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Abstract

Magmatic sources may contribute a significant amount of volatiles in geothermal springs;
however, their role is poorly understood in submarine hydrothermal systems worldwide. In
this study, new results of B and 8"'B in 41 hydrothermal vent waters collected from the
shallow hydrothermal system of Milos island in the Aegean Sea were combined with
previously published data from other tectonic settings and laboratory experiments to quantify
the effects of phase separation, fluid/sediment interaction and magmatic contribution. Two
Cl-extreme solutions were identified, high-Cl waters (Cl as high as 2000 mM) and low-CI
waters (Cl <80 mM). Both sets of waters were characterized by high B/CI (~1.2-5.3x10°
mole/mole) and extremely low 5''B (1.4-6.3%s), except for the waters with Mg content of
near the seawater value and 5"'B=10.3-17.4%o. These high-Cl waters with high B/CI and low
8™B plot close to the vent waters in sediment-hosted hydrothermal system (i.e., Okinawa
Trough) or fumarole condensates from on-land volcanoes, implying B addition from
sediment or magmatic fluids plays an important role. This is in agreement with fluid/sediment
interactions resulting in the observed B and §*'B, as well as previously reported Br/I/Cl ratios,
supporting a scenario of slab-derived fluid addition with elevated B, *'B-rich, and low Br/Cl
and I/Cl, which is derived from the dehydration of subducted-sediments. The slab fluid
becomes subsequently mixed with the parent magma of Milos. The deep brine reservoir is
partially affected by injections of magmatic fluid/gases during degassing. The results
presented here are crucial for deciphering the evolution of the brine reservoirs involved in
phase separation, fluid/sediment interaction and magmatic contribution in the deep reaction
zone of the Milos hydrothermal system; they also have implications in the understanding of
the formation of metallic vein mineralization.

Key words: hydrothermal system, boron isotope, water/rock interaction, magmatic fluids,

Milos



1. Introduction

Many hydrothermal systems have been discovered in tectonic settings ranging from
sediment-starved mid-ocean ridge (MOR) and back-arc basin (BAB), to sediment-hosted
ridges (SR)(Butterfield et al., 1990; Campbell and Edmond, 1989; Campbell et al., 1988;
Fouquet et al., 1991; Lonsdale, 1977; Von Damm and Bischoff, 1987; Von Damm et al.,
1985a, 1985b). The fluids discharging from the hydrothermal vents found in such systems
can play critical role in the chemical mass balance of ocean. Moreover, the fluids influence
profoundly the chemistry of the surrounding rocks in the discharge zones, with significant
physicochemical transformations occurring in shallow hydrothermal vents compared with the
deep-sea environments (Botz et al., 1996; Fitzsimons et al., 1997; Ishibashi et al., 2008;
McCarthy et al., 2005; Pichler et al., 1999; Prol-Ledesma et al., 2004; Tassi et al., 2009).
However, a systematic comparison of fluid chemistry in terms of the degree of
fluid-rock/sediment interaction and the effects of phase separation among MOR, BAB, SR,
and shallow-water systems has not been carried out. Magmatic heating provides common
driving forces for hydrothermal circulation at mid-ocean ridges and on-land volcanoes.
Occurrences of noble and volatile gases, as well as elemental and isotopic changes in
chemistry, have been documented in detail, after magmatic intrusion or volcanic eruptions.
These results emphasize the importance of magmatic inputs in hydrothermal fluids (Ruzié et
al., 2012; Seyfried et al., 2003; Somoza et al., 2004; Urabe et al., 1995; Von Damm, 2000;
Von Damm et al., 2003). Several studies have suggested variable pathways of magmatic
gas/water evolution to cause widespread chemical compositional variation in shallow-water
systems, making them good analogues for systems occurring in mid-ocean ridges or on land
(Capaccioni et al., 2005; 2007; Tassi et al., 2009; Sedwick and Stiiben, 1996). However, the
role of magmatic inputs at shallow-sea hydrothermal system remains poorly constrained.

Boron has two stable isotopes, *°B and 'B, with natural abundances of 19.9 and 80.1



%, respectively. In seawater, B is present as boric acid (B(OH)s, a trigonal species) and borate
ions (B(OH)4, a tetrahedral species). The ion exchange reaction of 1°B and *'B between the
two species is described as:

1B(OH);+*B(OH)4 = °B(OH)s+"B(OH)4".

Previously experimental data indicated that B(OH); is enriched in B relative to
B(OH), (Kakihana et al., 1977; Klochko et al., 2006). Their relative proportions are
generally a function of pH where the predominant isotopic fractionation occurs via
equilibrium exchange between the two aqueous species, B(OH); dominates at low pH and
B(OH), at high pH (Hershey et al., 1986; Kakihana et al., 1977; ; Spivack and Edmond,
1987). Boron isotopes provide useful information for deciphering the origins and evolution
mechanisms of vent fluids in various geological settings due to the large relative mass
difference between the two isotopes and their high geochemical reactivity, which caused
significant B isotopic fractionations (e.g., Palmer, 1991; Palmer and Sturchio, 1990; Spivack
and Edmond, 1987; Spivack et al., 1987; You et al., 1993, 1994). Almost linear co-variation of
B/Cl with 1/Cl is evident in laboratory liquid-vapor phase separation experiments. The
observed small difference in B/Cl and 1/Cl trends between experiments and field data
indicates that phase separation predominantly controls the CI concentration in both phases in
MOR system (Berndt and Seyfried, 1990; Bischoff and Rosenbauer, 1987; You et al., 1994).
B isotopic fractionation is associated with boiling and phase separation in thermal waters,
whereby B partitions selectively into the vapor phase (Liebscher et al., 2005; Leeman et al.,
1992; Spivack et al., 1990). However, empirical and experimental data indicate that B
isotopic difference between liquid and vapor is rather small (-3 to —1%. at ~140-300 °C) and
decreases with increasing temperature, with negligible isotopic fractionation above 400 °C
(Liebscher et al., 2005; Palmer and Sturchio, 1990; Spivack et al., 1990). The B enrichment

in oceanic rocks induced by seafloor alteration, mainly relates to low-temperature



mineralogical changes, such as substitution of primary minerals by smectite and
palagonitization of basaltic glass during seawater percolation (Seyfried et al., 1984; Spivack
and Edmond, 1987). The B and 5''B in different geochemical reservoirs showed extremely
wide distribution, ranging from < 0.1 to >100 ppm and —30 to +60%o (relative to the NBS
SRM-951), respectively (Barth, 1993; Bebout et al., 1993). The dissolved B in these reservoir
fluids often represents mixtures of different origins: natural hydrothermal fluids and altered
rocks/sediments (Berndt and Seyfried, 1990; Palmer, 1991; Spivack and Edmond, 1987; You
et al., 1994). There are several previous studies of B and B isotopic composition in fumarolic
condensates and geothermal fluids from volcanic regions (e.g. Vulcano Island, Italy; Taupo
volcanic zone, New Zealand); in those studies, the distinct end-member fluid composition for
reconstruction of temporal evolution of magmatic sources was identified (Leeman et al., 2005;
Millot et al., 2012; Reyes and Trompetter, 2012). In addition, high B/Cl ratio in discharging
fluids was ascribed to input of B-enriched component and was used as a proxy for CO,/Cl to
trace the magmatic addition (Giggenbach, 1995).

Based on stable isotope data, specifically S isotope and noble gases data, previous
efforts have emphasized the importance of seawater and magmatic water components at the
island of Milos, as well as the islands of Santorini and Nisyros, and perhaps in the whole
Aegean volcanic arc, although the magmatic contribution is still ambiguously argued (Botz et
al., 1996; Brombach et al., 2003; Dotsika et al., 2009; Marini et al., 2002; Naden et al., 2005;
Price et al., 2013; Shimizu et al., 2005). A time-series study of fluid chemistry could provide
a more clear view that would enable a better understanding of the processes on Milos. In this
study, 41 new samples of vent fluids from a 2003 expedition on Milos were analyzed for B
and 8B, bringing a new perspective in the understanding of candidates of source fluids in
the hydrothermal system. The data are complemented by a compilation of other published

geochemical results of fluids or fumarolic condensates from Milos and other locations in the



Aegean geothermal system, as well as various other submarine hydrothermal systems (e.qg.,
MOR, BAB, SR) and subaerial volcanoes (e.g., Taupo volcano, New Zealand; Vulcano Island,
Italy). We aim to utilize new and published results of B, 5'B, B/Cl and literature data of
halogen (Cl, Br, I) to examine the sources and evolutionary history of the deep saline reservoir,
as well as to elucidate the role of vapor-brine phase separation, magmatic fluids, and

fluid/sediment interaction in the Milos system.

