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Abstract

The Cheoeum vent field (CVF) is the first example of an inactive ultramafic-hosted seafloor massive sulphide (SMS) deposit
identified in the middle part of the Central Indian Ridge. Here, we report on the detailed mineralogy and geochemistry of
ultramafic-hosted sulphide sample atop a chimney, together with a few small fragments. Hydrothermal chimneys are
characterised by high concentrations of Au (up to 17.8 ppm) and Sn (up to 1720 ppm). The sulphide mineralisation in the
CVF shows (1) early precipitation of anhedral sphalerite and pyrite—marcasite aggregates under relatively low-temperature (<
250 °C) fluid conditions; (2) intensive deposition of subhedral pyrrhotite, isocubanite, chalcopyrite, Fe-rich sphalerite (Sp-I1I),
and electrum from high-temperature (250-365 °C) and reduced fluids in the main mineralisation stage; and (3) a seawater
alteration stage distinguished by the mineral assemblage of marcasite pseudomorphs, altered isocubanite phase, covellite,
amorphous silica, and Fe-oxyhydroxides. Electrum (<2 pm in size) is the principal form of Au mineralisation and is mainly
associated with the main mineralisation stage. The consistently high fineness of electrum (801 to 909%o) is indicative of the
selective saturation of Au over Ag in the fluid during high-temperature mineralisation, which differs from the Au mineralisation
associated with typical basaltic-hosted hydrothermal systems on mid-ocean ridges. Tin is mainly substituted in structures of
sphalerite, isocubanite, and chalcopyrite as a solid solution, and not as mineral inclusions. The continuously ascending hydro-
thermal fluids enable the early formed Sn-bearing sulphide to be dissolved and reprecipitated, producing significantly Sn-
enriched replacement boundaries between isocubanite and Sp-III. This study suggests that Au—Sn mineralisation could be
facilitated by the low redox potential of ultramafic-hosted hydrothermal systems such as in the CVF, which may be a common
occurrence along slow-spreading mid-ocean ridges.
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Introduction

Seafloor massive sulphide (SMS) deposits distributed along
mid-ocean ridges (MORs) are generally discriminated by their
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mineralogical and geochemical features, according to differ-
ent types of ridges formed by different spreading rates
(Mozgova et al. 2008; Hannington et al. 2010; Nayak et al.
2014; Wang et al. 2014). Compared with fast-spreading
ridges, the deeply penetrating faults at slow to intermediate
spreading ridges result in more heterogeneous substrates (i.e.
lower crustal and upper mantle rocks) and allow the circula-
tion of hydrothermal fluids down to much greater depths
(McCaig et al. 2007; Escartin et al. 2008). These differences
ultimately influence the composition of hydrothermal fluids
expelled on the seafloor due to variable fluid—rock interactions
(Allen and Seyfried 2003; Hannington et al. 2005). Notably,
hydrothermal fluids circulating through ultramafic rocks are
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responsible for the production of H, and CH, that result in
highly reducing conditions, thereby providing a more suitable
formation environment for reduced sulphide assemblages,
such as pyrrhotite—isocubanite—Fe-rich sphalerite (Charlou
et al. 2002, 2010; Nakamura et al. 2009).

Unlike the slow-spreading Mid-Atlantic Ridge (MAR), a
small number of SMS deposits (MESO, Edmond, DoDo,
Solitaire, Kairei, and Yokoniwa) have been reported along
the Central Indian Ridge (CIR) (Halbach et al. 1998; Gamo
etal. 2001; Van Dover et al. 2001; Nakamura et al. 2012; Fujii
et al. 2016). These are all located in the southern part of the
CIR (20-25° S) between the Marie Celeste Fracture Zone and
Rodriguez Triple Junction. The mineralisation types and hy-
drothermal processes have been described for a few vent sites
along the CIR, but ultramafic-hosted mineralisation is restrict-
ed to the Kairei field (Miinch et al. 1999; Wang et al. 2014;
Wu et al. 2016).

The Korea Institute of Ocean Science & Technology
(KIOST) has carried out exploration for deep-sea mineral re-
sources along the middle part of the CIR (MCIR; 8-18° S; ~
700 km of ridge length) over twelve cruises since 2010. We
conducted high-resolution mapping, plume survey, and geo-
logical sampling in order to trace the seafloor hydrothermal
system (Son et al. 2014; Pak et al. 2017). A total of 11
ultramafic-hosted dome-like structures (oceanic core com-
plexes; OCCs) were recognised throughout the survey areas,
and all but one of the OCCs commonly show hydrothermal
plume signatures (Pak et al. 2017). In OCC 4-1 (12.4° S)
where methane represent the highest content (42.3 nmol/l) in
the MCIR, a new hydrothermal vent field, the Cheoeum vent
field (CVF), was discovered by deep-towed camera (Fig. 1).
Sulfide deposits with an ultramafic affinity typically display
elevated concentrations of Cu, Zn, Au, Ni, Co, and Sn
(Fouquet et al. 2010; Hannington et al. 2010; Firstova et al.
2016; Knight et al. 2018). In particular, large enrichments of
Sn are unique to ultramafic-hosted SMS deposits, when com-
pared with mid-ocean ridge basalt (MORB)-hosted sulphide
deposits or those from volcanic arcs (de Ronde et al. 2005;
Hannington et al. 2005; Maslennikov et al. 2017;
Melekestseva et al. 2017). This might be an enigmatic aspect
because Sn typically behaves as a highly incompatible ele-
ment during igneous processes (Jochum et al. 1993;
Badullovich et al. 2017).

Only a few studies have investigated the geochemistry and
origin of Sn-bearing deep-sea hydrothermal deposits along
MORs; gold-rich and Sn-bearing hydrothermal deposits
hosted in ultramafic rocks along the MAR have been docu-
mented (Evrard et al. 2015; Firstova et al. 2016; Dekov et al.
2018), but little is known about the mineralogical and geo-
chemical features of Au and Sn mineralisation along the CIR
associated with ultramafic rocks.

A unique aspect of the CVF is that it is one of the few
ultramafic-hosted hydrothermal deposits in the CIR that has
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high grades of both Au and Sn. The aims of our study, there-
fore, were to document the nature of hydrothermal
mineralisation in the CVF and understand the ore-forming
processes in the ultramafic-hosted environment. This study
thus provides new insights into the first example of Au—Sn
mineralisation along the MCIR.

Geological setting and samples

The CIR is located between the Carlsberg Ridge and
Rodriguez Triple Junction (25° 30" S, 70° 06’ E), extending
~2000 km from 3° N to 25° S (Fig. 1a). It has a slow to
intermediate spreading rate (34—55 mm/year) and commonly
has a rough and deep axial valley morphology similar to the
MAR (DeMets et al. 1990, 1994; Escartin et al. 2008). The
individual segments of the CIR are cut by transform faults and
nontransform discontinuities (NTD), with lengths varying be-
tween a few and several tens of kilometres (Miinch et al.
1999). Pak et al. (2017) categorised six first-order segments
and seven second-order segments along the MCIR (8-18° S).
They showed that the MCIR is a slow-spreading ridge with
average full spreading rates from 33.7 to 45.1 mm/year, with
most areas (~ 96%) undergoing asymmetric accretion. A total
of 11 OCCs are observed in these asymmetrical spreading
centres. A systematic hydrothermal plume survey showed that
most OCCs (~91%) in this area are commonly associated
with hydrothermal activity, which is evident from high meth-
ane concentrations, oxidation-reduction potential (ORP)
anomalies, and variations in nephelometric turbidity units
(ANTUs) (Son et al. 2014; Pak et al. 2017).

Our study area is in segment 4 (12.0-13.3° S) of the MCIR,
which is located north of the Argo fracture zone (Pak et al.
2017). Three OCCs (OCC 4-1, 4-2, and 4-3) occur in this
segment that is subdivided into segments 4—-1 and 4-2 by
NTD 4-1 (Fig. 1a). OCC 4-1 and 4-2 are topographically
linked to NTD 4-1, and OCC 4-3 are located at the corner
of segment 4-2 and the Argo fracture zone. The CVF hydro-
thermal vent site, with dimensions of 650 x 350 m at a depth
0of ~3000 m, is hosted in OCC 41, from which we recovered
Au- and Sn-rich hydrothermal sulphide with mantle-derived
rocks by dredging (Fig. 1b).

