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Abstract

Seafloor massive sulphide (SMS) deposits are potential sources of Cu, Zn, Au and Ag, however, how seafloor weathering
affects the content of these metals in the deposits remains poorly understood. Key sulphide weathering products, i.e. Fe-
oxyhydroxide and atacamite, can provide insight into metal mobilisation during and after oxidation of sulphides. Ten Fe-
oxyhydroxide and three massive sulphide samples from the Semenov hydrothermal cluster (13°30'N, Mid-Atlantic Ridge)
were studied; five Fe-oxyhydroxides and all sulphides were analysed by LA-ICP-MS with one sulphide sample analysed
by LA-TOF-ICP-MS mapping. Additionally, a sequential leaching study comprising nine Fe-oxyhydroxide samples was
performed. Copper is mainly sequestered into the sulphide weathering products atacamite (~60%) and Fe-oxyhydroxide
(~30%). Initially, Fe-oxyhydroxide precipitates as ferrihydrite, inheriting the metal content of its sulphide precursor (e.g.,
pyrite or chalcopyrite). Concurrently, Au and Ag are displaced from the sulphide and become concentrated along the oxi-
dation front at the sulphide rims rather than being incorporated into the nascent Fe-oxyhydroxide. As oxidation proceeds,
further breakdown of sulphides such as chalcopyrite, releases Cu that initially adsorb onto existing Fe-oxyhydroxide.
When sufficient mobilised Cu reacts with oxygenated seawater, atacamite precipitates, sequestering the Cu in a stable
mineral form, serving as an exploration indicator for Cu-rich Fe-oxyhydroxide deposits and underlying massive sulphide
deposits. Complete sulphide oxidation leads to the loss of Au and Ag from the solid system into seawater or their migra-
tion downwards toward a redox boundary within the SMS mound. Crystallisation of ferrihydrite into more stable goethite
liberates substantial amounts of Cu (92%) and Zn (57%). However, the metal loss caused by this process may be limited
if released metals re-adsorbed onto adjacent Fe-oxyhydroxide. These results reveal that Fe-oxyhydroxides can act as effec-
tive long-term traps for Cu and Zn, suggesting that older, fully or partially oxidised off-axis SMS deposits may retain
considerable base metals, expanding exploration areas.
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Yesares et al. 2014). For submarine settings, where seawater
provides an essentially unlimited source of fluid that buffers
pH to near neutrality, studies of metal mobilisation are still
rather limited. This is particularly true for research on the
formation and subsequent modification of sulphide weath-
ering products like Fe-oxyhydroxide (FeOOH) and ata-
camite (CuCl,(OH);; Dekov et al. 2011; Fallon et al. 2017;
Melekestseva et al. 2020; Hu et al. 2022; Maslennikov et al.
2023; Hou et al. 2024). At SMS deposits, FeOOH may form
either as metal-poor primary precipitates from low-temper-
ature hydrothermal fluids or as metal-rich secondary prod-
ucts through sulphide oxidation (Hekinian et al. 1993). Both
FeOOH and atacamite can serve as important repositories for
economic metals. Atacamite is rich in Cu, while FeOOH can
be enriched in Cu, Zn, Au and Ag through lattice substitu-
tion or adsorption, potentially acting as a trap for these met-
als following sulphide oxidation (Herzig et al. 1991; Cornell
and Schwertmann 2003; Dekov et al. 2011; Melekestseva et
al. 2020; Hu et al. 2022). Despite the economic relevance of
FeOOH, the geochemical relationship between FeOOH and
its sulphide precursor remains poorly understood (Blowes
et al. 2003; Hu et al. 2023; Hou et al. 2024). If oxidised
products retain the geochemical fingerprint of their sulphide
precursors, they could serve as seafloor indicators of metal-
rich sulphide at depth. While Au and Ag can be incorporated
in sulphide inclusions in FeOOH, the fate of these metals
after complete sulphide oxidation and whether they are lost
to seawater or retained within FeOOH, remains uncertain
(Melekestseva et al. 2020; Maslennikov et al. 2023).

It also remains unclear how the geochemical composition
of FeOOH exposed on the seafloor evolves over time (Hu
et al. 2022). Metastable ferrihydrite is the initially formed
FeOOH mineral, which can dissolve and reprecipitate as
more stable goethite crystals (o—FeOOH; Schwertmann and
Murad 1983; Grundl and Delwiche 1993). This transforma-
tion could result in the loss of economic metals like Cu and
Zn (Vu et al. 2013; Sajih et al. 2014), but this process has
not been investigated using natural samples, requiring tar-
geted geochemical analysis to understand metal partitioning
during mineral transformation. Alternatively, post-forma-
tional modification can also enrich economic metals (i.c.,
Cu, Zn, Au, Ag) in FeOOH through atacamite veining or the
adsorption of metals onto FeOOH derived from underlying
sulphide weathering (Herzig et al. 1991; Hu et al. 2022).
Finally, the deportment of Cu and Zn within these altera-
tion products and whether they are mostly held in ferrihy-
drite, goethite or atacamite is unknown. Understanding the
mobilisation of metals from sulphide and incorporation into
weathering products, and the mechanisms of post-forma-
tional modification are essential to determine the long-term
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metal content of FeOOH and predict metal retention in
older, extinct off-axis SMS deposits.

This study investigates sulphide weathering at the
Semenov hydrothermal cluster, an ultramafic and mafic-
hosted Mid-Atlantic Ridge SMS system, to understand
whether complete oxidation of sulphides by seawater results
in a metal-poor deposit or if alteration products, such as
FeOOH and atacamite, retain the economic metals. The spe-
cific objectives are: (1) to examine the oxidation pathways
of different sulphide minerals and the accumulation of Cu,
Zn, Au, and Ag in the weathering products; (2) to assess
how post-formational modifications, such as seawater inter-
action and goethite crystallisation, alter the composition of
FeOOH; and (3) the implications of SMS weathering prod-
ucts as a potential resource at SMS deposits.

Geological setting

Situated along the western margin of the Mid-Atlantic Ridge
at 13°30°N, the Semenov hydrothermal cluster lies on a stri-
ated dome oceanic core complex characterised by east-west
trending morphology (Pertsev et al. 2012; MacLeod et al.
2009). This elongated feature extends 10 km in length and
4.5 km in width at depths of 2480-2950 m below sea level
(Fig. 1; Beltenev et al. 2007, 2009; Smith et al. 2006, 2008).
Semenov hydrothermal cluster comprises five hydrother-
mal zones spanning from the active Semenov-2 system to
extinct fields that ceased activity over 120 ka (Kuznetsov
et al. 2011; Cherkashov et al. 2017). Semenov-4 was active
over the longest timespan (123.8—1.7 ka), Semenov-1 shows
intermediate ages (37.4—12.9 ka), and Semenov-5 represents
a recently extinct system (8—14 ka). Mineralogical assem-
blages of the Semenov sulphides predominantly consist of
Fe-sulphides (pyrite, pyrrhotite, marcasite) and Cu-sulphides
(chalcopyrite, isocubanite) occurring as massive sulphides,
breccias, and preserved chimney structures (Beltenev et al.
2009; Melekestseva et al. 2014, 2018; Firstova et al. 2019).
Secondary alteration includes covellite, atacamite, FeOOH,
and jarosite (Melekestseva et al. 2014, 2017; Bishop et al.
2025a). The host rock compositions includes ultramafic and
mafic lithologies (harzburgites, gabbros, plagiogranites,
tonalites, diorites, basalts; Pertsev et al. 2012).

Materials and methods

The following section provides a summary of the methods
used in this study. Full methodological details are available in
electronic supplementary materials (ESM) 1.1 and ESM 1.2.
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Sample collection

Ten samples of FeOOH and three massive sulphides sam-
ples were collected from the Semenov hydrothermal cluster
during the NERC-funded “ULTRA” programme expedition
JC224 (RRS James Cook, March—April 2022). Seafloor
samples were collected using the HyBIS robotic underwater
vehicle (Murton et al. 2012; Figs. 1, 2 and 3) and a mega
corer. Samples of FEOOH were collected from Semenov-1,
Semenov-4 and Semenov 5, with massive sulphide samples
obtained at Semenov-4 and Semenov-5 (Fig. 1). A full list
of sample locations and description can be found in ESM 2
and after Bishop et al. (2025b).

Mineralogical characterisation

The samples were cut into blocks and polished for reflected
light microscopy and subsequent analysis. To provide min-
eral quantification, previously acquired X-ray diffraction
(XRD) results after Bishop et al. (2025¢) were processed
using Siroquant v5.2 (supplied by Sietronics Pty Ltd©).
Ferrihydrite is difficult to quantify by XRD; therefore, the
amorphous fraction determined using corundum as an inter-
nal standard was assumed to correspond to ferrihydrite.
Amorphous content was quantified using an internal stan-
dard and interpreted to be ferrihydrite. To provide quanti-
tative major geochemical data (>0.1 wt%), nine polished
blocks were selected for quantitative scanning electron
microscope-energy dispersive X-ray spectroscopy (SEM-
EDS) analysis. The data collected by SEM-EDS were also
used to identify targets for laser ablation time-of-flight
inductively coupled plasma mass spectrometry (LA-TOF-
ICP-MS) and to provide in-situ compositional information

Detachment fault < Hydrothermal field

ﬁ HyBIS sample grab

Mega corer sample

Detachment fault
emergence zone)

Boundaries

that was used for subsequent quantification of laser ablation
analyses (‘internal correction’).

