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In the marine sediment record, concentrations and isotope ratios of chromium (Cr) can be used to recon-
struct ocean biogeochemical conditions. These reconstructions rely on a detailed understanding of the
chemical pathways that Cr undergoes as it is transferred from the water column to the sediment record.
We examined Cr concentrations in marine pore fluids and sediments from six continental margin sites,
which can be grouped into two basic environments: (1) sites where sediments are oxygenated and rich
in solid phase Mn (herein termed oxic), and (2) sites where sediments are organic C (Corg)-rich and oxy-
gen is depleted (anoxic). We found Cr concentrations to be lower (maximum of 12 nM in pore fluids and
124 ppm sediment solid phase) at oxic sites compared with anoxic sites (maximum of 77 nM and
184 ppm). Our findings confirm previously published interpretations of dissolved Cr in pore fluids
(Brumsack and Gieskes, 1983; Shaw et al., 1990). In oxic surface sediments, particulate Cr(III) can be oxi-
dised by Mn oxides, which leads to elevated concentrations of dissolved Cr co-occurring at the same
depth as elevated Mn concentrations in the sediment. Under these oxidising conditions, down-core sed-
iments contain relatively low solid-phase Cr concentrations. In oxic sediments, Cr speciation reveals that
most of the pore fluid Cr is in the Cr(VI) state. At the site where Mn oxide-rich sediments rest below an
oxic water column, oxidative loss of Cr from the sediment to the bottom water leads to the lowest esti-
mated Cr burial efficiency of the sites examined here. Under anoxic Corg-rich conditions, both pore fluids
and sediment solid phases contain high Cr concentrations, with 40–80% of dissolved pore fluid Cr present
as Cr(III). This enrichment of Cr appears to be tightly linked to the presence of high total organic carbon
(TOC) content and scavenging of Cr by (organic) particles in the water column. Combined, these data
highlight the strong dependence of Cr on both sedimentary redox conditions as well as biological produc-
tivity. Based on the data from modern continental margin sediments, we propose that Cr concentrations
and isotope compositions of the authigenic sediment fraction may record a combination of redox condi-
tions and biological productivity in the water column. If confirmed by Cr isotope analyses, these findings
will add support for the notion that Cr may serve as a proxy for ocean biological and chemical sedimen-
tological conditions. Thus, careful assessment of the impact of organic matter on Cr is required for recon-
structions of redox conditions with sedimentary records.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction the water column and sediment, they may be used to reconstruct
Concentrations and isotope compositions of the metal chro-
mium (Cr) in marine environments are sensitive to changes in
redox conditions and are also linked to organic carbon (Corg)
cycling. Since changes in Cr concentrations and isotope composi-
tions may be responsive to biogeochemical conditions in both
past ocean conditions, provided that the primary signature is
well-preserved in the sediment, and not overprinted by diagenesis.
A detailed understanding of Cr cycling in modern marine environ-
ments is thus imperative for the utility of such reconstructions.

In modern seawater, Cr occurs as a trace metal at concentra-
tions of nanomoles per litre (e.g., Elderfield, 1970; Cranston and
Murray, 1978). Chromium undergoes oxidation–reduction reac-
tions under the conditions commonly encountered in marine envi-
ronments. The oxidised Cr species, the oxyanion Cr(VI), is soluble
and is the thermodynamically favoured Cr species in oxygenated
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seawater (Elderfield, 1970). Under suboxic or anoxic conditions, Cr
(VI) can be reduced to the less soluble Cr(III) by reductants such as
Fe(II), H2S, organic compounds or microorganisms (e.g., Pettine
et al., 1998; Kim et al., 2001; Ellis et al., 2002a, 2002b; Døssing
et al., 2011; Jamieson-Hanes et al., 2012; Kitchen et al., 2012;
Basu et al., 2014; Bauer et al., 2018; Nasemann et al., 2020; Joe-
Wong et al., 2021). The reduced Cr(III) can contribute over 50% of
the total dissolved Cr in oxygen-depleted seawater (e.g., Cranston
and Murray, 1978; Rue et al., 1997; Huang et al., 2021). Further,
Cr(III) is particle-reactive and is readily removed from the
dissolved Cr pool by sorption (e.g., Cranston and Murray, 1978).
Re-oxidation of Cr(III) in marine environments can be catalysed
by MnO2, by H2O2 or via photooxidation (e.g., Bartlett and James,
1979; Pettine et al., 1991; Liu et al., 2020; Miletto et al., 2021).

Chromium’s vertical distribution in the marine environment
has a nutrient-type pattern, but this characteristic is less pro-
nounced as compared to other biologically active metals (e.g.,
Campbell and Yeats, 1984). Even though Cr is not bioessential, Cr
can be associated with biological activity (e.g., Jeandel and
Minster, 1987; Janssen et al., 2020). In the surface ocean, Cr can
be removed from solution onto organic particles (e.g., Semeniuk
et al., 2016; Janssen et al., 2021). Rather than being incorporated
into organisms, Cr’s distribution appears to be dominated by
adsorption onto phytoplankton (Wang et al., 1997; Semeniuk
et al., 2016).

While cycling of other trace metals, such as Ni, is linked to the
cycling of Mn, Cr appears to adsorb inefficiently to Mn oxides (e.g.,
Shaw et al., 1990). Instead, insoluble Cr(III) is catalytically oxidised
by Mn oxides and this oxidation is pH dependent with less oxida-
tion at higher pH values (Fendorf et al., 1992). Nevertheless, pro-
vided the solution is supersaturated with respect to Cr(III), Cr
hydroxide (Cr(OH)3�nH2O) can precipitate on the surface of Mn oxi-
des (Fendorf, 1995). However, such a precipitate can inhibit further
Cr oxidation since Cr(III)(oxyhydr)oxide reacts more slowly with
Mn oxides compared with dissolved Cr(III) (Miletto et al., 2021),
and these oxides can create a physical barrier between the remain-
ing reduced Cr(III) and the Mn oxide surface (Fendorf et al., 1992).
Furthermore, recent incubation experiments showed that micro-
bial Mn(II) oxidation can be coupled to Cr(III) oxidation in marine
environments (Miletto et al., 2021).

Under reducing conditions, Cr is accumulated in the sediment
due to the poor solubility of reduced Cr(III), and thus, the sedimen-
tary record shows increased Cr concentrations in sediments depos-
ited under anoxic as compared to oxic conditions (e.g., Reinhard
et al., 2014). In addition, Cr accumulation within the sediment
package is linked to the accumulation of biological material (e.g.,
recently reviewed by Horner et al., 2021). Enhanced preservation
of organic matter under anoxic conditions further fosters elevated
Cr concentrations in anoxic Corg-rich sediments as compared to
oxic Corg-poor sediments (e.g., Gueguen et al., 2016; Bruggmann
et al., 2019).

While the number of studies on the behaviour of Cr and its iso-
topes in seawater and in sediments is increasing, information on Cr
variations in pore fluids remains scarce. In 1983, Brumsack and
Gieskes observed that dissolved Cr concentrations in pore fluids
increased with depth due to complexation of Cr with organic mat-
ter. At stations on the California and Mexico continental margin
with oxygenated surface sediments, distinct peaks in dissolved Cr
concentrations up to approximately 85 nM were observed at the
sediment–water interface, or at the redox boundary within the
sediment (Shaw et al., 1990). These peaks indicate that Cr is
released from the solid to the dissolved phase, and can be effluxed
to the bottom water. Shaw et al. (1990) suggest that solid-phase Cr
(III) – likely associated with biogenic particles – is oxidised by Mn
oxides to more soluble Cr(VI). These authors suggest that the
deepening of the oxygen penetration depth shortly before sample
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collection likely caused the dissolved Cr peaks at the redox bound-
ary. Due to the lack of release of dissolved Cr in the Mn reduction
zone, Shaw et al. (1990) proposed that Cr sorption onto Mn oxides
is less efficient than, for example, for Ni. Further, at sediment
depths where chemical conditions are sufficiently reducing, Cr
was found to be preserved in the sediment in its reduced form.
More recently, Janssen et al. (2021) contributed new dissolved Cr
concentration data from pore fluids in carbonate-rich (>70%) sedi-
ments. The concentrations in these pore fluids range up to nearly
50 nM and are thus similar to the ones observed by Shaw et al.
(1990).

Elevated deep water Cr concentrations gave reason to suggest
that a benthic Cr flux contributes Cr from the sediment to the
water column (e.g., Jeandel and Minster, 1987). The benthic flux,
which is directed out of the sediment as indicated by the negative
sign, was estimated to be approximately �3 nmol cm�2 y�1 for a
carbonate-rich station in the Tasman Basin (Janssen et al., 2021).
This benthic flux is larger than the model-based estimate of a glo-
bal benthic flux of �0.1 to �0.2 nmol cm�2 y�1 as suggested by
Pöppelmeier et al. (2021). The differences between the two flux
estimates may arise because the benthic Cr flux identified in the
Tasman Basin may represent a local, rather than a global value,
or because of processes that are under-constrained in the model,
such as redox reactions, scavenging by particles, or release from
sediments (Janssen et al., 2021; Pöppelmeier et al., 2021).

In addition to variations in Cr concentrations, which can provide
insights into biogeochemical changes, Cr isotope compositions (ex-
pressed as d53Cr) can reveal further details about the controls on Cr
behaviour. Reduction of Cr(III) to Cr(VI) induces the most promi-
nent Cr isotope fractionation, whereby isotopically light 52Cr is
preferentially reduced compared with 53Cr (e.g., Ellis et al.,
2002a, 2002b). While global seawater d53Cr values typically fall
on a global array with an isotope fractionation factor of �0.8‰,
the factors driving this distribution are not fully understood (e.g.,
Goring-Harford et al., 2018; Moos and Boyle, 2019; Nasemann
et al., 2020; Janssen et al., 2020; Huang et al., 2021).

