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Despite more than 25 years of research, the spatial and temporal variability of hydrothermal venting in Paleo
chori Bay remains poorly constrained because there are no reliable repeat measurements at discrete locations.
Using a georeferenced photographic map of Paleochori Bay, more than 160 porewater samples were collected
and the exact GPS coordinates reported. The GPS coordinates of the sampling locations should provide a
foundation for future research in Paleochori Bay by enabling reliable repeat measurements.
Hydrothermally influenced porewaters had low pH, elevated arsenic (As) concentrations, and had tempera
tures between 23.6 and 122.4 ◦ C. The samples were divided into two distinct groups, which had either Cl
concentrations below or above the reference seawater. The high-Cl fluids were enriched in K, Ca, Sr and Br and
depleted in Mg and SO4 compared to seawater or the low-Cl fluids. However, both fluid types were enriched
relative to seawater in As and Si by up several orders of magnitude. Oxygen and deuterium isotope analyses
indicated a seawater origin for the fluids with a minor contribution from meteoric water (low-Cl fluids) and arc
magmatic water (high-Cl fluids).
As previously reported, both high- and low-Cl fluids discharge throughout the bay, often within a few meters
of each other. However, high-resolution sampling, together with exact spatial information in the form of GPS
coordinates, allowed us to determine that the low-Cl fluids discharge across the bay, while the high-Cl fluid
discharge in particular regions of the bay. Based on the distribution of the δ2H and Na/K values in porewater and
the occurrence of microbial mats, we pinpointed a set of deep-seated faults, which seem to control the distri
bution of hydrothermal vs. non-hydrothermal areas in the bay.
At 54 locations, porewater temperature profiles were obtained to calculate fluid flux from the hydrothermal
areas in Paleochori Bay, which was determined to be 11,300 ± 1100 m3/day. This value allowed to further
calculate an annual As input of approximately 1.5 × 104 kg into the Mediterranean Sea.

1. Introduction

to the ecosystems. Emissions from MSWHS can also have a substantial
impact on coastal regions due to the discharge of hydrothermal fluids,
which can contain heavy metals and metalloids such as the potentially
toxic elements; Hg, As, Pb, and Sb (e.g., Brinkhoff et al., 1999; Chen
et al., 2018; Pichler and Veizer, 2004; Price and Pichler, 2005; Price
et al., 2007). Marine organisms and vegetation such as the seaweed
found near the shallow hydrothermal systems can accumulate large
quantities of As, and their consumption can pose a risk to their con
sumers, including humans (e.g., Kalia and Khambholja, 2015; LealAcosta et al., 2013; Ruiz-Chancho et al., 2013; Price et al., 2013a; Price
et al., 2016).

Historically, most research on marine hydrothermal venting focused
primarily on deep-sea black smoker-type locations. However, hydro
thermal venting is not confined to the deeper parts of the ocean; recent
studies point towards an abundance of hydrothermal venting in shallow,
near-shore environments. Due to their shallower occurrence, marine
shallow-water hydrothermal systems (MSWHS) can play host to photo
synthetic and chemosynthetic communities (Kharlamenko et al., 1995;
McKenzie, 1972; Price et al., 2013a). The presence of light and the
resulting input of photosynthetically-derived carbon can be influential
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Although presently not adequately measured, there are indications
that flux from MSWHS could be a significant source of heavy metals and
metalloids. Hydrothermal fluid and gas flux can be challenging to
measure, and thus, flux estimates have been attempted for only a few
MSWHS (Chen et al., 2018; Dando et al., 1995; Forrest et al., 2005;
Pichler et al., 1999). Thus, to reliably estimate contributions from
MSWHS to global oceanic cycles, additional flux measurements and a
reliable methodology will be crucial.
Approximately 70 marine shallow-water hydrothermal systems
(MSWHS) locations have been documented worldwide (Price and Gio
vannelli, 2017). Of those, the MSWHS located in Paleochori Bay on the
south side of Milos Island, Greece, is arguably the best-studied example
in part due to the high arsenic (As) concentrations in its hydrothermal
fluids (Price et al., 2013b). However, despite more than 25 years of
research in Paleochori Bay, the processes and mechanisms in the sub
surface that lead to fluids with contrasting chemical compositions are
not entirely clear. High- and low-Cl fluids are known to be sampled

within a few meters of each other. Understanding of the spatial and
temporal variability of the hydrothermal venting in Paleochori Bay re
mains poorly constrained because there are no reliable repeat mea
surements at single locations. Although descriptions of the general
locations and characteristics of vent sites exist for most previous in
vestigations, returning to those specific sites is virtually impossible.
Previously authors (including two of this contribution) often referred to
sampled sites with vague descriptions and names such as “Rocky Point”,
named for its location near a large rock outcrop offshore (e.g., GomezSaez et al., 2016; Godelitsas et al., 2015; Price et al., 2013a). Thus far,
only one study (Lu et al., 2020) presented a GPS coordinate of their
sample location, which, however, proved to be incorrect once checked
against a georeferenced image (Khimasia et al., 2020).
Given the above-described limitations, we used a digital georefer
enced map (Khimasia et al., 2020) and carried out the first GPS-assisted
study of porewater chemistry in Paleochori Bay, providing exact co
ordinates for each location sampled. The advantage of our study is that

Fig. 1. Location of Milos in the Hellenic Volcanic Arc (highlighted in yellow). The island of Milos and the study location of Paleochori Bay. The red highlighted
regions represent the extent of the hydrothermal activity around Milos, roughly covering around 35 km2 (Modified after Dando et al., 1995). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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each of the more than 160 sample locations can be revisited by future
researchers to build on the data foundation laid in our study. Although
subsurface hydrothermal processes and fluid sources have been evalu
ated previously, our georeferenced data provides new and additional
insights. Furthermore, our approach allows for the first time a
comprehensive evaluation of the flux of hydrothermal elements into
Paleochori Bay. Combined with fluid chemistry, these data provide
insight into the spatial distribution of chemical fluxes, allowing for new
insight into the subsurface processes and mechanisms that lead to fluids
with contrasting chemical compositions.

seawater), major (Na, Ca, K, B, Sr and Br) and trace (Si, Li, Rb, Ce, Fe, Mn
and Ba) elements. In contrast, the low-Cl fluids are depleted in Na, Br
and Cl (10 % of seawater). Although both high- and low-Cl fluids are
enriched in As relative to seawater, As concentrations are higher in lowCl fluids Price et al., 2013b). The seafloor in Paleochori Bay is charac
terized by white and yellow-orange mats of chemo-lithotrophic sulfuroxidizing and sulfate-reducing bacteria (Dando et al., 1998; Yücel et al.,
2013). The different sediment colors, especially the white bacterial
mats, are easily recognizable in aerial photos (Fig. 2A). The white mats
that occur throughout the bay display mid-range temperatures (45 to
80 ◦ C) and are surrounded by brown-colored hydrous ferric oxide-rich
sediments with lower temperatures (20 to 35 ◦ C). In the hottest hydro
thermal areas (> 85 ◦ C), the precipitation of elemental sulfur and
arsenic sulfides from the hydrothermal fluids produces reddish or
yellow-colored sediment patches, which sometimes are found in the
center of the white mats (Godelitsas et al., 2015).

