:') Available online at www.sciencedirect.com
Geochimicaet

Cosmochimica
Acta

Check for

Sl ScienceDirect

1

o SRS
ELSEVIER Geochimica et Cosmochimica Acta 308 (2021) 60-74

www.elsevier.com/locate/gca

Controls on metal enrichment in ferromanganese crusts:
Temporal changes in oceanic metal flux or phosphatisation?

Pierre Josso **, Paul Lusty ®, Simon Chenery ®, Bramley Murton "

# British Geological Survey, Environmental Science Centre, Keyworth, Nottingham NG12 5GG, United Kingdom
® National Oceanography Centre, Waterfront Campus, European Way, Southampton SO14 3ZH, United Kingdom

Received 23 February 2021; accepted in revised form 2 June 2021; Available online 9 June 2021

Abstract

Oceanic hydrogenetic ferromanganese (Fe-Mn) crusts are a major repository for many metals, such as Co, Ni, Cu, Pt, Te and
REE, which are essential for decarbonisation of transport and energy systems. Secondary mineralisation processes, occurring
during phosphatisation episodes, commonly impregnate the shallower deposits with carbonate fluorapatite (CFA). The suboxic
oceanic conditions during such events are frequently invoked to explain the lower Co content and unusually high Ni, Cu, Zn and
Pt content of older phosphatised crusts. Here, the hypothesis of suboxic diagenetic recrystallization induced by phosphatisation
episodes as a driving mechanism for Ni, Cu, Zn and Pt enrichment and Co depletion is evaluated. Accurately dated geochemical
profiles, spanning 75 Ma of depositional history, for a shallow (1100 mbsl) phosphatised sample and a deeper (3100 mbsl)
unphosphatised sample from Tropic Seamount in the north-east Atlantic, are compared. An isocon analysis, which allows to
quantitively evaluate chemical gains and losses in mass transfer and therefore permits compensation for the dilution effect
induced by the addition of CFA in the Fe-Mn crusts, demonstrates that no loss of Co has occurred in the phosphatised crust,
whilst Pt, Te, Cu, Ni and Zn are enriched relative to younger, unphosphatised Fe-Mn crust. Both geochemical profiles show sym-
pathetic trends and similar amplitudes of variation in concentration. This excludes phosphatisation as the driving mechanism for
the metal enrichment and depletion. Systematic differences in metal content between the two samples, such as higher Cu and lower
Co content in the deeper sample, are consistent with the depth profile of dissolved metal concentrations in the water column. The
variability observed in the geochemical profiles is consistent with temporal changes in metal fluxes to the ocean, as a result of the
evolving climate and oceanographic configuration of the north-east Atlantic Ocean through the Cenozoic. It is concluded that
changing metal fluxes, rather than secondary mineralisation process associated with phosphatisation, is the dominant control on
the primary metal content in Fe-Mn crust deposits at Tropic Seamount.
© 2021 Published by Elsevier Ltd.
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1. INTRODUCTION between 400 and 7000 mbsl (Lusty et al., 2018). Fe-Mn

crusts are of particular interest because of their high con-

Deep-sea hydrogenetic ferromanganese (Fe-Mn) crusts, centrations in a range of metals of increasing economic
hereafter termed Fe-Mn crusts, form through accumulation importance (Mn, Co, Te, REY, Pt, Ni and Cu) (Hein
of Fe and Mn oxides precipitating from ambient seawater et al., 2013; Lusty et al., 2018). Enrichment in these metals
on sediment-free surfaces in all oceans of the planet is attributed to the physio-chemical properties of Fe and

Mn oxyhydroxides, and their extremely slow accumulation
rates on the seafloor (a few mm/Ma), which provides an
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dissolved metal species present in seawater allowing their
incorporation in the mineral structure of X-ray amorphous
Fe-Mn oxides and crystalline vernadite (Hein et al., 2000;
Koschinsky and Hein, 2003).

During periods of major oceanic circulation overturning,
upwelling of nutrient-rich deep waters results in rapid
increases in biological productivity, resulting in oxygen
depletion in the upper water column (Halbach and
Puteanus, 1984). This causes the formation of a phosphate-
saturated oxygen minimum zone (OMZ) extending
downwards in the water column. If the summits of shallow
seamounts intersect the OMZ, the suboxic seawater condi-
tions have three potential effects on existing Fe-Mn crusts:
(i) inhibiting further growth; (ii) chemical dissolution and/
or diagenetic modification of Fe-Mn oxides, carbonates
and biological tests; and (iii) precipitation of carbonate
fluorapatite (CFA) in the pore space of the crusts and their
substrates (e.g. carbonates, volcanics etc.), resulting in partial
or total replacement of existing carbonates (Grant, 1986).
Strong suboxic conditions can notably lead to the partial-
dissolution of Fe and Mn oxyhydroxides and precipitation
of more stable secondary mineral phases such as todorokite
with varying metal accommodation mechanisms (Halbach
et al., 1989a, 1989b; Koschinsky et al., 1997).

A number of authors have investigated the effect of sub-
oxic conditions on existing Fe and Mn oxides, their partial
dissolution pathways, fields of stability, reprecipitation into
secondary diagenetic minerals such as todorokite, associ-
ated metal fixation processes, and concentrations of dis-
solved metals in the OMZ (Koschinsky et al., 1997; Hein
et al., 2000; Jiahua et al., 2005; Mizell et al., 2020a). Nota-
bly, Koschinsky et al. (1997) conducted mixing calculations
between a phosphorite and unphosphatised crust to quan-
tify dilution effects of additional CFA. Whilst changes in
the spatiotemporal fluxes of metals to the ocean have also
been considered as a possible explanation for these varia-
tions, in the absence of comparative unphosphatised sam-
ples from the same location and spanning a similar period
of deposition, the effect of natural stratigraphic geochemi-
cal variations could not be properly evaluated and geo-
chemical variations observed in phosphatised samples
have been dominantly attributed to dilution and secondary
diagenetic processes.

