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ARTICLE INFO ABSTRACT

Cr isotope geochemistry is being explored in the context of a variety of geological problems as well as the
environmental remediation of pollutant Cr(VI). There is a strong Cr isotope fractionation during reduction of
oxidized Cr(VI) to reduced Cr(IIl). We present chromium concentration and Cr isotope data for samples from
highly reducing environments ([O»] < 2 umol/kg) in the Eastern Tropical North Pacific (ETNP) Oxygen
Deficient Zone (ODZ) off of Mexico and the deep Santa Barbara Basin off of California. Total dissolvable Cr in the
upper ETNP ODZ is slightly depleted (by up to 0.8 nmol/kg) and 8°3Cr is up to 0.1-0.2%o heavier compared to
oxic waters of the same density seen at the SAFe station (30°N, 140°W), presumably both a result of reduction of
Cr(VI) and removal of light Cr(III) by sinking particles. The Cr depletion and Cr isotope fractionation peak at the
same depth as the highest 8'°N of NO;~ and decrease within the equally oxygen-deficient waters below, im-
plying that microbial reduction dependent on the sinking organic matter flux may be the mechanism of Cr
reduction. These data are consistent with a fractionation mechanism with a net isotope fractionation factor of
e = —0.44%o. In the deepest anoxic waters of the Santa Barbara Basin in July 2014, dissolved (<0.2 um) Cr is
depleted by up to 1.8 nmol/kg and §°Cr is up to 0.5%o heavier compared to SAFe station waters of the same
density. This is consistent with a net isotope fractionation factor of ¢ = —0.65%o. At the Santa Barbara Basin
site, it is possible that abiotic Fe(II) reduction (from Fe(II) diffusing out of reducing continental shelf sediments)
also contributes to Cr reduction in addition to the microbial reduction mechanism.
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In seawater, Cr exists both in the trivalent form (as a particle-re-
active solvated cation and as potential organic complexes; Byrne, 2002)

1. Introduction

Chromium (Cr) reduction in aqueous systems can generate sig-
nificant Cr isotope fractionation as the resulting Cr(III) fraction is both
isotopically light and more particle-reactive compared to the initial Cr
(VD) pool. Isotope effects of different Cr(VI) reduction mechanisms have
been characterized in laboratory experiments (e.g. Basu and Johnson,
2012; Dgssing et al., 2011; Ellis et al., 2002; Kitchen et al., 2012; Sikora
et al., 2008), and Cr(VI) reduction in groundwater has been monitored
extensively via stable Cr isotope analyses (e.g. Berna et al., 2010; Ellis
et al., 2002; Izbicki et al., 2012). However, oxygen deficient waters of
the ocean, which appear to be active sites of Cr reduction (Murray et al.,
1983; Rue et al., 1997), have not been studied using a stable Cr isotope
approach until recently.

and in the hexavalent form (as the soluble oxyanion chromate,
Cr0,4>7). While total Cr concentrations range between 1.2 nmol/kg —
6.5 nmol/kg in seawater (e.g. Bonnand et al., 2011; Goring-Harford
et al.,, 2018; Moos and Boyle, 2019; Rickli et al., 2019; Scheiderich
et al., 2015), the distribution of the individual redox species is largely a
function of oxygen levels, the presence of reductants and oxidants, as
well as the kinetics of Cr redox transitions. In accordance with ther-
modynamic calculations, field studies have found Cr(VI) to be the
dominant redox species under oxygenated conditions, while Cr(III) can
reach levels above a few tenths of nmol/kg in anoxic environments.
Once Cr(III) has been formed, it can persist in the water column on a
time scale of months to years due to the kinetics of Cr redox transitions.
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Fig. 1. Sampling locations of stations 2T, 7T, SAFe and SBB (= Santa Barbara
Basin) superimposed onto the distribution of oxygen concentrations (umol/kg)
at 400 m depth. Annual oxygen data in ml/L (1°grid) from the World Ocean
Atlas 2009 (WOAO09) served as a basis for this plot (Garcia et al., 2010). Original
oxygen data was converted to umol/kg using an embedded function of Ocean
Data View (Schlitzer, 2013), that was also used to make this map. Note that the
lowest oxygen concentration at the SAFe station is not found at 400 m but at
864 m (13.2 pmol/kg). The Santa Barbara Basin exhibits [O,] < 2.0 umol/kg
from 532 m to the bottom depth (579 m).

Direct oxidation of Cr(Ill) by dissolved oxygen (Schroeder and Lee,
1975) and H,0, (Pettine and Millero, 1990) is slow. More rapid oxi-
dation has been observed in the presence of MnO, (Schroeder and Lee,
1975; Van der Weijden and Reith, 1982). In contrast, hexavalent Cr is
readily reduced in the presence of electron donors such as organic
matter (Rai et al., 1989; Schroeder and Lee, 1975), Fe(II) (Eary and Rai,
1987; Kieber and Helz, 1992; Pettine et al., 1998; Schroeder and Lee,
1975), and reduced sulfur (Pettine et al., 1994). Additionally, photo-
chemical (Kieber and Helz, 1992) and microbially-mediated (Lovley,
1993) reduction of Cr(VI) have been reported. Cr(Ill) is particle-re-
active and can be removed from the water column by sinking particles;
Cr(VI) is not particle-reactive.

