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elemental and isotope imbalance between inputs to and outputs from the dissolved pool of the ocean.
This imbalance is mainly caused by the dominant oxic sink of Ni to Mn oxide-rich sediments. Though the
Ni isotope composition of Fe-Mn crusts has previously been used as proxy for the Ni isotope composition
of these sediments, crusts and nodules represent a very small part of the total Mn oxide output. Instead,

Keywords: Mn oxide microparticle supply to pelagic and hemi-pelagic sediments dominates the removal of Mn to
nickel sediments, but there are very few isotope data for such samples. Here we present the first extensive Ni
Ni isotopes concentration and isotope dataset from fully oxic Mn-rich pelagic sediments, from 6 different sites across
marine sediments the open Pacific and 10 closely-spaced sites in the Indian Ocean. We also present data for one hemi-
manganese oxide sink pelagic site representing a suboxic setting on the California Margin. Abyssal Pacific and Indian Ocean

oceanic mass balance sediments have a Ni/Mn ratio of 0.02 (similar to Fe-Mn crusts) and their authigenic Ni is isotopically

lighter (85°Ni = +0.26 to +1.08%) than seawater (+1.33%o) and crusts (+1.55+0.38%). Data presented
here for organic carbon-rich suboxic sediments of the Californian margin have lower Ni/Mn ratios (0.004
to 0.014 for the oxic top of the core, where Mn oxide is present in abundance) and even lighter authigenic
Ni isotope compositions (§5ONi = -0.084-0.11%).
We show that the Ni isotopes of nearly all Mn-rich sediments and deposits analysed to date, including
the new data presented here, are correlated with Co/Mn ratios, suggesting that both are controlled
by accumulation rate, progressive incorporation of Ni into the metal oxide structure and isotopic
re-equilibration between the solid and aqueous phase. At sites where sediments are diagenetically
processed, such as the California Margin, differential diagenetic remobilisation of Mn, Ni and Co cause
deviations from this correlation. We present a new mass balance calculation that recognises the
importance of scavenging of oceanic Ni to Mn oxide-rich proximal hydrothermal sediments, with low
Ni/Mn and light isotope compositions. The mass balance produces a budget that can be simultaneously
balanced for both amounts and isotope compositions of Ni. This result provides a strong basis for the
application of Ni isotopes as records of the evolution of the metal sink from the oxic oceans through
Earth history.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction that are qualitatively similar to those of the major nutrients, such
as phosphate and silica, and to other bio-essential metals, such as

Nickel is one of a number of important bio-essential trace met- ~ Fe and Zn (e.g., Sclater et al., 1976; Bruland, 1980). Among the en-
als in the ocean. As such, it shows concentration-depth profiles ~ zymatic roles of Ni, it is an essential component of urease, which

is utilised by phytoplankton to recycle urea back to bio-available

ammonia (Ragsdale, 2009). In addition, Ni superoxide dismutase
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Fig. 1. Inputs (from sources external to the oceans) and net (permanent) outputs
from the ocean of Ni and its isotopes. The thickness of the arrows denotes the
approximate sizes of the combined sources and each sink. The Ni isotope compo-
sition of deep seawater §°ONi = 1.33+0.13%o (Lemaitre et al., 2022) is indicated
by the black, dashed line. The published constraints on the size and isotope com-
position (8%0Ni, the parts per thousand deviation of the %°Ni/>®Ni ratio from NIST
SRM986) of the sources and sinks in this diagram are detailed in the Supplemen-
tary Information. Briefly, those of the riverine and dust inputs are from Cameron
and Vance (2014). The upwelling margin sink is based on original data from Peru
in Ciscato et al. (2018), updated with recent data for Namibia (He et al., 2023). The
small euxinic sink is based on data from the Black Sea (Vance et al.,, 2016). The size
and isotope composition of the oxic sink is calculated assuming elemental and iso-
tope balance between the inputs and the permanent outputs, yielding a Ni flux of
2.2x10% molyr~" and a §°Ni of +0.48%0 (see text and Supplementary Information
for further details).

of methane (Ragsdale, 2009), making this element and its isotopes
a potential tracer for methanogenesis (Cameron et al., 2009).

A number of recent and older studies have investigated the be-
haviour of Ni in the photic zone of the modern ocean, in particular
the degree to which the photic zone pool of Ni is bioavailable (e.g.,
Mackey et al., 2002; Archer et al., 2020), and to what extent upper
ocean Ni abundances are controlled by nitrogen metabolism or re-
moval by scavenging (e.g., Archer et al.,, 2020; Lemaitre et al., 2022;
John et al., 2022). Here, we focus on the whole ocean dissolved Ni
reservoir, and the extent to which Ni’'s stable isotope system can
clarify and quantify whole ocean sources and sinks. Ultimately, this
mass balance determines the oceanic dissolved inventory that is
available for biological uptake. Moreover, contrasting isotope sig-
natures associated with redox-controlled sinks from the oceanic
dissolved pool can help track the history of the ocean’s oxidation-
reduction potential (e.g., Wang et al., 2019).

Recent attention has centred on the isotope composition of the
standing pool of Ni in the modern oceans, as controlled by inputs
from outside the ocean, outputs to sediment, and potential back
fluxes from sediment (e.g., Ciscato et al,, 2018; Little et al., 2020;
Gueguen and Rouxel, 2021). Here our emphasis is on a slightly
different but related issue: the steady-state balance between the
inputs and the net (permanent) outputs, as governed by two sim-
ple relationships:

ZFin:ZFout (1)
Z Finfsin = Z Foutfsout (2)

where Fip oy are the sizes of the inputs and output fluxes in
molyr~!, and &;p oyt are their isotope compositions (§5°Ni, as de-
fined in the caption to Fig. 1). Our current understanding of this
mass balance for Ni and its isotopes is summarised in Fig. 1, for
which the constraints and their literature sources are discussed in
detail in the Supplementary Information. Rivers dominate the in-
put, with a minor contribution from dust. Nickel concentrations in
hydrothermal fluids imply a dissolved source to the oceans that is
only a few percent of the riverine source (see Supplementary Infor-
mation for details). The oceanic sink of Ni is partitioned into three
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main permanent sedimentary outputs (Fig. 1, Supplementary In-
formation). The quantitatively important sink via uptake into cells
in the photic zone and transfer to organic matter-rich sediments
(e.g., Boning et al., 2012, 2015; Plass et al., 2021) beneath mod-
ern upwelling zones leads to a sink that is isotopically identical
to seawater, as evidenced by authigenic §%ONi in such sediments
of +1.2940.12%0 (Ciscato et al, 2018; He et al., 2023). A sec-
ond and much smaller sink has, so far, only been studied in the
Black Sea (Vance et al.,, 2016), where isotopically light Ni (§50Ni ~
0.45%0) is sequestered to euxinic sediments in the sulphidic deep
basin.

