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Abstract

Antimony, an emergent global contaminant, that is hydrothermally discharged along
with other epithermal metals(-loids) (Au, As, Hg, Ag, Tl, Ag) onto Kolumbo volcano’s
shallow (<500 m water depth) crater seabed, is fixed either in pyrite, orpiment-like
As-sulfides, and ferrihydrite-like Fe-oxy(hydro)oxides, or forms independent Pb(Zn)-
Sh sulfosalts, of layered Sb-rich (up to 2.2 wt%) chimneys. High concentrations of Sh
(<£27.2 wt%) are found in early colloform chemically-zoned hydrothermal pyrite, and
later orpiment (As,Ss)-type As-sulfide phases (<16.09 wt %), along individual micron-
scale growth zones. Antimony in pyrite may occur in the relatively more toxic trivalent
(or lower valence) (Sh®*) rather than pentavalent (Sb%*) forms. Lead (Pb) always
occurs with Sb in growth zones where the abundances of Sb and Pb vary inversely
with Fe and S, suggesting that Sb and Pb occur either as homogeneously distributed
sulfosalt nanoparticles of Sb and Pb and/or lattice bound trace elements. These
findings indicate the solid phases that fix Sh on the seafloor are crucial for high- grade
concentration during shallow-water hydrothermal polymetallic mineralization, and
reducing the high hydrothermal flux of this notorious environmental toxin to
seawater, near the fishing area of Santorini that is also one of the most popular tourist
places in the world.

Keywords: contaminant, epithermal, Aegean.

Iepidnyn

Avaipovio, €vog avadvouevog moykOOULOG POTTAVTHG, oL ekADETOL VIPOBepuIKa padi e
emibeppura uétorda/uetorloeron (Au, As, Hg, Ag, Tl, Ag) atov mobuéva. tov kpatipa tov
vmoBaldoaiov npaioreiov Kolovuro e fabog <500 m, evowuoardverol o€ o1dnpomvpity,
0€ OPOEVIKODY 0. GOVAPIOL0. TOTTOV aavdapayns kor olv-vdpoleidio Fe tomov aidnpovdpity,
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7 oynuotiCer aveéaptnra Osiodloza Ph(Zn)-S, axd kapuvddes mlodaieg o Sb (< 2.2 %
k.p). Yyniés ovykevipwoels ovupoviov (< 27.2 Wt%) uetpnOnkav otov mpouyio
KOALOPOPUIKS GIONPOTOPITY, KoL PATEIS GOVAPIOiwY TOTOV davoapdyns (<16.09 wt %),
oe (wveg KAinokags wikpouetpwv (um) . To avaudvio otov cidnporvpitn umopel vo.
volotatar oav toliké tpiobevéc Sb (1 younddtepov cbivovg) mapd oav meviaohevéc
Sb%*. O uéivpdoc (Pb) cvvvmdpyer mdvra ue 1o Sh oe (dvec avdmrvéne omov ot
mepiextikOTTES TV SO Ko P woucil Aovy avtiotpopa oe ayéon ue Fe ko S, mpoteivovrog
ot ta. Sb ko Pb amaveadvron eite oav vovoowuoatioia Oeroaldrwv Sb kor Pb pe oporoyeviy
KOTOVOUN 1] LYVOOTOLYEI0, VO Hop@R oTepeod Oodvuotos. To  evpruato ovtd
DTOOEIKVOOVY 0TI O GTEPEES PATEIS OV EVEWUATHVOVY Sh éyovy kpioyn onuacio toco
OTOV GYNUATIOUO VOPOBEPUIKNG TOLDUETOALIKNG UETOALOPOPIOS VYNADY CUYKEVIPDGEWY
o€ pKpa fabn wobuéva, 600 Kor otny eAdTToN THS VOPOBepLIKNG EKAvanS avToD TOD
10¢1K00 pETdALov a10 Bodaoovo vepod, kovia o€ mEPIOoYES adigiog TS Zavtopivig Tov
OmOTEAEL EMIONG ONUOPIAN TOVPIOTIKG TPOOPICLO.

Aéeig KAg1d1d: poravtigs, embepuixo, Aryaio.

