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Abstract

To trace the sources and pathways of Zn in hydrothermal systems, the Zn isotope compositions of seventeen water samples
from eight thermal springs and six gas samples from two fumaroles from La Soufriere, an active volcano on Guadeloupe
Island (French West Indies, FWI), were analyzed using a method adapted for purifying Zn from Fe- and SO4-enriched ther-
mal solutions. The fumaroles are enriched in Zn 100 to 8000 times compared to the local bedrock and have isotopic compo-
sitions (5°°Zn values from +0.21%, to +0.35%,) similar to or slightly higher than fresh andesite (+0.219%,). The enrichment of
Zn in the thermal springs compared with the surface waters shows that Zn behaves as a soluble element during hydrothermal
alteration but is significantly less mobile than Na. The 8°°Zn values of most of the spring waters are relatively constant
(approximately 0.70%,), indicating that the thermal springs from La Soufriére are enriched in heavy isotopes (i.e., °°Zn) com-
pared to the host rocks (from —0.14%, to +0.42%,). Only three thermal springs have lower 5°°Zn values (as low as —0.43%).
While the Zn in the fumaroles is essentially derived from magma degassing, which is consistent with a previous study on
Merapi volcano (Toutain et al., 2008), we show that the Zn in the thermal springs is mainly derived from water—rock inter-
actions. The ®*Zn-enriched isotopic signature in most of the spring waters can be explained qualitatively by the precipitation
at depth of sulfide minerals that preferentially incorporate the light isotopes. This agrees with the isotopic fractionation that
was recently calculated for aqueous complexes of Zn. The few thermal springs with lower 8°°Zn values also have low Zn con-
centrations, indicating the preferential scavenging of heavy Zn isotopes in the hydrothermal conduits.

This study shows that unlike chemical weathering under surface conditions, hydrothermal alteration at high temperatures
significantly fractionates Zn isotopes and enriches thermal waters in heavy Zn isotopes (e.g., °°Zn). Continental hydrothermal
systems therefore constitute a source of heavy Zn isotopes to the oceans; this should be taken into account in the global oce-
anic budget of Zn.
© 2013 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The intense hydrothermal activities of active volcanoes
are visible at the Earth’s surface in the form of fumaroles,
hot springs, and specific minerals and condensates, especially
in equatorial regions. Thermal springs of active volcanoes
are monitored because they provide a rare window on hyd-
rothermalism. Changes in the chemical composition of ther-
mal springs may be an accurate tool for the prediction of
volcanic activities. Moreover, thermal waters play a pivotal
role in the global cycling of elements at the surface of conti-
nents because the complex interactions between meteoric
water, aquifers, seawater, magmatic fluids and bedrock un-
der high heat flow conditions favor the release of cations
and metals. These reactions may result in a large flux of ele-
ments to the ocean (Louvat and Allegre, 1997; Varekamp
and Thomas, 1998; Dessert et al., 2003, 2009; Gaillardet
et al., 2011a,b; Schopka et al., 2011). The study of thermal
waters in volcanic regions is also critical for assessing geo-
thermal energy resources. Several tracers have been pro-
posed for monitoring the hydrothermal activity of active
volcanoes, including temperature and major elements (e.g.,
Brombach et al., 2000; Joseph et al., 2011; Villemant et al.,
2005), conventional H, O, and C isotopes (e.g., Chiodini
et al., 2000; Caliro et al., 2005), and newly developed B, Sr,
Pb and noble gas isotopes (Pedroni et al., 1999; van Soest
et al., 1998; Nonell et al., 2005; Pennisi et al., 2000; Ruzié
etal., 2012; Louvat et al., 2011). Other isotopic systems have
also been used to constrain water—rock interactions and the
origin of elements in geothermal fields (e.g., Aiuppa et al.,
2000b; Cortecci et al., 2001; Leeman et al., 2005; Millot
et al., 2010). These studies demonstrate the potential of iso-
topic tracers for investigating the hydrothermal features of
active volcanoes and for quantifying the contribution of
hydrothermal activity to surface waters and the ocean.

Zinc isotopes may be used as a tracer. Zn is a transition
metal that is volatile at high temperatures and thus is gen-
erally enriched in the gas, aerosols and condensates in vol-
canic systems (Cloquet et al., 2008; Toutain et al., 2008;
Mattielli et al., 2009). The annual global volcanic flux of
Zn is approximately 6500 tons/year (Lambert et al., 1988;
Gauthier and Le Cloarec, 1998), which represents a major
source of Zn in the surface environment. However, the
behavior of Zn in hydrothermal systems is poorly under-
stood. Aiuppa et al. (2000a,b) reported on the Zn concen-
trations in the groundwater of Mt. Etna in Sicilia (Italy)
and demonstrated that Zn has an intermediate behavior be-
tween the most mobile elements, such as Na, and the least
mobile elements, such as Al. The only available data on Zn
isotopes in hydrothermal systems are related to seafloor
vent fluids, hydrothermal ore deposits and fumarolic gas
(Mason et al., 2005; Wilkinson et al., 2005; John et al.,
2008; Toutain et al., 2008; Gagnevin et al., 2012). These
studies, along with low-temperature surface water investi-
gations (Chen et al., 2008, 2009a), report large isotopic vari-
ations for Zn and therefore demonstrate the reason for the
interest in Zn isotopes for investigating water-rock interac-
tions and hydrothermalism. However, to the best of our
knowledge, the Zn isotopes in continental thermal water
systems have not been investigated yet.

The challenge in measuring the Zn isotope compositions
of thermal water is the low Zn concentrations (a few to sev-
eral tens pg/L). Large volumes of water are thus needed to
retrieve sufficient amounts of Zn (typically 1 pg) for precise
isotopic analyses (at least four replicates). Moreover, to
make accurate Zn isotopic measurements, the Zn from
the solution matrix must be thoroughly purified, particu-
larly from elements such as Cu, Ni, Co, and Cd (Borrok
et al., 2007; Chen et al., 2009b). Ion-exchange purification
on AG-MPI1 resin (Marechal et al., 1999; Borrok et al.,
2007; Chen et al., 2009a) is thus difficult to apply to dilute
thermal waters due to the requirement of either (or both)
the evaporation of large amounts of water or the addition
of large volumes of acid (inducing a high pH). In a previous
paper, we presented a method of purifying Zn from dilute
water samples and applied it to river samples containing
less than 10 pg of Zn per liter (Chen et al., 2009b). How-
ever, the first tests using this method demonstrated that this
protocol could not be applied to thermal waters. Although
the low Zn concentrations of thermal springs are expected
to be in the same range as rivers, thermal waters generally
contain high concentrations of elements and chemical com-
pounds such as Fe, Mn, Al, and SO,4. Sample loading at a
relatively high pH = 5.5 led to the rapid precipitation of a
mix of hydroxides in the first layer of the Chelex-100 resin
due to redox changes and could even stop the introduction
flux. This would also induce the co-precipitation of Zn and
possible isotopic fractionation (Bau et al., 1998; Cheynet
et al., 2000). Therefore, a new separation method had to
be developed to purify Zn from thermal waters.

In this paper, we developed a one-step retrieval method
for purifying Zn from dilute thermal water samples that
was adapted for isotopic measurements. The protocol was
validated by multiple tests using several eluates and Zn con-
centrations of the loading solutions and by checking the
complete recovery of Zn and estimating the reproducibility
of the measured isotopic compositions. The method was ap-
plied to 17 spring water samples from the La Soufriere vol-
canic system on the island of Guadeloupe (French West
Indies, FWI) with dissolved Zn concentrations between 1
and 33 pg/L. These waters display a large range of isotope
variations that are similar to those that have been reported
for hydrothermal systems and are systematically enriched in
heavy Zn isotopes compared with the parent bedrocks. This
paper discusses using Zn isotopes to identify the controls
on Zn isotope fractionation in thermal water systems and
to investigate the hydrothermal circulation in active
volcanoes.

