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Abstract

Marine oxygen deficient zones (ODZs) promote unique plankton communities and redox environments which impact the
cycling of biologically essential trace metals in the ocean. Here we use measurements of dissolved and particulate Ni concen-
trations and isotopes to investigate the biotic and abiotic processes controlling Ni cycling in the world’s largest ODZ, located
in the Eastern Tropical North Pacific (ETNP). We observed a negative correlation between dissolved Ni concentrations and
isotopic composition (d60Ni) throughout the water column, such that Ni concentrations increased from roughly 3 nmol kg�1

to 8 nmol kg�1 over the upper 1000 m, while d60Ni values decreased by 0.2‰ from about +1.6‰ to +1.4‰. These vertical
patterns are characteristic of both the subtropical North and South Pacific, and can be explained by a combination of physical
mixing of water masses and biological uptake and export, either with all of the Ni being bioavailable or with separate bioavail-
able and non-bioavailable Ni pools. Although evidence for additional Ni cycling processes such as sulfide precipitation or Ni
sorption/desorption through Fe/Mn redox chemistry have been observed in other ODZs and euxinic waters, we found no
clear evidence for these in either the redoxcline or low oxygen waters of the ETNP. Indeed, the relationship between dissolved
[Ni] and d60Ni observed in the ETNP is similar to results reported elsewhere in the subtropical North and South Pacific, fall-
ing generally on a mixing line between a surface water endmember (dissolved [Ni] = 2 nmol kg�1 and d60Ni = +1.7‰) and a
deep-water endmember (dissolved [Ni] = 6–10 nmol kg�1 and d60Ni = ~+1.4‰). While this surface water endmember is sim-
ilar to that of the Atlantic, the deep endmember in the Pacific is approximately 0.1‰ heavier than deep Atlantic Ni. This sub-
tle isotopic difference suggests gradual accumulation of isotopically heavy Ni isotopes in the deep ocean, consistent with
recent evidence of heavy Ni remobilization during early diagenesis. Lastly, in the ETNP, particulate d60Ni is generally
~0.5‰ lighter than the dissolved Ni pool, and this pattern is consistent across both the euphotic zone and redoxcline, suggest-
ing that biological export from the euphotic zone is the primary source of particulate Ni to the deep ocean.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Nickel (Ni) has been of interest to marine chemists since
the 1980s due to its ubiquitous nutrient-like distribution
(Sclater et al., 1976; Bruland, 1980; Boyle et al., 1981).
The relationship between the distribution of Ni and biolog-
ical processes has been explored in several different studies,
and Ni has been found to be biologically important through
the identification of eight Ni-based enzyme systems, includ-
ing urease, Ni-superoxide dismutase (Ni-SOD), and hydro-
genases that are associated with nitrogen uptake and
fixation (Ragsdale, 2009). Further, a Ni requirement has
been identified in diverse marine phytoplankton including
diatoms and picocyanobacteria (Price and Morel, 1991;
Dupont et al., 2008), and the highest nickel requirements
have been found in the diazotrophic cyanobacteria
Trichodesmium, due to its elevated demand for Ni-SOD
and uptake hydrogenases (Ho, 2013; Rodriguez and Ho,
2014). In addition to intracellular utilization, up to ~50%
of the total Ni in diatoms has been attributed to incorpora-
tion in extracellular frustules (Twining et al., 2012).

Based on riverine input fluxes of Ni and the average
oceanic Ni concentration, the turnover time of Ni in the
ocean has been estimated at ~30 kyrs (Cameron and
Vance, 2014), which is much longer than the ~1 kyr time-
scale of ocean mixing. Consequently, deep waters dominate
the supply of Ni to the surface ocean, and the coupled
effects of deep-water mixing/advection and biological
assimilation/export determine the distribution and cycling
of Ni throughout the major ocean basins (Middag et al.,
2020).

Marine oxygen deficient zones (ODZs; dissolved
O2 � 20 lmol kg�1) host environments with unique redox
reactions and microbial communities (Lam and Kuypers,
2011), both of which might influence the cycling of Ni
in seawater. For instance, Ni has a great affinity for
manganese-oxide surfaces (Peacock and Sherman, 2007),
and the cycling of manganese (Mn) in ODZ chemoclines
can affect vertical Ni distributions, as has been observed
across the Black Sea redoxcline where the redox transfor-
mations of Mn oxide/Mn2+ are accompanied by signifi-
cant Ni removal and desorption (Vance et al., 2016).
The formation of metal sulfides in settling particles in
ODZ water columns has also been proposed to be a
potential sink for trace metals (Janssen et al., 2014). For
example, such a process has been suggested to affect Cd
in suboxic waters of the Eastern Tropical North and
South Atlantic and the Northeast Pacific (Janssen et al.,
2014; Conway and John, 2015; Guinoiseau et al., 2019),
Zn in the Northeast Pacific ODZ (Janssen and Cullen,
2015), and, potentially, Ni in the deep sulfidic Black Sea
(Vance et al., 2016). However, whether or not Ni sulfide
forms in ODZ particles remains unknown. Finally,
prokaryotic communities living in the Eastern Tropical
South Pacific ODZ have been shown to exhibit enhanced
uptake of Ni and other trace metals including Cd, Zn,
Cu, Co and V (Ohnemus et al., 2017), which may be
related to unique biochemical or enzymatic demands for
trace metals by denitrifying and other nitrogen–cycling
ODZ biota (Moffett et al., 2007; Glass et al., 2015).
Measurement of the isotopic composition of Ni (d60Ni)
in marine samples can provide further insight into the bio-
geochemical cycling of Ni in the oceans; although the pub-
lished dataset of d60Ni in the ocean lags the other bioactive
metals in terms of data coverage (Conway et al., 2021),
existing studies demonstrate that d60Ni is a powerful tool
for studying Ni cycling processes that fractionate isotope
ratios. A notable example is the small but substantial,
and likely ubiquitous, preferential uptake of light Ni
isotopes by phytoplankton (D60Niplankton-aqueous � �0.3‰),
which is reflected in oceanic dissolved d60Ni values: in much
of the open ocean, dissolved d60Ni is heavier in the surface
ocean than in the deep ocean and is anti-correlated with the
log of Ni concentrations (Takano et al., 2017; Archer et al.,
2020; Yang et al., 2020). Slightly larger biological fraction-
ation effects (D60Nicell-aqueous � �0.8‰) are generated dur-
ing Ni utilization by methanogens, which is believed to have
been the prevailing process of methanogenesis on the early
anoxic earth (Cameron et al., 2009). Even larger isotopic
fractionations are generated by chemical processes such as
when Ni is removed via abiotic Ni sorption onto Mn oxides
(D60Niparticulate-aqueous � �4‰), as demonstrated in labora-
tory experiments (Sorensen et al., 2020) and across the
Black Sea chemocline (Vance et al., 2016).

Previous demonstration that various Ni isotopic frac-
tionations can be linked to specific biotic and abiotic pro-
cesses motivates this study of the stable Ni isotopic
composition of seawater and marine particles in the Eastern
Tropical North Pacific (ETNP) ODZ, the world’s largest
marine ODZ. Seawater samples were collected for dissolved
d60Ni analysis from three stations within the ODZ, and one
station in an adjacent suboxic zone for comparison. At one
of the ODZ stations, size-fractionated particles were also
collected for elemental and isotopic composition analyses.
Our Ni data are also compared to other environmental
parameters such as dissolved oxygen, nutrients and water
mass composition. Lastly, we compare the dissolved d60Ni
and [Ni] from this study to previously published data and
discuss the significant differences in d60Ni–[Ni] patterns
between the Pacific and the Atlantic Oceans.