1. Introduction

Antimony (Sb) bears economic and environmental importance: it belongs to the critical raw
materials that are crucial to Europe’s economy; then again Sb is an emerging toxic pollutant of
priority interest (e.g. EU Commission, 2014; Filella et al., 2009; Amarasiriwardena and Wu, 2011).

High amounts of Sh can be discharged into the oceans by continental riverine runoff affected by mining
or industrial effluents (Filella et al., 2002a, b) and seafloor hydrothermal fluids which may discharge
Sb at concentrations up to several hundred times those of seawater (e.g. Fouquet et al., 2010). The
toxicity, the solubility, and adsorption properties of Sb to natural minerals depend on the oxidation
state (Sb®* and Sh®*) (Filella et al., 2002a), however, key aspects of the environmental chemistry and
the mechanisms of concentration of Sb in natural systems, and its global biogeochemical cycle, remain
poorly understood. More specifically, despite its importance for understanding the genesis and metal
enrichment of currently explored ancient VMS deposits (e.g. Au, which is often associated with As
and Sb), understanding the distribution of Sb and related trace metals during the formation and
transformation of massive sulfides on the modern seafloor, and especially shallow submarine
hydrothermal systems, remains tentative (Filella et al., 2002a; Filella et al., 2009; Majzlan and Fillela,
2012; Meleketseva et al., 2014; Wohlgemuth-Ueberwasser et al., 2015; Keith et al., 2016).

A recent study by Kilias et al. (2013) has highlighted the active Kolumbo Hydrothermal Field (KHF)
of the Kolumbo shallow-submarine (<600 m) arc-volcano, Santorini, as an Sb (=TI, Hg)
geochemical and potential economic anomaly compared to the rest of the Hellenic Volcanic arc
(HVA), and the importance of seafloor hydrothermal activity as a source of potentially toxic trace
metals in areas exploited by fishing in the Aegean Sea. The 5 Ma-to-present HVA is unique in as
much that arc-volcanism and seafloor hydrothermal activity occur in thinned continental crust
(Kilias et al., 20134, and references therein).

The Kolumbo active shallow-submarine arc-volcano, Santorini (Cantner et al., 2014; Hubscher et
al., 2015) belongs to an active volcano-tectonic field that runs sub-parallel to the NE-SW
Christianna-Santorini-Kolumbo tectonic zone in the central HVA (Nomikou et al., 2013). The KHF
(600X1200 m) was discovered (Sigurdsson et al., 2006) at 492-504 m depth on the N floor of the
density-stratified acidic (pH~ 5) Kolumbo crater (Carey et al., 2013), and consists of Fe
(oxy)hydroxide rich sediments (T<70 °C), and polymetallic diffuser chimneys and mounds, some
with active bubble streaming (99% CO,) and aqueous fluid shimmering at Tmax220°C. The chimneys
are uniquely enriched in Sb+TI+Hg [Sb, avg.: 8,330 ppm; max: 2.2 wt%; TI, avg.:510 ppm; max:
1,000 ppm; Hg, avg.: 397 ppm; max:1,070)](Kilias et al., 2013a), and comprise epithermal
geochemical association (Au, As, Sb, Hg, Ag, Tl, Ag) and a new active analogue style of hybrid
epithermal-VMS mineralization (Kilias et al., 2013a). Hydrothermal chimneys are typically layered
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comprising: (a) a thick “inner sulfide-sulfate core” (ISSC), (b) a thin outer As-sulfide dominated
layer (OAsL), and, (c) an Fe oxyhydroxide-dominated microbial Fe crust (SFeC); interior
hydrothermal conduit networks are lined by unidentified Sb-Zn-S phases (IPCN). ISSC sulfides
comprise, according to powder-XRD (PXRD) and SEM-EDS, crystalline pyrite, sphalerite and
galena, and a PXRD-amorphous (hereafter amorphous) Pb-Sbh sulphosalts, in a barite matrix. The
OAsL consists of amorphous orpiment (As,Ss)-type phases within a barite and gypsum matrix,
whereas amorphous ferrihydrite-type phases dominate the SFeC; the interior IPCN are lined by
barite and gypsum overgrown by metallic aggregates of amorphous Sh-Zn-S phases which are
overgrown by amorphous K-Mg-Al-silicate, and/or Al-K-Fe-sulphate phases (Kilias et al., 2013a).