Sequential leaching procedure

Leaching experiments were conducted on nine FeOOH
samples to investigate Cu and Zn distribution within sul-
phide weathering products, following the methodology
adapted from Poulton and Canfield (2005). The four leach-
ing solutions targeted sequentially (1) easily adsorbed frac-
tions (using 1 M magnesium chloride buffered to pH 7), (2)
carbonates and atacamite (using 1 M Na-acetate at pH 4.5),
(3) ferrihydrite (using 1 M hydroxylamine-hydrochloride
with 25% acetic acid), and (4) goethite (using 0.5 g/l Na-
dithionite buffered with 0.2 M Na-citrate and 0.35 M acetic
acid).

Geochemical analysis
LA-TOF-ICP-MS elemental mapping

Two semi-quantitative 1mm? trace elemental maps at 2 um
x 2 pm resolution were produced by LA-TOF-ICP-MS to
investigate the distribution of metals during sulphide weath-
ering. The analytical methodology and instrumentation (a
Nu Vitesse LA-TOF-ICP-MS and ESL NWR193 laser abla-
tion system) is detailed in Standish et al. (2024), here adapted
for analysis of sulphides. The analyses were performed by
ablating a 1 mm x 1 mm grid comprised of 2 pm x 2 pm
square spots at a repetition rate of 400 Hz with a fluence of
3.0 J/em?. Instrument tuning was performed using a NIST
SRM 610 glass. Calibration was achieved using standard-
sample bracketing of NIST SRM 610 and United States
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Geological Survey (USGS) basalt glass reference material
GSD-2G. Data reduction was performed in iolite4 using the
3D Trace Elements data reduction scheme, making use of
all three reference materials (Paul et al. 2023). NIST SRM
612 was used as a secondary reference material for the ele-
ments presented in this study (Cd, Cu, As, Ag and Au). At
the 2 um x 2 pm scale, results were within 10% of reference
values, except for Cd (-54%), Au (-53%) and As (+35%).
These are known to exhibit heterogeneity in this glass mate-
rial (Eggins and Shelley 2002). During rastering of NIST
SRM 612, most elements exhibit precision expressed as %
relative standard deviation (RSD) better than 10.0%, except
for Cu (12.0%) and Au (11.1%).

LA-ICP-MS spot analysis

Spot analysis by LA-ICP-MS (Agilent 8900 ICP-MS and
ESL NWR193 laser ablation system) was used to obtain
compositional data across the spectrum of fresh to weath-
ered minerals used in this study. The data obtained were
calibrated using USGS basalt glass reference material
GSD-1G alongside nano-powder pellets prepared from
OREAS-993 (sulphide-rich Cu concentrate certified refer-
ence material, OREAS, Australia) and Fe-Mn oxide materi-
als JMn-1 (Geological Survey of Japan), Nod-A-1 (USGS)
and FeMnOx-1 (Jochum et al. 2016). Nano-powder pellets
were produced at the University of Southampton follow-
ing a method adapted from Garbe-Schonberg and Miiller
(2014). This included milling 1.5 g batches of the starting
powders in a 45 mL agate vial with 32 g of 5 mm agate balls
and 6-8 g of ultrapure Milli_Q water at 900 rpm for 30 min
total milling time in a Fritsch (Germany) Pulverisette 7PL™
planetary ball mill. Nano-powder slurries were then dried
at 60°C overnight, re-homogenised in an agate pestle and
mortar before pressing into 13 mm diameter pellets using
a Specac (UK) stainless steel die, with the back surface of
the pellet stabilised by a layer of microcrystalline cellulose
(~0.2 g; Merck, Germany). Quantitative SEM-EDS ele-
mental analyses for the majority of spots analysed by LA-
ICP-MS were employed as an internal standard reference
for full quantification. For chalcopyrite, pyrite, and FeOOH,
Fe was used as the internal standard, whereas Cu was used
for atacamite. Where SEM-EDS data were unavailable,
stoichiometric concentrations, Fe for pyrite and chalcopy-
rite, and Cu for atacamite, were applied, and for FeOOH,
the average Fe composition of FeOOH analysed by SEM-
EDS within the sample was used (ESM 3.1). Sphalerite was
not measured by LA-ICP-MS due to its fine grain size. The
reference materials used for calibrating each element are
detailed as follows: Al, Si, Ca, Mn, Fe, Co, Ni, Cu, Zn, As,
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Se, Mo, Ag, Cd, In, Sb, Te, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Er, Yb, Au, Pb, and Bi were calibrated using GSD-1G,
Nod-A-1, and FeMnOx-1. JMn-1 was used in addition to
previous certified reference material to calibrate Si, Se, Mo,
Ag, Cd, In, Pb, and Bi, while OREAS-993 was employed to
further calibrate Al, Ca, Mn, Co, Ni, Cu, Zn, As, Sb, Te, La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb, Au, Pb, and Bi. The
accuracy and precision of the analyses were determined for
each analyte using secondary reference materials that were
measured as unknowns: OREAS-993 was used as second-
ary reference material for Si, Se, Mo, Ag, Cd, In, Pb and
Bi with JMn-1 used as the secondary reference material for
Al, Ca, Mn, Co, Ni, Cu, Zn, As, Sb, Te, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Er, Yb and Au. Using either OREAS-993
and JMn-1 as secondary reference materials achieved the
highest accuracy and precision for the measured elements.
The majority of elements exhibit good precision and accu-
racy with concentrations within the reported uncertainty or
within 10% of reference values, except for Si (33.3%), Zn
(18.6%) and Cd (61%). The majority of elements exhibit
%RSD of <10%, except for Au (17.1%). See ESM 1.3 for a
full record of quality control checks.

Leachate analysis by ICP-MS and ICP-OES

The filtered solutions acquired from the sequential leach-
ing experiments were analysed by solution ICP-MS and ICP
optical emission spectrometry (ICP-OES) for their major
and trace element concentrations. Measurements were cali-
brated against synthetic standards of known concentrations.
Accuracy and reproducibility of the analyses were assessed
by analysing reference materials JMn-1 (USGS), GSPN-2
(Mn nodule, Chinese Academy of Sciences), RTS-1 (Sul-
phide ore, CANMET), in triplicate and further single analy-
ses of Nod-P-1, GSPN-3 (Mn nodule, Chinese Academy of
Sciences), and CH-4 (Au ore, CANMET). Most elements
exhibit accuracy within 7% of the reference values, except
for Zn (-32.3%) and Ca (9.6%; see ESM 1.4 for full details).
Analysed elements exhibit good reproducibility with all ele-
ments within <6%RSD. Duplicate measurements of sam-
ples 82_HY 06, and 86_HY_04 showed that the maximum
offsets between each pair were less than 5% for all elements,
except for Ca (typically>50%; ESM 1.5).

Control experiments were conducted using sample 82
HY 06, and synthetic seawater (ASTM D1141-98; ReAgent
Chemical Services Ltd) to assess potential dissolution dur-
ing handling. No mineral dissolution was observed during
shaking of the vials. In addition, analyses of the parent leach
solutions prior to use showed all elements below <1 ppm,
indicating no contamination from reagents (ESM 1.6).
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Statistical methods

Non-linear relationships in elemental data from LA-ICP-
MS and SEM-EDS analyses were evaluated using Spearman
correlations, median, Mann-Whitney U-tests and element
interrelationships in FeOOH tested by t-Distributed Sto-
chastic Neighbour Embedding (t-SNE; Maaten and Hinton
2008) with Kaiser normalisation (Kaiser 1974). The t-SNE
method is a dimensionality reduction technique similar to
a principal component analysis but designed to be used on
non-normally distributed data. The t-SNE tests were con-
ducted in RStudio with data visualisation with the ‘ggplot2’
package (Wickham 2016), ‘dplyr’ package for data manipu-
lation (Wickham et al. 2023), ‘Rtsne’ package to conduct the
t-SNE test (Krijthe 2015), ‘cluster’ for the cluster analysis
of t-SNE (Maechler et al. 2023) and ‘readx]’ package to read
Excel files (Wickham and Bryan 2023). Sequential leaching
data obtained by ICP-MS and ICP-OES were evaluated by
Pearson correlation and described using their means. Full
details on statistical methods can be found on ESM 1.2.