The hydrothermal vents (chimneys) in the CVF are mostly
inactive, although weakly diffusing fluids emanating from
some mound structure are intermittently observed (Fig. 2).
Most chimneys are up to ~1 m high and are covered with
Fe-oxyhydroxides (Fig. 2a). Fewer chimneys are >2 m high
and merge with each other (Fig. 2b). Short chimneys (< 50 cm
high) with a single spire are often coalesced into a cluster
without an underlying mound structure (Fig. 2¢). By contrast,
large chimneys sit on mounds covered by fallen spires (Fig.
2d). Most areas are covered with metalliferous sediments of
various colours (Fig. 2e, ). The evidence of life, such as vent
fauna and bacteria mats, is not identified in the CVF, but some
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Fig. 1 a Regional bathymetric map of the 4th segment of the middle part
of Central Indian Ridge. The location of the Cheoeum vent field is
marked by a yellow star, where hydrothermal samples were collected
along with mantle rocks. Dotted black lines represent the fracture
zones. The inset (online data from GeoMapAPP: www.geomapapp.org)
shows the study area with major tectonic boundaries in the Indian Ocean.

debris of seashell is intermittently observed on the surface of
some mound structures (Fig. 2). This would suggest that the
CVF is in the waning stages of hydrothermal activity.

Analytical methods

Mineral identification and textural interpretation of
polymetallic sulphide were undertaken with an optical micro-
scope and X-ray diffractometer (XRD) at KIOST, Busan,
South Korea. XRD analysis was undertaken with a
Panalytical X Pert-PRO diffractometer with CuK«x radiation
generated at 40 kV and 30 mA. The XRD patterns were re-
corded over a 20 range from 5 to 65°, with a 0.02° step size at
a scan rate of 3°/min (ESM 1 Fig. S1). Bulk chemical analyses
were performed on selected mineralised samples at Actlabs
(Ancaster, Ontario, Canada) using the “Au—Ag Fire Assay”,
“4-Acid Digestion (Code 8 ICP-OES)”, and “Peroxide Fusion
Package (Ultratrace 7)”.

Quantitative analyses of individual minerals were carried
out with a JEOL JXA-8530F electron probe microanalyzer
(EPMA) by wavelength dispersive spectrometry (WDS) at
Gyeongsang National University, Jinju, South Korea. The
analyses were performed under the following conditions ac-
celerating voltage of 15 Kv, beam current of 10 nA, and elec-
tron beam diameter of 5 um, except for Au (1 pm). Natural
mineral and synthetic standards and Aztec software using
ZAF corrections were used for data calibration. Each spot

12°00'S

b Detailed distribution of hydrothermal vents in the CVF at the 12.4°S
oceanic core complex (OCC). Abbreviations: CR = Carlsberg Ridge;
MCFZ = Marie Celeste Fracture Zone; NTD = Non-transform
discontinuities; RTJ = Rodriguez Triple Junction; SEIR = Southeast
Indian Ridge; SWIR = Southwest Indian Ridge

analysed by EPMA was marked on a back-scattered electron
(BSE) image for subsequent trace element analysis of the
same mineral grain by laser ablation inductively coupled plas-
ma mass spectrometry (LA-ICP-MS).

LA-ICP-MS analysis was carried out using a 193-nm
excimer laser ablation system (ESI NWR 193, USA) coupled
to an Agilent 7700 quadrupole ICP-MS, at KIOST. Laser
ablation was conducted with a beam diameter of 30 to
50 pum, according to the mineral grain size, 10-Hz laser pulse
rate, and 5 J/em? laser energy. The following isotopes were
measured: >>Mn, >’Fe, >°Co, °°Ni, Cu, °°Zn, *°Ga, "*Ge,
75ps, 77Se, %Mo, '®Ag, 11lCd, 18sn, 121sh, 182w, 197Ay,
205T], and 2%*Pb. The total analysis time for each spot was
80 s, comprising 30 s of background measurement followed
by 50 s of sample ablation. The external calibration was per-
formed using STDGL3 (Belousov et al. 2014). The MASS-1
sulphide reference material (also known as PS-1; Wilson et al.
2002) was analysed as an unknown sample to assess data
quality (ESM 2 Table S1). Iron, Cu, and Zn determined by
EPMA were used as internal standards for quantification of
marcasite—pyrrhotite, isocubanite, and sphalerite, respective-
ly. The Ga concentration was calculated using MASS-1 as a
primary standard because STDGL3 does not contain Ga. Data
reduction was carried out using Iolite software (Paton et al.
2011). The entire dataset is reported in ESM 2 Table S2.

LA-ICP-MS elemental mapping was performed by ablat-
ing sets of parallel line rasters in a grid across the sample. The
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Fig. 2 Photographs of the
Cheoeum vent field from the
deep-sea camera survey. a
Example of a dominant inactive
chimney, which are commonly up
to ~ 1 m in height. b Chimneys
that are >2 m in height and
merged with each other. ¢ Small
chimney cluster with no mound
structure. d Fallen spires around a
large chimney. e Black-coloured
metalliferous sediments near a
collapsed chimney. f Mound
structure that is <5 m in diameter
covered with Fe—oxyhydroxides.
All scale bars are 50 cm in length

lines were ablated with a beam size of § or 15 pm (depending
on the target area). The spacing between the lines and scan
speed were kept constant to match the laser spot size. A laser
frequency of 10 Hz was used at a constant laser energy of 5 J/
cm?. The acquisition time for most elements was set to 0.02 s,
but the major elements (Fe, Cu, and Zn) were measured for
0.01 s. Images were compiled and processed using Iolite soft-
ware developed by WaveMetrics (Paton et al. 2011).

A FEI Quanta 3D FEG (Field Emission Gun) was used to
prepare cross-sectional samples for field emission—
transmission electron microscopy (FE-TEM) at the Korea
Basic Science Institute (KBSI), Daejeon, South Korea.
Before the specimen was sectioned, the surface morphology
was examined by scanning electron microscopy (SEM). TEM
foils with a size of ca. 7 x 5 x 0.1 um were mounted on a Mo
grid. A FE-TEM equipped with energy dispersive spectrom-
eters (EDS) was used to identify the mode of occurrence of
trace elements (especially Sn) at high-resolution (i.e.
nanoinclusions versus solid solution) at KBSI. The high-
resolution TEM (HR-TEM) images, scanning TEM (STEM)
images, fast Fourier transform (FFT) patterns, and EDS
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spectra were acquired with a JEOL JEM-2100F operated at
200 kV.

Results
Hydrothermal specimens

Mafic and ultramafic rocks collected with the chimney sam-
ples include harzburgite, microgabbro, pegmatitic gabbro,
gabbro, and basalt, showing variable degrees of
serpentinisation and alteration. These rocks represent the ex-
humed lower oceanic crust and mantle at OCC 4-1
(Fig. 3a, b). The top part of a typical chimney (e.g. IR
110208-12) is characterised by a bimodal distribution with
respect to Zn- and Cu-bearing minerals (Fig. 3c¢). Wherein
the exterior zone is composed mostly of Zn-sulphides, and
the proportion of Cu-sulphides increases towards the interior
zone (Table 1). Fe-oxyhydroxides cover the outermost surface
where a few vent conduits of variable scales (<1 cm) are
locally filled with amorphous silica (Fig. 3d). Small chimney
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Table 1 Mineral abundances of
hydrothermal chimney samples Sample ID Formula IR 110208-12 IR 110208-12 IR 110208 IR 110208
collected from the Cheoeum vent (exterior) (interior) -13 -1A
field Type Zn-rich Zn-Cu-rich Zn-rich Zn-rich
Pyrite/marcasite FeS, + ++ + +
Sphalerite ZnS +++ +++ 4+ ++
Isocubanite CuFe,S; + ++ + tr
Pyrrhotite FeS + ++ + tr
Chalcopyrite CuFeS, + ++ + +
Galena PbS tr tr tr
Electrum (Au, Ag) tr + tr
Altered isocubanite phase ~ CuyFesSs  tr ++ tr
Covellite CuS + +
Fe-oxyhydroxides FeOOH + ++ ++ +
Amorphous silica SiO, ++ ++ ++ ++

tr trace, + minor, ++ common, +++ abundant

fragments (e.g. IR 110208-13 and IR 110208-1A) also have
Zn-dominant assemblages, but no mineral zonation (Fig.
3e, f). Their matrix commonly exhibits a highly porous and/
or fragile texture, in which amorphous silica has been precip-
itated along fracture zones or cavities. All of the sulphide
samples consistently represent Zn-rich compositions and do
not contain any of the sulphate minerals that are commonly
found in MORB-hosted SMS deposits. We selected IR
110208-12 as a typical chimney sample to conduct detailed
mineralogical and geochemical analyses because it has well-
preserved mineralogical zonation from the exterior to the in-
terior of the chimney.