Major phosphatisation episodes have been identified in
the Pacific Ocean between 39-34 Ma (peak at 37 Ma) and
27-21 Ma (peak at 25 Ma) (Hein et al., 1993). In the
north-east Atlantic, phosphatisation episodes have been
accurately dated between 59-54 Ma and about 38 Ma
(Josso et al., 2020b), and between 25-18 Ma (Gonzailez
et al., 2016). As a result, Fe-Mn crust samples from sea-
mount summit areas commonly exhibit a dual structure,
comprising older phosphatised crust overlain by younger
unphosphatised Fe-Mn oxides. Geochemical analysis of
Fe-Mn crusts from most oceans have consistently high-
lighted an enrichment in Ni, Cu, Zn, and notably Pt in
phosphatised samples, and lower Co content relative to
unphosphatised materials (Koschinsky et al., 1997; Hein
et al., 2000). Therefore, it is generally considered that the
phosphatisation process is detrimental to the Co content,
the metal of greatest economic importance in Fe-Mn crusts

(Lusty et al., 2018). When considering the potential for
future economic extraction of metals from Fe-Mn crust
deposits, ease of access and operations, which will be influ-
enced by water depth, seafloor topography and gradient,
are of paramount importance. Accordingly, the shallow flat
tops of guyots and seamounts are the most promising tar-
gets for commercial extraction. However, they are also
most prone to post-depositional phosphatisation events.

In 2016, the MarineE-Tech project recovered more than
350 Fe-Mn crust samples from the Early Cretaceous age
Tropic Seamount, in the north-east Atlantic, from between
1000 and 4000 meters below sea level (mbsl). The accurate
dating of an Fe-Mn crust sample (Josso et al., 2019) and
development of a Pb isotope correlated stratigraphy at
the seamount-scale (Josso et al., 2020a) provide evidence
that Fe-Mn crusts on the flanks (078_019, 3100 mbsl) and
summit of Tropic Seamount (085_004, 1100 mbsl) represent
a depositional period spanning the last 75 Ma. Detailed
investigation of the mineralogy and texture of the summit
sample identified two major phosphatisation events, the
first at the Paleocene — Eocene transition and the second
at 38 Ma ago, which impregnated the lower half of the sam-
ple with CFA (Josso et al., 2020b). There is no evidence of
phosphatisation in the deeper sample 078_019.

This study provides a comparison of accurately dated
geochemical profiles for two Fe-Mn crust samples recov-
ered at 1100 and 3000 mbsl on Tropic Seamount. Preserva-
tion of the 75-28 Ma period of deposition in both samples
provides an opportunity to compare the geochemistry of
contemporaneous Fe-Mn crusts layers and evaluate the
effects of diagenetic phosphatisation on the metal contents
of the summit sample. When comparing the differences in
metal content between the samples, changes in sample
depth over time as a function of seamount subsidence and
sea level changes are considered. An isocon analysis, a
robust method widely employed to explore element gains
and losses during hydrothermal alteration of a protolith
(Grant, 1986), is applied in this study. This represents the
first time this technique has been applied to Fe-Mn crusts
to assess the influence of diagenetic phosphatisation and
mass changes on their element’s budgets.

2. MATERIAL AND METHODS
2.1. Fe-Mn crust samples

During 2016 a UK-led research expedition on the RRS
James Cook (JC142) visited Tropic Seamount, as part of
the MarineE-Tech project. The seamount is situated
450 km off the coast of West Africa and is part of the Saha-
ran Seamount Chain. Summit sample 085_004 was recov-
ered using an ROV-mounted drill from an Fe-Mn crust
pavement at 1130 mbsl located on the flat top area of the
seamount. This core preserves 15 cm of Fe-Mn crust on a
phosphatised carbonate substrate (Fig. 1). A detailed age
model was established for this sample by integrating Os iso-
tope (n = 53), laser-ablation ICP-MS U-Pb (n = 60) and
Co-chronometry (n = 123) data using statistical modelling
(Josso et al., 2019). Josso et al. (2020b) presented a detailed
investigation of the geochemistry and textures of the core
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Fig. 1. Age correlation between the summit sample 085_004 and the flank sample 078_019. The initial age model was established on 085_004
(Josso et al., 2019) and transposed to other samples from Tropic Seamounts, based on their Pb isotopes profiles (Josso et al., 2020a).
Horizontal lines represent Pb isotope fix points at 75, 66, 56, 42, 17, and 3 Ma respectively from bottom to top, whilst black triangle are
hiatuses (Josso et al., 2019). Stratigraphic SEM backscatter profiles were produced for both samples and detailed images are provided in
Supplementary Material 1. The grey lines overlain on both samples represent the laser ablation profile, the white line shows the extent of the
summit sample that is phosphatised, and the dots indicate the stratigraphic layer subsampled by hand-held micro-drill.

for the purpose of paleoceanographic interpretations. The
flank sample 078_019 was recovered from the western spur
(3100 mbsl) of Tropic Seamount, using a ROV manipulator
arm. When cut, the boulder-like sample has no visible sub-
strate. A 2 cm thick, relatively recently formed rim of Fe-
Mn oxide layers, englobes the rest of the sample (Fig. 1).
This suggests it was overturned by a local destabilising
event affecting the flank of the seamount. Whilst this may
mean the sample originally formed at a shallower water
depth, evidence provided by Nd isotopes demonstrate that
these two samples record the signature of different water
masses until the Eocene-Oligocene transition, before pro-
gressive shoaling of the deep-water mass subsequently bath-
ing both samples in Northern Component Water (see Josso
et al. (2020a) for detailed discussion). Furthermore, the
absence of CFA is additional evidence that flank sample
078_019 was forming sufficiently deep to not be affected
by the phosphatisation episodes. Finally, geochemical data
presented in the results indicate a consistent difference in
water depth of the two samples throughout their deposi-
tional history.

