 0.78 0.85 1.00*** < 4.9 0.98 0.99 0.59ns < 4.8 0.60 0.81 

Euxinic vs Beneath S-OMZ 1.00*** < 16.8 1.00 1.00 1.00*** < 1.4 1.00 1.00 1.00*** < 1.4 1.00 1.00 1.00*** < 3.5 1.00 1.00 

                      

Oxic vs Euxinic 0.99*** > 23.4 0.97 0.97 1.00*** > 1.40 1.00 1.00 1.00*** > 1.5 1.00 1.00 1.00*** > 2.9 1.00 1.00 

Oxic vs Within P-OMZ 0.96*** > 27.5 0.91 1.00 1.00*** > 0.53 0.99 1.00 1.00*** > 0.66 1.00 1.00 1.00*** > 3.3 1.00 1.00 

Oxic vs Within S-OMZ 0.77*** > 18.7 0.65 0.85 0.90*** > 0.44 0.92 0.88 0.99*** > 0.44 0.99 1.00 0.95*** > 2.4 0.83 1.00 

Oxic vs Beneath P-OMZ 0.53ns > 13.0 0.98 0.17 1.00*** > 0.59 1.00 1.00 0.91*** > 0.22 0.87 0.85 1.00*** > 3.1 1.00 1.00 

Oxic vs Beneath S-OMZ 0.71** < 15.6 0.96 0.62 0.84*** > 0.38 0.90 0.65 0.71** > 0.20 0.65 0.78 0.91*** > 1.3 1.00 0.83 

                      

Within P-OMZ vs S-OMZ 0.94*** < 27.3 0.99 0.91 0.98*** < 1.1 1.00 0.95 0.95*** < 4.6 1.00 0.93 1.00*** < 4.2 1.00 1.00 

Within vs Beneath P-OMZ 0.96*** < 23.7 0.98 0.92 0.92*** < 3.2 0.87 0.91 0.99*** < 5.0 0.98 0.92 0.70ns < 4.9 0.60 0.97 

Within vs Beneath S-OMZ 0.95*** < 15.5 0.96 0.92 0.83** < 0.56 0.95 0.67 0.99*** < 0.37 1.00 0.99 0.81** < 2.5 0.95 0.83 
Within P-OMZ vs Beneath S-
OMZ 0.98*** < 16.9 1.00 0.96 1.00*** < 0.61 1.00 0.98 1.00*** < 0.59 1.00 1.00 1.00*** < 4.0 1.00 1.00 

Beneath P-OMZ vs Beneath S-
OMZ 0.77*** < 15.5 0.96 0.69 1.00*** < 0.63 1.00 1.00 0.88*** < 0.26 1.00 0.78 1.00*** < 3.8 1.00 1.00 

Beneath P-OMZ vs Within S-
OMZ 0.78*** > 18.4 0.66 0.84 0.98*** < 1.1 1.00 0.91 0.86*** > 0.78 0.89 0.71 1.00** < 4.1 1.00 1.00 

ns = not significant; * = p < 0.05; ** = p < 0.01; *** = p < 0.001  3 
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The ROC threshold derivation approach allows for the straightforward evaluation of the performance 4 

of each threshold through the examination of the proportion of data points within a depositional 5 

environment category that exceed the selected threshold value. Thresholds can then be selected that 6 

optimize the differentiation between individual environments, or classes of environments, depending 7 

on the objective of the paleoredox investigation. Table 4 contains a series of proposed threshold values, 8 

derived from the ROC analysis results (Table 3), for differentiating various depositional environments. 9 

Cross-plots of enrichment data for different trace metals provide a visual representation of how the 10 

proposed enrichment thresholds differentiate the depositional environments and are a useful approach 11 

for classifying data points of interest using multiple trace metal paleoredox proxies (Figure 5). In the 12 

following sections we discuss the performance of the proposed thresholds for differentiating specific 13 

environments. 14 

 15 

Table 4. Proposed trace metal enrichment thresholds and the proportion of data points in each 16 

depositional environment exceeding the threshold. Thresholds were derived from the ROC 17 

analysis results presented in Table 3. Bold values indicate environments where the proportion 18 

of observations exceeding the threshold is at least 0.75. 19 

Trace 
metal 

Enrichment 
threshold (µg 

g-1/%) 

