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A B S T R A C T

Oxygen (16O, 17O and 18O) and sulfur (32S, 33S, 34S and 36S) isotope ratios of and major ion (Na+, Ca2+, Cl−,
NO3

− and SO4
2−) concentrations in lakes, ponds and creeks from Deception Island, Antarctic Peninsula were

analyzed to study the sources of sulfate, its oxidation, and the surficial processes of the dissolved sulfate. The
positive relationship between the δ34Ssulfate (8.1‰ to 17.3‰) and the Cl−/SO4

2− molar ratio suggests mixing of
sulfate from atmospheric deposition and from oxidation of sulfide minerals. The average sea salt fraction (28%)
and δ34Snss values (from 5.6‰ to 15.9‰) indicate that a combination of sea salt and marine biogenic sulfide
provide the high δ34S end-member of the dissolved sulfates. The relatively low δ18Osulfate (from −4.6‰ to
0.7‰) of Deception Island water suggests a role of local water in the formation of sulfate. Slightly negative but
mass-dependent Δ17Osulfate values imply that atmospheric oxidation by O3 and H2O2 are negligible, while these
values might suggest a significant role of oxidation by molecular oxygen and %OH. The distinctly low δ34Ssulfate
value of two samples (DCW-2 and DCW-3) suggests the input of sulfate from sulfide oxidation. Slight elevation of
δ34Ssulfate values up to 17.3‰ compared to a typical atmospheric value indicates a minimal role for dissimilatory
microbial sulfate reduction of Deception Island water and sediments. Both Δ33Ssulfate and Δ36Ssulfate values are
homogeneous and near zero, implying that the dominant atmospheric oxidation process is tropospheric and that
there are minimal to no contributions of stratospheric sulfate to Deception Island water.

1. Introduction

The sulfate ion (SO4
2−) is a major species in seawater and a sig-

nificant component of atmospheric aerosols (Krouse and Mayer, 2000;
Berner and Berner, 2012; Bao, 2015). Atmospheric sulfate aerosols are
generated by various natural processes such as sea salt spray, volcanic
eruption, oxidation of reduced sulfur compounds such as DMS (di-
methyl sulfide) (Krouse and Mayer, 2000), dissolution of evaporite
minerals (Otero et al., 2008; Rock and Mayer, 2009; Tuttle et al., 2009),
sulfide oxidation (Rock and Mayer, 2009; Yuan and Mayer, 2012), as
well as from anthropogenic sulfate discharge (Otero et al., 2008;
Hosono et al., 2011a) and by the oxidation of atmospheric SO2. The
oxidation of atmospheric SO2 occurs in both the gas phase (Stockwell
and Calvert, 1983) and aqueous phase (Schwartz, 1987).

Dissolved sulfate in surficial freshwater derives from deposition of

atmospheric aerosols. Both dry and wet deposition contribute this sul-
fate and thus atmospheric deposition can constitute an important sulfur
source to groundwater (Hosono et al., 2011b; Brenot et al., 2015),
rivers (Killingsworth and Bao, 2015; Li et al., 2015), and glaciers (Patris
et al., 2000; Alexander et al., 2003; Kunasek et al., 2010).

The isotopic ratios of the sulfate can be represented as five different
delta values, such as δ18O, Δ17O, δ34S, Δ33S and Δ36S (see the Sample
and Method section for definitions of notation). Sulfate exchanges its
oxygen atoms only at high temperature (350 °C) and/or acidic (1 m
H2SO4 or HCl solution) conditions (Kusakabe and Robinson, 1977;
Chiba et al., 1981). Thus once formed, dissolved sulfate does not ex-
change oxygen with water under ambient surface conditions (Krouse
and Mayer, 2000). However, biological cycling of sulfate by processes
such as dissimilatory microbial sulfate reduction can allow for isotopic
exchange (Llyod, 1967; Fritz et al., 1989; Van Stempvoort and Krouse,
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1994). Sulfate can therefore preserve isotopic information about its
source and oxidation processes (Krouse and Mayer, 2000). Dissolved
sulfate has been studied to understand global sulfur cycling and the role
of atmospheric oxidants (e.g., O3, H2O2, %OH, O2) (Krouse and Mayer,
2000; Bao, 2015).

SO2 oxidation by atmospheric processes can be traced using
anomalies of the Δ17Osulfate values (Savarino et al., 2000). The
Δ17Osulfate anomalies in the sulfates have been studied for the atmo-
spheric oxidation pathways from the dissolved sulfate in Antarctic ice
cores (Alexander et al., 2002; Kunasek et al., 2010; Sofen et al., 2011),
in Arctic sulfate aerosols (McCabe et al., 2006; Alexander et al., 2009),
and for sea salt aerosol (Alexander et al., 2005; Dominguez et al.,
2008).

Since sulfate from various sources shows different sulfur isotopic
ratios (Nielsen, 1974; Rees et al., 1978; Calhoun et al., 1991; Krouse
and Mayer, 2000), sulfur isotope values (δ34S) have been used to trace
the source of dissolved sulfate (Patris et al., 2000; Otero et al., 2008;
Tuttle et al., 2009; Lim et al., 2014) and aerosol sulfate (Guo et al.,
2010; Chen et al., 2017), and the oxidation process of SO2 by various
atmospheric oxidants and their sulfur isotopic fractionation (Harris
et al., 2012; Harris et al., 2013). Sulfur isotope anomalies (Δ33S and
Δ36S) of rare stable isotopes, such as 33S and 36S, have been used to
identify mass-independent isotope fractionation processes in the pre-
sent-day atmosphere, including photochemical oxidation reactions oc-
curring in the stratosphere (Romero and Thiemens, 2003; Savarino
et al., 2003; Baroni et al., 2008), and have been used to estimate mixing
between stratospheric and tropospheric sources (Alexander et al., 2003;
Pruett et al., 2004; Kunasek et al., 2010).

Oxygen and sulfur isotopes in sulfate in Antarctic ice cores (Patris
et al., 2000; Alexander et al., 2002; Alexander et al., 2003; Pruett et al.,
2004; Jonsell et al., 2005; Kunasek et al., 2010; Sofen et al., 2011) and
in lakes and ponds (Sun et al., 2015) have been studied to understand
the sources of sulfate and oxidation processes that lead to its genera-
tion. Anthropogenic sulfates are negligible in the Antarctic region
(Patris et al., 2000; Alexander et al., 2003; Pruett et al., 2004; Kunasek
et al., 2010), while elevated anthropogenic sulfate is seen in the
Greenland ice core because of a relatively high level of human activities
in the Northern Hemisphere (Patris et al., 2002). Surface and subsurface
processes could modify an original isotopic signature of dissolved sul-
fate in water. The processes include (1) mixing of sulfate sources such
as atmospheric sulfate, terrestrial sources and biological sulfate (Krouse
and Mayer, 2000), (2) biological dissimilatory sulfate reduction, which
results in significant fractionation (increase) of δ18O and δ34S in the
residual sulfate (Nakai and Jensen, 1964; Fritz et al., 1989; Van
Stempvoort and Krouse, 1994), and (3) oxidative weathering of sulfide,
which brings about little sulfur isotope fractionation, but substantial
oxygen isotope fractionation by kinetic isotope fractionation or isotopic

exchange with ambient water (Taylor et al., 1984; Van Stempvoort and
Krouse, 1994; Balci et al., 2007).

Oxidative weathering processes occur in surface freshwater systems
including lakes, ponds, rivers and groundwater (Otero et al., 2008;
Rock and Mayer, 2009; Yuan and Mayer, 2012). The oxidation process
of sulfide to sulfate proceeds by Fe(III)aq or O2 as oxidants with ambient
water (Balci et al., 2007 and references therein). This source contrasts
with the source of ice-core sulfate where atmospheric deposition is the
dominant process without the effect of surface and subsurface processes
(Patris et al., 2000; Alexander et al., 2003). Recent isotope analysis in
sulfate from glaciogenic deposits within the central Transantarctic
Mountains show extremely high δ34S values (up to 50‰) of mirabilite,
which reflect dissimilatory microbial sulfate reduction (Sun et al.,
2015). Sun et al. (2015) reported exceptionally low δ18O values
(−22.2‰) and positive Δ17O anomalies (up to 2.3‰) in the pond
sulfate as well.

