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Abstract The sulfide (H2S/HS
-) that is emitted from hydrothermal vents begins to

oxidize abiotically with oxygen upon contact with ambient bottom water, but the reaction
kinetics are slow. Here, using in situ voltammetry, we report detection of the intermediate

sulfur oxidation products polysulfides [S2!x ] and thiosulfate [S2O
2!
3 ], along with contextual

data on sulfide, oxygen, and temperature. At Lau Basin in 2006, thiosulfate was identified
in less than one percent of approximately 10,500 scans and no polysulfides were detected.
Only five percent of 11,000 voltammetric scans taken at four vent sites at Lau Basin in
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May 2009 show either thiosulfate or polysulfides. These in situ data indicate that abiotic
sulfide oxidation does not readily occur as H2S contacts oxic bottom waters. Calculated
abiotic potential sulfide oxidation rates are\10-3 lM/min and are consistent with slow
oxidation and the observed lack of sulfur oxidation intermediates. It is known that the
thermodynamics for the first electron transfer step for sulfide and oxygen during sulfide
oxidation in these systems are unfavorable, and that the kinetics for two electron transfers
are not rapid. Here, we suggest that different metal catalyzed and/or biotic reaction
pathways can readily produce sulfur oxidation intermediates. Via shipboard high-pressure
incubation experiments, we show that snails with chemosynthetic endosymbionts do
release polysulfides and may be responsible for our field observations of polysulfides.

Keywords Sulfide oxidation " Kinetics " Hydrothermal vents " Diffuse flow " Lau Basin "
In situ chemistry

1 Introduction

Sulfide speciation is an integral component of the hydrothermal environment, being rel-
evant for biotic and abiotic processes, and influencing the transport of metals and other
hydrothermally emitted species (Hannington et al. 1995; Luther et al. 2001a). At hydro-
thermal vents, chemosynthetic microorganisms live in diffuse flow hydrothermal vent
zones, typically at temperatures ranging above 2–70"C, and make use of the electrons in
free hydrogen sulfide (

P
H2S and HS-) to generate energy for carbon fixation. Thus, they

form the basis of primary productivity, obtaining energy from the oxidation of hydrogen
sulfide (Eq. 1, Jannasch and Wirsen 1979).

CO2 þ O2 þ 4H2S ! CH2Oþ 4Sþ 3H2O ð1Þ

H2S also reacts with aqueous metal species and precipitates to yield large-scale sulfide
deposits. In the presence of O2 and metals, H2S may also oxidize to sulfur intermediates
and eventually to seawater sulfate. Between sulfide (with a -2 oxidation state on sulfur)
and sulfate (with a ?6 oxidation state), there are a number of sulfur species with inter-
mediate oxidation states, including polysulfides (mix of 0 and -2), elemental sulfur (0),
polythionates (0 and ?2), thiosulfate (-1 and ?5, 0 and ?4, or -2, ?6) (Vairavamurthy
et al. 1993), and sulfite (?4).

The formation of polysulfides, elemental sulfur, thiosulfate, sulfite, and polythionates
(e.g., tetrathionate) has been demonstrated and characterized in laboratory studies (Chen and
Morris 1972; dos Santos Afonso and Stumm 1992; Hoffmann 1977; Yao and Millero 1996).
These sulfur intermediates have been observed in several field studies that performed
analyses on samples returned to the laboratory (Batina et al. 1992; Ciglenecki and Cosovic
1997; Gun et al. 2000; Hayes et al. 2006; Kamyshny and Ferdelman 2010; Luther et al. 1985;
Wang et al. 1998). However, only a few in situ studies have observed these sulfur inter-
mediates (Luther et al. 2001b; Mullaugh et al. 2008; Rozan et al. 2000; Waite et al. 2008).

The chemical environments that are available in diffuse hydrothermal flows are known
to dictate the distribution of vent fauna (Luther et al. 2001a, b). A number of additional
studies over the past 10 years have further contributed to our understanding of how diffuse
flow zone chemistry affects megafaunal organism distribution (Le Bris et al. 2003, 2006,
Moore et al. 2009, Mullaugh et al. 2008, Nees et al. 2008, Podowski et al. 2009, 2010,
Sarrazin et al. 1999, Shank et al. 1998), the variation of diffuse flow zone chemistry in
contrast to end-member high temperature chemistry (Scheirer et al. 2006), and the
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distribution of organic material and its relationship to metal speciation in diffuse flow
zones (Sander et al. 2007, Sarradin et al. 2009). Previous work on hydrothermal sulfur
speciation from discrete hydrothermal diffuse flow fluid samples—as well as in the che-
moautotrophic tubeworm symbiosis Riftia pachyptila by Gru et al. (1998)—used reverse-
phase HPLC to characterize sulfide, sulfite, thiosulfate, cysteine, and glutathione. The
detection limits of this method are lower than our detection limits for thiosulfate and can
additionally measure cysteine and glutathione. However, the number of samples processed
is much fewer, and the method is not in situ. Vetter and Fry (1998) also analyzed the sulfur
content of molluscs and vestimentiferans, showing that chemoautotrophic symbioses build
up elemental sulfur as a result of symbiont sulfide oxidation (Eq. 1).