Proportion of observations exceeding threshold 

Euxinic 
Basin 

Within  
P-OMZ 

Beneath  
P-OMZ 

Within  
S-OMZ 

Beneath  
S-OMZ Oxic 

V 
> 23 0.977 0.917 0.018 0.127 0.000 0.050 

> 46 0.053 0.769 0.000 0.000 0.000 0.000 

U 
> 5.0 0.069 0.788 0.036 0.000 0.000 0.000 

> 1.0 1.000 0.956 0.927 0.083 0.000 0.000 

Mo 
> 5.0 0.992 0.920 0.018 0.000 0.000 0.000 

< 0.4 0.000 0.000 0.509 0.014 1.000 1.000 

Re < 1.3a 0.000 0.000 0.000 0.167 0.050 0.827 
a ng g-1/% 20 

 21 



 25 
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Figure 5. Cross-plots (log10 scale) of vanadium enrichments against uranium (top) and 23 

molybdenum (bottom) enrichments for euxinic basins, within and beneath perennial OMZs, and 24 

normal oxic depositional environments. Data from seasonal OMZ environments have been 25 

omitted for clarity. Enrichment thresholds are indicated by dashed lines. 26 

 27 

3.6.1. Euxinic environments 28 

The identification of hydrographically restricted euxinic environments is possible using the 29 

enrichment patterns of V and Mo, where the enrichment of both Mo (> 5.0 µg g-1/%) and V (> 23 µg 30 

g-1/%), but with V not exceeding 46 µg g-1/%, provides strong evidence for this depositional scenario 31 
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(Table 3 and Figure 5). In this case, V is a particularly useful proxy due to its unique enrichment range 32 

in euxinic basins (i.e. 23-46 µg g-1/%), which includes 92% of all observations (i.e. 123 out of 133 33 

data points). In contrast, Mo exhibits less distinctive enrichments than V, and so the enrichment of Mo 34 

above 5.0 µg g-1/% is strong evidence of deposition within euxinic basin or perennial OMZ 35 

environments. Neither U or Re exhibit enrichment patterns useful for reliably differentiating euxinic 36 

basins from other depositional environments. 37 

 38 

Seasonally euxinic environments, such as Saanich Inlet in Canada, represent an important depositional 39 

environment that should also be considered in the context of paleoredox investigations. However, the 40 

seasonal nature of the euxinia at this location, compared to the permanent euxinia observed in the 41 

Black Sea and Cariaco Basin, require that it be considered separately (Figure S3). In the context of the 42 

range of depositional environments considered in this work, V, U and Mo enrichments observed in 43 

samples from Saanich Inlet are similar to those from sediments depositing within seasonal OMZ 44 

settings. The exception is Re, where the Saanich Inlet observations are most similar to those from oxic 45 

environments. Overall, this seasonally euxinic environment exhibits no characteristic enrichment 46 

patterns using the trace metals considered here, and therefore its identification will require the 47 

application of additional paleoproxies. 48 

 49 

3.6.2. Perennial OMZ environments 50 

Enrichment of V (> 46 µg g-1/%), U (> 5 µg g-1/%) and Mo (> 5 µg g-1/%) is strong evidence for 51 

sediments depositing within the anoxic core of a perennial OMZ environment, as demonstrated by low 52 

false positive rates (Table 3 and Figure 5). Additionally, the enrichment of U (> 1 µg g-1/%) coinciding 53 

with low enrichment of V (< 23 µg g-1/%) and Mo (< 5 µg g-1/%) is strong evidence of sediment 54 

deposition in the oxic water beneath the core of a perennial OMZ environment. A plot of the 55 

enrichment factors of V and U within and beneath P-OMZ environments demonstrates the utility of 56 

this approach: the V EF decreases from ~8 in sediments depositing within a P-OMZ to ~1.5 (i.e. 57 
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relatively unenriched) in sediments depositing beneath a P-OMZ; whereas the U EF remains at ~7 for 58 

sediments depositing beneath a P-OMZ (Figure 6). 59 

 60 

The large V and U enrichments observed in perennial OMZs are driven by samples from the Namibian 61 