The dissolved sulfate in lakes, ponds, and creeks has various chan-
nels of sulfate supply compared to the ice core supply, which includes
only atmospheric deposition (Sun et al., 2015). Considering the small
influx of anthropogenic sulfate in Antarctica (Patris et al., 2000), sul-
fates dissolved in the Antarctic surface water could provide an im-
portant perspective on sulfate formation, transportation, atmospheric
and surface oxidation processes, and even biological processes in the
Antarctic region. Here we report the ion concentrations (Na+,
Ca2+,SO4

2−, Cl−) and the multiple oxygen (δ18O and Δ17O) and sulfur
(δ34S, Δ33S and Δ36S) isotope ratios of the dissolved sulfates in fresh-
water from the lakes, ponds, and creeks of Deception Island, a caldera
island located in the Antarctic Peninsula. We (1) examine the effect of
evaporation, mixing and biological processes on sulfate concentration
and isotopic composition, (2) identify the sources of dissolved sulfate
and their respective contributions, (3) estimate the oxidation pathway
of SO2 to form sulfate in the atmosphere and the relative fraction of
atmospheric oxidants using the oxygen isotopic compositions (Δ17O and
δ18O) of sulfates, and (4) discuss the implication and significance of
both the Δ33S and Δ36S values in the dissolved sulfate.

2. Geological background

The South Shetland Islands are located at the Antarctic Peninsular
side in the Drake Passage (Fig. 1a), formed by the subduction of the
former Phoenix Plate in the Mesozoic and Cenozoic (Machado et al.,
2005). Volcanic activity occurring in the late Jurassic and early Cre-
taceous was related to this subduction, leading to the formation of the
Antarctic Peninsula including the South Shetland Islands in the Meso-
zoic and Cenozoic (Machado et al., 2005). The South Shetland Islands
are a calc-alkaline island arc formed during the Jurassic and Tertiary
and show a typical subduction-related component including pyroclastic

Fig. 1. Simplified map showing the location of (a) Shetland Islands and (b) Deception Island.
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deposits, mafic to felsic plutons and intrusive bodies (Smellie et al.,
1984; Machado et al., 2005; Lee et al., 2008).

Deception Island, located in the SW of the South Shetland Islands, is
an active Quaternary volcanic caldera (Fig. 1b) with the latest eruption
recorded in 1970. The collapsed central part of the caldera (Port Foster)
makes the island ring- or horseshoe-shaped as shown in Fig. 2 (Baraldo
and Rinaldi, 2000). This large (8–10 km in diameter) caldera formed
from summit collapse associated with small effusive and pyroclastic

eruptions (Baker et al., 1975; Smellie et al., 1984; Smellie, 2001). The
composition of erupted volcanic rocks in Deception Island varies from
basalt to dacite (Weaver et al., 1979; Smellie, 2001). More evolved
volcanic rocks with andesitic composition occur in the tuff cones within
the caldera (Smellie, 2001).

The volcanic rock units of Deception Island are stratigraphically
divided into pre-caldera deposits and post-caldera deposits (Baker et al.,
1975; Baraldo and Rinaldi, 2000). The pre-caldera deposits are

Fig. 2. Geological map of Deception Island (modified from Smellie and López-Martínez, 2000) and sampling locations of ponds and lakes.
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subdivided into the Fumarole Bay Formation (FBF), Basaltic Shield
Formation (BSF) and Yellow Tuff Formation (YTF) (Smellie, 2001). The
FBF is the oldest pre-caldera unit including a thick succession of mas-
sive basaltic breccia, fine lapilli stone and coarse lapilli tuff (Smellie,
2001). The BSF consists of sheet lava flows and scoria deposits (Smellie,
2001). The YTF is the most widespread unit in Deception Island
(Smellie, 2001). The YTF is mainly composed of the palagonitized
yellowish lapilli tuffs and unconformably overlies the FBF and BSF
(Smellie, 2001). The YTF is also called the Outer Coast tuff Formation
because of its conspicuous occurrence in the outer coast cliffs of De-
ception Island (Fig. 2).

Smellie (2001) recently divided the post-caldera deposits further
into the Stonethrow Ridge Formation (SRF), Baily Head Formation
(BHF) and Pendulum Cove Formation (PCF). The post-caldera deposit is
unconformably in contact with the pre-caldera deposit at its lower
boundary (Smellie, 2001). The SRF is composed of basalt, andesite,
scoria and lavas, and is located in the outer slopes of Deception Island
(Smellie, 2001). The lapilli stones and tuffs are dominated in the BHF,
showing an unconformity on mainly the SRF (Smellie, 2001). The PCF
includes the lapilli tuffs and ashes forming the surface outcrop of De-
ception Island (Smellie, 2001).

3. Water sampling, preparation, and analytical techniques

A total of 9 freshwater samples were collected at Deception Island in
2006 for isotope analysis in the dissolved sulfates and ion analysis
(Figs. 2 and 3). In all, 6 samples were from the crater lakes, 2 from the
unnamed ponds, and 1 from a creek “the Mekong River” (Table 1). The
sampling sites are described in Table 1. More than 40 l of water was
sampled from each site. Some field photos of representative sampling
sites are shown in Fig. 3.

We used anion exchange resin (Amberlite IRA 400) columns (Hong
and Kim, 2005) to pre-concentrate the dissolved sulfates at the Ant-
arctic base. A total of 36 l of water was adjusted to pH 3–4 by adding a
10% HCl solution. The water samples were subsequently passed
through a 0.45 μm water filter to remove particles and the anion ex-
change column at a flow rate of< 4 l per hour.

The collected sulfates in the columns were eluted using NaCl-rich
water in the laboratory at the Seoul National University, and 10% BaCl2
solution was added to the eluted solution to precipitate BaSO4 after
adjusting the pH to 3–4 by using concentrated HCl. The precipitated
BaSO4 was filtered and dried for the isotope analysis. Water samples for
the major ion analysis were not chemically pre-treated.

Ca2+ and Na+ in the water were determined using an inductively
coupled plasma-atomic emission spectrometer (ICP-AES: Optima-
4300DV) at the National Center for Inter-university Research facilities,
and anions such as Cl−, SO4

2− and NO3
− were determined by an ion

chromatography (IC) system (Dionex/ICS-3000) at the National
Instrumentation Center for Environmental Management in the Seoul
National University. The detection limits of major anions by the IC
system, and Na+ and Ca2+ by ICP-AES are 1, 0.05 and 0.01 mg/L,
respectively.

For sulfur isotope analysis, the precipitated BaSO4 powder was
converted into gaseous H2S using the THODE reduction solution of HI
+ H3PO2 + HCl (Thode et al., 1961) and the H2S was bubbled into a
AgNO3 solution by N2 as a carrying gas. Silver sulfide was precipitated
and stored in a dark room for a week for stabilization. The silver sulfide
was centrifuged, the silver nitrate solution decanted off, and the silver
sulfide was then washed with a succession of Milli-Q (MQ) water rinses,
followed by a rinse with 20 ml of 1 M NH4OH and then several addi-
tional MQ water rinses. A total of 3 mg of dried Ag2S was weighed into
an aluminum foil package and reacted with a 10-fold excess of ele-
mental fluorine in a nickel vessel for 8 h at 250 °C. The sulfur hexa-
fluoride (SF6) thus produced was separated from F2 by a liquid nitrogen
trap and purified from HF by an ethanol slush at −110 °C. The fluorine
gas was passivated using KBr (potassium bromide) salt and the distilled

SF6 then moved into the injection loop of a gas chromatograph (GC).
The final procedure was carried out using a GC-TCD with a column
composed of a 1/8 in. diameter and 6 ft length column including type
5A sieve and a second 1/8 in. diameter and 12 ft length HayeSep-Q™
column. The SF6 was eluted from the column by the helium gas and a
spiral trap froze the sulfur hexafluoride from the He using liquid ni-
trogen.

