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Arsenic (As) is naturally enriched in most terrestrial and marine hydrothermal systems. Its discharge from
shallow-sea hydrothermal vents into coastal marine environments can dramatically affect the surrounding
ecosystems. Shallow-sea hydrothermal venting of acidic (pH~5), hot (40–116 °C), and highly sulfidic (up
to 3.1 mM H2S) fluids occurs at Palaeochori and Spathi Bays, off the southeast coast of Milos Island, Greece.
Two distinct types of fluids, both extremely As enriched, were collected from the submarine vents often with-
in a fewmeters of each other: (1) a high-Cl fluid (enriched in Cl by up to 47% relative to seawater) depleted in
Mg and SO4 and enriched in major (Na, Ca, K, B, Sr, and Br) andminor/trace elements (Si, Li, Rb, Ce, As, Fe, Mn,
and Ba), and (2) a low-Cl fluid (depleted in Cl by up to 66% relative to seawater) also depleted in Na, Mg, SO4,
and Br. The maximum concentration of As reached 39 μM in the high-Cl fluids and up to 78 μM in the low-Cl
fluids. This is approximately 3000 times the concentration of As in seawater and far exceeds the concentra-
tions typically found in mid-ocean ridge (MOR) and back-arc basin (BAB) fluids, which are typically b0.7 and
b10 μM, respectively.
We used a combination of elemental analyses and stable and radiogenic isotope data (oxygen, deuterium,
and strontium) to understand the primary controls on As enrichment. Those parameters all indicated that
the fluids were a mixture of seawater and a hydrothermal fluid originally derived from seawater but altered
by water–rock interaction, subcritical phase separation (boiling), and vapor/brine segregation. Since As was
extremely enriched in both the high-Cl and the low-Cl thermal fluids, we conclude that this element readily
partitions into the vapor phase in the Milos hydrothermal system. The original source of As is most likely the
leaching of the greenschist facies metamorphic basement rocks transpierced by an abundance of secondary
quartz and calcite veins rich in pyrite. It is possible that these veins were deposited from As-rich magmatic
fluids, similar to some epithermal Au deposits. A poorly-crystalline orpiment precipitates as hydrothermal
fluids mix with overlying seawater, and removes much of the dissolved As prior to discharge.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Arsenic (As) is naturally enriched inmany hydrothermal fluids, both
in terrestrial and marine environments (Ballantyne and Moore, 1988;
Douville et al., 1999; Pichler et al., 1999; Smedley and Kinniburgh,
2002; Webster and Nordstrom, 2003; Planer-Friedrich et al., 2007).
Where high-As hydrothermal fluids discharge into coastal marine envi-
ronments, ecosystems can be dramatically impacted (McCloskey et al.,
2005; Karlen et al., 2010). Several studies have investigated the biogeo-
chemical cycling of As in shallow-sea hydrothermal systems (McCloskey
iversity of Southern California,
740 8801.

rights reserved.
et al., 2005; Price and Pichler, 2005a; Price et al., 2007; Hallock et al.,
2010; Karlen et al., 2010), but the corresponding mechanisms of As en-
richment remain poorly understood.

Most research suggests that the As in hydrothermal fluids is generally
leached from the underlying host rocks, and therefore, the rock typemay
constrain or even control As levels in hydrothermal fluids (Webster and
Nordstrom, 2003). Recent research demonstrates that hydrothermal
fluids, particularly those associated with more continental-type (felsic)
magmas produced in arc, back-arc, and continental arc settings, contain
high concentrations of metals including As (Yang and Scott, 1996; Fleet
and Mumin, 1997; Mehrabi et al., 1999; Fuxin et al., 2001; Kilias et al.,
2001; Muntean et al., 2011). Where these metal-rich magmatic fluids
precipitate, As-rich epithermal (Carlin-type) gold (Au) deposits can
occur (Arehart, 1996; Mehrabi et al., 1999). Subsequent leaching of

http://dx.doi.org/10.1016/j.chemgeo.2012.06.007
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Fig. 1. (a) Location of Milos Island and other calc-alkaline volcanoes (shaded) along the
Aegean Island Arc (dotted line). (b) Milos Island and the location of Palaeochori and
Spathi Bays. Stippled offshore areas around the island are mapped gas emissions by
echo sounding (Dando et al., 1995a). [Figures are created with the Generic Mapping
Tool (http://www.aquarius.geomar.de/)].
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Fig. 2. Photograph of white and orange patches investigated in this study. P-O (Pal-
aeochori—orange), P-W (Palaeochori—white), and P-B (Palaeochori—background) in-
dicate areas where pore fluids and sediments were sampled.
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these precipitates can lead to extremely elevated concentrations of As in
hydrothermal fluids.

Magmatic volatile inputs and phase separation can also influ-
ence the As concentrations of discharging hydrothermal fluids
(Butterfield et al., 1990; Fouquet et al., 1991; Gamo et al., 1997;
German and Von Damm, 2003; Reeves et al., 2011). Phase separa-
tion, in particular, is a ubiquitous process in seafloor hydrothermal
systems (Bischoff and Rosenbauer, 1984; Butterfield et al., 1990;
Ishibashi, 1995; Hannington et al., 2001; German and Von Damm,
2003; Von Damm et al., 2003; Foustoukos et al., 2007). If the fluids
are heated or depressurized below the critical point of H20, boiling
(subcritical phase separation) occurs, creating a brine and a low-
salt vapor phase which may subsequently condense to a near-
zero salt solution (Bischoff and Rosenbauer, 1984; German and
Von Damm, 2003). Below the critical point of seawater phase sep-
aration can be equated to “subcritical” boiling producing
~3.2 wt.% NaCl liquid coexisting with a low-salinity vapor, while
during “supercritical” phase separation, a high-salinity vapor
(=3.2 wt.% NaCl) is formed by condensation of a small amount of
liquid (Foustoukos et al., 2007). Thus, vent fluid salinities can
vary drastically, from less than 6% up to 200% of seawater values
(German and Von Damm, 2003). Although evidence suggests that
As may partition into the vapor phase (Berndt and Seyfried, 1990;
Douville et al., 1999; Pokrovski et al., 2005; Foustoukos et al.,
2007), the effect of phase separation as a controlling factor on As
behavior in hydrothermal fluids remains unclear.

Shallow-sea hydrothermal vents can provide valuable insights
into As enrichment and behavior during these processes. They exhibit
a wide range of geological, chemical, and biological phenomena sim-
ilar to those at deep-sea vents (Pichler and Dix, 1996; Dando et al.,
1999; Tarasov et al., 2005). Owing to differences in pressure, subcrit-
ical phase separation is likely much more prevalent in shallow-sea
hydrothermal systems than in their deep-sea counterparts. Further-
more, recent evidence suggests that shallow-sea vents are often
more enriched in potentially toxic elements, such as As (Varnavas
and Cronan, 1988; Pichler et al., 1999; McCarthy et al., 2005; Price
and Pichler, 2005b), relative to their deep-sea counterparts
(Douville et al., 1999). This is most likely due to the occurrence of
As-rich magmatic fluid precipitates associated with more felsic (an-
desitic) magmas, differing significantly from hydrothermal systems
found at basalt-hosted mid-ocean ridges.

Here, we report extremely elevated concentrations of As in
both high- and low-Cl fluids in shallow-sea hydrothermal fluids of
Palaeochori Bay and Spathi Bay, off Milos Island, Aegean Arc, east
Mediterranean Sea. We link the fluid sources and sub-seafloor
processes (e.g., host rock leaching, phase separation) to the ob-
served enrichments in As using a combination of elemental analy-
ses and stable and radiogenic isotope data (oxygen, deuterium,
and strontium).

