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Mercury in the hydrothermal fluids and gases in Paleochori Bay,
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2 Universitat Bremen, Fachbereich Geowissenschaften, Geochemistry and Hydrogeology, Klagenfurter Str. 2-4, 28359, Bremen, Germany
Y Stony Brook University, School of Marine and Atmospheric Sciences, Stony Brook, New York, USA

ABSTRACT

Seafloor hydrothermal activity may constitute a considerable mercury (Hg) source to the oceans, but the flux
from marine shallow-water hydrothermal systems (MSWHS) remains poorly constrained to date. To study the
presence of Hg in MSWHS in Paleochori Bay (Milos Island, Greece), sea surface, bottom, pore fluid and hy-
drothermal gas samples were collected in June of 2017, October of 2018 and July of 2020, and analyzed for Cl,
Br, SO4, As, Ca, Fe, K, Mg, Mn, Na, Si, Sr, HS, unfiltered total Hg (THg), and filtered Hg (Hgaiss). Specific sites
were selected for the analysis of volatile elemental Hg (Hg®), dimethylmercury (DMHg), monomethylmercury
(MMHg), and Hg in the gas phase (Hggas). Concentrations of THg observed in samples collected from the sea
surface were elevated compared to surface samples taken outside Paleochori Bay. The highest surface water
concentrations (~10 to 15 pM) were measured in samples collected directly above shallow-water hydrothermal
discharge areas. Pore fluids outside Paleochori Bay were significantly lower in THg (0.8 to 8.6 pM) than those
taken inside (17.4 to 1511 pM). Porewaters collected from areas with visible gaseous or fluid emission were
highly variable but generally elevated in THg concentrations (185 to 5066 pM). Concentrations within gases
ranged from 0.7 to 2791 nmol/m°. The vast majority of samples with highly elevated THg (> 100 pM) had low
Na/K ratios (< 15), indicative of rapidly rising fluid. Concentrations of Hg’, DMHg, and MMHg were below
detection limits in all samples.

Bottom substrate type (e.g., rocky vs. sediment covered) likely affected infiltration rates of oxygenated
seawater below the sediment-water interface, thereby affecting Hg speciation and removal by precipitation. Flux
rates from porewaters compared to those with gaseous emission were high (12.56 to 1088 mol THg/year and
0.37 to 1.85 mol THg/year). Sites with slow gaseous emission rates are hypothesized to have extended subsurface
reaction times, resulting in lower Hg concentrations emitted to bottom waters. However, increasing rates of gas
emission did not necessarily indicate higher Hg concentrations. The scavenging of Hg in the sediments and
advective flux out of Paleochori Bay likely prevent significant accumulations of THg in the water column of
Paleochori Bay. The total atmospheric flux from Paleochori Bay using average flux calculations over the entire
surface area would contribute 6 mmol Hg/year to the atmosphere.

We hypothesize that Hg concentrations within the pore fluids of Paleochori Bay reflect a balance between
mixing and precipitation in the subsurface. A three-component mixing system of vapor, brine and seawater
determines THg concentrations; however, precipitation due to sulfur cycling, changes in redox conditions and
temperature, all play a crucial role in removing Hg from emitted fluids and gases.

1. Introduction

Mercury (Hg) is a post-transition metal with unique physicochemical
properties and a rather distinct global biogeochemical cycle. Contrary to
other trace metals, it is highly volatile and has a low chemical reactivity
in its gaseous elemental form (Hg®). Consequently, it has an atmospheric
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residence time of close to one year and is thus widely dispersed world-
wide (Schroeder and Munthe, 1998). In the marine environment, Hg is a
scavenged trace element and can be present in two oxidation states:
elemental Hg® and ionic Hg?*. Elemental Hg is generally present as a
dissolved gas but can also be bound to particulates (Wang et al., 2015).
Ionic Hg is mainly associated with sulfur minerals and methylated
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organic species monomethylmercury (MMHg) and dimethylmercury
(DMHg). Biotic and abiotic processes control the speciation and
complexation of Hg, which determine Hg availability for methylation
and toxicity (Fitzgerald et al., 2007; Mason, 2001). Dissolved species
(Hgaiss) include Hg bound to colloids (< 0.45 pm) and unbound Hg2+
and HgP®, and methylated species. Both Hg® and DMHg are volatile.
Concentrations of bound Hg? can be significant and prevent the escape
of Hg® to the atmosphere; however, their stability is unknown. Total Hg
(THg) concentrations in unpolluted waters for the Mediterranean Sea
were reported to be in the low pM range (Cossa et al., 1997; Horvat et al.,
2003) with a varying temporal and spatial distribution in the water
column (Fitzgerald et al., 2007; Gworek et al., 2016).

Methylmercury (MeHg) is of particular concern as it is a bio-
accumulating toxin causing adverse health effects for organisms at
higher trophic levels (Frederick and Jayasena, 2010) and their human
consumers (Fitzgerald and Clarkson, 1991). Anthropogenic Hg emis-
sions, mainly due to coal combustion and artisanal and small-scale gold
mining, have exceeded natural emissions since the onset of the industrial
revolution (Sun et al., 2014; UNEP, 2013). Those emissions increased
the marine Hg inventory (Lamborg et al., 2014), amplified MeHg pro-
duction and bioaccumulation, and increased human exposure. There-
fore, the production of methylated species by biotic and abiotic
mechanisms is of interest, along with inorganic Hg sources.

Fluid and gas emissions from subaerial, deep-sea and marine
shallow-water hydrothermal systems (MSWHS) are enriched in Hg, but
conclusions regarding the importance of MSWHS as part of the global Hg
cycle remain uncertain. Studies regarding Hg concentrations in MSWHS
are limited and data only exists for the sites in Bahia Concepcion and
Panarea Island. (e.g., Bagnato et al., 2017; Leal-Acosta et al., 2010).
Nevertheless, some view hydrothermal venting to be the single most
important primary natural Hg source to the global Hg cycle (Sonke et al.,
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2013). Regardless, current global Hg cycling models have either
excluded or discounted MSWHS due to limited data or by extrapolating
reactions observed for deep-sea systems. These models report atmo-
spheric flux as the primary transport mechanism to the ocean (Lamborg
et al., 2002; Mason and Sheu, 2002).

