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Abstract

Chromium (Cr) has shown promise as a paleoceanographic proxy due to the redox-driven control of dissolved Cr concentrations

([Cr]) and stable isotope composition (δ53Cr). However, substantial uncertainties in the biogeochemical Cr cycle have limited

its paleoproxy application to date. To improve the mechanistic understanding of Cr cycling in the modern ocean and strengthen

its potential proxy applications, we present new data from regeneration incubations, bottom and sediment pore waters, and a

compilation of intermediate and deep water data. While Cr removal and biological export from the surface ocean is associated

with organic carbon export, the deep water release of dissolved Cr from sinking particles is not directly dependent on organic

carbon respiration, as indicated by differing trends between Cr, oxygen utilization and the regeneration of organic-associated

macronutrients (e.g. N, P). Pore water and bottom water data demonstrate that benthic Cr fluxes are locally important and

may be significant globally. The pore water dissolved Cr flux at our CaCO3-rich site is likely driven by the re-release of Cr

scavenged from the water column by sinking particles, with minor contributions from lithogenic phases. We argue this is

consistent with the highest open ocean [Cr] to date being found in the water column below oxygen minimum zones, likely

reflecting the release of scavenged Cr in deep waters or surface sediments. Chromium released from suspended particles and

surface sediments follows the global δ53Cr–[Cr] array, supporting the proposed role of biological export and regeneration in

shaping global Cr and δ53Cr distributions. Global intermediate and deep water [Cr], δ53Cr and Cr:macronutrient relationships

are thus shaped by a synergy of circulation patterns, water mass mixing, a deep Cr regeneration cycle, and benthic Cr sources.

A biogenic control on global Cr distributions indicates that sedimentary Cr records may reflect biogenic as well as O2-dependent

processes, while more research is needed to assess sediment Cr record fidelity based on an active diagenetic cycle.

1. Introduction

Oceanic distributions of dissolved Cr show nutrient-type behavior, generally resembling the primary macro-
and micronutrients, though with muted surface depletions and enrichments at depth (e.g. Campbell & Yeats,
1981; Jeandel et al., 1987). Thermodynamic calculations predict that oxidized Cr(VI), a soluble oxyanion
with low particle reactivity (Semeniuk et al., 2016), should account for all dissolved Cr in the oxygenated
ocean (Elderfield et al., 1970). However, the reduced form, Cr(III), is regularly found at low levels in
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oxygenated seawater ([?] ˜15% of total dissolved Cr, e.g. Cranston & Murray, 1978; Cranston, 1983; Jeandel
& Minster, 1987; Achterberg & van den Berg, 1997; Connelly et al., 2006; Janssen et al., 2020), and may
constitute a major fraction of dissolved Cr in oxygen minimum zones (OMZs; e.g. Murray et al., 1983; Rue
et al., 1997). Chromium(III) is relatively insoluble and readily adsorbs to mineral and organic surfaces (e.g.
Cranston & Murray, 1978; Mayer et al., 1984). Therefore redox transformations likely play a central role in
Cr biogeochemical cycling. Iron(II) is an important Cr(VI) reductant in natural aquatic systems (Pettine
et al., 1998), and Mn oxides are a primary Cr(III) oxidant (van der Weijden & Reith, 1982; Milletto et al.,
2021), especially in Mn-rich environments such as sediments (Oze et al., 2007).

The primary dissolved Cr removal processes in the ocean, both involving Cr reduction followed by particle
scavenging, are removal in OMZs and biologically-mediated export (e.g. Scheiderich et al., 2015). Chromium
removal in OMZs has been reported in the eastern tropical North Pacific (ETNP) (Murray et al., 1983; Rue et
al., 1997; Moos et al., 2020) and the eastern tropical South Pacific (ETSP) (Nasemann et al., 2020), but this
process may be more efficacious in anoxic shelf environments (cf. Moos et al., 2020; Nasemann et al., 2020).
Correlations between Cr and particulate organic carbon in sinking particles (Connelly et al., 2006), Cr(III)
adsorption onto marine phytoplankton (Semeniuk et al., 2016), and agreements between dissolved Cr deficits
and productivity-based inferred removal (Janssen et al., 2020) support a Cr sink associated with biological
export. However, the subtle gradients in [Cr] depth profiles suggest that release from biogenic particles is
relatively minor (e.g. Scheiderich et al., 2015; Goring-Harford et al., 2018; Moos & Boyle, 2019; Rickli et al.,
2019) meaning the contribution of biogenic Cr fluxes to concentrations in the ocean interior may be limited,
and circulation may play an important role in shaping distributions (Connelly et al., 2006; Scheiderich et
al., 2015; Goring-Harford et al., 2018; Rickli et al., 2019). Elevated bottom water [Cr] suggests surface to
deep [Cr] gradients may be influenced by a flux from marine sediments (Murray et al., 1983; Jeandel and
Minster, 1987; Achterberg & van den Berg, 1997) consistent with shallow pore water Cr enrichments on the
California shelf due to release from organic matter (Shaw et al., 1990).

Chromium redox transformations are accompanied by isotopic fractionation. While fractionation patterns
during Cr oxidation are variable (see discussion in Zink et al., 2010; Milletto et al., 2021), reduction consis-
tently enriches light isotopes in Cr(III) (e.g. Wanner & Sonnenthal, 2013). The redox control on [Cr] and
δ
53Cr makes δ53Cr a potentially powerful tracer of paleoredox conditions, especially in early earth studies

(e.g. Frei et al., 2009). However, application and interpretation of δ53Cr records require an accurate and
mechanistic understanding of the process(es) that control Cr budgets and isotopic fractionation in terres-
trial environments, the global ocean, and during incorporation of Cr into sediment records. The systematic
relationship between seawater [Cr] and δ53Cr suggests that redox transformations likely control the global
distribution of oceanic δ53Cr (Scheiderich et al., 2015; Goring-Harford et al., 2018; Moos et al., 2019; Rickli
et al., 2019; Janssen et al., 2020; Moos et al., 2020; Nasemann et al., 2020) implying an effective isotope
enrichment factor (ε) of approximately -0.7 Recent δ53Cr and [Cr] data demonstrate fractionation associated
with biologically driven Cr removal in the open ocean (Janssen et al., 2020). Similarly, Cr removal in shelf
settings (Goring-Harford et al., 2018), as well as in OMZs (Moos et al., 2020; Nasemann et al., 2020) can
result in isotopic fractionation. However, isotope fractionation factors for these removal processes remain
poorly constrained.

To address uncertainties in the modern ocean Cr budget and the role of biogenic processes in seawater δ53Cr
distributions, we present dissolved [Cr], δ53Cr and [Cr(III)] from shipboard incubations, new intermediate
and deep water [Cr] and δ53Cr data from eight research expeditions in the Southern, Pacific and Atlantic
Oceans, and pore water [Cr] data from the Tasman Sea.

2. Oceanographic background - Formation of intermediate and deep waters in the Southern
Ocean and advection into the Pacific and Atlantic Oceans

The Southern Ocean is the formation site for much of the global deep and intermediate waters, including
Antarctic Intermediate Water (AAIW) and Upper and Lower Circumpolar Deep Water (U/L-CDW). The
extent to which these intermediate and deep waters penetrate into lower latitudes in the Pacific and Atlantic
Oceans varies depending on formation sites, bathymetry, and the prevalence of other water masses.

2
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AAIW is reflected in salinity minima in depth profiles, although this erodes with northward transport, and
it is found at neutral densities ˜27 < γη < ˜27.4 (Orsi et al., 1995; Sloyan & Rintoul, 2001; Talley et
al., 2011; Bostock et al., 2013). AAIW flows northward to the tropical South Pacific (˜10-15° S) where
it mixes with Equatorial Pacific Intermediate Water, itself derived from the mixing of AAIW and Pacific
Deep Water (PDW) (Bostock et al., 2013). Atlantic AAIW is diluted by mixing during northward transport,
as evidenced by increased salinity, and reaches a maximum extent slightly beyond the equator (Suga &
Taley, 1995). Tropical Atlantic AAIW is found at a depth of around 700-800 m dicernible by low salinity
(˜34.20-34.40) and high O2 ([?] 190 μmol kg-1) south of 20° S. Basin-scale circulation patterns result in
more O2-depleted AAIW north of 20° S impacted by organic matter respiration and vertical mixing (Suga
& Talley, 1995).

The deep waters of the Pacific Ocean comprise UCDW, LCDW and PDW, the latter of which is largely
found at similar densities as UCDW (γη < 28.0; T > 1.5° C; S < 34.65 PSU) and is formed as the colder,
more saline and more oxygen rich LCDW (γη > 28.0) is upwelled and mixed throughout Pacific (e.g. Orsi et
al. 1995; Sloyan & Rintoul, 2001; Kawabe & Fujio, 2010; Talley et al. 2011). Densities occupied by UCDW
transition to predominantly PDW in the tropical South to subtropical North Pacific, with UCDW reaching
further north in the western Pacific. LCDW extends into the North Pacific along the western side of the
basin, and the northernmost reaches are characterized by elevated [Si(OH)4] ([?]170 μmol kg-1) (Kawabe &
Fujio, 2010). CDW enters the South Atlantic below AAIW and can be dominant as far north as ˜25° S, but
the relative contribution of CDW weakens as the water mass continues northward with CDW accounting for
[?] 50% of deep waters in the tropical Atlantic (Larque et al., 1997).

3. Methods

Intermediate and deep water [Cr] and δ53Cr samples were collected on RV Investigator expeditions IN2018 -
V02 (Mar-2018) and IN2018 V04 (Sept-Oct 2018), ACE Legs 1 (Dec-2016 to Jan-2017) and 2 (Jan-2017 to
Feb-2017), GEOTRACES section GP13 (Australian leg, May-June 2011), RV Meteor cruise M77/4 (Jan-
Feb 2009), Line P cruise 2012-13 (Aug-2012), and RV Discovery cruise DY110 (Oct-Nov 2019) (Figure 1).
Further analyses were performed on bottom and pore waters (IN2018V 04) and on samples from shipboard
regeneration incubation experiments (IN2018V 02).

3.1 New and literature data from the Southern, Pacific and Atlantic Oceans

We present a compilation of new and literature [Cr] data in Southern-sourced intermediate and deep waters
across the Southern, Pacific, and Atlantic Oceans (Figure 1). Literature [Cr] data were not included if: (1)
hydrographical data (temperature, salinity) are missing, (2) the data have not been peer-reviewed, or (3)
later publications identified them as suspect or incorrect.

We add 12 samples from the Indian Sector of the Southern Ocean (ACE Leg 1) and one sample from the
Drake Passage (ACE Leg 2) to [Cr] and δ53Cr available from the Pacific Sector of the Southern Ocean
(Rickli et al., 2019) to further constrain the composition of southern-sourced end-members. The Drake
Passage sample constrains the characteristics of intermediate waters entering the Atlantic Ocean.

We present data from five stations in the subantarctic Southern Ocean and the Tasman Sea (IN2018V 02 and
IN2018V 04, 26 samples) and four stations in the Tasman Sea and subtropical South Pacific (GEOTRACES
section GP13, 12 samples) in order to characterize waters advecting northward into the Pacific Ocean.

Four new samples from one of the most intense OMZs in the global ocean (ETSP near Peru; M77/4) are
added to existing ETSP (Nasemann et al., 2020), ETNP OMZ (Murray et al., 1983; Rue et al., 1997), and
subtropical North Pacific (Moos & Boyle, 2019) data. Additionally, we present four new samples from a
profile in the subarctic North Pacific (Line P 2012-13) to characterize the northern extent of deep water in
the Pacific Ocean. Previous subarctic North Pacific literature data for [Cr] in PDW and LCDW (Cranston,
1983; Mugo & Orians, 1993) show a clear offset from recent high-precision data and are not used (see Table
S11).

To follow the northward advection of AAIW into the equatorial Atlantic, we present seven samples from five

3
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stations along a meridional transect (DY110). Additional literature data from the Atlantic are limited, with
only one sample within AAIW (station 11.5, Goring-Harford et al., 2018) and no available CDW data.

3.2 Water column dissolved Cr sampling

IN2018 V02, IN2018 V04, and GP13 samples were collected using an autonomous trace metal clean rosette
system and gravity filtered through acid-cleaned 0.2 μm filters (Pall Acropak) into acid cleaned LDPE bottles
in a class 100 clean van. IN2018 samples were acidified to pH < 2 (2 mL L-1 sub-boiling distilled concentrated
HCl) on land and stored for 3-26 months before analysis. GP13 samples were stored frozen until 2019, at
which point they were thawed, acidified as for IN2018 samples, and stored at least 7 months before analysis.
DY110 samples were collected with a conventional CTD-rosette, gravity filtered through acid-cleaned 0.2 μm
filters (Pall Acropak) acidified to pH [?] 2 (1 mL L-1 concentrated HCl), and stored for at least 3 months
before analysis. Sampling and sample handling are discussed in detail elsewhere for ACE (Rickli et al., 2019),
M77/4 (Nasemann et al., 2020) and Line P (Janssen & Cullen, 2015).

