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ABSTRACT: An accurate method has been developed to measure, in a single analytical run, 634S in sulfite, sulfate and thiosul-
fate in water samples by liquid chromatography combined with multicollector inductively coupled plasma mass spectrometry
(MC-ICPMS). The method is based on the anionic exchange separation of sulfur species prior to their online isotope ratio
determination by MC-ICPMS. Mass bias correction was accomplished by a novel approach based on the addition of an internal
sulfur-containing standard to the sample. This innovative approach was compared to the sample-standard bracketing proce-
dure. On-column isotopic fractionation was observed and therefore corrected by external calibration. Isotopic ratios were
calculated by linear regression slope (LRS), an advantageous method for transient signals, leading to a combined uncertainty
of 534S below 0.25%po and a reproducibility below 0.5%po for the injection of 1 pg of S. The method was successfully applied to
the measurement of §34S in synthetic solutions and environmental water samples. Matrix effects leading to §34S overestima-
tion were observed for sulfate in some samples with high sodium/sulfate mass ratios. The developed analytical procedure
simplifies the §34S analysis of liquid environmental samples since preparation steps are no longer required and allows the

analysis of several sulfur-containing species in a single run.

Sulfur is a key component of many natural environments, is
involved in natural biogeochemical processes? and can
play an important role in the biodegradation of contami-
nants.? Sulfur is highly reactive and can exist in different re-
dox states (-1I to +VI). Both reduction and oxidation of sulfur
lead to large isotopic fractionation effects, which result in
changes in the isotopic composition (834S) of individual sul-
fur species (sulfite, sulfate, thiosulfate, elemental sulfur, and
tetrathionate).*7 Thus, measurement of the sulfur isotopic
composition of specific molecules is potentially very useful
for understanding the isotope fractionation associated with
the numerous redox reactions that characterize the modern
sulfur cycle since the results combine molecular and iso-
topic information associated with fractionation mecha-
nisms.

The conventional approach for sulfur isotopic analysis is
based on the conversion of a sample to SOz by combustion
in an elemental analyzer (EA) and determination of the
325 /34S ratio in an isotope ratio mass spectrometer (IRMS).
This kind of analysis is restricted to bulk materials, and 10
to 50 pg of sulfur are needed, consequently, for water sam-
ples with low sulfur concentration, large sample volumes (>
5 L) are required.®® Furthermore, the determination of §34S
for dissolved individual species via this method requires a
tedious and time-consuming sample preparation. Isolation
of each individual species can be achieved through complex
and laborious steps that can lead to isotopic fractionation
and contamination. Sulfate is generally recovered by pre-
cipitation with barium (Ks(BaSO4) = 1.08-10-19), but if the

sample also contains sulfite, the sulfite will also coprecipi-
tate (Ks(BaS03) = 5.0-10-10).10

In recent years, it has been demonstrated that precise (0.1-
1%o0) measurements of §34S can be achieved by multicollec-
tor inductively coupled plasma mass spectrometry (MC-
ICPMS) with sulfur sample requirements at the pg level.11-15
These methods have highlighted the feasibility of bulk anal-
ysis of liquid samples by direct measurement with MC-
ICPMS. Recently, Zakon et al.'® combined ion chromatog-
raphy with MC-ICPMS for the analysis of §34S, §%1Br, and
6%7Clin individual anionic species and illustrated the poten-
tial for anion-specific analysis of inorganic sulfur by analyz-
ing a solution of sulfate and thiosulfate. In this study, the ob-
jective was to develop a method for the online determina-
tion of §34S in sulfite, sulfate and thiosulfate by coupling lig-
uid chromatography (LC) to MC-ICPMS. Conventionally,
mass bias is corrected by sample-standard bracketing,
which can be done with the same ion (compound-specific
bracketing, CSB) or different species (compound-unspecific
bracketing, CUB)'7 as the analyte. In this study, we proposed
a new approach based on the direct addition of an internal
standard (trimethylsulfoxide, TMSO) to the sample. In addi-
tion, isotope ratios were calculated by the linear regression
slope (LRS), a strategy originally developed by Fietzke et
al.'® for Sr isotope analysis by laser ablation MC-ICPMS and
further applied to gas chromatography MC-ICPMS'7 and LC-
MC-ICPMS.19-21 LRS analysis is a suitable data treatment
protocol for the determination of isotope ratios with transi-
ent signals which improves the accuracy and precision of