MSWHS are defined as occurring at seawater depths less than ~200
m and are chiefly associated with island arc volcanoes, intraplate vol-
canoes, and mid-ocean ridges (Price and Giovannelli, 2017). Most sites
of hydrothermal activity are characterized by the emissions of gases and
fluids with elevated heavy metal concentrations, high temperatures, and
low pH (e.g., McCarthy et al., 2005; Pichler et al., 2019; Pichler et al.,
1999b; Price and Giovannelli, 2017; Valsami-Jones et al., 2005). Hy-
drothermal fluids often have elevated concentrations of THg as a result
of water-rock interactions and magmatic degassing (e.g., Taran et al.,
1995). While Hg is known to travel in the vapor phase, mixing with
other fluids such as brines and seawater, combined with a decrease in
pressure and temperature, leads to the formation of Hg?" and thus Hg
removal from the vapor phase (Christenson and Mroczek, 2003).
Therefore, Hg is emitted as both a liquid and a gas in shallow water
systems.

Here, we present the first estimate of Hg flux and Hg concentrations
in gases and fluids for the marine shallow-water hydrothermal system in
Paleochori Bay, Milos, Greece.

2. Materials and methods
2.1. Geological setting
Paleochori Bay is located in the southeast of Milos, which is part of

the Southern Aegean Volcanic Arc (Fig. 1). The island consists primarily
of rhyolitic to andesitic volcanic rock atop a greenschist metamorphic
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Fig. 1. Map of Paleochori Bay and locations around Milos Island, where Hg samples were collected. The map was generated by Ocean Data View.



basement (Papachristou et al., 2014). The bay contains numerous hy-
drothermal fluid and gas discharge areas and is one of the world's largest
marine shallow-water hydrothermal systems (MSWHS). Two
geothermal reservoirs were identified beneath the island: a high
enthalpy system of up to 350 °C in the metamorphic basement and an
overlying low enthalpy system of up to 175 °C within rhyolitic lavas
close to the surface (Naden et al., 2005; Papachristou et al., 2014).
Hydrothermal fluids in Paleochori Bay are enriched in various heavy
metals and gases are primarily composed of CO3, CH4, H,S, and H; (Botz
et al., 1996; Dando et al., 1995; Fitzsimons et al., 1997; Price et al.,
2013a; Stiiben and Glasby, 1999; Valsami-Jones et al., 2005). Previ-
ously, hydrothermal fluids were grouped into low- and high-Cl types
resulting from phase separation in the subsurface, additionally charac-
terized by high temperatures in porewaters, low Mg, and SO4 concen-
trations in comparison to seawater (Papachristou et al., 2014; Price
et al., 2013a; Valsami-Jones et al., 2005). In both cases, the emitted fluid
was considered a mixture of seawater, water-rock interaction modified
seawater, and magmatic water (Dotsika et al., 2009; Pflumio et al.,
1991; Price et al., 2013a; Valsami-Jones et al., 2005). Hydrothermal
activity is present throughout the bay; however, its frequency is most
significant in the west (Khimasia et al., 2021). The volume of emitted gas
and fluid in the bay was variable both temporally and spatially (Aliani
et al., 1998; Botz et al., 1996; Dando et al., 1995; Miquel et al., 1998;
Naden et al., 2005). Previous studies have linked low and high chloride
fluids to phase separation and subsurface boiling (Price et al., 2013a;
Valsami-Jones et al., 2005). However, recent findings suggested that
subsurface transport could also be responsible for differing chemical
compositions (Khimasia et al., 2021). Fluids were hypothesized to
follow two different pathways, where greater permeability resulted in

more substantial arc magmatic fluid influence and a secondary shal-
lower pathway with meteoric water contributions.

In areas where hydrothermal discharge is present, the sediments are
characterized by the occurrence of yellow-orange, white, or brown mats,
hosting chemolithotrophic sulfur-oxidizing and sulfate-reducing bacte-
ria (e.g., Yiicel et al., 2013) (Fig. 2). The sediments may also appear red
to yellow due to the precipitation of hydrous ferric oxides and arsenic
sulfides from the hydrothermal fluids (e.g., Godelitsas et al., 2015)
(Fig. 2). Voudouris et al. (2021) reported the presence of cinnabar (HgS)
and arsenian pyrite (FeSy) in areas with increased gas venting. Mineral
precipitation and microbial growth generally are controlled by steep
redox gradients at the sediment-water interface and fueled by rising
hydrothermal fluid (Price et al., 2013a; Price et al., 2013b; Sievert et al.,
1999; Wenzhofer et al., 2000; Yucel et al., 2013).

2.2. Methods

2.2.1. Field sampling

Fieldwork was conducted in June 2017, October 2018 and June
2020. The absence of wind or prevailing northerly winds prevented
circulation patterns and wave action within Paleochori Bay during
fieldwork, as discussed by Khimasia et al. (2021). Scuba divers did not
observe any current while sampling. A total of 95 samples were collected
across the bay and around the island for Hg (filtered and unfiltered, i.e.,
Hggiss and THg), with select samples also analyzed for As, cations, and
anions (Table 1, Appendix A). Most samples were a part of a larger
dataset to estimate diffusive hydrothermal flux within Paleochori,
including additional isotopic (52H, 5'®D) measurements (Khimasia et al.,
2021). Eight samples representative of different environmental
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Fig. 2. Map of sampling points in Paleochori Bay. The red box was an area of numerous porewater samples with numerous areas of white mats and precipitates. The
map was adapted from Khimasia et al. (2021). The dashed line depicts the surface and bottom water transect sampled in 2017. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)



Table 1

Average values for chemical composition and temperature for seawater and porewater by sample grouping.

