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a  b  s  t  r  a  c  t

Analytical  methods  have  been  developed  to determine  sulfur  species  concentrations  in  natural  geother-
mal  waters  using  Reagent-FreeTM Ion  Chromatography  (RFTM-IC),  titrations  and spectrophotometry.  The
sulfur  species  include  SO4

2−,  S2O3
2−, and

∑
S2− with  additional  determination  of SO3

2− and  SxO6
2− that

remains  somewhat  semiquantitative.  The  observed  workable  limits  of  detections  were  ≤0.5  �M  depend-
ing  on  sample  matrix  and the analytical  detection  limits  were  0.1  �M. Due  to changes  in sulfur  species
concentrations  upon  storage,  on-site  analyses  of natural  water  samples  were  preferred.  Alternatively,  the
samples  may  be stabilized  on resin  for later  elution  and  analysis  in  the laboratory.  The  analytical  method

− −

on  chromatography
eothermal fluids
hemical  analysis

further  allowed  simultaneous  determination  of other  anions  including  F , Cl ,  dissolved  inorganic  carbon
(DIC)  and  NO3

− without  sample  preservation  or stabilization.  The  power  of the  newly  developed  meth-
ods  relies  in  routine  analysis  of sulfur  speciation  of importance  in natural  waters  using techniques  and
facilities  available  in  most  laboratories  doing  water  sample  analysis.  The  new  methods  were  successfully
applied  for  the  determination  of sulfur  species  concentrations  in  samples  of  natural  and  synthetic  waters.
. Introduction

The chemistry of sulfur redox compounds is very important
o many geochemical and biogeochemical processes [1–4]. The
istribution of sulfur species often depends on kinetics rather
han thermodynamics, resulting in difficulties in sample preser-
ation and accurate determination of the respective species.
eothermal waters ambiguously contain sulfur as one of the main
omponents. The most common oxidation states include sulfide∑

S2−) and sulfate (SO4
2−) but other species such as sulfur diox-

de (SO2) and elemental sulfur (S0) are associated with volcanic
ydrothermal fluids. In contrast to thermodynamic considerations,
etastable intermediate sulfur species such as sulfite (SO3

2−), thio-
ulfate (S2O3

2−) and polythionates (SxO6
2−) may  also be present

n measurable and sometimes significant concentrations both in
eothermal waters as well as cold sulfide-rich natural waters
ncluding estuarine sediments and tidal flats [5–11]. Thus, it is
rucial, but non-trivial, to analyze the species concentrations of

mportance, either on-site or on preserve samples until analyzed
n the laboratory.

∗ Corresponding author at: Nordic Volcanological Center, Institute of Earth Sci-
nces, University of Iceland, Sturlugata 7, 101 Reykjavik, Iceland.
el.:  +354 525 4332; fax: +354 562 9767.
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039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

Many analytical methods have been developed and used for
sulfur species determination. Wet  chemical procedures can be
applied to analyze most sulfur species. They are, however, time
consuming and interferences may  be a problem [12–14]. UV–vis
spectrophotometry has also been applied to low concentrations
(∼10−6 M),  however, the technique is usually only applicable in
solutions only containing sulfur species [13–16]. Polarography and
voltametry have been used with success to very low concentrations
(∼10−8 M)  [17,18]. Infra-red (IR) and Raman spectroscopy has also
been applied at ambient to elevated temperatures [19–22] these
techniques not being very sensitive (>10−4 M).  Ion chromatogra-
phy (IC) and capillary electrophoreses (CE) have been particularly
successful in determining multiple sulfur species in a given run to
low concentrations (∼10−7 M)  [23].