Margin, with 99% of sample datapoints from this environment exceeding the derived V and U 62 

enrichment thresholds. In contrast, 63% of sample datapoints from the Peruvian Margin exceed the V 63 

and U enrichment thresholds, which demonstrates that this perennial OMZ environment is not as easily 64 

differentiated from euxinic basin settings as the Namibian Margin (see Figure S1 for boxplots of trace 65 

element enrichments with Namibian Margin samples excluded). In the context of the variable 66 

observations from different OMZ settings, the application of additional paleoproxies, such as iron 67 

speciation and Mn, Cd and Co enrichments, will be essential to facilitate the most reliable 68 

differentiation of OMZs and euxinic basins (Scholz, 2018; Sweere et al., 2016). 69 

 70 

 71 

Figure 6. Enrichment factors (EF) of V and U depositing within and beneath perennial OMZ 72 

environments. The box represents the interquartile range; the whiskers represent the 5th and 73 

95th percentiles; and the cross represents the mean. Data exceeding the 5th and 95th percentiles 74 

are represented as open circles. The proposed thresholds derived from ROC curve analysis for 75 

differentiating between the two depositional environments are shown as the black dashed lines. 76 

 77 

 78 
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3.6.3. Oxic and Seasonal OMZ environments 79 

The suite of trace metals examined in this work do not exhibit any particularly distinctive behavior in 80 

seasonal OMZ environments that could be reliably used to differentiate this depositional scenario from 81 

the others. Seasonal OMZ environments transition between oxic and anoxic conditions throughout the 82 

year, depending on the prevailing climactic and hydrographic conditions (Böning et al., 2009, 2005). 83 

As might be expected, their geochemical signatures reflect these variable redox conditions. 84 

 85 

Normal oxic environments are characterized by a lack of enrichment, or a very minor enrichment, in 86 

V, U, and Mo relative to crustal averages, although these patterns alone cannot reliably differentiate 87 

normal oxic settings from the oxic settings that occur beneath seasonal OMZs. Rhenium enrichments 88 

less than 1.3 ng g-1/% coinciding with Mo enrichments less than 0.4 µg g-1/%, however, provide strong 89 

evidence for sediments depositing in a normal oxic setting (Table 4). We note that the Re dataset is 90 

much smaller than the other trace metals discussed here, so its use as a paleoredox tracer should be 91 

approached with caution until additional data is added, and threshold values updated accordingly. 92 

 93 

3.7. Summary and synthesis 94 

The compilation and analysis of modern trace metal enrichment data has revealed some useful trends 95 

in the redox behavior of selected elements. These trends are best summarized as enrichment factors, 96 

where the trace metal enrichment values are normalized to the average enrichment in the upper 97 

continental crust (sourced from Rudnick and Gao, 2013). A conceptual model, showing the 98 

distribution of trace metal enrichment factors for euxinic, perennial OMZ and oxic environments, 99 

demonstrates the broad trends uncovered by this approach (Figure 7): 100 

1. Vanadium exhibits the lowest enrichment above the average detrital contribution of all trace 101 

metals studied in this work due to its large background concentration in the Earth’s crust. It is, 102 

however, sufficiently sensitive to oxygen that it is only minimally enriched in the oxic 103 

sediments deposited beneath perennial OMZs; this behavior makes V useful, in combination 104 

with U, for identifying this depositional environment. 105 
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2. Uranium appears most useful for paleoredox investigations when paired with V enrichment 106 

data: enrichment of both elements provides reliable evidence of sediments depositing within a 107 

perennial OMZ setting, whereas enrichment of U with no or low enrichment of V is unique to 108 

sediments depositing beneath perennial OMZs. 109 

3. Molybdenum shows similar enrichments in euxinic basin sediments and in sediments 110 

depositing within a perennial OMZ, which means it is not useful alone as a paleoredox tracer 111 