Sample T pH Cl Br S04 As Ca Fe K Li Mg Mn Na Si Sr H,S THg Hgaiss
°C mM mM mM uM mM mM mM mM mM mM mM mM mM pM pM pM
Seawater
Outside P.B. 29 56 3 31 553 2 0.2 3
Inside P.B. 20 8.1 637 0.9 33 0.0 11 0.0 11 0.4 54 0.0 520 0.0 0.1 5 6
Porewater
Subaerial 91 3.4 754 1.1 23 16 0.8 24 2 20 277 4 0.2 2534 0.4
Sand and Precip. 59 6.1 781 1.0 25 9 25 0.1 45 2 41 0.1 634 1.1 0.2 166 313 6
White Mats 75 5.5 744 1.0 22 4 26 0.1 45 2 37 0.1 598 2 0.2 301 219 10
Point Sources 114 6.5 605 0.9 31 0.2 11 0.0 11 BDL 52 0.0 506 0.2 0.1 4 1131 146
Large Volume 97 5.7 889 1.1 20 35 30 0.1 61 2 35 0.1 688 2 0.3 1.0 37 2
Brines 101 3.9 699 0.9 6 54 0.3 110 7 16 BDL 739 3 0.4 19 4

conditions such as sedimented, un-sedimented, seagrasses, white mats
were selected for Hg speciation. Six of the eight samples included THg
analysis of emitted gases. Point sources from Paleochori Bay were
selected based on gaseous exhalations or fluid chemistry (Table 1,
Fig. 3). Background seawater samples were collected in areas with no
visible hydrothermal activity from outside of Paleochori Bay. In 2017,
surface and bottom waters were collected simultaneously to determine
dissolved Hg along a transect perpendicular to the beach progressing
from shallow (approx. 1 m) into deeper water (approx. 15 m). Samples
were collected at the surface and the bottom of the water column
simultaneously, with surface divers collecting GPS data. In 2020 sedi-
ment and porewater samples were collected simultaneously at three
locations representing non-hydrothermal (background) and hydrother-
mal areas (2020-1A, 2020-C and 2020-8).

Fluids were collected using samplers constructed from PTFE tubing
and 10 mL pipette tips at 10 cm depth using polypropylene 60 mL sy-
ringes. Porewater temperatures were monitored at the depth of the
pipette tip. No large deviations in temperature were permitted as

sampling was performed to ensure that samples were not contaminated
with seawater.

The pH (Halo Wireless pH meter, Hanna Instruments), conductivity
and ORP (Myron Ultrameter) were immediately determined in the field.
The samples were filtered through a 0.45 pm membrane, and the sub-
samples for trace elements and major cations were preserved with 2%
(m/v) concentrated nitric acid.

2.2.2. Mercury analyses

Total Hg samples were collected unfiltered and filtered (0.45 pm)
and analyzed following the USEPA (2002) protocol with a Brooks Rand
CV-AFS analyzer in duplicate. In preparation for the analysis, 40 mL of
the sample were added to a 60 mL Volatile Organic Analysis (VOA) glass
vial with a PTFE-lined cap. Then 400 pL acidified bromide/bromate, a
1:1 mixture of 0.01 M bromide/bromate solution (Tritrisol, Merck) and
32% hydrochloric acid (Optima grade, Fisher Scientific) were added to
the sample, and the light-yellow colored solution was left standing for at
least 30 min at room temperature. The bromine chloride reactivity was

Fig. 3. Examples of features of the submarine hy-
drothermal system within Paleochori Bay. A) Highly
sedimented site (M102). Significant gas exhalations
throw sediment into the water column and only
coarser grains remained. B) Highly sedimented with
white mat and precipitate accumulations on the
sediment surface with porewater temperature probe
and gas collection funnel. C) Site without sediment
cover (M103) with significant gas exhalations. No
sediment remained at the point of emission. D) Low to
moderate sedimentation (M125) of only a few cm.
Multiple smaller but continuous gas exhalations were
collected by the gas funnel when the image was taken.



then quenched by the addition of 100 pL 30% (m/v) hydroxylamine
hydrochloride solution (ReagentPlus, 99%, Sigma-Aldrich) and shaken.
Elemental Hg was produced in the solution by adding 200 pL of a 20%
(m/v) tin(Il)chloride solution (Reagent grade, Alfa Aesar). The detection
limit for this method was determined to be 0.04 ng/L (n = 10) for our
laboratory. The certified reference material ORMS-5 (elevated Hg in
river water, National Research Council Canada) was used for quality
control. The reference material was certified for a concentration of 26.2
+ 1.3 ng/L T-Hg and measured within 5% of certified values.

The sediment samples were digested in 10:1 aqua regia following
Bloom et al. (2003) and THg was analyzed by CV-AFS. The certified
reference material PACS-1, certified for a concentration of 4.57 + 0.16
ng/g THg was used for quality control.

Volatile Hg was collected by purging 1 L of hydrothermal fluid with
Hg free nitrogen onto gold and carbo traps and analyzed by CV-AFS
(Cossa et al., 2011; Lehnherr et al., 2011).

Analysis of MeHg was carried out by species-specific isotope dilution
gas chromatography. A 100 mL sample was spiked with a Me?*'Hg so-
lution (ISC Science, Spain) and left equilibrating for an hour. An optimal
ratio of 4.25 for Me2°'Hg in the spike to Me2°?Hg in the sample was the
spiking aim. Based on the assumption of 5% of T-Hg being present as
Me?°'Hg, the amount of the enriched isotopic solution was calculated
for the initial spiking. An acetate buffer, prepared from trace metal
grade acetic acid (Fisher Scientific) and 30 M NaOH (Suprapur, Merck),
was added to the sample. The pH was adjusted to 3.9 with sodium hy-
droxide solution (30 M, Suprapur, Merck). Subsequently, 1 mL propy-
lation reagent (1 g sodium tetra-propyl borate (Merseburger
Spezialchemikalien, Germany) in 100 mL oxygen-free Milli-Q water)
was added to the sample followed by 200 pL n-Hexane (Reagent Grade
ACS, Riedel-de-Haen). The Hg species were extracted into the n-hexane
phase by shaking for 10 min, and the n-hexane phase was taken out for
analysis by gas chromatography coupled to ICP-MS (Element 2, Thermo
Scientific) with an in-house-built heated transfer line (temperature of
160 °C). A cyclonic spray chamber was attached at the transfer line just
before the ICP torch for wet plasma conditions giving the option of
plasma tuning and monitoring with an internal Thallium standard.

