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in seawater and its low concentrations make isotopic measurements challenging. Here we report the
first determinations of §°3Cr for seawater from open ocean (Argentine Basin) and coastal (Southampton
Water) settings, using a double-spike technique. The total chromium concentration in seawater from
Southampton Water is 1.85 nM, whereas the Cr content of Argentine Basin samples is 5.8-6.6 nM. The

Keywords: 8°3Cr value of seawater from the Argentine Basin is 0.491-0.556%o in intermediate and deep waters, and
chromium isotopes varies between 0.412 and 0.664% in surface waters (<150 m). The §°3Cr value of Southampton Water
seawater seawater is 1.505%o, which may reflect in situ reduction of Cr(VI) to Cr(Ill). All of our seawater samples
marine carbonates have higher §°3Cr than crustal and mantle silicates, and mass balance modelling demonstrates that river
weathering water must also be enriched in heavy Cr isotopes, indicating that Cr isotopes are fractionated during

weathering and/or during transport to the oceans.
We also show that the Cr isotopic composition of modern non-skeletal marine carbonates (0.640-
0.745%0) encompasses the range that we measure for Argentine Basin seawater. Thus, fractionation of
Cr isotopes during precipitation of these marine carbonates is likely to be small (<0.2%0), and they
have the potential to provide a record of the Cr isotopic composition of ancient seawater. Phanerozoic
carbonates are also characterised by heavy §°3Cr and a correlation between §°3Cr and Ce/Ce* suggests
that the Cr and Ce cycles in the ocean are linked.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction such as nitrate or phosphate (Whitfield and Turner, 1987). How-
ever, more recent studies indicate that the surface depletion is
modest, and there is no substantial difference between Atlantic
and Pacific deep-water concentrations (e.g. Sirinawin et al., 2000).
Moreover, there is no correlation between Cr and the nutrient
elements at the global scale (Sirinawin et al., 2000). For this
reason, Cr is probably best described as intermediate between
a ‘conservative’ and ‘recycled’ element, consistent with estimates
of its residence time (8000-45,000 years: Campbell and Yeats,
1981; Broecker and Peng, 1982; Quinby-Hunt and Turekian, 1983;
Whitfield and Turner, 1987).

In oxic seawater, the dominant chromium oxidation state
is Cr(VI), which is consistent with thermodynamic calculations
(Elderfield, 1970). However, significant amounts of Cr(Ill) have also
been measured. The percentage of Cr(Ill) is usually <5% (e.g. Mugo
and Orians, 1993), although some authors have found much higher
quantities, sometimes accounting for over 90% of the total dis-
solved Cr (Connelly et al., 2006; Sander et al., 2003). It is generally

Chromium is one of a number of trace metals, whose isotopic
composition may provide important information about redox-
controlled element cycling in the oceans (Anbar and Rouxel, 2007;
Bullen and Eisenhauer, 2009). Although variations in the chromium
concentration of seawater have attracted significant scientific in-
terest for the past 40 years (e.g., Elderfield, 1970; Grimaud and
Michard, 1974; Cranston and Murray, 1978; Jeandel and Minster,
1987; Connelly et al., 2006), Cr is present in concentrations of
only a few nanomoles per litre (see Table 1 for compilation) so
its distribution has been difficult to fully assess. Early research
suggested that chromium was depleted in surface seawater, so Cr
was assigned to the ‘recycled’ group of elements whose distri-
bution in the oceans is similar to that of the nutrient elements,
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Table 1
Concentrations of Cr(VI) and total Cr (Cr(VI) + Cr(Ill)) measured in seawater and relatively pristine river waters.
Reference Cr(VI) Total Cr
(nM) (nM)

Ocean area
NE Pacific Ocean Cranston and Murray, 1978 1.6-3.5
NE Pacific Ocean Cranston, 1983 1.7-4.0
Eastern Pacific Ocean Murray et al., 1983 1.1-6.0
East Pacific Rise Jeandel and Minster, 1984 1.9-15.8°
South Pacific Ocean Golimowski et al., 1985 2.4
South and North Pacific Ocean Jeandel and Minster, 1987 2.3-6.5
Pacific Ocean Isshiki et al., 1989 21-4.2 29-4.6
Pacific Ocean Sander et al.,, 2003 0.7-6.8 6.3-19.4
North Pacific Ocean Mugo and Orians, 1993 2.3-43 2.3-43
Indian Ocean Ghaddaf, 1990 0.3-2.4 0.9-2.8
Mediterranean and Alboran Sea Sherrell and Boyle, 1988 2.5-5.9
NW Mediterranean Boussemart et al., 1992 4.5-5.8
Mediterranean and Gibraltar Achterberg and van den Berg, 1997 1.7-3.5 1.7-4.7
Atlantic Ocean near Gibraltar Sherrell and Boyle, 1988 29-35
NW Atlantic Ocean Campbell and Yeats, 1981 3.2-5.2
North Atlantic Ocean Jeandel and Minster, 1987 2.0-4.6
North-South Atlantic Ocean Sirinawin et al., 2000 3.1-73
North Atlantic Ocean Mugo and Orians, 1993 2.5-4.5
Arctic Ocean Sirinawin et al., 2000 3.0-6.1
Caribbean Sea Sander et al., 2003 1.5-2.5
Sargasso Sea Connelly et al., 2006 2.5-6.5
Rivers
Columbia river Cranston and Murray, 1980 1.7-3.5 1.8-3.8
Humber estuary Comber and Gardner, 2003 1.5-6.2 1.2-171
Sava river Dragun et al., 2009 4.8-6.5
Orinoco river Mora et al., 2009 1.4-113
Sacramento River Taylor et al., 2012 1-7

" The sample with 15.8 nM Cr is thought to be affected by release of Cr from sediment pore fluids. All other samples have <3.7 nM Cr.

T Samples with high Cr(Ill) are thought to be affected by hydrothermal inputs.

hydroxide compounds (Cranston and Murray, 1978). While these
differences can explain the low concentration and the relative
proportions of Cr(VI) and Cr(Ill) in seawater, most Cr speciation
calculations have been performed at Cr concentrations far higher
than seawater. Fig. 1 shows the results of speciation calculations
for seawater with a Cr concentration of 5 nM, with hydrolysis con-
stants for Cr(Ill) hydroxides taken from Rai et al. (1987). These
calculations confirm that Cr(Ill) hydroxide species are stable over
a wide range of Eh and pH conditions (Fig. 1a), but at typical sea-
water Eh and pH values, chromate species dominate (Fig. 1b). The
presence of dissolved Cr(Ill) in seawater is therefore inconsistent
with speciation calculations, and is most probably due to sluggish
oxidation of Cr(Ill) to Cr(VI) (Schroeder and Lee, 1975).

Isotopes of redox-sensitive metals have provided key informa-
tion about past redox conditions at the Earth’s surface. The most
widely used elements are Fe (e.g. Rouxel et al, 2005) and Mo
(Siebert et al., 2003; Archer and Vance, 2008; Duan et al., 2010;
Voegelin et al., 2009). Cr also has the potential to provide con-
straints on redox conditions in the oceans and atmosphere because
Cr isotopes are fractionated during redox reactions (Ellis et al.,
2002), and a number of recent studies have attempted to use this
system to trace changes in the level of O, in the atmosphere in the
Archaean and Neoproterozoic (Frei et al., 2009; Frei et al., 2011;
Frei et al., 2013). Nevertheless, before Cr isotope data can be fully
interpreted, it is essential to properly ascertain the operation of
the Cr cycle in Earth system processes.

Stable Cr isotope ratios are reported in standard delta notation
relative to the SRM 979 Cr isotope standard:

53¢
=

53, Crsample

0BCr=|5g - — 1) %1000 (1)
52Cr NBS979

The Cr isotopic composition of terrestrial silicates is relatively ho-
mogenous, with §°3Cr values for the mantle and the continental

crust ranging from —0.26%o to —0.04%, (Schoenberg et al., 2008).
By contrast, groundwaters have higher §°3Cr values, that range
from 0.3 to 5.9%¢ (Ellis et al, 2002; Izbicki et al., 2008). Low
values are attributed to input of anthropogenic Cr, while high val-
ues appear to be characteristic of groundwater with low levels
of oxygen. This is because reduction of Cr(VI) to Cr(Ill), which is
favoured when oxygen levels are low, leaves the remaining Cr(VI)
enriched in the heavy isotopes (Ellis et al., 2002; Ellis et al., 2004;
Zink et al, 2010). Biotic reduction of Cr(VI) to Cr(Ill) has the
same effect (Sikora et al., 2008). Water samples from fully oxic
groundwater recharge areas have 8°3Cr values of 1.2-2.3%c. As
oxidation of Cr(Ill) to Cr(VI) does not appear to fractionate Cr iso-
topes (Zink et al, 2010), these relatively high §°3Cr values are
attributed to fractionation on mineral surfaces during oxidative
weathering (Izbicki et al, 2008). As a result of these ground-
water studies, a number of authors have postulated that mod-
ern (oxic) seawater should have §°3Cr > 0% (Izbicki et al., 2008;
Frei et al., 2009), and analyses of seawater precipitates (marine
carbonates and BIFs) support this idea (Bonnand et al., 2011;
Frei et al., 2009). A recent study of highly weathered carbonates
(Frei and Polat, 2013) and our own analyses indicate that weath-
ering residues have low §°3Cr values, which provides further evi-
dence that weathering will produce isotopically heavy fluids which
will ultimately be delivered to the oceans via rivers. Thus, the Cr
isotopic composition of modern seawater has the potential to help
constrain the sources of Cr to the ocean, provide mechanistic ex-
planations for the distribution of Cr(VI) and Cr(Ill), and assess the
controls on the availability of toxic Cr(VI). Moreover, information
about past variations in seawater §°3Cr could potentially be ob-
tained from analyses of marine carbonates (Bonnand et al., 2011;
Frei et al.,, 2011) but, as yet, little is known about the relationship
between the Cr isotopic composition of seawater and carbonates.
To date, however, there have been no direct measurements of
the Cr isotope composition of seawater. In order to fill this gap,
a number of challenges need to be overcome. These include the