2. EXPERIMENTAL SECTION
2.1. Geological setting and sampling

The sampling site is located on Basse Terre Island (Gua-
deloupe archipelago, French Lesser Antilles), a volcanic arc
island formed by the subduction of the Atlantic Plate be-
neath the Caribbean Plate (Fig. 1). Thermal spring waters
were collected on the slopes of La Soufriere volcano, one
of the dozen active explosive-type volcanoes in the most re-
cent Caribbean volcanic arc. La Soufriere volcano is
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Fig. 1. Map of La Soufriere volcano and sampling locations (modified from Ruzié¢ et al., 2012). CE, GA, BJ, RM, PR, TA, CC, and BCM
represent the Carbet Echelle, Galion, Bains Jaunes, Ravine Marchand, Pas du Roy, Tarade, Chute du Carbet, and Bains Chauds du Matouba

thermal springs, respectively.

located in the southern part of Basse Terre Island and
belongs to the Grande-Découverte/Soufriere composite
volcanic complex, which began erupting at 0.2 Ma. The
most recent phase, which is still active, began during the
Holocene and is characterized by a succession of lava dome
eruptions. The most recent eruption, which formed the
present basaltic-andesitic lava dome of La Soufriere, has
been dated at 1530 AD (Boudon et al., 2008; Samper
et al., 2009). The last phreato-magmatic eruption occurred
in 1976. The dominant pyroclastic and lava flow rock types
are andesitic. High-pressure acid degassing at the summit
and thermal springs on the slopes of La Soufriere are the
main signs of intense hydrothermal activity. Basse Terre
Island has a tropical climate that is characterized by
relatively high temperatures (24-32 °C), very dense vegeta-
tion, and pronounced relief (Rousteau, 1996; Lloret et al.,
2011). The precipitation rate is approximately 10 m per year
at the summit of La Soufriere and decreases to 2.5 m/year
at the coast.

Water samples from eight thermal springs were collected
within a 4 km radius of the La Soufri¢re lava dome (Fig. 1).
Six surveyed springs are located at high elevations
(950-1150 m) in the Amic crater within 1.2 km of the do-
me’s summit: Carbet Echelle (CE), Galion (GA), Bains
Jaunes (BJ), Ravine Marchand (RM), Pas du Roy (PR)
and Tarade (TA). The Chute du Carbet (CC) spring is lo-
cated at a lower elevation (590 m) and is further away from
the dome summit but is likely related to the Amic crater
hydrogeological system (Villemant et al., 2005; Fig. 1).
The Bains Chauds du Matouba (BCM) spring is located
at a lower elevation and is outside the Amic crater; it is
independent of the actual active dome system. The distribu-
tion of these thermal springs is controlled by the internal

volcanic structure and important hydrothermal clay forma-
tion in the upper layer (Brombach et al., 2000; Villemant
et al., 2005). Previous studies provide a detailed description
of the mineralogy, the eruption activity, and the structure
of the lava dome (Zlotnicki et al., 1992; Macdonald et al.,
2000; Nicollin et al., 2006; Zlotnicki et al., 2006; Boudon
et al., 2008; Salaiin et al., 2011). Except for the TA spring,
all of the springs have relatively constant flow rates that
range from 3 to 140 L/min (annual report of the Volcanic
Observatory of Guadeloupe (OVSG), IPGP). Physico-
chemical monitoring of these thermal springs has been per-
formed by the OVSG since 1979 after the 1976-1977 seis-
mo-volcanic crisis at La Soufriere (Feuillard et al., 1983;
Hirn and Michel, 1979; Villemant et al., 2005). The increas-
ing fumarolic activity since 1992 and HCI degassing since
1998 prompted the observatory to increase the surveillance
of the volcano. The 30-year monitoring of major dissolved
elements has shown that the chemical composition of the
thermal springs only varies on a multiyear timescale. Based
on this finding, the spring waters were sampled two to four
times between 2007 and 2011 to assess the temporal varia-
tion of Zn concentration and isotopic compositions.

Six fumarolic gases were also sampled in 2010 from
two active fumaroles: one in the south-center crater
(CSC) and the other in the south-north crater (CSN) of
La Soufriere dome (see locations in Nicollin et al.,
2006). These gases were collected through a 7.5 m-long
tube followed by complete condensation into a container.
The condensed solution is thus representative of the fuma-
rolic gas. These fumarolic gases have an average tempera-
ture of approximately 98 °C and are mostly composed of
H,O vapors (93-97%) with small amounts of CO,,
H,, H,S, and traces of CH,, CO, N,, and volatile metal
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species (Brombach et al., 2000; Bernard et al., 2006;
OVSG comments). Two river water samples from the
Bras-David River (BD) and the Capesterre River (CP)
were also collected for Zn isotope measurements (see Llo-
ret et al., 2011 for the river locations). The sampling set
was complemented by bedrock materials, including one
fresh andesite sample (1530 AD dome fragment E1215;
Boudon et al., 2008), one pyrite sample that was collected
from a road cut at the Col des Mamelles, one gypsum
sample from the dome, two Fe(Mn) oxyhydroxides that
precipitated around the Galion spring orifice, and five
andesitic rocks that were altered to varying degrees (in or-
der of increasing degree of alteration: two highly altered
rocks, R805 and R&825, and three rock samples, 23CF,
31S and 718, from a core at the dome summit; see Salaiin
et al., 2011 for details).

2.2. Materials and sample preparation

Milli-Q water (18.2 MQ resistivity, Millipore) was used
throughout the chemical procedures. The HCl and HNO;3
acids were purified by sub-boiling distillation. Double dis-
tillation was performed for the concentrated HCI to reduce
the Zn blank measured at 34 ng/L after the first distillation.
The elemental blanks of reagents were determined (at least
three times) with a Neptune MC-ICP-MS after evaporation
of 10 ml of the initial solution. The elemental blank concen-
trations were 1.0, 5.0, and 3.1 ng Zn/L for the distilled
water, concentrated HNO; and double-distilled HCI,
respectively. The concentrated HCl and HNO; were diluted
to 2M HCL, 0.1 M HCl, 2M HNO3, 0.5M HNO; and
0.05 M HNO3; solutions for Zn purification. Cu-SRM976
and Zn-JMC3-0749L were used as international reference
materials. The AAS Zn standard (1000 mg/L, Alfa Aesar,
Germany) was used as an in-house isotopic standard and
to assess Zn isotopic fractionation during chemical separa-
tion (Chen et al., 2009b). All of the vials were cleaned with
ultra-pure HNO; and were rinsed with Milli-Q water just
before their use.

The spring water samples were filtered after sampling
through pre-cleaned (HNO; + H,0) 0.2-um-porosity filter
membranes at IPGP (Chen, 2008, 2009b). The aliquots of
filtered water used for anion analysis were not acidified.
The water samples for the cation concentration and Zn iso-
topic measurements were acidified to pH = 2 with distilled
HNO; (15 M) and HCI (6 M), respectively. The fumarole
gases (condensates) were centrifuged to discard the small
amount of solids, and the solution was prepared for further
Zn chemical separation and isotopic measurements. The
major elements (Na, K, Mg, Ca, Cl, and SO,) were mea-
sured by ion chromatography (Dionex DX120) at OVSG
with uncertainties less than 3%. The concentrations of trace
elements in the solutions were measured with an ICP-MS
(Thermo X-series II) at Pierre and Marie Curie University.
The analytical quality of the elemental concentration mea-
surements was improved by the addition of internal stan-
dards (In and Re) and was controlled by regular
measurements of the international river water geo-standard
SLRS4. The precision for the trace element concentrations
was generally better than 5%.