2.2. Temporal framework

The age model for summit sample 085_004 was trans-
posed onto sample 078_019 by correlating their Pb isotope
trends, as described in Josso et al. (2020a) and summarised
in Fig. 1. Both samples contain Fe-Mn oxides deposited
during the following periods: 75-52 Ma, 41-28 Ma, and
most recently at 2 Ma. Sample 085_004 additionally pre-
serves the 16-2 Ma portion of the record, which is absent

in the flank sample (078_019) and is assumed to have been
eroded.

2.3. Geochemistry

Between 0.03 and 0.16 g of micro drilled sample (0.1 g of
reference materials) weighed into PFA vials were first
pre-digested in a mixture of concentrated nitric and
hydrochloric acid to solubilise the main oxide/hydroxide
and phosphate components at 80 °C until dry. The residue
was subjected to a mixed acid attack of nitric, hydrofluoric
and perchloric acids by heating over-night in a step heating
programme from 80 °C to 160 °C using a programmable
hot-block to ensure dissolution of silicates (Josso et al.,
2020b).

Samples were analysed using an Agilent 8900 ICP-MS
using He collision cell gas mode to minimise risk of spectral
interferences for all elements except As and P, analysed in
0O, gas mode, for best detection limits and interference
removal. Calibrations and quality control were made using
a series of dilutions of a custom multi-element solution
blend from QMX, UK. Residual interferences such as
LREE oxides on HREE were corrected for using single ele-
ment interference solutions. Individual samples were
diluted according to mass to ensure best detection limits
while ensuring they were within calibration ranges. Whole
procedure QC was conducted by means of digestion blanks
and reference materials. Three reference materials (Nod-A-
1, Nod-P-1, and JMn-1, see reference values in Jochum
et al. (2005)) and one in-house material (HRM) were
digested and analysed in triplicate. The precision (repeata-
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bility) for all elements, significantly away from their detec-
tion limit, was better than 5%. The complete geochemical
dataset is available for download from the National Geo-
science Data Centre (https://doi.org/10.5285/a2a0347b-
530a-4798-83d2-61eb3cce78fe).

2.4. Isocon analysis

Element fluxes in the phosphatised samples were investi-
gated using the immobility isocon diagram method
(Gresens, 1967; Grant, 1986). This approach predicts that
elements identified as immobile during an alteration or min-
eralisation event, can be used to estimate gains and losses of
other components (Gresens, 1967; Humphris et al., 1998).

Immobile elements in Fe-Mn crust subsamples were
identified using 2D plots for all unphosphatised and phos-
phatised subsamples from summit sample 085_004. To be
considered immobile, elements are required to define a
straight line passing by the origin of the plot with significant
positive correlation. Therefore, the ratio for any two ele-
ments must remain constant between phosphatised and
unphosphatised samples for them to be considered immo-
bile. This follows the logic that immobile element content
will either be diluted by mass gain (addition of CFA),
becoming closer to the origin as infinite dilution ultimately
decreases the concentration to zero, or increases if mass is
removed during alteration or mineralisation events.

Whilst a single immobile element is sufficient to calculate
mass balance, immobility in intense alteration zones could
result from a variety of processes, such as the nature of
the protolith and its heterogeneity, analytical errors and
departure from the ideal element immobility. To minimize
inherent errors as a result of these factors, determination
of the isochemical line, or line of no-mass transfer, must
be based on as many species as possible, even if this results
in some scatter and increases the uncertainty in the quantifi-
cation of mass gains and losses (Grant, 1986). Element
pairs with a strong correlation in both unphosphatised
and phosphatised principal component analysis (Supple-
mentary Material 2) were considered and their ratio used
for correction (see Supplementary Material 3 for details
on calculation of the isocon method).

3. RESULTS

The variations in texture, mineralogy and major element
geochemistry of summit sample 085_004 are discussed by
Josso et al. (2020b) in the context of their importance to
paleoceanographic reconstructions. This previous study,
and a number of others (Koschinsky et al., 1996; Marino
et al., 2017), indicate that the Fe-Mn crust samples from
Tropic Seamount are hydrogenetic, with average composi-
tions typical of Fe-Mn crusts occurring proximal to conti-
nental margins. Paleo reconstruction of the subsidence of
Tropic Seamount over the last 150 Ma (Supplementary
Material 4) demonstrates that there were negligible bathy-
metric variations over the period of Fe-Mn crust deposition
(Crosby and McKenzie, 2009; Dutkiewicz et al., 2015;
Frank and Arthur, 1999; Haq, 2014; Haq et al., 1987;
Tripati et al., 2005; Watts and Zhong, 2000; Yeo et al.,

2018). Both samples formed in a relatively narrow depth
window, varying by only about 300 meters (Supplementary
material 4). Significant changes in water depth over the last
75 Ma can, therefore, be excluded as a major influence on
the stratigraphic variation in metal concentrations in the
Fe-Mn crusts at Tropic Seamount.

The summit sample is dominated by X-ray amorphous
Fe and Mn oxides and goethite, with minor quartz and
Mg-rich calcite, and abundant carbonate fluorapatite in
its lower phosphatised portion (Josso et al., 2020b). Two
subsets of subsamples, based on the phosphorus content
are distinguished for the summit sample: phosphatised
(n = 61) and unphosphatised (n = 62), and discussed sepa-
rately below.