In this study, we contribute new data on Cr behaviour within
marine sediments from sampling sites with a range of redox con-
ditions, Mn and Corg concentrations. To identify early diagenetic
processes that affect Cr cycling, we examined two characteristic
types of environments in detail: (a) Corg-poor oxic conditions (ter-
med ‘‘oxic”) with abundant Mn oxides, and (b) Corg-rich reducing
(termed ‘‘anoxic”) conditions. These environments allow assess-
ments of the roles of Mn oxides as catalysts for Cr oxidation, and
of organic matter as a net source of Cr to marine sediments. Our
data set includes Cr concentrations and redox speciation in pore
fluids, concentrations in bulk sediments and sequential extrac-
tions. While for some of the stations studied here, Cr concentration
data are available (e.g., Shaw et al., 1990), we re-interpret these
data in the context of new findings on the marine Cr cycle. This
study adds new constraints on Cr biogeochemical cycling at the
water–sediment boundary under oxic and anoxic conditions,
which aid in describing the pathway of Cr from the water column
to the sediment. In return, these insights provide information
required to decipher the marine Cr cycle, which can improve inter-
pretations of Cr data from the geological record.
2. Materials and methods

2.1. Sampling sites

We investigate stations located within the upwelling zone
along the California and Mexico continental margins (Fig. 1). These
sampling sites span a range of bottom water oxygen (O2) concen-
trations, Corg burial rates, and depths of the Mn and Fe reduction



Fig. 1. Map of sampling sites. The map indicates the location of the sampling sites (large symbols; GEBCO Compilation Group (2020) GEBCO 2020 Grid). Stations with high
Corg burial rates (Soledad, San Blas and San Pedro) are illustrated with brown colours, and sites with more oxic bottom water conditions and low Corg burial rates (Patton
Escarpment, San Clemente and Catalina) are illustrated in turquoise to blue colours. The small circles with white outlines indicate the sampling sites where previous studies
investigated Cr in pore fluids (yellow circles; Brumsack and Gieskes, 1983; Shaw et al., 1990) and the water column (lilac circles; Murray et al., 1983; Moos et al., 2020; Huang
et al., 2021).
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zones (Table 1). At these sites, oceanographic and geochemical
conditions have been well characterised in previous studies (e.g.,
Berelson et al., 1987; Shaw et al., 1990; McManus et al., 2006a,
2006b; Chong et al., 2012; McManus et al., 2012). In addition,
Shaw et al. (1990) presented Cr concentration data in sediments
and pore fluids for two of the same stations (Patton Escarpment
and San Clemente). For the three oxic stations with bottom water
oxygen of 19 lM or higher (Patton Escarpment, San Clemente
and Catalina; Fig. 1) turquoise to blue colours are used. The three
stations with Corg burial rates of �2.6 nmol m�2 d�1 and bottom
water oxygen of �8 lM (San Pedro) or <0.1 lM (San Blas and Sole-
dad) are illustrated using brown colours.

The sites located in the Southern California Borderlands (Cata-
lina Basin, San Clemente Basin, Patton Escarpment and San Pedro
Basin) underlie the California current system (McManus et al.,
1997). The oxygen minimum zone (OMZ) of the Eastern Tropical
North Pacific extends between 500 and 1000 m water depth
(McManus et al., 1997). Topographic ridges and sills form several
Table 1
Oxygen concentrations, Corg burial and mass accumulation rates.

Station �N �W Water deptha

m

Patton Escarpment US 32.4 120.6 3707
San Clemente US 32.6 118.1 2053
Catalina US 33.3 118.6 1300
San Pedro US 33.5 118.4 896
San Blas MX 21.3 106 430
Soledad MX 25.2 112.7 542

Data on oxygen concentrations, Corg burial and mass accumulation rates are presented f
a BW = bottom water; McManus et al. (2006a, 2006b).
b Berelson et al. (1996); McManus et al. (2005); Chong et al. (2012).
c MAR = sediment mass accumulation rate; McManus et al. (2006a, 2006b); Poulson
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submarine basins, where water and chemical exchange is
restricted and unique hydrographic conditions are created in each
basin (e.g., Sholkovitz, 1972; Berelson et al., 1987; Shaw et al.,
1990). Depending on the depth of the sill relative to the OMZ, as
well as O2 consumption within the sediment or bottom water, bot-
tom water O2 concentrations in the basins are low but variable
(Berelson et al., 1987; McManus et al., 1997; Shaw et al., 1990).
The Patton Escarpment is the only site that is not located within
a silled basin, and is below the OMZ. Collectively, these conditions
lead to a range of bottom water O2 concentrations between 3 and
130 lM, with Corg burial rates between 0.08 and 2.6 mmol m�2

day�1 (Berelson et al., 1996; McManus et al., 2006a, 2006b). At
the Catalina Basin, San Clemente Basin and the Patton Escarpment
sites, the oxygen penetration depth is �0.3 cm, �1.3 cm and
�2.9 cm, respectively (Table 1; Fig. 1; Berelson et al., 1996 and ref-
erences therein). At the San Clemente and Patton Escarpment sites,
the deeper penetration of dissolved O2 causes a pronounced solid-
phase Mn enrichment in the near-surface sediments (McManus
BW O2
a O2 penetrationb Corg buriala MARc

lM cm mmol m�2 d�1 mg cm�2 y�1

132 2.20 to 2.87 0.08 3
52 0.63 to 1.28 0.9 15
19 0 to 0.61 1.2 14
3 to 8 0 to 0.16 2.6 29
<0.1 0 3.2 21
<0.1 0 8.4 50

or the sites investigated here.

et al. (2006).
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et al., 2006a, 2006b). At the Mexican sites, oxygen penetration is
insignificant, and near-surface Mn oxide enrichments were there-
fore absent.

The Mexican sites, Soledad and San Blas, are located within the
Eastern Tropical North Pacific OMZ (see McManus et al., 2006a,
2006b and references therein). The sites are characterised by
anoxic bottom water (O2 concentrations below limit of detection
(LOD) of 0.1 lM; McManus et al., 2006a, 2006b). In addition, the
Corg burial rates are high (8.4 and 3.2 mmol m�2 day�1, respec-
tively; McManus et al., 2006a, 2006b). In sediments at Soledad, dis-
solved H2S concentrations increase with depth (6.9 lM close to the
sediment–water interface, 42 lM at 9.5 cm sediment depth; Fig. 1;
Chong et al., 2012). Near the sediment surface at the Soledad site,
dissolved Fe concentrations are high, but decrease with depth. By
8 cm sediment depth, the dissolved Fe concentrations reach a min-
imum, whereas sulfide concentrations start to increase, suggesting
Fe removal into pyrite (Chong et al., 2012).
2.2. Sample collection, preparation and total organic carbon analysis

At all stations investigated here, sediment and pore fluid sam-
ples were collected with a multi-corer during a research expedition
in May/June of 2018. For pore fluid extraction, cores were pro-
cessed immediately (within 2 hrs) on board in a temperature-
controlled cold room using 8-cm long Rhizon pore fluid samplers
(Rhizosphere Research Products, Wageningen, The Netherlands)
attached to acid-cleaned syringes. Rhizon samplers were inserted
into pre-drilled sampling holes in the side of the core liners. Core
material is assumed to be sealed from atmospheric contamination
during sampling and no further isolation is imposed during the
sampling process. The porous membrane of the Rhizons has a nom-
inal filter size of �0.2 lm. Immediately after extraction of �20 ml
pore fluid, samples were expelled from the syringes into acid-
cleaned LDPE bottles. The depths for Rhizon-sampled pore fluids
are presented as the approximate insertion depth of each Rhizon
relative to the overlying water. Before storage, all samples were
acidified with double-distilled HCl to a pH of �1.8.

To collect sediment samples, separately collected cores were
sliced in 1 to 2 cm increments on deck. The data are presented as
the mid-point of a sediment interval. The sediment samples were
frozen in polyethylene freezer bags. Sediment samples were
freeze-dried and carefully powdered with an agate mortar and pes-
tle before further treatment. Bottom water samples were collected
from a Niskin bottle that was attached to the coring frame at �1 m
height and triggered upon impact on the seafloor.

The sediment samples were incinerated and dissolved in a mix-
ture of HF and HNO3, following a standard procedure for marine
sediment digestion. After dissolution, some samples contained
insoluble Al fluorides. These samples were heated in 12% HNO3

at 60 �C for 36 h, whereafter the fluorides fully dissolved
(Muratli et al., 2012). Freeze-dried samples were further analysed
for total organic carbon (TOC) contents using a GVI (now Elemen-
tar) Isoprime 1000 with Eurovector EA at Bigelow Laboratory for
Ocean Sciences. Uncertainties for the TOC measurements are esti-
mated in two ways for this study. Based on a more recent analyt-
ical run, TOC uncertainties are typically better than 0.1% C for
lower Corg concentration samples. However, given the broad range
of Corg concentrations, we estimate a maximum precision based on
the samples from depths >10 cm from each of the sites. The
average uncertainty for the sites is 0.2% C with a range from 0.1
to 0.4% C.
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2.3. Pre-concentration of Cr from fluid samples

For samples that were collected for Cr concentration analysis,
the Mg hydroxide (Mg(OH)2) coprecipitation method was applied,
following e.g., Semeniuk et al. (2016). In this method, ammonium
hydroxide (NH4OH) is added to a fluid sample to raise the pH to
>8, which leads to precipitation of Mg(OH)2 due to Mg that natu-
rally occurs in seawater. Along with this process, Cr(III) is removed
from the solution by adsorption, while Cr(VI) remains in solution.

For total Cr concentrations, acidified fluid samples (pore fluids,
bottom water) were spiked with a single isotope spike (53Cr) and
the Mg(OH)2 coprecipitation method was used for pre-
concentration of total Cr (now present as Cr(III) since the samples
were acidified). Specifically, 5 ml aliquots of the sample were
spiked with the single isotope spike and equilibrated for 1 h.
Between 0.12 ml and 0.28 ml of 7 M NH4OH was added to the fluid
samples to initiate Mg-hydroxide precipitation. After 1 h, the pre-
cipitate was separated from the remaining fluid by centrifugation
(5 min at 3900 rpm) and the supernatant was discarded. The Mg
(OH)2 pellet containing Cr(III) was then dissolved in 20% HNO3

and diluted for analysis.
Chromium occurs in both its reduced, Cr(III), and oxidised, Cr

(VI), redox state in marine fluids. In addition to the total Cr concen-
trations, dissolved Cr(VI) was isolated from Cr(III) in seawater sam-
ples to identify the relative concentrations of Cr(VI) and Cr(III). To
accomplish this distinction, unacidified pore fluid samples were
processed on board by co-precipitating Cr(III) with Mg(OH)2. The
concentrations of Cr species were determined at four of our sta-
tions (Soledad, San Blas, San Pedro and San Clemente). Pore fluid
samples were treated within 2 h of collection by adding 7 M NH4-
OH to 20 ml aliquots of the pore fluids. After 1 h the precipitate
was separated from the remaining fluid by centrifugation. The
remaining supernatant containing Cr(VI) was decanted into acid-
cleaned LDPE bottles and acidified to a pH of �1.8, and thus, Cr
(VI) was reduced to Cr(III). Chromium contained in these super-
natants was then coprecipitated with the same method as total
Cr in pore fluids and bottom waters. The concentration of Cr(III)
was calculated from measured total Cr and Cr(VI) concentrations.
We note that pore fluid samples used for total concentration anal-
yses and for Cr speciation were collected from two individual
cores. Thus, the Cr concentration in the aliquot of pore fluids that
was used on board for speciation of Cr may deviate from the one
found in the total concentration aliquot.
2.4. Sequential extractions from sediments