Sulphide mineralogy

Hydrothermal chimneys of the CVF are composed mainly of
sphalerite, pyrrhotite, isocubanite, chalcopyrite, and pyrite
and/or marcasite, and lack sulphates such as anhydrite/
gypsum and barite (Table 1). This mineral assemblage is con-
sistent with those of other ultramafic-hosted submarine sul-
phide from MORs (Mozgova et al. 2008; Fouquet et al. 2010;
Melekestseva et al. 2014; Wang et al. 2014). Regarding the
mode and texture of the sulphide minerals, the exterior zone of
typical chimney IR 110208-12 (Fig. 4a) is characterised by
dominant sphalerite that exhibits two distinct textures,
colloform and massive. The colloform sphalerite (Sp-I) is gen-
erally intergrown with pyrite at the outermost surface of the
chimney (Fig. 4b). This mineral assemblage is commonly
considered to form during the incipient stages of chimney
growth (Melekestseva et al. 2014; Wohlgemuth-
Ueberwasser et al. 2015). Dissolution and reprecipitation
and/or continuous overgrowth of sphalerite are frequently ob-
served towards the inner zone of the chimney, resulting in
sphalerite being more massive (Sp-II) (Fig. 4c). BSE images
show submicron-sized galena inclusions irregularly distribut-
ed in both Sp-I and Sp-II (Fig. 4b, c). Subhedral marcasite

(Mrc-I) and/or pyrite occur along the grain boundaries of
Sp-1I (Fig. 4c, d). Minor amounts of pyrrhotite+isocubanite+
chalcopyrite have locally developed concentric intergrowths
around the contact between the exterior and interior parts of
the chimney, indicating simultaneous deposition with Sp-I1I
under metastable fluid conditions (Fig. 4e). These minerals
are anhedral and/or form small grains mostly < 10 um in size.
In the interior part of the chimney, isocubanite and chalcopy-
rite are more abundant than in the exterior part, likely as a
result of high-temperature mineralisation (Fig. 4f). These min-
eralogical differences correspond to bulk chemical composi-
tions, with higher Cu and Fe contents in the interior than in the
exterior (Table 2). Prismatic marcasite (Mrc-1I) mantling relic
pyrrhotite is commonly replaced by isocubanite with chalco-
pyrite exsolution, indicating that the Cu-sulphides postdate
pyrrhotite formation (Fig. 4f, g). In some sections, isocubanite
has 120° grain boundaries indicative of recrystallisation (Fig.
4h). Chalcopyrite was principally observed as exsolution la-
mellae within isocubanite, but with little discrete grain (Fig.
4g, h). Main-stage sphalerite (Sp-III) replaced the previously
formed minerals after deposition of the Cu-sulphides
(Fig. 4f-).

Covellite, Fe-oxyhydroxides and amorphous silica re-
placing the early-formed sulphide are commonly observed
regardless of the exterior and interior part of the chimney
(Fig. 4b—k). This reflects that seawater alteration exten-
sively occurred throughout the chimney following high-
temperature mineralisation (Fig. 5). Isocubanite often
shows the altered phase having a grainy texture and
darker colour along fracture zones in the isocubanite, or
at the grain boundaries of Mrc-II (Fig. 4f, h). This altered
phase (Aip) has a stoichiometric composition close to
Cu,FesSs, similar to Y-phase suggested by Mozgova
et al. (2005). Micron-sized voids are often filled with
covellite and Fe-oxyhydroxides (commonly goethite)
along the grain boundaries between pyrrhotite and Mrc-
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Fig. 3 Photographs of the
collected hydrothermal chimneys
and ultramafic rocks. a—b
Serpentinised ultramafic rocks
recovered with the chimney
samples. ¢ Top of a hydrothermal
chimney (IR 110208-12) charac-
terized by a bimodal distribution
of Zn-Cu-minerals from the exte-
rior to inner zone. d A number of
vent conduits (white arrows) that
are < 1 cm in diameter observed
on the outermost surface of c. e
Small Zn-rich chimney fragment
(IR 110208-13) with a porous
texture, where amorphous silica is
infilling along fractures. f Small
Zn-rich chimney fragments (IR
110208-1A) similar to those in e

I (Fig. 4f=k). Next, Mrc-II appears to transform into a
needle-shaped form by coupled dissolution and
reprecipitation (Fig. 4j). The amorphous silica found at
the boundaries of all the early formed sulphide might be
expected for hydrothermal fluid experiencing drastic
changes in temperature and redox conditions (Fig. 4f—k).

More than 100 grains of electrum (El) were identified in 11
polished thin sections, which typically have a rounded shape
and are <2 pm in diameter (Fig. 6). Although some electrum
is associated with Sp-II at the contact between the exterior and
interior zones of the chimney (Fig. 6a), most electrum has a
close relationship with the high-temperature pyrrhotite—
isocubanite—chalcopyrite—Sp-III mineral assemblage and
thus is confined to the interior of the chimney sample
(Fig. 6b—d). Most electrum occurs as inclusions in Sp-
ITI, followed by isocubanite and chalcopyrite (Fig.
6e, f). This is consistent with the bulk chemistry, which
shows Au enrichment towards the interior of the sample
(Table 2). Furthermore, electrum was commonly seen
precipitated along Sn-rich zones, as determined by
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EPMA (Fig. 6b—e). Some electrums occur close to grain
boundaries between Aip and Sp-III, but Aip does not
contain any electrum (Fig. 6g). This suggests that Au
mineralisation occurred prior to the transformation of
isocubanite to Aip. In rare cases, isolated electrum
grains are enclosed by amorphous silica surrounding
Sp-1II (Fig. 6h).

Tin-rich bands are closely related to sphalerite in both the
exterior and interior parts of the chimney, but their distribution
is somewhat different in each part when BSE images are
viewed (Fig. 7). For example, in the exterior of the chimney,
Sn-rich bands are mainly associated with growth boundaries
of Sp-II, which may be indicative of Sn enrichment by zone
refining (Fig. 7a). Conversely, relatively thick Sn-rich bands
are confined to the replacement boundaries between
isocubanite with chalcopyrite exsolution and Sp-III in the in-
terior part of the chimney (Fig. 7b—d); Sn-rich bands are more
common in the chimney interior. Tin-bearing minerals are
notably absent in all the studied samples, despite the signifi-
cant enrichments in this element (Table 2). Focused ion beam
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Table 2  Bulk chemical compositions of hydrothermal chimney samples collected from the Cheoeum vent field

Sample No. IR 110208-12 IR 110208-1A IR 110208-13
Al A2 A3 A4 A5 A6 A7 Bl C1 C2
Major sulphides Sp-1+ Sp-II + Mre-I/Py += Gn Sp-1l+Po +Icb + Cep Sp-III + Po +Icb + Cep + Aip + Mrc-II Sp+Mrc/Py  Sp + Mrc/Py
Cu (wt.%) 0.95 1.04 1.75 1.87 3.47 3.47 2.86 0.33 0.34 0.38
Zn 39.9 40.5 23.9 384 30 16.9 27.9 50.1 33 50.1
Fe 11.6 11.7 16.9 11.7 19.4 227 20.2 10.1 7.2 10.4
Pb 0.16 0.22 0.05 0.11 0.08 0.05 0.09 0.07 0.10 0.06
Si 6.88 5.79 9.08 9.20 7.20 6.25 8.05 2.69 14.9 223
Au (ppm) 4 5 7.58 10.1 17.8 10.9 6.67 3.49 3.73 5.06
Ag 79 116 5.50 54.6 16 57 86 69.2 141 82.4
Sn 1250 1320 1090 1720 1330 801 1430 1180 870 1480
In 0.20 0.20 2 4.80 <02 <02 <0.2 3 1.90 4
Ga 104 107 88 138 109 70.3 112 162 89 187
As 201 260 95 125 111 101 199 169 149 138
Sb 102 115 43.6 83.2 96 54 104 102 574 129
Co 14.5 8.50 18 10 16.9 25.9 15.6 30 23 32
Se 8.60 9.90 20 20 8.30 5.70 8.70 30 20 30
Ba 4 8 <3 5 5 3 6 <3 <3 <3

Al to A2, exterior zone; A3 to A4, boundary between the exterior and interior zones; A5 to A7, interior zone; B1, interior zone; C1, fracture zone; C2,

interior zone

Aip Altered isocubanite phase, Ams amorphous silica; Ccp chalcopyrite; Cv covellite; Fe-ox Fe—oxyhydroxides; Gn galena; Icb isocubanite; Mrc

marcasite; Po pyrrhotite; Py pyrite; Sp sphalerite

slices (FIB) for FE-TEM investigation were then sampled
from the Sn-rich bands (Fig. 7).

