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Fluid conditions of shallow marine hydrothermal vent sites (<200mbsl) in island arcs
resemble those of subaerial epithermal systems. This leads to a distinct mineralization-style
compared to deeper arc/back-arc (>200mbsl) and mid-ocean ridge-related environments
(>2000mbsl). At Calypso Vents in the Bay of Plenty and Paleochori Bay at the coast of
Milos Island, fluids with temperatures <200°C are emitted through volcaniclastic sediments
in water depths <200mbsl. The hydrothermal mineralization from these fluids is dominated
by pyrite and marcasite showing diverse textures, including colloform alternations, semi-
massive occurrences surrounding detrital grains, vein-type pyrite, and disseminated fine-
grained assemblages. Pyrite and marcasite from Calypso SE show elevated
concentrations of volatile elements (e.g., As, Sb, Tl, Hg) implying a vapor-rich fluid
phase. By contrast, elements like Zn, Ag, and Pb are enriched in hydrothermal pyrite
and marcasite from Calypso SW, indicating a high-Cl liquid-dominated fluid discharge.
Hence, vapor-liquid element fractionation induced by fluid boiling is preserved in the
seafloor mineralization at Calypso Vents. Hydrothermal mineralization at very shallow vent
sites (<10mbsl), like Paleochori Bay, are affected by wave action causing a seasonal
migration of the seawater-fluid interface in the sediment cover. The δ34S composition of
native S crusts and crystalline S (0.7–6.7‰) is indicative for host rock leaching and
thermochemical reduction of seawater sulphate. By contrast, the highly negative δ34S
signature of native S globules in sediments (−7.6 to −9.1‰) is related to microbial sulphate
reduction or a subordinate magmatic fluid influx. Alunite-jarosite alteration (Paleochori Bay)
and a mineral assemblage consisting of orpiment, realgar, and native S (Calypso Vents)
may also suggest a contribution by an oxidised (sulphate-rich) low pH fluid of potential
magmatic origin. However, fluid boiling is pervasive at Calypso Vents and Paleochori Bay,
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and the condensation of vapor-rich fluids in a steam-heated environment may produce a
similar alteration and mineralization assemblage without a significant magmatic fluid influx,
as known from some subaerial epithermal systems.

Keywords: pyrite trace elements, LA-ICP-MSmapping, Shallowmarine hydrothermal vents, island arcs, fluid boiling,
Sulfur isotopes, Submarine epithermal analogue

INTRODUCTION

Submarine hydrothermal systems and associated sulphide
occurrences are known from a wide range of tectonic settings
including mid-ocean ridges, back-arc basins and island arc
volcanoes (Fouquet et al., 1993; Hannington et al., 2005; de
Ronde et al., 2011; German et al., 2016; Hannington et al.,
2017). Magma bodies beneath hydrothermal systems represent
the heat sources that drive the circulation of seawater-derived
fluids through the oceanic crust, causing chemical exchange and
heat transfer between the lithosphere and the oceans (Scott et al.,
1974; Von Damm, 1995; Hannington et al., 2005; Tivey, 2007;
Stucker et al., 2017; Kleint et al., 2019). Physico-chemical fluid
parameters like temperature, pH, redox and the availability of
complex forming-ligands (e.g., HS−, Cl−, OH−), together with
water depth and host rock composition control the mineralogy
and chemistry of seafloor sulphide precipitates (Keith et al., 2014;
Seward et al., 2014; Wohlgemuth-Ueberwasser et al., 2015; Keith
et al., 2016a; Nozaki et al., 2016; Evans et al., 2020). Island arc and
young back-arc hydrothermal systems occur at <2000 m water
depth and are typically associated with felsic host rocks enriched
in As, Sb, Pb and Tl compared to hydrothermal vents in mature
back-arcs and along mid-ocean ridges that are mainly hosted by
mafic (to ultramafic) rocks enriched in Co, Ni and Cu at >2000 m
water depth (Binns and Scott, 1993; Fouquet et al., 2010; Jenner
et al., 2010; Keith et al., 2017; Patten et al., 2017). Submarine vent
fields that occur at shallow water depths <200 m are a notable
sub-group of island arc-related hydrothermal systems (Prol-
Ledesma et al., 2002; Monecke et al., 2014), since they are
usually hosted by thick layers of volcaniclastic sediments,
which affects the precipitation conditions due to higher
degrees of sub-seafloor fluid-seawater mixing enhancing the
metal deposition (Pichler et al., 1999; Prol-Ledesma et al.,
2002; Valsami-Jones et al., 2005; Price et al., 2013).

Subduction zone magmas commonly reach volatile saturation
during their evolution, leading to a release of volatiles that may
contribute significant amounts of metals and metalloids with a
volatile affinity (e.g., Cu, Au, As, Sb, Tl, Se, Te) to an overlying
hydrothermal system (Yang and Scott, 1996; de Ronde et al., 2011;
Seewald et al., 2015; Keith et al., 2018b; Patten et al., 2019; de Ronde
et al., 2019; Martin et al., 2020). Similar volatile-rich fluids can be
produced by boiling, which is a common process in shallow marine
(<1500mbsl) island arc-related hydrothermal systems (Stoffers et al.,
2006; Monecke et al., 2014; Diehl et al., 2020). Physical separation of
boiling fluids into a high-density alkaline saline liquid and a low-
density acidic vapor, rich in volatile species (CO2, H2S, H2, SO2), is
particularly common at low pressure conditions (Drummond and
Ohmoto, 1985).Metals andmetalloids either partition into the vapor
(e.g., As, Sb, Te, Tl, Hg) and liquid phase (e.g., Fe, Co, Ni, Zn, Pb), or

alternatively precipitate during fluid boiling (e.g., Au; Pokrovski
et al., 2013; Brugger et al., 2016; Gartman et al., 2018; Román et al.,
2019; Keith et al., 2020). Boiling and vapor-dominated venting (gas
bubbling) were observed at several shallow marine and lacustrine
hydrothermal vent fields, such as Lake Taupo, New Zealand (de
Ronde et al., 2002); the west coast of Mexico (Prol-Ledesma et al.,
2002; Canet et al., 2005); Lihir Island, Papua New Guinea (Pichler
et al., 1999); Paleochori Bay, Milos, Greece (Valsami-Jones et al.,
2005), and offshore Kueishantao islet, Taiwan (Chen et al., 2005; Yu
et al., 2019). Magmatic volatile influx and vapor-dominated fluid
venting lead to a mineralization- (e.g. native S) and alteration-style
(advanced argillic) in shallow marine island arc-related settings that
is partly comparable to subaerial epithermal systems reflecting
volatile-rich and acidic fluid conditions (Naden et al., 2005;
Alfieris et al., 2013; Yeats et al., 2014; Wu et al., 2016; Seewald
et al., 2019; Yu et al., 2019).

Pyrite is a common constituent in hydrothermal precipitates and
incorporates a wide range of trace elements under highly variable fluid
conditions (e.g., temperature, pH, redox). Hence, trace element
contents and stable isotope variations (e.g. δ34S) in pyrite allow us
to monitor changes in fluid composition related to processes like fluid
boiling and magmatic volatile influx (Wohlgemuth-Ueberwasser
et al., 2015; Keith et al., 2016a; Keith et al., 2016b; Maslennikov
et al., 2017; Martin et al., 2019; Román et al., 2019; Keith et al., 2020;
Martin et al., 2020). However, the trace element composition of
hydrothermal pyrite in shallow marine hydrothermal systems
(<200mbsl) has not been investigated to date, and hence little is
known about the enrichment processes of trace metals andmetalloids
in these environments (Valsami-Jones et al., 2005; Wu et al., 2016;
Houghton et al., 2019). In a recent study, the mineralogical andmajor
(and minor) element composition of hydrothermal pyrite and
marcasite from Paleochori Bay (Milos, Greece) has been described
and related to the venting of high-Cl liquid- and low-Cl vapor-
dominated fluids (Voudouris et al., 2021).We significantly extend this
approach by a micro-analytical trace element study combined with S
isotope analyses on samples from Paleochori Bay and Calypso Vents
(Bay of Plenty, New Zealand). We propose a hydrothermal model, in
which fluid boiling and seawater mixing are key processes for trace
metal and metalloid enrichment and fractionation in shallow marine
hydrothermal systems, leading to a mineralization-style that is
comparable to some subaerial epithermal systems.