The third sink, deposition in Mn oxide-rich sediment, is the
largest in terms of Ni output and the least well understood, both
from the perspective of size and isotope composition. Nickel has
a great affinity for particulate Mn oxide (e.g., Sawlan and Mur-
ray, 1983; Koschinsky and Halbach, 1995), to which it both sorbs
and into which it is structurally incorporated (e.g., Peacock and
Sherman, 2007; Peacock, 2009). In Fig. 1, the size and isotope com-
position of this sink are calculated assuming long-term steady state
(equations (1) and (2), and using data for the other sources and
sinks), yielding a size of around 2.2x10® molyr~! and §%°Ni of
around +0.48%o. There are two major issues with the comparison
of this steady-state calculation with observations in the physical
manifestation of this output, oxic marine sediments. First-order
estimates of metal outputs to the Mn oxide sink are convention-
ally obtained using the global Mn output and metal/Mn ratios in
Mn-rich sediments (e.g., Rehkdmper and Nielsen, 2004; Scott et al.,
2008; Cameron and Vance, 2014). Nickel and Mn abundances are
well-correlated in Fe-Mn crusts, at a Ni/Mn ratio of about 0.02 g/g
(data compiled in Manheim and Lane-Bostwick, 1989). This Ni/Mn
ratio, combined with a global net output of Mn to oxic sediments
of up to 11x10'" molyr~! (e.g., van Hulten et al., 2017), implies a
Ni output of up to 2.1x10° molyr~', an order of magnitude more
than the steady-state calculation. Secondly, the observed range of
8%0Ni in Mn oxide-rich marine sediments, at -0.81 to +2.47%o (Gall
et al.,, 2013; Gueguen et al., 2016, 2021; Little et al., 2020; Gueguen
and Rouxel, 2021), covers the entire range of terrestrial samples
measured to date (Saunders et al., 2020).

The assumption that the high Ni/Mn ratio of Fe-Mn crusts and
their heavy Ni isotope composition are representative of the initial
output of Ni to oxic sediments has led previous studies (Ciscato
et al., 2018; Little et al., 2020; Gueguen and Rouxel, 2021) to pos-
tulate a large and heavy back-flux from sediment, driven either
by mineralogical transformations or redox cycling. However, a re-
cent budgetary exercise (Uramoto et al., 2019) suggests that Fe-Mn
crusts and nodules represent only 0.1% of the total pelagic Mn out-
put from the oceanic dissolved pool, so that dispersed Mn oxide
particulates are overwhelmingly dominant. Given this dominance,
there is a pressing need for further systematic studies of Ni and
its isotopes associated with dispersed Mn oxides in marine sedi-
ments, as opposed to nodules and crusts. The existing data (Little
et al., 2020; Gueguen and Rouxel, 2021) come from very few study
sites, which makes it difficult to estimate average Ni isotope val-
ues for the Ni sink to pelagic sediments via Mn oxide. Moreover,
the precise processes operating in the water column and beneath
the sediment-water interface, which set the permanent Ni isotope
composition of this dominant sink, need to be better understood
if Ni isotopes are to be useful to the study of Earth history. Here,
we present new element concentration and Ni isotope data from
Mn-rich pelagic sediments from different sites at different depths
across the Pacific and Indian oceans. The new data, as well as
our analysis of them in terms of sedimentary settings and the
oceanic Mn budget, resolve the mass balance issues highlighted
above.
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Fig. 2. Locations of the studied sample sites. Note that those in the Indian ocean are
located very close to each other, and are represented by a single point on this map.

2. Sample provenance

The samples investigated here come from 8 different sites
across the Pacific and from 10 closely-spaced sites in the Indian
ocean (Fig. 2).

The open Pacific Ocean sediment samples are all pelagic,
deep-sea sediments with the exception of one manganese nodule
(VM21-02RD) and come from water depths of 4359-5860 metres.
Sediment samples from site DWHG-49A, DWBG-30A, DWBG-2C
were assembled from the Scripps Institution of Oceanography Col-
lection and samples from sites VM18-258, VM21-71 and VM21-
02RD from the Lamont Doherty Collection. These cores were all
sampled during cruises in the late 1950s to early 1960s. They have
already been described and analysed for various element concen-
trations by Krishnaswami (1976). The Indian Ocean samples were
collected using Okean grabs (depth of penetration 50 cm), box-core
(40 cm depth) and a Peterson grab and are from water depths of
4750-5390 metres. The origin and significance of sediment com-
ponents at these sites are discussed in Amonkar and lyer (2021).
Bottom water O, concentrations for these precise open ocean lo-
cations are not available, but the nearest stations from the Global
Ocean Data Analysis Project (Bottle Data, version 2.2022, Lauvset et
al., 2022) suggest values that are always greater than 140 pumol/kg.

Samples from site TF94-9B (water depth of 2053 m) were taken
in the course of the “TEFLOM” expedition in 1994, in the south-
ern California Borderland Basin area. This site has been subject to
previous studies that explored diagenetic fluxes from continental
margin sediments (Berelson et al., 1996; McManus et al., 1997,
2012) and corresponds to the core “SC-1" in these publications.
Bottom water oxygen is 52 uM, and the calculated oxygen pene-
tration depth is 1.28 cm (Berelson et al., 1996).

