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� Accurate analysis of d34S and D33S
with 2 SD precision of ±0.18‰ and
±0.10‰ by using 3 nmol S.

� Quantification of S losses during
sample pretreatment and membrane
desolvation.

� Improved S memory reduction and
blank evaluation by adding adequate
Na to the washing solution.

� Successful application to low-S ma-
rine sediment pore fluids.
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We propose an improved method for precise sulfur isotopic measurements by multi-collector inductively
coupled plasma mass spectrometry (MC-ICP-MS) in conjunction with a membrane desolvation nebuli-
zation system. The problems of sulfur loss through the membrane desolvation apparatus are carefully
quantified and resolved. The method overcomes low intrinsic sulfur transmission through the instru-
ment, which was initially 1% when operating at a desolvation temperature of 160 �C. Sulfur loss through
the membrane desolvation apparatus was resolved by doping with sodium. A Na/S ratio of 2 mol mol�1

produced sulfur transmissions with 98% recovery. Samples of 3 nmol (100 ng) sulfur achieved an external
precision of ±0.18‰ (2 SD) for d34S and ±0.10‰ (2 SD) for D33S (uppercase delta expresses the extent of
mass-independent isotopic fractionation). Measurements made on certified reference materials and in-
house standards demonstrate analytical accuracy and reproducibility. We applied the method to examine
microbial-induced sulfur transformation in marine sediment pore waters from the sulfate-methane
transition zone. The technique is quite versatile, and can be applied to a range of materials, including
natural waters and minerals.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Sulfur isotope geochemistry has been applied widely in
geological and environmental studies. The relatively large isotopic
fractionation between the two principal nuclides, 32S and 34S, for
example, has been used to understand Earth's lithosphere, hy-
drosphere, atmosphere, and biosphere [1,2]. In recent years, the
less abundant nuclides, 33S and 36S, have also been used in
geologic applications spanning the past four billion years [3]. In
the marine system, the biogeochemical cycles of sulfur involve
algal photosynthesis, protein synthesis, and microbial metabolism
[4e6]. These pathways can be distinguished using sulfur isotope
ratios [6]. Microbial mineralization causes large sulfur isotopic
fractionation through sulfate reduction and anaerobic oxidation of
methane (AOM) [7e9]. Both sulfate reduction and methane
oxidation transform sulfate into various sulfide species of H2S, HS�

and S2� and ultimately deplete dissolved sulfate concentrations to
sub-micromolar levels [10,11]. This concentration range, combined
with the limited volume of pore fluid that can be conveniently
collected, restrict the use of conventional gas source mass spec-
trometric approaches for analysis [12e14].

Double spike thermal ionization mass spectrometry (DS-TIMS)
is capable of sulfur isotopic analysis for very small sample size,
down to 6.25 nmol S [15,16]. The requisite tedious sample loading
and instrumental operation, however, serve to limit sample
throughput. Single particle-mineral sulfur isotopic analysis can
be achieved by Nanoscale Secondary Ion Mass Spectrometry with
dimensions down to submicron scale and nanogram-size sulfur
[17]; yet, a sacrifice in analytical precision is inevitable. Alter-
natively, sector field inductively coupled plasma mass spec-
trometry (SF-ICP-MS), with high overall sensitivity detected by
single collector, provides a one standard-deviation (SD) repro-
ducibility of ±0.4‰ for 34S/32S using 3.1 nmol S and medium
resolution [18]. The relatively simple sample preparation and
high analytical throughput provide an advantage in experimental
efficiency. Recent developments in multi-collector ICP-MS (MC-
ICP-MS) in combination with improved inlet system for water
and solid samples further improved reproducibility to ±0.2e1‰
(2 SD) [19e23]. Instrumental mass bias can be corrected for by
either standard-sample-standard bracketing (SSB) [24] or by
external normalization using silicon doping [20] to achieve ac-
curate sulfur isotope ratios.

In the ICP, extremely high 16O16Oþ interferences on 32Sþ

observed in the stable inlet system (i.e., wet plasma) can be
effectively decreased through sample desolvation (i.e., dry
plasma). However, previous attempts showed that sulfur trans-
missions decline considerably in a desolvation system when
injecting dilute pure sulfuric acid [20]. Several studies have re-
ported methods of improving sulfur transmission through mem-
brane desolvation [25e28]; however, the detailed mechanism of
sulfur loss was still unknown.