Multiple sulfur isotope compositions were determined by using a
Thermo-Finnigan Mat 253 Dual Inlet Isotope Ratio Mass Spectrometer
at the University of Maryland. The δ notation was used to represent δ34S
values relative to VCDT reference using the following equations:

= × −δ S 1000 (( S S ) ( S S )) ( S S )34 34 32
sample

34 32
reference

34 32
reference (1)

Δ33S and Δ36S were calculated by the equations below (Farquhar
et al., 2000):

= − × + −Δ S δ S 1000 ((1 δ S 1000) 1)33 33 34 0.515 (2)

= − × + −Δ S δ S 1000 ((1 δ S 1000) 1)36 36 34 1.90 (3)

The uncertainties of δ34S, Δ33S and Δ36S are 0.20‰, 0.008‰ and
0.16‰ respectively, estimated on the long-term measurements of
standard materials (IAEA S-1).

Multiple oxygen isotope compositions (16O, 17O and 18O) of sulfate
were determined by using a CO2-laser fluorination system (Bao and
Thiemens, 2000). The precipitated BaSO4 powder was further purified
using the DDARP method (Bao, 2006) to remove nitrate. The purified
BaSO4 then was analyzed for 18O/16O ratios by converting BaSO4 to CO
through a Thermal Conversion Elemental Analyzer (TCEA) at 1450 °C,
and for 17O/16O ratios by converting BaSO4 to O2 using a CO2-laser
fluorination system (Bao and Thiemens, 2000). The 18O/16O ratios were
run in continuous-flow mode, whereas the 17O/16O ratios were run in
dual-inlet mode. Both were run on a MAT 253 at Louisiana State Uni-
versity. The analytical standard deviation (1 sigma) for replicate ana-
lysis associated with Δ17O and δ18O is 0.05‰ and 0.5‰, respectively.

Oxygen isotope compositions of sulfate samples were presented by
δ-notation relative to SMOW (Standard Mean Ocean Water) values as
followed:

= × −δ O 1000 (( O O ) ( O O )) ( O O )18 18 16
sample

18 16
reference

18 16
reference

(4)

The Δ17O anomalies were calculated using the following equation:

= − ×Δ O δ O 0.52 δ O17 17 18 (5)

4. Results

The δ34Ssulfate values for Deception Island water samples range from
8.1‰ to 17.3‰, and the Δ33Ssulfate and Δ36Ssulfate values range from
0.00‰ to 0.05‰ and from −0.26‰ to 0.01‰, respectively (Table 2).
The analyzed δ18Osulfate values are from −4.6‰ to 0.7‰, and
Δ17Osulfate are from −0.22‰ to −0.01‰ (Table 2). The concentra-
tions of Ca2+, Cl−, and SO4

2− ions in the water were from 0.7 mg/L to
16.0 mg/L, from 9.2 mg/L to 310 mg/L, and from 1.2 mg/L to 84.0 mg/
L, respectively (Table 2). The samples from the lakes (DCW-2 and DCW-
3) with lower values of δ34Ssulfate, i.e., 9.2‰ and 8.1‰ showed higher
SO4

2−, Ca2+ and Cl− concentrations relative to other samples. The
concentrations of NO3

− ions were determined to be below the detection
limit (1 mg/L) (Table 2).

5. Discussion

The potential sources and formation processes of the dissolved
sulfates in the freshwater in the Antarctic region can be constrained by
using its sulfur and oxygen isotopic compositions and major ion con-
centrations of the Deception Island water.
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Fig. 3. Photos of representative sites for surface water collection.

Table 1
Description of water sampling sites at the Deception Island.

Sample Name Description Latitude Longitude elevation

DCW-1 Crater lake “Lago Irizar” Crater lake surrounded by volcanic pyroclasts. Surface was frozen. 62°58′49.3″S 60°42′23.9″W 4.0 m
DCW-2 Crater lake “Soto Crater” Crater lake surrounded by volcanic pyroclasts. Surface in the central part of the lake

was frozen.
62°59′05.2″S 60°39′16.9″W 1.5 m

DCW-3 Crater lake, “the Crater Lake” Biggest crater lake near the Spanish Antarctic base. Crater lake surrounded by
volcanic pyroclasts and lava flow. Surface was frozen.

62°58′57.6″S 60°40′01.1″W < 1.0 m

DCW-4 Crater lake “Crater Zapatilla
(Shoes lake)”

Lake near DCW-3 site and the Spanish Antarctic base 62°58′59.3″S 60°40′35.9″W Not determined

DCW-5 Pond, name unknown Shallow pond 62°55′29.1″S 60°40′56.7″W 8.2 m
DCW-6 Crater lake, name unknown Crater lake with muddy water 62°55′26.1″S 60°40′52.2″W 2.8 m
DCW-7 Pond, name unknown Pond with lichen and moss nearby. Steam from geothermal activity. Waters coming

from melting of nearby ice
62°58′51.5″S 60°39′55.5″W 20.9 m

DCW-8 “Rio Mecon” (Mekong River) Muddy creek. Water from melting of nearby glacier 62°58′37.7″S 60°40′39.2″W Not determined
DCW-9 Crater lake, “Chacao Crater” Crater lake surrounded by volcanic pyroclasts. Muddy water 62°56′00.0″S 60°40′55.7″W Not determined

Y. Kim et al. Chemical Geology 466 (2017) 762–775
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5.1. Calculation of non-sea salt sulfate

The contribution of sea salt sulfate to total sulfate can be estimated
from sodium ion (Na+) and sulfate ion (SO4

2−) concentration. We
evaluated the sea-salt fraction (F) by the following equation,

=
+ −F k[Na ] [SO ]measured 4

2
measured (6)

where k is the [SO4
2−]/[Na+] mass concentration ratio of SO4

2− and
Na+ in the sea salt. The k value of the open ocean is 0.25 (Holland,
1978). The sea salt fraction (F) of Deception Island water in this study
calculated using k = 0.25 is> 1, thus resulting in a negative estima-
tion of non-sea salt (nss) sulfate concentration. The overestimation of
the F value calculated by using k = 0.25 has been reported and dis-
cussed for the ice samples near the Antarctic coastal regions (Minikin
et al., 1994; Wagenbach et al., 1998; Rankin et al., 2000; Jonsell et al.,
2005; Kunasek et al., 2010).

Rankin et al. (2000) argued that the k value could possibly be lower
than 0.25 in the Antarctic region due to the formation of frost flowers in
the polar ocean. Frost flowers are saline and fragile ice crystals gener-
ated from the highly saline brine on the sea ice (Nghiem et al., 1997).
This saline brine is formed by the sea salt expelled from the low-saline
ice as seawater is frozen (Richardson, 1976; Perovich and Richter-
Menge, 1994). As the temperature falls the brine-to-ice volume ratio
decreases and this makes the brine more saline, giving rise to salt
precipitation (Rankin et al., 2000). The precipitation of mirabilite
(Na2SO4·10H2O) begins below −8 °C and the incorporation of the
precipitates into the sea ice under the brine leads to surface brine de-
pleted in both sodium and sulfate (Rankin et al., 2000). The measure-
ments of ion concentrations in frost flowers showed the substantial
fractionation among sea-salt ions (Rankin et al., 2000). They discussed
that sulfate ion concentration of frost flowers decreased to 10.8% of the
seawater concentration, which is three times lower than the decrease in
other major ions, such as K+ (36.4%), Mg2+ (38.1%), Ca2+ (39.4%)
and Cl− (35.2%). In contrast, sodium ion concentration was reduced to
33.8% of the seawater concentration, which was approximately 10%
lower than other ions. The measured SO4

2−-to-Na+ ratio of frost
flowers is 0.09, consistent with the mirabilite lost from the surface brine
to submerged ice (Rankin et al., 2000). The estimated k values which
that been reported from the coastal Antarctic region were 0.07
(Wagenbach et al., 1998; Kunasek et al., 2010) and 0.09 (Rankin et al.,
2000; Jonsell et al., 2005).