This paper will focus on the concentration and modification of Sb in hydrothermal mineral phases
of the KHF, and the genetic and environmental significance.

2. Materials and Methods

2.1. Sampling

The studied samples were recovered in September 2011 during the NA014 (“Hellenic Volcanic Arc
and Cretan Basin”) oceanographic expedition of the “New Frontiers in Ocean Exploration 2011
project (Principal Investigator Robert Ballard, Ocean Exploration Trust (OET), University of Rhode
Island URI, USA). Chief scientists for NA014 were Katherine Croff Bell (Ocean Exploration Trust,
University of Rhode Island (URI) USA, and Paraskevi Nomikou (NKUA, Dept. of Geology and
Geoenvironment, Greece). The expedition used Exploration Vessel (E/V) Nautilus and was
sponsored by: (1) Institute for Exploration (IFE), a division of Mystic Aquarium and Institute for
Exploration (MAIFE); (2) National Geographic Society; (3) NOAA Office of Ocean Exploration
and Research; (3) Ocean Exploration Trust (OET); (4) Office of Naval Research (ONR). The E/V
Nautilus is owned and operated by the Ocean Exploration Trust and University of Rhode Island
(URI)-Center for Ocean Exploration and is equipped with the remotely operated vehicles (ROVS)
Hercules and Argus. Sampling campaign and methods are detailed in Ocean Exploration Trust and
URI Center for Ocean Exploration-State File No. F2011-049 (2012) and Kilias et al. (2013a).

2.2. Optical microscopy and Scanning electron microscopy

Optical microscopy in transmitted and reflected light and Scanning Electron Microscopy-Energy
Dispersive Spectrometry (SEM-EDS) techniques were used for mineral identification and textural
interpretation. SEM-EDS investigation of carbon-coated free surfaces and polished thin sections and
blocks was performed using a Jeol JISM-5600 SEM equipped with an Oxford EDS, at the Department
of Geology and Geoenvironment, N.K.U.A. The conditions for semi-quantitative analyses were:
Accelerating Voltage: 20 kV, Beam Current: 0,5 nA, Livetime: 50 sec, Beam Diameter: <2 pm.

2.3. Synchrotron micro-X-ray Absorption Near Edge Structurespectroscopy

The Synchrotron Radiation (SR) study was conducted at the SUL-X beam line of ANKA Synchotron
facility, Karlsruhe Institute of Technology (KIT), Germany. In order to determine the chemical and
structural character of Sb an X-ray Absorption Near Edge Structure spectroscopic investigation was
performed on the ISSC material in microscale at the Sh Ls-edge (4132 eV). Micro-XANES spectra
were obtained in the polished blocks after logging of micro-areas using a Zeiss Axio Imager.Z1lm
(with Axiovision 4.7 software) motorized optical microscope in reflected light. . Elemental Sb,
stibnite (Sb®*,03) and tripuhyite (Fe*Sb®*Q,), were used as reference materials of various Sh species.
The spectra were processed using Athena software (Ravel et al., 2005).
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3. Results

3.1. Mineralogy and textures

Three pyrite (according to SEM-EDS and PXRD; Kilias et al. 2013a) textures representing relevant
generations are distinguished which are linked with initial crystallization and following
recrystallization (Wohlgemuth-Ueberwasser et al., 2015). Pyrite 1 includes the most immature
textures which are distinctly banded and/or concentrically laminated colloform, as well as oncoid-like
and microstromatolite-like (Figs. 1A, B, D, E, F, H, ). More compact but fine-grained porous pyrite
aggregates (pyrite 2) (Figs. 1D, I) represents an intermediate stage of the modification of primary
precipitates (pyrite 1) to fully massive subhedral to euhedral pyrite 3 (Fig. 1C), as porosity is reduced
during replacement and recrystallization processes (Wohlgemuth-Ueberwasser et al., 2015).