12 P. Bonnand et al. / Earth and Planetary Science Letters 382 (2013) 10-20

E
1.0
HCrO4 oy
Oz(g)
=~ 05
> Cré*,,
\_E « Cro42-zau)
w CroH”,
0.0 Cr(OH)," .,
Cr(OH).0..,
m ( )3 (aa)
-0.5 T Cr(OH)4"eq)
0 2 4 6 8 10 12 14
pH
08 [ b Seawater pH=8.2
: Cr(OH),* Cr=5nM
8 o6 |_ _ _ _NaCro,
2 /
£ ! CrO,>
5 0.4 IR
g /
1
0.2{ Cr(OH), !
Cr(OH)2* \ )
. AN ‘ KCrO,
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Eh (V)

Fig. 1. (a) Speciation of Cr in seawater as a function of Eh and pH. (b) Relative pro-
portion of different Cr species in seawater as a function of Eh, where pH = 8.2.
Calculations were undertaken using Geochemists Workbench, for a total Cr concen-
tration of 5 nM.

low concentration of Cr in seawater (usually 1-7 nM; Table 1),
which means that large sample volumes are required, the need
for low-blank methodologies for the separation of Cr from the
sample matrix, and development of mass spectrometric techniques
capable of providing Cr isotope data with high accuracy and preci-
sion.

Here, we present the first measurements of the Cr isotopic
composition of coastal and open ocean seawater. We provide a de-
tailed description of the pre-concentration and chemical separation
methods that have enabled us to measure seawater Cr isotopes
to high precision. Our data suggest that coastal seawater from
Southampton Water has higher §°3Cr (1.50%0) than open ocean
waters collected from the Argentine Basin (0.41 to 0.66%0). We
also present new Cr isotope data for modern ooids and Phanero-
zoic oolitic limestones, which demonstrate that there is a good
agreement between seawater §°3Cr values and those of modern
non-skeletal carbonate precipitates. Thus, these initial results in-
dicate that the Cr isotopic composition of marine carbonates may
potentially be used to reconstruct past variations in the Cr isotopic
composition of seawater.

2. Samples
2.1. Seawater samples

Samples of open ocean seawater were collected from the Argen-
tine Basin in the South Atlantic (40°33.22’S, 51°26.64'W) during

RRS James Cook cruise JC42 in February 2010. The sampling site is
located within the subtropical gyre at a water depth of 5349 m.
Five samples were collected from the upper part of the water
column, at 30, 150, 700, 1500 and 2289 m water depth. Water
samples were collected using acid-cleaned 10-L Go-Flo bottles, fit-
ted with external springs and modified for trace metal work. The
bottles were mounted on a titanium CTD frame, which was de-
ployed from a Kevlar wire. In addition to Cr and Cr isotopes, the
water samples were also analysed for their nutrient (nitrate, sili-
cate and phosphate) content (Fig. 2). No nitrite was detectable in
any of the water samples. In-situ measurements of conductivity,
temperature and dissolved oxygen were made using instruments
attached to the CTD frame at the time of water sampling and
these data are also shown in Fig. 2. Conductivity data were cal-
ibrated against bottle samples measured using a salinometer. As
there was no time to analyse the oxygen content of the bottle
samples, the calibration from the previous cast (determined four
days earlier) was applied. As a result, there may be an offset be-
tween the actual and measured values, but this is likely to be
small.

The hydrographic data presented in Fig. 2 indicate that the
water column consists of four different water masses. Water in
the upper part of the water column (0 to ~300 m) is relatively
warm and saline, with intermediate levels of dissolved oxygen.
This is referred to as ‘surface water’ (Heywood and King, 2002).
This water is underlain by fresher, highly oxygenated Antarctic In-
termediate Water (AAIW), which reaches to depths of ~1000 m.
Upper Circumpolar Deep Water (UCDW) lies beneath AAIW and is
identified by its low oxygen and high phosphate signature (Fig. 2;
Heywood and King, 2002). UCDW extends to a depth of ~2200 m,
and is underlain by colder, more saline North Atlantic Deep Water
(NADW). The core of the NADW is located at ~2500 m according
to Heywood and King (2002), but no hydrographic measurements
were made below 2295 m on this occasion.

Samples of coastal seawater were collected at four depths (sur-
face, 3, 5 and 115 m) from Southampton Water (50°46.75'N,
001°20.53'W) in July 2010, using acid-cleaned 5 L Niskin bot-
tles, adapted for trace metal use and deployed on a Kevlar wire
from RV Callista. Samples were collected from the outer part of
the estuary (water depth 12 m). At the time of sampling, there
was no variation in temperature (19°C) or salinity (34) with
depth, indicating that the water column was well-mixed. Nutri-
ent concentrations of the seawater samples were also invariant
with depth, with nitrate = 1.58 pmolL~!, nitrite = 0.21 pmolL~!,
silicate = 3.59 pmolL~! and phosphate = 0.16 pmolL~!. Thus, all
four samples come from the same water mass, and can be consid-
ered replicates.

2.2. Carbonate samples

Oolitic carbonates were chosen to represent the composition
of shallow surface sea water free of terrigenous impurities. Sam-
ples of non-skeletal modern marine carbonates (ooids) were ob-
tained from the Bahama Bank (B08, NPCOScem and NPCOSunc)
and Yucatan (C48). Phanerozoic oolitic limestone material is repre-
sented by a middle Jurassic oolite from the Cotswolds, UK (C17),
an oolitic limestone from the Carboniferous Caswell Bay oolite,
UK (C171) and a Cretaceous oolitic limestone from Spain (C443).
The Cr isotopic composition of a series of certified carbonate stan-
dard reference materials, all of which are from the Phanerozoic,
has been previously reported in Bonnand et al. (2011). These in-
clude JDo-1 (Permian dolomite), BCS-CRM 513 (limestone), BCS-
CRM 512 (dolomite), JLs-1 (Triassic limestone) and Cal-S (Miocene
limestone).
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Fig. 2. Profiles of (a) salinity, (b) temperature, (c) dissolved oxygen, (d) nitrate, (e) phosphate and (f) silicate in upper part of the water column in the Argentine Basin. Note
that the measured values for dissolved oxygen concentrations may show a small offset from the true values as no measurements were made on bottle samples from this
cast (see text for details). The dashed horizontal lines show the depths from which the samples were collected. The solid horizontal lines show the position of the different
water masses: SW = surface water, AAIW = Antarctic Intermediate Water; UCDW = Upper Circumpolar Deep Water; NADW = North Atlantic Deep Water.

3. Methods

Cr isotope measurements were made using a double-spike tech-
nique that allows us to correct for isotope fractionation during
sample processing and for instrumental mass bias effects (Dodson,
1963). Full details of our techniques for the analysis of Cr isotopes
in carbonates by multi-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS) can be found in Bonnand et al. (2011).
In this study, we utilise the same mass spectrometry techniques,
but new pre-concentration and chemical separation procedures
were developed for the analysis of seawater samples. Full details of
these procedures are provided in the Supplementary Information.
Briefly, seawater samples were spiked with an appropriate amount
of our *°Cr->4Cr double spike, and the Cr was co-precipitated with
Fe (derived from ammonium Fe(Il) sulphate hexahydrate) (Connelly
et al,, 2006; Cranston and Murray, 1978). Cr was separated from
the Fe by anion exchange chromatography (Grimaud and Michard,
1974). As the Cr fraction also contains small quantities of residual
salts that adhere to the Fe precipitate, it is also processed through
a cation exchange column as described in Bonnand et al. (2011).
The purified sample is then evaporated to dryness and re-dissolved
in 0.6M HNOs for MC-ICP-MS analysis.

4. Results

4.1. Evaluation of the co-precipitation and chemical purification
procedures

In order to evaluate the efficiency of the column separation pro-
cedure, a mixed solution of the *°Cr->4Cr double-spike and the
NBS979 Cr isotope reference material, containing 100-500 ng of

Cr, was processed through both anion and cation column chem-
istry procedures. The Cr isotopic composition measured for this
solution is 8°3Cr = —0.056 + 0.028%¢ (20, where o is the stan-
dard deviation; n = 3). To test for any potential effects of the
Fe co-precipitation procedure, four aliquots of the same mixed
standard-spike solution were co-precipitated with Fe(Il) hydroxide,
and then passed through both steps of the chemical purification
procedure. The Cr isotopic composition derived for the standard
is —0.042 + 0.029%¢ (20, n = 4), which is within error of the
mixed standard-spike solution that had only passed through col-
umn chemistry.

Up to 50 mL of 2mM ammonium Fe(Il) sulphate hexahy-
drate was added to each sample, but this solution contains non-
negligible Cr. To correct for this, it was necessary to determine the
Cr concentration and Cr isotopic composition of the Fe solution.
The Cr concentration was 0.97 4 0.03 ngmL~' (20, n = 3), and
the 8°3Cr value was 0.34 £ 0.11%o (20, n = 3). Chromium concen-
trations and the Cr isotopic composition of the samples reported
in Table 2 are corrected for this contribution, and the uncertainties
associated with this correction are propagated into the uncertainty
of the final isotope composition. For the Argentine Basin samples,
the correction reduces Cr concentrations by ~3%, and increases
8°3Cr by 0.021-0.031%c. For the Southampton Water samples, the
correction reduces Cr concentrations by ~9%, and increases §°3Cr
by 0.177-0.191%.

