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Abstract A diffusive gradient in thin films (DGT) technique,
based on a strongly basic anion exchange resin (Amberlite
IRA-400), was successfully tested for 34S/32S analysis in la-
bile soil sulfate. Separation ofmatrix elements (Na, K, and Ca)
that potentially cause non-spectral interferences in 34S/32S
analysis by MC ICP-MS (multi-collector inductively coupled
plasma–mass spectrometry) during sampling of sulfate was
demonstrated. No isotopic fractionation caused by diffusion
or elution of sulfate was observed below a resin gel disc
loading of ≤79 μg S. Above this threshold, fractionation to-
wards 34S was observed. The method was applied to 11 dif-
ferent topsoils and one mineral soil profile (0–100 cm depth)
and compared with soil sulfate extraction by water. The S
amount and isotopic ratio in DGT-S and water-extractable
sulfate correlated significantly (r2 = 0.89 and r2 = 0.74
for the 11 topsoils, respectively). The systematically
lower 34S/32S isotope ratios of the DGT-S were ascribed to
mineralization of organic S.
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Introduction

Soluble soil sulfate is the most important sulfur (S) species in
many isotopic studies, as sulfate is the dominant inorganic S
form in most aerobic soils [1]. Fractionation of S stable iso-
topes is caused by thermodynamic and kinetic effects accom-
panying uptake and mineralization of S compounds by mi-
crobes and plants [1, 2], evaporation and crystallization of
seawater [3], transformation of minerals [4], and other natural
processes [1, 2]. The resulting variation of 34S/32S isotope
ratios can be used in environmental studies to study S biogeo-
chemistry [5], in archaeology to determine the origin of find-
ings in burial mounds [6] or to characterize ore genesis [7].

Multi-collector inductively coupled plasma mass spec-
trometry (MC ICP-MS) has been applied routinely for S iso-
tope ratio analysis [5, 8, 9]. While high sensitivity
(<0.1 μmol S required for analysis [5]) and low measurement
uncertainty (<0.03 % [5]) can be achieved with MC ICP-MS,
non-spectral interferences caused by matrix elements (mainly
K, Na, and Ca) have been shown to bemajor limitations [5, 9].
Sample purification procedures have been applied successful-
ly for overcomingmatrix interferences in measurements of the
sulfate-S isotopic composition in soil extracts and soil
porewaters [5, 9]. Although post-sampling separation proce-
dures are effective, they represent a time-consuming step with
the potential to cause method-related isotope fractionation. A
targeted sampling procedure for soil sulfate, that separates
potential interferents already during the sampling step, would
be an ideal alternative to conventional separation procedures.
In a recent study, we developed a novel technique for passive
sampling of labile soil sulfate [10], based on the diffusive
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gradients in thin films (DGT) methodology [8, 11]. DGT em-
ploys a solute binding agent, usually either an ion resin or a
mineral binding phase (e.g., Fe oxide and Zr oxide),
immobilized in a thin hydrogel layer, to sample solutes in
environmental media like waters, sediments, and soils [11].
In a DGT sampler, the binding gel layer is overlain by a pure
hydrogel layer and a protective membrane, which prevent
particle contamination and act as diffusion layer for the solutes
to be sampled (see Fig. 1).

Several studies showed the potential to use DGT for the
investigation of the isotopic composition of solutes and for
isotope dilution studies using radiotracers. Dalqvist et al. in-
vestigated the isotopic composition of Nd in fresh and marine
waters [12], while Turner et al. analyzed 235U/238U ratios in
two river waters [13]. The suitability of DGT for measuring
the isotopic composition of Zn and Pb was investigated in
laboratory studies [14, 15]. Sub-mm isotopic variations in
dissolved sulfide-S in sediment porewaters were studied using
DGT in combination with laser ablation MC ICP-MS [8, 16].
Mason et al. [17] and Six et al. [18] applied isotope dilution
using the radioisotope 32P to compare the phosphate pool
sampled by DGT and other soil test methods with the phos-
phate pool available for plant uptake. All of these studies
concluded that DGT is well suited for measuring isotope

compositions, and that the sampling process does not cause
detectable isotope fractionation.

In this study, we tested and validated the measurement of
the isotopic composition of labile soil sulfate-S using DGT.
The method was applied to analyze the sulfate-S isotope com-
position of a set of mineral soil samples.

Materials and methods

General laboratory procedures

Laboratory tools were double acid washed using 10 % (w/w)
and 1 % (w/w) HNO3 (p. a., Merck, Darmstadt, DE) and
rinsed with laboratory water type I (0.055 μS cm−1; TKA-
GenPure, Niederelbert, DE) before use. Laboratory water type
I was also used for preparation of all standard solutions, for
soil extractions, and for water saturation of soil samples.
Laboratory water type I and HNO3 were further purified by
a sub-boiling distillation system (Milestone Inc., Shelton, CT,
USA) and used for the elution of sulfate from the resin gel
(1 mol L−1 HNO3), from resin membranes (2% (w/w) HNO3),
and for microwave-assisted digestions (Multiwave 3000,
Anton Paar, Graz, AT).