A series of sequential extractions was applied to selected sedi-
ment samples from Soledad, San Pedro, Catalina, San Clemente
and Patton Escarpment, following the procedure of Huerta-Diaz
and Morse (1992) with some modifications. In the first step,
approximately 200 mg of freeze-dried sediments were leached
with 5 ml of 1 M HCl for 24 h on a shaking table at room temper-
ature to extract trace metals associated with the HCl-leachate frac-
tion (Canfield, 1988). This fraction (hereafter named reactive
fraction, or when referring to Cr contained in this fraction, Crreactive)
contains Cr and other trace metals associated with oxides, sorbed
onto surfaces, or associated with carbonates or phosphate miner-
als. A similar leaching step was used by previous studies, indicating
that Al and Ti concentrations, which are commonly used as indica-
tors of detrital contamination (e.g., Reinhard et al., 2014; Cole et al.,
2017; Frank et al., 2020), are typically low (extracting typically
<10% of total Cr with 0.5 M HCl; Frank et al., 2020).
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The samples were centrifuged (15 min at 3900 rpm) and the
supernatant containing the reactive fraction was decanted for anal-
ysis. The remaining sediment was washed with Milli-Q (18.2 MX
cm; MQ), centrifuged again, and the supernatant discarded. In
the second extraction step, trace metals associated with organic
matter were extracted using H2SO4. The assumption is that organ-
ically bound trace metals are extracted, while trace metals that
coprecipitate or adsorb onto FeS, or form other metal sulfide min-
erals, remain in the solid phase (Huerta-Diaz and Morse, 1990;
Scholz and Neumann, 2007). The H2SO4-leaching step was only
applied to sediments from two of the organic-rich sites, the Sole-
dad and San Pedro sites, and is hereafter referred to as the organic
fraction (or Crorganic). In the H2SO4-leaching step, 5 ml of concen-
trated H2SO4 was added to the HCl-extraction residue and agitated
on a shaking table for 2 h. The samples were centrifuged (15 min at
3900 rpm) and the supernatant was decanted for analysis. The
H2SO4-leaching step was followed by a washing step with MQ.
Finally, sediments from the Soledad and San Pedro sites were lea-
ched with 5 ml of concentrated HNO3 on a shaking table for 2 h to
extract trace metals associated with pyrite (Huerta-Diaz and
Morse, 1990; Scholz and Neumann, 2007). We acknowledge that
a leaching step with HNO3 attacks sediment fractions other than
pyrite, e.g., organic matter, but since Cr associated with organic
matter was already extracted with the previous step, we hereafter
refer to Cr extracted with HNO3 as the pyrite fraction (or Crpyrite).
The samples were centrifuged (15 min at 3900 rpm) and the super-
natant was decanted for analysis. The extractions were evaporated
to dryness, oxidised with aqua regia and diluted with 2% HNO3 for
analysis.

2.5. Concentration analysis

For concentration analyses of Fe and Mn in fluids, the samples
were diluted and analysed using an Agilent inductively coupled
plasma mass spectrometer (ICP-MS) at Bigelow Laboratory for
Ocean Sciences. Fluid samples that were pre-concentrated for Cr
concentrations and spiked with a single isotope spike (see Sec-
tion 2.3) were analysed for their Cr concentrations using a Thermo
Fisher iCap collision cell ICP-MS at Rutgers University. Chromium
concentrations in fluid samples were calculated using isotope dilu-
tion (corrected for mass bias; Sargent et al., 2002). An in-house sea-
water standard and a certified seawater standard (CASS-5) were
analysed repeatedly to assess the precision of Cr, Fe and Mn. The
in-house seawater standard was processed three times, and each
of the processed standards were analysed two to three times. In
combination, these repeated analyses resulted in a relative stan-
dard deviation (RSD) for dissolved Cr, Fe and Mn of ±�5%. The con-
centration of dissolved Cr (2.51 nM (±1.5% RSD); n = 3) measured
for CASS-5 is slightly higher than the certified value (2.04 nM ± 0.
25). For Fe and Mn, the in-house seawater standard was spiked
with Fe and Mn and repeated analyses (n = 11) resulted in ±�5%
of the expected value.

Solid metal concentrations of dissolved sediment samples (bulk
and sequential extractions) were analysed using the iCap ICP-MS
Thermo Fisher at Rutgers University. A shale geological standard
reference material (SDo-1, Devonian shale) was processed along
with each batch of solid samples (including bulk digests and
sequential extractions). The shale standard was analysed repeat-
edly during each session, resulting in an internal reproducibility
of ±�10% RSD (n = 3) for all elements reported here. Repeated bulk
digests of the shale standard (n = 3) resulted in ±�14% RSD. In
addition, replicates of three samples that were bulk digested, and
two samples that were sequentially extracted resulted in a
±�17% RSD. Average concentrations of Cr (62.5 ppm), Fe (7.1 wt
%), Mn (298.4 ppm) and Al (7.4 wt%) of the shale standard are
within the range of published concentrations (e.g., 63.4 ppm (Cr),
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6.8 wt% (Fe), 298.9 ppm (Mn) and 6.3 wt% (Al) published by
Olson et al., 2019).

2.6. Calculations of benthic fluxes, and burial efficiencies

Estimates of diffusive benthic fluxes of Cr were calculated using
Fick’s first law of diffusion:

benthic flux ¼ �/ � Dsediment � d½C�dx
ð1Þ

with the average porosity (/; values based on McManus et al., 2005)
and the concentration gradient from bottom water across the sedi-
ment–water interface (d[C]/dx). Based on this equation, negative
benthic fluxes are directed out of the sediment. For bottom water
concentrations, we use the measured bottom water Cr concentra-
tions (Table 2). Notably, the bottom water samples that are used
as estimates of the concentrations at the sediment–water interface
were collected approximately 1 m above the sediment–water inter-
face. The diffusive boundary layer, however, is on the order of mm,
and a vertical offset of the bottom water from the sediment–water
interface introduces a large uncertainty (e.g., Lorke et al., 2003). The
concentration gradient is estimated as a linear gradient between
the bottom water value and the value of the uppermost pore fluid
sample (1 to 2 cm sediment depth). Since our bottomwater samples
were collected 1 m above the sediment–water interface, we calcu-
late an average uncertainty on the order of 50%. This average
includes estimated uncertainties in the diffusion coefficient, uncer-
tainties in the depth assignments for the gradient, and the shape of
the gradient, i.e., we employ a linear gradient rather than a non-
linear fitting function. The diffusion coefficient in the sediment
(Dsediment) was calculated as

Dsediment ¼ Dseawater

h2
ð2Þ

The diffusion coefficient of CrO4
2� in seawater (Dseawater at

25 �C = 11.2 10�6 cm2 sec�1) and of Cr3+ in seawater (Dseawater at
25 �C = 5.9 10�6 cm2 sec�1) were taken from Li and Gregory
(1974). Using the relationship between porosity and tortuosity
(h2), tortuosity was derived after Boudreau (1996).

h2 ¼ 1� lnð/2Þ ð3Þ
We note that we exclusively estimate diffusive benthic Cr

fluxes, rather than combined diffusive and advective fluxes, which
would require incubations with benthic chambers. Lenstra et al.
(2020) show that for Fe and Mn, calculated diffusive fluxes can
deviate from in situ measured fluxes by an order of magnitude in
both directions. Because of these uncertainties, we use the calcu-
lated benthic Cr fluxes exclusively as estimates.

Published sediment mass accumulation rates (MAR; Table 1;
McManus et al., 2006a, 2006b; Poulson et al., 2006) were used to
calculate the MAR of Cr (Cr MAR) by multiplying MAR by Cr con-
centrations averaged over the upper 10 cm of the sediment. Sur-
face peaks of solid-phase Cr could cause an overestimation of Cr
MAR. However, the surface peaks in our sediments are too small
to affect the Cr MAR (see Section 3). The Cr rain rate was calculated
as

rain rate ¼ �benthic fluxð Þ þMAR ð4Þ
and the burial efficiency of Cr was calculated following Berelson
et al. (1996) as

burial efficiency ¼ MAR
rain rate

ð5Þ

Since the benthic fluxes hold large uncertainties and should be
treated as estimates, also the rain rate and burial efficiency should
be considered as estimates.



Table 2
Dissolved pore fluid concentrations and speciation of dissolved Cr in pore fluids.

Station Depth Fe Mn Cr Cr(VI) Cr(III)
cm mM mM nM nM nM

Patton Escarpment bottom water 4.21
1 0 0.01 9.65
2 0 0.02 10.2
3 0 0.02 12.3
4 0 0.23 9.15
5 0.1 1.4 3.70
6 0 5.46 1.31
7 0 7.22 1.67
8 0.1 10.76 1.87
9 0.1 8.01 1.47
10 0 15.35 1.29

San Clemente bottom water 4.08
0.5 <LOD 1.4 6.81
1.5 <LOD 12.1 3.51 3.69 e
2.5 <LOD 54.7 1.71
3.5 <LOD 47 1.46 2.94 e
4.5 0.5 67.6 1.56
5.5 1.1 69.4 1.84 2.14 e
7.5 3.5 67 1.37 1.31 0.06
9.5 6.3 61.2 0.94 1.46 e
11.5 11 84.6 1.79 1.70 0.09
13.5 8.8 71.1 1.98
15.5 9.9 76.6 1.82 1.94 e
19.5 8.8 2.32
25.5 8.4 84.3 1.91

Catalina bottom water 3.26
1 <LOD 3.1 3.02
2 19.1 7.3 2.43
3 27.7 6 2.16
4 24.8 3.1 1.81
5 16.2 1.7 2.21
9 35.9 2.8 2.56
13 28.4 2.6 3.16
17 19.4 2.2 2.81
21 14 2 2.60
25 9.5 1.9 2.52

San Pedro bottom water 3.02
1 33.2 <LOD 3.70
2 14.4 <LOD 3.02 1.57 1.45
4 14 <LOD 2.89 1.77 1.12
5 74.5 <LOD 6.61 2.60 4.01
9 87.3 <LOD 7.09 2.83 4.26
11 78.5 <LOD 6.60 1.85 4.75
13 64.8 <LOD 5.41 2.60 2.81
17 69.7 0.2 8.87 4.17 4.70
19 62.4 0.1 8.73 4.47 4.26

San Blas bottom water 2.05
1 66.1 <LOD 12.1
2 76.4 0.1 17.6 4.26 13.4
3 66.8 0.1 17.2 4.28 13.0
4 72.5 0.1 19.6 6.20 13.4
5 70.3 0.2 20.3 6.54 13.7
7 74 0.2 23.9 9.21 14.7
9 64.5 0.2 22.7
11 53.5 0.2 24.5 10.4 14.1
13 43.9 0.1 28.2 11.7 16.5
15 31.8 0.1 29.0 13.5 15.5
17 19.4 0.1 31.9 12.9 19.0
19 7.5 0.1 33.8 16.1 17.7

Soledad bottom water 2.43
1 41.8 <LOD 24.9 7.32 17.5
2 26.4 <LOD 19.5 4.83 14.7
4 16.4 <LOD 21.7 4.55 17.1
5 7.3 <LOD 35.3 16.4 18.9
7 1.8 <LOD 37.4 20.2 17.2
9 <LOD <LOD 43.4 13.2 30.2
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Table 2 (continued)