3.1. Metal content

The concentration of transition and precious metals in
Tropic  Seamount  crusts  (https://doi.org/10.5285/
a2a0347b-530a-4798-83d2-61eb3cce78fe) are presented in
Fig. 2, alongside regional means for the global ocean
(Hein et al., 2013). The spread of geochemical data shown
by the flank sample and the phosphatised and unphospha-
tised sample subsets from the summit sample span the
range of regional mean metal values for Fe-Mn crusts in
the world’s oceans, most notably for Co, Zn and Pt. Large
differences in Cu (five-fold) and Co content between the
flank and summit samples relate to the water depth that
the crusts formed at. The Ni concentrations of all subsets
are consistent with Atlantic, Indian and non-prime Pacific
Ocean regions, at about 0.2 wt% below concentrations
found in the Pacific prime-crust zone (PPCZ). Relative to
regional means, the Te content of Tropic samples is
amongst the highest reported in the literature
(50-250 ppm). Marino et al. (2017) report mean platinum
value of 182 ppb for Tropic Seamount, which is consistent
with platinum concentrations reported for the unphospha-
tised summit sample in this study. In contrast, platinum
values are on average twice as high in the phosphatised
subset and the flank sample from Tropic Seamount
(100-900 ppb, Fig. 2).

The total REE and Y (REY) content is statistically sim-
ilar (p-value = 0.75 in test of similarity) in both the phos-
phatised and unphosphatised subsamples (085_004) and
flank (078_019) samples (mean 0.29 + 0.08 wt.%,
0.24 + 0.13 wt.% and 0.28 + 0.10 wt.%, respectively).
Post-Archean Australian shale (PAAS, Taylor et al.
(1985)) normalised (SN) trends exhibit signatures typical
of hydrogenetic precipitation, with subchondritic Ygsn/
Hogn ratios and positive Ce and negative Y anomalies
(Fig. 3). The phosphatised subsamples are distinct in their
higher Lagn/Smgn and Ygn/Hogy ratios and lower Gdgn/
Ybgy ratios reflecting the stronger seawater-like signature
of CFA (Fig. 3C & D). Beyond the dilution effect of
CFA precipitation, these characteristics of the phosphatised
subsamples (Fig. 3B) were interpreted to reflect a minor
diagenetic influences, or less suboxic conditions of the phos-
phatisation episodes, compared with the phosphatised sam-
ples from the Pacific Ocean exhibiting strong positive Y
anomalies and Y/Ho ratios above chondritic values despite
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Fig. 2. Box and whisker plots for Co, Ni, Cu, Zn, Te and Pt for the flank sample 078 019 (3100 mbsl), and the phosphatised and non-
phosphatised subsets of summit sample 085_004 (1100 mbsl). The coloured horizontal lines represent regional means reported by Hein et al.
(2013). Note that the average Pt value for the Atlantic Ocean includes data from Muinos et al. (2013) to complement the only two bulk values
reported in Hein et al. (2013). The complete dataset is available at https://doi.org/10.5285/a2a0347b-530a-4798-83d2-61eb3cce78fe.

comparable P content (1.6-4.4 wt.%) (Bau et al., 1996;
Josso et al., 2020b). Primary content of biogenic carbonates
and porosity dictated by mineral textures play a large role
in controlling the measured Ca and P content which does
not relate to the intensity or duration of suboxic conditions.
These distinct Y anomalies and Y/Ho ratios might relate to

the difference in oceanographic setting between Pacific
Ocean seamounts and the continental margin context of
Tropic Seamount (Bau et al., 1996; Hein et al., 2016). It
is likely that the more pronounced upwelling on the eastern
side of the Atlantic basin minimised the impact of
phosphatisation.
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Fig. 3. PAAS-normalised (Taylor and McLennan, 1985) REE and Y compositions. (A) unphosphatised subsamples from samples 085_004
and 078_019. (B) Phosphatised subsamples from sample 085_004. Major differences in trends are highlighted by distinct populations in the
following plots: (C) Gdgn/Ybgn vs. Lagn/Smgy ratios and (D) the Ce anomaly vs. Ygn/Hogy ratios (modified from Josso et al. (2020b)).

3.2. Comparison of phosphatised and unphosphatised
composition

Many authors (Halbach and Puteanus, 1984; Halbach
et al., 1989a; Halbach et al., 1989b; Koschinsky et al.,
1997; Hein et al., 2000; Jeong et al., 2000; Jiahua et al.,
2005; Asavin et al., 2010; Hein et al., 2013; Marino et al.,
2017; Benites et al., 2020) have compared the bulk element
composition of phosphatised and unphosphatised crust
samples. It is generally observed that phosphatisation
causes enrichment in Ni, Cu, Zn, Ba, Sr, Pt, Ce, Te, HREE,
Y, Cr, and Ba, and depletion in Si, Fe, Al, Ti, Co, Mn, Zr,
Th, U, Pb.

The normalised mean composition of the phosphatised
sample subset from the summit sample 084 004, relative
to the unphosphatised sample subset (Fig. 4) is consistent
with this general pattern. Although the effect of dilution
by CFA is acknowledged in some previous studies, it is
rarely quantified or corrected for. Calculations from
Koschinsky et al. (1997) constitute one of the most robust
attempts at comparing metal content in unphosphatised
and phosphatised crusts using compositional endmember
mixing calculations between a phosphorite (phosphatised
limestone) and an unphosphatised crust. The remaining dis-
crepancies between their calculations and the measured
phosphatised crust composition were attributed to addi-
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Fig. 4. Mean composition (+2c) of the phosphatised subsample set normalised to the mean of the unphosphatised subsample set from sample

085_004.
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tional suboxic diagenetic effects and precipitation of metals
together with the CFA (Koschinsky et al., 1997). A different
approach is proposed here with the use of an isocon dia-
gram to understand element gains and losses between a
pristine protolith and an altered or mineralised rock,
accounting for mass changes, such as addition of CFA in
the Fe-Mn crust system.

