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Abstract
Cadmium (Cd) is a bioactive trace element in the oceans, with a nutrient-like distribution that closely matches dissolved
phosphate. Seawater-dissolved stable Cd isotope ratios (d114Cd) are a relatively new parameter, which show much promise for
furthering our understanding of the biogeochemical cycling of Cd in the oceans. Here we present a high-resolution paired
section of dissolved Cd concentrations and dissolved d114Cd from 21 open-ocean stations along the US GEOTRACES
GA03 transect through the North Atlantic Ocean. Dissolved Cd concentrations along the section are strongly influenced
by water-mass distribution and the cycling of Cd. The highest dissolved Cd concentrations (400–540 pmol kg!1) are associated with Antarctic-sourced water masses, whilst biological uptake in the surface ocean results in a strong vertical gradient in
dissolved Cd towards the surface, reaching as low as 0.03 pmol kg!1 in western surface waters. Dissolved d114Cd is also characterized by a vertical gradient from "+0.2& in the deep ocean to +2& to +5& in the Cd-depleted surface ocean (relative to
NIST SRM 3108). This variability in d114Cd can be ascribed to mixing of Antarctic and North Atlantic water masses, together
with fractionation due to in situ biological uptake of light Cd in the very surface ocean. Subtle deviations from this overall
pattern of dissolved Cd concentration and dissolved d114Cd are observed within low-oxygen waters oﬀ North Africa, where a
dissolved Cd deficit relative to phosphate is associated with higher dissolved d114Cd values. Together with elevated particulate
Cd and Ba, this suggests that Cd sulfide precipitation is occurring within the water column of the North Atlantic, constituting
a potentially important sink for isotopically light Cd. Additionally, the first measurements of dissolved d114Cd within a hydrothermal plume at the Mid-Atlantic Ridge show that Cd is scavenged from the dissolved phase, leaving the remnant dissolved
Cd isotopically heavier. Constraining the significance of these marine sinks for dissolved Cd is important, not only for our
understanding of the marine biogeochemical cycling of Cd in the modern oceans, but also for the successful application of
the microfossil Cd/Ca proxy and the development of d114Cd as a tracer for past-ocean biogeochemical cycling.
! 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Cadmium (Cd) is a biologically active trace element in
the oceans, where it may possibly be a micronutrient under
some conditions, replacing zinc or cobalt in enzymes such
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as carbonic anhydrase within marine phytoplankton
(Price and Morel, 1990; Lane and Morel, 2000; Lane
et al., 2005), or it may be a toxin (e.g., Sunda and
Huntsman, 1996; Horner et al., 2013). Cd has a spatial marine distribution which closely matches the major nutrients
nitrate and phosphate (Boyle et al., 1976; Bruland, 1980),
driven principally by uptake into biological material at
the surface, regeneration of this organic material with depth
and physical circulation of the oceans. Consequently, dissolved Cd concentrations range from less than 1 pmol kg!1
in depleted surface waters to as high as 1000 pmol kg!1
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within the deep Pacific Ocean, where older water masses
have accumulated regenerated Cd (e.g., Biller and
Bruland, 2012). The close relationship between dissolved
Cd and phosphate (PO3!
4 ) concentrations observed
throughout the modern oceans has facilitated the use of
Cd/Ca ratios in microfossils as a paleoproxy for both marine nutrient utilization and water mass distributions in the
past (e.g., Boyle, 1988; Elderfield and Rickaby, 2000). However, successful application of this proxy relies on an understanding of how biogeochemical processes influence the
3!
global Cd/PO3!
4 ratio and the diﬀering Cd/PO4 signatures
of diﬀerent water masses. These processes include preferential biological uptake of Cd over PO3!
4 in Antarctic surface
waters (e.g., Gault-Ringold et al., 2012; Baars et al., 2014),
or Cd sulfide precipitation within sediments or the water
column itself (Rosenthal et al., 1995; van Geen et al.,
1995; Janssen et al., 2014).
Seawater dissolved stable cadmium isotope ratios
(denoted here by d114Cd) are a recently-developed oceanographic tracer (Lacan et al., 2006; Ripperger and
Rehkämper, 2007) that have now been utilized by a number
of studies to draw insights into the biogeochemical processes
influencing the marine distribution of Cd (Ripperger et al.,
2007; Ho et al., 2009; Abouchami et al., 2011, 2014;
Gault-Ringold et al., 2012; Yang et al., 2012; Xue et al.,
2013). Globally, the deep oceans >1000 m are characterized
by a homogenous d114Cd value that is close to +0.3&
(Ripperger et al., 2007; Xue et al., 2012, 2013; Yang et al.,
2012; Conway et al., 2013; Abouchami et al., 2014). Biological uptake of Cd into phytoplankton, with a biological preference for assimilation of lighter isotopes leads to a
monotonic increase towards heavier values in the surface
ocean, where dissolved d114Cd may exceed +2& as dissolved Cd concentrations become increasingly depleted
(Lacan et al., 2006; Ripperger et al., 2007; Horner et al.,
2013; John and Conway, 2014). Most recently, marine
d114Cd studies have focused on investigating the biological
cycling of Cd in the Southern Ocean, where both water-mass
mixing and biological cycling influence d114Cd (Abouchami
et al., 2011, 2014; Gault-Ringold et al., 2012; Xue et al.,
2013), or on the global sinks of Cd from the oceans
(Janssen et al., 2014). Such studies highlight two areas where
d114Cd measurements may be influential in providing constraints on both the modern marine Cd cycle and the application of Cd/Ca or d114Cd as paleo-proxies.
Seawater dissolved d114Cd measurements show the isotopic signature of the deep ocean <1000 m in the North
Pacific (+0.2& to +0.3&), the Southern Ocean (+0.24&
to +0.25&), and the South China Sea (+0.24&) to be
homogenous. (Ripperger et al., 2007; Xue et al., 2012,
2013; Yang et al., 2012; Conway et al., 2013; Abouchami
et al., 2014). By contrast, the deep North Atlantic is slightly
heavier (+0.23& to +0.5&; Boyle et al., 2012; Xue et al.,
2012; Conway et al., 2013). Worldwide, the deep ocean is
isotopically heavier than the near-crustal signature of
potential inputs to the ocean ("+0.1&), suggestive of a
net isotopically-lighter sink of Cd from the oceans (data
from Lambelet et al., 2013 and Schmitt et al., 2009 converted to NIST-3108 in Rehkämper et al., 2012). Based
partly on a subset of data presented here, Cd sulfide