GEOLOGICAL SETTING AND SAMPLE
LOCALITIES

Calypso Vents
The Calypso Vents are located within the Bay of Plenty in the
Whakatane Graben, the offshore extension of the geothermally
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active Taupo Volcanic Zone, New Zealand (Figure 1A; Davey et al.,
1995; Wilson et al., 1995). The Pliocene to Quaternary arc volcanism
of the Taupo Volcanic Zone results from the subduction of the Pacific
Plate underneath the Australian Plate (Davey et al., 1995;Wilson et al.,
1995). TheWhakataneGraben is located between the volcanoesWhite
Island in the NE andWhale Island in the SW on the continental shelf
of New Zealand (Figure 1B) hosting a succession of volcaniclastic
sediments covering a Mesozoic greywacke basement (Davey et al.,
1995; Hocking et al., 2010). Active volcanism occurred on Whale
Island during Pleistocene time, whereas White Island is an active
volcano hosting a hydrothermal system thatmay actively form a high-

sulfidation Cu-Aumineralization (Hedenquist et al., 1993; Hedenquist
and Lowenstern, 1994; Davey et al., 1995). Hydrothermal venting at
Calypso is controlled by active late Quaternary normal faulting
subparallel to the NW-trending Whakatane Graben (Hocking
et al., 2010; Wright 1990). The Calypso hydrothermal system
consists of three major vent sites in water depths of 180–190m:
Calypso N, Calypso SW and Calypso SE (Figure 1B; Stoffers et al.,
1999b). During cruises SO135 in 1998 and SO192/2 in 2007 fluid
temperatures between 180 and 200°C were detected at the
hydrothermal vents (Table 1). Fluid data suggests that CO2 and
minor H2S are the primary gas species in the hydrothermal fluids
(Stoffers et al., 1999a; b; Schwarz-Schampera et al., 2009). In addition
to gas bubbling, diffuse discharge of shimmering water has been
observed indicating sub-seafloor fluid-seawater mixing (Schwarz-
Schampera et al., 2007; Hocking et al., 2010). The main difference
between the northern and southern (SE and SW) vent fields is the
occurrence of anhydrite and diffuse venting in the north compared to
a focused fluid discharge associated with As- and Hg-mineralization
and hydrocarbons in the south (Stoffers et al., 1999b).

Paleochori Bay
Paleochori Bay is located in the southeastern coast of Milos Island,
Greece, which is part of the active Hellenic island arc forming due to
the subduction of the African Plate beneath the Aegean microplate
(Voudouris et al., 2019). The forearc region consists of 1) the Cretan
forearc basin, 2) a backstop region including the Peloponnese
peninsula to the west (mainland Greece), Crete to the south and
Rhodes to the east, as well as 3) an accretionary complex, the
Mediterranean ridge, located between Crete and the Hellenic
Trench (Figure 2A; Kopf et al., 2003; Varnavas and Cronan 2005;
Price et al., 2013). Milos Island hosts several epithermal deposits
associated with geothermal activity (Kilias et al., 2001; Naden et al.,
2005; Smith et al., 2018). Shallow submarine hydrothermal venting is
concentrated along the southern coastline, where Paleochori Bay is
located with its intense hydrothermal activity and As-rich
mineralization (Price et al., 2013; Voudouris et al., 2021).
Hydrothermal venting is structurally controlled by an active rift,
which extends offshore from the subaerial Fyriplaka Volcano
(Figure 2B; Fytikas et al., 1986; Varnavas and Cronan 2005; Price
et al., 2013). Hydrothermal venting occurs in an area of ∼35 km2 and
up to 300m water depth with fluid temperatures reaching 150°C
(Yücel et al., 2013). Different types of fluids were described, including
low Cl vapor-rich fluids with a focused discharge through
volcaniclastic sediments, brine-rich seeps, and low-pH fluids
discharging through rock fissures (Table 1). Intense discharge also
raises sandy/pebbly plumes of volcaniclastic sediments that are
cemented by pyrite and marcasite to sulphide mounds, which are
associated with gas bubbles and the occasional discharge of saline
liquids (Valsami-Jones et al., 2005; Voudouris et al., 2021).

METHODS

Sample Collection, Preparation and
Processing
The investigated samples from Calypso Vents were recovered by
dredge operations during cruise SO135 from the Calypso N (n �

FIGURE 1 | (A) Location of Calypso Vents in the Bay of Plenty on the
continental shelf of the northern island of New Zealand (modified after Wilson
et al., 1995) (B) Location of Calypso N, SE, and SW in the Whakatane Graben
between White Island and Whale Island (modified after Wright, 1990).
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5), Calypso SE (n � 3) and Calypso SW (n � 6) vent sites. Samples
from Paleochori Bay were recovered by scuba diving from
sulphide mounds in the direct vicinity of vent sites with a
focused fluid discharge (n � 4) at <10 m water depth. Samples

of hydrothermal vent fluids were not recovered at Calypso Vents
and Paleochori Bay. Polished thin and thick sections (n � 17)
were prepared from these samples for the following micro-
analytical studies (cf. Micro-Analytical Techniques) and a
fraction of the whole rock specimen was crushed and milled
for x-ray diffraction analysis (cf. X-Ray Diffraction (XRD)).

X-Ray Diffraction (XRD)
Whole rock samples (n � 9) from Calypso Vents (SO135-110DR,
-112DR, -112DR2, -112DR3, -113DR7, -118DR5, -116DR3,
-118DR2 and -116DR1; Table 2) were crushed, milled and
mixed with isopropanol. The amalgamation was milled for
another 10 min using a McCrone micro mill. The outcome
material was subsequently centrifugalised for 10 min and dried
at 60 °C for at least 24 h. Subsequent XRD analysis of the
homogenous whole rock powders (n � 9) was conducted from
2° to 75° 2θ diffraction angle using a Siemens D5000 XRD
equipped with a graphite monochromator with Cu Kα
radiation at the GeoZentrum Nordbayern. Radiation was set to
40 kV and 35 mA. Samples were analysed for a second time after
glycol saturation to improve the clay mineral detection. The XRD
patterns were processed by Rietveld refinement using the Profex
and BGMN software. Phases that occur in amounts <1 wt% could
not be detected by XRD.

Micro-Analytical Techniques
The polished thin and thick sections from Calypso (n � 13) and
Paleochori Bay (n � 4) were examined by optical microscopy and
coated with carbon prior to the micro-analytical study. Unknown
mineral phases were identified by energy-dispersive spectrometry
(EDS) using a TESCAN Vega\\XMU scanning electron
microscope at the GeoZentrum Nordbayern. An acceleration
voltage of 20 kV and a probe current of 8–11 nA were applied
for EDS analysis. Cobalt was used for beam optimization.

The major and minor element composition of pyrite and
marcasite was obtained by electron microprobe analysis using
a JEOL JXA-8200 Superprobe at the GeoZentrum Nordbayern
(n � 267). Wavelength-dispersive analyses were conducted with a
focused beam, an acceleration voltage of 20 kV and a beam
current of 20 nA. Count times were set to 20 and 10 s for the
peak and background measurements, respectively. The following
reference materials were used for the standardization: CuFeS2 (for
S, Fe, Cu) and InAs (for As), InSb (for Sb), Co (for Co), Ni (for
Ni), ZnS (for Zn), PbS (for Pb). Analyses with a total mass <98 wt
%, >101 wt% or with an error >3 at% with respect to the
stoichiometric composition were discarded. The Co, Ni, Cu,
Zn, Sb and Pb concentrations in pyrite and marcasite
determined by electron microprobe were not used for further
interpretation, because concentrations were usually <0.1 wt%

TABLE 1 | Overview of fluid parameters from Calypso Vents and Paleochori Bay.