3.3 Incubation design and sampling

Incubation regeneration experiments were carried out in the subantarctic Southern Ocean south of Tasmania
(IN2018 V02) in acid-cleaned 20 L LDPE cubitainers with Teflon-lined caps. Three regeneration experiments
were conducted, with differences in incubation temperature and the particle collection depth (supplemental
material). Each experiment consisted of two treatments, each in triplicate. Cubitainers were filled with
filtered (0.2 μm) surface (˜5 m) seawater collected using a trace metal-clean tow fish, and aliquots were
collected for initial (T0) nutrients, [Cr] and δ53Cr before particle inoculation. Filled cubitainers were stored
in the dark at 1° C until inoculating with particles (within 8 hours of filling). Ambient suspended particle
samples from the oxic water column were collected onto acid-cleaned 1 μm polycarbonate filters using in-situ
pumps (McLane). Particles were resuspended from these filters, forming a particle-rich slurry that was added
to the individual cubitainers to result in particulate concentrations approximately 2-4 fold above natural
levels. Because only resuspended particles were added to the incubaitons, the high Cr blanks associated
with many filter materials (e.g. Scheiderich et al., 2015) will not impact the incubations.

Particle-inoculated cubitainers were incubated in the dark at either 4° C (ambient) or 1° C (cold treatment)
for five days, with three subsampling time points. For subsampling, the cubitainers were transported to
a Class 100 clean van, gently mixed, and subsampled into acid-cleaned LDPE bottles (for trace metals)
or polycarbonate tubes (for macronutrients). Subsamples for trace metals were transported to a laminar
flow hood and filtered through acid-cleaned 0.4 μm polycarbonate filters using a Teflon vacuum filtration
apparatus (Savillex). Loss of Cr to container walls has been shown to be minimal over short timeframes (e.g.
Semeniuk et al., 2016) and was not considered here. Chemically-labile particulate metal and P concentrations
were determined with magnetic-sector ICPMS following solubilisation with a heated mixture of reductant
(hydroxylamine hydrochloride) and weak acid (acetic acid) designed to dissolve biogenic material and Mn and
Fe oxides (Berger et al. 2008). Analytical procedures followed those previously described in Rauschenberg
and Twining (2015).

3.4 Bottom water, pore water and sediment sampling

Pore water and bottom water samples for this study were collected from a multicore deployment near
Station PS3 in the Tasman Sea (Figure 1, 3349 m water depth). Cores for pore water, bottom water, and
sediment samples were processed in an N2 environment. A bottom water sample was extracted from the core
tube approximately 10 cm above the sediment-water interface using an acid-cleaned rubber-free syringe and
filtering through a 0.45 μm syringe filter into an acid-cleaned LDPE bottle. The bottom water was visibly
clear and free from sediment resuspension, and the sediment surface appeared undisturbed.

Pore water samples were collected following procedures outlined in Abbott et al. (2015). In brief, 1 cm
depth intervals were placed into acid-cleaned centrifuge tubes in a glove bag, sealed, then centrifuged at
4500 rpm for 20 minutes. The pore water (supernatant) was extracted from centrifuged samples and filtered
as outlined for bottom water. The samples were acidified, stored and analyzed for [Cr] by isotope dilution

4
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as described in section 3.6. Centrifuged sediments were stored frozen until freeze-dried, then analyzed for
bulk composition (CaCO3, organic matter, lithogenic material; supplemental material).

3.5 Cr(III) samples

Dissolved chromium redox speciation (Cr(III)) samples were processed at sea using magnesium hydroxide
(Mg(OH)2) co-precipitation, then analysed by isotope dilution ICP-MS on land at the University of Bern
following the procedures of Janssen et al. (2020) (external [Cr(III)] 1σ = 10% RSD, Janssen et al., 2020).

3.6 ἣρομιυμ ςονςεντρατιονς ανδ δ
53
῝ρ

Procedures for the determination of total dissolved Cr concentrations ([Cr]) and stable isotope composition
(δ53Cr) are described in detail in Rickli et al. (2019), with minor modifications (see supplemental material;
Janssen et al., 2020; Nasemann et al., 2020). Briefly, preliminary [Cr] for spiking purposes (not reported)
was determined by isotope dilution on small sample aliquots by Mg(OH)2 co-precipitation followed by cation
exchange chromatography. The final reported [Cr] is from δ53Cr determinations, except when δ53Cr samples
were not available (pore waters and incubation intermediate time points). Pore water samples (0.2 mL) were
dried rather than co-precipitated before chromatography. For δ53Cr, a 0.25-1 L sample aliquot was spiked
with50Cr-54Cr double spike, pre-concentrated by Mg(OH)2 co-precipitation, and purified by a 2 step column
chromatography.

Samples were analyzed on a ThermoFisher Neptune Plus MC-ICP-MS at the University of Bern following
Rickli et al. (2019). δ53Cr procedural blanks were 0.3-0.6 ng Cr and insignificant relative to sample Cr.
δ
53Cr data are reported relative to the NIST SRM 979. Internal uncertainties were generally 0.02-0.03

replicate analyses of seawater samples, is ± 0.033 (2 SD) for δ53Cr and <1% (1 RSD) for [Cr] (see Janssen
et al., 2020). In addition to the zero reference NIST SRM 979, a Merck Cr(III) standard was run to monitor
accuracy (δ53Cr = -0.426 ± 0.027 δ53Cr = -0.443 ± 0.022 The procedural accuracy of our method has been
validated by an inter-laboratory comparison (Rickli et al., 2019).

4. Results and Discussion

4.1 Regeneration incubation experiments

Three incubation experiments to probe for broad, differential effects on the regeneration of trace elements
were conducted at the same location in the subantarctic Southern Ocean (Figure 1) within 10 days of
each other, with varying experimental design (collection depth and incubation temperatures) and natural
variability in the initial particulate regime and elemental concentrations. Only one incubation (Inc. 3)
generated significant differences in [Cr] and δ53Cr by the final time point. We focus on this incubation
here, with results from Inc. 1 and 2 provided in the supplemental material (Section S1, Figures S1, Tables
S3-S4). Initial particulate P (pP), Mn (pMn) and Fe (pFe) from all three incubations are shown in Table
S1. Flowcam imaging data indicate that particles in all three incubations were small (mostly ˜2 μm, nearly
all < 6 μm), with a high abundance of flagellates (data not shown), while regional dust deposition is very
low (Mahowald et al., 2005), confirming a predominantly biogenic particulate composition.

There was minimal to no net regeneration of organic-associated macronutrients as indicated by the lack of
macronutrient variability (N and P) (Figure 2, Table S2). Chromium concentrations, [Cr(III)] and δ53Cr
remained stable over the first three days of the treatments. However, [Cr] increased by an average of 0.46
± 0.14 and 0.56 ± 0.18 nmol kg-1 (1 SD of the triplicates) by the final sampling for the ambient and cold
treatments, respectively (Figure 2), demonstrating that Cr release was independent from organic carbon
respiration. Small increases in [Cr(III)] were also observed by the end of the incubation, though the increases
in [Cr] were approximately seven times larger. Particulate Cr was probably primarily Cr(III) – Cr(III)
dominates the Cr adsorbed to biogenic particles (e.g. Semeniuk et al., 2016) and the Cr content of calcium
carbonate, hosting Cr(VI), is very low (Remmelzwaal et al., 2019). Therefore, due to the small changes in
[Cr(III)], particulate Cr was either oxidatively released or rapidly oxidized after release.

Particulate Mn oxides are known to oxidize Cr(III), facilitating particulate Cr(III) dissolution (Oze et al.,

5
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2007), and incubated particles were enriched in Mn beyond typical cellular quotas (Table S1, Twining &
Baines, 2013), indicating the presence of Mn oxides. Therefore, Cr oxidation coupled to the reduction of Mn
oxides could explain dissolved Cr release without N and P regeneration or increases in [Cr(III)]. Indeed, the
timing of the release of Cr in Inc. 3 matches a decrease in pMn (Figure 2). Differences between the three
incubations can also be explained by Mn oxides. Incubations from 150 m had much higher pMn than those
from shallower depths (Inc. 1, 100 m & Inc. 2; Table S1), following trends in oceanic pMn distributions
(Ohnemus et al., 2019), and explaining the lack of Cr release in shallower treatments. Particulate Fe in
Inc. 1 was higher than in Inc. 3 (Table S1), indicating more Fe-rich mixed oxides, which may impact Cr
oxidation and explain differences between these incubations. The enriched incubation particle concentrations,
possibly in combination with the formation of particle aggregates, would help to increase the probability
of oxidative Cr release by particulate Mn oxides relative to ambient seawater conditions. Consequently,
oxidative particulate Cr release driven by reduction with Mn oxides would be less likely in natural seawater,
suggesting a deeper regeneration cycle for Cr than organic matter respiration influenced by more Mn-rich
deeper particles (Ohnemus et al., 2019) and marine sediments.

The increase in [Cr] was accompanied by a statistically significant decrease in δ53Cr in four of six samples
(Figure 2, Table S2). δ53Cr decreases were not significant for the remaining two samples, which is consistent
with the small increase in [Cr] insufficient to significantly lower δ53Cr. Inter-replicate variability is likely
controlled by small initial differences in biological communities and particle compositions in each cubitainer,
hence real natural variability, rather than analytical uncertainty, given differences in [Cr] between triplicates
were well outside of analytical uncertainty (Figure 2, Table S2). This release of low δ53Cr from particles
provides evidence for predictions that Cr adsorbed onto biogenic particles is isotopically light (Scheiderich
et al., 2015; Semeniuk et al., 2016; Janssen et al., 2020).

A strong linear relationship is observed between δ53Cr and ln[Cr] in the regeneration incubation samples (r2

= 0.89) with an implied enrichment factor (ε) = -0.66 δ53Cr–[Cr] array (global ε [?] -0.70 data plot along
the global array (Figure 2). This supports release from biogenic particles as an important process in driving
global [Cr] and δ53Cr distributions. While proposed earlier (Scheiderich et al., 2015), previous studies have
highlighted that biogenic Cr accumulation was lacking strong support in oceanic depth profiles (Scheiderich
et al., 2015; Goring-Harford et al., 2018; Moos & Boyle, 2019; Rickli et al., 2019). This study provides the
first direct evidence that Cr release from biogenic particles acts as a control on δ53Cr across intermediate
and deep waters, and ultimately also supports the inverse of this process – the adsorption of Cr onto biogenic
particles in the surface ocean – as a control of δ53Cr and [Cr] (Scheiderich et al., 2015; Semeniuk et al., 2016;
Goring-Harford et al., 2018; Janssen et al., 2020).

4.2 Benthic Cr supply: the flux of Cr to bottom waters from pore waters

Pore waters were sampled from calcareous sediments (˜3350 m water depth) collected from a shallower feature
punctuating the abyssal plain (˜4000 to 5000 m) in the Tasman Basin (Figure 1). Regional sedimentation
rates are on the order of 1-2 cm kyr-1 (Cochran & Osmond, 1976). Organic matter is around 1% at the
sediment surface, though upper sediments remain oxic and organic carbon content decreases with depth
(Table 1, Table S7). Surface sediment Mn/Al (˜0.016) and Fe/Al (˜0.53) are higher than upper continental
crust values (0.009 and 0.48 respectively, Rudnick & Gao, 2003; Table S7), suggesting slight authigenic oxide
enrichment, though Fe-Mn oxides are not a dominant phase. Sediment Mn/Al begins to decrease below 11
cm, suggesting oxic conditions in the upper 10 cm and more reducing conditions below this depth.

Pore water dissolved [Cr] shows a shallow sub-surface maximum (0-1 cm below the sea floor) of 47.4 nmol
kg-1, approximately an order of magnitude greater than local bottom waters (4.81 nmol kg-1, Figure 3),
and pore water [Cr] generally decreases exponentially with depth. The lowest pore water concentrations are
observed in the deepest samples (6.7 nmol kg-1 at 9-10 cm depth), which remain elevated relative to bottom
water. This upper pore water Cr maximum is consistent with observations by Shaw et al. (1990). In contrast
to our observations of maximum pore water [Cr] at the sediment surface, Shaw et al. (1990) observed Cr
removal in the uppermost oxic sediments, above the near-surface pore water [Cr] maximum. The absence of
Cr removal in our uppermost oxic sediments may reflect the strong differences in bulk sediment composition
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between the lithogenic-dominated sites in Shaw et al. (1990) and our carbonate-dominated site.

