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Abstract
Despite the potential of stable chromium (Cr) isotope compositions as a proxy for past changes in oceanic redox conditions, a detailed understanding of the processes that govern their spatial distribution in the modern ocean is still lacking. Here,
we report seawater Cr isotope compositions and concentrations from the uppermost 1000 m of the water column in the Southern Ocean. The survey includes a cross-frontal transect from Tasmania to Antarctica, sites near the Antarctic ice-edge and in
the vicinity of the Balleny Islands, as well as sites in the Drake Passage.
Although a coastal influence is clearly visible in the silicon-nitrate relationship at the stations neighbouring the Balleny
Islands, close to the Mertz Glacier and adjacent to the western Antarctic Peninsula, seawater d53Cr and Cr concentrations
remain largely unaﬀected. As for the coastal sites, Cr depletion and isotopic shifts are also virtually absent in Antarctic
and Subantarctic surface waters of the open ocean. Biological uptake of Cr and/or scavenging of Cr onto sinking particles
are apparently not strong enough to induce water column variability. Contrasting with the small variations in d53Cr and
Cr concentrations at each site, there are, however, systematic meridional changes. The seawater samples show an increase
in Cr concentrations and a parallel decrease in d53Cr southwards from the Subantarctic across the Polar Frontal into the
Antarctic Zone. Chromium concentrations and d53Cr are, however, uniform at all stations south of the Polar Front. The spatial pattern is consistent with the mixing of Southern Ocean sourced Cr with an isotopically heavier Cr pool from northward
of the studied area, as evidenced by strong correlations of Cr and d53Cr with salinity at the level of Subantarctic Mode Water
and at shallower levels. The heavy d53Cr signature of the northerly Cr pool could either result from Cr cycling in the subtropical gyre or originate in oxygen minimum zones. On a regional scale, d53Cr is strongly correlated with phosphate concentrations, which may hint at a time-integrated eﬀect of major nutrient drawdown on d53Cr.
Southern Ocean data support previous work demonstrating a strong relationship between seawater Cr concentrations and
d53Cr. At the studied sites, this relationship reflects mixing of isotopically distinct Cr pools. The end-members observed in the
studied area are, however, consistent with the previously described closed-system Rayleigh type fractionation of Cr in seawater characterized by a single fractionation factor. The underlying processes, which produce the observed fractionation, are not
fully constrained to date.
! 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION
Chromium isotope records have been used to infer past
redox conditions of the oceans and the oxygenation of the
atmosphere (Frei et al., 2009; Crowe et al., 2013; Planavsky
et al., 2014). In addition, a link may also exist between seawater Cr isotope variations and changes in the export of
organic matter from the oceans (Connelly et al., 2006;
Scheiderich et al., 2015; Semeniuk et al., 2016). Although
stable Cr isotopes have been used as a paleoproxy to identify changes in the Earth surface environment (e.g. Frei
et al., 2009), our current understanding of the processes
that govern the biogeochemical cycling of Cr isotopes in
seawater and their spatial variability is limited. In order
to better understand the marine Cr cycle, improved constraints on the oceanic inputs and sinks of Cr, as well as
on the controls of its internal cycling in variable oceanic settings are needed.
Chromium has two stable oxidation states at Earth surface conditions, namely Cr(III) and Cr(VI) (e.g. Fendorf,
1995; Bonnand et al., 2013). Chromium (VI) is soluble
and accounts for 75–95% of total dissolved Cr in seawater
(Sirinawin et al., 2000). Chromium(III), on the other hand,
is particle reactive and forms insoluble chromium hydroxide compounds (Fendorf, 1995). During Cr(VI) reduction,
isotope fractionation occurs with an enrichment of light
Cr isotopes in the reduced Cr species (e.g. Ellis et al., 2002).
The isotopic fractionation factor of Cr (a) associated
with a chemical reaction is determined by the ratio of
53
Cr/52Cr in the product to 53Cr/52Cr in the reactant. For
convenience, the isotopic fractionation factor is often
reported as an isotopic enrichment factor e (Eq. (1)), which
equates to the diﬀerence in the isotope ratios of the product
and the reactant, expressed in d-notation relative to the
standard reference material NIST 979 (Eq. (2)):
e½‰" ¼ ða $ 1Þ ' 1000 ( d53 Crproduct $ d53 Crreactant
! "
! "
53 Cr
53
$ 52 Cr
52 Cr
Cr
sample
NIST 979
53
# 53 Cr$
' 1000
d Cr sample ½‰" ¼
52 Cr

NIST 979

ð1Þ
ð2Þ

A range of Cr reducing processes are known, including
reduction by dissolved Fe(II) (Døssing et al., 2011;
Kitchen et al., 2012), organic substances (Kitchen et al.,
2012), bacteria (Sikora et al., 2008; Basu et al., 2014) and
H2O2 (Zink et al., 2010) with associated isotopic enrichment factors ranging between $2.2 and $5‰. The high
redox potential of the Cr(VI)/Cr(III) couple, on the other
hand, limits the agents capable of oxidizing Cr(III) in seawater. Oxidation is slow and is mainly linked to the interaction with Mn-oxides (van der Weijden and Reith, 1982;
Saleh et al., 1989), and the associated fractionation is relatively small (Zink et al., 2010).
d53Cr seawater values range between +0.4 and +1.7‰
(Bonnand et al., 2013; Scheiderich et al., 2015; GoringHarford et al., 2018; Moos and Boyle, 2019) and are oﬀset
towards heavy Cr isotope compositions relative to magmatic rocks (d53Cr = $0.12 ± 0.1‰, Schoenberg et al.,
2008). The oﬀset from magmatic rocks is expected, as rivers
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constitute the predominant source of Cr in seawater
(76–98%, Jeandel and Minster, 1987; Bonnand et al.,
2013; McClain and Maher, 2016) and oxidative weathering
of Cr(III) and subsequent back-reduction results in isotopically heavy Cr in streams and rivers (Farkaš et al., 2013;
Frei et al., 2014; D’Arcy et al., 2016). There are, at present,
relatively few constraints about the isotope compositions of
the potential Cr sinks. Iron manganese crusts, for instance,
represent an isotopically light sink, but are associated with
minor Cr fluxes (Wei et al., 2018). Recent studies have highlighted removal of dissolved Cr in reducing sediments
(Reinhard et al., 2014; Gueguen et al., 2016), potentially
catalysed by ferrous iron (Bauer et al., 2018).
In contrast to other redox sensitive elements, for instance
molybdenum (seawater residence time of )440 kyr, Miller
et al., 2011), Cr has a relatively short seawater residence
time, possibly as low as 3–10 kyr (Whitfield and Turner,
1987; McClain and Maher, 2016). As a result, Cr isotopes
may yield information on oceanic redox changes on time
scales similar to global ocean mixing both under modern
conditions as well as in the geologic past (e.g. Gueguen
et al., 2016). On the other hand, unlike molybdenum,
oceanic d53Cr is spatially variable, and therefore variations
of seawater Cr isotopes at a given location through time will
reflect changes in local and/or global conditions.
With the exception of one study (X. Wang et al., 2019),
all currently published d53Cr seawater data represent total
dissolved Cr, hence the isotope composition of the combined Cr(III) and Cr(VI) pools. The first published d53Cr
profile stems from the Argentine Basin and includes the
lowest d53Cr values reported thus far (as low as +0.4‰;
Bonnand et al., 2013). Neither Cr concentrations, nor
d53Cr reveal much variability in the sampled depth interval
between 30 and 2300 m, suggesting that there is little vertical redistribution in oligotrophic settings. However, it
should be noted that the samples were not filtered upon
collection (Bonnand et al., 2013). As a result, there are
some concerns about the integrity of the data (GoringHarford et al., 2018). Scheiderich et al. (2015) reported
d53Cr data from the Beaufort Sea in the Arctic Ocean,
complemented by a few Atlantic and Pacific water samples.
The composite profile from the Beaufort Sea shows a gradual increase in Cr concentrations and a concomitant
decrease in d53Cr down to a depth of )500 m, below which
there is little variability. This nutrient-like shape likely
results from the mixing of Pacific- and Atlantic-sourced
waters rather than Cr depletion in the surface and release
at depth (Scheiderich et al., 2015). A compilation of all
available data at the time showed that the global d53Cr distribution can be viewed as a closed system Rayleigh fractionation associated with processes that yield an isotopic
enrichment factor close to $0.8‰ (Scheiderich et al.,
2015). Recent studies have addressed the behaviour of Cr
and its isotopes in oxygen deficient waters. GoringHarford et al. (2018) studied sites in the open subtropical
Atlantic Ocean characterized by dysoxic conditions (oxygen concentrations as low as 44 mmol/kg), but found little
evidence for the reduction and subsequent scavenging of
Cr from solution. In contrast, lowered Cr concentrations
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and relatively heavy d53Cr values on the Senegalese shelf
indicate that reduction and removal of Cr may be associated with high primary productivity and particle export
flux. Similar to the open ocean subtropical Atlantic sites,
Cr reduction does not appear to occur at the SAFe station
in the North Pacific (oxygen concentrations as low as
13.2 mmol/kg). The heaviest Cr isotope compositions at
200 m water depth at SAFe could, however, reflect
advected Cr from the oxygen-deficient zone of the Eastern
Tropical North Pacific (Moos and Boyle, 2019). Reduction
of Cr(VI) has previously been documented in this region
(Rue et al., 1997).
In general, the degree of nutrient-like behaviour of Cr in
seawater remains debated (see for instance Whitfield and
Turner, 1987; Sirinawin et al., 2000; Bonnand et al., 2013;
Moos and Boyle, 2019). Based on concentration measurements alone, it has been accepted that Cr is not fully conservative (e.g. Sirinawin et al., 2000), consistent with the
aforementioned isotopic variability. Chromium often
shows surface ocean depletions that are, however, relatively
subtle (e.g. Jeandel and Minster, 1987).
This contribution is concerned with the modern-day distribution of Cr isotopes in seawater, which has not been
explored in much detail so far (Bonnand et al., 2013;
Scheiderich et al., 2015; Paulukat et al., 2016; GoringHarford et al., 2018; Moos and Boyle, 2019). More specifically, we explore the distribution of Cr concentrations and
isotope compositions in the biogeochemically diverse region
of the Southern Ocean.