2. METHODS

2.1. Hydrographic background of study site

This study was carried out during two expeditions to the
Eastern Tropical North Pacific off the coast of Mexico
(Fig. 1). Stations P1 (20.4�N, 106.2�E) and P2 (17.0�N,
107.1�E) were first sampled aboard the R/V Sikuliaq in
December 2017. In April 2018, while aboard the R/V Roger
Revelle, stations P1 and P2 were sampled again, along with
two new stations P3 (21.3�N, 105.7�E) and P4 (25.2�N,
112.71�E). Sampling stations P1, P2 and P3 are located in
the tropical oxygen deficient zone (ODZ), where dissolved
oxygen is quickly drawn down below 1 lM in the top 50–
100 m of the water column (Fig. 2). Station P4 is situated
off the coast of Baja, California and is within a suboxic
costal region where dissolved oxygen concentrations drop
quickly below the euphotic zone but never below 2 lM
(Fig. 2).



Fig. 1. Sampling sites and a T-S diagram of the study area. Stations P1, P2 and P3 are located in an oxygen deficient zone (ODZ) and P4 in a
suboxic costal region. Gray crosses represent data from two previous cruises in 2018 showing the distribution of temperature and salinity in
the area (Evans et al., 2020). Colored lines represent data from vertical profiles at sampling sites in this study including station P1 (yellow), P2
(blue), P3 (red) and P4 (green). Major water masses are labeled with stars and corresponding abbreviations including: Equatorial Surface
Water (ESW), Pacific Subarctic Upper Water (PSUW), Antarctic Intermediate Water (AAIW), 13 �C Water (13CW), Northern Equatorial
Pacific Intermediate Water (NEPIW), Pacific Deep Water (PDW), Upper Circumpolar Deep Water (UCDW) and Tropical Surface Water
(TSW), all of which are defined in Fiedler and Talley (2006) and Evans et al. (2020). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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At the ODZ stations (P1, P2, and P3), the water col-
umns are principally composed of three major water
masses, Antarctic Intermediate Water (AAIW), Northern
Equatorial Pacific Intermediate Water (NEPIW), and
13 �C Water (13CW). Salinity data shows a minimum value
of 34.5 psu at the 600–700 m depth range (Fig. 1 and Sup-
plementary Appendix A), which indicates the presence of
AAIW. NEPIW, which is characterized by a temperature
of ~9 �C and a salinity of ~34.6 psu (Fig. 1), slightly lower
dissolved oxygen than AAIW and negligible nitrite produc-
tion (Evans et al., 2020; Supplementary Appendix A) is
located above AAIW, at ~400 m. NEPIW is formed by
diapycnal mixing of Pacific Deep Water and AAIW, with
some influence from North Pacific Intermediate Water
(Bostock et al. 2010). Above NEPIW, centered at ~150 m
is a water mass with a maximum salinity of 34.8 psu and
temperature of 13 �C (Fig. 1, Supplementary Appendix
A), which signifies the presence of 13CW. The most pro-
nounced oxygen deficient conditions are found within
13CW, which is also characterized by extensive nitrate
and iodate reductions (Evans et al., 2020; Moriyasu et al.,
2020). 13CW originates in the Tasman Sea and is carried
into the Eastern Pacific by the Equatorial Undercurrent
(Fiedler & Talley, 2006; Evans et al., 2020). Above
13CW, the stations are composed of or influenced by Equa-
torial Surface Water (ESW) and other low salinity coastal
waters (Fig. 1), which originate from a mixture of upwelled
waters and the Equatorial Undercurrent (Fiedler and
Talley, 2006).

At station P4, the water structure is less complex.
NEPIW is present from ~150 to 550 m, accounting for most
of our sampling depth range (Fig. 1; Supplementary
Appendix A). Here, nitrite production within NEPIW is
two orders of magnitude lower than at the ODZ stations.
At Station P4, low salinity Pacific Subarctic Upper Water
(PSUW), which is formed in the subarctic and transported
equatorward to the ETNP by the California Current (Evans
et al., 2020), is located above NEPIW.
2.2. Reagents, standards, reference materials and samples

Seawater and suspended particle samples were collected
from the upper 700 m of the water column using 5 L acid-
cleaned Teflon-coated external-spring ‘‘Niskin-type” bot-
tles (Ocean Test Equipment) on a powder-coated trace
metal clean rosette (Sea-Bird Electronics). After collection,
seawater was filtered through acid-washed 47 mm-diameter
0.2 lm Supor polyethersulfone filters (Pall) and collected
into acid-washed 1 L low density polyethylene bottles (Nal-
gene). The filters with suspended particles (>0.2 lm) were
then stored in acid-washed 50 mL polyethylene centrifuge
tubes. On the 2017 cruise, 5 seawater samples from station
P2 were collected by using an acid-washed 0.02 um
hydrophobic filter (Acropak) to determine Ni concentra-
tions and d60Ni within the ‘soluble’ phase (sometimes
referred to as ‘truly dissolved’, <0.02 lm).

Size-fractionated particles were also collected from the
top 400 m of the water column at station P1 using a
McLane pump (McLane Research Laboratories, Fal-
mouth, MA, USA) equipped with a 4 mm mesh screen, a
142 mm-diameter Sefar polyester mesh prefilter (51 lm pore
size) and a 142 mm-diameter 0.8 lm Pall Supor polyether-
sulfone filter at each sampling depth. All filters and filter
holders were acid leached before use based on the recom-
mended methods in the GEOTRACES sample and
sample-handling protocols (Cutter et al., 2017). Volumes
filtered were between 100 and 800L.



Fig. 2. Concentrations of nitrite (NO2), dissolved oxygen (O2), and chlorophyll a (Chl a) in the water columns of ODZ stations P1, P2, P3,
and a suboxic station P4 collected during two separate cruises (2017 and 2018). NO2, O2, and Chl a values were extracted from a dataset
published on the BCO-DMO data repository (Moffett, 2020). Dissolved Fe (dFe) and Mn (dMn) from the 2018 cruise are reported in this
study.
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All sample preparation was carried out in flow benches
with Ultra Low Particulate Air (ULPA) filtration within a
class 100 clean room at the University of Southern Califor-
nia. All reagents were purchased from the same manufac-
turer either as ultrapure reagents (BDH Aristar Ultra:
HN4OH and H2O2) or as lower grade reagents (BDH Aris-
tar Plus: HCl, HNO3, and acetic acid) which were then fur-
ther purified by sub-boiling distillation in a PFA still
(Savillex). Ultrapure water (Milli-Q; 18.2 MX) was used
throughout. All steps involving concentrated acids were
performed in acid-cleaned PFA teflon vials (Savillex), and
purified sample solutions were stored in acid-cleaned poly-
ethylene (LDPE) VWR metal-free centrifuge tubes. All
equipment was handled with polyethylene gloves using
trace metal clean practices. Before use, batches of Nobias-
PA1 resin were cleaned in 3 M nitric acid for >1 day and
rinsed with ultrapure water. Likewise, AG-MP1 resin was
cleaned in 10% hydrochloric acid solution and stored in
ultrapure water until use (Conway et al., 2013).
2.3. Sample pretreatment and concentration analysis

Seawater samples (1L) were acidified to pH = 1.8 with
1 mL concentrated distilled HCl, and left acidified for at
least a month. Samples for concentration analysis were ali-
quoted into 15 mL acid-washed centrifuge tubes and
amended with 50 lL of an isotope spike containing 57Fe,
62Ni, 65Cu, 67Zn, and 110Cd. Metals were extracted onto
Nobias PA-1 resin using a SeaFAST preconcentration sys-
tem (Elemental Scientific) and eluted into 1.5 M nitric acid
containing 1 ng mL�1 In. Extracted metals were analyzed
by inductively coupled plasma mass spectrometry (ICP-
MS) on an Element 2 Instrument (Thermo) at the Univer-
sity of Southern California. Detailed information regarding
the methods, data calibration, blank correction and verifi-
cation were described in Hawco et al. (2020).