Vent field pH T [°C] Depth [mbsl] References

Calypso N n/a 201 182 Botz et al. (2002)
Calypso SE n/a 181 191 Botz et al. (2002)
Paleochori bay 2.08–7.7 4.1–115 0–10 Valsami-Jones et al. (2005)

FIGURE 2 | (A) Location of Milos Island in the active Hellenic Volcanic
Arc (modified after Kopf et al., 2003; Houghton et al., 2019) (B) Milos Island
with the neo-tectonic graben structure hosting the hydrothermal vent site of
Paleochori Bay. Dark areas indicate fields of hydrothermal activity
(modified after Fytikas et al., 1986; Kilias et al., 2001; Houghton et al., 2019).
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(Supplementary Table S1), which is close to or below the
detection limit but well within the capability range of LA-
ICP-MS.

The trace element composition of pyrite and marcasite was
determined by LA-ICP-MS using a Teledyne Analyte Excite
193 nm laser coupled with an Agilent 7500c ICP-MS system at
the GeoZentrum Nordbayern (n � 157). The plasma power of the
ICP-MS system was set to 1300W. Helium (0.9 L/min) and Ar
(0.94 L/min) were used as carrier gases. In addition, Ar was used
as plasma (14.9 L/min) and auxiliary gas (0.9 L/min). A single
spot ablation pattern with a frequency of 15 or 20 Hz and a
fluence of 4.04 J/cm2 was used. A beam diameter of 10–25 µmwas
applied according to pyrite and marcasite crystal size. Total
analysis time was set to 40 s including 20 s of pre-ablation
blank analysis. The Po724 B2 SRM (Sulphide Memorial
University Newfoundland) (Au) and MASS-1 (USGS) (Co, Ni,
Cu, Zn, Ga, Ge, As, Se, Mo, Ag, Cd, In, Sb, Te, Hg, Tl, Pb and Bi)
reference materials were used for the external calibration. A
stoichiometric value of 53 wt% S was used for the internal
standardisation of pyrite and marcasite. Trace element and
minimum detection limits were processed by GLITTER
(Supplementary Table S2; van Achterbergh et al., 2000). Data
quality was monitored by the repeated analysis of the sulphide
standards yielding a relative standard deviation (RSD) of <10%
for Ga, As, Mo, Cd, In, Sb, Pb and Bi; <15% for Cu, Zn, Ge, Se, Ag,
Te, Au, Hg and Tl; <17% for Co and Ni. Quantitative spot
analysis was combined with qualitative LA-ICP-MS mapping to
visualise trace element distribution patterns in individual crystals
or fine-grained pyrite-marcasite assemblages. A square-shaped
beam of 5 μm at a scan speed of 3 μm/s and a repetition rate 15 Hz
was applied for the mapping. All other operating conditions were
identical to the spot analysis. The qualitative trace element maps
were processed by the iolite software package developed at the
University of Melbourne (https://iolite-software.com).

Geochemical data from natural systems rarely show a normal
distribution, and hence the geometric mean and geometric
standard deviation (GSD) were used to measure central
tendency and dispersion, respectively (Table 3; Reimann and
Filzmoser, 2000).

Sulfur Isotope Analysis
Sulfur isotope measurements were performed on native S
separates (n � 5) from Calypso Vents (SO135-88DR,
-110DR02, -103DR2, -98DR and -103DR1) without further
chemical treatment (Supplementary Table S3). About
48–55 μg of S and 300–500 µg of V2O5 were placed into tin
capsules. Subsequent isotope analysis was performed using a
Carlo Erba elemental analyser coupled with a ThermoFinnigan
Delta Plus isotope ratio mass spectrometer (EA-IRMS) at the
Westfälische Wilhelms-Universität Münster. Reproducibility as
determined through replicate analyses of reference materials was
better than ±0.2‰ (1σ) and precision of duplicate measurements
was <0.7‰. Values are presented in per mille difference relative
to the Vienna-Canyon-Diablo Troilite (V-CDT) standard.

RESULTS

Hydrothermal Mineralogy
Pyrite and marcasite are the dominant sulphides in most samples
from Calypso Vents (Table 2), where they are commonly
disseminated in the host lithologies as anhedral to subhedral
crystals. Locally framboids, veins or coatings of pyrite and/or
marcasite around silicate grains or Fe-Ti-oxides were observed
(Figure 3A). The hydrothermal mineralization at Calypso SE is
characterised by massive opaline silica and a pyrite (-marcasite)
vein-related mineralization that occurs between ash layers
(Table 2; Figure 3B). Back-scattered electron imaging exhibits
concentric/growth zoning in vein-type pyrite, in which the light
grey spherical zones contain inclusions of a Zn-Hg sulphide
(Figure 3C). In addition, a pumiceous tuff sample was
recovered between Calypso SE and SW, which hosts
macroscopic fragments of charcoal associated with the pyrite
and marcasite mineralization (Supplementary Figure S1B). By
contrast, the samples from Calypso SW are mainly composed of
barite with minor chalcopyrite and sphalerite that hosts galena
inclusions (Figure 3D). Pyrite is locally associated with a Ag-rich
sulphide phase, probably an argentite or acanthite polymorph
(Ag2S, Figure 3E). Radial orpiment locally surrounds skeletal

TABLE 2 | List of sample localities and mineralogical composition of the hydrothermal mineralization at Calypso Vents and Paleochori Bay.

Vent field Sample no Latitude Longitude Hydrothermal
mineralization

Depth [mbsl]

Calypso SE SO-135–110DR −37°41.31′ 177°07.34′ opal, py, mrc, native S, Zn-Hg-sulphide 189–192
Calypso SW SO-135–112DR −37°41.62′ 177°06.06′ brt, sph, gn, orp, stbn, py, ccp, Ag-sulphide 184–185
Calypso SW SO-135–112DR2 −37°41.62′ 177°06.06′ brt, sph, gn, orp, stbn, py 184–185
Calypso SW SO-135–112DR3 −37°41.62′ 177°06.06′ py, cal 184–185
Calypso SW-SE SO-135–113DR7 −37°41.74′ 177°06.98′ mrc, py 187–188
Calypso N SO-135–118DR5 −37°36.83′ 177°06.08′ py, ill? smc? hm 161–166
Calypso N SO-135–116DR3 −37°36.83′ 177°05.63′ mrc 161–166
Calypso N SO-135–118DR2 −37°36.83′ 177°06.08′ mrc 163–170
Calypso N SO-135–116DR1 −37°36.83′ 177°05.63′ py 163–170
Paleochori bay Mil-4–3 36°40.440’ 24°30.949′ py, mrc <10
Paleochori bay Mil-3 36°40.440′ 24°30.949′ mrc, py, sulphosalts <10
Paleochori bay Mil-4 36°40.440′ 24°30.949′ mrc, py, sulphosalts <10
Paleochori bay Mil-3–302 36°40.440′ 24°30.949′ mrc, py, sulphosalts <10

Abbreviations: brt, barite; cal, calcite; ccp, chalcopyrite; gn, galena; hm, hematite; ill, illite; smc, smectite; mrc, marcasite; orp, orpiment; py, pyrite; sph, sphalerite; stbn, stibnite; mbsl,
metres below sealevel.
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stibnite in the barite-cemented tuffs of Calypso SW (Figure 3F).
The host lithologies of Calypso N are more diverse compared to
the pumiceous tuffs at Calypso SE and SW. This includes, in
addition to variably altered (lapilli) tuffs, reworked rhyolitic and
granitic host rock compositions. X-ray diffraction patterns of the
lapilli-tuffs revealed that illite or smectite are present (Table 2).
Pyrite and marcasite are the only sulphides identified at Calypso
N, which occur as disseminations in the altered host rocks.
Additionally, three types of native S can be distinguished at
Calypso Vents, including 1) crystalline S that shows a glassy
lustre and infills cavities, 2) S crusts cementing the volcaniclastic
sediments and 3) mm-sized sulfur globules that are attached to
the sample surface (Supplementary Figure S1A).