3.2. Mineral chemistry and Sb enrichment (SEM-EDS)

Antimony is selectively partitioned in pyrite 1 or forms autonomous antimoniferous sulphosalt
phases and rare stibnite needles (Fig. 1). Concentrically laminated pyrite 1 shows pm-scale
compositional variations along the laminae, representing growth zones with different Fe and S, as
well as Sb and Pb trace element compositions (Fig. 2). The Fe and S contents vary from 24.26 to
46.36 wt% and 40.60 to 54.83 wt%, respectively, related to trace metal substitution in pyrite 1(Reich
etal., 2013) (Fig. 2; Table 1).

Table 1 - Summary of chemical composition (semi-quantitative EDS data) for pyrite 1, pyrite
2, orpiment-like phases and unidentified Pb-Sb sulfosalts.

Mineral/Analysis No. Fe | S | As | sb [ Pb | Total
wit%
Pyrite 1/1 43.26 | 52.7 — 3.79 — 99.75
Pyrite 1/2 43.81 | 54.83 — 1.26 — 99.9
Pyrite 1/3 43.33 | 53.3 — 198 | 1.52 | 100.13
Pyrite 1/4 34.66 | 46.26 — 8.36 | 11.26 | 100.24
Pyrite 1/5 34.64 | 44.93 — 9.08 | 11.53 | 100.18
Pyrite 1/6 44.29 | 53.54 — 2.13 — 99.96
Pyrite 1/7 34.87 | 4491 — 8.47 | 12.30 | 100.55
Pyrite 1/8 40.70 | 49.12 — 3.76 | 6.44 | 100.02
Pyrite 1/9 39.31 | 48.40 — 439 |8.29 | 100.39
Pyrite 1/10 40.89 | 49.53 — 3.58 |6.31 | 100.31
Pyrite 1/11 41.66 | 49.92 — 2.76 | 5.65 99.99
Pyrite 1/12 41.65 | 50.22 — 258 | 5.80 | 100.26
Pyrite 1/13 24.26 | 40.60 — 27.21 | 8.22 | 100.29
Pyrite 1/14 39.64 | 51.68 — 8.95 | — 100.27
Pyrite 1/15 28.37 | 43.40 — 22.01 | 6.32 | 100.00
Pyrite 1/16 44.36 | 53.20 — 2.44 — 100.00
Pyrite 1/17 40.57 | 54.29 — 5.13 — 100.00
Pyrite 2/7 46.36 | 52.79 | 1.84 — — 100.99
Pyrite 2/8 4535|5328 | 1.2 — — 99.83
Orpiment-like/1 — 42.10 | 57.47 ] 0.33 — 99.9
Orpiment-like/2 — 41.11 | 58.74 | 0.25 — 100.1
Orpiment-like/3 — 36.98 | 46.97 | 16.09 — 100.09
Pb-Sb sulfosalt/1 18.83 31.84 | 49.22 | 99.89
Pb-Sb sulfosalt/2 18.14 29.07 | 51.42 | 98.64
Pb-Sb sulfosalt/3 18.81 30.35 | 48.77 | 97.94
Pb-Sb sulfosalt/4 18.37 32.81 | 46.40 | 97.59
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Figure 1 - Photomicrographs in reflected light (RLP) and BSE images of ISSC phases. (A, B)
RLP of closely-packed aggregates of bulbous, oncoid-like and microstromatolite-like pyrite
1; (C) RLP of idiomorphic crystal of pyrite 3 (Py) mantled by Sb-Pb-sulfosalts (Sb-Pb-S) and
later sphalerite (Sph); (D) RLP of anhedral Sb-Pb-sulfosalt inclusions in concentrically
laminated pyrite lovergrown by thin porous pyrite 2; Sb-Pb-sulfosalts also shown; (E) RLP
of clusters of pyrite 1(FeS>) set in a barite matrix mantled by sphalerite; (F) RLP of zoned
colloform pyrite 1 (FeSz) overgrown by a layer of spongy/porous pyrite 2(Py 2); (G) BSE
image showing galena (PbS) inclusions in sphalerite (Sph) intergrown with concentrically
laminated pyrite 1; (H) concentrically laminated pyrite 1 (Py) mantled by pyrite 2 and
anhedral to subhedral intergrowths of Sb-Pb-sulfosalts and galena (PbS); (1) BSE image of
pyrite 1 surrounded by highly porous pyrite 2 with inclusions of galena (PbS); (J) BSE image
of dendritic Sb-Pb sulphosalts (Sb-Pb-S, white) mantling pyrite 1, sphalerite (dark grey) and
barite laths (light gray).
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Zones “bright” in BSE are enriched in Sb (up to 27.21 wt %) and Pb (up to 12.30 wt %) (Table 1),
whereas zones ‘’dark grey’’ in BSE are trace element-poor (Sb up to 2.13 wt%, Pb was not detected).
Porous pyrite 2 overgrowths contains As (up to 1.84 wt %), but no detectable Sbh or Pb. Euhedral
pyrite 3 is nearly stoichiometric devoid of detectable amounts of Sb and trace metals. Antimony
contents up to 16.09 wt % have been measured along “bright” in BSE growth zones of orpiment
(As2S3)-type As-sulphide phases of the OAsL (Table 1); moreover, SEM-EDS spectra collected
from amorphous ferrihydrite-type Fe-(hydrated)-oxyhydroxides of the SFeC, and amorphous Sh-Zn
sulfosalt phases of the IPCN have revealed clear signals for Sb (Gousgouni, 2014). It should be
noted that the data presented in Table 1 concern preliminary semi-quantitative analyses whereas
accurate EPMA (SEM-WDS) analyses, aiming in the elucidation of the exact chemical formula of
the phases, will be a subject of future research.