2. Study area
Milos is an island arc volcano within the Hellenic Volcanic Arc in the
Aegean Sea (Fig. 1) that formed during the closure of Tethys Ocean
because of the collision of African and Aegean continental plates (e.g.,
Fytikas, 1989). The island is almost entirely made up of volcanic and
volcaniclastic rocks overlain on a basement consisting of metamorphic
and sedimentary rocks (Megalovasilis, 2014; Papachristou et al., 2014).
The neotectonic activity resulted in extensional faulting in the region
that allowed for the circulation of geothermal fluids and associated
geothermal manifestations (such as hot springs) onshore and in the
shallow waters around the island (e.g., Papachristou et al., 2014).
Paleochori Bay is located in the southeastern region of the island and
contains the highest number of hydrothermal manifestations on Milos.
The discharge of hydrothermal fluids and gas covers an area of about
1000 m by 500 m occurring at depths between 2 and 15 m below sea
level (e.g., Khimasia et al., 2020). Generally, the hydrothermal fluids are
acidic (pH ~ 5), hot (up to 122 ◦ C), highly sulfidic, depleted in Mg and
SO4, and enriched in As (Price et al., 2013b). Previous studies divided
the hydrothermal fluids into two distinct categories: high- and low-Cl
fluids, where high-Cl fluids are enriched in Cl (up to 2.5 times that in

3. Methods
3.1. Sampling
The sampling program was designed to cover Paleochori Bay
spatially and target geochemical interest areas, such as the white mi
crobial mats (Fig. 2). The design of such a sampling program was made
possible by identifying sample locations using the georeferenced digital
image of Paleochori Bay produced by Khimasia et al. (2020). All
necessary shapefiles and digital images were available through the data
repository Pangaea, allowing to determine the GPS coordinates for any
pixel in the digital image (Pichler et al., 2020).
The exact sampling locations were transmitted to the surface through
a line connected to a buoy. At the surface the locations were recorded by
an additional diver/snorkeler using a waterproof GPS receiver with

Fig. 2. A) Aerial photo of white bacterial mats in Paleochori Bay looking NW to SE. B) UW photo of a bacterial mat, characterized by white and orange zonations
(field of view app. 6 m). C) Collection of pore water and temperature profiles at 10 cm, 30 cm and 50 sediment depth. D) Collection of a porewater sample while
monitoring the temperature at the point of pore water intake.
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Wide Area Augmentation System (WAAS) for better position accuracy.
Based on repeat measurements the spatial deviation was estimated to
have been better than 1.5 m.
Over 160 porewater samples were collected from the hottest redyellow hydrothermal areas, medium temperature white microbial
mats, and the non-hydrothermal sandy areas with no precipitates,
throughout Paleochori Bay (Figs. 2 and 3). Each porewater sample was
collected at a uniform sediment depth of 10 cm by SCUBA divers using
porewater samplers constructed from PTFE tubing, 10 mL pipette tips
and 60 mL polypropylene syringes. Porewater temperatures were
measured and monitored at the depth of the pipette tip (Fig. 2D) using
custom-made underwater thermometers. The syringe was filled slowly
enough to avoid a temperature drop, i.e., entrainment of ambient
seawater from above the sampling depth. To prevent contamination,
several tube volumes were discarded before taking the actual samples.
The pH was measured onshore using a HANNA™ Bluetooth pH micro
electrode. Porewater was filtered through a 0.45 μm membrane, sepa
rated into aliquots, and stored in Nalgene high-density polyethylene
bottles for chemical analyses at the University of Bremen. The cations
and trace element splits were acidified with analytical-grade Optima® 2
% HCl before storage. During the sampling period, samples of deionized
water were treated the same way as the collected porewater samples as
field sampling blanks. These samples were later analyzed together with
the porewater samples to check for possible contamination. At 54 lo
cations, porewater profiles (10, 30 and 50 cm sediment depth) were
collected. Temperatures were measured with the above-mentioned un
derwater temperature probes, and porewaters were collected with
stainless steel porewater samplers lined with Teflon tubing (Fig. 2C).
Since there were three different temperature probes in use, it was
verified that they recorded the same temperature daily.
Twelve surface seawater samples were collected at a depth of 10 cm
below sea level, spatially covering Paleochori Bay (Fig. 3). A reference
seawater sample (i.e., considered not to be affected by the hydrothermal
activity in Paleochori Bay) was collected approximately 2 km south of
the bay (sample M168).

3.2. Analytical methods
Major anions (Cl, Br, and SO4) were analyzed by ion chromatography
(IC) using a Metrohm 883 Basic IC instrument. The samples and the
external quality control standard (IAPSO Standard Seawater K15) were
diluted 100-fold with Milli-Q water using a Microlab 600 Series Diluter.
To ensure the precision of the sampling and analytical techniques, 10 %
of duplicate samples underwent the same procedure from collection to
analysis. Analytical blanks using Milli-Q water were also prepared and
inserted every 15 samples along with the reference standard. Each
sample was analyzed in triplicate. The elements Si, Na, K, Mg, Ca, Fe,
Mn, Li, Sr and As were measured by ICP-OES using a Perkin Elmer
Optima 7300 DV instrument. The analytical procedures were identical
to the steps described for the IC analyses. In addition to the external
quality control standard (IAPSO Standard Seawater K15), the NIST
standard reference material 1634f (Trace Elements in Water) was used
for QA/QC. Based on repeat measurements the analytical uncertainty
was estimated to be better than 3 %.
The oxygen and hydrogen isotopic compositions were determined by
cavity ringdown spectrometry (CRDS) using a Los Gatos DLT-100 in
strument and reported relative to Vienna Standard Mean Ocean Water 2
(VSMOW2) in delta notation, i.e., δ2H and δ18O. Considering the high
salinities of Paleochori Bay porewaters, CDRS was used for the isotopic
analyses because this method does not require any correction for
salinity, as demonstrated by Skrzypek and Ford (2014). They showed
minimal isotopic effects even for samples ten times as saline as seawater
and the isotopic values staying within the expected range. The instru
ment setup and post-processing followed an established IAEA method
(Newman et al., 2009). To assure the precision and accuracy of the
analytical method, 10% duplicate samples were randomly selected and
analyzed. The instrument was calibrated using standards from IsoAnalytical (Zero Natural Water Standard (IOW): δ2H = +11.3‰ und
δ2H = − 0.4 ‰, Low Natural Water Standard (IAW): δ2H = − 269 ‰ und
δ2H = − 33.6 ‰, Medium Natural Water Standard (ISW): δ2H = − 98.3 ‰
und δ2H = − 12.3 ‰). To test analytical accuracy, the reference standard
VSMOW2 (IAEA) and an internal standard (δ2H = − 51.6 ‰ und δ2H =
− 7.6 ‰) were used during the analyses.