The hydrothermal mineralization at Paleochori Bay primarily
consists of pyrite and marcasite. Most samples show several
generations of pyrite and marcasite in alternating colloform
bands that are interrupted by layers of amorphous silica
(Figures 3G,H) and sub-microscopic complex Cu, Zn, Ag, Sb
and Pb bearing sulphosalts (cf. Mineral Chemistry) that were
identified by backscattered electron imaging and EDS (Figure 3I).
Locally, marcasite is attached to silicate pebbles in the
volcaniclastic material and is surrounded by pyrite (Figures
3J,K), which has an irregular and more porous texture in this
assemblage compared to marcasite (Figures 3J,K). Host rock-
related magnetite typically shows dissolution textures and
coatings of Fe-sulphide (Figure 3L).

TABLE 3 | Compilation of trace element concentrations in pyrite and marcasite from Calypso Vents and Paleochori Bay.

Vent
field/Min.
Type

Co [ppm] Cu [ppm] Zn [ppm] As [ppm] Mo [ppm] Ag [ppm] Sb [ppm] Hg [ppm] Tl [ppm] Pb [ppm]

Calypso SE Min 0.24 1.19 209 14,545 22.4 0.03 0.07 2.40 0.66 0.17
py fine-grained Max 11.5 8.19 321 35,538 40.0 0.07 0.30 85.7 3.11 3.61
n � 8 Geomean 0.61 2.34 272 28,383 30.5 0.05 0.16 15.6 1.59 0.49

GSD 3.45 2.97 1.15 1.33 1.19 1.46 2.11 3.56 1.74 3.12
Calypso SE Min 0.11 b.d.l. 32.0 2599 18.6 0.05 0.22 10.6 2.09 0.10
py vein-type Max 0.14 b.d.l. 284 32,529 47.3 0.05 16.2 2037 554 1.37
n � 10 Geomean 0.12 n/a 76.2 6511 28.9 0.05 1.33 554 215 0.20

GSD 1.20 n/a 2.09 2.27 1.36 n/a 4.53 4.27 5.19 2.45
Calypso SE Min 5.34 8.15 278 575 4.81 0.10 1.55 17.9 13.5 7.08
mrc fine-grained Max 81.3 127 832 4387 59.1 0.57 27.7 246 384 882
n � 9 Geomean 20.6 43.3 464 1334 18.4 0.28 8.05 104 119 117

GSD 3.04 2.68 1.47 1.85 2.16 1.92 2.50 2.33 3.80 4.07
Calypso SW Min 0.17 1339 577 307 2.13 1068 305 12.2 52.4 3614
py fine-grained Max 12.4 5515 22,897 10,650 127 10,680 11,239 366 9190 23,747
n � 18 Geomean 1.28 2527 3269 1903 15.2 3246 1808 63.5 1136 10,315

GSD 3.81 1.45 3.33 2.73 3.34 2.04 2.92 2.99 4.84 1.64
Calypso SW Min 0.72 63.95 19.5 15.5 5.83 0.02 0.83 1.45 0.24 1.51
mrc fine-grained Max 512 388 29,144 353 64.0 0.27 42.3 30.4 7.08 45.8
n � 22 Geomean 34.5 141 82.9 75.1 24.3 0.07 4.03 12.0 2.35 10.2

GSD 4.20 1.70 5.42 2.08 1.94 2.13 2.43 2.12 2.14 2.77
Calypso N Min 0.11 1.45 1.88 15.2 0.05 0.03 0.40 0.20 0.01 2.38
py fine-grained Max 96.7 76.6 338 5665 35.3 1.97 44.6 217 26.7 269
n � 18 Geomean 6.90 15.4 8.78 592 1.95 0.34 9.86 15.9 4.24 35.2

GSD 6.99 3.07 4.59 5.51 5.09 3.16 2.86 5.02 5.89 3.93
Calypso N Min 0.10 2.96 16.9 0.40 0.13 0.04 0.20 0.90 0.05 0.30
mrc fine-grained Max 60.0 95.0 255 534 8.86 2.68 0.36 1.95 0.40 44.0
n � 10 Geomean 1.47 15.4 47.9 4.37 0.71 0.46 0.27 1.42 0.18 1.46

GSD 9.81 3.42 2.42 12.2 5.33 4.65 1.52 1.43 1.86 4.54
Paleochori bay Min 0.77 2.19 48.5 272 1.94 0.06 1.02 0.93 5.40 6.64
py colloform Max 93.5 179 227 4250 10.8 20.3 13.4 3008 107 613
n � 10 Geomean 6.59 8.26 103 1141 4.43 0.30 5.69 6.07 32.2 59.1

GSD 5.04 3.65 1.83 2.59 1.83 7.60 2.19 15.1 2.58 4.35
Paleochori bay Min 0.19 0.41 16.5 181 0.70 0.01 1.04 0.58 0.40 0.28
mrc colloform Max 97.1 13.6 177 11,122 14.8 1.78 64.8 155 75.8 3863
n � 31 Geomean 1.80 3.01 57.6 1051 3.14 0.13 7.76 17.0 9.76 13.1

GSD 3.99 2.79 1.91 3.00 2.09 3.62 2.71 5.54 4.07 9.12
Paleochori bay Min 10.7 2.86 53.1 9828 5.53 0.05 170 7.21 4738 280
py semi-massive Max 58.9 56.4 328 25,732 19.9 0.48 2670 178 8868 3407
n � 7 Geomean 31.2 13.8 124 17,607 10.8 0.23 996 56.5 6482 1402

GSD 1.76 2.81 2.26 1.43 1.48 2.25 2.60 2.88 1.28 2.41
Paleochori bay Min 0.51 0.22 80.1 456 6.05 0.03 4.21 0.34 639 3.44
mrc semi-massive Max 28.7 28.2 3234 12,257 78.5 0.19 754 147 5112 1408
n � 14 Geomean 4.74 2.59 310 1469 16.8 0.05 23.3 1.30 1816 23.9

GSD 3.02 4.90 2.72 2.51 2.06 2.08 3.48 4.80 1.74 4.47

The full data set is presented in the Supplementary Table S2. Abbreviations: py, pyrite; mrc, marcasite; GSD, Geometric Standard Deviation, b.d.l., below detection limit.
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Mineral Chemistry
Arsenic concentrations in pyrite and marcasite range from 0.4
ppm to 3.5 wt% (Table 3). Vein-type pyrite from Calypso SE
shows the highest As contents reaching 3.5 wt%, together with
elevated Hg (up to 0.2 wt%) and low Cu, Pb, and Sb (Table 3;
Figures 4A–E). Pyrite in barite-cemented tuffs from Calypso SW
displays moderate As (up to 1.1 wt%) and high Pb (up to 2.3 wt
%), Sb (up to 1.1 wt%), Zn (up to 2.2 wt%), Ag (up to 1.0 wt%)
and Tl (up to 0.9 wt%) contents (Table 3; Figures 4A–E). Arsenic
concentrations in pyrite from Calypso N and Paleochori Bay
reach 0.1 and 1.9 wt%, respectively, and show comparable As/Co.
ratios and Sb, Ag, Cu, Hg and Pb contents, but distinct Zn and Tl
concentrations (Table 3; Figures 4A–E).

Pyrite and marcasite from Calypso Vents can be distinguished
based on their trace element composition. Lead, for example,
tends to be enriched in pyrite compared to marcasite from the
same vent site (e.g., Calypso N and SW, Figures 4C,H).
Antimony is enriched in pyrite relative to marcasite at
Calypso SW and N, whereas at Calypso SE, pyrite is depleted
in Sb compared to marcasite (Figures 4C,H). Copper is enriched
in pyrite from Calypso SW, but depleted at Calypso SE relative to
marcasite from the same vent site. By contrast, pyrite and
marcasite from Paleochori Bay generally show a comparable
composition (Figure 4), and can therefore not be
distinguished by their trace element contents. Trace element
concentrations also vary with respect to pyrite texture
(Table 3; Figure 4E). For example, As, Sb, Hg (and Tl) are
enriched, whereas Co is depleted in vein-type pyrite compared to
fine-grained disseminated pyrite from Calypso SE. Semi-massive
pyrite and marcasite from Paleochori Bay exhibit higher Tl
concentrations than its colloform-textured counterpart
(Figures 4E,J).