2. Samples and experiments
2.1 Geological settings

The subduction of the African plate beneath the Eurasian plate has resulted in the
formation of the Mediterranean Ridge and the Hellenic Trench, as well as volcanism in the
Aegean volcanic arc and the back-arc extension in the Aegean Sea (Agostini et al., 2010;
McKenzie, 1970, 1972; Ring et al., 2010). The Aegean volcanic arc is constituted from west
to east by the islands of Methana, Milos, Santorini, Kos and Nisyros (Fig. 1) (e.g. Shimizu et
al., 2005; Varnavas and Cronan, 2005). The islands of the central-eastern part of the arc
(Milos, Santorini, and Nisyros) are presently active geothermal systems, while Methana and
Kos display declining hydrothermal activity (Dotsika et al., 2009; Shimizu et al., 2005). The
volcanic rocks compositions of arc islands are associated with calc-alkaline and high-K
calc-alkaline exception of basalts presented in Santorini island group (Francalanci et al.,
2005). The age determinations of erupted lava suggested that the islands lying on the south of
volcanic arc (e.g. Methana, Milos, Santorini and Nisyros) show younger ages relative to those
from the islands on the north side of arc (e.g. Aegina, Kos), implying the southward
migration of volcanic front (Francalanci et al., 2005; Matsuda et al., 1999). Papazachos et al
(1995) reported that the continental crust is relatively thinner in the central sector of the arc

than the western and eastern sectors, constraining the influence of shallow crustal



contamination effect for magma genesis. The volcanism on Milos Island started from 3.5 to
0.08 Ma, subsequently the volcanic sequence was overlain by recent alluvial deposits (Fytikas,
1989; Fytikas et al., 1986). Several main cycles of volcanic activity have been distinguished,
including the initial submarine eruptions and the followed pyroclastic material deposition,
which resulted from subaerial eruptions that composed mainly of lava domes and flows
(Fytikas et al., 1986). This island is mostly composed of calc-alkaline series volcanic rocks,
which range from basaltic andesites to dacites, and rhyolites (Fytikas, 1989; Fytikas et al.,
1986). The bulk sediment inshore shows a dominant detrital fraction and is highly influenced

by hydrothermal activity (Varnavas and Cronan, 2005).

2.2 Sample location, collection and analytical methods

There are abundant discharges of hot water and steam distributed either on land or
offshore within shallow depth at Milos. CO, (as high of ~90% v/v) is the dominant
component of gas venting (Botz et al., 1996; Dando et al., 1995). Various types of fluid
discharge are surrounding the coast of Milos, including intense degassing with steams,
emenating of saline fluid as brine pool and diffusive warm fluid (Price et al., 2013;
Valsami-Jones et al., 2005). Wells drilled in past years in the Zephyria area as part of the
geothermal exploration of the island, reached a maximum depth of 1101-1381 m and found
evidence for a saline reservoir distributed at depth 1-2 km with chlorinity of > 2.5 times
seawater value and temperature of 300-325 °C (Fig. 1)(Dotsika et al., 2009; Fitzsimons et al.,
1997; Liakopoulos et al., 1991). There are at least two recoganised types of hydrothermal
waters on the island: low chlorinity fluids (discharging subaerially in a cave and in a number
of shallow submarine locations) and high chlorinity fluid discharging underwater
(Valsami-Jones et al., 2005). All samples, except from the low-ClI cave fluid, were sampled

from shallow (up to 10 m depth) underwater vents from the location of the main activity on



the island, Palaeohori Bay where the most intense hydrothermal activities were reported (Fig.
1). These locations were sampled during two expeditions in the years 2002 and 2003. There
are two neighboring on-shore springs with significantly low salinity and pH discharging
through rock fissures immediately above the sea level (Cave #1 and #2); these were monitored
over several years (Fig. 1)(Valsami-Jones et al., 2005; Wu et al., 2011, 2012). Ambient
seawaters away from any hydrothermal influences were also collected for reference.

In-situ temperatures of venting samples were measured using a “HANNA” (HI 9063)
thermal meter at the focused venting sites. After at least three rinses, venting fluid was
collected using a 50 cm?® plastic bottles, previously cleaned with distilled nitric acid; the
samples were taken as close as possible to the hottest point of discharge to minimize
contamination by ambient seawater. Subsequently the fluid was filtered into a clean bottle
using a 0.2 um cellulose acetate filter. After collection, the bottles were sealed tightly and
transported back to the laboratory for further chemical and isotopic analyses. The pH of vent
fluid was determined separately at ambient temperature after allowing the sample to cool in a
covered bottle.

These vent samples including ambient seawaters, were treated with 150-1000-fold
dilution depending on chlorinity variation by sub-boiling 0.3M HNO; for elemental
determination using ICP-MS (Thermo Scientific MAT Element 2) in the Isotope
Geochemistry Laboratory (IGL) at the National Cheng-Kung University, Taiwan. The
standard seawaters used for method testing included IAPSO and NASS-5 and were separately
prepared as a series of matrix calibration solutions for major and trace element determination.
Major element (e.g., Na, Cl, K, Mg, and Ca) and B measurements were carried out using low,
medium, and high resolution modes to prevent interferences. Procedure blanks were
monitored every five analyses and the IAPSO standard solution was determined every 10

measurements to monitor instrumental stability and drift. The obtained average analytical



precision for major and minor elements were reported as better than 3% (RSD) (Wu et al.,
2011; 2012). The average analytical precision of B concentrations in 2003 vent samples is
2.69% (RSD) in this study. The concentration of SO, in vent samples during two expeditions
was determined by ion chromatography (IC).

For the isotopic B composition determination, micro-sublimation purification
procedures were adopted to ensure that none of the samples had any mass loss during
sublimation procedures and to reduce matrix effects from salt and/or organics (Gaillardet et al.,
2001; Wang et al., 2010). A droplet of sample fluid containing volatile B (50 ng) was carefully
separated into a supernatant solution after heating at 98 °C for 12 hours and subsequently
diluted by sub-boiling HNO3 for further isotopic B composition measurements using
MC-ICP-MS with standard-sample bracketing procedure (Thermo Scientific Neptune at
EDSRC, National Cheng-Kung University, Taiwan). The detailed evaluation of MC-ICP-MS
analysis coupled with B micro-sublimation were reported by Wang et al. (2010). The B isotope
ratio is expressed as 8**B-values relative to NBS SRM-951 standard, and is described as:

"B (%o) = [(*'B/°B)sampte/ (""BI*°B)standard — 1]*10°
where the standard is NBS boric acid SRM-951. The long-term external precision from
repeated analyses of 20 and 50 ppb NBS 951 standard is separately of 0.26%o (2SD, n =5) and
0.25%0 (2SD, n = 4) in our laboratory.

The end-member (EM) composition of hydrothermal fluid at each sampling site was
calculated based on the near-zero Mg assumption in fluid-seawater mixing trend, following a
linear regression between pure hydrothermal fluid (zero Mg content) and seawater (see Fig.
2)(Bischoff and Dickson, 1975). Similarly, Mg content was normalized to B content for its
isotopic evaluation, the EM 8B is defined from the linear mixing correlation (see Fig. 2f)

(Hinkley and Tatsumoto, 1987).