3. Methods summary

The analytical methods used here have been detailed in previ-
ous publications (Vance et al., 2016; Archer et al.,, 2020). A short
summary is given here, with more details in the Supplementary
Information.

Concentrations of selected elements were measured on a
Thermo Scientific Element XR at ETH Ziirich, with concentrations
obtained by comparison to in-house primary standards. For most
elements, repeat analyses of the reference materials SLRS-6 (river
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water) and SGR-1 (shale) were used to monitor accuracy and re-
producibility. For the elements of interest here, reproducibility is
8-12% (95% confidence), though for Al it is estimated as 15%. Ele-
mental concentrations have been adjusted to take account of minor
inaccuracies in results for the reference standards. For REE mea-
surements, the reference material NASS-5 was used to determine
accuracy and reproducibility, yielding long-term reducibility of 5-
8% for all REE and accuracy better than the 1-sigma ranges of
reported values in the literature. We also add REE and Co data for
some of the MANOP samples analysed for Ni isotopes in Little et
al. (2020).

The isotope compositions of purified Ni fractions were deter-
mined using a Thermo Scientific Neptune Plus MC-ICP-MS at ETH
Zirich. Nickel isotopic compositions are reported in the standard
delta notation relative to the NIST SRM986 standard:

()
58Ni Sample
)

58Ni ) spmose

Long-term reproducibility of Ni isotope analyses was assessed via
repeat analyses of two secondary standards, USGS NodA1l and
NodP1. Over the past 7 years, these two standards have yielded
8%0Ni = +1.04 + 0.07%o (2 sigma, n = 474) and +0.34 £ 0.08%0 (2
sigma, n = 650), respectively. The uncertainty of & 0.08% is plot-
ted in the figures.

All the bulk sediments studied here are enriched in trace met-
als over and above the upper continental crust (e.g., Rudnick and
Gao, 2014), but it is the authigenic metal concentrations that are
important for this investigation, and corrections for detrital contri-
butions to the bulk sample have been applied. These corrections
were done as described in Ciscato et al. (2018), with specific de-
tails given in the Supplementary Information.

85ONi (%0) = —1| x 1000 (3)

4. Results

Metal abundances, Ni isotope compositions, REE abundances
and total organic carbon (TOC) measurements are presented in Ta-
bles S1-S4 in the Supplementary Information.

4.1. Open ocean sediments from the Pacific and Indian Ocean

4.1.1. TOC and elemental abundances

The TOC content of all the bulk open Pacific and Indian Ocean
samples is low, with maximum values of 0.3 wt% (Table S1). Bulk
Mn concentrations, ranging from 0.16 to 2.5% (Table S1), differ
from site to site, but show only minor variation versus core depth
within the top 20-60 cm at any one site. Bulk Ni concentrations
range from 84 to 597 ppm (Table S1) and, like Mn, vary across sites
but are rather homogeneous with core depth at the same site. All
trace metals are enriched relative to detrital abundances, with bulk
Mn/Al ratios 2-161 times the UCC (Rudnick and Gao, 2014) and
Ni/Al ratios 6-221 times the Ni/Al ratio of detrital material (Boning
et al,, 2012). Thus, the authigenic fraction (Fig. 3) dominates bulk
sediment concentrations. Authigenic Ni and Mn concentrations in
the sediments are highest at site DWHG-49A and lowest at site
CK-4 and generally correlate in all cores (see Fig. 3). The Mn nod-
ule from site VM21-02RD is extremely enriched in Ni (Table S1,
4600 ppm, Ni/Al = 1145 times detrital) and Mn (13.5% = 598 times
the UCC) compared to the Mn-rich sediments.

The REE patterns of the samples are shown normalised to North
Pacific Deep Water (NPDW, Nozaki et al, 1999) in Fig. S4A and
in terms of the solid-solution partition coefficient, after further
normalisation to Nd, in Fig. S4B. The REE patterns of the labile frac-
tions of pelagic particles from the deep ocean (>1000 m), as well
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Fig. 3. Authigenic Mn, authigenic Ni and Ni isotopes vs. depth beneath the
sediment-water interface for cores from the abyssal Pacific Ocean. The black, dashed
lines in the Ni isotope plots represent values without detrital correction, while the
coloured symbols and continuous lines are authigenic Ni isotope values. The blue,
dashed line is the Ni isotope composition of deep seawater 55ONi = 1.330.13%o,
beneath 500 m, data compiled in Lemaitre et al. (2022). The roughly 20% drop in
authigenic concentrations of all elements at the top of core DWHG-49A (see also
Table S1) is due to dilution by calcite, as indicated by bulk Ca concentrations that
are double those further down the core.
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as hydrothermal deposits from Loihi, are also plotted for compari-
son (Fig. S4B). Overall, Mn-rich sediments, Mn nodules and pelagic
particles have a similar pattern: an enrichment of light and mid-
dle REE relative to heavy REE, a distinct positive Ce anomaly and
a slight negative Y anomaly (Fig. S4B). The hydrothermal deposits
also share this pattern, but with an additional small positive Eu
anomaly (Fig. S4B).

4.1.2. Niisotopes

Nickel isotopes, expressed as §%°Ni, of the bulk open-ocean Mn-
rich sediments range from +0.25 to +1.04%o, while the Mn nodule
has a 8%0Ni of +0.33%o (Table S1). Like Mn and Ni concentra-
tions, Ni isotopes vary only slightly with depth at any one site,
but are different from site to site (Fig. 3). The Ni isotope composi-
tions of these open ocean samples are heavier than published data
for sediments of the MANOP sites of the eastern Pacific (—0.79 to
—0.17%o; Little et al., 2020), but lighter than the surfaces of Fe-Mn
crusts (+1.55+0.38%o; Gall et al., 2013; Gueguen et al., 2016) and
seawater (Fig. 3).