Laser ablation ICP-MS mapping reveals a concentric zoning
pattern in vein-type pyrite from Calypso SE, showing a distinct
enrichment of Mo, Sb, Hg and Tl in As-rich zones (Figure 5),
together with an inclusion-related occurrence of Hg (and Zn)
(Figures 3C,5E; Supplementary Figure S2). Trace element maps
of colloform pyrite-marcasite from Paleochori Bay display a more
complex element distribution, without clear covariations with As
(Figure 6). Antimony is particularly concentrated in complex Sb,
Zn, Cu, Ag and Pb bearing sulphosalts that occur between the
pyrite-marcasite layers (Figure 6, Supplementary Figure S3).

The Shapiro-Wilk-Test show a log-normal distribution for
some elements in pyrite and marcasite (Co, Ni, Ge, Cd, Au; p >
0.05). A normal distribution was only detected for Se and Te in
pyrite (p � 0.156 and p � 0.235), which is probably related to the
small number of analyses (n < 11) above the detection limit
(Supplementary Table S4). Therefore, the non-parametric

FIGURE 3 | Reflected light photomicrographs and electron images of
representative samples from Calypso Vents (A–F) and Paleochori Bay (G–L).
Calypso Vents (A) Fe-sulphide surrounding Fe-Ti-oxide in ash matrix from
Calypso SW (112DR3) (B) vein-type pyrite from Calypso SE (C)
inclusions of Hg-Zn sulphide in an As-rich concentric zone in vein-type pyrite
from Calypso SE (110DR) (D) assemblage of sphalerite, chalcopyrite, galena
and orpiment in barite-cemented tuff from Calypso SW (112DR) (E) pyrite
surrounded by Ag-sulphide (argentite or acanthite) from Calypso SW (112DR)
(F) skeletal stibnite surrounded by orpiment in barite-cemented tuff from
Calypso SW (112DR). Paleochori Bay (G) colloform mineralization of

(Continued )

FIGURE 3 | alternating pyrite-marcasite in silicate matrix (Mil3-302) (H)
colloform pyrite-marcasite alternation with amorphous silica layers in crossed
polarised light (Mil4) (I) back-scattered electron image of colloform pyrite-
marcasite with Cu, Zn, Ag, Sb and Pb bearing sulphosalts in amorphous silica
layers (Mil3-302) (J) pyrite and marcasite surrounding detrital grains in the
volcaniclastic sediments (Mil4-3) (K) pyrite surrounding marcasite in crossed
polarized light (Mil4-3) (L) magnetite replacement by Fe-sulphide (Mil4).
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FIGURE 4 | Trace element variation diagrams of pyrite (A–E) and marcasite (F–J) from Calypso Vents and Paleochori Bay. Note the distinct composition of pyrite
and marcasite with respect to mineral texture and the host vent system.
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Spearman correlation test was applied. Yielded coefficients
(ρ-values) for all bivariate combination and corresponding
p-values are provided in Supplementary Table S4.

Sulfur Isotopes
The δ34S compositions between the different types of native S (cf.
Hydrothermal Mineralogy) are highly variable at Calypso Vents,
as reflected by negative δ34S values in S globules (−7.6 to −9.1‰)
compared to a positive δ34S signature in the S crusts (5.7–6.7‰,
Table 4) and in crystalline S (0.7–3.4‰, Table 4). This
compositional range in δ34S is comparable to pyrite and native
S from other sediment-covered island arc-related vent sites like
Paleochori Bay (−4.4 to −10.8‰; Houghton et al., 2019), Punta
Mita (−10.7–4.9‰; Alfonso et al., 2003) and Kueishantao
(0.2–2.4‰; Yu et al., 2019). The δ34S composition of pyrite
from the sediment-covered Palinuro volcanic complex
(Tyrrhenian Sea) overlaps with Calypso Vents and Paleochori
Bay, but extends towards extremely low δ34S values (−32.8 to
−1.1‰; Table 4).

DISCUSSION

Precipitation and Alteration Processes
The occurrence of both pyrite and marcasite at Calypso Vents
and Paleochori Bay (Figure 3) suggests significant fluid
temperature and/or pH variations. Marcasite is only stable at
pH < 5 and temperatures <240°C (Murowchick and Barnes,
1986), whereas the precipitation of pyrite is not restricted to
these fluid conditions, as indicated by a formation at high
temperature (up to 400°C) or neutral to alkaline pH (>7) in
submarine and subaerial hydrothermal systems (Berkenbosch
et al., 2012; Wohlgemuth-Ueberwasser et al., 2015; Keith et al.,
2016a, 2020; Meng et al., 2020). Elements like Co and Cu
typically precipitate together with their host minerals at fluid

temperatures between 300 and 350°C, whereas the solubility of
Tl and Pb is not temperature sensitive >220°C (Seyfried and
Ding, 1995; Metz and Trefry, 2000). Thus, we expect a Tl and Pb
enrichment in marcasite relative to pyrite as a result of the lower
formation temperature of the former (<240°C). However, Tl and
Pb are not consistently enriched in marcasite compared to pyrite
from the same vent site (Figure 4), rather excluding a
temperature-controlled incorporation. Similarly, colloform
pyrite-marcasite, as observed at Paleochori Bay (Figure 3I),
typically forms by quenching of the discharging fluids with
ambient seawater, and therefore represent a low temperature
precipitation texture (Berkenbosch et al., 2012; Revan et al.,
2014; Grant et al., 2018). However, we do not see a Tl
enrichment or Co and Cu depletion in colloform compared
to vein-type and semi-massive pyrite-marcasite that commonly
form at higher fluid temperatures and more stable precipitation
conditions with little fluid seawater-mixing (Figure 4; de Ronde
et al., 2003; Melekestseva et al., 2014; Wohlgemuth-Ueberwasser
et al., 2015; Keith et al., 2016a). This indicates that fluid
temperature can likely not explain the trace element
variations in pyrite and marcasite and rather suggests that
the different crystal structures of cubic pyrite and
orthorhombic marcasite may primarily control the trace
element distribution at Calypso Vents and Paleochori Bay
(cf. Fluid Boiling and Metal Deposition). The low fluid
temperatures at Calypso Vents (<200°C) and Paleochori Bay
(<115 °C; Table 1) also suggest a low Co and Cu solubility in the
hydrothermal fluids (e.g., Seyfried and Ding, 1995; Metz and
Trefry, 2000), indicating that most of the Co and Cu possibly
precipitated in the subsurface and never reached the seafloor,
which may explain the Cu-poor seafloor mineralization in these
systems (Table 2). Alternatively, Co and Cu may not have been
mobilised in significant amounts from the surrounding host
rocks due to the low fluid temperatures <200°C (Table 1; Metz
and Trefry, 2000).

FIGURE 5 | Backscattered electron image (A) and trace element maps by LA-ICP-MS (B–F) of vein-type pyrite from Calypso SE. Note the Hg-rich inclusions (E) in
the As-rich zones of pyrite. The white dashed lines represent the crystal margin or separate different zones with distinct trace element composition.
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Colloform pyrite-marcasite textures are also known from
deeper hydrothermal systems (>200 mbsl) in arc and back-arc
environments (de Ronde, et al., 2003; Berkenbosch et al., 2012;
Wohlgemuth-Ueberwasser et al., 2015; Keith et al., 2016a).
However, the silicate and heavy mineral (sulphosalt) layers
between colloform pyrite-marcasite at Paleochori Bay are
uncommon in these deeper systems, suggesting distinct
hydrodynamic precipitation conditions. Hydrothermal vent
systems in very shallow water depths (<10 mbsl), such as
Paleochori Bay (Tables 1,2), are affected by wave action, and

FIGURE 6 | Backscattered electron image (A) and trace element maps by LA-ICP-MS (B–I) of colloform pyrite-marcasite from Paleochori Bay. Sulphosalts hosted
by amorphous silica layers (Figure 3I) show an enrichment of Cu, Zn, Ag, Sb and Pb. Note the coupling (As, Ni, Co, Mo, Hg, Tl) and decoupling (As, Tl) of elements
between different layers in the colloform pyrite-marcasite assemblage, as highlighted by the white dashed lines.