Bulk chemistry

All samples have Zn concentrations that are much
higher than those of Cu and Pb, and plot in the
sediment-free MOR field (Fig. 8a). To obtain a better
understanding of the distribution of metals, we system-
atically subsampled a typical chimney (IR110208-12)
that is characterised by mineralogical zonation from
the exterior (Al and A2) to interior part (A5, A6, and
A7) (Fig. 4a). The highest Zn (40.5 wt.%) and Pb con-
tents (0.22 wt.%) are observed in the exterior part,
while Cu (up to 3.47 wt.%) and Fe (up to 22.7 wt.%)
are more concentrated in the interior part (Table 2).
Enrichments of Au (up to 17.8 ppm) and Sn (up to
1720 ppm) are prominent features (Table 2). Gold con-
centrations generally tend to increase towards the interi-
or part and are positively correlated with Cu (R2cuau=
0.60), indicating that Au deposition may have occurred
at high-temperature conditions (Fig. 8b). Unlike Au, Sn
has uniformly high concentrations (mostly > 1000 ppm)
in the entire sample and positively correlates with Zn
(R*,, sn=0.51) (Fig. 8c). Although the contact (A3 and
A4) between the exterior and interior part of the chim-
ney reflects a mixed composition of both areas due to

the thin boundaries, the highest Sn content is observed
in A4 (Table 2).

Ultramafic-hosted sulphide at MORs appear to have a
distinct geochemical composition when compared with
MORB-hosted sulphide. High (Cu+ Zn)/Fe ratios (com-
monly >1) and Au-Sn enrichments are characteristics
of ultramafic-hosted sulphide (Fig. 8d, e¢). Although
Ag contents do not show any relationship with the host
rock lithology, high Au/Ag ratios are mainly confined
to ultramafic-hosted sulphide (Fig. 8f). Compared with
sulphide from MORs, those at intraoceanic arcs (e.g.
Kermadec and Izu-Bonin) are commonly enriched in
Au and Ag but show low (Cu+Zn)/Fe ratios (Fig.
8d-f).

Mineral chemistry
Sphalerite

Sphalerite has diverse compositional variations in the
different mineralisation stages (ESM 2 Table S3), with
FeS content ranging from 6.9 to 42.5 mol% (ESM 1
Fig. S2). First-generation sphalerite (Sp-I) has the low-
est average FeS contents (average=9.2 mol%), second-
stage sphalerite intermediate (Sp-II; average =
18.9 mol% FeS), with third-stage sphalerite having the
highest average contents overall (Sp-III; average=
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Fig. 4 Photomicrographs of mineral assemblages in a typical chimney
(IR 110208-12). a Cross-section displaying two mineralisation zones,
which are the exterior (b to e) and interior zones (f to k). Yellow boxes
mark the subsampling areas for whole-rock analysis. b Colloform-
textured sphalerite (Sp-I) suggestive of rapid crystallization. ¢ Sphalerite
with a massive texture (Sp-1I) that formed as mineralisation progressed.
Nanometre-sized galena inclusions are observed in BSE images (inset). d
Association between sphalerite and pyrite aggregates. e Acicular pyrrho-
tite and isocubanite—chalcopyrite aggregates in contact between the exte-
rior and interior zones. f Typical mineral assemblage in the interior zone.
g Sharp contacts between marcasite and isocubanite—chalcopyrite aggre-
gates, which are surrounded by main-stage sphalerite (Sp-I1I). h Altered
isocubanite phase (Aip) formed along fractures zones (120° grain

2 ";'.l"

deaser A
$ <

Fe-ox

boundaries are marked by red dotted lines), showing a grainy surface in
SEM images (inset). i Covellite intermittently present along the grain
boundaries of pyrrhotite. j Marcasite converted from a prismatic to den-
dritic structure by continuous dissolution and reprecipitation. k Pyrrhotite
that has undergone considerable volume loss, where Fe-oxyhydroxides
have been extensively precipitated along the grain boundaries between
pyrrhotite and marcasite. Abbreviations: Aip = altered isocubanite phase,
Ams =amorphous silica; Ccp = chalcopyrite; Cv = covellite; Fe-ox = Fe—
oxyhydroxides; Gn = galena; Icb = isocubanite; Mrc = marcasite; Po=
pyrrhotite; Py = pyrite; Sp = sphalerite. Roman numerals indicate the gen-
eration stage, which is related to the texture and mineral assemblages
present
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Fig. 6 Reflected light
photomicrographs and back-
scattered electron images of elec-
trum (EI) grains. a Sparse elec-
trum grains intermittently ob-
served in Sp-II. b—d The domi-
nant occurrence of electrum with
isocubanite + chalcopyrite + Fe-
rich sphalerite (Sp-I1I) assem-
blages. Electrum is occasionally
associated with Sn-rich replace-
ment boundaries. Some electrum
grains are enclosed by e
isocubanite and f chalcopyrite, or
g precipitated along grain bound-
aries between altered isocubanite
phase (Aip) and Sp-1IL. h
Electrum is rarely trapped within
amorphous silica. Abbreviations
are as in Fig. 4

Sn-rich
. replacement
. boundary

Sp-1li lcb+Ccp

Sn-rich
replacement
boundary

Sn-rich
~ replacement

= boundary

Sp-lll \\\.

Icb+Ccp

28.7 mol%) (ESM 2 Table S3). The Sn-rich replacement
boundaries have a lower FeS content (average=
22.4 mol%) when compared with those of Sp-III
(ESM 1 Fig. S2).

Chalcopyrite disease was rarely observed in the BSE images,
although most of the sphalerite contains Cu contents and

substantial values (average =4.74 wt.% Cu) are found mainly
at the replacement boundaries (Fig. 7 and ESM 2 Table S3).
This implies that Cu is present in sphalerite as solid solution or
nanoinclusions. The high Sn concentrations (up to 5.5 wt.%) are
generally accompanied by Cu enrichment (ESM 2 Table S3).
This also may explain the distributional behaviour of Cu whether
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Fig. 7 Back-scattered electron
images of Sn enrichment bands. a
Sn concentrated along the growth
boundaries of Sp-II in the exterior
zone. b Sn enrichment bands
along the replacement boundaries
between isocubanite with chalco-
pyrite exsolution and Sp-III in the
interior zone. ¢ Widening of re-
placement texture along the grain
boundaries. d Relics of
isocubanite with chalcopyrite
within Sn enrichment band. Red
arrows in all figures indicate the
focused ion beam sectioned areas
for TEM observations.
Abbreviations are as in Fig. 4

u Sn-rich /
replacement ‘.

boundary - /x/

it mainly occurs as solid solution or nanoinclusion. The replace-
ment boundaries show a negative correlation between Cu+ Sn
and Zn (ESM 1 Fig. S3a). In addition, Cu and Sn are positively
correlated (R = 0.805) and closely follow the stoichiometric ratio
of Cu:Sn=2:1 (ESM 1 Fig. S3b). Given that Sn-minerals were
not identified (Figs. 4, 6, and 7), these observations may suggest
that invisible Cu—Sn-bearing inclusions exist in sphalerite.

Lead contents are mostly close to the detection limit,
although relatively high values (up to 3.2 wt.%) are
found in Sp-I and Sp-II from the exterior part of the
sample (ESM 2 Table S3). The contents of Cd and Mn
are typically <0.3 wt.% (ESM 2 Table S3).

Isocubanite

Isocubanite is very sensitive to temperature, pressure,
and compositional variations (Caye et al. 1988). All
isocubanite analyses in this study are characterised by
variable metal contents with 19.4-24.8 wt.% Cu, 37.9—
43.9 wt.% Fe, 0.75-2.20 wt.% Zn, and 0.02-0.67 wt.%
Sn (ESM 2 Table S3). Cu/Fe atomic ratios of
isocubanite vary from 0.39 to 0.57 and deviate from
its theoretical value towards Fe-enriched compositions
(ESM 1 Fig. S4). The corresponding mineral formula
is close to CuO.ggFezl(wZnO.osSIIO.()OlS2_99 when the anal-
yses are normalised to six atoms, indicating that
isocubanite formed under mineralising conditions similar
to pyrrhotite (Sugaki et al. 1975). The Zn content of
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isocubanite is temperature-dependent, and thus ZnS contents
can be used as an independent estimate of the depositional
temperature of the pyrrhotite—isocubanite—sphalerite assem-
blage (Hutchison and Scott 1981). We obtained an average
formation temperature of ~365 °C (ESM 2 Table S3). This is
consistent with a previous experimental study in which
isocubanite began to form, intergrown with chalcopyrite, py-
rite, and pyrrhotite, at 335 °C (Lusk and Bray 2002).

Chalcopyrite

Chalcopyrite exhibits variable Cu/Fe atomic ratios ranging
from 0.71 to 1.05 (ESM 2 Table S3). It differs in composition
from the stoichiometry of theoretical chalcopyrite and has a
more Fe-rich composition (ESM 1 Fig. S4), indicating a min-
eralogical association with isocubanite (Lafitte et al. 1985). In
particular, some chalcopyrite has a composition similar to
Aip. This suggests there may be Aip inclusion in the chalco-
pyrite. Most chalcopyrite contains variable amounts of Zn and
Sn (ESM 2 Table S3). Zinc contents are mostly > 1 wt.%, with
a maximum value of 3.04 wt.%. Tin contents are mostly lower
than 0.5 wt.% but can be as high as 1.46 wt.% in some grains
that are replaced by Sp-1III (Fig. 6f).

