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a b s t r a c t

Special attention has been given to chromium (Cr) as a paleoproxy tracing redox cycling throughout
Earth’s history, due to differences in the solubility of its primary redox species at Earth’s surface (Cr
(III) and Cr(VI)) and isotope fractionation associated with their interconversion. In turn, chromium’s pale-
oproxy potential has motivated studies of the modern ocean to better understand which processes drive
its cycling and to constrain their impact on the Cr isotope composition (d53Cr) of seawater. Here, we pre-
sent total dissolved seawater Cr concentrations and d53Cr along the GEOTRACES GP13 section. This sec-
tion is a zonal transect extending from Australia in the subtropical southwest Pacific Ocean. Surface
signals of local biological Cr cycling are minimal, in agreement with distributions of dissolved major
nutrients as well as biologically-controlled trace metals in this low productivity, oligotrophic environ-
ment. Depth profiles have Cr concentration minima in surface waters and maxima at depth, and are lar-
gely shaped by the advection of nutrient- and Cr-rich subsurface waters rather than vertically-driven
processes. Samples close to the sediment–water interface indicate important benthic Cr fluxes across
the section.
The GP13 transect crosses the hydrothermally-active Kermadec Arc. Hydrothermal fluids (consisting of

<15% background seawater) were collected from three venting sites at the Brothers Volcano (along the
Kermadec Arc). These fluids yielded near-crustal d53Cr values (!0.17 to +0.08‰) and elevated [Cr]
(7.5–23 nmol kg!1, hydrothermal endmember [Cr] " 8–27 nmol kg!1), indicating that the Kermadec Arc
may be an isotopically light Cr source. Dissolved [Fe] enrichments have been reported previously in deep
waters (#1600–3000 m) along the GP13 transect, east of the Kermadec Arc. These same waters show ele-
vated [Cr] compared to Circumpolar DeepWater ([Cr] = 3.88 ± 0.11, d53Cr = 0.89 ± 0.08, n = 32),with an aver-
age [Cr] accumulation of 0.71 ± 0.11 nmol kg!1 (1 SD), and an estimated d53Cr of +0.46 ± 0.30‰ (2 SD, n = 9)
for the accumulated Cr. Comparing high-temperature vent and neutrally buoyant plume data,
hydrothermal-sourced Cr is likely negligable compared to Cr contributions from other processes (benthic
fluxes, release from particles), and the advection of more Cr-rich Pacific Deep Water. It is unlikely that
hydrothermal vents would be a major contributor within the regional or global biogeochemical Cr cycle,
even if hydrothermal fluxes change by orders of magnitude, and therefore d53Cr trends in the paleorecord
may be attributable, at least in part, to major changes in other controls on Cr (e.g. widespread anoxia).
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1. Introduction

Oceanic dissolved Cr concentrations ([Cr]) show surface minima
and enrichments at depth (e.g. Campbell & Yeats, 1981), corre-
sponding to a nutrient-type distribution. Surface ocean depletion
reflects biological control through removal in the surface ocean,
export to depth with biogenic particles, and regeneration in deep
waters (e.g. Jeandel & Minster, 1987; Semeniuk et al., 2016;
Janssen et al., 2020). However, the vertical and spatial gradients
in [Cr] remain small (Jeandel & Minster, 1987; Moos & Boyle,
2019; Janssen et al., 2021; Pöppelmeier et al., 2021) compared to
other nutrient-type elements (e.g. P, N, Cd, Zn; cf. Horner et al.,
2021). The muted nutrient-type distribution of Cr is likely influ-
enced by the primary redox states of Cr in oxic waters – Cr(III)
and Cr(VI) – and their contrasting reactivity. The main chemical
species that drive interconversions between these two redox spe-
cies are Mn oxides and H2O2 (Cr(III) oxidation; Pettine et al.,
1991; Milletto et al., 2021) as well as Fe(II) and sulfide (Cr(VI)
reduction; Pettine et al., 1998; Kim et al., 2001). In oxic waters,
Cr redox speciation is dominated by Cr(VI), a soluble oxyanion that
has a low affinity for particulate organic material and mineral sur-
faces (Wang et al., 1997; Semeniuk et al., 2016). In contrast, Cr(III),
accounting for $15% of total [Cr] in oxic waters (e.g. Murray et al.,
1983; Jeandel & Minster, 1987; Achterberg & van den Berg, 1997;
Janssen et al., 2020), is poorly soluble and readily scavenged
(Wang et al., 1997; Semeniuk et al., 2016). Slight [Cr(III)] maxima
in surface waters (e.g. Achterberg & van den Berg, 1997; Janssen
et al., 2020) are likely driven by biological or photochemical reac-
tions, potentially through the generation of known Cr reductants
such as Fe(II) (Kieber & Helz, 1992; Hug & Laubscher, 1997). In con-
trast to Cr redox speciation in oxic waters, Cr(III) may dominate in
oxygen minimum zones (OMZs), and local [Cr] minima are
observed in the water column or at the sediment–water interface
due to Cr reduction and removal (e.g. Murray et al., 1983; Rue
et al., 1997; Moos et al., 2020; Nasemann et al., 2020; Huang
et al., 2021). Therefore OMZs and the adjacent suboxic and anoxic
sediments may be globally important for Cr removal, despite their
limited spatial extent (e.g. Reinhard et al., 2013; Wei et al., 2018).

While stable isotope fractionation associated with Cr oxidation
shows mixed trends, with enrichments in heavy isotopes, light iso-
topes or no fractionation in oxidized Cr (e.g. Zink et al., 2010;
Milletto et al., 2021), Cr reduction is consistently associated with
the enrichment of light isotopes in the reduced phase (e.g.
Wanner & Sonnenthal, 2013). Therefore, Cr reduction and removal
can regulate distributions of both [Cr] and d53Cr in the ocean.
Indeed, the first inter-basin d53Cr dataset showed a tight linear cor-
relation between d53Cr and ln[Cr], indicating that Cr distributions
appear to reflect closed-system Rayleigh fractionation process(es)
with an isotope enrichment factor (e) " !0.7 (Scheiderich et al.,
2015). Consequently, Scheiderich et al. (2015) proposed that the
two primary processes regulating [Cr] – biologically-mediated Cr
export in surface waters and Cr reduction and removal in OMZs
– also control d53Cr. Subsequent d53Cr research has targeted these
processes. Biologically-mediated Cr export from the surface ocean
has been shown to explain surface [Cr] deficits quantitatively and
proceed with a fractionation comparable to that of the global
d53Cr–ln[Cr] array (Janssen et al., 2020). Likewise, the release of
Cr from biogenic particles in the water column and from surface
sediments also follows the global array (Janssen et al., 2021). Iso-
topically light Cr is removed in OMZs, both in the water column
(Moos et al., 2020; Huang et al., 2021) and near the sediment–wa-
ter interface (Moos et al., 2020; Nasemann et al., 2020). The appar-
ent isotope fractionation associated with OMZ Cr reduction and
removal may be influenced by the partial retention of isotopically
light Cr(III) in the dissolved phase (Nasemann et al., 2020; Huang

et al., 2021; Wang, 2021), though fractionation factors remain
poorly constrained. In addition to OMZs and biological export act-
ing to regulate Cr removal, water mass circulation and mixing are
important in shaping Cr and d53Cr depth profiles and global distri-
butions (e.g. Moos & Boyle, 2019; Rickli et al., 2019, Janssen et al.,
2021; Pöppelmeier et al., 2021; see also review in Horner et al.,
2021). Marine sediments may also act as sources of Cr to the deep
waters (e.g. Jeandel & Minster, 1987; Bauer et al., 2019; Janssen
et al., 2021; Pöppelmeier et al., 2021). Available pore and bottom
water data indicate that benthic sources may be significant, at least
locally if not globally, and that the benthic Cr flux may be isotopi-
cally heavier than lithogenic material and isotopically lighter than
the water column (Janssen et al., 2021).