Results
FeOOH petrography and mineralogy

Textural morphologies of bulk FEOOH samples obtained
from Semenov for this study include chimney, ocherous,
and massive types (Fig. 2; Bishop et al. 2025b). Sample
82 HY 06 comprises an FeOOH crust (82 _HY_06,)
mantled over massive sulphide (82_HY_06y). Poorly crys-
talline FeOOH interpreted as ferrihydrite (Jambor and
Dutrizac 1998) dominates the samples, comprising over
50 vol%, whereas crystalline FeOOH (goethite) accounts
for approximately 8—20 vol%. Minor minerals detected in
multiple samples include atacamite (<1 to ~10%) and its
polymorph paratacamite (~3-4%), barite (~2—4%), aka-
geneite (~3%), quartz (~1-2%), and calcite (<1 to ~2%;
ESM 1.7). Reflective microscopy shows that FeOOH dis-
plays a range of mineral morphologies summarised in
Fig. 2 with a full description of each morphology in ESM
1.8. Sulphide inclusions within FeOOH were used to deter-
mine the FeOOH precursors. For example, FEOOH miner-
als with pyrite inclusions are classified as pyrite derived
FeOOH (py-FeOOH; e.g., Figs. 2H and 3E) and FeOOH
with chalcopyrite or covellite inclusions as chalcopyrite
derived FeOOH (ccp-FeOOH; Fig. 3D). Both py-FeOOH
and ccp-FeOOH are mostly observed in massive sulphide
samples and are defined as early formed FeOOH phases that
still contain relict sulphide precursor, in contrast to FeFOOH
with no sulphide. The latter, typically found in fully oxi-
dised samples, likely exhibit advanced oxidation relative

to py-FeOOH and ccp-FeOOH and are defined as modified
FeOOH. Atacamite occurs as a minor mineral within fully
oxidised FeOOH samples and forms as anhedral crystals,
vein, or euhedral crystals (Figs. 2E and 3E).

Massive sulphide petrography

Massive sulphide samples are predominantly made of
pyrite (>80 vol%), with minor amounts of chalcopyrite,
barite, FeEOOH, and atacamite (<20 vol%), as well as trace
amounts of sphalerite and covellite (Fig. 3). Pyrite displays
four textural morphologies: colloform, porous, euhedral,
and framboidal (Fig. 3F). Chalcopyrite either forms as
inclusions within both euhedral and porous pyrite, or as
anhedral grains within texturally massive veins (Fig. 3D).
Sphalerite occurs as small inclusions (<10 pm) within euhe-
dral and porous pyrite. Covellite typically forms at the rim
or enclosing chalcopyrite (Fig. 3D), indicating its formation
through chalcopyrite oxidation.

Geochemical composition of sulphides and their
weathering products

Sulphides

Laser ablation ICP-MS was used to assess the major and
trace metal composition of different mineral phases. Pyrite
is enriched in As, Mo, Au, and Bi, but depleted in Ag rela-
tive to other sulphides (Table 1; Fig. 4). Elements of inter-
est in this study in pyrite include Cu (median: 0.36 wt%,
max: 5.65 wt%), As (median: 0.40 wt%, max: 2.62 wt%),
Zn (median: 0.12 wt%, max: 1.10 wt%), Ag (median: 0.5
ppm, max: 153 ppm) and Au (median: 0.5 ppm, max: 9.4
ppm; Table 1). Ablation depth profiles in pyrite exhibit
spikes in Cu, Pb and Zn intensity, suggesting the presence
of chalcopyrite, galena, and sphalerite inclusions (Fig. 5).
Elevated Ag generally coincides with elevated Au, Cu, or
Pb (Figs. 5A-C), with weak positive correlations between
Ag and Pb (R=0.41) and Au (R=0.44) implying Ag is pres-
ent in electrum, chalcopyrite, or galena inclusions (ESM
3.2). Flat, consistent intensity profiles suggest Au is hosted
within the pyrite crystal lattice.

Compared to pyrite, chalcopyrite is enriched in the
trace metals Ca, In, and Ag, but depleted in Zn, Co, and As
(Table 1; Fig. 4). Statistical U-tests reveal significant differ-
ences in Ca, Zn, As, Mo, Sb between chalcopyrite and pyrite
(ESM 1.10). Ag in chalcopyrite correlates strongly with Zn
(R=0.82), Sb (R=0.80), Au (R=0.72), and In (R=0.56),
suggesting inclusions of sphalerite, galena, or tetrahedrite
(ESM 3.3). Ablation depth profiles (Fig. 5D) show Fe, Ag,
Bi, Sb, Au, As, and Pb anomalies, indicating sulfosalt inclu-
sions such as tetrahedrite (Johnson et al. 1986).
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Atacamite
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{ Fig. 2 Images and reflected light photomicrographs of FeOOH sam-
ples from Semenov. (A) 94 HY 06: Reddish-brown FeOOH with a
chimney textural morphology from Semenov-4 with Mn-oxide crust
and atacamite. (B) 87_MC _01: Reddish-brown FeOOH with a mas-
sive textural morphology and Mn-oxide crust from Semenov-1. (C)
82 HY _05: Ocherous orange-brown FeOOH from Semenov-5. (D)
102_HY_04: Dark reddish-brown FeOOH with chimney textural mor-
phology from Semenov-4. (E) 102 HY 04: Porous FeOOH I with ata-
camite. (F) 94 HY 06(i): Massive FeOOH I transitioning to FeOOH
IT grains. Relict pyrite within FeOOH (I) (G) 87_MC_01: Relict chal-
copyrite (ccp) in colloform FeOOH IV within FeOOH III. (H) 94
HY 06(ii): Py-FeOOH grain with pyrite inclusions. (I) 82 HY 05:
FeOOH 1I with relict pyrite. (J) 82_HY_06,: Dendritic FeEOOH V
enclosed by FeOOH IV. (K) 82 HY 05: Anhedral, porous FeOOH
VI with FeOOH (IT) (L) 82 _HY_05: Tabular, euhedral FeOOH VII
with FeOOH 1I grains. (M) 82_HY_06,: FeOOH II with pyrite inclu-
sions overlain by FeOOH VIIL. Panels A, C, D and I are modified from
Bishop et al. (2025a)

FeOOH and atacamite

Typically, Py-FeOOH, is enriched in Si, Cu, Zn, As, Mo, In,
Sb, REE and Au compared to pyrite across the dataset, but
depleted in Co, Ag and Bi (Table 1). Relative to chalcopy-
rite, ccp-FeOOH, is enriched in most elements except for
Cu (Table 1). A U-test reveals significant Si, Ca, Fe, Co, Ni,
As, and Ag differences between py-FeOOH (n=6) and ccp-
FeOOH (n=9; ESM 1.10). Correlations in py-FeOOH and
ccp-FeOOH include Cu-Ag (R=0.54) and inverse Cu-Zn
(-0.69), whereas Zn positively correlates with In (0.85) and
Bi(0.57) but negatively with Na (-0.55) and Ca (-0.62; ESM
3.5). Depth profiles of ccp-FeOOH show Cu spikes corre-
late with Ag, suggesting relict Cu-sulphide inclusions (7/9
spots; Fig. 5E). Some py-FeOOH profiles show Au and Ag
concentrations together (e.g., 06iiS5-2), while others show
opposing trends (e.g., 06iiS7-1) or spikes of Au alone (e.g.,
061iS5-6), indicating Au and Ag are not always co-enriched.

The median Cu content of modified FeOOH is 2.86
wt% (Fig. 4C) and correlates positively with Pb (R=0.53),
S (0.45), and In (0.42), but negatively with Na (-0.56).
Zinc is uncorrelated to other elements. Modified FeOOH
are depleted in Au and Ag (median concentration of <0.1
ppm) compared to sulphides and py-FeOOH/ccp-FeOOH
(Fig. 4E and F; Table 1). Calcium correlates with Na (0.68)
and Si (0.80) and inversely with Sb (-0.76), Mo (-0.71), As
(-0.59), and Au (-0.44; ESM 3.4). Generally smooth abla-
tion profiles for Si, Ca, Cu, Zn, Mo, As and Sb in 168/230
spots indicate lattice substitution or even distribution of
adsorbed metals (Fig. 5F; ESM 4). Compared to modified
FeOOH, both py-FeOOH and ccp-FeOOH are depleted in
Si, Cl, Ca, Mn and REE but enriched in Cu, Mo, Ag, Au and
Bi. Statistical U-tests show significant differences in most
elements except Mg, Fe, and Ce (ESM 1.10).

Atacamite is depleted in concentrations of most trace
metals relative to FEOOH and chalcopyrite (Table 1). Abla-
tion depth profiles of most elements (e.g., As, Au, Ag, La,

Sb, Mo) correlate with spikes and jumps of Fe suggest-
ing the presence of FeOOH or possibly Fe-sulphides (e.g.,
01S5-7 and 06FS5-9; ESM 4).

REE concentrations

Rare earth element (REE) concentrations, and particularly
the presence of negative Ce anomalies, can help to trace
interactions of minerals with seawater during seafloor
weathering (De Baar et al. 1985). While FeOOH and ata-
camite are expected to exhibit a partly seawater-like REE
signature (Dekov et al. 2011; Maslennikov et al. 2023),
they may also retain the signature of the sulphide precursor
(ESM 3.6).