Point of analysis

Figure 2 - (A) Backscattered electron (BSE) image, and elemental profiles (EDS semi-

guantitative analyses) across concentrically laminated pyrite 1 with embedded galena

(white), overgrown by thin porous spongy pyrite 2. (B) Element profile across pyrite 1

oncoid, by EDS spot analyses (Numbers on x-axis refer to analysis points) (see text for
discussion).

3.3. Speciation of Sb in pyrite 1 by micro-XANES

Figure 3A shows the normalized Sb Ls-edge XANES spectra recorded from pyrite 1 of the ISSC
material, and Figure XB shows derivatives of the normalized Sb Ls;XANES spectra of the sample,
compared to selected reference Sb spectra. Note that Sb,Os is not pure and seems to contain some
Sh%* (see the peak in its derivative at about 4143.6 eV) which may have shifted the position of the
SB;S; flank to a higher energy position than for pure Sb,Ss. The position of the second derivative
peak of the sample spectrum plots significantly before the Sb3* peak.

4. Discussion

Four (4) distinct modes of Sb enrichment of various minerals of ore-grade samples (<2 wt% Sh)
belonging to different mineralogical zones of the Kolumbo chimneys (i.e. ISCC, OAsL, SFeC,
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IPCN): (A) High concentrations (up to 27.2 wt% Sb) occur in p-scale concentric zones of colloform
pyrite 1 (ISSC). Here, micro-XANES spectra at the Sb Ls-edge (Fig. 3) confirms the
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Figure 3 - (A) Normalized (edge jump of 1) Sb L3 XANES spectra and derivatives of the
normalized Sb Ls XANES spectra(B) of the sample (S) compared to the spectra of elemental
Sb (Sh), Sb**203 (Sb*") and Tripuhyite (Fe**Sb%*04)( Sb**) (Kilias et al., 2013b) (see text for
discussion).

preferential partitioning of Sb within pyrite 1, and further reveals the possible dominance of the
reduced relatively more toxic trivalent (or lower valence) (Sb®"), rather than pentavalent (Sb°*)
species; this comes in accordance with the high organic carbon content of the ISCC (Corg <5.3 %
TOC) (Kilias et al., 2013a); (B) Unidentified non-stoichimetric Pb_Sh sulphosalt phases; (C) High
concentrations of Sb (up to 16 wt %) are also found in growth zones of amorphous colloform banded
orpiment (As;Ssz)-type sulfide phases (OAsL); and, (D) Antimony is hosted by poorly ordered
ferrihydrite-type Fe (oxy)hydroxides (SFeC), and amorphous Zn_Sb sulphosalt phases (IPCN).