precipitation within low-oxygen waters of the global oceans
has been recently proposed as an important isotopically
light sink for Cd from the oceans (Janssen et al., 2014). If
confirmed, a marine sulfide sink for Cd may account for
the isotopically heavy global deep ocean and may have been
influential in setting both the global deep ocean d114Cd signature and the Cd/PO3!
4 of the oceans in the past.
Here, we present the first high-resolution paired ocean
section of dissolved Cd concentration and dissolved Cd stable isotope ratio (d114Cd) along a transect in the North
Atlantic Ocean. We present data from 574 samples from
21 stations from the US GEOTRACES GA03 North
Atlantic Transect, which sailed from Lisbon to Woods
Hole, via Mauritania and the Mid-Atlantic Ridge. This
large dataset allows us to investigate the marine cycling of
Cd and d114Cd at the basin scale, and, in particular, to
focus on Cd removal processes such as Cd sulfide formation
in low-oxygen waters of the North Atlantic and the influence of hydrothermal vents on the dissolved Cd reservoir.
Complementing the dissolved Cd data, we also present particulate Ba and Cd concentration from 12 stations along the
section, allowing us to further explore the partitioning of
Cd between the particulate and dissolved phases under variable oceanographic conditions. The data presented in this
study are deposited with the Biological and Chemical
Oceanography Data Management Oﬃce (BCO-DMO)
and are also available as Supplementary Data. Continuous
temperature, salinity and oxygen data for the GA03 Section
are available from BCO-DMO (http://www.bco-dmo.org/
project/2066).
2. METHODS
2.1. North Atlantic sampling
North Atlantic seawater and particulate samples were
collected during the US GEOTRACES GA03 North Atlantic transect cruises, consisting of two cruise legs on board
the R/V Knorr in October–November 2010 (USGT10)
and November–December 2011 (USGT11). Twenty-one
open-ocean stations (25–37 point depth profiles) were sampled across both cruises for dissolved Cd concentration and
d114Cd; 8 stations on USGT10 (USGT10-1, 3, 5, 7, 9, 10, 11
and 12) and 13 on USGT11 (USGT11-1, 2, 3, 6, 8, 10, 12,
14, 16, 18, 20, 22 and 24), with occupation of a crossover
station on both cruises (USGT10-12, USGT11-24) close
to Cape Verde (17.4"N, 24.5"W). Station locations are
shown in Fig. 1, overlain on minimum water-column dissolved oxygen concentration. Seawater was collected by
the GEOTRACES sampling team, either with GO-FLO
bottles on the GEOTRACES rosette (>2 m depth) or with
surface towfish ("2 m) and then filtered with 0.2 lm Pall
Acropak-200 Supor cartridges (Cutter and Bruland,
2012). Filtered seawater samples were later acidified to
pH "2 by addition of 1 mL 12 mol L!1 Aristar Ultrae
hydrochloric acid at the University of South Carolina and
then left for several months before processing and analysis
for dissolved Cd and d114Cd.
Suspended particle samples (0.8–51 lm and >51 lm)
were collected at 22 of the stations (16 point depth
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Fig. 1. Cruise track of the US GEOTRACES GA03 North Atlantic Transect. Stations sampled during this study on both the 2010 (USGT10)
and 2011 (USGT11) cruise legs are shown, overlain on minimum water column dissolved oxygen concentration from the 2009 World Ocean
Atlas database, highlighting the pronounced oxygen minimum region close to North West Africa. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

profiles) occupied during the USGT10 and USGT11
cruises, using in-situ battery powered McLane pumps as
described by Ohnemus and Lam (2014). Of these 22 stations, 12 (USGT10-1, 9, 10, 11, 12 and USGT11-4, 8,
10, 12, 14, 16, 20) were sampled in this study for particulate Cd, barium (Ba) and phosphate (P) concentration.
Suspended phase (0.8–51 lm) samples were supplied by
Lam and Ohnemus as portions of the 142 mm diameter
0.8 lm polyethersulfone filters used for shipboard
collection.

2.2. Sample processing and analysis
All samples were processed in the Marine Trace Element
Laboratories at the University of South Carolina in flow
benches under ULPA filtration. All water used was ultrapure (>18.2 MX) and all acids and reagents were Aristar
Ultrae obtained from VWR international (seawater samples) or from in-house quartz and Teflon distillation procedures (particulate samples). All plasticware was rigorously
acid-cleaned prior to use, following Conway et al. (2013).
All ICPMS analyses were carried out at the Center for Elemental Mass Spectrometry at the University of South
Carolina.
2.2.1. Seawater dissolved Cd and d114Cd
Seawater samples were processed and analyzed for dissolved Cd and d114Cd using a double-spike technique, following previously published methods (Conway et al.,
2013). Briefly, 1 L samples were spiked prior to processing
with a 110Cd–111Cd double spike in an approx. 1:4 sample
to spike ratio, and then Cd was quantitatively extracted