isotopic ratios over those of peak area integration and
point-by-point computation. LRS analysis is an advanta-
geous method since no background subtraction is needed,
which is of great importance in the case of sulfur, which is
presentin trace amounts in the mobile phases and ICP gases
used. In this work, we used this new approach for sulfur iso-
topic ratios for the first time, and efforts were made to min-
imize uncertainties of the LRS calculations by optimizing
the peak zones used for these calculations.

EXPERIMENTAL SECTION

Reagents, Standards and Solutions. Ultrapure water
(18.2 M cm) obtained from a Milli-Q system (Millipore Co.,
Bedford, MA, USA) was used to prepare all solutions and for
sample dilution. The reference materials IAEA-S3 (AgS)
and IAEA-S4 (elemental S) were purchased from the Inter-
national Atomic Energy Agency (IAEA, Austria). Sulfamic
acid (H3NOsS), used as an in-house reference material, was
purchased from OEA labs (UK). Each reference material was
acid digested in a microwave (Ethos Touch Control, Mile-
stone, Italy) with high-purity 70% nitric acid (J.T. Baker,
UK) and subsequently diluted with ultrapure water, result-
ing in a sulfate solution.

Analytical standards of sulfite, sulfate and thiosulfate were
purchased from different manufacturers to assess their var-
iability. From Sigma-Aldrich (Germany), we purchased am-
monium sulfate (>99%), ammonium thiosulfate (>98%),
sodium thiosulfate pentahydrate (ACS), sodium sulfite (an-
alytical standard), sodium sulfite (BioUltra), and sodium
sulfite (ACS). Sodium sulfate (>99%) was purchased from
VWR Prolabo (France), while sodium thiosulfate pentahy-
drate (ACS) was also purchased from Fluka (Germany) and
Probus (Spain). Additional standards of sodium sulfate and
sodium sulfite (Reag. Ph Eur) were purchased from Merck
(Germany).

Synthetic solutions were prepared with sulfite, sulfate and
thiosulfate to optimize the method parameters and to com-
pare the results with those obtained by EA-IRMS; the solu-
tion compositions are summarized in Table 1. A total of 1%
of formaldehyde was added to the sulfite stock solutions to
prevent oxidation.

Table 1. Composition of Synthetic Solutions. The con-
centration of each anion is 10 pg/g of S.

Name Sulfite Sulfate Thiosulfate
Solu- NazS03 (An. (NH4)2S04 (NHa4)2S203
tion 1 std.) Sigma- (>99%) (>98%)
Aldrich Sigma-Aldrich | Sigma-Aldrich
Na.zSO3 NazS04 NazS203.5H20
Solu- (BioUltra)
tion 2 Sigma-Al- (ACS) (ACS)
? VWR Prolabo | Sigma-Aldrich
drich
Solu- N.aZSO3 (ACS) [AFTA_S4 . Na2S203.5H20
tion 3 Sigma-Al- (mineralized) Fluka
drich IAEA
Solu- Na2S03 Na2S04 (Reag. N225,03.5H20
tion 4 (Reag. Ph Ph Eur) (ACS) Prob
ton Eur) Merck Merck robus

Finally, formaldehyde (ACS, 37%), ammonium hydroxide
(30%), ammonium nitrate (>99.5%), trimethylsulfoxonium
chloride (TMSO) and silicon standard solution (1000 ug/g,
TraceCERT) were obtained from Sigma-Aldrich (Germany).