To understand the factors causing the sulfur signal loss in a
dry-plasma system and optimize instrumental conditions, an
evaporation experiment was first carried out to clarify the effect
of heating temperature on dissolved sulfate volatility. The effects
of desolvation-induced sulfur loss and sodium addition was
quantitatively addressed. Sulfur transfer efficiency and stability
were improved. The resulting analytical techniques were suc-
cessfully used to investigate sulfur isotopic features in low-sulfur
marine pore fluids offshore southwestern Taiwan.
2. Methods

2.1. Experimental setup

Chemistry and instrumental analyses were conducted at the
High-Precision Mass Spectrometry and Environment Change Lab-
oratory (HISPEC), National Taiwan University. Chemical procedures
were performed in a class-10,000 geochemical clean room with
class-100 (actually achieves class-10) positive pressure laminar
flow benches. Ultrapure hydrochloric acid (HCl) and nitric acid
(HNO3) (ULTREX II grade), purchased from J.T. Baker Chemical Co.,
were diluted to appropriate concentrations with ultrapure water
(Millipore Milli-Q Academic and Milli-Q Element) [29]. All plastic
containers, including Teflon vials and bottles, were acid-cleaned.

Sulfur concentration was determined on a SF-ICP-MS, Thermo
Fisher Scientific ELEMENT 2, coupled with a typical wet introduc-
tion system using a Scott-type double-pass spray chamber. Sulfur
isotopic compositionwas analyzed on a MC-ICP-MS, Thermo Fisher
Scientific NEPTUNE. Both sample introduction techniques of wet
plasma with a Scott-type double-pass spray chamber and dry
plasma with a membrane desolvation nebulization device, Cetac
ARIDUS I or II, were used.

Mono-elemental sulfur (High-Purity Standard HP-S and SPEX
ICP-MS Standard SPEX-S, 10000 and 1000 mg L�1) and sodium
solution (High-Purity Standard, 1000 mg L�1) were diluted to
0.1e9 mmol L�1 S, respectively, and 0.2e18 mmol L�1 Na with
0.25 mol L�1 HNO3 as working standards. The solution with
0.25 mol L�1 HNO3 þ 6.3 mmol L�1 Na was used for routine sodium
additive to purified sulfur aliquots before instrumental analysis.
Three reference silver sulfides IAEA-S-1, IAEA-S-2 and IAEA-S-3,
reference seawater NASS-5, and one of anomalous mass indepen-
dent sulfur isotope fractionation in Archean sulfide [30,31] were
used to validate the chemical and analytical procedures.

Thirteen pore fluids, 0.5e1 mL, were extruded at intervals of
20 cm and then extracted with 0.45-mm filter onboard at depths of
0e252 cm of a marine sediment core, collected on March 11e18,
2013, offshore southwestern Taiwan (21�47.1720N, 119�42.6830E).
The unacidified samples were used for the determination of sulfate
concentration analyzed by ion chromatography with analytical
precision of ±4% (2 SD) [32]. Acidified 10 mL aliquots with 7 mol L�1

HNO3 were used for sulfur isotopic measurement.
Silver sulfide samples, 10 mg each, were digested in a 2 mL HCl-

HNO3 solution (1:1 wt %) on a hot plate at 70 �C. Digested reference
materials, seawater and pore water samples were purified using an
AG1-X8 anion exchange resin. The column procedure, using a PFA
mini-column (I.D. ¼ 2 mm), was modified from Meneg�ario et al.
[33]. Typical sulfur recovery yield was >97%. Sulfur blanks in re-
agents, including water, diluted nitric acid, and sodium solution,
were determined. Total sulfur blanks of column separation and
overall procedure were analyzed.

2.2. Sulfur evaporation test

Potential sulfur loss during evaporation was examined on a
hotplate, with different settings from 70 to 160 �C, for 10 min using
aliquots of aqueous samples containing 16 mmol L�1 S in
0.25mol L�1 HNO3 with and without 32 mmol L�1 Na. For each set, a
2-mL aliquot was dripped onto a 15 mL PFA lid. The dried samples
were dissolved andmixed with 0.5 mL 0.25 M HNO3. Sulfur content
was determined on a SF-ICP-MS.
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2.3. Sulfur transmission evaluation