Element concentrations were also measured for comple-
mentary solid samples after acid digestion (Chen et al.
2009a).

2.3. One-step separation of Zn from Fe(SO,4)-enriched
thermal water

The AG1-X4 anion-exchange resin (200-400 mesh, Bio-
Rad) was used in this study for Zn purification. The resin
has R-CH,N'(CH3); functional groups that display a
strong affinity for the Zn complex in HCI (e.g. ZnCl,>";
Trémillon, 1965). The resin was carefully washed and set-
tled in water to discard the finer grains before packing the
column.

In this study, a one-step purification method was devel-
oped based on the separation protocol reported in John
et al. (2008). The detailed elution sequence is summarized
in Table 1. A polypropylene column (volume 11 ml, reser-
voir diameter 1.7 cm, height 10 cm, Bio-Rad) was packed
with the previously prepared AG1-X4 resin. Considering
the Zn partition coefficient (Kd) at 2 M HCI (>2000) and
the possible competition effect due to the high concentra-
tions of other elements, the resin volume was fixed at 1 ml
(Trémillon, 1965). The introduction flow rate was con-
trolled by gravity and was an average of 0.75 ml/min; thus,
a long time was required for large amounts of dilute water
samples to pass through the column and accumulate a suf-
ficient mass of Zn. After sample introduction, 10 ml of 2 M
HCI solution was introduced for matrix rinsing. The re-
agents HNO;, H,O, HBr and HCI were tested for eluting
Zn from the resin. Zn generally displays lower Kd values
(i.e., <10) in dilute HNO3, HBr, HCI and water solutions
(Trémillon, 1965). Preliminary tests demonstrated that
Cd, which may interfere with Zn isotope measurements
(Borrok et al., 2007), was not separated from Zn when
using HNO; or H,O as ecluates. For Zn elution with
0.2M HBr, most of the Zn was eluted within the first
10 ml, but a small amount was still observed in the subse-
quent washing solution (0.05 M HNO3), leading to an over-
lap with the Cd peak. Finally, 0.1 M HCI was chosen to
elute Zn because it led to a sharper and better-separated
peak than the 0.25 and 0.5 M HCI did. The elution volume
was fixed at 10 ml, and the elution rate was set at approxi-
mately 0.3 ml/min by controlling the eluent loading rate.

Fig. 2a shows the elution process of Zn separation from
a thermal spring water sample (CE-2). Compared with the
elemental concentrations measured before loading the
sample, the major elements (i.e., Na, and Mg) passed
directly through the column, whereas trace elements such

Table 1
Elution sequence of the one-step separation of Zn from hydro-
thermal water using 1 ml AG 1x4 Bio-rad resin (200-400 mesh).

Eluent ml Eluted

2 M HNO; 10 Cleaning
H,O 10 Rinsing

2M HCI 5 Conditioning
Sample loading in 2 M HCI uptolL Loading

2 M HCl 10 Matrix

0.1 M HCl1 10 Zn
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Fig. 2. Elution scheme of Zn separation from the thermal spring water sample CE-2 on AG 1x4 resin (a), and the reproducibility of 8%Zn in
elution fractions from eight chromatographic separation tests on column-purified (Zn removed) spring waters spiked with the AAS Zn
standard (b). (a) Shows that Zn is separated from the major and trace elements. In (b), the isotopic composition of Zn in the elution fractions

is similar to that of the Zn loaded onto the column.

as Cu, Ni, Co, Cr, Pb, V, Fe, Mn and Ti were not retained
by the resin or were only partially detected in the first rins-
ing fraction before Zn elution. Cd was only observed in the
washing fraction after Zn elution. The total Zn blank of the
separation chemistry was tested by loading 50-200 ml of
distilled water and was approximately 3.4+ 0.8 ng
(n =5). Because the typical quantity of Zn needed for the
isotope analysis is 1 pg (Chen et al., 2009b), no significant
influence of this blank is expected on natural samples.
The yield for the chemical separation was determined to
be approximately 100% for all of the water samples by com-
paring the Zn concentrations in the eluates (measured by
Neptune ICP-MS) with those measured before sample
loading.

To estimate the separation reproducibility and to verify
that the chemical procedure did not cause isotopic fraction-
ation of Zn, Zn isotopes were measured in eight solutions
that were generated from the separation tests on column-
purified (to remove Zn) spring waters spiked with the
AAS Zn standard. The 3°°Zn of the final elution fractions
varied from —0.039%, to +0.04%, with an average value of
0.00%, + 0.06 (20 standard deviations; Fig. 2b), which is
identical, within the uncertainties, to that of the Zn loaded
onto the column. Repeated separations (11 times) of sample
CE-2 also validated the protocol (see Section 2.4). Finally,
chemical separation of Zn was performed using a previ-
ously reported protocol with AG MP1 resin (Chen et al.,

2009a) on an evaporated Zn-enriched sample (29 ug/L,
CE-2); the measured Zn isotopic ratio (+0.739%, 4 0.07,
20) is consistent with that obtained using our new separa-
tion method using AG1-X4 resin (+0.749%, & 0.06, 20).

2.4. Zn isotope measurement by MC-ICP-MS

The Zn elution fractions from the chemical separation of
the water samples were evaporated and re-dissolved in
0.05 M HNO; for isotopic measurements. The Zn isotopic
compositions of solid samples were also measured after
digestion and Zn extraction using the chromatographic
method reported in Chen et al. (2009a).

The measurement of Zn isotope compositions was de-
scribed in detail by Chen et al. (2009b). The Zn isotopic
analyses were performed on a Neptune MC-ICP-MS (Ther-
mo Finnigan®, Germany) at IPGP using an Apex HF des-
olvator (ESI) with a 50 pl/min micro-concentric nebulizer
as the introduction system. All of the solutions were mea-
sured in 0.05M HNOj; at a Zn concentration of 200 ug/
L, which resulted in a signal of approximately 10 V for
%47n (10" Q amplifiers). The international Cu standard
SRM976 was added to both the Zn sample and the bracket-
ing standard solutions as an internal standard with a Zn/Cu
elemental ratio of 2. Simultaneous measurements of the Zn
and Cu isotopes allowed for the correction of the instru-
mental mass bias according to the modified ‘empirical



Table 2
Elemental concentrations and Zn isotopic composition of hydrothermal spring waters and fumarolic gases of La Soufriere volcano system.

n  Sample Date 8%Zn T  pH Discharge Cl SO, HCO; Na Mg K Ca Sc Ti A% Mn Fe Cu Zn

(°C) (L/min)  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L) (ng/L)