Gas samples were collected into Tedlar© bags using a custom-built
glass funnel connected to Teflon tubing in combination with a stan-
dard lift bag. The lift bag was attached to lead weights, which enabled
the calculation of gas volume collected, i.e., the volume of gas needed to
displace enough seawater to lift the bag at a given depth and lead
weight. To remove sulfur species from the gas, the samples were passed
through an alkaline solution. The sample was then trapped in a 0.5 M
permanganate solution in 2 N sulfuric acid and analyzed on the CV-AFS
as THg (Brombach and Pichler, 2019). Exact rates of emission were not
calculated; however, relative rates were established based on gas sample
retrieval time. For simplicity, low emission samples required more than
30 min of dive time, and high emission samples needed less than 30 min.
Each gas sample site was named (Fig. 3) and chosen based on visible
physical characteristics (see Table 2, Fig. 3).

Table 2
Named gas emission sites with descriptors.
Site Emission Sediment Descriptor
Rate Coverage
Red Low High White mats and red metal precipitates
surrounding
Seagrass Low High White mats and seagrass growth
surrounding
Crater High High Sand covered by black precipitates
Eastern Low Medium No white mats or metal precipitates,
easternmost gas sample taken
Screamer  High Low No sediment coverage, cave-like
structure above gas emission point
Boulder High Low No sediment coverage, gas emitted

from between two boulders

2.2.3. Other measurements

Anions were analyzed in a non-acidified, filtered sample (0.45 pm)
using a Metrohm 883 Basic IC instrument with a 5 pL injection loop and
a Metrosep A Supp5 (150 x 4.0 mm; 5 pm) column. Quality control
samples were an internal standard and IAPSO, an artificial seawater.
Major cations and some trace elements were measured by inductively
coupled plasma-optical emission spectrometry (ICP-OES) using a Perkin
Elmer Optima 7300 DV instrument. The detection limit for most ele-
ments was around 1 to 10 pg/L, which was not sensitive enough for trace
elements but sufficient for the major elements present in the sample. All
water samples were diluted by a factor of 100 due to the high salinity of
the samples. Quality control was assured with different certified waters:
EnviroMAT Groundwater Low (ES-L-2) and High (ES-H-2), both from
SCP Science, Canada, are groundwater samples while CRM-SW (High
Purity Standards, USA) was a certified seawater.

Trace elements were analyzed with inductively coupled plasma mass
spectrometry (ICP-MS, Element 2 Thermo Scientific). The mass analyzer
of the Element 2 instrument is based on a magnetic and electric sector
field. Mass interference based on polyatomic and isobaric interference
can be overcome by adjusting the mass resolution from low to high,
which is essential for some trace elements, e.g., arsenic. The same
principle for sample dilution for saline samples as was described for ICP-
OES. Plasma fluctuations were monitored via the addition of internal
standards to each sample.

2.2.4. Flux calculations

The flux (pmol/m2/h) of Hg® to the atmosphere from each of the
sampling sites was calculated using equations by Liss and Slater (1974)
(1) and Wanninkhof (1992) (2), as implemented by Wangberg et al.
(2001). Where ky, (cm/h) is the gas transfer velocity, ujg is the wind
speed at 10 m height, Scyg is the Schmidt number for Hg in seawater and
Sccoz is the Schmidt number for CO5 in seawater (Kuss et al., 2009), and
H’' is Henry's law constant. An approximate value was used for atmo-
spheric Hg (7.5 pmol/m®), and the percent volatile Hg® was assumed to
be 10% of Hggiss (Horvat et al., 2003). Schmidt numbers 689 for Hg and
660 for CO, were used.

Flux to the Atmosphere = k,, (DGM — TGM/ H) (€D}

-0.5
ky = 0311, <Sc”g/ Sc’cm) ;

Samples were plotted against Na/K ratios, which have been used to
indicate rapidly rising fluids (Henley, 1995) and, more recently, on
Milos in conjunction with isotopic analysis (Khimasia et al., 2021).

3. Results

Conservative element data (Na, Cl, K, etc.) from porewaters and
seawater samples were comparable to previously established mixing
lines of hydrothermal fluid and seawater (Price et al., 2013a; Valsami-
Jones et al., 2005). Samples taken at background sites in and outside
Paleochori Bay were significantly lower in THg concentration than those
influenced by hydrothermal activity (Table 1, Appendix A). All samples
with a pH less than 4, temperatures above 65 °C, and Hg enrichment
(THg and Hggiss) were collected in Paleochori Bay.

Within Paleochori Bay porewaters, concentrations of Hg were highly
variable between sampling sites. However, marked increases in the
concentration were observed in hydrothermally influenced areas indi-
cated by temperature, low Mg and high Cl concentrations. The high-Cl
fluids of Paleochori Bay were found to contain low (< 15) Na/K ratios
with a median value of 6.71 with isotopic values of 5°H and §'%0
consistent with rapidly rising fluid (Khimasia et al., 2021).



3.1. Water samples

3.1.1. Seawater

Background seawater and samples taken outside of Paleochori Bay
were comparable to previous studies concerning cations, anions, and Hg
(Cossa et al., 1997; Horvat et al., 2003; Khimasia et al., 2021; Valsami-
Jones et al., 2005). Within surface waters of Paleochori Bay, THg con-
centrations were higher than samples from outside of Paleochori Bay
and background samples (Table 1, Appendix A). The concentration of all
other elements (Cl, Br, SO4, Ca, Fe, K, Li, Mg, Mn, Na, Si, Sr) measured
showed little variation (0.29% to 6.5% RSD) between samples. It re-
flected control group concentrations apart from As, which was highly
variable (77%).

Hg concentrations were highest near the shoreline for transect
samples, where the known hydrothermal activity occurred directly
beneath the sand surface (Fig. 4). Concentrations quickly returned to
low pM values in surface and bottom waters but increased again when
white mat accumulations were encountered (e.g., at approximately 0.3
km distance from shore, Fig. 4). Surface and bottom water samples were
enriched by 314 to 18,759% over background Hggjss.

3.1.2. Paleochori Bay vents, Porewater and sediment

Porewaters included high- and low-Cl fluids with strong relation-
ships between known hydrothermal indicators of active areas (Khimasia
et al., 2021). Porewaters from within Paleochori Bay contained low (17
pM) to high (2894 pM) THg concentrations with a maximum of 69%
Hggiss (Appendix A). Methylated and volatile species were all below
detection limits. Hydrogen sulfide concentrations ranged from below the
detection limit to 1.2 mM. Background porewater within Paleochori Bay
contained 98 pM THg and 4 pM Hggiss.