onto Nobias PA-1 resin (Hitachi) using a batch-extraction
technique in seawater pH-adjusted to pH "6.2. Cd was
then eﬀectively separated from interferences such as Mo,
Sn and major salts using AGMP-1 anion exchange resin
(Conway et al., 2013). Cd from samples was dissolved in
0.1 mol L!1 HNO3 for analysis by Thermo Neptune MCICPMS in low-resolution, with Pt Jet and Al ‘x-type’ skimmer cones. Samples were introduced using a borosilicate
glass nebulizer and ESI Apex-Q desolvation system without
desolvation membrane. Each seawater sample was analyzed
twice by MC-ICPMS and an average value calculated for
Cd concentration and d114Cd, with the exception of very
low concentration Cd samples, where there was only suﬃcient Cd for a single ICPMS analysis.
Dissolved Cd concentrations were calculated using isotope-dilution from addition of double spike and the original
weight of each seawater sample. We assign 2% error to all
Cd concentrations to account for pipetting and weighing
error. The procedural blank was previously calculated to
be 60.04 pmol kg!1 by Conway et al. (2013), and this
assessment is supported by dissolved Cd concentrations as
low as 0.03 pmol kg!1 in this study. Dissolved d114Cd was
calculated using the double spike data reduction scheme
described in Conway et al. (2013), following the iterative
approach of Siebert et al. (2001). Each group of 6 samples
was analyzed by MC-ICPMS bracketed by two analyses of
a NIST SRM 3108 Cd double-spike standard solution, with
concentration and sample:spike ratio both designed to closely match samples. NIST SRM 3108 Cd has recently been
the focus of a community-wide intercalibration eﬀort
(Abouchami et al., 2013), and we therefore express all Cd
isotope ratios in delta notation, relative to the mean
d114Cd of these two NIST SRM 3108 standards:
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Although some studies report Cd stable isotope ratios in e
notation, we instead use d notation (this study; Conway
et al., 2013; John and Conway, 2014; Janssen et al., 2014)
so that data is more easily comparable with the other marine bioactive trace elements (d56Fe, d66Zn, d65Cu, d60Ni),
which have similar magnitudes of d variability in seawater.
We express 2r uncertainty on d114Cd as the combined
internal standard error of samples and bracketing NIST
SRM 3108 standards as calculated previously (Conway
et al., 2013), based on the observation that uncertainty with
MC-ICPMS double spike technique is dominated by internal error (John, 2012). 2r uncertainty depends on Cd concentration, with typical values of 0.04–0.06& for
P100 pmol kg!1, 0.06–0.2& for 10–100 pmol kg!1 and
0.2–1.5& for samples <10 pmol kg!1 (see Supplementary
Data).
Previously published measurements of dissolved Cd concentration in SAFe S and D seawater standards using this
technique demonstrated excellent agreement with the most
recent (May 2013) SAFe consensus values (Conway et al.,
2013). We also find good agreement between independent
measurement of dissolved Cd concentration using diﬀerent
techniques at 5 stations across the GA03 section analyzed
at USC (this study) and UC Santa Cruz (Middag and Bruland, data in Schlitzer, 2014) as well as between dissolved
Cd concentrations published for the GEOTRACES IC1
cruise by the authors (Conway et al., 2013) and by several
other laboratories (Boyle et al., 2012). External accuracy
of our d114Cd measurements was shown by good agreement
with the multiple-lab consensus separation of BAM and
Münster Cd international isotope standards from NIST
SRM 3108 (Abouchami et al., 2013; Conway et al., 2013).
We also showed good agreement between two laboratories
for measurements of dissolved d114Cd of +0.3& in SAFe D
samples (Xue et al., 2012; Conway et al., 2013). Additionally, external accuracy in seawater was demonstrated by
strong agreement between our method and other labs for
seawater dissolved d114Cd/e114/110Cd measurements across
the full range of dissolved Cd concentrations encountered
in the western North Atlantic (1–315 pmol kg!1) on the
GEOTRACES IC1 cruise (Boyle et al., 2012; Conway
et al., 2013).
2.2.2. Particulate Cd, Ba and PO3!
4
Particulate Cd, Ba and P concentrations were determined following a leaching procedure originally developed
for determination of ligand-leachable (labile) d56Fe as
described by Revels (2013). Briefly, 1/32nd portions of the
originally 142 mm diameter polyethersulfone filters were
cut using a ceramic blade and then leached with an oxalate-EDTA leach comprising of 0.1 mol L!1 oxalic acid
and 0.05 mol L!1 EDTA in ultrapure water adjusted to
pH 8 with reagent grade sodium hydroxide. Samples were
leached in a polyethylene vial at 90 "C in an oven for 2 h
and then filtered via a Norm-Ject polyethylene/polypropylene syringe and an uncleaned Whatman 0.45 lm PTFE

Teflon filter membrane cartridge. Filtered leachate samples
were diluted to 5% with 0.1 mol L!1 HNO3 before analysis
of Ba, Cd and P concentration by reference to standards in
an identical matrix, using a Thermo Element II sector field
ICPMS with a cyclonic spray chamber without desolvation,
a "150 lL min!1 PFA Teflon nebulizer and Ni sampler and
Ni ‘H’ skimmer cones. Elemental concentrations were then
converted to nmol L!1 by reference to the pumped volume
for each filter divided by 32, assuming homogenous distribution of particulate matter. Uncertainty for particle concentrations was estimated as the sum of errors for 10%
uncertainty due to variability in filter subsampling and a
blank-correction uncertainty of 0.014, 0.00004 and
0.11 nmol L!1 for Ba, Cd and P, respectively.
Our measurements of particulate Ba, Cd and P concentration are in strong agreement with those made by
Ohnemus and Lam (2014) on total HF digestions of subsamples of the same filters, suggesting that our leaching technique provides near-quantitative if not quantitative
determination of these three elements. We are therefore
confident that our particulate P, Cd and d114Cd are representative of the bulk suspended particles, and are not biased
by selective leaching of diﬀerent particulate phases.
2.3. Dissolved and particulate Cd*
Cd* is a parameter which highlights deviations in the
relationship between Cd and PO3!
within the water col4
umn, as a result of preferential removal of either Cd or
PO3!
relative to the other (e.g., Baars et al., 2014;
4
Janssen et al., 2014); in this study we calculated both dissolved and particulate Cd* following Janssen et al. (2014)
as:
#
$
Cd& ¼ Cdmeasured ! Cd=Pdeep ' Pmeasured

where Cd is expressed in nmol kg!1 or L!1, P in lmol kg!1
or L!1 and Cd/Pdeep is set at 0.25 for the North Atlantic.
We chose this North Atlantic value to make our figures
and discussion comparable to Janssen et al. (2014). Particulate Cd* values are much smaller in magnitude than dissolved Cd* values, and are therefore expressed as '10!3
for clarity.
2.4. Data processing
Data for figures was processed using an in-house interpolation scheme implemented in Matlab. First, values for
all depths at each station were determined by 1-dimensional
vertical linear interpolation, and then the vertically interpolated profiles were horizontally interpolated to provide a 2
dimensional ocean section. Replicate analyses at the same
depth were averaged. Filtered seawater samples from within
a hydrothermal plume which was sampled at USGT11-16
(the TAG hydrothermal field) are regarded as plume waters
which are unlikely to mix laterally with adjacent stations
due to the bathymetry of the ridge valley, and so are not
included in sections for dissolved parameters, with the
depth of exclusion (>2400 m) based on temperature and
salinity anomalies. However, plume particulate samples
are included within particulate section scatter plots.
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Fig. 2. Dissolved cadmium concentration (d[Cd]) and dissolved d114Cd along the GA03 North Atlantic section. The influence of major watermasses on dissolved Cd are shown as labels, with Antarctic-sourced water masses in black and North Atlantic water masses in white; Antarctic
Intermediate Water (AAIW), Antarctic Bottom Water (AABW), Upper Labrador Sea Water (ULSW), Mediterranean Outflow Water
(MOW), Subtropical Mode Water and North Atlantic Central Water (STMW & NACW). Water mass descriptions and positions are based
on Jenkins et al. (2014). The vertical black line denotes the crossover between cruises USGT10 and USGT11. Note the non-linear scale for
d114Cd. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. RESULTS AND DISCUSSION
The distributions of dissolved Cd concentrations and
d114Cd across the US GEOTRACES GA03 North Atlantic
section are shown in Fig. 2. A subset of this data (5 stations,
top 2000 m) was previously published by John and Conway
(2014). We used Jenkins et al. (2014)’s Optimum Multiparameter Analysis (OMPA) for the GA03 section as the basis
for our water-mass distributions, with the core signatures of
AABW and AAIW defined based on the characteristics of
these water masses close to the equator (4"S). As such, they
represent dilutions from the preformed water masses
formed in the Antarctic. At the broad scale, across the
entire section, the distribution of dissolved Cd and d114Cd
can be mostly described by the mixing between diﬀerent