In situ chemical detection is increasingly recognized as important when considering
diffuse flow zones, due to their temporal instability and chemical disequilibrium. In con-
trast to high temperature vents, which have rapid vertical rates of emission, the vertical
flow rates at diffuse flow zones can be faster or slower than lateral current flow. This lateral
movement of water contributes to the rapid change (over the course of seconds) in tem-
perature and chemistry that has been observed at Lau Basin at a stationary point (Mullaugh
et al. 2008), emphasizing the need to collect in situ data in order to better elucidate the
rapidly changing characteristics of diffuse flow zones. Le Bris et al. (2006) compared
measured values of sulfide taken in situ and on board ship and found significantly reduced
values were recorded on board ship, most likely due to the combined effects of sulfide
oxidation and precipitation of FeS.

The ratio of H2S to temperature in diffuse flow systems, known as the S/T ratio, has
become a useful indicator of the sulfide content of a particular diffuse flow zone. Le Bris
et al. (2006) explored the significance of the S/T ratio using an in situ flow analyzer to take
sulfide, temperature, and pH measurements to compare the relationship between sulfide,
temperature, and macrofaunal habitat in diffuse flow zones at EPR. S/T was found to cor-
relate over 3 years for the same habitat type at the same vent site and different habitat types
were found to exhibit different S-to-T ratios (Le Bris et al. 2006). Nees et al. (2008) also
proposed the idea that S/Twould be characteristic of a vent site and not change on subsequent
studies, but found the S/T ratio had greatly increased due to eruptions that had occurred at
EPR 9"500N between samplings. Using diffuse flow fluids recovered from the seafloor prior
to mixing with ambient seawater, Shank et al. (1998) also observed large increases in emitted
sulfide and iron after the eruption at 9"500N in 1991. It is likely that eruptions modify the
network of crustal cracks through which diffuse flow is emitted, changing the characteristics
of the particular diffuse flow zone, including the S/T relationship.

Previous work on in situ sulfur speciation at Lau Basin has been reported by Waite et al.
(2008) who correlated the distribution of thiosulfate and organisms and detected polysulfides
based on data collected in June 2005. Mullaugh et al. (2008) also noted the presence of
thiosulfate based on data collected in 2006. In both studies, the oxidized species have been
found to correlate with the distribution of the mussel Bathymodiolus brevior and the red-
brown Fe(III) and Mn(III,IV) substrate on which the mussel resides. Waite et al. (2008)
suggested that the mussels could metabolize thiosulfate directly as in Eq. 2, but did not have
experimental data showing chemosynthesis based on thiosulfate by the mussels.

S2O
2!
3 þ 3H2Oþ 2CO2 ! 2SO2!

4 þ 2CH2Oþ 2Hþ ð2Þ

The in situ data presented herein were collected on cruises to the same four vent sites at
Lau Basin in 2006 and 2009. These data demonstrate that there was an increase in
observations of oxidized sulfur intermediate products at Lau Basin from 2006 to 2009, and
we discuss the relationship between these intermediates and the biological and/or
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geological substrate, sulfide, oxygen, and temperature. In addition, we also measured the
production of oxidized sulfur compounds from a chemoautotrophic symbioses—the vent
snail Ifremeria nautili—maintained on board ship in high-pressure respirometry aquaria.
These data provide the first direct measure of polysulfide concentrations associated with a
hydrothermal vent symbiosis and provide insight into the rate of polysulfide production by
these organisms.

2 Materials and Methods

2.1 Study Site

Lau Basin is a back-arc basin located in the southwest Pacific, at approximately 176"W and
21"S, and is located between the Lau ridge on the west and the Tonga ridge on the east
(Fig. 1). For this study, we focused on the four most biologically active vent sites that are
located north to south along the Eastern Lau Spreading Center/Valu Fa ridge. The Tonga
trench, where subduction is occurring, is nearer to the southern sites (40 km) than the
northern sites (110 km). This results in a north–south gradient of spreading rate, crustal
thickness, and geological substrate. The northern sites are deeper (*2,700 m), are more
rapidly spreading (9.7 cm/year), have a thinner crust (*5.5 km), and are basaltic. The
southern sites are shallower (*1,900 m), spread more slowly (3.9 cm/year), have greater
crustal thickness (*9 km), and are andesitic. The andesitic substrate is more friable and
more acidic. Kilo Moana (KM) and Tow Cam (TC) are northern sites, whereas ABE and
Tu’i Malila (Tui) are considered southern sites because of geological similarity, even
though ABE is geographically closer to the northern sites (Martinez et al. 2006).

Diffuse flow data were collected on a total of twelve dives using the ROV Jason II in 2009.
Three dives were performed at KM, two at TC, five at ABE, and two at Tui. These data were

Fig. 1 Map of Lau Basin and the individual study sites. Reproduced with permission from B. Taylor. For
further details see Taylor et al. (1996)
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collected in the diffuse flow zone. All chemistry data (see below) were taken in diffuse flow
areas with a temperature of less than 70"C, mainly on and around areas inhabited by mac-
rofauna. The highest temperature water was observed to be shimmering and free of visible
mineral particulates, in contrast to the high temperature, focused flow black smokers.