Oxygen Deficient Zones (ODZs; defined here as oxygen levels below
2 uM) appear to be active reduction sites of Cr(VI) to Cr(III) based on Cr
concentration studies conducted in the Eastern Tropical North Pacific
(ETNP) Ocean (Fig. 1; Murray et al., 1983; Rue et al., 1997) and in the
Saanich Inlet (Emerson et al., 1979). Existing ETNP data indicate that
Cr(III) levels peak at 0.9 nmol/kg - 1.0 nmol/kg in the upper ODZ
compared to the equally oxygen-deficient deeper ODZ. As the location
of the Cr(Ill) peak is near the 15N enrichment feature of NO;~ within
ODZs, Cr cycling in ODZs (like N cycling) may be linked to microbial
activity dependent on the organic particle flux from above (Voss et al.,
2001; Cline & Kaplan, 1975; Altabet et al., 1995; Ward et al., 2009).
Rue et al. (1997) noted that their observed Cr(IIl) peak only accounted
for ~50% of the chromate deficit. They attributed the remaining
chromate deficit to scavenging and subsequent export of particle-re-
active Cr(III). This hypothesis would appear to be supported by the data
of Murray et al. (1983) showing up to 1 nmol/kg of particulate Cr at a
nearby location within the Mexican ODZ.

This study presents total Cr isotope and concentration measurements
associated with two stations within the ETNP ODZ and at a station in the
Santa Barbara Basin, which featured an anoxic bottom layer at the time
of sampling. We evaluate potential Cr reduction at these 3 stations by
comparing them to the Cr profile of the nearby SAFe station (Moos and
Boyle, 2019), which features an oxygen-bearing water column ([O-]
>13.2 pmol/kg). Since Cr(VI) reduction typically produces isotopically
light Cr(IlI) (e.g. Ellis et al., 2002), a buildup of Cr(IIl) in the upper ODZ
should be isotopically light relative to the initial Cr(VI) pool. If (as im-
plied by Murray et al. (1983) and Rue et al. (1997)) a fraction of the
reduced Cr exits the ODZ due to scavenging onto particles, the residual
Cr in the upper ODZ should be rendered isotopically heavy. For reference
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purposes, the first Cr isotope studies of oxic seawater have reported 8§>>Cr
signatures ranging from 0.41%o to 1.55%o (Bonnand et al., 2013; Goring-
Harford et al., 2018; Moos and Boyle, 2019; Scheiderich et al., 2015). All
the oxic Cr isotope data published to date fall on a linear negative 8>Cr —
log[Cr] relationship, which Scheiderich et al. (2015) attribute to a
closed-system Rayleigh fractionation process with an inferred fractiona-
tion factor of —0.8%o. Whether or not the anoxic seawater Cr isotope
data of our study continues to fall on this 8>*Cr — log[Cr] relationship will
help us understand, if the process that shapes Cr cycling in anoxic en-
vironments has a distinct isotope fractionation from the process that
shapes Cr in the previously investigated oxic environments. Furthermore,
we intend to evaluate if Cr cycling in anoxic seawater is driven by
sinking-flux dependent microbial activity. To this end, we will compare
8%3Cr and 8'°N of NO;~ measurements that were obtained from con-
current sampling of our two ETNP ODZ stations.

2. Methods
2.1. Sample collection

Total dissolvable Cr (TDCr) and Cr isotope sampling to 800 m was
conducted at two stations within the Eastern Tropical North Pacific off
of Mexico (Fig. 1, stn. 2T: 18.9°N 108.8°W, est. bottom depth 3085 m;
stn. 7T: 18.2°N 104.2°W, est. bottom depth 3130 m) during an ex-
pedition aboard the R/V New Horizon (NH1410, May 2014). After
seawater samples were collected with standard Niskin bottles, they
were stored unfiltered and then acidified after transport to MIT. Later
work on 0.2 um filtered samples acidified at sea from a nearby station
(RR1804-5 P2, 16.9°N 109°W), indicates that particulate Cr at these
sites is very low and that later acidification does not affect the total
dissolved Cr (see Fig. 5).

An additional full water column profile was collected within the
Santa Barbara Basin (Figs. 1 and 2, 34.23°N 120.03°W) on July 24,
2014 during expedition MV1405 on board the R/V Melville. Upon re-
trieval via teflon coated GO-FLO bottles, the Santa Barbara Basin
samples were filtered immediately (0.2 pm AcroPak Supor capsules)
and acidified upon arrival at MIT.