DGT sampling

Gel and sampler preparation

DGT samplers (DGT Research Ltd., Lancaster, UK) were
used for both solution and soil tests. Polyethersulfone filters
(0.45 μm pore size, 0.13 mm thick, Sartorius Stedim,
Goettingen, DE) were used as a protective membrane. The
membranes were washed in 5 % HNO3 (w/w) and stored in
an aqueous 10 mmol L−1 NaNO3 solution (Reagent Plus,
Sigma Aldrich, Buchs, CH). Agarose cross-linked polyacryl-
amide (APA) diffusive hydrogels of 0.8 mm thickness were
prepared according to [11] and cut to discs. Anion exchange
resin (Amberlite IRA-400; chloride form, Sigma Aldrich,
Buchs, CH) hydrogels for S sampling (0.4 mm thickness)
were prepared according to [10]. Therefore, 3 g of the resin
was ground with a ball mill for 10 min, passed through a
200-μm sieve, and washed in 10 % HCl (p.a., Merck). The
resin was mixed with 10 mL gel solution [11], 60 μL of
riboflavin solution (0.01 g riboflavin ((-)-Riboflavin,
S igma Aldr ich) in 10 mL H2O) , and 20 μL of
tetramethylethylendiamine (TEMED; VWR Int., Randor,
USA). The solution was shaken well and cast between two
acid-washed glass plates (6 × 20 cm) separated by a U-shaped
acid-washed plastic spacer (0.4mm thickness). The glass plate
with the freshly coated gel solution was left under fluorescent
light overnight for photopolymerization. The gels were
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Fig. 1 DGT sampling device schematic (a): 1 piston, 2 outer sleeve with
sampling window, 3 resin gel, 4 diffusive gel, 5 protective membrane, 6
plastic frame to hold the soil sample in place, 7 soil sample. Application
of the DGT device to soil (b). The figure is taken from [10] following the
terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/)
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hydrated and cut to discs. A 10 mmol L−1 NaNO3 solution
was used for storage of all gels.

Resin gel elution

After application to standard solutions or soils, the samplers
were retrieved, and the resin gel was rinsed with water and
eluted in 10 mL 1 mol L−1 HNO3 for 16 h. The elution effi-
ciency (90.9 ± 1.6 %) was already reported in [10].

DGT performance and matrix separation

Some of the major matrix elements, like Na, K, and Ca, which
are present in soil solutions at concentrations of <1 to
600 mg L−1 [19], may cause non-spectral interferences and,
thus, affect both measurement precision and accuracy of the
34S/32S analysis byMC ICP-MS [5]. The separation of sulfate
from these elements was tested using CaSO4 × 2 H2O (p.a.,
Fluka, Buchs, CH), K2SO4 (p.a., Fluka), and Na2SO4 × 10
H2O (p.a., Merck) dissolved in 3 L H2O to reach concentra-
tions (cSoln) of approximately 100 mg L−1 S. All standard
solutions had an electrolyte background concentration of
10 mmol L−1 NaNO3 (p.a., Sigma-Aldrich) and a pH value
of 5.6, adjusted using dilute NaOH and HNO3 solutions (both
p.a., Merck). DGTsamplers (5 replicates) were exposed to the
standard solutions for 4 h. Each experiment was repeated five
times. The separation of Na, K, and Ca was calculated as
difference between the cation mass fraction in standard solu-
tion (MSoln) and its mass fraction in the eluate (MEl) divided by
the MSoln.

To test whether uptake by DGT causes fractionation of S
isotopes, two different (NH4)2SO4 salt batches (p.a., Merck,
labelled as BA^ and Normalpure, VWR, Leuven, BE, labelled
as BB^) were dissolved to reach concentrations of
100 mg L−1 S. The two standard solutions had significantly
(see Statistical analysis below) different S isotopic composi-
tion (δ(34S/32S)VCDT BA^: 5.27 ± 0.87 ‰ (U; k = 2);
δ(34S/32S)VCDT BB^: 6.39 ± 0.64‰ (U; k = 2)). DGTsamplers
were placed into 3 L of each solution for 4 h. 34S/32S isotope
ratios of the standard solutions were compared with the
34S/32S ratio of sulfate sampled by the DGT method.

In a previous study, we determined the capacity of the S
resin gel to be 130 ± 11 μg S per disc (i.e., 41 ± 3 μg S cm−2)
[10] by comparing the amount of sulfate-S bound by resin gels
to the theoretical uptake onto the DGT sampler according to
Eq. 1 [11]:

cDGT ¼ M ⋅Δg
D⋅A⋅t

ð1Þ

where Δg is the diffusive layer thickness (sum of the
diffusive gel and protective membrane thicknesses), D is

the diffusive coefficient, A is the sampling window sur-
face area, and t is the sampling time. Elution efficiency
was taken into account.