2. OCEANOGRAPHIC SETTING
2.1. Southern Ocean circulation
The eastward-flowing Antarctic Circumpolar Current
(ACC) dominates ocean circulation in the Southern Ocean,
broadly defined as the region between Antarctica and the
Subtropical Fronts (STFs, Talley et al., 2011). The ACC,
reaching from the surface to great depth, is constrained to
the north by the Subantarctic Front (SAF) and to the south
by its southern boundary (Fig. 1; Orsi et al., 1995). Within
the ACC there are three distinct fronts, the SAF, the Polar
Front (PF) and the Southern ACC Front. The region
between the STF and the SAF is referred to as the
Subantarctic Zone (SAZ) and comprises the poleward fraction of the subtropical gyres. Between the fronts of the ACC
are three zones of slower eastward flow, the Polar Frontal
Zone (PFZ) between the SAF and PF, the Antarctic Zone
(AZ) between the PF and Southern ACC Front, and the
Southern Zone between the Southern ACC Front and the
southern boundary (Orsi et al., 1995).
Westerly winds drive northward Ekman transport in the
latitudes of the SAF and PF, which is compensated for by
upwelling of nutrient-rich Upper Circumpolar Deep Water
(UCDW) (e.g. Talley et al., 2011). A fraction of the upwelled
water is transported northwards, where it is in part subducted at the SAF to form Subantarctic Mode and Antarctic
Intermediate Waters (SAMW, AAIW). Southward transported waters are altered by intense winter cooling and

Fig. 1. (a) Overview of sampled stations in the Southern Ocean with respect to the major fronts (Orsi et al., 1995). STF: Subtropical Front,
SAF: Subantarctic Front, PF: Polar Front; SB: southern boundary of the ACC. The ACC is constrained in the north by the SAF and in the
south by its southern boundary. (b) Relationship between potential temperature (h) and salinity (Henry et al., 2019; see caption to Table 1).
Sampled surface water masses include Subantarctic Surface (SASW) and Antarctic Surface Water (ASW) including its densest variety Winter
Water (WW). At the northern stations 7 and 8 Subantarctic Mode Water (SAMW) occupies intermediate levels, whereas Upper and/or Lower
Circumpolar Waters (U/LCDW) prevail below the surface waters at the more southerly stations. For more details see Section 2. Open circles
represent surface waters (ASW, SASW), filled circles all deeper water masses. Note that the two shallowest samples at station 12 are outside
the displayed salinity range.

Potential
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11.10
10.95
10.93
9.64
9.27
8.77
7.34
5.47

12.32
12.23
12.14
10.82
10.23
8.95
8.33

8.09
8.08
8.10
7.20
6.97
6.32
5.84
4.89
3.67
2.99

3.36
2.99
1.54
$0.39
$0.53
0.24
1.42
1.85
2.20
2.17
2.04
1.83

Depth (m)

15
40
60
150
250
500
750
1000

15
40
60
150
250
500
750

15
30
50
80
125
200
300
500
750
1000
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30
50
80
100
125
150
200
250
500
750
1000

Station

TM 7
46.906 S
141.931 E

TM 8
46.393 S
150.389 E

TM 9
53.583 S
149.298 E

TM 10
59.611 S
148.640 E

33.940
33.942
33.988
34.070
34.099
34.228
34.385
34.483
34.561
34.678
34.726
34.744

34.087
34.085
34.179
34.275
34.292
34.227
34.229
34.255
34.312
34.431

34.822
34.818
34.817
34.833
34.824
34.617
34.542

34.555
34.555
34.554
34.678
34.642
34.573
34.422
34.369

Salinity

306
308
317
323
318
270
208
177
161
164
171
178

271
272
270
265
259
257
242
213
191
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251
249
246
241
242
234
238

249
248
250
243
244
234
210
185

O2 (mmol/kg)

3.71
3.73
3.73
3.74
3.74
3.75
3.76
3.80
3.81
3.86
3.83
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3.45
3.44
3.44
3.40
3.37
3.41
3.46
3.52
3.64
3.76

3.22
3.23
3.22
3.22
3.22
3.30
3.30

3.28
3.27
3.27
3.27
3.27
3.31
3.39
3.52

Cr (nmol/kg)

0.93
0.90
0.93
0.91
0.93
0.92
0.92
0.90
0.93
0.90
0.91
0.91

0.99
0.98
0.97
0.99
1.00
0.97
0.99
0.96
0.93
0.90

1.04
1.05
1.05
1.06
1.05
1.02
1.02

1.02
1.04
1.05
1.06
1.05
1.03
0.99
0.98

d53Cr (‰)

0.03
0.02
0.03
0.02
0.03
0.02
0.02
0.02
0.02
0.02
0.02
0.03

0.03
0.02
0.02
0.03
0.02
0.02
0.02
0.02
0.02
0.02

0.02
0.03
0.03
0.02
0.02
0.02
0.02

0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.02

Int. error
2 SEM (‰)

27.01
27.04
27.20
27.38
27.41
27.47
27.53
27.57
27.61
27.71
27.76
27.79

26.55
26.55
26.62
26.82
26.87
26.90
26.97
27.10
27.28
27.44

26.39
26.41
26.42
26.68
26.78
26.83
26.87

26.42
26.44
26.44
26.76
26.80
26.82
26.92
27.12

Potential
density (kg/m3)

27.16
27.20
27.38
27.60
27.64
27.71
27.77
27.81
27.84
27.94
28.00
28.03

26.61
26.61
26.69
26.92
26.97
27.02
27.09
27.25
27.45
27.64

26.44
26.46
26.47
26.75
26.86
26.92
26.97

26.47
26.50
26.50
26.84
26.88
26.92
27.03
27.26

Neutral
density (kg/m3)

ASW
ASW
ASW
ASW, WW
ASW, WW
ASW/UCDW
ASW/UCDW
UCDW
UCDW
UCDW/LCDW
UCDW/LCDW
LCDW

(PFZ)
(PFZ)
(PFZ)
(PFZ)
(PFZ)
(PFZ)
(PFZ)
(PFZ)
(PFZ)
UCDW

SASW
SASW
SASW
SASW/SAMW
SAMW
SAMW
SAMW/AAIW

SASW
SASW
SASW
SAMW
SAMW
SAMW
SAMW/AAIW
SAMW/AAIW

Water mass

Table 1
Hydrographic and Cr data for the studied samples (Henry et al., 2019; Rickli et al., 2019). The uncertainty on the Cr isotope values is ±0.036‰ and ±2.2% for Cr concentrations (2 SD) based on
full replicate measurements of OSIL waters and two ACE samples (Table 3, Section 3.2.4.4). Temperature (in situ), salinity and oxygen data were extracted from the CTD at ACE stations
neighbouring the trace metal sampling sites (Leg 1, CTD cast 12; Leg 2, CTD casts 1, 3, 5, 13, 22, 23, 33, 35; Henry et al., 2019). Oxygen data were not calibrated and reflect raw sensor data,
contrasting with calibrated salinity and temperature (Henry et al., 2019). Potential temperature, potential density and neutral density were calculated in Ocean Data View (Schlitzer, 2019).
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$0.85
$1.04
$0.88
$1.37
$1.77
$1.79
$1.82