water masses and the eﬀects of biological uptake and regeneration in the upper ocean. However, there are also regions
of the section where other processes aﬀect dissolved Cd and
d114Cd, including the processes of Cd sulfide precipitation
in the low-oxygen waters of the Mauritanian Oxygen Minimum Zone (OMZ) close to North Africa and scavenging of
Cd to hydrothermal particles near the Mid-Atlantic Ridge.
3.1. Oceanographic setting and distribution of dissolved Cd
and d114Cd
3.1.1. Distribution of dissolved Cd along the GA03 section
Similar to the major nutrients phosphate and nitrate
(Jenkins et al., 2014), the distribution of dissolved Cd concentrations (Fig. 2) in the North Atlantic is controlled by
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both the spatial distribution of diﬀerent Antarctic and
North Atlantic water masses, with diﬀerent end-member
dissolved Cd concentrations, and the in situ biological
cycling of Cd in the surface ocean. Biological uptake and
regeneration of Cd are ultimately responsible for the diﬀerent end-member dissolved Cd concentrations found in different water masses in the deep ocean, with biological
uptake resulting in the depletion of Cd in the surface of
the North Atlantic. The biological assimilation of Cd by
phytoplankton at the surface, and subsequent regeneration
of Cd from sinking organic material leads to a strong vertical gradient in dissolved Cd concentration through the
surface ocean. Over time, regeneration of organic matter
leads to the accumulation of Cd at depth and as water
masses age. Accumulation of regenerated Cd, together with
variable pre-formed Cd concentrations in diﬀerent water
masses leads to large diﬀerences in Cd concentrations
between young North Atlantic and older Antarctic-sourced
water masses. Accordingly, the highest concentrations of
dissolved Cd throughout the GA03 section (Fig. 2) were
observed in deep waters with a large contribution of Antarctic Bottom water (AABW; "400 pmol kg!1) and in eastern subsurface waters dominated by Antarctic Intermediate
Water (AAIW; "540 pmol kg!1). Younger North Atlantic
water masses such as Upper Labrador Seawater (ULSW;
"260 pmol kg!1; representative of North Atlantic Deep
Water)
and
Mediterranean
Outflow
(MOW;
6200 pmol kg!1) contain relatively lower dissolved Cd concentrations. The lower Cd concentrations in AABW, compared to preformed AABW in the Antarctic (400 vs.
800 pmol kg!1; Abouchami et al., 2014; Baars et al.,
2014) reflect dilution with NADW, with AABW only constituting "20–50% of deep water below 3000 m (Jenkins
et al., 2014). Close to the surface of the ocean, Cd becomes
dramatically depleted (<10 pmol kg!1), reaching values as
low as 0.03 pmol kg!1 in the west of the basin. This depletion, which corresponds to dissolved Cd concentrations up
to four orders of magnitude lower than deep waters, is due
in part to in situ biological incorporation of Cd into phytoplankton within the euphotic zone, and partly due to the
proliferation of nutrient-poor Subtropical Mode Waters
(STMW; Palter et al., 2005). STMW spreads throughout
the upper 500 m of the western basin, and has low nutrient
concentrations due to nutrient removal in low-latitude
STMW source regions (Palter et al., 2005; Jenkins et al.,
2014).
3.1.2. Distribution of dissolved d114Cd
In contrast to the clear diﬀerences in dissolved Cd concentration between of the diﬀerent water masses distributed
throughout the North Atlantic, the end-member dissolved
d114Cd values of these water masses show much less variability, and consequently water masses are not as easily differentiated by dissolved d114Cd. In deep waters >3000 m,
d114Cd values of +0.2& to +0.3& (Fig. 2) are indistinguishable from our previous dissolved d114Cd measurements at the SAFe site in the North Pacific (+0.3&,
1000 m depth; Conway et al., 2013). These d114Cd values
are also consistent with deep water values of +0.2& to
+0.3& described from the Pacific, North Atlantic and