By assuming the strong influence of frost flowers contributed to the
total sea-salt concentration in the region, we applied the lowest esti-
mated k value of 0.07 to the non-sea-salt sulfate calculation of
Deception Island water. Deception Island is in the South Shetland
Islands, part of the wide coastal area of the Antarctic Peninsula (Fig. 1).
Since the frost flowers can be generated more in the coastal region
compared to the open ocean water (Rankin et al., 2000; Kunasek et al.,
2010), Deception Island would be easily affected by the frost flower
production, which allows a significant amount of fractionated sea-salt
aerosols including sulfates into the freshwater in the region. This could
affect the concentration of Na+ and SO4

2−, and the sea salt fraction (F)
of Deception Island water.

To eliminate the contribution from the sea-salt sulfate, the sulfur
isotope value of non-sea-salt sulfate (δ34Snss) was calculated by the
following equation,

=
− ×

−

δ S δ S F δ S
(1 F)

34
nss

34
measure

34
seawater

(7)

where F is the fraction of sea salt calculated by Eq. (6) and δ34Sseawater is
the sulfur isotope value of seawater, 21‰ (Rees et al., 1978). While the
calculated sea-salt fractions in this study are from 0.16 to 0.43 with an
average of 0.28, the average δ34Snss value of the dissolved sulfate is
12.5‰ ranging from 5.6‰ to 15.9‰ by eliminating the sea-salt frac-
tion (Table 2).

The sea-salt fractions and related δ34Snss values are calculated on theTa
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assumption that most Na+ in the water bodies originates from sea salt.
In contrast to the Antarctic ice cores where most ions are derived from
atmospheric deposition (e.g., Patris et al., 2000), the major ions in-
cluding Na+, Ca2+, Cl− and SO4

2− of the water bodies at the surface
can originate from not only atmospheric deposition but also from the
weathering process of volcanic rocks. The additional input of Na+ into
the water bodies can cause the overestimation of sea-salt fractions, and
the underestimation of non-sea-salt sulfate and the δ34Snss value. Since
Deception Island is composed of volcanic rock (Fig. 2), there is a pos-
sibility that weathering of the volcanic rock could supply additional
Na+ ions which are not associated with Cl− and SO4

2− into the water
bodies. In this case, the calculated sea-salt fractions and the decrease of
δ34Snss values from δ34S might be smaller.

5.2. Sulfate from atmospheric deposition

In this study, we discuss the possible source of sulfates derived from
the air. Atmospheric sulfate can be formed by natural processes such as
volcanic eruption, sea salt, biogenic hydrogen sulfide and its oxidation
products, DMS and its oxidation products, and mineral dust (Nielsen,
1974; Calhoun et al., 1991; Krouse and Mayer, 2000). Atmospheric
sulfate can also be generated by anthropogenic activities such as fossil-
fuel burning, fertilizer usage, and sewage (Krouse and Mayer, 2000; Bao
and Reheis, 2003; Norman et al., 2004; Oduro et al., 2012; Amrani
et al., 2013).

5.2.1. Sulfur isotopic signatures of sulfate from atmospheric deposition
5.2.1.1. Sulfate from terrigenous sources (volcanoes and mineral
dust). Approximately 31 active volcanoes are located in the Antarctic
region including the Antarctic Peninsula (Delmas et al., 1985; Jonsell
et al., 2005). The SO2 degassed from the active volcanoes and its
oxidized product sulfate (volcanic sulfate) can be a candidate for a low
δ34S-bearing source. The δ34S of the volcanic sulfate range from 0‰ to
5‰ (Nielsen, 1974; Calhoun et al., 1991). Volcanic sulfate has been
considered as one of the non-sea-salt sulfate sources in Antarctic ice and
snow samples (Patris et al., 2000; Alexander et al., 2003; Pruett et al.,
2004; Jonsell et al., 2005; Kunasek et al., 2010). Patris et al. (2000)
estimated the y-intercept value of 2.8‰ in the plot of δ34Ssulfate and 1/
[SO4

2−] from ice-core samples near the South Pole and suggested that
the y-intercept with a low δ34Ssulfate represents a volcanic sulfate end-
member. While the relative contribution of volcanic sulfate varied
from< 5% (Patris et al., 2000) up to 70% (Kunasek et al., 2010), the
studies demonstrated that volcanic sulfate is a significant sulfate source
in the snow, ice, and possibly water samples in the Antarctic region.

The y-intercept values of Deception Island water in the plots of Cl−/
SO4

2− molar ratio versus δ34Ssulfate (Fig. 4a) and δ34Snss (Fig. 4b) are

2.3‰ and −0.1‰, respectively. The values are similar to the y-inter-
cept value estimated by Patris et al. (2000) and they are in the range of
the δ34S of the volcanic sulfate from 0‰ to 5‰ (Nielsen, 1974;
Calhoun et al., 1991). Since the regression line in Fig. 4 represents a
relatively high correlation (0.85 in Fig. 4a and 0.74 in Fig. 4b), the y-
intercept could be estimated as the lower end-member of the mixing
trend of Deception Island water (Fig. 4). Therefore, volcanic sulfate
might represent one of the lower end-member sulfates of Deception
Island water.

Another possible sulfate source for the low δ34Ssulfate might be the
mineral dust from the continent. Since Antarctica is ice covered,
Patagonia is on the nearest continent for the introduction of mineral
dust onto Deception Island (Fig. 1). The reported δ34S of Patagonian
volcanic rocks and sulfide minerals ranged from −2.8‰ to 4.2‰
(Jovic et al., 2011; Lanfranchini et al., 2013; Moreira and Fernández,
2015). The contribution of sulfate transported from Patagonia and
Antarctic-derived sulfate from exposed-rock areas such as the Antarctic
Peninsula and Northern Victoria Land is difficult to distinguish, because
the range of sulfur isotope ratios of both volcanic and continental-de-
rived sulfate closely overlap.

The Ca2+ concentration in ice core and snow samples has been
considered as a conservative ion and used as a tracer for continental
sulfates in Antarctica (Legrand et al., 1997; Kunasek et al., 2010) and
Greenland (Patris et al., 2002). To calculate the contribution of sulfate
from by continental-derived material, non-sea salt calcium concentra-
tion has to be determined by the following equation,

=
− +[SO ] m[Ca ]4

2
con

2
nss (8)

where [SO4
2−]con and m are the concentration of continental sulfate

and average mass ratio of SO4
2−/Ca2+ (~0.18), representative of dust

emission (Legrand et al., 1997) used in the previous studies (Patris
et al., 2002; Kunasek et al., 2010). The non-sea-salt concentration of
calcium ([Ca2+]nss) is calculated by the known calcium to sodium ratio
of seawater (0.038) from Legrand et al. (1997). The estimated fraction
of continental sulfate in eight samples from Deception Island calculated
by Eq. (8) are< 10% except for DCW-1, which has a negative value for
non-sea-salt calcium concentration (Table 3). These low calculated
fractions (< 10%) of continental-derived sulfate to the total sulfate
budget suggest a minor role of the lower end-members of the mixing
line shown in Fig. 4.

Similar to the overestimation of Na+ from the weathering process of
volcanic rock on Deception Island, the addition of Ca2+ from the vol-
canic rock could result in the overestimation of the continental sulfate
fraction. This could overestimate the fraction of continental sulfate
(Table 3) even though the values are sufficiently low that their con-
tribution to total sulfate seems insignificant, i.e., < 10%.