Pyrrhotite

The chemical composition of pyrrhotite shows limited varia-
tions, with Fe contents ranging from 60.5 to 62.3 wt.% (ESM
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Fig. 8 Bulk chemical Cu

compositions of hydrothermal

chimney samples from the " b
Cheoeum vent field. a Cu—Zn-Pb a L
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2 Table S3). The chemical formula ranges from Fej ;S to
Fep.95S on the basis of one sulphur atom. Lafitte et al.
(1985) suggested that the atomic Fe content in pyrrhotite can
be used to classify the structural type of pyrrhotite. This is
consistent with the experimental study of Kissin and Scott
(1982) that showed (1) hexagonal pyrrhotite contains ~
48 at.% Fe, and (2) monoclinic pyrrhotite contains ~46 at.%
Fe. Pyrrhotite from CVF mostly corresponds to hexagonal
type (ESM 2 Table S3) that precipitates in relatively high-
temperature condition (>250 °C; Kissin and Scott 1982).

Minor Cu (0.13-0.77 wt.%) and Zn (0.20-0.41 wt.%) are only
found in pyrrhotite enclosed by isocubanite (Fig. 6b).

Marcasite
Marcasite is subdivided into two types based on texture:
subhedral (Mrc-I) and prismatic pseudomorphs (Mrc-II)

(Fig. 4). Their compositions are close to pure marcasite, al-
though Mrc-II, enclosed by isocubanite with chalcopyrite
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<« Fig. 9 Box-and-whisker plots of the trace element chemistry of the
dominant sulphide minerals. Red stars represent the mean values for
Sn-rich replacement boundaries. Horizontal dashed lines indicate the
limits of detection (LOD) for pyrrhotite. Abbreviations are as in Fig. 4

exsolution (Fig. 4g), often has high Cu (up to 1.53 wt.%) and
Zn contents (up to 3.48 wt.%) (ESM 2 Table S3).

Electrum

The EPMA results for electrum are affected to some extent by
the surrounding host sulphide domain due to the small grain

size of electrum (mostly <2 pwm). However, it is reasonable to
assume that the Ag content is solely from the electrum because
the host minerals do not contain Ag above the detection limit
(ESM 2 Table S3). We conducted an offline correction to
semiquantitatively evaluate the Au and Ag contents of elec-
trum. All of the electrum grains have Au contents significantly
higher than those of Ag, with a high electrum fineness
(1000 x weight ratio Au/[Au+ Ag]) of 801 to 909%o, regard-
less of its mineralogical relationship (ESM 1 Fig. S5). This
suggests that all electrum was simultaneously deposited from
hydrothermal fluids with a limited range of Au/Ag values.
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Fig. 10 Plots of a Sb versus Cu, b Ga versus Cu, ¢ Cu versus Sn, d Ga
versus Sn, e Cd versus Sn, f Ag versus Ge, g Ag versus As, h Ag versus
Pb, and i Ga + Ge + Sn + Sb (tri- and tetravalent cations) versus Cu+ Ag

Pb (umol-g")

Cu + Ag (umol-g™)

(monovalent cations) in sphalerite. Black lines show correlation trends.
Abbreviations are as in Fig. 4
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Fig. 11 Reflected light photomicrograph (top left) and LA-ICP-MS element maps for selected elements in Sp-II from the exterior zone of the chimney.

Units are in counts per second (X 10%). Abbreviations are as in Fig. 4

Trace elements in sulphide

The LA-ICP-MS trace element data (103 analyses) for the
sulphide minerals are shown in ESM 2 Table S2 and plotted in
Fig. 9. Compared with other minerals, sphalerite tends to have
higher contents of most elements with some distinct varia-
tions, according to the genetic sequence. For example,
colloform Sp-I has distinctly higher contents of Ge (average =
349 ppm), As (average = 857 ppm), Ag (average = 944 ppm),
Au (average = 1.28 ppm), Tl (average =2.35 ppm), and Pb
(average = 6316 ppm), but is relatively poor in Mn, Cu, Ga,
Cd, Sn, and Sb when compared with Sp-II and Sp-IIl. The
highest average contents of Cu (3743 ppm) and Sn
(1237 ppm) are associated with Sp-II, while those of Mn
(103 ppm), Ga (120 ppm), Cd (1558 ppm), and Sb
(204 ppm) are associated with Sp-III. Most sphalerite has
smooth LA-ICP-MS time-resolved elemental profiles indic-
ative of the elements being in solid solution (Cook et al. 2009;
ESM 1 Fig. S6a, b, ¢). However, some profiles show spikes of
Cu, Pb, Sn, Ag, Ge, Sb, As, and Ga, suggesting the presence
of inclusions (ESM 1 Fig. S6d). These spikes were avoided
when the trace element composition of the sulphide was
calculated.

Trace element abundances in sphalerite are shown in
Fig. 10. Copper has a positive correlation with Sb, Ga, and
Sn (Fig. 10a—c). In particular, the molar ratios of Cu to Sn are
close to ~ 2, consistent with the EPMA results for replacement
boundaries (Fig. 10c and ESM 1 S3b). Tin also shows strong
positive correlations with Ga and Cd (Fig. 10d, e). Most indi-
vidual analyses lie on, or close to, the 1:1 M ratio line between
Cd and Sn. Silver is positively correlated with Ge, As, and Pb,
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with molar ratios of Ag:Ge=2:1, Ag:As=1:1, and Ag:Pb=
1:2 (Fig. 10f-h), but it is negatively correlated with Cu, Sb,
Cd, Ga, and Sn, suggesting the possible influence of mineral
inclusion as well as solid solution.

Isocubanite contains Ga (up to 31.3 ppm), Ag (up to
300 ppm), and Sn (up to 1177 ppm), but is commonly deplet-
ed in Mn, Ge, As, Cd, Sb, and Pb (Fig. 9 and ESM 2
Table S2). Time-resolved LA-ICP-MS depth profiles are
commonly flat, although some show coincident Zn, Pb, Sn,
Ga, Ge, Sb, Ag, and As spikes, likely reflecting mineral in-
clusions (ESM 1 Fig. S6e). Gold spikes in the spectra are
consistent with the presence of electrum inclusions in
isocubanite (Fig. 6e).

The concentrations of most trace elements in pyrrhotite are
close to, or below, the limit of detection, although some analy-
ses show anomalously high Cu concentrations up to 1389 ppm
(Fig. 9 and ESM 2 Table S2). Where pyrrhotite is replaced by
covellite, Cu peaks with most other elements (e.g. Zn, Pb, Sn,
Ga, Ge, Sb, Ag, Au, and As) (Fig. 4i and ESM 1 S6g).

Early formed Mrc-I is enriched in Mn (average = 340 ppm)
and T1 (average = 103 ppm), whereas Cu, Ag, Sn, Au, and Cd
are more concentrated in late-stage Mrc-II (Fig. 9 and ESM 2
Table S2). Probable electrum inclusions are inferred from
time-resolved LA-ICP-MS depth profiles of Mrc-II, which
show Au spikes (ESM 1 Fig. S6h).

LA-ICP-MS elemental mapping was carried out to inves-
tigate the distribution of trace elements and their partitioning
amongst the coexisting sulphide (Figs. 11 and 12). Sp-II con-
sidered to have formed under relatively low temperatures from
the exterior zone of the chimney shows extensive composi-
tional zoning, even in a single grain (Fig. 11). Most of the
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Fig. 12 Reflected light photomicrograph (top left) and LA-ICP-MS element maps for selected elements in typical assemblage (pyrrhotite—Mrc-I1—
isocubanite—chalcopyrite—Aip—Sp-I1I) from the interior zone of the chimney. Units are in counts per second (x 10%). Abbreviations are as in F ig. 4

trace elements are concentrated in the Fe-depleted parts of the
sphalerite. Copper enrichments are often accompanied by en-
richments in Ga, Cd, Sn, and Sb, whereas Pb shows a strong
affinity with Ge, As, and Ag. Molybdenum, TI, and Au are
most abundant along the grain boundaries of Sp-II.

Figure 12 shows element maps of the interior zone of the
chimney with a typical mineral assemblage of pyrrhotite +
isocubanite + chalcopyrite + Sp-III + Mrc-II + Aip. The Sp-
III primarily hosts Ga, Ge, Sn, and Sb, while As, Mo, Ag,
W, Au, T, and Pb are preferentially incorporated into Mrc-I1
and/or isocubanite with chalcopyrite exsolution. The Ga and
Sn contents appear to be zoned, with the highest concentra-
tions observed in the replacement boundaries between
isocubanite with chalcopyrite exsolution and Sp-IIL. It should
be noted that invisible Au is mainly hosted in Mrc-II rather
than primary sulphide and shows little relationship with Ag
content.