Antarctic Oceans, despite a range of 400–1000 pmol kg!1
dissolved Cd (Ripperger et al., 2007; Xue et al., 2012,
2013; Conway et al., 2013; Abouchami et al., 2014). The
Atlantic deep d114Cd values reflect the penetration of
AABW, carrying a global deep ocean d114Cd signature
close to +0.25& northwards. In contrast to the Southern
(>50"S) and Pacific Oceans, where the water column below
<500 m is characterized by relatively homogenous d114Cd
(Conway, unpublished data; Ripperger et al., 2007; Xue
et al., 2013; Abouchami et al., 2014), dissolved d114Cd in
the North Atlantic is instead characterized by an increase
towards the surface, similar to the pattern observed in
d30Si (de Souza et al., 2012). A vertical gradient in d114Cd
values from a minimum of 0.24 ± 0.06& in deep waters
>3000 m to "+0.4& at 1000 m and up to +1& near the
base of the mixed layer is present right across the GA03 section (Fig. 2). This is consistent with previous data from the
North Atlantic (Boyle et al., 2012; Xue et al., 2012; Conway
et al., 2013). A similar vertical gradient in d114Cd at "48"S
in the South Atlantic by (Abouchami et al., 2014) suggests
that this pattern may be characteristic of both the North
and South Atlantic, compared to the Pacific.
Even higher d114Cd values are observed within the surface mixed layer across the section, reaching a maximum
of +5& (Fig. 2), when dissolved Cd concentrations decline
to <10 pmol kg!1 (Fig. 2). The increase in dissolved d114Cd
towards very heavy values in the euphotic zone is coincident with the strong vertical gradient in dissolved Cd concentrations, a result of near-quantitative uptake of Cd
into phytoplankton cells, and consistent with a biological
preference for assimilation of lighter cadmium isotopes,
which has been observed both in culture (Lacan et al.,
2006; Horner et al., 2013; John and Conway, 2014) and
in oceanic d114Cd data (Ripperger et al., 2007; Ho et al.,
2009; Abouchami et al., 2011, 2014; Gault-Ringold et al.,
2012; Yang et al., 2012; Conway et al., 2013; Xue et al.,
2013). While such Cd depleted samples are prone to larger
errors and analytical concerns, values of +2& to +4& are
consistent with data from other similarly Cd-depleted
regions of the ocean (Ripperger et al., 2007; Boyle et al.,
2012; Xue et al., 2012; Conway et al., 2013), including the
North Atlantic, increasing our confidence in these analyses.
We regard biological uptake to be the primary control
on the large-scale distribution of d114Cd throughout the section, either directly where Cd is biological acquired within
the surface North Atlantic, or indirectly as water masses
with diﬀerent d114Cd signatures are brought to the North
Atlantic by large-scale ocean circulation (Abouchami
et al., 2014). The very depleted d114Cd signatures
(>+0.7&) of the mixed layer and STMW above 500 m
are likely to be the result of biological incorporation of light
Cd and incomplete regeneration, either happening in situ or
in STMW source regions. Deeper in the water column, the
vertical gradient in d114Cd likely reflects the mixing of
AABW (+0.25&, <3000 m), AAIW (+0.4& to +0.5& in
this section, "500–1500 m), and North Atlantic water
masses, such as ULSW (NADW) and MOW. Both these
North Atlantic water masses are characterized by dissolved
d114Cd of +0.4& to +0.5&. The heavier dissolved d114Cd
signature in AAIW reflects the loss of isotopically light
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Cd due to biological uptake and incomplete regeneration of
Cd in Antarctic source regions where AAIW is characterized by +0.46& (Xue et al., 2013; Abouchami et al.,
2014). Similarly, the depleted Cd signature of NADW likely
reflects the more fractionated d114Cd of shallow North
Atlantic source regions. In these regions, in situ biological
fractionation and Cd supplied by water masses such as
AAIW and STMW (with heavier d114Cd signatures) impart
a heavy d114Cd signature to sinking NADW, analogous to
that described for d30Si (de Souza et al., 2012).
3.1.3. Interaction of d114Cd and Zn
Abouchami et al. (2014) previously suggested an inverse
relationship between d114Cd and dissolved Zn concentration in the surface Southern Ocean, with Cd being used in
place of Zn within cells as Zn becomes depleted, leading
to heavier d114Cd in surface waters. A similar relationship
between d114Cd and Zn concentration is observed for our
North Atlantic data (this study; John and Conway, 2014;
Conway and John, 2014b), but here the relationship could
simply be explained by coincident depletion of Cd and Zn
concentrations towards the surface, with Zn and Cd up to
four orders of magnitude lower in the euphotic zone compared to deeper waters in the North Atlantic (this study;
Conway and John, 2014b).
3.1.4. Temporal variability in dissolved Cd and d114Cd
Three separate US GEOTRACES cruises in the North
Atlantic during 2008–2011 have provided repeat occupation of two separate stations at diﬀerent times, allowing
us to assess the temporal variability in dissolved Cd and
d114Cd. Fig. 3 shows a comparison of dissolved Cd concentrations and dissolved d114Cd at the crossover station in the
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Eastern Atlantic between USGT11 and USGT10
(USGT10-12, USGT11-24; 17.4"N, 24.5"W) and also at
the Bermuda Atlantic Time Series station (31.8"N,
64.2"W) in the Western North Atlantic in the Western
Atlantic which was sampled on both USGT11 and the
GEOTRACES IC1 cruise in 2008, which was previously
the subject of a trace-metal isotope intercomparison exercise (Boyle et al., 2012).
At the Bermuda Atlantic Time Series station, profiles
from the IC1 (August 2008) and USGT11 (November
2011) are identical within 2r error for dissolved d114Cd
(Fig. 3), indicative of negligible temporal variability within
the water column between the two cruises, suggesting the
processes which control dissolved d114Cd in the Western
North Atlantic are largely stable on this timescale. Dissolved Cd concentrations show similarly good agreement,
except between 250 and 500 m, where diﬀerences may be
due to seasonal diﬀerences in nutrient cycling, to a shallowing in the sub-surface Cd maximum associated with AAIW
(Fig. 2) in 2008 compared to 2011 or to slight vertical error
in sampling depth across an interval where dissolved Cd
concentrations change dramatically. Salinity data from
both cruises is supportive of a slight ("30 m) shallowing
of the influence of AAIW in 2008 compared to 2011
(John and Adkins, 2012; Jenkins et al., 2014).
In the Eastern Atlantic, dissolved Cd concentrations are
practically indistinguishable between 2010 and 2011, whilst
dissolved d114Cd appears to show slight variability between
the cruises, with similar shaped profiles but with USGT1012 systematically oﬀset by "0.1& towards heavier d114Cd
values between 250 and 3200 m depth. Whilst these diﬀerences are mostly within 2r error, the systematic oﬀset
between years could point to real variability in the

Fig. 3. Temporal variability of dissolved cadmium concentration and dissolved d114Cd in the North Atlantic. Data from the authors are
shown both for the crossover station between USGT11-10 (October 2011; this study) and the GEOTRACES IC1 cruise (August 2008;
Conway et al., 2013) at the Bermuda Atlantic Time Series station (BATS; 31.8"N, 64.2"W), and for the crossover station on the GA03 section
(USGT10-12, USGT11-24; 17.4"N, 24.5"W). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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processes controlling dissolved d114Cd in this region of the
North Atlantic. Variability on this time scale is also evident
for both Fe and Zn, with variability of up to 20% in dissolved Fe concentration and up to 0.2& in d56Fe between
the two cruises (Conway and John, 2014a; Conway and
John, 2014b). There are more pronounced horizontal gradients in dissolved d114Cd within the eastern basin (Fig. 2),
meaning that d114Cd in the east of the North Atlantic
may be far more sensitive than d114Cd in the western basin
to either the varying importance of AAIW supplying Cd at
+0.4& to 0.5& (this study; Abouchami et al., 2014), or to a
change in the influence of the Cd sulfide precipitation
within low-oxygen waters of the Mauritanian OMZ (Section 3.2).
3.2. Cd sulfide precipitation in low oxygen waters
Recently, using Cd data from just two of the stations
presented here (USGT10-9 and USGT11-14), we hypothesized that Cd sulfides are precipitated in micro-environments around sinking biogenic particles. Notably, it was
suggested that this takes place within the water column in
regions where dissolved oxygen concentrations are low
(<75 lmol kg!1), but not anoxic or sulfidic (Janssen et al.,
2014). Evidence for Cd sulfide precipitation in the low-oxygen waters of the Mauritanian OMZ ("45 lmol kg!1) in
the eastern part of the North Atlantic section included:
(1) an observed deficit in dissolved Cd relative to dissolved
*
PO3!
4 (negative dissolved Cd ), (2) high particulate Cd concentrations not associated with high concentrations of particulate biological PO3!
(high particulate Cd*), and (3)
4
particulate d114Cd as light as !0.01& when biogenic particulate Cd would be expected to reflect the dissolved d114Cd
of the mixed layer (+0.8&). The supporting data for Cd
sulfide precipitation from Janssen et al. (2014) are collated
in Fig. 4. In this present manuscript, we expand upon Janssen et al.’s earlier discussion of those lines of evidence with
new data from the rest of the GA03 section. We also present new lines of evidence, including the distribution of particulate Ba and particulate Cd*. The eﬀects of Cd sulfide
precipitation on the distribution of Cd and d114Cd along
the GA03 section are subtle, and have a much less noticeable impact than water mass mixing and biological cycling
(Section 3.1). However, a Cd sulfide removal process is
important to consider because of the role it could play as
an important sink for Cd on timescales longer than the residence time of Cd in the ocean (thousands of years), and
thus it may influence both d114Cd and the relationship
between marine dissolved Cd and PO3!
on geological
4
timescales.
3.2.1. Dissolved d114Cd and oxygen concentrations in the
Mauritanian OMZ
Janssen et al. (2014) inferred that Cd sulfide precipitation represented a sink of isotopically light Cd from the
oceans, based in part on the light d114Cd signature of particles formed within the Mauritanian OMZ at USGT10-9
(Fig. 4). Here, we present the first direct evidence that dissolved Cd in low-oxygen waters of the North Atlantic is left
isotopically heavier as a result of Cd sulfide precipitation