Water samples collected from the point sources (vents) shown in
Fig. 3 showed significant chemical composition variations except for
THg, Hgdiss, and Hggas (Appendix A). The Boulder and Screamer sites
were collected at the point of emission at the sediment-water interface
due to the rocky hard bottom at those sites and thus, seawater
contamination was unavoidable.

In 2017 an additional sample was taken from a point source, which
discharged at sea level in a small cave. That sample (Cave-1) had higher
than seawater Cl and Na but lower SO4 concentrations. The Cave-1
sample contained the highest measured concentration of THg for all
samples (5066 pM), as well as the lowest pH (1.87).

The highest THg concentrations were associated with low Na/K ra-
tios (Fig. 5). High Na/K ratios (> 15) were related to low-Cl fluid and
low Si concentrations. The percentage of Hggiss was more significant in
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Fig. 4. Transect of total Hg in filtered samples for the transect of surface and
bottom samples in Paleochori Bay done in 2017. Surface samples were gener-
ally higher, except immediately adjacent to the shore and where hydrothermal
activity was observed (i.e., white mats). The exact location of the transect is
given in Fig. 2.
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Fig. 5. Total Hg (THg) concentration in porewaters vs Na/K ratios. The area of
the circle corresponds to the percent dissolved Hg in the sample. Lower (< 15)
Na/K ratios were associated with rapidly rising fluid along fault lines.

high Na/K ratio samples.

Data for THg of the three sediments samples and their corresponding
porewater concentrations are presented in Table 3. Compared to the two
hydrothermal samples, the “non-hydrothermal” sediment sample had
higher THg in the porewater and lower concentration in the corre-
sponding sediment, 97.9 pM and 414 pM/g. The background porewater
sample's chemical composition was similar to seawater, and the area of
sampling showed no physical indicators of hydrothermal activity.

3.1.3. White patch flux calculations

White patch fluid flux calculations of Hg were completed using
minimum and maximum concentrations of both total and dissolved Hg
(347 to 777 pM/day THg, 51 to 210 pM/day Hggiss) and flux estimates as
described in Khimasia et al. (2021).

3.2. Gases

Gas concentrations of Hg were highly variable (0.7 to 2792 nmol/
m>), and no statistical or otherwise significant relationship could be
observed between Hg in gas and porewater. Elevated Hg in the gas phase
did not necessarily indicate high or low Hg concentrations within the
fluid phase and vice versa. However, the highest Hg concentrations in
the liquid phase were observed at locations with intense gas emission,
although intense gas emissions did not indicate high Hg concentrations
within the gas phase (e.g., Crater site). However, it seemed that the
absence of a sediment cover at the sampling site was responsible for
higher Hggas concentrations (Fig. 6).

Dando et al. (1995) estimated the release of 0.21 to 1.05 x 10 mol
per year of total gas. Based on this estimation, the contribution of Hg
from the MSWHS to Paleochori Bay was calculated to be 3.3 x 10~ to
6.6 mol Hg per year.

Table 3
Sediment and porewater concentrations collected in 2020.
Sample Temperature pH THg Hgaiss Sediment THg
°C pM pM pmol / g
2020-8 22 7.72 97.9 3.7 414
2020-C 86 1.87 23.7 5.0 1213
2020-1A 52.7 5.35 78.2 5.2 917
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4. Discussion
4.1. Hg concentrations within the water column

Our data showed elevated total and dissolved Hg concentrations in
Paleochori Bay compared to seawater unaffected by hydrothermal ac-
tivity. Background concentrations of Hg for the Mediterranean are
known to be in the low pM range. For example, Cossa et al. (1997) and
Horvat et al. (2003) showed concentrations of THg ranging from 0.5 to 4
pM in the Western Mediterranean. The ratio of dissolved Hg to THg is
elevated in open ocean Mediterranean waters (from 32 to 95%) due to
the low abundance of particulate matter (Horvat et al., 1999). Surface
waters collected from Milos outside of Paleochori Bay were lower than
average Mediterranean values.

In contrast, surface water THg samples from Paleochori were
enriched by over 3000% (15.4 pM) than this study's assumed back-
ground concentration (0.5 pM). The highest concentrations of THg in
surface water were located above areas of known shallow-water hy-
drothermal activity in the western portion of Paleochori Bay (Fig. 2,
Appendix A). The transect, where bottom and surface waters were
sampled simultaneously (Fig. 4), showed that surface water was
generally elevated above bottom water, except at two locations where
hydrothermal activity was present (Fig. 4). At a distance of approxi-
mately 60 and 300 m, elevated Hg concentrations were observed in
bottom waters associated with a white mat. The high concentrations at
the beginning of the transect are not considered representative because
of substantial mixing within the surf zone and due to a shallow water
depth of less than 1 m. Warm hydrothermal fluids are buoyant relative to
seawater. Therefore, they are known to rise and transport trace metals to
the sea surface, resulting in higher surface water concentrations than in
the bottom water (Pichler et al., 2019; Pichler et al., 1999b). This overall
strongly suggests hydrothermal emissions are a source of Hg to Paleo-
chori Bay. The extent of this cycling may be restricted to local rather
than regional areas. Therefore, the speciation of Hg from the pore fluids
holds vital information on the fate of the Hg discharged.

4.2. Hg concentrations in Porewaters and sediments

The transformation of inorganic mercury to methylated species was
negligible. Sub-optimal methylation conditions in the shallow subsur-
face (e.g.,> 75 °C, up to 1200 pM H,S, < 18 pM Hgygjss) likely prevented
appreciable MMHg and DMHg accumulation (Bayraktarov et al., 2013;
King et al., 2000). Methylation rates under optimal conditions generate
approximately 1 to 2% MMHg of THg (King et al., 2000). Therefore,
concentrations of up to 12 pM would be expected for Paleochori Bay
porewater, well within the detection limit of the method. However,
MMHg was not detected in any sample.