2.2 Electrochemistry

Voltammetric microelectrodes, as developed by Brendel and Luther (1995) and Luther et al.
(2001a, b, 2008) were used for chemical analysis. The methodology is briefly described
here. Working electrodes were solid state Au-amalgam, constructed using 100 lm gold
wire. The reference electrode was a solid state Ag/AgCl, and the counter electrode was a
platinum wire. The electrodes were mounted in conjunction with a thermocouple inside a
Delrin wand and manipulated using the ROV Jason II, which also contained the titanium
casing with the electronics. Sets of ten cyclic voltammograms were collected by condi-
tioning the electrode at the initial potential (-0.05 V) for 2 s, then scanning from -0.05 to
-1.8 V and back to -0.05 V at a scan rate of 2 Vs-1. A conditioning potential at -0.9 V
was applied for 5 s before the first scan of each set of ten scans as a way of ensuring a clean
electrode surface. Temperature measurements were recorded simultaneously with each
electrode scan. Au-amalgam microelectrodes are non-selective and can measure the con-
centrations in situ of a suite of important redox species simultaneously. The sensor com-
municated with a laptop on board ship via the Jason II fiber optic cable, and the scans were
taken using software from the manufacturer (AIS, Inc). Table 1 provides electrode reactions
and detection limits for chemical species identified under the operating conditions used,
including dissolved O2, H2S (

P
H2S and HS-), S2O3

2-, Sx
2- [S(-2) and S(0)]. Figure 2a, b

show scans for thiosulfate and polysulfides, respectively. There is no standard for FeS, so
the results are reported in current, which is proportional to concentration. Sulfite can be
measured as HSO3

- (Luther et al. 1985) at pH values\6, which are not common at the vent
sites studied, so sulfite is not expected to be detected even if present.

The shape of the current/potential curve is dependent on the type of reaction taking
place at the electrode. Sulfide is a quasi-reversible reaction. Many reactions exhibit an
S-shaped current/potential curve; however, the sulfide cathodic curve is peak shaped rather
than S shaped because of the formation of HgS on the mercury drop. In scanning to
negative potential, the removal of sulfide results in a stripping reaction. As described by
Rozan et al. (2000), all sulfur species give one peak except for polysulfides. Sx

2- exists in
two oxidation states [S(-II) and (x - 1)S0] and may be fully resolved using scan rates of
1,000 mV s-1 or greater, as done in this study (see Fig. 2b).

2.3 Biological and Geological Substrate Characterization

The location where electrochemical scans were taken was characterized by the vent site
(north to south), as well as by the immediate biological and/or geological substrate. The
substrate correlation was done as described by Podowski et al. (2009, 2010), who used
high-definition photomosaic mapping. The majority of scans were taken over hydrothermal
vent macrofauna. Scans taken over the most frequently occurring substrates were grouped
for analysis. Scans taken over bare rock were labeled ‘‘rock’’. Scans taken over the mussel
Bathymodiolus brevior were labeled mussel. Scans taken over the two snail species of
interest, Alviniconcha spp. and Ifremeria nautilei, were grouped separately and labeled
Alviniconcha and Ifremeria. Scans taken over less frequently occurring substrates were
grouped together as ‘‘other’’.
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2.4 Incubations

All experiments were conducted on board the R/V Thomas G. Thompson from May to July
2009. Ifremeria nautilei (Bouchet & Warén, 1991) were collected by the ROV JASON
from the ABE vent field (20 45.794323"S, 176 11.466148"W) during dive J2-423 from a
depth of 2,152 m. Snails were brought to the surface in a thermally insulated container
(Mickel and Childress 1982). After arrival on board ship, the snails most responsive to
touch were immediately placed into titanium flow-through, high-pressure respirometer
aquaria (as in Henry et al. 2008), where they were maintained in 0.2 micron filter-sterilized
flowing seawater for approximately 24 h at 15"C and 27.5 Mpa prior to experimentation.

To simulate the seawater chemistry found in situ, the 0.2-micron filter-sterilized sea-
water was pumped into an acrylic gas equilibration column and bubbled with carbon
dioxide, hydrogen sulfide, oxygen, and nitrogen to achieve the desired dissolved gas
concentrations (Girguis and Childress 2006). Seawater from the equilibration column was
delivered to the three aquaria by high-pressure pumps (American Lewa, Inc. Holliston, MA
USA). High-pressure aquaria were maintained at 15"C in our climate-controlled labora-
tory, while aquaria pressures were maintained at 27.5 Mpa via diaphragm back pressure
valves (StraVal, Inc.). Vessel effluents were directed through a computer-controlled
stream-selection valve that diverted one stream to the analytical instrumentation every
30 min so that either the initial water or a chamber with live animals could be analyzed for
chemical components. The analytical system consisted of a membrane-inlet quadrupole
mass spectrometer to determine all dissolved gas concentrations, an inline oxygen optode

Table 1 Electrode reactions for the chemical species of interest in this study at the Au/Hg electrode versus
the saturated calomel electrode (SCE)

Ep (V) MDL (lM)

(1a) O2 þ 2Hþ þ 2e! ! H2O2 -0.30 5

(1b) H2O2 þ 2Hþ þ 2e! ! H2O -1.3 5

(2a) HS! þ Hg $ HgSþ Hþ þ 2e! Adsorption onto Hg\-0.60

(2b) HgSþ Hþ þ 2e! ! HS! þ Hg *-0.60 \0.2

(3a) Hgþ S2!x $ HgSx þ 2e! Adsorption onto Hg[-0.60

(3b) HgSx þ 2e! ! Hgþ S2!x *-0.60 \0.2

(3c) S2!x þ xHþ þ 2x! 2ð Þe! ! xHS! *-0.60 \0.2

(4) 2S2O
2!
3 þ Hg $ Hg S2O3ð Þ2!2 þ2e! -0.15 30

(5) FeSþ 2e! þ Hþ ! Fe Hgð Þ þ HS! -1.1 Molecular species

(6) Fe2þ þ Hgþ 2e! $ Fe Hgð Þ -1.43 15

(7) Mn2þ þ Hgþ 2e! $ Mn Hgð Þ -1.55 10

All data were obtained with a 100-lm diameter electrode (A = 7.85 9 10-3 mm2) and were performed
using cyclic voltammetry at a scan rate of 2 V/s s-1. Potentials can vary with scan rate and concentration,
e.g., on increasing concentration, the sulfide signal becomes more negative. Detection limit can be enhanced
with faster scan rates (Bond 1980). For O2 in the presence of sulfide, the MDL is closer to 10–15 lM