2.2. Cr concentration and isotope analyses
Total Cr concentrations and isotope signatures of seawater samples

were determined using a technique that has been detailed extensively by
Moos and Boyle (2019); therefore, only a brief summary is given here.
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Fig. 2. Bathymetry of the Santa Barbara Basin. The red dot marks our sampling
location. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The acidification of seawater samples to pH 2 prompts the conversion of
Cr(VI) to Cr(Ill) over the course of several months (Semeniuk et al.,
2016). In this particular case, all seawater samples were stored at pH~2
for >2 years. Once the entirety of Cr in the sample is present as Cr(III), a
59Cr—>34Cr double spike (also present in the trivalent form) is equilibrated
with the sample for 3 days. This double spike addition enables accurate
correction of procedural and instrumental mass-dependent Cr mass
fractionations (Rudge et al., 2009). Preconcentration of Cr is accom-
plished by Mg(OH), coprecipitation which is selective for Cr(III) over Cr
(VD) (Semeniuk et al., 2016). The resulting Mg(OH), pellet is neutralized
with HCI and ultimately brought up in 0.02 M HCI. In preparation for the
first ion-exchange column step, Cr is oxidized to Cr(VI) using ammonium
persulfate (Gotz and Heumann, 1988). This step demands careful pH,
temperature and time control due to pitfalls such as the unwanted gen-
eration of H,O5 (Palme, 1920) and subsequent back-reduction of Cr(VI).
Purification from the Mg/seawater matrix is achieved with a 3-anion
exchange column scheme (AG1-X8). The first column separates oxyanion
CrO,2~ from the matrix cations (mainly Mg* *) and from isobaric in-
terferences (i.e. V, Ti, Fe) (Ball and Bassett, 2000). Sulfur species, which
form anionic polyatomics that interfere with accurate Cr analysis, are
removed in a second column run for which Cr passes through the column
in the trivalent state. Traces of Fe are eliminated in a third column step
with Fe being present as FeCl,~ (Yamakawa et al., 2009) and Cr being
present as cationic Cr(III). Abundances of masses 49 (Ti), 50 (Cr,Ti,V), 51
(V), 52 (Cr), 53 (Cr), 54 (Cr, Fe) and 56 (Fe) in purified samples are
detected by Faraday cups in low resolution mode on the IsoProbe, a
multicollector inductively coupled plasma mass spectrometer (MC-ICP-
MS) featuring a hexapole collision cell capable of eliminating many
polyatomic interferences using Ar and H, collision gases. The machine is
tuned to maximize the ratio of the Cr signal relative to the polyatomic
sulfur signal at mass 49, at the cost of a ~30% loss of Cr signal. Once the
true >3Cr/%2Cr ratio of a sample is determined, it is compared to the
53Cr/52Cr ratio of bracketing standard reference material 979 (SRM 979)
and relative deviations are reported as 8°3Cr values in per mil (Eq. (1)).
We achieved a 8°°Cr 20 precision of +0.06%o as indicated by replicate
analysis of 3 seawater samples. Running 10 samples of SRM979 through
the complete column procedure gave an average of +0.02%o with a 20
standard deviation of 0.06%o, so the accuracy is comparable to the pre-

cision.
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When quantifying the magnitude of an isotope effect, we refer to
fractionation factors a, which compares the ®3Cr/>2Cr ratio of the
product to that of the reactant (Eq. (2)), and &, which compares the
8%3Cr value of the product to that of the reactant (Eq. (3)). The frac-
tionation factors are approximately linked by Eq. (4).

( 530y )
52
— CrJ Product

853Cr (%o) =

(53CV)

S Reactant &)
E(%D) = 553CrProduc[_553cheac[an[ (3)
€(%o0) ~ 1000 X In(a) ~ 1000 X (o — 1) 4

2.3. Dissolved nitrate §"°N analysis

The nitrogen stable isotopic composition (8'°N) of NO;~ was ana-
lyzed at the University of Massachusetts Dartmouth following the
chemical method described in Mcllvin and Altabet (2005). 10% of the
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Fig. 3. Upwelling of waters is observed towards the coast of Mexico and
California (evidenced by the higher density of waters upwelled from depth).
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Fig. 4. The [Cr]-o0 relationship at SAFe is approximated by a 4th-order poly-
nomial (upper panel). Likewise, the §°*Cr - o relationship at SAFe is ap-
proximated by a 4th-order polynomial (lower panel).
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total number of samples were analyzed as duplicates. Cadmium was
first used for the reduction of NO3 ™~ to NO, . NO,~ was then converted
to nitrous oxide (N5O) using sodium azide in acetic acid. N>O gas was
automatically extracted, purified, and analyzed online using a purge-
trap preparation system coupled to an IsoPrime continuous-flow, iso-
tope ratio mass spectrometer (CF-IRMS). The target sample and stan-
dard size was 15 nmol N,O. N and O isotope ratios are reported in per
mil (%o), relative to N in air for 8'°N (Eq. (5)):

SN = (Rsample/stndard - 1) * 1000 5)

, where R = >N/!*N and the standard is AIR.

Isotope values were calibrated using the following international
references: IAEA N3 (8!°N = 4.7%o and 8'%0 = 25.6%0), USGS 34
(8'°N = —1.8%o and 8'%0 = —27.9%), USGS 35 (8'°N = 2.7%o and
8'80 = 57.5%0), and an in-house standard (LAB,;,, 8'°N = 38.9%o) for
NO;~ isotopic analysis. Reproducibility was generally better than
0.2%o.

3. Results and discussion
3.1. Circulation of the ETNP ODZ and setting up an oxic counterpart
Circulation in the ETNP ODZ is diminished relative to other parts of

the ocean because it is in the “shadow zone” of the main potential-vorticity
conserving thermocline ventilation mechanism (Luyten et al., 1983).

Instead, eddies and jets from outside the ODZ probably irregularly venti-
late this region (as seen in the North Atlantic shadow zone, Brandt et al.,
2015). Low thermocline oxygen in this region is a result of the limited
ventilation aided by the organic matter flux from eastern boundary up-
welling. Although WOCE sections only skirted this region, extrapolated
ETNP thermocline CFC ventilation ages are ~10 years at g = 25.9
(~80 m) to ~35 years at 0, = 27.2 (~700 m) (Fine et al., 2001).