Natural spring and river water samples originating from the
Sivas Basin, Turkey, and described elsewhere?? were used
for comparison and validation purposes.

Instrumentation. The multicollector inductively coupled
plasma mass spectrometer used was a Neptune Plus from
Thermo-Fisher Scientific (Bremen, Germany) operated at
medium resolution (Am/m = 5000) to resolve polyatomic
interferences (102* and 1°0180* on 32S and 34S, respectively)
as previously described!s. The instrument was equipped
with 9 Faraday cups. The sample introduction system was a
Micromist nebulizer and a Scott double-pass spray cham-
ber. The sample gas flow, torch position and ion lens set-
tings were optimized on a daily basis to obtain maximum
sensitivity. The cup configuration was set to include 2°Si and
30Si for possible internal mass bias correction. The axial Far-
aday cup (C) was fixed at mass 31.065 (amu) for interfer-
ence-free measurements of 2°Si (L4), 39Si (L1), 32S (H1), and
34S (H4) isotopes as previously described by Martinez-Si-
erra et al.'* Unfortunately, the internal mass bias correction
procedure using silicon failed and hence is not described in
this paper. Although the measure of 33S is possible it has not
been attempted. The measurement of 3¢S is not possible due
to unresolved interferences of 3°Ar. Liquid chromatography
separations were performed with a Surveyor L.C Pump Plus
(ThermoFisher Scientific, Bremen, Germany) using an anion
exchange column Dionex IonPac AS15 (2 x 250 mm) and a
guard column AG15 (2 x 50 mm) (ThermoFisher Scientific,
Bremen, Germany). The stationary phase consisted of silica
bonded with alkanol quaternary ammonium groups. The
particle size was 7.5 pm. All separations were performed at
room temperature with an eluent consisting of 40-100 mM
ammonium nitrate (gradient elution) and 0.1% formalde-
hyde at pH 7 (adjusted with 30% NH4OH). Samples and
standards were diluted into the mobile phase before injec-
tion using a six-way rheodyne valve in the chromatographic
system. The instrumental operating conditions and data ac-
quisition parameters are listed in Table S-1 in the support-
ing information.

Calculation of Isotopic Ratios (34S/32S) and Delta Values
(834S). Sulfur isotope ratios (34S/32S) were calculated by lin-
ear regression slope (LRS).171821 The regression line is de-
scribed by the following:

Equation 1: y=ax+b

where y and x represent the measured intensities (in V) of
34S and 32§, respectively; a is the slope of the linear regres-
sion and corresponds to the isotopic ratio 34S/32S as shown
by Frietzke et al'8; and b is the intercept of the line. The
measurement uncertainty of isotopic ratios corresponds to
the standard deviation of the slope computed from at least
1000 data points (100% of the peak).17.1821

The delta value (834S) is always expressed against the VCDT
scale in %o and was calculated against the standard as fol-
lows:

Equation 2:

5= (), [, ) x @+ -1



where WS is the working standard.

The combined uncertainty (uc) of §34S is calculated follow-
ing the Kragten spreadsheet method,?? as recommended by
Eurachem guideline?%. The Kragten spreadsheet method,
based on the general error propagation formula, is a numer-
ical method for calculating the combined uncertainty from
measurement uncertainties. The contributors to uc are the
measurement uncertainty of sulfur isotope ratios (3S/325)
values obtained for both the working standard and the ana-
lyte. A coverage factor of k = 2 was used for an approximate
level of confidence of 95%.