For particulate samples, each 47 and 142 mm-diameter
filter was digested by placing the filter in a 25 mL
acid-washed PFA vial containing 5 mL of 8 M HNO3
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(HF was deliberately not used to digest the samples in order
to minimize the decomposition of lithogenic materials).
Samples were digested in capped vials on a hot plate at
120 �C for 12 h (Cullen and Sherrell, 1999). After digestion,
the filters were taken out, placed into acid-washed 15 mL
centrifuge tubes and rinsed with 5 mL Milli-Q water. The
Milli-Q water was transferred into the same digestion vials.
The digest solution was then heated on a hot plate at 80 �C
to dryness. Dried down samples were then re-dissolved by
adding 10 mL of 4 M HNO3, transferred into acid-
washed 15 mL centrifuge tubes, and centrifuged at
2000 rpm for 5 mins to segregate insoluble particles and fil-
ter debris. A small portion of supernatant was taken into
acid-washed 15 mL centrifuge tubes, diluted by 10 times
and amended with In standard solution with matrix of
0.1 M nitric acid to reach a final concentration of 1 ng mL�1

In. The diluted samples were analyzed for Ni, P, Fe, Mn
and Ti concentrations on an Element XR Instrument
(Thermo) at the Research Center for Environmental
Changes, Academia Sinica, Taiwan, following the analyti-
cal settings and protocol in Yang et al. (2020).

2.4. Ni preconcentration for isotope analysis

Before preconcentration, a 61Ni–62Ni double spike was
added to acidified seawater and centrifuged particle digests
to achieve a spike to sample ratio of ~1:1 (mol:mol). Spiked
seawater samples were left to sit for at least three days in
order for the sample and spike to equilibrate. Ni in both
types of samples were then extracted using the protocol
established in Yang et al. (2020). Briefly, a slurry of
2.5 mL pre-cleaned Nobias PA1 resin was added to 1 L
pH = 1.8 seawater and shaken overnight on a shaker table.
The pH of the solution was adjusted to 6.0 ± 0.2 by adding
an ammonium acetate buffer and shaking the samples for
~5 h. Afterward, the resin was filtered from the solution
using an acid-washed 8 lm polycarbonate filter (What-
man), rinsed thoroughly with Milli-Q water and eluted in
~20 mL of 3 M nitric acid. Both seawater Ni extracts and
spiked particle digests were evaporated to dryness, redis-
solved in 0.5 mL 15 M acetic acid +1.2 M HCl and further
purified.

Ni was separated from other metals that have the poten-
tial to interfere with isotopic analysis by adding the samples
dissolved in 15 M acetic acid + 1.2 M HCl to 0.25 mL of
wet AG-MP1 (100–200 mesh) anion exchange resin situated
in Bio-Spin� Disposable Chromatography Columns (no.
7326008) and eluting the Ni with 15 M acetic
acid + 1.2 M HCl. The eluent was then dried down, redis-
solved in 0.5 mL 0.05 M ammonium acetate (pH = 6), and
then purified by pouring the samples through 0.6 mL of
Nobias-PA1 resin (wet volume) situated in the same type
of columns. The Nobias resin was then rinsed with ammo-
nium acetate and Ni was eluted from the resin with 1 M
nitric acid. Lastly, the eluent was purified again by using
the same Ni separation procedure that includes the AG-
MP1 resin. After purification, the Ni elution fractions were
collected and evaporated to dryness in 7 mL PFA vials,
then refluxed in 1 mL of 14 M HNO3 and 0.1 mL of 35%
H2O2 at 160 �C for at least 6 hours to decompose any
leftover organic matter (Yang et al., 2020). The samples
were finally evaporated to dryness again and re-dissolved
in 0.1 M HNO3 to achieve a final concentration of approx-
imately 200 ng mL�1 Ni. The overall recovery efficiency
ranged from about 70–100% obtained from beam matching
between samples and standards of known concentration
during Ni isotopic analysis.

2.5. Blanks

Overall procedural blanks for Ni analysis (including full
Nobias-PA1 extraction, Ni separation and purification)
were �1 ng Ni. Compared to the Ni masses of samples
we processed (130–490 ng for seawater, 450–3200 ng for
particles between the 0.8 and 51 lm size range, and 38–
1900 ng for particles >51 lm) this blank is negligible, and
so no procedural blank correction of Ni isotope ratios
was made. However, for particle samples, the Supor
polyethersulfone filters (for particles between 0.8 and
51 lm) and Sefar polyester filters (for particles >51 lm)
themselves can be relatively significant sources of Ni con-
tamination. Blank filters treated with the same digestion
protocol as the sample filters presents on average
3.3 ± 2.4 ng Ni (1r and n = 3) for Supor polyethersulfone
filters and 5.8 ± 2.4 ng Ni (1r and n = 4) for Sefar polyester
filters. However, this amount still corresponds to only 0.1–
0.7% and 0.2–2.2% of the Ni in the 0.8–51 and >51 lm par-
ticle samples, respectively, with two exceptions of >51 lm
samples collected at 15 m (6.8%) and 25 m (8.7%), which
are noted below in our interpretation of isotopic results
from these samples.

2.6. Ni isotopic analysis

The isotopic composition of Ni (d60Ni) in the ODZ sam-
ples were measured on a Thermo Neptune Plus MC-
ICPMS in the Tampa Bay Plasma Facility at the University
of South Florida or at the Institute of Earth Sciences (IES),
Academia Sinica, Taiwan. In both cases, jet sampler and ‘x-
type’ skimmer cones were used to maximize sensitivity and
all standards and samples were introduced through a 100–
150 lL min�1 Teflon nebulizer using an Apex-Q desolvat-
ing system (Elemental Scientific).

The instrumental settings and data acquisition method
used in this study were taken from Yang et al. (2020).
Briefly, four Ni isotopes, 58Ni, 60Ni, 61Ni and 62Ni, were
simultaneously measured in ‘high resolution’ mode in each
analysis, along with 57Fe to correct isobaric interference on
58Fe. Data collection consisted of 30 cycles, each 4.2 s long.
Pure 0.1 M HNO3 solution was measured between every 4–
6 samples to determine background signals that the average
of each two analyses were then subtracted from intensities
of the samples between them. The primary standard NIST
986 Ni was also measured routinely, between every 4–6
samples, to correct for potential systematic drift during
each session. A double spike data reduction scheme follow-
ing the iterative approach of Siebert et al (2001) was used to
correct the artificial isotopic fractionation on sample Ni
potentially caused by purification protocols and mass spec-
trometry. Isotope ratios are expressed in permil (‰) relative



240 S.-C. Yang et al. /Geochimica et Cosmochimica Acta 309 (2021) 235–250
to the average of the two NIST 986 Ni analyses around
each block of 4–6 samples, using delta notation calculated
as following;

d60Ni ¼
60Ni= 58Ni

� �
sample

60Ni= 58Ni
� �

NIST SRM 986

� 1

2
64

3
75� 103

The accuracy of our analytical technique was verified by
determining the isotope composition of a secondary stan-
dard on the same day at IES. Wako Ni was measured to
be �0.31 ± 0.07‰ (2r, n = 6), which is consistent with
the values reported by Yang et al. (2020).