Sulfur is among the major components in geothermal waters.
Dissolved sulfate and sulfides are most common but other inter-
mediate species have also been identified including polysulfides,
thiosulfate, polythionates and sulfite [6,7,10,24,25]. The true sulfur
speciation in geothermal waters is difficult to preserve for labo-
ratory analysis. Most previous studies have either not considered
this problem and used geothermal waters for matrix purpose only
or preserved the species concentrations by chemical stabilization,
freezing or using ion-exchange resin [7,11,24–32]. In many cases,

however, preservation is difficult and may  lead to analytical dif-
ficulties later on. Instead, it may  be simpler to perform analysis
immediately on-site. In this study, routine analytical methods were
developed and applied for on-site determination of sulfur species
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oncentrations in dilute geothermal waters. The analytical scheme
llowed for simultaneous determination sulfur speciation includ-
ng SO4

2− and S2O3
2−, with additional analysis of other species of

nterest including F, Cl, CO3
2− and NO3

− and of SO3
2− and SxO6

2−

hat remains somewhat semiquantitative using ion chromatog-
aphy. Total dissolved sulfides (

∑
S2−) were further analyzed by

itration and/or spectrophotometrically.

.  Methods

.1. Sample collection

Samples  of natural geothermal waters including hot springs,
cid-sulfate pools, mud  pots and well discharges were collected and
nalyzed on-site within ∼5 min  from sampling for sulfur species
oncentrations. For comparison, samples were also collected and
tabilized onto a resin and into amber glass bottles for laboratory
nalysis. All samples were filtered on-site through 0.2 �m filter
cellulose acetate) into pre-cleaned bottles. High temperature two-
hase (steam and water) well discharges were collected using a
ebre separator [33] and the liquid sample fraction was cooled

nd filtered for sulfur species analysis.

.2. Standards and reagents

Standard  solutions of
∑

S2−, SO3
2−, S2O3

2, SxO6
2− and SO4

2−

ere prepared gravimetrically using deionized water (MilliQ
8 M´�) the respective salts Na2S·9H2O (Sigma–Aldrich), Na2SO3
Riedel-de Haen, puriss), Na2S2O3·H2O (Merck, p.a.), K2S4O6
Sigma–Aldrich), and SO4 commercial standard solution (CertiPUR)
n prewashed bottles, respectively. Deionized water used for SO3

2−

nd S4O6
2− solutions was boiled for >30 min  and cooled under Ar-

tmosphere. Tetrathionate standards were made in acid solutions
f 0.01 M HCl. Thiosulfate and sulfite solutions were standardized
sing iodometric titration or as SO4

2− after oxidation by H2O2
n the presence UV-light. For preparation of sulfide solution free
f other species, washed and dried crystals were dissolved into
eionized water that was  boiled and cooled as described previ-
usly. Sulfide solution was standardized by precipitation titration
sing 0.001 M Hg–acetate solution (Sigma–Aldrich) and dithizone
Sigma–Aldrich, puriss) as an indicator [33]. For determination of

S2− by methylene blue method reagents were freshly prepared
34].

.3. Determination of sulfoxy anions by RFTM-IC

Dionex-2000 Reagent-FreeTM Ion Chromatography (RFTM-IC)
ystem was used to determine the sulfoxy-anion species concentra-
ions including SO4

2−, SO3
2−, S2O3

2−, and SxO6
2−. The instrumental

et-up  consisted of IonPac® AG16 guard and AS16 analytical
olumns, KOH eluent that was degassed by vacuum and produced
utomatically in-line elecrochemically, ASRS-ULTRA suppressor
nd conductivity cell. Data collection was carried out with the
hromeleon computer program. The run conditions were opti-
ized with the aid of Virtual Column software in Chromeleon and

tandard solutions tests to allow determination of sulfur species
nd major anions with good separation in reasonably short run
uration, with main emphasis being on SO4

2− and S2O3
2−. Run

uration was 35 and 15 min  with and without the incorpora-
ion of polythionates, respectively. Ramped eluent concentration
as used with 18 mM (0–7 min), 18–45 mM (7–8 min) and 45 mM

8–35 min) KOH at flow rate 1 ml  min−1. For analysis of natu-

al geothermal water, run conditions were varied if necessary to
chieve better peak separation. Injection loop volume used was
ypically 25 �l but ranged between 10 and 100 �l to improve
etection. Filtered samples were injected by hand using 1 ml  PP
lanta 85 (2011) 1897– 1903

syringes.  Alternatively, the same set-up with IonPac® AG11 guard
and AS11 analytical columns and isocratic 17 mM KOH  eluent con-
centration was  used with total runtime of 22 min  to allow better
separation of SO3

−2 and SO4
−2 compared to the columns AG16 and

AS16.
Standard curves and synthetic samples were made and analyzed

in the laboratory whereas samples of natural geothermal waters
were analyzed within ∼5 min  of sampling on-site if not otherwise
indicated.