Station Depth Fe Mn Cr Cr(VI) Cr(III)
cm mM mM nM nM nM

11 0.7 <LOD 56.6 16.1 40.5
13 <LOD <LOD 60.4 19.9 40.5
15 <LOD <LOD 64.2 30.0 34.2
17 <LOD <LOD 70.5 28.6 41.9
19 <LOD <LOD 76.5 26.0 50.5

The concentrations of dissolved elements in pore fluids and the speciation of Cr are shown, with LOD for Fe of 0.455 lM, and for Mn of 0.065 lM. While total Cr and Cr(VI)
were measured for each sample, Cr(III) concentrations were calculated from the former two values. For a few samples, the measured Cr(VI) exceeds the measured
concentration of total Cr. These samples are indicated by the letter ‘‘e”.
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3. Results

3.1. The oxic sites

At the sites having bottom water oxygen of 19 lM or higher
(Patton Escarpment, San Clemente and Catalina; Fig. 2), symbols
and lines are illustrated in turquoise to blue colours. At these sites,
dissolved Cr concentrations in pore fluids were low, ranging
between 0.9 nM and 12.3 nM and exceeding the bottomwater con-
centration by a factor of <3 (Fig. 3; Table 2). The highest concentra-
tion occurred at the Patton Escarpment site, where dissolved Cr
peaked at 3 cm sediment depth, and decreased to concentrations
<2 nM below 5 cm sediment depth. At the San Clemente site, the
maximum dissolved Cr concentration in pore fluids was found in
the surface sediment sample (6.8 nM at 0.5 cm sediment depth).
At the Catalina site, dissolved Cr concentrations in pore fluids show
a narrow range between 1.8 nM and 3.8 nM. At the San Clemente
site, all pore fluid Cr is present as Cr(VI) (Fig. 4; Table 2; note no
speciation data for Patton Escarpment). The Cr(VI) concentrations
exceeding total dissolved Cr concentrations (Table 2) can be
Fig. 2. Chemical parameters. The depth plots show the distribution of (A) dissolved O2

sediments. The dissolved O2 and H2S data were analysed on samples collected before the
and (B).
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explained by our sampling strategy. Pore fluid samples for total
Cr and for Cr speciation analyses were collected from two individ-
ual cores. Thus, low concentration variations can arise. Unfortu-
nately, the volume of fluid samples from Patton Escarpment and
Catalina Basin were insufficient for speciation analysis. Estimated
benthic fluxes of Cr show a negative sign, i.e., they were directed
out of the sediment at Patton Escarpment and San Clemente
(�0.76 and �0.43 nmol cm�2 y�1, respectively; Table 3), with an
estimated uncertainty of 50% or more.

The TOC content was lowest in sediments at the oxic stations
and generally higher at the more reducing sites (Fig. 2; Table 4).
At the Patton Escarpment and San Clemente sites, we observed
near-surface peaks in both solid Mn/Al and Cr/Al in total digests,
although the Cr/Al peak at San Clemente is small (Fig. 5; Table 4).
The maximum sediment Mn concentration occurred at San
Clemente �23,000 ppm between 0 and 1 cm sediment depth.
Sediment Cr concentrations are highest at the Catalina site (up to
124 ppm at 6–7 cm sediment depth; Fig. 5). In addition, the authi-
genic Cr concentrations presented in the Supplementary Material
were calculated from bulk concentrations corrected for detrital
and dissolved H2S in pore fluid (Chong et al., 2012), and (B) TOC contents in bulk
samples used for this study (see Chong et al. (2012). Note the different scale of (A)



Fig. 3. Dissolved pore fluid concentrations. The depth plots show dissolved concentrations of Fe, Mn and Cr in the pore fluids of oxic (A–C) and anoxic sites (D–F). The
horizontal dashed lines (black) indicate the sediment–water interface, and bottom water samples are illustrated above the sediment–water interface (the y-axis above
sediment–water interface is not true to scale). Horizontal dotted lines (blue colours) indicate the oxygen penetration depth (Chong et al., 2012).
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contamination with estimated detrital Cr/Al ratios (see Frank et al.,
2020; Table S1). Chromium concentrations in sequential extracts
reveal that the reactive fractions at the Patton Escarpment, San Cle-
mente and Catalina Basins are on average 13.1 ppm (±3.6 SD,
n = 30; Fig. 6; Table 5) – lower than the anoxic sites. The concen-
trations of Ti in the reactive fractions were below detection limit
(0.003 ppm).
3.2. The anoxic sites

For the low-oxygen sites with Corg burial rates �2.6 mmol m�2

d�1 (Soledad, San Blas and San Pedro), brown colours are used to
depict the data points. The dissolved Cr concentrations in pore flu-
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ids at these stations increased with depth and were noticeably
higher than at the oxic sites, exceeding bottom water concentra-
tion by a factor of up to �30. (Fig. 3; Table 2). The dissolved Cr con-
centrations were highest at the Soledad site (76.5 nM at 19 cm
sediment depth), where the average TOC content was also highest
(�7.5 wt%). At the anoxic sites, Cr(III) increased with depth (Fig. 4).
Between 39 and 79% of the total dissolved Cr in pore fluids is Cr(III).
At the Soledad site, the estimated benthic flux of Cr was with –
3.60 nmol cm�2 y�1 negative, i.e., directed from the sediment to
the bottomwater. At the other two anoxic stations, the benthic flux
was also directed out of the sediment (�1.62 nmol cm�2 y�1 and
�0.11 nmol cm�2 y�1 for San Blas and San Pedro, respectively).
We note that these calculations use the diffusion coefficient of Cr



Fig. 4. Speciation of dissolved Cr in pore fluids. The depth plots show Cr speciation in the pore fluids prepared with Mg hydroxide coprecipitation. From the measured
concentrations of total dissolved Cr and Cr(VI), Cr(III) concentrations were calculated as the difference between the total Cr and Cr(VI). The Cr(III) concentrations are not
plotted in A) since they are close to 0 ppm.

Table 3
Benthic diffusive fluxes, calculated from pore fluid concentrations.

Station Ua T Dsediment
b Flux

�C 10�6 cm2 sec�1 nmol cm�2 y�1

Patton Escarpment 0.93 1.5 4.78 �0.76
San Clemente 0.93 4 5.32 �0.43
Catalina 0.89 4 4.94 0.03
San Pedro 0.94 5 5.63 �0.06
San Blas 0.94 4 5.42 �0.86
Soledad 0.94 4 5.42 �1.91

The diffusive benthic fluxes were calculated from pore fluid concentrations.
a McManus et al. (2005), Soledad and San Blas estimated based on McManus et al. (2005).
b Dseawater at 25 �C for CrO4

2� = 11.2 * 10�6 cm2 sec�1 and for Cr3+ 5.9 * 10�6 cm2 sec�1 (Li and Gregory, 1974).
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(VI), even though almost 80% of Cr can be present as Cr(III). We
therefore also calculated the estimated benthic fluxes of the anoxic
sites using the diffusion coefficient of Cr3+ in seawater (Dseawater at
25 �C = 5.94 10�6 cm2 sec�1; Li and Gregory, 1974). These results
yield estimated benthic fluxes of �1.91 nmol cm�2 y�1 (Soledad),
�0.86 nmol cm�2 y�1 (San Blas) and �0.06 nmol cm�2 y�1 (San
Pedro), which are used in the discussion of this study (Table 3).

In sediments from the anoxic sites, solid Cr concentrations of
total digests reached up to 183 ppm (San Pedro; Fig. 5), but the
highest Cr/Al ratio (4.9 * 10�3 ppm/ppm) occurs at the Soledad
site as observed for the dissolved Cr concentrations in pore fluids
(Tables 2 and 4). At the San Blas site, sediment Cr concentrations
are lower compared with the San Pedro site (San Blas: 48 to
98 ppm; San Pedro: 111 to 183 ppm). In contrast to this differ-
ence, San Blas has a higher TOC content (up to 6.5 wt%) compared
with San Pedro (up to 4.9 wt%). Soledad, where the Corg burial
rate is highest, has the highest TOC contents (up to 8.17 wt%).
At San Blas, sediment Al concentrations are elevated compared
with the other anoxic stations (with averages of �80,000 ppm
and �42,000 ppm, respectively). The sequential extractions show
that at the Soledad site, the reactive fraction contains an average
Cr concentration of 40 ppm (�45%), the organic fraction of
27 ppm (�33%), and the pyrite fraction of 19 ppm (�22%;
Fig. 6; Table 5). The San Pedro site holds similar Cr concentrations
in all leachate fractions (�20 ppm). As for the oxic sites, Ti con-
centrations were below detection limit.
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4. Discussion

4.1. Chromium cycling under oxic organic-poor conditions

Because of the different solubilities of Cr(III) and Cr(VI), redox
conditions are assumed to have an impact on the distribution of
Cr in marine environments, and in particular the accumulation of
Cr within the sediment package. At the San Clemente Basin and
Patton Escarpment sites, dissolution and re-precipitation of Mn
oxides result in a solid-phase Mn maximum near the sediment–
water boundary, consistent with an active oxidation front
(Froelich et al., 1979; Shaw et al., 1990; McManus et al., 2012).
Shaw et al. (1990) also measured sediment and pore fluid Cr con-
centrations in sediments from San Clemente and Patton Escarp-
ment and found that Cr was not released in the Mn reduction
zone. Other elements (e.g., Ni, V Co, Mo and Cu) have been demon-
strated to sorb onto Mn oxides forming in surface sediments (Shaw
et al., 1990). These Mn oxide-associated trace metals tend to have
elevated pore fluid concentrations in the Mn reduction zone (i.e.,
below the solid-phase Mn peak), where they are released back into
the pore fluid as their carrier phase dissolves. Thus, Cr’s behaviour
contrasts with that of other metals, as it seems to be inefficiently
sorbed onto Mn oxides (Shaw et al., 1990). Instead, Cr release from
the solid to the dissolved phase seems to occur concomitantly with
the Mn oxide peak due to catalytic oxidation of insoluble Cr(III) to
soluble Cr(VI), which can effectively escape sorption onto Mn



Table 4
Solid concentrations from sediment total digests.