4.2. Suboxic sediments from the eastern Pacific

4.2.1. TOC and elemental abundances

The single core studied here from the California Borderland
Basin area, close to the eastern Pacific continental margin (core
TF94-9B), exhibits a number of differences from the open ocean
samples described above. Firstly, the samples contain at least an
order of magnitude more organic carbon, with TOC values of 2.8
to 3.3 wt% (Table S2). Secondly, though all samples are also en-
riched in Mn (Mn/Al = 2-69 times the UCC), this enrichment is
much more variable across the depth range of the core. Thus, bulk
Mn concentrations increase sharply in the top 5 centimetres, from
0.23% at 5 cm to 4% at the top, with this sharp increase also re-
flected in authigenic Mn (Fig. 4). The sediments of core TF94-9B
are also enriched in Ni (Ni/Al ratios 11-14 times detrital), with
concentrations of 120 to 149 ppm, but Ni concentrations show a
much more subtle increase towards the top of the core compared
to Mn (Fig. 4). Rare-earth element patterns (Figs. 4A and 4B) for
the TF94-9B core, as well as those obtained from the new REE data
for the MANOP sites in Little et al. (2020), are similar to those of
the open ocean sediments (Fig. S4), particularly when normalised
to NPDW.

4.2.2. Niisotopes

Nickel isotopes (8%ONi) of the TF94-9B sediments are lighter
than the measured open-ocean sediments and significantly lighter
than seawater Ni isotope compositions (Fig. 4), ranging from —0.20
to 0.09%. There is a slight shift to lighter Ni isotope compositions
towards the top of the core.

5. Discussion

The isotope compositions of authigenic Ni in modern Mn oxide-
rich sediments, including the data presented here, as well as those
in recent publications (Gall et al., 2013; Gueguen et al., 2016, 2021;
Little et al., 2020; Gueguen and Rouxel, 2021), span a range in
850Ni of -0.81 to +2.47%o, encompassing almost the entire range
of Ni isotope compositions in terrestrial samples measured to date
(see data compilation in Saunders et al., 2020). Given the impor-
tance of the Mn oxide sink to the oceanic Ni mass balance, there
is clearly a need to develop some systematic understanding of this
variability. It is this understanding that guides the following dis-
cussion, which we focus around three main issues: (1) how the
sedimentological and geochemical settings of Mn oxide-rich sedi-
ments vary; (2) how these settings control Ni isotope variability;
(3) to what extent the relative magnitudes of these different sinks
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hydrothermally-influenced deposits (Gueguen et al., 2021). Note the difference between abyssal Pacific and Indian Ocean sediments versus those from the sites TF94-9B and
MANOP-M, which derive from a continental margin setting and show a much weaker correlation between Ni and Mn concentrations.

can be quantified to arrive at a more robust mass balance for
oceanic Ni and its isotopes that might be useful in paleoceanog-
raphy.

5.1. Comparative geochemistry of different Mn oxide sinks for Ni

Recent Mn data for sediments of the South Pacific Gyre
(Uramoto et al., 2019) have emphasised the dominance of Mn ox-
ide microparticles delivered to pelagic and hemi-pelagic sediments
to the oceanic Mn budget, as opposed to Mn crusts and nodules.
Thus, while the relatively pure Mn crusts and nodules have been
important for characterizing the Ni content and isotope composi-
tion of the Mn oxide output generally, they represent only 0.1%
of that output (Uramoto et al., 2019). Fig. 5 compares Mn and Ni
concentrations for the samples studied here with published data
for Fe-Mn crusts, as well as recent data for both Fe-Mn nodules
and Mn-rich sediments from studies primarily focused on Ni iso-
topes (Gueguen et al., 2016, 2021; Little et al., 2020; Gueguen and
Rouxel, 2021).

Fig. 5 clearly separates Mn-rich deposits into three groupings.
Manheim and Lane-Bostwick (1989) present a large compilation
of concentration data for Fe-Mn crusts, which these authors de-
fine as “encrustations forming largely on hard substrates ... kept
free from detrital sedimentation by strong currents, steep slopes,
or both.” Most of the Fe-Mn crust data lie on a well-defined array
suggesting a Ni/Mn ratio of 0.0191+0.0008 (1 sigma) g/g, con-
sistent with the well-known, strong association of Ni with MnO,
(e.g., Sawlan and Murray, 1983; Koschinsky and Halbach, 1995).
Abyssal Pacific and Indian ocean sediments (this study, Gueguen
and Rouxel, 2021) have much lower absolute Mn and Ni con-
centrations than nodules and crusts, simply due to dilution with
material other than the pure metal oxides (Fig. 5B), but the Ni/Mn
ratio of these samples is indistinguishable from that for crusts, at
0.0205+0.0012 (1 sigma) g/g. Clearly, the Ni in these samples is
dominated by that associated with Mn oxide, and the Ni/Mn ratio
is similar to Fe-Mn crusts. Both types of deposit precipitate from
seawater and, of the two, Mn microparticles dominate (Uramoto et
al.,, 2019). The Ni and Mn derive from a water column with abun-



S. Fleischmann, J. Du, A. Chatterjee et al.

dant dissolved O, and are delivered to sediments that are poor in
particulate organic carbon (Table S1) and whose porewaters are re-
plete in dissolved O, (D’Hondt et al., 2015). Mineralogically, these
kinds of deposit are dominated by hexagonal birnessite (e.g., Burns
and Burns, 1977; Peacock and Sherman, 2007; McMurtry, 2009;
Atkins et al., 2016).