In addition to the capacity determination, we measured
the isotopic composition of these DGT gel eluates to de-
termine potential isotope fractionation in resin gels that
approach analyte saturation. To account for the competi-
tion of ubiquitous anion species in soil porewaters for
binding sites on the resin gel disks, a synthetic soil solu-
tion was prepared [10]. DGT samplers were deployed for
3, 6, 9, 12, 15, 24, 36, and 48 h. The 34S/32S ratio of the
DGT-S was evaluated against the isotopic composition of
BA^ salt used for preparation of the synthetic soil
solution.

Background S concentration was estimated by placing the
DGT sampler into a moist plastic bag for 4 h. The mass of S
eluted from this resin gel was considered a Bmethod blank^
and used for blank correction.

Isotopic composition of labile soil sulfate

Soil samples

Eleven uncontaminated soils of different origin, pH, tex-
ture, and total S content (Table 1) were investigated.
Jubiläumswarte and Kobernaußerwald were forest soils,
Santomera originated from a research station, and the oth-
er eight samples were arable soils. In addition, samples of
a forest soil profile, taken in 1996 at Brixlegg (Austria),
were analyzed. This forest site had received significant
amounts of S inputs from industrial SO2 emissions before
effective flue-gas desulfurization was established.
Brixlegg soil was divided into Ae, B1, B2, and two B3
horizons. For all other samples, only topsoil (max. 30 cm
soil depth) samples were available. All soil samples were
air dried and sieved (2 mm) before the experiment. The
soil characteristics shown in Table 1 were determined ac-
cording to standard procedures (pH [20], clay [21], and
CaCO3 [22]). The water holding capacity (WHC) was
determined by mixing the dried soil with water until the
soil got saturated (no free water was observed). The WHC
equals the mass of the water added relative to the mass of
the water-saturated soil. The Brixlegg samples (BAe –
BB4 samples) were evaluated separately as they repre-
sented a soil profile with the possibility to follow changes
in response to the applied test methods with soil depth.

Total sulfur content

Of each soil sample, 0.1 g was dissolved by acid
microwave-assisted digestion (5 mL sub-boiled HNO3

and 1 mL H2O2 (Suprapur, Merck)). The method perfor-
mance was approved by digestion of the RTS-1
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(CANMET, Ottawa, CA) soil reference material, certified
for total and extractable S content.

Water extractable sulfate

Three grams of each soil sample was extracted in 18 mL
laboratory water type I for 24 h (shaking over-head). The
extract was filtered (Minisart RC 25, Sartorius Stedim) to
remove soil particles. Anion exchange resin membranes
(551642S, VWR; ionogenic group: quaternary ammoni-
um) were applied for sulfate separation from the extract.
The membranes were cleaned in 0.5 mol L−1 HNO3, and
regenerated for 4 h in a 0.5 mol L−1 NaHCO3 (p.a.,
Merck) solution. The regenerated membranes were placed
into the extract and shaken for 16 h. After rinsing the
membranes with sub-boiled water, the adsorbed sulfate
was extracted in 2 % HNO3 (18 mL) within 1 h shaking
[5].

Sampling of DGT-labile soil sulfate-S

The soil samples were mixed with laboratory water type I to
reach their maximumwater holding capacity (WHC, Table 1).
The resulting pastes were incubated for 24 h at 20 °C for
equilibration of the soil porewater and the soil solid phase.
A 2-mm-thick layer of the paste was spread carefully onto
the DGT samplers, which were subsequently incubated for
another 24 h at 20 °C. The eluates of the resin gels were
measured for S concentration by ICP-MS and diluted to
1 mg S L−1 for isotopic analysis by MC ICP-MS. Uniform S

concentration in samples is required for isotopic analysis to
ensure a uniform ion density and exclude between-sample
measurement bias. This experiment was replicated three times
for each soil.

Analyses

Single collector ICP-MS (Element XR, Thermo Fisher
Scientific, Waltham, MA, USA) was used for quantification
of S, Na, K, and Ca in standard solutions, resin gel eluates, and
of S in soil digests and soil extracts. External calibration and
internal standardization (In) were applied.