Long-term reproducibility of Ni isotope analyses is
±0.08‰ (n = 21; over ~1 year), which was assessed over
the course of this and parallel studies through repeated
measurements of NIST 986 and a secondary standard
Wako Ni at IES. The internal precision of single measure-
ments typically ranged from ±0.02 to ±0.07‰, which was
obtained by combining the internal precision of both sam-
ple and standard measurements (Conway et al., 2013). Only
two particulate samples were less precise (�±0.20‰) due to
low sample mass. The reported analytical reproducibility
for the isotopic composition of each sample is the long-
term reproducibility, unless the internal uncertainty is lar-
ger, in which case the latter is reported.

3. RESULTS

3.1. Dissolved Ni concentrations and isotopic composition

3.1.1. 2018 cruise

Dissolved Ni concentrations and d60Ni of seawater
(Fig. 3) collected on the 2018 cruise exhibit similar vertical
patterns at all four stations, in both the ODZ and suboxic
regions, despite there being drastic differences in oxygen,
nitrite and chlorophyll a (Chl a) concentrations (Fig. 2).
At all stations, the Ni concentrations increase roughly
three-fold (from 2.8 to 8.4 nmol kg�1) and the isotopic
composition declines by 0.2‰ (from +1.6 to +1.4‰) with
depth (from 0 to 700 m; Fig. 3). In detail, the vertical vari-
ations in dissolved Ni seem to reflect three different concen-
tration gradients: a sharp increase from 3 to 4 nmol kg�1 in
the top 75 m which is mainly composed of ESW, a moder-
ate increase from 4 to 5.5 nmol kg�1 from 75 to 300 m
where 13CW is located, and then a more rapid increase
from 5.5 to 8 nmol kg�1 from 300 to 700 m where NEPIW
and AAIW are located. The difference in measured d60Ni
between various depths is similar to the magnitude of the
analytical uncertainty, yet when considered together a clear
pattern of decreasing d60Ni with increasing depth emerges,
with d60Ni of +1.55 ± 0.02‰ (2rm which stands for 2r of
the mean, 2r/n0.5; n = 21) in the top 75 m, +1.44 ± 0.01‰
(2rm, n = 39) from 75 to 300 m, and +1.39 ± 0.02‰ (2rm,
n = 13) below 300 m.

3.1.2. 2017 pilot cruise

During the December 2017 cruise seawater samples were
collected at five depths each at two stations within the ODZ
(Stations P1 and P2) and were analyzed for Ni
concentrations and d60Ni. Combined with data from
2018, we can therefore use our dataset to explore possible
temporal variations. In 2017 the maximum Chl a concen-
trations were seventeen times higher than the max Chl a
concentrations in 2018 (34.2 lg L�1 vs. 2.0 lg L�1;
Fig. 2). Despite the large differences in primary productiv-
ity, Ni concentrations and d60Ni were quite similar between
the two cruises (2017 and 2018) (Fig. 3). The 2017–2018 dif-
ference in chlorophyll a was less dramatic at station P2,
with the Chl a maximum about three times higher in 2017
than in 2018 (2.9 lg L�1 vs. 1.0 lg L�1; Fig. 2). The Ni con-
centrations in ESW and NEPIW were 0.6–0.8 nmol kg�1

lower in 2017 than in 2018 (Fig. 3). In addition, the heaviest
d60Ni in this study (+1.69 ± 0.07‰) was found in ESW in
2017, which is about 0.14‰ heavier than d60Ni from the
same depth and location in 2018. However, when we com-
pare Ni concentrations and d60Ni as a function of seawater
density instead of depth, all of the data from 100 to 600 m
in both 2017 and 2018 align well with each other (Fig. 4),
suggesting that the temporal differences observed at P2
were due to slight differences in the vertical position of
key water masses. The surface water sample from station
P2 which had the heaviest dissolved d60Ni also had the low-
est density (~22.4; Fig. 4), suggesting the presence of a dif-
ferent water mass carrying a unique Ni isotopic signature.

Nickel concentrations and d60Ni within the ‘soluble’
phase (sometimes referred to as ‘truly dissolved’,
<0.02 lm) were also measured for 5 samples from station
P2. Soluble Ni (<0.02 lm) concentrations and d60Ni values
overlap with the data for total dissolved Ni (<0.2 lm)
(Fig. 3), indicating that there is little Ni in the colloidal size
range (0.02–0.2 lm) and any colloidal Ni which does occur
has a similar d60Ni signature.

3.2. Particulate Ni concentrations and isotopic composition

Particle samples collected at station P1 in 2018 show
very different patterns of Ni concentration and d60Ni com-
pared to the dissolved phase. Nickel concentrations in the
total suspended particles filtered from seawater (>0.2 lm)
exhibit a maximum value of 214 pmol kg�1 at 15–20 m
where the chlorophyll a maximum is located (Fig. 5). Sam-
ples from the McLane pumps provided particles both in the
0.8–51 lm and >51 lm size ranges, with approximately one
third of the Ni occurring the >51 lm size range below the
Chl a maximum, and up to half the Ni in the >51 lm size
range within the Chl a maximum (15–20 m; Fig. 5). By
comparing total suspended particles (>0.2 lm) with the
sum of particles in the 0.8–51 lm and >51 lm size ranges,
we can infer the concentration of elements in the 0.2–0.8 lm
size range. At least half or more of the phosphorus (P) was
always observed in the 0.2–0.8 lm range, yet most of the Ni
was found in particles >0.8 lm (Fig. 5). The exception to
this was at the Chl a maximum, where most of the Ni
(roughly three quarters) occurred in the 0.2–0.8 lm size
range. At 50 m, the combined Ni concentrations from the
0.8–51 lm and >51 lm particles are three times higher than
the total suspended particles concentration (>0.2 lm),
which is likely due to contamination, and thus these



Fig. 3. Depth profiles of dissolved Ni concentrations and isotopic composition (d60Ni) at the ODZ stations P1 (yellow diamonds), P2 (blue
triangles), P3 (red squares) and a suboxic station P4 (green circles) during the 2018 expedition, along with depth profiles of dissolved Ni at P1
and P2 (open circles) and soluble Ni (<0.02 lm) at P2 (red diamonds) during the 2017 cruise. Error bars denote long-term reproducibility (2r)
of concentration and isotopic analyses, ±5% and ±0.08‰, respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. Dissolved Ni concentrations and isotopic composition compared to density for the samples collected in 2017 (gray triangles) and 2018
(open circles) at ODZ stations P1 and P2.
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Fig. 5. Concentrations of particulate P (pP), Fe (pFe), Mn (pMn), Ni (pNi), Ni isotopic composition (d60Ni), elemental ratios (including
pNi/pP multiplied by 1000, pNi/pTi, and pMn/pP multiplied by 1000), and concentrations of chlorophyll a (Chl a) throughout the water
column at station P1 in 2018. Filled squares represent total suspended particles (>0.2 lm) collected by onboard filtering of seawater. Open and
gray diamonds stand for particles with sizes of 0.8–51 lm and >51 lm, respectively, collected from submerged McLane pumps. Red open
squares represent the sum of the twoMcLane pump size fractions (>0.8 lm). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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samples are not discussed further (see data in Supplemen-
tary Appendix B).