A near-surface pore water maximum in [Cr] suggests pore waters may act as a diffusive source of dissolved
Cr to the ocean. Bottom waters composed of CDW are enriched in dissolved Cr and are isotopically distinct
([Cr] = 4.81 nmol kg-1, δ53Cr = 0.76 ± 0.03 in contact with sediments ([Cr] = 3.95 nmol kg-1, δ53Cr = 0.84
± 0.03 stations TS8 and PS2, Table S9). Given the gradient of [Cr] from the pore water to the overlying
bottom water, the diffusive flux of dissolved Cr can be estimated using Equation 1

FluxCr = Ds
Δ῝

greekzEquation 1

where Ds is the Cr diffusion coefficient corrected for temperature and tortuosity (supplemental material, see
also Abbott et al., 2015), giving an estimated benthic flux of ˜3.2 nmol Cr cm-2yr-1.

To contextualize this, if global oxic sediments were characterized by a benthic source of similar magnitude to
that observed at our site, the global benthic Cr flux would be comparable to or larger than riverine inputs,
currently believed to be the dominate Cr source (Bonnand et al., 2013; supplemental material), consistent
with box model estimates (Jeandel & Minster, 1987). While quantitative estimates of global benthic Cr
fluxes await greater data availability across diverse sediment types, our data identify that benthic sources
are at least locally important and support previous studies that: (1) have argued for benthic Cr fluxes based
on globally distributed elevated deep water [Cr] (Cranston, 1983; Murray et al., 1983; Jeandel & Minster,
1987), and (2) have invoked elevated pore water [Cr] to explain Cr enrichments in planktonic foraminifera
in sediments compared to water column samples (Remmelzwaal et al., 2019).

We use the bulk sediment composition to examine potential sources of Cr to pore waters by applying mass
balance calculations based on the average composition of the upper 4 cm, reported Cr concentrations of
these phases, and regional sedimentation rates (Table 1). These calculations suggest that neither lithogenic
nor carbonate-hosted Cr can account for the Cr flux out of these carbonate-rich and detrital-poor sediments.
Nor is the Cr content of surface phytoplankton (˜1-21 ppm, Martin & Knauer, 1973) high enough to explain
observations (Table 1). Therefore, we suggest a combination of mechanisms causing Cr enrichments in
particles delivered to sediments can explain the observed pore water data. First, respiration may result in
a relative Cr enrichment in particles reaching the seafloor because the release of Cr from particles appears
decoupled from organic matter respiration (see sections 4.1, 4.3). At the same time, scavenging of particle-
reactive Cr(III) may increase the Cr content on biogenic and non-biogenic particles. Regardless of which
process(es) are involved, the Cr released from these sediments must largely be derived from the water column
based on mass balance and is incorporated into the sediments as particle-adsorbed Cr that has been scavenged
onto particle surfaces in the upper ocean (Connelly et al., 2006; Semeniuk et al., 2016; Janssen et al., 2020),
and at intermediate depths (see section 4.3), while detrital Cr may be more inert. Mn oxides in surface
sediments may also facilitate oxidative release of Cr(III) coupled to Mn reduction.

To better constrain the origin of dissolved Cr in pore water we calculate its δ53Cr from mass balance, using
observed bottom and deep water [Cr] and δ53Cr (bottom water: [Cr] = 4.81 nmol kg-1, δ53Cr = 0.76 ± 0.03
nmol kg-1, δ53Cr = 0.84 ± 0.03 2SD; supplemental material). Pore water δ53Cr is estimated at 0.34 ± 0.25
than silicate earth (-0.124 +- 0.101 the closeness of these ranges indicates that some lithogenic component
may contribute to the pore water flux, mass balance calculations, combined with the likely refractory nature
of lithogenic Cr (e.g. Bauer et al., 2019), indicate that it is unlikely that lithogenic Cr contributes significantly
to the pore water flux. In contrast, pore water δ53Cr is lighter than dissolved δ53Cr in the upper 1000 m
(δ53Cr [?] 1.1-0.9 global δ53Cr–[Cr] array (ε [?] -0.7 words, removal of dissolved Cr to particles in the upper
1000 m with an enrichment factor following the global array would result in δ53Crparticulate similar to the
calculated δ53Crpore water.

Although the exact origin of pore water Cr is hard to discern and may include biogenic, scavenged, and
lithogenic sediment components, our mass balance calculations highlight the importance of internal processes
acting to redistribute Cr within the water column, transferring dissolved Cr from upper waters to deep
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waters. Therefore, the benthic flux may act more as an attenuation of the Cr sink term associated with
particle export than an entirely new Cr source. Pore water data from diverse sediment types are needed to
determine whether a truly new contribution from lithogenic material may be regionally important in more
lithogenic-rich sediments.

4.3 Accumulation of Cr in intermediate and deep water masses

To investigate the implications of the mechanistic insight from our incubation and pore water findings on
the global ocean, a compilation of globally-distributed [Cr] data is presented along with macronutrients and
apparent oxygen utilization (AOU, a quantification of the O2 used for organic matter respiration) following
the northward advection of water masses originating in the Southern Ocean (Figure 4). Intermediate and
deep waters are split into three water mass ranges based on hydrographic properties: AAIW, UCDW/PDW
and LCDW (Figure S2, Tables S9-S10).

Deeper water masses (UCDW and LCDW) show relatively uniform [Cr], AOU and macronutrients at their
southern origin, and concentrations increase with northward transport (Figure 4). However, key differences
emerge between tracers primarily reflecting the respiration of organic matter (AOU, PO4), phytoplankton
frustule-associated Si(OH)4, and [Cr]. AOU and PO4consistently show latitudinal maxima in the upper
deep water mass (UCDP/PDW) relative to LCDW, in agreement with global distributions of PO4, NO3 and
O2throughout the ocean (e.g. Schlitzer et al., 2018). Similar behaviour of Cr results in broadly correlated Cr–
AOU and Cr–PO4distributions (Figure 5), where correlations weaken as [Cr] increases. However, Si(OH)4
shows maxima in LCDW, and [Cr] in LCDW is comparable to or higher than in UCDW. These deeper
maxima, reflecting an apparent deeper regeneration cycle, may reflect globally important benthic sources as
has been shown for Si (Treguer & de la Rocha, 2013), consistent with our calculated pore water fluxes and
earlier global Cr cycle models (Jeandel & Minster, 1987). Chromium–Si(OH)4 distributions show a stronger
correlation (r2 = 0.58, n = 65) than Cr–AOU (r2 = 0.44, n = 71) and Cr–PO4(r2 = 0.52, n = 67) (Figure
5), supporting Cr release from biogenic material as being mechanistically independent from organic matter
respiration.

The absolute maxima in deep water [Cr] are found below the ETSP OMZ, where accumulated Cr represents
up to ˜45% of total deep water [Cr] based on Southern Ocean end members. While suboxic sediments are a
net sink term (e.g. Moos et al., 2020; Nasemann et al., 2020), these deep water [Cr] enrichments may reflect
the proximity to a benthic source from deeper oxic sediments (section 4.2, see also Figure 1). Deep ETNP
samples are also enriched relative to the subtropical South Pacific and subarctic North Pacific (Figure 4),
suggesting a connection to the intense OMZs overlying these deep [Cr] enrichments (Murray et al., 1983;
Rue et al., 1997; Moos et al., 2020). Mechanistically, the enhanced export of particulate Cr to depth from
water column removal combined with the elevated Mn present below these OMZs (e.g. Murray et al., 1983)
would facilitate the oxidative release of Cr from particles in the water column or from oxic pore waters. This
Cr-specific enrichment process would cause deep waters below intense OMZs to deviate from correlations
between Cr and macronutrients, which is confirmed by the resulting strengthening of the Cr correlation with
Si (r2 = 0.73) when removing samples below the ETSP OMZ (correlations with PO4(r2 = 0.56) and AOU
(r2 = 0.41) remain similar; Figure 5).

Intermediate waters are associated with high carbon respiration with northward advection (Figure 4). South-
ern waters with properties similar to newly-formed AAIW show the highest [Cr], and concentrations are
generally stable or decrease with northward transport, indicating [Cr] is decoupled from organic matter
respiration. A general decrease in [Cr] northward is found for Atlantic AAIW accompanied by increasing
salinity (r2 = 0.54). This trend likely reflects mixing of AAIW with Cr-poor but more saline thermocline
waters and NADW (Figure 6, Rickli et al. 2019). However, the weakness of the correlation likely suggests
more complicated mixing of multiple water masses, variable scavenging of Cr in intermediate waters, or both.

4.3.1 Implications of water mass [Cr] accumulation trends on Cr–macronutrient coupling in the global ocean

Widely observed correlations between [Cr] and macronutrient concentrations suggest shared biogeochemical
controls (e.g. Campbell & Yeats, 1981; Cranston, 1983; Jeandel & Minster, 1987; Rickli et al., 2019;
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Nasemann et al., 2020). Recent studies of other metal–macronutrient associations have highlighted the
importance of three dimensional processes, rather than vertical-controlled simplifications, with pre-formed
relationships (e.g. Vance et al., 2017), scavenging, and variable metal:macronutrient uptake ratios across
taxa and nutrient regimes (Quay et al., 2015; Ohnemus et al., 2019) driving globally-correlated distributions.

While correlations between [Cr] and PO4 exist on different spatial scales (e.g. Cranston, 1983; Rickli et
al., 2019), biogenic Cr fluxes are low relative to other nutrient-type metals and macronutrients as apparent
in smaller surface [Cr] depletions, lower surface-to-deep [Cr] gradients, reduced [Cr] accumulation in global
deep water, and [Cr] accumulation in subsurface waters that is independent from organic matter respiration
(sections 4.1-4.3, Figure 5). This means that the observed associations between [Cr] and PO4 probably reflect
mixing between distinct oceanic end-members (see Rickli et al., 2019) rather than coupled vertically-driven
processes (e.g. particle sinking and regeneration). Therefore end-member pre-formed Cr:macronutrient
ratios would shape much of the Cr–macronutrient relationships in the ocean interior, while end-members
impacted by biological uptake at their formation sites, and water mass-driven Cr:macronutrient associations
could result in variable regional relationships.

A prominent benthic source of dissolved Cr provides a mechanistic explanation for [Cr] and Si(OH)4 coupling
by vertical processes in addition to water mass mixing. However, deep water data demonstrate that [Cr] and
Si(OH)4 can decouple (Figures 4-5), and local differences in Cr–Si(OH)4slopes (Jeandel & Minster, 1987)
suggest the relationship between Cr and Si(OH)4 may reflect a combination of advection and mixing of waters
with different pre-formed Cr:Si(OH)4ratios, Cr and Si(OH)4 drawdown by phytoplankton in surface waters,
and the impact of sediment type and location on benthic dissolved Cr and Si(OH)4 fluxes (e.g. elevated [Cr]
below OMZs, Figures 4-5). Based on these variable controls on Cr:macronutrient ratios, and recognizing
that intermediate and deep water circulation likely plays a central role, interpretations of Cr–macronutrient
trends within depth profiles should be made with caution.

5. An updated global ocean Cr biogeochemical cycle

The foundations for understanding oceanic δ53Cr distributions were presented by Scheiderich et al. (2015),
who first demonstrated a tight coupling between [Cr] and δ53Cr. Building on the [Cr] literature, Scheiderich
et al. (2015) hypothesized that the controls on δ53Cr were the same as those known for [Cr]: reduction and
removal in OMZs and Cr export with biogenic particle flux along with regeneration from biogenic material.
Subsequent δ53Cr research has attempted to assess these mechanisms and their associated fractionations
to identify their roles in the global Cr and δ53Cr cycle. We combine these initial hypotheses and recent
advancements with our new data to improve our mechanistic understanding of Cr cycling in the global ocean
and highlight remaining uncertainties. This set of mechanistic controls define how internal oceanic processes
regulate δ53Cr, forming the global relationship (Figure 7 panel A), and will help to guide paleoceanographic
applications of marine δ53Cr.

Here, we have demonstrated that Cr release from biogenic particles, either in the water column or as a benthic
flux, can explain the [Cr]-rich side of the array (Figure 7 panels B and C) consistent with previous work on
biological uptake shaping the [Cr]-depleted side of the δ53Cr–[Cr] array (Figure 7 Panel B; Goring-Harford
et al., 2018; Janssen et al., 2020). In OMZs, dissolved Cr can be scavenged in the water column (Moos et al.,
2020) and at the sediment surface (Moos et al., 2020; Nasemann et al., 2020), a process that largely follows
the global array (Figure 7 Panel D). Mixing will generally act to homogenize process- and source-induced
variability, with the specific effect depending on the signatures of mixing water masses (Figure 7 panel E, see
also section S.4 and Figure S3; Rickli et al., 2019; this study). Hydrothermal circulation may also impact [Cr]
and δ53Cr in the modern ocean and paleoceanographic interpretations (Holmden et al., 2016), but remains
largely unconstrained at present (Figure 7 panel F).