MC ICP-MS Nu Plasma HR (Nu Instruments Ltd,
Wrexham, UK) connected to a sample desolvation unit
(Aridus II, Teledyne, Omaha, NE, USA) was used for S iso-
tope ratio measurement in standards and extracts. The instru-
ment was run in edge mass resolution at (m/z)/Δ(m/z) ∼ 2700
(for more detail, see, e.g., [9]). The correction for the instru-
ment background signal was performed automatically by on-
peak zero measurement. External correction for instrumental
isotopic fractionation (Bstandard-sample bracketing^) was ac-
complished by applying IAEA-S-1 (IAEA, Vienna, AT) as a
standard. All samples and standards were diluted to 1 mg L−1

total S for the measurement. The gas flow rates and the lens
voltage were optimized daily to reach a sensitivity of at least
5 V (mg L−1 sulfur)−1. The precision and accuracy of the
measurement were assessed by measuring IAEA-S-2
(IAEA) as a sample (measurement precision: 0.2‰, 1 RSD;
accuracy: long-term average of measured values: 22.53
± 0.51‰ (2 SD, n = 22), certified value: 22.66 ± 0.20‰

Table 1 Soil properties and total
S content Soil sample Abbreviation Country of

origin
pH (CaCl2) Clay

g kg−1
WHC

%

CaCO3

g kg−1
Stot
mg kg−1

Aigen W AT 7.1 170 43 20 200

Blankenstein D DE 6.2 200 39 0 252

Hohes Kreuz H AT 6.1 n.d. 42 0 369

Horn R AT 5.7 240 27 0 193

Jubiläumswarte J AT 5.9 180 49 0 315

Kobernaußerwald K AT 3.8 100 40 0 254

Moosbierbaum B AT 7.6 n.d. 48 100 215

Münchendorf M AT 7.7 n.d. 58 350 626

Santomera E ES 7.8 300 32 500 200

Tulln T AT 6.8 300 33 50 343

France F FR 4.8 n.d. 54 0 434

Brixlegg – Ae BAe AT 3.9 170 53 0 519

– B1 BB1 AT 4.0 250 42 0 199

– B2 BB2 AT 4.1 130 40 0 214

– B3a BB3 AT 3.9 180 37 0 274

– B3b BB4 AT 4.0 150 40 0 264

WHC water holding capacity
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(SD)). All values are reported as relative to a Vienna Canyon
Diablo Troilite (VCDT) standard according to [23].

Uncertainty estimation

The uncertainty estimation of the quantitative measurement
(cDGT) is based on [24]. It takes the uncertainties of S quantifica-
tion, diffusive layer thickness, sampling window area, sampling
time, diffusion coefficient, and elution efficiency [10] as well as
repeatability (SD) of the experiment into account.

The combined uncertainty of the δ(34S/32S)VCDT measure-
ment is based on [25]. It takes the measurement precision of
the sample and of the bracketing standard, the uncertainty of
the blank correction, and the correlation of 34S/32S blank sig-
nals into account. The combined uncertainty was calculated
for each sample individually.

Statistical analysis

Significance of difference between two mean values (DGT-S
isotope ratios and standard solution S-isotope ratios, DGT-S
isotope ratios, and water-extractable S isotope ratios) was test-
ed with respect to the expanded uncertainties (U; k = 2) of the
mean values. Two mean values were considered significantly
different, if:

m1−m2j j >
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U2
m1 þ U 2

m2

q

ð2Þ

wherem1 andm2 represent the mean values andUm1 andUm2

their expanded uncertainties [26].
Equation 3 [27] was used for computing the appropriate t

value to test significance of a correlation coefficient (between
cDGT and water-extractable S amount and between DGT-S
and water-extractable S isotope ratios) by Student’s t test
(p = 0.95):

t ¼ r

ffiffiffiffiffiffiffiffiffiffi

n−2
1−r2

r

ð3Þ

where r is the correlation coefficient and n are the degrees of
freedom.

Results

Sulfate uptake and matrix separation

Sulfate cDGT values were in good agreement with standard
solution S concentration (cSoln, see Table 2). The main con-
tributor to the combined uncertainty of the calculated cDGT
was the repeatability of the DGT application (up to 84 %)
followed by the uncertainty of the diffusion coefficient D
(22 % on average; [10]). During sulfate sampling by

DGT, the investigated matrix elements (Ca, K, and Na)
remained almost entirely in the standard solution (see
Table 2). The main source of the combined uncertainty was
again the repeatability of the method (more than 95 %).

Sulfate-S isotope fractionation during DGTuptake

The isotopic composition of sulfate-S sampled by DGT from
BA^ or BB^ standard solution corresponded to that of the
standard solution. The typical expanded uncertainty of the
δ(34S/32S)VCDT value was ∼0.90‰ with measurement preci-
sion being the main contributor (up to 89 %). The different
uncertainty of BA^ and BB^ is caused by different measure-
ment conditions on different measurement days. The results
are shown in Fig. 2. The 34S/32S isotope ratio is presented as
relative to composition of the corresponding immersion solu-
tion (Δ(34S/32S)) for better presentation.

