Received: 8 June 2022

Revised: 19 September 2022

W) Check for updates

Accepted: 19 September 2022

DOI: 10.1002/rcm.9404

RESEARCH ARTICLE

:Z) Camunicationsin WILEY

ass Spectrometry

Removal of contamination in helium for precise SF4-based

A3°S measurements

Xiaoxiao Yu?® |

1State Key Laboratory of Isotope
Geochemistry and CAS Center for Excellence
in Deep Earth Science, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences,
Guangzhou, China

2Southern Marine Science and Engineering
Guangdong Laboratory (Guangzhou),
Guangzhou, China

3University of Chinese Academy of Sciences,
Beijing, China

Correspondence

Xiaoxiao Yu and Mang Lin, State Key
Laboratory of Isotope Geochemistry and CAS
Center for Excellence in Deep Earth Science,
Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences, Guangzhou, 510640,
China.

Email: yuxiaoxiao@gig.ac.cn and
linm@gig.ac.cn

Funding information

Key Research Program of Frontier Sciences
from the Chinese Academy of Sciences,
Grant/Award Number: ZDBS-LY-DQCO035; the
Key Special Project for the Introduced Talents
Team of the Southern Marine Science and
Engineering Guangdong Laboratory
(Guangzhou), Grant/Award Number:
GML2019ZD0308; the Guangdong Pearl River
Talents Program, Grant/Award Number:
2019QN01L150

1 | INTRODUCTION

Binyan Yin13 |

Mang Lin%%3

Rationale: Quantifications of quadruple sulfur isotopic compositions (534S, A%3S, and
A%%S) of sulfur-bearing compounds in nature are valuable for providing new insights
into the Earth's evolution such as the crust-mantle cycle, oxygenation of atmosphere
and oceans, and the origin and evolution of early life. SF4-based isotope ratio mass
spectrometry is the most widely used method of quantification, but A3S
measurements at high precision and accuracy have always been technically difficult
due to the low abundance of 3¢S (~0.01%). In this paper, we identify a major source
of isobaric interferences (i.e., contamination in helium carrier gas in the gas
chromatography purification step) and propose a simple strategy to solve this
problem.

Methods: An SF¢ fluorination and purification system was built. Laboratory SFg
reference gas and international Ag,S standard (IAEA-S1) were used as reference
materials to test our method. Contamination from helium carrier gas (99.999%) was
purified by a simple two-step cryogenic method to allow for accurate and precise
measurements of A%°S using the SF4-based isotope ratio mass spectrometry method.
Results: Without proper purification of helium carrier gas, large errors in A°S
measurements were found. Measured A3S values of SF4 with trace contamination
from helium were >10%o higher than expected values. Using a newly developed
purification strategy, the difference in A3%S values of SF¢ before and after passing
through the gas chromatography is less than instrumental errors (<0.2%o). Our
improved method yielded an overall A%¢S precision for IAEA-S1 of 0.12%o (n = 6).
This precision is comparable to that found by other laboratories around the world.
Conclusion: Our simple two-step cryogenic method significantly improved the
accuracy and precision of A%S measurements and is therefore recommended for
future determination of quadruple sulfur isotopic compositions in natural samples.

cycle in modern times and the geological past.® Sulfur has four

stable isotopes, 325, 335 345 and %S, with abundances of

Sulfur is the eighth most abundant element in the bulk Earth, occurs
in diverse valence states, and has complex redox behaviors in the
Earth's interior and surface.® Sulfur isotope ratios, which vary subtly

in biotic and abiotic transformation processes,? are usually measured

approximately 95.04%, 0.75%, 4.20%, and 0.01%, respectively.? In the
geochemistry community, their ratios are conventionally given in delta
notations as:

to better understand the transformation pathways of sulfur 53 _ 3 Reample 1 (1)
between different reservoirs, and to trace the deep and surface sulfur 8x Rreference
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where x equals 3, 4, or 6 and ¥R = ¥5/325 is the isotopic ratio for
samples (Rsample) OF reference materials (Rreference), Usually referred to
as the Vienna Cafion Diablo Troilite (VCDT).”