2.3 Simulation of fluid-rock interaction

The degree of water/rock interaction critically regulates the EM chemical
compositions in hydrothermal waters during seawater percolation in hydrothermal systems
and leads to major ion enrichment in reservoir liquids (e.g., Bischoff and Rosenbauer, 1984;
Bischoff and Dickson, 1975; Seyfried, 1987; Seyfried and Bischoff, 1979). The effect of
fluid-rock interaction may be simulated using an approach developed by Banner and Hanson
(1990). The elemental B concentration (Cop) in a system prior to interaction with an initial
(unreacted) percolated fluid into a given volume of rock with known porosity may be given
by mass balance as below:

Co=FxCs+(1-F)xCio 1)
where F and (1-F) are the weight fraction of fluid and rock separately in the system for any
iteration; Cso and C, are B concentrations in fluid and solid rock, respectively, before
interaction. F is related to porosity using densities in fluid and rock by,

F=(Pxps)/(Pxpi+(1-P)pr) (2)
P represents the porosity in volume fraction and ps, pr are the densities of the fluid and solid
rock, respectively. The composition of fluid and rock after equilibration can be determined
using distribution coefficient D¢ to calculate the elemental B concentration in the fluid (Cy)
equilibrated with rock:

Ci= Ci/(Dr) ©)
Combining the Egn. (1) and (3), we can solve for C;, which is the equilibrated B
concentration in rock,

Cr= Co/[F/(Dr1)+(1-F)] (4)

We consider the calculation in open-system fluid-rock interaction to simulate the
progressive changes of the composition of rock upon repeated additions of fluid with same

initial composition, and the reacted fluid being displaced by the introduction of unreacted

10



fluid after each iteration. It is assumed that percolated seawater transported through the
fractures of rock can be determined by iterative calculation, combining firstly the Eqn. (1)

and (4) to solve the equilibrated composition of rock, C;. Then, the calculated C, from Eqn. (4)
is taken to represent B concentration in rock (C, ) for the next iteration of Eqn. (1). In this
simulation, we simply assumed a constant porosity of 20%, because porosity is poorly known
and may differ in a varied geological setting such as that of Milos. The cumulative fluid-rock
ratio (w/r ratio) for any stage in the interaction process is expressed on a weight basis, as the
term of N,

N=nx(F/(1-F)) (5)
where n is the number of iteration, and F/(1-F) is the incremental fluid-rock ratio.

The isotopic composition of fluid and rock upon equilibration during interaction
depends on the isotopic composition of the total system, the fractionation factor between rock
and fluid, and the proportion of both phases in system. The mass balance calculation of
isotopic B value of total fluid-rock system for each iteration is described as follows:

5M186=[(8"10)*(Cro) *F+(8"%10)*(Cro)*(1-F))/Co (6)
where Cy is calculated in Eqn. (1) and is constant for given F. For the first iteration, 5% is
the isotopic composition for the entire system and is obtained by Eqn. (6) for given initial
end-component values of 85, and 88, in seawater and rock, respectively.

After equilibration, 85, and 58, ¢ are related to 82, ;=(ca™°,.¢) ('8¢ o+1000)-1000,

where the equilibrium fractionation factor o***°

¢ Of B isotope between rock and fluid is
equivalent to (*'B/*°B)/(*'B/*°B);. Then, it is combined to Eqn. (6) and the equilibrated
isotopic B value of rock (5%, ) can be obtained by,

881 0=[(5MB0)*Co* (0™ 1°14)-1000% (Cr.0) *F* (1 (o™ ) V[(Cr.0) *F+(0™ ™) *(Cro)* (1
-F) ()

8B,y is received by Eqn. (7) for given "8, calculated by Eqn. (6). Subsequently,

11



1B 11B
) )

ro0 1S substituted into Eqgn. (6) to calculate a new 6" for the next iteration step. The

6118

equilibrated isotopic B value of reacted fluid (3 "t0) can also be calculated by,

8MB; 4=[ (88 0)*Co-1000* (o™ 0.0)—1)*(Cy.0)*(1-F)/[(Cr o) *F+(a™ ™) *(Cr.0) *(1-F)

(8)

3. Results

Along with our data, we have considered previously published results of hydrothermal
vent fluid chemistry, which include: major elements (e.g. Na*, CI", Mg?*, Ca**, K*) and in-situ
parameters of pH and temperature of the 2002 and 2003 samples, as well as elemental B and B
isotopic composition of 2002 samples (Wu et al., 2011, 2012). The reported results and new
analyses of B and B isotopic composition of 2003 samples from Milos are presented in Table 1
and the integrated description of results is presented below. The temperature of the
hydrothermal waters recorded during field sampling ranged from 78 to 116 °C in 2002 and 63
to 115 °C in 2003. The measured pH values were much lower than the ambient seawater, the
lowest of which (1.6-1.8) were detected in the cave fluid samples. The cave fluid samples are
characterized by extremely low pH (pH < 1.9) and low CI (< 130 mM), B (< 0.6 mM), Mg (<
3mM), as well as other major elements (see Table 1) (Wu et al., 2011; 2012). The high sulfate
concentration in Cave #1 and #2 samples (similar as the seawater value) was shown in 2002
and 2003 cave waters (Table 1). Relative to seawater, these waters display a 10% ClI
concentration, although near seawater B content with much lighter 5B (3.6—7.2%o) (Table 1).
In addition, some of the submarine fluid samples with lower than ambient chlorinity seawater
(e.g., 02ML-6, 16, 17, 19, 20, 25, 26 and 03ML-22, 26, 34, 41) show characteristic B isotope
compositions (27.8-40.1%o) and slightly low B content relative to seawater. Excluding the
cave fluid samples, all vent waters show a wide range of B and other major elements, ranging

from rather lower to much higher values than seawater. The high-CI fluid samples are
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enriched in Cl and B with maximum concentrations of ~2000 mM and ~6 mM, respectively.
These waters have varied B isotopic compositions and the lightest §*'B 2.1%o is recorded at D
site (O3ML-27) in 2003 (Table 1). Note that some fluid samples (e.g., 02ML-14, 15, 18 and
03ML-8, 18, 21, 25, 29, 39) display rather low 5B (8.5-24.4%o) and high B content (0.7-2
mM) compared with seawater, but show high Mg content (43-55 mM) relative to the high-Cl
fluid samples (Table 1). The B/Cl in cave fluid samples is three times higher (2.4-4.7x107)
than the ambient seawater (0.71x10°%). The other vent waters have a wide range of B/CI, from
0.6x107 to 4.6x107 (Table 1).

The calculated end-member (EM) composition in the high chlorinity fluid samples
from both 2002 and 2003 sampling expeditions, show a rather similar pattern of high Na
(833-1689 mM), Cl (1154-1998 mM), K (128-228 mM), Ca (63-130 mM), B (5.32-9.17
mM), and B/CI (3.6-4.7x107®), as well as low §"'B (2.3-6.3%o). The EM composition in the
low-chlorinity fluid samples also show low Na (54-469 mM), Cl (73-583 mM), but varied K
(7-64 mM), Ca (1-37 mM), and B (0.24-2.9 mM), as well as high B/CI (1.2-5.3x10®) and
low §™'B (1.4-10.3 %) (Table 2). It is noticeable that 2003 high-ClI fluid samples present

relatively higher B content and chlorinity but low §*'B than in 2002.

4. Discussion
4.1 Genesis of deep reservoir fluids at Milos

Most of the vent waters collected present a mixture of brine and ambient seawater, as
shown by the linear mixing trends of the element concentrations and Mg plots. In contrast,
the cave fluid samples show large deviation from the mixing trends (see Table 1; Fig. 2) (Wu
etal., 2011, 2012). The calculated chemical compositions in the EM liquids were constrained
by the deep brines, which therefore must have contained major elements and B concentrations

of 2-3 and 6-11 times higher than seawater (see Table 2) (Wu et al., 2011, 2012). Similar
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pre-existing brines were reported from the drilled wells results in the Milos geothermal field
and therefore represent compositions of hydrothermal liquids at depth (Dotsika et al., 2009;
Fitzsimons et al., 1997; Liakopoulos et al., 1991; Valsami-Jones et al., 2005). These high
chlorinity and major ions, as well as enriched B content with low 3"'B were likely sourced
from unique deep reservoirs containing meteoric water, seawater and local volcanic or
magmatic water (Dotsika et al., 2009; Liakopoulos et al., 1991; Naden et al., 2005; Wu et al.,
2011, 2012). The B enrichment seems to be induced by reaction with volcanic basement
during seawater percolation, while the EM §"'B in high-Cl fluid samples (2.3-6.3 %o) falls
within the range of island-arc volcanic rocks, -5.3 to +7.3 %o (Barth, 1993; Ishikawa and
Nakamura, 1994; Smith et al., 1997). The depleted Cl and B contents and extremely low EM
8"B (5.0 and 1.4 %, in 2002 and 2003, respectively) are detected in cave fluid samples (Table
2). However, their dissolved §'20 and 8D in previously collected samples during several
expeditions exclude the possibility of meteoric origin (Valsami-Jones et al., 2005). Their
hydrological and chemical conditions also remain nearly unchanged at least four years,
supporting a seawater-derived source (Valsami-Jones et al., 2005). The 5'20 and 8D in high-Cl
hydrothermal waters indicate evidence for similar seawater-derived signature (Price et al.,
2013). Previous works did not fully establish the origin of the deep brine reservoir, beyond
constraining the sources as derived from a seawater component (Naden et al., 2005; Wu et al.,
2011, 2012). Overall, the mechanism of deep reservoir formation at Milos could involve the
effects of vapor-brine phase separation, fluid/sediment interaction and magmatic addition,

these alternative scenarios require further systematic discussion below.