TABLE 4 | Comparison of δ34S data from this study and other shallow marine
vent sites.

Sample site Sample type δ34S-value References

Calypso SE S Globules −7.6 to −9.1 This study
Calypso SW Crystalline S 0.7–3.4 This study
Calypso N S Crust 5.7–6.7 This study
Paleochori bay Pyrite −4.4 to −10.8 Houghton et al. (2019)
Punta mita Pyrite −10.7–4.9 Alfonso et al. (2003)
Kueishantao Native S 0.2–2.4 Yu et al. (2019)
Tyrrhenian sea Pyrite −32.8 to −1.1 Peters et al. (2011)
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therefore by seasonal variations in wind and wave intensity
preventing the formation of continuous Fe-sulphide layers due
to constant hydrodynamic reworking (Pichler et al., 1999; Yücel
et al., 2013). We propose that due to increased wave action, for
example during storm events, mixing at the fluid-seawater
interface is deeper in the sediment cover (>10 cm; Yücel et al.,
2013) supressing the formation of sulphides at the seafloor.
Instead, detrital material including heavy minerals (e.g.
sulphosalts) are deposited (Figure 3G), which were possibly
derived from the nearby onshore epithermal mineralizations
on Milos island (Kilias et al., 2001; Naden et al., 2005). At
decreasing wave action, the seawater-fluid interface moves
upward towards the seafloor leading to the formation of
colloform pyrite-marcasite upon mixing of the discharging
fluid with ambient seawater (Figure 3).

Cinnabar (HgS) has been described at Paleochori Bay
(Voudouris et al., 2021) and a similar Hg-rich mineralization
has also been observed at Calypso SE (Figure 3C; Stoffers et al.,
1999a), which is associated with charcoal fragments hosted by the
volcaniclastic sediments (Supplementary Figure S1B). This may
imply that the Hg precipitation is related to organic matter, as
suggested by Prol-Ledesma et al., (2002) for the Punta Mita vent
system, Mexico. Beyond this, Hg is supposed to be enriched in
shallow marine hydrothermal systems due to the occurrence of
boiling and its precipitation from vapor-rich fluids according to
the following equation (1) by Varekamp and Buseck (1984).

Hg0(g) +H2S(g) →HgS(S) + H2 (1)

Fluid boiling has been suggested for Calypso Vents (Schwarz-
Schampera et al., 2007; Hocking et al., 2010) and Paleochori Bay
(Valsami-Jones et al., 2005; Wu et al., 2016), and the presence of
oil, bitumen and charcoal at Calypso SE (Supplementary Figure
S1B; Stoffers et al., 1999b; Botz et al., 2002) probably promotes
the Hg mobility, and therefore leads to an oversaturation of Hg in
the boiled fluids indicated by Hg droplets (Varekamp and Buseck
1984) that may subsequently be incorporated in the precipitating
sulphides like pyrite (Figure 3C).

Coatings of Fe-sulphide around magnetite grains, as observed
at Calypso Vents and Paleochori Bay (Figures 3A,L), are the
result of magnetite sulfidation by an H2S-rich acidic fluid in the
presence of seawater oxygen according to the following Eq. (2) by
Qian et al., (2010):

Fe3O4 + 6H2S(aq) + O2(aq)→ 3FeS2 + 6H2O (2)
This combined leaching and replacement process of detrital

magnetite was also described at other shallow marine
hydrothermal vents, such as Lihir, Papua New Guinea (Pichler
et al., 1999) and Punta Mita, Mexico (Prol-Ledesma et al., 2002).
The presence of alunite-jarosite at Paleochori Bay suggests the
occurrence of oxidised low pH (<3) fluids likely reflecting a boiling-
related vapor-dominated origin (Valsami-Jones et al., 2005; Price
et al., 2013; Voudouris et al., 2021; Wu et al., 2016). Marcasite is
only stable at low pH (<5) conditions (Murowchick and Barnes,
1986), and hence we propose that the pyrite-marcasite alternations,
as observed at Paleochori Bay (Figure 3) may be the result of the
periodic discharge of lower pH vapor-dominated fluids (cf. Pichler

et al., 1999), causing the precipitation ofmarcasite instead of pyrite.
However, acid alteration such as kaolinite or alunite is lacking at
Calypso Vents (Marumo and Hattori 1999; Simmons and Brown
2000), where an alteration assemblage consisting of smectite, illite
and opaline silica rather suggests neutral pH conditions (Table 2;
Hocking et al., 2010). Hence, if an acidic alteration assemblage was
present at Calypso Vents, then it was likely overprinted by a near
neutral seawater-dominated fluid leading to the observed smectite-
illite alteration (de Ronde et al., 2019).

Fluid Boiling and Metal Deposition
Significant variations in vent fluid chlorinity (43–2000 mM Cl)
relative to seawater (∼560 mMCl) together with venting of vapor-
rich fluids at Calypso Vents and Paleochori Bay indicate that
boiling is a common process (Valsami-Jones et al., 2005; Schwarz-
Schampera et al., 2007; Hocking et al., 2010; Price et al., 2013).
Trace element partitioning typically occurs between the low-Cl
vapor (e.g., As, Mo, Sb, Hg, Tl) and high-Cl liquid phase (e.g., Co,
Zn, Pb; Xiong 2007; Pokrovksi et al., 2013; Brugger et al., 2016;
Román et al., 2019; Keith et al., 2020), which has recently been
proposed to be preserved by trace element variations (e.g.
concentric zoning) in epithermal pyrite (Tardani et al., 2017;
Román et al., 2019; Keith et al., 2020).

Trace element mapping of vein-type pyrite from Calypso SE
reveals such concentric zoning patterns with a coupled
enrichment of volatile elements like As, Mo, Sb, Hg and Tl
(Figure 5). By contrast, concentrations of trace elements that
usually form Cl-complexes in hydrothermal fluids (e.g., Co, Zn,
Ag, Cd, Pb) are near or below the minimum detection limit
(<0.01 ppm, Supplementary Figure S2), indicating that the
mineralising seafloor fluids may have been vapor-dominated
and of low chlorinity. This is supported by generally low Co and
Pb contents in pyrite from Calypso SE (Figure 4), as well as a Co
depletion and an Sb, Hg and Tl enrichment in vein-type
compared to the fine-grained host-rock related pyrite at this
vent site (Table 3; Figure 4). The distinct fractionation
behaviour of As and Co between the vapor and liquid phase,
respectively (Pokrovksi et al., 2013; Brugger et al., 2016; Tardani
et al., 2017), suggests that the high As/Co ratios (up to 300,000)
in pyrite from Calypso SE are caused by a precipitation from a
vapor-rich fluid (Figure 4B, 8B). By contrast, the lowest As/Co
ratios in pyrite were observed at Calypso N and Paleochori Bay
indicating a smaller vapor proportion in the mineralising fluids
(Figure 4B, Figure 8B). Hence, the As/Co ratio in pyrite may
represent a suitable tool to distinguish vapor- and liquid-
dominated fluids (cf. Tardani et al., 2017; Román et al.,
2019). Pyrite in the barite-cemented tuffs from Calypso SW
shows high Zn, Ag and Pb contents (Figure 4), which suggests,
together with the presence of sphalerite, argentite and galena
(Table 2) that the corresponding hydrothermal fluids were
enriched in Zn, Ag, Ba and Pb compared to the other vent
sites. These elements typically concentrate in the liquid phase
during vapor loss by boiling (Suzuki et al., 2008; Pokrovksi et al.,
2013; Brugger et al., 2016), which may indicate a precipitation
from an upwelling (high-Cl) liquid-dominated fluid with only a
minor vapor proportion that formed by sub-seafloor boiling
(Figure 8B).
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In contrast to vein-type pyrite from Calypso SE, which is
likely related to a focused fluid flow, the colloform Fe-
sulphide alternations from Paleochori Bay rather formed
under conditions of higher porewater/seawater influence
(Figure 8B), and therefore do not preserve a pristine
precipitation signature from a boiling hydrothermal fluid
that lacks a seawater overprint (Valsami-Jones et al., 2005;
Price et al., 2013). Price et al. (2013) also suggested that
mixing of phase separated fluids with seawater at Paleochori
Bay is a common process. Beyond this, Price et al. (2013)
observed an As-Cl-rich fluid at Paleochori Bay carrying both
vapor- (Sb and Tl) and liquid-related (Ag, Zn and Pb)
elements, which they refer to sub-surface re-mixing of
phase separated fluids. A similar process may be observed
at Calypso SW and preserved by high concentrations of Sb
(up to 1.1 wt%) and Tl (up to 0.9 wt%) together liquid-related
elements like Zn, Ag and Pb in pyrite (Figure 4). In addition,
crystal structures may also play an important role in the
incorporation of trace elements into pyrite and marcasite
(Deditius and Reich, 2016; Keith et al., 2018a). Marcasite is a
polymorph of pyrite and isostructural with arsenopyrite,
which leads to a higher capacity of the orthorhombic
marcasite lattice to host As compared to cubic pyrite

