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The role of nickel (Ni) in ocean biogeochemical cycles is both under-studied and controversial. Strong
correlations between Ni and organic carbon in modern and ancient marine sediments suggest a
prominent biogeochemical role over a substantial portion of Earth history. Addition of Ni to culturing
and seawater incubation experiments produces strong responses in terms of cell growth, particularly of
nitrogen-fixing organisms. But the implied limiting role for phytoplankton growth is inconsistent with
observations in the real ocean, specifically that photic zone Ni concentrations never descend to the
very low values that characterise other bioactive, and often bio-limiting, metals like iron. These two
observations can be reconciled if a large portion of the total dissolved Ni present in open-ocean surface
waters is not bio-available on short timescales. Here we present new Ni concentration and stable isotope
data from the GEOVIDE transect in the North Atlantic. We interpret these new data in the light of the
growing database for Ni stable isotopes in the modern ocean, with implications for the biogeochemical
importance of Ni.
In the new North Atlantic dataset, the lowest Ni concentrations (1.8-2.6 nmol/L) and highest §%°Ni (up
to +1.67%0) are associated with low nitrate, south of the subarctic front (SAF). By contrast, stations at
latitudes north of the SAF, with higher surface nitrate, show very subdued variation in Ni concentrations
throughout the entire depth of the water column (3.64+0.3 nmol/L, mean and 2SD), and no variation in
550Ni beyond the narrow global deep-ocean range (+1.3340.13 %o). These North Atlantic Ni isotope data
also show relationships with nitrogen isotope effects, observed in the same samples, that are suggestive
of a link between Ni utilisation, isotope fractionation and nitrogen fixation.
The global dataset, including the new data presented here, reveals a biogeochemical divide with Ni
isotope fractionation only occurring in low latitude surface waters. A simple observationally constrained
three-dimensional model of Ni cycling suggests that the creation of this isotopically heavy, Ni-poor, end-
member, together with the physical circulation and remineralisation at depth, can explain the global
Ni-850Ni systematics. Taken together, these findings hint at Ni-N co-limitation in the modern ocean. We
advocate for more extensive and detailed culturing/incubation studies of this neglected metal in order to
elucidate its potentially crucial biogeochemical role.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC

license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. Introduction metabolisms on Earth has led to the suggestion that the surface
Earth abundance of Ni may have controlled atmospheric chemistry
on the early Earth (e.g., Konhauser et al., 2009). The long-term im-
portance of Ni to the oceanic biosphere is highlighted by its very
prominent sedimentary association with organic carbon (Algeo and

Maynard, 2004; Boning et al., 2015; Ciscato et al., 2018).

Nickel (Ni) is a bioactive metal that has garnered less scientific
attention than many other transition metals, although it plays a
key role in eight different enzyme systems (Ragsdale, 2009). The
terminal step in methanogenesis involves methyl-coenzyme reduc-

tase (MCR), containing the Ni cofactor F43¢p and, in fact, three of the
known Ni enzymes are found in methanogens (Watt and Ludden,
1999). The idea that methanogenesis is one of the most ancient
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In the modern ocean, the most relevant Ni-bearing enzymes are
those associated with nitrogen acquisition and fixation (e.g., ure-
ase, Ni-superoxide dismutase, Ni-Fe hydrogenases; Ragsdale, 2009).
The nutrient-like distribution of Ni in the dissolved pool of the
modern ocean, specifically drawdown in the photic zone and high
concentrations at depth, is consistent with these biological roles
(Sclater et al.,, 1976; Bruland, 1980; Mackey et al., 2002; Wang
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et al., 2019; Archer et al, 2020; Middag et al., 2020; Yang et al.,
2021). However, the nutrient-like distribution of Ni is characterised
by an intriguing and unique feature. In contrast to the major nu-
trients, and to bioactive metals such as iron, zinc and cadmium
(Bruland et al., 2014), photic zone Ni concentrations are never
drawn down to very low levels (Sclater et al., 1976; Bruland, 1980;
Mackey et al., 2002; Wang et al., 2019; Archer et al., 2020; Mid-
dag et al., 2020; Yang et al., 2021). While this could simply suggest
that Ni is never a limiting nutrient, a number of studies have spec-
ulated that the residual photic zone concentrations of about 1.7-1.8
nmol/L may not be bio-available (e.g., Mackey et al., 2002; Archer
et al.,, 2020; Middag et al., 2020).

Results from controlled culturing experiments provide support
for this latter view, and have led to different conclusions re-
garding the importance of Ni for oceanic primary producers, and
specifically whether the availability of this metal could be limit-
ing to phytoplankton growth (Price and Morel, 1991; Dupont et
al., 2008a, 2010; Egleston and Morel, 2008; Ho, 2013). Laboratory-
cultured diatoms show a strong growth response to additions of
Ni when grown on urea as the sole nitrogen (N) source (Price and
Morel, 1991; Egleston and Morel, 2008), consistent with the role of
Ni as a co-factor in urease, the enzyme that phytoplankton employ
to recycle urea to ammonia. The same studies find that Ni is not
drawn down when diatoms are instead grown on nitrate or ammo-
nia. In contrast to (eukaryotic) diatoms, (prokaryotic) cyanobacteria
respond strongly to Ni additions regardless of the nitrogen source,
due to their additional requirement for the Ni form of the enzyme
superoxide dismutase (SOD). This enzyme, of which there are sev-
eral metallomic forms (Cu/Zn-, Fe-, Mn-, Ni-SOD), is essential for
catalysing the breakdown of the toxic superoxide radicals gener-
ated by photosynthesis (Ragsdale, 2009). The Ni-SOD isoform is
the only one found in all Prochlorococcus, in most Synechococcus
and in some heterotrophic bacteria strains (Dupont et al., 2008a,
2008b). Interestingly, insufficient Ni supply has been shown to
limit the growth and the nitrogen fixation rate of Trichodesmium,
a cyanobacterial diazotroph (Ho, 2013; Ho et al., 2013; Rodriguez
and Ho, 2014).