$0.31
$0.12
$1.27
0.17
1.06
1.12

0.35
0.33
0.04
0.96
1.12

3.56
0.77
$0.52
1.24
1.69

5.04
4.27
1.19
1.41
2.48
2.28

15
25
50
80
150
250
500

15
40
100
150
250
500

15
50
100
150
500

15
50
100
180
300

15
60
125
250
580
1000

TM 12
67.189 S
145.721 E

TM 14
67.290 S
163.536 E

TM 15
67.100 S
167.360 E

TM 18
63.963 S
66.242 W

TM 20
59.600 S
67.919 W

33.749
33.753
33.808
34.012
34.446
34.651

33.879
33.984
34.200
34.562
34.676

34.069
34.074
34.502
34.661
34.727

33.917
34.252
34.409
34.555
34.683
34.719

32.829
32.923
33.690
34.100
34.488
34.504
34.578

288
295
314
269
167
158

302
301
253
173
164

308
307
213
182
180

323
292
254
216
190
185

372
370
368
340
283
283
282

3.65
3.68
3.61
3.66
3.80
3.87

3.74
3.77
3.80
3.86
3.88

3.80
3.80
3.85
3.88
3.95

3.78
3.80
3.82
3.82
3.87
3.92

3.68
3.66
3.78
3.82
3.83
3.83
3.86

0.93
0.94
0.93
0.93
0.90
0.89

0.89
0.89
0.88
0.87
0.91

0.91
0.92
0.92
0.90
0.89

0.93
0.92
0.92
0.92
0.90
0.90

0.89
0.91
0.90
0.89
0.89
0.92
0.90

0.02
0.02
0.02
0.02
0.02
0.02

0.02
0.02
0.02
0.02
0.02

0.02
0.02
0.02
0.03
0.03

0.02
0.02
0.03
0.03
0.03
0.03

0.02
0.03
0.03
0.02
0.02
0.02
0.02

26.68
26.77
27.08
27.23
27.49
27.67

26.94
27.25
27.49
27.68
27.74

27.34
27.35
27.71
27.78
27.82

27.25
27.51
27.69
27.74
27.79
27.82

26.39
26.48
27.09
27.44
27.77
27.78
27.85

26.75
26.86
27.25
27.43
27.71
27.89

27.07
27.45
27.73
27.92
27.98

27.55
27.56
27.97
28.04
28.11

27.44
27.76
27.95
28.01
28.06
28.10

26.43
26.53
27.26
27.68
28.05
28.31
28.42

ASW
ASW
ASW/WW
ASW/UCDW
ASW/UCDW
UCDW

ASW
ASW
WW/UCDW
UCDW
UCDW/LCDW

ASW
ASW
ASW/LCDW
LCDW
LCDW

ASW
ASW
ASW, WW
LCDW
LCDW
LCDW

ASW
ASW
ASW
ASW
modified LCDW
modified LCDW
modified LCDW

192
J. Rickli et al. / Geochimica et Cosmochimica Acta 262 (2019) 188–206

J. Rickli et al. / Geochimica et Cosmochimica Acta 262 (2019) 188–206

sea-ice formation, in particular on the Weddell and Ross Sea
shelves. As a result, dense waters are formed and sink, leading to additions to Lower Circumpolar Deep Water
(LCDW) and the formation of Antarctic Bottom Water
(Orsi et al., 1999).
2.2. Antarctic circumnavigation expedition – studied stations
and water masses
Seawater samples were collected during the Antarctic
Circumnavigation Expedition (ACE) onboard the R/V
Akademik Tryoshnikov between January and mid February 2017. The sample stations include a north-south,
cross-frontal transect (TM 7–12) from south of Tasmania
(TM 7, 8) to Mertz Glacier in Antarctica (TM 12), one
station west and east of the Balleny Islands (TM 14 and
15, respectively) and two stations in the Drake Passage
(TM 18, 20) (Fig. 1a, Table 1). ACE samples were
obtained from the uppermost 1000 m of the water column,
given the expectation that mostly surface ocean processes
will aﬀect seawater Cr.
Stations 7 and 8 are situated close to the STF in the
SAZ. At both stations, the samples include Subantarctic
Surface Water (SASW), SAMW (potential density
rh ) 26.8 kg/m3) and samples from below the SAMW layer
with a contribution of AAIW (rh ) 27.3 kg/m3) (Talley
et al., 2011; Table 1, Fig. 1b). Station 9 shows potential
temperature (h) – salinity (S) characteristics typical of the
PFZ with a zigzagging pattern related to the mixing of
southerly and northerly waters (Talley et al., 2011). The
deepest sample has similar h-S properties as further deep
samples obtained at stations 10 and 20 close to the density
level of UCDW (rh ) 27.6 kg/m3, Fig. 1b).
Station 10 and stations 18 and 20 in the Drake Passage
are all situated south of the PF in the AZ based on the temperature minimum associated with Antarctic Surface Water
(ASW) referred to as Winter Water (Fig. 1b, Talley et al.,
2011). Surface waters to a maximal depth of 150 m at station
20, hence, represent ASW, including its coldest form, Winter
Water (Fig. 1b). Below this depth, the water column is occupied by UCDW evidenced by an O2-minimum situated at
)250 m at station 10 and 18 and at )800 m at station 20.
The deepest samples at station 10 and 18 are close to or
within the salinity maximum of LCDW (rh ) 27.8 kg/m3).
Similar h-S properties as at stations 10, 18 and 20 are also
observed at stations 14 and 15 in the Subpolar Region neighbouring the Balleny Islands, although the temperature minimum associated with Winter Water is less pronounced
(Fig. 1b) and UCDW is absent south of the southern boundary of the ACC (Orsi et al., 1995). Station 12 close to Antarctica shows nearly homogenous temperatures throughout the
water column at variable salinities. The deepest samples, denser than ASW, represent modified LCDW (Whitworth et al.,
1998) and are overlain by waters that are somewhat colder
than ASW at the more northerly stations (Fig. 1b).
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patterns and biogeochemical dynamics as surface waters
are transported away from upwelling sites. Waters north
of the STF are characterized by generally low macronutrient concentrations, while higher concentrations are characteristic of the SAZ and AZ, where biological productivity is
primarily limited by iron (Fe) (e.g. Martin et al., 1990; Boyd
et al., 2007; Moore et al., 2013 and references therein).
In addition to these large-scale oceanic nutrient dynamics, Fe supply from sea ice (e.g. Lannuzel et al., 2016), terrestrial sources close to the Antarctic continent (e.g. Death
et al., 2014) and subantarctic islands (e.g. Blain et al.,
2007), as well as mesoscale eddies (Jones et al., 2017), transiently relax Fe-limitation of phytoplankton growth. While
these mesoscale features directly impact the biological community and the biogeochemical cycles of major and micronutrients, recent data demonstrate that not all biologicallycycled elements are aﬀected in terms of concentrations and/
or isotope compositions (e.g. Wang et al., 2019).
In recent years, a range of stable isotope systems have
been studied in the Southern Ocean (e.g. de Souza et al.,
2012; Abouchami et al., 2014; Zhao et al., 2014; Sieber
et al., 2019, Wang et al., 2019) in order to constrain the
eﬀects of Southern Ocean biological processes on their spatial distributions and with the perspective of applying these
tools to reconstruct biogeochemical conditions in the past.
Silicon (Si) and cadmium (Cd) show very similar patterns
(de Souza et al., 2012; Abouchami et al., 2014; Sieber
et al., 2019). Both are strongly depleted in surface waters
of the AZ and PFZ due to biological uptake resulting in
heavy isotope signatures that are incorporated into
SAMW/AAIW and become easily traceable features at
intermediate depths in adjacent ocean basins. Although
zinc (Zn) also shows strong surface depletions, there is very
little expression of this in terms of Zn isotope variability
(Zhao et al., 2014; Wang et al., 2019). Contrasting with
Si, Cd and Zn, Ni neither shows strong surface depletions
nor large isotopic variability with depth (Cameron and
Vance, 2014; Wang et al., 2019). Notably, all four elements
are very homogenous in their isotope compositions at
depths below AAIW.
Our ACE samples include a north-south transect across
nutrient regimes as well as stations near the ice-edge and
downstream of isolated islands, allowing the cycling of Cr
to be investigated in these varied and dynamic environments. In addition, as subsurface waters exported from
the Southern Ocean are known to be important contributors to the distribution and depth profile structure of
macronutrients (Sarmiento et al., 2004), trace metals
(Frew and Hunter, 1992; de Souza et al., 2018) and metal
isotopes (Abouchami et al., 2014; Sieber et al., 2019), our
ACE samples can give insight into deep water Cr and
d53Cr that will be useful in constraining Cr cycling in the
global ocean.
3. METHODS

2.3. Biogeochemical processes in the Southern Ocean

3.1. Sample collection

The spatial nutrient distribution and regimes of nutrient
limitation are closely associated with ocean circulation