Station Depth Al Fe Mn Cr Cr/Al * 10�3 TOC Cr:C
cm ppm % ppm ppm ppm/ppm wt.% lmol/mol

Patton Escarpment 1 2 47,708 2.9 6031 52.7 1.10 1.21 1006
2 3 76,591 4.6 10,327 87.9 1.15 1.19 1706
4 5 81,316 5.0 6729 93.3 1.15 1.28 1684
5 6 72,795 4.5 5125 83.4 1.15 1.26 1529
7 8 55,973 3.4 1880 61.5 1.10 1.18 1204
9 10 73,961 4.5 1375 84.3 1.14 1.07 1820
11 13 68,709 4.1 743 77.2 1.12 0.97 1838
13 15 63,886 4.2 513 70.2 1.10 0.83 1954
15 17 66,588 4.3 481 74.0 1.11 0.86 1988
16 18 67,196 4.1 488 77.9 1.16 0.87 2068

San Clemente 0 1 21,000 1.5 22,674 54.9 2.62 3.33 381
2 3 45,845 3.2 11,412 45.6 0.99 3.53 298
4 5 47,414 3.6 1494 57.3 1.21 3.49 379
6 7 34,436 2.6 956 27.4 0.80 3.47 182
8 9 42,164 2.9 1117 49.5 1.17 3.44 332
10 12 50,781 3.6 1280 67.1 1.32 3.23 480
12 14 28,341 2.1 600 57.0 2.01 3.12 422
14 16 63,922 4.5 1220 58.2 0.91 3.13 430
18 20 53,714 3.9 1032 62.8 1.17 3.04 477
22 24 47,216 3.4 989 62.6 1.32 2.85 507

Catalina 0 1 59,615 3.9 950 111 1.86 4.55 564
1 2 59,798 4.1 359 103 1.73 4.68 508
3 4 70,738 4.3 331 121 1.72 4.82 580
4 5 65,070 4.0 298 116 1.78 4.91 546
6 7 69,511 4.2 328 124 1.78 4.87 588
8 9 71,534 4.1 339 122 1.70 4.81 586
10 12 70,845 4.2 327 113 1.60 4.82 542
12 14 62,384 3.8 258 101 1.62 4.77 489
14 16 63,258 3.7 274 99.9 1.58 4.74 487
18 20 68,237 4.0 300 106 1.55 4.59 533

San Pedro 0 1 47,920 3.5 337 124 2.59 4.80 597
1 2 53,983 3.4 363 183 3.38 4.90 863
3 4 63,464 3.8 408 118 1.86 4.17 654
4 5 60,054 3.6 374 150 2.50 4.04 858
6 7 54,071 3.4 361 129 2.39 4.02 741
8 9 55,649 3.2 368 115 2.07 4.11 646
10 12 58,192 3.6 392 111 1.91 4.43 579
14 16 63,450 3.7 395 111 1.75 4.38 585
18 20 62,057 3.6 399 129 2.08 3.79 786
20 22 68,071 4.1 446 120 1.77 3.91 709

San Blas 0 1 61,898 3.0 95 73.2 1.18 6.49 260
2 3 84,559 3.2 162 81.9 0.97 5.22 363
4 5 89,194 3.3 151 93.0 1.04 5.87 366
6 7 88,099 3.1 136 96.5 1.10 6.45 347
8 9 51,025 1.7 22 48.3 0.95 5.85 190
10 12 80,381 3.1 156 91.1 1.13 5.95 353
14 16 83,085 2.9 115 90.0 1.08 5.89 353
18 20 79,765 3.0 166 97.7 1.23 6.35 357
20 22 94,862 3.3 158 94.8 1.00 5.55 395
22 24 84,860 3.0 135 90.9 1.07 6.37 330

Soledad 0 1 21,493 1.2 142 81.9 3.81
1 2 30,126 1.7 181 94.5 3.14 8.17 269
2 3 30,919 1.8 182 91.0 2.94 7.30 288
4 5 26,810 1.5 169 103 3.84 7.01 339
6 7 28,161 2.0 168 88.9 3.16 7.12 289
8 9 26,710 1.7 176 97.6 3.65 6.83 331
10 12 20,866 1.3 131 102 4.87 6.54 360
12 14 28,333 1.7 179 95.1 3.36 6.73 326
14 16 27,004 1.8 182 90.3 3.34 6.92 300
18 20 34,922 2.2 206 109 3.13 7.34 343
22 24 33,972 2.0 191 105 3.10 7.55 321

Concentration data of total digests of sediments are reported, along with TOC and Cr:C ratios.
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oxides (e.g., van der Weijden and Reith, 1982; Eary and Rai, 1987;
Shaw et al., 1990; Fendorf, 1995; Banerjee and Nesbitt, 1999; Tang
et al., 2014). Tang et al. (2014) demonstrated in laboratory exper-
iments that oxidation of aqueous Cr(III) is greatly enhanced in the
presence of biogenic Mn oxides. The implication of this finding is
that dissolved Cr in pore fluids would be present as Cr(VI) in the
presence of Mn oxides.
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Chromium oxidation by dissolved O2 is slow, but oxidation pro-
ceeds much faster when catalysed by Mn oxides (van der Weijden
and Reith, 1982; Manceau et al., 1992). Consequently, the loss of
soluble oxidised Cr(VI) should be larger in the presence of Mn oxi-
des as compared to its absence, and accumulation rates of Cr in the
sediment should be lower. Indeed, the Cr MAR at San Clemente
Basin and Patton Escarpment, where Mn oxides are present in



Fig. 5. Solid concentrations from sediment total digestions. The depth plots show concentrations of Cr, Cr/Al and Mn/Al in the sediment of more oxic and organic-poor
stations (upper panel), and of organic-rich stations (lower panel).

S. Bruggmann, S. Severmann and J. McManus Geochimica et Cosmochimica Acta 348 (2023) 239–257
the surface sediment, are low compared with the other sites
(�13.5 nmol cm�2 y�1; Table 6). At the Catalina Basin site, where
bottom water oxygen concentrations are only 19 lM, Cr MAR is
slightly higher (31.2 nmol cm�2 y�1; Table 6). At this site, the sur-
face sediment was not oxygenated (Chong et al., 2012). Dissolved
Mn concentrations in pore fluids at this site do not increase with
depth (Fig. 3), indicating that there is no Mn released from reduc-
tively dissolving Mn oxides. Thus, Mn oxides are not expected to be
present.

Our data from the San Clemente Basin and Patton Escarpment
sites show that below the oxygen penetration depth (horizontal
blue dotted lines in Fig. 3), where Mn is released from the solid
to the dissolved phase, we do not observe a distinct increase in dis-
solved Cr in pore fluids. This observation is in line with Shaw et al.
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(1990). We note that our newly collected data of Mn and Cr con-
centrations are in good agreement with previously published oxy-
gen data, which were measured on samples collected �9 years
before the samples studied here (Berelson et al., 1996; McManus
et al., 2005; Chong et al., 2012). Pore fluid Cr concentrations were
highest within the Mn enrichment zones at Patton Escarpment and
San Clemente (Figs. 3 and 5). Note that Shaw et al. (1990) mea-
sured much higher Cr pore fluid concentrations (up to approxi-
mately 80 nM at Patton Escarpment), at least in part due to the
much higher (mm scale) sampling resolution in their study. Below
a sediment depth of 3.5 cm at the San Clemente site, dissolved Cr
fluctuates but shows a trend towards slightly increasing Cr concen-
trations with depth (from 0.94 nM at 9.5 cm to 1.91 nM at
25.5 cm). At the same depth, dissolved Mn concentrations increase.



Fig. 6. Concentration data from sediment sequential extractions. The depth plots illustrate cumulative concentrations of Cr in sequential extractions of selected sediment
samples. The non-leachable fraction is calculated as the difference between total Cr and Cr contained in the leached fractions.
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This observation indicates that some Cr is released from the sedi-
ment to the pore fluids at the same depth where Mn is released.
However, since the dissolved Cr increase is small and only occurs
9 cm below the increase in dissolved Mn, we argue that if any Cr
is released from reductively dissolving Mn oxides, the proportion
relative to the total Cr inventory is likely small. Indeed, previous
studies found that Cr is not efficiently sorbed onto Mn oxides
(Koschinsky & Hein, 2003; Neaman et al., 2004).

Dissolved Cr stays in solution, presumably as Cr(VI) (see Fig. 4
and discussion below), and can be transported via diffusion away
from the zone where it was released. At the Patton Escarpment
site, the pore fluid Cr maximum occurs below the sediment water
interface, at 3 cm depth, leading to a gradient of dissolved Cr con-
centrations and hence, an estimated Cr benthic flux out of the sed-
iment (�0.76 nmol cm�2 y�1; Table 3). Also at the San Clemente
site, the benthic Cr flux is directed out of the sediment (�0.43 nm
ol cm�2 y�1; Table 3). However, at some oxic sites, the advective
trace metal fluxes can be an order of magnitude higher than the
diffusive fluxes (Lenstra et al., 2020). We therefore assume that
our diffusive fluxes may underestimate total benthic fluxes. The
idea that Cr is released into the pore fluids through oxidation –
as suggested by Tang et al. (2014) – is confirmed by our speciation
data, which show that virtually all dissolved Cr in pore fluids is
present as Cr(VI) at the San Clemente basin, where Mn oxides are
present (Fig. 4). Although we did not analyse speciation of Cr in
the pore fluids from the Patton Escarpment site, Tang et al.’s exper-
imental findings, coupled with our own observations at San Cle-
mente, suggest that we would expect dissolved Cr(VI), rather
than Cr(III), to be dominant at the Patton Escarpment site.

4.2. Chromium cycling under anoxic organic-rich conditions

Under organic-rich low-oxygen conditions in the water column
at stations in proximity to our sampling sites (Fig. 1), dissolved sea-
water samples from the water column are depleted in Cr, whereas
particulate matter is enriched in Cr and isotopically lighter
(Murray et al., 1983; Huang et al., 2021). Further, seawater samples
from the water column close to the sediment–water interface are
enriched in Cr compared with shallower samples at a station close
to the Soledad site (Murray et al., 1983). In pore fluids, Cr concen-
trations are tightly linked to the distribution of organic matter
(Brumsack and Gieskes, 1983). These authors found increasing
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dissolved Cr concentrations with sediment depth, with concentra-
tions typically below 100 nM. The high dissolved Cr concentrations
at depth can be facilitated by the complexation of Cr with organic
compounds (Brumsack and Gieskes, 1983). Shaw et al. (1990) note
that increasing productivity, as well as very low bottom water oxy-
gen levels, should promote the accumulation of Cr in the sediment.
In addition to input of Cr with particulate matter, under anoxic
conditions, Cr can accumulate in anoxic sediments via reduction
by microorganisms or Fe(II) in the water column or in the sediment
(e.g., Kitchen et al., 2012; Reinhard et al., 2014). In the Santa Bar-
bara Basin (close to our oxic sites; Fig. 1), Fe(II) has been proposed
as a potential reductant of Cr in both the anoxic bottom and pore
waters (Moos et al., 2020).

The Cr MAR at the anoxic sites are typically higher than at the
oxic sites (�31.7 nmol cm�2 y�1; Table 6). In line with this obser-
vation, particulate matter in an oxygen minimum zone close to the
Soledad station was enriched in Cr compared with the dissolved
phase (Murray et al., 1983). These observations indicate that the
transport of Cr from the water column to the sediment is enhanced
in environments with high productivity and Corg burial rates. At the
sites from this study with the highest Corg burial rates (Table 6) and
the highest TOC contents (average of 7.2 wt% and 5.0 wt% for Sole-
dad and San Blas, respectively; Fig. 2; Table 4), we observe the
highest dissolved Cr concentrations in pore fluids, reaching up to
77 nM at approximately 20 cm depth (Fig. 3). At both sites, dis-
solved Cr concentrations show a steady increase with sediment
depth until our deepest sample. These findings are in good agree-
ment with the findings of Brumsack and Gieskes (1983) discussed
earlier in this section. Further, our data confirm the possibility of Cr
reduction by dissolved Fe in the pore fluids as proposed for the
Santa Barbara Basin (Moos et al., 2020) as evidenced by the pres-
ence of dissolved Fe in the (surface) sediments (Fig. 3).