2. Site characteristics

Submarine hydrothermal venting was previously reported for
the shallow coastal waters off several of the Aegean island arc volca-
noes, includingMilos (Fig. 1a and b; Dando et al., 1999). Themost in-
tense submarine venting off Milos Island occurs in Palaeochori Bay,
where abundant CO2-rich gasses discharge through sand concomi-
tant with diffusive discharges of hydrothermal fluids (Figs. 1b and
2). Echo sounder mapping of the abundant gas discharge indicated
that hydrothermal venting around the island occurs over an area of
approximately 35 km2, making this one of the largest shallow-sea
hydrothermal systems described to date (Dando et al., 1995a). Nearby –

but little explored – Spathi Bay, just to the east of Palaeochori Bay, also
has abundant hydrothermal venting. In places of diffuse venting,
white microbial mats and hydrothermal precipitates form, which
can be easily observed from aerial photographs (Fig. 2; Dando,
2010). Abundant yellow- to orange-colored patches composed pre-
dominantly of native S and As-sulfides also occur, mostly at the
higher temperature sites (Dando et al., 1999).

http://www.aquarius.geomar.de/
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The hydrothermal fluids from Palaeochori Bay were previously de-
scribed as brine solutions, depleted in Mg and SO4 and enriched in
other major cations and anions (Dando et al., 1995b; Fitzsimons
et al., 1997; Stüben and Glasby, 1999; Valsami-Jones et al., 2005).
Fluids with low Cl concentrations (relative to seawater) were not en-
countered in the submarine environment, but it was suggested that
high-Cl fluids in Palaeochori Bay had undergone phase separation,
and were related to low-Cl fluids found on land and in a nearby
cave (Stüben and Glasby, 1999; Dando et al., 2000; Valsami-Jones
et al., 2005). The high-Cl hydrothermal fluids were linked to a deep
hydrothermal reservoir brine suggested to be in equilibrium with
subsurface volcanic rocks (Fytikas and Marinelli, 1976; Liakopoulos,
1987; Liakopoulos et al., 1991).

3. Sampling and analytical methods

SCUBA diving was utilized to collect pore fluids and sediments
from areas of diffuse hydrothermal venting in both Palaeochori and
Spathi Bays. Pore fluids, from ~10 cm sediment depth, were collected
by inserting a small tube and slowly drawing fluids into BD® sterile
60 ml syringes. The first 20 ml was discarded to decrease the amount
of seawater contamination during sampling. Sediment cores were
sampled using a polycarbonate tube with rubber end caps. On
shore, pore fluids were then extracted through pre-drilled holes in
the core tube using 10 ml syringes attached to rhizones (long filters
which can be inserted into the core) following Seeberg-Elverfeldt et
al. (2005). Samples were collected from white- and orange-colored
areas in both Palaeochori and Spathi Bays during three expeditions
(June and October 2009, and August 2010). At Palaeochori Bay, sam-
ples were taken at a 4.5 m water depth along a transect starting from
the center (P-O), through a white patch (P-W), to a background area
((P-B); Fig. 2). In Spathi Bay (water depth 17–20 m), samples were
collected from white patches containing mixed, yellow precipitates
associated with gas venting (S-W), and from orange patches (S-O).
Pore fluids collected with rhizones from white areas in Palaeochori
and Spathi Bays are designated P-W-R and S-W-R, respectively. For
comparison, a seawater sample was collected off Milos outside the
area of hydrothermal venting.

Temperatures were measured in situ using a temperature probe in
a custom-built underwater housing. The pH was measured on shore
using a WTW pH meter 3210 with Mic-D electrode. Aliquots for H2S
measurements were preserved in the field by precipitation of ZnS fol-
lowing the addition of 1 ml of a 50 mM zinc acetate solution to a 3 ml
sample, placed on dry ice, and analyzed in the laboratory with a
Merck photometer at a wavelength of 670 nm (Cline, 1969; Moest,
1975). Alkalinity titrations were performed following Grasshoff et
al. (1983). Analytical uncertainties were approximately ±0.1 °C for
temperature, ±0.1 for pH, and ±5% for H2S and alkalinity.

Samples for anion analysis (Br, Cl, and SO4) were filtered in the
field (0.2 μm), placed on dry ice, and kept frozen until measurement
in the laboratory using a Dionex ion chromatography system. Sam-
ples for analysis of Na, Ca, K, B, Sr, Si, Ba, Mn, and Fe were preserved
in the field by filtering (0.2 μm) and acidification with 0.1% ultrapure
HNO3, and measured by inductively coupled plasma‐optical emission
spectrometry (ICP-OES; Perkin-Elmer Optima 3300). Lithium, rubidi-
um, and cesium were measured by inductively coupled plasma‐mass
spectrometry (ICP-MS; High-resolution double-focusing ICP-MS
Thermo Finnigan Element 2). All anion and cation measurements
were performed at the University of Bremen Geosciences Depart-
ment. Samples for total As concentrations were filtered (0.2 μm) in
the field, immediately placed on dry ice, and measured by ICP-MS at
the University of Bayreuth, following the methods described in detail
in Planer-Friedrich et al. (2010). In brief, As interferences were elim-
inated by using a dynamic reaction cell with oxygen as the reaction
gas (measured As at AsO+ m/z 91) avoiding the interference of As
and ArCl+ at m/z 75. The precision and accuracy of each analysis
were evaluated by including field and laboratory duplicates and an
external certified reference material (TM-DWS, 72.5 μg/l), respective-
ly, which showed better than 5% reproducibility.

Oxygen and deuterium isotopic analyses were performed on
filtered samples using a LGR liquid water isotope analyzer (LWIA-
24d) at the University of Bremen. Analytical uncertainties for the iso-
tope analyses were±0.1 and 1.2‰ for oxygen and deuterium, respec-
tively. All isotopic values are reported using the standard delta
notation. Both δ18O and δD are expressed relative to V-SMOW.

Selected vent fluid samples were prepared for Sr isotope analysis
at the University of Leeds. Splits of the vent fluids (volumes between
0.2 and 1 ml) were transferred into 15 ml Teflon beakers and dried
down on a hotplate at b80 °C. The solid residues (pure white color)
were then dissolved in a 4 ml mixture of ultrapure concentrated HF
and HNO3 (proportion of 3:1). The sealed Teflon beakers were left
on a hotplate for 48 h at ~90 °C. The samples were re-dissolved and
dried in ultrapure concentrated HNO3, followed by ultrapure concen-
trated HCl acid. Finally, the dried solid residues were re-dissolved in
2.5 N ultrapure HCl, centrifuged and passed through cation exchange
columns to purify the Sr. The same procedure is used for routine rock
analysis and ensures that all possible mineral phases are effectively
dissolved. The purified Sr splits (14 ml) were dried and re-dissolved
in 2 N HNO3, and loaded on previously outgassed W filaments coated
in a TaCl5 solution.

Sr isotope ratios were measured on a Thermo Sci. TRITON-series
multi-collector thermal ionization mass spectrometer (MC-TIMS)
running in static mode. The 87Sr/86Sr ratios were normalized to an
86Sr/88Sr ratio of 0.1194 to account for mass fractionation. The aver-
age 87Sr/86Sr obtained from replicate measurements of NIST SRM-
987 (n=10) was 0.710250±0.000005 (2σ), and the reported 87Sr/
86Sr values were adjusted to NIST SRM-987 standard values of 87Sr/
86Sr=0.710248 (McArthur et al., 2000). The instrumental errors
were always better than 1.6×10−5 (of the mean of 180 single deter-
minations). The total blank concentrations for Sr were negligible
(b100 pg) compared to the Sr concentration of the samples analyzed.

White, yellow, and orange hydrothermal precipitates were exam-
ined by scanning electronmicroscopy (Camscan, University of Bremen)
and electron microprobe (Cameca SX-50, housed at the University
of Leeds, UK). In addition, preliminary laser Raman spectroscopy
(Kaiser HoloLab5000) was performed at Washington University in
St. Louis, using 532-nm excitation and 10 mW power at the sample
surface.

4. Results

4.1. Field data

Field data, major cations and anions, and minor/trace element
compositions of the hydrothermal fluids from Palaeochori and Spathi
Bays are presented in Table 1. Pore fluids from the white patches in
Palaeochori Bay (P-W and P-W-R) showed variable temperature
(49–71 °C), pH (4.8–5.4), H2S concentrations (0.24–2.85 mM), and
alkalinity (920–3400 mM/kg seawater; alkalinity data not shown).
Moving from the surrounding white area into the orange area at
Palaeochori Bay (P-O), temperatures increased to 71–95 °C, with a
slightly lower pH (4.6–5.1). H2S and alkalinity in the orange area
ranged from below detection (b0.01 mM) to 3.1 mM, and 310 to
778 mM/kg SW, respectively (Table 1). Typically, higher temperature
samples (i.e., the samples with the least amount of seawater mixing
and thus the highest hydrothermal component; see % hydrothermal
fluid (HF) in Table 1) displayed lower pH and alkalinity, but higher
H2S concentrations.

Compared to Palaeochori Bay, the hydrothermal area at Spathi Bay
was characterized by much less vigorous gas emissions. Fluid tempera-
tures in the Spathi Bay white patches (S-W and S-W-R) were slightly
higher than those in Palaeochori Bay, ranging from 62 to 80 °C, but



Table 1
Major physicochemical parameters, and major and minor elements in hydrothermal fluids from Paleochori and Spathi Bays.