Relationships between Hg (THg and Hggiss) and typical hydrothermal
indicators (e.g., Cl, temperature, SO4, etc.) were observed in areas
without white mats. However, areas with white mats did not share these
relationships. In particular, a significant positive trend (nonlinear) be-
tween THg and temperature was observed in areas without white mats
(see Fig. 7A). Even by removing a single high THg sample (Crater site),
the trend was maintained for the data, with an inflection point around
75 °C, where the slope increased significantly. Frequently used as an
indicator of hydrothermal influences, a positive trend with THg con-
centrations is intuitive. However, this relationship was not present in the
white mat areas, suggesting some removal mechanism or lack of an
enriched Hg source, particularly at higher temperatures.

Porewaters enriched with Hg were also enriched with arsenic, a
metalloid extensively linked to hydrothermal activity (e.g., Pichler et al.,
1999c; Price et al.,, 2013a). A significant positive correlation was
observed between THg and As concentrations in areas without white
mats. Mercury and As both belong to the so-called “epithermal suite” of
elements (Au, Ag, Te, Se, Hg, As, Sb, and T1) (Berger and Eimon, 1983;
Saunders and Brueseke, 2012; Saunders et al., 2008). Two main chem-
ical properties of the “epithermal suite” of elements appear to control
their similar behavior and common occurrence: (1) they are all “soft”
Lewis acids, meaning they form covalent bonds with “soft” Lewis bases
such as HyS, S27, etc., and (2) they all have similar volatility, explaining
why they are liberated together from the mantle. Enrichments of “epi-
thermal elements” in vent fluids were identified in several MSWHS
(Gamo and Glasby, 2003; Johnson and Cronan, 2001; McCarthy et al.,
2005; Prol-Ledesma et al., 2004), making them excellent targets for Hg
analysis. This was also confirmed for Paleochori Bay by Voudouris et al.
(2021), who reported the presence of cinnabar within arsenian pyrite
layers in areas with hydrothermal activity.

As a class b soft metal, Hg will more likely travel with sulfide ligands
within shallow, low enthalpy systems, with vapor transport more likely
within deeper, high enthalpy systems (Barnes and Seward, 1997; Barnes,
2015). Soft metal complexes are less sensitive to temperature changes,
with deposition more likely with oxidation, dilution and pH. Chemical
pathways of Hg within the subsurface of New Zealand hydrothermal
environments were described in detail by Christenson and Mroczek
(2003). As liquids and gases traveled through the upflow zone, precip-
itation of Hg as cinnabar, or coprecipitation with pyrite, occurred from
liquids and directly from gases. As a result of changes in pH, Eh and
temperature gas condensation happened and resulted in precipitation of
said minerals causing the complete removal of THg from the gas phase.
In gas-brine interactions, Hg behavior was strongly linked to heating and
cooling regimes within the subsurface. Upon mixing with overlying
oxygenated water, Hgg,s was oxidized by sulfur or oxygen to form Hg—S
species or Hg—Cl species. This oxidation step removed volatile Hg
species and flux to the atmosphere was limited.

The primary difference between white mat and non-white mat
sample areas, in terms of sulfur concentration, is the balance of oxygen
penetration into the shallow subsurface and hydrogen sulfide produc-
tion, paired with large fluxes of an HyS-rich hydrothermal fluid. In
previous studies, areas of high temperatures without white mats pro-
moted increasing oxygenation of the subsurface and production of
elemental sulfur from hydrogen sulfide, limiting S bioavailability
(Wenzhofer et al., 2000; Yucel et al., 2013). The sensitivity of Hg—S
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minerals to temperature changes follows known thermodynamic pat-
terns established by Barnes et al. (1967). Areas with white mats pro-
vided enough flux of H,S to sustain microbial activity while minimizing
contamination with oxygenated seawater. Given those considerations,
the effect of temperature on THg in non-white mat areas is more likely
associated with hydrothermal fluid flow. This effect was seemingly
masked in the shallow subsurface beneath white mat areas. There HyS
did not oxidize to SO4 and thus could have resulted in HgS formation as
discussed for aquatic environments by Hsu-Kim et al. (2013). This
behavior has been similarly established for iron sulfide formations
(Pichler et al., 1999a) and plays a substantial role in Paleochori Bay. The
variations observed between samples of similar chemistry, geological
location, or environmental conditions are indicative of a system
precipitating Hg within the shallow subsurface and at the sediment-
water interface.

Many porewater samples, although from hydrothermal areas, con-
tained less THg than what is considered the background concentration of
98 pM (Fig. 7A), which would indicate that the source of the hydro-
thermal fluids could have been depleted in Hg (e.g., brine phase,
meteoric water or seawater) and that any influence of potentially
enriched sources (e.g., condensed vapor phase or gases) was limited. On

the other hand, removing Hg in the shallow subsurface could have
happened due to precipitation or scavenging. The majority of THg was
bound to particles, as shown by the low Hggiss concentrations in most
porewater samples (Appendix A). Thus, hydrothermal solutions
enriched in elements known to scavenge Hg, such as sulfur species,
could therefore be depleted in THg compared to the background site.
This has been observed in the water column in deep-sea plumes (e.g.,
Bowman et al.,, 2016), in the outflow from hot springs, where the
oxidation of Hg® led to the precipitation of Hg—S minerals (Davey and
van Moort, 1986) and in Paleochori Bay. Voudouris et al. (2021) re-
ported grains of cinnabar up to 3 pm in size in arsenian pyrite layers. The
pyrite precipitation was associated with high-Cl fluids. Indeed, the
sediment sample from the hydrothermal site 2020-C had the highest
THg, while its corresponding porewater had the lowest THg concen-
tration relative to the other two sediments (Table 3).

The high THg concentrations observed in Paleochori Bay porewaters
were related to low Na/K ratios, indicating a rapidly rising hydrother-
mal fluid along fault lines (Khimasia et al., 2021). Br/Cl ratios from all
pore fluid samples from Paleochori Bay were comparable to those
described by Valsami-Jones et al. (2005) and Price et al. (2013a) for this
system. Based on Br/Cl ratios, subcritical phase separation was



suggested as an essential subsurface process. As discussed in (Khimasia
et al., 2021; Wu et al., 2011), this ratio does not necessarily define
samples as representative of vapor or brine phases. The THg and Hgg;ss
in samples collected from hydrothermally active areas were generally
above background porewater concentrations regardless of high or low Cl
values. However, samples with higher THg were generally high-Cl
fluids. Additionally, those samples with low Na/K ratios contained the
highest THg concentrations (see Fig. 5). Those samples corresponded to
the ones described by Khimasia et al. (2021), which trended towards arc
magmatic water. That was unsurprising given that various samples
collected on land also indicated a magmatic fluid component in the
Milos hydrothermal system (e.g., Dotsika et al., 2009).