The capacity experiment showed that the 34S/32S ratio of
DGT-S corresponded to that of the synthetic soil solution (salt
batch BA^) at gel loadings ≤ 79 μg S per disk. When the gel S
loading reached and exceeded 130 μg S per disc, increased
34S/32S ratios were observed in DGT-S (Fig. 3). Δ(34S/32S),
relative to the δ(34S/32S)VCDT of the standard solution, was
1.79 ± 1.29, 5.85 ± 3.02, and 7.64 ± 1.98‰ for loadings of
130, 174, and 189 μg S per disc, respectively.

Soil samples

The water-extractable S ranged between 7.0 (F) and 32.7 (B)
mg S kg−1 soil. The minimum S cDGTwas obtained from the E
sample (0.43 mg L−1) and the maximum from the B sample
(3.39 mg L−1). The resin gel loadings were in the range be-
tween 9.6 μg sulfur per disc (sample E) and 76 μg sulfur per
disc (sample B). The S cDGT is plotted against the mass con-
centration in the soil of water-extractable S in Fig. 4. The
correlation between the results was 0.89 (r2) for the 11 studied
soils and 0.78 (r2) for the Brixlegg soil profile.

The results of the isotopic analysis of S in water-extractable
sulfate after purification by anion exchanger resin membrane
and analysis of S sampled by DGT are summarized in Fig. 5.
The expanded uncertainty of the δ(34S/32S)VCDT values was
1.1‰ with repeatability of the experiment being the main
contributor (44 %). The correlation of the two methods was
0.74 (r2) for the 11 soils. No correlation could be determined
for the Brixlegg soil profile.

Discussion

Suitability of DGT for 34S/32S analysis

The non-spectroscopic matrix-based interferences in 34S/32S
analysis by MC ICP-MS were discussed, e.g., by [5] or [9]. A
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purification step (by cation exchange column or anion ex-
change resin on a plastic membrane, respectively) was applied
by the authors to remove matrix elements from dissolved sul-
fate. However, the DGT method is capable to sample dis-
solved sulfate selectively, thus removing the interfering matrix
elements (see Table 2). While cDGT/cSoln ratio was high for
sulfate (86 ± 15 %–95 ± 19 %), all investigated matrix ele-
ments (Ca, K, and Na) were separated quantitatively (to more
than 99 %) during the sampling by DGT. The main source of
the relatively large expanded uncertainty UcDGT (up to 19 %,
k = 2) was the repeatability of the method (contributing up to
84 % to the combined uncertainty). This can be explained,
e.g., by small differences (e.g., in resin amount) between resin
gel batches. Thus, the DGT technique for soil S enables for a
direct, matrix-free sampling of labile S, and is thus advanta-
geous for S isotope analysis by MC ICP-MS.

The elution efficiency (90.9 ± 1.6 %) reported in [10]
shows that the sulfate sampled by DGT is not completely
eluted from the resin gel. Since the elution process can be
accompanied by isotopic fractionation, the suitability of the
DGT method for S isotopic analysis was proven.

It is evident that the comparison of the δ(34S/32S)VCDT
values in sulfate-S sampled by DGT with the values of the
corresponding standard solution (BA^ and BB^, Fig. 2) shows
no significant isotopic fractionation. In this experiment, the
mass accumulated on the gels was well below 79 μg per disc.
Above this gel loading, fractionation towards 34S was ob-
served (Fig. 3a). In comparison, deviation of the experimental

uptake from the theoretical uptake was only observed at gel
loadings >130 μg per disc (Fig. 3b [10]). Obviously, the
sulfate-S isotope composition is fractionated when ap-
proaching saturation of the resin gel. Isotope fractionation on
ion exchangers has been reported previously and the enrich-
ment of 34S using anion exchange resin was even applied to
produce compounds enriched in 34S [28]. Therefore, for reli-
ably determining the sulfate-S isotope composition, the resin
gel loading must not exceed 79 μg per disc, while quantitative
sulfate DGT measurements with this gel are possible up to a
gel loading of ≤130 μg per disc [10].

Soil samples

The resin gel loadings in the soil deployment were generally
lower than the threshold for sulfate isotope composition
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Table 2 Agreement between
cSoln and cDGT of S and separation
of cations (Na, K, and Ca) from
the sulfate sampled by DGT
(n = 5)

Standard solution S concentration/mg
L−1

cDGT/cSoln Cation concentration/mg
L−1

Cation separation

cSoln cDGT (MSoln −MEl)/MSoln

Na2SO4 × 10 H2O 9.3 ± 0.2 8.0 ± 1.4 86 ± 15 % 14.3 ± 0.9 99 ± 1 %

K2SO4 8.9 ± 0.1 8.4 ± 0.9 95 ± 10 % 23.2 ± 1.1 99 ± 0 %

CaSO4 × 2 H2O 9.4 ± 0.2 8.9 ± 1.8 95 ± 19 % 11.5 ± 1.0 99 ± 1 %

Values with expanded uncertainties (U, k = 2)
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diamonds). The error bars and the dashed lines are expanded
uncertainties U, k = 2
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measurements (max. 76μg S per disc) and thus well below the
threshold for the quantitative determination of DGT-labile sul-
fate S (130 μg S per disc). The comparison of water-
extractable sulfate S and S cDGT showed high correlation
(r2 = 0.89) between the two techniques for the 11 different
soils investigated. The correlation between the two parameters
was somewhat lower (r2 = 0.78) in the mineral soil horizons of

the Brixlegg soil profile. This observation indicates that the
water-extractable and DGT-labile sulfate quantities in the set
of soils investigated here are closely linked. In our previous
work, soil-S measured using stronger extractants (1 mol L−1