Recently, the stable isotope system of Ni has begun to be har-
nessed to address these questions, and the ocean biogeochemistry
of Ni more generally. Thus far, the deep open ocean is charac-
terised by a relatively homogeneous Ni isotope composition (§%9Ni
= variations in %ONi/>®Ni expressed in parts per thousand devia-
tion from the NIST SRM986 standard), despite a three-fold vari-
ation in Ni concentrations (§%°Ni = +1.33 £ 0.13%o for depths
>500 m, n = 135, mean and 2SD; Cameron and Vance, 2014;
Takano et al., 2017; Wang et al,, 2019; Archer et al., 2020; Yang et
al.,, 2020, 2021), though with a suggestion of a small isotopic dif-
ference between the Pacific and Atlantic basins (Yang et al., 2021).
Upwelling waters in the Southern Ocean are homogeneous in §%°Ni
over the entire water column, and show only a slight decrease in
concentration at the surface (e.g., Cameron and Vance, 2014; Wang
et al,, 2019). However, the low latitude surface ocean, where Ni
concentrations decrease to levels close to the 1.7-1.8 nmol/L min-
imum, show higher §CNi, suggesting a significant fractionation
associated with biological uptake. It is currently unclear whether
the marine isotope systematics of Ni require this residual photic
zone Ni to be in a form that is not bio-available (Archer et al.,
2020; Yang et al., 2021).

Here, we have two main objectives. Firstly, we present new
data for the water column of the North Atlantic Ocean, on sam-
ples obtained during the GEOVIDE (GEOTRACES GAO1) cruise in
2014. Significantly for the above discussion, this cruise represents
a transect across contrasting oceanic regimes, including the olig-
otrophic lower latitudes as well as more productive higher latitude
waters (Fig. 1). We couple the new Ni-§%ONi data with available
constraints from the same samples on nitrogen cycling. Secondly,
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we go beyond this specific new dataset and compile the grow-
ing global ocean Ni isotope database to suggest that there is a
distinctive biogeochemical divide between the low and high lati-
tude regimes, and that this divide has its origin in different phy-
toplankton ecologies with contrasting nitrogen cycling. Using a
simple three-dimensional Ni cycling model, we show that global
Ni-860Ni systematics can be explained by enhanced low-latitude
Ni utilisation and associated loss of isotopically light Ni from the
low-latitude surface ocean. We provide further hints that the low
latitude regime may see significant Ni-N co-limitation, suggesting
a much more important biogeochemical role for Ni in large parts
of the global ocean than heretofore envisaged.

2. Materials and methods
2.1. Study area and sample collection

During the GEOVIDE cruise (15 May-30 June 2014; R/V Pourquoi
Pas?), samples for dissolved Ni concentrations and isotope com-
positions were collected at 6 stations and 17 depths. These six
stations are separated by the Subarctic Front (SAF; Fig. 1). Cold
nutrient-rich and productive upper-ocean waters are found north
of the SAF, at stations 32, 38, 44 and 69. In contrast, at lower
latitudes, the upper ocean at stations 13 and 21 is characterised
by warm, salty and oligotrophic waters, accompanied by lower
chlorophyll-a concentrations (Moore et al., 2013). Another strik-
ing difference between these two physical-biogeochemical regions
pertains to the main phytoplankton classes. Diatoms are gener-
ally limited by silicate south of the SAF and are also co-limited
by nitrogen closer to the Iberian margin. Such low nutrient con-
centrations make picophytoplankton such as cyanobacteria more
competitive because of their high surface-to-volume ratio (Fig. 1;
Raven, 1998; Tonnard, 2018). Phosphate data are not available for
GEOVIDE, but Fonseca-Batista et al. (2019), using climatological
phosphate excess (P*:[POi’]—[NO;]/lG; from World Ocean Atlas
2018; Garcia et al.,, 2019), indicate that high P* in surface waters
sustains N, fixation at station 13. At station 21, there is no clear
phosphate excess and the authors suggest that N, fixation may be
sustained by the direct use of dissolved organic phosphorus (DOP)
by diazotrophs.

For all stations, samples were collected using a clean rosette
equipped with cleaned 12 L GO-FLO bottles, following the recom-
mendations of the GEOTRACES cookbook (Cutter et al., 2017). The
rosette was deployed on a 14 mm Kevlar cable with a dedicated,
custom-designed clean winch. Immediately after recovery, the GO-
FLO bottles were individually covered at each end with plastic bags
to minimise contamination. Bottles were then transferred into a
clean container (Class-100) for sampling. Seawater samples were
filtered through 0.45 pm polyethersulfone filters (Pall, Supor™)
mounted in Swinnex polypropylene filter holders (Millipore). Note
that 0.02 pm, 0.2 pm and 0.45 pm filters have all been used
for studies of dissolved Ni isotopes and other metals in the past
(Cameron and Vance, 2014; Takano et al., 2017; Wang et al., 2019;
Archer et al., 2020; Yang et al., 2020, 2021), with no differences
between measured isotope ratios of the filtrate. Between 1 and 4 L
of filtrate was collected in acid-cleaned polyethylene bottles. More
details of the sampling procedure can be found in Gourain et al.
(2019).