One surprising aspect of porewater fluids sampled on Milos was the
low ratio of Hggiss to THg for most samples. If near-surface phase sep-
aration were happening, high concentrations of THg would be expected
in low-Cl fluids. On the contrary, higher THg concentrations were
observed in high-Cl samples, with high Hgg;ss ratios in low-THg and low-
Cl samples. A notable exception being the Eastern point source, where a
relatively strong gas emission was also present, potentially influencing
Hggiss concentrations.

Papachristou et al. (2014) described the Milos system as containing
two geothermal reservoirs, a deep high enthalpy system and a shallow
(< 150 m below surface) lower enthalpy system with temperatures be-
tween 50 and 100 °C. The geothermal gradient is high in the island's
central and eastern areas, with the low enthalpy system primarily
associated with the central Vounalia area. Condensation of Hg® from
hydrothermal vapors would fall within the temperature range of the low
enthalpy system, where concentrations may be high (e.g., Davey and
van Moort, 1986; Migdisov and Bychkov, 1998). The lack of Hg0 within
samples, coupled with high ratios of particle-bound Hg species, indicates
that assuming low-Cl fluids result from a condensed vapor phase, Hg
would be removed from solution before emission, potentially due to
oxidation in the shallow subsurface. The high ratios of particulate bound
Hg in high-Cl fluids with low Na/Cl, coupled with the isotopic data
described in Khimasia et al. (2021), point towards a rapidly rising deep-
seated hydrothermal fluid to be the primary source of Hg to Paleochori
Bay.

4.3. Diffuse flux modeling

Diffusive flux modeling assumed THg and Hggjss from 10 cm depth to
be transported to the water column. However, as discussed above and as
observed by Lamborg et al. (2006), removing Hg before emission is
possible. Discharge through sediments can effectively remove Hg and
other metals from hydrothermal fluids (e.g., Leal-Acosta et al., 2010;
Pichler et al., 1999a; Pichler and Veizer, 2004; Price and Pichler, 2005).
Besides, scavenging in hydrothermal plumes can be an important pro-
cess for Hg speciation and sedimentation (Bowman et al., 2015).
Nevertheless, the transect showed increases in Hggiss in bottom water
where white mats were noted (Fig. 4). This supports diffusive flux as a
contributor to water column Hgyiss concentrations despite the potential
for precipitation.

The minimum estimated daily flux from the white mat areas of 347
pM THg and 51 pM Hggiss was far higher than the estimated daily flux of
Hg to the atmosphere of 0.76 uM. An average elemental Hg flux of 1.3
pmol/m?/h to the atmosphere, with a maximum flux of 2.7 pmol/m?/h,
was calculated (Table 4). This flux is similar to estimates observed for
some Panarea sites, e.g., 3.48 pmol/m?/h at Bottaro North (Bagnato
et al.,, 2017) and the open waters of the Mediterranean and polluted
coastal areas (e.g., 3.99 to 25.9 pmol/m?/h, respectively) (Andersson
et al., 2007). It should be noted that estimates on flux values would vary
significantly based upon deviations from the assumed 10% Hg® specia-
tion of Hggiss. However, even if all Hggiss would be present as a volatile
species, this would result in only a 10-fold increase in flux. Without
substantial increases in wind speed coupled with high volatile Hg con-
centrations, the flux of Hg to the atmosphere cannot balance the

Table 4

Surface water concentrations and flux to the atmosphere.
Sample Temperature pH GPS Lat GPS Lon THg Flux

°C Filtered pmol /
pM m?/
hr

M108 20.1 7.87 36.67371 24.51567 4.2 2.7
M109 20.1 8.11 36.67180 24.51420 1.4 0.9
M110 20.1 8.19 36.66983 24.51301 0.7 0.4
M111 20.1 8.03 36.67359 24.51989 2.1 1.3
M112 20.1 8.05 36.67150 24.51904 1.3 0.8
M113 20.1 8.14 36.66973 24.51851 1.7 1.0
M114 20.1 8.01 36.67241 24.52428 3.3 2.1
M115 20.1 7.99 36.67040 24.52418 2.1 1.3
Ml116 20.1 8.01 36.66472 24.51906 1.5 0.9

diffusive flux of Hg to the system. Some portion of Hg must, therefore, be
removed before venting.

4.4. Point sources

The complexity of the hydrothermal system in Paleochori Bay con-
cerning Hg was highlighted by the heterogeneity of the point source
samples. Valsami-Jones et al. (2005) concluded that subaerial low Cl
and Mg fluids were likely representative of an end-member equilibrated
at depth. Additionally, Price et al. (2013a) concluded low Cl fluids were
resultant from condensed vapor phases with some mixing of seawater
and the brine phase.

The Cave-1 fluid contained elevated cations, anions, and metals,
including the highest THg measured in the study (5066 pM). This sample
was collected closer to high-temperature areas observed in Paleochori
Bay (Khimasia et al., 2021). Enrichment of Cl, depletion of Mg, and low
pH indicated a strong influence of hydrothermal fluid. The Cave-1
sample is indicative of a high THg arc magmatic water. Simmons and
Brown (2007) described Hg concentrations from deep hydrothermal
solutions in New Zealand, an area of known high hydrothermally
sourced Hg. Concentrations ranged from 3400 pM to over 400 nM in
hydrothermal fluids ranging in temperature from 195 to 322 °C.

Despite sampling difficulties, the extreme enrichment of THg from
the Eastern, Boulder, and Screamer sites warranted further investiga-
tion. These fluid samples are likely better representations of the local-
ized impact of hydrothermal fluid on seawater based upon fluid
chemistry and sampling environment.