4.2 Role of vapor-brine phase separation in Milos
Foustoukos and Seyfried (2007) found that conservative behavior of B during

vapor-brine equilibria, was reflected by similar slopes of the fitting functions for
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homogeneous starting fluids with different B compositions. The phase separation processes
establish a linear relationship between B/CI and CI with a slope of 1:1. This is due to the
strong volatility of the neutral hydroxyl-bearing B species. A similar observation has been
made in previous experimental and field datasets where the phase separation predominantly
controlled hydrothermal system fluid composition (dashed lines in Fig. 3)(Berndt and
Seyfried, 1990; Bischoff and Rosenbauer, 1987; You et al., 1994). In contrast, additional
water/rock interaction, hydration/dehydration of sediment/basalt and magmatic degassing
may cause B addition and lead to deviations. The B/Cl increases depend on the degree of
contribution from sedimentary and/or magmatic fluids (Giggenbach, 1995; You et al., 1994).
It is evident that most data of EM high-Cl fluid samples in Milos, presents a deviation
from the linear trend of MOR and phase separation experimental data, implying additional
contribution. Moreover, a similar correlation between B/Cl and Cl could be observed in the
high-CI deep well waters from the Nisyros system, which revealed a relatively high B/CI
compared with those of hydrothermal waters from Milos, Santorini and Methana systems,
reflecting a trend of enhanced degree of contribution from sedimentary and/or magmatic
input from west to east along the Aegean volcanic arc (see Fig. 3) (Dotsika et al., 2009, 2010;
Kavouridis et al., 1999; Minissale et al., 1997; Shimizu et al., 2005). Some EM low-Cl fluid
samples in Milos seem to follow a similar linear trend, but with different initial B, and with
some scatter (Fig. 3). The distribution of B/CI in the low-ClI cave fluid samples and the
high-ClI fluid samples do not follow the vapor-brine phase separation linear trend in Figure 3,
even though these fluids have previously been interpreted as separated vapor and brine
phases resulting from sub-critical phase separation (Valsami-Jones et al., 2005; Wu et al.,
2011). Two mechanisms are likely: (1) an effect from sub-critical phase separation at deep
reaction zone, but with B loss occurring at surface, resulting in lower B/CI in cave fluid after

vapor segregation; and (2) a mineral contribution (clay minerals hydration/dehydration)
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significantly affecting B or CI, whilst constant B/CI being maintained in the deep reservoir.
Together with B isotopic data, the former is consistent with available natural and
experimental studies showing non-detectable or minimal 8''B fractionation, but likely B lost
from a vapor phase in an open system (Palmer and Sturchio, 1990; Liebscher et al., 2005;
Spivack et al., 1990). Alternatively, either high CI fluid or low ClI vapor or even temporary
venting of low-Cl fluid, followed by a transition to brine-enriched fluid, is commonly
reported in vents (Butterfield and Massoth, 1994; Von Damm and Bischoff, 1987). These
observations imply that both low-ClI cave fluid and high-ClI fluid samples with different B/CI
were not separated at the same time in Milos. The correlation of §''B and B/CI seems to
indicate that the low-ClI cave and the high-Cl waters are not following the experimental linear
trend of phase separation, implying either the loss of B after phase separation or not
simultaneous separation of both sets of waters (Fig. 4b). On the other hand, a large degree of
hydration/dehydration has not yet been reported due to difficulty in isolation of the effects of
phase separation. Moreover, significant 8''B fractionation should be detectable between the

low-Cl cave fluid and high-Cl fluid samples if hydration/dehydration occurs.

4.3 Modeling of end components of reservoir brines

The Milos high-ClI fluid samples with high B and low "B plot close to the vent waters
from sediment-hosted hydrothermal system and fumarole condensates from on-land
volcanoes (see Fig. 4)(Palmer, 1991; Yamaoka et al., 2015; You et al., 1994). These results
imply sediments likely plays an important role in B and B isotopic composition variations in
the Milos system; however, other B sources should be taken into consideration
(Giggenbach ,1995).
4.3.1 Effect of fluid-rock interaction

Limited B isotope data in volcanic rocks have been reported from the Aegean
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volcanic arc, and we used the estimated B in volcanic rocks (B= 100 pg/g, §"'B= -2 %) from
Leeman et al. (2005) as EM in rocks in the model of fluid-rock interaction (see section 2.3).
The distribution coefficient (D) for B was given by experimental data of water interacting
with rhyolite at 350°C (Dt =1.89, Reyes and Trompetter, 2012). The equilibrium

fractionation factor o**°

r between volcanic rock (includes unaltered and altered rhyolite)
and fluid was assumed to be 0.985 (at 350°C, Deyhle and Kopf, 2005). The parameters used
in the fluid-rock interaction model are summarized in Table 3 and the simulated results in
rock and fluid with different iterations and w/r ratios are shown in Figure 5. It is clearly
observed that 'B preferentially concentrated in liquids relative to rocks. Rather low B and
high 8*'B was calculated in waters after fluid-rock interaction compared to those of Milos EM
fluid samples (Fig. 5). In contrast, the B patterns in Milos are similar to the simulated
equilibrium curve of fluid-sediment interaction if the calculation involved an EM of modern
sediment (B 132 ug/g, 8*'B=-6.2 %o, 0=0.987 and D..; =2.9 at 350°C); additionally, the
calculated values were close to the vent waters from sediment-hosted hydrothermal system
(see Fig. 5)(Ishikawa and Nakamura, 1993; Williams et al., 2001; Wunder et al., 2005;
Yamaoka et al., 2015; You et al., 1994). Moreover, the Cs and Rb enrichment found in the
Milos waters, is also present in sediment-hosted hydrothermal vent waters, sourced from
terrigenous sediments containing high illite in oceanic crust; notably, Cs is preferentially
partitioned into fluid at ~300°C (Price et al., 2013; Yamaoka et al., 2015; You et al., 1994,
1996). Elevated B, Br, I, NH4, Cs and Rb in fluid samples have previously been associated
with strong fluid-sediment interaction in sediment-hosted systems (e.g., Butterfield et al.,
1994; Yamaoka et al., 2015; You et al., 1994). However, there is no geological evidence for
any thick sedimentary sequences within the subsurface at Milos. Also, there is a deficiency in
organic content within Aegean sediments and biogenic gas fluxes e.g., H,S, relative to the