Isotopic fractionations associated with Cr redox transformations
have also driven interest in d53Cr as a paleoredox proxy (e.g. Frei
et al., 2009; Planavsky et al., 2014). Initial studies applied an inter-
pretive frameworkwhere oceanic d53Crwas controlled by terrestrial
weathering (e.g. Frei et al., 2009).While sucha frameworkmayaccu-
rately reflect the primary controls on d53Cr over certainmajor global
changes throughout Earth’s history (e.g. atmospheric oxygenation),
subsequent oceanographic research has identified clear control of
d53Cr by processes acting in the ocean. Furthermore, questions sur-
rounding the integrity of a diverse range of potential d53Cr archives
have arisen (e.g. due to fractionation during incorporation of Cr into
sediment phases, post-depositional modification through exchange
with pore waters or early diagenesis, and overprinting by modern
weathering signals; Albut et al., 2018; Bauer et al., 2018;
Remmelzwaal et al., 2019; Frank et al., 2020; Wang et al., 2021;
Janssen et al., 2022). Therefore, additional research on processes
controlling oceanic d53Cr and Cr sequestration into marine sedi-
ments, as well as on the fidelity of sediment records, is needed to
improve d53Cr-based paleoreconstructions.

One such gap in understanding the modern biogeochemical Cr
cycle relates to hydrothermal circulation. While changing contri-
butions of hydrothermally-sourced Cr have been inferred from
the paleorecord (Holmden et al., 2016; Bauer et al., 2021; Yobo
et al., 2022), potential hydrothermal Cr sources remain uncon-
strained in the modern global Cr budget in terms of both fluxes
and isotope composition. Indeed, it is even unclear whether
hydrothermal cycling acts as a net Cr source or sink in the ocean.
Hydrothermal fluids are enriched in many trace metals (e.g. Metz
& Trefry, 2000), and therefore may also be Cr-rich. However, these
fluids can also be enriched in Cr reductants (reduced S, Fe(II); e.g.
Field & Sherrell, 2000; Sander & Koschinsky, 2011). Precipitation
reactions upon mixing of vent fluids with seawater may result in
the scavenging of Cr sourced from both waters. Dissolved Cr data
are scarce near vent systems, and while high-temperature vent flu-
ids may show Cr enrichments over seawater (Jeandel & Minster,
1984), observations from deep waters and box models suggest that
the balance may tip toward net Cr removal (Jeandel & Minster,
1984; Jeandel & Minster, 1987). Similar conclusions were drawn
based on the Cr content of near-vent particles (Trocine & Trefry,
1988; Rudnicki & Elderfield, 1993; Feely et al., 1994) and marine
sediments (Bauer et al., 2019). In some studies, this removal is pro-
posed to be a globally significant process, though it should be
noted that some scavenged Cr may be remobilized in Mn oxide-
rich sediments near vents (Jeandel & Minster, 1984; Bauer et al,
2019). In contrast to the interpretations of a net sink, Sander &
Koschinsky (2000) proposed that vents may be a Cr source, with
Cr(III) stabilized in plume samples through organic complexation.
This study, however, reports similarly elevated and scattered
[Cr(III)] and total dissolved [Cr] away from the hydrothermal
plume. Therefore, the results are difficult to explain by known
oceanographic processes and do not offer unequivocal support
for hydrothermally sourced Cr. No hydrothermal d53Cr data are
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available, though previous studies (e.g. Reinhard et al., 2013;
Holmden et al., 2016; Bauer et al., 2019, 2021; Yobo et al., 2022)
have assumed hydrothermally-sourced Cr is isotopically equiva-
lent to the continental crust (d53Cr " !0.1‰, Schoenberg et al.,
2008).

Here we present seawater [Cr] and d53Cr from the southwest
Pacific Ocean. The samples span across the hydrothermally-active
Kermadec Arc, thereby identifying the arc’s regional impact on sea-
water Cr. Samples collected from vents at the Brothers Volcano
provide direct insight into vent Cr fluxes and isotope composition.
Together the data provide initial constraints on the impact of
hydrothermal processes on oceanic [Cr] and d53Cr.

2. Study area

Sampling was conducted in the austral autumn of 2011 during
Leg 1 of GEOTRACES section GP13, a predominantly zonal transect
heading east from the Australian coast near 30" S (Fig. 1). This tran-
sect extended from the Tasman Sea, which lies between Australia
and New Zealand, into the South Pacific Gyre.

2.1. Surface currents and biological productivity

The southward-flowing East Australian Current (EAC) is found
near the Australian coast (e.g. Ganachaud et al., 2014) and is char-
acterized by relatively Fe-rich, nutrient-poor waters (Ellwood et al.,
2018). The anticyclonic South Pacific Gyre, with eastward flow at
the latitude of the GP13 transect, drives surface water circulation
away from the coastal EAC (e.g. Ganachaud et al., 2014; Chiswell
et al., 2015). Surface waters of the Tasman Sea and the South Paci-
fic Gyre are highly depleted in macronutrients. The phytoplankton
community is dominated by prokaryotes (Prochlorococcus and
Synechococcus), with higher biomass toward the western end of
the transect and much lower biomass in the more oligotrophic
eastern end of the transect (Cabanes et al., 2020). Chlorophyll dis-
tributions show a persistent deep (#100 m) maximum in the South
Pacific Gyre (Kiefer et al., 1989; Halm et al., 2012; Mingot et al.,
2014; Caffin et al., 2018; Ellwood et al., 2018), which is regularly
below the mixed layer (Mingot et al., 2014) including during this
study (Fig. 2, see also Ellwood et al., 2018).

2.2. Intermediate and deep waters

The primary subsurface water masses in the region are Antarc-
tic Intermediate Water (AAIW), Circumpolar Deep Water (CDW)
and Pacific Deep Water (PDW). AAIW enters the northern Tasman
Sea through the subtropical South Pacific and flows southward

along the Australian coast. This Tasman Sea AAIW, centered around
800 m (neutral density (cg) = 27.1), is characterized by higher
salinity and temperature and lower O2 than the relatively younger
AAIW in the Southern Ocean and the central South Pacific (Bostock
et al., 2013). Northward-advecting AAIW, sourced more directly
from the Southern Ocean, mixes with this Tasman AAIW in the
eastern Tasman Sea and east of New Zealand, resulting in AAIW
more characteristic of Southern Ocean endmembers toward the
eastern end of the transect (Bostock et al., 2013). Chromium con-
centrations in Southern Ocean AAIW fall generally within a narrow
range ([Cr] = 3.62 ± 0.08 nmol kg!1, n = 16 samples,
26.8 < cg < 27.4; Rickli et al., 2019; Janssen et al., 2021), and are
similar to Tasman AAIW ([Cr] = 3.39 ± 0.13 nmol kg!1, n = 6 sam-
ples, 26.8 < cg < 27.4; Janssen et al., 2021).

CDW, composed of Upper and Lower components (UCDW and
LCDW, respectively), is found below AAIW. UCDW, at cg < 28.0,
is formed within the Antarctic Circumpolar Current (ACC) and is
characterized by T > 1.5" C and salinity > 34.5. LCDW, at
cg > 28.0, is colder, more saline, and more O2-rich than UCDW
(Orsi et al., 1995; Sloyan & Rintoul, 2001), and is formed south of
the southern ACC boundary. CDW flows northward in the western
Tasman Sea, but this source is kept to the western half of the basin
at the latitude of the GP13 transect due to shallow topographic fea-
tures (Fig. 1). The source of CDW to the rest of the GP13 transect
(stations east of #160" E) is from northward flow to the east of
New Zealand, with southward flowing branches west of the Ker-
madec Ridge (#180", see Section 2.3) (Sokolov & Rintoul, 2000).
Chromium concentrations in UCDW and LCDW lie within a tight
range in the Southern Ocean ([Cr] = 3.82 ± 0.07 nmol kg!1 (1SD,
n = 20) and [Cr] = 3.97 ± 0.1 nmol kg!1 (1SD, n = 12) for UCDW
and LCDW, respectively, Rickli et al., 2019; Janssen et al., 2021),
indicating CDW sources to GP13 should have a relatively uniform
Cr composition. Local topography restricted sampling to
cg $ 28.2, precluding strong influence of Antarctic Bottom Water
(cg > 28.2, found below LCDW, Sloyan & Rintoul, 2001).