Field data Major elements Minor elements

Site and date Depth
(cm)

Temp
°C

pH H2S
mM

Mg
mM

Na
mM

Ca
mM

K
mM

B
mM

Sr
mM

Br
mM

Cl
mM

SO4

mM
Si
mM

Li
μM

Rb
μM

Cs
nM

As
μM

Fe
μM

Mn
μM

Ba
μM

HFa

%

Milos seawater — 18 8.1 b.d.b 65.0 563 11.1 11.3 0.6 0.10 0.9 643 32.7 0.08 40 2 7 0.027 1.4 2.5 0.1 —

P-B — June 09 10 30 7.3 b.d. 59.9 523 11.4 11.1 0.5 0.10 1.0 660 37.0 0.0 43 2 40 0.2 4.8 2.7 0.2 8
P-B — Oct. 09 10 26 7.6 b.d. 64.1 564 11.4 11.7 0.6 0.10 0.9 623 37.0 0.1 31 2 20 0.8 3.2 2.8 0.2 1
P-W — June 09 10 60 5.1 0.24 37.1 682 27.4 56.6 2.3 0.22 1.1 831 16.5 2.1 4094 161 11,590 8.5 8.2 62.1 2.7 43
P-W — Oct. 09-1 10 65 5.4 0.57 37.7 694 27.3 61.3 2.4 0.23 1.1 895 16.6 2.7 2631 154 9605 7.7 21.4 64.8 3.1 42
P-W — Oct. 09-2 10 67 5.3 0.61 46.4 653 21.6 43.1 1.7 0.18 1.0 757 20.8 1.7 1650 106 8284 6.7 3.6 42.7 2.6 29
P-W — Oct. 09-3 10 59 5.4 0.25 47.4 639 21.7 43.3 1.8 0.18 1.0 798 22.0 1.7 1993 103 8198 10.7 7.4 41.3 2.4 27
P-W — Aug. 10-1 10 63 5.1 2.29 29.1 459 16.7 34.2 1.3 0.14 0.8 606 16.5 1.4 1363 114 7946 1.4 6.8 34.2 2.0 55
P-W — Aug. 10-2 10 65 5.1 2.85 42.6 637 23.1 48.4 1.9 0.19 0.9 656 15.6 2.0 1768 81 5732 3.2 3.3 46.5 2.9 34
P-W — Aug. 10-3 10 49 4.8 1.46 41.2 415 8.9 16.1 0.7 0.08 0.8 553 21.7 4.1 572 22 1857 0.8 0.6 17.8 1.0 37
P-W-R — Oct. 09 2 5.2 0.48 37.5 717 27.7 62.1 2.5 0.23 1.1 877 16.0 2.5 2626 162 11,330 8.4 10.9 62.3 3.3 42
P-W-R — Oct. 09 4 5.3 0.53 35.4 700 28.8 67.1 2.6 0.24 1.1 898 15.0 2.8 2818 178 13,070 10.8 10.9 67.7 3.9 46
P-W-R — Oct. 09 6 5.2 0.53 37.4 714 29.7 68.8 2.6 0.25 1.1 890 15.5 2.8 2908 176 13,370 9.9 10.0 69.2 4.0 42
P-W-R — Oct. 09 8 5.2 0.56 36.2 707 28.6 65.5 2.6 0.24 1.1 893 15.0 2.7 2771 175 12,590 10.0 30.1 65.8 3.5 44
P-W-R — Oct. 09 10 74 5.1 0.49 37.3 701 28.3 65.5 2.5 0.24 1.1 890 16.0 2.7 2732 170 12,260 9.7 16.1 66.1 3.9 43
P-W-R — Oct. 09 12 5.2 0.46 37.4 715 27.1 60.9 2.4 0.23 1.1 880 16.1 2.5 2592 164 11,590 8.9 8.2 61.5 3.3 42
P-O — June 09 10 85 5.0 b.d. 26.9 734 33.3 75.6 3.1 0.27 1.2 897 10.4 3.4 4655 212 14,370 35.8 21.7 83.5 6.3 59
P-O — Oct. 09 10 95 5.1 b.d. 26.9 735 34.4 88.9 3.3 0.30 1.2 945 7.7 4.2 3867 240 17,220 39.4 21.3 88.8 8.6 59
P-O — Aug. 10-1 10 94 4.6 0.10 27.7 724 32.9 81.0 3.1 0.28 0.9 692 5.5 3.9 3595 151 10,320 2.3 12.7 81.4 4.9 57
P-O — Aug. 10-2 10 83 5.1 1.81 35.0 670 26.9 62.6 2.4 0.23 0.8 685 11.1 3.1 2656 206 14,500 4.3 26.2 61.2 3.4 46
P-O — Aug. 10-3 10 71 5.1 3.13 35.8 451 14.5 26.9 1.1 0.12 0.7 516 16.0 4.5 1418 59 4564 11.2 0.5 38.2 1.7 45
S-W — June 09 10 75 5.1 0.41 48.7 469 9.5 11.5 0.6 0.08 0.8 530 26.3 3.2 205 8 417 78.1 1.3 8.7 0.7 25
S-W — Oct. 09 10 65 5.4 0.31 42.7 695 25.0 53.6 2.1 0.21 1.1 837 18.9 2.5 2203 132 8860 30.2 9.2 55.4 2.6 34
S-W — Aug. 10-1 10 80 5.1 0.91 60.1 522 10.6 11.4 0.6 0.09 0.5 294 14.6 4.2 124 6 709 3.4 20.5 6.2 3.7 7
S-W — Aug. 10-2 10 4.8 1.52 46.9 437 8.9 10.5 0.5 0.08 0.6 371 18.7 3.3 75 4 314 8.5 7.1 5.0 3.1 28
S-W-R — Oct. 09 1 6.0 0.44 63.3 559 11.5 11.6 0.7 0.10 1.0 659 32.0 0.9 40 2 224 3.2 3.1 3.4 0.4 3
S-W-R — Oct. 09 3 5.7 1.68 64.6 548 11.8 11.8 0.6 0.10 0.9 653 31.2 3.0 67 3 280 8.4 3.1 6.2 1.0 1
S-W-R — Oct. 09 5 5.6 2.43 63.8 540 11.4 11.1 0.6 0.10 0.9 654 31.1 3.5 69 3 233 9.6 2.5 6.7 1.0 2
S-W-R — Oct. 09 7 72 5.7 2.36 64.8 544 11.7 11.1 0.6 0.10 0.9 648 31.0 3.6 74 3 197 9.9 4.0 6.9 1.0 0
S-W-R — Oct. 09 11 5.5 2.89 63.8 557 11.4 10.8 0.6 0.10 0.9 652 31.1 3.5 73 3 168 5.2 4.1 6.8 1.0 2
S-O — Aug. 10-1 10 62 5.2 1.96 48.5 487 8.4 11.0 0.5 0.08 0.4 192 9.8 4.8 105 6 398 13.6 15.5 9.3 3.0 25
S-O — Aug. 10-2 10 82 5.8 b.d. 54.3 493 10.0 10.8 0.5 0.09 0.7 432 22.0 0.6 47 2 142 38.3 13.5 2.0 3.3 16

a HF = the percentage of hydrothermal fluids in each sample. The remaining portion of the fluid is seawater.
b b.d. = below detection.

18 R.E. Price et al. / Chemical Geology 348 (2013) 15–26
the maximum temperature in the orange patches (S-O) was only
81 °C. White areas in Spathi Bay were variable in pH (4.8–5.7), H2S
concentrations (0.31–2.89 mM), and alkalinity (1640–3610 mM/kg
SW). Pore waters in orange patches at Spathi Bay ranged in pH
from 5.2 to 5.8, and in H2S levels from below detection (b0.01 mM)
to 1.96 mM.

4.2. Major and trace element chemistry

High and low salinity hydrothermal fluids were identified in both
Palaeochori Bay and Spathi Bay, with values as high as 52‰ in brine
fluids and as low as 11‰ in the low salinity fluids (Table 1, Fig. 3).
High- and low-Cl fluids were collected from white and orange areas
in Palaeochori and Spathi Bays, sometimes within a few meters of
each other. Compared to a seawater control sample, the high-Cl fluids
(enriched in Cl by up to 47%) were depleted in Mg and SO4, and
enriched in Na, Ca, K, B, Sr, and Br, and the trace elements Si, Li, Rb,
Cs, As, Fe, and Mn (Table 1, Fig. 3). Maximum enrichments of the
major elements were found in samples showing maximum depletion
in Mg and SO4, which represent the samples with the least amount of
seawater mixing and thus the highest amount of a hydrothermal
component.