Manheim and Lane-Bostwick (1989) and many others (see re-
view in McMurtry, 2009) contrast crusts with “abyssal nodules,
which are found lying on or in soft sediments....” The small
dataset for Mn nodules (Little et al., 2020; Gueguen et al., 2021)
in Fig. 5 hints at a second group with higher Ni/Mn ratio, and
the possibility that some of the crusts may also be skewed in that
direction. However, a third group of samples from two different
kinds of settings show different behaviour from either of the above
groups. Firstly, Mn deposits that are clearly hydrothermally influ-
enced, from the Lau Basin and Loihi, show a great deal of variation
in Mn concentration at fairly constant Ni concentration. Secondly,
the TF94-9B samples studied here show similar characteristics,
with Mn ranging from 0.15 to 4% (Table S2) at rather low and rel-
atively invariant Ni concentrations (120-149 ppm). Core TF94-9B is
from the suboxic California Margin, where Mn oxide is clearly re-
ductively mobilised at depth and oxidatively re-precipitated in the
top 5 cm (Fig. 4). The small dataset for the MANOP sites (Little et
al.,, 2020), also from the California Margin, has characteristics that
show some similarities with this latter grouping. These sites also
show reductive mobilisation of Mn at depth and re-precipitation
near the sediment-water interface (Lyle et al., 1984; Finney et al.,
1988). On Fig. 5, MANOP-M shows variation in Mn concentrations
across more than an order of magnitude (0.12-1.65%) but Ni con-
centrations that vary by less than a factor of 1.5 (228-317 ppm).
On the other hand, MANOP-H samples lie close to the array for
abyssal sediments.

These two different Ni/Mn ratios of oceanic Mn deposits must
be determined by three fundamental controls: the Ni/Mn ratio of
the fluid from which the solids precipitate, the mineralogy of the
solid phase and the mode of incorporation of Ni into the solid min-
eral phase (sorption versus incorporation). Direct measurements
of the Ni/Mn ratios of hydrothermal fluids are scarce, but those
available for fast-spreading, basaltic systems that are clearly not
influenced by interaction with sediment range from <1x107 to
2x10~% mol/mol (Edmond et al, 1979; Von Damm et al., 1985;
Schmidt et al.,, 2017). Studies of proximal hydrothermal Mn de-
posits, including those proximal to the East Pacific Rise where hy-
drothermal fluids are at the low end of this range (e.g., Bostrom
et al, 1973; Kraemer and Schornick, 1974; Corliss et al., 1978;
Gueguen et al., 2021), report Ni/Mn ratios of 0.0016+0.0023 (see
Supplementary Information for literature sources), 1-2 orders of
magnitude higher than hydrothermal fluids. Thus, we concur with
the long-held view that, while the Mn in hydrothermal deposits
generally is clearly hydrothermal in origin, the Ni and other trace
metals these deposits contain are scavenged by the precipitating
Mn oxides from seawater (e.g., Elderfield, 1976; McMurtry, 2009;
Tagliabue et al., 2018). This conclusion is also consistent with the
REE data presented here (Fig. S4, Fig. S5). Hydrothermal sediments
from Loihi (Gueguen et al., 2021) share the REE pattern of our
abyssal pelagic Mn-rich sediments, except for a slightly positive
Eu anomaly (~1.60, much weaker than that of hydrothermal fluid
at ~17.3, Fig. S5). Both are similar to the pattern of the labile frac-
tions of pelagic particles, thought to be caused by fractionation due
to adsorption of seawater REE onto particulate Mn oxide in the wa-
ter column (Bertram and Elderfield, 1993; Sholkovitz et al., 1994).

All the California Margin sites are characterised by sediments
with high abundances of organic carbon, up to an order of magni-
tude higher than those of the abyssal sites studied here (Tables S1,
S2; Lyle et al., 1984; Finney et al., 1988). At all these sites, reduc-
tive dissolution of Mn oxide at depth within the sediment, fuelled
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by the respiration of this organic carbon (e.g., Lyle et al., 1984;
Finney et al., 1988), results in differential diagenetic re-processing
of Mn oxides and the associated Ni. For example, re-oxidation
near the sediment-water interface of Mn mobilised under reduc-
ing conditions at depth and diffusing upwards through porewater,
is associated with a barely significant increase in solid-phase Ni
concentrations at site TF94-9B (Fig. 4). The same feature charac-
terises Mn and Ni at the MANOP sites (Fig. S6). This suggests that
the reduction of Mn oxide at depth releases Ni to pore waters that
is not quantitatively trapped when Mn oxide re-precipitates in the
oxic zone at the sediment-water interface, resulting in much lower
Ni/Mn ratios in the oxidative zone at the top than the reductive
zone at the bottom. Porewater data (e.g., Shaw et al., 1990; Heller
et al,, 2018) from the California Margin and other locations sup-
port a diffusive loss of Ni to bottom water, even when Mn oxide
is oxidatively re-precipitating at the sediment-water interface. Fi-
nally, we note that the relatively high Ni/Mn ratio of diagenetic
nodules forming above suboxic sediments (yellow circles in Fig. 5)
represents the complement of processes in the sediment, and that
they would accrete from the high Ni/Mn fluids that escape the
sediment-porewater system.

Aside from the Ni/Mn ratio of the fluids, there may also be
a role for mineralogy. Studies of proximal hydrothermal deposits
suggest that, in contrast to hydrogenetic Mn deposits, the tec-
tomanganate todorokite is an important, often dominant, mineral
phase (e.g., Burns and Burns, 1977; Corliss et al., 1978; McMurtry,
2009). The low Ni/Mn ratio of the hydrothermal deposits in Fig. 5
is, therefore, consistent with the experimental finding that todor-
okite has lower Ni/Mn ratios than hexagonal birnessite (Atkins et
al., 2014, 2016). Tectomanganate minerals like todorokite are also
known to occur in suboxic diagenetic settings such as those rele-
vant to the California Margin sites studied here and those in Little
et al. (2020). Todorokite is the Mn mineral that forms in envi-
ronments with the lowest oxidation potential (McMurtry, 2009;
Wegorzewski et al., 2020). Though todorokite is generally thought
to form as a transformation product of birnessite (e.g., Atkins et
al., 2014), it may be the final stable Mn mineral where porewa-
ters become oxidizing enough for dissolved Mn to re-precipitate
close to the sediment-water interface. Consistent with the possi-
ble importance of todorokite, the Ni/Mn ratio of the Mn oxide at
the sediment-water interface in these suboxic settings is less than
the 0.02 found for the pelagic abyssal ocean (0.004-0.014 for the
California Margin site studied here; Table S2).