The effect of a membrane desolvation nebulization device, a
Cetac ARIDUS I, was evaluated for the transformation of sulfur
species and transmission efficiency. Two tested samples containing
3.1 mol L�1 S were prepared in 0.25 mol L�1 HNO3, one of which
contained 6.3mol L�1 Na. Themembrane desolvation device, with a
sample Ar flow rate at 1 L min�1, sweep Ar gas at 5 L min�1, and N2
gas at 7 mL min�1, was warmed up without being connected to the
ICP-MS. After a 2-h warm up, the systemwas initially washed with
0.25 mol L�1 HNO3 for 10 min, followed by injecting a 3.1 mol L�1 S
solution into the device for 30 min. Three 15 mL centrifuge tubes
filled with 5 mL 4 mol L�1 NaOH were used to collect moisture and
gas samples from three outlets, including sample out, sweep gas
out, and drain, during injection. The systemwas thenwashed using
0.25mol L�1 HNO3with 6.3mol L�1 Na for 30min, and the outflows
were collected during washing. Afterward, a solution containing
3.1 mol L�1 S and 6.3 mol L�1 Nawas introduced for 30min, and the
outflows were collected. The system was washed again for 30 min
with 0.25 mol L�1 HNO3 containing 6.3 mol L�1 Na, and the out-
flows were collected. Sulfur contents of all collected outflow sam-
ples, diluted with 0.25 mol L�1 HNO3, were analyzed on SF-ICP-MS.

2.4. Instrumentation and sensitivity

The MC-ICP-MS was stabilized for at least one hour after the
plasmawas ignited. Instrumental settings, including torch position,
nebulizer gas flow rate [34], source lenses, and zoom optics, were
optimized. For the dry sample introduction system, sweep Ar gas
and N2 gas were set at 4.9e5.3 L min�1 and 5e9 mL min�1,
respectively. Typical settings are listed in Table 1.

Ion beam intensities of the isotopes, 32S, 33S, and 34S, were
detected with three Faraday cups at medium resolution (M/
DM ¼ 5000). The lowest 36S isotope was not detected due to sig-
nificant isobaric 36Arþ interference. Cup configurations are pre-
sented in Table 1. Cup positions were shifted to the low-mass side
by 0.3 atomic mass unit (amu) to avoid major O2

þ peaks [20]. The
instrumental background was monitored before introducing a
sample. Nine blocks of 10 integrations with 1.049 s duration for
each cycle were selected, taking 3 min per sample measurement.
After measuring each sample, the introduction systemwas cleaned
with 0.25 mol L�1 HNO3 doped with 0.31 mmol L�1 Na for 3 min to
Table 1
Operation parameters for MC-ICP-MS sulfur isotopic analysis.

Mass Spectrometer and Membrane Desolvator Setup

Mass spectrometer setup
MC-ICP-MS Neptune (Thermo Fisher Scientific)
RF power 1200 W
Analyzer pressure ~2 � 10�9 mbar
Pt guard electrode On, grounded
Sample cone Jet (Ni)
Interface cone X-skimmer (Ni)
Cooling gas 18 L min�1

Auxiliary gas 1.0 to 1.1 L min�1

Sample gas 0.7 to 1.0 L min�1

Nebulizer PFA-50 or PFA-100 (ESI)
Extraction lens �640 to �595 V
Zoom optics �2 to 0 V (Extraction Quad)
Cup configuration C (32), H1 (33), H4 (34)
Resistors C (1011 U), H1 (1012 U), H4 (1012 U)
Resolution Medium

Membrane desolvator setup
Desolvator ARIDUS I or II
Sweep gas 4.9 to 5.3 L min�1

Nitrogen gas 5 to 9 mL min�1

Spray chamber (PFA) temperature 110
�
C

Desolvator temperature 160
�
C

reduce the residual sulfur to less than 0.01% from previous analysis.
An ion beam intensity of 3e5 V for 32S was generated by a sulfur
solution of 1 mmol L�1 at a sample uptake rate of ~60 mL min�1. A 1-
mL aliquot with 3 nmol S was routinely prepared for S isotopic
analysis, yielding an intensity of 9e15 V for 32S. Volume consumed
was ~300 mL for each measurement. Quality control was checked
daily before a routine SSB sequence. First, the Na-added blank
(named ‘BLK’), the reference standard IAEA-S-1 (named ‘STD’),
three reference standards, IAEA-S-2, IAEA-S-3, and NASS-5, and
two working standards, HP-S and SPEX-S (named ‘SMP’), were
cross-checked following a “BLK-STD-SMP-STD-SMP-STD-BLK”
sequence to assure the instrumental condition and analytical
quality. Measurement of samples was carried out once the analyt-
ical precision and accuracy were verified.