Fe-oxyhydroxide are enriched in the sum of rare earth
element concentrations (XREE) compared to pyrite and
chalcopyrite by approximately one or two orders of magni-
tude, respectively (Fig. 4D), and have a negative Ce anomaly
(median of -0.55; Table 1). The REE content in FeOOH has
a weak negative correlation with In (R = -0.49), Sb (-0.36),
S (-0.52) and weak positive correlation with Ca (0.50), Ni
(0.43) and Si (0.41; ESM 3.4). Early formed Py-FeOOH
and ccp-FeOOH are depleted in XREE relative to modified
FeOOH but enriched in LREE compared to their respective
sulphide precursor (Fig. 4D). Atacamite is depleted in REE
elements relative to FEOOH and chalcopyrite and exhibits
negative Ce anomalies with a median of 0.67.

Geochemical data by SEM-EDS

Sample 82 HY 06 (Fig. 3) allows for direct comparison of
precursor massive sulphide (82_HY_06,) with early formed
ccp-FeOOH, py-FeOOH and modified FeOOH from the
oxidised crust (82_HY_06,). Since 82 HY 06, contains
FeOOH too small for LA-ICP-MS, SEM-EDS measure-
ments are used (ESM 3.7). Modified FeOOH (82 _HY 06,)
is enriched in Si, Cu, CI, and Ca but depleted in S, Fe, and
Zn compared to FeOOH in 82_HY_06, (Table 2). A statisti-
cal U-test confirms significant differences in S, Si, Fe, Cu,
Zn, Cl, and Ca composition between modified FeOOH in
82 _HY_06, and unmodified FeOOH in 82_HY_06, (ESM
1.10). Spearman’s correlations show Cu negatively corre-
lates with S (-0.43), Fe (-0.71), and Zn (-0.48), but posi-
tively with Si (0.40), C1 (0.46), and Ca (0.50; ESM 3.8).

Elemental mapping of active sulphide weathering
sites

To assess trace element mobility during the conversion
from sulphide to FeOOH, LA-TOF-ICP-MS elemental
mapping was performed on sample 82_HY 06, (Fig. 6).
At the first site, pyrite oxidation at a redox front is marked
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HIX! 400 pm
P

Atacamite

Fig. 3 Representative images and reflective light photomicrographs
of sulphide samples from the Semenov hydrothermal cluster. (A) 82
HY_06: Comprises of an FeOOH crust with a massive textural mor-
phology and atacamite veins (82_HY_06,) overlying massive sulphide
(82_HY_06,) from Semenov-5. (B) 86_HY_07: Pyrite-dominated
massive sulphide from Semenov-4. (C) 90 HY 04: Barite-rich mas-
sive sulphide with weathered Fe-oxide coatings from Semenov-4. (D)
82_HY_06,: Euhedral pyrite with chalcopyrite inclusions, anhedral,

by brecciation of the pyrite and replacement by FeOOH
(Fig. 6A). Where py-FeOOH is observed within pyrite,
py-FeOOH is enriched in Cd and Cu, but depleted in Ag
relative to pyrite. Gold and Ag exhibit concomitant enrich-
ment at the redox front, particularly on pyrite rims, but are
depleted in FeOOH (Fig. 6D).

At the second site, chalcopyrite oxidation leads to its
replacement by covellite and FeOOH (Fig. 6G). Covellite
shows the highest enrichment in Cu, Au, and Ag among all
the sulphides studied, while sphalerite is most enriched in
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corroded chalcopyrite, and secondary covellite; FeOOH X linked to
chalcopyrite alteration. (E) 82_HY_06,: Porous and euhedral pyrite,
replaced by FeOOH I and brecciated, with atacamite in oxidised areas.
(F) 90_HY_04: Multiple pyrite morphologies (euhedral, framboidal,
porous, colloform) with FeEOOH X replacing framboidal pyrite, along-
side bluish-grey FeOOH IX. Panels A, D and E are modified from
Bishop et al. (2025a)

Cd. Chalcopyrite derived FeOOH forms as pseudomorphs
of chalcopyrite and is enriched in Cd but depleted in Cu,
Ag, and Au relative to its chalcopyrite protolith. Au and Ag
are typically concentrated along chalcopyrite rims and in
covellite.

Sequential leaching experiments

Sequential leaching studies with bulk samples of FeOOH
isolate the compositions of atacamite (leach 2), ferrihydrite
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Table 1 Median values of trace elemental data of sulphide minerals, FeEOOH and atacamite. * Elements obtained by quantitative SEM-EDS. Values
obtained for modified FeOOH exclude py-FeOOH and ccp-FeOOH. The Ce and Eu anomalies (Ce* and Eu*) are calculated as a geometric mean
interpolation after McLennan (1989) using the following formula Ce* = Cey/(Lay x Pry) x 0.5 and Eu* = Euy/(Smy x Gdy) x 0.5. Normalised
values (Xy) obtained from chondrite values after Sun and McDonough (1989) Note, Ce and Eu anomalies were compiled using data above limit

of detection. See ESM 3.6 for full details. < LOD — below detection limit

Primary sulphides Weathering products

Pyrite (n=43) Chalcopyrite (n=18) Py FeOOH (n=6) Ccp FeOOH (n=9) Modified FeOOH (n=215) Atacamite (n=30)
Na® (wt%)  <LOD <LOD 0.16 0.26 0.43 <LOD
Mg® (wt%) <LOD <LOD 0.3 0.34 0.32 <LOD
Si (wt%) <0.1 <0.1 1.9 1.5 3.1 <LOD
S* (wt%) 53.15 34.45 0.15 0.47 0.15 <LOD
CI* (wWt%) <LOD <LOD 0.26 0.19 0.35 15.64
Ca (Wt%) 0.17 0.30 0.14 0.31 0.40 0.01
Fe (wt%) 46.55 30.78 49.63 45.52 47.55 0.72
Cu (Wt%) 0.36 31.20 3.10 4.36 2.84 57.36
Zn (wt%) 0.12 0.02 0.20 0.18 0.12 0.02
Al (ppm) 900 1550 1000 3100 400 50
Mn (ppm) 5 2 6 3 20 <1
Co (ppm) 41 9 7 35 2 3
Ni (ppm) 1 <1 9 2 5 <1
As (ppm) 404 8 976 28 174 11
Mo (ppm) 60 43 346 495 173 40
Ag (ppm) 49 18.5 0.2 25.5 <0.1 <0.1
In (ppm) 1.6 6.7 11.4 9.7 0.1 <0.1
Sb (ppm) 9 2 36 23 8 <1
Au (ppm) 0.5 <0.1 1.3 0.3 <0.1 <0.1
Pb (ppm) 81 26 85 144 26 <1
Bi (ppm) 4.8 0.8 1.0 7.8 <0.1 5
YREE (ppm) 0.1 0.2 1.7 0.7 5.8 0.1
Ce* 0.64 0.85 0.82 0.46 0.41 0.67
Eu* 0.88 N/A 0.86 1.37 0.77 0.80

(leach 3), and goethite (leach 4) to understand metal distri-
bution among these phases and their influence on FeOOH
composition. Leach 1 removes sorbed metals, with >99%
of Cu, Zn, and Fe not sorbed (Fig. 7). Leach 2 effectively
extracts atacamite, indicated by low Fe recovery (0.5% of
total Fe) and high Cu recovery (42.6%). Leach 3 targets fer-
rihydrite and reducible FeEOOH phases, extracting~63% of
Fe and ~38% of Cu. Leach 4 attacks crystalline FeOOH
such as goethite, extracting~12% of Fe and ~6% of Cu
(Fig. 7, ESM 1.11). Leach 2 recovers the most Cu (~2.9
wt%), followed by leach 3 (~1.4 wt%; Fig. 7B). Bulk Cu
content strongly correlates with Cu dissolved in leach 2 (R?
=0.99) and leach 3 (R? = 0.77) but not leach 4 (R? = 0.23).
Leach 3 extracts the most Fe (~30 wt%), followed by leach
4 (~5.8 wt%). Zn is primarily extracted in leach 3 (~57%)
and leach 4 (20%).

t-SNE analysis

To test elemental interrelationships and identify potential
sources modifying FeOOH composition, a t-SNE analy-
sis was performed on FeOOH using the quantitative LA-
ICP-MS spot data. K-means clustering of the t-SNE results

produced five clusters (Fig. 8), with each forming a distinct
grouping, although clusters 3 and 4 partially overlap.

Cluster 1 comprises Mo—As—In—Sb—Pb—Al, while Clus-
ter 2 contains Ca—Na—Si—Mg-Fe. Cluster 3 groups Cu—S—
Cl, Cluster 4 is characterised by Ni and REE, and Cluster 5
by Mn and Co. Because t-SNE is a non-linear dimension-
ality-reduction method, the absolute distances and axes in
the plot have no quantitative meaning; however, the method
reliably identifies local neighbourhood structure, and the
clusters represent distinct elemental associations within the
FeOOH composition.