When applying potential from a positive to negative scan direction, sulfide and S(0) react in a two-step
process (2a—adsorption onto the Hg surface; 2b—reduction in the HgS film) and polysulfides react in a
three-step process (3a—adsorption onto the Hg surface; 3b—reduction in the HgSx film; 3c—reduction of
the S(0) in the polysulfide). Increasing the scan rate separates electrode reactions 3b and 3c into two peaks
because Eq. 4c is an irreversible process (increasing scan rate shifts this signal; Bond 1980)

MDL minimum detection limit
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(Golden Scientific Inc), and an inline pH electrode (Radiometer Inc). In addition to the
mass spectrometric analyses, hydrogen sulfide concentrations were determined by a
quantitative colorimetric assay (Cline 1969). For this study, a voltammetric flow cell was
also added to the inline analytical instrumentation (Luther et al. 2002), so that hydrogen
sulfide, polysulfides, thiosulfate, and oxygen could be determined.

For these experiments, Ifremeria were placed in the respirometer aquaria and were
maintained in conditions typical of those in situ, namely total dissolved inorganic carbon
(i.e.,

P
CO2) = 5.5–6 mM, total dissolved sulfide (i.e.,

P
H2S) = 250 lM, dissolved

O2 = 180 lM, and dissolved NO3 = 40–50 lM, pH = 6.5, temperature = 15"C, pres-
sure = 27.5 Mpa. Ifremeria were maintained in these conditions until ‘‘autotrophy’’,
during which they exhibited a net uptake of dissolved inorganic carbon, oxygen, and
sulfide, as well as net elimination of proton equivalents. One aquarium was operated
without hosting any organisms and served as our control (for abiotic reactions or those
processes mediated by any free-living bacteria). All dissolved initial concentrations, as
well as pH and temperature, were held at these ‘‘typical’’ conditions for the duration of the
experiment. At the end of each experiment, snails were promptly removed, weighed on a
motion-compensated shipboard balance, dissected, and frozen in liquid nitrogen for other
analyses.

Fig. 2 Representative voltammetric scans. a In situ data from TC showing that thiosulfate, hydrogen
sulfide, and oxygen can coexist. b In situ data from Tui showing S(0) from polysulfide as well as S(-2) from
sulfide and polysulfide. c Data from initial waters fed to the incubation chambers. d Data from the waters
after passing through the Ifremeria chamber showing that S(0) from polysulfides is released
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3 Results

3.1 Sulfide, Temperature, and Oxygen from 2006 to 2009

In order to address temporal change at the diffuse flow vent sites, we compare the free
sulfide (

P
H2S and HS-) to temperature (S/T) ratios for each site (Table 2). Each of the

11,000 scans was considered individually. Sulfide and oxygen were present in most of the
scans, but not all. Eighty-three percent of scans contained detectable oxygen, while ninety
percent of scans contained detectable sulfide. The S/T ratio at each site will result from a
combination of factors, including the concentration of sulfide in the original fluid, sub-
seafloor mixing, and water/rock interactions. The S/T value used here is the slope that is
obtained when all the sulfide data collected at each site are plotted against the corre-
sponding temperature data (Fig. 6a). At Lau Basin, the four major sites measured exhibit a
change in the sulfide to temperature ratio from 2006 to 2009 that is greater than the error of
the slope (Table 2). For the three northern sites, the S/T ratio increased. However, in both
years, the S/T ratios follow the same pattern, decreasing from north to south. At the
southernmost site, Tu’i Malila, S/T varies by less than ten percent from year to year. By
contrast, the average sulfide measured nearly doubled at the three northernmost sites,
although the S/T did not change so drastically. The characteristic decrease in S/T ratio from
north to south is a reflection of the change from the two northern sites (KM and TC), which
are basalt hosted and further from the subduction zone, to the two southern sites (ABE and
Tui), which are shallower, nearer to the subduction zone, and with a greater proportion of
andesite in the host rock. Mottl et al. (2011) have noted a similar decrease in S/T from
north to south for focused flow hydrothermal vents ([300"C), whereas Podowski et al.
(2010) noted this trend in the diffuse flow zone in 2006.