abiotic fluxes of carbon and sulfur (Fytikas, 1989; Gilhooly et al., 2014; Hodkinson et al.,
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1994). The alkalinity in Milos hydrothermal waters ranged from below detection limit to 2.9
mmol/l in 2002 and 2.0 mmol/l in 2003 samples, showing slightly high value compared with
the average seawater (~2.4 mmol/l) and vent waters from sediment-starved hydrothermal
systems (-0.5-0 mmol/Il), but much lower than the waters in sediment-hosted systems
(1.9-10.6 mmol/l)(see Table 1)(Campbell et al., 1988; Gamo et al., 1991; Von Damm et al.,
1985; Von Damm and Bischoff, 1987). Furthermore, the high-Cl fluid samples show relative
low EM Br/Cl (< 1.02x10"%) compared with seawater and vent waters in sediment-hosted
systems (1.54x107% and >1.76x10%), as well as I/Cl (< 0.006x107%) which fall within the range
of MOR and BAB, and are much lower than sediment-hosted systems
(0.073-0.197x107%)(Price et al., 2013; Wu et al., 2012; You et al., 1994). This conflicts with
the assumption that the equilibrated B and 8B in the high-Cl fluid samples at Milos could
have resulted from simply fluid-sediment interaction. We should therefore consider whether
vapor-brine phase separation coupled with halite dissolution can be an alternative to induce the
high-ClI fluid with low Br/CI. However, this can not explain the apparent higher partitioning
coefficient of B between vapor and brine. The latter requires much larger amount of halite to
satisfy the Br/Cl in high-ClI fluid samples and there is no evidence for the presence of
halite-bearing evaporitic rocks on Milos (Berndt and Seyfried, 1997; Foustoukos and Seyfried,
2007; Fytikas, 1989; Liakopoulos et al., 1991; Wu et al., 2012; You et al., 1994). An
alternative addition of other high B component with low §''B and low Br/Cl and I/Cl can not be
excluded.
4.3.2 Magmatic fluid contribution and magma genesis

Dotsika et al. (2009) proposed that seawater and arc magmatic water are the two main
contributions to the deep thermal water at Milos, with 70% being magmatic water based on
stable isotopic data. An extremely high B/CI in fumarolic condensates from Vulcano Island

was also reported, which deviated from the linear trend of phase separation; magmatic water
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was proposed as the source (see Fig. 3)(Leeman et al., 2005). It is therefore important to
consider whether a magma derived fluid could have contributed to the composition of the
reservoir brines in Milos, and induce a high B. Gilhooly et al. (2014) showed a highly uniform
sulfur isotopic composition in H,S of the venting gases and pore waters (8°*Sy2s=2.5%o),
indicating that the volcanic inputs were buffered to an initial §**Syps 1.7%0 with subsurface
anhydrite veins at ~300°C. These sulfur and carbon isotopes are consistent with those in
Nisyros Island that are considered to be derived from rhyodacite magma (Gilhooly et al., 2014;
Marini et al., 2002). Abundant metallic vein mineralizations distributed around Milos Island
have been classified as Kuroko-type, seawater derived, shallow submarine or hybrid
volcanogenic massive sulfide types epithermal system (Kilias et al., 2001; Liakopoulos et al.,
2001; Marschik et al., 2010; Naden et al., 2005; Vavelidis and Melfos, 1998). Previous
studies have revealed that the equilibrated reaction temperatures of fluid inclusions in
metal-rich barite from Milos Island ranging from 260 to 340°C and salinity of 2-6 wt% NaCl
equivalent, reflecting possible mixing of magmatic-hydrothermal metal-bearing brine and
seawater (Vavelidis and Melfos, 1998). A similar high salinity (>4 wt% NaCl equivalent),
§'®0 and 8D in fluid inclusions from epithermal mineralization and modern geothermal
waters were also observed in Milos system (Naden et al., 2003, 2005). This supports also that
fluid inclusion may reflect the source of a geothermal fluid. Alfieris et al (2013) revealed that
metallic vein mineralization in western Milos was formed in a submarine setting during
episodic injection of magmatic volatiles and dilution of the hydrothermal waters. The trace
element enrichments of Li, Zn, Rb, Cs, As, W, Bi, Cd and Tl in gas condensates from a
subaerial volcano suggest these contents were preferential transported into gas during magma
degassing (Vlastélic et al., 2011). The enrichment of gas compatible elements (e.g. Rb, Cs
and As) in the hydrothermal fluids of Milos might be explained in a similar way (Price et al.,

2013).
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It has been suggested that the relatively heavy 8B in island arc lavas compared to
basalts (e.g. 8*'B=-3.6%o in fresh MORB samples) resulted from transport of *'B-rich liquids
released by dehydration of subducted sediments and/or altered oceanic crusts during
subduction (e.g., Spivack and Edmond, 1987; Peacock and Hervig, 1999). This is consistent
with the EM &™B in high-CI fluid samples measured in Milos in this study (Table 2). The B,
B isotopic composition, Br/Cl and I/Cl in the reservoir brine were influenced by addition of
deep fluid, considered to be representative of magma source. Furthermore, we hypothesise
that the parent magma in Milos formed with addition of the uprising slab-derived fluid with
low Br/Cl and I/Cl released from dehydration of subducted altered oceanic crust/sediment,
related to serpentinites, during subduction. These Br/Cl and I/Cl ratios decrease due to
gradual release of high Br/Cl and I/Cl liquids during deeper subduction (John et al., 2011;
Kendrick et al., 2014). John et al. (2012) indicated an interesting result that individual
channelized fluid flow events that are short-lived (~200 years), released from a subducting
slab and rapidly delivered to the mantle wedge along mobile hydraulic fractures, could be
feeding magma formed beneath the volcanic arc. Bernal et al. (2014) suggested that Cl and
Br fractionated from basaltic magma with proportional ratio, were transported identically into
glasses and hydrothermal waters. Moreover, the CI/Br/l ratios in melt remain constant from
magma reservoir to the surface, indicating differentiation and degassing of magma did not
fractionate these halogens from each other, and that instead they were both predominantly
controlled by variation of composition in magma (Balcone-Boissard et al., 2010). The parent
magma in Milos is associated with dacite-rhyolite formation, showing depletion in Br and
low Br/Cl and highly affected by crustal contamination during magma ascent
(Balcone-Boissard et al., 2010; Barton et al., 1983; Gilhooly et al., 2014; Marini et al., 2002).
A summarized scenario is proposed whereby the slab-derived liquids with elevated B,

1B-rich and gradual decreasing Br/Cl and I/Cl were released and rose from the subducted
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altered oceanic crust/sediment slab. Subsequently these ascending liquids were added into
parent magma forming below the Aegean volcanic arc and magmatic fluid or volatiles were
transported along an extensive network of cracks to the deep reservoir at Milos during
degassing (Fig. 6). This process would create a signature of similar 8''B with island arc lavas
but low in Br/Cl and I/Cl, which is consistent with the reservoir brine in the Milos system
(see Table 2)(Barth, 1993; Wu et al., 2011; 2012).

Shimizu et al. (2005) observed a variation of noble gas isotopic composition of gases
from Aegean geothermal region, including volcanoes along the arc, back-arc area and
surrounding areas. It was suggested that relatively high *He/*He ratios with 1.3Ra to 6.2Ra of
gas samples from volcanic arc than those of gases from the back-arc and surrounding areas
(0.28 Rat0 2.6 Ra and 0.027 Ra to 1.0 Ra, respectively). In addition, the westward
decreasing *He/*He ratios along the volcanic arc reflected the declining trend of magmatic
activity from east (e.g. Nisyros Island) to west (e.g. Methana), as well as from arc to back-arc
region (e.g. Ikaria and Lesvos) (Shimizu et al., 2005). Deep well waters from the Nisyros
system are high in Cl and B/ClI relative to those of hydrothermal waters from other Aegean
arc systems (Fig. 3). The relatively high B/CI (2.72 and 10.9x10°%) and near seawater value of
Br/Cl (1.31-1.39x10%) in well and geothermal waters from Nisyros supported consistently
that the highest magmatic activity along the arc and the small degree of subducted material
contribution in the magma, but the B enrichment is unlikely to have resulted from slab-fluid
(Brombach et al., 2003; Kavouridis et al., 1999; Shimizu et al., 2005). The relatively low
Br/Cl ratios in high-Cl waters at Milos (< 1.02x10"%) compared with the Methana system
(1.40-1.56x107%) is likely due to the slab-fluid sourced from deeper depth of subduction and
higher degree of magmatic influence relative to the latter (Dotsika et al., 2010; Shimizu et al.,
2005; Wu et al., 2012). The relatively low B/CI (0.77 and 1.06x107%) in high-Cl waters from