Coastal environments are more likely to deviate from the global δ53Cr–[Cr] array due to localized influences,
including shelf sources (Goring-Harford et al., 2018) (Figure 7 Panel C), more quantitative removal in shelf
OMZs (Nasemann et al., 2020, Figure 7 Panel D); dilution from meltwater (Scheiderich et al., 2015, Figure
7 Panel E), and local riverine inputs (Figure 7 Panel F). Consequently, reconstructions of seawater δ53Cr
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from coastally-sourced marine sediment records, including continental margins, should be approached with
caution as these records are likely not reflective of global ocean conditions for δ53Cr and/or [Cr].

Taken together, the available body of oceanic data indicate that Cr and δ53Cr distributions are controlled
by biological uptake and scavenging onto sinking particles, with local enhanced reduction and scavenging
in OMZs, and regeneration from particles in the water column and/or oxic sediments. These signals are
then transported and mixed through ocean circulation. Consequently, δ53Cr records in marine-origin sedi-
ments should reflect the combination of these processes, with both export productivity and OMZ reduction
contributing to Cr accumulation in sediments and with temporal δ53Cr records reflecting modification of
these processes over time and with changes in global climate. Therefore, δ53Cr records are not exclusively
reflecting changes in O2 availability. Additional research is needed to understand early sediment diagenesis,
as indicated by elevated pore water [Cr], and the extent to which this may alter sediment Cr signals.

6. Conclusions

Our incubation data provide the first direct evidence of Cr release from biogenic particles and demonstrate
that the release of Cr is mechanistically independent from the regeneration of major elements in organic
matter (e.g. C, N, P), and may instead be related to oxidative release facilitated by Mn oxides. Our
pore water data indicate large benthic Cr fluxes as an important local process, and possibly an important
component of the ocean’s Cr budget. This benthic flux likely reflects the release of Cr scavenged onto
particles in the water column, rather than ‘new Cr’ from the dissolution of lithogenic material. δ53Cr data
from both bottom waters and incubations identify that release from biogenic particles follows the global
δ
53Cr–[Cr] array, demonstrating that Cr release, either in deep waters or surface sediments, can explain the

high [Cr] end-member of the global δ53Cr–[Cr] array. Furthermore, our data confirm that biogenic export
from the surface ocean and release at depth is important in shaping distributions of both [Cr] and δ53Cr
throughout the global ocean. Our compilation provides clear evidence of [Cr] accumulation in deep waters,
supporting a deep regeneration cycle for Cr that is decoupled from organic matter respiration and includes
a potential benthic source. This regeneration is likely particularly strong below tropical Pacific OMZs where
the local [Cr] maxium may result from Cr scavenged in OMZ waters being released in underlying oxic waters
and sediments. Intermediate waters show stable or decreasing [Cr], reflecting minimal release from particles
and a potential net water column Cr sink via scavenging. Because both [Cr] and δ53Cr are impacted by
biological and physical processes, and pore water data indicate active cycling in near-surface seidments, the
role of these processes with respect to Cr paleoredox proxy viability should be incorporated into future δ53Cr
O2-reconstruction applications.

Data Availability

Full cruise CTD and macronutrient data for cruises IN2018V 02 and IN2018V 04 are available from
CSIRO (https://www.cmar.csiro.au/data/trawler/). Full macronutrient and CTD data from the ACE
transect are available from the ACE collection on Zenodo (https://zenodo.org/communities/spi-ace).
Full macronutrient and CTD data from the M77/4 cruise are available from the Pangaea repository
(https://www.pangaea.de/). Full Line P macronutrient and CTD data are available from the Line P website
(http://www.waterproperties.ca/linep/data.php). Shipboard incubation data are available in Tables S1-S4.
Pore water data are available in Table S5 and sediment data are available in Table S7. New and literature
data used for the isopycnal compilation are available in the supplemental material (Tables S9 and S10).
Editorial note: all new data in this manuscript will also be made available as an open access dataset in the
Zenodo repository once a final decision is reached on the manuscript, and the data availability statement will
be updated to reflect this. For review purposes, all data are also included here.
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Potential
sources Sediment phase Cr per phase

Cr contributed
to bulk
sediment Cr needed

% of bulk ppm ppm ppm
Organic matter/
Surface
phytoplankton

1 11.7 0.1 49

CaCO3 76 0.1 0.08
Lithogenic
material/ Upper
continental crust

20 90 18

Table 1: Mass balance for sedimentary Cr .

Potential sources of Cr in marine sediments are compared to evaluate the origin of the benthic Cr flux.
Sediment phase percentages (organic matter, CaCO3, lithogenic material) are averages from the upper 4 cm
(Table S6). Cr per phase is the concentration expected in each individual phase (surface phytoplankton:
Martin & Knauer, 1973; CaCO3: Remmelzwaal et al., 2019; upper continental crust: Rudnick & Gao,
2003). Cr contributed to bulk sediment is the Cr that each phase would contribute to the bulk sediment
concentration, based on sediment phases and Cr per phase. Cr needed is the required [Cr] in the sediments
(i.e. the [Cr] of particles that must be delivered to sediments) to explain the calculated diffusive Cr flux
from sediments (3.2 nmol cm-2 yr-1, Table S6), assuming a sedimentation rate in the region of 2 cm ka-1 (e.g.
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Cochran & Osmond, 1976). A sedimentation rate on the higher side of regional observations was chosen to
give a minimum estimate of the Cr needed. The assumed sediment density is 1.7 g cm-3.

Figure 1: Map of sampling locations.

Station locations are shown for new data (open circles) and literature data (filled circles). Split circles
indicate locations with both new and literature data. Full data tables can be found in the supplemental
material. The black star denotes the location of the multicore site, where bottom and pore waters were
collected. The northernmost extent of AAIW as a primary water mass component in the Pacific Ocean
(Bostock et al., 2013), is shown as a dashed black line. The inset shows the subantarctic Southern Ocean,
the Tasman Sea (located between Australia and New Zealand) and the subtropical southwestern Pacific,
the sites for most of the new data. The flow paths of AAIW are shown in the inset as black arrows, and
M denotes regions of enhanced AAIW mixing (Bostock et al., 2013). Dashed white and grey lines indicate
representative fronts of the Southern Ocean (white – the Subtropical Front, light grey – the Subantarctic
Front, dark grey – the Polar Front; Orsi et al., 1995).

Figure 2: Regeneration incubation data.

Data for dissolved Cr concentrations (panel A), stable isotope composition (panel B) and redox speciation
(panel D) are presented for regeneration incubation 3, along with macronutrients (PO4: panel E; Si(OH)4:
panel F; NH4: panel H; NO2: panel I) and pMn (panel G). Incubation sample δ53Cr and [Cr] are shown over
the global array of oceanic data with a trendline fit to all the data (Panel C), demonstrating the alignment
of released Cr along the global distribution. The ambient temperature (4° C) treatment is shown as grey
circles and the 1° C treatment as white circles, with the initial dissolved water shown as a black circle.

Figure 3: Pore water [Cr] profile.

The left panel shows pore water dissolved [Cr] with depth in the sediment. Concentrations represent pore
water concentrations in sample intervals of 1 cm. Dissolved bottom water [Cr] is shown from a sample
collected approximately 10 cm above the sediment-water interface (shown as a dashed line). Uncertainty
is smaller than the symbol size. Note that the y axis scale above the sediment-water interface is different
from the scale below the interface. The right panel shows bulk sediment composition for the same core and
sediment intervals as pore water data (CaCO3 – grey, lithogenic material – brown, organic matter – green;
see supplemental section 3.3 and Table S7). The x axis scale has a break between 0% and 70%.

Figure 4: Chromium and macronutrient concentrations and AOU along intermediate and deep
water circulation.

Modification of deep water [Cr] is shown, along with parameters associated with the regeneration of organic
material ([PO4], AOU) and dissolution of plankton skeletal/frustule phases ([Si(OH)4]). Panels on the left
show AAIW (circles – Southern and Pacific Ocean data, diamonds – Atlantic Ocean data) while panels on
the right show Southern and Pacific Ocean UCDW, PDW and LCDW, with UCDW and PDW in circles and
LCDW in squares. Open circles denote samples with Antarctic Surface Water or Winter Water contributions.
Colors match sampling locations shown in Figures 1 and S2, and full data and sources are shown in Tables
S8-S10. Direct comparisons between [Cr] and AOU, PO4 and Si(OH)4 are shown in Figure 5. Note the
different x axis ranges for left and right panels.

Figure 5: Chromium–nutrient and Cr–AOU cross plots.

Dissolved Cr is shown compared to AOU (A, B), PO4 (C, D) and Si(OH)4 (E, F) for the intermediate (A, C,
E) and deepwater (B, D, F) dataset to highlight decoupling of Cr from tracers of organic matter respiration
and regeneration of organic-associated macronutrients (AOU, PO4). Symbols follow those used in Figure 4.

Figure 6: The impact of mixing on [Cr] in AAIW.

Chromium concentrations are shown with salinity for AAIW samples in the Drake Passage (open circles)
and the Atlantic Ocean (grey diamonds).
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Figure 7: Toward a mechanistic understanding of the global ocean Cr cycle.

The global array of open ocean [Cr] and δ53Cr data is shown (panel A) along with specific subsets of data
highlighted to demonstrate how different processes drive the global distribution. References for these subsets
are shown by superscripts. Processes which act to increase [Cr] are shown in white and processes which act
to decrease [Cr] are shown in dark grey. Mixing, which may increase or decrease [Cr] depending on the
point of reference, is shown in light grey. Panel B shows processes within the biological pump (surface
uptake, export of biogenic particles, and regeneration at depth). Panel C shows benthic Cr fluxes. Panel D
shows Cr removal in OMZs, which may follow the global trend or deviate slightly. Panel E shows mixing
processes. Panel F shows processes which are unconstrained at present (hydrothermal fluxes) or which may
have variable impact depending on local characteristics (riverine [Cr] and δ53Cr, estuarine mixing). The axes
and ranges of all panels are identical. Data from Moos & Boyle (2019) as well as the following studies were
used:1Janssen et al., 2020 (dark grey circles, panel B);2Goring-Harford et al., 2018 (dark grey diamonds,
panel B; white diamonds, panel C); 3This study (white squares, panels B & C), 4Moos et al., 2020 (dark
grey circles, panel D); 5Nasemann et al., 2020 (dark grey squares, panel D); 6Scheiderich et al., 2015 (light
grey circles, panel E), 7Rickli et al., 2019 (light grey squares, panel E), 8Goring-Harford et al., 2020.
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Abstract 33 

 34 

Chromium (Cr) has shown promise as a paleoceanographic proxy due to the redox-driven control of 35 

dissolved Cr concentrations ([Cr]) and stable isotope composition (δ53Cr). However, substantial 36 

uncertainties in the biogeochemical Cr cycle have limited its paleoproxy application to date. To improve 37 

the mechanistic understanding of Cr cycling in the modern ocean and strengthen its potential proxy 38 

applications, we present new data from regeneration incubations, bottom and sediment pore waters, and a 39 

compilation of intermediate and deep water data. While Cr removal and biological export from the surface 40 

ocean is associated with organic carbon export, the deep water release of dissolved Cr from sinking particles 41 

is not directly dependent on organic carbon respiration, as indicated by differing trends between Cr, oxygen 42 

utilization and the regeneration of organic-associated macronutrients (e.g. N, P). Pore water and bottom 43 

water data demonstrate that benthic Cr fluxes are locally important and may be significant globally. The 44 

pore water dissolved Cr flux at our CaCO3-rich site is likely driven by the re-release of Cr scavenged from 45 

the water column by sinking particles, with minor contributions from lithogenic phases. We argue this is 46 

consistent with the highest open ocean [Cr] to date being found in the water column below oxygen minimum 47 

zones, likely reflecting the release of scavenged Cr in deep waters or surface sediments. Chromium released 48 

from suspended particles and surface sediments follows the global δ53Cr–[Cr] array, supporting the 49 

proposed role of biological export and regeneration in shaping global Cr and δ53Cr distributions. Global 50 

intermediate and deep water [Cr], δ53Cr and Cr:macronutrient relationships are thus shaped by a synergy of 51 

circulation patterns, water mass mixing, a deep Cr regeneration cycle, and benthic Cr sources. A biogenic 52 

control on global Cr distributions indicates that sedimentary Cr records may reflect biogenic as well as O2-53 

dependent processes, while more research is needed to assess sediment Cr record fidelity based on an active 54 

diagenetic cycle. 55 

 56 

1. Introduction  57 

 58 



Oceanic distributions of dissolved Cr show nutrient-type behavior, generally resembling the primary macro- 59 

and micronutrients, though with muted surface depletions and enrichments at depth (e.g. Campbell & Yeats, 60 

1981; Jeandel et al., 1987). Thermodynamic calculations predict that oxidized Cr(VI), a soluble oxyanion 61 

with low particle reactivity (Semeniuk et al., 2016), should account for all dissolved Cr in the oxygenated 62 

ocean (Elderfield et al., 1970). However, the reduced form, Cr(III), is regularly found at low levels in 63 

oxygenated seawater (≤ ~15% of total dissolved Cr, e.g. Cranston & Murray, 1978; Cranston, 1983; Jeandel 64 