TA-1 4  Tarade 2007-9-26 —0.14+0.05 39 6.6 109 487 95 83 48 16 134 18 11 48 56 536 2 4
TA-2 3 Tarade 2008-5-15 0.094+0.05 39 6.1 85 160 734 102 96 75 19 219 20 12 30 51 856 2 4
TA-3 8 Tarade 2011-3-30 1.01+£0.06 39 5.9 87 146 778 119 93 66 19 222 18 13 22 2 1
CE-1 7 CarbetEchelle 2007-9-26 0.72+0.03 21 5.7 4 20 791 55 29 47 6 192 65 33 4420 11,597 120,000 11 29
CE-2 11 CarbetEchelle 2007-10-11 0.74 £0.06 21 5.5 4 13 762 66 31 50 6 192 70 37 3430 11,164 126,000 12 29
CE-3 7 CarbetEchelle 2008-5-15 0.674+0.05 21 54 3 13 806 53 28 48 6 206 75 34 3180 11,469 122,000 11 33
CC-1 4 Chute du Carbet 2007-9-27 0.254+0.04 44 6.8 134 241 155 83 42 20 86 22 11 117 1 375 1 4
CC-2 4 Chute du Carbet 2011-4-5 0.31+0.07 45 6.8 106 214 160 69 33 17 74 10 10 1 3
PR-1 7  Pas du Roy 2007-10-11 0.63 £0.04 34 57 5 61 489 53 62 47 11 144 24 12 68 1568 3820 2 9
BCM-1 4 Matouba 2008-5-20 -0.434+0.02 59 5.8 22 714 23 34 13 8 253 8 3 3 797 1150 2 2
RM-1 7 Ravine Marchand 2007-10-31 0.68 +0.06 43 54 22 61 501 74 48 38 16 142 31 18 68 3176 17,200 2 15
RM-2 7 Ravine Marchand 2008-6-3 0.68 +0.03 43 5.4 22 71 495 56 48 40 16 149 32 17 65 3218 13,100 2 15
BJ-1 7  BainsJaunes 2007-9-26 0.60 +0.03 31 5.3 50 343 15 41 26 6 98 22 11 65 510 401 2 12
BJ-2 7 BainsJaunes 2007-10-11 0.64 +=0.03 31 54 44 330 15 44 28 7 100 26 11 84 520 399 2 12
BJ-3 7  BainsJaunes 2008-5-15 0.62+0.03 31 54 50 370 13 41 28 7 108 28 11 45 446 457 1 12
GA-1 8 Galion 2008-5-15 0.80+0.05 46 4.9 142 305 709 43 64 75 19 281 34 17 58 5450 13,800 2 10
GA-2 5  Galion 2011-3-30  0.54 +£0.05 46 4.8 464 615 33 69 81 21 314 21 15 5400 16,100 2 8
Capes 3 Capesterre River 2011-3-15 0.29+0.04 21 7.9 5 3 28 6 1 1 5 4 3 75 1
BD 3 Bras-David River 2011-4-1 028 £0.08 21 7.7 8 2 32 8 2 1 5 4 3 84
CSC-1 3 Fumarolic gas 2010-6-22 0.30 £ 0.04 288 2490 15 28 15 134 2 2050 21 201
CSC-1B 3 Fumarolic gas 2010-6-22  0.30 £ 0.04 290 389 22 34 14 137 2 2350 18 13
CSC-2 3 Fumarolic gas 2010-7-13  0.354+0.01 78,000 22 30 17 296 3 3320 46 70
CSC-2B 3 Fumarolic gas 2010-7-13  0.31 £ 0.09 806 557 33 29 18 156 5 4 2900 23 67
CSN-1 3 Fumarolic gas 2010-5-5  0.31 +0.09 16,900 2300 25 223 24 521 41 7 361 21 38
CSN-2 3 Fumarolic gas 2010-6-22 0.21 £+ 0.08 16,700 2350 83 29 26 168 5 19 2610 25 378

n, number of Zn isotopic measurements; Zn isotope analytical uncertainties are 2 external standard deviations (20).
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external normalization’ method (see Chen et al., 2009b).
After signal and peak optimization, the Zn isotope compo-
sition was analyzed in a “loose” standard-samples-standard
bracketing sequence (one standard measurement every
three to four samples). One measurement consisted of 100
integrations of 4.2 s in five blocks of 20 cycles and lasted
for 13 min. All of the Zn isotopic results are expressed as
3%Zn (in %,):

566zn = [(662n/64zn)sample/(662n/64zn)JMC - 1}
x 1000 (1)

where JMC is the JIMC3-0749L Zn international standard
(Marechal et al., 1999). The error bars in this paper are
all 20 external standard deviations of repeated measure-
ments (at least three times). The quality of the Zn isotope
analysis was controlled by regular measurements of the
in-house standard AAS Zn (Alfa Aesar, Germany). The
long-term calibration measurements of this standard
resulted in an external reproducibility of 0.04%, (20) for
%7n/%*Zn. The spring water sample CE-2 that was
measured most frequently (11 times) gave an external 2o
uncertainty of 0.06%, (Table 2). The international standard
BCR-1 basalt (USGS, USA) was also processed and mea-
sured, and the average 8°°Zn value of 40.28 + 0.02%, (20)
was consistent with those reported in previous studies
(Archer and Vance, 2004; Chapman et al., 2006; Cloquet
et al., 2008; Chen et al., 2009a). Overall, the Zn isotope
compositions of all of the samples defined a regression line
of 8%Zn vs. 8%Zn with a correlation coefficient (R?) of
0.9972. The slope of this line agrees with the mass-
dependent fractionation theory at the 95% level (Young
et al., 2002; Petit et al., 2008; Chen et al., 2009b). These
results indicate that all of the sample purifications were
sufficient, and neither residual interference nor counting
problems occurred during the Zn isotopic measurements.

3. RESULTS
3.1. Geochemistry of thermal waters

All of the spring waters are slightly acidic and have rel-
atively high temperatures. The pH varies from 4.9 (GA) to
6.8 (CC), and the temperature varies from 21 °C (CE) to
59 °C (BCM). Our data are consistent with previous studies
that described the major element geochemistry of thermal
spring waters (Bigot and Hammouya, 1987; Bigot et al.,
1994; Brombach et al., 2000; Villemant et al., 2005; annual
report of OVSG). The dominant ions in the hot springs are
SO42‘ and C1™, which indicates the contribution of a deep
geothermal aquifer that is fed by ascending volcanic gas
(Brombach et al., 2000; Nonell et al., 2005). This is a typical
characteristic of hydrothermal systems of andesitic volca-
noes and particularly of Lesser Antilles volcanoes that pro-
duce S- and Cl-rich acid gases (Bernard et al., 2006;
Villemant et al., 2008 and references therein). This contrasts
with the composition of thermal water samples from Mt.
Etna, where all samples display relatively high bicarbonate
concentrations (Aiuppa et al., 2000a) that indicate the neu-
tralization of CO,-rich gases by water-rock interactions.

During the sampling period, springs CE, CC, PR, BCM,
RM and BJ displayed a relatively narrow range of concen-
trations (i.e., <10%) for each major element (Table 2).
Between 2008 and 2011, GA had an increase of Cl™ concen-
tration, a decrease of SO,>~ concentration, and relatively
constant concentrations of the other major elements
(Table 2). These changes may reflect variable contributions
from different sources. Significant variations (20-40%) were
observed for almost all major elements in TA between 2007
and 2011, with higher C1~, SO,*", Ca, and Mg concentra-
tions in April than in September (Table 2). These seasonal
variations are consistent with the results of long-term
observations by the OVSG (http://www.ipgp.fr/pages/
0303040901.php). Although all of the spring samples had
variable ranges of concentration of major elements, they
define linear relationships in the SO,?>~/Na vs. Ca/Na
diagram (Fig. 3a). However, in the Mg/Na vs. Ca/Na and
SO, /Na diagrams, spring BCM, which is located outside
the Amic crater, plots off the linear relationships defined by
all of the other springs (Fig. 3b and c), indicating the
enrichment of Ca and SO,>~ in this spring.

The spring waters of BCM, CC, and TA have the lowest
concentrations of trace elements such as V, Sc, Ti, and Cu
(Table 2). The CE waters display the highest concentrations
of all trace metals (Fig. 4). The Fe concentration is extre-
mely variable but is very high in all of the spring waters
(from 370 ug/L in CC to 125,000 pg/L in CE) compared
with the average values of rivers worldwide. Thermal
springs GA, RM and CE are characterized by the presence
of Fe(Mn) oxyhydroxide deposits around the spring ori-
fices. All of the samples generally displayed a decrease in
trace metal concentrations with distance from the dome
summit (Fig. 4 and Fig. 1).