FE-TEM-EDS analysis

The FIB-SEM image of TEM foil 2 from Sp-II shows obvious
colour zonation where nanometre-sized inclusions were not
observed (Fig. 7a and ESM 1 S7a). The high-angle annular
dark field (HAADF)-STEM image with EDS analysis shows
that this colour zonation is mainly associated with Fe and Zn
compositions (ESM 1 Fig. S7b). In particular, the relatively
high Cu and Sn contents are concentrated in Fe-poor areas,
which is consistent with the LA-ICP-MS eclemental maps
(Fig. 11). The discrete grains of Sp-II are aggregated, which
is suggestive of continuous overgrowth or recrystallisation
(ESM 1 Fig. S7c). A number of nanometre-scale inclusions
are present along the grain boundaries of Sp-II (ESM 1 Fig.
S7d, f). These inclusions are distinguished from Sp-II by their

slightly higher Cu contents, but there are no discernible dif-
ferences between the inclusions and Sp-II with respect to Sn
concentrations (ESM 1 Fig. S7e). This suggests that these are
a Cu-rich phase rather than a Sn-bearing mineral. Rarely, a Sn-
rich phase occurs in pores within Sp-II (ESM 1 Fig. S7f). It is
composed mainly of Cu and S and has a composition similar
to covellite. This is consistent with the time-resolved LA—
ICP-MS depth profile that also identified Sn-rich covellite
(ESM 1 Fig. S6g).

TEM foil 4 sampled the replacement boundaries between
isocubanite with chalcopyrite exsolution and sph-III (Fig. 7c
and ESM 1 S7g). The FIB-SEM image does not show any
inclusion, and Sn is heterogeneously distributed in the re-
placement boundaries (ESM 1 Fig. S7h). In HAADF-STEM
images, the replacement boundaries consist of several do-
mains with varying Sn enrichment, which are bright Sn-rich
and dark Sn-poor domains (ESM 1 Fig. S7i, j, k). These are
clearly identifiable from the Sn counts in the EDS spectra
(ESM 1 Fig. S8b). Native Cu often occurs along the fractures
in isocubanite with chalcopyrite exsolution (ESM 1 Fig. S71).
A HR-TEM investigation was conducted on both Sn-rich and
Sn-poor domains of the replacement boundaries in TEM foil 4
to assess whether Sn enrichment was due to the presence of
nanocrystals (ESM 1 Fig. S8c, d). No nanocrystals were ob-
served in HR-TEM images with FFT patterns, which demon-
strates that both domains are well-ordered sphalerite and not a
Sn-phase (ESM 1 Fig. S8c, d). The lattice spacing for the
exposed faces of the Sn-rich domain is ~3.1 A and for the
Sn-poor domain ~ 1.9 and 1.6 A. These values are consistent
with the {1 1 1}, {220}, and {3 1 1} planes of the sphalerite
lattice structure, respectively. The strong correlations between
Sn and Cu, and the absence of Sn-bearing inclusions, indicate
the presence of Sn in solid solution in the sphalerite lattice
(ESM 1 Fig. S8e).
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Discussion
Mineralisation process

The sulphide paragenesis of the Zn-rich chimneys from the
CVF indicates significant changes in mineralising condi-
tions from a low- to a high-temperature stage, overprinted
by a seawater alteration stage (Fig. 5). The low-
temperature hydrothermal activity (<250 °C) is represent-
ed by the deposition of Fe-poor, colloform sphalerite (Sp-1)
followed by pyrite/marcasite (Mrc-I) + galena (Fig. 4b).
Continuous replacement, or recrystallisation, changed Sp-
I to more massive sphalerite (Sp-II) with a higher FeS
content, which suggests that the oxidation state of the hy-
drothermal fluid was lowered to more reducing conditions
(Fig. 4c and ESM 1 S2).

The high-temperature mineralisation (>250 °C and <
365 °C) is represented by a mineral assemblage of pyrrhotite
+ isocubanite + chalcopyrite + Fe-rich sphalerite (Sp-I1I) (Fig.
4f). The pyrrhotite is mostly hexagonal and indicates forma-
tion temperatures of >250 °C (ESM 2 Table S3; Kissin and
Scott 1982). As the fluid temperature increased, pyrrhotite
occurred in association with isocubanite + chalcopyrite +
Sp-I1I. This assemblage indicates highly reducing conditions
with formation temperatures of > 300 °C (Kojima and Sugaki
1985; Herzig and Hannington 1995; Luks and Bray 2002;
Melekestseva et al. 2014; Kawasumi and Chiba 2017). This
temperature is consistent with the average temperature of ~
365 °C calculated from isocubanite composition (ESM 2
Table S3). The Fe-rich Cu—Fe-S solid solution is indicative
of low sulphidation conditions (Kojima and Sugaki 1985;
Evans et al. 2020; ESM 1 Fig. S4), which may be due to
hydrothermal alteration associated with ultramafic rocks. It
was during this stage that electrum largely formed, suggesting
that Au mineralisation originated from a high-temperature,
reducing fluid.

During the seawater alteration stage, recrystallisation of
primary pyrrhotite to marcasite pseudomorphs (Mrc-1I) oc-
curred extensively as hydrothermal activity waned and tem-
perature decreased (Fig. 4f-k). This secondary Fe sulphide is
considered to be a product of the low-temperature reaction
between relatively oxidised hydrothermal fluids and pyrrho-
tite (Koski et al. 1988). Previous experimental studies have
reported that marcasite rather than pyrite replaces pyrrhotite at
temperatures below ~200 °C (Schoonen and Barnes 1991;
Qian et al. 2011). Thus, the presence of marcasite pseudo-
morphs reflects an increase in fO, with a decrease in fluid
temperature. Given that alteration of isocubanite to Aip oc-
curred mainly along microfracture zones in the isocubanite, or
along grain boundaries of recrystallised marcasite (Mrc-II),
the Aip was formed by relatively low-temperature and
oxidised fluids as compared with isocubanite. This is support-
ed by the LA-ICP-MS elemental mapping, which showed
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that Mo is mainly concentrated in the Aip and Mrc-II
(Fig. 12). This is consistent with the Aip and Mrc-II having
formed at relatively low-temperature conditions. Considering
Mo enrichments can be used as a proxy for hydrothermal
fluid—seawater mixing (Keith et al. 2016), the formation of
Aip is therefore indicative of a seawater alteration stage. The
occurrence of native Cu, covellite, and Fe-oxyhydroxides in
this stage also supports a low-temperature alteration process
(Herzig et al. 1993; de Ronde et al. 2005; Wu et al. 2016; Cao
et al. 2018).

The mineralogical variations in the CVF chimney sam-
ple studied here represent significant changes in the tem-
perature and oxidation state of the mineralising fluids. A
wide variation of FeS contents in sphalerite (6.9—
42.5 mol%) shows that temperature of the hydrothermal
fluid periodically changed during mineralisation (ESM 1
Fig. S2; Keith et al. 2014; Kawasumi and Chiba 2017).
Given that vent fluids are typically enriched in H, and
CHy4 in ultramafic-hosted hydrothermal systems (Charlou
et al. 2002, 2010; Nakamura et al. 2009), this variable
mineralisation is readily achieved by mixing between the
strongly reducing hydrothermal fluids and ambient
oxidised seawater during chimney growth. Hence, the
substantial redox inversion of the vent fluids from pyrite
— pyrrhotite — pyrite stability fields could be a primary
feature of ultramafic-hosted mineralisation.

Gold mineralisation

Gold-rich electrum is the principal form of Au mineralisation
in the CVF, and precipitated during main-stage mineralisation
along with pyrrhotite + isocubanite + chalcopyrite + Fe-rich
sphalerite (Sp-I1I), reflecting formation at low fS, and rela-
tively high temperatures (Fig. 5). Apart from pyrrhotite, most
sulphide minerals contain some invisible Au (Fig. 9). The
amount of invisible Au tends to decrease as mineralisation
progressed, apart from in marcasite pseudomorphs (Mrc-II)
after pyrrhotite (Fig. 9). Relatively high Au concentrations
(0.4-3.4 ppm) were observed in early-stage sphalerite (Sp-I)
rather than in main-stage sphalerite (Sp-III) (ESM 1 Fig. S9a).
The concentration of invisible Au and absence of electrum in
Sp-1 suggest that Au was undersaturated in the fluid during the
early, relatively low-temperature (<250 °C) mineralisation.
However, the precipitation of electrum at high-temperatures
(>250 °C and < 365 °C) without the formation of Ag-bearing
minerals indicates that Au was selectively oversaturated dur-
ing main-stage mineralisation. This implies that the relatively
depleted concentrations of invisible Au in Sp-1II would result
from the equilibration between Sp-III and a fluid with a low
Au content, likely due to the deposition of electrum (ESM 1
Fig. S9a). High concentrations of invisible Ag are also con-
fined to Sp-1 (ESM 1 Fig. S9b), with a similar distribution to
that of invisible Au. Although the coupled substitution
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between Ag and Ge can affect Ag concentrations in sphalerite
(Fig. 10f), most of the Ag enrichment can be attributed to Ag-
bearing, submicroscopic galena inclusions (Figs. 4b, ¢ and
10g, h).