& Minster, 1987; Achterberg & van den Berg, 1997; Connelly et al., 2006; Janssen et al., 2020), and may 65 

constitute a major fraction of dissolved Cr in oxygen minimum zones (OMZs; e.g. Murray et al., 1983; Rue 66 

et al., 1997). Chromium(III) is relatively insoluble and readily adsorbs to mineral and organic surfaces (e.g. 67 

Cranston & Murray, 1978; Mayer et al., 1984). Therefore redox transformations likely play a central role 68 

in Cr biogeochemical cycling. Iron(II) is an important Cr(VI) reductant in natural aquatic systems (Pettine 69 

et al., 1998), and Mn oxides are a primary Cr(III) oxidant (van der Weijden & Reith, 1982; Milletto et al., 70 

2021), especially in Mn-rich environments such as sediments (Oze et al., 2007). 71 

 72 

The primary dissolved Cr removal processes in the ocean, both involving Cr reduction followed by particle 73 

scavenging, are removal in OMZs and biologically-mediated export (e.g. Scheiderich et al., 2015). 74 

Chromium removal in OMZs has been reported in the eastern tropical North Pacific (ETNP) (Murray et al., 75 

1983; Rue et al., 1997; Moos et al., 2020) and the eastern tropical South Pacific (ETSP) (Nasemann et al., 76 

2020), but this process may be more efficacious in anoxic shelf environments (cf. Moos et al., 2020; 77 

Nasemann et al., 2020). Correlations between Cr and particulate organic carbon in sinking particles 78 

(Connelly et al., 2006), Cr(III) adsorption onto marine phytoplankton (Semeniuk et al., 2016), and 79 

agreements between dissolved Cr deficits and productivity-based inferred removal (Janssen et al., 2020) 80 

support a Cr sink associated with biological export. However, the subtle gradients in [Cr] depth profiles 81 

suggest that release from biogenic particles is relatively minor (e.g. Scheiderich et al., 2015; Goring-82 

Harford et al., 2018; Moos & Boyle, 2019; Rickli et al., 2019) meaning the contribution of biogenic Cr 83 

fluxes to concentrations in the ocean interior may be limited, and circulation may play an important role in 84 



shaping distributions (Connelly et al., 2006; Scheiderich et al., 2015; Goring-Harford et al., 2018; Rickli et 85 

al., 2019). Elevated bottom water [Cr] suggests surface to deep [Cr] gradients may be influenced by a flux 86 

from marine sediments (Murray et al., 1983; Jeandel and Minster, 1987; Achterberg & van den Berg, 1997) 87 

consistent with shallow pore water Cr enrichments on the California shelf due to release from organic matter 88 

(Shaw et al., 1990).  89 

 90 

Chromium redox transformations are accompanied by isotopic fractionation. While fractionation patterns 91 

during Cr oxidation are variable (see discussion in Zink et al., 2010; Milletto et al., 2021), reduction 92 

consistently enriches light isotopes in Cr(III) (e.g. Wanner & Sonnenthal, 2013). The redox control on [Cr] 93 

and δ53Cr makes δ53Cr a potentially powerful tracer of paleoredox conditions, especially in early earth 94 

studies (e.g. Frei et al., 2009). However, application and interpretation of δ53Cr records require an accurate 95 

and mechanistic understanding of the process(es) that control Cr budgets and isotopic fractionation in 96 

terrestrial environments, the global ocean, and during incorporation of Cr into sediment records. The 97 

systematic relationship between seawater [Cr] and δ53Cr suggests that redox transformations likely control 98 

the global distribution of oceanic δ53Cr (Scheiderich et al., 2015; Goring-Harford et al., 2018; Moos et al., 99 

2019; Rickli et al., 2019; Janssen et al., 2020; Moos et al., 2020; Nasemann et al., 2020) implying an 100 

effective isotope enrichment factor (ε) of approximately -0.7 ‰ associated with Cr reduction and removal. 101 

Recent δ53Cr and [Cr] data demonstrate fractionation associated with biologically driven Cr removal in the 102 

open ocean (Janssen et al., 2020). Similarly, Cr removal in shelf settings (Goring-Harford et al., 2018), as 103 

well as in OMZs (Moos et al., 2020; Nasemann et al., 2020) can result in isotopic fractionation. However, 104 

isotope fractionation factors for these removal processes remain poorly constrained. 105 

 106 

To address uncertainties in the modern ocean Cr budget and the role of biogenic processes in seawater δ53Cr 107 

distributions, we present dissolved [Cr], δ53Cr and [Cr(III)] from shipboard incubations, new intermediate 108 

and deep water [Cr] and δ53Cr data from eight research expeditions in the Southern, Pacific and Atlantic 109 

Oceans, and pore water [Cr] data from the Tasman Sea. 110 



 111 

2. Oceanographic background - Formation of intermediate and deep waters in the Southern Ocean 112 

and advection into the Pacific and Atlantic Oceans 113 

 114 

The Southern Ocean is the formation site for much of the global deep and intermediate waters, including  115 

Antarctic Intermediate Water (AAIW) and Upper and Lower Circumpolar Deep Water (U/L-CDW). The 116 

extent to which these intermediate and deep waters penetrate into lower latitudes in the Pacific and Atlantic 117 

Oceans varies depending on formation sites, bathymetry, and the prevalence of other water masses. 118 

 119 

AAIW is reflected in salinity minima in depth profiles, although this erodes with northward transport, and 120 

it is found at neutral densities ~27 < γη < ~27.4 (Orsi et al., 1995; Sloyan & Rintoul, 2001; Talley et al., 121 

2011; Bostock et al., 2013). AAIW flows northward to the tropical South Pacific (~10-15° S) where it mixes 122 

with Equatorial Pacific Intermediate Water, itself derived from the mixing of AAIW and Pacific Deep 123 

Water (PDW) (Bostock et al., 2013). Atlantic AAIW is diluted by mixing during northward transport, as 124 

evidenced by increased salinity, and reaches a maximum extent slightly beyond the equator (Suga & Taley, 125 

1995). Tropical Atlantic AAIW is found at a depth of around 700-800 m dicernible by low salinity (~34.20-126 

34.40) and high O2 (≥ 190 µmol kg-1) south of 20° S. Basin-scale circulation patterns result in more O2-127 

depleted AAIW north of 20° S impacted by organic matter respiration and vertical mixing (Suga & Talley, 128 

1995). 129 

 130 

The deep waters of the Pacific Ocean comprise UCDW, LCDW and PDW, the latter of which is largely 131 

found at similar densities as UCDW (γη < 28.0; T > 1.5° C; S < 34.65 PSU) and is formed as the colder, 132 

more saline and more oxygen rich LCDW (γη > 28.0) is upwelled and mixed throughout Pacific (e.g. Orsi 133 

et al. 1995; Sloyan & Rintoul, 2001; Kawabe & Fujio, 2010; Talley et al. 2011). Densities occupied by 134 

UCDW transition to predominantly PDW in the tropical South to subtropical North Pacific, with UCDW 135 

reaching further north in the western Pacific. LCDW extends into the North Pacific along the western side 136 



of the basin, and the northernmost reaches are characterized by elevated [Si(OH)4] (≥170 µmol kg-1) 137 

(Kawabe & Fujio, 2010). CDW enters the South Atlantic below AAIW and can be dominant as far north 138 

as ~25° S, but the relative contribution of CDW weakens as the water mass continues northward with CDW 139 

accounting for ≤ 50% of deep waters in the tropical Atlantic (Larqué et al., 1997). 140 

 141 

3. Methods 142 

 143 

Intermediate and deep water [Cr] and δ53Cr samples were collected on RV Investigator expeditions 144 

IN2018_V02 (Mar-2018) and IN2018_V04 (Sept-Oct 2018), ACE Legs 1 (Dec-2016 to Jan-2017) and 2 145 

(Jan-2017 to Feb-2017), GEOTRACES section GP13 (Australian leg, May-June 2011), RV Meteor cruise 146 

M77/4 (Jan-Feb 2009), Line P cruise 2012-13 (Aug-2012), and RV Discovery cruise DY110 (Oct-Nov 147 

2019) (Figure 1). Further analyses were performed on bottom and pore waters (IN2018V_04) and on 148 

samples from shipboard regeneration incubation experiments (IN2018V_02).  149 

 150 

3.1 New and literature data from the Southern, Pacific and Atlantic Oceans 151 

We present a compilation of new and literature [Cr] data in Southern-sourced intermediate and deep waters 152 

across the Southern, Pacific, and Atlantic Oceans (Figure 1). Literature [Cr] data were not included if: (1) 153 

hydrographical data (temperature, salinity) are missing, (2) the data have not been peer-reviewed, or (3) 154 

later publications identified them as suspect or incorrect. 155 

 156 

We add 12 samples from the Indian Sector of the Southern Ocean (ACE Leg 1) and one sample from the 157 

Drake Passage (ACE Leg 2) to [Cr] and δ53Cr available from the Pacific Sector of the Southern Ocean 158 

(Rickli et al., 2019) to further constrain the composition of southern-sourced end-members. The Drake 159 

Passage sample constrains the characteristics of intermediate waters entering the Atlantic Ocean. 160 

 161 



We present data from five stations in the subantarctic Southern Ocean and the Tasman Sea (IN2018V_02 162 

and IN2018V_04, 26 samples) and four stations in the Tasman Sea and subtropical South Pacific 163 

(GEOTRACES section GP13, 12 samples) in order to characterize waters advecting northward into the 164 

Pacific Ocean. 165 

 166 

Four new samples from one of the most intense OMZs in the global ocean (ETSP near Peru; M77/4) are 167 

added to existing ETSP (Nasemann et al., 2020), ETNP OMZ (Murray et al., 1983; Rue et al., 1997), and 168 

subtropical North Pacific (Moos & Boyle, 2019) data. Additionally, we present four new samples from a 169 

profile in the subarctic North Pacific (Line P 2012-13) to characterize the northern extent of deep water in 170 

the Pacific Ocean. Previous subarctic North Pacific literature data for [Cr] in PDW and LCDW (Cranston, 171 

1983; Mugo & Orians, 1993) show a clear offset from recent high-precision data and are not used (see 172 

Table S11). 173 

 174 

To follow the northward advection of AAIW into the equatorial Atlantic, we present seven samples from 175 

five stations along a meridional transect (DY110). Additional literature data from the Atlantic are limited, 176 

with only one sample within AAIW (station 11.5, Goring-Harford et al., 2018) and no available CDW data. 177 

 178 

3.2 Water column dissolved Cr sampling 179 

IN2018_V02, IN2018_V04, and GP13 samples were collected using an autonomous trace metal clean 180 

rosette system and gravity filtered through acid-cleaned 0.2 µm filters (Pall Acropak) into acid cleaned 181 

LDPE bottles in a class 100 clean van. IN2018 samples were acidified to pH < 2 (2 mL L-1 sub-boiling 182 

distilled concentrated HCl) on land and stored for 3-26 months before analysis. GP13 samples were stored 183 

frozen until 2019, at which point they were thawed, acidified as for IN2018 samples, and stored at least 7 184 

months before analysis. DY110 samples were collected with a conventional CTD-rosette, gravity filtered 185 

through acid-cleaned 0.2 µm filters (Pall Acropak) acidified to pH ≈ 2 (1 mL L-1 concentrated HCl), and 186 



stored for at least 3 months before analysis. Sampling and sample handling are discussed in detail elsewhere 187 

for ACE (Rickli et al., 2019), M77/4 (Nasemann et al., 2020) and Line P (Janssen & Cullen, 2015). 188 

 189 

3.3 Incubation design and sampling 190 

Incubation regeneration experiments were carried out in the subantarctic Southern Ocean south of Tasmania 191 

(IN2018_V02) in acid-cleaned 20 L LDPE cubitainers with Teflon-lined caps. Three regeneration 192 

experiments were conducted, with differences in incubation temperature and the particle collection depth 193 

(supplemental material). Each experiment consisted of two treatments, each in triplicate. Cubitainers were 194 

filled with filtered (0.2 µm) surface (~5 m) seawater collected using a trace metal-clean tow fish, and 195 

aliquots were collected for initial (T0) nutrients, [Cr] and δ53Cr before particle inoculation. Filled cubitainers 196 

were stored in the dark at 1° C until inoculating with particles (within 8 hours of filling). Ambient suspended 197 

particle samples from the oxic water column were collected onto acid-cleaned 1 µm polycarbonate filters 198 

using in-situ pumps (McLane). Particles were resuspended from these filters, forming a particle-rich slurry 199 

that was added to the individual cubitainers to result in particulate concentrations approximately 2-4 fold 200 

above natural levels. Because only resuspended particles were added to the incubaitons, the high Cr blanks 201 

associated with many filter materials (e.g. Scheiderich et al., 2015) will not impact the incubations. 202 