Fig. 4. Plots of Cl−/SO4
2− molar ratio versus (a) δ34Ssulfate and (b) δ34Snss values. The cross symbol indicates seawater. Both graphs show a linear regression line, the sign of the mixing

line between two end-members. The y-intercepts, (a) 2.3 and (b) −0.1, indicate the sulfur isotope values for lower end-member, which is volcanic sulfate from the constantly degassing
volcanoes and/or mineral dust. The higher end-member sulfate consists of the combination of sea-salt aerosol and marine biogenic sources such as DMS.
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5.2.1.2. Sulfate from sea salt and marine biogenic sources. The end-
member of the high sulfur isotope ratio could possibly be sea-salt
aerosol and marine biogenic sources such as dimethyl sulfide (DMS)
(Calhoun et al., 1991; Norman et al., 2004), or the combination of both
(Fig. 4a). The δ34S of seawater is 21‰ (Rees et al., 1978) and that of
DMS and its oxidation products are from 16‰ to 19‰ (Oduro et al.,
2012; Amrani et al., 2013). This range includes the δ34S value of marine
biogenic sulfate, +18.6‰, of the shallow Antarctic ice core near the
South Pole (Patris et al., 2000). Fig. 4a and b show a similar trend,
indicating that sulfate sources with high δ34S values are associated not
only with sea-salt sulfate but also with the supply of sulfate from marine
biogenic sources, mainly DMS. Although ancient evaporite has a high
sulfur isotope composition up to 35‰ as well (Krouse and Mayer,
2000), since Deception Island is mainly composed of Quaternary
volcanic rocks (Fig. 2), we ruled out it as a possible candidate for the
high δ34Ssulfate.

Marine biogenic sulfate such as DMS has been suggested as a sig-
nificant source of sulfate in the Antarctic ice core (Patris et al., 2000;
Alexander et al., 2003; Pruett et al., 2004; Jonsell et al., 2005; Kunasek
et al., 2010), while its relative contributions in the ice core of West
Antarctica (low δ34Ssulfate) and East Antarctica (high δ34Ssulfate) are
different. The contribution of DMS can even be up to 90% of total
sulfate in Antarctica (Patris et al., 2000). Fig. 4 shows that six Deception
Island water samples still maintain their high sulfur isotope composi-
tion after excluding the sea-salt fraction. DMS therefore can contribute
significantly to the high δ34Ssulfate end-member of Deception Island
water.

5.2.1.3. Sulfate from anthropogenic sources. Atmospheric sulfates from
anthropogenic activities, mainly from fossil-fuel burning, showed
relatively low δ34Ssulfate values ranging from −3‰ to 9‰ (Krouse
and Mayer, 2000). Patris et al. (2002) showed that the anthropogenic
sulfate (δ34Ssulfate = 3.0‰) influenced the Greenland ice cores, and
they also suggested that the δ34Ssulfate of anthropogenic sulfate is
distinct despite the change in the dominant source region. In contrast
to Greenland, lying in the Northern Hemisphere where dense human
and industrial activities occur, the Antarctic region has been regarded
as relatively isolated from anthropogenic pollutants (Patris et al., 2000;
Alexander et al., 2003; Pruett et al., 2004; Jonsell et al., 2005; Kunasek
et al., 2010). Anthropogenic sulfate is generally emitted to the
atmosphere with other pollutants such as nitrates, which are used as
indicators in groundwater and river water for contaminants or
discharges produced by human activities (Bottrell et al., 2008; Otero
et al., 2008; Rock and Mayer, 2009; Tuttle et al., 2009; Hosono et al.,
2011a; Hosono et al., 2011b). Nitrate concentrations in Deception

Island water are below the detection limit of 1 mg/l, which also
supports the hypothesis of negligible anthropogenic sulfate
contribution to Deception Island water.

5.2.2. Oxygen isotope compositions (δ18O and Δ17O) of atmospheric sulfate
The oxygen atoms of atmospheric sulfate are generally controlled by

the principal oxidants in the atmosphere such as ozone (O3), hydrogen
peroxide (H2O2), hydroxyl radical (%OH) and oxygen molecules (O2)
(Thompson, 1992). As sulfur dioxide (SO2) and other sulfur compounds
are oxidized in the atmosphere, the isotopic signature of these oxidants
is transferred to the sulfate (Δ17O and δ18O) (Savarino et al., 2000).
Since isotopic exchange occurs between H2O and %OH in the atmo-
sphere, the oxygen isotope ratio (δ18O) and its mass dependent affinity
(Δ17O) in %OH is closely related to that of water vapor. Other oxidants,
however, have much higher (δ18O) and anomalous (Δ17O) values such
as from 95 to 125‰ and 20–35‰ in O3 respectively (Johnston and
Thiemens, 1997), and from 21.9–52.5‰ and 1–2‰ in H2O2 respec-
tively (Savarino and Thiemens, 1999). More recently, Vicars and
Savarino (2014) reported the δ18O(O3)bulk and Δ17O(O3)bulk values in
both Grenoble city and the Atlantic Ocean, of which the average values
are 111.4 and 26.2‰ and 114.8 and 25.9‰ respectively. The δ18O in
O2 is 23.5‰, and Δ17O is −0.34‰ (Barkan and Luz, 2005).

The δ18Osulfate in the Deception Island water (from −4.6‰ to
0.7‰; Fig. 5) is lower than typical values of atmospheric sulfate sug-
gested by Krouse and Mayer (2000). Among the major oxidants in the
atmosphere for sulfate formation mentioned above, %OH would be a
major oxidant and contribute to the oxygen isotope composition of
atmospheric sulfate in the study area. The contribution of %OH, how-
ever, is< 40% on a global scale (Sofen et al., 2011; Alexander et al.,
2012) and approximately 11% in the Antarctic region (Sofen et al.,
2011). The low δ18Osulfate values we observe may reflect incorporation
of other low δ18O sulfate sources in the surface environment.

The Δ17Osulfate in this study is non-anomalous and ranges from
−0.01‰ to −0.22‰ (Fig. 6). The near-zero Δ17Osulfate values in this
study are distinct from the previous reports of highly positive Δ17Osulfate

values in the Antarctic ice cores such as up to 4.8‰ in Vostok
(Alexander et al., 2002), 4.1‰ in Dome C (Alexander et al., 2003) and
2.5‰ in the WAIS Divide (Kunasek et al., 2010) and in the dissolved
sulfate of the Transantarctic Mountains up to 2.3‰ (Sun et al., 2015).
These reports suggested that the anomalous Δ17Osulfate value originates
from the atmospheric oxidation of SO2 by H2O2 and O3. The non-
anomalous Δ17Osulfate indicates little incorporation of the anomalous
Δ17O signature from O3 and H2O2 during the oxidation process. SO2

oxidation by O3 in the troposphere would transfer a quarter of the Δ17O
signature from O3 to sulfate, and the Δ17Osulfate would therefore be from
6.3–8.8‰ (Savarino et al., 2000). The H2O2 transfers half of its
anomalous signature to sulfate, producing Δ17Osulfate of 0.5–1‰
(Savarino and Thiemens, 1999; Savarino et al., 2000). These have been
considered to be the major oxidation mechanisms that produce anom-
alous mass-independent Δ17Osulfate in the Antarctic ice cores (Alexander
et al., 2002; Kunasek et al., 2010; Sofen et al., 2011) and ponds in
Antarctica (Sun et al., 2015). Oxidation of SO2 by the %OH radical
produces non-anomalous Δ17Osulfate except under some conditions in
the dry Arctic region (Morin et al., 2007). Thus, the slightly negative
and mass-dependent Δ17Osulfate of Deception Island water implies that
the contribution of oxidants with high Δ17O values such as O3 and H2O2

to sulfate production in the atmosphere was negligible or sufficiently
small that the measured Δ17Osulfate may originate from %OH and O2,
rather than O3 and H2O2.