The colloform aggregates of Sp-I and pyrite formed during
early, relatively low-temperature mineralisation, indicate that
the hydrothermal fluids were extensively mixed with seawa-
ter, which led to a rapid decrease in temperature and increased
fO, and pH of the fluids (Fig. 4b). In general, these changes
result in effective precipitation of Au due to oversaturation of
the dominant Au species (e.g. Au(HS), Au(HS), , and
AuCl, ") (Pal’yanova 2008; Fuchs et al. 2019). Given the in-
corporation of invisible Au into early-stage sulphide without
discrete Au-mineral inclusions, these aqueous Au species
were still undersaturated in the fluid during early, low-
temperature mineralisation. This resulted from increasing Au
solubility in response to the higher fO, due to seawater
mixing. By contrast, oversaturation of Au occurred during
the main-stage mineralisation when electrum precipitated with
the high-temperature assemblage of Sp-III, isocubanite, and
chalcopyrite (Fig. 6).

In general, seafloor hydrothermal deposits with an ultra-
mafic affinity have low fluid H,S contents, corresponding to
the low S activity in highly reduced fluids (Schmidt et al.
2007, 2011). Low S contents of fluids in the CVF are evident
from the Fe-rich sphalerite (Sp-III) and pyrrhotite assemblage.
It is unlikely that desulfidation of a fluid triggered precipita-
tion of Cu—Fe sulphide during main-stage mineralisation.
Given that euhedral to subhedral and medium to large sul-
phide grains in this stage reflect a relatively closed fluid sys-
tem, an alternative process could be conductive cooling of the
mineralising fluid. In terms of electrum precipitation, an ef-
fective mechanism for Au mineralisation at the CVF might
have been caused by simple cooling of hydrothermal fluid
during the formation of the high-temperature mineral assem-
blages. This would be consistent with recent thermodynamic
modelling that showed Au mineralisation in ultramafic-hosted
SMS deposits occurs mainly at high temperatures during con-
ductive cooling of fluid (Fuchs et al. 2019).

During the seawater alteration stage, Au enrichment also
occurred along the grain boundaries of marcasite pseudo-
morphs (Mrc-1I) after pyrrhotite (Fig. 12). Pyrrhotite grains
formed during main-stage mineralisation have Au contents
below the detection limit (Fig. 9). This indicates that invisible
Au in Mrc-II did not originate from this pyrrhotite. However,
time-resolved LA-ICP—MS depth profiles of Mrc-II show oc-
casional Au spikes (ESM 1 Fig. S6h). This suggests that Au
mineralisation may have occurred around Mrc-II during the
seawater alteration stage. Given that recrystallisation of pyr-
rhotite to Mrc-II and abundant Fe-oxyhydroxides occurred
extensively during seawater alteration (Fig. 4f—k), the Au

mineralisation in this stage could be explained by the follow-
ing reaction (Eq. 1) (Térménen and Koski 2005):

AuCl; 4 3Fe** + 6H,0 = Au+ 4C1~ + 3FeOOH + 9H* (1)

The residual Fe** resulting from pyrrhotite alteration could
have induced the reduction of Au(Ill) along with Fe-
oxyhydroxide deposition during this seawater alteration stage.
The strong relationship between Au and Tl in LA-ICP-MS
elemental maps suggests that Au mineralisation at this stage
occurred in low-temperature conditions (Fig. 12), given that
Tl is generally considered to be a good proxy for low-
temperature mineralisation (Wang et al. 2017). Hence, hydro-
thermal mixing may have also caused low-temperature Au
mineralisation in this stage, which is clearly different from
the high-temperature Au mineralisation of the main stage.

Finally, in the CVF, the selective saturation and precipita-
tion of Au over Ag during main-stage mineralisation resulted
in high fineness electrum (ESM 1 Fig. S5). This is similar to
other ultramafic-hosted SMS deposits (Murphy and Meyer
1998; Melekestseva et al. 2010). In particular, electrum asso-
ciated with amorphous silica in the vicinity of Sp-III has a
similar range of fineness as those in Sp-III. This implies a
constant fluid composition during electrum deposition. We
suggest that the predominance of high fineness electrum
may have largely contributed to the Au enrichment in the
CVF. This may explain the distinct Au—Ag grades between
ultramafic- and MORB-hosted SMS deposits (Fig. 81).

Tin mineralisation

Sulfide mineralisation from the CVF is characterised by sub-
stantial enrichments of Sn (up to 1720 ppm), comparable to
other seafloor hydrothermal deposits hosted in ultramafic
rocks (Fig. 8e). In the CVF, Sn in sulfide is present in solid
solution as given by absence of Sn-minerals (ESM 1 Fig. S6-
8). Tin is mainly present in sphalerite, followed by chalcopy-
rite, isocubanite, and marcasite, and its distribution systemat-
ically changed during mineralisation (ESM 2 Tables S2 and
S3). Initially, low concentrations of Sn (average =270 ppm)
precipitated as a solid solution in early-stage colloform sphal-
erite (Sp-I). As the sphalerite became more massive, due to
coupled dissolution and reprecipitation, Sn was redistributed
from Sp-I to early-stage massive sphalerite (Sp-II; average =
1237 ppm Sn). The preferential incorporation of Sn into Sp-II
would have resulted in marcasite (Mrc-I) being depleted in Sn
(average = 1.5 ppm). During the main-stage mineralisation (>
250 °C and < 365 °C), Sn was primarily incorporated into the
main-stage sphalerite (Sp-III; average = 1079 ppm Sn) and
isocubanite (average =517 ppm Sn); discrete chalcopyrite
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grains enclosed by Sp-III rarely have high Sn concentrations
(up to 1.5 wt.%). In particular, significant enrichments of Sn
(up to 5.5 wt.%) are found along the replacement boundaries
of isocubanite with chalcopyrite exsolution and Sp-III
(Fig. 12). This suggests that Sn could no longer be incorpo-
rated into the Cu-sulphide lattice via coupled dissolution and
reprecipitation, resulting in Sn-rich bands formed along the
replacement boundaries (Fig. 7). These were readily
mobilised by later hydrothermal fluids, resulting in higher
Sn concentrations in the newly formed Sp-III rather than
isocubanite (Fig. 12). Thus, hydrothermal remobilisation of
trace elements might have been a major mechanism control-
ling Sn enrichment in sulphide minerals in the CVF. LA-ICP—
MS time-resolved depth profiling of covellite shows enrich-
ments in various elements (e.g. Zn, Pb, As, Sb, Sn, Ga, Ge,
Au, and Ag; ESM 1 Fig. S6g), whereas most elements in Aip
have higher contents as compared with those in isocubanite
(Fig. 12). These results are also consistent with remobilisation
of the ore-forming elements being common in the CVF.

Most Sn incorporation into the sphalerite lattice occurred
by the coupled substitution of 3Zn** < 2Cu* + Sn**, along
with minor Sn®* contributions (Fig. 10c—e and ESM 1 S3).
This indicates that Sn** was important for Sn enrichment in
the CVF. However, it is generally thought that the Sn(II)
aqueous complex (i.e. SnCl,) is the main carrier of Sn in
reducing hydrothermal fluids (Sherman et al. 2000; Miiller
and Seward 2001; Uchida et al. 2002; Migdisov and
Williams-Jones 2005). Considering the colloform and small
grain size of early-stage sulphide, and the absence of Cu sul-
phides (Fig. 4) and low FeS contents of Sp-I1 (ESM 1 Fig. S2),
we suggest that the oxidative transition from Sn** to Sn** was
due to mixing with oxidised seawater, which enabled Sn to be
deposited as Sn** in sphalerite.