Particulate d60Ni values are consistently lower than dis-
solved d60Ni, by between 0.4 and 2‰, and have a variability
three to four times that of dissolved d60Ni. Particulate d60Ni
values range from +0.1 to +1.2‰ in >0.8 lm particles, with
the exception of a single >51 lm sample collected at 25 m
(�1.24 ± 0.28‰; Fig. 5). In 0.8–51 lm particles, d60Ni is
fairly consistent throughout all twelve samples and ranges
from +0.9 to +1.2‰ (data from 50 m is excluded). Most
d60Ni values from >51 lm particles are similar to
0.8–51 lm particles, except for four samples which are
obviously lighter (�1.24 to +0.54‰).

4. DISCUSSION

The Ni concentration and isotope values obtained in this
study allow us to evaluate several hypotheses about Ni bio-
geochemical cycling. The d60Ni observations are first
explored using three different theoretical frameworks: 1)
passive mixing between water masses, 2) biological fraction-
ation and Rayleigh distillation, and 3) biological fractiona-
tion and Rayleigh distillation in a two-phase system with
both bioavailable and non-bioavailable Ni. These frame-
works are used to help identify which biogeochemical pro-
cesses may affect Ni cycling in our study region. We first
examine just the dissolved phase Ni and d60Ni data, then
explore what additional insight can be gained from partic-
ulate d60Ni data. Next, we consider how the unique charac-
teristics of our study site, especially the presence of an
intense open-ocean ODZ and active Mn cycling do or do
not affect Ni cycling. Finally, we put our data within the
context of global dissolved Ni/d60Ni datasets in order to
understand global controls on Ni and Ni isotope cycling.

4.1. Physical circulation and mixing

Away from the surface ocean, advection and mixing of
seawater are dominant processes controlling the distribu-
tions of dissolved Ni (e.g. Middag et al., 2020), and these
physical processes also clearly affect the distributions of dis-
solved Ni and d60Ni in the ETNP. While slight differences
are observed between the dissolved Ni and d60Ni profiles
at stations P1-P4 when plotted as a function of depth
(Fig. 3), both Ni and d60Ni from all four stations align well
when plotted against density (Fig. 4). This suggests that
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many of the differences seen between stations are the result
of slight changes in the vertical dominance of the key water
masses of the region.

Furthermore, the variations in the dissolved Ni and
d60Ni between the key water masses can be well described
by conservative binary mixing. This model assumes mass
balance of Ni concentration and isotopes:

Ni½ �1 f 1 þ Ni½ �2 f 2 ¼ Ni½ �mixed
d60Ni1 Ni½ �1 f 1 þ d60Ni2 Ni½ �2 f 2 ¼ d60Nimixed Ni½ �mixed
f 1 þ f 2 ¼ 1

where [Ni], d60Ni and f stand for dissolved Ni concentra-
tion, dissolved d60Ni and volume fraction for each pair of
adjacent water mass endmembers, respectively. Endmember
water masses and their dissolved [Ni] and d60Ni were iden-
tified according to their temperature and salinity as follows:
ESW (21.3–23.3 �C and 34.3 psu), 13CW (12.5–13.1 �C and
34.8 psu), NEPIW (~9.6 �C and 34.6 psu) and AAIW
(~6.0 �C and 34.5 psu) (Fig. 1; Supplementary Appendix
A). Averaged dissolved [Ni] and d60Ni for each endmember
are thus: ESW (3.0 nmol kg�1 and +1.55‰), 13CW
Fig. 6. Comparison of dissolved and particulate Ni isotopic compositio
collected in this study. Isotope systematics can be modeled as simple phy
dNi and dd60Ni at the depths where ESW, 13CW, NEPIW and AAIW va
from a conservative binary mixing model (A). Alternatively, the data ca
instantaneous isotope effect (D60Niparticulate-aqueous) of �0.1 to �0.4‰ (B).
assumes 2 nM of non-bioavailable Ni with a d60Ni value of +1.7‰, and
show observations from this study. For both Rayleigh models, we show th
to observed particle d60Ni in the 0.8–51 lm (filled diamonds) and >51 lm
the concentration range of dissolved [Ni] in the euphotic zone (top 100 m
outlier, and is therefore not included here.
(4.8 nmol kg�1 and +1.44‰), NEPIW (6.0 nmol kg�1

and +1.39‰) and AAIW (8.2 nmol kg�1 and +1.33‰).
This physical mixing model yields [Ni]–d60Ni patterns

which are consistent with our observations in the ETNP
(Fig. 6A). Indeed, physical mixing may be the predominant
control on d60Ni distributions, especially in the deep ocean.
However, while water movement and mixing of water
masses can explain the distributions of both the dissolved
[Ni] and d60Ni in the ETNP, they cannot explain why the
water masses possess distinctly different ‘‘pre-formed” con-
centrations and isotopic compositions in the first place. In
the following section, we consider the other process impor-
tant to Ni cycling— biological uptake, whether in situ or
earlier in the transport pathway of each water mass.
4.2. Biological fractionation of Ni isotopes by Rayleigh

distillation

The major water masses in the ETNP can be traced back
to the Southern Ocean (Fiedler & Talley, 2006; Evans et al.,
2020), and we thus expect that some of the variability in
n (dd60Ni and pd60Ni) versus Ni concentrations (dNi) of samples
sical mixing between water masses, where open circles represent the
lues converge, and dashed lines between the open circles are derived
n be modeled by Rayleigh distillation, with the data suggesting an
Finally, the data can be fit by a Rayleigh fractionation model which
isotope effects from 0 to �0.3‰ (C). In all plots, the gray symbols
e predicted instantaneous d60Ni of phytoplankton export, compared
size (open diamonds) ranges, respectively. Green shaded areas show
). A value from a >51 lm particle sample at 25 m was identified an
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dissolved [Ni] and d60Ni can also be traced back to biolog-
ical uptake (and regeneration) in the Southern Ocean and
the waters flowing northwards. To quantify the proportion
of Ni removed by biological uptake and therefore the
degree of Ni isotopic fractionation, a closed system Ray-
leigh fractionation model is applied as a conventional
approach. This model assumes that the dominant source
of Ni in the upper ocean is from a constant deep Ni pool,
and that the main process controlling dissolved [Ni] and
d60Ni distributions in both the upper and deep oceans is
phytoplankton uptake of light Ni isotopes followed by
removal by subsequent settling, microbial degradation
and release of Ni at depth. A theoretical relationship of dis-
solved [Ni] and d60Ni between the upper ocean and the glo-
bal deep Ni pool can be expressed as the following:

d60Ni ¼ D60Niparticulate�aqueousÂ � ln ½Ni�
½Ni�0

� �
þ d60Ni0

where [Ni]0 and d60Ni0 denote the concentration and
isotopic composition of dissolved Ni of the deep
Ni pool, [Ni] and d60Ni for the upper ocean, and
D60Niparticulate-aqueous for the biological isotopic
fractionation.