2.5. Data reduction and quality control

An off-line data reduction was performed for spectral back-
ground correction, instrumental mass bias correction, and isotopic
composition calculation. Calibrated isotope ratios are reported in
lowercase and uppercase delta notation using the following two
equations:

dxS ð‰Þ ¼
�
ðxS=32SÞSample

�
1
2

h
ðxS=32SÞRef1 þ ðxS=32SÞRef2

i

� 1
�

� 1000;

(1)

where x is 33 or 34, and the certified reference material IAEA-S-1
measured before (Ref1) and after (Ref2) the sample (Sample).

D33Sð‰Þ ¼ ½lnðd33S=1000þ 1Þ � l � lnðd34S=1000þ 1Þ�
� 1000;

(2)

where l is set to 0.515 defining the slope of d33S versus d34S via
mass-dependent fractionation [35e37]. Uncertainties are calcu-
lated at 2 SD for external precision unless otherwise noted.

3. Results and discussion

3.1. Spectral interference and blanks

Isobaric interference can bias sulfur isotope measurement [21].
Evaluation of sulfur isotope ratios with and without spectral
background correction is plotted in Fig. S1. Without background
correction, a significant negative d34S offset of 0.8e1.5‰ is
observed for 0.3e0.6 mmol L�1 S of reference material IAEA-S-2
from an acceptable range (Fig. S1), mainly caused by the low-
mass tailing of 16O16Oþ at 32 amu [21]. For sulfur contents
>1.5 mmol L�1, there is an absence of significant difference of all
uncorrected and corrected sulfur isotopic data from certified ranges
(Fig. S1).

Reagent blanks and procedural blanks are listed in Table S1. For
reagents, sulfur blank is mainly from pure water, 7.2 nmol L�1.
Sulfur content in the sodium additive solution is 9.3 nmol L�1, 77.4%
from water, 20.4% from High-Purity Na 1000 mg L�1 standard, and
2.1% nitric acid. The contribution of overall procedural sulfur blank
of 19 pmol is (1) 75% from column purification chemistry, (2) 25%
from sodium additive and diluted nitric acid, and (3) 0.2e0.8% from
introduction system of MC-ICP-MS (Table S1). This blank level is
one order less than previous reports [25,27]. The total S blank,
equivalent to 0.6% of sample S (3 nmol S in 1 mL 0.25 mol L�1



T.-L. Yu et al. / Analytica Chimica Acta 988 (2017) 34e40 37
HNO3), accounts for maximum offsets of ±0.03‰ on both d34S and
d33S, only 1/6e1/5 of the external errors of S isotopic data.

3.2. Effect of temperature on sulfur vaporization

Nine sets of sulfur with and without sodium addition with
different temperature values are plotted in Fig. 1. Without adding
sodium, sulfur loss is not observed at temperatures &110 �C. Sig-
nificant sulfur is lost, 20% at 120 �C and 99% at 160 �C. Even the
boiling point (337 �C) of sulfuric acid is higher than the desolvation
temperature of 160 �C, the dilute sulfate concentration cannot be
preserved at temperatures >120 �C. The sulfur loss can be attrib-
uted to the formation of an azeotrope between the remaining nitric
acid (solvent) and sulfuric acid (solute) above 122 �C, the boiling
point of 68% nitric acid. With the addition of sodium, sulfur can be
conserved. This observation suggests that the formation of sodium
sulfate suppresses sulfur vaporization.

3.3. Transmission of sulfur through membrane desolvation

Determinations of sulfur with and without sodium addition
through membrane desolvation are plotted in Fig. 2. Without the
addition of sodium, the sulfur is only 1.2% in the plasma, 6.7% in the
gas, and 0.1% in the wash out. Most of the lost sulfur is retained on
the desolvation membrane. The retained sulfur can be gradually
released during a 30-min injection of 0.25 mol L�1 HNO3 with the
addition of sodium, about 10% of which flows to the plasma and 82%
to the gas waste. With the addition of sodium, 98% of sulfur is
successfully delivered to the plasma.

The desolvation temperature effect for sulfur vaporization is
plotted in Fig. 3. Without sodium additive, the ion beam intensity of
32Sþ decreases dramatically from 1 V at 70 �C to 0.1 V at 90 �C, and
even down to the background level at temperatures >110 �C. For
the solution doped with sodium, the sulfur signal elevates gradu-
ally with increasing temperature and approaches 10 V when tem-
perature reaches 150e160 �C.