In order to evaluate the extent of Cr reduction at our 3 partially
anoxic stations, we compare their Cr profiles to that of the oxygen-
bearing SAFe station in the North Pacific (Moos and Boyle, 2019). As
we discuss later, a station further away from the ETNP might make for a
better comparison, but SAFe is the only regional site with [Cr] and Cr
isotope data. Such a direct comparison necessitates that we correct for
ETNP upwelling of water towards the coast (Fig. 3) by adjusting SAFe
station's Cr data using potential density (0g). The [Cr]-oy relationship at
SAFe can be approximated by a 4th-order polynomial (upper panel of
Fig. 4). This relationship is applied to oy of the 3 partly anoxic stations
and results in the creation of an upwardly shifted and compressed SAFe
Cr concentration profile. Likewise, the 8°3Cr - oy relationship at SAFe
can be approximated by a 4th-order polynomial (lower panel of Fig. 4),
which is applied to oy of the partially oxygen deficient stations to give a
op-adjusted SAFe Cr isotope ratio profile. Figs. 5, 6 and 7 show the total
Cr concentrations and isotope ratios measured at 2T, 7T and at the
Santa Barbara Basin site (blue dots) alongside the og-adjusted SAFe
profiles (orange lines).
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Fig. 6. Full water column profiles for a suite of parameters at station 7T which is located within the ODZ of the Eastern Tropical Pacific. Total Cr concentration and
isotope ratios measured at 7T (blue dots) are shown alongside the og adjusted SAFe profiles (orange lines). Error bars of Cr isotope ratios are 2SD. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Profiles of Cr and other oceanographic properties

3.2.1. ETNP Ocean

At station 2T, oxygen concentrations drop below 1.6 pmol/kg be-
tween 130 m and 820 m depth (Tables 1 and 2, Fig. 5). Measured total
dissolvable Cr (= particulate + dissolved) concentrations at this sta-
tion are up to 0.84 nmol/kg lower relative to the dissolved Cr levels at
the og-adjusted SAFe station. The [Cr] deficit is most pronounced at
100 m depth, and shrinks with increasing depth until Cr concentrations
at 2T and SAFe coincide at 800 m. Over the depth range of the [Cr]
deficit, total measured Cr isotope signatures at 2T are between 0.02%o
and 0.17%o heavier compared to those of the adjusted SAFe station.

These observations at station 2T are consistent with Cr reduction
within the ODZ producing isotopically light, particle-reactive Cr(IIl),
which is partially scavenged by particles and exported to depth.
Isotopically heavy Cr(VI) is left behind in the upper water column. The
gradual shrinking of the Cr deficit and the heavy isotope anomaly with
depth may be caused by: 1) the continuous remineralization of organic
matter along with the release of light Cr below the depth of the onset of
Cr reduction, and/or 2) the mixing of shallower ODZ water, where Cr
reduction peaks, with deeper ODZ water unaffected by Cr reduction.

Station 7T is located closer to the Mexican coast than station 2T.
Even though O, levels are lower than the Seabird CTD O, detection
limit (~1.3 pymol/kg) between 100 m and 800 m depth (Tables 1 and
2), only a slight deficit in total Cr concentrations is observed relative to

the og-adjusted SAFe station (Fig. 6). Likewise, the measured total Cr
isotope signatures at station 7T coincide with those seen at SAFe apart
from a slightly heavier §>3Cr signature at 600 m.

As this paper was being revised, a paper by Wang et al. (2019) re-
ported data from 11 samples collected at ETNP ODZ stations near ours
including some analyses for [Cr(total)], [Cr(III)], [Cr(VI)] and their
isotope ratios. We are at a loss to account for differences between their
data and ours. They report [Cr] in the upper 300 m ranging from 4.6 to
5.3 nM, where ours range from 2.3-3.1 nM; their §>3Cr(total) values
range from 1.36-1.52%o, where ours range from 1.06 to 1.18%o. We
believe that our data are correct: (1) we are confident in our metho-
dology, (2) we have reported data for international standard reference
seawater (SAFe station, Moos and Boyle, 2019; the GSP reference
sample is from the same site), and (3) our Cr upper ocean concentra-
tions are comparable to those of Murray et al. (1983) and Rue et al.
(1997).

3.2.2. Santa Barbara Basin

At the time of our sampling, very low oxygen (1.5 umol/kg) and
nitrate (6.0 pmol/kg) concentrations and a negative N* = [NO3 ] —
16P + 2.90 of — 49 pmol/kg were observed in the bottom waters of the
Santa Barbara basin (Fig. 7). Because of the release of phosphate bound
to Fe oxyhydroxides under anoxic conditions, this N* somewhat over-
states true nitrate loss. As anoxia and denitrification were well estab-
lished, we can dismiss the potential occurrence of a flushing or turbidity
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Fig. 7. Chromium, oxygen, potential temperature, salinity, nitrate and N* data for a water column profile in the center of the Santa Barbara Basin. Note that the
depth of the western sill, that connects the Santa Barbara Basin to the North Pacific, is 475 m. Error bars of Cr isotope ratios are 2SD.

current event immediately prior to sampling. Total Cr concentrations
were steady over the upper 350 m at ~3 nmol/kg except for a minor
excursion to 2.78 nmol/kg at 100 m. Over the same depth range, §>>Cr
isotope signatures increased marginally from +1.00%o to +1.07%o.
Both of these concentration and 8°3Cr values agree well with our ob-
servations of the upper 350 m water column of the adjusted SAFe sta-
tion ([Cr] = 3.16-3.24 nmol/kg, 8°3Cr = +1.01%o - +1.11%o). At our
Santa Barbara Basin site, nitrate concentrations increase in the upper
400 m. The effects of denitrification manifest from 451 m downwards
([02] = 10.85 pumol/kg) with nitrate concentrations and N* values
decreasing. Simultaneously, total Cr concentrations decrease from at
least 465 m downwards and reach a minimum concentration of
1.79 nmol/kg at 570 m. Cr isotopic signatures increase from 465 m
downwards to a maximum 8°3Cr value of 1.43%o at 545 m.