Several water samples were collected on to anion exchange
resin. The resin used was  Bio-RadTM (AG2-X8) previously shown
to be appropriate for quantitative absorption of S2O3

2−, SO4
2− and

SxO6
2− [35]. The resin units were prepared in the laboratory by

packing slurry of resin and deionized water into 4 ml  resin holder,
with PP frits inserted at bottom and top and the column closed with
plastic caps. The resins were activated using 0.1 M KOH. In the field,
10–60 ml  of filtered (0.2 �m)  sample was  pumped through the col-
umn at the speed of 1–2 ml  min−1 followed by wash with deionized
water at the end of sampling to prevent side reactions upon stor-
age. The sample volume was  measured based on weight. The resin
has a binding capacity of 1.2 meq  l−1. Thus the resin and sample
volume have to be chosen in order to avoid saturation of the resin.
Fully packed 4 ml resin column was found to be suitable for 100 ml
of 10 mM SO4 and S2O3 with 1% throughput of the sulfur species.
The sulfoxyanions were subsequently eluted at 1.5 ml min−1 in the
laboratory using 0.5 M KCl for sulfate and thiosulfate and 4 M KCl
solutions for polythionates, followed by dilution to 0.1 M KCl. The
concentrations of the sulfoxyanions were analyzed using the RFTM-
IC method described previously.

2.4.  Sulfide analysis

Total  dissolved sulfide was determined by precipitation titra-
tion with mercury (Hg)–acetate on-site [33], colorimetrically after
formation of methylene blue complex on-site [34] or using direct
UV–vis spectrophotometry in the laboratory [15,16]. Titration of
sulfide with Hg–acetate solution is based on precipitation of HgS(s)
in alkaline acetone–water solution using dithizone as the end-point
indicator. After all S2− have been precipitated, excess Hg2+ com-
plexes with dithizone forming a pink complex. Alkaline conditions
are to minimize degassing of sulfide, whereas acetone is needed to
dissolve dithizone. Sample volume ranged between 0.1 and 50 ml
depending of dissolved sulfide concentrations.

For spectrophotometric analysis of dissolved sulfide, methy-
lene blue complex was formed on-site [34]. The sample volume
ranged between 0.1 and 7.5 ml and was matched up with deionized
water to give total of 7.5 ml  when appropriate. The samples were
stored in the dark and determined in the laboratory using UV–vis
spectrophotometer at wavelength of 664 nm using 1 cm cuvette.
Standards were freshly prepared prior to analysis. The method is
sensitive to pH, and thus care has to be taken when it is applied to
acidic waters due to protonation of the methylene blue complex,
that shifts the absorbance from 664 nm to lower wavelengths. The
pH can either by adjusted by the addition of 0.1 M NaOH or using a
small sample volume.

In  addition, the concentrations of HS−, SO3
2− and S2O3

2−

were measured in synthetic samples in the laboratory by direct
UV–vis spectrophotometry and applying the Beer–Lambert Law,
A = l

∑
εici, where A is the total absorbance, l is the path length

(1 cm), and εi and ci are the molar absorbtivities and concentration
of the ith species, respectively. The maximum absorption band at
230 nm was  used for HS− (ε, 7800 l cm−1 mol−1) after correction for

absorption caused by the presence of S2O3

2− (ε, 2250 l cm−1 mol−1)
and SO3

2− (ε, 500 l cm−1 mol−1) [36]. The SO3
2− and S2O3

2− con-
centrations were determined simultaneously using the RFTM-IC
method described previously.
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Fig. 1. Ion chromatogram of representative geothermal water samples using Dionex RFTM-IC with (a) IonPac® AG16 and AS16 columns, 16–35 mM KOH eluent and 25 �l
loop size. Samples from hot springs Geysir, Laugarvatn, and hot water well at Ósabakki in the Southern Lowlands, Iceland, and two-phase well discharge from two-phase
w  10 �l
S  chrom

3

3

d

ell 17 at Hellisheidi. (b) IonPac® AG11 and AS11 columns, 17 mM KOH eluent and
O3