Based on the Pearson coefficient correlation matrices
(Supplementary Material 2), all element pairs showing
strong correlations in both the phosphatised and unphos-
phatised subsets of summit sample 085_004, were assessed
for immobile behaviour (Fig. 5).

Vanadium, Fe and Sb demonstrate the closest character-
istics to immobile behaviour in the dataset with regression
lines of similar slopes and intercepts, low data scatter and

A Unphosphatised
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high correlation values. These three elements have similar
mass Change term (Cunphosphatised/cphosphalised = 1547 1597
1.62, supplementary material 3) and are therefore consid-
ered immobile under conditions of phosphatisation at Tro-
pic Seamount. That these redox sensitive elements remained
immobile and within the crust system suggests conditions
were not strongly suboxic at Tropic Seamount and that
phosphatisation mostly had a dilution effect, in good agree-
ment with REE data. Other element pairs with a good cor-
relation such as Mo-Mn and Ba-Zn have mass change
terms too dissimilar to suggest immobility during phos-
phatisation (1.45-1.28 and 0.95-1.15, respectively), also
highlighted by divergent regression lines, which might be
caused by decoupled metal sources or minor metal migra-
tion during suboxic conditions. Other pairs were not con-
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Fig. 5. 2D plots for co-varying elements in both phosphatised and unphosphatised subsamples from sample 085_004.
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Fig. 6. Isocon diagram for the mean composition of phosphatised
subsamples (n = 61) rescaled against the mean composition of
unphosphatised subsamples (n = 62) from sample 085_004. The
corrected data for mass-transfer are normalised so that the sum of
squares equals 1, avoiding errors in graphic interpretation due to
arbitrary scaling (Humphris et al., 1998). The average mass change
term from Fe, Sb and V is then used to correct for altered
concentrations to calculate element gains and losses in isocon
diagrams (Supplementary Material 3).

sidered due to their poor correlation coefficients, high scat-
ter and/or regression lines not passing proximal to the ori-
gin of the diagram. Therefore, the average C;y = 1.59 for V,
Fe and Sb is used for correcting dilution of other elements
(supplementary material 3) resulting in a precision of £3%
on reported mass gains and losses.

The isocon analysis shows a similar sequence of relative
variations (Fig. 6). However, the benefit of this method is
for estimating which elements define the point of reference
to quantify mass gains and losses. The mean phosphatised
composition (n = 61) is enriched in P and Ca, but also
has a mass gain in Pt (+245%), Bi (+168%), Te (+146%),
Cu (+125%), Sn (+90%), Ni (+76%), Nb (+62%), Zn
(+38%), Sc (+33%), and Mn (+23%) relative to the mean
unphosphatised composition of 085_004. Accounting for
the effect of CFA dilution demonstrates no loss of Co in
these phosphatised subsamples, since together with Mo
and Ta, these elements fall within uncertainty of the array
of the Fe, V, Sb isochemical line. Net element losses are
observed solely for Cr (—14%), As (—17%), and W
(—42%). Based on this, it can also be concluded that neither
Fe nor Mn oxides suffered losses induced by the suboxic
conditions of phosphatisation at Tropic Seamount.

The isocon analysis confirms the commonly observed
higher concentrations of Pt, Te, Bi, Cu, Ni, and Zn in the
older, phosphatised part of summit sample 085_004, and
demonstrates that no cobalt was lost as a result of phos-
phatisation, when mass variations are accounted for.

3.3. Geochemical profiles

Here we assess whether the metal enrichments and
depletions highlighted by the isocon analysis are related

to diagenetic processes as exemplified by Koschinsky
et al. (1997) or temporal variations in metal fluxes by com-
paring the geochemical profiles of the summit and flank
samples (Fig. 7).

Overall, the geochemical profiles from the flank sample
(078_019) are smoother and show fewer extreme values
(Fig. 7). The more homogenous texture of sample
078_019; predominantly columnar throughout its stratig-
raphy with the exception of some more laminated inter-
vals, contribute to smoother geochemical profiles (Fig. 1
supplementary material 1). In contrast, textural changes
in 085_004 are frequent, ranging from compact laminated
layers to columnar, with variable porosity filled by bio-
genic carbonates and CFA. This explains the variable P
content of the summit sample and explains some of the
significant variation (up to 3-fold) in the concentration
of some other major elements, notably Fe and Mn (Figs. |
and 7), in the Eocene section of the summit sample (Josso
et al., 2020b). Unphosphatised parts of both 085_004 and
078 019, contain 0.3-0.5 wt.% P, whilst the P content
increases to 2.5-8 wt.% in the phosphatised part of the
summit sample. These features represent varying current
energy, growth rate, and variously effect the bulk geo-
chemistry because of dilution by biogenic and detrital
material (Fig. 1, Josso et al. (2020b)). The more homoge-
nous texture of the flank sample is consistent with the
lower energy, less dynamic oceanic environment present
at greater water depths. This contrasts with the higher
energy, more variable conditions that prevail on the shal-
low, flat summit of Tropic Seamount influenced by tidal
energy (Yeo et al., 2019).

Cobalt  concentrations increase  stratigraphically
upwards in both samples; however, the flank sample has
concentrations that are on average 20-40% lower than in
the summit sample. Both samples have very similar strati-
graphic profiles for Ni, Zn, Mo and Ba and the range of
concentrations for these elements also overlap in both sam-
ples. With the exception of the two youngest subsamples,
representing the 2-0 Ma section of its stratigraphy and
where Cu concentrations reduce to 846 and 575 ppm, Cu
has a consistent concentration in the flank sample, averag-
ing about 1500 ppm. Copper content in 085_004 continu-
ously decreases from about 700 ppm to 235 ppm between
75 and 10 Ma, whilst in the most recent 10 Ma section of
the sample, Cu concentrations increase back to 600 ppm.