East of the Tasman Sea, deep waters along the GP13 transect are
also impacted by older, southward-flowing PDW (Gebbie and
Huybers, 2012; Zilberman et al., 2020). This PDW, found at similar
densities as UCDW, is characterized by lower [O2 ] (Sloyan &
Rintoul, 2001), older radiocarbon ages (Gebbie and Huybers,
2012), and elevated macronutrients (e.g. Ellwood et al., 2018;
George et al., 2019) compared to UCDW. PDW inflow extends from
around 2000 to 4000 m, with a maximal southward flow centered
around 3000 m depth (Zilberman et al., 2020). Chromium concen-
trations in PDW are variable (#4–5 nmol kg!1, cf. Murray et al.,
1983; Moos & Boyle, 2019; Janssen et al., 2021), and generally
increase with water mass age (Janssen et al., 2021). However, no
constraints on [Cr] in PDW near the GP13 transect are available.

2.3. Hydrothermal influence

The Kermadec Arc is a hydrothermally active system extending
northward from New Zealand along the Kermadec Ridge. Multiple
distinct submarine vent sites, at depths of the upper hundreds of
meters to #2000 m have been characterized along the ridge (e.g.
de Ronde et al., 2001; Baker et al., 2003: de Ronde et al., 2007).
The GP13 transect crosses the Kermadec Arc around 32.5" S and
180" (Station 28), where a plume of [Fe] has been observed extend-
ing eastward from the Kermadec Ridge (Ellwood et al., 2018). The
deepest known hydrothermal sites located within #150–320 km of
the GP13 transect are Brothers, Healy, Harve and Rumble II W, (all
#1400–1700 m depth). These show enriched turbidity near their
peaks, as well as their bases at 2000–3000 m (de Ronde et al.,
2001; Baker et al., 2003: de Ronde et al., 2007).

Fluid chemistry is highly variable among specific volcano sites
at the southern end of the Kermadec Arc (Kleint et al., 2019). At

Fig. 1. Map of the GP13 transect. Stations on the GP13 Transect are shown as small
blue circles, with large white circles (numbered) identifying stations sampled for Cr.
The Brothers Volcano site (not a part of the GP13 Transect) is labelled as B.
Bathymetry is shown on the color bar. Surface currents are shown as solid white
lines with labels (EAC – East Australian Current), as well as the South Pacific Gyre
(SPG). AAIW flow paths are shown as dotted grey lines, and CDW flow paths are
shown as dashed black lines. Currents are adapted from Sokolov & Rintoul (2000),
Bostock et al. (2013) and Ellwood et al. (2018).
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the studied site closest to the GP13 transect, the Haungaroa Vol-
cano (32.6" S, 179.6" E, #680 m water depth), vent fluids are char-
acterized by very low Fe/Mn, suggesting sub-seafloor removal of Fe
through FeS precipitation (Kleint et al., 2019). However, this site is
much shallower than the observed [Fe] plume along the GP13 tran-
sect and, given the high degree of heterogeneity along the southern
Kermadec Arc, may differ chemically from the source of the [Fe]
plume seen along GP13. While still considerably variable, high-
temperature vent fluids from volcanoes at > 1000 m depth along
the southern Kermadec Arc generally show [Fe] > [H2S], and total
dissolved Fe > [Fe(II)] (Kleint et al., 2019, 2022), with Fe(III) oxides
important at some sites for metal transport within the plume
(Kleint et al., 2022).

The Brothers Volcano site is composed of multiple distinct vent-
ing environments (de Ronde et al., 2001; Kleint et al., 2019, 2022;
Neuholz et al., 2020). Samples presented here are from the north-
west side of the caldera and the caldera upper wall, as well as the
northward-propagating plume from this end of the caldera (Kleint
et al., 2019, 2022; Neuholz et al., 2020). Vents at this site are char-
acterized by high temperatures (#300 "C), low pH (pH " 3) and
high Fe:H2S ratios (up to >10) (Kleint et al., 2019, 2022). The neu-
trally buoyant plume is diluted with ambient seawater > 102 times
within days (Neuholz et al., 2020).

Southward-flowing PDWmay also containmore distal sources of
hydrothermally-derived metals from deep water (#2000–3000 m)
venting sites along the East Pacific Rise (e.g. Fitzsimmons et al.,
2014;Resing et al., 2015), consistentwith Fe enrichments seenalong
the GP13 transect (Ellwood et al., 2018). Chromium may be stabi-
lized and transported long distances by oxidation to Cr(VI), e.g. by
Mn oxides (e.g. Milletto et al., 2021), and/or by complexation with
organic ligands, known to stabilize many metals in hydrothermal
plumes (e.g. Sander & Koschinsky, 2011).

3. Methods

3.1. Seawater sampling

Seawater samples (125 mL to 1 L) were collected on the RV
Southern Surveyor in May to June 2011 during Leg 1 of the GEO-
TRACES GP13 section (Fig. 1). Sampling is described in detail in
Cabanes et al. (2020) and Ellwood et al. (2018). In brief, samples
were collected in Niskin-X bottles with a trace metal clean rosette

system and gravity filtered through acid-cleaned 0.2 lm Acropak
filters (Pall) into acid cleaned LDPE bottles under HEPA-filtered
air in a clean container. The majority of the data reported here
were obtained on seawater samples that were frozen upon collec-
tion and later thawed and acidified with 1 mL L!1 concentrated HCl
(sub-boiling distilled). Acidified samples were stored at room tem-
perature at least for 7 months before analysis. Additional samples
(n = 20) were acidified upon collection with 1.2 mL L!1 16 M HNO3

and stored until analyzed (approximately 9.5 years). These samples
are noted in the full data table (Table A.1), but show no difference
from comparable frozen samples.

GP13 CTD data (temperature, salinity, chlorophyll fluorescence
(uncorrected)), chlorophyll concentrations and macronutrient con-
centrations are available from the GEOTRACES Intermediate Data
Product 2021 (GEOTRACES Intermediate Data Product Group,
2021) and/or have been published previously (e.g. Ellwood et al.,
2018; Cabanes et al., 2020; George et al., 2019). The base of the
mixed layer was defined as a change in cg of >0.03 kg m!3 com-
pared to surface waters.

To better constrain hydrothermal endmember fluids, five addi-
tional samples are presented from the Brothers Volcano along the
Kermadec Arc (e.g. de Ronde et al., 2001), collected on cruise SO253
onboard the RV Sonne from December 2016–January 2017. Three
high-temperature fluids were collected from active vents by a
remotely operated vehicle (ROV) using titanium syringe samplers.
Two near-vent neutrally buoyant plume samples were collected by
CTD-Rosette equipped with an in-situ turbidity sensor, with the
plume identified in real time by sensors and Cr subsamples chosen
based on this and trace metal data (Kleint et al., 2022). Samples
were filtered through 0.2 lm polycarbonate filters and acidified
to pH " 2 with HCl (Suprapur, Merck). Any precipitates formed
between sample collection and filtration would therefore be
removed from the sample, and our data may reflect this. However,
[Fe] compare well with samples from isobaric, gas tight samples
(which preserve in situ pressure, see Kleint et al., 2019). Therefore
we consider such phases to be minor. Sampling is described in
more detail in Kleint et al. (2019, 2022).

3.2. Chromium concentration and stable isotope analyses

Chromium concentrations and stable isotope composition were
analyzed at the University of Bern, Switzerland using procedures

Fig. 2. Chromium concentration and d53Cr depth profiles. Concentrations are shown as circles, d53Cr as diamonds, chlorophyll-a concentrations from Cabanes et al. (2020)
as green circles, and CTD chlorophyll fluorescence (unitless, scaling is consistent across plots) as light green lines. Dashed horizontal lines (upper panels) represent mixed
layer depths and solid horizontal lines (lower panels) show sediment depth. Note the different [Cr] ranges for upper and lower panels.
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described in Rickli et al. (2019), with modifications outlined in
Janssen et al. (2020) and Nasemann et al. (2020). In brief, prelimi-
nary [Cr] was determined by isotope dilution on small subsamples
(5–30 mL) on a Neptune Plus MC-ICP-MS (ThermoFisher) after Cr
enrichment and purification by Mg(OH)2 co-precipitation and
cation exchange chromatography. These preliminary concentration
data were used to determine appropriate double spike amounts for
d53Cr analyses and are not presented here.