The systematic Sb (and Pb) variations between different growth zones (Fig. 2) may be explained by
variable fluid conditions during pyrite 1 growth or changes in the physicochemical parameters of
the discharging parental fluids linked to the episodic nature of the Kolumbo hydrothermal vent
system (cf. Maslennikov et al., 2009; Wohlgemuth-Ueberwasser et al., 2015; Keith et al., 2016).
Variations in the physicochemical parameters of hydrothermal fluids, namely temperature, pH,
redox conditions, salinity and ligand availability, coupled by magmatic volatile contribution, are
known to influence trace element composition of pyrite from modern submarine hydrothermal
sulfide ores (e.g. Wohlgemuth-Ueberwasser et al., 2015; Keith et al., 2016, and references therein).
Alternatively, these variations can evolve from ultra-local fluid composition variations due to short-
lived fluid flow events linked to a seismic cycle, or they may suggest different chemical
microenvironments within chimneys that may arise from geomicrobiological processes (Kristall et
al., 2011).

For seafloor hydrothermal vent precipitates, mineral texture is a measure of the maturity of the
precipitates (i.e.variations in the crystallization sequence and texture of pyrite and other
sulphides/sulfosalts depicted in Fig.1), which also influences the mobility of trace metals during the
course of dissolution—reprecipitation processes within the vent edifices during later stage
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hydrothermal activity, alteration and recrystallization; the latter might liberate trace elements to be
incorporated into different phases (Wohlgemuth-Ueberwasser et al. 2015). The most immature
textures are those of pyrite 1 (Fig. 1) which may have formed directly from hydrothermal fluids
during the early stages of chimney growth (Wohlgemuth-Ueberwasser et al. 2015; Keith et al., 2016).
The final stage of recrystallization during the mature stage of chimney growth are represented by
samples with well-defined, massive textures consisting of interlocking subhedral to euhedral
minerals (i.e. pyrite 3; Pb-Sb sulfosalts; Fig. 1) which formed at different (higher?) temperature
(Wohlgemuth-Ueberwasser et al. 2015). Consequently, pyrite 1 may have liberated Sb and Pb during
hydrothermal recrystallization to form galena, and Pb-Sb sulfosalt phases. Because, pyrite 2 and
pyrite 3 are devoid of Pb and Sb (Gousgouni, 2014), it appears that more compact but porous pyrite
2 represents an intermediate stage of the modification of primary precipitates (pyrite 1) to fully
massive texture (pyrite 3), as porosity is reduced during recrystallization processes (Wohlgemuth-
Ueberwasser et al. 2015). The tendency for a trace element depletion in late pyrite compares well
with that reported for several ancient massive sulfide deposits (e.g. Maslennikov et al., 2009) and
the modern seafloor (Keith et al., 2016).

Previous studies suggested different mechanisms for the incorporation of trace elements in pyrite.
For Sb these possible mechanisms include substitution into the pyrite lattice at low temperature,
non-stoichiometric substitution, and the possibility that Sb may simply be present as nanoparticles
(e.g. Maslennikov et al., 2009; Deditius et al., 2011). Synchrotron radiation u-XRF elemental
distribution maps for Sb, Fe, Zn, and As in concentrically laminated pyrite 1 (Kilias et al 2013b) has
revealed that Fe, Zn, As and Sb show laminae parallel quasi-linear distributions. Zn and Fe partly
positively correlate, and As and Sb are also positively correlated in a linear manner parallel to the
Fe and Zn distribution with some spots of elevated concentrations. These correlations in conjunction
with the abundances of Sb and Pb that vary inversely with Fe and to S along geochemical profiles
across pyrite 1 globules (Fig. 2), suggest that Sb and Pb occur either as homogeneously distributed
nano-inclusions and/or lattice bound trace elements (Reich et al., 2013; Keith et al., 2016).

Antimony fixation in solid phases at submarine hydrothermal vents is essential for reducing the high
hydrothermal flux of this toxic element to seawater and is an important part of the biogeochemical
Sh-cycle. The solid phases that were found to fix Sb on the Aegean seafloor at Kolumbos are proved
crucial for reducing the high hydrothermal flux of this notorious environmental toxin to seawater,
near the fishing area of Santorini that is also one of the most popular tourist places in the world.
Moreover, the observed enrichment of Sh® (toxic trivalent species) emphasize the weight of
shallow-submarine geothermal activity as a potential source of toxic metals (Sb®*) during seafloor
weathering, and/or natural disasters (i.e. explosive volcanic/hydrothermal, and seismic activity).
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