Table 2 Lau Basin average oxygen, sulfide, and temperature data with 95% confidence intervals

Lau Basin average sulfide and temperature ratios, north to south

2006 2009

Avg O2 Avg H2S Avg T S/T S/T Avg T Avg H2S Avg O2

90 ± 1.8 13 ± 0.94 4.5 ± 0.15 5.6 ± 0.07 KM 7.0 ± 0.09 5.7 ± 0.16 23 ± 1.4 92 ± 1.8

78 ± 2.1 16 ± 1.3 4.7 ± 0.24 4.2 ± 0.09 TC 4.9 ± 0.09 7.2 ± 0.34 25 ± 1.8 80 ± 2.6

116 ± 2.3 9.0 ± 0.79 5.4 ± 0.20 2.7 ± 0.06 ABE 4.7 ± 0.07 7.2 ± 0.25 17 ± 1.6 77 ± 1.7

77 ? 2.0 14 ± 1.1 9.1 ± 0.43 2.1 ± 0.04 Tui 1.9 ± 0.03 8.2 ± 0.40 13 ± 1.1 75 ± 2.4

Median T Median H2S Median O2

KM 3.5 5.7 104

TC 4.5 9.5 92

ABE 4.0 2.6 83

Tui 5.0 4.2 87

S/T is the slope of all sulfide data plotted against all temperature data for that site. H2S and O2 concentrations are
given in lM. T is in "C. Median data are also given for 2009

KM Kilo Moana, TC Tow Cam, Tui Tu’i Malila
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3.2 Sulfide Oxidation Considerations

Due to the presence of H2S and O2 in the waters studied, some sulfide oxidation products
may be expected. However, as shown below, only 5% of all measurements taken contain
sulfur oxidation intermediates. Figure 3a shows the thermodynamics for the reactions of
H2S with O2 and other reactive oxygen species (ROS) where each half reaction is a one-
electron transfer step (Luther 2010). The only one-electron reactant that can effectively
oxidize H2S is OH", as HS" and O2

- are not favorable products for O2 oxidation (Eq. 3).

H2Sþ O2 ! HS " þO!
2 ð3Þ

H2Sþ O2 ! S0 þ H2O2 ð4Þ

Sulfide oxidation by O2 occurs in the presence of Fe2? that can react with O2 to form
O2

- and H2O2. Because O2 leads to H2O2 stoichiometrically via Fe2? catalysis, the rate of
sulfide oxidation is still first order with respect to both O2 and H2S (Eq. 4). Thus, Fe2? is a
catalyst that leads to ROS that can oxidize H2S (Luther 2010, Vazquez et al., 1989,
Fig. 3b). The two-electron transfer reactions of ROS to react with H2S to form S(0) and
eventually S8 (Fig. 3b) are favorable but the reaction with O2 is kinetically slow because of
the partially occupied orbitals for O2 (Luther 2010, Luther et al. 2011). H2O2 has no kinetic
barrier to reaction with sulfide (Eq. 5, Luther et al. 1998; Luther 2010).

H2Sþ H2O2 ! 2H2Oþ S0 ð5Þ

Because the formation of the HS" radical is not favorable, H2S oxidation should proceed
through the formation of S0 atoms that can then react with either H2S or HS- to form

polysulfides, S2!x (Eq. 6).

Fig. 3 a The one-electron transfer reactions of H2S with oxygen species to form HS- (b). The two-electron
transfer reactions of oxygen species to react with H2S to form S(0). A positive Dlog K on the y-axis indicates
a favorable reaction and a negative Dlog K indicates an unfavorable reaction as DG0 = - RT ln K =
- 2.303RT log K. Calculations performed using the thermodynamic data (at 25"C and 1 atm) tabulated by
Maloy (1985), Stumm and Morgan (1996) and Stanbury (1989)
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HS! þ S0 ! HS!2 ð6Þ

This can occur until S2!9 forms, which decomposes to S8 and HS-. Polysulfides are

highly reactive and do not persist or build up to significant concentrations in oxygenated
waters. They are most stable at near neutral pH (Chen and Gupta 1973) and oxidize
approximately four times faster than sulfide (Kleinjan et al. 2005). The terminal S atom of

S2!x can also be oxidized to sulfite and thiosulfate as below (Eq. 7).

!S!S!S!S!fi!S!S!S!S!O3fi!S!S!+S2O
2!
3 or !S!S!S!+ SO2!

3 ð7Þ

Thiosulfate is a metastable intermediate in solution and tends toward stability so much
that it has been described as an end product of sulfide oxidation (O’ Brien and Birkner

1977). O’ Brien and Birkner (1977) observed little S2O
2!
3 oxidation to occur over the

course of 3 days, at pH values between 4 and 10. The oxidation products of polysulfides
are pH dependent, and thiosulfate becomes the primary oxidation product at pH values
greater than 8.5. Increases in the concentration of thiosulfate may be due to a rise in pH;
however, the pH values at our site are around 7 and do not approach the pH values where
thiosulfate dominates as an oxidation product in laboratory studies (Chen and Morris 1972;
Chen and Gupta 1973). Based on the thermodynamic and chemical speciation consider-
ations discussed above, we present the following analysis of the in situ data.

3.3 Thiosulfate, 2006 to 2009

Thiosulfate followed no discernible pattern between vent sites from 2006 to 2009. In 2009,
thiosulfate ranged in concentration from the detection limit to approximately 450 lM. In
2006, the northernmost site (Kilo Moana) and the southernmost site (Tu’i Malila) had the
highest number of scans in which thiosulfate was detected (Fig. 4a). In 2009, we observed
the most incidences of thiosulfate at Kilo Moana, but in contrast, we observed no thio-
sulfate at Tu’i Malila. It is also apparent that a higher percentage of scans contained
thiosulfate in 2009 (*5%, 529 scans) than in 2006 (\1%, 66 scans) (Fig. 4a). Tow Cam is
the only site where the relative number of thiosulfate scans is similar from 2006 to 2009.