The Eastern Site was moderately sedimented and contained the
lowest THg and Hggiss concentrations of the three. Despite a high
porewater temperature (122 °C), pH remained close to neutral (6.04).
The depleted cation and anion concentrations of the Eastern sample
indicate a contribution of a low-Cl fluid. With MMHg, DMHg, and Hg°
concentrations below detection limits, the high concentration of Hggiss
was comprised entirely of Hg?*. The depletion of cations and anions
within the Eastern site fluid was slight, with SO4 close to background
values, indicating a strong influence of oxygenated seawater. The Na/K
ratio of the Eastern site was high, and the site was located along pro-
posed fault lines (Khimasia et al., 2021). However, the porewater con-
centration of THg was only moderately elevated compared to
background porewater. If low Cl concentrations were caused by a
condensed vapor phase, higher THg concentrations would be expected.
Therefore, either the low Cl concentration was due to meteoric water, or
THg was removed from the fluid before emission. Given that the sam-
ple's location lies on a fault line with a strong gas emission, the pore-
water's low THg is surprising. Further investigations into the area would
be needed to understand the site further.

Like the Eastern site, the Screamer site contained high Hggiss (217
pM) relative to THg (312 pM) and close to seawater concentrations of
anions and cations. The Boulder site contained over twice the Hgg,s of
the Screamer site and close to ten times the THg in the liquid sample.
However, the Hggiss concentration was comparable to that of the



Screamer site (115 pM). However, these sites had hard rocky bottoms
where clean fluid samples could not be obtained. Instead, the Hg con-
centrations at these sites reflected a mixture of emitted pore fluid,
seawater, and equilibrated gas. As was observed at the Eastern site,
MMHg, DMHg, and Hg® were below detection limits; therefore, all Hggiss
was in the form of Hg?".

Above the Boulder and Screamer sites, THg values within surface
waters were high (9.6 pM). The large quantity of point sources (Khi-
masia et al., 2021) along with the high concentrations of THg from fluid
samples and overlying surface waters, indicates transport from the point
source to the surface, as was observed for other metals from hydro-
thermal systems (Pichler et al., 2019; Pichler et al., 1999b). Measure-
ment of surface waters directly above the Eastern site was not
completed; however, the surrounding surface water sites were elevated
compared to background samples.

With no visible fluid emission at the Boulder and Screamer site and
major elements similar to local seawater values, the liquid samples taken
from the point sources are hypothesized to be seawater primarily
affected by hydrothermal gases. High THg and Hggiss suggest rapid
oxidation of Hg?, the assumed primary Hg species within the gas, as was
discussed in Christenson and Mroczek (2003).

4.5. Mercury in hydrothermal gases

Lower gas emission rates were observed at the Seagrass and Red
sites, where Hgg,s concentrations were low. The low gas emission rates
provide for increased subsurface reaction times and, therefore, the
greater potential for removal (Bower et al.,, 2008; Christenson and
Mroczek, 2003; Pichler et al., 1999a). However, given the gas sites' lo-
cations in relation to the proposed fault lines (Khimasia et al., 2021),
high Hggas would have been expected.

The two highest Hg concentrations measured had limited sediment
coverage (Boulder and Screamer sites). Both sites had high gas emission
rates; however, the third high gas emission site (Crater) did not contain
high Hg concentrations in the gas phase. This result was astounding
given the low Na/K ratio and proximity to the Boulder and Screamer
site. A large amount of overlying sulfur-rich sediment at the point of
emission is hypothesized to be a primary removal mechanism for Hggss.
The sediment cover acts as a filter for Hg species while at the same time
facilitating the percolation of oxygenated seawater further into the
subsurface due to the formation of circulation cells caused by the con-
stant gas stream (e.g., O'Hara et al., 1994). The introduction of oxygen
and subsequent oxidation of Hg® facilitates Hg removal, as described
previously by Davey and van Moort (1986) for the Hg deposition at
Ngawha Springs in New Zealand. The large concentration of Hg bound
to particulates in the fluid phase compared to Hggiss supports extensive
scavenging at this site. The differences between concentrations in the
fluid and gas phases are likely the result of rapid oxidation described by
Christenson and Mroczek (2003).

5. Conclusions and summary

Elevated concentrations of THg within surface waters within Paleo-
chori Bay were due to the contributions of hydrothermal fluids and gases
in the form of diffusive flux and high THg point sources. We argue that
these contributions must be substantial, given the potential for dilution
and removal mechanisms (e.g., transport, sedimentation, atmospheric
flux). The highest fluxes to the atmosphere were those closest to shore
and associated with shallow water hydrothermal activity. At the same
time, Hggqiss tended to be higher in samples with higher THg, while the
Hguiss fraction of THg did not. Direct measurement of volatile HgO from
the surface would be needed to measure this flux more accurately.

Environmental conditions commonly associated with Hg speciation
and behavior, such as epithermal elements (As), scavenging species (S),
and indications of hydrothermal activity (high temperatures, pH,
salinity, emission site proximity) proved to be irrelevant outside of the
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specified sample groupings. Areas of white mat accumulation showed
Hgqiss correlated with pH, while areas without visible white mat accu-
mulation showed correlations with pH and other factors. Concentrations
of THg within the non-white mat areas showed some correlation with
multiple factors; however, not all of these were shared with the white
mat areas, despite similarities in the ranges of concentrations of cations
and anions. Smaller groupings showed potential similarities; however,
these groupings were too small (n < 4) for meaningful statistical anal-
ysis. The highest THg concentrations from porewaters were found in
samples associated with arc magmatic fluid, with sedimentation having
a pivotal role in removing Hg (e.g., Crater site). Sediment samples
showed elevated THg concentrations in the background and hydro-
thermally active areas, with active areas containing over double the
background concentration. Duran-Toro et al. (2019) showed that sus-
pended nanoparticles in the water column in Paleochori Bay were
enriched in arsenic. Considering the Hg concentration difference be-
tween filtered and unfiltered samples, nanoparticles rich in Hg may exist
in Paleochori Bay, which should be included in future research.

In summary, despite its substantial enrichment, we found Hg to be an
elusive element in Paleochori Bay. Further investigations into the role of
chemical reactions and fluid circulation in the shallow subsurface
(before venting into seawater) will be necessary to better understand the
source, transport and fate of Hg.
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