(Simon et al., 1999; Reich and Becker, 2006). This may
explain the enrichment of As in the marcasite compared to
the pyrite layers at Paleochori Bay (Figure 6B). Hence, we
propose that a combination of mixing between phase
separated fluids and porewater/seawater together with a
crystallographic control on the trace element incorporation
into pyrite and marcasite (cf. Precipitation and Alteration
Processes) likely caused the complex trace element
distribution at Paleochori Bay.

Gold contents in pyrite and marcasite from Calypso Vents
and Paleochori Bay are very low (<0.6 ppm), which may be
explained by the precipitation of Au in sub-seafloor boiling
zones (Figure 8B). For example, the precipitation of Au in
epithermal systems is typically related to boiling zones, where
H2S partitions into the vapor phase causing a destabilisation
of the (Au(HS)−2 ) complex initiating Au deposition
(Drummond and Ohmoto, 1985; Cooke and McPhail 2001;
Simmons et al., 2005; Keith et al., 2020). The vicinity of
Calypso Vents and Paleochori Bay to Au-rich epithermal
systems, such as White Island or the Taupo Volcanic zone,
New Zealand (Hedenquist et al., 1993; Simmons and Brown,
2000) and Profitis Ilias or Chondro Vouno, Milos (Figure 8A;
Naden et al., 2005; Alfieris et al., 2013), respectively, provides

FIGURE 7 | Variation diagrams (A–D) comparing the trace element composition of pyrite fromCalypso Vents and Paleochori Bay (<200mbsl) with deepmid-ocean
ridge-related hydrothermal sytems (>2000 mbsl). Pyrite from shallow arc-related vents (<200 mbsl) is characterised by significantly higher As, Sb, Tl and lower Cu, Co
concentrations (A–C), as well as higher ratios of Sb/Cu (>0.1) and As/Co (>10–100) than its deeper mid-ocean ridge-related counterparts (C,D). Note that pyrite from the
deeper arc-related hydrothermal systems of Brothers volcano and Volcano 19 (>200 mbsl; Keith et al., 2016a) overlaps with the mid-ocean ridge data indicating
that the As/Co ratio in pyrite should not be suitable to distinguish shallower (>200 mbsl) and deeper (>200 mbsl) arc-related hydrothermal systems (D) Shallow arc-
related pyrite (<200 mbsl) shows similar As/Co (>10–100) ratios as pyrite from boiling zones in the Cerro Pabellón Geothermal System, Chile (Román et al., 2019),
indicating that fluid boiling is a key processes controlling the As/Co distribution in shallow marine hydrothermal pyrite (<200 mbsl; see text for details). Note that the
dashed line in the As-Tl diagram (A) is not a linear function with a constant slope in linear scale, and hence it cannot statically be defined by a ratio. Pyrite data from mid-
ocean ridge hydrothermal systems after: Wang et al., 2017 (∼3000 m); Wang et al., 2018 (∼2450 m); Grant et al., 2018 (>3500 m); Meng et al., 2020 (∼2900 m).
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evidence that the hydrothermal fluids were Au-bearing before
they intersected the boiling curve during fluid ascent,
indicating that most of the Au likely precipitated in the
sub-seafloor environment and never reached the seafloor.
We conclude that precipitation processes at shallow marine
hydrothermal systems (<200 mbsl) are controlled by fluid
boiling leading to the formation of phase separated vapor-
and liquid-rich fluids that mix with seawater/porewater at or
near the seafloor (Figure 8B).

Geochemical Fingerprints in Pyrite for
Water Depth and Tectonic Setting
The chemical composition of vent fluids varies between island
arc, back-arc and mid-ocean ridge hydrothermal systems, which
is based on 1) variable contributions of magmatic volatiles, 2)
leaching of magmatic host rocks from ultramafic to felsic
composition and 3) differences in fluid temperature, water
depth and salinity, affecting processes like phase separation
(Reeves et al., 2011; Monecke et al., 2014; Kleint et al., 2015;
Seewald et al., 2015; Humphris and Klein, 2017; Schmidt et al.,
2017). The trace element composition of pyrite is sensitive to
changes in fluid composition (Wohlgemuth-Ueberwasser et al.,
2015; Keith et al., 2016a; Monecke et al., 2016; Fuchs et al., 2019;
Román et al., 2019; Keith et al., 2020), and may therefore preserve
a geochemical signature reflecting the tectonic and geodynamic
setting of the host hydrothermal system.

Pyrite from shallow island arc-related hydrothermal vents
(<200 mbsl) is characterised by a Co and Cu depletion along
with an As, Sb and Tl enrichment compared to deeper
spreading-related hydrothermal systems (>2000 mbsl,
Figure 7). The higher Sb/Cu (>0.1; Figure 7B) and As/Co.
(>100; Figure 7C) ratios in pyrite from shallow arc compared to
deeper spreading-related hydrothermal systems (As/Co < 100;
Sb/Cu < 0.1) suggest a decreasing vapor proportion in the
hydrothermal fluids with increasing water depth, which may
be related to stronger boiling effects and vapor-liquid separation
at lower temperature-pressure conditions (Drummond and
Ohmoto, 1985; Breuer and Pichler, 2013; Monecke et al.,
2014; Keith et al., 2020). This is confirmed by the As/Co
ratio in pyrite from the Cerro Pabellón Geothermal System,
Chile (Román et al., 2019), which formed under non-boiling
(As/Co<10) to vigorously boiling conditions (As/Co > 100;
Figure 7D). Pyrite data from deeper island arc-related
hydrothermal systems (>200 mbsl), such as Volcano 19
(548–992 mbsl) and Brothers volcano (1576–1745 mbsl) from
the Tonga-Kermadec arc (Keith et al., 2016a), show As/Co ratios
indicating boiling and non-boiling conditions. For example,
pyrite from Volcano 19 exhibits As/Co ratios ranging from 1500
to 110,000 (Figure 7C), indicating that boiling is an important
hydrothermal process, which is confirmed by fluid temperatures
(245–265°C) on the seawater boiling curve, visual evidence by
clear fluids with “flames” of water vapor at the seafloor, and
associated sulphide dendrite formation (Stoffers et al., 2006;
Keith et al., 2016a). By contrast, As/Co ratios in pyrite from the
Brothers NW caldera vent system (1576–1745 mbsl) vary from
0.05 to 1100, and therefore suggest boiling (As/Co > 100) and

non-boiling conditions (As/Co < 10; Figure 7C). Hence, we
conclude that As/Tl, As/Sb and As/Co ratios in pyrite vary
systematically between shallow island arc volcanoes
(<200 mbsl) and deeper seafloor spreading-related
hydrothermal systems (>2000 mbsl), but may not be used as
a discrimination tool between shallow (<200 mbsl) and deep
(>200 mbsl) island arc-related hydrothermal systems
(Figure 7C).