A trace metal clean rosette system (General Oceanics)
equipped with 10 l Niskin-X bottles was used to collect sea-
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months at pH * 2, ensuring that all Cr was present as Cr
(III) (e.g. Jeandel and Minster, 1987; Semeniuk et al.,
2016). Spiked samples were left for equilibration for
>48 h before the precipitation of Mg(OH)2 was induced
by adding 5–6 ml ammonia solution to yield a pH of
10–11. For OSIL water (used as an internal standard, see
Section 3.2.4), the needed volume corresponded to 10 ml.
A large fraction of the supernatant was poured oﬀ two days
after precipitation. Further separation of the precipitate
was achieved by centrifugation. The precipitate was eventually dissolved in 4–6 ml 4 M HCl and transferred to Teflon
vials. Half a millilitre 30% H2O2 (Romil UpA) was added to
oxidize organic compounds and the samples were refluxed
at 110 "C for >48 h. The sample solutions were finally dried
and immediately taken up in 9 ml 0.022 M HCl in preparation for the first chromatographic column. Alternatively,
the oxidizing step used 1 ml concentrated HNO3. In this
case, the samples were converted back to Cl-form prior to
the dissolution in 9 ml dilute HCl employing two repetitions
of dissolution and drying in 1–2 ml of 6 M HCl.
The two-step chromatographic purification followed
previously established methods. Chromium was first loaded
as Cr(VI) on an anion column in dilute HCl (2 ml resin bed,
AG 1-X8, 100–200 mesh) to remove the Mg-matrix and further elements (e.g. Ball and Bassett, 2000). For the oxidation of Cr, 1 ml of 0.2 M ammonium persulfate (TCI
chemicals) was added to the 9 ml of sample solution and
the sample boiled for 1 h at 130 "C. Samples were subsequently loaded at room temperature and Cr purification
accomplished as outlined in Table 2a. The visible residue
of the first column is a sulphur-rich brown dot. This residue
was dissolved in 3 ml 1 M HNO3 and processed through a
cation column (1 ml resin bed, AG 50W-X8, 200–400 mesh)
using an elution scheme adapted from Yamakawa et al.
(2009, see Table 2b). This scheme included a step of Fe elution in 0.5 M HF, which resulted in final 56Fe/(54Cr+54Fe)
ratios <0.03 appropriate for analysis by MC-ICP-MS (see
Section 3.2.4).
In general, the protocol outlined above is similar to the
procedure reported by Moos and Boyle (2019). We have
not observed any detectable polyatomic sulfur interferences
on mass 49 after the use of ammonium-persulfate and

water samples. The bottles were transferred to a class 100
clean container aboard the ship and seawater was filtered
through pre-rinsed Supor Acropak capsule filters (0.2 mm)
collecting aliquots in 1 l LDPE Nalgene bottles. The bottles
were cleaned successively for >7 days in RBS detergent and
then for >7 days in 10% HCl p.a., including extensive intermediate and final rinses with MilliQ water (18.2 MX/cm
resistivity). Samples were acidified to pH * 2 with double
distilled HCl and double bagged for transport and storage
at room temperature at the University of Bern.
3.2. Chromium stable isotope measurements
3.2.1. Preliminary chromium concentrations
Initial Cr concentrations, to ensure the addition of
appropriate amounts of Cr double spike, were determined
on 30 ml sample aliquots. To this end, 0.2 ml 5 ppb 50Cr
spike was added to 30 ml of seawater. Subsequently, Cr
was enriched from solution by co-precipitation with
Mg(OH)2 through the addition of 0.7 ml of ammonia solution (Romil UpA, assay 20–22%) (e.g. Semeniuk et al.,
2016). After centrifugation and removal of the supernatant,
the precipitate was dissolved in 2 ml 1 M HNO3, transferred to Teflon vials and evaporated to dryness. Separation
of Cr from Mg, Ti and V was achieved on cation columns
with 1 ml resin bed, whereby the sample was loaded in 1 M
HNO3 (Yamakawa et al., 2009). The natural Cr concentration was determined by MC-ICP-MS (Neptune Plus,
Thermo Fisher). Measured 52Cr/50Cr ratios were corrected
for machine mass bias by a simplified standard-samplebracketing approach (e.g. Albarède et al., 2004), applying
the mass bias deduced from an unspiked NIST 979 standard run once every 6 samples. Mass bias corrected ratios
were converted to Cr concentrations by standard isotope
dilution equations (e.g. Stracke et al., 2014).
3.2.2. Spiking and purification of 1 l isotope samples
Appropriate amounts of 50Cr-54Cr double spike
(338 ppb, in 2 M HNO3) were added to 1 l seawater samples
for Cr isotope determinations, targeting a molar Cr spike
proportion of 0.5 of the total Cr in the sample-spike mixture (see Section 3.2.4). All samples were stored for several

Table 2
(a) Ion chromatographic scheme for the separation of Cr from major elements, especially Mg, and Ti, V and Fe on 2 ml of anion resin
(AG 1-X8, 100–200 mesh, adapted from Schoenberg et al., 2008). (b) Final purification of Cr from S and residual Ti, V and Fe on 1 ml of
cation resin (AG 50W-X8, 200–400 mesh, modified from Yamakawa et al., 2009). For more details see Section 3.2.2.
(a) Anion column

(b) Cation column

Clean
Condition

15 ml 1 M HNO3
2 ' 2 ml 0.02 M HCl

Load sample
(at room temperature)

in 9 ml 0.022 M HCl/
1 ml 0.2 M ammonium persulfate

Elute matrix
incl. Ti, V and Fe

20 ml 0.1 M HCl
10 ml MQ

Collect Cr

2 ' 1 ml 1 M HNO3
wait 1.5 hours
3 ' 4 ml 1 M HNO3

Clean
Condition

7 ml 6.4 M HCl
7 ml 0.5 M HF
2 ' 1 ml 1 M HNO3

Load sample
(after 4 days in this acid at room temperature)