Four methods for the measurement of §34S were compared
for accuracy and uncertainties: (1) Compound unspecific
bracketing (CUB), where the standard is the average of two
measurements of TMSO conducted before and after each
sample; (2) internal standardization (IS), where the stand-
ard (TMSO) is added to the sample solution as an internal
standard; (3) internal standardization combined with a cor-
rection by external calibration (ISEC), where 534S is first cal-
culated with the IS method and standards of each anion are
analyzed throughout the analytical procedure to build a cal-
ibration curve for each anion and then used to correct the
534S values. This method is an analogue of the data treat-
ment usually performed when measuring &3S by EA-
IRMS?5; and (4) Compound specific bracketing (CSB), where
the standard is the same anion as the sample and consists of
the average calculation of two measurements conducted be-
fore and after each sample.

RESULTS AND DISCUSSION

Chromatographic Operating Conditions. As reported by
Lin & Jiang,?¢ suitable separation of sulfite, sulfate and thio-
sulfate can be achieved using a mobile phase of ammonium
nitrate (60 mM) and formaldehyde (0.1%). In this method,
sulfite reacts with formaldehyde to form hy-
droxymethanesulfonate, a more stable species.?’” In this
study, the previously developed method was modified using
a gradient elution (40-100 mM NHsNOs) to include TMSO
and obtain the maximum sensitivity for all ions while main-
taining baseline peak separation, as peak separation is bet-
ter for measuring §34S. A typical chromatogram is shown in
Figure 1. Using the working parameters listed in Table S1,
peak areas of 24, 26, 27 and 26 V.s per 1 pg of injected S
were obtained for TMSO, sulfite, sulfate and thiosulfate, re-
spectively. Since liquid chromatography enables separation
of the four ions in 20 minutes, the isotope ratios of each ion
can be measured, and TMSO can be used for internal stand-
ardization.

Mass Bias Correction. Different approaches to correct for
mass bias and simultaneously measure the §34S values of
sulfite, sulfate and thiosulfate in water samples were inves-
tigated. Three different solutions (1, 2 and 3) containing the
three anions (10 ug/g of S for each anion) from different
manufacturers (Table 1) were analyzed to evaluate the §34S
measurement uncertainties and accuracy of the four differ-
ent approaches previously described in the experimental
section. Internal correction based on the measurement of
the 30Si/29Si ratio in silicon added to the mobile phase (10
ug/g) was also evaluated. But this procedure resulted in
very high errors (>4%o) in the measured §34S values due to

the highly variable 3°Si/?°Si ratio (see Figure S-1) and was
therefore abandoned. As an alternative, we selected TMSO
for addition to each solution for IS measurements.
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Figure 1. LC-MC-ICPMS analysis of a solution of Na2SOs,
(NH4)2S04 and (NH4)2S203 with TMSO as internal standard (10
ug/g of S for each species).

Each compound was previously analyzed by EA-IRMS to de-
termine its §34S. Figure 2 shows 634S values measured by
EA-IRMS for the different species in all analyzed solutions
and by LC-MC-ICPMS with different measurement methods.
A peak window of 100% was used for LRS calculations, as is
common in other works.17.20 For the three anions, the re-
sults measured by IS and CUB were not significantly differ-
ent (within 0.2%o) and the standard deviations of replicate
analysis (n=3 for Solution 1, n=2 for Solutions 2 and 3) are
not degraded between CUB and IS. This is in line with the
work of Guéguen et al.?8 who noted that mass bias correc-
tion with a single standard injection provides similar per-
formance (0.05%o to 0.28%o for Samarium ratios) to that of
a correction with two injected standards (0.04%o to 0.61%o
for Neodymium ratios). The results obtained with IS and
CUB are not significantly different from those obtained by
EA-IRMS (within 0.6%o, 0.4%o0 and 0.9%o respectively for
sulfite, sulfate and thiosulfate) except for sulfate and thio-
sulfate in Solution 3. However, in this work, we noticed a
systematic positive bias for thiosulfate 534S (between 0.32
and 0.97%o) when measured with the IS and CUB methods.
Some authors have noticed that isotopic fractionation can
occur over the course of chromatographic separation, lead-
ing to a variation of isotopic ratio during peak elution.20.29.30
In this study, the chromatographic separation run took 20
minutes, and on-column isotopic fractionation could be a
possible explanation for the observed bias on thiosulfate
534S value. Figure 3 shows the signal of 32S and the 34S/32S
isotopic ratio in function of the elution time for TMSO, sul-
fite, sulfate and thiosulfate. No drift was observed on the
345 /325 isotopic ratio for the TMSO. Conversely, a significant
drift of the isotopic ratio was observed for the three anions.
The 34S/32S ratios decrease through elution, suggesting an
isotopic fractionation with a faster elution of heavy iso-
topes. The amplitude of the drift is 0.4% for sulfite, 1.4% for
sulfate and 2.0% for thiosulfate. Therefore, the amplitude of
the drift increases with the retention time. The difference in
retention time and thus in the drift amplitude between
TMSO and thiosulfate could explain the observed bias on the
thiosulfate 634S values. To investigate this phenomenon, we
analyzed a solution of sulfate ((NH4)2S04) and thiosulfate