Profiles for Pt and Te from the two samples have many
similarities, with high amplitude variations, of up to five-
fold between 75-52 Ma. Strong enrichments in Pt in the
two samples occur in the same stratigraphic intervals, nota-
bly at about 59 Ma and 55-54 Ma. However, only the sum-
mit sample is enriched in Pt at about 67 Ma. A similar
pattern is apparent for peak concentrations of Te, with val-
ues twice as high as the mean at 67 Ma (only observed in
the summit sample), 62 and 55-54 Ma (in both samples).
Te and Pt profiles in both samples for the 41-0 Ma period
are relatively constant, with less than a 2-fold amplitude
variation observed. However, the average Te and Pt con-
tent is much lower (by 40-50% and 55%, respectively), than
their average concentration in the 75-41 Ma section of Fe-
Mn crust.
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Fig. 7. Selected element profiles for sample 085_004 (summit) and 078_019 (flank). P, Mn, Co, Fe, Ni, Cu, Zn are expressed in wt.%, Te, Pt,
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4. DISCUSSION

The geochemical data for the two stratigraphic sections
highlights some sympathetic trends, despite significant vari-
ations in total metal content between the flank and summit
regions. The isocon analysis indicated higher Ni, Cu, Ni,
Zn, Pt and Te content in the phosphatised subset of sample
085_004, with no losses in Fe, Mn or Co as mass changes
are corrected. These observations suggest that phosphatisa-
tion is not the dominant factor controlling metal concentra-
tion in Fe-Mn crusts.

4.1. Effect of depth variations

The paleo-depth reconstruction (Supplementary Mate-
rial 4, Fig. 7) shows that both samples underwent minor
depth changes during their depositional history, becoming
shallower by 150 m between 75-30 Ma and then becoming
gradually deeper by a total of 260 m over the last 30 million
years. The OMZ in the waters that currently surround Tro-
pic Seamount contain 50 pmol kg=' of dissolved O, at
water depths between 300-700 mbsl (Schlitzer et al.,
2018). Whilst unlikely similar conditions prevailed during
the last 75 Ma, it is likely that the summit sample was
located in or just below the OMZ for most of the period
when crusts were developing. Phosphatisation of the Fe-
Mn crusts on the summit during events at 59-54 Ma and
38 Ma indicates extension of the OMZ depth to at least
1010 mbsl (Supplementary Material 4). In contrast, the
flank sample, located between 3080-3400 mbsl during its
entire depositional history, would not have been signifi-
cantly impacted by variations in the position and strength
of the OMZ. It is commonly observed that a strong OMZ
favours enrichment in Mn as well as in Co and Ni by asso-
ciation to Mn oxides, compared to locations with weak or
no OMZ (Mizell et al., 2020b). As both samples come from
the same seamount, the minor but significant difference in
Mn over the last 40 Ma (18.4 + 4.5 wt.% and 16.8 &+ 2.6
wt.%, p-value = 0.003) is likely to reflect the effects of water
depth on availability of dissolved elements from the OMZ
reservoir. Most differences in element concentration
between the two samples and their respective trends can
be related to the profile of dissolved elements in the water
column. The extensive data set on seawater properties
and dissolved metal content arising from the GEO-
TRACES expedition GA03_E and GA03_W, which passed
close to Tropic Seamount, provides an excellent basis for
discussing the current situation in this part of the north-
east Atlantic (Schlitzer et al., 2018).

Recycled, or nutrient type elements (e.g. C, P, N, Si, Cu,
Fe, Zr, Nb, etc.), play a major role in biological processes.
As a result, these elements are depleted in surface waters
and their content increases progressively with depth, carried
by sinking organic matter and skeletal tests that are recy-
cled. The Cu data from the Fe-Mn crusts presented in this
study reflects the pattern in the GEOTRACES data,
whereby dissolved Cu (““Cu) content increases by 75—
100% between 1000 and 3000 mbsl around Tropic Sea-
mount (Schlitzer et al., 2018). This is the reason for the
large difference in the Cu content of the two samples stud-

ied here. Iron, Zr, Nb, Ta also show a similar pattern, with
continuous recycling at depth. However, variation in their
concentration in different parts of the water column is less
(Firdaus et al., 2018). Other nutrient-type elements, such
as Ni, Zn or Ba, do not show any differences in concentra-
tion between the summit and flank samples, which is consis-
tent with only a minor (10-20%) increase in the dissolved
concentrations of these elements in the GEOTRACES data
between 1000-3000 mbsl.

Scavenged-type elements are abundant in surface waters
and tend to decrease with depth due to their high reactivity
and adsorption onto sinking particles. Cobalt is a prime
example, with an 80% decrease in “*Co between 1000 and
3000 mbsl (Schlitzer et al., 2018). This is clearly reflected
in the Co concentrations of the flank sample which were
in bulk 20-40% lower than in the summit sample. In both
samples, the similar thicknesses (44 and 40 mm for the sum-
mit and flank samples, respectively) for the well-developed
stratigraphy of the75-58 Ma period, implies a faster growth
rate for the summit sample despite higher Mn and Co con-
tent. This finding highlights the impact of dissolved species
availability for scavenging into Fe-Mn crusts, despite the
dilution effect of varying growth rate usually considered
dominant and on which Co-chronometers are relying. Sim-
ilarly, Pb and Sc are scavenger-type elements, and have
lower concentrations in the flank sample. Mn is tradition-
ally considered a scavenger-type element, with maximum
total Mn content typically occurring in the suboxic OMZ.
In seawater Mn cycles between oxidized insoluble Mn oxi-
des (Mn(III/IV)Oy) and soluble species of reduced oxida-
tion state occurring as soluble Mn*" ions or complexed to
organic ligands (Mn(III)-L) (Oldham et al., 2017). How-
ever, the OMZ in the north-east Atlantic is not very pro-
nounced, which results in “*Mn concentrations decreasing
significantly from the surface to 100 mbsl and then becom-
ing stable below 700 mbsl. This pattern of Mn distribution
in the water column is consistent with higher Mn in the
summit sample, closer to the supply of colloidal Mn
particles.