Discussion
Origin of Fe-oxyhydroxide at Semenov

Previous work after Bishop et al. (2025a) interpreted the
samples of FeOOH in this study as secondary FeOOH (i.e.,
products of sulphide weathering). Petrographic results here
show sulphide grains enclosed within FeOOH (e.g. FeFOOH
I: Fig. 2F; FeOOH II: Fig. 2H; FeOOH 1V: Fig. 2G) and
FeOOH forming as psuedomorphs after pyrite (e.g. FeFOOH
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{ Fig.4 Combined box and violin plots showing the distribution of ele-
ment concentrations in sulphide minerals and their weathering prod-
ucts for (A) Si (Wt%), (B) Zn (wt%), (C) Cu (wt%), (D) REE (ppm),
(E) Ag (ppm) and (F) Au (ppm). The width of the violin reflects the
frequency of values at a given concentration. Lower and upper fences
are the 25th and 75th percentiles, the horizontal black bar in the box
represents the median, the white diamond in the box is the average and
the whiskers beyond the box plot represent the 10th and 90th percen-
tiles. Individual data points are shown as dots. The horizontal black
bar represents the median, and the white dot within the plot shows the
mean. Abbreviations: Ccp — chalcopyrite, Ata — atacamite, Py — pyrite,
C. FeOOH - chalcopyrite-derived FeOOH, P. FeOOH — pyrite-derived
FeOOH

I: Fig. 3E), suggest that instances of FeOOH I, FeOOH 11
and FeOOH 1V are secondary FeOOH. Positive Eu anoma-
lies have been reported in some primary hydrothermal Fe—
Si precipitates (Mills and Elderfield 1995; Dong et al. 2022;
Gini et al. 2024). However, other studies document primary
FeOOH without a Eu anomaly (Hekinian et al. 1993), and
secondary FeOOH formed during sulphide oxidation can
also display positive Eu anomalies (Hu et al. 2022). The
FeOOH analysed in this study shows flat to negative Eu
anomalies. Taken together, these observations demonstrate
that Eu behaviour varies widely in both primary and second-
ary FeOOH, which limits the usefulness of Eu/Eu* or REE
patterns as indicators of formation environment. Instead, the
Si—Fe—(Zn+Cu+Co+Ni)x10 ternary classification of Heki-
nian et al. (1993) is more reliable here: the vast majority
of our analyses plot as Type 2 (consistent with secondary
FeOOH; ESM 1.12). Across all samples, 198 of 215 mea-
surements classify as secondary; exceptions include 87
MC 01 (8/28 Type 1) and 102_HY 04 (9/46 Type 1), where
these phases are more likely primary precipitates. Together,
textures, sulphide relationships, and bulk-chemistry fields
indicate that the FEOOH measured from this study are pre-
dominantly secondary FeOOH.

The mobility and behaviour of metals during
sulphide weathering

Understanding the behaviour of economic metals (e.g.,
Cu, Zn, Au and Ag) during seafloor weathering is critical
to assess whether ageing SMS deposits preserve their eco-
nomic potential. At Semenov, the FeOOH derived from the
oxidation of pyrite and chalcopyrite initially reflect com-
positional inheritance from the sulphide precursor, i.e., py-
FeOOH are enriched in As, Fe, Au and depleted in Ca, Cu
and Ag relative to ccp-FeOOH (ESM 1.9). However, metal
concentrations in FEOOH often deviate from mass balance
expectations. For example, consider pyrite that contains a
median concentration of 0.36 wt% Cu that transforms to py-
FeOOH. During this transformation, approximately 26%
of the original mineral mass is lost. In the absence of Cu
mobilisation, this mass loss alone should concentrate the Cu

to ~0.5 wt%. However, 3.1 wt% Cu is observed, indicating
that additional Cu is captured from external sources. More-
over, metals such as Zn, Mo and Sb show similar concen-
trations in both py-FeOOH and ccp-FeOOH, irrespective
of the concentration of these metals in the sulphide precur-
sor and thus, their concentrations are not inherited solely
from the precursor and may be modified during or post-
formation. The FeOOH identified in this study include early
formed, minimally modified py-FeOOH and ccp-FeOOH,
with visible relict sulphide or visible sulphide association,
and modified FeOOH without relict sulphide or their asso-
ciation in fully oxidised bulk samples (Fig. 2). Relative to
both py-FeOOH and ccp-FeOOH, modified FeOOH are sig-
nificantly enriched in elements such as Si, Cl, Ca and REE,
and depleted in Cu, Zn, Mo, Ag, Sb and Au, indicating a
compositional evolution of FeOOH (Hu et al. 2022).

The t-SNE clustering results support this interpretation
of FeOOH compositional evolution. Cluster 1 is character-
ised by Mo—As—In—Sb—Pb—Al associations. Arsenic, In, Sb,
and Pb are consistent with inheritance from sulphide phases
(Maslennikov et al. 2023). Aluminium concentrations are
lower in FeOOH relative to the sulphide phases and show
no correlation with clay tracers (e.g., Si, Mg, Na, Ca), which
suggests that Al is largely inherited from the sulphide rather
than derived from detrital aluminosilicates. Molybdenum is
enriched in FeOOH relative to primary sulphides and may
reflect seawater Mo scavenged in locally acidic and reduc-
ing microenvironments at the sulphide—seawater reaction
front (thiomolybdate pathways; Erickson and Helz 2000;
Maslennikov et al. 2023). Under oxic, circumneutral condi-
tions, however, molybdate is relatively unreactive and only
weakly adsorbed to FeOOH, preventing progressive Mo
enrichment during continued seawater overprint (Erickson
and Helz 2000; Brinza et al. 2019). Together, these features
indicate that Cluster 1 reflects trace element incorporation
during sulphide oxidation under seawater influence.

Cluster 2 is characterised by Ca-Na-Mg-Si-Fe. The asso-
ciation of Ca, Na and Mg indicates strong seawater influence
(Mendez and Hiemstra 2020; Maslennikov et al. 2023), Fe
is sourced from the oxidation of sulphide precursors rather
than directly from seawater. Silicon does not correlate with
Al (ESM 3.4) that would indicate smectite inclusions, and
LA-ICP-MS depth profiles do not display concurrent Al
spikes, suggesting that detrital clays are not the dominant
source of Si. Silicon can be incorporated at the time of fer-
rihydrite precipitation (Parfitt et al. 1992; Hu et al. 2023) or
alternatively can sorb onto FeOOH surfaces (Davis et al.
2002; Swedlund et al. 2011; Sugiyama and Halevy 2024).
Therefore Cluster 2 most likely records progressive seawa-
ter overprint of FeOOH, in which dissolved silica and major
seawater cations are taken up by or exchanged with FeEOOH
surfaces during continued exposure to seawater.
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{ Fig. 5 LA-ICP-MS ablation depth profiles for sulphides and FeOOH.
(A) Porous pyrite (07S4-4, 86 HY 07): Smooth Co and Fe traces;
jumps in concentration of Cu and Zn indicate chalcopyrite and sphal-
erite inclusions, while Au and Ag spikes suggest electrum OR native
Au. (B) Euhedral pyrite (07S7-3,86_HY 07): Pb-bearing sphalerite or
galena inclusions, with chalcopyrite and Ag spikes; Au trace suggests
lattice substitution in pyrite. (C) Euhedral pyrite (065S6-5, 82 HY _06):
Galena inclusions correlate with Ag spikes; stable Au, Zn, and Cu sug-
gest solid substitution in pyrite. (D) Anhedral chalcopyrite (06S12-4,
82 HY _06): Galena and tetrahedrite inclusions with As, Au, Sb, Bi,
Pb, Ag, and Fe spikes. (E) Ccp-FeOOH (07S6-1, 86 HY 07): Large
Cu sulphide inclusion with correlating Ag. (F) Modified FeOOH
(05S2-2, 82 _HY_05): Smooth elemental profiles, indicating solid sub-
stitution or even adsorption of Fe, Cu, Zn, As, Sb, Pb, Si, Ca, and Ni
in FeFOOH

The Cu—S—Cl association in Cluster 3 suggests a path-
way involving seawater oxidation of Cu-sulphides. The
oxidation of Cu-sulphides may mobilise Cu as Cu-Cl
chloro-complexes (Rose 1976; Hannington 1993) that can
subsequently adsorb onto FeOOH (Moon and Peacock
2012; Chesne and Kim 2014), while co-released sulphur is
oxidised to sulphate (Dileep Kumar 1981) that also read-
ily sorbs onto FeOOH (Namayandeh et al. 2022). Clusters
4 and 5 may result from hydrothermal fluid-seawater mix-
ing (e.g., Roy 1992), precipitating Mn-oxides, or through
hydrogenous Mn-oxide precipitation that associate with Co
and Mn in cluster 5, and Ni and REE in cluster 4 (Elderfield
et al. 1981). Though similar in origin, cluster 5 may also
stem from other processes, such as seawater (REE-Ni) inter-
action with FeOOH or sulphide oxidation (Zn; Maslennikov
et al. 2023). Together, these clusters illustrate the various
inputs to the geochemical composition of FeOOH, from sul-
phide-derived elements to seawater-derived compositions.

In summary, while the sulphide precursor mineral ini-
tially influences FeOOH composition (e.g., Cu, As, Au, Ag),
external inputs also control modified FeOOH composition
(e.g., Ca, Cu, Si, REE). Without knowing the protolith of
modified FeOOH, it is challenging to trace the geochemical
evolution of FeOOH and thus, assess its role as a metal trap
and a potential additional resource in SMS deposits.