in 3 ml 1 M HNO3

Elute residual Ti, V and S
Elute residual Fe
Elute residual Mg
Collect Cr

7 ml 1 M HNO3
7 ml 0.5 M HF
3 ' 8 ml 1 M HCl
7 ml 2 M HCl
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cation resin (c.f. Moos and Boyle, 2019), in agreement with
other studies reporting Cr isotope data obtained by MCICP-MS (e.g. Schoenberg et al., 2008). Notably,
Schoenberg et al. (2008) report that many of their samples
were run directly after the anion column involving
ammonium-persulfate.
3.2.3. Procedural yields and blanks
The procedural yields, inferred from observed 52Cr signals compared to signals expected from sample Cr concentrations, range between 34% and 70%, with an average of
53%, similar to those reported by Moos and Boyle (2019).
In general, it would be valuable to constrain the cause of
these relatively low yields, since improvements would allow
processing smaller seawater samples in the future. In principle, they could result from variable yields during Cr coprecipitation with Mg(OH)2 performed for relatively large
water volumes and/or variable recoveries during ion chromatography. Our column calibrations suggested Cr recovery of >90% for the anion column and >99% for the
cation column. However, since the calibrations were performed with mixtures of Ti, V, Cr and Fe only, it is not
clear if the high column recoveries can also be expected
for the processed seawater matrices. The yields are not of
analytical concern given that blank to sample ratios
remained <1.5% as detailed below.
The advantage of pre-concentrating Cr with Mg(OH)2 is
the low associated blank. In contrast to Cr enrichment with
added Fe(II) (Bonnand et al., 2013; Scheiderich et al., 2015;
Goring-Harford et al., 2018), Mg is naturally present in seawater and only ammonia solution (<0.1 pmol Cr per ml) is
needed for the enrichment. Iron(II), on the other hand, can
contribute large amounts of Cr with variable Cr isotope compositions (320 pmol Cr per sample, Goring-Harford et al.,
2018). In each series of 11 samples, one procedural blank
was obtained starting with the transfer of 6 ml of 4 M HCl
from a centrifuge tube to a Teflon vial (see above) and continuing the procedure as for the samples. The observed blanks
ranged between 12.5 and 16.3 pmol (14.4 ± 1.4 pmol, 1 SD,
n = 6). To assess the contributions to the procedural blank
from the anion column, the ammonium – persulfate and the
cation column, we processed pure reagents through the columns. The anion column was run with and without the oxidising agent, and its blank was deduced from the diﬀerence
between these runs. The results indicate that )83% of the procedural blank stems from the anion column, most of which is
from the ammonium – persulfate ()80% of )83%), while the
cation column contributes )17%. The procedural blanks are
negligible and correspond to 0.9% on average and a maximum of 1.5% of sample derived Cr. Whether variable procedural blanks aﬀect the data quality has been assessed through
replicate measurements of seawater samples and seawater
salinity standards (OSIL water) described in the next section.
3.2.4. Chromium mass spectrometry
3.2.4.1. Double spike isotope composition and concentration.
The Cr double spike was prepared from enriched 50Cr and
54
Cr obtained in metal form from Isoflex. Both single spikes
contained substantial amounts of Fe, and, as a consequence, they were purified separately on anion resin (e.g.
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Scheiderich et al., 2015). Single spikes were mixed in appropriate proportions to yield optimal 54Cr and 50Cr abundances following Rudge et al. (2009). The double spike
was calibrated for its isotope composition by running several NIST 979 double spike mixtures with a molar spike
Cr proportion between 0.15 and 0.6 and optimizing the
composition to yield d53Cr = 0 across the range. The calibration gave isotope compositions of 41.9997, 1.4666 and
29.2410 for 50Cr/52Cr, 53Cr/52Cr and 54Cr/52Cr, respectively, relative to internally normalized values of 0.051859
(reference ratio, Birck and Allègre, 1984), 0.113456 and
0.028208 for NIST 979. The calibration reveals no significant trend for the d53Cr – value of NIST 979 in the range
of the described mixtures.
The uncertainty on the natural mass fractionation factor
based on the chosen double spike composition is relatively
constant and minimal in a range of molar Cr spike proportions between 0.1 and 0.6, with an absolute minimum at
)0.3 (Rudge et al., 2009), although the model does not consider any interferences. Due to the interference correction
of 54Fe on 54Cr, and initial observations on internal errors
in function of spike proportion, we decided to measure
samples at a spike proportion of )0.5 (spike Cr/sample
Cr = 1). This yields larger 54Cr signals, which are less
aﬀected by uncertainties of the 54Fe interference correction.
As a result of the accurate available preliminary Cr concentrations, samples were run at nearly constant spike proportions between 0.48 and 0.53.
The Cr double spike has been calibrated for its concentration in mixtures with a solution of known Cr concentration. This Cr solution was prepared from a pure Cr metal
grain digest (99.995% Cr, Alfa Aesar). The error on the
concentration calibration is <0.3% based on the weighing
uncertainty during digestion and subsequent dilutions.
3.2.4.2. MC-ICP-MS setup and measuring sequences. Solutions were introduced in 0.5 M HNO3 using an Aridus II
desolvating system (Cetac) and a Savillex nebulizer with a
nominal uptake rate of 100 ml/min. Mounted cones consisted of a standard sample cone and an X skimmer cone.
The cup-configuration included cups equipped with
1011 X resistors for the four Cr isotopes (50, 52, 53 and
54) and interfering elements monitored by 49Ti, 51V and
56
Fe. Titanium and V interfere on 50Cr, while Fe interferes
on 54Cr. Interference levels of these elements after the twostage purification scheme were negligible and corrected for
as detailed below. Chromium was measured in medium resolution on the ArC-, ArO- and ArN-free low mass shoulder
at a mass setting of 51.91–51.913 for the axial 52Cr cup
depending on the session (e.g. Schoenberg et al., 2008;
Goring-Harford et al., 2018). The signals of the Arspecies were reduced avoiding the use of nitrogen as a
sweep gas and using a torch position relatively distant from
the sample cone (z typically at around $2 mm). Usual signals with this setup were 17–20 V of (natural) 52Cr for a
70 ppb solution. Background levels in 0.5 M HNO3 were
<0.4 mV 49Ti, <1 mV 51V, 5–10 mV 52Cr and <8 mV
56
Fe. There was a slight tendency for 52Cr to increase in
the course of a session, usually starting at )5 mV and ending at )10 mV.
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Sample and standard measurements consisted of 36 ' 4.2
s of beam integration. Between analyses the system was
rinsed with a first wash solution for 70 s, and a second wash
and an on-peak background solution for 18 ' 4.2 s each. The
average on-peak background preceding a sample or standard
measurement was subtracted from the raw intensities of samples and standards prior to data reduction.
Before running samples and NIST 979 – double spike
mixtures, a set of 6 pure internally normalized NIST 979
standards were run to verify stable machine performance.
Subsequently, three NIST 979 – double spike mixtures were
measured and evaluated for their d53Cr. Alternating measurements of three samples and one NIST 979 – double
spike mixture followed these pre-measurements to allow,
if needed, for drift correction. No drift occurred in any of
the sessions of this study, and the sample data were corrected with the session’s average deviation of all NIST
979 – double spike mixtures from 0. This deviation was
*0.025‰ in absolute terms, with 2 SD * 0.023‰ and 2
SEM * 0.007‰, each session including at least nine measurements of the standard. Given the homogenous spiking
of samples, NIST 979 – double spike mixtures were only
run at a spike proportion of )0.5 identical to the samples.
3.2.4.3. Data reduction and interference levels of Ti, V and
Fe. The Cr isotope composition of samples and standards
was deduced from raw background-corrected intensities in
a R-script following Rudge et al. (2009). The equations were
complemented and include interference corrections for Ti, V
and Fe on Cr assuming the same machine fractionation for
these elements as for Cr and natural isotope compositions.
Maximal observed 49Ti/cup50, 51V/cup50 and 56Fe/
cup54 ratios in the samples were 2 ' 10$5, 9 ' 10$5 and
0.03, respectively. The average sample 56Fe/cup54 was
0.011. Given natural 50Ti/49Ti = 0.9725, 50V/51V = 0.0246
and 54Fe/56Fe = 0.0637, this implies that Fe was by far
the largest interference constituting up to 2.1 ' 10$3 of
the 54 beam, compared to maximal proportions of

2 ' 10$5 and 2 ' 10$6 of Ti and V on cup 50. Based on
this, we investigated the tolerance for Fe interference corrections running NIST 979 – double spike mixtures with
added Fe yielding a 56Fe/cup54 ratio of 0.04. For the data
reduction we assumed light Fe (d56Fe = $5), unfractionated Fe (d56Fe = 0, 56Fe/54Fe = 1/0.0637) and heavy Fe
(d56Fe = +5) to be contained in the sample. The assumption of unfractionated Fe yielded d53Cr values as for the
Fe-free runs, and diﬀered by 0.005 d-units for the other
cases. The uncertainty induced due to the interference correction of Fe is therefore small, corresponding to a fraction
of the internal errors of sample measurements ranging
between 0.02 and 0.03 d-units (2 SEM, Table 1). This finding is in agreement with Bonnand et al. (2011), who also
concluded that residual Fe in samples at levels similar to
those observed here are easily correctable.
3.2.4.4. Accuracy and precision of d53Cr and Cr concentrations. Internal errors of the sample measurements provide
an optimistic estimate of the precision of isotope and concentration data, as they do not monitor any issues potentially arising from variable chemical blank contributions,
changing mass spectrometric conditions from session to session and/or inaccurate sample and double spike weighing.
As already noted, internal errors range between ±0.02
and ±0.03‰ for d53Cr (2 SEM) for measurements at natural 52Cr beam sizes between 11 and 24 V, with an average of
19 V. Internal errors of concentration measurements
deduced from the double spike data reduction are not
relevant, since they are orders of magnitude smaller than
anticipated errors from double spike and sample weighing.
A more realistic estimate of the precision of our data has
been obtained through separate processing of several aliquots of three diﬀerent batches of OSIL water and of two
duplicates from the ACE cruise (Table 3). OSIL is a commercially available salinity standard (35 psu) collected from
the surface ocean near the Sargasso Sea (http://www.osil.
co.uk). To ensure sample-spike equilibration, OSIL waters

Table 3
Chromium data for OSIL waters and ACE samples processed as full replicates. The listed recommended values are based on replicate
measurements at the Saskatchewan Isotope Laboratory obtained by TIMS. Error estimates derived from this data set correspond to ±0.036‰
for d53Cr and to ±2.2% for Cr concentration (2 SD, see Section 3.2.4.4).

OSIL
OSIL
OSIL

ACE replicates
TM 9–50 m
TM 10–80 m
a
b

Bottle 1.
Bottle 2.