The Santa Barbara basin data are consistent with Cr reduction under
anoxic conditions producing isotopically light, particle-reactive Cr(III).
As this Cr(IIl) fraction is partly exported to depth via particle scaven-
ging, total Cr concentrations drop and isotopically heavy Cr(VI) re-
mains in the bottom waters.

3.2.3. Isotope effect of observed Cr reduction
The fractionation factor (a), characterizing the observed Cr reduc-
tion at station 2T, can be found using the Rayleigh distillation equation

(Rayleigh, 1896; Egs. (6) and (7)). This equation relates the initial Cr
isotope ratio (8°Cro) and the transient Cr isotope ratio (8§°>Cry) of a
system to the remaining Cr fraction (f) when Cr is removed with a
constant fractionation factor (o).

8%Cr, = (8%Crp + 1000) x f@1 — 1000 6)
f=<t
Co @)

The initial Cr isotope ratio and the initial Cr concentration (Co) can
be extracted from the o-adjusted SAFe profiles at 2T. The measured Cr
concentration of seawater samples taken at station 2T serves as the
transient Cr concentration (C,). By choosing reasonable fractionation
factors associated with Cr reduction, we can model the Cr isotope ratio
of the residual Cr(VI) fraction (Fig. 8). A fractionation factor of
a = 0.99956 (e —0.44%0 +0.20, as determined by eye based on
Fig. 8) is able to mimic the Cr isotope profile observed at 2T the best.
However, it should be noted that as shown by Rue et al. (1997), only a
fraction of the light Cr(III) is removed from the water column, and the
remaining light Cr(III) partially offsets the residual heavy Cr(VI). So this
fractionation factor is the net effect of the reduction and scavenging
processes. Also, any suspended particles that have scavenged light Cr
(II1) will be included in our total dissolvable Cr analysis.
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Table 1

Marine Chemistry xxx (Xxxx) XXxx

Cr isotope ratio and concentration data for stations 2T and 7T in the Eastern Tropical North Pacific Ocean and with a station in the Santa Barbara Basin.

batch no.  location  cruise station  lat. °'N)  long. (W)  depth(m) T (°C) CTD S (pss)  CTD O, (umol/kg)  0p (%0)  [Cr] (nmol/kg)  83Cr (%o)
3 ETNP NH1410 2T 18.9 108.8 5 27.060  34.904 195.9 22.628 2.78 1.09
100 14.273 34.668 16.8 25.882 2.27 1.18
200 11.782  34.747 1.0 26.445 2.66 1.14
250 11.000  34.685 1.1 26.542 2.72 1.09
300 10.127 34.622 1.4 26.647 2.73 1.19
400 8.865 34.583 1.0 26.826 3.07 1.04
500 7.888 34.568 1.1 26.966 3.21 0.99
600 6.925 34.541 1.1 27.084 3.36 0.93
800 5.499 34.534 1.3 27.264 4.01 0.78
4 ETNP NH1410 7T 18.2 104.2 5 30.262  34.039 189.7 20.917 2.84 1.07
100 15.284  34.771 1.4 25.742 2.72 1.16
200 12.717 34.833 1.0 26.331 3.03 1.08
250 12.231  34.803 1.0 26.405 3.08 1.04
300 11.760  34.775 1.0 26.474 3.03 1.06
400 10.390 34.694 1.0 26.661 2.87 1.02
600 7.448 34.565 1.1 27.029 3.38 1.03
800 5.919 34.541 1.3 27.218 3.80 0.91
4 Santa MV1405 29 34.23 120.03 15 16.616  33.509 256.1 24.470 3.06 1.00
Barbara 100 9.944 33.862 110.5 26.064 2.78 1.00
Basin 200 9.392 34.142 61.4 26.376 3.00 1.06
350 8.155 34.204 25.8 26.620 2.94 1.07
465 7.070 34.234 8.7 26.801 2.55 1.17
520 6.696 34.245 3.1 26.860 2.42 1.26
545 6.608 34.247 1.7 26.875 1.96 1.43
570 6.581 34.247 1.7 26.878 1.79 1.34

Analogous to the Rayleigh distillation calculations of station 2T, we
can model the effect of different fractionation factors associated with
the observed degree of Cr reduction in the Santa Barbara Basin (Fig. 9).
A fractionation factor of a = 0.99935 (¢ = —0.65%0 +0.20, as de-
termined by eye from Fig. 9) is able to recreate the Cr isotope profile
observed in the Santa Barbara Basin the best.

3.2.4. Microbial reduction

For several decades, microbes were thought to break down organic
matter using electron acceptors in a strict succession dictated by their
free energy yields (Froelich et al., 1979). In this traditional view, the
dissimilatory usage of electron acceptors with energy yields below that
of the NO3~ - NO5~ couple (such as the CrO42~ - Cr(OH),™ and the
S0,2~ - HS™ couple) did not occur until nitrate concentrations were
zero. In recent years, metagenomics techniques have revealed that ni-
trate and sulfate reduction can take place within the same water sample
(e.g. Canfield et al., 2010). There is debate over whether the reductions
are occurring homogeneously or if sulfate reduction is occurring in
small microenvironments within the larger sample (Bianchi et al.,
2018). Since chromate's reduction potential at seawater pH is only
slightly lower than that of nitrate and higher than that of sulfate
(Stumm and Morgan, 2012), it is conceivable that microbes directly
reduce chromate in oxygen depleted waters.