KCl; 1 mol L−1 Ca(H2PO4)2) yielded much lower correlations
to DGT-measured S (r2 = 0.18 and r2 = 0.40, respectively),
probably because those extractants were more efficient in
extracting sorbed and mineralizable S than the H2O extract.
Note that in the present and the earlier work [10], two different
sets of soils were investigated.

The expanded uncertainty of the δ(34S/32S)VCDT values
was higher in the soil experiment compared to the experiment
in laboratory solutions (0.9 and 0.5‰, respectively). This can
be explained by small inhomogeneities of the natural samples
as method repeatability was the main contributor to uncertain-
ty of the S isotopic analysis in soils.

The results of the 34S/32S isotope ratio analysis of water-
extractable sulfate S and sulfate S sampled by DGT show that
DGT-S was systematically and significantly depleted in 34S as
compared to water-extractable sulfate S. The S isotope ratios
found in sulfate S sampled by the two techniques correlated
significantly (r2 = 0.74 for the 11 soils). No correlation could
be determined for the Brixlegg soil profile as the
δ(34S/32S)VCDT DGT values of BAe–BB4 were not signifi-
cantly different from each other (see Fig. 5b). In water-
extractable sulfate δ(34S/32S)VCDT, the samples BAe–BB2
were significantly different from BB3 and BB4, while no dif-
ferences were found within these two groups. A possible ex-
planation for the water extraction revealing differences in the
isotope ratios down the soil profile while DGT sampling
showed no such differences could be that DGT samples a
more strongly bound S fraction in soils, which is less prone
to changes in the S isotopic composition than the more easily
soluble S fraction sampled by the water extraction.

The general difference in the isotopic composition of the
sulfur sampled by the two methods is most probably caused
by the mineralization of S from organic sources during the
DGT experiment, as the soil microflora prefers the lighter
32S isotope in metabolism [1, 29, 30]. Before DGT sampling,
the soil pastes are incubated at room temperature for 24 h
before and for additional 24 h during DGT sampler exposure.
Therefore, a considerable amount of time is available for or-
ganic S species to be mineralized to inorganic sulfate by mi-
crobial activities. Other than in incubation/extraction schemes
that are used for S mineralization studies [31], where miner-
alized S is extracted at the end of an incubation period, the
DGT device is in close contact with moist soil and continu-
ously binds sulfate as it gets mineralized. This feature, in com-
bination with the possibility of varying the incubation condi-
tions (e.g., soil moisture, temperature, incubation period, and
biocidal treatment), renders DGT a potentially powerful tool
for S mineralization studies, especially in comparison to con-
ventional sampling by soil extraction.

B

D
H

J

M

R

E

T W

F

K

R² = 0.74

-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

10.00

34
S

V
C

D
T

 D
G

T
 / 

‰

a

BB3

BAe

BB2

BB4

BB1
-4.00

-2.00

0.00

2.00

4.00

6.00

8.00

10.00

-4.00 -2.00 0.00 2.00 4.00 6.00 8.00 10.00

34
S

V
C

D
T

 D
G

T
 / 

‰

34SVCDT water extractable / ‰

b

Fig. 5 Correlation between δ(34S/32S)VCDT values of water-extractable
soil sulfate S and S sampled by DGT from a 11 different soils and b
Brixlegg soil profile. Dashed line is the theoretical 1:1 line. Error bars
are expanded uncertainties U, k = 2

B

DHJ
K

M

R

E

T

W
F

BAe

BB1
BB2

BB3

BB4

R² = 0.78

R² = 0.89

0.0

1.0

2.0

3.0

4.0

0 10 20 30 40

c
D

G
T
(S

) 
/ (

m
g

 L-1
)

Water-extractable S / (mg kg-1)

Fig. 4 Water-extractable sulfate S concentration against the calculated S
cDGT for the 11 studied soils (black diamonds, full line) and Brixlegg soil
profile (open diamonds, dotted line). The error bars are expanded
uncertainties U, k = 2

Soil sulfur stable isotope variations using diffusive gradients in thin films 8339