((NH4)2S203) using four different elution gradients with the Solution 1
same batch of mobile phase to obtain different retention Iggg N . —T— L:H
times for the same anions. If isotopic fractionation during CUB et e P e
elution does not take place, the retention time should not 15 —er—i ———
affect 834S. The results for §34S measured by IS are reported EA-IRMS o e N
in Ta}ble 2. For bpth sulfaFe arlld thiosulfate, the measured 20 25 30 35 40 45 50 55 60 65 70
534S increased with retention time, by up to 0.7%o and 1%o, Solution 2
respectively. Therefore, the observed bias on the §34S value CSB | * . - —e—i,
depends on retention time. This suggests that a correction ISEC| 4 PoAd s

: . o . CUB e— ' Hid | ——
with an anion eluted at the same retention time is required s o : s [
to avoid the bias on §34S. EA-IRMS | e —a— o
To correct the §34S bias induced by on-column isotopic frac- 2 3 4 5 6 7 8 9 10
tionation, anion-specific calibration is required; thus, we Solution 3
coupled the IS method with an anion-specific external cali- Iggg = A i i - " e li-io—i
bration method (ISEC). The first replicate of each synthetic cup| H—a— | ! —e— o
solution was considered as the “standard”, and its §34S, IS A P " e i
measured previously by EA-IRMS, was used as a reference EA-IRMs | F——&—— +—%— = == =

value to create a calibration curve for each species. The lin-
ear regression coefficients of the calibration curves were
then used to correct the data. With this method, there is no
systematic error. The results for the three anions are not
significantly different from those obtained by EA-IRMS
(within 0.2%o, 0.4%0 and 0.3%o respectively for sulfite, sul-
fate and thiosulfate) (Figure 2).

CSB was also evaluated. As highlighted in Figure 2, standard
deviations for sulfite and sulfate were larger with CSB (0.2-
0.3%o0 and 0.6-0.9%o, respectively) than with ISEC (0.01-
0.2%o0 and 0.3-0.6%o, respectively). Also, the Figure 2 shows
that the accuracy is degraded with the CSB in comparison to
the ISEC method. Furthermore, the §34S of sulfate in Solu-
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Figure 2. 834S of sulfite (4), sulfate (®) and thiosulfate (¢) in
synthetic solutions 1, 2 and 3 measured by EA-IRMS (50 pg-S,
n=2) and LC-MC-ICPMS (1 pg-S, n=3 for Solution 1, n=2 for So-
lutions 2 & 3) with the measurement methods IS, CUB, ISEC and
CSB. Note that in some cases the error bars are smaller than the
symbol.