The evolution of FFOOH composition
Identifying the sulphide protolith

To trace the sulphide protolith and the geochemical evo-
lution of modified FeOOH, two ternary diagrams were
constructed using LA-ICP-MS data (Fig. 9A and B). Both
py-FeOOH and ccp-FeOOH closely associate with their
protolith (Fig. 9A), with most FeOOH derived from pyrite,
reflecting its dominance in the system (Maslennikov et

al. 2023; Fig. 9C). The majority of modified FeOOH plot
between pyrite and chalcopyrite end-members (Fig. 9A),
suggesting a mixed sulphide composition. Furthermore,
outliers of py-FeOOH and ccp-FeOOH also fall into this
mixed composition field (Fig. 9A) that display similar mor-
phologies with modified FeOOH (Figs. 2 and 3), implying
that their hybrid signature arose through post-formational
modification (e.g., sulphide oxidation). Data reduction
t-SNE analysis of FeOOH indicates that post-formational
modification sources include seawater interaction (Mg-Ca-
Na-Si), elements derived from sulphide oxidation (i.e., Cu-
S-Zn) and precipitation of Mn-oxides (i.e., Co-Mn). This
is further supported by SEM-EDS of 82 HY 06, showing
that relative to py- and ccp-FeOOH, modified FeOOH are
enriched in Cu and seawater elements (i.e., Ca-Si-Mg), but
depleted in other sulphide derived elements (e.g., S and
Zn). Seawater interaction is further evidenced by modified
FeOOH showing an increased negative Ce anomaly rela-
tive to py-FeOOH and ccp-FeOOH. Progressive seawater
modification can be observed on Fig. 9B and D whereby
minimally modified FEOOH occupy areas of low seawater
influence (high As/Ca, Fe/Cu and low Si/Mo), while modi-
fied FeOOH trend towards high seawater modification (i.e.,
high Si/Mo, low As/Ca and Fe/Cu).

These findings suggest FeOOH inherits its initial com-
position from the protolith, but undergoes post-formational
modification, becoming enriched in Na, Mg, Ca, Cl, Si,
REEs, and Cu while progressively depleted in Zn, Sb, Mo,
and As and obscuring the original geochemical inheritance
from the sulphide protolith. At this stage it is unclear if the
lower content of trace metals of the hydrothermal samples
carrying the strongest seawater signature relates to an effec-
tive loss of Zn, Sb, Mo and As to an open system, or a dilu-
tion of the geochemical content of the sulphide weathering
product by addition of seawater-derived elements. As geo-
chemical analysis is weight-normalised, both options are
consistent with the data. Unfortunately, an isocon analysis
(Gresens 1967; Grant 1986) could not be conducted due to a
lack of clear relationship between samples’ stages of altera-
tion successions. However, seawater addition alone can-
not explain the observed enrichment of Cu in FeOOH. The
t-SNE analysis reveals a Cu-CI-S association, potentially
linked to chalcopyrite oxidation or atacamite precipitation,
which may account for the observed Cu enrichment.

The influence of atacamite on the composition of FeOOH
The Cu extracted from ferrihydrite in the leaching experi-

ment has a moderate positive correlation with the quantity
of (par)atacamite in the sample (R>=0.52; Fig. 10A) and
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Table 2 Summary major geochemical data of FeEOOH obtained from 82_HY_06, and 82_HY_ 06, by SEM-EDS showing median concentration.
The first number of sample size for each element (n=X, X) is the measurement number for 82_HY_06, with the latter number the number of

measurements for 82_HY_06,

S (wt%) Si (wt%) Fe (wt%) Cu (Wt%) Zn (Wt%) Cl (wt%) Ca (Wt%)

n=73,174 n=74,174 n=74,174 n=74,172 n=3,119 n=74,167 n=74,73
82_HY_06,(modified FeOOH) 0.29 1.82 46.63 4.78 0.28 0.78 0.24
82_HY_06, 0.58 1.74 49.51 2.52 0.86 0.21 0.10

(recent FeOOH)

the Cu extracted from (par)atacamite (R2=0.69; Fig. 10B).
This correlation suggests that Cu-rich conditions promote
both higher Cu uptake in ferrihydrite and greater (par)ata-
camite abundance. However, this may also reflect (par)ata-
camite dissolution during leach 2, followed by adsorption of
Cu onto ferrihydrite and subsequent release during leach 3
(e.g., Moon and Peacock 2012), which could underestimate
the Cu in (par)atacamite and overestimate it for ferrihydrite.
Regardless, these observations highlight the capacity of
FeOOH to adsorb Cu from low-pH solutions (e.g., pH 4.5 in
leach 2), similar to processes occurring during weathering
of SMS deposits. For instance, during chalcopyrite oxida-
tion, Fe precipitates as FeOOH (Glasby and Schulz 1999)
whereas Cu is mobilised in chloride complexes (Rose 1976;
Hannington 1993). At low pH (e.g., 4.5), (par)atacamite
may precipitate (Sharkey and Lewin 1971); however, Cu
likely migrates in solution through the FeOOH and then
reprecipitate as (par)atacamite upon interaction with seawa-
ter (Hannington 1993). As such, the Cu will instead adsorb
onto FeOOH, enriching it in Cu as well as Cl. This is sup-
ported by t-SNE (Cu—CI-S) analysis and by the higher Cu
and ClI contents in modified FeOOH (82_HY_06,) relative
to minimally modified FeOOH (82_HY 06,). Eventually,
when cuprous chloride complexes mix with seawater, buff-
ering pH, Eh, and CI activity, (par)atacamite precipitates
in voids within FeOOH crust veins (Fig. 3A) or on surfaces
directly exposed to seawater (Fig. 2A; Woods and Garrels
1986; Pollard et al. 1989; Hannington 1993).

These observations highlight the role of FEOOH as a metal
trap, retaining Cu that might otherwise be lost to seawater.
For seafloor exploration, atacamite occurrences likely mark
zones where FeOOH crusts are enriched in Cu, and they
may also point to underlying Cu-rich sulphide mineralisa-
tion. By contrast to ferrihydrite, goethite hosts only~2.5%
of the total Cu (0.11 wt%) in the bulk FeOOH samples and
shows no correlation with atacamite (Fig. 10). This con-
trasts with ferrihydrite, where samples containing abundant
atacamite are associated with higher Cu concentrations,
suggesting that Cu enrichment is primarily associated with
ferrihydrite rather than goethite. As goethite forms through
the crystallisation of ferrihydrite, this transformation may
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lead to Cu and Zn loss to seawater during crystallisation,
thereby reducing the metal tenor of FeOOH at SMS deposits
(Grundl and Delwiche 1993; Blowes et al. 2003; Vu et al.
2013; Sajih et al. 2014).

The crystallisation of ferrihydrite

Sequential leaching studies show that if ferrihydrite fully
crystallises into goethite, the Cu content in FeOOH drops
from 1.4 wt% to 0.11 wt% (92% loss), and the Zn content
decreases from 0.09 wt% to 0.03 wt% (57% loss; Fig. 7).
As such, it would be expected that an increasing proportion
of goethite would correlate with Cu and Zn depletion. How-
ever, correlations between goethite percentage and metal
content in the total FeOOH fraction (leaches 3 and 4) yield
statistically weak relationships, with R? values of 0.11 for Cu
(Fig. 10D) and 0.14 for Zn. These low correlation coefficients
indicate that the proportion of goethite does not reflect the Cu
or Zn content within the FeOOH. Within natural systems, at
an SMS deposit, the metals released during goethite crystal-
lisation may re-adsorb onto adjacent FeOOH phases, thereby
limiting net metal loss from the system despite increasing
goethite formation (Vu et al. 2013). However, since goethite
has lower metal adsorption capacity than ferrihydrite, exten-
sive goethite crystallisation could exceed the system’s abil-
ity to retain released Cu and Zn, ultimately leading to metal
depletion (Sajih et al. 2014; Gorn et al. 2021). The extent of
metal loss would therefore depend on the crystallisation rate
of goethite, available adsorption sites, and local geochemical
conditions. While outside the scope of this study, the rate
of goethite crystallisation is influenced by the adsorption
of Fe**, competition with adsorbed or lattice-bound metals
(e.g., Cu, Zn, As; Tronc et al. 1992; Jambor and Dutrizac
1998), and bacterial interactions (Kennedy et al. 2004).