5.2. What controls the Ni isotope composition of the different Mn oxide
sinks?

A number of recent studies, both observational and experimen-
tal, have sought to understand the very large observed range in the
Ni isotope compositions of Mn oxide-rich sediments (e.g., Gueguen
et al,, 2018; Sorensen et al.,, 2020; Little et al., 2020; Gueguen and
Rouxel, 2021). Nickel is both sorbed onto and incorporated into
Mn (oxy)hydroxides, particularly hexagonal birnessite (e.g., Peacock
and Sherman, 2007; Manceau et al., 2007). In a recent experimen-
tal study, Sorensen et al. (2020) found that Ni sorbed to birnessite
is isotopically lighter than aqueous Ni (A%%/%8Nipin 1q=-2.76%0 to
-3.35%). Surface adsorbed Ni may also, with time, be incorpo-
rated into vacancy sites to become part of the hexagonal sheet
structure (e.g., Peacock, 2009; Kwon et al.,, 2013; Sorensen et al.,
2020). Chen et al. (2022) recently presented experimental results
which support the suggestion that incorporated Ni is isotopically
heavier than sorbed Ni. In addition, Chen et al. (2022) experimen-
tally transformed a synthetic Ni-Mn oxide analogous to marine
birnessite into todorokite and found that the todorokite released
isotopically heavy Ni to an aqueous phase during this transforma-
tion.
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Little et al. (2020) suggested the possibility that the isotope
composition of Mn oxide-associated Ni could be modified by post-
depositional processes, either by mineral transformations such as
that from birnessite to todorokite, or by reductive-oxidative cy-
cles involving manganese oxide dissolution and reprecipitation. As
noted earlier, todorokite is rarely found in hydrogenetic ferroman-
ganese crusts, whereas it is generally prevalent in deeply buried
nodules (Burns and Burns, 1977; Corliss et al., 1978; Atkins et al.,
2016; Heller et al., 2018; Wegorzewski et al., 2020). As also noted
earlier, experimental work (Atkins et al., 2016) has demonstrated
that during the mineralogical transformation from birnessite to
todorokite a substantial proportion of the Ni originally sorbed to
birnessite is released into solution, while the remaining solid-
associated Ni is adsorbed to todorokite via surface complexation.
Little et al. (2020) suggested that the mineral transformation from
birnessite to todorokite fractionates Ni isotopes towards lighter
compositions, releasing isotopically heavy Ni into porewater (Chen
et al,, 2022). A second possibility raised by Little et al. (2020) is
that the redox cycling of Mn, regardless of mineralogical transfor-
mations, could also alter the initial Ni isotope composition of Mn
oxide sediments, shifting them towards light isotope values. Specif-
ically, resorption of light Ni on residual or newly precipitating Mn
oxide could preferentially sequester the light isotopes (Sorensen et
al., 2020) while retaining the heavy isotopes in the pore water to
be released to the water column.

We explore the potential impact of the above processes in
Fig. 6, which shows the §%°Ni of different types of Mn oxide-rich
sediments from this study and the literature versus: A) Co/Mn and
B) TOC/Mn. Most of the data on Fig. 6A show clear and systematic
co-variation between the Co/Mn ratio, which ranges over 1.5 orders
of magnitude, and Ni isotope composition. We hypothesise that
none of the sediments along this trend have undergone significant
redox-driven diagenetic or mineralogical modification. They all de-
rive from a deep ocean with high bottom water oxygen and, where
data are available, lack the significant amounts of organic carbon
that could drive redox-related diagenetic processes (Fig. 6B). For
the abyssal ocean sediments studied here, we find no variation
in authigenic concentrations of Ni and Mn, in the Ni/Mn ratio, or

in Ni isotopes, over the analysed depth range (corresponding to
around 100-500 kyr given sedimentation rates in Krishnaswami,
1976). Furthermore, these sediments have similar Ni/Mn ratios to
Fe-Mn crusts (Fig. 5).

The Co flux to sediments per unit time and area is nearly con-
stant (Halbach et al., 1983), so that the Co concentration in Fe-Mn
deposits is inversely related to accumulation rate (e.g., Manheim
and Lane-Bostwick, 1988). For example, Fe-Mn crusts (growth rate
of <1 to about 10 mm/Myr, Hein et al., 2000) have higher Co/Mn
ratios than the abyssal open ocean sediments studies here (sedi-
mentation rate of about 1000 mm/Myr, Krishnaswami, 1976). The
MANOP sediments, at the bottom left of the main data array in
Fig. 6A accumulate at about 6000 mm/Myr (Finney et al., 1988).
We hypothesise that the co-variation between Co/Mn and Ni iso-
topes defined by the arrow in Fig. 6A is most readily explained by
three linked processes: (1) an initial isotope fractionation due to
sorption, preferring the light isotope; (2) the progressive structural
incorporation of this sorbed Ni, rejecting the light isotope; (3) the
availability of a fluid phase to exchange with the solid, taking up
the light isotope rejected from the solid during the progressive
switch from sorption to structural incorporation. We suggest that
it is this latter factor that leads to the correlation on Fig. 6A with
accumulation rates; the switch from dominantly sorbed to domi-
nantly structurally incorporated Ni will lead to an isotope shift in
the solid if this solid can exchange isotopes with a fluid (see also
Sorensen et al., 2020; Chen et al., 2022).