 203 

Particle-inoculated cubitainers were incubated in the dark at either 4° C (ambient) or 1° C (cold treatment) 204 

for five days, with three subsampling time points. For subsampling, the cubitainers were transported to a 205 

Class 100 clean van, gently mixed, and subsampled into acid-cleaned LDPE bottles (for trace metals) or 206 

polycarbonate tubes (for macronutrients). Subsamples for trace metals were transported to a laminar flow 207 

hood and filtered through acid-cleaned 0.4 µm polycarbonate filters using a Teflon vacuum filtration 208 

apparatus (Savillex). Loss of Cr to container walls has been shown to be minimal over short timeframes 209 

(e.g. Semeniuk et al., 2016) and was not considered here. Chemically-labile particulate metal and P 210 

concentrations were determined with magnetic-sector ICPMS following solubilisation with a heated 211 

mixture of reductant (hydroxylamine hydrochloride) and weak acid (acetic acid) designed to dissolve 212 



biogenic material and Mn and Fe oxides (Berger et al. 2008). Analytical procedures followed those 213 

previously described in Rauschenberg and Twining (2015). 214 

 215 

3.4 Bottom water, pore water and sediment sampling 216 

Pore water and bottom water samples for this study were collected from a multicore deployment near 217 

Station PS3 in the Tasman Sea (Figure 1, 3349 m water depth). Cores for pore water, bottom water, and 218 

sediment samples were processed in an N2 environment. A bottom water sample was extracted from the 219 

core tube approximately 10 cm above the sediment-water interface using an acid-cleaned rubber-free 220 

syringe and filtering through a 0.45 µm syringe filter into an acid-cleaned LDPE bottle. The bottom water 221 

was visibly clear and free from sediment resuspension, and the sediment surface appeared undisturbed. 222 

 223 

Pore water samples were collected following procedures outlined in Abbott et al. (2015). In brief, 1 cm 224 

depth intervals were placed into acid-cleaned centrifuge tubes in a glove bag, sealed, then centrifuged at 225 

4500 rpm for 20 minutes. The pore water (supernatant) was extracted from centrifuged samples and filtered 226 

as outlined for bottom water. The samples were acidified, stored and analyzed for [Cr] by isotope dilution 227 

as described in section 3.6. Centrifuged sediments were stored frozen until freeze-dried, then analyzed for 228 

bulk composition (CaCO3, organic matter, lithogenic material; supplemental material). 229 

 230 

3.5 Cr(III) samples 231 

Dissolved chromium redox speciation (Cr(III)) samples were processed at sea using magnesium hydroxide 232 

(Mg(OH)2) co-precipitation, then analysed by isotope dilution ICP-MS on land at the University of Bern 233 

following the procedures of Janssen et al. (2020) (external [Cr(III)] 1σ = 10% RSD, Janssen et al., 2020). 234 

 235 

3.6 Chromium concentrations and δ53Cr 236 

Procedures for the determination of total dissolved Cr concentrations ([Cr]) and stable isotope composition 237 

(δ53Cr) are described in detail in Rickli et al. (2019), with minor modifications (see  supplemental material; 238 



Janssen et al., 2020; Nasemann et al., 2020). Briefly, preliminary [Cr] for spiking purposes (not reported) 239 

was determined by isotope dilution on small sample aliquots by Mg(OH)2 co-precipitation followed by 240 

cation exchange chromatography. The final reported [Cr] is from δ53Cr determinations, except when δ53Cr 241 

samples were not available (pore waters and incubation intermediate time points). Pore water samples (0.2 242 

mL) were dried rather than co-precipitated before chromatography. For δ53Cr, a 0.25-1 L sample aliquot 243 

was spiked with 50Cr-54Cr double spike, pre-concentrated by Mg(OH)2 co-precipitation, and purified by a 2 244 

step column chromatography. 245 

 246 

Samples were analyzed on a ThermoFisher Neptune Plus MC-ICP-MS at the University of Bern following 247 

Rickli et al. (2019). δ53Cr procedural blanks were 0.3-0.6 ng Cr and insignificant relative to sample Cr. 248 

δ53Cr data are reported relative to the NIST SRM 979. Internal uncertainties were generally 0.02-0.03 ‰ 249 

(2 SEM); external reproducibility, based on replicate analyses of seawater samples, is ± 0.033 (2 SD) for 250 

δ53Cr and <1% (1 RSD) for [Cr] (see Janssen et al., 2020). In addition to the zero reference NIST SRM 979, 251 

a Merck Cr(III) standard was run to monitor accuracy (δ53Cr = -0.426 ± 0.027 ‰, n = 9; literature: δ53Cr = 252 

-0.443 ± 0.022 ‰, Schoenberg et al., 2008). The procedural accuracy of our method has been validated by 253 

an inter-laboratory comparison (Rickli et al., 2019). 254 

 255 

4. Results and Discussion 256 

 257 

4.1 Regeneration incubation experiments 258 

Three incubation experiments to probe for broad, differential effects on the regeneration of trace elements 259 

were conducted at the same location in the subantarctic Southern Ocean (Figure 1) within 10 days of each 260 

other, with varying experimental design (collection depth and incubation temperatures) and natural 261 

variability in the initial particulate regime and elemental concentrations. Only one incubation (Inc. 3) 262 

generated significant differences in [Cr] and δ53Cr by the final time point. We focus on this incubation here, 263 

with results from Inc. 1 and 2 provided in the supplemental material (Section S1, Figures S1, Tables S3-264 



S4). Initial particulate P (pP), Mn (pMn) and Fe (pFe) from all three incubations are shown in Table S1. 265 

Flowcam imaging data indicate that particles in all three incubations were small (mostly ~2 µm, nearly all 266 

< 6 µm), with a high abundance of flagellates (data not shown), while regional dust deposition is very low 267 

(Mahowald et al., 2005), confirming a predominantly biogenic particulate composition. 268 

 269 

There was minimal to no net regeneration of organic-associated macronutrients as indicated by the lack of 270 

macronutrient variability (N and P) (Figure 2, Table S2). Chromium concentrations, [Cr(III)] and δ53Cr 271 

remained stable over the first three days of the treatments. However, [Cr] increased by an average of 0.46 272 

± 0.14 and 0.56 ± 0.18 nmol kg-1 (1 SD of the triplicates) by the final sampling for the ambient and cold 273 

treatments, respectively (Figure 2), demonstrating that Cr release was independent from organic carbon 274 

respiration. Small increases in [Cr(III)] were also observed by the end of the incubation, though the 275 

increases in [Cr] were approximately seven times larger. Particulate Cr was probably primarily Cr(III) – 276 

Cr(III) dominates the Cr adsorbed to biogenic particles (e.g. Semeniuk et al., 2016) and the Cr content of 277 

calcium carbonate, hosting Cr(VI), is very low (Remmelzwaal et al., 2019). Therefore, due to the small 278 

changes in [Cr(III)], particulate Cr was either oxidatively released or rapidly oxidized after release. 279 

 280 

Particulate Mn oxides are known to oxidize Cr(III), facilitating particulate Cr(III) dissolution (Oze et al., 281 

2007), and incubated particles were enriched in Mn beyond typical cellular quotas (Table S1, Twining & 282 

Baines, 2013), indicating the presence of Mn oxides. Therefore, Cr oxidation coupled to the reduction of 283 

Mn oxides could explain dissolved Cr release without N and P regeneration or increases in [Cr(III)]. Indeed, 284 

the timing of the release of Cr in Inc. 3 matches a decrease in pMn (Figure 2). Differences between the 285 

three incubations can also be explained by Mn oxides. Incubations from 150 m had much higher pMn than 286 

those from shallower depths (Inc. 1, 100 m & Inc. 2; Table S1), following trends in oceanic pMn 287 

distributions (Ohnemus et al., 2019), and explaining the lack of Cr release in shallower treatments. 288 

Particulate Fe in Inc. 1 was higher than in Inc. 3 (Table S1), indicating more Fe-rich mixed oxides, which 289 

may impact Cr oxidation and explain differences between these incubations. The enriched incubation 290 



particle concentrations, possibly in combination with the formation of particle aggregates, would help to 291 

increase the probability of oxidative Cr release by particulate Mn oxides relative to ambient seawater 292 

conditions. Consequently, oxidative particulate Cr release driven by reduction with Mn oxides would be 293 

less likely in natural seawater, suggesting a deeper regeneration cycle for Cr than organic matter respiration 294 

influenced by more Mn-rich deeper particles (Ohnemus et al., 2019) and marine sediments. 295 

 296 

The increase in [Cr] was accompanied by a statistically significant decrease in δ53Cr in four of six samples 297 

(Figure 2, Table S2). δ53Cr decreases were not significant for the remaining two samples, which is consistent 298 

with the small increase in [Cr] insufficient to significantly lower δ53Cr. Inter-replicate variability is likely 299 

controlled by small initial differences in biological communities and particle compositions in each 300 

cubitainer, hence real natural variability, rather than analytical uncertainty, given differences in [Cr] 301 

between triplicates were well outside of analytical uncertainty (Figure 2, Table S2). This release of low 302 

δ53Cr from particles provides evidence for predictions that Cr adsorbed onto biogenic particles is 303 

isotopically light (Scheiderich et al., 2015; Semeniuk et al., 2016; Janssen et al., 2020). 304 

 305 

A strong linear relationship is observed between δ53Cr and ln[Cr] in the regeneration incubation samples 306 

(r2 = 0.89) with an implied enrichment factor (ε) = -0.66 ‰. This enrichment factor matches the global 307 

δ53Cr–[Cr] array (global ε ≈ -0.70 ‰), and the data plot along the global array (Figure 2). This supports 308 

release from biogenic particles as an important process in driving global [Cr] and δ53Cr distributions. While 309 

proposed earlier (Scheiderich et al., 2015), previous studies have highlighted that biogenic Cr accumulation 310 

was lacking strong support in oceanic depth profiles (Scheiderich et al., 2015; Goring-Harford et al., 2018; 311 

Moos & Boyle, 2019; Rickli et al., 2019). This study provides the first direct evidence that Cr release from 312 

biogenic particles acts as a control on δ53Cr across intermediate and deep waters, and ultimately also 313 

supports the inverse of this process – the adsorption of Cr onto biogenic particles in the surface ocean – as 314 

a control of δ53Cr and [Cr] (Scheiderich et al., 2015; Semeniuk et al., 2016; Goring-Harford et al., 2018; 315 

Janssen et al., 2020). 316 



 317 

4.2 Benthic Cr supply: the flux of Cr to bottom waters from pore waters 318 

Pore waters were sampled from calcareous sediments (~3350 m water depth) collected from a shallower 319 

feature punctuating the abyssal plain (~4000 to 5000 m) in the Tasman Basin (Figure 1). Regional 320 

sedimentation rates are on the order of 1-2 cm kyr-1 (Cochran & Osmond, 1976). Organic matter is around 321 

1% at the sediment surface, though upper sediments remain oxic and organic carbon content decreases with 322 

depth (Table 1, Table S7). Surface sediment Mn/Al (~0.016) and Fe/Al (~0.53) are higher than upper 323 

continental crust values (0.009 and 0.48 respectively, Rudnick & Gao, 2003; Table S7), suggesting slight 324 

authigenic oxide enrichment, though Fe-Mn oxides are not a dominant phase. Sediment Mn/Al begins to 325 

decrease below 11 cm, suggesting oxic conditions in the upper 10 cm and more reducing conditions below 326 

this depth. 327 

 328 

Pore water dissolved [Cr] shows a shallow sub-surface maximum (0-1 cm below the sea floor) of 47.4 nmol 329 

kg-1, approximately an order of magnitude greater than local bottom waters (4.81 nmol kg-1, Figure 3), and 330 

pore water [Cr] generally decreases exponentially with depth. The lowest pore water concentrations are 331 

observed in the deepest samples (6.7 nmol kg-1 at 9-10 cm depth), which remain elevated relative to bottom 332 

water. This upper pore water Cr maximum is consistent with  observations by Shaw et al. (1990). In contrast 333 

to our observations of maximum pore water [Cr] at the sediment surface, Shaw et al. (1990) observed Cr 334 

removal in the uppermost oxic sediments, above the near-surface pore water [Cr] maximum. The absence 335 

of Cr removal in our uppermost oxic sediments may reflect the strong differences in bulk sediment 336 

composition between the lithogenic-dominated sites in Shaw et al. (1990) and our carbonate-dominated 337 

site. 338 

 339 

A near-surface pore water maximum in [Cr] suggests pore waters may act as a diffusive source of dissolved 340 

Cr to the ocean. Bottom waters composed of CDW are enriched in dissolved Cr and are isotopically distinct 341 

([Cr] = 4.81 nmol kg-1, δ53Cr = 0.76 ± 0.03 ‰) from CDW at nearby stations not in contact with sediments 342 