A halogen-bearing oxidant could cause the near zero Δ17O value in
the studied area. The Δ17O value of sulfate formed by the hetero-
geneous oxidation process by HOCl or HOBr is 0‰ because these ha-
logen-containing oxidants promote the hydrolysis of sulfur and do not
transfer their oxygen atoms and positive Δ17O value (50‰) to sulfate
during the oxidation process (Fogelman et al., 1989; Troy and
Margerum, 1991; Alexander et al., 2012). Heterogeneous oxidation is

Table 3
Calculated concentration of non-sea-salt calcium ion and sulfate ion from continental
sources. The fraction of sulfate from continental source to total sulfate concentration was
estimated. The entry “nd” represents “not determined”.

Ca2+

(mg/L)

a
nssCa2+ (mg/
L)

b
nssSO4

2− (mg/
L)

Fraction of continental
sulfate (%)

DCW-1 0.7 −0.1c −0.03c −43c

DCW-2 16 7.9 1.4 1.7
DCW-3 2.8 1.3 0.2 1.3
DCW-4 0.9 0.7 0.1 10.1
DCW-5 1.3 0.8 0.1 4.3
DCW-6 1.6 1.1 0.2 7.3
DCW-7 1.7 1.1 0.2 8.8
DCW-8 5.5 nd nd nd
DCW-9 1.7 1.1 0.2 5.0

a Sea-salt fraction calculated by calcium to sodium mass ratio of seawater (0.038) from
Legrand et al. (1997).

b Calculated from average mass ratio of sulfate-to‑calcium ratio of dust emission (0.18)
suggested by Legrand et al. (1997).

c The negative value might be attributed to the evaporation effect.
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thought to be especially important in the marine boundary layer (MBL)
(Vogt et al., 1996) and model calculations indicate that it can con-
tribute up to 30% of the total sulfate production in the atmosphere (von
Glasow et al., 2002; Alexander et al., 2012). Heterogeneous oxidation
by HOCl and HOBr on the surface of sea-salt aerosol can be enhanced
when the concentration of the sea-salt aerosol increases and an alkaline
condition (pH near 8) occurs in the MBL (Alexander et al., 2012). There
is no evidence or direct measurement of high levels of halogen-con-
taining oxidant in the studied area.

An association of %OH with the atmospheric oxidation process,
which could explain the near zero Δ17Osulfate value in the study area,
also lacks supporting evidence in spite of the zero Δ17O value of %OH
and the measured values of δ18Osulfate, which are similar to the
δ18Owater in the water bodies of Deception Island. Partial involvement
of %OH can contribute to the decrease of Δ17Osulfate values by both gas-
phase and aqueous oxidation processes in the atmosphere (Jenkins and
Bao, 2006). An anomalous increase in the %OH contribution to the
overall atmospheric oxidation process of SO2 can cause the Δ17Osulfate

value to be near zero since< 40% of sulfate is oxidized by %OH on a
global scale (Sofen et al., 2011; Alexander et al., 2012). Direct mea-
surements of the fractions of each oxidant in the atmosphere are absent
and there is no adequate theoretical or simulation result to explain the
enhanced role of %OH among major atmospheric oxidants.

5.3. Isotopic signatures of sulfate during the sulfide oxidation process

5.3.1. Sulfur isotopic composition during sulfide oxidation
The variation in the sulfur isotope value in the dissolved sulfate

cannot be explained by only atmospheric contributions. Sulfate with a
low δ34S value can originate from the oxidation processes of reduced
and elemental sulfur compounds (Tuttle et al., 2009; Yuan and Mayer,
2012). Sulfide oxidation could occur where sulfide is exposed at the
surface and interacts with molecular oxygen. Sulfate in this study was
collected from stagnant lake, pond, and creek water which came from a
combination of precipitation, ice-melt and groundwater. Sulfate de-
rived from sulfide mineral oxidation can be significant in surface waters
(Otero et al., 2008; Rock and Mayer, 2009; Tuttle et al., 2009;
Killingsworth and Bao, 2015) and in groundwater systems (Bottrell
et al., 2008; Hosono et al., 2011b; Raidla et al., 2014). Since biological
and abiotic oxidation of sulfides in the surface water leads to a rela-
tively small fractionation of the sulfur isotope ratio of< 2‰ (Balci
et al., 2007; Heidel et al., 2013), sulfate retains its original sulfur iso-
topic value.

The samples of two low δ34Snss (DCW-2 and DCW-3) and the other
samples have a positive correlation between the δ34Snss and Cl−/SO4

2−

molar ratio (Fig. 4b). The lower δ34Snss samples are related to the in-
creased sulfate concentration in the water. The two largest neighboring
crater lakes (DCW-2 and DCW-3) are possibly the deepest among the
water sampling sites of this study (Fig. 3). The water from these two
lakes would have a relatively longer residence time and these would be
better sites for an oxidative reaction of sulfide minerals, which could be
an important candidate for the low δ34Ssulfate and the elevated sulfate
concentrations. Although the amount of sulfate derived from sulfide
oxidation process may be small, the sulfur isotopic composition of total
sulfate can be modified significantly due to the very low δ34S value that
may even be negative (Krouse and Mayer, 2000; Killingsworth and Bao,
2015).

5.3.2. Oxygen isotopic composition during sulfide oxidation
The δ18Osulfate could reveal the potential influence of the sulfide

oxidation process on the total sulfate budget in surface water and

Fig. 5. Plot of the δ34S versus δ18O values of the dissolved sulfate
from Deception Island. The areas of atmospheric sulfate and
evaporite were from (Krouse and Mayer, 2000). The δ34Ssulfate of
the atmospheric sulfates in the industrialized area range from
−3‰ to 9‰ (Krouse and Mayer, 2000), while the atmospheric
sulfates derived from marine source such as sea-salt sulfate
(21‰) (Rees et al., 1978), and marine biogenic sulfate (from
16‰ to 19‰) (Oduro et al., 2012; Amrani et al., 2013) show
higher δ34Ssulfate. The letter A in the graph indicates the range of
the δ18Owater from Deception Island water (Kusakabe et al.,
2009). The letter B in the graph means the estimated range of
δ18Osulfate values produced from the sulfide oxidation process.
The lower limit is the lowest δ18Owater value of Deception Island
water samples and the upper limit is calculated by the equation
(δ18Osulfate = 0.62 * δ18Owater + 9) from the experimental data
suggested by Van Stempvoort and Krouse (1994). See the text for
details.

Fig. 6. Multiple oxygen isotope composition (Δ17O and δ18O) of the dissolved sulfate
from Deception Island. The Δ17Osulfate indicates no or little incorporation of mass-in-
dependent Δ17O composition from O3 and H2O2 during the atmospheric oxidation pro-
cess. The non-anomalous Δ17Osulfate and lower δ18Osulfate than typical sulfate values imply
the strong influence of the atmospheric %OH radical, which is isotopically representative
of local ambient water. The slightly negative Δ17Osulfate implies the effect of O2, whose
Δ17O value was −0.23‰, which in turn suggests an association with ambient water by
the sulfide oxidation process.
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groundwater (Krouse and Mayer, 2000; Otero et al., 2008; Yuan and
Mayer, 2012). Since the oxygen atoms of the water molecule are in-
corporated into the sulfate during the sulfide oxidation process (Taylor
et al., 1984; Van Stempvoort and Krouse, 1994; Balci et al., 2007), the
δ18Osulfate could reflect the δ18Owater, representing the general re-
lationship suggested by Van Stempvoort and Krouse (1994). Otero et al.
(2008) argued that this relationship could be depicted as a field in the
δ18Owater and δ18Osulfate diagram and sulfates plotted in this area might
indicate the significant influence of oxygen exchanged with water
during the sulfide oxidation process. The lower limit of the field is re-
presented by δ18Owater = δ18Osulfate indicating that all oxygen atoms of
sulfate are derived from water molecule. The upper limit is defined as
the equation of δ18Osulfate = 0.62 ∗ δ18Owater + 9, which is derived
from experimental data (Van Stempvoort and Krouse, 1994). The
samples of Deception Island water are plotted in this area (Fig. 7),
suggesting a strong involvement of local water during the sulfide oxi-
dation process. Although Deception Island water samples are plotted in
the area, there seems to be no distinct relationship between the
δ18Osulfate and δ18Owater of Deception Island water samples (Fig. 7). This
could be attributed to the fact that the sulfide oxidation process was not
the only source for sulfate formation in Deception Island. Atmospheric
sulfate might be one of the significant sulfate sources and the mixing
process between the atmospheric sulfate and sulfate derived from sul-
fide oxidation process would prevent the δ18Osulfate from the sulfide
oxidation process from preserving the signal of the δ18Owater value.