Fig. 3. Map of Paleochori Bay showing the locations where pore waters, temperature profiles and seawater samples were collected.
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cm− 3) and ρs is the solid density, assumed to be that of quartz (2.65 g
cm− 3).
Eq. (1) has three unknowns, α and the two reference temperatures To
and Tr. In most cases, these values can be uniquely determined from the
temperature measurements at the three different depths. However, Eq.
(1) requires that the temperatures exponentially increase or decrease
with depth, which was not the case at all sites. For example, at some
sites, the highest or lowest temperature was measured at the interme
diate depth. In those cases (14 out of 54 profiles), it was impossible to
determine the fluid flux.

3.3. Determination of hydrothermal flux
Seepage fluxes were estimated using porewater temperature profiles
(Anderson, 2005; Briggs et al., 2012). Porewater temperature profiles
were collected at gas vent locations within the bacterial mats and at
background locations adjacent to the mats. At most sites, three vertical
profiles were collected along a horizontal transect, with the vertical
profiles spaced 1 to 2 m apart horizontally. The first vertical profile was
collected within the bacterial mat and the last vertical profile outside the
mat. Where the bacterial mat was large, the second profile was also
collected within the mat. Elsewhere the second profile was outside of the
mat.
At each vertical profile location, temperature measurements were
taken at three different depths, 10 cm, 30 cm and 50 cm. Assuming
steady-state, homogenous conditions and that the seepage flux (qz) is
vertical, the temperature profile T(z) expected from the solution of the
one-dimensional heat diffusion and advection equation is given as
(Turcotte and Schubert, 1982)
T(z) − Tr
= e(−
T0 − Tr
ρ cf
α = qz f
Kfs

αz)

4. Results
4.1. General statement
The sampled hydrothermal fluids were assumed to be a mixture of
seawater and hydrothermal fluids as seawater entrainment might have
happened in the subsurface either before or during sampling (e.g., Kleint
et al., 2017; McCarthy et al., 2005; Pichler, 2005). To account for that
limitation, typically, a hydrothermal end-member concentration is
calculated assuming a zero-Mg concentration (e.g., Mottl et al., 2011;
Seewald et al., 2015; Seewald et al., 2019). However, this assumption is
likely not valid for Milos because (1) the Mg-rich greenschist meta
morphic basement underlying the hydrothermal system (e.g., Fytikas,
1989) and (2) the possibility that the fluids discharging in Paleochori
Bay did not reach temperatures above 200 ◦ C (e.g., Bishoff and Dickson,
1975). Thus, the data was be discussed in terms of their measured
concentrations, similar to other studies (Sedwick and Stüben, 1996;
Valsami-Jones et al., 2005). Instead, because of its conservative nature
and its large concentration difference between seawater and hydro
thermal fluid (e.g., Lin et al., 2020; Pichler et al., 2019; Pichler et al.,
1999), we used the Si concentration as a qualitative indicator to separate
between mainly hydrothermal and background samples, which was also
indicated by principal component analysis (PCA) (Fig. S1). The value of
10 mg/L Si concentration was chosen to separate hydrothermal samples
from background samples based on the expected range of Si concen
trations in marine sediment porewaters not influenced by hydrothermal
activity (e.g., Willey and Spivack, 1997). All samples with Si concen
trations of less than 10 mg/L were deemed to have minimal hydro
thermal influence and were grouped into the background (BG) samples.
The hydrothermal samples with Si > 10 mg/L were then classified into
two additional categories depending on their Cl concentration. Relative
to seawater, high-Cl fluid samples were enriched in Cl by > 10 %.
Table 1 summarizes the data set where median values are given for
the various sample groupings. The entire dataset, including GPS co
ordinates, is presented in Supplementary Materials as Tables S1 and S2,
as Excel files. Table S2 contains all data pertaining to the flux mea
surements. The data can also be accessed at the Pangea database (Pichler
et al., 2021).

(1a)
(1b)

where ρf and ρfcf are the fluid density and specific heat capacity,
respectively (ρfcf assumed equal to 4.19 × 106 J m− 3 K− 1), and Kfs is the
thermal conductivity of the solid–fluid system. T0 is the temperature at
the seabed (z = 0), and Tr the temperature as the depth z → ∞ (Fig. 4).
The thermal conductivity of the solid–fluid system, Kfs, can be estimated
(Clauser and Huenges, 1995) as the porosity-weighted geometric mean
of the thermal conductivity of the solids Ks (assumed that of quartz, 8 J
s− 1 m− 1 K− 1 (Bristow et al., 1994; Horai and Simmons, 1969) and the
thermal conductivity of seawater Kf (0.6 J s− 1 m− 1 K− 1 (Schmidt et al.,
2007)),
Kfs = Ks(1−

n)

+ Kfn

(2)

Porosity, n, was estimated from the dry bulk density of the seabed n
= 1 − ρb/ρs, where ρb is the dry bulk density of a sample of the bed (~2 g

4.2. Field data
The Paleochori Bay seawater samples (n = 12) had a median pH of
8.03 ± 0.03, slightly lower than the reference seawater (8.08). Those
samples with a Si concentration above (hydrothermal samples) and
below 10 mg/L (BG samples) had a median pH of 5.6 and 7.3, respec
tively. Hence, the pH readings provide a convenient indicator during
field sampling to estimate the hydrothermal nature of porewater in
Paleochori Bay.
The Milos seawater surface temperature was 20.1 ◦ C (in late
October), similar to the median temperature (22.7 ◦ C) of the BG pore
water samples. The slightly higher BG temperature (relative to surface
seawater) likely reflects the annual mean sea temperatures in Milos.
These temperatures were in marked contrast to the median temperature
of the hydrothermal porewaters with a Si concentration above 10 mg/L,
which was 63 ◦ C.