Very limited data is available on dissolved Te in the
water column, comprising a single profile from each of
the Pacific and Atlantic oceans (Yoon et al., 1990). Accord-
ing to this data, Te has a scavenged-type profile with “*Te
content decreasing from 1 pM between 0-1000 mbsl to
0.74 pM between 1000-2000 and to 0.64 pM between
2000-3000 mbsl (Yoon et al., 1990). Although, modern-
day species distribution might not reflect past ocean chem-
istry, the very similar Te concentrations, although lower by
5-10% in the flank sample, in both Tropic Seamount sam-
ples are consistent with this trend.

The behaviour of Pt in the water column cannot be gen-
eralised, with nutrient-like profiles observed in the Pacific
Ocean, scavenger-type behaviour reported in the Indian
Ocean, and both trends identified in the Atlantic Ocean
(Jacinto and van den Berg, 1989; Colodoner, 1991;
Lopez-Sanchez et al., 2019). The observed differences
between the ocean basins may be partly linked to differ-
ences in methods used to preconcentrate and detect Pt
(Lopez-Sanchez et al., 2019). Sources and sinks of Pt in sea-
water, the effect of its residence time and low reactivity on
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its behaviour in the water column remain poorly con-
strained (Lopez-Sanchez et al., 2019). However, it is notable
that all reported seawater profiles show less than +20%
variation in the Pt content between depths of 1000—
3000 mbsl, and the greatest variation occurs at the lower
limit of the OMZ. Based on the profiles shown in Fig. 7,
the Pt content is higher in the flank sample, suggesting a
nutrient-type behaviour for Pt in the water around Tropic
Seamount. Similarly, it is difficult to conclude on the gen-
eral behaviour of Pt in seawater over the last 75 Ma based
on modern-day measurements.

4.2. Pt and Te enrichments

Based on the samples studied from Tropic Seamount, Pt
and Te have the highest enrichment factors of all the metals
of economic interest in the older part of the deposit, and
show no statistical association with Fe, Mn, Co, Ni and
Cu (Supplementary material 1). Similar levels of PGE
enrichment in old, phosphatised crusts have been reported
(Halbach et al., 1989a; Hein et al., 2005; Asavin et al.,
2010). A large body of leaching and precipitation experi-
ments, phase association observations (XANES) and geo-
chemical data suggest there are multiple mechanisms for
Pt and Te incorporation into Fe-Mn oxides (Hein et al.,
2003; Kashiwabara et al., 2014; Maeno et al., 2016;
Koschinsky et al., 2020). These include sorption, redox pro-
cesses and the phase transfer of the diverse species of Pt
(Pt°, Pt2", Pt*") and Te (Te*", Te®). As such, these ele-
ments can occur in different oxidation states, hosted by
both Fe and Mn oxides, and as metallic particles derived
from detrital contributions (cosmic spherules, volcanic
aerosols, other detrital sources) (Halbach et al., 1989a).
The diversity of potential processes, illustrates the challenge
associated with identifying the principal controls on Pt and
Te enrichment in Fe-Mn crusts.

The data from Tropic Seamount are supportive of an
important role for redox processes in the incorporation of
Pt and Te into Fe-Mn crusts. This is notably highlighted
by the sympathetic stratigraphic profiles and positive corre-
lation observed between Pt-Te and the Ce anomaly in the
flank sample (078_019) (R* > 0.4) (Fig. 7 and supplemen-
tary material 1) (Koschinsky et al., 2020). Furthermore,
enrichments in Pt and Te that are associated with well-
defined stratigraphic intervals in both samples may be the
result of increased cosmogenic contributions. A notable
example is the significant enrichment in Te and Pt that
occurs at the Paleocene-Eocene transition hiatus.

4.3. The effect of phosphatisation

Phosphatisation of Fe-Mn crusts and its effect on transi-
tion metal mobility has been discussed by a number of
authors (Halbach and Puteanus, 1984; Halbach et al.,
1989a, 1989b; Hein et al., 1993, 2000; Koschinsky and
Halbach, 1995; Koschinsky et al., 1997; Koschinsky and
Hein, 2003; Jiahua et al., 2005). Previous work highlights
that partial dissolution and recrystallisation of Mn oxides
during phosphatisation results in the decoupling of Co
from Cu, Ni, and Zn through preferential incorporation

of these metals in the layer vacancy and structural defects
of newly formed todorokite (Koschinsky et al., 1997;
Bodei et al., 2007). Bulk geochemical data which show
lower Fe/Mn, Co/Ni, Co/Cu and Co/Zn ratios in the older,
phosphatised parts of Fe-Mn crusts have been used to infer
these complex mineralogical and structural changes. Pt and
Te, that are highly enriched in Fe-Mn crusts relative to sea-
water and average lithospheric composition (Hein et al.,
2003; Kashiwabara et al., 2014; Lusty et al., 2018), are con-
sidered to become more enriched in phosphatised parts of
samples (Halbach et al., 1989a; Hein et al., 2005; Asavin
et al., 2010; Koschinsky et al., 2020).