([Cr] = 3.95 nmol kg-1, δ53Cr = 0.84 ± 0.03 ‰, 2SD, n = 6 samples ≥ 3000 m at stations TS8 and PS2, Table 343 

S9). Given the gradient of [Cr] from the pore water to the overlying bottom water, the diffusive flux of 344 

dissolved Cr can be estimated using Equation 1 345 

𝐹𝑙𝑢𝑥𝐶𝑟  =  𝐷𝑠
𝛥𝐶

𝛥𝑧
     Equation 1 346 

where Ds is the Cr diffusion coefficient corrected for temperature and tortuosity (supplemental material, 347 

see also Abbott et al., 2015), giving an estimated benthic flux of ~3.2 nmol Cr cm-2 yr-1. 348 

 349 

To contextualize this, if global oxic sediments were characterized by a benthic source of similar magnitude 350 

to that observed at our site, the global benthic Cr flux would be comparable to or larger than riverine inputs, 351 

currently believed to be the dominate Cr source (Bonnand et al., 2013; supplemental material), consistent 352 

with box model estimates (Jeandel & Minster, 1987). While quantitative estimates of global benthic Cr 353 

fluxes await greater data availability across diverse sediment types, our data identify that benthic sources 354 

are at least locally important and support previous studies that: (1) have argued for benthic Cr fluxes based 355 

on globally distributed elevated deep water [Cr] (Cranston, 1983; Murray et al., 1983; Jeandel & Minster, 356 

1987), and (2) have invoked elevated pore water [Cr] to explain Cr enrichments in planktonic foraminifera 357 

in sediments compared to water column samples (Remmelzwaal et al., 2019). 358 

 359 

We use the bulk sediment composition to examine potential sources of Cr to pore waters by applying mass 360 

balance calculations based on the average composition of the upper 4 cm, reported Cr concentrations of 361 

these phases, and regional sedimentation rates (Table 1). These calculations suggest that neither lithogenic 362 

nor carbonate-hosted Cr can account for the Cr flux out of these carbonate-rich and detrital-poor sediments. 363 

Nor is the Cr content of surface phytoplankton (~1-21 ppm, Martin & Knauer, 1973) high enough to explain 364 

observations (Table 1). Therefore, we suggest a combination of mechanisms causing Cr enrichments in 365 

particles delivered to sediments can explain the observed pore water data. First, respiration may result in a 366 

relative Cr enrichment in particles reaching the seafloor because the release of Cr from particles appears 367 



decoupled from organic matter respiration (see sections 4.1, 4.3). At the same time, scavenging of particle-368 

reactive Cr(III) may increase the Cr content on biogenic and non-biogenic particles. Regardless of which 369 

process(es) are involved, the Cr released from these sediments must largely be derived from the water 370 

column based on mass balance and is incorporated into the sediments as particle-adsorbed Cr that has been 371 

scavenged onto particle surfaces in the upper ocean (Connelly et al., 2006; Semeniuk et al., 2016; Janssen 372 

et al., 2020), and at intermediate depths (see section 4.3), while detrital Cr may be more inert. Mn oxides 373 

in surface sediments may also facilitate oxidative release of Cr(III) coupled to Mn reduction. 374 

 375 

To better constrain the origin of dissolved Cr in pore water we calculate its δ53Cr from mass balance, using 376 

observed bottom and deep water [Cr] and δ53Cr (bottom water: [Cr] = 4.81 nmol kg-1, δ53Cr = 0.76 ± 0.03 377 

‰; deep water: ([Cr] = 3.95 nmol kg-1, δ53Cr = 0.84 ± 0.03 ‰, 2SD; supplemental material). Pore water 378 

δ53Cr is estimated at 0.34 ± 0.25 ‰ (2 SEM propagated error), which is heavier than silicate earth (-0.124 379 

± 0.101 ‰, Schoenberg et al., 2008). While the closeness of these ranges indicates that some lithogenic 380 

component may contribute to the pore water flux, mass balance calculations, combined with the likely 381 

refractory nature of lithogenic Cr (e.g. Bauer et al., 2019), indicate that it is unlikely that lithogenic Cr 382 

contributes significantly to the pore water flux. In contrast, pore water δ53Cr is lighter than dissolved δ53Cr 383 

in the upper 1000 m (δ53Cr ≈ 1.1-0.9 ‰) by a similar amount as the enrichment factor predicted by the 384 

global δ53Cr–[Cr] array (ε ≈ -0.7 ‰). In other words, removal of dissolved Cr to particles in the upper 1000 385 

m with an enrichment factor following the global array would result in δ53Crparticulate similar to the calculated 386 

δ53Crpore water. 387 

 388 

Although the exact origin of pore water Cr is hard to discern and may include biogenic, scavenged, and 389 

lithogenic sediment components, our mass balance calculations highlight the importance of internal 390 

processes acting to redistribute Cr within the water column, transferring dissolved Cr from upper waters to 391 

deep waters. Therefore, the benthic flux may act more as an attenuation of the Cr sink term associated with 392 

particle export than an entirely new Cr source. Pore water data from diverse sediment types are needed to 393 



determine whether a truly new contribution from lithogenic material may be regionally important in more 394 

lithogenic-rich sediments. 395 

 396 

4.3 Accumulation of Cr in intermediate and deep water masses 397 

To investigate the implications of the mechanistic insight from our incubation and pore water findings on 398 

the global ocean, a compilation of globally-distributed [Cr] data is presented along with macronutrients and 399 

apparent oxygen utilization (AOU, a quantification of the O2 used for organic matter respiration) following 400 

the northward advection of water masses originating in the Southern Ocean (Figure 4). Intermediate and 401 

deep waters are split into three water mass ranges based on hydrographic properties: AAIW, UCDW/PDW 402 

and LCDW (Figure S2, Tables S9-S10). 403 

 404 

Deeper water masses (UCDW and LCDW) show relatively uniform [Cr], AOU and macronutrients at their 405 

southern origin, and concentrations increase with northward transport (Figure 4). However, key differences 406 

emerge between tracers primarily reflecting the respiration of organic matter (AOU, PO4), phytoplankton 407 

frustule-associated Si(OH)4, and [Cr]. AOU and PO4 consistently show latitudinal maxima in the upper 408 

deep water mass (UCDP/PDW) relative to LCDW, in agreement with global distributions of PO4, NO3 and 409 

O2 throughout the ocean (e.g. Schlitzer et al., 2018). Similar behaviour of Cr results in broadly correlated 410 

Cr–AOU and Cr–PO4 distributions (Figure 5), where correlations weaken as [Cr] increases. However, 411 

Si(OH)4 shows maxima in LCDW, and [Cr] in LCDW is comparable to or higher than in UCDW. These 412 

deeper maxima, reflecting an apparent deeper regeneration cycle, may reflect globally important benthic 413 

sources as has been shown for Si (Treguer & de la Rocha, 2013), consistent with our calculated pore water 414 

fluxes and earlier global Cr cycle models (Jeandel & Minster, 1987). Chromium–Si(OH)4 distributions 415 

show a stronger correlation (r2 = 0.58, n = 65) than Cr–AOU (r2 = 0.44, n = 71) and Cr–PO4 (r2 = 0.52, n = 416 

67) (Figure 5), supporting Cr release from biogenic material as being mechanistically independent from 417 

organic matter respiration. 418 

 419 



The absolute maxima in deep water [Cr] are found below the ETSP OMZ, where accumulated Cr represents 420 

up to ~45% of total deep water [Cr] based on Southern Ocean end members. While suboxic sediments are 421 

a net sink term (e.g. Moos et al., 2020; Nasemann et al., 2020), these deep water [Cr] enrichments may 422 

reflect the proximity to a benthic source from deeper oxic sediments (section 4.2, see also Figure 1). Deep 423 

ETNP samples are also enriched relative to the subtropical South Pacific and subarctic North Pacific (Figure 424 

4), suggesting a connection to the intense OMZs overlying these deep [Cr] enrichments (Murray et al., 425 

1983; Rue et al., 1997; Moos et al., 2020). Mechanistically, the enhanced export of particulate Cr to depth 426 

from water column removal combined with the elevated Mn present below these OMZs (e.g. Murray et al., 427 

1983) would facilitate the oxidative release of Cr from particles in the water column or from oxic pore 428 

waters. This Cr-specific enrichment process would cause deep waters below intense OMZs to deviate from 429 

correlations between Cr and macronutrients, which is confirmed by the resulting strengthening of the Cr 430 

correlation with Si (r2 = 0.73) when removing samples below the ETSP OMZ (correlations with PO4 (r2 = 431 

0.56) and AOU (r2 = 0.41) remain similar; Figure 5).  432 

 433 

Intermediate waters are associated with high carbon respiration with northward advection (Figure 4). 434 

Southern waters with properties similar to newly-formed AAIW show the highest [Cr], and concentrations 435 

are generally stable or decrease with northward transport, indicating [Cr] is decoupled from organic matter 436 

respiration. A general decrease in [Cr] northward is found for Atlantic AAIW accompanied by increasing 437 

salinity (r2 = 0.54). This trend likely reflects mixing of AAIW with Cr-poor but more saline thermocline 438 

waters and NADW (Figure 6, Rickli et al. 2019). However, the weakness of the correlation likely suggests 439 

more complicated mixing of multiple water masses, variable scavenging of Cr in intermediate waters, or 440 

both.  441 

 442 

4.3.1 Implications of water mass [Cr] accumulation trends on Cr–macronutrient coupling in the global 443 

ocean 444 



Widely observed correlations between [Cr] and macronutrient concentrations suggest shared 445 

biogeochemical controls (e.g. Campbell & Yeats, 1981; Cranston, 1983; Jeandel & Minster, 1987; Rickli 446 

et al., 2019; Nasemann et al., 2020). Recent studies of other metal–macronutrient associations have 447 

highlighted the importance of three dimensional processes, rather than vertical-controlled simplifications, 448 

with pre-formed relationships (e.g. Vance et al.,  2017), scavenging, and variable metal:macronutrient 449 

uptake ratios across taxa and nutrient regimes (Quay et al., 2015; Ohnemus et al., 2019) driving globally-450 

correlated distributions. 451 

 452 

While correlations between [Cr] and PO4 exist on different spatial scales (e.g. Cranston, 1983; Rickli et al., 453 

2019), biogenic Cr fluxes are low relative to other nutrient-type metals and macronutrients as apparent in 454 

smaller surface [Cr] depletions, lower surface-to-deep [Cr] gradients, reduced [Cr] accumulation in global 455 

deep water, and [Cr] accumulation in subsurface waters that is independent from organic matter respiration 456 

(sections 4.1-4.3, Figure 5). This means that the observed associations between [Cr] and PO4 probably 457 

reflect mixing between distinct oceanic end-members (see Rickli et al., 2019) rather than coupled vertically-458 

driven processes (e.g. particle sinking and regeneration). Therefore end-member pre-formed 459 

Cr:macronutrient ratios would shape much of the Cr–macronutrient relationships in the ocean interior, 460 

while end-members impacted by biological uptake at their formation sites, and water mass-driven 461 

Cr:macronutrient associations could result in variable regional relationships. 462 

 463 

A prominent benthic source of dissolved Cr provides a mechanistic explanation for [Cr] and Si(OH)4 464 

coupling by vertical processes in addition to water mass mixing. However, deep water data demonstrate 465 

that [Cr] and Si(OH)4 can decouple (Figures 4-5), and local differences in Cr–Si(OH)4 slopes (Jeandel & 466 

Minster, 1987) suggest the relationship between Cr and Si(OH)4 may reflect a combination of advection 467 

and mixing of waters with different pre-formed Cr:Si(OH)4 ratios, Cr and Si(OH)4 drawdown by 468 

phytoplankton in surface waters, and the impact of sediment type and location on benthic dissolved Cr and 469 

Si(OH)4 fluxes (e.g. elevated [Cr] below OMZs, Figures 4-5). Based on these variable controls on 470 



Cr:macronutrient ratios, and recognizing that intermediate and deep water circulation likely plays a central 471 

role, interpretations of Cr–macronutrient trends within depth profiles should be made with caution. 472 

 473 

5. An updated global ocean Cr biogeochemical cycle 474 

The foundations for understanding oceanic δ53Cr distributions were presented by Scheiderich et al. (2015), 475 

who first demonstrated a tight coupling between [Cr] and δ53Cr. Building on the [Cr] literature, Scheiderich 476 

et al. (2015) hypothesized that the controls on δ53Cr were the same as those known for [Cr]: reduction and 477 

removal in OMZs and Cr export with biogenic particle flux along with regeneration from biogenic material. 478 