Fig. 4. Schematic of steady-state Schmidt model only applicable to upward
vertical flow through an infinite aquifer thickness. Also marked are the loca
tions for temperature measurements (Lien and Ford, 2014).
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Table 1
Median values for chemical composition, isotopic composition and temperature for seawater and porewater in Paleochori Bay separated by sample type and sampling
location (i.e., sediment color).
Sample

Asa

Ca

Fe

K

Li

Mg

Mn

Na

Si

Sr

Cl

Br

SO4

δ18O

δD

pH

T ◦C

Reference seawater
Paleochori seawater

1.2
3

446
462

<0,1
<0,1

436
452

<0,1
0.4

1270
1320

<0,1
<0,1

12,100
12,200

<0,1
0.3

9.2
8.8

22,600
22,600

73
70

3120
3140

1.6
1.6

11
9.5

8.03
8.01

20.1
20.1

High-Cl
Low-Cl
BG fluids

280
140
18

1240
525
464

3.5
0.4
1.8

2370
611
448

14
1.8
1.1

937
1160
1310

4.9
1.2
0.7

14,500
11,800
12,100

49
34
2.7

21
9.4
8.9

28,400
21,900
22,400

79
66
71

2110
2810
3070

1.9
1.6
1.6

5.9
8.2
9.9

5.6
5.5
7.3

80.8
60.5
22.8

Orange/Yellow
White
Sand/Brown

460
179
24

1710
728
471

4.9
0.6
1.8

3540
897
450

24
4.7
1.2

657
1100
1310

6.2
2.3
1.2

18,600
12,600
12,200

65
45
3.3

32
12
9.1

36,400
23,000
22,500

99
71
71

1700
2610
3070

2.1
1.6
1.7

5.8
7.5
9.8

5.2
5.6
7.3

95
62.9
22.8

a

Chemical concentrations are given in mg/L, except for As (μg/L) and isotope values are given relative to VSMOW-2.

4.3. Chemical composition of Paleochori Bay porewaters

High-Cl samples had relatively high concentrations of the alkali metals
Ca, Sr and Br and relatively low concentrations of SO4 (Fig. 5, Fig. S2).
The low-Cl fluids samples (< 10 % relative to reference seawater) were
the most acidic and were associated with the lowest Na and Br

The hydrothermal (Si > 10 mg/L) pore fluids in Paleochori Bay were
divided into high-Cl and low-Cl groups based on their Cl concentration.

Fig. 5. Concentrations of Ca, Na, As, Si and Br/Cl and Na/K ratios vs. Cl in Paleochori Bay porewater. Note: Additional plots are provided as supplemen
tary materials.
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concentrations. For comparison, the background fluids from the nonhydrothermal areas generally had seawater-like concentrations,
although reflecting the hydrothermal fluid influence relative to
seawater, the background samples had elevated concentrations of As
and Si.
The high-Cl fluids showed a trend of increasing Na, Ca, Sr, K, Li, and
decreasing SO4 and Mg with increasing Cl concentrations, while the lowCl fluid chemistry was mostly independent of Cl concentrations (Fig. 5,
Fig. S2). Iron (Fe) and Mn concentrations in reference seawater were
below the detection limit (< 0.25 mg/L). In the hydrothermal samples,
Fe concentrations showed no particular trends with Cl, while Mn and Cl
were positively correlated in the high-Cl fluids. Relative to the reference
seawater As concentration of 1.2 μg/L, the low- and high-Cl fluids were
enriched by up to three orders of magnitude, with concentrations as high
as 3790 μg/L and 4470 μg/L for the low- and high-Cl fluids, respectively
(Fig. 5, Fig. S2, Table S1). Silica concentration in reference seawater was
below the detection limit (< 0.25 mg/L), while the hydrothermal fluids

were significantly enriched in Si compared to background concentra
tions. Both, As and Si concentrations in the fluids were independent of Cl
concentrations with no discernible trends (Fig. 5). Table 1 summarizes
the major and minor element chemistry showing the median concen
trations in the sampled fluid types and the associated sediment color.
Relative to the brown and white sediments, the orange/yellow sedi
ments, related to arsenic sulfides, yielded the hottest, most saline, and
acidic fluids with tremendously elevated concentrations of major cations
and anions, except Mg and SO4 (Table 1).
The concentrations of selected elements in the porewater samples
were interpolated using kriging to create concentration distribution
maps (Fig. 6). High-Cl fluids were found at two main locations; a small
area near the beach on the eastern section and at the western side of the
bay, while the low-Cl fluids were found across the bay (Fig. 6). Similar to
the Cl distribution, western Paleochori Bay had the highest Ca concen
trations (Fig. 6). Although not shown, Sr, Na, K, Li, and Br concentra
tions were similar to those of Ca. The highest As concentrations in

Fig. 6. Maps showing the distribution of interpolated concentrations of selected elements and the temperature distribution from Khimasia et al. (2020).
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Paleochori Bay occurred mainly in the same areas where the high-Cl
fluids were present (Fig. 6) and correlated very well with the areas of
elevated temperature (Khimasia et al., 2020). However, in the middle of
the bay, high As patches were found in the low-Cl fluids region.
In contrast, SO4 (Fig. 6) and Mg (Fig. 6) concentrations were highest
on the eastern side of the bay. The lowest SO4 concentrations were found
in the western section of the bay, while the eastern generally showed
concentrations that were closer or higher than seawater concentrations.
Across Paleochori Bay, the Mg concentrations were generally high,
especially in the eastern section, where the concentrations were higher
than in seawater.

portions of Paleochori Bay. Of the 54 profiles, the measured temperature
profiles permitted the seepage flux and temperature at depth Tr (Fig. 4)
to be determined at 40 locations. In general, the temperatures at depth
did not vary systematically, but within the hydrothermal group, the high
Cl fluids had relatively higher temperatures at depth (Fig. 9). No sys
tematic variation in seepage flux along the NW-SE trend line was
observed. However, seepage fluxes measured within the bacterial mats
(the “vent” profiles) were consistently higher than those measured
outside of the mats (the “background” profiles) (Fig. 11). Taking the
total area of the bacterial mats in Paleochori Bay (Fig. 3) of approxi
mately 16,200 m2 and assuming that the mean vent seepage flux is
constant across the entire area of bacterial mats in the bay, the total
seepage flux of hydrothermal fluid from those areas to the bay was
calculated at 11300 ± 1100 m3/day.