The significant deviations from the main trend on Fig. 6A are
represented by the California Margin sediments and Pacific dia-
genetic Mn nodules. For those for which TOC is available, these
samples are also clearly distinguished in Fig. 6B. The samples lying
along the main trend in Fig. 6A plot at low TOC/Mn and variable
8%ONi. As above, their low TOC/Mn is consistent with insignificant
diagenetic processing and their variable §6°Ni is correlated with
Co/Mn and accumulation rates (Fig. 6A). In contrast, the Califor-
nia Margin samples plot at a fairly constant §°°Ni and variable
but higher TOC/Mn. Cobalt is well known to diffuse out of re-
ducing sediments (e.g., Tagliabue et al., 2018; Plass et al., 2021),
with the latter authors suggesting that Co would remain in the
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interface are interpreted here as due to non-quantitative sequestration of Ni and Co
to the re-precipitating Mn oxide.

aqueous phase while Mn oxidatively re-precipitates close to the
sediment-water interface. The pseudo-horizontal displacements in-
dicated by the arrows on Fig. 6A allow for some associated Ni iso-
tope fractionation, but could most simply be due to loss across the
sediment-water interface, similarly to that suggested for Ni. This
hypothesis is supported by the fact that Ni/Mn and Co/Mn ratios
in California Margin sediments are positively correlated (Fig. 7),
and that the Mn that re-precipitates oxidatively at the sediment-
water interface has the lowest Ni/Mn and Co/Mn ratios, lower for
both ratios than pelagic Mn oxides that have not encountered such
redox processing (Fig. 7).

Thus, it is possible that all the data on Fig. 6A are explained
by only two processes: (1) variation in the degree of incorpora-
tion of Ni into the birnessite structure and isotopic re-equilibration
between the solid and an aqueous phase; (2) fractionation of the
Co/Mn ratio by diagenetic re-processing. Though the presence of
todorokite may have an impact on the hydrothermal samples at
the bottom end of the arrow on Fig. 6A, these samples lie on the
same trend as the birnessite-bearing abyssal ocean sediments and
crusts at its other end. Indeed, Gueguen et al. (2021) attributed the
low Co/Mn ratio of hydrothermal deposits to fast sedimentation
rates. On the other hand, we suggest that mineralogy, birnessite
versus todorokite, may also play a role. As noted earlier, todorokite
is at least present, perhaps dominant, in the hydrothermal samples,
and may control the low Ni/Mn ratios of these samples. Todorokite
is also likely to be present in suboxic settings and again provides
an obvious mechanism to explain the low Ni/Mn ratio in the zone
of Mn oxide re-precipitation at the sediment-water interface.

5.3. A new mass balance for oceanic Ni and its isotopes

The preceding discussion suggests a resolution to the mass bal-
ance problems highlighted in the introduction: the requirement
that the global Mn oxide output of Ni must amount to about
2.2x108 mol/yr with 8%°Ni of about +0.48%0. Specifically, the sink
of Ni from the dissolved pool of the oceans is, in fact, partitioned
into three different sinks with different Ni/Mn ratios and Ni iso-
tope compositions. As noted earlier, the abyssal sink is dominated
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by Mn microparticles exported to pelagic sediments. The Ni/Mn
ratio of this sink is around 0.02 g/g (Fig. 5). Its authigenic §0Ni
can be estimated from the samples investigated here (Table S1)
and those in Gueguen and Rouxel (2021). Some of the samples
in Gueguen and Rouxel (2021) contain substantial detrital Ni so
that we have applied a detrital correction, as to our own sam-
ples. Using samples only where authigenic Ni dominates (Ni/Al >
10x10~%), the §%Ni of this first sink = +0.6840.24%¢ (1 SD, n =
44). At the other extreme lies the proximal hydrothermal sink: Ni
scavenged from seawater via the precipitation of the very large
amounts of hydrothermal Mn. The Ni/Mn ratio of hydrothermally
influenced samples ranges from 0.0001 to 0.008, with a mean of
0.0026+0.0024 (1SD, n = 18, Bostrom et al., 1973; Kraemer and
Schornick, 1974; Corliss et al., 1978; Gueguen et al., 2021). The
constraints on the §°Ni of this sink come from the 7 hydrothermal
samples from Loihi in Gueguen et al. (2021): -1.0620.24%. (1SD).
The suboxic California Margin samples (Table S2; Lyle et al., 1984;
Finney et al., 1988; Little et al., 2020) are intermediate in both au-
thigenic §%0Ni (-0.2540.22%o, n=20) and Ni/Mn ratio (0.004-0.025
for the upper oxic levels of the cores, where Mn oxide is up to 20
times more abundant than in the lower levels, see Table S2 and
Fig. 4) and potentially complicate a simple mass balance model,
but we show below that this sink must be small relative to the
other two if the Ni elemental and isotopic mass balance are to be
solved simultaneously.

Fig. 8 explores how the size and isotope composition of the
global Mn oxide sink varies if partitioned into two different sinks
(abyssal pelagic plus suboxic in panel A, and abyssal pelagic plus
hydrothermal in B) as a function of the isotopic and geochemical
characteristics summarised above. How much Ni is buried glob-
ally is a function of the average global Mn burial rate which,
in previous models of this general kind, has been taken to be
0.5 pgem—2yr—! over the 86% of the area of ocean floor that has
an oxic sediment-water interface, (e.g., for Mo, Reinhard et al,
2013). A recent model of water column Mn concentrations (van
Hulten et al., 2017) suggests inputs to the dissolved pool that are
dominated by a hydrothermal source (1.03 out of a total input of
1.09x10'! molyr—!) and, for steady state, require a global aver-
age Mn burial rate of 2 ugecm™=2 yr~!. Though qualitatively consis-
tent with Mn burial rates close to mid-ocean ridges that are more
than 60 times greater than the commonly assumed pelagic burial
rate of 0.5 pgecm—2yr—! (Bostrom et al., 1973), the model value
may be too high. For example, end-member hydrothermal flu-
ids with 1 mM Mn (see Supporting Information for hydrothermal
data sources) and a high-temperature hydrothermal water flux of
6.5x10'3 kgyr~! (e.g., Elderfield and Schultz, 1996) are more con-
sistent with a maximum hydrothermal input of 6.5x10'® molyr~!
and a required Mn output rate of 1.3 pgcm—2yr—!. Fig. 8 also ex-
plores solutions for these two Mn burial rates (black versus red
curves).