3.2. Zn concentration and isotope composition in thermal
waters

The dissolved Zn concentrations in the thermal springs
vary from 1 to 33 pg/L (Table 2) with a mean value of
10 pg/L and a median value of 9 pg/L. These values are
similar to or lower than the mean Zn concentrations of
thermal waters of other volcanic systems (Aiuppa et al.,
2000a,b; Taran et al., 2003; Bortnikova et al., 2009a,b;
Kaasalainen and Stefansson, 2012) but are much higher
than the average value (0.6 pg/L) of rivers worldwide (Gail-
lardet et al., 2005). Therefore, the thermal springs from La
Soufriere are enriched in Zn 10 to 200 times compared with
the surface waters. The mean Zn concentrations increase
towards the summit of the lava dome, with the lowest value
(1.6 pg/L) observed in the BCM spring waters and the high-
est (33 pg/L) observed in the CE waters (Table 2 and
Fig. 1). All of the waters have positive correlations between
Zn and other trace elements such as Sc and Ti (Fig. 4) as
well as Fe and Mn. The Zn concentrations of the thermal
waters decrease slightly with temperature (not shown;
y=—0.647x + 36.11, r*=0.60). Except for TA, the Zn
concentrations do not display any significant temporal var-
iation during the sampling period. No correlation between
Zn concentration and pH is observed. The Bras-David and
Capesterre Rivers have concentrations that are comparable
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to the mean average Zn concentration of rivers worldwide,
confirming that these rivers are not significantly influenced
by hydrothermal activity (Lloret et al., 2011; Gaillardet
et al., 2011b). The fumarolic gases (condensed solutions) have
the highest mean Zn concentrations (128 ug/L) (Table 2).

A summary of the isotopic compositions of Zn in all of
the samples is given in Fig. 5. The 8%Zn values in the ther-
mal waters vary from —0.43%, (BCM) to +1.01%, (TA-3
was collected in March 2011) with an average value of
+0.529,, (Table 2). This mean value is higher than the
3%Zn values measured in this study for all of the fresh
and altered bedrock samples (from —0.149, to +0.429;
Table 2) and the typical §%°Zn value of +0.26%, that was
reported for andesite and basalt (Toutain et al., 2008; Chen
et al., 2009a). These results demonstrate that the thermal
spring waters are generally enriched in heavier Zn isotopes
compared with the host bedrocks. Although all of the
spring samples were collected within 4 km of the dome, they
display a large 5°°Zn variation of 1.449,, which is 70% of
the total 8°°Zn range reported in previous studies for
hydrothermal systems worldwide (from —0.43%, to
+1.68%,) (Mason et al., 2005; Wilkinson et al., 2005; John
et al., 2008; Toutain et al., 2008). No significant temporal
variation of Zn isotope compositions is observed except
in the TA and GA spring waters (temporal 8°°Zn variations
of 1.15%, and 0.26%,, respectively). The Zn isotope compo-
sition of the thermal springs does not correlate with pH or
temperature. However, a correlation between the mean
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3%7Zn value and Zn concentration of each spring is ob-
served, with both variables increasing towards the dome’s
summit (Fig. 6). Similar relationships also exist for 8°°Zn
vs. Cu, Ti, Mn, Fe and Sc. When the thermal springs with
Zn concentrations lower than 5 pug/L are excluded (i.e., CC,
TA and BCM), a good correlation is observed between
3%7Zn and the ionic strength of solution (Fig. 7). The
river waters and fumarolic gas have relatively constant Zn
isotope compositions, with mean &%Zn values of
+0.299%, + 0.01 and +0.309, & 0.09, respectively (Table 2);
these are similar to the values of andesitic bedrock.

The higher 8°°Zn values in the thermal springs from
Guadeloupe Island indicate that in contrast to riverine in-
puts (Pons et al., 2013), continental thermal waters are a
significant source of heavy Zn isotopes to the ocean.

3.3. Zn concentration and isotope composition in fresh and
altered rocks

The Zn concentrations in all of the rocks vary from 12 to
48 pg/g with an average value of 30 pg/g (Table 3). The fresh
andesite sample E1215 and the less-altered rock samples
23CF and 318 have higher Zn concentrations than the al-
tered bedrock samples 71S, R805 and R825. The two Fe-
precipitation samples have similar but relatively low Zn con-
centrations (12 and 14 pg/g). The 5°°Zn values of all of the
rock samples vary from —0.14%, (R825) to +0.549,, (pyrite)
with an average value of +0.229 . Interestingly, these values
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Fig. 4. The correlation between Zn and Sc (a) and Ti (b). Similar
relationships can also be observed between the Zn, Cu, Ni, Fe, and
Mn concentrations. Because Ti is a refractory element during
volcanic degassing, the correlation between Zn and Ti suggests a
limited contribution of magmatic gas to Zn in the thermal waters.

are generally lower than those of the spring waters (average
+0.529%,; Fig. 5 and Table 2). The fresh andesite has a 5°°Zn
value of +0.219,,, which is similar to the average value of
+0.269,, reported previously for non-altered andesites and
basalts (Chapman et al., 2006; Chen et al., 2008, 2009a;
Toutain et al., 2008). Compared with the altered rock sam-
ples 71S, R805 and R825 (—0.149,, to +0.29%,), the non-al-
tered or less altered bedrock samples E1215, 23CF and 31S
have relatively higher 8°°Zn values (+0.21%, to +0.42%,;
Table 3). The two Fe precipitation samples have similar
8%°Zn values (+0.12%, and +0.16%,).

4. DISCUSSION

La Soufriere volcano is located in the Basse-Terre Na-
tional Park; therefore, anthropogenic pollution is unlikely
to be a source of Zn. Rainwater can also be excluded as a
source of Zn because the concentration of Zn in remote
marine precipitation (approximately 0.29 pg/L; see Hal-
stead et al. (2000) and references therein) is too low to ex-
plain the relatively high concentrations observed in the
fumarolic gas samples (average 128 pg/L) and in the spring
waters (average 10 pg/L; Table 2). Therefore, given the geo-
logical context of La Soufriere volcano, magmatic gas and
water-rock interactions are the most likely factors that con-
trol the Zn concentration and isotopic composition of these
fumarolic gases and thermal waters.

4.1. Fumarolic gases

Zn behaves as a volatile element like halogens and other
transition metals during magma degassing (Lambert et al.,

Pyrite v
Fe(Mn)oxydes [JH]
(O Fresh andesite

G—@—% Altered rocks
Fumaroles w
Rivers A\

5%5Zn (%o)

Fig. 5. Systematics of Zn isotopic compositions in different
samples from the La Soufriere volcano system analyzed in this
study. The dissolved Zn in the spring waters is generally enriched in
heavy isotopes compared with the bedrock, whereas hydrother-
mally altered rocks are depleted in the heavy isotopes.

1988; Allard et al., 1998; Gauthier and Le Cloarec, 1998;
Brombach et al., 2000). The magmatic gas, which contains
volatile Zn species, may thus be a contributor of Zn to
fumarolic gas, as was demonstrated by Toutain et al.
(2008) at Merapi volcano. Brombach et al. (2000) showed
that fumarolic gas forms at a temperature of approximately
300 °C below the La Soufriere volcano dome and is mainly
composed of subsurface water vapors (from an aquifer or
infiltration) and components derived from deep magma
degassing (e.g., CO,, H,S, SO, and rare gases; Lambert
et al., 1988; Allard et al., 1998; Ruzi¢ et al., 2012). Consid-
ering the Mg in the fumarole samples as a refractory ele-
ment and following the method of Toutain et al. (2008),
we calculated that compared with Mg, Zn in the La Souf-
riere fumaroles is enriched 100 to 8000 times with respect
to the bedrock (Tables 2 and 3). These enrichment factors
are generally higher than those determined at Merapi (aver-
age of 286-fold enrichment), although the fumarole temper-
ature is much lower on Guadeloupe Island (approximately
100 °C) than at Merapi (300600 °C). These results suggest
that magmatic gas is the dominant source of gaseous Zn in
fumaroles and that at temperatures between 300 and
100 °C, Zn is not massively scavenged by precipitation of
sulfide minerals during its ascent.