In summary, although ferrihydrite-to-goethite crystallisa-
tion has the potential to drive substantial Cu and Zn loss,
the weak correlations observed here indicate that goethite
abundance alone does not control metal depletion; instead,
net metal retention is likely buffered by re-adsorption onto
FeOOH and constrained by adsorption capacity and local
geochemical conditions.
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Fig. 6 Semi-quantitative LA-TOF-ICP-MS trace elemental maps Reflective microphotograph image of site 2 with element maps of (H)
for two sites of actively weathering sulphide within 82_HY_06,. (A) Cd, (I) Cu, (K) Ag and (L) Au. (J) illustrates a red-green-blue image
Reflective microphotograph image of site 1 and trace elemental maps for Au, Ag and As respectively to show their correlation. Ccp — chalco-
for (B) Cd, (C) Cu, (E) Ag and (F) Au. (D) shows a red-green-blue pyrite, py — pyrite, sp - sphalerite

image for Au, Ag and Cu respectively to illustrate their correlation. (G)
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Fig. 7 Percentage element leached and concentration of Cu (A, B), Fe
(C, D) and Zn (E, F) in the leaches of the nine samples of secondary
FeOOH from Semenov with the average. The pie chart in the total
concentration depicts the average concentration of the nine samples.
Leach 1 extracts adsorbed metals. Leach 2 dissolved carbonates and
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atacamite. Leach 3 extracts easily reducible Fe-oxide and FeOOH
such as ferrihydrite. Leach 4 targets crystalline phases of Fe-oxides
and FeOOH such as goethite. Note, for average calculation, outliers
are removed
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Fig. 8 t-SNE and k-means clustering analysis on modified FeOOH
measurements (n=205). Five clusters are compiled including; (1) Cu-
S-Cl, (2) Mo-As-In-Pb-Sb-Al, (3) Mn-Co and (4) Na-Ca-Si-Mg-Fe
and (5) REE-Ni-Zn. Measurements of FeOOH in massive sulphide
samples are not included in the t-SNE analysis

Fig. 9 Ternary discrimination diagrams of FeOOH precursors at
Semenov, showing potential sources of post-formational modifica-
tion. Diagrams (A) and (C) depict areas of pyrite (py) and chalcopyrite
(ccp) derived FeOOH, a mixed signature, and possible ZnS modifi-
cation. Diagrams (B) and (D) illustrate the modification of seawater
interaction with FeOOH. (A) and (B) show data from this study, while
(C) and (D) compare with LA-ICP-MS measurements of FeOOH
from Pobeda vent field (Maslennikov et al. 2023). Fe sulphide FeOOH
replaces py-FeOOH, indicating origins from Fe-sulphide (pyrite, pyr-
rhotite, marcasite), and Zn-Fe-FeOOH suggests derivation from Zn-Fe
sulphide (e.g., wurtzite). Bn — bornite, sph — sphalerite. FEOOH with
relict sulphide ablation omitted from diagrams

The fate of Auand Ag

Elevated concentrations of Au and Ag in SMS deposits
may enable their valorisation as by-products of Cu and Zn
extraction (Herzig and Hannington 1995; Hannington et al.
2010). Previous studies have reported native Au occurring
within FeOOH, with FeOOH-dominated bulk samples con-
taining concentration up to 28.4 ppm (Fouquet et al. 1993;
Herzig et al. 1991; Maslennikov et al. 2023). While this
study observes Au enrichment in py-FeOOH (median of 1.3
ppm) and Ag in ccp-FeOOH (25.5 ppm), correlations and
ablation depth profiles show these enrichments are hosted
by sulphide inclusions (Fig. SE). Measurements of FeOOH
with no sulphide inclusions and no spatial association with
sulphide minerals contain median grades of <0.1 ppm Au
and Ag (Fig. 4F). Depletion of Au and Ag in FeOOH can-
not be explained by a Au-Ag-poor sulphide protolith, as sul-
phides in 82 HY 06 and 94 HY 06 (e.g., 06iiS5-7) have
Au and Ag concentrations similar to this study’s median. By
contrast, modified FeOOH in 82 _HY 06, and 94 HY 06
are depleted in both Au and Ag. Combined with the sharp
contrast of Au and Ag between the sulphide phases and
their alteration products (Fig. 12E and L), this suggests
that precious metals are not trapped within FeEOOH phases
during seafloor weathering. The spatial association of Au
and Ag with pyrite and chalcopyrite rims suggests that they
precipitate rapidly at pH/Eh gradients generated where
sulphide-derived acidic fluids mix with seawater at the oxi-
dation front (Fig. 12D and J). As sulphides shrink during
oxidation, Au and Ag remain bound to the sulphide rim.
After complete oxidation, both Au and Ag are absent within
resulting FeOOH, implying mobilisation after complete sul-
phide loss through oxidation.

To understand these observations, it is essential to con-
sider how weathering processes in marine SMS deposits
differ from those in terrestrial massive sulphide environ-
ments. In terrestrial deposits, Au and Ag are mobilised from
oxidising sulphides by acidic meteoric waters (pH<5.5)
as chloride complexes or under near-neutral conditions as
thiosulphate complexes (Webster and Mann 1984). Thio-
sulphate/chloride complexes are transported downward
through weathering profiles and precipitate at redox bound-
aries where oxidised fluids encounter reducing conditions,
such as at the interface between oxidised gossans and under-
lying reduced lithologies (e.g., fresh sulphide; Mann 1984;
Webster and Mann 1984; Yesares et al. 2014). In contrast,
SMS deposits are influenced by seawater, buffering pH to
~8, limiting the development of highly acidic conditions
favourable for efficient Au and Ag mobilisation as chloride
complexes. While initial sulphide oxidation may gener-
ate locally acidic pore fluids capable of forming chloride

@ Springer
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Fig. 10 Bivariate plots illustrat-
ing relationships relevant to Cu
deportment in the samples. (A)
Leached Cu content against the
% amount of (par)atacamite by
quantitative XRD. (B) Leached
Cu content of leach 3 and leach 4
against the leached Cu content of
leach 2. (C) Leached Cu content
against the bulk Cu content of the
sample and. (D) The Cu content
within FeOOH phases (i.e.,
goethite and ferrihydrite) against
the % amount of goethite in the
sample by quantitative XRD
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complexes (Rose 1976; Mann 1984; Hannington 1993),
the buffering capacity of seawater likely restricts sustained
acidic conditions, potentially favouring the formation of
less mobile thiosulphate complexes instead (Webster 1986;
Benedetti and Boulégue 1991).

The absence of Au and Ag in fully oxidised FeOOH
samples at Semenov, despite previous findings of residual
Au in seafloor samples of FeOOH elsewhere (Herzig et al.
1991) may reflect sampling within zones where seawater-
buffered conditions were unsuitable for Au and Ag precipi-
tation, suggesting their mobilisation after complete sulphide
oxidation. The data from this study do not provide definitive
insights into the ligands responsible for Au and Ag remo-
bilisation in SMS deposits. Therefore, the following dis-
cussion explores potential transport mechanisms that may
occur under seawater-dominated conditions and explain the
observations of this study. During the final stages of sulphide
oxidation, seawater dominated, near neutral and oxidising
conditions likely dominate within FeOOH crust pore space.
Under these conditions, intermediate thiosulphate ions pro-
duced by sulphide oxidation (Eq. 1) could mobilise Au or
Ag as thiosulphate complexes (e.g., Eq. 2; Goldhaber 1983;
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Webster 1986). Thiosulphate complexes are stable under
the pH and Eh conditions corresponding to goethite stability
in seawater (Becking et al. 1960; Glasby and Schulz 1999;
ESM 1.13), allowing their coexistence and mobilisation
from FeOOH. Production of thiosulphate ions may also be
facilitated by sulphide oxidising bacteria at hydrothermally
inactive SMS deposits (Schippers et al. 1996; Reith et al.
2007; Sylvan et al. 2012). Thiosulphate complexes have
reduced capacity to adsorb onto goethite relative to chlo-
ride complexes and this may explain the absence of Au (and
likely Ag) within FeOOH phases (Ran et al. 2002).

FeSs (s) + 6Fe*t +3H20 = S,05~ + TFe*T +6H " (1)

4Au + 85,03 + Oa + 2H,0 = 4[Au( 5,027),)*” +40H~ )

The fate of mobilised Au-Ag thiosulphate complexes likely
depends on fluid flow patterns within SMS deposits. In terres-
trial massive sulphide deposits, Au and Ag mobilise through
gravity-driven downward migration of fluids (Mann 1984).
Whereas SMS deposits can experience complex fluid-flow
patterns during their, including hydrothermal convection,
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fracture-controlled circulation, and permeability contrasts
(Rona 1984), although convection ceases once hydrother-
mal activity shuts down. The direction of fluid flow within
the weathering system could determine the decomposition
of thiosulphate complexes and subsequent Au-Ag precipita-
tion (Webster 1986). Upward migration into oxic seawater
or overlying carbonate-rich sediment should lead to thiosul-
phate oxidation and Au-Ag precipitation (Eq. 3; Kalinin et
al. 2019), while downward migration and reduction within
the SMS mound could also result in thiosulphate decompo-
sition and Au-Ag precipitation (Webster 1986).

Au(8,03)3™ 4+ 2.5H50 + 3.7505 = Au (s) + 4502~ + 5H* 3)

While the fate of Au and Ag during sulphide weathering
at SMS deposits remains an open question, the near com-
plete absence of Au and Ag in FeOOH suggests that surface
sampling of oxidised SMS deposits underestimate precious
metal content of underlying sulphide. Moreover, downward
migration of Au and Ag could result is supergene enrich-
ment zones at the FeOOH-sulphide boundary. Future studies
should aim to acquire preserved drill cores of FeOOH and
underlying sulphides, as well as FeOOH-carbonate sedi-
ment interfaces, capturing both oxidised and fresh sulphides
to enable a more detailed analysis of Au and Ag mobilisa-
tion, precipitation and possible supergene processes, partic-
ularly at redox boundaries and pH buffer interfaces.