The low-Cl fluids (depleted by up to 66% relative to seawater)
were also relatively lower in some other elements (Na, Br, Mg, SO4),
although other major elements ranged higher and lower relative to
seawater (Table 1, Fig. 3). However, all minor and trace elements
were enriched in both the high- and low-Cl fluids relative to seawa-
ter, including, for example, extremely elevated concentrations of As.
Relative to seawater As levels (26 nM), the high-Cl fluids were up to
1475 times enriched (max. 39 μM), and the low-Cl fluids were up to
2925 times enriched (max. 78 μM).
4.3. Mineralogical evaluation

Given the elevated As concentrations in the hydrothermal fluids,
As minerals may be precipitating on the seafloor. SEM and electron
microprobe analysis of orange hydrothermal precipitates revealed
an average As/S ratio of 0.58 (range 0.51–0.63; n=19; Fig. 4). This in-
dicated that an orpiment (As2S3) may be precipitating as reduced, hot
fluids mix with overlying (ambient) seawater. To further determine
the mineralogy of these As–S precipitates, Raman microprobe analy-
ses were performed on a range of orange and yellow hydrothermal
precipitates. Preliminary data indicate the presence of multiple
phases, with the dominant phase apparently a poorly crystalline
form of orpiment, accompanied by lesser amounts of crystalline
orpiment (Fig. 4). This interpretation is based on the observations
that 1) the narrowest, highest-intensity peak in the Raman spectrum
is at 351 wavenumbers, which is just slightly downshifted from the
position of the most intense peak at 355 wavenumbers of a well crys-
talline sample of an orpiment from Hunan, China, 2) the very broad
peak that dominates the spectrum of the light orange precipitate
appears to encompass the 4 main peaks of the crystalline orpiment
at 291, 309, 355, and 382 wavenumbers, and 3) the weak peak in
the orange precipitate at 193 wavenumbers could be a downshifted
analog to the peak at 201 wave numbers in the orpiment (Fig. 4).
Peak broadening of two or more peaks in a spectrum of poorly crys-
talline material can produce the kind of broad spectral envelope
shown in the spectrum of the orange precipitates (Pasteris,
unpublished data).

In contrast, the bright yellow sediment appears to be a mixture of
the “poorly crystalline orpiment” and the well crystalline elemental
sulfur of the form S8 (i.e., sulfur atoms in 8-fold rings, which is the
most common form of elemental sulfur; see Pasteris et al., 2001).



Fig. 3. Plot showing enrichment/depletion of major and minor elements for the samples
with highest and lowest Cl hydrothermal fluids relative to Mediterranean seawater.
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The peaks characteristic of this S8 precipitate are marked with an “S”
on the spectrum of the yellow precipitate in Fig. 4, which is compared
directly with the spectrum of the crystalline sulfur in the inset. The
peaks labeled 232 and 491 wavenumbers in the light orange precipi-
tate could be slightly upshifted analogs of the two strong S8 peaks
a)

b)

Fig. 4. (a) SEM image and EDS spectrum (inset) of orange hydrothermal precipitates,
demonstrating a chemical composition close to that of the orpiment, with an As/S ratio
of 0.58. (b) Raman spectra of light orange hydrothermal precipitate, bright yellow sedi-
ment, and crystalline orpiment from Hunan, China, and crystalline sulfur from Italy. As
explained in the text, the light orange precipitate appears to be dominated by poorly
crystalline orpiment with small amounts of better crystalline orpiment and impure sulfur.
The bright yellow sediment, as seen in the inset, has a very strong component of pure,
crystalline sulfur; as seen in the larger spectral overlay, the yellow sediment also contains
significant amounts of the same material as in the light orange precipitate.
seen in the Milos yellow precipitates, perhaps due to some solid solu-
tion effects. More detailed characterization of these unusual precipi-
tates is currently underway. However, it is clear that some of the
dissolved As in the hydrothermal fluids is being precipitated as they
mix with overlying seawater.

4.4. Isotopes

To determine the major subsurface processes, and thus the possible
influences on As concentration, we analyzed δ18O, δD, and 87Sr/86Sr iso-
topes in selected fluid samples that had the highest enrichment or de-
pletion in Cl and other major elements (Table 2). The δD and δ18O
values for our seawater control site were 7.2±0.3 and 1.1±0.1‰, re-
spectively. 87Sr/86Sr ratios for Mediterranean seawater (0.70916) are
taken from Farrell et al. (1995). High-Cl fluids ranged in δD from 4.5
to 10.2‰, in δ18O from 1.9 to 2.8‰, and in 87Sr/86Sr ratios from
0.709790 to 0.709890. Low-Cl fluids ranged in δD from 5.9 to 15.3‰,
in δ18O from 1.6 to 2.2‰, and in 87Sr/86Sr ratios from 0.709121 to
0.709600 (Table 2). In high-Cl samples, 18O was enriched relative to
seawater, but the D levels hovered near that in seawater. The low-Cl
samples are quite distinct, withmostD and 18O concentrations enriched
compared to seawater.

5. Discussion

The extremely elevated As concentrations in the Milos hydrother-
mal fluids invite three fundamental questions: (1) What is the source
of the As?, (2) What subsurface processes influence its concentra-
tion?, and (3) How do these processes compare to other systems? Ad-
dressing these questions will enable a detailed characterization of the
subsurface processes related to As enrichment, as well as put the
Milos system into a global perspective.

5.1. As in the hydrothermal reservoir

Karabelas et al. (1989) reported an As concentration of 13 ppm
(174 μM) in the hydrothermal reservoir at Milos. Although As dis-
plays non-conservative behavior during hydrothermal circulation,
particularly at lower temperatures where orpiment may precipitate
Table 2
δD, δ18O and 87Sr/86Sr isotopic measured and end-member (EM) values for selected
vent fluid samples from Paleochori and Spathi Bays.

δD δ18O 87Sr/86Sr δD
(EM)

δ18O
(EM)

87Sr/86Sr
(EM)

Milos seawater 7.2 1.1 0.70916a

P-B — June 09 11.3 1.7
P-W — June 09b 7.2 2.0 7.3 3.1
P-W — Oct. 09-1b 6.1 2.1 4.7 3.4
P-W — Oct. 09-2b 9.0 1.9 13.7 3.7
P-W — Oct. 09-3b 7.7 2.2 0.70992 9.3 4.9 0.71040
P-W — Aug. 10-1 10.2 2.2 12.7 3.1
P-W — Aug. 10-2 9.9 2.2 15.2 4.1
P-W — Aug. 10-3 8.4 1.6 10.5 2.5
P-W-R — Oct. 09-10 cmb 6.2 2.4 0.70988 4.8 4.0 0.71010
P-O — une 09b 4.5 2.4 0.70997 2.6 3.3 0.71011
P-O — Oct. 09b 7.4 2.8 7.6 3.9
P-O — Aug. 10-1b 10.2 2.6 0.70985 12.4 3.7 0.71002
P-O — Aug. 10-2b 8.5 2.6 10.1 4.2
P-O — Aug. 10-3 5.9 1.7 4.2 2.5
S-W — June 09 8.8 1.6 0.70912 13.7 3.2 0.70847
S-W — Oct. 09b 6.9 2.1 0.70979 6.5 4.0 0.71006
S-W — Aug. 10-1 15.3 1.9
S-W — Aug. 10-2 12.1 1.7 0.70960 24.7 3.1 0.71446
S-W-R — Oct. 09-10 cm 10.1 1.5
S-O — Aug. 10-1 13.3 1.7 0.70952 31.4 3.5 0.71487
S-O — Aug. 10-2 12.7 2.1 40.6 7.0

a Mediterranean seawater 87Sr/86Sr is from Farrell et al. (1995).
b Designates high-Cl samples.
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(Ballantyne and Moore, 1988), we can estimate the (minimum) con-
centration of As in Milos reservoir fluids by calculating the hydrother-
mal end-member concentration (i.e., the reservoir concentration
prior to any later entrainment of seawater). This calculation assumes
that the hydrothermal reservoir fluid contains zero Mg due to the
subsurface precipitation of Mg–OH silicates at temperatures ≳150 °C
(Bischoff and Dickson, 1975; Mottl and Seyfried, 1980; German and
Von Damm, 2003). Sulfate is also quantitatively removed due to sub-
surface precipitation of anhydrite (German and Von Damm, 2003). In
the Milos fluids, Mg and SO4 track each other (Fig. 5a), but when the
SO4 concentration reaches zero, Mg in the hydrothermal fluids is still
~10 mM. This suggests that the end-member calculation may over-
estimate the reservoir concentrations. However, Mg concentrations
measured in the hydrothermal reservoir were low (0.12 mM), and
Liakopoulos et al. (1991) suggested that SO4 concentrations will be
depleted due to geochemical weathering of volcanic rocks. It is possi-
ble that shallow precipitation of anhydrite occurs as hydrothermal
gasses and fluids heat the entrained seawater to >150 °C, which
would decrease the SO4 concentration relative to Mg. Precipitation
of barite (BaSO4) as Ba-rich hydrothermal fluids mix with seawater,
would also decrease the SO4 content without affecting Mg (measured
temperatures of the hydrothermal reservoir underneath Milos is
Fig. 5. Plots ofmeasuredMg vs. SO4 (a),Mgvs. Cl (b), and Cl vs. SO4 (c), and representative plots
(d) Na vsMg and (e) K vsMg. The elements B, Ca, Sr, Li, Rb, Cs, andMn follow similar trends. The
by visual extrapolation to illustrate a 3 component mixing. (f) plots the Cl vs. Br/Cl ratio to illu
>300 °C (Liakopoulos et al., 1991)). Barite commonly precipitates as
hydrothermal fluids, which are commonly enriched in Ba, and mixes
with seawater upon discharge (Paytan et al., 2002). We suggest that
the depletions in SO4 in our samples relative to Mg must result from
precipitation of one or both of these two minerals, and that the
end-member calculations assuming zero Mg are therefore reasonable.