2.2. Analytical methods for Ni isotopes

The methods used here for Ni isotope analysis have been de-
scribed in detail previously (Vance et al., 2016; Wang et al., 2019;
Archer et al.,, 2020; Sun et al., 2021) and only a summary is given
here. Briefly, a %'Ni-52Ni double-spike was added to all pH~2
acidified samples and left to equilibrate for 48 hours. Samples
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Fig. 1. Location of the sampling stations during the GEOVIDE cruise, superimposed on a map of the seasonal average nitrate (NO3') concentrations at 5 m (April to June for
the period 1955-2017; World Ocean Atlas 2018; Garcia et al., 2019). The approximate position of the subarctic front (SAF) is shown by the white dashed line (Zunino et al.,
2017). The circle and triangle symbols correspond to the low and high latitude stations, respectively. (For interpretation of the colours in the figure(s), the reader is referred

to the web version of this article.)

were then adjusted to pH 5.0 + 0.3 using an ammonium acetate
buffer, before loading onto the pre-concentration column. Ni was
pre-concentrated from up to 2 L of seawater using an ethylenedi-
aminetriacetic acid chelating resin, available commercially as No-
bias PA-1 (Hitachi Technologies; Sohrin et al., 2008), to extract the
trace metal inventory from the seawater matrix. To separate indi-
vidual transition metals from each other and from the matrix, the
pre-concentrated samples were passed through an anion-exchange
column (Bio-Rad AG MP-1M resin). This produces an impure Ni
fraction - for example, any residual Na or Mg not removed dur-
ing the Nobias pre-concentration step would reside in this frac-
tion. The impure Ni fraction was further purified by a second,
much smaller Nobias resin column. Finally, this pure Ni was passed
through a further small anion column (to remove any residual Zn
and Fe).

Isotope analyses were performed using a Thermo-Scientific
NeptunePlus multi-collector inductively-coupled-plasma mass spec-
trometer (MC-ICP-MS) at ETH Zurich. Nickel solutions were intro-
duced into the mass spectrometer in 2% (v/v) (~0.3 mol/L) nitric
acid via a CPI PFA nebuliser (50 pL/min) attached to a Cetac Aridus
II desolvating nebuliser system. °Fe and >’Fe were measured to
monitor potential interference from >3Fe on °3Ni. These measured
interferences were negligible. Mass discrimination was corrected
using the double spike, as detailed previously (Cameron and Vance,
2014). All isotope compositions are given in standard delta nota-
tion as follows, relative to the NIST SRM 986 Ni standard:

(GONi/SSNi)sample
(GONi/SS Ni)

Concentrations of Ni were obtained using the isotope dilution ap-
proach from the double-spike data. Procedural blanks were deter-
mined for the same chemical separation protocol as for samples
(i.e. acidified to pH~2, double-spiked and passed through the col-
umn chromatographic procedure), using 1L of ultra-pure Milli-Q
water (>18.2 MQ.cm) as the “sample”. These procedural blanks
were consistently determined to be <0.4 ng for Ni, and are there-
fore negligible.

85ONi(%0) = [ — 1} x 1000

NIST SRM986

Long-term reproducibility of isotope analyses was £0.07%o for
Ni (2SD). This was assessed over the course of this and parallel
studies, through repeat measurements of primary NIST and sec-
ondary (USGS Fe-Mn nodule, Nod-P1, digested and passed through
the Ni column chemistry) standards for Ni. The USGS nodule gave
88ONinist srmoss = +0.35 £ 0.07%o (2SD, n = 260 over 15 months).
This is identical to values previously published: §%9Niyist srmogs =
+0.36 & 0.07%o (Gueguen et al., 2013). Internal errors obtained
from the mass spectrometric analysis and propagated through the
mass discrimination correction were generally lower than long-
term reproducibility. These internal errors are given in Table S1.
Uncertainties plotted on the figures are the internal uncertain-
ties or the long-term reproducibility, whichever is the larger. Full
duplicate analyses were carried out for 14 GEOVIDE samples. Re-
sults were consistent with long-term standard reproducibility, with
differences between these replicates ranging from 0.05 to 0.16%o
(mean value 0.104:0.07%o, +2SD, n=14). Our GEOVIDE Ni concen-
tration and isotope data have been approved by the GEOTRACES
Standards and Intercalibration (S&I) Committee and have been re-
leased in the GEOTRACES IDP2021 (GEOTRACES Intermediate Data
Product Group, 2021).