within the water column. As described earlier, most of the
variability in dissolved Cd concentration and d114Cd
observed throughout the GA03 section can be ascribed to
water-mass mixing, fractionation during biological uptake
and regeneration of Cd (Sections 3.1.1 and 3.1.2). However,
a closer examination of the relationship between dissolved
Cd concentration and d114Cd reveals that for similar Cd
concentrations, d114Cd are consistently heavier in low-oxygen waters than in high-oxygen waters (Fig. 5). In fact,
there appears to be a fairly consistent trend between dissolved oxygen concentration and dissolved d114Cd. Among
all of the samples with high dissolved Cd concentrations
(>200 pmol kg!1), the lightest dissolved d114Cd values are
observed for samples with the highest dissolved oxygen
concentration (>150 lmol kg!1). Equally, the heaviest dissolved d114Cd values are observed at the lowest dissolved
oxygen concentrations (<100 lmol kg!1).
The observed pattern (Fig. 5) is not consistent with
either a water mass or biological signal. Dissolved d114Cd
values in the low-oxygen region are heavier than would
be expected from either AAIW or AABW end-members,
which are the main sources of Cd to the region (Fig. 5). Biological uptake of Cd in the surface ocean in this region of
the ocean is nearly quantitative, so biological uptake and
regeneration should not have any net impact on dissolved
d114Cd at depth. Because of the depth gradient in d114Cd
in the upper ocean, it is probable that biogenic material
regenerating deep in the thermocline has a higher d114Cd
than ambient dissolved d114Cd, and thus regeneration could
lead to an increase in d114Cd. However, this process cannot
explain why d114Cd is so high just below the mixed layer,
and in deeper waters it should lead to a concomitant
increase in Cd concentration, which is at odds with negative
Cd* data.
3.2.2. Dissolved d114Cd and Cd* in low-oxygen waters
Cd*, as used by several authors (e.g., Baars et al., 2014;
Janssen et al., 2014) is a parameter that highlights how dissolved Cd may be enriched or depleted relative to PO34. For
the GA03 section, we calculated Cd* for both dissolved and
particulate Cd following Janssen et al. (2014), setting the
to 0.25 nmol lmol!1 (Section
deep Atlantic to Cd:PO3!
4
2.3; Figs. 4–6). Dissolved Cd* values are close to 0 across
the section, with most between !0.05 to +0.05, reflecting
the variable influence of diﬀerent water masses. For example, dissolved Cd* in waters influenced by AABW is noticeably higher (+0.02) than for regions influenced by AAIW
(!0.02 to !0.04) and northern water masses such as ULSW
and NADW (!0.04). Diﬀerences in Cd* between AAIW
and AABW in the Antarctic have previously been attributed to the preferential biological uptake of Cd over
PO3!
4 in the surface Southern Ocean (Baars et al., 2014).
In the North Atlantic, a combination of advected Antarctic
Cd* signals, regeneration associated with the eastern OMZ
and mixing of diﬀerent water masses are likely to influence
the Cd* signatures of AABW and AAIW.
In the east of the GA03 section, just below the surface
mixed layer (<50 m) and at the top of the Mauritanian
OMZ, we observe a dramatic negative excursion in
dissolved Cd* associated with low dissolved oxygen
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Fig. 4. Previously published dissolved and particulate evidence for cadmium sulfide precipitation within the Mauritanian oxygen minimum
zone in the North Atlantic (Janssen et al., 2014). Dissolved oxygen (d[O2]), dissolved and particulate Cd concentration (d[Cd], p[Cd]);
3!
114
dissolved Cd* (dCd*), dissolved and particulate phosphate (d[PO38
Cd are shown based
4 ]), p[PO4 ]), and dissolved (d) and particulate (p) d
on Figs. 2 and 3 of Janssen et al., 2014. Data are from stations USGT10-9 (17.4"N 18.25"W; red) and USGT11-14 (27.6"N 49.6"W; green) are
shown. Particulate Cd* (pCd*) and dissolved d114Cd (1500–2000 m) are also shown from this study. Fluorescence is shown in relative
fluorescence units (r.f.u). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

concentrations (Figs. 4 and 6). This region of extremely low
dissolved Cd* values (<!0.1) extends from West Africa as
far west as "35"W and as far north as "30"N, with values
reaching a minimum of !0.24 at USGT10-10 (85 m) and
!0.25 at USGT10-9 (89 m), where oxygen is
<60 lmol kg!1. These negative dissolved Cd* values represent a significant deficit of dissolved Cd relative to dissolved
PO3!
4 . In fact, 20–60% of the expected dissolved Cd is ‘missing’ within the top 80–300 m at USGT10-9 and USGT10-10
and as much as 80% is missing between 80 and 250 m at
USGT10-11 and USGT11-12, assuming background dissolved Cd* being 0 to !0.03 in this region. A subtle minimum in dissolved Cd* (!0.05 to !0.15) can be observed
right across the entire GA03 section, tracking the subsurface low-oxygen minimum, including the shallower region
of lower oxygen close to North America (Fig. 6).
Instead of Cd sulfide precipitation, an alternative explanation for the negative dissolved Cd* observed in the east of
the section could be that the dissolved Cd* signal originates
in the Southern Ocean and results from the preferential
uptake of Cd compared to PO3!
4 in surface Antarctic waters
forming AAIW (Baars et al., 2014). However, several lines
of evidence show that AAIW is not responsible for the