Applying AAIW d60Ni and Ni concentrations as calcu-
lated above (Section 4.1) to [Ni]0 and d60Ni0 of the equa-
tion, the application to our ETNP Ni dataset yields a
d60Ni–Ni relationship (Fig. 6B):

d60Ni ¼ �0:23ð	0:03Þ � ln Ni½ � þ 1:81ð	0:05Þ;R2 ¼ 0:71

Using Ni concentrations for all water masses (Sec-
tion 4.1), the estimated dissolved d60Ni of ESW, 13CW
and NEPIW would be +1.56 ± 0.03, +1.45 ± 0.05 and +
1.40 ± 0.05‰, respectively. These modeled dissolved
d60Ni values also match observations well, thus it is possible
that closed system Rayleigh fractionation can explain the
distinct dissolved [Ni] and d60Ni found in each water mass.
The slope of the equation reflects the biological isotopic
fractionation, D60Niparticulate-aqueous, and is equal to
�0.23 ± 0.03‰ (2r), meaning that co-evolution of dis-
solved [Ni] and d60Ni during the formation and transport
of the water masses is driven by an instantaneous isotopic
difference of �0.23 ± 0.03‰ between phytoplankton and
the dissolved pool. The fractionation is consistent with
the subtropical North and South Pacific and the South
Atlantic (�0.27 ± 0.03‰ to �0.28 ± 0.07‰; estimated
from datasets in Takano et al., 2017, Archer et al., 2020;
Yang et al., 2020).

Analyses of particulate d60Ni can be compared to these
dissolved data in order to better understand the magnitude
of biological fractionation in the ETNP ODZ. Measured
d60Ni in 0.8–51 lm and >51 lm particles in the euphotic
zone (top 100 m) at station P1 are lighter than the dissolved
phase by 0.50 ± 0.08‰ (1r and n = 5) and 0.52 ± 0.11‰
(1r and n = 4), respectively (Fig. 5). This supports the
assumption that biological uptake of light Ni drives varia-
tions in dissolved [Ni] and d60Ni in the ocean, but is slightly
larger than the D60Niparticulate-aqueous of �0.23‰ suggested
by simple Rayleigh distillation (Fig. 6B).

The inconsistency between observed D60Niparticulate-aqueous
and the biological isotope effect suggested by a Rayleigh
distillation model may suggest that simple Rayleigh distilla-
tion is not the only process controlling [Ni] and d60Ni.
Exchange and mixing between water masses may decrease
the d60Ni values and the gradient of the d60Ni–Ni relation-
ship produced by biological uptake. ETNP surface water is
mainly composed of ESW, originating from a mixture of
upwelled waters and the Equatorial Undercurrent, and
PSUW, carried by the California Current (Evans et al.,
2020), and thus d60Ni signatures likely reflect a mixture of
the isotopic signatures of these two currents. Additionally,
particulate d60Ni may represent biological fractionation at
a single point in time which is not reflective of the time
history of biological activity. Primary productivity and
community structures in the ETNP fluctuate daily
(Almazán-Becerril and Garcı́a-Mendoza, 2008), and vari-
ous phytoplankton species have different Ni demands
(Twining et al., 2012; Ho et al., 2013; Rodriguez and Ho,
2014) and biological Ni isotope fractionations (Cameron
et al., 2009). Biological Ni uptake and perhaps Ni isotopic
fractionation effects may therefore be highly dynamic.
Indeed, analyses of d60Ni in sinking particles in the deep
northern South China Sea also show temporal variations
as much as 0.6‰ within one year (Takano et al., 2020),
which may be associated with the seasonally dynamic com-
munity structures in the surface ocean (Ho et al., 2015).

An alternative explanation for the inconsistency between
Rayleigh-predicted D60Niparticulate-aqueous and observations
is that particles are also influenced by partial dissolution
of accompanying lithogenic material with a d60Ni of
+0.15 ± 0.06‰ (1r) (Elliott and Steele, 2017). However,
this explanation is not supported by the Ni/P ratios of
the particles, which appear similar to biological ratios:
euphotic zone particle Ni/P ratios measured here range
from 0.9 to 8.2 mmol mol�1, which is within or slightly
higher than the range found in various plankton lab
cultures and in the natural surface ocean community
(0.07–3.3 mmol mol�1; e.g. Ho, 2013; Twining et al.,
2012, 2014). Additionally, particulate Ni/Ti ratios, an indi-
cator of the contribution of Ni from lithogenic material,
showed that lithogenic Ni in the particles was negligible,
despite the sampling site being nearshore and only about
70 km away from the Ameca River estuary. The Ni/Ti ratio
of particle samples from the top 100 m ranged between 0.18
and 10 mol mol�1, which is one to four orders of magnitude
higher than the ratio found in upper crustal materials (0.0
02–0.029 mol mol�1; estimated from data in Wedepohl,
2000). Thus, we conclude that the particulate d60Ni signa-
tures likely reflect local biological fractionation at the time
of sampling.

4.3. Biological fractionation of Ni with a non-bioavailable

pool

Nickel is never drawn much below 2 nmol kg�1 through-
out the global surface ocean, leading to the suggestion that
dissolved Ni may be comprised of separate bioavailable and
non-bioavailable pools (Mackey et al., 2002; Archer et al.,
2020; Boiteau et al., 2016). A 2 nmol kg�1 non-
bioavailable pool may be attributed to strong complexation
with organic ligands (Mackey et al., 2002; Dupont et al.,
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2010), coupled with slow coordination kinetics of phyto-
plankton Ni uptake (Hudson and Morel, 1993; Dupont
et al., 2012) that prevents complete drawdown of Ni. Con-
sidering the effects of ligand complexation on Ni availabil-
ity, Archer et al. (2020) hypothesized that non-bioavailable
and bioavailable Ni pools possess distinct d60Ni signatures,
comprised of roughly 2 nmol kg�1 non-bioavailable Ni with
d60Ni = +1.7‰, a deep-ocean bioavailable pool with
d60Ni = +1.2‰, and limited isotopic exchange between
these pools. Dissolved d60Ni data from the South Atlantic
is consistent with this model and either no biological frac-
tionation during uptake, or a small fractionation of
�0.12‰ (Archer et al, 2020).

The same model provides a good fit to our data. Assum-
ing 2 nmol kg�1 of non-bioavailable Ni with a d60Ni value
of +1.7‰, and the remainder of Ni is bioavailable and has
a starting d60Ni of +1.2‰, best fits are obtained with small
biological fractionations of around �0.1‰ (Fig. 6C).

As with the simple Rayleigh model (Section 4.2), the
predicted offset between dissolved and particulate d60Ni is
smaller than observations, and this inconsistency can be
attributed to the same processes discussed above including
temporal or spatial variability in phytoplankton communi-
ties with different biological isotope effects. Intriguingly,
however, the two models suggest very different particulate
d60Ni when bioavailable Ni becomes nearly depleted
(Fig. 6B and C): in the absence of a non-bioavailable Ni
pool (simple Rayleigh distillation) particulate Ni does not
change much as Ni is depleted, while in the presence of a
non-bioavailable pool the particles are formed from a resid-
ual bioavailable pool which is becoming very highly frac-
tionated by Rayleigh distillation, and thus both the
residual bioavailable dissolved phase d60Ni and the partic-
ulate d60Ni are expected to become much heavier. We there-
fore suggest future investigations should pursue analysis of
particulate d60Ni in regions where surface-ocean Ni
becomes more depleted to nearer 2 nmol kg�1 such as west-
ern tropical/subtropical Pacific and Atlantic Oceans (e.g.
Mackey et al., 2002; Middag et al., 2020).

4.4. Ni isotope cycling within ETNP oxygen deficient waters

The Eastern Tropical North Pacific (ETNP) studied here
is the largest ODZ worldwide, of similar scale as ODZs in
the northern Indian Ocean and the Eastern Tropical South
Pacific (ETSP). Our samples thus provide a unique oppor-
tunity to see how such low-oxygen conditions affect Ni
cycling.