In all models in Fig. 8, Sink 1 represents abyssal pelagic sed-
iments with the Ni/Mn and Ni isotope characteristics outlined
above. In panel A, Sink 2 has the geochemical and isotopic charac-
teristics of the California Margin suboxic sediments, with the dif-
ferent curves assigning Ni/Mn ratios to these sediments that cover
the observed range. The combined operation of these two sinks
cannot reproduce the size and isotope composition of the global
Mn oxide sink required by mass balance (the blue rectangle in
Fig. 8). They come closest for models with the lower Mn burial rate
and the lowest measured Ni/Mn ratio in Sink 2 (0.004). Otherwise
too much Ni is buried. Moreover, this mass balance can only be
achieved if this suboxic setting covers approximately 60-70% of the
ocean floor, which is highly unrealistic. Finally, the models don’t
work at all for the higher, much more plausible, Mn burial rate. In
contrast, the models in panel B, where Sink 2 has the geochemical
and isotopic characteristics of proximal hydrothermal sediments,
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Fig. 8. The size and isotope composition of the global Mn oxide sink for Ni assuming it is partitioned into two different sub-sinks. The two panels show two sets of mixing
curves between two end-member sinks of Ni to Mn-rich sediment. In both panels, Sink 1 is to abyssal-pelagic sediment. In panel A, Sink 2 is to sub-oxic sediments such
as those of the California Margin. In panel B, Sink 2 is to hydrothermal sediments. In each panel, the black curves are for a low-end estimate of the global Mn burial rate
(0.5 pgem=2yr—1), and the red curves for a high-end estimate (1.3 pgcm~=2 yr—'). The family of black curves represents low, medium and high estimates of the Ni/Mn ratios
for endmember 2, as do the red curves. For both panels, Sink 1 (abyssal pelagic ocean) has a Ni/Mn ratio of 0.02 g/g and a 8°Ni = +0.6840.24. In panel A, Sink 2 has
geochemical characteristics of suboxic sediments such as those of the California Margin, with Ni/Mn = 0.004-0.025 and 8%°Ni = -0.25%o. In panel B, Sink 2 has geochemical
characteristics of proximal hydrothermal sediments, with Ni/Mn = 0.0001-0.0008 and 8°Ni = -1.06%o. The blue rectangle shows the size and isotope composition of the
global Mn oxide sink obtained by overall Ni mass balance (Fig. 1). For models in panel A, the elemental and isotope budgets cannot be balanced together. The closest the
models get are with the lower Mn burial rate, with a suboxic sink that has a Ni/Mn at the extreme lower end of the observed range. However, in this case, suboxic sediments
are modelled to cover an unrealistic 60-70% of the area of the ocean bottom beneath an oxic water column. Models in panel B resolve the elemental and isotope budgets for
both Mn burial rates and for Ni/Mn ratios of Sink 2 that are well within the range measured for hydrothermal sediments.

can easily reproduce the size and isotope composition of the global
Mn oxide sink of Ni. For the two different Mn burial rates, this so-
lution is found for a Ni/Mn ratio of Sink 2 of 0.0004 and 0.002,
both well within the measured range for proximal hydrothermal
sediments. The other important implication is that, because of the
different Ni/Mn ratios of the sinks, these solutions require that 50-
90% of Mn burial occurs via proximal hydrothermal sediments, but
85-90% of Ni burial occurs via the abyssal pelagic sink.

6. Conclusions

This study presents new Ni concentration and isotope data
from fully oxic, Mn-rich abyssal pelagic sediments from 7 differ-
ent sites across the open Pacific and 10 closely-spaced sites in
the Indian Ocean. In addition, it presents data from one hemi-
pelagic site from the suboxic California Margin. Abyssal Pacific
and Indian Ocean sediments have a Ni/Mn ratio of 0.02 g/g (sim-
ilar to Fe-Mn crusts) and their authigenic Ni is isotopically lighter
(8%0Ni = +0.26 to +1.08%¢) than seawater (+1.33%o) and Fe-Mn
crusts (+1.5540.38%0). The organic carbon-rich suboxic sediments
of the Californian margin measured here have lower Ni/Mn ratios
(0.004 to 0.014) and even lighter authigenic Ni isotope composi-
tions (85°Ni = -0.08+0.11%q). The Ni isotopes of nearly all Mn-rich
sediments and deposits analysed to date are correlated with Co/Mn
ratios, suggesting that both are controlled by accumulation rate,
progressive incorporation of Ni into the structure and isotopic re-
equilibration between the solid and aqueous phase. At sites where
sediments are diagenetically processed, such as the California Mar-
gin, differential diagenetic remobilisation of Mn, Ni and Co cause
deviations from the above correlation.

In putting forward the new mass balance, we have emphasised
the requirement that the final net amount and isotope composi-
tion of Ni must balance the inputs from sources external to the
ocean. The two key differences between the view of the oceanic Ni
budget presented here and those in other recent studies (e.g. Little
et al.,, 2020; Gueguen et al., 2021) are: (1) the realisation that Fe-
Mn crusts and nodules are an insignificant part of the Mn output
(Uramoto et al., 2019), so that their heavy Ni isotope compositions
are an insignificant part of the Ni isotope budget and; (2) the fact
that a substantial portion of the Mn oxide sink is associated with
a Ni/Mn ratio much less than the 0.02 g/g of most pelagic sedi-
ments. The range of Ni isotope compositions observed for marine

Mn-rich sediments may simply be explained by removal from the
water column, without further diagenetic modification, and with
their variable isotope compositions resulting from variation in ac-
cumulation rates and the relative importance of sorption versus in-
corporation. However, we do not rule out the possibility suggested
previously (Ciscato et al., 2018; Little et al., 2020; Gueguen and
Rouxel, 2021), that the final Ni isotope composition of sediments
in some settings is determined by removal of heavier isotopes from
the water column close to the abyssal pelagic sediments measured
here, followed by diagenetic remobilisation, mineral transforma-
tions and a flux of Ni back across the sediment-water interface.
Indeed, such loss of Ni appears to be required by porewater data
and seems to be the only explanation of the low Ni/Mn ratio of the
oxidatively re-precipitated Mn oxide at the sediment-water inter-
face. Nickel isotope measurements of pore waters will be essential
in further assessing the isotopic impact of such a process.
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