Table 2. 834S and retention time (tr) for Ammonium Sul-
fate and Ammonium Thiosulfate with Different Gradi-
ent Elutions. The given uncertainty for §34S is the com-
bined uncertainty (uc).

tion 3 appears significantly different from the certified Sample tr [s] 8345 [%o]
value. In this solution the sulfate comes from mineralized 395 1.93 £ 0.40
elemental sulfur (IAEA-S4), which has a very different ma- I
trix than the bracketing standards. The correction of mass (NH4)2S04 583 2.46 £ 0.33
bias by sample standard bracketing requires no difference Sigma-Aldrich | g07 253 +047
in matrix between the standard and sample because the ma- 625 298 £ 0.44
trix can affect the mass bias inside the mass spectrometer.3! T
Consequently, we assume that such error on &3S is likely 831 4.71+0.50
due to such matrix effects. In contrast, when using ISEC, (NH 941 5.05 + 0.54
. . . . . 4)25203
mass bias and on-column isotopic fractionation are cor- Sigma-Aldrich [ 959 S 241057
rected with an internal standard added to the sample and et
anion-specific external calibration, respectively, which 971 5.43+0.52
makes ISEC a robust method.
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Figure 3. Measured 32§ signal (Solution 1, 10 pg/g of S for each ion) by LC-MC-ICPMS and 34S/32S isotopic ratio across elution of
TMSO, sulfite, sulfate and thiosulfate. The approximate amplitude of the isotopic drift was estimated by the variation of the isotopic
ratios between the two horizontal lines (at elution times corresponding to 50% of the signal maximum for 32S).



Our results demonstrate that ISEC is the most accurate and
robust method to simultaneously measure §34S in sulfite,
sulfate and thiosulfate. Thus, this approach was chosen and
applied for sample analyses.

Optimization of the Peak Zone for LRS Calculation. It has
been demonstrated that better results are obtained when
LRS is performed on the full peak zone (100%) rather than
smaller zones and that the standard deviation of the meas-
ured isotopic ratio depends on the regression coefficient
(R?) of the linear function.'” In this study, we evaluated the
possibility of calculating the isotopic ratio with larger peak
zones, up to 300% of the peak (Figure 4C). Furthermore, we
determined the peak zone between 100% and 300% of the
peak providing the maximum R? of the linear function and
the peak zone providing the minimum slope standard devi-
ation by an iterative algorithm implemented as a Visual
Basic code within Microsoft Excel (more details in SI). The
different isotope ratio calculation methods were applied to
the data obtained from previous analysis of the synthetic so-
lutions to recalculate 634S values. To obtain a simple estima-
tor of accuracy for each peak zone, the root-mean-square
error (RMSE) expressed in %o was calculated as follows:

Equation 3:
RMSE = \/2(634SEA—IRMS = 83*S1c_mc-1cpms)? /M

where 6%4Sga-irus and 634Sic-mc-icpus are the §34S values deter-
mined by EA-IRMS and LC-MC-ICPMS, respectively, and n is
the number of samples. Here, n = 7 for each anion in each
calculation. RMSE takes into account the differences
(63*Sga_irms — 6°*S1c_mc—1cpms) of a whole sample list, al-
lowing a simple comparison of accuracy among different
data treatments. For each peak zone, one RMSE per anion
were calculated (see Figure 4A). For sulfite and thiosulfate,
there was no significant change in RMSE whatever the peak
zone tested; in contrast, for sulfate, RMSE decreased from
0.351%o for a peak zone of 100% to 0.300%o for a peak
zone of 300% and 0.296%o0 when the peak zone is selected
to have the lowest slope standard deviation (zone for Uslope
min). Considering the three anions, the slope standard de-
viation minimization provided the most accurate calcula-
tion of &34S values, as this condition led to the minimum
RMSE.