At present, the redox threshold where metal sulfide pre-
cipitation becomes a significant effect remains poorly
understood. In the deep Black Sea, where sulfide
concentrations build up to micromolar levels, the precipita-
tion of Ni sulfides is thought to be a significant sink for
Ni, with a preferential loss of lighter Ni isotopes
(D60Niparticulate-aqueous = �0.7‰; Vance et al., 2016). In
the open ocean where measurable sulfide is not present, it
has been suggested that extremely reducing conditions
within organic-rich particles could lead to sulfide produc-
tion and precipitation of metal sulfides (e.g. Janssen et al.
2014, Bianchi et al., 2018). However, our dissolved data
shows no obvious evidence of Ni sulfide formation in the
ETNP. In fact, as discussed above (Section 4.1) the subsur-
face dissolved Ni and d60Ni patterns can be described by
mixing between water masses, without any obvious devia-
tions attributable to low-oxygen conditions.

Similarly, ETNP particle Ni isotope systematics can be
mostly attributed to biological processes in the surface
ocean. All of the 0.8–51 lm samples and four of the seven
>51 lm samples below the euphotic zone show d60Ni values
that vary only within a 0.3‰ range and have values that are
consistent with the d60Ni in the euphotic zone (ranging
from +0.9 to +1.2‰) (Fig. 5). This consistency suggests
that the particles below the euphotic zone largely inherit
the isotopic signature from the surface ocean, rather than
being impacted by processes at ODZ depths. That said,
while most of the particle samples are consistent with
phytoplankton detritus (all of the 0.8–51 lm samples and
over half of the >51 lm samples below the euphotic zone),
three >51 lm samples do possess lighter d60Ni values
(+0.21 ± 0.11 to +0.54 ± 0.07‰) and have Ni/P ratios
higher than neighboring samples (Fig. 5). These particles
are 0.4–1.0‰ lighter than the particles in the euphotic zone,
0.9–1.2‰ lighter than the ambient seawater, and they seem
to match the isotope effect observed in the sulfidic deep
Black Sea. In our samples, the lighter d60Ni values in these
few samples could alternatively be explained by more litho-
genic Ni, since this would be expected to be lighter than
both seawater and marine particles (~+0.1‰, Cameron
et al., 2009; Hawco et al., 2020). Indeed, Takano et al.
(2020) previously showed that lithogenic Ni has significant
impacts on deep-sea sinking particles in the northern South
China Sea. Several of their samples possess d60Ni values
that are ~1.5‰ lighter than seawater and have low Ni/Ti
ratios that are close to the Ni/Ti ratios of upper crustal
materials (Takano et al., 2020). However, addition of litho-
genic Ni is considered less likely for our open-ODZ parti-
cles because of sampling technique: while HNO3 and HF
were both used in the sample digestion in Takano et al.
(2020), only 8 M HNO3 was used here to minimize the
decomposition of lithogenic materials. Using this method,
our particles show Ni/Ti ratios (0.09–0.61 mmol mol�1)
that are 3–300 times higher than lithogenic Ni/Ti ratios
(0.002–0.029 mol mol�1). Additionally, d60Ni values do
not shift toward ~+0.1‰ when Ni/Ti ratios are low (Fig. 5).

The ETNP is also a region with an active dissolved-
particle redox cycle involving both Fe and Mn oxides, as
both elements cycle between the dissolved phase (in low-
oxygen waters) and particle phase (when mixed into more
oxygenated waters). Consequently, dissolved and particu-
late Mn concentrations in the ETNP are much higher than
typical open-ocean concentrations of <~100 pmol kg�1 (e.g.
Lee et al., 2018), with active Mn particle dissolution in the
ETNP ODZ visible in low-oxygen waters (100–250 m) as
decreased Mn:P in the 0.8–51 lm particles, and elevated
dissolved Mn concentrations (Figs. 2 and 5). Particulate
Fe concentrations also increase dramatically between 100
and 250 m, which coincides with the nitrite maximum
(Figs. 2 and 5). Similar co-occurring particulate Fe and
nitrite peaks have be observed at inshore stations in the
Peruvian ODZ and were determined to be a result of the
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combined effects of dissimilatory reduction of Fe in shelf
sediments, lateral transport of dissolved Fe(II), and forma-
tion of Fe oxyhydroxides particles (Heller et al., 2017).

Particulate Ni below the euphotic zone in the ETNP
does not share the Fe-NO2 pattern, but instead declines
with depth similar to particulate P (Fig. 5). This similarity
between particulate Ni and P indicates that the cycling of
particulate Ni is primarily controlled by the remineraliza-
tion of biotic particles. Isotopic evidence also does not
support active Ni cycling onto Fe and Mn oxides in the
ETNP. Laboratory experiments have shown preferential
sorption of light Ni isotopes to Fe and Mn oxides
(D60Niparticulate-aqueous = �0.35 to �3.4‰) (Wasylenki
et al., 2015; Gueguen et al., 2018; Sorensen et al., 2020).
In natural waters, Vance et al (2016) also found significant
removal of light dissolved Ni isotopes across the Black Sea
chemocline, with a D60Niparticulate-aqueous ~ �4‰, which was
attributed to the formation and dissolution of Mn oxides.
More recently, preferential remobilization of light dissolved
Ni isotopes from marine sediments during early diagenesis
has been attributed to cycles of Mn-oxide dissolution and
precipitation (Little et al., 2020). In the ETNP, however
particulate d60Ni and Ni/P do not vary synchronously with
the particulateMn and dissolvedMn concentrations (Figs. 2
and 5) in a way which would suggest significant adsorption
to Mn oxides. Although Ni sorption onto particles in low
oxygen waters through Fe oxyhydroxide formation has
been observed in the ETSP ODZ where particulate Fe is
one order of magnitude lower than that of the ETNP
ODZ (Lee et al., 2018), there is no evidence for the process
in this study. The particulate Fe concentrations in the
ETNP low oxygen water can be as high as 30 nmol kg�1

(Fig. 5), however, there is no corresponding increase in par-
ticulate Ni or Ni/P ratios nor a shift in particulate d60Ni
(Fig. 5), which indicates that the presence of Fe oxyhydrox-
ide may not be the determinant factor for Ni sorption.
Thus, the particle d60Ni values observed at all depths in
the ETNP can mostly be explained as originating in the
euphotic zone from biological uptake into phytoplankton,
with three lower particulate d60Ni samples in the low oxy-
gen water possibly reflecting NiS formation (although if
so the influence on the dissolved phase must have been
too small to yield significant changes in dissolved d60Ni).