In the Corg-rich surface sediment, Cr is likely released into the
pore fluids as the organic carbon carrier phase is remineralised
during early diagenesis. The decrease of TOC between surface sed-
iments and samples from �2–5 cm sediment depth shows evi-
dence for the decomposition of organic matter (Fig. 2). These
observations support the thesis that Cr cycling is tightly linked to
Corg cycling (e.g., Janssen et al., 2021). At the San Pedro station,
where sediment TOC content averages 4.3 wt%, the dissolved Cr
concentrations in pore fluids also increase with depth. However,
the dissolved Cr concentrations are considerably lower (�9 nM



Table 5
Concentration data from sediment sequential extractions.

Station Depth Fereactive Mnreactive Crreactive Nireactive Feorganic Crorganic Niorganic Uorganic Crpyrite Nipyrite Upyrite

cm % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Patton Escarpment 1 2 0.54 5465 9.1 152.1
2 3 0.56 5981 9.4 160.2
4 5 0.58 4499 10.3 120.5
5 6 0.54 3465 9.3 102.6
7 8 0.53 1579 10.7 86.0
9 10 0.45 583 11.1 84.0
11 13 0.55 296 11.1 73.1
13 15 0.56 195 10.9 58.8
15 16 0.56 172 11.1 63.1
16 18 0.41 136 10.8 60.6

San Clemente 0 1 0.36 25,802 7.7 67.3
2 3 0.47 10,787 15.6 89.6
4 5 0.62 1232 11.3 59.4
6 7 0.37 712 8.1 48.2
8 9 0.57 1122 12.1 74.8
10 12 0.41 572 13.0 70.6
12 14 0.66 981 19.0 100
14 16 0.44 624 13.0 69.0
18 20 0.41 624 12.8 68.2
22 24 0.42 696 13.9 66.5

Catalina 0 1 0.76 581 23.9 38.3
1 2 0.88 123 17.1 28.4
3 4 0.45 54 13.7 27.7
4 5 0.42 48 14.0 29.3
6 7 0.39 48 19.0 38.2
8 9 0.42 56 15.6 31.8
10 12 0.39 47 13.8 28.9
12 14 0.41 51 14.8 30.8
14 16 0.38 56 18.0 37.6
18 20 0.38 55 14.3 30.6

San Pedro 0 1 1.06 29 23.0 16.1 1910 20.9 9.9 0.33 18.6 11.2 0.08
1 2 0.49 32 41.4 22.1 2036 39.4 11.6 0.57 29.7 14.1 0.12
3 4 0.64 40 19.6 20.6 2225 18.6 11.4 0.59 17.1 11.1 0.10
4 5 0.63 32 19.3 20.7 2488 16.4 10.7 0.43 20.7 13.4 0.09
6 7 0.62 31 16.9 21.1 2487 15.9 10.4 0.39 21.5 13.3 0.09
8 9 0.53 31 18.4 24.0 2211 15.2 10.1 0.44 25.4 15.0 0.10
10 12 0.62 41 19.3 25.6 2077 17.2 10.7 0.44 20.0 12.4 0.08
14 16 0.54 38 20.4 27.5 2079 16.7 10.1 0.49 21.0 12.7 0.08
18 20 0.57 37 17.6 23.1 2183 15.3 9.3 0.47 18.7 11.7 0.09
20 22 0.54 35 16.6 22.6 1973 16.5 9.9 0.47 21.9 13.3 0.09

Soledad 0 1 0.24 <LOD 37.8 26.6 994 21.5 9.17 0.82 15.8 8.57 0.07
1 2 0.2 <LOD 41.2 29.1 790 30.0 10.5 1.13 18.7 9.2 0.10
2 3 0.22 <LOD 40.0 26.6 985 26.6 10.7 1.26 18.1 9.1 0.09
4 5 na <LOD 39.0 25.2 878 26.6 11.0 1.29 18.9 9.7 0.10
6 7 0.45 28 37.9 24.5 833 26.3 11.1 1.28 20.7 10.3 0.12
8 9 0.22 1 46.2 31.0 1031 27.3 11.6 1.14 19.9 10.1 0.10
10 12 0.24 1 34.9 24.5 1049 25.9 10.3 0.98 19.5 9.7 0.10
12 14 0.18 32.1 21.9 1131 29.1 11.4 1.23 19.0 9.8 0.09
14 16 0.2 <LOD 31.5 23.4 1019 26.4 10.8 1.14 16.3 8.6 0.08
18 20 0.22 <LOD 36.0 25.9 972 28.6 10.9 1.11 18.4 9.2 0.10
22 24 0.23 3 40.2 26.8 793 31.0 12.0 1.38 21.2 11.0 0.10

Elemental concentrations of the sequential extractions are shown. Please note that the H2SO4- and HNO3-leaching steps were only conducted on samples from the Soledad
and San Pedro sites.

Table 6
Chromium burial efficiency.

Station Cra Cr MARb Cr rain ratec Cr burial efficiencyd

ppm nmol cm�2 y�1 nmol cm�2 y�1

Patton Escarpment 75.8 4.4 5.1 0.85
San Clemente 46.9 13.5 14.0 0.97
Catalina 116.1 31.3 31.2 1.00
San Pedro 136.6 76.2 76.3 1.00
San Blas 78.6 31.7 33.4 0.95
Soledad 92.8 89.3 92.9 0.96

The MAR, rain rates and burial efficiency of Cr was calculated for each station.
a Average Cr concentration of the upper 10 cm of the sediment.
b Calculated as the product of MAR and Cr concentration.
c Calculated as the sum of the negative Cr benthic flux and MAR.
d Calculated as the Cr MAR divided by the Cr rain rate.

S. Bruggmann, S. Severmann and J. McManus Geochimica et Cosmochimica Acta 348 (2023) 239–257

251



S. Bruggmann, S. Severmann and J. McManus Geochimica et Cosmochimica Acta 348 (2023) 239–257
maximum) at the San Pedro site compared to the more anoxic
sites. This shift to lower Cr concentrations is partly in line with
the lower Corg content of the sediment, thereby releasing less Cr
during diagenesis as compared to stations with higher Corg burial
rates and higher Corg content (Soledad and San Blas). However,
we note that pore fluid Cr concentrations in San Pedro are up to
3 times higher than at the Catalina site, despite similar TOC con-
tents (average 4.8 wt%).

Our Cr speciation data in Fig. 4 show that at the oxygen-poor,
Corg-rich sites (Soledad, San Blas and San Pedro), between approx-
imately 40 and 80% of the total dissolved Cr in pore fluids is Cr(III)
(Table 2). This proportion of Cr(III) is much higher compared with
the Mn-rich site with lower Corg at San Clemente, where all dis-
solved Cr is present as Cr(VI). This higher abundance of dissolved
Cr(III) is consistent with observations from the water column of
prominent oxygen minimum zones or restricted anoxic basins
(e.g., Emerson et al., 1979; Rue et al. 1997; Davidson et al., 2019;
Huang et al., 2021). These authors observe that under reducing
marine conditions, Cr(III) can be the dominant dissolved Cr species.
Thus, we propose that Cr(III) can be preferentially released to the
pore fluid under anoxic conditions during diagenesis. This observa-
tion sharply contrasts the calculations of Moos et al. (2020), who
proposed that dissolved Cr concentrations would be exhausted at
a sediment depth of <1 mm.

Further, Cr(III) is thought to be the main Cr species sorbing onto
organic matter (Semeniuk et al., 2016) and it is therefore more
tightly linked to organic matter compared with Cr(VI). This beha-
viour likely leads to the observed pattern of Cr speciation under
anoxic Corg-rich and oxic conditions. Anoxic bottom water at Sole-
dad and San Blas further allow for any adsorbed Cr(III) that might
be scavenged within the water column to remain particle-bound
after its transition from the water column to the sediment.

As at the more oxic sites, the estimated benthic fluxes (see Sec-
tion 2.6) of Cr are directed out of the sediment at all Corg-rich sites
(Table 3), indicating that some proportion of Cr is cycling back into
the bottom water. Any biologically driven advective fluxes at these
sites are likely minor due to the anoxic bottom water conditions.
The largest estimated benthic flux is found at the Soledad site
(�1.91 nmol cm�2 y�1 when using the diffusion coefficient of Cr
(III) rather than Cr(VI; Table 3) coinciding with the highest TOC
content (maximum of 8.2 wt%). Despite the estimated uncertainty,
the fluxes at the Corg-rich sites would still be larger than those at
the oxic stations. The observation that the largest estimated ben-
thic flux co-occurs with the highest TOC content indicates that Cr
is released from sediments with high TOC contents and thus,
organic matter can be a major carrier of Cr (see also Section 4.3.1).
Still, the benthic flux at the Soledad site is on the same order of
magnitude as the one determined for a carbonate-rich (76%) sedi-
ment core from the Tasman Sea, comprising only 1% of organic
matter (�3 nmol cm�2 y�1; Janssen et al., 2021). Despite the sim-
ilar estimated benthic Cr flux, dissolved Cr in pore fluids shows an
inverse trend in the carbonate-rich sediment from the Tasman Sea
compared with our Corg-rich sites, decreasing with sediment depth.
Thus, while leading to a similar benthic flux of Cr, the processes
driving the dissolved Cr distribution within these contrasting sites
are likely different. At the Soledad and San Blas sites, we do not
observe a decrease in total dissolved Cr concentrations within
the upper 20 cm, unlike for our sites where a Mn oxide-rich layer
borders the sediment–water interface. However, the Cr speciation
data from Soledad show a slight decrease of dissolved Cr(VI) con-
centrations below 15 cm sediment depth (Fig. 4). This decrease
can be the result of reduction of Cr(VI) to Cr(III), leading to an
increase in dissolved Cr(III). Overall, it seems that under the anoxic
conditions prevailing at the Soledad and San Blas sites, at least 46%
of total Cr is present as Cr(III) in the pore fluids (and a maximum of
79%).
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4.3. Chromium preservation in sediments