4.2. Cr concentration and Cr isotope composition of seawater

The Cr concentration and the Cr isotopic composition of sea-
water collected from the Argentine Basin and Southampton Wa-
ter are presented in Table 2 and Fig. 3. As expected for a well-
mixed water column (see Section 2.1), all of the samples col-
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Table 2

Concentration of total Cr (Cr(Ill) + Cr(VI)) and Cr isotopic composition of seawater in the Argentine Basin and Southampton Water. As the Fe(Il) salt used in the pre-
concentration procedure contains non-negligible Cr, its contribution has be subtracted from the measured (uncorrected) data (see text for details). s.d. is the external
reproducibility (standard deviation) of the sample measurements, with error propagation (see text for details).

Sampling Depth Uncorrected Corrected
site (m) CI'TQT 5530"[0'1' 2 s.d. Cl‘TQT 5530‘1‘0'[ 2 s.d.
(nM) (%o0) (%o0) (nM) (%0) (%00)
Argentine 30 6.55 0.388 0.030 6.36 0.412 0.036
Basin 150 6.43 0.633 0.031 6.24 0.664 0.036
700 6.69 0.529 0.031 6.50 0.556 0.036
1500 5.99 0.489 0.030 5.80 0.518 0.036
2289 6.27 0.464 0.030 6.08 0.491 0.036
Southampton surf. 2.05 1332 0.032 1.86 1509 0.047
Water 3 2.04 1.321 0.032 1.85 1.498 0.047
5 2.02 1.331 0.032 183 1512 0.047
115 2.04 1.321 0.032 1.85 1.499 0.047
Table 3
Cr concentration and Cr isotopic composition of oolitic limestones and Phanerozoic carbonates, together with other key geochemical data.
Sample Cr 8%3¢cr Ce/Ce’ Eu/Eu’ Er/Yb Zr Th
(hgg™") (%0) (ngg™") (ngg™)
Modern ooids
c48 2.6 0.765 0.52 124 1.43 27 9
NPCOS cem 24 0.651 0.71 119 137 54 8
NPCOS unc 2.3 0.663 0.64 116 134 50 10
BO8 40 0.640 0.70 124 1.40 18 41
Phanerozoic oolitic limestones
c17 3.6 0.848 0.98 115 1.07 95 163
C171 6.5 1.939 031 115 1.29 47 70
€443 44 0.931 0.85 125 121 219 1390
Carbonate standards
BCS-CRM 512 0.8 0.737 0.88 1.25 115 915 21
BCS-CRM 513 40 1329 0.63 135 122 53 2
cal-s' 25 1819 0.39 1.20 118 14 19
JDo-1 72 1.719 0.23 111 1.52 111 42
JLs-1" 11 1.994 nd. n.d. nd. nd. nd.
" Data from Bonnand et al. (2011). n.d. - not determined.
53 53 . .
87°Cr (%o) 877Cr (%o) values are lower than measured in Southampton Water, ranging
0 0 05 10 15 20 0 0 05 10 15 20 from 0.491 to 0.556% in intermediate and deep waters, and from
B —- O — ;
S Py : T 0.412 to 0.664% in surface waters (<150 m). The sample collected
i : from closest to the sea surface has the lowest §°3Cr value. There is
5004 g 21 no obvious relationship between Cr or §°>Cr and the nutrient ele-
“ @ HH - ments, dissolved oxygen, salinity or temperature in the Argentine
; 44 : Basin (Figs. 2 and 3).
£ 1000 : i -
E : j 6 : : 4.3. Chemical composition and Cr isotope composition of carbonates
2 ; :
QO 1500 - - *O* The Cr isotopic composition of the carbonates is reported in Ta-
: : 81 ‘ ble 3, together with other relevant data. Our analyses of the trace
2000 element concentration of the carbonate leachates reveals that they
i 10 contain very little Th and Zr, which are strongly enriched in de-
o o ; : trital phases (Taylor and McLennan, 1985), and the lack of any
2500 IE 12 HiH - IF correlation between the REEs and Zr and Th suggests that they
1 2 3 45 6 7 8 2 3 4 5 6 7 8 are not contaminated by incorporation and/or leaching of detri-
Cr (nM) Cr (nM) tal material (Frimmel, 2009). The REE patterns of the carbonates

Fig. 3. Profiles of the Cr concentration (Cr(lll) + Cr(VI)) (grey symbols) and
8°3Cr (black symbols) in seawater samples from (a) the Argentine Basin and (b)
Southampton Water. Error bars show the external reproducibility (£0.047%o for
8°3Cr, +£4% for Cr concentration, see text for details). Key for different water masses
in the Argentine Basin is given in Fig. 2.

lected from Southampton Water have the same Cr concentration
(1.85+0.01 nM; 20) and §°3Cr value (1.505 + 0.007%o; 20'). Con-
centrations of Cr in seawater from the Argentine Basin range from
5.80 to 6.50 nM, with no systematic variation with depth. §°3Cr

are similar to modern seawater, with a negative Ce anomaly and
a positive Y anomaly (Fig. 4). It is however important to note that
there are large variations in the size of these anomalies, for exam-
ple JDo-1 has the biggest Ce anomaly, whereas modern ooids are
characterized by small negative Ce anomalies.

All of the carbonates have Cr concentrations between 0.8 and
7.2 ugg~!. Modern carbonates contain 2.3-4.0 ugg~!, suggesting
that Cr is enriched in carbonates by a factor of ~ 10% relative
to seawater. The modern carbonates all have positive §°3Cr values
(0.640-0.745%), and are therefore isotopically heavy compared to
the continental crust and mantle (—0.26 to —0.04%o; Schoenberg
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Fig. 5. 5°3Cr versus Ce/Ce* (Ce anomaly) for modern ooids and Phanerozoic car-
bonates. Solid line shows correlation between §°3Cr and Ce/Ce* for Phanerozoic
carbonates. CC = continental crust.

et al,, 2008). The three Bahama ooid samples have similar §33Cr
values, 0.65 =+ 0.02%o, whereas the sample from Yucatan has a
slightly higher value (8°3Cr = 0.765%o). There is no correlation be-
tween 8°3Cr and Cr concentration for any of these ooid samples.
By contrast, the Phanerozoic carbonates have §°3Cr values ranging
from 0.737 to 1.994%., with the four oolitic limestones ranging
from 0.848 to 1.939%¢ and the carbonate standards (both calcites
and dolomites), ranging from 0.737 to 1.994%.. Although §°3Cr
does not correlate with the Cr concentration or Eu anomaly, in
the Phanerozoic carbonates, there is a strong negative correlation
(r2 = 0.88) between §°3Cr and the Ce anomaly (Fig. 5).

5. Discussion
5.1. Accuracy and reproducibility of Cr isotope measurements

Assessment of the external reproducibility of our Cr isotope
analyses of carbonates is described in detail in Bonnand et al.
(2011). Briefly, the JDo-1 dolomite standard reference material was
subject to the leaching and column chemistry procedures multiple
times, and its Cr isotopic composition was determined. The aver-

age 8°3Cr value we obtain for this standard is 1.719 %+ 0.059%o
(20, n = 10). The reproducibility of the 8°3Cr value is slightly
worse than the external reproducibility of the NBS 979 solution
(40.031%0, 20, n = 147), which might be due to small amounts of
matrix in the Cr fraction, or the heterogeneity of JDo-1.

The accuracy of our isotope measurements was assessed by
analysis of a synthetic carbonate sample, that consists of the NBS
979 standard doped with a carbonate matrix (Ca, Mg, Na, Fe, Ti
and V) in the same proportions as found in natural carbonate sam-
ples. This solution was then spiked and treated as a sample. The
Cr isotopic composition of this synthetic carbonate sample is in-
distinguishable from that of the NBS 979 standard, with §°3Cr =
0.011 £ 0.008%¢ (20, n = 4), given the external reproducibility of
the analyses.

The external reproducibility of our Cr isotope measurements
of seawater can be estimated from our analyses of the four
Southampton Water samples, which are identical (Section 2.1). The
average §°3Cr value for Southampton Water seawater is 1.505 +
0.007%0 (20, n = 4), which suggests that the reproducibility of our
analyses is excellent, and better than it is for carbonates. How-
ever, it is important to note that the §°>Cr value we obtain for a
standard-spike mixture that has been through the column chem-
istry for seawater samples is slightly lower (—0.056%¢) than ex-
pected (0%c). This may be because the Cr forms a complex with
the 7M HCI before it passes through the anion exchange column,
whereas our double spike calculation models mass fractionation in
terms of elemental Cr. Furthermore, we need to consider the ef-
fect of correcting for the blank from the coprecipitation procedure,
as well as the effect of assuming that our samples are fraction-
ated by kinetic (rather than equilibrium) fractionation. In the case
of the latter, the difference produces an inaccuracy of —0.009%o
per 1% difference in the true 8°3Cr (Schoenberg et al., 2008;
Bonnand et al., 2011). Propagation of all of these uncertainties, to-
gether with the analytical uncertainty, indicates that the external
reproducibility of our seawater Cr isotope analyses is 30.047%o
(20'). This value is slightly better than we obtain for carbonates
(£0.059%0).

Although we have not assessed the accuracy of our seawa-
ter technique by analysis of synthetic seawater (or other meth-
ods, e.g. Takano et al., 2013), we have: (i) demonstrated that our
pre-concentration procedure does not result in fractionation (Sec-
tion 4.1), and (ii) fully corrected for the (small) isotope fractiona-
tion that occurs during sample purification that cannot be accom-
modated using our double spike technique. It is important to note
that the pre-concentration procedure excludes the seawater ma-
trix, with the exception of tiny quantities of residual salts that
adhere to the Fe precipitate, such that the solution that passes
through the Cr separation procedure contains significantly fewer
impurities than the carbonate leachates. As described above, anal-
ysis of NBS 979 (i) with and (ii) without (carbonate) matrix pro-
duces identical §°3Cr values. Thus, we are confident that the pre-
concentration procedure, the chemical separation techniques, and
the mass spectrometry procedures that we have adopted for the
analysis of seawater, give reliable data for the Cr concentration and
Cr isotopic composition of seawater. Crucially, the reproducibility
of the replicate analyses of the samples from Southampton Water,
is excellent.