4.5. Comparison of Pacific and Atlantic dissolved [Ni]–d60Ni

systematics

Although the study of d60Ni systematics in the global
open oceans is still relatively new, our new data in combi-
nation with previously published data appear to show sub-
tle but distinct dissolved [Ni]–d60Ni patterns between the
Atlantic and the Pacific Oceans (Fig. 7A and B; Cameron
and Vance, 2014; Takano et al., 2017; Wang et al., 2019;
Archer et al., 2020; Yang et al., 2020). Between 3 and
5 nmol kg�1 of dissolved Ni, d60Ni values in the Atlantic
are consistently about 0.1–0.15‰ lighter than the Pacific.
While only slightly larger than our analytical uncertainty
on dissolved d60Ni measurements (of ~0.08‰), this subtle
basin-scale difference may point to an important control
on global Ni cycling.
Further examination of the relationship between [Ni]�1

and d60Ni in the Pacific and the Atlantic shows two sepa-
rate and strong linear correlations, which are statistically
significantly different from each other (p < 0.001; Supple-
mentary Appendix B). Each relationship is consistent with
two-endmember mixing, with the Atlantic and Pacific each
having a unique deep-water endmember (Fig. 7C and D).
The linear relationships converge at a point where d60Ni
is at +1.7‰ and [Ni] is at 2 nmol kg�1, indicating a com-
mon surface ocean endmember. At depth, however, the
mixing line in the Atlantic suggests a deep endmember with
d60Ni = +1.31–1.29‰ and [Ni] = 6–7 nmol kg�1(Fig. 7C),
whereas the Pacific’s mixing line suggests a distinct end-
member with d60Ni + 1.40–1.35‰ and Ni concentrations
between 6 and 10 nmol kg�1(Fig. 7D). Data from the deep
Indian sector of the Southern Ocean (�1000 m) lies
between endmembers from the deep Atlantic and the Pacific
with an average of +1.33 ± 0.08‰ (2r) (Fig. 7C and D;
Wang et al., 2019).

It therefore appears as if dissolved d60Ni gets progres-
sively heavier with the aging of deep waters, which is unex-
pected for an element where there is a biological preference
for uptake of the lighter isotopes. Comparatively, dissolved
d114Cd in deep waters has a different trend, despite Ni and
Cd sharing the same vertical isotopic fractionation trend
(i.e. the preferential biological uptake of light isotopes)
and both metals being isotopically lighter in deep-sea set-
tling biogenic particles than the ambient seawater
(Janssen et al., 2019; Takano et al., 2020). Deepwater dis-
solved d114Cd remains consistent or decreases by a subtle
amount from the Southern Ocean (+1.21 ± 0.36‰, 2r)
to the Pacific (+1.14 ± 0.37‰, 2r) which is thought to be
a result of the remineralization of sinking isotopically light
particles (Janssen et al., 2017). Since the remineralization of
particulate matter should similarly supply light Ni to deep
waters, the increase in d60Ni with water age suggests that
there are other heavy Ni sources in the deep ocean.

Based on a recent study of two suboxic sediment cores
sampled in the East Pacific Rise, this source of isotopically
heavy Ni into the deep Pacific could result from processes
during the early diagenesis of marine sediments (Little
et al., 2020). Prior to the study of Little et al. (2020), anal-
yses of oceanic Ni budget showed significant flux and iso-
topic mass imbalances (Vance et al., 2016; Ciscato et al.,
2018). Major inputs of Ni (riverine dissolved Ni and Ni
from mineral dust) are enriched with light Ni isotopes (av-
erage of d60Ni = +0.79‰) compared to the ocean inven-
tory, and have an estimated flux of 3.7 � 108 mol/yr. By
contrast, the estimated output flux, which is mainly based
on data collected from oxic sediments, ranges from 7.2 to
17 � 108 mol/yr with d60Ni = +1.5‰ (Ciscato et al.,
2018). If the cycling of Ni isotopes is at steady state, the
imbalance must be resolved by either adding a new heavy
Ni input, or by correcting the output flux and isotopic com-
position both of which might have been overestimated
(Cameron and Vance, 2014; Vance et al., 2016; Ciscato
et al., 2018). Therefore, the discovery of diagenetic remobi-
lization of isotopically heavy Ni (at ~ +3‰) may be the
missing mechanism that balances the marine Ni budget
(Little et al., 2020; Gueguen and Rouxel, 2021). Given the



Fig. 7. Global patterns of dissolved Ni concentrations and Ni isotope compositions throughout the world ocean (Cameron and Vance, 2014;
Takano et al., 2017; Wang et al., 2019; Archer et al., 2020; Yang et al., 2020; this study). Plots include previously published data and highlight
data from the Atlantic Ocean and Southern Ocean with Pacific Ocean data as gray points (A and C), or highlight data from the Pacific and
Southern Ocean, with Atlantic data shown in gray (B and D). Dashed lines are linear regressions between d60Ni and [Ni]�1 for Atlantic and
Pacific Ocean data (Southern Ocean data is not used). Errors in the regression equations denote 2r. The Pacific and Atlantic regressions are
significantly different from each other (p < 0.001; see supplementary file).
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ubiquitous nature of Ni inputs from suboxic sediments, Lit-
tle et al., calculated that this flux indeed does balance over-
all Ni inputs and outputs in the ocean. This flux of
isotopically heavy Ni from sediments could also explain
why the relatively older Pacific deep waters are isotopically
heavier than deep waters in the Atlantic.

Here, based on the ~0.1‰ d60Ni difference between the
deep Pacific and Atlantic pools, we estimate that
0.36–0.57 nmol kg�1 of the 6–10 nmol kg�1 Ni in the Pacific
deep Ni pool can be attributed to this benthic Ni source.
Thus, we would calculate benthic inputs of
1.8–2.9 � 108 mol/yr given a global deep ocean volume
(>1000 m) of ~1 � 1021 kg and a deep-water turnover time
of ~1000 yrs, which is comparable with the estimation by
Little et al. (2020). This use of interbasin comparison of dis-
solved d60Ni to calculate fluxes may hint at a new use of
d60Ni for understanding biogeochemical processes on the
past earth. While the marine sediment d114Cd record seems
to reflect productivity over geological time periods (e.g.
Georgiev et al., 2015; John et al., 2017; Zhang et al.,
2018), the d60Ni record may be a proxy for fluxes of diage-
netically released materials, since there seems to be an asso-
ciation between deep water d60Ni and early diagenesis. The
reconstruction of coupled d114Cd–d60Ni in paleo-deep
water may therefore provide insight into the interactions
between the biological pump and early diagenesis.

5. CONCLUSION

In this study we have presented data on elemental
cycling within the ETNP ODZ with a focus on Ni and Ni
stable isotopes. Although biological uptake of light Ni must
be invoked to explain why different water masses have dif-
ferent [Ni]-d60Ni characteristics, we note that endmember
mixing between AAIW, NEPIW, 13CW and ESW can
explain the majority of our dataset. Further, consistent with
previous studies, a biological uptake of light Ni can be
explained either through simple Rayleigh fractionation, or
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through Rayleigh fractionation where there are separate
bioavailable and non-bioavailable Ni pools. We note that
analyses of particulate d60Ni in regions where Ni is more
depleted may help to distinguish these two possibilities.
Lastly, our data does not provide any evidence for unique
Ni cycling processes in the ODZ such as sulfide precipita-
tion or Ni sorption/desorption through Fe/Mn redox
chemistry, as has been observed in the other ODZs and
the Black Sea.

Globally, in combination with other datasets, we find
basin-scale differences between the [Ni]–d60Ni systematics
in the Pacific and Atlantic. In the Pacific we find two major
endmembers with lower d60Ni at the surface (+1.7‰) com-
pared to at depth (~+1.4‰). While the Atlantic has a sim-
ilar shallow Ni endmember, the inferred deep-sea
endmember is 0.1‰ lighter than in the Pacific (~+1.3‰).
Two sediment cores from the East Pacific Rise suggest that
heavier Ni isotopes are preferentially released during early
diagenesis, presumably due to adsorption of lighter Ni onto
Mn oxides (Little et al., 2020). Further studies may help to
clarify whether this process is ubiquitous, and whether it is
the cause for the different deep-ocean d60Ni endmembers
discussed here.
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