observed negative dissolved Cd* values. Firstly, the core
of AAIW is present at around 600–2000 m depth close to
the African margin, where dissolved Cd* is !0.02 to
!0.04, whilst the much more negative dissolved Cd* values
are at depths of 80–300 m. Secondly, the diﬀerence in Cd/
PO3!
4 described for the AAIW end member in the Antarctic
is "0.05 nmol lmol!1 (AABW–AAIW; Baars et al., 2014),
which is not large enough to explain the North Atlantic
data, which instead correspond to a Cd/PO3!
deficit of
4
up to "0.2 nmol lmol!1. In fact, the preformed AAIW
end member in the Antarctic, with a Cd/PO3!
of
4
0.32 nmol lmol!1 (Baars et al., 2014) would have a positive
Cd* using our equation. Thirdly, the Cd/P of the ‘AAIW’
water mass present in the section is likely to have been modified by both dilution with other water masses and the influence of regeneration within the OMZ, and does not
correspond to pure AAIW.
The possibility of negative dissolved Cd* resulting from
the addition of PO3!
4 from shelf sediments, or loss of Cd to
shelf sediments, was considered and discounted by Janssen
et al. (2014), based on both the spatial location of the dissolved Cd* signal, which is high within the water-column,
not close to margin sediments, and also by reference to
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Fig. 5. The influence of biological uptake and cadmium sulfide precipitation on dissolved d114Cd in the North Atlantic. Dissolved d114Cd are
shown plotted against either dissolved cadmium concentration or dissolved Cd*, with the color of points indicating dissolved oxygen
concentration (lmol kg!1) and gray bars indicating 2r error. Dissolved Cd* is as calculated in the text. At the broad scale, we regard most
dissolved Cd concentrations and d114Cd as being a result of mixing of Antarctic Bottom Water (AABW) or Antarctic Intermediate Water
(AAIW), and Northern Atlantic water masses (represented by Upper Labrador Seawater, ULSW), or biological fractionation in the surface
ocean. Representative water mass compositions are shown for AAIW (540 pmol kg!1 Cd, d114Cd of +0.4&, Cd* of !0.02), AABW
(400 pmol kg!1 Cd, d114Cd of +0.25&, Cd* of +0.02) and ULSW (260 pmol kg!1, d114Cd of 0.45&, Cd* of !0.04). These representative endmembers are based on measured values in the GA03 section rather than preformed Antarctic signatures. Thus, the water mass labeled AABW
here reflects a "1:1 dilution with North Atlantic water masses (Jenkins et al., 2014). Arrows indicate approximate fractionation of d114Cd and
change in Cd* due either to Cd sulfide precipitation or biological uptake, with near-quantitative biological incorporation of Cd and phosphate
into phytoplankton in surface waters with a near-oceanographic Cd/phosphate ratio inducing no change in Cd*. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

d56Fe measurements which trace reduced pore-water inputs
to the water column and show them to be strongest at the
base of the water column, not in the region where the negative dissolved Cd* is observed (Conway and John, 2014a).
Additionally, the new data presented here clearly show the
dissolved Cd* signal extending far from the margin, right
across the basin, corresponding most clearly to oxygen deficient waters and not a direct sedimentary influence.
Similar to the observation that dissolved d114Cd is elevated within low-oxygen waters within the Mauritanian
OMZ (Section 3.2.1), dissolved d114Cd is also elevated in
regions of negative dissolved Cd*. This can be best observed
by comparing dissolved Cd* with dissolved d114Cd (Fig. 5).
Whilst biological processes can have a large impact on dissolved d114Cd, they leave dissolved Cd* relatively
unchanged because both Cd and PO3!
4 are nearly quantitatively depleted by biological uptake in the mixed layer, as
demonstrated by dissolved Cd* values of "0 at the surface
across the GA03 section. Thus, on a dissolved Cd*/dissolved d114Cd plot, biological fractionation in the surface
ocean leads to data characterized by an approximately vertical line. As expected, we see that variability in the relationship between Cd* and d114Cd occurs primarily in the
vertical direction for high-oxygen waters. There is also
slight horizontal variability in Cd* from water mass mixing

between marked water mass end members with slightly different preformed Cd* (Fig. 5). In low oxygen waters, however, there is a much larger decrease in dissolved Cd*, which
is associated with a trend towards higher dissolved d114Cd
(Fig. 5). The vector is consistent with the precipitation of
Cd sulfides that are isotopically lighter than the surrounding waters.
3.2.3. Particulate Cd* and Ba in low-oxygen waters
A final line of evidence supporting the precipitation of
Cd sulfide within the water column in low-oxygen waters
of the Mauritanian OMZ is new data on particulate Cd*
and particulate Ba concentration. As with dissolved Cd*,
particulate Cd* is not expected to change based on biological uptake and regeneration because phytoplankton incorporate both Cd and PO3!
4 with a ratio close to deep ocean
*
Cd/PO3!
4 . Indeed, we observe that particulate Cd is less
than +0.05 ' 10!3 throughout most of the GA03 section
(Fig. 6). Within the low-oxygen waters of the Mauritanian
OMZ, however, particulate Cd* reach values as high as
+2.2 ' 10!3 (Figs. 4 and 6). The highest particulate Cd*
values are observed at depths of 80–600 m in the four stations closest to the African Margin, within the OMZ. These
values are at, or just below, the depths within the OMZ
where the most negative dissolved Cd* values along the
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Fig. 6. The influence of low-oxygen waters on the marine cadmium cycle along the GA03 North Atlantic Section. Dissolved oxygen (d[O2];
lmol kg!1), dissolved and particulate Cd* (see text for details) and particulate barium (p[Ba]; nmol L!1) are shown, illustrating the minimum
in dissolved Cd* coincident with the oxygen minimum region and maxima in particulate Cd* and particulate barium. The vertical black line
denotes the crossover between cruises USGT10 and USGT11. The black boxes denote samples from within a hydrothermal plume at the TAG
hydrothermal site (USGT11-16); see Fig. 7. Both dissolved and particulate Cd* are as calculated in the text. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

GA03 section are observed ("80–300 m; Figs. 4 and 6). The
pairing of these datasets is clearly suggestive of a transfer of
Cd from the dissolved to the particulate phase as dissolved
oxygen concentrations decline into the top of the OMZ. We
note that the supply of both Cd and PO3!
from aerosol
4
dust would be expected to drive particulate Cd* to negative
values, due to the much smaller Cd/PO3!
4 ratio of lithogenic
particles (Taylor, 1964; Ho et al., 2009), and therefore could

not be responsible for the maximum in particulate Cd*
observed here. Indeed, dust may be responsible for the
more negative particulate Cd* seen in the very surface
waters across the section (Fig. 6).
Particulate data also provides more insight into the
mechanism by which Cd may be transferred to the particulate phase. Janssen et al. (2014) proposed that Cd was precipitated with sulfides in anoxic microenvironments