The most negative reported δ18Osulfate value was −22.2‰ in the
dissolved sulfate from the pond in the Transantarctic Mountains (Sun
et al., 2015). Sun et al. (2015) suggested that this very low δ18O value
was affected by melting glacial water of which δ18O became as low as
−70‰ and that the calculated δ18Osulfate value from the weathering
process was much lower than the previously reported value, down to
−58.3‰. The δ18Osulfate of Deception Island water, therefore, could be
controlled by the oxygen isotopic composition of local water both in the
atmosphere and at the surface.

Incorporation of sulfate from sulfide oxidation processes could ex-
plain the relatively lower δ18Osulfate of Deception Island water than
typical atmospheric sulfate (Fig. 5). The association of water with the
relatively lower δ18Owater, from −10.9‰ to −7.8‰ (represented as A
in Fig. 5) can act as a medium for oxygen exchange during the process
of sulfide oxidation. The maximum value of δ18Osulfate derived from the
oxidation process was estimated as 4.1‰ determined by the equation

δ18Osulfate = 0.62 ∗ δ18Owater + 9 with the highest δ18Owater (−7.8‰)
of Deception Island water. The range of B is from −10.9‰ to 4.1‰
(Fig. 5) represents the estimated δ18Osulfate by the sulfide oxidation
process with Deception Island water. This range includes the measured
δ18Osulfate implying the influence of the local ambient water on the total
sulfate budget of Deception Island water.

The slightly negative Δ17Osulfate (−0.22‰ to −0.01‰) may reflect
the transfer of the Δ17O signature of O2 during the sulfide oxidation
process. During the oxidation process at the surface, O2 can be used as
one of the major oxidants in addition to water molecules (Taylor et al.,
1984; Van Stempvoort and Krouse, 1994; Balci et al., 2007). The ne-
gative Δ17O of O2, −0.34‰, would be transferred to sulfate and input
of this sulfate to the total sulfate budget could make Δ17Osulfate negative
within the mass-dependent fractionation range. Two samples (DCW-2
and DCW-3), which are considered to be more affected by the sulfide
oxidation process than the other samples, represent the lowest
Δ17Osulfate (−0.22‰ in DCW-2 and -0.12‰ in DCW-3; Table 2) of
Deception Island water (Fig. 6). Since the fraction of O2 as an atmo-
spheric oxidant during oxidation to sulfate is< 10% (Alexander et al.,
2012), the Δ17Osulfate transferred from Δ17Owater via sulfide oxidation
would be smaller than Δ17Owater itself.

The incorporation of oxygen atoms from ambient water into sulfate
and the partial involvement of the O2 molecule depend on the sulfide
oxidation reaction where the major oxidants are either O2 or Fe(III)aq
(Balci et al., 2007). The oxygen isotope ratios of sulfate incorporated
from the O2 molecule and water are varied by a related reaction
pathway and can determine the δ18Osulfate value (Lloyd, 1968; Taylor
et al., 1984; Balci et al., 2007). The negative Δ17O value of the O2

molecule (−0.34‰) might be further incorporated into the dissolved
sulfate during the sulfide oxidation process when more O2 molecules
are involved in the reaction.

The δ18Osulfate value is expected to increase if more O2 molecules are
involved in the oxidation reaction due to its high δ18O value (23.5‰).
Several studies, however, showed that the oxygen isotope fractionation
occurs during the sulfide oxidation reaction by the O2 molecule and
water, and this process might reduce the effect of its high δ18O value on
the sulfate (Lloyd, 1968; Taylor et al., 1984; Van Stempvoort and
Krouse, 1994). The oxygen isotope fractionation between sulfate and
the O2 molecule reduces the δ18Osulfate to −11.4‰ while the reaction
by the Fe(III)aq shows less variable isotope fractionation, 0‰ to 4‰,
between sulfate and water molecules (Lloyd, 1968; Taylor et al., 1984;
Van Stempvoort and Krouse, 1994). This indicates that the high δ18O
value of the O2 molecule is not fully reflected in the δ18Osulfate during
sulfate formation by the sulfide oxidation process.

In the water bodies in oceans or lakes where high biological activ-
ities occur, the isotopic composition of the dissolved O2 can be altered
by the gas-state air-water exchange, and the interaction of photo-
synthesis and respiration (Luz and Barkan, 2000; Venkiteswaran et al.,
2007; Bao, 2015). The δ18O and Δ17O values of the dissolved O2 are
different from those of the atmospheric O2 and the altered isotopic
signature is reflected in the sulfate during the formation process such as
H2S oxidation in water bodies, while the signature cannot be quantified
because of deficient analytical resolution (Bao, 2015).

5.4. Sulfate from biological processes

The non-labile character of sulfate that preserves the oxygen iso-
topic composition of source materials after sulfate formation allow us to
trace the oxygen sources of sulfate by oxygen isotope analysis (Krouse
and Mayer, 2000; Bao, 2015). The oxygen isotope exchange between
sulfate and water or minerals occurs at high temperature (> 350 °C)
and/or acidic (> 1 m H2SO4 or HCl solution) hydrothermal environ-
ments (Kusakabe and Robinson, 1977; Chiba et al., 1981). Under sur-
face conditions, however, the oxygen isotope composition of sulfate can
be altered via biological processes such as dissimilatory microbial sul-
fate reduction by kinetic isotope fractionation (Llyod, 1967; Aharon

Fig. 7. Measured δ18Osulfate with δ18Owater from Kusakabe et al. (2009). The shaded area
defined by Van Stempvoort and Krouse (1994) indicates the field where the sulfate de-
rived from sulfide oxidation has to be plotted in the δ18Osulfate vs. δ18Owater diagram. The
upper line (δ18Osulfate = δ18Owater ∗ 0.62 + 9) is the limit of δ18Osulfate values by the
sulfide oxidation process with ambient water derived from the experimental data (Van
Stempvoort and Krouse, 1994). The lower line (δ18Osulfate = δ18Owater) means that no
fractionation occurs between oxygen atoms during the oxidation process. The plot of
sulfate samples of this study was located in the shaded area, implying a significant in-
volvement of sulfate from the sulfide oxidation process.
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and Fu, 2003) or isotope exchange between sulfate and ambient water
(Fritz et al., 1989; Van Stempvoort and Krouse, 1994; Brunner et al.,
2005). During microbial sulfate reduction, sulfate is reduced to sulfide
and other intermediate sulfur compounds (Canfield, 2004). The
δ18Osulfate and δ34Ssulfate in natural waters such as aquifers or rivers can
increase with the progression of the microbial sulfate reduction process,
while the sulfate concentration decreases (Tuttle et al., 2009; Hosono
et al., 2011a; Hosono et al., 2014).

The absence of a relationship between the δ18Osulfate and δ34Ssulfate
might indicate the minor influence of any extensive microbial reduction
process on Deception Island water. Previous studies showed the positive
relationship between the δ18Osulfate and δ34Ssulfate by kinetic isotope
exchange during the widespread dissimilatory microbial sulfate re-
duction process with a slope of 0.25 in natural systems (Mandernack
et al., 2003; Tuttle et al., 2009). Brunner et al. (2005), in contrast,
suggested that the dissimilatory sulfate reduction process by exchange
reaction between the sulfate and ambient water produced none of these
linear trends and that a curved line represented the correlation of both
isotopes more exactly. Between the δ18Osulfate and δ34Ssulfate of Decep-
tion Island water, there is no linear and/or curved relationship which
might be the signal of widespread microbial reduction process (Fig. 5).