2.3. Modelling global Ni cycling

Both ocean circulation and biological cycling control the oceanic
distributions of Ni and its isotopes. Here we use a simple Ni cy-
cling model to study these effects. The Supplementary Information
provides full details of the model - here we give a summary. The
model we use is the Total Matrix Intercomparison (TMI) (Gebbie
and Huybers, 2010), which is conceptually similar to the Optimal
Multi-Parameter Analysis (OMPA) for water mass decomposition
(Karstensen and Tomczak, 1998). Unlike OMPA, TMI is a global wa-
ter mass decomposition that avoids subjective definitions of ocean
interior water mass end-members by tracing the ocean interior
waters back to their surface origins (Gebbie and Huybers, 2010).
The TMI solution is constrained by observational climatologies of
hydrographic and biogeochemical parameters as described by Geb-
bie and Huybers (2010).
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We first model the distribution of Ni and its isotopes only in
terms of ocean circulation, where the concentrations of Ni in the
ocean are modelled by propagating their surface boundary con-
ditions using a circulation pathway matrix. The resulting fields
represent the preformed component of the dissolved pool. We
derive these surface boundary condition using the surface (<100
m) Ni concentration data of the GEOTRACES IDP2021 (GEOTRACES
Intermediate Data Product Group, 2021). In the high latitude sur-
face regions, including the Antarctic and Subantarctic Zones of the
Southern Ocean, subpolar North Atlantic, subpolar North Pacific
and Arctic, we use the data-based average Ni concentrations for
the boundary condition. In the surface low latitude regions (~40°S
to ~40°N; see Gebbie and Huybers, 2010), we take the bound-
ary condition to be 2 nmol/L, which is the concentration found in
these regions (Archer et al., 2020; Takano et al., 2017; Yang et al.,
2021, 2020). The uncertainties on the boundary conditions of Ni
concentration are propagated through the model (Fig. S1).

We then calculate the isotopic surface boundary condition using
published data (Fig. S2) for surface waters in high latitudes (§%°Ni
= +1.33%0; Cameron and Vance, 2014; Wang et al., 2019), and
the value of ~ +1.7%o that low latitude surface waters converge to
(Archer et al., 2020; Takano et al., 2017; Yang et al., 2021, 2020). In
the model we assume the uncertainty of the surface §6°Ni bound-
ary condition is £0.07%c (20°) which is our analytical error. This
error is then propagated through the model (Fig. S1).

We cannot explicitly model surface Ni biological cycling be-
cause TMI treats the surface as a boundary condition. However,
we add an interior biological cycling term by linking Ni reminer-
alisation to that of POi_ and by linking remineralised phosphate
to Oy. In the high latitudes, we assign a value of 0.52 mmol/mol
to the regenerated Ni/POy4 ratio (rnjpo4), based on the Ni quota in
diatoms. In the low latitudes, we assign a value of 3.4 mmol/mol
to rnipos based on the Ni quota in cyanobacteria (Twining et al.,
2012). We assume that there is no Ni isotope fractionation in the
high latitude surface ocean, given the uniform surface and deep
ocean 8%Ni of ~ 4+1.33%o in these regions (Cameron and Vance,
2014; Wang et al, 2019). The same §°°Ni value is assigned to
the regenerated pool derived from low latitude export. The off-
set to high 8%ONi in low-latitude surface waters (41.7%o) implies
an isotope fractionation in the low latitude regions, which can
be attributed either to uptake, or to an offset between the bio-
available and non-available pools. Observational constraints on the
isotope composition of the low-latitude regenerated Ni come from
two sources. The particulate data in Yang et al. (2021), which may
contain more than purely biogenic material that would shift them
towards lower §°Ni, show a maximum value of +1.2%o. Nickel in
marine sediments, corrected for detrital Ni contributions, are iden-
tical to the deep ocean 8%°Ni at about +1.3%o. These small vari-
ations in regenerated 8%°Ni have a limited impact on our model,
assessed through a sensitivity experiment in Fig. S3.

3. Results

The new GEOVIDE Ni concentrations and isotope compositions
are presented in Fig. 2 and, together with macronutrient concen-
trations, in Table S1. Dissolved Ni concentrations vary from 1.75
to 5.68 nmol/L and exhibit lower concentrations at the surface
compared to the deep ocean. However, this nutrient-like profile
is very different in character north and south of the SAF (Fig. 2a
and c). For the two stations south of the SAF (stations 13 and
21), Ni concentrations descend to 1.75 nmol/L in the upper 50 m.
At these two stations, deep Ni concentrations are also the high-
est in the dataset (up to 5.7 nmol/L at depths around 4000 m),
due to the high preformed concentrations of the southern-sourced
lower North East Atlantic Deep Water (NEADW/|, also named Lower
Deep Water; Dickson and Brown, 1994; Garcia-Ibafiez et al., 2018).
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In contrast, the four stations north of the SAF do not show such
strong surface—deep differences. In particular, surface Ni concen-
trations at these higher latitudes (3.45 + 0.34 nmol/L in the upper
50 m of stations 32, 38, 44 and 69; mean =+ 2SD) are very similar
to those in deeper waters (3.68+0.20 nmol/L at depths >500 m;
Fig. 2¢). Ratios of lithogenic-corrected Ni to phosphorus (litho-corr
pNi/pP) (Lemaitre et al., 2020) in photic zone particulates also dif-
fer between high and low latitudes. Higher ratios are observed
south of the SAF (Fig. S4), perhaps indicating greater relative Ni
uptake there compared to stations at higher latitude.