4.4. Isotopes
Oxygen and deuterium isotopes were analyzed to shed light on
possible sources of the hydrothermal fluids (Fig. 7). The reference
seawater δ18O and δD isotopic values were 1.7 ± 0.1 ‰ and 10.9 ± 1.1
‰, respectively, while the median values for Paleochori Bay seawater
were slightly lower with 1.6 ‰ and 9.5 ‰. The δ18O values of both
hydrothermal and non-hydrothermal fluids were broadly similar to the
seawater δ18O isotopic composition (Fig. 7). The median δD isotopic
values for high-Cl fluids (5.9 ± 1.6‰) and low-Cl fluids (8.2 ± 1.3 ‰)
were generally lower than seawater, while the median δ18O values were
similar (Table 1, Fig. 7). The δ18O and δD isotopic compositions of all the
background fluids primarily clustered around the seawater isotopic
values, while the low-Cl and high-Cl samples plotted below seawater.
The high-Cl samples 77, 80, 83, 94, 139, 154, 156 and 158 had signif
icantly lower δ2H values (Fig. 7).

5. Discussion
Grouping the samples based on Si and Cl concentrations into back
ground and hydrothermal high- and low-Cl fluids worked for most
samples, but within each group, some samples did not fit. Despite being
classified as background, sample 6 (Table S1) had 219 μg/L As and only
3.6 mg/L Si. This sample also discharged at only 24 ◦ C. Similarly, some
samples in the hydrothermal group had very little As, such as samples 94
and 2 (Table S1). Despite their low As concentration, both have Si
concentrations above 30 mg/L and discharge at elevated temperatures.
Furthermore, some samples collected from within a white patch were
classified as background, while some of the hydrothermal samples were
collected from sandy areas without any sediment colorations (Table S1).
While the classification worked for most samples, it is not perfect and
likely mirrors the complex nature of the Paleochori Bay hydrothermal
environment with complicated mixing patterns, microbial activity,
constant re-plumbing of hydrothermal pathways and precipitation/
dissolution reactions. In general, however, the results for chemical and
isotopic composition of Paleochori Bay porewater confirmed previous
studies (e.g., Price et al., 2013a, 2013b; Valsami-Jones et al., 2005). In
the standard isotope plot, δ18O vs. δ2H, the fluids generally plotted near
the Milos reference seawater isotopic compositions and away from the
local meteoric water line, implying mostly a seawater source for the
fluids (Fig. 7). However, all of the hydrothermal samples, i.e., high and
low Cl samples, have lighter δ2H values, which would indicate either
some meteoric water source or arc magmatic water, most likely on the
order of 5 %. This is in stark contrast to hydrothermal fluids from other
MSWHS sites, where the source of the hydrothermal fluid is mainly
meteoric water, such as in Tutum Bay, Papua New Guinea and Dominica
Island, West Indies (e.g., McCarthy et al., 2005; Pichler and Veizer,
2004; Pichler, 2005). Besides, many of the high-Cl fluids have heavier
δ18O values than the low-Cl fluids and appear to plot on a mixing line
between Milos seawater and the arc magmatic box (Fig. 7), which could
be indicative of a relatively larger addition of arc magmatic water as
demonstrated by Giggenbach (1992). In contrast, the low-Cl fluids show
little to no δ18O variation and only relatively little δ2H variation, which
would rather imply mixing with a low-Cl fluid and not the addition of
arc magmatic fluid (Dotsika et al., 2009). While any significant portion
of meteoric water is unlikely, particularly when considering the size of
the Paleochori Bay watershed and annual rainfall (see below), some
meteoric addition is indicated by the general position of all hydrother
mal fluids between the trends a) and b) (Fig. 7).
The different sources of the low- and high-Cl fluids that were inferred
based on their isotopic composition are consistent with their respective
Na/K ratios (Fig. 5). Low Na/K ratios (< 15) can be indicative of hy
drothermal fluids that have reached the surface rapidly, often via upflow structures like faults or permeable zones, while higher ratios are
indicative of near-surface cooling (e.g., Nicholson, 1993). The high-Cl
fluids had the lowest median Na/K ratio (6.18 in contrast to the refer
ence seawater ratio of 27.1), suggesting a rapid ascent to the surface,
likely through the fault network (Fig. 8). This assumption is further

4.5. Flux of hydrothermal fluid
A total of 54 vertical temperature profiles were collected. Most of the
profiles were measured at bacterial mats located along the NW-SE
trending fault line in Fig. 8. Additional locations were chosen to repre
sent “non-hydrothermal/background” and other hydrothermally active

Fig. 7. Plot of oxygen vs. hydrogen isotopes for porewater in Paleochori Bay
and a seawater reference sample. Isotope values are relative to VSMOW2. Line
(a) depicts a trend from seawater to the weighted average annual isotope
composition of Milos rainwater (which should be identical to Milos ground
water). Line (b) depicts the trend from seawater to the isotope composition of
arc magmatic water according to Giggenbach (1992). The local meteoric water
line (LMWL) was constructed from IAEA data for Heraklion (Crete) and the
weighted average annual isotope composition of Milos rainwater was calculated
from the same data set. The dashed line indicates those samples located along
the eastern fault in Fig. 8.
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Fig. 8. A) Proposed faults based on the findings in this study where microbial mats and high temperatures were used as a guideline compared to the faults proposed
by Aliani et al., 2004). B) Distribution of samples with Na/K ratios of less than 15 in relation to the proposed faults.

corroborated when comparing the Na/K ratios of high-Cl fluids to their
isotope composition (Fig. 10). Those fluids with the lowest Na/K ratios
have the lowest and highest δ2H and δ18O values, respectively. The rapid
ascent of those fluids is consistent with the observation that they have
the highest temperatures in the temperature profiles (Fig. 9) since the
rapidity of their ascent limits cooling.
Phase separation can profoundly affect the composition of hydro
thermal fluids, and as discussed previously (Price et al., 2013b; Wu et al.,
2012; Wu et al., 2011), the Br/Cl ratios indicate that the hydrothermal
fluids in Paleochori Bay have undergone subcritical phase separation.
However, it remains questionable if the Br/Cl ratios unambiguously
indicate that the high- and low-Cl fluids respectively represent the brine
and vapor phase of phase separation as postulated previously (e.g., Wu
et al., 2011) since both have similar Br/Cl ratios (Fig. 5, Table 1).
Furthermore, if low- and high-Cl fluids would be the product of phase
separation, they should have different pH values since the brine phase
generally discharges at a pH between 7 and 8 (i.e., neutral chloride
water) and the vapor phase at a pH of around 2 to 3 (i.e., acid sulfate
waters) (for more information see Giggenbach, 1997). However, both
types of fluids have similar pH values (Table 1). Their spatial distribu
tion may potentially provide new information to assess this quandary
further since the geochemical concentration maps separate the areas of