Origin
(Osil Batch date)

This study
Cr (nmol/kg)

d53Cr

2 SEM

Saskatchewan Isotope Laboratory
(2/9/2015)
Saskatchewan Isotope Laboratory
(16/9/2015)
University of Bern
(5/12/2017)

4.38
4.22
3.23
3.24
4.03a
3.99a
4.05a
4.19b
4.18b

0.68
0.66
0.97
0.95
0.85
0.82
0.86
0.85
0.83

0.03
0.02
0.03
0.02
0.03
0.02
0.02
0.02
0.03

3.44
3.44
3.75
3.73

0.95
0.99
0.91
0.92

0.03
0.02
0.02
0.02

Recommended values
Cr (nmol/kg)

2 SD

d53Cr

2 SD

n

4.27

0.02

0.66

0.01

4

3.30

0.08

0.97

0.01

2
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were acidified to a pH < 2 and left for more than a month
before processing (see Section 3.2.2). Diﬀerent batches are
not identical in terms of Cr concentrations and isotopes
(Scheiderich et al., 2015; Paulukat et al., 2016; GoringHarford et al., 2018), which renders the standard less valuable for our purpose.
We also noted a small but consistent oﬀset in the Cr concentration of OSIL waters from the same batch, but taken
from two diﬀerent purchased 5 l bottles (Table 3, OSIL
5/12/2017). This observation has been confirmed by further
measurements of aliquots from the second bottle, which
were processed (and will be reported) in the context of a
new study. Hence, we treat these bottles as separate samples
when estimating the precision of Cr isotopes and concentrations from the compilation of duplicate and triplicate measurements in Table 3. The standard deviation for d53Cr is
calculated from the formula SD2 ¼ 1=kRi d2i , where di is
the deviation in d53Cr of a sample from the corresponding
mean of replicate measurements and k is the number of
degrees of freedom equal to the diﬀerence between the number of analyses and the number of samples (Kenney and
Keeping, 1951, Chapter, 7.11). Analogously, the relative
standard deviation for concentrations is calculated from
the relative deviation of each measured sample concentration from the respective mean concentration. The derived
error for d53Cr corresponds to ±0.036‰ and to ±2.2%
for Cr concentrations (2 SD in both cases, based on 13 measurements of 6 samples).
The Saskatchewan Isotope Laboratory (C. Holmden)
provided two OSIL batches that were processed as full
duplicates. Our measured isotope compositions for these
samples deviate by at most 0.02 d-units from the values
obtained by the Saskatchewan Isotope Laboratory (measured by TIMS). The maximal diﬀerence for concentration
data corresponds to 2.7% (Table 3).
4. RESULTS
4.1. Dissolved chromium concentrations
Dissolved Cr concentrations show only subtle variations
with depth at each station, with slight depletion in the surface
compared to deeper waters (Fig. 2a, Table 1). The gradient is
particularly small at stations 8, 10, 12, 14, 15 and 18 where the
increase with depth ranges between 3 and 5%. A somewhat
larger increase is observed at stations 7, 9 and 20 with Cr subsurface enrichments ranging between 7 and 11%.
Chromium concentrations systematically increase from
north to south (Fig. 2a). Average Cr concentrations correspond to 3.32 and 3.25 nmol/kg at station 7 and 8 in the
SAZ, 3.49 at station 9 in the PFZ, and 3.78 at stations 10
and 12 along the transect from Tasmania to Antarctica.
Further southerly sites $ 14, 15, 18 and 20 – yield very similar average Cr concentrations to those observed at stations
10 and 12 ranging between 3.71 and 3.84 nmol/kg.
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tion 18, 180 m) and +1.06‰ (station 8, 150 m, Table 1).
As for Cr concentrations, station-specific variations in
d53Cr are small, usually much smaller than the maximal
observed range of 0.1 d-units at station 9 (Fig. 2b). At all
but three sites, these variations remain within analytical
uncertainty (2 SD = 0.036 d-units, Section 3.2.4.4). Station
7 and 9 (2 SD = 0.06‰), and to a lesser degree station 20 (2
SD = 0.04‰), show larger variability trending towards
lower d53Cr values at depth. Chromium isotope compositions vary from north to south, similar to Cr concentrations
(Fig. 2b): stations 7, 8 in the SAZ yield average d53Cr of
+1.03‰ (±0.02, 2 SEM) and +1.04‰ (±0.01), respectively,
somewhat higher than station 9 in the PFZ (+0.97
± 0.02‰). All other more southerly sites are nearly identical with average values between +0.89 and +0.92‰ (2
SEM = ±0.01 to 0.02).
4.3. Relationship between chromium concentrations and
isotope compositions
Previous studies have revealed a tight relationship
between dissolved Cr concentrations and isotope compositions in open-ocean samples (Scheiderich et al., 2015;
Goring-Harford et al., 2018; Moos and Boyle, 2019). The
compiled literature data, excluding coastal waters showing
freshwater influence (Scheiderich et al., 2015), samples with
relatively imprecise Cr concentrations (10–15% uncertainty,
Paulukat et al., 2016), and analyses of isolated seawater
samples (Economou-Eliopoulos et al., 2016; Pereira et al.,
2016; Holmden et al., 2016; Farkaš et al., 2018; Frei
et al., 2018), are consistent with a Rayleigh-type fractionation of Cr in a closed system, yielding an isotopic enrichment factor of e = $0.82 ± 0.09‰ (2 SD, n = 81,
R2 = 0.79). The new data from this study are consistent
with these earlier observations with a calculated e of
$0.82 ± 0.06‰ (2 SD, n = 66, R2 = 0.92). A fit to all data
yields e = $0.81 ± 0.06‰ (2 SD, n = 147, R2 = 0.83,
Fig. 3a).
Chromium seawater data, where concentrations and isotopes are available, range between 1.2 and 6.5 nmol/kg and
between +0.41 and +1.72‰ in d53Cr (Fig. 3a). Samples
from the Arctic and the Atlantic Ocean (Scheiderich
et al., 2015; Goring-Harford et al., 2018) yield generally
heavier Cr isotope compositions than those observed in
the Southern Ocean, with the exception of the data reported
from the Argentine Basin (d53Cr = +0.41 to +0.66‰,
Bonnand et al., 2013). Seawater d53Cr in the range of the
Southern Ocean or even lighter are observed at the SAFe
station in the subtropical North Pacific (d53Cr = +0.68 to
+1.11‰, Moos and Boyle, 2019) and in the northeast Pacific (station PAPA, d53Cr = +0.61 and +0.91‰, Scheiderich
et al., 2015).
5. DISCUSSION

4.2. Dissolved chromium isotope compositions

5.1. Potential eﬀects of elemental inputs from Antarctica and
the Balleny Islands

Overall, the observed variability in Cr isotope compositions is within 0.2 d-units, between d53Cr = +0.87‰ (sta-

Terrestrial input may influence Cr and d53Cr distributions at coastal stations, either through direct Cr inputs
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Fig. 2. Depth profiles of Cr concentrations (a), d53Cr (b) and phosphate (c). Chromium concentrations increase southwards, while d53Cr
values decrease. Open circles represent surface waters (ASW, SASW), filled circles all deeper water masses.

or secondary eﬀects from inputs of other elements that
could aﬀect the biogeochemical cycling of Cr. Iron, for
instance, is supplied to the surface ocean downstream of
oceanic islands (e.g. Blain et al., 2007) as well as adjacent
to Antarctica by subglacial meltwater and icebergs (e.g.
Death et al., 2014; Lannuzel et al., 2016), fuelling phytoplankton blooms. Similarly, Si is released from glacial sediments shed into the surface ocean by subglacial meltwater
or released from iceberg hosted glacial debris (Hawkings
et al., 2017). Basaltic islands, such as the Ballenys, are not
strongly enriched in Cr compared to the continental crust

(249 versus 92 ppm, Gale et al., 2013; Rudnick and Gao,
2014). However, basaltic rocks are relatively reactive in seawater (e.g. Pearce et al., 2013) and easily weathered
(Dessert et al., 2003), which could lead to detectable concentration and isotopic shifts for Cr. Such island-derived
Cr could, hence, be associated with particulate and dissolved freshwater fluxes from the islands, but also reflect
seawater-basalt interactions along the coast.
Inputs from landmasses occur at the Mertz Glacier station close to Antarctica (station 12), at both sites neighbouring the Balleny Islands (stations 14 and15) and close
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Fig. 3. (a) d53Cr versus ln(Cr) for the new data from the Southern Ocean and data in the literature: [1] Goring-Harford et al. (2018); [2]
Bonnand et al. (2013); [3] Scheiderich et al. (2015); [4] Moos and Boyle (2019). The new data and all data taken together yield similar slopes
with corresponding isotopic enrichment factors for Cr of e = $0.82 and $0.81‰, respectively (both ±0.06‰, 2 SD). Surface Mixed Layer
samples from the Arctic are diluted by melt or river water and are, hence, not included in the regression (see Scheiderich et al., 2015). (b) shows
the same data as (a) but for deep waters only (>500 m). Chromium concentrations increase from the Atlantic to the Pacific Ocean with d53Cr
becoming gradually lighter.

to the western Antarctic Peninsula (station 18), based on
elevated Si relative to nitrate (Fig. 4). None of these sites,
however, shows particularly high Cr concentrations and/
or lowered d53Cr (Fig. 2), which would hint at a significant
terrestrial Cr source. Furthermore, these stations are virtually identical to the open ocean stations south of the PF in

Fig. 4. Silicon versus nitrate for the studied stations. Data
represent all sampled depths, contrasting with the Cr data, where
only a subset is available at each site (Table 1; Hassler and
Ellwood, 2019). Station 12 close to the Mertz Glacier, stations 14
and 15 adjacent to the Balleny Islands, and station 18 on the
western Antarctic Peninsula, show strong deviations from the
relationship between both nutrients observed elsewhere. This
relative enrichment in Si is interpreted to reflect inputs from
neighbouring landmasses.