The mean combined uncertainties (uc) for each anion were
calculated (Figure 4B). As expected, the combined uncer-
tainty decreased with the expansion of the peak zone, the
lowest values being obtained for a peak zone of 300% and
for a peak zone selected by slope standard deviation mini-
mization. Thus, uc decreases from 0.12, 0.34 and 0.38%o
when 100% of the peak is taken to 0.09, 0.18 and 0.23%so,
with peak zones of 300% or slope standard deviation mini-
mization, respectively for sulfite, sulfate and thiosulfate.
These results are not surprising since the contributors to uc
are the slope standard deviations (corresponding to 34S/32S)
of the internal standard and of the analyte (equation 1) and
thus minimizing the slope standard deviation leads to a
minimized u.. These results suggest that expanding the peak
zone for LRS calculation, including baseline points and se-
lecting the peak zone in order to maximize the R? or mini-
mize the slope standard deviation of the linear function, im-
proves the accuracy of the measurements and leads to

lower combined uncertainties. Minimization of slope stand-
ard deviation works best. The inclusion of baseline points in
the LRS calculation leads to a better estimation of the b
terms of equation 1 (b is correlated with the background
signal) and consequently to a better estimation of the iso-
tope ratio. Slope standard deviation minimization was se-
lected to define the peak zones for LRS calculations since
this approach improves accuracy and decreases signifi-
cantly the combined uncertainty. Here, we demonstrated
that LRS taken together with ISEC leads to a combined un-
certainty lower than 0.25%o0 for anion-specific measure-
ments of inorganic sulfur; this result is comparable to those
obtained by Hanousek et al'?, i.e., 0.3%o0 for sulfate §34S
measurement by MC-ICPMS. Standard deviations of repli-
cate injections (n=3) of 0.20%o, 0.37%0 and 0.56%0 were
obtained for sulfite, sulfate and thiosulfate, respectively,
which are in the range of those previously obtained for §34S
measurement by MC-ICPMS (0.1-0.5%g).11-15
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Figure 4. Determination of (A) RMSE and (B) mean combined
uncertainty (uc) of 834S obtained for sulfite (4 ), sulfate (®) and
thiosulfate (¢) according to the peak zone selected for LRS cal-
culation: values from 100 to 300% represent the peak zone se-
lected as presented in figure C; “Zone for R? max” refers to the
peak zone required to have the highest R? of the linear function
and “Zone for usiope min” refers to the peak zone required to
have the lowest slope standard deviation of the linear function.

Analytical Validation by Analysis of Synthetic and Envi-
ronmental Samples. The developed procedure for simul-
taneously measuring §34S in sulfite, sulfate and thiosulfate
was applied to synthetic solutions (pure salts in water, min-
eralized certified reference materials IAEA-S3 and IAEA-S4
and mineralized in-house material H3NOsS) and environ-
mental water samples described elsewhere.22



All samples were diluted in the mobile phase to a final con-
centration of 10 pg/g of S per anion and TMSO was added at
the same concentration. The results were then compared to
the reported 634S values. As shown in Figure 5, the meas-
ured values were in good agreement (within 0.5%o) with re-
ported values for all samples and all anions except for some
of the environmental water samples for which, the 634S val-
ues measured by LC-MC-ICPMS appeared higher than the
reported ones (more details in Table S-2). Such differences
could be blamed on the extremely high Na* content relative
to SO4% concentration in those samples, the [Na*]/[SO4*]
mass ratio being systematically greater than 10. Such ma-
trix effect was also observed by Hanousek et al, Lin et al.
and Liu et al. for the direct measurement of sulfate in water
by MC-ICPMS.123233 Hanousek et al.'? indicated that the ad-
dition of Na* caused a significant decrease in §34S. In our
case, we observed an increase in 634S due to the online ani-
onic separation and internal standardization. Indeed, Na*