Fig. 9. Variation in chloride concentration with temperature at depth Tr for
low-Cl (green squares) and high-Cl (green circles) fluids. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 10. Variation of δ2H and δ18O relative to the Na/K ratio in Paleochori Bay porewater compared to reference seawater. Isotope values are relative to VSMOW2.

high- and low-Cl fluids (Fig. 6). Several field studies in Paleochori Bay
suggested that these patterns are stable over time, e.g., a continuous
discharge of high-Cl fluids at the site “Rocky Point” (Gilhooly et al.,
2014; Price et al., 2013b). We, therefore, assume that the locations of
high- and low-Cl areas mapped should remain stable over time.

Bay, support the idea that the western area of Paleochori bay is hydro
thermally more active. Previous research of the hydrothermal system in
Paleochori Bay often focused on specific locations in the bay, with
limited coverage of the bay; therefore, it was impossible to identify the
observed spatial trends. However, it is essential to note that it was
impossible to sample all of the white patches mapped by drone imagery
(Khimasia et al., 2020). There are perhaps thousands of white patches
throughout the bay. Consequently, many white patches were missed by
the pore fluid sampling and thus could not be incorporated into the
model maps. Furthermore, this system is incredibly dynamic throughout
the year and seasons. In the summer months, the prevailing wind di
rection is from the north (Meltemi), and thus, wave action in Paleochori
Bay is minimal. However, occasional strong winds from the south (Si
rocco) create large waves and can rework the sediment in the bay,
removing/disturbing the white patches for several days (pers. observa
tion). However, this does not affect pore fluid compositions and thus, the
microbial mats re-form within a timeframe of 1 to 3 days. The drone
images were taken after a prolonged Meltemi period, allowing the full
development of microbial mats.
There could be several probable causes of the observed spatial dis
tribution of hydrothermal features and the elemental distribution in
Paleochori Bay. Milos has been extensively studied for its geothermal
potential by the Greek authorities in the 1970s and 1980s, which helped
develop a good geological and structural understanding of the island
(Fytikas, 1989; Fytikas and Marinelli, 1976; Liakopoulos et al., 1991).
Extensional tectonics in the Miocene and Pliocene produced several
major fault sets across the island and created horst and grabens, which
controlled the hydrothermal activity during that period (Alfieris et al.,
2013; Parcharidis and Psomiadis, 2001). The two major fault trends in
the eastern part of Milos are approximately NW-SE and N-S (e.g., Fyti
kas, 1986; Stewart and McPhie, 2006). These faults likely extend some
distance offshore, and the outcropping metamorphic basement around
Paleochori Bay is evidence that these faults are present in this area

5.1. Spatial distribution of hydrothermal fluids
The sampling ensured maximum coverage of Paleochori Bay, and for
the first time, it was possible to observe how the hydrothermal fluids
varied spatially, adding another dimension to understanding the local
hydrothermal regime. Adding the spatial element to the geochemistry of
the sampled fluids highlights processes and factors that were previously
not part of geochemical studies in Paleochori Bay.
The fluids with the lowest Mg and SO4 concentrations occurred
mainly in western Paleochori Bay. Those fluids also had the highest
concentrations of Ca, Li, Sr, Na, K, Br, Cl and fluid temperatures, which
is indicative of their hydrothermal nature. Additionally, the occurrence
of high- and low-Cl fluids within a few meters of each other confirms
that the phase separation could have occurred before seawater
entrainment and that vapor and brine phases mixed during ascent.
However, it must be noted that this can influence the interpolation of the
elemental concentrations since kriging algorithms incorporate the sur
rounding immediate point locations in calculating the resultant surface.
Therefore, the kriging algorithm used in the study was adjusted to
incorporate more than just the surrounding immediate point locations.
Generally, the concentrations in eastern Paleochori Bay were relatively
consistent and similar to reference seawater concentrations. Addition
ally, high temperatures were associated with white microbial mats,
which was in agreement with the previous studies in Paleochori Bay
(Price et al., 2013a; Valsami-Jones et al., 2005; Yücel et al., 2013).
Furthermore, a relative lack of white zonations, and lower nonhydrothermal sediment porewater temperatures in eastern Paleochori
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(Fytikas and Marinelli, 1976).
Aliani et al. (2004), in a study concerning the sediment temperature
time-series at a hydrothermal vent in Paleochori Bay, proposed several
faults to be present in the bay (Fig. 8), but no further details about the
faults were given in their publication. Apparently, the faults were
mapped by SCUBA divers (S. Aliani, pers. comm.), although those faults
were not observed during echo sound surveys (S. Aliani, pers. comm.).
Given the complete sediment cover on the seafloor in Paleochori Bay,
the underwater mapping of faults could be considered questionable.
Based on the occurrence of microbial mats, which are confirmed man
ifestations of hydrothermal activity, we propose that at a minimum,
three faults should be responsible for the discharge of hydrothermal
fluids in Paleochori Bay (Fig. 8). These faults were inferred based on the
alignment of microbial mats and the general orientation of confirmed
on-land faults (e.g., Fytikas, 1986; Stewart and McPhie, 2006). Hydro
thermal fluids are generally delivered to their point of discharge via
fractures, cracks and faults, i.e., area of enhanced vertical permeability
(e.g., Purnomo and Pichler, 2014; Santos et al., 2012). Consequently, the
observed distribution is probably a result of different fluid pathways
along faults from the hydrothermal reservoir. As noted earlier, lower
Na/K ratios (< 15) in hydrothermal fluids are likely representative of
fluids flowing up along faults and fractures. Fig. 8b shows the distri
bution of the hydrothermal fluids with Na/K ratios of less than 15 with
respect to the distribution of microbial mats, and it seems that those
fluids are primarily found along the proposed fault lines, supporting the
idea that the seafloor structural geology is hugely influential in deter
mining the spatial distribution of the observed hydrothermal fluids and
their subsequent geochemical characteristics. The likelihood of higher
hydrothermal flux along deep faults is also provided by the isotope
composition of several high-Cl fluids. Those samples with the lowest δ2H
values all fall more or less exactly on the proposed fault along the
western side of Paleochori Bay (Figs. 7 and 8).