The Ni isotope composition is rather invariant in the deep North
Atlantic (>500 m), averaging 1.36 + 0.13%o, including in NEADW/.
This value is identical to the global average of +1.33 =+ 0.13%o
(mean and 2SD >500 m, shaded band in Fig. 2; Cameron and
Vance, 2014; Takano et al., 2017; Wang et al.,, 2019; Archer et al.,
2020; Yang et al., 2020, 2021). But the Ni isotope composition in
the upper ocean again exhibits distinctive behaviour depending on
latitude. At high latitudes and north of the SAF (stations 32, 38,
44 and 69), the small decrease in Ni concentrations upwards into
the photic zone is coupled to Ni isotopes that barely change over
the entire water column (triangles in Fig. 2c and d). Conversely,
the prominent drop in surface Ni concentrations at low latitude
stations 13 and 21 is accompanied by significantly higher §%0Ni,
reaching up to +1.67% for concentrations of about ~2 nmol/L at
the surface (circles in Fig. 2a and b). Similar contrasts between ge-
ographic regions have been observed in the literature (Cameron
and Vance, 2014; Takano et al., 2017; Wang et al., 2019; Archer et
al,, 2020; Yang et al., 2020, 2021).

Our TMI model aims to assess the extent to which the first-
order controls of biological cycling and ocean circulation can ex-
plain the marine Ni and 8%°Ni distributions. Model results gener-
ally reproduce the structure of the observations (Fig. 2; Figs. S1,
S5). However, the model underestimates Ni concentrations in the
deep Pacific, and along the GEOVIDE transect at depths of 100-400
m and 4000-4500 m in low latitude waters (Fig. 2a). These data-
model differences could be the result of simplifications in the
model, including the lack of a seasonal cycle, imperfect represen-
tation of the true circulation, limitation of modelled processes to
physical circulation, uptake, remineralisation and the isotopically
heavy surface end-member in low latitude waters and the simplic-
ity of our biological parameterization. Alternatively, the mis-match
may point to additional processes not included in the model and
that should be investigated in the future, such as the possibility of
a benthic source of Ni from sediments (Little et al., 2020; Gueguen
and Rouxel, 2021).

4. Discussion

4.1. Nickel isotope fractionation linked to nitrogen fixation in the North
Atlantic

The North Atlantic is characterised by strong spatial variability
in fixed nitrogen (N) concentrations, with lower nitrate availability
in the low latitude region (Fig. 1). Surface productivity in the North
Atlantic subtropical gyre can be limited by nitrate (NO3 ; Moore et
al., 2013), where N, fixation performed by diazotrophs is the ma-
jor source of bioavailable inorganic N in surface waters (Capone et
al,, 2005). Stable nitrogen and oxygen isotopes in NO;, also deter-
mined during GEOVIDE, are used to determine A(15-18), which is
defined as the difference between §'°N and §'80 of NO3 (Deman
et al,, 2021). Decoupling between nitrogen and oxygen isotopes in
NO;, reflected by a change in A(15-18), reflects nitrogen-cycling
processes other than uptake or denitrification (for which A(15-18)
is set to +3%o). In Fig. 3, low A(15-18) values are observed in both
the low and high latitude regions. At high latitude stations, the
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latitude North Atlantic (Fig. 2a and b, south of the subarctic front; stations 13 and 21) and the bottom panels show the data from the high latitude North Atlantic (Fig. 2c and
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low values (down to +0.3%o) are due to an increase in 8§80 fol-
lowing remineralisation (Deman et al., 2021) and are accompanied
by an average 8%0Ni value of +1.38%o, similar to the deep ocean
signature. In contrast, the low A(15-18) values at the low latitude
stations 13 and 21 (as low as —0.7%o) are accompanied by heav-

ier Ni isotopes (Fig. 3), especially in the surface waters, where Ni
concentrations are at their lowest. The decrease in A(15-18) from
high to low latitudes results from a decrease in low-latitude §1°N
due to N; fixation (Deman et al., 2021). Following these authors,
this >N decrease likely results both from remote Ny fixation in
the broader North Atlantic subtropics and from local diazotrophy,
as suggested by the significant N, fixation rates measured at low-
latitude stations during GEOVIDE (Fonseca-Batista et al., 2019).
The association of low Ni concentrations and high §5°Ni with
low A(15-18) in surface and thermocline waters of the low lati-
tudes suggests that N fixation decreases §1°N and elevates §%ONi
in the low-latitude North Atlantic. Greater Ni uptake by nitrogen
fixers has been demonstrated or suggested by many previous stud-
ies (Dupont et al., 2008a; Twining et al., 2012; Ho, 2013; Ho et
al., 2013; Rodriguez and Ho, 2014; Middag et al., 2020). Takano
et al. (2017) first reported surface Ni isotope fractionation in low
latitude regions. Archer et al. (2020) confirmed this observation
with a larger dataset, and noted that the high-low latitude dif-
ference in surface Ni isotope behaviour was associated with dra-
matic changes in water column ratios of Ni to major nutrients.
These authors suggested a control on surface low latitude Ni iso-
tope compositions via nitrogen-fixing cyanobacteria, a conclusion
subsequently supported by Yang et al. (2020). In addition to the
relationship between Ni and NOj isotopes, the link between Nj
fixation and fractionation of Ni isotopes is strengthened by the
covariation between a limited number of co-analysed N, fixation
rates and 8%°Ni in surface waters (Fig. 4a). In Fig. 4b, the limited
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surface data are supplemented by modelled N, fixation rates at
locations where surface 5%ONi data are available (see Fig. S2) to
show that such covariation exists on much broader spatial scales.
High modelled N fixation rates in the low latitude ocean are con-
firmed by other studies (Luo et al., 2012; Bonnet et al., 2017; Caffin
et al.,, 2018; Fonseca-Batista et al., 2019; Selden et al., 2019; Tang
et al, 2019; Gradoville et al., 2020). The causality of such covari-
ations would, however, require confirmation via culture/incubation
experiments.