2− and SO4
2− . Intensities were subtracted to allow better comparison of various

. Results and discussion
.1.  Determination of sulfoxy-anions by RFTM-IC

The  sulfoxy-anions SO4
2−, SO3

2−, S2O3
2− and S4O6

2− were
etermined  within 5 min  of sampling using RFTM-IC. In addition,

Fig. 2. Shapes and positions of sulfoxyanion peaks by Dionex RFTM-IC using Ion
 loop. Sample from hot spring at Laugarvatn and synthetic solution containing Cl− ,
atograms. DIC stands for dissolved inorganic carbon.

other  major anions were analyzed simultaneously using the same
run including F−, Cl− and CO3

2−. Typical chromatograms are shown

in Fig. 1 for natural geothermal waters. The analytical detection
limits were 0.1 �M based on 3� of blank sample and the work-
ing detection limits indicating the concentration limit above which
the results were reproducible within ±3%, were observed to be

Pac® AG-16 and AS-16 columns (loop size 25 �l, 18–45 mM KOH eluent).
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ig. 3. Examples of calibration curves for sulfoxyanions determined by Dionex RFTM

ulfide determination by methylene blue method and direct UV–vis spectrophotom

0.5 �M depending on sample matrix. The detection limit is suf-
cient for detection of the major sulfur species in most natural
eothermal waters down to the ∼10−7 M concentration level.

In solutions containing major anions and S2O3
2−, the analytical

eaks were nicely separated and symmetrical (Fig. 2). This allowed
or accurate linear calibration based on peak area (Fig. 3), reaching
p to >5 mM.  For lower concentrations (<1 mM),  the separate cal-

bration using the standards in the respective concentration range
s recommended. Accurate determination of SO3

2−, and SxO6
2−

as more complicated and their determination remains somewhat
emiquantitative in natural geothermal waters due to appearance
f SO3

2− peak immediately before SO4
2− and the instability and

mpurity of commercial S4O6
2− standard giving rise to a series of

eaks. The major peak arising from S4O6
2− standard solution had

etention time of 12.3 min  and minor peaks (26.5 and 29.7 min, <5%
f the area at 12.3 min) in addition to S2O3

2− and minor SO4
2−.

hese are considered to be due to S4O6
2− and other polythionates,

espectively.
Alternative run with columns AG and AS11 was set-up to bet-
er separate SO3
2− and SO4

2− in addition to F−, Cl−, and S2O3
2−.

he determination of SO3
2− was disturbed by the presence of high

oncentrations of CO3
2− and SO4

2− and had to be treated as a rider
eak, resulting resulted in increased detection limits and decreased
sing IonPac® AG16 and AS16 columns (loop size 25 �l, 18–45 mM KOH eluent) and
ith 1 cm path length.

analytical  precision (Fig. 1). The calibration curves for S2O3
2− and

SO4
2− had the similar slope as in Fig. 3. Columns AG and AS-16

may, however, be preferred due to their ability to separate other
species of interest including arsenic and selenium species [37,38],
and better suitability for SxO6

2− determination.
Sample stabilities were tested both on synthetic standards and

on natural geothermal water samples collected in the field. Rep-
resentative results are shown in Fig. 4. The concentrations of the
sulfoxyanions in sulfidic waters changed rapidly upon storage in
presence of atmospheric O2. The oxidation and disproportiona-
tion reactions were found to depend on water pH [10]. In general,
dissolved sulfide was  found to oxidize to form S2O3

2− and SO4
2−

upon storage. In addition, synthetic solutions of SO3
2− and S4O6

2−

were found to be unstable. It results that for accurate sulfoxyan-
ion determination samples need to be analyzed immediately upon
preparation or sampling with the exception of waters only con-
taining SO4

2− or S2O3
2−. This can be achieved either by sample

stabilization on-site or direct analysis-on site.
3.2. Determination of dissolved sulfide