Santorini compared with Milos likely resulted from low B concentration of basaltic lavas in
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Santorini system (Francalanci et al., 2005; Minissale et al., 1997). For Chios Island, the
slightly low Br/Cl in high salinity spring waters relative to seawater likely induced by the
mixture of seawater and groundwater, where the less magmatic contribution in the back-arc
region was suggested (Dotsika et al., 2006; Shimizu et al., 2005). Further isotopic B data of
these systems would be a useful tracer to clarify the origin and evolution of geothermal
waters from Aegean geothermal systems. In addition, the similar Li enrichment and light
isotopic composition (10.3 mM and &Li= +1.9%.) observed in the EM high-Cl fluid samples
of Milos, and &'Li is rather light compared with average MORB or mantle (5'Li= +3.7%o and
~ +4%o), close to the upper continental crust (5’Li= 0+2%o). This might be attributed to a flux
of slab-derived liquids from subducted sediments (Elliott et al., 2006; Lou et al., 2014; Teng et
al., 2004; Tomascak et al., 2008). These episodic injections of magmatic fluid/volatiles are
also prime candidates in the formation of abundant metallic vein mineralization, ranging from
submarine to subaerial environments (e.g., Alfieris et al, 2013; Kilias et al., 2001,
Liakopoulos et al., 2001; Marschik et al., 2010; Naden et al., 2005; Vavelidis and Melfos,

1998).

5. Conclusions

It is unique that low-ClI vapor-like and high-ClI fluid samples are co-existent in the
Milos system, supporting a scenario involved subcritical phase separation in a deep reservoir
brine. Further, the elevated B/Cl and low "B (2.3-6.3 %o) in end-component high-Cl fluid
samples are similar to vent waters from sediment-hosted hydrothermal system or fumarole
condensates from on-land volcanos. These observations suggest that additional B from
sediment or magmatic fluids play an important role in the B and 8B in the Milos system. In
this study, the B, 8*'B, B/Cl and literature data of halogens (Br, I) in hydrothermal waters are

found to be sensitive tracers for the geochemistry and origin of reservoir liquids, as well as
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the role of subducted sediments in volcanic arc magmatism. The connection and transition

between submarine and subaerial system in Milos are also successfully constructed. The

major observations of this study are:

1. The distribution of B/CI in low-ClI cave fluid and high-ClI fluid samples at Milos are
interpreted as separated vapor and brine phases, respectively, following a vapor-brine
phase separation trend. The most likely mechanism is a sub-critical phase separation, but
with boron loss occurring at the surface and resulting in lower B/CI in cave fluid samples
relative to theoretical values after vapor segregation. This suggests that low-ClI fluid and
high-Cl fluid samples with different B/CI were not separated at the same time.

2. The simulated interaction of fluid-sediment instead of fluid-volcanic rock satisfies the
observations of B and "B in the equilibrated reservoir liquids from Milos. Moreover, high
enrichments of Cs and Rb are associated with terrigenous inputs in the Milos hydrothermal
waters. However, there are no major subsurface sedimentary sequences in Milos to explain
the relatively low Br/Cl and much lower I/Cl shown in the high-CI fluid samples. We
propose a scenario whereby slab-derived liquids with elevated B, *'B-rich and low Br/Cl
and I/Cl, were released and rose from the subducted altered oceanic crust/sediment during
subduction. Subsequently these ascending liquids were added into parent magma below
the Aegean volcanic arc and magmatic fluid and/or volatiles transported along extensive
cracks to deep reservoir brines at Milos during degassing. These episodic injections of
magmatic fluids highly influenced the formation of abundant metallic vein mineralization

of deposits ranging from submarine to subaerial environment at Milos.
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Figure captions

Figure 1:

A map of the study area, located within the submarine hydrothermal system of Milos Island,
which is situated in the central part of the Aegean Volcanic Arc in the Aegean Sea, Greece.
All fluid samples except cave fluid samples were collected in the Palaesohori Bay.

Figure 2:

Plots (a), (b) and (c) are correlations of dissolved Mg concentration and elemental Na, Cl and
B in all vent waters collected in 2002 and 2003 (The Na, Cl concentration data from two
separate expeditions and B data from 2002; all data are from Wu et al. (2011; 2012)). Mg is a
reactive component in hydrothermal systems and used to calculate chemical compositions of
end-member vent fluid at each sites by extrapolating the correlation of Mg concentration with
other dissolved ions and assuming Mg=0 in the pure hydrothermal fluid. (d) Plot of chlorinity
and B/Cl ratio in all hydrothermal waters. The high chlorinity fluid samples display a mixing
trend between seawater and high-Cl waters. (e) Plot of chlorinity and B isotopic composition
for all vent waters. 5''B and Cl content show a negative correlation with two significant
end-member waters: seawater and a high-CI fluid with high-6''B and low-5"'B, respectively.
Cave fluid samples display low-Cl concentration and much lighter §*B compared with
seawater. (f) Correlation of Mg concentration normalized to B concentration and §*'B in all
vent waters. The end member §*'B can be defined from this linear correlation by assuming
Mg content is zero in pure end-member hydrothermal fluid (Hinkley and Tatsumoto, 1987).
Figure 3:

Plot of end-member Cl and B/CI ratio (log scale) from all vent waters collected in Milos, as
well as hydrothermal, geothermal waters and fumarolic condenses from various geological
settings: MOR (Butterfield and Massoth, 1994; Campbell et al., 1988; Koschinsky et al.,

2008; Von Damm et al., 2003), BAB and SR (Yamaoka et al., 2015; You et al., 1994), Aegean
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geothermal systems (Dotsika et al., 2010; Kavouridis et al., 1999; Minissale et al., 1997) and
subaerobic volcanoes (Martini et al., 1980; Millot et al., 2012). The phase separation
experimental data is from Spivack et al. (1990). The grey arrow indicates the direction of
boron addition.

Figure 4:

Plot of end-member §'B and (a) B content and (b) B/ClI ratio in all vent waters collected
from Milos, as well as hydrothermal, geothermal waters and fumarolic condensates from
various natural systems: MOR (Butterfield and Massoth, 1994; Campbell et al., 1988;
Koschinsky et al., 2008; Von Damm et al., 2003), BAB and SR (Yamaoka et al., 2015; You et
al., 1994) and subaerial volcanoes (Leeman et al., 2005; Millot et al., 2012). The phase
separation experimental data is from Spivack et al. (1990). The inset plot of plot (b) shows
the correlation of EM §''B and B/Cl ratio in log scale. Most of the EM high-Cl data with high
elemental B and low 5''B from Milos plot far from the MOR data and scatter close to
fumarole condensates of on-land volcanoes and vent waters from sediment-hosted
hydrothermal system in the Okinawa Trough. The grey arrow indicates that the B addition
resulted from varied degee of sedimentary and/or magmatic contribution. The grey dashed
arrow represents the supercritical phase separation effect on B/Cl ratio in low-Cl vapor and
high-Cl liquid phases.

Figure 5:

Plot of 8*'B and elemental B concentration in end-component waters from Milos, as well as
the equilibrium composition of fluid and rock after the fluid-rock/sediment interaction
simulation using different end-components including percolated seawater, volcanic rock and
modern marine sediment. The black solid and dashed curve lines are the equilibrium curves
in the final fluid and rock separately with different fluid-rock ratios during fluid-volcanic

rock interaction. In addition, the grey solid curve shows the final equilibrated composition
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curve of fluid during fluid-marine sediment interaction. The description and calculation of
fluid-rock/sediment interaction are described in more detail in the text.

Figure 6:

Schematic cross section of the Hellenic subduction system, showing the evolution of a deep
reservoir under the Milos system (modified from Alfieris et al., 2013, Kilias et al., 2013 and
Peacock and Hervig, 1999). The potential origins of chemical constituents in vent waters
include seawater, sediment contribution and/or magmatic fluids. We hypothesise a scenario
showing that (1) the dehydration of subducted altered oceanic crust/sediment induces the
release of high 5''B and Br/Cl fluid relative to the residue sediment during initial subduction
at shallow depth; (2) the slab-derived liquids with elevated B content, relatively light 3*'B,
gradual decreasing Br/Cl and I/Cl are released from residue subducted altered oceanic
crust/sediment at great depth; (3) subsequently, these ascending liquids are added into parent
magma forming below the Aegean volcanic arc; and (4) these episodic injections of
magmatic fluid and/or volatiles transported along extensive fractures to the deep brine
reservoir at Milos during degassing, have a major influence on the formation of abundant

metallic vein mineralization and hydrothermal deposits ranging from submarine to subaerial.
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Table 1. Observed compositions of the hydrothermal vent waters in 2002 and 2003 samples
at Milos. The table shows isotopic B composition, concentrations of B, other major elements

and dissolved H,S, as well as the pH, total alkalinity and temperature measured in the

hydrothermal waters and local seawater.