In the oceanic photic zone, N; fixation is believed to be mostly
performed by cyanobacteria (Capone et al., 2005). Phytoplankton
pigment distributions along the GEOVIDE transect indicate that
cyanobacteria are most abundant south of the SAF, especially in
the Iberian basin (~20% of phytoplankton abundance at Station
13; Tonnard, 2018), where the highest N, fixation rates were mea-
sured (384 pmol N/m?/d; Fonseca-Batista et al., 2019) and where
a heavy Ni isotope signature (+1.64%c) is observed at the sur-
face. The much higher Ni requirement of N fixers than eukaryotic
phytoplankton (Twining et al., 2012) leads to greater Ni surface re-
moval at lower latitude stations, as confirmed by the particulate
Ni export fluxes determined for GEOVIDE (averaging 49 pg/m?2/d
at stations 13 and 21 compared to 14 pg/m2/d at stations north of
the SAF; Lemaitre et al., 2020). However, Station 21 in the west Eu-
ropean basin is also characterised by a heavy Ni isotope signature
(+1.67%0 at the surface), while cyanobacteria only represent 6%
of the phytoplankton community (Tonnard, 2018). Here, nitrogen-
fixing heterotrophic bacteria are abundant, as identified by nifH
gene amplicon sequencing, which target the nitrogenase enzyme
required for N; fixation (Fonseca-Batista et al., 2019). These non-
cyanobacterial nitrogen fixers have recently been suggested to play
a significant role in global N, fixation (Zehr and Capone, 2020).
They could thus also be responsible for the high §°Ni value deter-
mined in surface waters of Station 21 (Fig. 4), as they likely have a
high Ni requirement (Twining et al., 2012). Interestingly, these het-
erotrophic bacteria can also fix Ny in the cold waters of the high
latitude ocean (Blais et al., 2012), which may explain the moder-
ately high N fixation rate (D. Fonseca-Batista, personal commu-
nication, April 7, 2021) and the moderately elevated §%°Ni value
in the subpolar Irminger Sea (Station 44, N, fixation = 80 pmol
N/m?/d and 8%°Ni = +1.51%o in surface; Fig. 4).

4.2. The high-low latitude biogeochemical divide

The new coupled Ni, NO3 isotope, and nitrogen fixation rate
data from GEOVIDE (Figs. 3 and 4) indicate a link between surface
Ni removal, Ni isotope fractionation and the presence of N, fix-
ers. Though hypothesised previously (Archer et al., 2020; Middag
et al., 2020; Yang et al., 2020), the lack of data from the same sam-
ples in the literature confines this direct comparison to GEOVIDE.
To expand the latitudinal range of our analysis, we investigate the
macronutrient/Ni/Ni isotope systematics of low versus high lati-
tude waters of the Atlantic and Southern Ocean (Fig. 5).

A recent and comprehensive review of Ni concentration data
for the Atlantic (Middag et al., 2020) highlighted the role of mix-
ing of water masses in determining the Ni distribution, and the
same simple process can explain the Ni-8%ONi arrays in our data
compilation in Fig. 5. For example, all the deep ocean data are
consistent with mixing between two end-members (end-members
1 and 2 on Fig. 5a and the solid black mixing curve) that have
different Ni concentrations but rather similar §%°Ni. The surface
ocean at high latitudes also shows minimal Ni drawdown and iso-
tope fractionation. However, a third end-member, at the lowest Ni
concentrations and high 8%Ni, is required to explain Ni and its
isotopes in the upper low latitude ocean (dashed mixing curve;
Fig. 5a). It is the generation of this end-member, via specific bio-
geochemical processes involving coupled Ni-N limitation in the low
latitude surface ocean, that is our focus here.

The relationships between Ni, its isotopes, and the macronu-
trients are examined in Fig. 5b-d. The Ni concentration and
Si(OH)4 data for the deep low latitude ocean (Fig. 5b, open cir-
cles, >500 m) define an array, with invariant 8§°Ni, that again
appears to be explained by mixing between the two deep ocean
end-members. But the slopes of the Ni-Si(OH)4 correlations are
very different between the high latitude (all depths included, filled
triangles) and upper 500 m low latitude (filled circles) regions. For
all high latitude regions (black dashed lines in Fig. 5b), especially
for the Southern Ocean, the arrays defined by the data for the
upper ocean are less steep than those of the low latitude ocean
(red dashed line in Fig. 5b). The very different Ni-Si(OH)4 arrays
have been noted before (Archer et al., 2020), and the particularly
clear distinction between the upper depths of the low latitudes
and the Southern Ocean is readily explained by the dominance
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of diatoms in the phytoplankton ecology of the latter, which strip
Si(OH)4 from surface waters and release it at depth after reminer-
alisation, but appear to only marginally alter Ni concentrations and
isotopes (Wang et al,, 2019). Although Twining et al. (2012) em-
phasise that diatoms are enriched in Ni, with 50% of cellular Ni
found in the frustule, the authors also suggest that nitrogen-fixing
cyanobacteria have greater Ni requirements and are characterised
by the highest cellular Ni/P ratios. Figs. 5c, d extend this treatment
to NO; and POi_, where the separation between the high and
low latitude surface oceans is less pronounced but still evident in
different slopes. These different systematics are also observed for
concentration data from the entire Atlantic Ocean (Fig. S6; GEO-
TRACES Intermediate Data Product, 2021), and emphasise once
again the biogeochemical divide between the low and the high
latitude oceans (Sarmiento et al., 2004; Vance et al., 2017).