The microbial reduction of nitrate leaves the residual NO;~ en-
riched in °N, which results in an apparent isotope effect of 20%0—30%o
(e.g. Cline and Kaplan, 1975; Brandes et al., 1998; Voss et al., 2001;
Sutka et al., 2004). Compared to typical deep-sea 8'*Nyos. signatures
(+5.5%0; Casciotti, 2016), all 8'°Nyos. signatures recorded at station
2T are heavy (Fig. 5), which indicates heterotrophic denitrification.
When §'°Nyos. signatures are plotted against §°>Cr signatures at station
2T (Fig. 10), a strong correlation is observed. Excluding a single data
point at 100 m, R? = 0.91 (without exclusion: R?> = 0.58). This strong
correlation between 8'°Nyos. and 8°3Cr signatures implies that Cr cy-
cling in ODZs (like N cycling; Cline & Kaplan, 1975; Altabet et al., 1995;
Voss et al., 2001; Ward et al., 2009) may be driven by sinking-flux
dependent microbial activity.

Although the isotopic signature of NO3;~ was not determined during
our occupation of the Santa Barbara Basin station, the observed Cr re-
duction signal aligns well with the bottom water's negative N*

excursion, which is another indicator of denitrification. Additionally,
an earlier occupation of the basin by Sigman et al. (2003) revealed a
significant shift to heavier 8'°N of NO3~ values within the anoxic layer
(~8.5%0 at 500 m vs. ~12%o at the basin's bottom depth), which was
interpreted as a denitrification signal. Therefore, the Cr reduction signal
that we observe in the Santa Barbara Basin's bottom water may at least
partially be a product of direct microbial Cr reduction in the water
column.

3.3. Cr reduction via Fe(II)

Alternatively to or in conjunction with direct microbial Cr reduc-
tion, dissolved Fe(II) (dFe(II)) may have acted as a reductant of Cr(VI)
(Eary and Rai, 1988; Sedlack and Chan, 1997) at both station 2T and
within the Santa Barbara Basin. Previously, low oxygen shelf waters off
of Oregon and Washington have been observed to be sources of dFe(II)
to the coastal upwelling region (Lohan and Bruland, 2008). Similarly,
reducing continental-margin sediments were observed to be the source
of dFe(Il) to Peruvian offshore waters (Chever et al., 2015; Hong and
Kester, 1986). Based on these findings, it is conceivable that Fe(II) was
produced in the anoxic pore waters of the Mexican shelf and subse-
quently transported offshore to station 2T. However, if dFe(Il) origi-
nating from reducing continental-margin sediments was responsible for
Cr(VI) reduction at station 2T, we would have expected to see the same
or a higher extent of Cr reduction at station 7T as it is located closer to
the Mexican coast. Furthermore, in-situ reduction of Fe in the ODZ
cannot be excluded. Even though no direct dFe(II) measurements have
been reported for the ODZ of the ETNP, total Fe concentrations have
been shown to be unusually high here (up to 6 nmol/kg at 150 m, 18°N
108°W, Landing and Bruland, 1987) and Fe(Il) is likely to make up an
significant fraction of total Fe (Moffett et al., 2007).

When anoxia is firmly established within the bottom waters of the
Santa Barbara Basin, high dFe(II) levels likely persist in both the bottom
waters and the sediments. John et al. (2012) saw total Fe concentra-
tions increase from 8.8 nmol/kg above sill depth to 29.5 nmol/kg at
570 m depth within the basin's anoxic bottom waters. Simultaneously,
Fe isotope signatures (8°°Fe) shifted to much lighter values within the
bottom waters, which are typically produced by Fe(Ill) reduction to Fe
(I1). John et al. (2012) ascribed their observations to Fe reduction in the
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Table 2

Nitrate 8'°N and concentration data for stations 2T and 7T in the Eastern Tropical North Pacific.

Marine Chemistry xxx (Xxxx) XXxx

location  cruise station  lat. °N)  long. (W) depth (m) T (°C) CTD S (pss)  CTD O, (umol/kg)  NOs~ (umol/kg)  DIP (umol/kg)  NOs~ 8'°N (%o)
ETNP NH1410 2T 18.90 108.80 81 16.469 34.441 70.9 19.0 9.33
101 15.330 34.623 34.1 24.0 12.40
125 14.159 34.675 13.9 25.9 13.74
151 13.076 34.746 1.5 26.3 14.77
199 12.037 34.761 1.1 23.8 22.21
249 11.333 34.721 1.1 25.3 18.73
302 10.391 34.636 1.9 29.2 19.78
400 8.943 34.590 1.0 31.1 15.74
500 7.901 34.569 0.9 29.1 14.11
600 6.963 34.544 1.2 33.3 10.60
700 6.214 34.535 1.1 39.5 9.06
800 5.519 34.534 1.2 43.8 7.89
902 5.076 34.536 2.6 40.9 7.10
1000 4.601 34.538 6.6 39.7 6.77
1199 3.881 34.561 19.2 43.9 6.39
1302 3.567 34.573 27.1 43.8 6.08
1401 3.325 34.583 34.2 44.1 5.85
1501 3.066 34.593 42.3 39.5 5.55
1602 2.880 34.602 49.3 39.7 5.57
1695 2.683 34.612 57.2 39.2 5.66
1800 2.425 34.623 67.7 45.6 5.19
1901 2.285 34.632 75.3 44.7 5.33
1999 2.150 34.639 82.1 44.3 5.09
2200 2.007 34.649 90.6 40.2 5.09
2301 1.930 34.653 94.7 43.8 5.00
ETNP NH1410 7T 18.20 104.20 56 19.508 34.548 93.7 26.6 2.68 14.24
60 19.467 34.570 54.4 22.8 2.16 8.89
77 17.886 34.616 19.3 26.5 2.18 8.32
85 17.206 34.659 13.1 28.1 2.21 8.43
91 16.658 34.692 8.1 28.7 2.46 8.39
99 16.035 34.732 1.0 26.4 2.55 10.19
100 14.137 34.771 0.9 27.9 2.61 13.41
113 14.614 34.802 1.0 24.1 2.59 12.88
201 12.032 34.787 1.0 29.0 2.48 11.22
299 11.864 34.785 1.1 27.1 2.73 13.63
300 11.034 34.727 1.0 28.8 2.58 12.01
398 10.411 34.697 1.0 23.7 2.90 20.90
501 8.935 34.621 0.8 27.0 3.33 19.23
601 7.444 34.566 1.1 33.5 3.36 13.57
705 6.459 34.547 1.2 39.1 3.60 9.85
801 5.917 34.542 1.2 42.2 3.81 8.67
891 5.313 34.532 1.9 43.4 3.45 8.00
998 4.762 34.537 5.1 44.0 3.75 7.07
1200 3.858 34.562 19.8 45.4 3.45 6.70
@ station 2T ® SBB station
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Fig. 8. Using the Rayleigh distillation equation, we model the Cr isotope ratio
of the residual Cr(VI) fraction after Cr reduction. For this purpose, three frac-
tionation factors have been chosen. The fractionation factor shown in green is
the best fit to the observed profiles at station 2T. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