However, the data presented in this study show that
these trends and anomalous enrichments also occur in
unphosphatised samples that represent a similar deposi-
tional period to phosphatised samples from Tropic Sea-
mount (Fig. 7). A more appropriate comparison should
consequently be older versus younger Fe-Mn crusts, rather
than phosphatised versus unphosphatised Fe-Mn crusts. If
the last phosphatisation episode is considered to act as a
marker between ‘old’ and ‘young’ Fe-Mn crust generations
at Tropic Seamount, the Co/Ni, Co/Zn and Co/Cu ratios
of the old (75-38 Ma) Fe-Mn crusts subsamples are consis-
tently 29-38%, 23-36% and 52-57% lower than the younger
(38-0 Ma) subsamples irrespective of the depth of forma-
tion and secondary diagenetic phosphatisation. Similarly,
the significant difference in Pt and Te concentrations
between the old and young Fe-Mn crust from Tropic Sea-
mount, with stratigraphically well-defined Pt and Te-rich
layer in both samples, is further evidence for an alternative
control to phosphatisation for the enrichment of these
elements.

Although todorokite has been detected in phosphatised
Fe-Mn crusts from this region (Marino et al., 2017), the fact
that the flank sample never experienced suboxic diagenetic
conditions whilst presenting similar geochemical patterns to
the phosphatised summit sample suggests that the partial
recrystallisation and preferential metal accommodation
hypothesis in todorokite does not account entirely for the
metal enrichment observed in phosphatised Fe-Mn crust
from Tropic Seamount. As proposed in previous research
on Pt (Halbach and Puteanus, 1984; Halbach et al.,
1989b; Koschinsky et al., 2020), the simplest explanation
for the variable concentrations found in Fe-Mn crusts is
changing metal flux to the ocean over time. The data pre-
sented here for Pt, but also Te, Co, Cu, Ni and Zn strongly
supports this view. This evidence does not preclude an addi-
tional influence on metal concentrations from intense sub-
oxic phosphatisation conditions, following partial
dissolution and recrystallization as exemplified by previous
research (Koschinsky et al., 1997). Such mineralogical
changes are notably well understood in diagenetic poly-
metallic nodules and explain the compositional spectrum
observed in these Fe-Mn concretions (Bodei et al., 2007;
Wegorzewski and Kuhn, 2014; Josso et al., 2017
Wegorzewski et al., 2020). A similar isocon analysis on
phosphatised samples from the Pacific Ocean and compar-
ison with deeper water unphosphatised samples would pro-
vide valuable new data to further investigate the control
proposed here, and to distinguish between the effect of tem-
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poral changes in metal flux and the influence of diagenetic
remineralisation on the metal content of Fe-Mn crusts in
the Pacific Ocean.

4.4. Changing metal fluxes

The chemical budget of the oceans is a function of the
continuously evolving balance between inputs and outputs,
controlled by long-term evolution of the climate and tec-
tonic processes. During the Cenozoic, the climate changed
from a greenhouse state to an icehouse climate, with CO,
concentrations in the atmosphere decreasing and ice sheets
forming at the poles (Zachos et al., 2001). This transition
was partially driven by the reorganisation of global oceanic
circulation. In that regard, Tropic Seamount is ideally
located to have recorded the closure of the Tethys Ocean,
the change from equatorial to poleward oceanic circulation
with deep-water formation in the Southern Ocean primar-
ily, followed by the onset of Northern Component Water
in the Oligocene (Josso et al., 2020a). Fe-Mn crusts from
Tropic Seamount also proved to be sensitive records of
the Miocene cooling, aridification of North Africa, North-
ern Hemisphere Glaciation as well as variations of the
weathering rates of nearby continental masses induced by
astronomical parameters (Josso et al., 2020a; Josso et al.,
2021). Throughout this major period of climate change,
rates of weathering of the continental masses varied greatly,
whilst the progressive opening of the north Atlantic and
changing oceanic circulation modified the rate of
hydrothermal activity and the influence of coastal and con-
tinental margin processes. This continuously evolving
ocean geochemistry and geographic change is likely to have
had a profound influence on the composition of contempo-
raneously forming Fe-Mn crusts throughout the global
ocean (Josso et al., 2020b).

5. CONCLUSIONS

This study provides a comparison of accurately dated
geochemical profiles for two Fe-Mn crusts recovered at
1100 and 3000 mbsl from Tropic Seamount. Preservation
of the 75-28 Ma period of deposition in both samples
allows to compare the geochemistry of contemporaneous
Fe-Mn crusts layers and evaluate the effects of
phosphatisation.

Paleo-reconstruction of Tropic Seamount subsidence
and eustasy demonstrates the samples only moved within
a narrow (300 m) depth window during their entire deposi-
tional history. Therefore, changes in water depth over time
can be excluded as a significant influence on the variable
metal content.

Isocon analysis permits a robust assessment of the metal
mass differences between phosphatised and unphosphatised
samples and indicates strong enrichment in Pt, Te, Cu, Ni,
Zn in the older phosphatised section of the sample relative
to its younger unphosphatised part. When mass changes
resulting from CFA precipitation are accounted for, it is
evident that no loss of Fe, Mn or Co occurred during sub-
oxic CFA impregnation. Only As, Sb and W are depleted in
the older phosphatised part of the deposit.

Comparison of geochemical profiles over time, indicates
similar variations in the flank and summit samples, with
high Pt, Te, Cu, Ni content in the 75-50 Ma part of the
deposit. Major differences in metal content between the
two samples reflect the primary availability of dissolved
metals at different depths in the water column. Cobalt con-
centrations consistently increase up the stratigraphy, result-
ing in larger Co/Ni, Co/Cu and Co/Zn ratios in both
samples. Well-defined stratigraphic intervals in both sam-
ples have 3-5-fold enrichments in Pt and Te concentrations.
These observations in both the phosphatised summit sam-
ple and the contemporaneous, unphosphatised flank sam-
ple, does not support phosphatisation as being the
primary control on the variable metal enrichment in Fe-
Mn crusts at Tropic Seamount. Conversely, the data pre-
sented here suggests that these variations are likely the
result of changing metal fluxes to the ocean during the Late
Cretaceous and Cenozoic driven by long-term evolution of
the ocean-climate system, partially overprinted by later
phosphatisation episodes and dilution by CFA
precipitation.
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