Chromium stable isotope compositions were determined on
125 mL to 1 L samples with a 50Cr-54Cr double spike. The seawater
matrix was removed through Cr co-precipitation with Mg(OH)2 by
the addition of 5–9 mL 20–22% NH3 (Romil UpA) per L seawater
(Rickli et al., 2019; see also Moos & Boyle, 2019). This technique
is known to capture both inorganic and organically complexed Cr
(III) (Davidson et al., 2020), with all Cr present as Cr(III) after stor-
age at low pH (Semeniuk et al., 2016). The precipitate was allowed
to settle overnight and #2/3 of the supernatant was carefully dec-
anted prior to centrifugation and decanting of the reaming super-
natant. The separated precipitate was dissolved in 2 M HCl and
transferred to Teflon vials. Samples were dried and dissolved in
9 mL 0.022 M HCl in preparation for column chromatography.
Chromium was purified by using a two step column chromatogra-
phy procedure: (1) Anion exchange chromatography with AG1-X8
resin following Cr oxidation with 0.01 M (NH4)2S2O8 and reductive
elution with 1 M HNO3 + 2% H2O2 (Rickli et al., 2019; Janssen et al.,
2020; Nasemann et al., 2020, see also Ball & Bassett, 2000);
(2) cation exchange chromatography with AG 50 W-X8 resin
(Rickli et al., 2019; see also Yamakawa et al., 2009). Chromium
stable isotope composition was analyzed with a Neptune Plus
MC-ICP-MS as described in Rickli et al. (2019), and data are
reported relative to the reference material NIST SRM 979. Typical
total yields for this procedure were around 50–70%, in agreement
with other recent d53Cr studies employing Mg(OH)2 co-
precipitation (Moos & Boyle, 2019; Rickli et al., 2019). The five
hydrothermal samples from the Brothers site were processed like
normal seawater samples, though with smaller water volumes
(15–125 mL) and lower [Mg] ([Mg] = 4.3 mM, or #8% of normal
seawater, for the sample with highest hydrothermal endmember
contribution). For one high-temperature vent sample, replicate Cr
enrichment was achieved by evaporation rather than co-
precipitation, with a first purification step of Fe removal with anion
exchange chromatography (e.g. Scheiderich et al., 2015) followed
by the usual chromatographic procedures. This value agrees well
with data obtained from co-precipitation (Table 2).

Precision was monitored with full replicates of OSIL seawater
(d53Cr = +0.87 ± 0.02‰, 2 SD, n = 5), accuracy with repeated mea-

surements of a Merck Cr(III) standard (d53Cr = !0.43 ± 0.03‰, 2 SD,
n = 7; literature: d53Cr = !0.443 ± 0.022‰, 2 SD, Schoenberg et al.,
2008). Internal uncertainties were typically 0.02–0.03‰ (2 SEM),
except when only small sample volumes were available
(<500 mL). External reproducibility for spiked NIST standards ana-
lyzed during the course of this study is 0.023‰ (2 SD, n = 68),
applying a session-specific small correction ($0.03 d-units) based
on the average NIST SRM 979 composition (e.g. Schoenberg et al.,
2008). These session-specific corrections were also applied to the
samples. External reproducibility for seawater replicates (500 mL
to 1 L sample volume) based on our methodology has been deter-
mined to be 0.033‰ (2 SD) for d53Cr and 0.82% RSD for Cr (49 anal-
yses of 17 samples, Janssen et al., 2020). Individual d53Cr data are
shown with an external error of 0.033‰ or the internal uncer-
tainty, whichever is larger, and 1% RSD for [Cr]. Natural variability
for specific water masses and endmembers is reported based on
the average and 2 SD for d53Cr and the average and 1 SD for [Cr].

4. Results

Chromium concentrations and d53Cr follow nutrient-type distri-
butions, as observed throughout the global ocean (e.g. Campbell &
Yeats, 1981; Murray et al., 1983; Jeandel & Minster, 1987; Moos &
Boyle, 2019; Rickli et al., 2019; Janssen et al., 2020), with lowest
[Cr] and highest d53Cr in surface waters, and with elevated [Cr]
and lower d53Cr at depth (Figs. 2 and 3C, E). East-west gradients
in [Cr] and d53Cr are minimal, mirroring macronutrient and hydro-
graphic data (Fig. 3, Appendix Fig. 1). Within the surface mixed
layer, dissolved [Cr] (#3 nmol kg!1) and d53Cr (#1.1‰) are compa-
rable to previous data from the open Pacific Ocean (Moos & Boyle,
2019; Janssen et al., 2020; Huang et al., 2021), while [Cr] is lower
and d53Cr higher than reported for the Southern Ocean (Rickli
et al., 2019). Chromium concentrations show minimal variability
both along the transect and within the upper 200 m for each pro-
file, below which a transition toward higher [Cr] and lower d53Cr
begins (Figs. 2 and 3C, E). At 750–1000 m, the depth range where
AAIW is centered, [Cr] corresponds to 3.50 ± 0.12 nmol kg!1 and
d53Cr to 1.01 ± 0.07‰ (1 SD and 2 SD respectively, n = 12, station
38 1000 m not included – see section 5.3).

Below AAIW, [Cr] and d53Cr continue to increase and decrease,
respectively. This reflects the dominance of U- and LCDW and
PDW, which are further enriched in [Cr] and are isotopically light
relative to AAIW (Rickli et al., 2019; Janssen et al., 2021). At sta-
tions 13–23, at depths % 1500 m and >150 m above the seafloor,
[Cr] is 4.33 ± 0.27 nmol kg!1 (1 SD) with a d53Cr of 0.86 ± 0.07‰
(2 SD) (n = 9, note that no deep water data are available at stations

Table 1
Calculated deep water Cr accumulation in samples potentially influenced by the Kermadec Arc.

Station Depth [Cr]accumulated [Cr]accumulated 1SD d53Craccumulated d53Craccumulated 2SD Water Mass
m nmol kg!1 nmol kg!1 ‰ ‰

28 1600 0.54 0.11 0.47 0.65 PDW/UCDW
28 2000 0.67 0.11 0.61 0.50 PDW/UCDW
28 2500 0.64 0.11 0.27 0.49 PDW/UCDW
28 2680 0.79 0.11 0.46 0.44 PDW/UCDW
33 2000 0.66 0.11 0.55 0.49 PDW/UCDW
33 2500 0.82 0.11 0.20 0.39 PDW/UCDW
33 3000 0.61 0.14 0.68 0.55 LCDW
38 2000 0.84 0.11 0.41 0.41 PDW/UCDW
38 3000 0.81 0.15 0.48 0.42 LCDW

Combined Estimate of
Accumulated Cr

Average [Cr]accumulated [Cr]accumulated 1SD Average d53Cracumulated d53Craccumulated 2SD N

Stns 28–38, 1600–
3000 m

nmol kg!1 nmol kg!1 ‰ ‰

Accumulated Cr 0.71 0.11 +0.46 0.30 9

Accumulated Cr is calculated by mass balance relative to Southern Ocean endmembers. The results reflect contributions frommixing with PDW, Cr from sinking particles and/
or benthic sources, as well as potential hydrothermal contributions (see Section 5.3.2). Uncertainties follow standard error propagation.
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3 & 8, and stations 28–38 are discussed in Section 5.3). This is
somewhat enriched in Cr relative to CDW in the Southern Ocean
([Cr] = 3.88 ± 0.11 nmol kg!1, n = 32), though the two are isotopi-
cally indistinguishable (Southern Ocean CDW d53Cr = 0.89 ± 0.08‰,
n = 32; Rickli et al., 2019; Janssen et al., 2021). High-temperature
hydrothermal vent fluids from the Brothers Volcano (Kermadec
Arc) have distinctly higher [Cr] (7.5 to 22.3 nmol kg!1) and lower
d53Cr (d53Cr = !0.07 ± 0.10‰ to +0.04 ± 0.04‰, 2SEM) relative to
surrounding seawater, indicating that vents may be a local source
of Cr. Potential hydrothermal signals are also seen in deep waters
east of the Kermadec Arc, corresponding to depths where
hydrothermally-sourced [Fe] has been observed previously
(Ellwood et al., 2018). These samples show elevated [Cr] relative
to CDW sources (Fig. 4), but within ranges reported previously in
PDW in the North Pacific (Murray et al., 1983; Moos & Boyle,
2019; Janssen et al., 2021). Finally, local maxima are observed in
the deepest samples, when these samples are within 150 m of
the sediment–water interface (e.g. Stations 18–28 in Fig. 2).