inferred fluid geochemistry, which indicates subsurface mixing.
Although subsurface temperatures decrease with distance from the
center of the hydrothermal patches (white mats), mixing during the
ascent results in variable fluid temperatures. Fluid mixing is likely
enhanced by precipitation and dissolution that constantly re-plumbs the
flow pathways along the faults and results in the transient nature of the
surface expression of the vents.
The heat source at depth combined with the enhanced permeability
along the faults likely results in a relatively deep fluid circulation
pathway, with hot, high-Cl fluids ascending relatively rapidly, as indi
cated by the low Na/K ratios, along the faults. Whereas at several other
MSWHS sites, fluids in the deep circulation pathway are sourced from
meteoric waters (e.g., McCarthy et al., 2005; Pichler, 2005; Pichler et al.,
2019), the deep circulation fluids at Paleochori Bay are sourced from
seawater. The limited meteoric influence at Paleochori Bay likely re
flects the low annual precipitation (~ 0.4 m/yr), high potential evapo
ration and evapotranspiration, and low topographic gradient (< 10%) of
the Paleochori Bay watershed. As a point of comparison, the hydro
thermal flux is equivalent to about 2/3 of the annual volume of pre
cipitation falling on the Paleochori Bay watershed (~ 3 km2). However,
given the presence of the faults, extra-basin inputs of water to the
watershed (e.g., via fluid flow along faults) are likely and hence the
hydrothermal flux is somewhat smaller than the total input.
Consistent with the idea of the continual re-plumbing of the flow
networks due to dissolution and precipitation, Price et al. (2013a,
2013b) argued that the source of As in the Paleochori Bay hydrothermal
vent fluids is the leaching of the greenschist facies metamorphic base
ment rocks because they have abundant secondary quartz and calcite
veins rich in (arseno)pyrite. The extent of leaching is likely controlled by
the fluid temperature. Thus, within the high-Cl fluids, we observe a
correlation between As concentration and temperature at depth
(Fig. 13). As the high-Cl fluids ascend, they mix with the low-Cl fluids to
a variable extent, resulting in a weaker correlation between As con
centration and temperature at depth, Tr, for the low-Cl fluids. The
average arsenic concentration of the hydrothermal high- and low-Cl
samples, which were collected as part of the flux determination (i.e.,
the vertical temperature/porewater profiles), was 524 μg/L, which re
sults in a daily influx of As into Paleochori Bay 40 ± 10 kg from the total
bacterial mat area in the bay.
The upward flow of hot fluids is also implied by the depth profile
data (Table S2). The temperatures generally increase with depth, which
indicates the increasing influence of colder seawater as the fluids
approach the sediment-seawater interface. This phenomenon was
observed in the past when researchers used microsensors to monitor
elemental cycling in Paleochori Bay (e.g., Gilhooly et al., 2014;
Wenzhöfer et al., 2000). As a result, the porewater profiles have
decreasing As concentrations with decreasing depth (Table S2). This is
the outcome of mixing with seawater, as well as precipitation of the Asbearing minerals (e.g., Godelitsas et al., 2015). The behavior of Si is
more or less identical to that of As, which was expected since both are
supplied by the hydrothermal fluid. This flux of As into Paleochori Bay is
documented by the difference between the As the concentration of
seawater in the bay and a seawater sample collected outside the bay
(Table 1). Paleochori Bay seawater contains almost three times the
amount of As (Table 1). The hydrothermal influence on seawater
chemistry was also supported by the relatively higher concentrations of
Li, Si, Ca and K (Table 1).
Neglecting the background input, the rate of flow of seawater into
the bay, Qin, is given from the mass balance

5.2. Hydrothermal flux
To inversely quantify seepage fluxes, several models have been
proposed, some of which assume steady-state temperature conditions,
while the rest assume transient-state temperature conditions, and they
are described in further detail in Lien and Ford (2014). The model used
in this study, the Schmidt model (Schmidt et al., 2007), assumes steadystate conditions and was preferred to the other models as studies have
shown that transient influences on temperatures can often be considered
negligible (Anibas et al., 2009).
As expected, the higher permeabilities of the inferred faults (Fig. 8)
resulted in preferential subsurface upward flow, resulting in an average
vertical flux that is more than five times the background flux (Figs. 11
and 12). The subsurface hydrology of Paleochori Bay, as reflected in the
subsurface temperature profiles, is consistent with the hydrology

Qin = Qfaults

Cfaults − Cbay
Csw − Cbay

(3)

where Qfaults is the hydrothermal fluid flux (Fig. 11) having an As con
centration Cfaults and Cbay and Csw are the bay and reference seawater As
concentrations (Table 1). This gives an input flux of seawater into the

Fig. 11. Variation in calculated seepage fluxes between the bacterial mats
(vent samples) and outside of the mats (background samples) in m/day.
11

A. Khimasia et al.

Chemical Geology 571 (2021) 120188

Fig. 12. Distribution of calculated seepage fluxes in Paleochori Bay. Units are m/day.

discharge exist only for the relatively small Ambitle Island site, where
the annual arsenic flux was calculated to be approximately 5.5 × 102 kg.
Nevertheless, considering the total flux of As to the global ocean from all
MSWHS reported to date by assuming only 10 % of the As flux calculated
for the Milos system, multiplied by 70 occurrences worldwide, reveals
an annual arsenic contribution of as much as 1.0 × 106 kg, a value
identical to an estimate for hydrothermal systems along mid-ocean
ridges (axial and flanks) (Mottl, 2003). Thus, the flux of As from
MSWHS should be considered when calculating ocean chemical budgets.
Without considering any chemical reactions in the water column, the
combined input from mid-ocean ridges and MSWHS increases the
seawater As concentration by approximately 1 μg/L every 670,000 years
and thus may be responsible for the fact that the As concentration in
seawater is higher than in river water (e.g., Smedley and Kinniburgh,
2002). While this first attempt to quantify the role of MSWHS for the As
budget in seawater is rather crude, we believe in having demonstrated
the need for additional studies of As flux (and other trace elements).
Fig. 13. Variation in arsenic (As) concentration with temperature at depth Tr
for low-Cl (green squares) and high-Cl (green circles) fluids. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