The concentrations of dissolved sulfide (
∑

S2−) were deter-
mined by three methods, by precipitation titration using
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Fig. 4. Stability of synthetic laboratory solutions a

g–acetate and dithizone as an indicator [33], colorimetri-
ally using the methylene blue method [34] and using direct
V–vis spectrophotometry [15,16,36]. Typical calibration (recov-
ry) curves are shown in Fig. 3. The calibration curves for methylene
lue method and direct UV–vis spectrophotometry using 1 cm path

ength start to curve off above 30 and 200 �M,  respectively. Smaller

ell path length can be used to extend the linear range to higher
oncentrations. The first two methods for the sulfide analysis are
ot specific for free sulfide and it is operationally defined as sulfide
hat is reactive upon Hg–acetate titration and the methylene blue

ig. 5. Comparison of various analytical techniques for sulfur species determination for s
he samples that contained sulfide are indicated as circles and the sulfide free samples 

f standard solution, analysis of untreated samples after 1–3 days in the laboratory and
oncentrations were determined by mercury acetate titration and methylene blue or dire
ural geothermal water sample containing sulfide.

complex.  Methylene blue is considered to include S2−, HS−, H2S,
terminal sulfide in Sx

2− as well as acid reactive sulfides such as
most MeS-type metal–sulfide complexes [39,40]. Hg–acetate titra-
tion includes sulfide that forms S2− in alkaline conditions and reacts
with Hg2+ to form HgS. However, it is not clear how polysulfides
concentrations (Sx

−2) are affected by these methods. The UV–vis

spectrophotometric method, however, is species sensitive. It uti-
lizes the ion to solvent transitions and is capable of measuring
individually HS−, H2S(aq) and some other sulfur species concen-
trations [10,15,16,36]. On the other hand, the direct determination

ynthetic samples (black symbols) and geothermal water samples (white symbols).
as squares. Sulfoxyanions were analyzed on-site or immediately after preparation

 after sample stabilization onto resin followed by elution and IC analysis. Sulfide
ct UV–vis spectrophotometric method. The solid lines indicate 1:1 ratio.
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Table 1
Comparison of analytical and sampling methods applied for sulfur species determination. Units are in �M.

# Location T (◦C) pH/◦C
∑

S2− SO4
2− S2O3

2− SxO6
2− SO3

2−

MBa Titr.b UV–visc �% On-sited Untr.e Resinf �% On-site Untr. Resin �% On-site Untr. Resin
� %

On-site Untr. E Resin
� %

1 Otherrishola 97 8.25/97 101 108 6.5 930 955 2.6 15.3 32.3 52.6 <0.5 <0.5
2 Blesi 92 8.41/92 43 48 10.4  1097 990 10.8 30.8 34.5 10.7 <0.5 <0.5
3 Krýsuvík  100 2.58/21 7037 4327 62.6 8.5 8.3 2.4 0.5 <0.5
4 Krýsuvík  100 2.59 12,052 8703 38.5 24.7 8.0 >100 0.5 <0.5
5 Flúdir,  0.25 days 94 9.35/24 52.9 555 585 5.4 <0.5 3.3 >100 <0.5  <0.5
6  Flúdir, 7 days 94 9.35/24 <1 555 583 5.0 <0.5 11.4 >100 <0.5 <0.5
7 Ingolfsfjall 4 9.30/4 <1 <1 21.3 22.9 7.6 0 0 0 <0.5 <0.5
8 Experimental

solution
24 9.10/24 159 154 3.2 <0.5 35.8 >100 <0.5  11.0 >100 < 0.5 6.1  >100

9 Experimental
solution

24 6.74/24 239 0.54  7.80 >100 <0.5  41.2 >100 < 0.5 2.2  >100

a MB,  methylen blue spectrophotometric method.
b Titr., mercury acetate titration.
c UV–vis, direct UV–vis spectrophotometric method.
d Samples analyzed on-site in the field or immediately after preparation in the laboratory for synthetic samples.
e Untreated samples analyzed in the laboratory few hours to few days after sampling.
f Samples collected onto resin followed by analysis in the laboratory.

Table  2
Comparison of standard and analyzed concentrations of synthetic samples. Units are in �M.