It is notable that, for all Ni-macronutrient relationships, the
most fractionated Ni isotope compositions lie at the low-Ni end of
the low latitude data arrays in Figs. 5b-d, implying that the isotopi-
cally fractionated end-member 3 in Fig. 5a is coupled to distinct
Ni/macronutrient ratios. The data arrays that link end-member 3
to the sub-thermocline ocean are produced by a complex interac-
tion between low latitude uptake (with isotope fractionation) and
ocean circulation. Nonetheless, it is clear that this end-member

must be generated via the peculiar biogeochemistry of the low lat-
itude surface ocean that reduces Ni concentrations more strongly,
relative to the macronutrients, than high-latitude uptake. It is also
noteworthy that the difference in the slopes of the data arrays in
Fig. 5b-d mirror the difference in Ni/macronutrient uptake ratios
reported for the key phytoplankton in these ocean regions. For
example, the average Ni/POs and Ni/Si(OH)s slopes for the high
latitude ocean (0.82 mmol/mol and 0.02 mmol/mol respectively;
Fig. 5) are similar to Ni/P and Ni/Si found in the diatoms that are
known to dominate the phytoplankton community in high latitude
regions (0.52 mmol/mol and 0.03 mmol/mol, respectively; Twining
et al,, 2012). Conversely, the much higher Ni/PO4 and Ni/Si(OH)4
slopes for the low latitude upper ocean, with values reaching 1.66
and 0.22 mmol/mol, respectively, are higher than for diatoms, and
the Ni/P ratios is much closer to those observed for cyanobacteria
(up to 3.40 mmol/mol; Dupont et al., 2010; Twining et al., 2012).

4.3. Large-scale controls on the marine Ni cycle

Our new data (Section 4.1) and the analysis of the basin-scale
distribution of Ni (Section 4.2) suggest that low-latitude Ni util-
isation and associated fractionation are the main drivers of the
marine Ni and §%°Ni distributions. Previous studies have attempted
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to separate the influence of physical circulation and biological cy-
cling in determining marine Ni-8°Ni systematics based on limited
regional datasets (Archer et al., 2020; Yang et al, 2021). Here,
we go further and use the observationally constrained TMI (Sec-
tion 2.3) to perform mixing calculations on the global scale (Geb-
bie and Huybers, 2010), incorporating oceanographic information
on water-mass mixing, and examine its impact on the oceanic dis-
tributions of Ni and its isotopes. We further add a biological com-
ponent by linking Ni to Poi’ cycling. Because the surface ocean
is treated as a boundary condition in TMI, we cannot investigate
the cause of the distribution of surface ocean Ni-§%°Ni, in par-
ticular the heavy 8%°Ni of the low latitude surface (Archer et al.,
2020; Yang et al., 2021). The purpose of this modelling effort is
not to derive model parameters by finding a “best fit” to the ob-
servations, but rather to investigate the degree to which most of
the global variations in the data can be explained by just a few
major processes, including ocean circulation, the production of a
fractionated, Ni-poor reservoir in the low-latitude surface, and in-
terior regeneration of Ni. A fully prognostic ocean biogeochemical
model is needed to study the global Ni cycle in its complete form
in the future. Our preliminary modelling study here helps to elu-
cidate the most important global processes, that should be studied
in detail using more comprehensive models.

A model that only propagates surface boundary conditions
through physical circulation reasonably captures the distributions
of Ni-8%ONi in the Atlantic and Southern Ocean but not in the
Pacific (Fig. 6a). This is because the vigorous Atlantic and South-
ern Ocean circulation exerts a dominant control on macro- and
micro-nutrient distributions over biological cycling (Middag et al.,
2020). On the contrary, the sluggish circulation in the Pacific al-
lows the influence of remineralisation to manifest more clearly.
Indeed, adding a remineralised component allows the model to
better reproduce the high Ni concentrations in the deep Pacific
(Fig. 6b), while also improving the fit to Ni concentrations at in-
termediate depths of the low latitude Atlantic Ocean (Fig. 2a).
Furthermore, the remineralised §°Ni in low latitude regions needs
to be close to +1.3%o to produce global Ni-8°Ni systematics (Fig.
S3), in agreement with particulate observations (Yang et al., 2021).

Thus, in agreement with our data-based analysis in Section 4.3,
our model - despite its simplicity - shows that the main features
of the global Ni-8%ONi systematics can be explained by the in-
teraction between physical circulation, production of a high-§%°Ni
low-latitude surface end-member, and the regeneration of a com-
plementary low 85°Ni signal in the ocean interior. In contrast to
Yang et al. (2021), who invoke the addition of isotopically heavy

Ni to deep waters in order to explain the global marine Ni-§%9Ni
systematics, we find that the difference in Ni-8%ONi systematics
between the Atlantic and Pacific Oceans visible in Fig. 6 is fully
consistent with our limited set of model processes: even in the
presence of an isotopically uniform deep ocean as simulated by
our model, the elevated concentrations of Ni in the Pacific result
in a distinct Ni-8°Ni trajectory in the upper ocean sampled by
Yang et al. (2021). Our model results thus suggest that extending
observational coverage to the deep Pacific will reveal no significant
8%0Ni difference between Pacific and Atlantic deep waters.