Because the geological setting of La Soufriere volcano is
very similar to that at Merapi, the processes identified by
Toutain et al. (2008) are likely to control the isotopic com-
position of gaseous Zn in La Soufriére volcano. According
to these authors, gaseous Zn derived from magma degas-
sing in the deepest part of Merapi volcano is mainly in
the form of ZnCl,(g) (Charlot, 1969; Symonds and Reed,
1993) and has similar or slightly lower 8°°Zn values than
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Fig. 6. The correlation between Zn concentration and mean 8°°Zn
value in the thermal springs of La Soufriere volcano. The dashed
line indicates a Rayleigh adsorption and/or co-precipitation model
that shows the magnitude of isotope fractionation induced by Zn
adsorption and/or incorporation on solids. The upper X-axis is the
fraction of Zn remaining in solution (see detailed discussion in the
text). The error bars are typical 2 standard deviations of 8°°Zn in
the samples of each thermal spring.

the host andesitic rock. Condensation (and precipitation) of
sulfide minerals (i.e., ZnS(s)) then occurs, accompanied by
a kinetic isotopic fractionation that increases the gaseous
3%Zn values during magmatic gas ascent in the volcanic
conduits and decreases the Zn concentration (Symonds
and Reed, 1993; Mason et al., 2005; Wilkinson et al.,
2005; John et al., 2008; Toutain et al., 2008). The overall
reaction of gas condensation at temperatures higher than
600 °C can be expressed as:

ZnCl, (g) + H,S (g) = ZnS (s) + 2HCl (g) (2)

Toutain et al. (2008) suggested that when the temperature
drops below 600 °C, the Zn isotopes are fractionated by
gas condensation at a quasi-isotopic equilibrium, and the
solids become enriched in the heavy isotopes. A large de-
crease of 8°°Zn values of the gaseous phase from +0.85%,
at 600 °C to +0.10%, at 300 °C was reported by Toutain
et al. (2008) at Merapi volcano along with decreasing Zn
concentrations. The isotopic composition of the fumarolic
gas can be modeled using:

0% Zng,s = (1000 4 6% Zng, o) x £ — 1000 (3)

where f represents the remaining Zn fraction in the fuma-
rolic gas phase compared to the initial Zn concentration
(at 600 °C), o is the isotopic fractionation factor between
the solid and the vapor, and SGGanas,o is the isotopic com-
position of the initial fumarolic gas before condensation.
According to the temperature dependency of o proposed
by Toutain et al. (2008), the equilibrium fractionation fac-
tor should be approximately 1.0035 at 100 °C and 1.0015
at 300 °C. Taking a value of +0.859, for 866anaswo as pro-
posed by Toutain et al. (2008) for Merapi, we calculated
that the remaining gaseous Zn fraction fshould be between
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Fig. 7. Relationship between 8°°Zn and the ionic strength of the
thermal spring waters. A good correlation is observed when
samples with Zn concentrations lower than 5 pg/L are excluded
(upper figure), which probably indicates isotopic fractionation
associated with the speciation of Zn in solution.

0.8 and 0.9 to account for the relatively constant 8°°Zn va-
lue of +0.30%, measured in the La Soufriere fumaroles at
100 °C. The same calculation indicates that f=0.7 at
300 °C. This sensitivity test indicates that the values of
6662ng5lS measured in the La Soufriere fumaroles can be ex-
plained using the fumarolic gas emission model of Toutain
et al. (2008) and that the proportion of Zn condensed into
the solid phase has to be relatively small at temperatures be-
low 300 °C.

Accordingly, the final magmatic gas would have §%Zn
values between +0.80%, and +0.309%,, which is compatible
with the Zn isotopic composition of the thermal waters
(Table 2). If gaseous Zn derived from magma degassing
were a source of the dissolved Zn found in the spring
waters, the relationship between 8%7Zn and Zn concentra-
tion (Fig. 6) would reflect variable contributions of mag-
matic gas to the aquifers. In this case, lower
concentrations and 8°°Zn values would correspond to the
dissolution of magmatic gas at relatively low temperatures
(large proportion of condensed Zn during gas ascent), while
higher Zn concentrations and §°°Zn values would imply the
dissolution of Zn derived from hot gas. This scenario, how-
ever, is not consistent with either the decrease of Zn concen-
tration with increasing temperature observed in this study
(Table 2) or with the good correlation observed in the ther-
mal springs between the dissolved Ti and Zn concentrations
(Fig. 4b) because Ti is a refractory element in magmatic gas
(Aiuppa et al., 2000a,b; Toutain et al., 2008). Therefore,
although the model of magmatic Zn degassing can explain
the isotopic composition of Zn in the fumaroles, it remains
unlikely that magmatic gas contributes to the dissolved Zn
in the thermal springs at La Soufriere volcano. The zinc
concentrations and isotope abundances in the fumaroles
are likely decoupled from those of the thermal springs.
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Table 3

Zn isotopic composition and elemental concentrations in bedrock materials of La Soufriére volcano, Guadeloupe (n, number of Zn isotopic
measurements; AI(Zn), alteration index of rocks; Zn isotope analytical uncertainties are 2 external standard deviations (20)).

ID n  Sample 8%7n (%) AI(Zn) Na Ti Fe (ng/ Ni Cu Zn Zr Sn
(ng/e) (ng/e) (ngle) 9 (ng/g) (ng/e) (ngle) (ne/g)  (ngle)

E1215 5 Fresh andesite 021 +0.05 1.1 19800 25,000 4520 58,000 15 60 41 80 1

23CF 3 Less-altered rock  0.42+0.07 0.9 19400 26,500 4560 59,800 16 75 48 77 1

318 5 Intermediately- 035+0.05 1.5 2620 16,800 7100 24200 4 8 43 115 1
altered rock

718 5 Altered rock 0.29+0.08 1.3 3060 10,400 6820 13,000 4 15 35 84 2

R805 4 Altered rock 0.01+0.07 2.0 6170 67,700 2 91 26 95 4

R825 4 Altered rock —0.14+£0.03 2.2 5450 56,700 3 52 24 93 4

GA-M 3 Fe-precipitation 0.12 £+ 0.01 25 522,000 7 12

GA-S 3 Fe-precipitation 0.16 £ 0.03 120 502,000 12 14

Pyrite 3  Pyrite mineral 0.54 +0.04

4.2. Thermal spring waters

4.2.1. Main contribution from water—rock interactions

Zinc is known to be a soluble element that is present in
both dissolved and particulate loads in surface water
(Moller and Giese, 1997; Bau et al., 1998; Metz and Trefry,
2000; Chen et al., 2008). In this study, the behavior of Zn
during water-rock interactions at high temperatures was
first investigated based on the suite of rock samples with
different degrees of hydrothermal alteration. To evaluate
the mobility of Zn, a Zn alteration index (AI(Zn)) for each
rock sample was defined using Zr as an immobile element
during water—rock interaction (Aiuppa et al., 2000b):

Al(Zn) = (Zr/Zn), /(Zr/Zn), 4)

where (Zr/Zn), and (Zr/Zn), represent the concentration
ratios of Zr to Zn in altered rocks and in unaltered fresh
andesite, respectively. The calculated AI(Zn) values vary
from 0.9 for less-altered rock (23CF) to 2.2 for the most-al-
tered rock (R825; Table 3). The high AI(Zn) values (>1)
indicate that Zn is mobile compared to Zr. Because Na is
known to be the most mobile element during water-rock
interactions, we also calculated the alteration index for
Na (AI(Na)) using the Zr/Na concentration ratios instead
of Zr/Zn in Eq. (4). The results indicate that even though
Na cannot be measured in the most-altered rocks (R805,
R825), the defined AI(Na) values increase up to 7 in the al-
tered samples (71S, 31S). This finding indicates that Zn is
less mobile than Na during the water-rock interactions or
that Zn is retained in the secondary precipitate phases after
dissolution.