280

T.M. Conway, S.G. John / Geochimica et Cosmochimica Acta 148 (2015) 269–283

surrounding biogenic particles. These environments are
analogous to the isolated microenvironments associated
with sinking organic matter where marine barites are
thought to form (Bishop, 1988; Wright et al., 2012). Here
we show that particulate Ba concentrations also have a similar distribution to particulate Cd*, with high particulate Ba
concentrations observed in samples with high particulate
Cd* (Fig. 6), strongly supporting the hypothesis that both
particulate Ba and Cd sulfides are formed in isolated microenvironments around biogenic particles. Across the North
Atlantic section, evidence for Cd sulfide and Ba precipitation (high particulate Cd* and Ba) is observed most
strongly at the top of the Mauritanian OMZ, instead of
throughout the full depths of the OMZ (where oxygen is
<100 lmol kg!1). We attribute this pattern to the rapid
regeneration of biogenic particles as they sink through the
water column, with particulate PO3!
concentrations
4
decreasing by nearly an order of magnitude in the upper
"500 m of the North Atlantic (Janssen et al., 2014;
Ohnemus and Lam, 2014). If both Cd sulfide and Ba are
precipitated in low-oxygen microenvironments associated
with biogenic particles, then the highest rates of precipitation will be observed where there is a combination of low
water column dissolved oxygen concentrations, and a high
concentration of biogenic particulate material, as is
observed in our data.
Data from the North Atlantic GA03 section provides
some insight into whether Cd sulfide formed within lowoxygen waters of the Mauritanian OMZ is exported to
and buried in deep sediments, where it could be an important sink of Cd from the oceans. While the data presented
here are for the suspended phase (0.8–51 lm), suspended
phase particles are generally thought to be in equilibrium
with larger particles through adsorption, providing a mechanism by which suspended CdS could be transported to
sediments (Bacon and Anderson, 1982). Elevated particulate Cd* and Ba throughout the water column at
USGT10-9 and as deep as "1500 m at USGT10-10 suggest
that particulate Cd sulfides persist in sinking particles even
outside low-oxygen waters, and are therefore likely to reach
ocean floor sediments.
3.3. The influence of Mid-Atlantic Ridge Vents on dissolved
cadmium
Above the TAG black-smoker site on the Mid-Atlantic Ridge (26.1"N, 44.8"W), a hydrothermal plume was
directly sampled as part of USGT11-16 (Fig. 7). Whilst
Atlantic black smoker hydrothermal vents are sources
of metals such as Fe and Zn to the ocean (e.g. Saito
et al., 2013; Conway and John, 2014a; Conway and
John, 2014b), dissolved Cd within the TAG plume is
noticeably depleted relative to the non-hydrothermally
influenced background at flanking stations USGT11-14
and USGT11-18 (Fig. 7). The homogeneity of the deep
Atlantic Ocean for dissolved Cd concentration across
these stations allows us to calculate a Cd loss for the
depths within the hydrothermal plume at USGT11-16
of between 3% and 23% or 11–77 pmol kg!1, against a
background of 320–340 pmol kg!1. Dissolved d114Cd is

fractionated compared to the deep-ocean background
dissolved d114Cd at these depths (+0.36& to +0.37&),
with d114Cd values within the hydrothermal plume
waters as heavy as +0.55 ± 0.07&. The data is most
simply explained by scavenging of isotopically light Cd
scavenging onto plume particles (Fig. 7). Particles are
likely to be largely comprised of precipitated Fe oxyhydroxides which have been previously shown to readily
scavenge Cd even at high ambient dissolved oxygen concentrations (German et al., 1991), and scavenged Cd may
be in the form of Cd sulfides, as has been previously
observed for other metals (Klevenz et al., 2011). Measurements of d114Cd in sulfides from black smoker chimneys in the Pacific are all close to +0.05& (Schmitt
et al., 2009, converted in Rehkämper et al., 2012), consistent with both a MORB ocean crust d114Cd signature
of 0.00 ± 0.03& and precipitation/scavenging of Cd to
particles with a lighter-than-seawater d114Cd signature.
For this reason, we do not think that the changes in dissolved d114Cd within the hydrothermal plume represent
an input of isotopically heavy Cd from hydrothermal fluids. Instead, hydrothermal systems in the North Atlantic
are likely to constitute a removal process for isotopically
light Cd from the dissolved phase, thus constituting a
global sink for Cd from the oceans. However, given that
the observed dissolved Cd anomalies are restricted to
samples collected from within the hydrothermal plume,
and are not apparent at nearby stations, it seems unlikely that this process has a significant eﬀect on the overall dissolved ocean Cd reservoir.
4. IMPLICATIONS FOR THE GLOBAL MARINE CD
CYCLE AND CONCLUSIONS
Understanding the role that Cd occupies in modern biogeochemical cycles, especially the marine carbon cycle,
relies on a firm understanding of the processes which influence both the size and isotopic signature of the dissolved Cd
reservoir in the oceans. Accurate constraints on the oceanic
sinks and sources of Cd are key to assessments of the marine Cd cycle, as well as being vital to the use of either Cd/Ca
or d114Cd as tracers of past ocean processes. Factors such
as continental configuration, ocean circulation and global
climate are likely to influence the global distribution of
low-oxygen waters on geological timescales, and thus aﬀect
the amount of Cd which is removed from the oceans by sulfide precipitation. A global Cd sulfide sink that is isotopically lighter than riverine inputs to the ocean may also
explain why the d114Cd signature of the global oceanic dissolved Cd reservoir is isotopically heavier than riverine Cd
inputs by "0.2&. Relative changes in the balance of riverine inputs and various Cd sinks may therefore influence global ocean d114Cd. For example, changes in the size of an
oceanic Cd sulfide sink could lead to variability in both
114
the global dissolved Cd/PO3!
Cd
4 relationship and the d
of the deep ocean dissolved Cd reservoir on long timescales.
Most studies of the processes that aﬀect dissolved Cd/PO3!
4
have focused on biological Cd uptake in the high-latitude
surface oceans. At high latitudes, diﬀerential partitioning
of Cd and PO3!
between dissolved and particulate
4
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Fig. 7. The influence of the Mid-Atlantic Ridge on dissolved cadmium. Data are shown for samples collected within a hydrothermal plume at
station USGT11-16 at the TAG site on the Mid-Atlantic Ridge (26.1"N, 44.8"W), as well as nearby flanking stations USGT11-14 (27.6" 49.6")
and USGT11-18 and (24.14" 40.2"). The shaded red bar indicates the depth interval which is influenced by the hydrothermal plume at
USGT11-16, based on temperature and salinity anomalies. Error bars are 2r as calculated in the text. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

reservoirs may lead to diﬀerent preformed Cd/ PO3!
4 ratios
in diﬀerent water masses (e.g., Elderfield and Rickaby,
2000; Baars et al., 2014). However, processes such as Cd
sulfide formation, which occur at low-latitudes may also
be influential in determining the global Cd/PO3!
4
relationship.
Here, we have presented a high-resolution paired ocean
section of dissolved Cd and d114Cd from the US GEOTRACES GA03 section through the North Atlantic Ocean.
Using this dataset we have shown that whilst biological
cycling and large-scale mixing of diﬀerent water masses
and are the dominant processes that influence the distribution of Cd and d114Cd in the North Atlantic, both dissolved
and particulate data are consistent with the precipitation of
Cd sulfides within low oxygen waters of the North Atlantic.
We anticipate that assessing the magnitude of a marine Cd
sulfide sink and its aﬀects on both global dissolved d114Cd
and Cd/PO3!
4 will be the focus of future studies that will
make use of 3-dimensional modeling. Further oceanic Cd
and d114Cd datasets will help to constrain estimates of Cd
sulfide fluxes to sediments and to determine how large
regions of low-oxygen found in both Pacific and Indian
oceans aﬀect global d114Cd and Cd*. Such studies are likely
to be essential to use of Cd/Ca as a nutrient proxy in the
past, as well as the development of d114Cd and other
redox-sensitive metals such as d66Zn as proxies for past oceanic processes.
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