The average end-member concentrations (Table 3) of conserva-
tive elements Na (885 mM), Ca (50 mM), K (132 mM), B (5.0 mM),
Sr (0.4 mM), Br (1.4 mM), and Cl (1175 mM), calculated for high-Cl
fluids, are similar to those calculated by Fitzsimons et al. (1997).
These values are low compared to a lot of hydrothermal fluid analy-
ses, which can be 3 orders of magnitude higher, suggesting that any
magmatic fluid contribution may be low (Sillitoe and Bonham,
1990). The maximum calculated concentration of As in the end-
member hydrothermal fluid (calculated from high-Cl fluid data
only) is 88 and 67 μM for Spathi and Palaeochori Bays, respectively.
This is approximately half of that reported by Karabelas et al.
(1989), suggesting that a large proportion of As in the hydrothermal
reservoir may have precipitated prior to discharge on the seafloor.
Our combined SEM–EDX and preliminary Raman data indicate that
very poorly crystalline orpiment precipitates as hydrothermal fluids
discharge through the sediments and mix with overlying seawater
ofmeasured cationdata for both high- and low-Clfluids fromPalaeochori and Spathi Bays,
legend in (a) applies to all remaining sub-figures. Lines in (b), (c), (d), and (e)weremade
strate phase separation.



Table 3
Hydrothermal end-member composition for Paleochori and Spathi Bay hydrothermal sites.

Site and date Fluid type Na
mM

Ca
mM

K
mM

B
mM

Sr
mM

Br
mM

Cl
mM

Si
mM

Li
μM

Rb
μM

Cs
nM

As
μM

Fe
μM

Mn
μM

Ba
μM

P-W — June 09 High Cl 840 49 117 4.7 0.4 1.4 1081 4.7 9494 373 27,020 20 17 141 6.1
P-W — Oct. 09-1 High Cl 874 50 130 5.0 0.4 1.4 1244 6.2 6215 364 22,880 18 49 151 7.2
P-W — Oct. 09-2 High Cl 878 48 123 4.5 0.4 1.1 1041 5.9 5677 368 28,970 23 9 143 8.9
P-W — Oct. 09-3 High Cl 845 50 129 4.9 0.4 1.4 1214 6.0 7239 377 30,200 39 23 145 8.6
P-W — Aug. 10-1 Low Cl 374 21 53 1.9 0.2 0.7 576 2.5 2437 204 14,400 2 11 60 3.6
P-W — Aug. 10-2 ~SWa 777 46 119 4.3 0.4 0.9 680 5.8 5054 231 16,620 9 7 130 8.1
P-W — Aug. 10-3 Low Cl 159 5 24 0.8 0.04 0.7 396 11.0 1497 57 5069 2 n.v. 44 2.6
P-W-R — Oct. 09 High Cl 927 50 131 5.0 0.4 1.3 1196 5.8 6155 380 26,770 20 24 144 7.6
P-W-R — Oct. 09 High Cl 865 50 134 5.0 0.4 1.3 1203 6.0 6145 389 28,710 24 22 146 8.4
P-W-R — Oct. 09 High Cl 919 55 147 5.4 0.5 1.4 1225 6.5 6797 412 31,480 23 22 160 9.3
P-W-R — Oct. 09 High Cl 887 51 134 5.1 0.4 1.4 1206 6.1 6203 392 28,400 22 66 145 7.8
P-W-R — Oct. 09 High Cl 886 52 138 5.1 0.4 1.4 1221 6.3 6345 396 28,700 23 36 151 9.1
P-W-R — Oct. 09 High Cl 922 49 128 4.9 0.4 1.3 1201 5.8 6056 385 27,310 21 18 142 7.7
P-O — June 09 High Cl 854 49 121 4.8 0.4 1.4 1076 5.7 7904 360 24,480 61 36 140 10.7
P-O — Oct. 09 High Cl 857 51 144 5.3 0.4 1.4 1158 7.1 6565 408 29,350 67 35 150 14.6
P-O — Aug. 10-1 ~SW 843 49 133 5.0 0.4 0.8 728 6.6 6228 261 17,960 4 21 140 8.4
P-O — Aug. 10-2 ~SW 795 45 122 4.5 0.4 0.7 734 6.5 5701 445 31,360 9 55 129 7.3
P-O — Aug. 10-3 Low Cl 315 19 46 1.7 0.1 0.5 360 9.8 3106 130 10,150 25 n.v. 82 3.6
S-W — June 09 Low Cl 189 5 12 0.4 0.02 0.5 191 12.5 698 28 1644 311 1 27 2.7
S-W — Oct. 09 High Cl 947 52 135 5.0 0.4 1.4 1209 7.1 6348 381 25,820 88 24 157 7.4
S-W — Aug. 10-1 Low Cl 18 4 13 1.1 n.v. n.v. n.v. 55.0 1160 59 9389 46 257 52 48.5
S-W — Aug. 10-2 Low Cl 109 3 8 0.1 0.02 n.v. n.v. 11.7 168 10 1109 31 22 11 10.8
S-W-R — Oct. 09 ~SW 427 25 21 3.6 0.2 2.1 1245 30.9 60 29 8082 119 64 35 12.4
S-W-R — Oct. 09 ~SW n.v. 117 87 7.0 1.0 5.0 2298 466.0 4429 174 44,120 1347 280 592 140.5
S-W-R — Oct. 09 ~SW n.v. 28 n.v. 0.9 0.2 2.3 1277 185.3 1648 76 12,370 525 64 230 49.5
S-W-R — Oct. 09 ~SW n.v. 252 n.v. 23.1 1.9 9.1 2842 1440 14,030 625 78,130 4063 1048 1824 378.6
S-W-R — Oct. 09 ~SW 233 30 n.v. 1.1 0.2 2.3 1112 183.5 1828 76 8675 280 149 235 50.0
S-O — Aug. 10-1 Low Cl 263 0 10 0.3 0.0 n.v. n.v. 18.6 297 19 1549 54 57 29 11.7
S-O — Aug. 10-2 Low Cl 138 5 8 0.1 0.1 n.v. n.v. 3.1 84 5 828 233 75 0 19.5
Average endmember high-Cl 885 50 132 5.0 0.4 1.4 1175 6.1 6703 383 27,700 35 29 147 8.7
Average endmember Low-Cl 196 8 22 0.8 0.1 0.6 381 15.5 1181 64 5515 88 71 38 12.9
Geothermal reservoir — vaporb 16 1.2 2.3 20.8
Geothermal reservoir 1140 85.9 166 11.6 0.6 n.a. 1490 818.0 6.9 174 342 537
Geothermal reservoir — brine 1750 132 255 0.8 2290

n.v. = negative value calculated; Mg=0 by definition, SO4 calculates to zero.
a ~SW = concentration similar to seawater.
b Geothermal reservoir concentrations of Na, Ca, K and Cl are from Liakopoulos et al. (1991), all others are from Karabelas et al. (1989).
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(Fig. 4). This precipitation will also remove a large proportion of dis-
solved As from the hydrothermal fluids.