The increased incidences of thiosulfate over all sites from 2006 to 2009 may partially be
explained by the increased overall H2S detected in diffuse flow zones (Table 2). The
greater concentration of sulfide can result in a greater concentration of oxidized sulfur
species, assuming the oxidizing capacity of the oceanic waters was similar in the 2 years
studied. The average oxygen detected was similar at three of the four sites from 2006 to
2009 (Table 2) suggesting no significant change in the oxidizing capacity of the waters
over this time period. In fact, we see no relationship between the concentration of oxygen
or the oxygen to temperature ratio versus the concentration of any oxidized sulfur species
detected (data not shown).

To better understand potential sulfide oxidation in the current dataset, we applied the
overall rate equation for the oxidation of H2S shown in Eq. 8 (Millero 1986). It is first
order with respect to oxygen and sulfide, and the rate constant (k) is independent of the
original concentration of sulfide. This rate equation was developed using seawater, where
the effects of metal catalysis were considered to be low.

!d H2S½ '=dt ¼ k H2S½ ' O2½ ' ð8Þ

Using the average concentration of sulfide, oxygen, and the average temperature from
Lau Basin in 2006 and 2009, we determined the potential rate of sulfide oxidation
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(Table 3) for each site, for each year, after calculating the rate constant based on Eq. 9
(Millero et al. 1987). Using median values would result in a slightly decreased rate. An
average ionic strength of 0.7 was assumed for all sites, and calculations were done for pH
values of 6, 7, and 8. The rate of oxidation increases by about 50% from pH 6 to 7 and
another 50% from pH 7 to 8, but the amount of sulfide oxidation is well below our
detection limits given in Table 1.

log k ¼ 10:5þ 0:16pH! 3) 103T!1 þ 0:49I1=2 ð9Þ

These calculated rates are based on seawater that was not obtained by trace metal clean
methods and with no added trace metals. When trace metals are added, the rate will
increase 20-fold (Luther et al. 2011; Pyzik and Sommer 1981; Vazquez et al. 1989). For
chemosynthetic oxidation of sulfide, the rate will increase by 1,000-fold as shown by
Luther et al. (2011) and in the incubation experiments below.

As shown in Table 3, H2S, T, and the potential rate of oxidation increased from 2006 to
2009 for KM, TC, and ABE, and decreased at Tui, corresponding with our data that the
oxidized products at Tui decreased from 2006 to 2009, while increasing at KM and ABE
(Fig. 4). However, calculated oxidation rates at TC increased by more than two fold from
2006 to 2009, while observed incidences of thiosulfate exhibited very little change. Despite
this, the highest number of incidences of polysulfides per site was detected at TC in 2009
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Fig. 4 a Comparison of
thiosulfate at Lau Basin,
2006–2009. The y-axis shows the
percent of total scans taken that
contained thiosulfate, for each
site: Kilo Moana (KM) Tow Cam
(TC) ABE and Tu’i Malila (Tui).
b Percent of scans at each site
that contained polysulfides (c).
Percent of scans at each site that
contained ‘‘aqueous metals,
including FeS, Fe2? and Mn2?’’
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(Fig. 4b). Due to the relatively slow oxidation of sulfide calculated and the low percentage
of oxidized sulfide species detected at or just above the substrate, we conclude that the
majority of sulfide may be oxidized elsewhere in the water column, where it can also be
used by free-living bacteria. However, even at 1 meter above the substrate, the flow rate in
diffuse flow areas is so rapid that no sulfide oxidation intermediates would be easily
detected with the detection limits of our method.

3.4 Polysulfides and other species, 2009

Here, we address polysulfides and the aqueous iron species FeS and Fe2? detected at Lau
Basin in 2009 and compare these species to thiosulfate. Polysulfide concentrations (as S(0),
Table 1, Eq. 3c) detected in 2009 ranged from the detection limit to approximately
400 lM. The trends observed in partially oxidized sulfur species in 2009 are shown in
Figs. 4b, c and 5. Figure 4 shows the percent of scans at each site containing each species,
from north to south. Both polysulfides and thiosulfate tend to increase with increasing S/
T ratio. This trend is expected based on the rates calculated in Table 3, because as more
H2S is emitted, more H2S is available to be oxidized. Interestingly, the sites at which
thiosulfate was found were almost mutually exclusive from those at which polysulfides
were found (Fig. 5). We know that polysulfides are one possible precursor to thiosulfate, as
polysulfides react with O2 according to Eq. 10.

Table 3 The calculated abiotic sulfide oxidation rates at Lau Basin from 2006 to 2009, using average
temperature, sulfide, and oxygen data and Eq. 8

Lau Basin

2006 2009

pH 6 pH 7 pH 8 pH 6 pH 7 pH 8

Kilo Moana

Log k 1.02 1.18 1.34 1.07 1.23 1.39

Rate 2.03E-04 2.93E-04 4.24E-04 4.18E-04 6.05E-04 8.74E-04

Tow Cam

Log k 1.03 1.19 1.35 1.13 1.29 1.45

Rate 2.15E-04 3.11E-04 4.50E-04 4.44E-04 6.42E-04 9.27E-04

ABE

Log k 1.06 1.22 1.38 1.13 1.29 1.45

Rate 2.03E-04 2.94E-04 4.25E-04 2.96E-04 4.29E-04 6.19E-04

Tui Malila

Log k 1.20 1.36 1.52 1.17 1.33 1.49

Rate 2.94E-04 4.25E-04 6.15E-04 2.30E-04 3.32E-04 4.80E-04

Incubation experiments

Actual biotic rate Calculated abiotic rate Initial H2S Initial O2 T

27.83 2.90E-02 312 180 15

Log k was calculated according to Eq. 9 (Millero et al. 1987). All concentrations are in lM, T is in "C, and
rate is in lmol L-1 min-1
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3=2O2 þ S2!x ! S2O
2!
3 þ x! 2ð ÞS0 ð10Þ