Sulfur Origin and Sulfidation State
Sulfur crusts and crystalline S from Calypso N and SW,
respectively, show δ34S values from 0.7 to 6.7‰ (Table 4),

FIGURE 8 | Schematic hydrothermal model for Calypso Vents and
Paleochori Bay, and their relation to nearby subaerial island arc epithermal
systems, such as White Island (New Zealand) and Milos Island (Greece) (A)
The mineralization at Calypso Vents and Paleochori Bay is mainly based
on a seawater derived fluid phase, which underwent phase separation during
its ascent to the seafloor. The underlying magmatic system mainly acts as a
heat source that drives the seawater circulation; a direct contribution of metal-
and metalloid-bearing fluids seems to be unlikely (modified after Hedenquist
and Lowenstern, 1994) (B)Boiling in the sub-seafloor leads to the formation of
vapor- and liquid-dominated fluids that either reach the seafloor, as observed
at Calypso SE and SW, respectively, or mix with porewater/seawater in the
volcaniclastic sediments at shallow depth, as proposed for Calypso N and
Paleochori Bay. This leads to a texturally diverse and chemically distinct pyrite-
marcasite paragenesis (see text for details).
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which reflect a S contribution by igneous host rock leaching (δ34S
∼0‰) and thermochemical seawater sulphate reduction (δ34S
∼21‰; Shanks, 2001; Ono et al., 2007; Keith et al., 2016b; Martin
et al., 2020). In contrast, S globules from Calypso SE and
hydrothermal pyrite from Paleochori Bay (Houghton et al.,
2019) exhibit negative δ34S values ranging from −7.6 to
−9.1‰ (Table 4) and −4.4 to −10.8‰, respectively. These
values overlap with hydrothermal pyrite hosted by
volcaniclastic sediments at the Palinuro volcanic complex
(Tyrrhenian Sea), which exhibit highly negative δ34S values
ranging from −32.8 to −1.1‰ and multiple S isotope analyses
(δ34S and Δ33S) indicate that microbial sulphate reduction caused
the negative δ34S signature (Peters et al., 2011; Petersen et al.,
2014).

In addition to microbial sulphate reduction at lower fluid
temperatures (<150°C), the disproportionation of magmatically
derived SO2 commonly also results in negative δ34S values in
hydrothermal precipitates (Herzig et al., 1998; Kusakabe et al.,
2000; Kim et al., 2004; de Ronde et al., 2011; Martin et al., 2020).
Hence, native S globules (S0 in Eq. (3)) and pyrite (H2S in Eq. (4))
with negative δ34S values at Calypso SE and Paleochori Bay,
respectively, could also be related to the influx of magmatic fluids
followed by the hydration and disproportionation of SO2

according to the following (Eqs. 3,4) by Kusakabe et al., (2000):

3SO2 + 2H2O → 2HSO−
4 + S0 + 2H+ (3)

4SO2 + 4H2O→ 3HSO−
4 +H2S + 3H+ (4)

Hedenquist et al., (1993) also proposed that the
disproportionation of magmatically derived SO2 resulted in
native S deposition in the active epithermal system of White
Island, some 10 km north of Calypso Vents (Figure 1B and
Figure 8A). Mineralogical evidence like orpiment, realgar and
native S (Table 2) as well as the occurrence of hydrothermal fluids
with pH values of ∼2 at Paleochori Bay (Valsami-Jones et al.,
2005) may also point towards an intermediate to high-sulfidation
regime indicating a magmatic fluid contribution (Einaudi et al.,
2005).

Alternatively, intermediate to high-sulfidation conditions
could be due to the condensation of boiling-induced low-
density vapors that are characterised by high H2S to base
metal ratios (Drummond and Ohmoto, 1985; Marumo and
Hattori, 1999; Kusakabe et al., 2000). Vapor-dominated fluids
in shallow low-pressure systems cannot carry large amounts of
metals due to their low density (Pokrovski et al., 2013), and hence
metal precipitation from these fluids leads to an excess in reduced
sulfur causing native S deposition through oxygenation at the
fluid-seawater/porewater interface (Kusakabe et al., 2000). This
typically leads to an acidic and oxidised (SO2−

4 rich) alteration
assemblage, which is reflected by the occurrence of alunite-
jarosite at Paleochori Bay (Voudouris et al., 2021). We believe
that a boiling-induced steam-heated environment is more likely
at Paleochori Bay, since there are no examples for high-
sulfidation epithermal systems on Milos Island. However,
there is no evidence for acid alteration at Calypso Vents and
the preserved alteration assemblage of smectite, illite and opaline
silica is thought to rather reflect near neutral pH conditions

(Hocking et al., 2010). This is consistent with a low-sulfidation
environment, where magmatic fluids play a minor role
(Figure 8A; Hedenquist and Lowenstern, 1994; Einaudi et al.,
2005). If an acidic alteration assemblage was present at Calypso
Vents, then it was likely overprinted by a seawater-dominated
fluid leading to the observed smectite-illite alteration.

Hence, the negative δ34S composition of native S and
hydrothermal pyrite from Calypso SE (-7.6 to -9.1‰; Table 4)
and Paleochori Bay (-4.4 to -10.8‰; Houghton et al., 2019)
together with the observed alteration assemblage provide evidence
for both SO2 disproportionation and microbial sulphate reduction.
Multiple S isotopes would allow to distinguish these two processes,
which is part of future research (Peters et al., 2011; McDermott et al.,
2015). However, irrespective of the S source, which cannot be fully
resolved by the methods applied to this study, there is evidence that
Calypso Vents and Paleochori Bay represent submarine extensions to
the epithermal/geothermal systems of the Taupo Volcanic zone or
White Island (New Zealand) and Milos Island (Greece), respectively
(Figure 7A).

SUMMARY AND CONCLUSIONS

Low temperature (<200°C) island arc-related vent sites that are
associated with volcaniclastic sediments at shallow water depth
(<200mbsl) are characterised by an epithermal-style mineralization
that is chemically and mineralogically distinct compared to deeper
arc/back arc (>200mbsl) and mid-ocean ridge-related environments
(>2000mbsl). For example, hydrothermal pyrite and marcasite from
these shallow systems (<200mbsl) show an As, Sb and Tl enrichment
and a Co and Cu depletion compared to their deeper spreading-
related counterparts (>2000mbsl). Fluid boiling, as indicated by low-
Cl vapor- and high-Cl liquid-dominated fluids, is a common process
in shallow marine hydrothermal systems, like Calypso Vents and
Paleochori Bay, causing trace element fractionation between the vapor
(e.g., As, Sb, Tl) and liquid (e.g., Co, Zn, Ag, Pb) phase. Hence, pyrite
that forms from vapor-rich fluids typically shows high As/Co ratios
and enrichments inAs, Sb andTl (e.g. Calypso SE) compared to pyrite
that precipitates form liquid-dominated fluids (e.g. Calypso SW).
Condensation of such vapor-rich fluids into seawater/porewater in a
steam-heated environment results in an acidic alteration assemblage,
which is preserved at Paleochori Bay (alunite-jarosite), whereas the
illite-smectite alteration at CalypsoVents likely reflects an overprint by
a near neutral pH fluid, possibly seawater. The δ34S composition of
native S varieties from Calypso Vents, together with hydrothermal
pyrite from Paleochori Bay suggest that S was primarily leached from
the host rocks and derived from seawater by thermochemical and
microbial sulphate reduction. Clear evidence for a magmatic fluid
contribution is lacking, however, without multiple S isotope data it
remains enigmatic, whether the negative δ34S values in native S and
pyrite from Calypso SE and Paleochori Bay, respectively, are due to
microbial sulphate reduction, SO2 disproportionation or both. We
propose a hydrothermalmodel, wherefluid boiling, host rock leaching
and seawater/porewater mixing together with microbial sulphate
reduction and/or SO2 disproportionation are crucial processes
causing the shallow marine epithermal-style mineralization at
Calypso Vents and Paleochori Bay.
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