4.3.1. Assessment of the sequential extraction procedure
We assess the sequential extraction procedure applied in this

study in the context of the oxic Corg-poor Mn-rich, and the anoxic
Corg-rich sediment samples. Our data from sequential extractions
indicate that Cr associated with organic matter is contained in both
the reactive and the organic sediment fractions with correlation
coefficients of �0.71 (Fig. 7). In sediments deposited under oxic
conditions, where Mn (and Fe) oxides occur, the first leaching step
(1 M HCl) is thought to efficiently release metals associated with
Mn and Fe (oxyhydr)oxides, and other sediment fractions that
easily dissolve (e.g., carbonates, phosphate minerals, hydrous alu-
minosilicates and Fe monosulfides; Huerta-Diaz and Morse,
1990; Scholz et al., 2014). In addition, metals can be released from
clay or biogenic particles (Bruggmann et al., 2019; Frank et al.,
2020). Two of the stations investigated here (Patton Escarpment
and San Clemente) contain high Mn concentrations (10,000 ppm
and higher) and Mn oxides. Due to the important role of Mn oxides
as catalysts for Cr oxidation (van der Weijden and Reith, 1982;
Manceau et al., 1992), we focus on the potential association of Cr
with Mn, rather than with Fe, even though the reactive fraction
comprises metals associated with both, Mn and Fe (oxyhydr)ox-
ides. Our data show that the reactive fraction contains typically
between 50 and 100% of the total Mn. In addition, Ni – an element
that sorbs onto Mn oxides (e.g., Koschinsky and Hein, 2003) and is
also linked to biological cycling (e.g., Böning et al., 2015) – shows a
strong correlation with Mn in the reactive fraction (R2 = 0.79;
Fig. S1), indicating that this leaching step successfully dissolved
Mn oxides. Neither Mnreactive nor Fereactive show a positive correla-
tion with Crreactive (Fig. S1). This observation provides an indication
that Cr is not predominantly associated with Mn and Fe oxides, and
that the distribution of Cr is dominated by other phases. The con-
centrations of Ti in the reactive fraction, which can be used to
assess detrital contribution, were all below the limit of detection
(0.003 ppm). Thus, as previously observed for 0.5 M HCl, the detri-
tal fraction is not appreciably attacked in this leaching step (Frank
et al., 2020). This notion is in agreement with the findings by Frank
et al. (2020) who found low Ti, as well as Al, concentrations in sed-
iment fractions leached with 0.5 M HCl. Frank et al. (2020) show
that even 6 M HCl leaches typically less than approximately 20%
of total Al, and <10% of total Ti. Thus, even though our leaching pro-
cedure used 1 M HCl rather than 0.5 M HCl, we estimate an upper
limit of <20% of Cr contribution from the detrital fraction.

The proportions of Cr extracted in each leaching step likely dif-
fer in sediments deposited under anoxic conditions with high TOC
content compared with oxic Corg-poor sediments with Mn oxides.
While the reactive fraction comprises trace metals associated with
easily-dissolvable fractions such as Fe and Mn(oxyhydr)oxides or
with clays, the contribution of trace metals that are associated with
biogenic particles is likely larger in samples with high TOC com-
pared with TOC-poor samples (Bruggmann et al., 2019; Frank
et al., 2020). We find positive correlations between Cr concentra-
tions in the organic as well as reactive fractions with Corg

(R2 = 0.71 and R2 = 0.95, respectively; Fig. 7). These correlations
further support the notion of a link between Cr and organic matter,
which can be associated with both the organic and reactive frac-
tions. In addition, Ti concentrations in the reactive fractions of
the organic-rich sites were below detection limit (0.003 ppm).

Based on our data, we propose that Cr(III) sorbed onto the sur-
face of organic matter is found in the reactive fraction, whereas Cr
incorporated into organic matter is in the organic fraction. The Cr
concentrations in the reactive fraction are higher compared with
the ones in the organic fraction. Under the simplified assumptions
that at the Soledad and San Pedro sites, all Cr associated with
organic matter is contained within the organic and reactive frac-



Fig. 7. Link between Cr and organic matter. The cross-plots show sedimentary Cr in (A) Crreactive and (B) Crorganic versus TOC contents. In (B), R2 does not include the outlier.

S. Bruggmann, S. Severmann and J. McManus Geochimica et Cosmochimica Acta 348 (2023) 239–257
tions, and that all Cr in these fractions is exclusively associated
with organic matter, up to 64% of Cr associated with organic matter
is surface-bound in some samples, whereas other samples have a
maximum of 50% of total Cr is incorporated into organic matter.
If we assume that 20% of Cr in the reactive fractions is contributed
by the detrital fraction, up to 58% of organic-associated Cr could be
surface-bound. Regardless of the detrital contribution, these pro-
portions are consistent with those reported in Semeniuk et al.
(2016), who found that between 26 and 67% of total Cr associated
with phytoplankton cells can be extracellular.

The organic fraction, which is contained in the leaching step
using H2SO4, shows a strong positive correlation between the
bioactive elements Niorganic and Uorganic (R2 = 0.72; Fig. S2) at the
Soledad station. Since both of these elements are bioactive, this
correlation suggests that this leaching fraction likely contains ele-
ments that are associated with organic matter. Chromium con-
tained in the organic fraction is moderately well correlated with
Niorganic and Uorganic, (R2 = 0.59 for Niorganic and Crorganic and
R2 = 0.47 for Uorganic and Crorganic at the Soledad site; Fig. S2) and
supporting the idea that organic matter is a source of Cr. Further-
more, the Crorganic and TOC show a positive correlation (R2 = 0.95
if one outlier is excluded; Fig. 7), providing an additional line of
evidence for the association of Cr with organic matter.

The elemental concentrations comprised within the leaching
fraction containing pyrite (leached using HNO3) show a strong pos-
itive correlation between Nipyrite and Crpyrite at the Soledad and the
San Pedro sites (R2 = 0.90 or 0.70; Fig. S3). At the former station, the
decrease of dissolved Fe concentrations in pore fluids co-occurring
with the increase in H2S (Figs. 2 and 3) indicates precipitation of
pyrite. Since Ni is readily scavenged by pyrite (e.g., Morse and
Luther, 1999), the positive correlation between Nipyrite and Crpyrite
can indicate that at this site, Cr is contained in the pyrite fraction.
Interestingly, approximately 18% of sediment Cr is associated with
the pyrite fraction. This finding is surprising since Cr is not thought
to be associated with pyrite (e.g., Morse and Luther, 1999). We
speculate that Cr that is released from decomposing organic matter
may be sorbed onto Fe sulfide minerals, perhaps transiently. How-
ever, since Cr was previously not found to be incorporated into
pyrite, this interpretation is notably speculative. Perhaps more
convincingly, we note that if the H2SO4-leaching step did not quan-
titatively extract the organic fraction, residual organics would dis-
solve in the HNO3-leaching step. Detailed assessment of the
potential relationship between Cr and pyrite would exceed the
scope of this study. The leaching protocol used here may simply
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prevent admixture of pyrite-associated metals with the organic
sediment fraction, since it is using H2SO4 to dissolve trace metals
associated with organic matter and not with pyrite, as opposed
to HNO3, which would contain metals from both organic matter
and pyrite unless the organics are previously removed (e.g.,
Huerta-Diaz and Morse, 1992).

4.3.2. Insights from oxic organic-poor sediments
We use the solid-phase geochemical data to assess the transfer

of Cr from pore fluids to sediments. In line with the dissolved Cr
data, the oxic Corg-poor sites all have low Cr concentrations as well
as low Cr/Al ratios (Figs. 3 and 5). At the same sediment depth
where we observe oxidative release of Cr(VI), Cr/Al in San Cle-
mente is slightly elevated (2.6 * 10�3 ppm/ppm; Fig. 5). This peak
is likely the result of low Al in the surface sediment sample (ap-
proximately 21,000 ppm, compared with typically >40,000 ppm
in the deeper samples; Table 4), rather than being related to the
elevated Cr, but is noted here for completeness. The low Al concen-
tration in this sample might be due to the abundance of Mn oxides,
which is evidenced by the high Mn concentration, and smaller con-
tribution of detrital material to the sediment compared to other
samples from this core. At greater sediment depth, Cr to Al ratios
at the San Clemente site remain relatively constant, similar to
the values observed at the Patton Escarpment site (approximately
1.1 * 10�3 ppm/ppm; Fig. 5B). Even though dissolved Cr in pore flu-
ids is enriched in the oxidised zone, where Mn occurs in a solid
phase, we do not observe solid-Cr peaks co-occurring with solid-
Mn peaks. Thus, dissolved Cr is not appreciably accumulated in
the solid phase in sediments at stations with Mn oxides. Instead,
this Cr is readily released from the sediment to the bottom water.

The sequential extraction data provide additional evidence that
solid-phase Cr is not associated with solid-phase Mn, as previously
suggested by Shaw et al. (1990; Fig. 6). The reactive fraction does
not show an enrichment of Cr in the surface sediment, where Mn
oxides are present (Fig. 6; Table 5). The outcome of Cr release from
the sediment under conditions with a sediment Mn-rich zone is
that there is no Cr enrichment in the sediment. Instead, as Cr
passes through a Mn-rich zone during burial, it leaves behind a
Cr-poor sediment package. Oxidative loss of Cr in the presence of
Mn oxides can lead to a small benthic flux directed out of the sed-
iment (between �0.76 and �0.43 nmol cm�2 y�1; Table 3). As
noted earlier, these benthic Cr fluxes are smaller than those
published for a station in the Tasman Sea with oxic conditions
(�3 nmol cm�2 y�1; Janssen et al., 2021). In combination, the
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benthic fluxes of Cr calculated in this study for all sites (�1.91 to
+ 0.03 nmol cm�2 y�1) span a range that is consistent with previous
estimates (�3 to �0.1 nmol cm�2 y�1; Janssen et al., 2021;
Pöppelmeier et al., 2021). We note that at the stations investigated
here and the one investigated by Janssen et al. (2021), a benthic
flux from sediment to water column is a common feature at all
sites. This observation is noteworthy since the stations span a large
range of environmental and redox conditions, and the size of local
Cr benthic fluxes seems to vary substantially. Data from further
sites as well as studies that specifically target the identification
of in situ benthic fluxes are required to quantify a representative
global benthic flux of Cr.

Estimated benthic fluxes, in combination with the Cr burial rate,
allow us to examine the estimated Cr burial efficiency, which pro-
vides further insights into the preservation of Cr in the sediment
record. We use the estimate of the burial efficiency of total sedi-
ment Cr, rather than of authigenic Cr, due to uncertainties in the
estimate of detrital Cr/Al ratios. Regardless of the use of bulk or
authigenic Cr concentrations for burial efficiency calculations, the
resulting burial efficiencies are similar to each other (Table S2).
This observation highlights that due to the high burial efficiency,
interpretations of bulk sediment Cr are not biased by changes in
detrital matter. Even though Cr burial is quite efficient at all sites
studied here, the site where the sediment underlies the most oxic
water column, Patton Escarpment, is the site where we observe the
lowest burial efficiency (0.85; Table 6). Our pore fluid concentra-
tion data show that this relatively lower Cr burial efficiency is
likely the result of oxidative loss of Cr (see Section 4.1). Despite
the results from Patton Escarpment, the overwhelming pattern
under largely oxidising conditions is that much of the Cr that
arrives at the seafloor is buried (estimated burial efficiencies of
�0.85).