Sampl Desciic R p T Ak H, Mg Na CI K SO Ca Sr B 3B B/CI
eno. ption e H (C) (mm S (M M M M S M @M @m (%o, (x10°®%)
o m M M) M) M) (m M) M) M) NBS
M) M) 951)

2002 a
sampl
es
02ML  seawat 8. 285 29 na 55 53 64 14 27 11 01 05  40.08 0.77
1 er 0 Fos 5 g 0 9

8
02ML  cavel 1. 914 na 00 18 89 12 13 21 9 00 06 668 4.69
4 8 0 8 S 0

1
02ML  cave 2 1. 782 na 00 13 45 65 7 27 6 00 02 724 4.27
5 6 2 2 g

3
02ML Al 5. 110. 22 16 50. 48 61 14 22 11 00 05 3505 0.84
-6 8 7 0 o & 4 ¥

2
02ML  seawat 8. 397 29 na 56 54 66 14 26 12 01 05  40.48 0.75
-7 er 0 7 2 5 0 0

3
02ML Bl 6. 813 12 02 27. 77 10 99 12 45 03 36  7.99 3.38
8 1 °© 7 7 5 3 3

7
02ML B2 6. 985 26 bd 25. 8 11 11 11 52 03 42 825 3.70
9 1 T S TR 8 9

9
02ML D1 6. 80 14 01 32 75 10 8 15 41 03 32 930 3.16
-10 4 0 g 2 g9 L

5
02ML  F1 5. 114 06 bd 22 8 11 11 9 50 03 43  7.82 3.82
11 4 1 o 9 26 7 8 o

5
02ML D2 3. 10.. bd. bd 78 9 13 16 6 71 05 60 691 4.50
12 4 3 3 38 1 2

3
02ML B2 3. 985 bd. bd 99 97 13 15 4 69 05 59  6.62 441
13 7 O 5 7 Lo

6
02ML  E 6. 80 22 bd 48 56 73 31 22 18 01 11 1885 153

6 4
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02ML
-15

02ML
-16

02ML
-17

02ML
-18

02ML
-19

02ML
-20

02ML
-21

02ML
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02ML
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02ML
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02ML
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02ML
-26

02ML
-27

02ML
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seawat

er
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D2A
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G3

D2B

seawat
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BN ® oo @ N e U w s U o N®WoN YN W o o0 ® w N U ok U oow U o o 9, w9 N o

88.0

112.

110.

112.

115.

115.

30.2

114.

86.0

80.9

111.

82.0

96.6

24.5

2.3

2.8

2.6

2.4

2.6

2.7

2.9

b.d.

1.4

b.d.

2.6

2.9

1.1

3.0

0.6

0.0

30

32

36

40

n.a

0.1

0.6

0.2

18

26

0.0

b.d

51.

49.

47.

46.

50.

42.

52.

13.

11.

7.9

49.

49.

27.

49.

49

74

61

60

62

63

52

64

12

07

12
14

13

22

63

60

88

62

26

16

13

21

13

11

13

14

12

77

13

23

26

24

22

23

24

27

24

25

16

27

16

12

10

13

11

11

60

60

66

11

10

36

10

0.1

0.1

0.0

0.1

0.0

0.0

0.0

0.4

0.4

0.4

0.0

0.0

0.2

0.0

0.9

0.5

0.3

0.7

0.4

0.3

0.4

4.9

5.1

5.6

0.4

0.4

2.8

0.4

22.20

32.89

39.51

24.36

40.03

39.85

39.89

7.22

6.77

6.28

37.06

40.55

8.67

40.54

1.27

0.84

0.65

1.15

0.64

0.68

0.68

4.07

4.23

4.24

0.78

0.68

3.19

0.66



02ML
-29

03ML
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03ML
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03ML
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GE4
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seawat
er
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91.0

90.0

31.2

106.

88.5

31

94.4

81.1

88.5

107.

78.3

82.7

84

107

104.

n.a.

n.a.

1.6

11

0.0

13

0.0

0.0

b.d.

1.9

b.d.

n.a.

0.7

0.2

11

b.d

0.1

0.0

24

0.2

b.d

0.0

0.1

9.2

0.7

6.4

0.3

0.8

0.3

1.8

1.7

65.

65.

2.8

73.

2.7

2.2

12.

55.

16.

21.

2.9

6.8

7.0

91

49

11
30

57

10
58

10
13

13
94

13
24

13
79

50

12

68

63

66

13

66

72

12

67

12
52
64

11

28

11
85

16
34

16
03

16

13

12

13

13

11

22

26

23

26

29

20

24

20

n.a

13

13

87

15

70

19

63

61

98

0.0

0.0

0.1

0.1

0.5

0.1

0.0

0.0

0.5

0.1

0.4

0.4

0.7

0.6

0.6

0.5

0.2

0.4

0.4

5.6

0.5

0.4

0.1

45

0.9

4.1

4.1

7.2

6.7

6.8

4.90

6.57

36.27

37.32

4.43

38.16

3.64

421

4.43

18.88

4.48

4.93

2.34

4.56

4.18

451

3.70

0.71

0.73

412

0.71

3.46

2.35

3.62

141

3.67

3.50

4.45

4.20

4.07
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03ML
-14

03ML
-15

03ML
-16

03ML
-17

03ML
-18

03ML
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03ML
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03ML
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03ML
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62.5

68.7

114.

111.

104.

113.

112.

110.

107.

95.7

110.

110.

71-1
06.5

29

b.d.

1.0

05

0.7

15

0.7

0.0

15

1.7

0.0

0.9

0.0

0.9

0.0

1.6

0.3

0.3

8.8

0.1

3.4

0.2

n.a

17

0.2

n.a

15.

37.

51

0.0

54.

39.

13.

47.

50.

10.

0.0

42.

43.

0.0

66.

12
37

12
56

16
89

10
98

11
70

11
51

12
01

51

69
14
54
10

60

14
60

19
98

65

62

13

51

82

56

13

66

13

87

54

46

14

07

62

24

34

47

14

20

10

12

23

10

28

21

10

26

21

17

18

23

79

52

19

23

67

33

11

75

90

12

94

13

0.5

0.3

0.6

0.9

0.1

0.1

0.5

0.2

0.0

0.5

0.6

0.1

0.0

0.6

0.1

5.0

3.3

6.4

9.1

0.9

14

4.4

2.0

0.4

4.9

6.2

0.8

0.2

6.2

0.4

4.43

5.30

4.09

4.09

17.01

9.46

5.06

8.562

30.22

4.39

4.15

15.33

36.51

2.11

36.34

3.48

3.12

4.40

4.59

1.46

2.35

3.26

2.43

0.77

3.59

4.49

1.57

0.64

4.47

0.75
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81.3

36.9
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96.8

108.

108
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92.2

90.6

111.

0.5

0.2

0.2

b.d.

2.0

2.0

b.d.

b.d.

0.0

05

15

0.0

1.0

0.1

0.4

0.0

0.6

n.a

0.2

0.0

0.1

0.1

0.0

0.5

19

51.

23.

31.

11.

64.

66.

8.5

0.6

8.5

8.9

47.

0.0

50.