Our tests clearly show sulfur adsorption onto the hydrophobic
PTFE membrane. Sulfur, with the form of sodium sulfate, can be
carried to the plasma by adding an appropriate amount of cation
solution.
Fig. 1. Effect of sodium on changing sulfur volatility. Sulfur loss evaluation with and
without sodium addition with temperature varying from 70 to 160 �C. Gray area shows
the acceptable sulfur recovery range.
3.4. Sulfur isotopic analysis with sodium additive

The addition of several different cations has been shown to
overcome desolvation-induced sulfur losses, including sodium [25],
silver [26] and ammonium [27]. By using silver or ammonium, the
formation of insoluble AgCl or NH4Cl may clog the membrane if
chloride is not entirely removed before instrumental analysis. So-
dium appears to be an ideal choice. Moreover, the use of Na-doped
HNO3 (i.e., 0.31 mmol L�1 Na) provides a validated sign for real blank
monitoring, which is important when background subtraction is
involved in sulfur isotope ratio calculation.

Evaluation of an appropriate amount of sodium addition is
plotted in Fig. 4. At Na/S < 2, the sulfur intensity increases with
increasing Na/S ratio. The maximal ion beam intensity (Fig. 4A) and
stable isotope ratios (Fig. 4B) can be achieved when Na/S mole ratio
is 2 or higher. The optimal Na/S ratio of 2 may reflect the molar
stoichiometric proportion of Na2SO4. Sulfur signal enhancement
reaches the plateau at Na/S ratios >1, implying the possible for-
mation of NaHSO4 (~50% SO2�

4 would convert to HSO�
4 at pH 2).

Good external precision of 22.60 ± 0.19‰ for the 34S measurement
can be offered under the conditions with a Na/S ratio S2. Our re-
sults show that the amount of sodium additive can be operationally
fixed at a Na/S mole ratio of 2 for high precision sulfur isotopic
measurements.

3.5. Precision and accuracy, and reproducibility

Analytical performance was determined by running the ICP-
MS working standard SPEX-S solution over a 3-year course,
from 2014 to 2017 (Fig. 5). Within-run precision (2 SD) is ±0.14‰
for 33S/32S and ±0.20‰ for 34S/32S at 0.1 nmol S (i.e., 3.2 ng S in
1 mL solution), and ±0.005‰ and ±0.015‰, respectively, at
9 nmol S (i.e., 288 ng S in 1 mL solution). High precision analysis
can be achieved for d34S at 32S intensities higher than 2.5 V
(0.8 mmol L�1 S), and at 32S intensities above 6.5 V (2 mmol L�1 S)
for D33S (Fig. 5A and B), resulting in between-run uncertainties (2
SD) of ±0.39‰ for d34S and ±0.20‰ for D33S. Results show that
our methodology can produce precise and accurate S isotopic
measurements using 3 nmol S for D33S. The long-term precision
is ±0.18‰ for d34S and ±0.10‰ for D33S (Fig. 5C and D). The d34S
values of measured standard reference materials, IAEA-S-2, IAEA-
S-3, and NASS-5, are 22.60 ± 0.19‰, �32.12 ± 0.18‰ and
21.53 ± 0.15‰, respectively. These values agree with previously
reported data (Table 2). Replicate analyses of one Ag2S sample is
shown in Table 2. Its D33S is determined to be �0.81 ± 0.12‰,
consistent with previously analyzed values measured by Isotope
Ratio Mass Spectrometer [30,31]. This consistency supports the
fidelity of our methodology.

3.6. Sulfur isotopic compositions in marine pore-fluids

The pore fluid sulfate concentrations and sulfur isotopic com-
positions are shown in Fig. 6. Sulfate decreases from 27.6 at the sea
surface to 0.4 mmol L�1 at the deepest depth of 232 cm below
seafloor (cmbsf). Depth profiles of d34S and D33S were measured
with 3e6 nmol S increases from 21.5 to 26.1‰ at depths of 0e152.5
cmbsf, which might be attributed to sulfate consumption by the
degradation of organic matter [8]. At depths >152.5 cmbsf, rapid
consumption of sulfate occurs through AOM coupled with sulfate
reduction [7,8], resulting in sulfate depletion and elevated d34S
approaching 54.3‰ at the sulfate methane transition zone, a depth
of 212.5 cmbsf. d34S value at the deepest depth of 232 cmbsf is
34.0‰, resulting from a binary mixing of remaining sulfate (54.3‰)
and hydrogen sulfide (HS�) (20‰) [38]. This indicates that the
0.4 mmol L�1 sulfate at this depth is a mixture of sulfate in



Fig. 2. (A) Schematic of a desolvation device ARIDUS I, made of PFA spray chamber (width 4.5 cm and length 14 cm) and fluoropolymer membrane (length ~2.4 m). Three outflow
routes include sample gas out to plasma, sweep gas out and waste out from spray chamber to drain. (B) Proportion of sulfur collected from different outflow loops after a 30-min
introduction of sulfur and with or without sodium.