terms of Cr isotopes and concentrations (stations 10 and 20,
Fig. 2). In summary, the impact of terrestrial fluxes on Cr
and its isotopes seems insignificant at these sites adjacent
to the coast.
5.2. Cycling of Cr in the Southern Ocean
Active biological uptake of (micro-) nutrients leads to
nutrient type depth profiles characterized by relative surface
water depletion and subsurface enrichment (e.g. Bruland
et al., 2014). If an element is not of immediate biological
need, it can still be enriched at depth through particulate
scavenging in the surface ocean and release during remineralization (e.g. Bruland et al., 2014). In contrast to other
transitional metals such as Mn, Fe, Ni, Co, Cu, Zn and
Mo (e.g. Morel et al., 2014), there is at present no documentation of a specific metabolic function of Cr in marine phytoplankton. Phytoplankton culture experiments suggest
that reduced Cr(III) can be adsorbed and to a lesser degree
taken up by phytoplankton, which may explain some of the
seawater variability in dissolved Cr concentrations and
d53Cr (Semeniuk et al., 2016).
Biological processes, including scavenging, active uptake
and remineralization, should aﬀect Cr and d53Cr most
markedly in surface waters. At the southerly stations 10,
14, 15, 18 and 20 phosphate is depleted by 12–20% in the
shallow samples taken at 15 m water depth compared to
Winter Water (Fig. 2c), which reflects the phosphate concentration in the well-mixed winter surface layer. Comparing the same samples for Cr indicates surface depletions of
at most 1.4% (Fig. 2a, Table 1). Station 12, in turn, shows
an even stronger phosphate depletion of 50% between the
surface and 80 m, resulting from enhanced biological productivity near Mertz Glacier, while the concomitant Cr
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depletion of 4% is consistent with dilution by glacial melt
(Fig. 1b, Table 1). All of these observations suggest that
biologically driven drawdown of Cr in the surface ocean
is very subtle at these southerly sites, much lower than for
major nutrients. This finding is also consistent with Cr isotopes, which do not show significant variations with depth
(Fig. 2b).
Similar considerations for stations 7 and 8 in the SAZ
are less meaningful based on the available data. Sampled
SASW is from very similar densities at both stations
(Fig. 1b). Hence, nutrients and Cr concentrations are
expected to be well-mixed, consistent with observations
(Fig. 2a, c). At sampled depth close to the SAMW pycnostat (Fig. 1b), Cr and phosphate concentrations are influenced by advection with SAMW, such that Cr profiles are
unlikely to reflect local removal and remineralization
processes.
Taken together, the data provide no evidence for strong
removal and isotope fractionation of Cr in the surface of
the Southern Ocean by scavenging and/or active biological
uptake. A similar observation has recently been made for
Ni and its isotopes close to the Kerguelen Plateau, where
Ni shows only a subtle depletion of up to )5% between
the surface and 200 m, with no change in Ni isotope compositions (Wang et al., 2019).
5.3. Water mass mixing
The relevance of mixing is most evident by looking at
the distribution of Cr and its isotopes in relation to
isopycnals along which mixing primarily occurs. There

are three main observations regarding Cr isotopes
(Fig. 5b): (i) The variability at all sites south of the PF, stations 10–20, is very limited such that all observations fall
into the analytical confidence interval around the mean isotope composition at these sites (d53Cr = +0.91 ± 0.036‰).
(ii) Deviations from this range are limited to station 9 in the
PFZ, and stations 7 and 8 in the SAZ. (iii) At the level of
SAMW and below at stations 7–9, d53Cr gradually changes
towards the southerly range in Cr isotope compositions.
These observations are mirrored in Cr concentrations
(Fig. 5a). Lower Cr concentrations are observed in surface
waters for stations 7–9, increasing towards southerly values
further down the water column.
The first observation (i) is in agreement with the statements on vertical Cr cycling in Section 5.2. Antarctic Surface Water is not distinct in terms of d53Cr from
underlying CDW, which precludes significant surficial fractionation of Cr after its supply to the surface ocean by
upwelling CDW. However, concentrations below Winter
Water gradually increase with depth (Fig. 5a). This pattern
is consistent with the mixing of Winter Water with slightly
Cr enriched CDW also indicated by h and S (Fig. 1b). The
slight enrichment in Cr of CDW relative to ASW likely
implies a time-integrated eﬀect of vertical Cr redistribution
by particles, which is however very subtle and not expressed
in a clear drawdown and fractionation of Cr in ASW.
The data also indicate that Cr isotopes are not distinct
between UCDW and LCDW (Fig. 5b). If there are any differences in Cr isotope compositions in the source waters
from the Atlantic, Indian and Pacific Ocean, which are
not evenly represented in Upper and Lower CDW (Talley

Fig. 5. Chromium concentration (a) and isotope profiles (b) with respect to potential density rh. d53Cr is very homogenous at stations 10–20
south of the PF, all observations are within the analytical uncertainty of the mean (+0.91 ± 0.036‰, shown as solid an dashed lines).
Deviations from this range and clearly lower Cr concentrations are observed in the PFZ at station 9 and in the SAZ at station 7 and 8. Open
circles represent surface waters (ASW, SASW), filled circles all deeper water masses. Isopycnals are labelled at the cores of intermediate and
deep water masses (rh,SAMW ) 26.8, rh,UCDW ) 27.6 and rh,LCDW ) 27.8 kg/m3).
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Fig. 6. d53Cr versus 1/Cr for all studied samples. The strong
correlation indicates that all observations can be viewed as a
mixture of two end-members (R2 = 0.93, p < 0.001). This interpretation is hydrographically meaningful for station 9 in the PFZ,
where the Cr concentrations and isotope compositions result from
mixing of waters from either side of the zone. Further aspects of
this correlation in the context of physical mixing are discussed in
Section 5.3. Open circles represent surface waters (ASW, SASW),
filled circles all deeper water masses.
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et al., 2011), they do not appear to be large enough to
impose variability between these water masses.
Observation (ii) can, in principle, be explained in two
ways. Either the diﬀerent Cr systematics north of the PF
reflect specific Cr fractionation processes at these sites, or,
alternatively, mixing of southerly Cr isotope compositions
with a heavier signature generated northward of the studied
sites. d53Cr versus 1/Cr indicates that all data can be viewed
as a mixture between two end-members of distinct Cr characteristics (Fig. 6). Hydrographically, it is clear that station
9 in the PFZ is a mixture of waters from both sites of this
zone (Fig. 1b, Section 2.2), providing the physical framework to explain Cr at station 9 in terms of mixing. As an
extension of this concept, Cr and d53Cr are shown for all
samples in two potential density intervals relevant for stations 7–9 (Fig. 7). The shallow samples (rh < 26.6 kg/m3),
as well as the underlying waters surrounding the SAMW
pycnostat of )26.8 (26.7 < rh < 27.1), reveal a strong linear
relationship between salinity and Cr, as well as between
salinity and d53Cr (R2 > 0.84 for all regressions, Fig. 7).
This suggests that not only station 9 in the PFZ, but also
station 7 and 8 in SAZ, reflect diﬀerent mixtures of southerly waters and an isotopically heavier northerly source.
The origin of this northerly source is discussed in
Section 5.4.
Lastly, it should be noted that the shift towards southerly Cr concentrations and isotope compositions for the

Fig. 7. Cr and d53Cr versus salinity for surface waters (a, b) and waters surrounding the SAMW pycnostat (c, d). All relationships yield high
R2 values suggesting that mixing in these layers controls the Cr distribution. Open circles represent surface waters (ASW, SASW), filled circles
all deeper water masses.
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deepest samples at stations 7 and 9 (rh > 27.1), observation
(iii), is consistent with hydrographic properties of these
waters which trend towards the density of UCDW
(Fig. 5) and the respective h-S characteristic (Fig. 1b).
5.4. Origin of the Cr isotope variability
Although mixing may primarily explain the spatial distribution of Cr concentrations and isotope compositions
in the study area, the process(es) that generate isotopically
heavy Cr signatures north of the SAZ, remain unidentified
as yet. On the one hand, this signature may be generated as
a result of the cycling of Cr within the subtropical gyre, perhaps associated with the drawdown of major nutrients.
Alternatively, it could also reflect Cr removal in oxygen
minimum zones (Rue et al., 1997), the signature of which
could subsequently be mixed into the subtropical gyre.
Whether the eﬀects of oxygen minimum zones on Cr cycling
can be significant enough is questionable. At present, there
is little evidence for strong removal and fractionation of Cr
in such zones (Goring-Harford et al., 2018; Moos and
Boyle, 2019).
In support of Cr isotope fractionation as a result of
major nutrient drawdown, a relatively strong linear relationship between d53Cr and phosphate is observed for the
stations of this study (Fig. 8). Phosphate and nitrate show
a coherent linear relationship for the studied sites
(R2 = 0.97) and, as a result, their relationships with d53Cr
are very similar. At present, it seems premature to assign
a causal link to these relationships, because they could
essentially result from the mixing of low and high latitude
waters characterized by opposing nutrient contents and

Fig. 8. d53Cr versus phosphate for all studied sites. Linear
regressions are shown to all data (dotted line, R2 = 0.72), all data
excluding station 12 close to Mertz Glacier (dashed, R2 = 0.85),
and to the stations which are not influenced by the coast (station 7,
8, 9, 10, 20, see Section 5.1, solid R2 = 0.88). The relationship
results from the strong meridional gradient in phosphate, dominating over variations in the water column at each site, coupled to
the systematic change in d53Cr with latitude. For more details see
Section 5.4. Open circles represent surface waters (ASW, SASW),
filled circles all deeper water masses.