for differentiating these two settings. However, in combination with V, which does exhibit a 112 

unique enrichment profile for sediments depositing within perennial OMZs, the reliable 113 

differentiation of these environments is possible. 114 

4. Rhenium exhibits the highest enrichment factors of all trace metals considered here, due to the 115 

very low detrital concentration of Re. Unfortunately, however, the dataset for Re is limited, so 116 

although there are potentially useful patterns of increased Re enrichment with increased 117 

sediment reduction intensity, the high degree of variability in some environments precludes 118 

the use of Re for differentiating amongst most settings. The exception is for normal oxic 119 

environments, where low Re enrichment coinciding with low Mo enrichment allow for the 120 

differentiation of this setting from other settings with oxic bottom-waters (i.e. beneath OMZs). 121 

 122 



 30 

 123 
Figure 7. Conceptual diagram of trace metal enrichments in euxinic basin, perennial OMZ, and 124 

oxic sedimentary environments. Box plots represent the distribution (10th-90th percentile) of 125 

enrichment factors (EF; log10 scale) above the crustal average (Rudnick and Gao, 2013) for each 126 

metal in each environment. 127 

 128 

The optimal combination of enrichment thresholds for differentiating the various depositional 129 

environments, based on pairwise ROC analysis and threshold exceedance data (Table 3), are 130 

synthesized in Table 5. These threshold combinations should be viewed as a starting point for 131 

assessing the utility of a particular suite of trace metals in a paleoredox investigation, rather than a 132 

prescriptive set of rules. The availability of the VUMoRe database coupled with the ease of performing 133 
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ROC analysis means that investigators have the flexibility to consider a range of possible threshold 134 

values, quantify the reliability of the derived thresholds, and apply those that are appropriate to the 135 

meet the objectives of the paleoredox investigation. The most robust approach will consider a 136 

combination of paleoredox tracers, including but not limited to trace metal enrichments, stable isotope 137 

systems, iron speciation, and physical and biogenic structure. 138 

 139 

Finally, given that trace metal concentrations in the ancient oceans are likely to have differed from 140 

modern ocean concentrations (Algeo, 2004), it is probable that trace metal enrichments in ancient 141 

sediments varied depending on the availability of trace metals in the marine reservoir. As such, the 142 

threshold values we report here may require adjustment for this variable, depending on the period of 143 

geologic time being investigated and the availability of estimates of seawater trace metal 144 

concentrations. Unravelling the history of seawater trace metal concentrations is a durable scientific 145 

problem that is not yet resolved. We believe that the data presented here will be critical to unravelling 146 

this history. Ultimately, however, it will be up to the geochemical community to decide how our data 147 

synthesis and analysis will be leveraged into exploring the geochemical history of Earth’s oceans. 148 

 149 

Table 5. Recommended paleoredox tracer combinations for identifying specific depositional 150 

environments. 151 

Depositional Environment Paleoredox Tracer(s) 

Euxinic Basin 
V = 23 - 46 µg g-1/% 

Mo > 5.0 µg g-1/% 

Within-P OMZ 

V > 46 µg g-1/% 

U > 5 µg g-1/% 

Mo > 5 µg g-1/% 

Beneath P-OMZ 

V < 23 µg g-1/% 

U > 1 µg g-1/% 

Mo < 5 µg g-1/% 

Oxic 
Mo < 0.4 µg g-1/% 

Re < 1.3 µg g-1/% 

 152 

 153 

 154 
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 155 

4. Conclusion 156 

We have demonstrated, through the compilation and analysis of modern trace metal enrichment data, 157 

the utility of selected trace metals for differentiating various marine sedimentary environments. 158 

Through the application of an objective threshold derivation procedure, we find that trace metal-based 159 

redox proxies have sufficient resolving power for differentiating a variety of modern depositional 160 

environments and, by extension, for the paleoredox investigation of ancient sediments. Future work 161 

should focus on the acquisition of trace metal enrichment data from additional locations to further 162 

refine our understanding of trace metal geochemistry and increase the reliability of the derived 163 

enrichment thresholds, which should be updated as new data become available. 164 

 165 
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