Solution
∑

S2− SO4
2− S2O3

2− SO3
2− SxO6

2−

Stda Titr.b � % UV–vis c � % Std On-sited � % Resine � % Std On-site � % Resin � % Std On-site � % Resin � % Std On-site � % Resin � %

1 S2O3
2− ,

SO4
2−

1002 1004 0.2 996 0.6 990 978 1.2 958 3.2 0 <0.5 <0.5 0 <0.5 <0.5

2  S2O3
2− ,

SO4
2−

463 464 0.2 464 0.2 524 527 0.6 508 3.1 0 <0.5 <0.5 0 <0.5 <0.5

3 S2− , S2O3
2− ,

SO4
2−

85.8 84.9 1.1 548 549 0.2 65.8 65.1 1.0 0 <0.5 0 <0.5

4  S2− , S2O3
2− ,

SO4
2−

448 441 1.6 484 485 0.3 56.5 56.9 0.6 0 <0.5 0 <0.5

5  S2− , S2O3
2− ,

SO4
2−

919 902 1.8 398 398 0.1 44.8 46.4 3.5 0 <0.5 0 <0.5

6  S2− 168 163 2.7 0 <0.5 0 <0.5 0 <0.5 0 <0.5
7  S2− 135 0 <0.5 0 <0.5 0 <0.5 0 <0.5
8  S4O6

2− 0.99 106 0 <0.5 55 54 2.2

a Std, standard concentration.
b Titr., Hg–acetate titration.
c UV–vis, direct UV–vis spectrophotometry.
d Analyzed immediately after preparation.
e Collected onto a resin.
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f dissolved sulfide species concentration can only be made on
imple samples only containing sulfur species and UV–vis inert
ompounds and is therefore not practical for dissolved sulfide anal-
sis in natural samples.

.3.  Sulfur speciation in natural geothermal waters and synthetic
amples

The  performance of the various analytical methods was tested
nd compared with synthetic and natural geothermal waters. The
esults are shown in Tables 1 and 2 and Fig. 5.

The methods were compared using percent difference � %
efined as:

 % = |c − cref |
cref

× 100

here c is the concentration determined by various methods and
ref is the species concentration of the synthetic standard solution
r on-site. The synthetic standard concentrations and immediately
nalyzed concentrations were in very good agreement in standard
olutions and mixed standards, i.e. effectively it is standard solution
oncentrations typically within 3% (Table 2). However, the concen-
rations in natural samples and experimental solutions the various

ethods were found to depend on sulfur species present in the
ample, sample preservation and analytical procedure (Table 1).

The three methods used for determining dissolved sulfide con-
entrations were in good agreement, usually with differences
ithin 10% of the various methods (Tables 1, 2 and Fig. 5). However,
ith respect to the sulfoxyanions, this was not the case for solutions

ontaining dissolved sulfide. Upon storage,
∑

S2− was  found to oxi-
ize resulting in increased S2O3

2− and SO4
2− with sample storage

n untreated samples. On the other hand, reasonable agreement
as observed between samples collected onto resin and analyzed

n the laboratory and samples analyzed on-site with the excep-
ions of samples with elevated SO4

2− where oversaturation of the
ample resins may  have occurred (samples 3 and 4 in Table 1). How-
ver, the analytical detection and accuracy were found to be lower
or resin samples close to the detection limit due to elevated Cl−

oncentrations produced upon laboratory elution.
In addition to S2−, SO4

2− and S2O3
2−, the method allowed for

etermination of SO3
2− and SxO6

2− that were not commonly found
n geothermal waters in Iceland. Due to problems arising from var-
ous sample matrixes and standard stability, their determination
n natural waters may  remain somewhat semiquantitative. Poly-
hionates were only accurately measured on synthetic samples and
sually not present in the geothermal waters except in very acidic
amples where concentrations were close to analytical detection
imits. Direct comparison of on-site analysis of natural geothermal

aters and resin samples was therefore difficult.
Based on the above observations we conclude that for accurate

ulfur species determination in sulfidic natural geothermal waters
n-site analysis is preferred within few minutes of sampling. Alter-
atively, samples may  be preserved using anion exchange resins,
owever, such treatment makes analysis by RFTM-IC more difficult,
ess sensitive and accurate at low concentrations due to elevated
l− concentrations resulting from resin elution. However, concen-
rations of sulfur species will change within minutes to hours upon
ample storage in untreated samples.

[
[
[
[
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