The relative mobility of Zn during water-rock interac-
tions can also be estimated by comparing Na with Zn in
the dissolved phase in the thermal springs. Following Aiup-
pa et al. (2000a,b), we can calculate the enrichment factor
of Zn (EF(Zn)) in the spring waters with:

EF(Zn) = (Zn/Na),,/(Zn/Na), (5)

where (Zn/Na),, and (Zn/Na), represent the concentration
ratios of Zn to Na dissolved in the thermal water and in
the fresh andesite, respectively. Like Mg, Na is a non-vola-
tile element during magma degassing (Aiuppa et al.,
2000a,b) and is essentially derived from rock dissolution.

Given the intensity of hydrothermal alteration, we assume
that the magmatic and atmospheric contributions for Na
are limited in the thermal waters (Losno et al., 1991;
Aiuppa et al., 2000a). Considering the mean concentrations
of 40 pg/g for Zn and 2.03% for Na in the local host andes-
ite (Table 3 and Boudon et al., 2008), the calculated EF(Zn)
values vary from 0.01 to 0.25 in all of the spring waters with
an average value of 0.08. These numbers, which are de-
duced from the dissolved load, confirm that Zn is less mo-
bile than Na in the hydrothermal system, as indicated by
the discussion about the solids presented above. Therefore,
processes that reincorporate Zn that has dissolved from
rocks must occur in hydrothermal systems. If sources other
than the parent bedrock contribute to the dissolved Zn, this
conclusion would even be more robust.

All of the altered and non-altered rocks have 3°°Zn val-
ues between —0.14%, and +0.429, (Table 3 and Fig. 5).
Fresh andesite (E1215) has a 3°°Zn value of +0.21%,, which
is consistent with the reported average 8°°Zn value of
+0.26%, for non-altered andesites and basalts and is slightly
lower than the mean integrated value of +0.309, for terres-
trial silicates (Chapman et al., 2006; Chen et al., 2008,
2009a; Toutain et al., 2008; Pons et al., 2013). Table 3
and Fig. 8 show that the more intense the loss of Zn from
the rock, the lower the 8%°Zn value for altered rocks, with
the most-altered samples exhibiting values close to or lower
than 0.00%, (i.e., R825). These results suggest that water—
rock interaction fractionates the Zn isotopes and that heavy
Zn isotopes (e.g. °°Zn) are preferentially released into solu-
tion during hydrothermal alteration.

Based on the discussion presented above, the mass bal-
ance of Zn between the fresh andesite and the altered rock
and the solution can be expressed as follows:

Mo[Zn), = M,[Zn], + M[Zn], (6)

where 0, a and w denote the fresh andesite, altered rock and
solution, respectively, M is the mass of the rocks (both fresh
and altered) or the reacting solution, and [Zn] refers to the
Zn concentration. We can also calculate the isotopic com-
position of Zn (8%¢Zn,,) released via water—rock interaction
into solution using:

M[Zn),8%Zny = M,[Zn],8*Zn, + M,,[Zn] *Zn, (7)
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For the insoluble element Zr, the concentration in solution
is very low, and the Zr mass balance can thus be calculated
as:

Mo[Zt], = M. [Z1], (8)

By combining Eqgs. (4), (6), (7), and (8), the isotopic compo-
sition of Zn in solution can be calculated as:
5970, — AL(Zn)3%Zny — 5°Zn, )
Al(Zn) — 1

Taking the values of the unaltered materials (E1215, 23CF)
and of the most-altered rock (R825), the final §°°Zn,, value
is calculated to be approximately +0.709, for Zn released
into solution. Calculations using insoluble elements such
as Ti, Th and REEs provided similar results. The value of
+0.709%, is similar to the observed higher 8°Zn values in
most of the thermal springs (i.e., CE, TA, and GA). This
simple calculation suggests that to first order, water-rock
interaction is a possible source of Zn in thermal spring
waters and that Zn is partly mobile.

Similarly, the enrichment factor of Zn in solution that is
derived from water-rock interaction can be predicted by
introducing a similar mass budget equation of (6) for Na:

_ 1—AI(Zn)"'
1 — AI(Na)™'

This calculation predicts EF(Zn) values of 0.4-0.5 depend-
ing on the Na concentrations in the host rocks, which are
higher than those measured in the thermal waters (from
0.01 to 0.25). These values indicate that less Zn was mea-
sured in the spring waters compared with what is expected
based on the mass budget calculation despite the fact that
water—rock interaction can potentially explain the range of
8%Zn variability in the thermal waters of Guadeloupe Is-
land. Therefore, we conclude that if water—rock interaction
is the dominant process that provides Zn to thermal waters,
scavenging processes must exist to remove Zn from solution.

EF(Zn) (10)

4.2.2. Possible mechanisms of fractionating Zn isotopes
during water—rock interaction

The discussion presented above shows that Zn isotopes
are probably fractionated during high temperature alter-
ation due to the incorporation of Zn into secondary insol-
uble compounds such as sulfides, oxyhydroxides,
carbonates, phosphates, clay minerals (Bau et al., 1998;
Aiuppa et al., 2000a,b) or organic compounds. In this
study, it was not possible to perform precise calculations
of Zn speciation in thermal waters due to the lack of redox
and H,S concentration data. In addition, the composition
of the solution that is interacting with host rocks at high
temperatures is difficult to constrain. We can only qualita-
tively suggest the possible mechanisms that are responsible
for the observed Zn isotope fractionation. The ab initio cal-
culations recently performed by Black et al. (2011), Fujii
et al. (2011) and Fujii and Albarede (2012) predicted that
in relatively low-pH, SOy4-rich solutions such as the La
Soufriere thermal waters, Zn sulfide species are enriched
in light isotopes compared to Zn sulfate, carbonate and
chloride species. Therefore, the preferential precipitation
of Zn sulfide (in the form of sphalerite) would increase
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Fig. 8. Relationship between 6%Zn and the alteration index
Al(Zn) for bedrocks (points). AI(Zn) is defined as the concentra-
tion ratio of Zr/Zn in an individual bedrock sample to that of
unaltered bedrock (1215E and 23CF; see text for detail). The
decrease of 8%Zn with increasing AI(Zn) value (degree of
alteration) implies the preferential release of heavier Zn isotopes
(°6Zn) into solution during water—rock interactions at relatively
high temperatures.

the 5%°°Zn values of the solution. John et al. (2008) showed
that in seafloor hydrothermal vents, the precipitation of sul-
fide (sphalerite) leads to the enrichment of heavy isotopes in
the solution (up to 19,,). Other studies have also reported
that sulfides from volcanic chimneys, as well as sulfide
deposits from various hydrothermal settings, are isotopi-
cally light (Mason et al., 2005; Wilkinson et al., 2005; John
et al., 2008; Toutain et al., 2008). These results confirm that
the precipitation of Zn sulfides is a reasonable mechanism
for depleting solutions of light isotopes during water—rock
interactions. The correlation between Zn isotopic composi-
tion and ionic strength in most thermal springs confirms
that the enrichment of heavy Zn isotopes (e.g., ®Zn) in
the thermal springs is related to Zn speciation in the solu-
tion (Fig. 7).