Conclusions

The presented DGT technique was shown to be well suitable for
sulfate sampling and matrix separation in a single step, thereby
avoiding the occurrence of non-spectral interferences during the
MC ICP-MS measurement. Even though DGT-S can be quanti-
fied up to a resin gel disc loading of ≤130 μg S, analysis of
34S/32S is only possible up to a gel discs loading of ≤79 μg S.
Such an effect has not been reported before for DGT-based
methods for isotope composition measurements, but it might be
important also for other resin/isotope system combinations.
Therefore, we suggest that isotope fractionation vs. gel loading
should be tested. Significantly and systematically lower 34S/32S
isotope ratios of the DGT-S than of water-extractable sulfate-S in
soils indicate mineralization of organic S during DGT applica-
tion. Therefore, DGTshould be a versatile tool to investigate soil
S mineralization, as the experimental conditions (soil paste mois-
ture, temperature, soil incubation/exposure time) can bemodified
easily. However, additional incubation tests and comparison with
sulfate uptake by plants are warranted.

Acknowledgments Open access funding provided by University of
Natural Resources and Life Sciences Vienna (BOKU). This study was
funded by the Austrian Science Fund (FWF): P23861-B16 (TWB) and
P27571-BBL (JS). Melanie Diesner is acknowledged for the support of
the laboratory work, Christoph Hoefer and Andreas Kreuzeder are ac-
knowledged for their expert advice on the DGT technique.

Compliance with ethical standards

Conflict of interest The authors declare no conflict of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give ap-
propriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Nielsen H, Pilot J, Grinenko LN, Grinenko VA, Lein AY, Smith JW,
et al. CHAPTER 4 lithospheric sources of sulphur. In: Krouse HR,
Grinenko VA, editors. Stable isotopes in the assessment of natural
and anthropogenic sulphur in the environment. Guildford: Wiley;
1991. p. 65–132.

2. Thode HG. CHAPTER 1 sulphur isotopes in nature and the envi-
ronment: an overview. In: Krouse HR, Grinenko VA, editors. Stable
isotopes in the assessment of natural and anthropogenic sulphur in
the environment. Guildford: Wiley; 1991. p. 1–26.

3. Raab M, Spiro B. Sulfur isotopic variations during seawater evap-
oration with fractional crystallization. Chem Geol. 1991;86:323–
33.

4. Labidi J, Shahar A, Losq CL, Hillgren VJ, Mysen BO, Farquhar J.
Experimentally determined sulfur isotope fractionation between

metal and silicate and implications for planetary differentiation.
Geochim Cosmochim Acta. 2016;175:181–94.

5. Hanousek O, Berger TW, Prohaska T. MC ICP-MS δ34SVCDT mea-
surement of dissolved sulfate in environmental aqueous samples
after matrix separation by means of an anion exchange membrane.
Anal Bioanal Chem. 2016;408:399–407.

6. Minami T, Imai A, Bunno M, Kawakami K, Imazu S. Using sulfur
isotopes to determine the sources of vermillion in ancient burial
mounds in Japan. Geoarchaeology. 2005;20:79–84.

7. Zhang L, Shen Y, Ji J. Characteristics and genesis of Kanggur gold
deposit in the eastern Tianshan mountains, NW China: evidence
from geology, isotope distribution and chronology. Ore Geol Rev.
2003;23:71–90.

8. Widerlund A, Nowell GM, Davison W, Pearson DG. High-
resolution measurements of sulphur isotope variations in sediment
pore-waters by laser ablation multicollector inductively coupled
plasma mass spectrometry. Chem Geol. 2012;291:278–85.

9. Craddock PR, Rouxel OJ, Ball LA, Bach W. Sulfur isotope mea-
surement of sulfate and sulfide by high-resolution MC-ICP-MS.
Chem Geol. 2008;253:102–13.

10. Hanousek O, Mason S, Santner J, Chowdhury MMA, Berger TW,
Prohaska T. Novel diffusive gradients in thin films technique to
assess labile sulfate in soil. Anal Bioanal Chem. 2016.
doi:10.1007/s00216-016-9801-8.

11. Zhang H, Davison W. Performance characteristics of diffusion gra-
dients in thin films for the in situ measurement of trace metals in
aqueous solution. Anal Chem. 1995;67:3391–400.

12. Dahlqvist R, Andersson PS, Ingri J. The concentration and isotopic
composition of diffusible Nd in fresh and marine waters. Earth
Planet Sci Lett. 2005;233:9–16.

13. Turner GSC, Mills GA, Burnett JL, Amos S, Fones GR. Evaluation
of diffusive gradients in thin-films using a Diphonix resin for mon-
itoring dissolved uranium in natural waters. Anal Chim Acta.
2015;854:78–85.

14. Desaulty AM, Bodard C, Laurioux T, Guerrot C,Millot R, Berho C.
Using DGT passive samplers and MC-ICPMS to determine Pb and
Zn isotopic signature of natural water. Proc Earth Planet Sci.
2015;13:76–9.