5. Discussion

5.1. [Cr] and d53Cr in the upper 200 m

Chromium concentrations and stable isotope distributions
showminimal variability in surface waters. Macronutrient concen-
trations (PO4, NO3, Si(OH)4; Fig. 3; Ellwood et al., 2018; George
et al., 2019) and nutrient-type trace metals (e.g. Cd, George et al.,
2019) also show relatively uniform concentrations in the upper
few hundred meters along the transect, though concentration con-
trasts between the surface and the deep ocean are much greater
than for Cr. The oligotrophic nature of the South Pacific Gyre, with
very low biological productivity, is driven by the strong depletion
of macronutrients and essential micronutrients such as Fe (e.g.
Halm et al., 2012; Ellwood et al., 2018). In turn, low biological pro-
ductivity explains the minimal structure observed for other
nutrient-type elements that are not completely exhausted in sur-
face waters, such as Cr. The homogenous d53Cr values (within ana-
lytical uncertainty) observed along GP13 are consistent with the
limited range of [Cr] in upper waters and the tight correlation
between [Cr] and d53Cr in the global ocean.

Considering the oligotrophic environment and the already
muted nutrient-type Cr distribution compared to other nutrient-
type elements, biological impacts on Cr are expected to be mini-
mal, as noted above. Nevertheless, some profiles do show subtle
features that may be associated with biological control. Stations
with a chlorophyll maximum in the mixed layer (Stns 3–18) show
surface or near-surface [Cr] minima, while stations with a chloro-
phyll maximum below the mixed layer show a minor [Cr] mini-
mum at the depth of the deep chlorophyll maximum (e.g. Stns
23 & 28) (Fig. 2). These features (#0.1 nmol kg!1) are only slightly
more prominent than the uncertainty (1% RSD) and are also not
resolved at all stations. Therefore, these trends are interpreted with
caution, but they offer support to biologically-driven distributions
reported in more productive regions (Goring-Harford et al., 2018;
Janssen et al., 2020).

In addition to these chlorophyll-relatable Cr minima, the two
stations nearest to the Australian coast (Stns 3 & 8) show a slight
[Cr] maximum (#0.15 nmol kg!1) at the shallowest sampled
depth(s) (Fig. 2). Due to the proximity of these stations to the Aus-
tralian continent, it is possible that a local source enriches Cr in the
uppermost waters. Such a contribution, associated with the conti-
nental shelf and atmospheric deposition, was observed for [Fe]
along the transect (Ellwood et al., 2018; Cabanes et al., 2020).
Potential atmospheric deposition of Cr can be estimated from sol-
uble Fe and Al deposition in the region (Ellwood et al., 2018),Ta
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assuming crustal Cr/Fe and Cr/Al (Rudnick & Gao, 2003) (see
Appendix A.1). By necessity, this calculation makes significant
approximations – i.e. that measured Fe and Al fluxes along the
transect are representative of annual fluxes and that Cr solubility
matches that of Fe and Al. Nevertheless, regional deposition of Fe
and Al indicates that it would take decades to result in the excess
Cr of #0.15 nmol kg!1 seen in the uppermost depths, and therefore
atmospheric deposition is an unlikely explanation. Based on the
presently available data, there is no clear explanation for the
apparent surface Cr maxima at stations 3 and 8.

5.2. Intermediate and Deep Waters

Increases in Cr and decreases in d53Cr below the euphotic zone
match transitions in water masses from predominantly Subtropical
Surface and Mode Waters to southern-sourced intermediate
waters (Fig. 3). Chromium concentrations and d53Cr in AAIW along
GP13 are equivalent to Southern Ocean values (along GP13: [Cr] =
3.50 ± 0.12 and d53Cr to 1.01 ± 0.07, 1 SD and 2 SD respectively,
n = 12; Southern Ocean [Cr] = 3.62 ± 0.08, d53Cr = 0.96 ± 0.06,
n = 16; Rickli et al., 2019; Janssen et al., 2021). Therefore, these
trends in [Cr] and d53Cr can be explained by horizontal advection
of AAIW, rather than vertical processes (e.g. particle export and
Cr release, vertical mixing). This supports previous studies high-
lighting the role of circulation in shaping Cr distributions through-
out the ocean (e.g. Moos & Boyle, 2019; Rickli et al., 2019; Janssen
et al., 2021).

GP13 deep waters ([Cr] = 4.35 ± 0.27 at stations 13–23, below
1500 m and >100 m off the seafloor), corresponding to depths of
CDW and PDW, have accumulated Cr during advection from the
Southern Ocean (Southern Ocean CDW [Cr] = 3.88 ± 0.11, n = 32;
Rickli et al., 2019; Janssen et al., 2021); however the two are iso-
topically indistinguishable (GP13: d53Cr = 0.86 ± 0.07; Southern
Ocean: d53Cr = 0.89 ± 0.08, n = 32; Rickli et al., 2019; Janssen
et al., 2021). The absence of a clear shift in d53Cr can be explained,
at least partly, by the small relative increase in [Cr]
(#0.45 nmol kg!1, or about 10% of [Cr]). The prevalence of bathy-
metric features reaching into the upper 1000 m and, at times, into
the upper 100 s of m in the southwest Pacific (Figs. 1 and 3) results
in complex circulation patterns for CDW reaching the GP13 tran-
sect. Circumpolar Deep Water reaches stations 13–23 from distinct
branches of southward flow following northward advection east of
New Zealand. Consequently, the accumulation of Cr is unlikely due
to one specific local point source, and instead probably results from
one (or more) general mechanism(s) acting to control Cr distribu-
tions on regional to global scales.

One such global control on deep water [Cr] is a benthic Cr
release (e.g. Jeandel & Minster, 1987; Janssen et al., 2021). The
aforementioned bathymetric features may increase the potential
for benthic sources to impact intermediate and deep waters during
transit, which, along with mixing with PDW, increases [Cr] in GP13
deep water relative to CDW. Another potential global control is the
release of Cr from sinking particles (Janssen et al., 2021). The
low productivity in the region suggests that local Cr release from

Fig. 3. GP13 section plots of hydrography, macronutrient concentrations, [Cr] and d53Cr. (A) Neutral Density (cg), (B) PO4, (C) Cr, (D) Si(OH)4, (E) d53Cr. Note the non-linear
depth scales. Locations of CTD data are shown as grey lines in A, discrete sample depths for geochemical data as black circles.
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sinking biogenic particles is unlikely to explain Cr accumulation in
deep waters along the GP13 transect. However, water column
release from biogenic particles may explain some of the observed
enrichment through mixing with older deep waters with Cr accu-
mulated over longer time scales, as indicated by the elevated 14C
age of GP13 deep waters relative to the Southern Ocean (Gebbie
and Huybers, 2012; see also Sections 2.2 and 5.3). Chromium accu-
mulation in deep waters better matches that of Si than NO3 and
PO4 along GP13 (Fig. 5), as identified previously in the global ocean
(e.g. Jeandel & Minster, 1987; Janssen et al., 2021). This supports
the prominent role of benthic processes, known to modulate [Si
(OH)4] (Tréguer & de la Rocha, 2013), in shaping [Cr] (Janssen
et al., 2021). Multiple hydrothermal systems are known in the
region near the flow path of CDW. For example, the Kermadec
Arc (e.g. de Ronde et al., 2001) and the North Fiji Basin (e.g.
Bendel et al., 1993) may be Cr sources (Fig. 1). In addition to poten-
tial direct input, these systems may serve as indirect Cr sources
through benthic fluxes from hydrothermal sediments (Bauer
et al., 2019), which may be enhanced by the complex regional
bathymetry as discussed above. Broad [Fe] enrichment at these
same stations supports the notion of hydrothermal (either local
or distal) and/or benthic input sources (Ellwood et al., 2018;
Cabanes et al., 2020).