Cr isotope composition (Section 5.3), without Cr fractionation being induced by nutrient utilization. Two aspects
should be noted: Firstly, the relationship between phosphate and d53Cr is weak at individual sites. While phosphate shows surface depletions, d53Cr is virtually
invariant with depth (Fig. 2a, c; Section 5.2). The relationship, hence, reflects the strong meridional gradient in phosphate coupled to the meridional change in d53Cr, rather
than a common cycling of Cr with nutrients at any specific
site. Second, the relationship is strongly improved if station
12 at the Mertz Glacier is not considered, whereby R2
increases from 0.72 to 0.85. The stronger surface depletion
of phosphate at this station cannot result from glacial dilution based on salinity. Instead it likely reflects enhanced
biological productivity, which, however, does not aﬀect
Cr isotopes appreciably at this site (Fig. 8).
5.5. Global variability of d53Cr
A linear regression fitting d53Cr as a function of 1/Cr for
the global data set suggests that seawater can be explained
in terms of mixing between two end members (R2 = 0.80,
not shown, fit to the same data as in Fig. 3a). Such a scenario seems very unlikely, since it implies two distinct,
probably riverine, sources of Cr to seawater (also see the
discussion in Scheiderich et al., 2015). Alternatively, adhering to mixing, one might argue that any continental flux
could be characterized by a systematic relationship of Cr
concentration and d53Cr, consistent with the overall mixing
line. Concentrations of Cr in rivers are, however, strongly
aﬀected by Cr abundance in drained lithologies (McClain
and Maher, 2016), while the dissolved isotope composition
reflects redox conditions in river catchments (D’Arcy et al.,
2016). Hence, a well defined relationship in rivers seems
unlikely, such that the overall distribution of Cr and its isotopes in seawater more likely reflects internal cycling governed by a very consistent fraction of e = $0.81 ± 0.06‰.
This does, however, not preclude that mixing of water
masses governs the seawater Cr concentration and d53Cr
composition on a regional scale as argued for the data presented here (Section 5.3).
As noted previously (Scheiderich et al., 2015), the relatively small isotope fractionation of Cr inferred from the
global seawater data set is somewhat unexpected, given that
most known Cr reducing agents induce much larger isotopic shifts (see Section 1). In principle, there are (at least)
four reasons to explain this apparent discrepancy, but we
currently have little constraints to favour one of them over
the others. First, it could imply that the observed isotope
fractionation does not only reflect Cr reduction, but instead
is also significantly influenced by sorption of Cr(VI) with
minimal fractionation (Ellis et al., 2004). Second, it may
imply that Cr isotope fractionation in the marine realm is
small because of reduction in low oxygen settings. Small
Cr isotope fractionation has been observed for soil bacteria
under denitrifying conditions (e = $0.4 ± 0.2‰, Han et al.,
2012). Third, it could be related to Cr reduction kinetics
whereby faster reduction leads to lowered fractionation
(e.g. Sikora et al., 2008; Wanner and Sonnenthal, 2013;
Jamieson-Hanes et al., 2014). Fourth, it could reflect that
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Cr(VI) reduction mostly takes place within surface sediments, resulting in an eﬀective isotope fractionation factor
that is smaller than the intrinsic one (e.g. Clark and
Johnson, 2008; Wanner and Sonnenthal, 2013).
Contrary to Si, Zn or Cd (e.g. de Souza et al., 2012;
Zhao et al., 2014; Wang et al., 2019; Sieber et al., 2019),
Cr shows limited nutrient-like behaviour in the Southern
Ocean. In a similar manner, Cr also reveals a relatively limited enrichment in deep waters from the Atlantic to the
Pacific Ocean by a factor of )2 (depth >500 m, Fig. 3b),
contrasting with enrichments of )18 and )10 for Si and
Zn, respectively (e.g. Bruland et al., 2014). Nevertheless,
the deep-water Cr data show a relatively consistent increase
in concentrations and a decrease in d53Cr from the Atlantic
through the Southern Ocean into the Pacific (Fig. 3b). The
global deep water pattern may, hence, primarily reflect continuous small additions of a regenerated Cr pool (see also
Jeandel and Minster, 1987), which is isotopically light due
to the removal of reduced Cr(III) at shallow depths, possibly coupled with the sorption of Cr(VI) onto particles.
The seawater data from the Argentine Basin (Bonnand
et al., 2013) are exceptional, as they are lower in d53Cr
and Cr-richer compared to data from the Pacific. However,
it may be that they are not representative of the true seawater signal since these water samples were not filtered
(Goring-Harford et al., 2018). A further unusual observation concerns UCDW sampled in the Equatorial Atlantic
with d53Cr = +1.72‰ (Goring-Harford et al., 2018). Upper
Circumpolar Deep Water reported in the present study is
much lower (+0.90 ± 0.05‰, 2 SD, Table 1), meaning that
the isotope composition of UCDW appears to be altered
strongly during transit from the Southern Ocean, accompanied by less significant Cr removal. This heavy signature of
UCDW is, however, unique at this stage and awaits
confirmation.
6. CONCLUSIONS
This study presents the first stable seawater Cr isotope
data from the Southern Ocean in an attempt to further
our understanding of the biogeochemical cycling of Cr.
The studied sites include a north-south, cross-frontal transect from south of Tasmania to Mertz Glacier in Antarctica, two stations adjacent to the Balleny Islands and two
stations in the Drake Passage. The cross-frontal transect
sheds light on the behaviour of Cr and its isotopes under
diﬀerent nutrient conditions, while stations adjacent to
Antarctica and the basaltic Balleny Islands, provide insight
into coastal Cr sources and/or coastal processes, which
could aﬀect the biogeochemical cycling of Cr in the water
column.
Although a coastal influence is clearly identifiable in the
Si-nitrate relationship at four sites, namely the Mertz Glacier, the Balleny Island stations and close to the western
Antarctic Peninsula, seawater d53Cr and Cr concentrations
remain unaﬀected. Hence, neither glacial meltwater and
debris, nor seawater–basalt interactions supply significant
amounts of Cr. Elemental fluxes from land also do not
appear to aﬀect Cr cycling by indirect means, for instance
through the stimulation of primary productivity. As at
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the coastal sites, Cr depletion and isotopic shifts are also
absent in Antarctic and Subantarctic Surface Waters of
the open ocean. Biological uptake of Cr, or scavenging of
Cr onto particles in the surface of the Southern Ocean, is
apparently not significant enough for such depletion to
occur. Nevertheless, time-integrated vertical redistribution
of Cr likely causes the relatively subtle enrichment of Cr
in Circumpolar Deep Water compared to Antarctic Surface
Water.
Contrasting with the small variations in d53Cr and Cr
concentrations at each site, there is systematic northsouth variability in both parameters. Seawater samples,
from the uppermost 1000 m of the water column, show
an increase in Cr concentrations and a decrease in d53Cr
from the Subantarctic across the Polar Frontal into the
Antarctic Zone. South of the Polar Front, Cr concentrations and isotopes are, however, very similar at all sites.
This latitudinal variability is consistent with mixing of
waters as evidenced by strong correlations of Cr and
d53Cr with salinity in a density interval around Subantarctic
Mode Water and at shallower depth. At present, the mechanism that generates heavier d53Cr at lower latitudes
remains uncertain. It may either be related to a change in
Cr cycling under macronutrient depleted conditions in the
subtropics or originate from the reduction of Cr in oxygen
deficient zones.
Consistent with earlier work, the new data also reveal a
strong relationship between Cr concentrations and d53Cr.
All presently available data define an apparent fractionation of Cr in seawater with e = $0.81 ± 0.06‰, assuming
a closed system Rayleigh type fractionation. Internal
cycling of Cr in the oceans likely generates this overall relationship, rather than mixing of riverine inputs with welldefined Cr-d53Cr systematics. The process(es) that lead to
remarkably well-defined Cr systematics in seawater are
not well-constrained as yet and need to be investigated in
detail in the future. Specifically, such work should investigate seawater Cr isotopes at oxygen levels lower than in
the settings studied so far and in settings with contrasted
biological productivity of the surface ocean. Further relevant insights are likely to be gained through the study of
particulate Cr fractions.
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