6. Conclusions and future considerations
This study presents a novel comprehensive geochemical dataset for
porewater collected from a uniform sediment depth of 10 cm across
Paleochori Bay with exact GPS coordinates for each sampling point.
Thus, the novelty lies in the possibility to revisit each sampling location.
The chemical and isotopic composition measured for this work were
broadly consistent with previous studies (e.g., Price et al., 2013a, 2013b;
Valsami-Jones et al., 2005), but exact spatial information of sample
locations allowed for new insight into the processes and mechanisms in
the subsurface, which cause fluids with varying chemical compositions.
Based on the distribution of the δ2H and Na/K values in porewater
and the occurrence of microbial mats, a set of deep-seated faults was
identified, which seem to control the distribution of hydrothermal vs.
non-hydrothermal areas in the bay. Enhanced permeability along the
faults should result in two potential recirculation pathways, a deeper
pathway indicated by high-Cl fluids with an arc magmatic fluid influ
ence and a shallower pathway with lower Cl concentrations and less arc
magmatic fluid signature, but with a minor contribution from meteoric
water.
The high As concentrations of the hydrothermal fluids resulted in
seawater As concentrations in the bay, which were nearly three times
that of a seawater sample collected outside the bay. Since the As con
centrations were equally variable in the low- and high-Cl fluids, arc
magmatic fluids are unlikely to be the primary source of the As. Instead,
the As is likely derived from leaching of the basement rocks enhanced by
the high fluid temperatures and subsequent precipitation and dissolu
tion reactions in the sediment cover of Paleochori Bay. Arsenic discharge
from the hydrothermal system amounts to 40 ± 10 kg/d of As to the bay.

bay of 38 m3/s. Assuming an average depth of the bay of 5 m, this
corresponds to an average along shore velocity of 0.02 m/s, which is
similar to direct measurements of the along shore velocity measured
elsewhere (Feddersen et al., 2000). This corresponds to a turnover time
for the bay of 0.76 days.
5.2.1. Flux of arsenic (As)
The calculated influx of arsenic (As) into Paleochori Bay raises the
question if the combined flux from marine shallow-water hydrothermal
systems (MSWHS) could be significant enough to make a difference in
the global ocean chemistry. To date, approximately 70 MSWHS systems
have been discovered (Price and Giovannelli, 2017). Unfortunately, As
concentrations and flux data are sparse, although whenever measured,
As concentrations were between two and three magnitudes higher than
in seawater. Such As concentrations are expected because MSWHS are
similar in their characteristics to on-land geothermal systems known to
have high As concentrations (e.g., Nicholson, 1993). Based on the
calculation presented above, the Paleochori hydrothermal system dis
charges approximately 1.5 × 104 kg per year. In addition to Milos, other
marine shallow-water hydrothermal systems where arsenic concentra
tions were determined include Bahía Concepción (Mexico), Champagne
Hot Springs (Dominica), and Tutum Bay (PNG), where arsenic values
were as high as 1100 μg/L, 100 μg/L and 1050 μg/L, respectively
(Berquó et al., 2007; McCarthy et al., 2005; Pichler et al., 1999). Un
fortunately, flux estimates for focused and diffuse hydrothermal
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This high As loading is diluted by the rapid turnover of seawater in the
bay which requires, less than one day during a prolonged period of
Meltemi (wind from the north) and slightly longer during Sirocco (wind
from the south). As a result, Paleochori Bay contributes approximately
1.5 × 104 kg of As per year to the Mediterranean Sea.
Since colored microbial mats are present in several other MSWHS,
the approach developed in this study, combining aerial mapping and
geochemical fluid compositions, should be applicable globally and
expand the knowledge base of MSWHS.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemgeo.2021.120188.
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2019. Suitability of the shallow water hydrothermal system at Ambitle Island (Papua
New Guinea) to study the effect of high pCO2 on coral reefs. Mar. Pollut. Bull. 138,
148–158.
Pichler, T., Rovere, A., Khimasia, A., 2020. A Map of Seagrass, Bacterial Mats, Former
Bacterial Mats, and Composite Photo of Paleochori Bay, Milos, Greece. https://doi.
org/10.1594/PANGAEA.915880.
Pichler, T., Khimasia, A., Price, R.E., et al., 2021. Chemical and Isotopic Compositions of
Water Samples from the Paleochori Bay, Milos, Greece. https://doi.org/10.1594/
PANGAEA.928927.
Price, R.E., Giovannelli, D., 2017. A Review of the Geochemistry and Microbiology of
Marine Shallow-Water Hydrothermal Vents, Reference Module in Earth Systems and
Environmental Sciences. Elsevier Inc. https://doi.org/10.1016/b978-0-12-4095489.09523-3.
Price, R.E., Pichler, T., 2005. Distribution, speciation and bioavailability of arsenic in a
shallow-water submarine hydrothermal system, Tutum Bay, Ambitle Island, PNG.
Chem. Geol. 224, 122–135.
Price, R.E., Amend, J.P., Pichler, T., 2007. Enhanced geochemical gradients in a marine
shallow-water hydrothermal system: Unusual arsenic speciation in horizontal and
vertical porewater profiles. Appl. Geochem. 22, 2595–2605.
Price, R.E., Lesniewski, R., Nitzsche, K.S., Meyerdierks, A., Saltikov, C., Pichler, T.,
Amend, J.P., 2013a. Archaeal and bacterial diversity in an arsenic-rich shallow-sea
hydrothermal system undergoing phase separation. Front. Microbiol. 4, 1–19.
Price, R.E., Savov, I., Planer-Friedrich, B., Bühring, S.I., Amend, J., Pichler, T., 2013b.
Processes influencing extreme As enrichment in shallow-sea hydrothermal fluids of
Milos island, Greece. Chem. Geol. 348, 15–26.
Price, R.E., Breuer, C., Reeves, E., Bach, W., Pichler, T., 2016. Arsenic bioaccumulation
and biotransformation in deep-sea hydrothermal vent organisms from the
PACMANUS hydrothermal field, Manus Basin, PNG. Deep-Sea Res. I Oceanogr. Res.
Pap. 117, 95–106.
Purnomo, B.J., Pichler, T., 2014. Geothermal systems on the island of Bali, Indonesia.
J. Volcanol. Geotherm. Res. 285, 47–59. https://doi.org/10.1016/j.
jvolgeores.2015.09.016.
Ruiz-Chancho, M.J., Pichler, T., Price, R.E., 2013. Arsenic occurrence and speciation in
Cyclope neritea, a gastropod inhabiting the arsenic-rich marine shallow-water
hydrothermal system off Milos Island, Greece. Chem. Geol. 348, 56–64.

14