5.2. Crisotopic composition of seawater

The concentration of total Cr in the Southampton Water sam-
ples (1.85 nM) is within the range reported for other samples of
coastal water from this area (3.39+ 2.42 nM; Auger et al,, 1999;
Dolamore-Frank, 1984). Similarly, the concentration of Cr in the Ar-
gentine Basin samples is within the range reported for open ocean
seawater (Table 1). The concentration-depth profile of Cr in the
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Argentine Basin (Fig. 3) shows no evidence for depletion of Cr
in surface waters, hence Cr appears to behave as a conservative,
rather than a recycled, element at this location.

There has been considerable speculation about the Cr isotopic
composition of seawater, with most workers assuming a heavy
value relative to silicate Earth (Ellis et al., 2002; Izbicki et al.,
2008). Our new isotope data confirm that seawater does indeed
have a heavy §°3Cr value for total Cr. As ~90% of seawater Cr
comes from rivers (Chester and Murphy, 1990), and oxidation
of Cr(Ill) (the dominant Cr species in silicate rocks; Rai et al.,
1989) does not appear to result in significant isotope fractiona-
tion (Zink et al., 2010), then this implies that fractionation of Cr
isotopes must occur during the weathering process, and/or dur-
ing transport to the oceans (Frei et al., 2009; Frei and Polat, 2013;
Izbicki et al., 2008).

The §°3Cr value that we have measured for coastal seawater
(1.505%o) is close to that reported for groundwater recharge areas
that are fully oxic and have low Cr concentrations (1.2 to 2.3%q;
Izbicki et al., 2008). Assuming that river waters have similar §°3Cr
values (there are no direct measurements of the Cr isotopic com-
position of river waters to date), then a first-order observation is
that the §°3Cr value of coastal seawater is identical to the (local)
riverine input. However, as the Cr concentration of seawater is not
uniform throughout the world’s oceans (Table 1), some variation in
seawater 8°3Cr can be expected. Our samples from the Argentine
Basin have lower 8°3Cr (and higher Cr) than Southampton Wa-
ter, varying between 0.412 and 0.664%. This difference may imply
that the 83Cr value of the riverine input to this region is differ-
ent, but there are a number of alternative explanations, which we
explore below.

Firstly, the Argentine Basin is more likely to receive a higher
proportion of its Cr from atmospheric sources. If addition of Cr
from the dissolution of atmospheric dust is accompanied by sig-
nificantly less isotope fractionation than terrestrial weathering pro-
cesses then, to a first approximation, this could explain the lower
8°3Cr values. In this connection, the seawater sample taken from
closest to the sea surface (~30 m water depth) has the lowest
8°3Cr value (0.412%¢). The average annual dust flux to the Ar-
gentine Basin is 0.02-0.05 mgcm™2a~! (Schulz et al,, 2012). As-
suming that dust has a Cr concentration equal to that of average
continental crust (100 ppm), then 2-5 ngCrcm~—2 are delivered
to the region each year. Approximately 10% of this Cr is soluble
(Chester and Murphy, 1990), so, assuming that dissolution occurs
in the upper 100 m of the water column, the input of dissolved Cr
from the atmosphere is equivalent to an increase of <0.1 pM per
year to the surface. Thus, the difference in seawater §°3Cr between
the Argentine Basin and Southampton Water sites is extremely un-
likely to be caused by dissolution of aeolian material. In support
of this, the Cr concentration in surface seawater is within error
of all of the other samples from this depth profile. Secondly, the
seawater samples from the Argentine Basin were not filtered. This
means that the pre-concentration method will measure dissolved
plus any particulate Cr, which is trapped in the iron precipitate
and potentially released upon re-dissolution in 7M HCl. However,
the concentration of suspended particulate material at this site,
determined from measurements of light scattering from a sensor
mounted on the CTD frame, is very low (~ 10 gL™!), as expected
for an oligotrophic gyre (e.g. Connelly et al., 2006). This would
make an insignificant contribution (<2%) to the total amount of
Cr in the seawater sample. Thirdly, there is the possibility that
Southampton Water receives anthropogenic inputs of Cr. It has
been argued that effluent from Fawley oil refinery is responsible
for high levels of hydrocarbons (e.g. Dicks and Levell, 1989), cop-
per and possibly lead (Croudace and Cundy, 1995) in Southampton
Water, and Cr is one of the most abundant heavy metals in oil
waste (Adesodun and Mbagwu, 2008). However, in recent years,

improvements in effluent quality have led to a marked reduction
in the level of contaminants (Cundy et al., 2003), and most Cr iso-
tope studies indicate that anthropogenic sources have §°3Cr values
that are close to zero (e.g. Izbicki et al., 2008). The relatively low
concentration of Cr in Southampton Water, as well as high seawa-
ter 8°3Cr, suggests that the anthropogenic contribution to the Cr
inventory at this site is minimal.

Assuming that the global variation in the §°3Cr value of river
water is small, then the difference in seawater §°3Cr that we
observe between Southampton Water and the Argentine Basin is
most likely due to chemical and possibly biological processes oc-
curring in the estuarine mixing zone, and possibly further mod-
ification of the Cr and Cr isotopic signatures of coastal water
during transport to the open ocean. While some studies (e.g.
Cranston and Murray, 1980) indicate that most Cr is present as
Cr(VI) in rivers and the estuarine environment, others suggest
that Cr(Ill) is the dominant Cr species in uncontaminated river
waters (e.g. Shuman and Dempsey, 1977; Pankow et al., 1977;
Comber and Gardner, 2003) and coastal waters (Chuecas and Ri-
ley, 1966; Elderfield, 1970). Cr speciation was not determined in
this study, but analyses of dissolved Cr species in the Beaulieu
River estuary, which enters Southampton Water ~5 km to the
west of our sampling site, indicate that while the concentration
of total Cr increases from ~1.6 nM at low salinities (S = 6.4) to
~5.7 nM at high salinity (S = 31.5), the proportion of Cr(VI) to
Cr(Ill) also increases, from 11 to 68% (Dolamore-Frank, 1984). Re-
moval of Cr, usually Cr(VI) (i.e. from the seawater end-member),
in the low- to mid-salinity zone is reported for a number of
estuaries (e.g. Cranston et al., 1975; Campbell and Yeats, 1984;
Cranston and Murray, 1980), and has been attributed to adsorp-
tion onto suspended particulate material via reduction to Cr(III)
by organic rich floccules (Cranston and Murray, 1980). More re-
cent studies have shown that reduction of Cr(VI) to Cr(Ill) can also
occur in the presence of Fe(Il) (Kitchen et al., 2012) or via photore-
duction (Kieber and Helz, 1992; Li et al., 2009). Crucially, reduction
of Cr(VI) to Cr(Ill) in the estuarine environment will increase the
8°3Cr value of the remaining Cr. Reduction of ~25% of Cr(VI) that
has 8°3Cr = 0.53%o (i.e. the average of our Argentine Basin sea-
water samples), to Cr(Ill), is sufficient to shift the §°3Cr value of
seawater by +1%o (where «, the fractionation factor between the
33Cr/>2Cr ratio of the Cr(Ill) and the Cr(VI), = 0.9967; Ellis et al.,
2002), i.e. the value that we measure in Southampton Water.

5.3. Chromium isotope budget of seawater

Our new Cr isotope data for open ocean and coastal waters pro-
vides useful information for understanding the Cr and Cr isotope
budget of seawater. To this end, the isotopic composition of the Cr
inputs to seawater, 8°3Cryy, is given by:
553Crp — Friv8*3Crriv + fhya8>3Crnya + fowd>> Crgw

friv+ foya + faw + faust + Foentn
fdust‘SS3 Crayst + fbenth(353 Crpentn
friv+ fuya + few + Faust + Foentn

where friy, fuyd, fow, faust and fpenen are the riverine, hydrother-
mal, groundwater, dust and benthic fluxes respectively. At steady
state,

(2)

823 Crsw = 83Cry — A23Cr (3)

where A%3Cr is the difference between the §°3Cr value of the
Cr outputs (8°3Croyr), and the §°3Cr value of seawater (8°3Crsw).
If there is no fractionation of Cr isotopes during removal of Cr
from seawater, then §°3Cryy = §°3Croyr. Estimates of the values of
these variables are presented in Table 4. The riverine flux is cal-
culated using the modern-day discharge rate reported by Vance
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Table 4

Cr concentration, Cr isotopic composition and annual flux of Cr inputs to, and outputs from, the ocean used in seawater modelling (see text for details). The §°3Cr value of
global average seawater is assumed to be equal to the average value of seawater from the Argentine Basin.

Reservoir Cr Cr §%3Cr A3 Croyr-sw Flux Cr
(nM) (ngg™") (%o) (%o) (mola~1)

Inputs

Seawater 6 - 0.53 - -

Rivers 2-15 - ? - 0.8-5.6 x 108

Hydrothermal 50 - —0.15 - 1.5 x 10°

Groundwater 6 - 1.2-4.0 - 0.1 x 108

Dust 100 -0.13 - 8.7 x 10°

Benthic - 2 0.6 - 6.8 x 10°

Outputs

Carbonate sink - 2 - 0-0.3 -

Reduced sink - 100 - —5-—-1.8 -

" See Table 1.

Table 5

Results of mass balance modelling, for variable Cr river fluxes and ground water (GW) 83Cr values. See text for details.