With the exception of stations 33 and 38, the highest [Cr] and
lowest d53Cr are found in the deepest sample(s) (Fig. 2), a trend

observed elsewhere in the global ocean (e.g. Murray et al., 1983;
Jeandel & Minster, 1987; Janssen et al., 2021). The accumulation
of isotopically light Cr in these bottom-most samples also implies
an isotopically light benthic flux of Cr. Such a flux may be spatially
heterogeneous, and therefore have a greater local effect at some
sites, but would also act to enrich deep waters along circulation
pathways. A light benthic source is consistent with estimates of
pore water Cr isotope compositions (Janssen et al., 2021), and is
also expected due to the isotopic composition of lithogenic mate-
rial (Schoenberg et al., 2008) and Cr release from biogenic particles
(Janssen et al. 2021). Therefore the deepest samples support that
benthic Cr fluxes may be significant (Murray et al., 1983; Jeandel
& Minster, 1987; Janssen et al., 2021; Pöppelmeier et al., 2021).
The stations that deviate from these bottom [Cr] maxima and
d53Cr minima are discussed below in Section 5.3.

5.3. Hydrothermal influence along the GP13 transect

The GP13 section crosses the hydrothermally active Kermadec
Arc system near 180" (Fig. 1; de Ronde et al., 2001; Kleint et al.,
2019, 2022; Neuholz et al., 2020). A strong hydrothermally-
sourced local elevation in [Fe] is seen where the GP13 transect
crosses the Kermadec Arc system (station 28). The [Fe] enrichment
relative to seawater background near the ridge (up to #100%)
extends from < 1000 m to > 3000 m, with a maximum around
2000–3000 m depth, as well as in a plume spreading eastward at
about 3000 m depth, reaching at least to station 33 (175" W)
(Ellwood et al., 2018; Fig. 4C). Multiple specifically characterized
vent sites along the Kermadec Arc (e.g. Brothers, Healy, Harve,
Rumble II W) and more diffuse particle-rich plumes near the base
of vent sites (2000–3000 m) (de Ronde et al., 2001; Baker et al.,
2003: de Ronde et al., 2007; Kleint et al, 2019), as well as long-
distance transport from deep venting sites along the East Pacific
Rise (Fitzsimmons et al., 2014; Resing et al., 2015) may act as
potential sources of [Fe] and other metals. Elevated dissolved [Cr]
is also seen over this depth range (#1500–3500 m) at stations
28–38 (Figs. 4 and 6), pointing to potential hydrothermal sources
of Cr. Due to the smaller relative [Cr] enrichments over similar
water masses in the Southern Ocean (up to #17%) compared to
[Fe] (>50%), the extent of the [Cr] enrichment is more difficult to
discern and the source of the [Cr] enrichment is less clear. How-
ever, these data showing the highest [Cr] in hydrothermally influ-
enced waters (Figs. 4 and 6) indicate that local vents are unlikely to
be a net sink of Cr, as proposed for hydrothermal vents in general
(Jeandel & Minster, 1984, 1987; Trocine & Trefry, 1988; Rudnicki &
Elderfield, 1993; Feely et al., 1994). The extent to which this appar-
ent plume of [Cr]-enriched water reflects a hydrothermal Cr
source, or other sources of Cr to deep waters, is investigated by
analysis of high-temperature vent and near-vent plume samples
and by comparison with Southern Ocean and Pacific Ocean deep
waters.

5.3.1. Vent and plume samples from the Brothers Volcano (Kermadec
Arc)

Three high-temperature vent sites (representing an estimated
85–92% pure vent endmembers, based on [Mg]), as well as near-
vent neutrally buoyant plume samples from the Brothers Volcano
site, along the Kermadec Arc (Fig. 1), were analyzed for [Cr] and
d53Cr. High-temperature vent samples show distinct Cr composi-
tions, with [Cr] well above seawater concentrations (ranging from
7.5 to 22.3 nmol kg!1), similar to previous data from the East
Pacific Rise (Jeandel & Minster, 1984), and with isotopically light
Cr (d53Cr = !0.07 ± 0.10‰ to +0.04 ± 0.04‰, 2SEM) (Table 2). This
is similar to or slightly heavier than the average crustal (d53Cr = !0.
12 ± 0.10, 2SD; Schoenberg et al., 2008) and upper mantle (d53Cr =
!0.14 ± 0.12, 2SD; Xia et al., 2017) composition. d53Cr is invariable

Fig. 4. Cr enrichments near the Kermadec Arc. Chromium concentrations (A) and
d53Cr (B) are shown for stations 28–38 as well as Brothers Volcano plume samples.
The dashed lines in (A) and (B) show average density-adjusted subantarctic South
Pacific Cr distributions from >1000 m (Janssen et al., 2021), away from hydrother-
mal input. GP13 Station 33 data were used for $ 1000 m. d53Cr is shown as a 2SD
range. Section plots of [Cr] (C) and [Fe] (D) are shown for the GP13 transect. The
contours on panel C show [Fe] to help identify the Kermadec Arc hydrothermal
plume. Iron data are from Ellwood et al. (2018; as included in the GEOTRACES IDP
2021, GEOTRACES Intermediate Data Product Group, 2021).
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between sites, considering analytical uncertainty, and no clear
trends are observed between [Cr] and temperature, salinity, pH,
Eh, or vent endmember fractions. Near-vent neutrally buoyant
plume samples (Table 2, Fig. 4), which are diluted > 102 compared
to pure hydrothermal vent endmembers (Neuholz et al., 2020),
yield [Cr] = 4.01 and 4.49 nmol kg!1 and d53Cr = 0.90 ± 0.05‰
and 0.94 ± 0.04‰ (1278 and 1584 m, respectively). These [Cr]
and d53Cr values are similar to equivalent depths along GP13.

These data indicate that high-temperature vents along the Ker-
madec Arc may be a local source of isotopically light Cr, with
potential for variability in the specific impact of different venting
sites, as observed previously for other elements (Kleint et al.,
2019, 2022). However, given that pure vent [Cr] is estimated to
be on the order of 10–30 nmol kg!1 (Table 3), it is unlikely that
hydrothermal fluids from the Kermadec Arc, when diluted
103-fold or more (i.e. [Cr] contribution of $ 0.01 nmol kg!1), have
a detectable impact on [Cr], and these vents are not a major Cr
source overall. Despite the light isotopic composition of vent-
derived Cr, near-vent water column samples are isotopically heavy,
similar to intermediate and deep water d53Cr along GP13, in the
Southern Ocean (e.g. Rickli et al., 2019; Janssen et al., 2021) and
in the subtropical North Pacific (Moos & Boyle, 2019). The mis-
match in d53Cr between nearly pure vent endmembers (d53Cr = +
0.04 ± 0.04‰ to !0.07 ± 0.10‰, 2SEM) and ambient seawater

d53Cr supports interpretations that the net hydrothermal impact
is likely small relative to total dissolved [Cr].

Estimates for total Fe and Mn fluxes from the Kermadec Arc,
based on the Brothers Volcano site, range from 1 & 107 to
5 & 1010 mols yr!1 (for Fe) and from 4 & 107 to 6 & 109 mols
yr!1 (for Mn), comparable to or higher than metal fluxes from
other vent environments (Neuholz et al., 2020). First-order esti-
mates of Cr fluxes in the Kermadec Arc based on Cr/Fe and
Cr/Mn in Brothers Volcano vent fluids are even less certain due
to variations in these ratios of #1 order of magnitude (Table 3).
However, as Cr/Fe and Cr/Mn are #1 & 10!6 (plus or minus one
order of magnitude), this suggests approximate Cr fluxes of #10 to
104 mols Cr yr!1. Despite the large uncertainties in both the original
Fe and Mn fluxes, and in converting this to Cr fluxes, these estimates
indicate that hydrothermal Cr contributions are unlikely to be of glo-
bal importance relative to other components of the Cr cycle (major
sources #108 mols Cr yr!1, e.g. Pöppelmeier et al., 2021).