Subsequent δ53Cr research has attempted to assess these mechanisms and their associated fractionations to 479 

identify their roles in the global Cr and δ53Cr cycle. We combine these initial hypotheses and recent 480 

advancements with our new data to improve our mechanistic understanding of Cr cycling in the global 481 

ocean and highlight remaining uncertainties. This set of mechanistic controls define how internal oceanic 482 

processes regulate δ53Cr, forming the global relationship (Figure 7 panel A), and will help to guide 483 

paleoceanographic applications of marine δ53Cr. 484 

 485 

Here, we have demonstrated that Cr release from biogenic particles, either in the water column or as a 486 

benthic flux, can explain the [Cr]-rich side of the array (Figure 7 panels B and C) consistent with previous 487 

work on biological uptake shaping the [Cr]-depleted side of the δ53Cr–[Cr] array (Figure 7 Panel B; Goring-488 

Harford et al., 2018; Janssen et al., 2020). In OMZs, dissolved Cr can be scavenged in the water column 489 

(Moos et al., 2020) and at the sediment surface (Moos et al., 2020; Nasemann et al., 2020), a process that 490 

largely follows the global array (Figure 7 Panel D). Mixing will generally act to homogenize process- and 491 

source-induced variability, with the specific effect depending on the signatures of mixing water masses 492 

(Figure 7 panel E, see also section S.4 and Figure S3; Rickli et al., 2019; this study). Hydrothermal 493 

circulation may also impact [Cr] and δ53Cr in the modern ocean and paleoceanographic interpretations 494 

(Holmden et al., 2016), but remains largely unconstrained at present (Figure 7 panel F). 495 

 496 



Coastal environments are more likely to deviate from the global δ53Cr–[Cr] array due to localized 497 

influences, including shelf sources (Goring-Harford et al., 2018) (Figure 7 Panel C), more quantitative 498 

removal in shelf OMZs (Nasemann et al., 2020, Figure 7 Panel D); dilution from meltwater (Scheiderich et 499 

al., 2015, Figure 7 Panel E), and local riverine inputs (Figure 7 Panel F). Consequently, reconstructions of 500 

seawater δ53Cr from coastally-sourced marine sediment records, including continental margins, should be 501 

approached with caution as these records are likely not reflective of global ocean conditions for δ53Cr and/or 502 

[Cr]. 503 

 504 

Taken together, the available body of oceanic data indicate that Cr and δ53Cr distributions are controlled by 505 

biological uptake and scavenging onto sinking particles, with local enhanced reduction and scavenging in 506 

OMZs, and regeneration from particles in the water column and/or oxic sediments. These signals are then 507 

transported and mixed through ocean circulation. Consequently, δ53Cr records in marine-origin sediments 508 

should reflect the combination of these processes, with both export productivity and OMZ reduction 509 

contributing to Cr accumulation in sediments and with temporal δ53Cr records reflecting modification of 510 

these processes over time and with changes in global climate. Therefore, δ53Cr records are not exclusively 511 

reflecting changes in O2 availability. Additional research is needed to understand early sediment diagenesis, 512 

as indicated by elevated pore water [Cr], and the extent to which this may alter sediment Cr signals. 513 

 514 

6. Conclusions 515 

Our incubation data provide the first direct evidence of Cr release from biogenic particles and demonstrate 516 

that the release of Cr is mechanistically independent from the regeneration of major elements in organic 517 

matter (e.g. C, N, P), and may instead be related to oxidative release facilitated by Mn oxides. Our pore 518 

water data indicate large benthic Cr fluxes as an important local process, and possibly an important 519 

component of the ocean’s Cr budget. This benthic flux likely reflects the release of Cr scavenged onto 520 

particles in the water column, rather than ‘new Cr’ from the dissolution of lithogenic material. δ53Cr data 521 

from both bottom waters and incubations identify that release from biogenic particles follows the global 522 



δ53Cr–[Cr] array, demonstrating that Cr release, either in deep waters or surface sediments, can explain the 523 

high [Cr] end-member of the global δ53Cr–[Cr] array. Furthermore, our data confirm that biogenic export 524 

from the surface ocean and release at depth is important in shaping distributions of both [Cr] and δ53Cr 525 

throughout the global ocean. Our compilation provides clear evidence of [Cr] accumulation in deep waters, 526 

supporting a deep regeneration cycle for Cr that is decoupled from organic matter respiration and includes 527 

a potential benthic source. This regeneration is likely particularly strong below tropical Pacific OMZs where 528 

the local [Cr] maxium may result from Cr scavenged in OMZ waters being released in underlying oxic 529 

waters and sediments. Intermediate waters show stable or decreasing [Cr], reflecting minimal release from 530 

particles and a potential net water column Cr sink via scavenging. Because both [Cr] and δ53Cr are impacted 531 

by biological and physical processes, and pore water data indicate active cycling in near-surface seidments, 532 

the role of these processes with respect to Cr paleoredox proxy viability should be incorporated into future 533 

δ53Cr O2-reconstruction applications. 534 

 535 

Data Availability 536 

Full cruise CTD and macronutrient data for cruises IN2018V_02 and IN2018V_04 are available from 537 

CSIRO (https://www.cmar.csiro.au/data/trawler/). Full macronutrient and CTD data from the ACE transect 538 

are available from the ACE collection on Zenodo (https://zenodo.org/communities/spi-ace). Full 539 

macronutrient and CTD data from the M77/4 cruise are available from the Pangaea repository 540 

(https://www.pangaea.de/). Full Line P macronutrient and CTD data are available from the Line P website 541 

(http://www.waterproperties.ca/linep/data.php). Shipboard incubation data are available in Tables S1-S4. 542 

Pore water data are available in Table S5 and sediment data are available in Table S7. New and literature 543 

data used for the isopycnal compilation are available in the supplemental material (Tables S9 and S10). 544 

Editorial note: all new data in this manuscript will also be made available as an open access dataset in the 545 

Zenodo repository once a final decision is reached on the manuscript, and the data availability statement 546 

will be updated to reflect this. For review purposes, all data are also included here. 547 
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Potential sources 
Sediment 

phase 

Cr per 

phase 

Cr contributed to 

bulk sediment 

Cr 

needed 

 % of bulk ppm ppm ppm 

Organic matter/ 

Surface phytoplankton 
1 11.7 0.1 

49 CaCO3 76 0.1 0.08 

Lithogenic material/ 

Upper continental crust 
20 90 18 

Table 1: Mass balance for sedimentary Cr. 766 

Potential sources of Cr in marine sediments are compared to evaluate the origin of the benthic Cr flux. 767 

Sediment phase percentages (organic matter, CaCO3, lithogenic material) are averages from the upper 4 cm 768 

(Table S6). Cr per phase is the concentration expected in each individual phase (surface phytoplankton: 769 

Martin & Knauer, 1973; CaCO3: Remmelzwaal et al., 2019; upper continental crust: Rudnick & Gao, 2003). 770 

Cr contributed to bulk sediment is the Cr that each phase would contribute to the bulk sediment 771 

concentration, based on sediment phases and Cr per phase. Cr needed is the required [Cr] in the sediments 772 

(i.e. the [Cr] of particles that must be delivered to sediments) to explain the calculated diffusive Cr flux 773 

from sediments (3.2 nmol cm-2 yr-1, Table S6), assuming a sedimentation rate in the region of 2 cm ka-1 774 

(e.g. Cochran & Osmond, 1976). A sedimentation rate on the higher side of regional observations was 775 

chosen to give a minimum estimate of the Cr needed. The assumed sediment density is 1.7 g cm-3.  776 



777 

Figure 1: Map of sampling locations. 778 

Station locations are shown for new data (open circles) and literature data (filled circles). Split circles 779 

indicate locations with both new and literature data. Full data tables can be found in the supplemental 780 

material. The black star denotes the location of the multicore site, where bottom and pore waters were 781 

collected. The northernmost extent of AAIW as a primary water mass component in the Pacific Ocean 782 

(Bostock et al., 2013), is shown as a dashed black line. The inset shows the subantarctic Southern Ocean, 783 

the Tasman Sea (located between Australia and New Zealand) and the subtropical southwestern Pacific, 784 

the sites for most of the new data. The flow paths of AAIW are shown in the inset as black arrows, and M 785 

denotes regions of enhanced AAIW mixing (Bostock et al., 2013). Dashed white and grey lines indicate 786 

representative fronts of the Southern Ocean (white – the Subtropical Front, light grey – the Subantarctic 787 

Front, dark grey – the Polar Front; Orsi et al., 1995). 788 

 789 



 790 

Figure 2: Regeneration incubation data. 791 

Data for dissolved Cr concentrations (panel A), stable isotope composition (panel B) and redox speciation 792 

(panel D) are presented for regeneration incubation 3, along with macronutrients (PO4: panel E; Si(OH)4: 793 

panel F; NH4: panel H; NO2: panel I) and pMn (panel G). Incubation sample δ53Cr and [Cr] are shown over 794 

the global array of oceanic data with a trendline fit to all the data (Panel C), demonstrating the alignment 795 

of released Cr along the global distribution. The ambient temperature (4° C) treatment is shown as grey 796 

circles and the 1° C treatment as white circles, with the initial dissolved water shown as a black circle. 797 



 798 

Figure 3: Pore water [Cr] profile. 799 

The left panel shows pore water dissolved [Cr] with depth in the sediment. Concentrations represent pore 800 

water concentrations in sample intervals of 1 cm. Dissolved bottom water [Cr] is shown from a sample 801 

collected approximately 10 cm above the sediment-water interface (shown as a dashed line). Uncertainty is 802 

smaller than the symbol size. Note that the y axis scale above the sediment-water interface is different from 803 

the scale below the interface. The right panel shows bulk sediment composition for the same core and 804 

sediment intervals as pore water data (CaCO3 – grey, lithogenic material – brown, organic matter – green; 805 

see supplemental section 3.3 and Table S7). The x axis scale has a break between 0% and 70%. 806 

 807 



 808 

Figure 4: Chromium and macronutrient concentrations and AOU along intermediate and deep water 809 

circulation. 810 

Modification of deep water [Cr] is shown, along with parameters associated with the regeneration of organic 811 

material ([PO4], AOU) and dissolution of plankton skeletal/frustule phases ([Si(OH)4]). Panels on the left 812 

show AAIW (circles – Southern and Pacific Ocean data, diamonds – Atlantic Ocean data) while panels on 813 

the right show Southern and Pacific Ocean UCDW, PDW and LCDW, with UCDW and PDW in circles 814 



and LCDW in squares. Open circles denote samples with Antarctic Surface Water or Winter Water 815 

contributions. Colors match sampling locations shown in Figures 1 and S2, and full data and sources are 816 

shown in Tables S8-S10. Direct comparisons between [Cr] and AOU, PO4 and Si(OH)4 are shown in Figure 817 

5. Note the different x axis ranges for left and right panels. 818 

 819 

 820 

Figure 5: Chromium–nutrient and Cr–AOU cross plots.  821 

Dissolved Cr is shown compared to AOU (A, B), PO4 (C, D) and Si(OH)4 (E, F) for the intermediate (A, 822 

C, E) and deepwater (B, D, F) dataset to highlight decoupling of Cr from tracers of organic matter 823 

respiration and regeneration of organic-associated macronutrients (AOU, PO4). Symbols follow those used 824 

in Figure 4. 825 



 826 

 827 

Figure 6: The impact of mixing on [Cr] in AAIW. 828 

Chromium concentrations are shown with salinity for AAIW samples in the Drake Passage (open circles) 829 

and the Atlantic Ocean (grey diamonds). 830 

 831 



 832 

Figure 7: Toward a mechanistic understanding of the global ocean Cr cycle. 833 

The global array of open ocean [Cr] and δ53Cr data is shown (panel A) along with specific subsets of data 834 

highlighted to demonstrate how different processes drive the global distribution. References for these 835 

subsets are shown by superscripts. Processes which act to increase [Cr] are shown in white and processes 836 

which act to decrease [Cr] are shown in dark grey. Mixing, which may increase or decrease [Cr] depending 837 

on the point of reference, is shown in light grey. Panel B shows processes within the biological pump 838 

(surface uptake, export of biogenic particles, and regeneration at depth). Panel C shows benthic Cr fluxes. 839 

Panel D shows Cr removal in OMZs, which may follow the global trend or deviate slightly. Panel E shows 840 

mixing processes. Panel F shows processes which are unconstrained at present (hydrothermal fluxes) or 841 

which may have variable impact depending on local characteristics (riverine [Cr] and δ53Cr, estuarine 842 

mixing). The axes and ranges of all panels are identical. Data from Moos & Boyle (2019) as well as the 843 



following studies were used: 1Janssen et al., 2020 (dark grey circles, panel B); 2Goring-Harford et al., 2018 844 

(dark grey diamonds, panel B; white diamonds, panel C); 3This study (white squares, panels B & C), 4Moos 845 

et al., 2020 (dark grey circles, panel D); 5Nasemann et al., 2020 (dark grey squares, panel D); 6Scheiderich 846 

et al., 2015 (light grey circles, panel E), 7Rickli et al., 2019 (light grey squares, panel E), 8Goring-Harford 847 

et al., 2020. 848 