It is because of the ubiquity of phase separation that vent-fluid
compositions are often now viewed or expressed as ratios with re-
spect to chloride, rather than as absolute concentrations (German
and Von Damm, 2003). This normalization to chloride must be used
when trying to evaluate net gains and losses of chemical species as
seawater traverses the hydrothermal circulation cell, to correct for
the fractionation caused by phase separation (e.g., to evaluate the rel-
ative distribution of species between the vapor and brine solutions),
and to eliminate the role of chlorocomplexation on element mobility.
For example, bromide, as viewed through the Br/Cl ratio, is some-
times seen to be fractionated from chloride; this occurs whenever ha-
lite is formed or dissolves because bromide is preferentially excluded
from the halite structure (Oosting and Von Damm, 1996; Von Damm,
2000). Fluids that have deposited halite, therefore, will have a high
Br/Cl ratio, while fluids that have dissolved halite will have a low
Br/Cl ratio, relative to seawater. End member Milos element/Cl data
are presented in Table 4.

End member Na/Cl ratios in high-Cl fluids are consistently lower
than seawater (0.88). This is most likely the result of the removal of
Na from the hydrothermal solution due to albitization reactions.
However, other than Na, all other element to Cl ratios are higher
than seawater. These elements are most likely controlled by P and T
dependent fluid/mineral equilibrium reactions, which enrich these
elements in solution. The As/Cl ratio is consistently much higher
than seawater as a result of leaching of this element from subsurface
rocks. Low-Cl fluid element to Cl ratios, however, are variably higher
and lower compared to seawater. The affects of phase separation on
element to Cl ratios are discussed further in Section 5.3 below.
5.2. The As source

The δD and δ18O isotopic composition of our hydrothermal fluids
are plotted in Fig. 6a. End-member ratios for these isotopes in high-
Cl fluids were calculated assuming zero Mg (Table 2). For comparison,
the range of isotopic values is included (Fig. 6a) for fluids in equilib-
rium with andesitic and metamorphic rocks from Milos, Mediterra-
nean seawater, Milos meteoric water, a shallow-sea hydrothermal
fluid derived from meteoric water (Pichler, 2005), and finally the
deep hydrothermal reservoir (as well as its vapor and brine phases)
sampled from wells on the island (Liakopoulos et al., 1991; Pflumio
et al., 1991; Naden et al., 2005). The submarine hydrothermal fluids
collected in this study are most similar to seawater, and plot far
from Milos meteoric water. The comparison with shallow-sea vent
fluids derived from meteoric water (Tutum Bay, PNG) reveals a
clear difference between these two systems, indicating that the fluids
discharging in Palaeochori and Spathi Bays are originally sourced in
seawater with little or no meteoric water input. The D enrichment
for low-Cl fluids could be the result of Rayleigh distillation (Naden
et al., 2005).

Although the δD and δ18O isotopic compositions of our hydrother-
mal fluids fall on a trend line that points toward either subsurface an-
desitic or metamorphic fluids, it remains unclear as to which of these
rock types most influences the hydrothermal fluid composition (and
As concentration). Milos lavas make up only a small part of the sub-
surface rocks beneath the island. Another possible source could be
the greenschist facies metamorphic rocks making up a large propor-
tion of the subsurface basement. These metamorphic rocks originally
consisted of a recrystalized sedimentary sequence of shales, gray-
wackes and limestones (Kornprobst et al., 1979). Fytikas and



Table 4
Hydrothermal end-member element to Cl ratios for the Paleochori and Spathi Bay hydrothermal sites.

Site and date Fluid
type

Na/Cl Ca/Cl K/Cl B/Cl×
10−3

Sr/Cl×
10−3

Br/Cl×
10−3

Si/Cl×
10−3

Li/Cl×
10−3

Rb/Cl×
10−3

Cs/Cl×
10−6

As/Cl×
10−6

Fe/Cl×
10−3

Mn/Cl×
10−3

Ba/Cl×
10−6

Seawater ~SWa 0.88 0.02 0.02 0.9 0.1 1.4 0.1 0.1 0.003 0.01 0.04 0.002 0.004 0.1
P-W — June 09 High Cl 0.78 0.05 0.11 4.3 0.4 1.3 4.4 8.8 0.34 25.0 18.4 0.016 0.13 5.6
P-W — Oct. 09-1 High Cl 0.70 0.04 0.10 4.0 0.3 1.1 5.0 5.0 0.29 18.4 14.6 0.039 0.12 5.8
P-W — Oct. 09-2 High Cl 0.84 0.05 0.12 4.4 0.4 1.1 5.6 5.5 0.35 27.8 22.3 0.009 0.14 8.5
P-W — Oct. 09-3 High Cl 0.70 0.04 0.11 4.0 0.3 1.1 4.9 6.0 0.31 24.9 32.5 0.019 0.12 7.1
P-W — Aug. 10-1 Low Cl 0.65 0.04 0.09 3.4 0.3 1.2 4.3 4.2 0.35 25.0 4.3 0.019 0.10 6.2
P-W — Aug. 10-2 ~SW 1.14 0.07 0.17 6.3 0.5 1.3 8.5 7.4 0.34 24.4 13.4 0.010 0.19 11.9
P-W — Aug. 10-3 Low Cl 0.40 0.01 0.06 1.9 0.1 1.8 27.7 3.8 0.14 12.8 5.4 n.a. 0.11 6.6
P-W-R — Oct. 09 High Cl 0.77 0.04 0.11 4.2 0.4 1.1 4.9 5.1 0.32 22.4 16.5 0.020 0.12 6.4
P-W-R — Oct. 09 High Cl 0.72 0.04 0.11 4.2 0.3 1.1 5.0 5.1 0.32 23.9 19.6 0.018 0.12 7.0
P-W-R — Oct. 09 High Cl 0.75 0.04 0.12 4.4 0.4 1.1 5.3 5.6 0.34 25.7 19.0 0.018 0.13 7.6
P-W-R — Oct. 09 High Cl 0.74 0.04 0.11 4.3 0.4 1.1 5.1 5.1 0.33 23.5 18.6 0.055 0.12 6.5
P-W-R — Oct. 09 High Cl 0.73 0.04 0.11 4.2 0.4 1.1 5.1 5.2 0.32 23.5 18.7 0.029 0.12 7.5
P-W-R — Oct. 09 High Cl 0.77 0.04 0.11 4.0 0.3 1.1 4.8 5.0 0.32 22.7 17.5 0.015 0.12 6.4
P-O — June 09 High Cl 0.79 0.05 0.11 4.5 0.4 1.3 5.3 7.3 0.33 22.7 56.6 0.033 0.13 9.9
P-O — Oct. 09 High Cl 0.74 0.04 0.12 4.6 0.4 1.2 6.1 5.7 0.35 25.3 58.0 0.030 0.13 12.6
P-O — Aug. 10-1 ~SW 1.16 0.07 0.18 6.8 0.6 1.1 9.1 8.6 0.36 24.7 5.4 0.029 0.19 11.6
P-O — Aug. 10-2 ~SW 1.08 0.06 0.17 6.2 0.5 1.0 8.9 7.8 0.61 42.7 12.8 0.075 0.18 9.9
P-O — Aug. 10-3 Low Cl 0.87 0.05 0.13 4.8 0.4 1.5 27.3 8.6 0.36 28.2 69.4 n.a. 0.23 10.1
S-W — June 09 Low Cl 0.99 0.02 0.06 2.3 0.1 2.5 65.5 3.7 0.15 8.6 1632.8 0.005 0.14 14.2
S-W — Oct. 09 High Cl 0.78 0.04 0.11 4.2 0.4 1.1 5.9 5.2 0.31 21.4 72.7 0.020 0.13 6.2
S-W — Aug. 10-1 Low Cl n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
S-W — Aug. 10-2 Low Cl n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
S-W-R — Oct. 09 ~SW 0.34 0.02 0.02 2.9 0.2 1.7 24.8 0.0 0.02 6.5 95.3 0.052 0.03 9.9
S-W-R — Oct. 09 ~SW n.a. 0.05 0.04 3.0 0.4 2.2 202.8 1.9 0.08 19.2 586.2 0.122 0.26 61.2
S-W-R — Oct. 09 ~SW n.a. 0.02 n.a. 0.7 0.2 1.8 145.1 1.3 0.06 9.7 410.8 0.050 0.18 38.8
S-W-R — Oct. 09 ~SW n.a. 0.09 n.a. 8.1 0.7 3.2 506.4 4.9 0.22 27.5 1429.5 0.369 0.64 133.2
S-W-R — Oct. 09 ~SW 0.21 0.03 n.a. 1.0 0.2 2.1 165.0 1.6 0.07 7.8 251.7 0.134 0.21 45.0
S-O — Aug. 10-1 Low Cl n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
S-O — Aug. 10-2 Low Cl n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