5.3.2. Comparison of GP13 deep water with available Southern Ocean
and Pacific Deep Water data

These high temperature vent data suggest negligible hydrother-
mal Cr contributions at stations 28–38 along GP13, despite Fe sug-
gesting a local point source (Fig. 4), and instead a dominant control
by water mass mixing. This can be assessed by estimating expected
Cr systematics based on the relevant regional water masses (CDW,
PDW) away from GP 13. While waters above and below the
hydrothermally-impacted depth range along GP13 converge with
the hydrographic properties of Southern Ocean and subantarctic
waters, the hydrographic properties of hydrothermally-
influenced depths lie between CDW and PDW (Fig. 7), indicating
an influence of PDW. This can also be seen in 14C water mass ages
in the region showing older waters along the GP13 transect com-
pared to CDW (Gebbie and Huybers, 2012). However, the nearest
PDW-influenced seawater data that could constrain expected
PDW Cr systematics at GP13 are from the subtropical North Pacific
(Moos & Boyle, 2019), nearly 9000 km away from GP13. Conserva-
tive advection cannot be assumed over this spatial scale due to the
non-conservative nature of Cr, with external sources (e.g. benthic
fluxes) and internal cycling (e.g. release from particles) acting to
increase [Cr] as water masses age (e.g. Jeandel & Minster, 1987;
Janssen et al., 2021). However, to a first order, GP13 deep water
[Cr] at stations 28–38 is generally comparable to or slightly less
than PDW [Cr] in the North Pacific (Fig. 7).

Due to the lack of relevant PDW Cr data in the region, we calcu-
late total Cr accumulated along GP13 compared to CDW to the
south of the transect (UCDW: [Cr] = 3.82 ± 0.07 nmol kg!1 (1SD)
and d53Cr = 0.90 ± 0.08‰ (2SD), n = 20; LCDW: [Cr] = 3.97 ± 0.1 n
mol kg!1 (1SD) and d53Cr = 0.86 ± 0.07‰ (2SD), n = 12; data from

Fig. 5. Crossplots of Cr and macronutrients. Chromium is plotted against silicic acid (A), phosphate (B) and nitrate (C) to identify shared controls for Cr and macronutrients
(e.g. benthic fluxes, release from biogenic particles, circulation). Chromiummore closely follows Si, suggesting benthic fluxes may be important in shaping distributions. Open
symbols indicate the deepest samples at stations 18–28, highlighting potential trends related to benthic sources.

Fig. 6. Cross plot of [Cr] and [Fe] at stations 28–38. White symbols show data
from 1200 to 3000 m depth, and grey symbols show data below 3000 m depth. All
other data are shown in black. Iron data are from Ellwood et al. (2018). The highest
[Cr] do not correspond with the highest [Fe], suggesting the two may not share the
same set of dominant driving forces.
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Rickli et al., 2019; Janssen et al., 2021). This integrates multiple
potential Cr sources related to water mass transport and aging (re-
lease from sinking particles, benthic fluxes; Janssen et al., 2021), as
well as potential hydrothermal sources, although they are likely
small (Section 5.3.1). Taking our samples with the greatest Cr accu-
mulation at stations 28–38 (1600–3000 m at stations 28–38, n = 9),
the total accumulated Cr ([Cr]accumulated) and d53Cr (d53Craccumulated)
are calculated following standard mass balance equations (Eqs. (1)
and (2), Table 1).

Cr½ (GP13 ¼ Cr½ (CDW þ Cr½ (accumulated

! "
ð1Þ

d53CrGP13 & Cr½ (GP13 ¼ d53CrCDW & Cr½ (CDW þ d53Craccumulated & Cr½ (accumulated

! "

ð2Þ

The average [Cr]accumulated is 0.71 ± 0.11 nmol kg!1 (1SD), with a
maximum of approximately 0.8 nmol kg!1 at 2000–2500 m depth,
with a d53Craccumulated = +0.46 ± 0.30‰ (2SD, n = 9, Table 1).

Even a relatively minor dilution of vent fluids (101 nmol Cr
kg!1) by 102 would result in a vent contribution of Cr that is small
relative to the total accumulated #0.7 nmol kg!1. As such a dilu-
tion factor is only likely very close to the vents (e.g. Neuholz
et al., 2020), and samples along GP13 are likely diluted orders of
magnitude more than this, the resulting vent-derived Cr contribu-
tions ($10!2 nmol kg!1 Cr) are insignificant relative to other
sources. The curved [Cr]–[Fe] trend in these samples, indicating
the primary control on these metals is not shared (Fig. 6), further
supports the importance of other processes in shaping Cr. Consid-
ering more distal sources such as the East Pacific Rise, the general
uniformity of the observed elevated [Cr], while [Fe] shows the
decrease of a point or regional source east of 180" (Figs. 4, 6 and
7), suggests distal hydrothermal sources are an unlikely explana-
tion of Cr trends. Finally, d53Craccumulated (+0.46 ± 0.30‰) agrees
with benthic fluxes and release from sinking particles (#0.3‰
Janssen et al., 2021), but differs from high temperature fluid
d53Cr (+0.08 to !0.17‰). Therefore, supporting high temperature
and near-vent data, hydrothermal vent sources are unlikely to
drive our observations along GP13, which instead reflect processes
acting as water masses age such as benthic fluxes and release from
particles, as well as water mass transport and mixing.

Table 3
Estimated pure hydrothermal endmembers.

Sample [Cr]
nmol kg!1

SO253_067_ROV_11F 27
SO253_064_ROV_5F 8
SO253_081_ROV_3F 9

Pure hydrothermal endmembers are estimated by mass balance from measured
hydrothermal vent samples and estimated endmember% (Table 2) and assuming
conservative mixing with a background seawater of [Cr] = 3.90 nmol kg!1.
[Cr]endmember = Cr½ (measured ! 3:90nmol kg!1 & 1! %endmember

100

# $# $
- %endmember

100 .
This calculation is necessarily approximate because the assumption of conservative
mixing may not be true and because the background seawater signal is not pre-
cisely known (see Section 5.3). In order to avoid a false sense of precision, an
uncertainty is not presented here. For the same reasoning, an endmember d53Cr is
not estimated, though given this relative purity of the high-temperature fluids, the
endmember d53Cr is expected to be similar.

Fig. 7. Hydrographic and chemical properties of GP13 deep waters along with Circumpolar and Pacific Deep Water. Main hydrographic properties (temperature, salinity
and neutral density, Panels A-D) identify deviations of GP13 from the hydrographic properties of Southern Ocean and subantarctic deep waters (encircled in red). Also shown
are oxygen (E), [PO4] (F), [Cr] (G) and [Si] (H) profiles against neutral density. Discreet sample depths are shown as circles for macronutrient and Cr data (A, C–G). Contour
lines in (A) and (B) denote potential density isopycnals, with labels reflecting approximate equivalent neutral density (cg). Note that cg depends on geographic location and
therefore this presentation is, by necessity, imprecise. Isopycnal contours are provided only as an approximate guide and not meant to be quantitative. Southern Ocean (ACE
Legs 1 & 2, Rickli et al., 2019; Janssen et al., 2021, green solid lines) and subantarctic (IN2018V04, Janssen et al., 2021, grey and black solid lines) data are compared to the
GP13 transect (yellow dotted lines, this study) and North Pacific data (Moos & Boyle, 2019, blue dashed lines) (stations shown in inset map in Panel A).
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5.4. Implications of hydrothermal input on the Cr cycle and
paleoceanographic interpretations

While the overall magnitude of the potential Cr source along
the Kermadec Arc and the GP13 transect is small, restricting its
impact to only vent-proximal sites, enrichments of [Cr] are
observed in high-temperature vent fluids, along with the absence
of [Cr] depletion in hydrothermally-impacted waters. Therefore,
hydrothermal systems are likely a net source rather than a net sink,
as some previous studies have suggested (Jeandel & Minster, 1984;
Rudnicki & Elderfield, 1993), at least at the Kermadec Arc, though
this is small relative to other sources (see Section 5.3.2). The extent
to which our results from the Kermadec Arc are applicable to other
hydrothermal systems, including whether global hydrothermal
fluxes in composite are a net Cr source or sink, may depend on dif-
ferences in vent chemistry across diverse systems, and should be
investigated further. For example, the specific vent chemistry will
regulate the flux of known Cr reductants (e.g. Fe(II) and sulfides,
Pettine et al., 1998; Kim et al., 2001) into the water column, which
may influence how much ambient Cr may be reduced and scav-
enged out. It is possible that the low Fe/Mn and high Fe/H2S (i.e.
lower availability of Cr reductants such as Fe(II) and sulfides, see
Section 2.3, Kleint et al., 2022) observed at multiple vent sites on
the Kermadec Arc (Kleint et al., 2019, 2022) result in improved sta-
bility of Cr in the hydrothermal plume and minimize the reduction
and removal of ambient seawater Cr after mixing with plume
waters. However, the high variability of high-temperature vent
fluid chemistry within the southern Kermadec Arc (Kleint et al.,
2019) complicates a mechanistic understanding of which specific
conditions may allow for the accumulation of dissolved Cr in the
neutrally buoyant hydrothermal plume.