anoxic sediment pore waters and a subsequent flux of Fe(I) into the
bottom waters. At the time our Cr profile was taken, total dFe con-
centrations exceeded 50 nmol/kg at 573 m depth (Boiteau et al., 2019)

Fig. 9. Using the Rayleigh distillation equation, we model the Cr isotope ratio
of the residual Cr(VI) fraction after Cr reduction. For this purpose, three frac-
tionation factors have been chosen. The fractionation factor shown in green is
the best fit to our Santa Barbara Basin data. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

with dFe(II) likely accounting for the majority of it. In consequence, dFe
(I) is a potential reductant of Cr(VI) in the bottom water of the Santa
Barbara Basin.
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Fig. 10. 8'°Nyos. signatures of station 2T vs. §°>Cr signatures of station 2T.
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Fig. 11. Oxygen concentrations and N* data measured in the Santa Barbara
Basin in April and July 2014 are shown. Oxygen and nutrient data, which were
used to calculate N*, originate from quarterly expeditions conducted by the
California Cooperative Oceanic Fisheries Investigations (CalCOFI).

3.4. Sedimentary Cr reduction

As of yet we have only discussed scenarios in which the reduction of
Cr occurs in the water column. While this may be appropriate for the
oxygen deficient zone of the ETNP, it is possible that Cr reduction in the
Santa Barbara Basin could occur in the anoxic sediment porewaters.

If Cr reduction is indeed happening in the anoxic pore waters of the
sediment, we would expect a steep Cr concentration gradient near the se-
diment-water interface. This would result in the transfer of Cr from the
bottom waters into the sediments, which in turn lowers Cr concentrations in
these bottom waters. Such a steep concentration gradient is known to occur
for nitrate in the upper pore waters of reducing sediments, and evidence
suggests that total diffusion of nitrate into the sedimentary denitrification
zone produces a relatively minor nitrate 85N fractionation (~1.5%o) be-
cause of diffusion limitation (Brandes and Devol, 1997, 2002). In the ab-
sence of contrary information, we should expect a similarly minor isotope
fractionation for sedimentary Cr reduction. Hence, although sedimentary Cr
reduction is a plausible mechanism for reducing bottom water chromium

Marine Chemistry xxx (Xxxx) Xxxx

concentrations and enriching the Cr concentration of reducing sediments, it
would not appear to be a viable mechanism for the heavy Cr isotope en-
richments that we observe in the bottom waters of the Santa Barbara Basin.

Nevertheless, potential sedimentary Cr reduction mechanisms would
largely mirror the water column ones: (1) Taking advantage of the dif-
ferent N isotope effects, that water column and sedimentary deni-
trification produce in the remaining NO3;~, Sigman et al. (2003) attrib-
uted at least 76% of the observed nitrate loss within the Santa Barbara
Basin to sedimentary denitrification. Given chromate's and nitrate's si-
milar reduction potential at seawater pH, it is conceivable that microbial
reduction of chromate (like nitrate) occurs in both the anoxic bottom
water and in the anoxic sediment porewaters. (2) As previously dis-
cussed, an Fe isotope study of the Santa Barbara Basin by John et al.
(2012) indicated that Fe(Il) is produced in the anoxic sediment pore
waters. Fe(II) may therefore reduce chromium in both the anoxic bottom
waters and in the sediment pore waters of the Santa Barbara Basin. (3)
Furthermore, Cr may be reduced by acid volatile sulfides in the anoxic
sediment pore waters (Graham and Bouwer, 2010).

To assess the feasibility of future Cr porewater studies, we estimate
the depth horizon over which porewater Cr would become consumed, if
all the Cr reduction occurred in the anoxic sediments. Under this as-
sumption, a porewater Cr concentration gradient can be calculated
using Fick's first law of diffusion (Fick, 1855). Applying this law, the Cr
removal flux over the Santa Barbara Basin's anoxic sediment area
should equal the diffusion coefficient (D) multiplied by the pore water
Cr concentration gradient (A[Cr]/Az) (Eq. (8)). In order to calculate the
Cr removal flux over the basin's anoxic sediment area, we need to es-
timate how much total Cr is lost in the basin, and the time since the
basin's bottom waters were last renewed (Eq. (9)).