n.a. = not available.
a ~SW = a concentration similar to seawater.
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Marinelli (1976) described these rocks as a metamorphosed flysch se-
quence, with frequent alterations of clay, marnes, silts, cherts and
graywackes. Liakopoulos et al. (1991) showed that the metamorphic
basement of Milos contained an abundance of secondary hydrother-
mal alteration minerals. Specifically, secondary quartz and calcite
veins rich in pyrite occurred throughout almost the entire 1000 m
of core materials (Liakopoulos et al., 1991). The range of measured
and end-member 87Sr/86Sr isotopic ratios for our high-Cl fluids are
plotted in Fig. 6b, along with previously measured values for seawa-
ter, terrestrial geothermal fluids, the hydrothermal reservoir, Milos
lavas, and the Milos metamorphic basement rocks (Naden et al.,
2005; Marschik et al., 2010). End-member 87Sr/86Sr ratios were calcu-
lated under the assumption of zero-Mg according to the methods de-
scribed in detail in Pichler (2005), and depend not only on the
isotopic ratios, but also on the Sr concentration (Table 2). Marschik
et al. (2010) calculated the Sr isotope signature of fluids in equilibri-
um with sphalerite and barite from hydrothermal deposits on the is-
land, which are also plotted for comparison in Fig. 6b. The range of Sr
isotope ratios of the Milos fluids plots slightly higher than the seawa-
ter values, and falls in between the seawater and the hydrothermal
reservoir ratios. This suggests that the source rocks which provide
the elevated 87Sr/86Sr ratios in the Milos hydrothermal fluids are
the metamorphic basement rocks, whereas the Milos lavas have ra-
tios lower than the seawater.

In subsurface hydrothermal systems, the Sr concentration and Sr
isotopic signaturewill be affected by thewater/rock ratio and the extent
of reaction and the P–T conditions of mineral/fluid equilibrium (Berndt
et al., 1988; Von Damm, 1988; Reeves et al., 2011). For example, Sr con-
centrations (as is Ca) are controlled by temperature and pressure de-
pendent equilibrium reactions involving plagioclase minerals (Berndt
et al., 1988; Von Damm, 1988). Ca can be removed by precipitation of
anhydrite but also added by dissolution of anorthite. Endmember Sr/
Cl ratios are consistently higher than those found in seawater, as is Ca/
Cl, suggesting that this element is added to the reservoir fluids by disso-
lution of Sr containing minerals (Table 4).

The Milos hydrothermal fluid 87Sr/86Sr ratios are around or higher
than the seawater ratios. Evidence suggests that Sr isotopic values for
both basalt and more felsic rocks will be similar (i.e., less than seawa-
ter values, ~0.703). Higher 87Sr/86Sr ratios in fluids may result from
addition of rock-derived Sr by dissolution of Ca- and Sr-bearing pri-
mary plagioclase minerals in high temperature reaction zones
(Berndt et al., 1988). However, subsequent anhydrite precipitation
during recharge would remove Sr without changing its isotopic com-
position while subsequent addition of rock Sr from plagioclase disso-
lution would give rise to decreased 87Sr/86Sr ratios and increased Sr
concentrations in endmember fluids (Berndt et al., 1988; Von
Damm, 1988). We therefore suggest that the high 87Sr/86Sr ratios
are not derived from interaction with the subsurface felsic rocks or
from dissolution of plagioclase minerals.

Furthermore, very high 87Sr/86Sr suggests high water/rock ra-
tios (i.e., a water dominated system), with a high flux of fluids
through the system (Foustoukos et al., 2008). Large flux of fluid
through the system will lead to more leaching of As, and may
therefore help explain the elevated concentrations found in the
Milos hydrothermal fluids. Unfortunately, due to the high variabil-
ity of Sr isotopes for the Milos basement rocks, we cannot easily
calculate the water/rock ratios. Regardless, these lines of evidence
strongly suggest that the Milos hydrothermal fluids – and their el-
evated As concentrations – result from downward circulation and
subsequent alteration of seawater, and leaching of the metamor-
phic basement and associated alteration mineral assemblages (qua-
rtz and calcite veins containing pyrite), could be the source of the
As. As-rich hydrothermal vein deposits around the world are un-
derstood primarily through the investigations of Carlin-type Au de-
posits (Arehart, 1996; Fleet and Mumin, 1997; Mehrabi et al., 1999;
Cline, 2001; Fuxin et al., 2001). The gold in these systems is



- 40

- 30

- 20

- 10

0

10

20

30

40

-6 -4 -2 0 2 4 6 8 10

δD
H

2O

δ18OH2O

High Cl

Low Cl

High Cl EM

Seawater

Tutum Bay

Milos MW

HF Vapor

HF 

HF Brine Metamorphic
Water

Andesitic
Water

a

b

Fig. 6. (a) Deuterium vs. oxygen isotopic ratios for Palaeochori Bay submarine hydro-
thermal fluids from this study, as well as their end-member concentrations (EM), com-
pared to Mediterranean seawater, the Tutum Bay shallow-sea hydrothermal fluids
sourced from meteoric water, and Milos meteoric water (MW), as well as the isotopic
ratios for the deep hydrothermal reservoir, its vapor and brine phases, beneath Milos
(HF, HF Vapor, and HF Brine, respectively) (Liakopoulos et al., 1991). (b) 87Sr/86Sr iso-
topic ratio ranges for our hydrothermal fluids (submarine geothermal fluids) compared
to various end-members (see text), indicating that the Milos metamorphic basement is
the most likely source of hydrothermal fluids.
Modified after Marschik et al. (2010). The Mediterranean seawater values are from
Farrell et al. (1995).
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typically hosted by hydrothermal arsenian pyrite and quartz, with
the most common host rock being the metamorphosed silty car-
bonates to calcareous siltstones and shales (Arehart, 1996). Fur-
thermore, recent research demonstrated that the gold bearing
fluids in Carlin-type deposits in Nevada were magmatic in origin,
and that rising gold-rich fluids elevated in hydrogen sulfide under-
went phase changes and mixed with meteoric water, dissolved and
sulfidized carbonate wall rocks, leading to deposition of Au (and
As) rich pyrite (Muntean et al., 2011). Furthermore, Mehrabi et al.
(1999) showed that the lowest-T magmatic hydrothermal deposits
(As, Sb, Hg, Au) occur in veins that commonly cut older (low-As)
country rocks. Our Sr isotope data demonstrate that the fluids
leached Sr from the greenschists, but they do not indicate whether
the As came from the greenschist itself or from younger mineral-
ized veins hosted by the greenschist.

Interestingly, the subsurface meta-sedimentary rocks, tectonic
setting, and later secondary alteration at Milos reflect a very similar
scenario (Fytikas and Marinelli, 1976; Kornprobst et al., 1979;
Liakopoulos et al., 1991). Although to our knowledge no one has
reported Au deposition in the quartz and pyrite veins dispersed in
the metamorphic rocks of Milos, it is intriguing to speculate that a
Carlin-type Au deposit exists beneath Milos, and that the abundant
quartz and (arsenian) pyrite veins may be the real source of As in
the Milos hydrothermal fluids. Indeed, a very similar type of Au de-
posit is currently being mined on the island (Kilias et al., 2001). How-
ever, leaching of these veins would not alter the Sr isotopic signature,
so we therefore cannot differentiate between them and the metamor-
phic host rock.
5.3. Phase separation and As partitioning

It has been shown that As may partition into the vapor phase dur-
ing boiling (Douville et al., 1999; Pokrovski et al., 2005). However, in
geothermal systems above 200 °C, the net removal of As from the
remaining brine may be limited to only 0.1–0.5% (Ballantyne and
Moore, 1988). Phase separation in the hydrothermal fluids dis-
charging at Milos, particularly from terrestrial hot springs, has been
documented (Liakopoulos et al., 1991; Dando et al., 2000), but low-
Cl fluids were not encountered in Palaeochori Bay during those stud-
ies, and As concentrations were not evaluated as a function of phase
separation.