4.3.3. Insights from anoxic organic-rich sediments
At the station with the highest TOC content (Soledad; Figs. 5

and 6), we observe the highest Cr concentrations in sediments
(Cr/Al and Cr in reactive fraction). This observation again supports
the thesis that Cr accumulation is tightly linked to organic matter.
Sediments with higher organic matter content have higher Cr con-
centrations, which are retained in the sediment under anoxic con-
ditions. The San Blas site falls off the trend between Cr in the
organic fraction and TOC, shifting towards lower Cr concentrations.
This finding confirms our observation that at the San Blas site,
lithogenic Cr input seems to have a stronger impact on the solid
phase Cr distribution in the sediment compared with the other
sites (Supplementary Material). The Cr:C ratios of sediments from
Soledad and San Blas range between 191 and 394 lmol/mol
(Table 5). These ratios are close to the upper limit of Cr:C ratios
found in phytoplankton-dominated particulate matter from the
Celtic Sea (10–297 lmol/mol; Dauby et al., 1994; Semeniuk
et al., 2016). It is thus possible that organic matter is indeed a
major source of Cr in the sediments from the Soledad and San Blas
sites, however, we note that the typical Cr:C ratios for the Celtic
Sea (mean of 65 lmol/mol; Dauby et al., 1994) and the Cariaco
basin (10–40 lmol/mol; Calvert et al., 1991) are lower than the
Cr:C ratios measured in the sediments studied here. However,
the Cr:C ratios used here include not only authigenic but also detri-
tal Cr and are therefore overestimating the Cr:C. Additional data of
Cr:C in biogenic particles are required to confirm if Cr is mainly
sourced from biogenic particles at the Soledad and San Blas sites.

The sequential extractions seem to contain Cr associated with
organic matter in both the reactive and organic sediment fractions
(see Section 4.3.1). The lack of variation of Cr in the organic and
reactive fractions with depth indicates that Cr associated with
organic matter is preserved in the sediment (Fig. 7). Under the
assumption that the reactive and organic fractions contain both
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sorbed and structurally incorporated Cr, respectively (Sec-
tion 4.3.1), we hypothesise that Cr associated with organic matter
is well preserved in the sediment, regardless of its association with
organic matter.

The Soledad and San Pedro sites have higher Cr burial efficien-
cies than the San Blas site (Table 6), indicating that at the former
two sites, nearly all Cr that is delivered to the seafloor is buried
within the sediment. The MAR at San Blas is lower compared with
Soledad (21 and 50 mg cm�2 y�1, respectively; Table 1; McManus
et al., 2006a, 2006b; Poulson et al., 2006). The estimated Cr benthic
flux at San Blas is also lower than at Soledad (Table 3), and thus, the
estimated burial efficiency of Cr is nearly identical at these two
sites (�0.95; Table 6). For the San Pedro site, we calculate a burial
efficiency of 1 (Table 6). Interestingly, although the estimated ben-
thic Cr fluxes are largest at the anoxic sites (up to �1.91 nmol cm�2

y�1), the Cr burial efficiency is not reduced significantly. The lack of
a reduced Cr burial efficiency is because the dissolved benthic flux
out of the sediment is relatively small compared to the very effi-
cient delivery of Cr by (biogenic) particles, either as sorbed or
incorporated Cr. Despite the uncertainties accompanying our ben-
thic flux and burial efficiency estimates, the high Corg burial rate, in
combination with the positive correlation of sedimentary Cr and
TOC, support the notion that Cr accumulates in Corg-rich sediments.
Consequently, a large proportion of Cr that reaches the sediment at
these sites is buried with the sediment record, despite the presence
of an estimated Cr benthic flux directed out of the sediment that is
up to �8 times larger than at oxic sites.
5. Implications for the Cr isotope system as a paleoproxy

Our data show strong dependencies of Cr on both redox condi-
tions and biological processes, which can create characteristic pat-
terns in the distribution of Cr in surface sediments and pore fluids.
However, these characteristic patterns can undergo modification
during early diagenesis, which potentially alters the Cr isotope
compositions recorded by the sediment. Based on our concentra-
tion data, we seek to link the pathway of Cr from the water column
to the sediment, and speculate on how Cr isotope compositions
could be affected at the sediment–water interface.

The Cr MAR provides an indication of transport of Cr from the
water column to the sediment. At the anoxic sites, where Corg bur-
ial rates are high, typically also the Cr MAR and the Cr rain rates are
higher when compared with the oxic sites (both �31.7 nmol cm�2

y�1; Table 6). It is noteworthy that the Cr rain rates calculated here
span a smaller range (5–93 nmol cm�2 y�1; Table 6) compared
with Cr output fluxes used for global Cr budgets (up to one order
of magnitude higher than our Cr rain rates; e.g., Reinhard et al.,
2013; Wei et al., 2020). Pending future studies on Cr transport from
the water column to the sediment, these global Cr budgets may
need to be reassessed.

Based on our data, it seems likely that in highly productive envi-
ronments, where Corg is well preserved in the sediment, Cr accu-
mulation along with sinking organic matter is enhanced.
Chromium that is scavenged by particulate matter was proposed
to be isotopically lighter than residual dissolved Cr by a fractiona-
tion factor of approximately 2‰ (Moos et al., 2020; Huang et al.,
2021). However, sediments deposited under anoxic conditions in
organic-rich sediments on the Peruvian margin were found to have
higher Cr isotope compositions compared to samples deposited
under oxic conditions (Bruggmann et al., 2019). Our data indicate
that Cr accumulation in organic-rich sediments is at least in part
sourced from the water column, providing support for previous
findings (Murray et al., 1983; Huang et al., 2021). Alternatively,
Cr reduction at the sediment–water interface can be enhanced in
sediments depositing under anoxic conditions, leading to Cr
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accumulation with Cr sourced from the bottom water. However,
our benthic flux estimates for most stations indicate a flux out of
the sediment, rather than a flux into the sediment (Table 3). In
addition, under the assumption that our leaching protocol effec-
tively isolated organic-bound Cr, a considerable proportion of Cr
is contributed by the organic fraction. Therefore, abiotic accumula-
tion of bottom-water-sourced Cr under anoxic Corg-rich conditions
is unlikely the dominant pathway of Cr to the sediment. Further,
the positive correlation of reactive Cr and TOC is observed under
both anoxic and oxic conditions. This finding is in line with data
from the Peruvian margin, where a positive correlation between
excess Cr and TOC was observed across sites with oxic to anoxic
conditions (Bruggmann et al., 2019). Since Cr reduction and accu-
mulation across the sediment–water interface is not favoured
under oxic bottom water conditions, these observations provide
support for the importance of water-column-sourced Cr accumula-
tion with organic matter, under both anoxic and oxic conditions.

For oxic sites, we observe that the Cr delivery to the sediments
and the estimated Cr burial efficiency are lower, the latter due the
oxidative loss of dissolved Cr from pore fluids to the bottom water.
Coupled with redox transformations of Cr – which typically pro-
duces a relatively large Cr isotope fractionation (e.g., Ellis et al.,
2002a, 2002b; Zink et al., 2010; Miletto et al., 2021) – we speculate
that the isotope composition of authigenic Cr in oxic sediments is
likely to undergo modification during burial. Isotope fractionation
might lead to enrichment of isotopically light Cr in Fe-Mn rich sed-
iments, as suggested by Wei et al. (2018). At the anoxic Corg-rich
sites, in contrast, loss of Cr from the sediment via a benthic flux
is dwarfed by the high rate of Cr delivery to the sediments in asso-
ciation with biogenic particles. Thus, Cr efflux from the sediment
under reducing conditions might not induce significant Cr isotope
fractionation. However, we speculate that due to the significant
contribution of water-column-sourced Cr, which is expected to
be isotopically lighter than seawater (Moos et al., 2020; Huang
et al., 2021), the sediment might be isotopically lighter than the
overlying water column. This interpretation follows a recent study
that found non-quantitative Cr removal under anoxic conditions,
leading to an isotopic offset of these sediments from the water col-
umn (Janssen et al., 2022). Due to the high burial efficiency of Cr,
we hypothesise further that the authigenic isotope composition
of Cr that reaches the sediment may be reasonably well preserved
in the sediments underlying ocean regions with high surface bio-
logical productivity. Thus, our study indicates that while early dia-
genetic reactions may have the potential to alter the Cr isotope
composition in the sediments, these reactions occur in direct
response to the local depositional conditions, producing authigenic
Cr enrichments and potentially a Cr isotope signature that may
reflect – with perhaps an isotopic offset – a combination of surface
productivity as well as redox conditions. Since our data set does
not include Cr isotope analyses, these hypotheses need to be con-
firmed in future studies.
6. Conclusions

Chromium and its isotopes have the potential to serve as a pow-
erful proxy to reconstruct redox conditions as well as biological
productivity. The utility of this proxy, however, is limited by our
understanding of Cr cycling in modern marine environments. We
provide insights into Cr pathways from bottom water to and burial
within the sediment, contributing to our understanding of how Cr
is preserved in the sedimentary record under a range of relevant
redox and Corg burial conditions.

Our study supports previous findings by Shaw et al. (1990), that
under Corg-poor oxic conditions with high solid Mn concentrations
near the sediment–water interface, a portion of the Cr(III) under-
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goes oxidation to Cr(VI) by Mn oxides. The oxidised Cr(VI) stays
in solution as evidenced by our speciation data, and is effluxed to
the bottom water. The site where the sediment underlies the most
oxic water column shows the lowest Cr burial efficiency. Under
anoxic Corg-rich conditions, Cr is released from decomposing
organic matter within the sediment, and is kept in solution likely
due to complexation of Cr(III) with organic compounds. Conse-
quently, dissolved Cr concentrations in pore fluids show a steady
increase with sediment depth as previously suggested by
Brumsack and Gieskes (1983).

The considerable contribution of the organic fraction to total Cr,
and the strong positive correlation between TOC and Cr in the
organic and reactive fractions at all sites provide evidence of the
close link between Cr and organic matter. Thus, shuttling of Cr with
organic matter from the water column to the sediment is likely an
important pathway of Cr to both anoxic and oxic sediments. There-
fore, a significant amount of Cr in the sediment record may not be
directly associated with redox changes. Even though the estimated
benthic Cr fluxes directed out of the sediment at the anoxic sites
are larger than at the oxic sites, the estimated Cr burial efficiency
is not significantly reduced. Virtually all Cr that reaches the sedi-
ment is buried in the sediment record.
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Appendix A. Supplementary material

The Supplementary Material contains detailed information on
the contribution of authigenic Cr (Section 1) to the total Cr, as well
as an assessment of Al concentrations at the San Blas station (Sec-
tion 2). Further, the contribution of authigenic Cr to the Cr burial
efficiency is estimated (Section 3). In addition, cross-plots of a
range of concentrations in solid and dissolved samples are pre-
sented in support of our discussion in the main text. Supplemen-
tary material to this article can be found online at https://doi.
org/10.1016/j.gca.2023.03.003.
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