Fig. 3. Comparison between sulfur intensity and desolvation temperature with (solid
circles) or without (hollow cricles) sodium addition. The concentration of sulfur is
3 mmol L�1 (i.e., 100 mg L�1).
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remaining pore fluid and hydrogen sulfide that was reoxidized
during pore fluid collection. D33S shows a constant value
of �0.05 ± 0.08‰, implying that sulfate-reducing bacteria did not
play a significant role in the mass independent sulfur signal [39].
Fig. 4. Changes of (A) sulfur intensity and (B) d34S with various amount of sodium
added (desolvation temperature at 160 �C). Sulfur concentration ranges from 0.16 to
4.7 mmol L�1 and Na/S molar ratios from 0.01 to 10. Dashed line denotes a Na/S molar
ratio of 2. Gray areas denote the acceptable ranges (average ± 2 SD, compiled from the
reported values in Table S5).
4. Conclusions

We carefully evaluated and improved the transmission of sulfur
via desolvation for high-precision sulfur isotopic analysis on anMC-
ICP-MS. We quantitatively overcame the serious sulfur loss (~99%)
in membrane desolvation apparatus by adding an appropriate
amount of sodium. The addition of sodium to wash solution is also
essential for memory reduction and instrumental blank moni-
toring. Our simple mini-column purification techniques achieve
high sulfur recovery yield of >97% and low S blank of 19 pmol,
benefiting for precise d34S and D33S analyses with small sample
requirement of 3 nmol sulfur. Two-sigma reproducibility is ±0.18‰
for d34S and ±0.10‰ for D33S. The robust techniques are success-
fully applied to low-sulfur pore fluids for studying microbial sulfur
reduction-methane oxidation in marginal sea sediments. For
offshore southwestern Taiwan, further measurements in different
cores drilled at various environments in this area, including cold
seeps and mud volcanoes, are required to fully understand the



Fig. 5. Measurement of (A) d34S and (B) D33S on aliquots with 32S ion beam intensities of 0.3e29 V for in-house ICP-MS working standard SPEX-S solution. Three-year repro-
ducibility of (C) d34S and (D) D33S with 3 nmol S for working standard SPEX-S. Dashed lines denote the overall external 2-sigma ranges.

Table 2
MC-ICP-MS results for reference materials and working standards.

Name Sample type d33SIAEA-S-1 (‰) 2 SD d34SIAEA-S-1 (‰) 2 SD D33S (‰) 2 SD n

IAEA-S-2 Synthetic Ag2S 11.46 0.19 22.60 0.19 �0.11 0.11 7
References compileda 11.52 0.30 22.73 0.47 ¡0.06 0.24
IAEA-S-3 Synthetic Ag2S �16.68 0.14 �32.12 0.18 0.01 0.10 9
References compileda ¡16.61 0.17 ¡32.11 0.50 0.04 0.34
NASS-5 Seawater 10.97 0.14 21.53 0.15 �0.05 0.11 9
References compileda,b 11.04 0.17 21.41 0.37 0.06 0.03
PPRG0486 Ag2S 0.10 0.14 1.80 0.17 �0.81 0.12 3
Reference value [30,31] 0.35 0.40 1.63 0.40 ¡0.69 0.07 3
HP-S Sulfur in H2O 4.73 0.10 9.24 0.15 �0.02 0.07 15
SPEX-S Sulfur in H2O �1.46 0.14 �2.78 0.18 �0.03 0.10 90

a The compiled data are the mean and 2 SD of the previous reported values (Table S5).
b Assuming a constant seawater S isotopic composition.

Fig. 6. Depth profiles of marine sediment pore fluid (A) dissolved sulfate concentra-
tion, (B) d34S, and (C) D33S at 0e240 cm depth below the seafloor (cmbsf). Gray area
indicates the sulfate-methane transition zone (SMTZ).
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microbial roles of sulfur isotopic fractionation at and below the
SMTZ.
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