Our anion and cation data indicate that phase separation, and to
some extent vapor/brine segregation, occurred in the hydrother-
mal fluids from Palaeochori and Spathi Bays, and that there is a 3-
component mixing of seawater with the phase-separated brine
and condensed vapor phase (Butterfield et al., 1990; Edmonds
and Edmond, 1995; Ishibashi, 1995). For example, measured con-
centrations of Cl (as well as Br (data not shown)) vs. Mg and SO4

suggest mixing of seawater with more than one fluid type
(Fig. 5b, c). Linear regression of the data for the low-Cl samples in-
dicates mixing of seawater with a fluid low in Mg and SO4. The
high-Cl fluids show an inverse relationship between Mg and
major cations, including Na, K, B, Ca, Sr, Li, Rb, Cs, and Mn. This is il-
lustrated for Na and K in Fig. 5d and e, but is also the case for the
other cations listed. This suggests that the high-Cl brine fluids,
which contain high concentrations of these cations, but lack Mg
(due to the formation of Mg–OH silicates in the subseafloor), mix
with seawater prior to discharge (German and Von Damm, 2003).
The low-Cl fluids show (with the exception of 3 samples) a linear
correlation in Mg vs. anions and cations, providing further evi-
dence for seawater mixing with a condensed steam phase. High-
and low-Cl fluids were found to occur within a few meters of each
other, suggesting the segregation of vapor and brine prior to
mixing with seawater, and likely mixing between the low- and
high-Cl end-member fluids during upward flow in the hydrother-
mal system. Similar trends were reported for deep-sea hydrother-
mal fluids at the Ashes hydrothermal vents (Axial Seamount, Juan
de Fuca Ridge) and the North Fiji Basin (Butterfield et al., 1990;
Ishibashi, 1995), where phase separation and vapor/brine segrega-
tion were first reported. This comparison between deep-sea and
shallow-sea hydrothermal vents is relevant, because phase separa-
tion at Milos takes place deep in the subsurface where pressure and
temperature may be similar to those at deep-sea hydrothermal
vent sites.

Close examination of the Br/Cl ratios shows that bromide can be
fractionated from chloride during phase separation due to halite forma-
tion (and subsequent dissolution), because bromide is excluded from
the halite crystal structure (Table 4; Oosting and Von Damm, 1996;
Von Damm, 2000). Fluids that become supersaturated with respect to
halite during phase separation have high Br/Cl ratios, whereas fluids
that have dissolved halite have low Br/Cl ratios, relative to seawater.
The most compelling evidence for phase separation in theMilos hydro-
thermal fluids is illustrated by Cl vs. Br/Cl (Fig. 5f), which shows that the
low-Cl fluids plot well above the seawater Br/Cl line. The high-Cl fluids
plot below seawater Br/Cl. Thus, low-Cl fluids retain evidence of halite
precipitation, whereas the high-Cl fluids show evidence of halite
dissolution.
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Using end-member concentrations of major elements vs. end-
member Cl, several studies showed that fluid compositions for low-
Cl fluids could be extrapolated back to a zero salt solution (i.e., a
condensed steam) (Butterfield et al., 1990; Ishibashi, 1995). Our
data indicate that most of the Milos end-member concentrations
can be extrapolated back to near-zero (e.g., Fig. 7a through d). This
supports the notion that the hydrothermal fluids have undergone
(1) subcritical phase separation and (2) segregation of the vapor
and brine phases during ascent (Butterfield et al., 1990).

To investigate the behavior of As during phase separation, we can
compare its concentration in a given sample to that of K. Levels of K
are almost exclusively controlled by fluid–rock reactions, and K does
not easily partition into the vapor phase (German and Von Damm,
2003). A plot of As vs. K with high-Cl fluids increases in both As and K
(to end-member values), whereas low-Cl fluids only increase in As
(Fig. 8a). Thus, the concentration of K in the mixed vapor–seawater
phase will be similar to or lower than that in seawater. If As behaved
like K (i.e., not partitioning into the steam phase), then both high-Cl
and low-Cl samples should also show the same trend. However, as
seen in Fig. 8a, As is clearly partitioned into the steam phase, with ex-
treme enrichments in both high-Cl and low-Cl samples, relative to sea-
water. Experimental results on the partitioning of As into the vapor
phase supports our conclusion (Pokrovski et al., 2002).

A plot of Cl vs. As in the Milos samples (Fig. 8b) provides further
evidence for 1) increased concentrations in high-Cl fluids, likely due
to leaching of high-As metamorphic basement, and 2) elevated As
in low-Cl fluids, most likely due to the partitioning of As into the
vapor phase.

5.4. Comparison to other hydrothermal systems

What makes Milos different from other submarine hydrothermal
vent systems? Why are the As concentrations so elevated in these
fluids compared to others? Maximum As concentrations encountered
from different hydrothermal systems across the globe and across the
spectrum of host-rock types all display enrichments in As relative to
seawater, increasing from 0.69 μM at the MOR/basalt hosted systems
Fig. 7. End-member concentrations for high- and low-Cl hydrothermal fluids, indicating mix
separation and condensation of the vapor.
(up to 1.1 μM in sediment-covered areas), and 11.5 μM at the BAB/
mixed basalt and andesitic hosted systems, up to 78 μM for the
shallow-sea vent system of Milos (Douville et al., 1999). Previously,
the highest concentration of As in a submarine hydrothermal fluid
was reported for the Tutum Bay shallow-sea vents, which contained
up to 12.8 μM (Pichler and Dix, 1996).

Chloride and As data from various MOR and BAB hydrothermal
systems (Douville et al., 1999 and references therein) are plotted
along with our Milos data in Fig. 8c. This plot illustrates the unique-
ness of the Milos system with respect to its As concentration, which
can be orders of magnitude higher than the other systems across a
full range of Cl concentrations. The only hydrothermal fluids with
similar concentrations of As are the BAB systems, particularly Vai
Lili and Pacmanus. Arsenic enrichment in these two systems was
suggested to be the result of seawater–acidic rock interactions
(Douville et al., 1999). Indeed there seems to be a correlation with el-
evated As concentration and more ‘continental-type’ (felsic) crust. As
much as 138.9 μM has been encountered in terrestrial hot spring
fluids (Ballantyne and Moore, 1988; Douville et al., 1999; Webster
and Nordstrom, 2003). Basalt-hosted (mafic) systems (e.g., at mid-
ocean ridges) are consistently much lower.

It has also been suggested that the lower pH encountered with
more felsic magmas increases metal concentrations (Fouquet et al.,
1991; Gamo et al., 1997; German and Von Damm, 2003; Reeves et
al., 2011). For example, fluids at back-arcs are typically enriched in
Zn, Pb, As and Ba (and depleted in Fe) compared to mid-ocean ridge
fluids. This was suggested to be related to the higher concentrations
of these elements in the associated lavas (Herzig and Hannington,
1995). As enrichment is associated with island arc and continental
magmatism, as observed in Carlin-type Au deposits (Arehart, 1996;
Fleet and Mumin, 1997; Muntean et al., 2011).

Arsenic concentrations in metamorphic rocks reflect the concen-
trations in their igneous or sedimentary precursors (Smedley and
Kinniburgh, 2002). This is particularly true for meta-sedimentary
rocks originally composed of shales, which are reported to contain
anomalously high concentrations of As (Smedley and Kinniburgh,
2002; Webster and Nordstrom, 2003; Henke, 2009). It seems likely
ing of a brine solution, seawater, and a near-zero salt solution which results from phase



Fig. 8. (a) As vs. K showing two distinct trends of As enrichment: one representing
high-Cl brine phase and the other representing a combination of low-Cl vapor phase.
(b) As vs. Cl for our hydrothermal fluids, which further differentiates between high-
and low-Cl phases and seawater with magmatic volatile input. (c) As vs. Cl for the
Milos samples compared to other hydrothermal vents (BAB = back-arc basin; MOR =
mid-ocean ridge; EPR = east pacific rise hydrothermal systems respectively).
Data are from Douville et al. (1999) and references therein.
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that intrusion of magmatic fluids into the metamorphic basement
resulted in the formation of As-bearing veins, and subsequent
leaching of those veins results in the observed As enrichment.

6. Summary and conclusions

The hydrothermal fluids discharging in Palaeochori and Spathi
Bays (Milos Island, Aegean Arc) contain the highest concentrations
of As reported for any submarine hydrothermal system, including
mid-ocean ridge and back-arc basin vent fluids. These fluids are orig-
inally sourced from seawater, which became altered due to fluid–min-
eral equilibrium with the greenschist facies metamorphic basement.
These metamorphic rocks (altered sandstones, limestones, and shales
infusedwith secondary quartz and pyrite veins derived frommagmat-
ic fluids), are most likely the source of As in the fluids. Data from this
study indicate that subcritical phase separation and vapor/brine seg-
regation occur in the Milos hydrothermal system. As is extremely
enriched in both vapor and brine phases, suggesting that large con-
centrations of As can be partitioned into the vapor phase. In the shal-
low subsurface (b20 cm), precipitation of poorly-crystalline As-
sulfide (close to As2S3 stoichiometry) buffers the toxic effect of the
As in the coastal environment as As- and S-rich hydrothermal fluids
mix with overlying seawater. However, because an orpiment-like
As-sulfide is thermodynamically unstable in seawater an overall flux
of As to the surrounding waters may occur. On a global scale, As con-
centrations in the Milos hydrothermal fluids are much higher com-
pared to other submarine hydrothermal systems (e.g., mid-ocean
ridge and back-arc basin black smoker fluids).
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