The δ34Ssulfate of Deception Island water is positively related to the
Cl−/SO4

2− molar ratio, showing the decrease in sulfate concentration
with an increase in δ34Ssulfate (Fig. 4). Even though the δ34Ssulfate and
sulfate concentrations show a negative relationship which might be a
signal of the microbial reduction process, the maximum δ34Ssulfate of
Deception Island, 17.3‰, is too low to indicate an influence by the
dissimilatory microbial reduction process. The δ34Ssulfate of surface
waters that are fractionated by dissimilatory microbial sulfate reduction
can be high, approaching values between 33.4‰ (Hosono et al., 2011a)
to 49.9‰ (Hosono et al., 2014) in the groundwater, and 49.1‰ in the
pond at the Antarctica (Sun et al., 2015). The microbial sulfate reduc-
tion process, therefore, is considered to have an insignificant impact on
the δ34Ssulfate of Deception Island water.

5.5. Multiple sulfur isotope composition (Δ33S and Δ36S) of sulfate

Both Δ33Ssulfate and Δ36Ssulfate of Deception Island water show values
close to zero which are completely mass-dependent compositions
(Fig. 8). The Δ17Osulfate, Δ33Ssulfate and Δ36Ssulfate data confirmed that
the sulfate of Deception Island water was primarily derived from
sources fractionated by mass-dependent processes. The homogeneous
and mass-dependent Δ33Ssulfate (0.00‰ to 0.05‰) and Δ36Ssulfate

(−0.26‰ to 0.01‰) imply that atmospheric oxidation from SO2 to
sulfate of Deception Island occurred mainly in the troposphere and
lower stratosphere where photochemical reaction by UV light
(< 220 nm) that might trigger anomalous Δ33S and Δ36S values is
small. This result is consistent with the dominance of mass-dependent
fractionated (near zero Δ33S) background sulfate in the Antarctic ice
cores and snow (Alexander et al., 2003; Savarino et al., 2003; Baroni
et al., 2008; Kunasek et al., 2010). These studies argued that the near-
zero Δ33Ssulfate was derived from the background sulfate formed in the
troposphere. Savarino et al. (2003), on the other hand, suggested that
some eruptive volcanic sulfate could reach higher stratospheric alti-
tudes and be exposed to the stronger UV levels, leading to mass-in-
dependent fractionation showing anomalous Δ33Ssulfate and Δ36Ssulfate.
Baroni et al. (2008) demonstrated that the Δ33S difference of sulfate
between ice cores in Antarctica (Dome C and South Pole) preserve a
change in sulfur isotope anomaly from positive to negative values
during the deposition of mass-independent fractionated sulfate from the
stratosphere.

The mass-dependent Δ33Ssulfate and Δ36Ssulfate of Deception Island
water support the suggestion that the volcanic sulfate derives from
tropospheric sources rather than stratospheric-scale volcanic activity.
The near-zero Δ33Ssulfate and Δ36Ssulfate enable the exclusion of strato-
spheric sulfate as one of the main constituents of atmospheric sulfate
deposition, of which the δ34S is 2.6‰ (Castleman et al., 1974). Due to
its low δ34S, stratospheric sulfate can be one of the candidates for lower
end-members in Fig. 4, but near zero Δ33Ssulfate and Δ36Ssulfate suggest
the negligible influence of stratospheric sulfate in Deception Island.
This helps to narrow the possible candidates for lower end-member
sources to volcanic sulfate from the constantly degassing volcanoes
and/or mineral dusts. Kunasek et al. (2010) argued that the contribu-
tion of stratospheric sulfate cannot be neglected even if anomalous
sulfur isotope compositions are not measured, based on the results of
Baroni et al. (2008) that all stratospheric-scale volcanic activities are
not identified. In this study, however, both non-anomalous oxygen
(Δ17Osulfate) and sulfur (Δ33Ssulfate and Δ36Ssulfate) isotopic compositions
provide greater support for the opinion that the contribution of stra-
tospheric sulfate to Deception Island is insignificant because strato-
spheric sulfate formed by the oxidation of SO2 by stratospheric %OH can
have anomalous Δ17O values up to 45‰ (Lyons, 2001; Liang et al.,
2006; Zahn et al., 2006).

Fig. 8. Δ33Ssulfate and Δ36Ssulfate from Deception Island water.
The homogeneous and mass-dependent Δ33S (0.00‰ to 0.05‰)
and Δ36S (−0.26‰ to 0.01‰) values stress the dominance of
the tropospheric oxidation process, which is a result similar to
the previous Antarctic ice core and snow studies (Alexander
et al., 2003; Baroni et al., 2008; Kunasek et al., 2010). The
predominant occurrence of the atmospheric oxidation process in
the troposphere confirms the idea that volcanic sulfate was
mainly derived from the constantly degassing volcanoes, which
had less ability to raise sulfate to the stratosphere where mass-
independent fractionation by stronger UV at 220 nm occurs.
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6. Conclusions

The multiple oxygen (Δ17O and δ18O) and sulfur (δ34S, Δ33S and
Δ36S) isotope compositions of the dissolved sulfate in the lakes and
ponds at Deception Island, Antarctic Peninsulas were measured to trace
the sulfate sources and oxidation pathways. The major ion concentra-
tion (Na+, Ca2+, Cl−, NO3

− and SO4
2−) analyses were accompanied

with isotope measurements to investigate the surface processes, such as
evaporation and mixing, which had an impact on the isotope compo-
sition of sulfate. The δ18Osulfate and δ34Ssulfate ranged from 8.1‰ to
17.3‰ and from −4.6‰ to 0.7‰, respectively. The Δ17Osulfate

(−0.22‰ to 0.01‰), Δ33Ssulfate (0.00‰ to 0.05‰) and Δ36Ssulfate
(−0.26‰ to 0.01‰) represented a non-anomalous composition of the
dissolved sulfate. These measurements led to the following conclusions.

(1) The δ34Snss value (5.6‰ to 15.9‰) is calculated using an estimated
k value (0.07) and sea-salt fractions are from 16% to 43%.

(2) The plot of δ34Ssulfate versus Cl−/SO4
2− molar ratio represented a

linear mixing line between two end-members. The possible candi-
date for the lower end-mB45ember is the terrigenous sulfate from
volcanoes and mineral dust. The calculated fractions of continental-
derived sulfate (< 10%) by the Ca2+ concentration suggest their
minor influence on the total sulfate budget of Deception Island
water.

(3) The higher end-member sulfate is thought to be the combination of
sea-salt aerosol and marine biogenic sources such as DMS. The
δ34Snss, which varies little from the δ34Ssulfate, shows the dominance
of marine biogenic sources as the higher end-member.

(4) The δ18Osulfate of Deception Island water indicates an association
with local ambient water. The non-anomalous Δ17Osulfate implies
the trivial influence of anomalous atmospheric oxidants such as O3

and H2O2.
(5) The two distinct lower values of δ34Ssulfate (DCW-2 and DCW-3)

could be explained by the input of sulfate via the sulfide oxidation
process. The δ18Osulfate and δ18Owater of Deception Island water are
plotted in the area of the influence of sulfide oxidation process. The
slightly negative Δ17Osulfate might be transported from the Δ17O
signal of molecular oxygen during the sulfide oxidation process.

(6) The Δ33Ssulfate and Δ36Ssulfate were completely mass-dependent for
Deception Island sulfate, indicating the dominance of mass-depen-
dent atmospheric oxidation processes and support a tropospheric,
rather than stratospheric origin for sulfate.
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