A [Cr]
Az (8

Cr removal flux over the SBB's anoxic sediment area = D X

total Cr lost in SBB
anoxic sediment area of SBB X time since last renewal of bottom waters
A[Cr]
Az

=D X

©)

We roughly integrate the Cr lost in the basin by placing a tri-
angle in the space between the Cr concentration profile of the ad-
justed SAFe station and that of our basin site (=
0.5 x (3.00 %;C’ - 179 %;C') x (585m — 465m)) and multiplying it
by the basin's anoxic sediment area. As this latter term appears in
the denominator, the terms will cancel out.

On a quarterly basis, oxygen and nutrient concentrations in the water
column of the Santa Barbara Basin are determined by the California
Cooperative Oceanic Fisheries Investigations (CalCOFI). One CalCOFI
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Fig. 12. Data from stations 2T, 7T and Santa Barbara
Basin site are plotted in §°>Cr-log[Cr]) space along-
side published seawater Cr isotope data: [1] Moos
and Boyle (2019); [2] Scheiderich et al. (2015); [3]
Bonnand et al. (2013); [4] Goring-Harford et al.
(2018); [5] Holmden et al. (2016); [6] Pereira et al.
(2016); [71 Rickli et al. (2019).
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occupation took place three days before our samples were taken and
confirms that anoxia and denitrification were well-established in the
bottom waters immediately prior to our sampling (Fig. 11). In contrast,
CalCOFI data from April 13th, 2014 show higher O, levels (up to 13 pmol/
kg) and nitrate concentrations are not substantially depleted relative to
phosphate concentrations (Fig. 11). After a major flushing event, it takes
~2 months for anoxia and denitrification to manifest in the basin's bottom
water (Sholkovitz and Gieskes, 1971). In consequence, the bottom waters
of the Santa Barbara Basin were at least partially replaced sometime be-
tween mid-February and mid-April 2014. For our calculations, we estimate
that the last renewal of the bottom waters occurred 4 months prior to
sampling, which took place on July 24, 2014.

Using these estimates and a typical sediment diffusion coefficient of
2.5 % 10*6#, we arrive at a pore water Cr concentration gradient of
~280 % Given that the bottom waters only hold 1.84 nM of Cr, Cr in
sediment pore waters would get exhausted over ~0.07 mm. This narrow
depth range would make any Cr analysis in Santa Barbara Basin pore-
waters extremely challenging.

4. Conclusions

Our observations at station 2T in the ETNP and at our Santa Barbara
Basin site are consistent with Cr reduction in anoxic waters producing
isotopically light, particle-reactive Cr(Ill), which is partially scavenged by
particles and exported to depth. Isotopically heavy Cr(VI) is left behind in
the upper water column. Since seawater samples from station 2T were not
filtered, the magnitude of the Cr reduction signal may have been suppressed
by the presence of isotopically light Cr(Ill) particles. Surprisingly, the iso-
tope data of our three partly anoxic sites fall on the “global” §°*Cr-log[Cr]
line seen in oxic ocean water (Fig. 12). Since the “global” oxic relationship is
attributed to biological uptake and regeneration from sinking biogenic
particles, it would appear that the net ETNP ODZ total Cr isotope fractio-
nation coincidentally yields the same value as that for the biological frac-
tionation. We will show elsewhere that this coincidence in the ETNP is a
result of a higher Cr isotope fractionation during reduction balanced by the
retention of some of the light Cr(IIl) within the water column.

The observed correlation of 8°3Cr and §'°Nyos. at station 2T sug-
gests that Cr reduction may be microbially mediated. Alternatively, Cr
(VI) may be reduced by Fe(II), which was generated in-situ by dissim-
ilatory Fe reduction and/or was generated in the anoxic pore waters of
the Mexican shelf by dissimilatory Fe reduction and subsequently
transported offshore to station 2T. In the Santa Barbara Basin, Cr re-
duction may take place via the same mechanisms in the anoxic bottom
waters and/or in the anoxic sediment pore waters. Additionally, acid
volatile sulfides may contribute to Cr(VI) reduction in the anoxic se-
diment pore waters. Although the sedimentary Cr reduction can con-
tribute to lowering the Cr concentration of the bottom waters, it is
unlikely to result in significant Cr isotope fractionation. If all of the
observed Cr reduction took place in the basin's sediment, Cr in the pore
waters would get depleted over a depth range of less than a millimeter.
This narrow depth range would make any Cr analysis in such pore
waters extremely challenging.

In our discussion we used the SAFe station as an oxygen-bearing water
column counterpart. Above 500 m — equivalent to the upper 2/3 of the
ETNP ODZ - SAFe has >100 pmol/kg O,. While it is our best possible
comparison choice among the published marine Cr isotope profiles, its use
should come with a caveat. The peak in heavy Cr and a subtle decrease in
Cr concentrations at SAFe (at 200 m depth) are located along the same
isopycnal as the biggest total Cr deficit and heaviest Cr anomaly at station
2T (at 100 m depth). This point is best illustrated by comparing the Cr
profiles of 2T and the oy adjusted SAFe station at 100 m (Fig. 5). It is
conceivable that a signal of Cr reduction (=lower [Cr], heavier 8%3Cr)
generated within the ODZ of the ETNP at station 2T can advect or mix out
to the SAFe station. In that case, a direct comparison between the two
stations may underestimate the magnitude of Cr reduction and removal
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occurring within the ODZ. To verify this hypothesis, a transect from the
ODZ further into oxic waters of the North Pacific is required. Alternatively,
a more remote station in the North Pacific such as Station ALOHA (22.75°
N, 158°W) could be analyzed with the hope that it is less impacted by
transport of a Cr reduction signal out of the ODZ.
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