The extraction of organic-bound Zn from the solution is
another possible mechanism (Gelabert et al., 2006; John
et al., 2007; Fujii and Albarede, 2012). However, given
the relatively high temperatures of the La Soufriere thermal
waters, this process is probably less plausible. Finally, the
altered rocks with low 8°Zn values in this study (718,
R805, R825) are enriched in clay minerals, so we cannot ex-
clude the possible incorporation of Zn into hydrothermal
clay minerals that could fractionate the Zn isotopes and
favor the light isotopes. To our knowledge, no study has re-
ported Zn isotope fractionation during the formation of
hydrothermal clays. Viers et al. (2007) investigated the Zn
isotope compositions of lateritic soils in Cameroon and
showed a significant depletion of heavy Zn isotopes in the
most weathered superficial horizon (enriched in clay miner-
als), which indicates possible Zn isotopic fractionation
associated with clay formation.

4.2.3. The co-precipitation and adsorption effects
As shown in Fig. 6, low dissolved Zn concentrations in
the thermal waters are associated with low 8°°Zn values
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(+0.32%,, +0.28%, and —0.43%, for TA, CC and BCM,
respectively). For these samples, the linear relationship be-
tween the 8°°Zn values and the solution’s ionic strength is
no longer observed (Fig. 7). Interestingly, these waters have
the highest Na concentrations (Table 2), which suggest very
intense water—rock interactions. The most likely mechanism
to explain the contrasting behaviors of these Zn-depleted
samples is the secondary co-precipitation of Zn into Fe oxy-
hydroxides and/or Zn adsorption. Previous experimental
studies have shown that these processes generally favor hea-
vy Zn isotopes in solids (Pokrovsky et al., 2005; Balistrieri
et al., 2008; Juillot et al., 2008). The results of these exper-
iments are consistent with the enrichment of heavy Zn iso-
topes (e.g., °°Zn) found in oceanic Fe-Mn oxides (Marechal
et al., 2000) and in soil iron nodules (Viers et al., 2007).

To test this hypothesis, we calculated the Zn isotopic
fractionation and 8%°Zn values in solution (8%Zn,) using
a simple Rayleigh model:

8%Zng = (0%Zng + 1000) x £ — 1000 (11)

where 8°°Zn, refers to the Zn isotope composition in the
initial solution, and « and f* are the solid-solution fraction-
ation factor and the fraction of Zn remaining in solution,
respectively. Assuming that the initial solution has the
same Na concentration as the thermal spring waters, the
initial concentration of Zn in solution was calculated to
be approximately 100-130 pg/L using Eq. (10). Consider-
ing 40.70%, for the initial 8°*Zn, value (see the discussion
above), the isotopic composition of the Zn remaining in
solution can thus be calculated and is illustrated in
Fig. 6 (dashed line). The 3°°Zn values of the Zn-depleted
spring waters (BCM, CC and TA) can be explained by
choosing a fractionation factor a of 1.0002, which is an
average value reported in previous experimental studies
(Pokrovsky et al.,, 2005; Gelabert et al., 2006; John
et al., 2007; Balistrieri et al., 2008; Juillot et al., 2008).
This calculation suggests that co-precipitation and adsorp-
tion are possible processes that scavenge Zn from solution
after the water-rock interaction. For example, the results
indicate that for the BCM spring, more than 95% of the
Zn has been scavenged.

While the adsorption or co-precipitation of Zn onto
solids is a reasonable mechanism to explain the lower
5%Zn values found in the TA, CC and BCM springs,
the two Fe precipitates at the orifice of the GA springs
have relatively low values (+0.129, and +0.16%,, Fig. 5)
compared to the mean value of +0.67%, for dissolved
Zn (Table 2). We suggest that kinetic fractionation (pref-
erential incorporation of light isotopes), temperature ef-
fects or the incorporation of trace sulfides in the solid
can explain the enrichment of light isotopes in Fe oxyhy-
droxides. If the explanation of Fe-oxide precipitation
holds, the Zn isotope data show that it should not affect
all of the springs of La Soufriere’s dome, due to the diver-
sity of hydrological conditions and the complexity of the
volcanic conduits. This may explain the temporal §°°Zn
variation from +1.01%, in the spring to —0.149%, in the au-
tumn in the TA spring. More work is thus needed to deci-
pher the Zn isotopic fractionation during hydrothermal Fe
mineral formation.

4.3. Low temperature water-rock interaction processes

The surface waters of the Capesterre and Bras-David
Rivers have relatively low EF(Zn) values (0.01 and 0.02,
respectively). Because these rivers are located far from the
active volcanic region and are entirely controlled by soil
weathering processes (Lloret et al., 2011; Gaillardet et al.,
2011b), the low EF(Zn) values reflect the limited Zn mobil-
ity at surface temperatures. Moreover, the two river sam-
ples have identical §%°Zn values of +0.28%,, which is
similar to the average 8°°Zn value of +0.26%, for the host
andesites of Guadeloupe Island. These results indicate that
little Zn isotope fractionation occurs during surface soil
weathering, in contrast with the water-rock interaction in
the hydrothermal systems. Although more work is needed
to investigate the Zn isotopic variations during rock weath-
ering under surface conditions, our data suggest that Zn
isotopes likely fractionate differently during water-rock
interactions at high temperatures, especially in active volca-
nic systems. The high ionic strength at high temperatures
may favor the formation of aqueous complexes with vari-
able Zn isotopic compositions (Fujii et al., 2011). The
adsorption or co-precipitation of Zn will therefore induce
isotopic variations if the different complexes do not have
the same affinity for surfaces. At low temperatures, this
competition between aqueous and surface Zn species might
be less important. An alternative explanation is that the
competing effects of variable fractionation lead to no
apparent isotopic variation in soils during low temperature
chemical weathering, as was demonstrated by Viers et al.
(2007) in the saprolite soil horizon. Clearly, the behavior
of Zn isotopes in soils and watersheds in different weather-
ing regimes requires more work.

5. CONCLUSIONS

We developed a purification method that allowed us to
accurately measure the Zn isotopic ratios of waters from
eight thermal springs on the summit dome of the active
La Soufriere volcano. Although higher Zn concentrations
are observed in all of the thermal waters compared with riv-
ers worldwide, the spring samples are depleted in Zn with
respect to the very mobile element Na. The most important
observation of this study is that the spring waters are gen-
erally enriched in heavier Zn isotopes (i.e., ®*Zn) relative to
the host bedrocks. This indicates that unlike continental
riverine inputs, the contribution of thermal waters to the
ocean is characterized by the enrichment of heavy Zn iso-
topes. All of the spring water samples collected in a 4-km
radius around the dome have a large 8°°Zn variation of
1.44%, and increased 5°°Zn values with Zn concentration
towards the dome’s summit. Although Zn is a volatile ele-
ment and a magmatic degassing model can explain the Zn
concentrations and isotopic composition of the fumaroles,
our data indicate that water-rock interaction is the main
contribution of Zn in thermal springs. A mass budget calcu-
lation based on a suite of andesites with varying degrees of
alteration indicates that Zn is mobile and that heavier Zn
isotopes are preferentially released into solution during
water-rock interactions at relatively high temperatures.
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However, the dissolved Zn concentrations predicted by this
mass budget approach are higher than those measured in
the spring waters, which indicates the existence of a second-
ary sink of Zn in the hydrothermal systems. This can most
likely be explained by Zn co-precipitation during the forma-
tion of Fe(Mn) oxide-hydroxides and Zn adsorption. Given
the economic value of Zn, more work is clearly needed to
investigate the scavenging of Zn in volcanic systems that
is induced by precipitation, adsorption or condensation.
The results of this preliminary study highlight the potential
of Zn isotopes to trace water-rock interaction processes
and metal behaviors in hydrothermal zones.
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