As suggested from 2006 data (Mullaugh et al. 2008) and similar to laboratory studies on
the dissolution of iron oxyhydroxides by H2S (dos Santos Afonso and Stumm 1992, Pyzik
and Sommer 1981), the formation of thiosulfate can also be a surface-controlled reaction,
taking place on oxidized iron and manganese minerals. The thiosulfate may become an
aqueous species after formation on and subsequent desorption from the mineral surface
(Eq. 11), providing an explanation for why polysulfides were not found in solutions
containing thiosulfate. Additionally, as stated above, the detection limits for polysulfides
are quite low (\0.2 lM), whereas detection limits for thiosulfate are much higher
(*30 lM), so thiosulfate may be present in concentrations below our detection limit at
some sites where it was not detected.

3H2Oþ 8FeOOHþ 2HS! ! S2O
2!
3 þ 8FeOHþ þ 8OH! ð11Þ

Although thiosulfate can form from precursor polysulfides in the presence of O2

(Eq. 10), there are other loss pathways for polysulfides. Plotting incidences where FeSaq,
Fe2?, and Mn2? were detected reveals a possible sink for the polysulfides that were
detected in solution (we note that Fe(II) and Mn(II), when detected, ranged between the
detection limit and 20 lM). All of the metal ion and FeSaq species are summed as one
contribution, ‘‘aqueous metal species’’, in Fig. 4c, and are plotted vs site along with
thiosulfate and polysulfides in Fig. 4a and b, respectively. All three plots are percent of
scans taken at each site containing each respective species. In comparing all three plots of
Fig. 4, it can be seen that the relative values for polysulfides and other chemical species are
lower when values for thiosulfate are high (at KM and ABE) and values for polysulfides
and other species are higher when thiosulfate is low (TC and Tui). It is also apparent that
dissolved metal containing species are higher in concentration at sites where concentra-
tions of polysulfides are present and lower in concentration at sites with thiosulfate.
Chadwell et al. (2001) found that M2? in solution could complex polysulfides, but at higher
metal concentrations could result in metal sulfide and elemental sulfur formation, as shown
in Eq. 12, which we suggest as a possible loss pathway for polysulfides.

S2!x þM2þ ! MSþ S0 ð12Þ

An alternative explanation for the co-occurrence of polysulfides and reduced metal
species is the formation pathway presented in equation sequence 13a–c. The reduced metal
species detected in solution may become oxidized and can in turn oxidize HS- in solution,
leading to the formation of polysulfides and their decomposition products including ele-
mental sulfur and thiosulfate. The thermodynamics of this sequence is favorable where

Fig. 5 Concentration of
polysulfides versus thiosulfate for
each dive. Instances of
thiosulfate and polysulfides were
mutually exclusive to each other,
with one exception
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Fe3? forms nanoparticles (Luther 2010). Even at low Fe2? concentrations (see Vazquez
et al., 1989), Eqs. 13a–c would lead to the rate dependence shown in Eqs. 8 and 9.

2Hþ þ 2Fe2þ þ O2 ! 2Fe3þ þ H2O2 ð13aÞ

2Fe3þ þ HS! ! S0 þ 2Fe2þ þ Hþ ð13bÞ

S0 þ HS! ! S2H
! þ Hþ ð13cÞ

3.5 Substrate and oxidized sulfur species

Figure 6a shows the data points used to calculate the S/T ratio for each substrate, while
Fig. 6b shows the substrate specific S/T ratio from north to south. The relationship between
S/T and substrate (Fig. 6b) reveals that the sites inhabited by Alviniconcha exhibit the
greatest change in S/T from north to south, with the highest S/T ratio at KM and the lowest
S/T ratio at Tui. By contrast, the other snail species of interest, Ifremeria consistently
inhabit locations with lower than average S/T, indicating a preference for lower sulfide and
greater oxygen conditions, as was demonstrated in a previous study (Podowski et al. 2009).
Measurements taken over rock were similar to the average at TC and Tui and higher than
average at KM and ABE, while measurements taken over Mussel were similar to the
average at KM and Tui and lower than average at TC and ABE.

In 2006, polysulfides, one of the precursors to thiosulfate, were not readily detected
despite the high sensitivity and excellent detection limits for polysulfides. Data from 2009
suggest that areas with the highest incidences of thiosulfate were found at sites either with
a rocky substrate [5% of scans on a rocky substrate contained thiosulfate (223 scans)], with
sites containing mussels [5% of scans over mussels contained thiosulfate (85 scans)] or
with sites occupied by Ifremeria [7% of scans taken over Ifremeria contained thiosulfate
(125 scans)]. The relationship between these substrates and the oxidized products is not a
result of high sulfide concentration, since locations with a rocky substrate have an S/T ratio
that was close to the average of all sites. Locations containing mussels had an S/T that was
less than or equal to the average of all sites, and locations containing Ifremeria had a lower
than average S/T ratio (Fig. 6a,b).