There is growing evidence that ultramafic-hosted SMS de-
posits such as the CVF, located on slow-spreading ridges, are
particularly enriched in Sn (Fouquet et al. 2010; Evrard et al.
2015; Dekov et al. 2018). However, it is still unclear why Sn is
strongly enriched in ultramafic-hosted sulphide. The origin of
Sn in hydrothermal ore deposits is usually attributed to the
leaching of Sn-rich sources (Koski et al. 1994; Barrie et al.
1999) or a progressive Sn input from magmatic fluids (Relvas
et al. 2006; Huston et al. 2011). Host rock compositions can-
not explain Sn enrichments in ultramafic-hosted sulphide be-
cause ultramafic rocks have relatively low concentrations of
Sn (0.5 ppm) when compared with MORB (1.4 ppm;
Anderson 1989). Also, the low H,S concentrations in
ultramafic-hosted vent fluids are not consistent with a mag-
matic input for the Sn enrichment (Von Damm et al. 1995;
Schmidt et al. 2011). Given that serpentinisation is mainly
responsible for the high contents of H, and CH4 in
ultramafic-hosted hydrothermal fluids (Charlou et al. 2010;
Konn et al. 2015), the highly reducing conditions in an
ultramafic-hosted system would enhance the transport
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capacity of Sn** during fluid circulation. This is supported
by a recent study that showed the Sn concentration of hydro-
thermal fluid is two orders-of-magnitude higher in an
ultramafic-hosted vent field when compared with a MORB-
hosted site (Schmidt et al. 2011). Hence, it is likely that hy-
drothermal fluid is the principal source of elevated Sn concen-
trations in the CVF. We also suggest that the low redox po-
tential associated with an ultramafic-hosted hydrothermal sys-
tem could be one of the most important reasons for the Sn
enrichment. That is, compared with a MORB-hosted system,
Sn** would be readily transported in highly reducing condi-
tions, such as in an ultramafic-hosted system. Thereafter,
mixing with seawater may have contributed to a change from
Sn** to Sn**, leading to Sn enrichment in the Sn** form.

Distribution of trace elements

We investigated the distribution of trace elements in sphaler-
ite, which is the main host for most trace elements in the
studied subsamples (Fig. 9 and ESM 2 Table S2). The smooth
sphalerite LA-ICP-MS time-resolved depth profiles and rar-
ity of metal inclusions suggest that most of the trace elements
are present in sphalerite as solid solution, and not as
submicron-scale inclusions (ESM 1 Figs. Sé6a, b, ¢, 7, and
8). The nearly constant Cu counts in the depth profiles reflect
a lack of chalcopyrite disease (ESM 1 Fig. S6a, b, ¢). This
suggests that Cu substitutes for Zn within the sphalerite lattice.
Antimony and Ga show positive correlations with Cu, al-
though the trends are less clear at low Cu contents
(Fig. 10a, b). This indicates the coupled substitutions of
27n** < Cu* + Sb>* and 2Zn** < Cu* + Ga’*, respectively
(Murakami and Ishihara 2013; Belissont et al. 2014; Bonnet
et al. 2016). This is supported by an earlier study that showed
Cu is present in sphalerite as a monovalent cation (Cook et al.
2012). Copper is strongly correlated with Sn, while Cu+ Sn
shows a negative correlation with Zn (ESM 1 Fig. S3), sug-
gesting that the coupled presence of Cu and Sn is responsible
for Sn enrichment by its coupled substitution for Zn. In par-
ticular, Cu/Sn values are ~ 2 in the replacement boundaries, as
well as in the sphalerite domains (Fig. 10c and ESM 1 S3b),
which can similarly be explained by the coupled substitution
of 3Zn** & 2Cu* + Sn** (Cook et al. 2009; Ye et al. 2011;
Murakami and Ishihara 2013). Hence, Sn was mainly precip-
itated in its tetravalent state in sphalerite.

Although Ga is less concentrated in sphalerite relative to
Sn, the strong correlation between Sn and Ga suggests the
possibility that Sn** also had an influence on Sn enrichment.
The potential substitution mechanisms could be 3Zn** <> Cu*
+Sn”* + Ga** or4Zn** < Cu* + Sn*" + Ga™* + o (o denotes a
vacancy) (Fig. 10d). This is supported by the positive corre-
lation between Cu and Ga (Fig. 10b). In addition, the positive
correlation between Cd and Sn at a constant molar ratio of
almost 1:1 may indicate the possible involvement of Sn>*,
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such as substitutions of 2Zn** « Sn** + Cd** or 3Zn**
Sn** + Cd** + o (Fig. 10e). Thus, Sn** appears to have a
minor impact on Sn enrichment in the CVF.

The correlation between Ag and Ge is consistent with the
LA-ICP-MS elemental maps, in which they are commonly
enriched in the Fe-poor domains of sphalerite (Figs. 10f and
11). A previous study demonstrated that Ge** is generally
present in sphalerite, and there is no evidence to support the
presence of Ge** from the p-XANES technique (Belissont
et al. 2016). The molar ratio of Ag/Ge of ~2 obtained in this
study suggests a possible substitution of 3Zn** « 2Ag" +
Ge** (Fig. 10f; Belissont et al. 2014; Cook et al. 2015;
Bauer et al. 2019). Arsenic is homogeneously distributed in
the LA-ICP-MS element maps (Fig. 11) and LA-ICP-MS
depth profiles (ESM 1 Fig. S6a, b, c). This is indicative of
ZnAs < ZnS solid solution (Clark 1970). However, the molar
ratios of Ag/As of ~1 and Ag/Pb of ~0.5 imply that the
influence of As-bearing nanoparticles, not resolvable in LA—
ICP-MS depth profiles, cannot be ruled out (Fig. 10g, h). The
possible coupled substitution could be 2Pb** < Ag® + As**
(Slater 2016), suggesting that nanometre-sized galena inclu-
sions may have an effect on As—Ag—Pb enrichments at the
CVF. This is consistent with the presence of submicron-
sized galena inclusions within sphalerite (Fig. 4b, c).

Cu and Ag are responsible for the incorporation of a large
range of other trace elements in sphalerite. A bivariate plot of
tri- and tetravalent cations versus monovalent cations shows
that Cu* (and to some extent Ag") could provide the charge-
balance in various coupled substitutions related to Ga, Ge, Sn,
and Sb (Fig. 101). However, all of the data are scattered below
the (Ga+ Ge+ Sn+ Sb)/(Cu+ Ag)=1:1 line. This might be
explained by the influence of Ag on galena, or the coupled
substitution between divalent (e.g. Fe and Cd) and monova-
lent cations (e.g. Cu and Ag). Simple plots in this study cannot
differentiate between these possibilities.

Conclusions

Gold-rich (up to 17.8 ppm) and Sn-bearing (up to 1720 ppm)
hydrothermal chimneys hosted by ultramafic rocks were col-
lected from the newly discovered CVF on the slow-spreading
MCIR. We showed that mineralising conditions in the CVF
were characterised by abrupt changes in redox state and a
steep temperature gradient. We identified three mineralisation
stages and their mineral assemblages; (1) a relatively low-
temperature (<250 °C) stage (Sp-I + Sp-I1I + Mrc-I + galena),
(2) a high-temperature (>250 °C and < 365 °C) stage (pyrrho-
tite + isocubanite + chalcopyrite + Sp-III + electrum), and (3)
a seawater alteration stage (Mrc-1I + Aip + covellite + amor-
phous silica + Fe-oxyhydroxides + native Cu +invisible

gold?). The hydrothermal fluid in the early, low-temperature
stage was oxidised, and this increased the solubility of Au and
Ag, thereby preventing precious metal precipitation.
Subsequently, Au mineralisation was triggered by selective
Au precipitation over Ag in high fineness electrum at high
temperatures and in reduced fluid conditions as the fluid
underwent conductive cooling post peak hydrothermal activ-
ity. This differs from a MORB-hosted hydrothermal system
where gold saturation commonly occurs later in a relatively
low-temperature condition when compared with the
ultramafic-hosted system, resulting in low Au/Ag values.
The distribution of Sn changed systematically during
mineralisation. Our results confirm that Sn enrichments are
mostly confined to sphalerite, where Sn exists in lattice-
bound solid solution and not as submicron inclusions. This
can be explained by the coupled substitution of 3Zn** «
2Cu* + Sn**, together with the possible influence of Sn**
(i.e. 3Zn*" & Cu™ + Sn** + Ga>* or 2Zn*" — Sn** + Cd*H).
We suggest that the highly reducing conditions may have
enhanced the transportation of Sn in its divalent state, with
subsequent seawater mixing having an important role in the
oxidative transition from Sn** to Sn** for Sn precipitation in
the CVF. The dissolution and reprecipitation of previously
deposited Sn-bearing sulphide was also an important mecha-
nism for Sn enrichment. Consequently, the low redox poten-
tial in an ultramafic-hosted hydrothermal system has a large
effect on Au solubility and the transport capacity of Sn, which
leads to Au mineralisation and substitution of Sn in the sul-
phide minerals. Potentially, this process may occur at all slow-
spreading MORs.
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