10
72

10
63

54

83

91

10

68

63

65

10
95

12
92

11

92

13

19

60

12

47

50

14

80

77

12

13

25

12

21

20

26

24

19

19

12

33

47

54

13

14

57

81

73

72

19

86

11

0.1

0.2

0.3

0.4

0.1

0.1

0.4

0.5

0.5

0.5

0.1

0.5

0.0

0.6

2.3

3.0

35

0.4

0.5

3.7

5.6

5.0

5.7

1.0

5.7

0.5

24.28

6.05

5.18

4.63

36.68

33.92

4.34

4.07

2.96

3.08

14.71

4.19

27.79

1.22

2.79

3.31

3.28

0.67

0.77

3.43

4.40

4.19

4.33

1.69

4.59

0.98

 The pH, temperature, Major elements (Na, Cl, Mg, Ca, K), elemental B and §"'B data of 2002 fluid samples are from Wu et al. (2011).

® The pH, temperature, Na, Cl, Mg and K data of 2003 fluid samples are from Wu et al. (2012).

¢ Alk;, Total Alkalinity

¢ Concentration of dissolved H,S in fluid

®n.a., no analyzed; b.d., below detection

fThe concentration of SO, in vent samples during two expeditions were analyzed by ion chromatography (IC)
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Table 2. End-component compositions of the hydrothermal vent waters in 2002 and 2003
samples at Milos. The table shows end-member §''B, concentrations of B, other major and
minor elements in the vent waters from each sampling site. The values were calculated from
the measured values based on the vent fluid-seawater mixing trend for Mg, following a linear
regression and assuming Mg=0 in the pure hydrothermal fluid. In addition, the end-member
8B value was calculated based on the linear correlation of Mg/B and §*'B (details of the
calculation are described in the results section).

Sample Description Ref. Na Cl K Ca Sr B &B BICI
no. (mM) (MM) (MM) (mM) (MM) (MM) (%o, (x10?)
NBS
951)
2002
samples
02ML-1 seawater
02ML-4  cavel 54 79 10 7 003 042 501 534
02ML-5  cave?2 54 79 10 7 003 042 501 534
02ML-6 Al
02ML-7 seawater
02ML-8 B1 1094 1537 193 83 061 729 6.14 474
02ML-9 B2 1094 1537 193 83 0.61 729 6.14 474
02ML-10 D1 1022 1408 176 76 055 654 619 4.65
02ML-11 F1 1109 1509 197 80 061 7.29 6.9 4.83
02ML-12 D2 1022 1408 176 76 055 654 6.19 4.65
02ML-13 B2 1094 1537 193 83 0.61 729 6.14 474
02ML-14 833 1415 173 69 050 6.59 6.34 4.66
02ML-15 833 1415 173 69 050 659 6.34 4.66
02ML-16 F2 1109 1509 197 80 061 7.29 6.19 4.83
02ML-17 A2
02ML-18 A4
02ML-19 C1
02ML-20 C2
02ML-21  seawater
02ML-22 D3 1022 1408 176 76 055 654 6.19 4.65
02ML-23 D1A 1022 1408 176 76 055 654 6.19 465
02ML-24 D2A 1022 1408 176 76 055 6.54 6.19 4.65
02ML-25 G2A 17.38

53



02ML-26
02ML-27
02ML-28
02ML-29
02ML-30
2003
samples
03ML-1
03ML-2
03ML-3
03ML-4
03ML-5
03ML-6
03ML-7
03ML-8
03ML-9
03ML-10
03ML-11
03ML-12
03ML-13
03ML-14
03ML-15
03ML-16
03ML-17
03ML-18
03ML-19
03ML-20
03ML-21
03ML-22
03ML-23
03ML-24
03ML-25
03ML-26

G3
D2B
seawater
cave 1

cave 2

seawater
GE4
D2A
seawater
cave 1
cave 2
D2A
E
D1A

D west

L4
L2
LS

v

L1

L6

Al
C1l

1022

54
54

1135

62
62
1135
409
1135
1135
1430
1406
1391
1391
1391
1310
1689
1391
469
1391
962
319
1274
1151
1021
131

1408

79
79

1346

73
73
1346
507
1346
1346
1677
1710
1689
1689
1689
1525
1998
1689
583
1689
1218
295
1494
1387
1226
124

54

176

10
10

153

153
57
153
153
185
181
191
191
191
167
228
191
64
191
129
17
186
157
139

76

87

87
34
87
87
111
108
99
99
99
107
130
99
37
99
82

86
90
66

0.55

0.03
0.03

0.60

0.03
0.03
0.60
0.23
0.60
0.60
0.74
0.74
0.71
0.71
0.71
0.69
0.91
0.71

0.71

0.66
0.62
0.50
0.01

6.54

0.42
0.42

5.80

0.28
0.28
5.80
2.40
5.80
5.80
7.58
7.43
6.63
6.63
6.63
6.90
9.17
6.63
2.90
6.63
5.68
0.34
5.71
6.23
5.32
0.24

17.38
6.19

5.01
5.01

5.41
3.51

1.44
1.44
3.51
4.97
3.51
3.51
2.25
4.33
3.73
3.73
3.73
3.91
4.09
3.73
3.17
3.73
2.90
2.61
3.91
4.15
3.35
10.29

4.65

5.34
5.34

4.30

3.86
3.86
4.30
4.74
4.30
4.30
4.52
4.35
3.93
3.93
3.93
4.53
4.59
3.93
4.97
3.93
4.67
1.16
3.82
4.49
4.34
1.92



03ML-27 D, diffuse 1135 1346 153 87 060 580 351 4.30
03ML-28  seawater

03ML-29 Cl 131 124 7 1 001 024 1029 1.92
03ML-30 Ad 1021 1226 139 66 050 532 335 434
03ML-31 D3 1135 1346 153 87 060 580 351 430
03ML-32 B1 997 1155 147 63 048 417 3.86 361
03ML-33  seawater

03ML-34  GE2A 5.41
03ML-35 B2 997 1155 147 =~ 63 048 417 3.86 361
03ML-36 F1 1065 1286 140 82 056 570 3.31 443
03ML-37 F2 1065 1286 140 82 056 570 3.31 4.43
03ML-38 AS 1021 1226 139 66 050 532 335 434
03ML-39 E 409 507 57 34 023 240 497 474
03ML-40 D2C 1135 1346 153 87 060 580 351 4.30
03ML-41 Ad 1021 1226 139 66 050 532 335 434

a The end-component composition of elemental (Na, Cl, Mg, Ca, K and B) and isotopic data (8"'B) in 2002 water
samples were calculated by the previously data from Wu et al. (2011).

b The end-component concentration of Na, Cl, Mg and K in 2003 fluid samples were calculated by the previously
reported data from Wu et al. (2012).

55



Table 3. End-member values and parameters used in the fluid-rock/sediment interaction
model.

Fluid-rock/sediment End components B (ppm) 3B Isotopic Distribution
interaction (%o, fractionation  coefficient

NBS951) factor (Dry)

(all—lor_f)
Seawater/Volcanic rocks SW 4.5 395 0.985% 1.89°
Rocks” 100 -2
Seawater/Marine SW 4.5 39.5 0.987¢ 2.9°
sediments
Sediments* 116 -11.7

@Boron isotopic fractionation factor between volcanic rock (unaltered and altered rhyolite) and fluid (o™ ™°,.+=0.985) and its
distribution coefficient between rhyolite and fluid (D,.=1.89) from Deyhle and Kopf (2005) and Reyes and Trompetter
(2012), respectively.

b End-component concentration for B and B isotopic composition of volcanic rocks is from Leeman et al (2005).

¢ Boron isotopic fractionation factor between sediment and fluid (a*™*°

#=0.987) and its distribution coefficient between
sediment and fluid (D,.+=2.9) from Wunder et al (2005) and Yamaoka et al (2015), respectively.

“B concentration and isotopic B end-component of marine sediment from Ishikawa and Nakamura (1993).

¢ In this study, a constant porosity in volume fraction (P=20%) was assumed, whereas the densities of the fluid and solid rock

(p=1.0 and p,=2.5 g/cc) used in the fluid-rock/sediment interaction simulation are from Leeman et al (2005).
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Research Highlights:
1. High-Cl and low-ClI fluids with high B/CI and distinct low 8*'B were detected at Milos

2. Sediment/magmatic fluids contributions play important role in vent fluid chemistry
3. B isotopes and Br/1/Cl ratios support slab-derived addition in Milos parent magma
4. Deep water reservoirs were affected by magmatic volatiles via slab-derived processes
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