eluted in the dead volume together with the TMSO (cation)
used for 834S measurement, so this process likely causes the
decrease in 34S/32S of TMSO and consequently the §34S over-
estimation observed for sulfate. It is worth stressing, how-
ever, that it is rare to find [Na*]/[SO4%] mass ratios greater
than 10 in modern seawater, rivers and aquifers.34-37 Esti-
mation of the effect of sulfur concentration on the combined
uncertainty was attempted by diluting ammonium sulfate
to 1 pg S/g and by applying reanalysis. The obtained value
of §34S was 2.74 + 0.37%o, showing a slight increase relative
to the uc of 0.18%o obtained for the same anion at 10 pg S/g.
Reproducibility was estimated by analyzing Solution 1 in
different analytical sessions (n = 7). The following results
were obtained: 634Ssulite-1 = 6.00 £ 0.26%0; 63*Ssulfate-1 = 2.58
+ 0.26%o0; and 63*Sthiosulfate-1 = 4.33 £ 0.50%0. These results
are in agreement with the reproducibility typically obtained
(0.1-1%y) for 834S by MC-ICPMS.13-153233
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Figure 5. 634S for Measured Samples Obtained in this Work Compared with Reported Values. For LC-MC-ICPMS measurements, so-
lutions and samples were diluted in the mobile phase to a final concentration of 10 pg/g of S per anion and TMSO was added at the
same concentration. The given uncertainty for LC-MC-ICPMS measurements represents the combined uncertainty (uc) whereas for
reported values it is the reported standard deviation. Reported §34S values for synthetic solutions 1, 2, 3, 4 and the in-house material
H3NO3S where determined by EA-IRMS in this study. Reported §34S values for IAEA-S3 and IAEA-S4 were determined by SF¢-IRMS
and MC-TIMS in ref38 and by EA-IRMS in ref39, respectively. Reported §34S values for environmental waters where measured by EA-
IRMS in ref?2. In some cases the uncertainty is smaller than the symbol. Complete numerical data is provided in Table S-2.

CONCLUSIONS

We have developed herein a simple, accurate and precise
method for sulfur isotope composition (634S) analysis of sul-
fite, sulfate and thiosulfate in a single run using LC-MC-
ICPMS. We demonstrated the applicability of linear regres-
sion slope for sulfur isotope ratio calculations in transient
signals and the further improvement of the results by using
an algorithm that minimizes the slope standard deviation of
the linear function. We compared mass bias correction by
internal standardization, compound unspecific bracketing,
compound specific bracketing and internal standardization
combined with a correction by external calibration. The lat-
ter is the more accurate and robust method for mass bias
correction. In addition, avoiding sample-standard bracket-
ing enhances sample throughput and may be useful for sam-

ples for which matrix matching remains difficult. The devel-
oped LC-MC-ICPMS method allows the analysis of 634S in
sulfite, sulfate and thiosulfate in a single chromatographic
run with a reproducibility better than 0.3%o for sulfite and
sulfate and better than 0.5%o for thiosulfate for 1 pg of in-
jected sulfur (per species); these reproducibilities are close
to those obtained by EA-IRMS (0.1-0.5%0).222540 This online
method considerably simplifies the analysis of environmen-
tal water samples since sample preparation and purification
steps are no longer required and the time of analysis is re-
duced. Notably, only 1 ug-S is required, whereas the mini-
mum amount for EA-IRMS is 33 pg-S.38

The application of our innovative methodology to synthetic
solutions and environmental water samples shows the high
accuracy achievable and points out the limitation of the
method. Indeed, sample with [Na*]/[SO4+*] greater than 10



causes a significant bias in the measured §34S, but such large
[Na*]/[SO4%] is an extreme case. However, this limitation
can be easily circumvented by selecting a different spiked
standard, dithionate could be suitable as it will elutes after
thiosulfate and will not coelute with cations?’. Another al-
ternative would be cation removal, this could be done using
a suppressor unit after the ionic separation or by sample pu-
rification prior to analysis through an anion or cation ex-
change resin.'21416 We believe our work has strong poten-
tial and could be a basis for many applications because this
634S measurement method can be applied to most environ-
mental water samples. Also, this method could be a power-
ful tool for studying oxidation and reduction processes of
sulfur where intermediate valence sulfur anions such as sul-
fite and thiosulfate are formed.54142
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