Our observations also constrain the net impact of hydrothermal
fluxes at the Kermadec Arc in terms of Cr isotopes. The elevation in
seawater [Cr], both near Brothers Volcano vents and along GP13
does not produce a clear departure from the d53Cr–ln(Cr) trend of
global data (Fig. 8). This reflects that the enrichment over Southern
Ocean CDW is not large (<20%), and is overwhelmingly attributable
to non-hydrothermal sources. When considering the high-
temperature vent samples (Fig. 8 yellow circles), greater depar-
tures are seen from global d53Cr–[Cr] systematics, though the pro-
jection of the trend from normal oceanic samples falls between the
three hydrothermal samples. Conservative mixing is not a
Rayleigh-type process; therefore mixing of seawater with these
hydrothermal endmember fluids would fall below the linear Ray-
leigh trend (dashed line in Fig. 8). Nevertheless, the general simi-
larity in hydrothermal and global seawater Cr systematics – low
d53Cr associated with high [Cr] suggests the net effect of
hydrothermal Cr input may still not be far from the trend illus-
trated by the global seawater array, even for ocean waters with a
strong hydrothermal influence.

There is increasing interest in d53Cr records as indicative of
hydrothermalism in the paleocean (e.g. Holmden et al., 2016;
Bauer et al., 2021; Yobo et al., 2022). Our hydrothermal data pro-
vide the first isotopic constraints on hydrothermally sourced Cr
(d53Cr = !0.17 to +0.08‰), yielding compositions comparable to
the upper continental crust and the upper mantle (!0.26 to –
0.02‰; Xia et al., 2017). These observations support previous
assumptions that the two pools are equivalent and that increased
input of hydrothermally-sourced Cr to seawater should therefore
drive ocean d53Cr to lighter values, where this low d53Cr water sig-
nal may then be captured in authigenic sedimentary reservoirs
(e.g. Holmden et al., 2016; Bauer et al., 2021; Yobo et al., 2022).
However, given high-temperature vent endmember [Cr] of around
10–30 nmol kg!1, our data indicate that hydrothermal vents are
not likely to be a major source of Cr to the ocean. Therefore orders
of magnitude-level changes in hydrothermal cycling would still

not overwhelm the roles of other oceanic processes shaping d53Cr
distributions, except perhaps in immediate proximity to vent sys-
tems. Recent d53Cr data from redox-stratified basins, showing that
isotopically light Cr accumulates in anoxic zones (Janssen et al.,
2022), provide an alternate mechanism for lowered seawater
d53Cr during expanded deep water anoxia – the expansion and
intensification ocean anoxia should enhance the accumulation of
dissolved isotopically light Cr, which may then be reflected in sed-
iment records. In summary, Cr distributions may be more sensitive
to other drivers, and d53Cr records from ocean anoxic events with
increased hydrothermal activity may more likely reflect internal
processes such as widespread anoxia, instead of or in addition to
increased external hydrothermal sources.

6. Conclusions

We report new dissolved [Cr] and d53Cr data from the GEO-
TRACES GP13 section in the southwest subtropical Pacific Ocean,
extending eastward from the Australian seaboard to the open, sub-
tropical Pacific Gyre. Depth profiles reflect nutrient-type elemental
distributions, with lower [Cr] in surface waters and elevated [Cr] at
depth. d53Cr largely mirrors [Cr], and shows surface d53Cr maxima
and minima in deep waters. Although surface minima in [Cr] are a
consistent feature throughout the transect, these minima reflecting
seasonal biological uptake above the winter mixed layer are subtle
in this low productivity, oligotrophic region. Similar trends are
observed for macronutrients and other nutrient-type trace metals
(Ellwood et al., 2018; George et al., 2019; Cabanes et al., 2020). Ele-
vated [Cr] and low d53Cr at depth largely reflect transitions
between water masses, and are explained by the advection of

Fig. 8. d53Cr-lnCr array. Global ocean Cr data are shown for the Pacific (circles),
Southern (diamonds), Atlantic (squares) and Arctic (triangles) Oceans, with
Brothers Volcano vent samples as yellow circles and plume samples in grey circles.
The Rayleigh fractionation trendline is a linear fit to all data except Brothers vent
samples, with slope and r2. Hydrothermally-influenced CDW (red) along GP13
(stations 28–38, 1600–3000 m) and in the Brothers Volcano neutrally-buoyant
plume are compared to CDW in the Southern Ocean (light blue diamonds) and deep
waters along GP13 (dark blue circles). The dashed line indicates conservative
mixing between the extended linear projection near hydrothermal endmembers
and deep waters along GP13. Data sources: Scheiderich et al., 2015; Goring-Harford
et al., 2018; Moos & Boyle, 2019; Rickli et al., 2019; Janssen et al., 2020; Moos et al.,
2020; Nasemann et al., 2020; Huang et al., 2021; Janssen et al., 2021. Low salinity
data, data restricted to coastal regions, and data highlighted as suspect by
subsequent studies are not shown.
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nutrient- and Cr-rich intermediate and deep waters from the
Southern Ocean and the Pacific. Local maxima near the sediments
indicate benthic sources of Cr throughout the transect, supporting
previous interpretations of benthic sources in the North Pacific and
the Atlantic (Murray et al., 1983; Jeandel & Minster, 1987) as well
as recent pore water and modelling data indicating that benthic
fluxes may represent a large local and global source of Cr
(Janssen et al., 2021; Pöppelmeier et al., 2021).

Based on box models and near-vent particles and sediments,
previous studies have indicated that hydrothermal vents may be
a net sink of Cr rather than a net source (Jeandel & Minster,
1984; Jeandel & Minster, 1987; Trocine & Trefry, 1988; Rudnicki
& Elderfield, 1993; Feely et al., 1994; Bauer et al., 2019). New
high-temperature vent samples and neutrally buoyant plume sam-
ples from the Brothers Volcano (Kermadec Arc) indicate elevated
[Cr], suggesting this vent system is a source rather than a sink of
Cr. Hydrothermal vent fluid Cr (!0.17 to +0.08‰) is isotopically
similar to or slightly heavier than continental crust and the upper
mantle (!0.26 to !0.02‰, Schoenberg et al., 2008; Xia et al., 2017).
However, [Cr] in hydrothermal endmembers (#10–30 nmol kg!1)
indicates that hydrothermally-sourced Cr is unlikely to dominate
Cr accumulation in deep waters after dilution with background
seawater, except immediately near active vent sites. Along the
GP13 section, elevated dissolved Cr is seen between 1600 and
3000 m depth east of the Kermadec Arc. Based on regional hydrog-
raphy, these depths consist of a mixture of Circumpolar and Pacific
Deep Waters. The average [Cr] enrichment in these waters is 0.71
± 0.11 nmol kg!1 (1SD, n = 9), with an average accumulated

d53Cr of +0.46 ± 0.30‰ (2SD, n = 9), which likely reflects other pro-
cesses known to act in the ocean interior (e.g. release from sinking
particles, benthic fluxes), and not hydrothermal sources. Overall,
our observations indicate hydrothermal vents are unlikely to be a
major factor controlling oceanic Cr distributions at wider scale,
even with increases of multiple orders of magnitude in hydrother-
mal fluxes, and that large changes in other external Cr sources and/
or factors controlling the oceanic Cr cycling (e.g. widespread anox-
ia) should be considered when interpreting d53Cr records during
periods of enhanced hydrothermal input throughout Earth’s
history.

Data availability

All Cr data are included in a table in the Appendix (Table A.1).
CTD, macronutrient and other trace metal data are available in
the GEOTRACES intermediate data product (GEOTRACES
Intermediate Data Product Group, 2021)).

Data availability

All Cr data are included in the main text and in the supplement.
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