4.4. Potential origins of the heavy surface end-member

Corroborating the inferences from our North Atlantic data, the
basin-scale §%ONi systematics and Ni-macronutrient relationships
suggest a unique isotopically fractionated, Ni-poor end-member in
the low latitude surface ocean. Culturing experiments have demon-
strated that elevated phytoplankton Ni requirements result from
the importance of three different Ni-containing enzymes that are
key to the physiology of prokaryotes in the oligotrophic low lati-
tude ocean. The enzyme urease, which converts urea into ammo-
nium, enables N acquisition where dissolved inorganic nitrogen is
not available (McCarthy, 1972), i.e. in most of the low latitude sur-
face ocean (Moore et al., 2013). The enzyme SOD is essential for
aerobic organisms (Ragsdale, 2009), with Ni-SOD the only isoform
found in some ubiquitous low latitude cyanobacteria and some
heterotrophic bacteria (Dupont et al., 2008b). Finally, the enzyme
Ni-Fe hydrogenase, found in heterotrophic bacteria and cyanobac-
teria (Barz et al., 2010), is involved in biological hydrogen turnover
(Ragsdale, 2009). Both Ni-SOD and Ni-Fe hydrogenase have been
shown to promote optimal rates of Ny fixation (Rodriguez and Ho,
2014). These enzymatic links between the Ni and N cycles clearly
imply a bioactive role of Ni in the ocean.

The bioactive role of Ni is likely reinforced in the warm olig-
otrophic waters of the low latitude ocean. Here, cyanobacteria are
the dominant photosynthesisers (Partensky and Garczarek, 2010),
the lack of fixed inorganic nitrogen leads to greater urease ac-
tivity and creates a niche for diazotrophs, and high light condi-
tions increase the concentration of superoxide species. But, be-
cause of these different roles of Ni in different aspects of nitrogen
metabolism in different organisms, we cannot at this stage defini-
tively establish which specific process, or combination of processes,
in the nitrogen cycle is mechanistically coupled to Ni depletion
and isotope fractionation. What is clear is that the prokaryote-
dominated low latitude ocean sees substantially greater Ni draw-
down relative to macronutrients, while the eukaryote-dominated
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high latitudes do not. In this view, the surface low latitude ocean,
which is also highly depleted in inorganic N, may be Ni-N co-
limited.

In the south Atlantic, Archer et al. (2020) suggested that sea-
water Ni-880Ni systematics are not consistent with the entire dis-
solved pool of Ni being bio-available. Instead, these authors suggest
that the data can only be explained by near-total exhaustion of the
bio-available pool at total dissolved Ni concentrations around 1.7
nmol/L. The low 8%Ni of regenerated Ni (+1.2 to +1.4%¢) simu-
lated in our model is consistent both with bio-availability of the
entire Ni pool, and with a partitioning of dissolved Ni between an
isotopically lighter bio-available pool (+1.2%¢) and an isotopically
heavier organically complexed pool that is inaccessible to biology
(+1.7%0; Archer et al., 2020). Although many lines of evidence sug-
gest that a large portion of the low latitude surface ocean Ni pool
is not bio-available (Price and Morel, 1991; Mackey et al., 2002;
Wen et al., 2006; Egleston and Morel, 2008; Dupont et al., 20083,
2010; Ho, 2013), at this stage and without prognostic model simu-
lations with explicit representations of surface-ocean fractionation,
we cannot differentiate between these two hypotheses.

5. Summary, conclusions and outlook

In this study, we have presented new Ni concentrations and
isotope compositions from the GEOVIDE transect in the North At-
lantic. Depth profiles of Ni isotopes display a homogeneous deep
ocean signature. This homogeneity extends to the entire water
column at stations north of the Subarctic Front, but significantly
higher §%Ni is observed in the surface waters of the low latitude
stations. The comparison of our new Ni data to NO3 isotopes and
N, fixation rates, also determined during GEOVIDE, strongly sug-
gests a link between N; fixation and Ni isotope fractionation in
the surface waters of these low latitude stations (Fonseca-Batista
et al,, 2019; Deman et al., 2021; D. Fonseca-Batista, personal com-
munication, April 7, 2021). Combining our data with the growing
open-ocean Ni isotope database, data analysis and a simple global
Ni cycling model show that Ni-macronutrient and Ni-8°Ni sys-
tematics require the creation of a high-8°Ni, Ni-poor end-member
in the low latitudes, consistent with higher Ni requirements in
these waters dominated by prokaryotes compared to eukaryote-
dominated high latitude regions. It appears that the peculiar Ni
biogeochemistry in the low latitudes arises from some combina-
tion of the three different Ni-bearing enzymes that are important
for the physiology of prokaryotes. Therefore, we suggest that the
surface low latitude ocean, which is also highly depleted in inor-
ganic N, may be Ni-N co-limited, in agreement with culturing and
recent Ni isotope studies.

The analysis here has been limited to the modern ocean. How-
ever, the very strong correlations between Ni concentrations and
organic carbon in organic-rich marine sediments, perhaps the
strongest of any transition metal (Algeo and Maynard, 2004; Bon-
ing et al, 2015; Ciscato et al., 2018), suggest a key long-term
bioactive role for Ni, which would prove a highly fruitful future
research direction. Our new findings suggest that more detailed
experimental studies of this neglected metal will be key in de-
termining the precise biogeochemical role of Ni: both culturing
studies to investigate intra-cellular quotas and their relation to the
activity of Ni-SOD and NiFe-hydrogenase, as well as incubation ex-
periments in appropriate areas of the low-latitude ocean.
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