Scenario River flux 853 Crew = 1.2%0 853 Crow = 4%
(mola~1)

Fractionation between Cr outputs and seawater (A>3Cr), 0.8 x 108 A>3 Cr=0.75 ABCr=1.01

assuming 8%3 Craiver = 1.50%o 5.6 x 108 A%3Cr=0.93 A%3Cr=0.98

833Cr value of the river flux, assuming A53Cr=0 0.8 x 108 853 Crriver = 0.51%0 853 Crriver = 0.16%0
5.6 x 108 SSBCFRIVER =0.53%0 553CFRIVER =0.48%0

8°3Cr value of the river flux, assuming A>3Cr=0.35 0.8 x 108 853 Criver = 0.98%0 853 Criver = 0.63%0
5.6 x 108 833 Crgiver = 0.89%o 833 Cryiver = 0.84%o0

823Cr value of the river flux, assuming A°3Cr= —0.4 0.8 x 108 823 Crriver = —0.01%o 853 Crriver = —0.36%0
5.6 x 108 833 Crgiver = 0.11%o 833 Crgiver = 0.06%o

et al. (2009), assuming an upper limit of 15 nM Cr for river wa-
ter. Although this value is lower than has been commonly used
in the literature in the past (26 nM; Martin and Meybeck, 1979;
Broecker and Peng, 1982; Jeandel and Minster, 1984), these stud-
ies include rivers that may contain significant anthropogenic Cr.
Thus, we only consider measurements of riverine Cr for relatively
pristine rivers, which are shown in Table 1. The ground water dis-
charge is assumed to be 5% of the river discharge (Zektser et al.,
2007), with a 833Cr value of between 1.2 and 4%.. Dust will have
the same Cr concentration (100 ppm) and 8°3Cr value (—0.15%)
as the continental crust. The dust flux is taken from Boyle et
al. (2005), which is similar to the value reported in an earlier
study (Duce et al.,, 1991). The hydrothermal flux assumes a value
based on geochemical mass balance and thermal considerations
for the water discharge at ridge crests (Vance et al, 2009), and
a Cr concentration extrapolated from analysis of low-temperature
hydrothermal fluids (Sander and Koschinsky, 2000). Our measure-
ments of the Cr isotope composition of hydrothermal fluids in-
dicate that 8°3Cr is close to the mantle value, which is consis-
tent with analyses of hydrothermally altered carbonates (Bonnand,
2011). However, it is important to note that because Cr is scav-
enged by Fe-Mn oxides in the hydrothermal plume, hydrothermal
activity most likely results in an overall loss of Cr from seawater
(German et al., 1991). The benthic flux of Cr from the diagenesis
of carbonates is minor and is derived from analyses of Sr (Palmer
and Edmond, 1992), assuming a Cr/Sr ratio of 0.002 with 83Cr
equal to modern carbonates. Finally, Cr is thought to be removed
from seawater by reduction processes (Murray, et al., 1983), and by
incorporation into marine carbonates (this study). Isotope fraction-
ation during uptake of Cr into carbonates appears to be minimal
(A33Cr =0 to 0.35%0; see Section 5.4), but laboratory experiments
suggest that reduction of Cr(VI) to Cr(Ill), which is insoluble and
subsequently removed from seawater, appears to result in greater
fractionation of Cr isotopes (A®3Cr = —1.8 to —5%o; Kitchen et al.,
2012 and references therein), with preferential removal of light Cr.

However, the relative importance of these two removal processes
is poorly quantified.

Although many of the Cr fluxes and §°3Cr values shown in Ta-
ble 4 are uncertain, we can make some first-order observations
about the Cr isotope budget of the oceans, and the operation of
the Cr cycle. To this end, we assume that the average §°3Cr value
of seawater is the same as the average value we measure in the
Argentine Basin (0.53%0). Firstly, we assess the extent of fraction-
ation between Cr in seawater and Cr outputs, assuming that the
8°3Cr value of the river flux is the same as the value for Southamp-
ton Water (1.50%c). Depending on the Cr concentration of river
water (2-15 nM), and the §°3Cr value of groundwater (1.2-4%q),
then the average value of A>3Cr varies between 0.75 and 1.01
(Table 5). This value implies that heavy Cr isotopes are preferen-
tially removed from seawater. This is inconsistent with removal of
Cr via reduction, yet the calculated A®3Cr values are far higher
than the difference that we observe between modern ooids and
Argentine Basin seawater (0-0.35%o). Thus, it seems likely that the
8°3Cr value of seawater from Southampton Water is higher than
the average §°3Cr value of the global river flux. It is also possi-
ble, although unlikely, that the §°3Cr value of seawater from the
Argentine Basin is significantly lower than the global average. Sec-
ondly, we assess the potential 8°3Cr value of river water, assuming
that carbonates are the main Cr sink, such that the value of A>3Cr
lies within the range that we observe between modern ooids and
Argentine Basin seawater (0-0.35%0). Again, depending on the Cr
concentration of river water and the §°3Cr value of groundwater,
our model predicts that the §°3Cr value of river water is in the
range 0.16-0.98% (Table 5). This is lower than the value we mea-
sure in coastal seawater from Southampton Water (1.50%), and
also lower than the values reported for fully oxic groundwaters
from recharge areas (1.2 to 2.3%o; Izbicki et al., 2008). Crucially,
the model indicates that the §°3Cr value of the river flux would
be lower than the §°3Cr value of continental rocks if A°3Cr is less
than ~—0.4% (Table 5). This implies that reduction of Cr(VI) to
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Cr(III) is likely to be a relatively minor Cr sink, comprising < ~20%
of the Cr output flux.

Thus, our modelling suggests that the §°3Cr value of the conti-
nental flux that makes it to the open ocean is likely to be higher
than the continental crust value (—0.26 to —0.04%o; Schoenberg
et al., 2008), but it is probably not as high as the value we have
measured in seawater from Southampton Water. This indicates that
Cr isotopes must be fractionated, with the heavier isotopes going
preferentially into solution, either during oxidative weathering, or
during transport to the oceans. This behaviour is reminiscent of
other transition metal stable isotope systems, including Zn (Vance
et al., 2008) and Mo (Archer and Vance, 2008), as well as Li (e.g.
Kisakurek et al., 2005). Nevertheless, it is important to note that
the Cr and Cr isotope budget of the oceans cannot be fully re-
solved until a full inventory of all of the marine Cr sinks, and their
fractionation factors, is derived and a representative global mean
83Cr value river water is determined by direct measurements.

5.4. Crisotopic composition of modern carbonates

To test whether modern non-skeletal marine carbonates record
the 8°3Cr value of seawater, we have determined the Cr iso-
topic composition of oolitic sands from Yucatan and the Bahama
Banks. Trace element analyses indicate that these ooids are ex-
tremely pure and devoid of contaminant detrital material (Table 3).
Molybdenum isotope studies of modern ooids and skeletal carbon-
ates such as corals have demonstrated that ooids record seawater
Mo isotopic compositions, whereas skeletal carbonates have sig-
nificantly lower %Mo values, which strongly suggests that Mo
isotopes are fractionated by biological processes (Voegelin et al.,
2009). Similarly, the Bahamian and Yucatan ooid samples have
8°3Cr = 0.65-0.76%o, which is within the range that we have mea-
sured for seawater in the Argentine Basin (0.412-0.664%). Al-
though we have not measured the Cr isotopic composition of sea-
water from Yucatan or the Bahama Banks, our data nevertheless
indicate that any fractionation between seawater and (putatively)
inorganically precipitated carbonate is likely to be small (<0.2%o).
Moreover, the ooids have Cr concentrations of 2-4 pgg~!, some
2-3 x 10* times greater than the concentration of Cr in mod-
ern seawater. The Cr concentrations in the ooids are consistent
with other pure carbonates which have 1-7 pgg~! (Bonnand et
al,, 2011; Frei et al, 2011) and with experimental studies which
indicate that significant Cr can be incorporated into the carbonate
lattice as a CrOi_ ion (Tang et al., 2007). These data are con-
sistent with Cr(VI) being the dominant species in seawater and
therefore the isotopic composition of Cr is recorded by the ooids.
Additionally, the Cr concentration in the carbonates should scale
with the Cr(VI) content of seawater, such that carbonate Cr is lower
if Cr(Ill) is the dominant species, or if Cr(VI) is reduced to Cr(III)
and removed from seawater, such as might occur if the oceans
have reduced levels of oxygen. Low Cr concentrations (<1 pgg~!)
have been observed in Neoproterozoic carbonates, and are thought
to reflect low oxygen and Cr(VI) levels in seawater at this time
(Bonnand, 2011).

The §°3Cr values of Phanerozoic carbonates (0.737-1.994%)
extend to higher values than we have measured in modern sea-
water which, providing our assertion that carbonates are likely to
preserve the Cr isotopic composition of seawater is correct, implies
that the Cr isotopic composition of seawater has either changed
through time and/or varies locally.