Fig. 6 a Sulfide to temperature plotted for different substrates, for all sites. Actual data points are shown.
b S/T ratios for different substrates, correlated with site north to south. KM (Kilo Moana) TC (Tow Cam)
ABE, and Tui (Tu’i Malila). Error of the slope is included
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Despite the basalt–andesite gradient at Lau Basin and the corresponding north–south
trend in S/T ratios, we do not see a north to south relationship between the concentration or
occurrence of oxidized species, either in 2006 or in 2009. In 2009, polysulfides were
detected mainly over Alviniconcha [0.8% of scans over Alviniconcha contained polysul-
fides (5 scans)], rock [0.2% of scans over rock contained polysulfides (7 scans)], and
Ifremeria [0.2% of scans over Ifremeria contained polysulfides (4 scans)]. A total of 31
scans contained polysulfides in 2009 indicating that these are not prevalent due to their
reactivity.

Results from 2006 noted that the highest incidences of thiosulfate were located directly
above oxidized geological substrate, and in 2009, the co-occurrence of aqueous iron sulfide
and polysulfides was observed. Together, these results indicate that the presence or absence
of oxidized sulfur species is influenced more by the localized biological or geological
substrate, rather than the basalt/andesite distinction.

Previous, but less extensive in situ work at the East Pacific Rise (EPR) had identified
polysulfides, but not thiosulfate (Luther et al. 2001b). Lower oxygen concentrations and
uniform basaltic substrate at the East Pacific Rise suggest that it is a more reducing
environment, which inhibits the fast formation of oxidized sulfur species. Although oxygen
is not a direct one-electron abiotic oxidant of sulfide (Fig. 3a) and kinetically a slow two-
electron oxidant, higher concentrations of oxygen can result in a more oxidizing envi-
ronment yielding higher concentrations of soluble and solid Fe(III) and Mn(III,IV) phases,
which could potentially catalyze sulfide oxidation. However, we see no relationship
between the oxygen detected at a site and the presence of partially oxidized sulfur species.

3.6 Shipboard High-Pressure Incubations Demonstrate Biotic Oxidation
to Polysulfides

Another possible interpretation of the location of polysulfides over the two species of snails
is that a small subset of the organisms are releasing polysulfides during chemosynthesis
(Eqs. 1, 4–6). Pressurized incubations containing the species described in this paper sug-
gest that Ifremeria are releasing polysulfides while chemoautotrophic (Fig. 2c,d), in
agreement with the highest incidences of polysulfide S(0) observed here (Figs. 2d, 7).
Oxidation rates calculated from the loss of sulfide in incubation chambers reveal that biotic
sulfide oxidation occurs a thousand times faster in chambers containing Ifremeria than

would be suggested from abiotic oxidation rates (Table 3). Because the formation of S2!x is
not predicted at such high concentrations by abiotic calculations (Eqs. 8, 9) and because
polysulfides are not found downstream in control experiments that contain no organisms,
we suggest that the snail’s symbionts are responsible for the observed polysulfides.
Notably, we are unable to discern whether the observed oxidation was the result of the
hosts’ sulfide detoxification mechanisms (Arp et al. 1995), the symbionts’ metabolic
activities, free-living microbes associated with the shell, or abiotic reactions due to metal
precipitation on the shell. Future experiments should aim to discern which of these factors
most contributes to the observed sulfide oxidation. While Table 3 shows that Ifremeria
were incubated at higher H2S and O2 than is typically encountered in situ, these conditions
are well within the large chemical and temperature variations that occur in the diffuse

flows. The reason S2!x was uniformly detected downstream from the Ifremeria in incu-
bations, but only periodically in the field remains to be explored. However, the higher
sustained concentrations of H2S and O2 may have contributed to this effect. No thiosulfate
was detected in any of these incubations.
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4 Conclusions

Detailed analysis of in situ electrochemical scans taken in the diffuse flow zone of Lau
Basin in 2009 reveals increased concentrations of sulfide, and increased occurrences of
partially oxidized sulfur intermediates than a similar set of scans taken in the same
locations in 2006. The increases in sulfide and temperature, which were observed at the
northernmost three sites between 2006 and 2009, may have contributed to the increased
concentration of oxidized sulfur species that occurred during the same time period, as
shown by calculations of potential oxidation rates in Table 3. However, greater than
ninety-four percent of scans taken in 2009, and greater than ninety-nine percent of scans
taken in 2006, contained no oxidized sulfur species. This indicates that in the diffuse flow
environments sampled, centimeters away from biological and geological substrates, little
sulfide oxidation occurs. This is in agreement with the unfavorable thermodynamics for the
one-electron transfer reaction between sulfide and O2 (Fig. 3a) and the slow kinetics for the
favorable two-electron transfer (Eqs. 8, 9). While no trend is seen between oxygen con-
centrations and oxidized sulfur species, or along the north–south gradient, there is an
apparent relationship between vent sites (Fig. 4) with each type of oxidized sulfur species.
This trend indicates the possibility of different metal-catalyzed pathways (trace metal
catalyzed and solid phase oxide) as oxidative loss pathways for hydrothermally generated
sulfide in diffuse flow zones. Additionally, we note that the location of in situ data for
polysulfides corresponds with incubation results showing the presence of polysulfides
downstream from Ifremeria, suggesting that the polysulfides detected in the field may be
produced and released (under some circumstances) from microbes, symbiotic, or other-
wise. Overall, the combination of in situ electrochemical scans along with the calculated
abiotic rates of oxidation suggest that the majority of sulfide in the diffuse flow zone is not
rapidly oxidized as it reaches oxygenated waters and that sulfide may be most rapidly
oxidized by free-living bacteria, symbiotic bacteria, or elsewhere in the water column
where metals may play a role in facilitating the abiotic rates of oxidation.
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