15. Malinovsky D, Dahlqvist R, Baxter DC, Ingri J, Rodushkin I.
Performance of diffusive gradients in thin films for measurement
of the isotopic composition of soluble Zn. Anal Chim Acta.
2005;537:401–5.

16. Bellis D, Nowell G, Ottley C, Pearson D, Davison W. Solution and
laser ablation analysis of sulphur isotopes with the neptune high
resolution multi-collector ICP-MS (MC-ICP-MS): application to
diffusive gradients in thin films. In: Holland G, Bandura D, editors.
Plasma source mass spectrometry current trends and future devel-
opments. Cambridge: RSC Publishing; 2005.

17. Mason SD, McLaughlin MJ, Johnston C. Soil test measures of
available P (Colwell, resin and DGT) compared with plant P uptake
using isotopic dilution. Plant Soil. 2013;373:711–22.

18. Six L, Pypers P, Degryse F, Smolders E, Merckx R. The
performance of DGT versus conventional soil phosphorus
tests in tropical soils—an isotope dilution study. Plant Soil.
2012;359:267–79.

19. Blume H-P, Brümmer GW, Horn R, Kandeler E, Kögel-Knabner I,
Kretzschmar R, et al. Scheffer/Schachtschabel: Lehrbuch der
Bodenkunde. Heidelberg: Springer Spektrum Akademischer
Verlag; 2010.

20. Österreichisches_Normungsinstitut. ÖNORM L 1083 chemical
analyses of soils—determination of acidity (pH value). Vienna:
Österreichisches Normungsinstitut; 2006.

21. Österreichisches_Normungsinstitut. ÖNORM L 1061-2
physical analyses of soils—determination of particle size distribu-
tion in the mineral soils—fine soil. Vienna: Österreichisches
Normungsinstitut; 2002.

8340 O. Hanousek et al.

http://dx.doi.org/10.1007/s00216-016-9801-8


22. Österreichisches_Normungsinstitut. ÖNORM L 1084 Chemical
analyses of soils—determination of carbonate. Vienna:
Österreichisches Normungsinstitut; 2006.

23. Krouse HR, Coplen TB. Reporting of relative sulfur isotope-ratio
data. Pure Appl Chem. 1997;69:293–5.

24. Kreuzeder A, Santner J, Zhang H, Prohaska T, Wenzel WW.
Uncertainty evaluation of the diffusive gradients in thin films tech-
nique. Environ Sci Technol. 2015;49:1594–602.

25. Horsky M, Irrgeher J, Prohaska T. Evaluation strategies and uncer-
tainty calculation of isotope amount ratios measured by MC ICP-
MS on the example of Sr. Anal Bioanal Chem. 2016;408:351–67.

26. Linsinger T. Application note 1: comparison of a measurement
result with the certified value. Geel: European Reference
Materials; 2005.

27. Pearson ES. The test of significance for the correlation coefficient. J
Am Stat Assoc. 1931;26:128–34.

28. Bendassolli JA, Cesar P, Trivelin O, Carneiro F. Stable sul-
fur isotope fractionation by anion exchange chromatography.
production of compounds enriched in 34S. J Braz Chem Soc.
1997;8:13–7.

29. Mitchell M, Mayer B, Bailey S, Hornbeck J, Alewell C, Driscoll C,
et al. Use of stable isotope ratios for evaluating sulfur sources and
losses at the Hubbard Brook Experimental Forest. Water Air Soil
Pollut. 2001;130:75–86.

30. Alewell C, Mitchell M, Likens G, Krouse HR. Sources of
stream sulfate at the Hubbard Brook Experimental Forest:
long-term analyses using stable isotopes. Biogeochemistry.
1999;44:281–99.

31. Norman AL, Giesemann A, Krouse HR, Jager HJ. Sulphur isotope
fractionation during sulphur mineralization: results of an incuba-
tion–extraction experiment with a Black Forest soil. Soil Biol
Biochem. 2002;34:1425–38.

Soil sulfur stable isotope variations using diffusive gradients in thin films 8341


	Diffusive gradients in thin films measurement of sulfur stable �isotope variations in labile soil sulfate
	Abstract
	Introduction
	Materials and methods
	General laboratory procedures
	DGT sampling
	Gel and sampler preparation
	Resin gel elution
	DGT performance and matrix separation

	Isotopic composition of labile soil sulfate
	Soil samples
	Total sulfur content
	Water extractable sulfate
	Sampling of DGT-labile soil sulfate-S

	Analyses
	Uncertainty estimation
	Statistical analysis

	Results
	Sulfate uptake and matrix separation
	Sulfate-S isotope fractionation during DGT uptake
	Soil samples

	Discussion
	Suitability of DGT for 34S/32S analysis
	Soil samples

	Conclusions
	References