5.5. Crisotopes as a tracer of ocean redox

The REE contents of carbonates are a useful guide to interpret-
ing their origin because REE concentrations and ratios vary with

depth in seawater due to their short residence times and differen-
tial behaviour of the REE with atomic mass (Elderfield, 1988). The
carbonates analysed in this study have REE patterns that reflect
precipitation from seawater with a negative Ce anomaly, positive
Y anomaly and high Er/Yb (Table 3 and Fig. 4), consistent with a
shallow water environment (e.g. Zhang and Nozaki 1996, 1998).
Phanerozoic carbonates define negative trends between §°3Cr and
Ce/Ce* (Fig. 5). Although we have only analyzed a limited num-
ber of Phanerozoic carbonates, the trends that we observe suggest
that there may be a link between the redox chemistry of Cr and
Ce. In oxic seawater Ce mainly exists as Ce(IV) which is taken up
in preference to the trivalent rare earth elements onto the sur-
face of manganese oxides, thus producing negative Ce anomalies
(Elderfield, 1988; De Baar et al., 1988). Cr(VI) may also be scav-
enged by redox reactions that involve cycling of Mn(I1)O-Mn(IV)O,
(Ellis et al., 2002; Izbicki et al., 2008) (as well as ferromanganese
(hydr)oxides, Frei et al., 2009), with reduction of seawater Cr(VI)
to Cr(Ill), which is ultimately scavenged. This possibility is borne
out by our Cr isotope data, since such a process will produce sea-
water with higher §°3Cr and lower Ce/Ce*. Mass-balance of the
modern and Phanerozoic carbonate data, using published isotope
fractionation factors (¢ = 0.9967, Ellis et al., 2002), indicates that,
respectively, only 9% and 30% of seawater Cr(VI) is required to be
reduced to produce the spread that we observe in 8°3Cr in the car-
bonates. This is within the range of Cr concentrations reported for
modern-day seawater (Table 1). Furthermore, the data in Fig. 5 can
also be used as an alternative method to estimate the Cr isotopic
composition of river water. Surface seawater that is dominated by
river inputs has a small negative Ce anomaly (Elderfield, 1988),
and extrapolation of the data shown in Fig. 5 to a Ce/Ce* value
of 0.9-1.0 would suggest that river water has a §°3Cr value of
0.5-0.8%o, which is compatible with our mass balance calculations.

6. Conclusions

The chromium concentration and Cr isotopic composition of
seawater has been determined for samples collected from open
ocean (Argentine Basin) and coastal environments (Southampton
Water). Concentrations of total Cr are 1.85 nM in Southampton
Water, and between 5.80 and 6.50 nM in the Argentine Basin, com-
parable to previously published data for coastal and open ocean
settings. There is little variation in the Cr concentration with depth
in the Argentine Basin, and Cr does not vary as a function of nu-
trient and oxygen concentrations, suggesting that Cr behaves as a
conservative element at this site. The §°3Cr value of seawater from
Southampton Water is 1.505%, and in the Argentine Basin 83Cr
values are between 0.412 and 0.664%.. These values are higher
than average continental crust (—0.124%o). Modelling of the Cr and
Cr isotope budget of the oceans indicates that Cr isotopes are likely
to be fractionated during the weathering process and/or during
transport to the oceans, and possibly as a result of redox reactions
in the estuarine environment.

The Cr isotopic composition of non-skeletal marine carbonates
overlaps with the range that we have measured in seawater, which
suggests that there is likely to be limited isotopic fractionation
during carbonate precipitation. If this is confirmed, then the Cr
isotopic composition of ancient marine carbonates has the poten-
tial to reveal unique information about past variations in the §°3Cr
value of seawater. In order to fully interpret changes in seawater
8%3Cr, however, it is clear that we need to improve our under-
standing of the Cr and Cr isotope balance of the oceans, through
analyses of seawater from a variety of settings (oxic, anoxic and
euxinic), and better quantification of Cr sinks.



P. Bonnand et al. / Earth and Planetary Science Letters 382 (2013) 10-20 19

Acknowledgements

This research has been funded by an Open University grant to
IJP, a Philip Leverhulme Prize (PLP/2006/0050) awarded to RH], and
NERC grant NE/H006443/1 awarded to RH], DPC and IJP. PB was
supported by a Ph.D. studentship jointly funded by ThermoFisher
and the Open University. We thank Manuela Fehr and Sam Ham-
mond for their help using the Open University ICP-MS instruments.
We are grateful to S330 students from the Open University for
their assistance in the collection of water samples from RV Callista.
Gideon Henderson is thanked for supplying the Bahamian ooids,
and we are extremely grateful to the late Prof. Dennis Burton for
providing crucial insight as to the analysis of Cr in natural waters.
Derek Vance and two anonymous reviewers are thanked for their
constructive comments which significantly improved our original
manuscript.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2013.09.001.

References

Achterberg, E.P, van den Berg, CM.G., 1997. Chemical speciation of chromium
and nickel in the western Mediterranean. Deep-Sea Res., Part 2. Top. Stud.
Oceangr. 44, 693-720.

Adesodun, ].K., Mbagwu, ].S.C., 2008. Distribution of heavy metals and hydrocarbon
contents in an alfisol contaminated with waste-lubricating oil amended with
organic wastes. Bioresour. Technol. 99, 3195-3204.

Anbar, A.D., Rouxel, O., 2007. Metal stable isotopes in paleoceanography. Annu. Rev.
Earth Planet. Sci. 35, 717-746.

Archer, C., Vance, D., 2008. The isotopic signature of the global riverine molybdenum
flux and anoxia in the ancient oceans. Nat. Geosci. 1, 597-600.

Auger, Y., Bodineau, L., Leclercq, S., Wartel, M., 1999. Some aspects of vanadium and
chromium chemistry in the English Channel. Cont. Shelf Res. 19, 2003-2018.
Bonnand, P., 2011. Potential of Chromium isotopes as a tracer of past ocean oxy-

genation. PhD Thesis. The Open University, UK.

Bonnand, P, Parkinson, L]., James, R.H., Karjalainen, A.-M., Fehr, M.A., 2011. Accurate
and precise determination of stable Cr isotope compositions in carbonates by
double spike MC-ICP-MS. ]. Anal. At. Spectrom. 26, 528-535.

Boussemart, M., Van Den Berg, C.M.G., Ghaddaf, M., 1992. The determination of the
chromium speciation in sea water using catalytic cathodic stripping voltamme-
try. Anal. Chim. Acta 262, 103-115.

Boyle, E.A., Bergquist, B.A., Kayser, R.A., Mahowald, N., 2005. Iron, manganese, and
lead at Hawaii Ocean Time-series station ALOHA: Temporal variability and
an intermediate water hydrothermal plume. Geochim. Cosmochim. Acta 69,
5165-5166.

Broecker, W.S., Peng, T., 1982. Tracers in the Sea. Columbia University.

Bullen, T.D., Eisenhauer, A., 2009. Metal stable isotopes in low-temperature systems:
A primer. Elements 5, 349-352.

Campbell, J.A., Yeats, P.A., 1981. Dissolved chromium in the Northwest Atlantic-
Ocean. Earth Planet. Sci. Lett. 53, 427-433.

Campbell, J.A., Yeats, P.A., 1984. Dissolved chromium in the St-Lawrence estuary.
Estuar. Coast. Shelf Sci. 19, 513-522.

Chester, R., Murphy, KJ.T., 1990. Metals in the marine atmosphere. In: Furness, R.,
Rainbow, P. (Eds.), Heavy Metals in the Marine Environment. CRC Press, Boca
Raton, FL, pp. 27-49.

Chuecas, L., Riley, ].P, 1966. Spectrophotometric determination of chromium in sea-
water. Anal. Chim. Acta 35, 240-246.

Comber, S., Gardner, M., 2003. Chromium redox speciation in natural waters. ]. Env-
iron. Monit. 5, 410-413.

Connelly, D.P, Statham, PJ., Knap, A.H., 2006. Seasonal changes in speciation of dis-
solved chromium in the surface Sargasso Sea. Deep-Sea Res., Part 1, Oceanogr.
Res. Pap. 53, 1975-1988.

Cranston, R.E., 1983. Chromium in Cascadia Basin, Northeast Pacific-Ocean. Mar.
Chem. 13, 109-125.

Cranston, R.E., Murray, J.W., 1978. Determination of chromium species in natural
waters. Anal. Chim. Acta 99, 275-282.

Cranston, R.E., Murray, J.W., 1980. Chromium species in the Columbia river and es-
tuary. Limnol. Oceanogr. 25, 1104-1112.

Cranston, R.E., Fitzgerald, R.A., Winters, G.V., 1975. Geochemical data: LaHave River
and estuary. BI-D-75-4. Bedford Inst. Oceanogr. Data Serv., Dartmouth, Nova Sco-
tia.

Croudace, LW., Cundy, A.B., 1995. Heavy-metal and hydrocarbon pollution in recent
sediments from Southampton water, Southern England - A geochemical and iso-
topic study. Environ. Sci. Technol. 29, 1288-1296.

Cundy, A.B., Croudace, LW., Cearreta, A., Irabien, M.J., 2003. Reconstructing historical
trends in metal input in heavily-disturbed, contaminated estuaries: studies from
Bilbao, Southampton Water and Sicily. Appl. Geochem. 18, 311-325.

De Baar, HJ.W,, German, CR, Elderfield, H., Vangaans, P, 1988. Rare-earth ele-
ment distributions in anoxic waters of the Cariaco Trench. Geochim. Cosmochim.
Acta 52, 1203-1219.

Dicks, B., Levell, D., 1989. Refinery-effluent discharges into Milford Haven and
Southampton Water. In: Dicks, B. (Ed.), Ecological Impacts of the Oil Industry.
Wiley, London, pp. 287-316.

Dodson, M.H., 1963. A theoretical study of use of internal standards for precise iso-
topic analysis by surface ionization technique 1. General first-order algebraic
solutions. J. Sci. Instrum. 40, 289-295.

Dolamore-Frank, J.A., 1984. The analysis, occurrence and chemical speciation of zinc
and chromium in natural waters. PhD Thesis. University of Southampton, UK.
Dragun, Z., Roje, V., Mikac, N., Raspor, B., 2009. Preliminary assessment of total
dissolved trace metal concentrations in Sava River water. Environ. Monit. As-

sess. 159, 99-110.

Duan, Y., Anbar, A.D., Arnold, G.L, Lyons, TW. Gordon, G.W. Kendall, B., 2010.
Molybdenum isotope evidence for mild environmental oxygenation before the
Great Oxidation Event. Geochim. Cosmochim. Acta 74, 6655-6668.