Model for sulphide weathering, FEOOH formation
and post-formational modification

This study presents a conceptual model illustrating the
mineralogical and geochemical evolution of sulphides and
their weathering products at SMS deposits (Fig. 11). Stage
1 shows primary, unaltered sulphides typical of young SMS
deposits. Stage 2 depicts initial weathering, where chalco-
pyrite oxidises before pyrite (Fig. 3D), likely driven by gal-
vanic interactions (Knight et al. 2018; Fallon et al. 2017;
Mehta and Murr 1983). Chalcopyrite oxidation forms cov-
ellite, with expelled Fe precipitating as ccp-FeOOH and
inheriting chalcopyrite’s geochemical signature. Mobil-
ised Ag becomes enriched in covellite or binds to the grain
boundaries of chalcopyrite. Stage 3 involves pyrite oxida-
tion, forming py-FeOOH, with Au and Ag bound at pyrite
rims. Continued Cu-sulphide oxidation releases Cu®" ions
that are later precipitated as atacamite or incorporated into
FeOOH. In Stage 4, sulphides are fully oxidised. Seawater-
dominated interaction depletes sulphide-derived elements
(e.g., Zn, As, Sb) and enriches seawater-derived elements
(e.g., Na, Si, Ca, REEs). Goethite crystallisation from fer-
rihydrite re-releases Cu and Zn which may adsorb onto
neighbouring FeOOH. Goethite crystallisation may occur

more rapidly in py-FeOOH that contains lower Cu and
higher Fe relative to ccp-FeOOH (Jambor and Dutrizac
1998). By Stage 5, the FeOOH has been modified by contin-
ued seawater interaction and has adsorbed metals released
from nearby oxidising sulphides. This results in a modified
FeOOH phase that obscures the original sulphide-derived
composition. The long-term fate of Cu and Zn beyond this
stage remains unresolved (Fig. 11).

While this model advances our understanding of the
compositional evolution of SMS deposits, several limita-
tions exist. Data on the weathering of other sulphides (e.g.,
sphalerite, marcasite, pyrrhotite) under ambient seawa-
ter conditions is limited, particularly regarding their con-
tribution to FeOOH formation and composition, and the
redistribution of metals such as Zn from Fe-poor phases
(e.g., sphalerite, covellite) during weathering (Firstova et
al. 2016; Lehrmann et al. 2022; Maslennikov et al. 2023).
Some alteration products, such as jarosite and hematite, are
not included due to their absence in our sample set (Herzig
et al. 1991; Dutrieux 2020). Microbial influences including
recently discovered “cable” bacteria forming galvanic cou-
pling, also impact weathering dynamics (Mehta and Murr
1983; Toner et al. 2009; Meysman 2018). The rate of goe-
thite crystallisation and its impact on FeOOH metal content
is also yet to be fully considered. Finally, we have shown
that the fate of Au and Ag during seafloor weathering of
SMS is more complex than previously thought (e.g., Her-
zig et al. 1991). Whether these precious metals are retained
or lost depends on whether fluids migrate downward to the
sulphide-FeOOH boundary or upwards into seawater and
will require sub-surface sampling and more detailed hydro-
dynamic consideration of SMS mounds to solve.

Implications of FEOOH and atacamite as an
additional resource or exploration tool at SMS
deposits

The average Cu content in bulk FeOOH with and without
atacamite observed in this study (4.53 wt%, n=9) and oth-
ers (e.g., Herzig et al. 1991; Melekestseva et al. 2018; Hu
et al. 2022) is comparable to those of volcanogenic mas-
sive sulphide (VMS) deposits (1.10-2.04 wt%; Barrie and
Hannington 1999). Although atacamite comprises only a
minor fraction of our samples compared to FeOOH (typi-
cally<10%), its abundance shows the strongest correlation
with bulk Cu content (R? = 0.99; Fig. 10C) where it also
hosts the majority (60%) of the total Cu, averaging 2.87
wt% (Fig. 7). The presence of atacamite veins demonstrates
mobilisation of Cu-rich fluids, and our leaching experiments
show a positive correlation between atacamite abundance
and Cu content in ferrihydrite (R? = 0.69), indicating that
FeOOH adsorbs Cu from acidic solutions before atacamite
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Fig. 11 Schematic illustration of SMS deposit evolution and associated
geochemical changes. Stage 1: Formation of unoxidised sulphides.
Stage 2: Minor oxidation of chalcopyrite forms covellite and ccp-
FeOOH. Stage 3: Pyrite oxidation forms py-FeOOH, with Cu-sulphide
weathering releasing Cu and enriching FeOOH via adsorption and ata-
camite precipitation. Stage 4: Complete sulphide oxidation drives Au
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and Ag migration, while seawater interaction enriches FeOOH in Na,
Si, Ca, and REEs and depletes sulphide derived Zn, As, Mo, In, Sb and
Pb. Stage 5: Post-formational processes obscure the sulphide protolith,
with ongoing goethite crystallisation releasing Cu and Zn that may
adsorb onto surrounding FeOOH
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Fig. 12 Schematic diagram illustrating Cu-rich FeEOOH deposits and
atacamite mineralisation form by the weathering of Cu-rich sulphide
and may indicate the underlying presence of Cu-rich sulphide in con-
trast to Cu-poor sulphide resulting in the formation of Cu-poor FeOOH
deposits and a lack of atacamite mineralisation

precipitation occurs at higher pH when these fluids mix
with seawater. Therefore, atacamite mineralisation may
mark zones where Cu-rich fluids have migrated through
the FeOOH crust, enriching the FeOOH in Cu prior to ata-
camite precipitation. Although not guaranteed to indicate
fresh sulphide below, atacamite marks Cu-rich areas worth
focusing on for exploring ageing, weathered SMS depos-
its (Fig. 12). Zinc content in bulk FeOOH is low (average
of 0.16 wt%), but other SMS deposits, such as Yuhuang-1
(1.37 wt% Zn; Hu et al. 2022), show comparable Zn levels
to VMS deposits (1.82—5.63 wt%; Barrie and Hannington
1999). Sequential leaching also demonstrates Zn is better
retained than Cu during goethite crystallisation, losing only
57.0% Zn compared to 91.7% for Cu. As such, older SMS
deposits may retain Zn-rich goethite.

In summary, samples of FeOOH and atacamite at
Semenov exhibit Cu and occasionally Zn grades compara-
ble to those found at VMS deposits; however, this compari-
son serves only as a benchmark and does not imply resource
potential. The economic potential of FeOOH and atacamite
remains uncertain due to limited knowledge of their grade
and tonnage at SMS deposits. Nonetheless, atacamite may
also serve as an exploration tool, providing targets for Cu-
rich FeOOH and as a possible indicator for underlying Cu-
rich massive sulphide.

Summary and conclusions

This study examined both minimally modified FeOOH in
actively oxidising sulphide and modified FeOOH in fully
oxidised sulphide to track their geochemical evolution. Ini-
tially, FeEOOH inherits the elemental signature of its sulphide
precursor, but progressive seawater interaction later depletes
sulphide-derived elements (e.g., As, Sb) while enriching it
with seawater-derived elements (e.g., Si, Ca, REEs). As sul-
phides oxidise, economic metals like Cu are released and
adsorbed onto FeOOH, enriching it in Cu before (par)ata-
camite precipitation. The mineralisation of (par)atacamite
can be used for a dual purpose: as a possible exploration
tool for underlying Cu-rich massive sulphide and to high-
light surrounding Cu-rich oxidised FeOOH crust. Although
our data indicates that ferrihydrite crystallisation to goethite
may lower metal tenor (with losses of 91.7% Cu and 57.0%
Zn from ferrihydrite), goethite crystallisation may not be
extensive and the released Cu and Zn may re-adsorb onto
adjacent FeOOH phases, potentially limiting metal loss at
the deposit scale.

In contrast to the behaviours of Cu and Zn, LA-TOF-
ICP-MS reveal that Au and Ag are bound to sulphide rims
during oxidation and occur only at low concentrations in
both FeOOH and atacamite. While the fate of these precious
metals after complete sulphide oxidation remains an open
question, we propose that Au and Ag may be mobilised via
thiosulphate complexes to either seawater, FeOOH-carbon-
ate sediment boundary or to the FeOOH-sulphide bound-
ary deeper within the SMS mound. If the latter occurs,
our data predict Au and Ag supergene enrichment at these
boundaries.

Our schematic model summarises the geochemical evo-
lution of SMS deposits, highlighting seafloor FEOOH crusts
as long-term base metal traps, acting as a ‘marine gos-
san’. These findings imply that older, extinct, off-axis SMS
deposits may still host economic metals locked within their
alteration products. Consequently, our research not only
advances the understanding of metal mobility during sul-
phide oxidation and the geochemical evolution of FeOOH
but also provides a basis for the exploration of SMS depos-
its off-axis. Further research is needed on the fate of Au and
Ag, goethite recrystallisation kinetics, tonnage estimates of
weathering products, and processing methods for FeOOH
and atacamite to fully assess their resource potential.
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