Duce, RA,, Liss, P.S., Merrill, ].T,, Atlas, E.L, Buat-Menard, P., Hicks, B.B., Miller, ].M.,
Prospero, J.M., Arimoto, R., Church, T.M,, Ellis, W., Galloway, ]J.N., Hansen, L.
Jickells, T.D., Knap, A.H., Reinhardt, K.H., Schneider, B., Soudine, A., Tokos, ]J.,
Tsunogai, S., Wollast, R., Zhou, M., 1991. The atmospheric input of trace species
to the world ocean. Glob. Biogeochem. Cycles 5, 193-259.

Elderfield, H., 1970. Chromium speciation in sea water. Earth Planet. Sci. Lett. 9,
10-16.

Elderfield, H., 1988. The oceanic chemistry of the rare-earth elements. Philos. Trans.
R. Soc. Lond. A 325, 105-126.

Ellis, A.S., Johnson, T.M., Bullen, T.D., 2002. Chromium isotopes and the fate of hex-
avalent chromium in the environment. Science 295, 2060-2062.

Ellis, A.S., Johnson, T.M., Bullen, T.D., 2004. Using chromium stable isotope ratios
to quantify Cr(VI) reduction: Lack of sorption effects. Environ. Sci. Technol. 38,
3604-3607.

Frei, R, Polat, A., 2013. Chromium isotope fractionation during oxidative
weathering-implications from the study of a Paleoproterozoic (ca. 1.9 Ga) pa-
leosol, Schreiber Beach, Ontario, Canada. Precambrian Res. 224, 434-453.

Frei, R., Gaucher, C., Poulton, S.W., Canfield, D.E., 2009. Fluctuations in Precambrian
atmospheric oxygenation recorded by chromium isotopes. Nature 461, 250-253.

Frei, R., Gaucher, C., Dossing, L.N., Sial, A.N., 2011. Chromium isotopes in carbonates
- A tracer for climate change and for reconstructing the redox state of ancient
seawater. Earth Planet. Sci. Lett. 312, 114-125.

Frei, R., Gaucher, C., Stolper, D., Canfield, D.E., 2013. Fluctuations in late Neoprotero-
zoic atmospheric oxidation - Cr isotope chemostratigraphy and iron speciation
of the late Ediacaran lower Arroyo del Soldado Group (Uruguay). Gondwana
Res. 23, 797-811.

Frimmel, H.E., 2009. Trace element distribution in Neoproterozoic carbonates as
palaeoenvironmental indicator. Chem. Geol. 258, 338-353.

German, CR., Campbell, A.C., Edmond, .M., 1991. Hydrothermal scavenging at the
Mid-Atlantic ridge-modification of trace element dissolved fluxes. Earth Planet.
Sci. Lett. 107, 101-114.

Ghaddaf, M.A., 1990. Dissolved chromium speciation in estuarine and sea water and
trace metal speciation in sediments, eolian dust and surface water particulates
from N.E. Atlantic. PhD Thesis. University of Liverpool, UK.

Golimowski, J., Valenta, P, Nurnberg, HW., 1985. Trace determination of chromium
in various water types by adsorption differential pulse voltammetry. Fresenius
Z. Anal. Chem. 322, 315-322.

Grimaud, D., Michard, G., 1974. Concentration du chrome dans deux profils de I'o-
cean Pacifique. Mar. Chem. 2, 229-237.

Heywood, KJ., King, B.A., 2002. Water masses and baroclinic transports in the South
Atlantic and Southern oceans. ]. Mar. Res. 60, 639-676.

Isshiki, K. Sohrin, Y., Karatani, H., Nakayama, E., 1989. Preconcentration of
chromium(Ill) and chromium(VI) in sea-water by complexation with quinolin-
8ol and adsorption on macroporous resin. Anal. Chim. Acta 224, 55-64.

Izbicki, J.A., Ball, J.W., Bullen, T.D., Sutley, S.J., 2008. Chromium, chromium isotopes
and selected trace elements, western Mojave Desert, USA. Appl. Geochem. 23,
1325-1352.

Jeandel, C., Minster, ].F, 1984. Isotope-dilution measurement of inorganic
chromium(Ill) and total chromium in seawater. Mar. Chem. 14, 347-364.

Jeandel, C., Minster, J.F, 1987. Chromium behavior in the ocean: Global versus re-
gional processes. Glob. Biogeochem. Cycles 1, 131-154.

Kieber, RJ., Helz, G.R,, 1992. Indirect photoreduction of aqueous chromium(VI). En-
viron. Sci. Technol. 26, 307-312.

Kisakurek, B., James, R.H., Harris, N.B.W., 2005. Li and delta Li-7 in Himalayan rivers:
Proxies for silicate weathering? Earth Planet. Sci. Lett. 237, 387-401.

Kitchen, J.W.,, Johnson, TM., Bullen, T.D., Zhu, ]., Raddatz, A., 2012. Chromium iso-
tope fractionation factors for reduction of Cr(VI) by aqueous Fe(Il) and organic
molecules. Geochim. Cosmochim. Acta 89, 190-201.


http://dx.doi.org/10.1016/j.epsl.2013.09.001
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib41636842657231393937s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib41636842657231393937s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib41636842657231393937s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4164654D626132303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4164654D626132303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4164654D626132303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib416E62526F7532303037s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib416E62526F7532303037s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib41726356616E32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib41726356616E32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4175676574616C31393939s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4175676574616C31393939s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F6E32303131s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F6E32303131s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F6E6574616C32303131s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F6E6574616C32303131s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F6E6574616C32303131s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F756574616C31393932s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F756574616C31393932s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F756574616C31393932s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F796574616C32303035s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F796574616C32303035s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F796574616C32303035s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib426F796574616C32303035s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib42726F50656E31393832s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib42756C45697332303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib42756C45697332303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43616D59656131393831s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43616D59656131393831s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43616D59656131393834s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43616D59656131393834s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4368654D757231393930s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4368654D757231393930s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4368654D757231393930s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43687552696C31393636s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43687552696C31393636s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib436F6D47617232303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib436F6D47617232303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib436F6E6574616C32303036s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib436F6E6574616C32303036s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib436F6E6574616C32303036s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43726131393833s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43726131393833s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4372614D757231393738s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4372614D757231393738s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4372614D757231393830s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4372614D757231393830s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4372616574616C31393735s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4372616574616C31393735s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4372616574616C31393735s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43726F43756E31393935s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43726F43756E31393935s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43726F43756E31393935s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43756E6574616C32303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43756E6574616C32303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib43756E6574616C32303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4261616574616C31393838s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4261616574616C31393838s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4261616574616C31393838s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4469634C657631393839s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4469634C657631393839s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4469634C657631393839s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib446F6431393633s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib446F6431393633s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib446F6431393633s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib446F6C31393834s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib446F6C31393834s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4472616574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4472616574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4472616574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4475616574616C32303130s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4475616574616C32303130s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4475616574616C32303130s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4475636574616C31393931s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4475636574616C31393931s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4475636574616C31393931s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4475636574616C31393931s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4475636574616C31393931s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib456C6431393730s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib456C6431393730s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib456C6431393838s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib456C6431393838s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib456C6C6574616C32303032s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib456C6C6574616C32303032s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib456C6C6574616C32303034s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib456C6C6574616C32303034s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib456C6C6574616C32303034s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib467265506F6C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib467265506F6C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib467265506F6C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4672656574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4672656574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4672656574616C32303131s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4672656574616C32303131s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4672656574616C32303131s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4672656574616C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4672656574616C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4672656574616C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4672656574616C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib46726932303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib46726932303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4765726574616C31393931s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4765726574616C31393931s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4765726574616C31393931s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib47686131393930s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib47686131393930s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib47686131393930s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib476F6C6574616C31393835s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib476F6C6574616C31393835s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib476F6C6574616C31393835s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4772694D696331393734s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4772694D696331393734s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4865794B696E32303032s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4865794B696E32303032s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4973736574616C31393839s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4973736574616C31393839s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4973736574616C31393839s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib497A626574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib497A626574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib497A626574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4A65614D696E31393834s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4A65614D696E31393834s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4A65614D696E31393837s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4A65614D696E31393837s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4B696548656C31393932s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4B696548656C31393932s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4B69736574616C32303035s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4B69736574616C32303035s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4B69746574616C32303132s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4B69746574616C32303132s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4B69746574616C32303132s1

20 P. Bonnand et al. / Earth and Planetary Science Letters 382 (2013) 10-20

Li, S.-X., Zheng, E-Y., Hong, H.-S., Deng, N.-S., Lin, L.-X., 2009. Influence of ma-
rine phytoplankton, transition metals and sunlight on the species distribution
of chromium in surface seawater. Mar. Environ. Res. 67, 199-206.

Martin, .M., Meybeck, M., 1979. Elemental mass-balance of material carried by ma-
jor world rivers. Mar. Chem. 7, 173-206.

Mora, A., Alfonso, J.A., Sanchez, L., Calzadilla, M., Silva, S., LaBrecque, ]J., Azocar, J.A.,
2009. Temporal variability of selected dissolved elements in the lower Orinoco
River, Venezuela. Hydrol. Process. 23, 476-485.

Mugo, RK., Orians, KJ, 1993. Seagoing method for the determination of
chromium(Ill) and total chromium in sea-water by electron-capture detection
gas-chromatography. Anal. Chim. Acta 271, 1-9.

Murray, J.W., Spell, B., Paul, B, 1983. The contrasting geochemistry of manganese
and chromium in the eastern tropical pacific Ocean. In: Wong, C.S., Boyle, E.,
Bruland, K.W., Burton, J.D., Goldberg, E.D. (Eds.), Trace Metals in Sea Water. Pro-
ceedings of the NATO Advanced Research Institute. Plenum Press, New York,
pp. 643-669.

Palmer, M.R., Edmond, ].M., 1992. Controls over the strontium isotope composition
of river water. Geochim. Cosmochim. Acta 56, 2099-2111.

Pankow, J.F, Leta, D.P, Lin, J.W., Ohl, S.E., Shum, W.P,, Janauer, G.E., 1977. Analysis for
chromium traces in aquatic ecosystem 2-study of Cr(Ill) and Cr(VI) in Susque-
hanna River basin of New-York and Pennsylvania. Sci. Total Environ. 7, 17-26.

Quinby-Hunt, M.S., Turekian, K.K., 1983. Distribution of elements in sea water. Eos
Trans. AGU 64, 130-132.

Rai, D., Eary, LE., Zachara, J.M., 1989. Environmental chemistry of chromium. Sci.
Total Environ. 86, 15-23.

Rai, D., Sass, B.M., Moore, D.A., 1987. Chromium(Ill) hydrolysis constants and solu-
bility of chromium(IIl) hydroxide. Inorg. Chem. 26, 345-349.

Rouxel, 0.J., Bekker, A., Edwards, K.J., 2005. Iron isotope constraints on the Archean
and Paleoproterozoic ocean redox state. Science 307, 1088-1091.

Sander, S., Koschinsky, A., 2000. Onboard-ship redox speciation of chromium in dif-
fuse hydrothermal fluids from the North Fiji Basin. Mar. Chem. 71, 83-102.
Sander, S., Koschinsky, A., Halbach, P, 2003. Redox speciation of chromium in the
oceanic water column of the Lesser Antilles and offshore Otago Peninsula, New

Zealand. Mar. Freshw. Res. 54, 745-754.

Schoenberg, R., Zink, S., Staubwasser, M., von Blanckenburg, F., 2008. The stable Cr
isotope inventory of solid Earth reservoirs determined by double spike MC-ICP-
MS. Chem. Geol. 249, 294-306.

Schroeder, D.C., Lee, G.E, 1975. Potential transformations of chromium in natural
waters. Water Air Soil Pollut. 4, 355-365.

Schulz, M., Prospero, .M., Baker, A.R., Dentener, E, Ickes, L., Liss, P.S., Mahowald,
N.M., Nickovic, S., Garcia-Pando, C.P., Rodriguez, S., Sarin, M., Tegen, I., Duce,
RAA., 2012. Atmospheric transport and deposition of mineral dust to the ocean:
Implications for research needs. Environ. Sci. Technol. 46, 10390-10404.

Sherrell, R.M., Boyle, E.A., 1988. Zinc, chromium, vanadium and iron in the Mediter-
ranean Sea. Deep-Sea Res., Part 1, Oceanogr. Res. Pap. 35, 1319-1334.

Shuman, M.S., Dempsey, J.H., 1977. Column chromotography for field pre-
concentration of Trace-metals. J. Water Pollut. Control Fed. 49, 2000-2006.
Siebert, C., Nagler, T.F, von Blanckenburg, F., Kramers, ]J.D., 2003. Molybdenum iso-
tope records as a potential new proxy for paleoceanography. Earth Planet. Sci.

Lett. 211, 159-171.

Sikora, E.R., Johnson, T.M., Bullen, T.D., 2008. Microbial mass-dependent fractiona-
tion of chromium isotopes. Geochim. Cosmochim. Acta 72, 3631-3641.

Sirinawin, W., Turner, D.R., Westerlund, S., 2000. Chromium(VI) distributions in the
Arctic and the Atlantic Oceans and a reassessment of the oceanic Cr cycle. Mar.
Chem. 71, 265-282.

Takano, S., Tanimizu, M., Hirata, T., Sohrin, Y., 2013. Determination of isotopic com-
position of dissolved copper in seawater by multi-collector inductively coupled
plasma mass spectrometry after pre-concentration using an ethylenediaminetri-
acetic acid chelating resin. Anal. Chim. Acta 784, 33-41.

Tang, Y.Z., Elzinga, E.J., Lee, Y.J., Reeder, RJ., 2007. Coprecipitation of chromate with
calcite: Batch experiments and X-ray absorption spectroscopy. Geochim. Cos-
mochim. Acta 71, 1480-1493.

Taylor, S.R., McLennan, S.M., 1985. The Continental Crust: Its Composition and Evo-
lution. Blackwell Scientific.

Taylor, H.E., Antweiler, R.C., Roth, D.A., Alpers, C.N., Dileanis, P, 2012. Selected trace
elements in the Sacramento River, California: Occurrence and distribution. Arch.
Environ. Contam. Toxicol. 62, 557-569.

Vance, D., Archer, C., Bermin, J., Perkins, J., Statham, PJ., Lohan, M.C., Ellwood, M.J.,
Mills, R.A., 2008. The copper isotope geochemistry of rivers and the oceans.
Earth Planet. Sci. Lett. 274, 204-213.

Vance, D., Teagle, D.A.H., Foster, G.L., 2009. Variable quaternary chemical weathering
fluxes and imbalances in marine geochemical budgets. Nature 458, 493-496.
Voegelin, A.R, Nagler, T.F, Samankassou, E., Villa, LM., 2009. Molybdenum iso-
topic composition of modern and Carboniferous carbonates. Chem. Geol. 265,

488-498.

Whitfield, M., Turner, D.R., 1987. The role of particles in regulating the composition
of seawater. In: Stumm, W. (Ed.), Aquatic Surface Chemistry. Wiley-Interscience,
New York, pp. 457-493.

Zektser, LS., Everett, L.G., Dzhamalov, R.G., 2007. Submarine Goundwater. CRC Press,
Boca Raton, FL.

Zhang, ., Nozaki, Y., 1996. Rare earth elements and yttrium in seawater: ICP-MS de-
terminations in the East Caroline, Coral Sea, and South Fiji basins of the western
South Pacific Ocean. Geochim. Cosmochim. Acta 60, 4631-4644.

Zhang, J., Nozaki, Y., 1998. Behavior of rare earth elements in seawater at the ocean
margin: A study along the slopes of the Sagami and Nankai troughs near Japan.
Geochim. Cosmochim. Acta 62, 1307-1317.

Zink, S., Schoenberg, R., Staubwasser, M., 2010. Isotopic fractionation and reaction
kinetics between Cr(Ill) and Cr(VI) in aqueous media. Geochim. Cosmochim.
Acta 74, 5729-5745.


http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4C696574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4C696574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4C696574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D61724D657931393739s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D61724D657931393739s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D6F726574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D6F726574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D6F726574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D75674F726931393933s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D75674F726931393933s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D75674F726931393933s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D75726574616C31393833s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D75726574616C31393833s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D75726574616C31393833s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D75726574616C31393833s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib4D75726574616C31393833s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib50616C45646D31393932s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib50616C45646D31393932s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib50616E6574616C31393737s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib50616E6574616C31393737s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib50616E6574616C31393737s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib51756954757231393833s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib51756954757231393833s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5261696574616C31393839s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5261696574616C31393839s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5261696574616C31393837s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5261696574616C31393837s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib526F756574616C32303035s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib526F756574616C32303035s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib53616E4B6F7332303030s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib53616E4B6F7332303030s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib53616E6574616C32303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib53616E6574616C32303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib53616E6574616C32303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5363686574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5363686574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5363686574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5363684C656531393735s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5363684C656531393735s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5363686574616C32303132s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5363686574616C32303132s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5363686574616C32303132s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5363686574616C32303132s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib536865426F7931393838s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib536865426F7931393838s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib53687544656D31393737s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib53687544656D31393737s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5369656574616C32303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5369656574616C32303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5369656574616C32303033s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib53696B6574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib53696B6574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5369726574616C32303030s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5369726574616C32303030s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5369726574616C32303030s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib54616B6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib54616B6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib54616B6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib54616B6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib54616E6574616C32303037s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib54616E6574616C32303037s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib54616E6574616C32303037s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5461794D634C31393835s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5461794D634C31393835s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5461796574616C32303132s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5461796574616C32303132s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5461796574616C32303132s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib56616E6574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib56616E6574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib56616E6574616C32303038s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib56616E6574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib56616E6574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib566F656574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib566F656574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib566F656574616C32303039s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib57686954757231393837s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib57686954757231393837s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib57686954757231393837s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A656B6574616C32303037s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A656B6574616C32303037s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A68614E6F7A31393936s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A68614E6F7A31393936s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A68614E6F7A31393936s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A68614E6F7A31393938s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A68614E6F7A31393938s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A68614E6F7A31393938s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A696E6574616C32303130s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A696E6574616C32303130s1
http://refhub.elsevier.com/S0012-821X(13)00497-4/bib5A696E6574616C32303130s1

	The chromium isotopic composition of seawater and marine carbonates
	1 Introduction
	2 Samples
	2.1 Seawater samples
	2.2 Carbonate samples

	3 Methods
	4 Results
	4.1 Evaluation of the co-precipitation and chemical puriﬁcation procedures
	4.2 Cr concentration and Cr isotope composition of seawater
	4.3 Chemical composition and Cr isotope composition of carbonates

	5 Discussion
	5.1 Accuracy and reproducibility of Cr isotope measurements
	5.2 Cr isotopic composition of seawater
	5.3 Chromium isotope budget of seawater
	5.4 Cr isotopic composition of modern carbonates
	5.5 Cr isotopes as a tracer of ocean redox

	6 Conclusions
	Acknowledgements
	Appendix A Supplementary material
	References