In most physical and chemical processes, fractionation of all the
sulfur isotopes follows a mass-dependent fractionation (MDF)
rule.>4” Thus, once we measure one sulfur isotope ratio, 53%S for
example, the other two (56335 and 8°°S) can be calculated following
their approximated MDF reference lines.® Hulston and Thode®° first
proposed that deviations of 835 and §3¢S from their MDF lines in
iron meteorites might be used to identify nuclear processes such as
long-term exposures to high-energy galactic cosmic rays that
produces excessive 23S and 3¢S atoms via spallation of iron. To
quantify the deviations, nonzero capital delta notations for 35 and

365 are described as:

A%S =555 [(1+8¥5)"7 ~1] )
A%s—8%s— [(1+5%5)" 1] 3)

Given that nonzero A%3S and A3%S values in iron meteorites originate

210 it was generally accepted that all chemical

from nuclear processes,
reactions follow the MDF rule. Using triple oxygen isotopes as an
example, Thiemens and Heidenreich®? first demonstrated that such
deviations can occur in a strictly chemical reaction (i.e., ozone
formation), which is referred to mass-independent fractionation (MIF).
Chemically induced MIF was later experimentally found in sulfur
isotope systematics by Bains-Sahota and Thiemens,*? and
subsequently observed in natural samples such as Archean
sediments.!® The large A%3S (>0.3%0) and A%®S anomalies in Archean
sediments are conventionally interpreted as originating from
ultraviolet-induced SO-SO, photochemistry'* and therefore are
considered to be the most solid evidence so far for an extremely low
oxygen level in the Archean atmosphere (<107 present level of
atmospheric oxygen).ls'16 After more than 20 years of investigations,
sulfur-mass-independent fractionation (S-MIF) has been extensively

used to identify and trace the Great Oxidation Event,'”

Archaean crust,*® atmosphere chemistry of Mars®’

Earth.2°?! Recent studies have pointed out that other
22,23

recycling of

and modern

nonphotochemical reactions such as thermal sulfate reduction

and elemental sulfur recombination?4-2¢

may also account for the S-
MIF observations in natural samples. The development of high-
precision A%3S analysis techniques also allows us to resolve low-
temperature MDF processes in which isotopes slightly deviate from
the MDF reference array.*>?72% High-precision measurements of
multiple sulfur isotopes focusing on small A%3S values (<0.3%o) have
been used in understanding marine biogeochemical processes such as
Proterozoic microbial activities?” and anoxic water shoaling in mass

30 although interpretations of A4S data remain

extinction events,
limited due to the large uncertainties in A3%S measurements. These
advances were recently reviewed by Thiemens and Lin® In
biogeochemical applications and physiochemical investigations, the

slope of A%%S/A%3S is one of the key indicators to delineate the

25,31 and

underlying mechanisms and their geochemical implications,
therefore accurate and precise determinations for both A%3S and
A38S are required.

For quadruple sulfur isotope measurements (534S, A%3S, and
A%%S), the conventional SFg-based gas-source isotope-ratio mass

d9,10

spectrometry (IRMS) metho is the most accurate and precise

technique. This method converts sulfur-bearing compounds to SF4 by

12 F,,27 or CoF3,%? and purified SFy is introduced

reactions with BrFs,
into IRMS as analyst. Because there is only one isotope in fluorine
(i.e., °F), isobaric interferences from oxygen isotopes in the SO,-
based method can be eliminated. Recently, secondary ion mass
spectrometer (SIMS) and multiple collector inductively coupled plasma
mass spectrometry (MC-ICP-MS) approaches have been developed,
but they possess relatively large uncertainties and are only useful for
samples with large S-MIF signatures (e.g., A33S>0.1%. and
A3S > 0.5%0).337%> For many studies using the SFs-based IRMS
method, A%°S values are either not reported or not interpreted,
especially in samples with small sulfur amounts.>®®” The omission of
A%5S is because of the large A%S analytical errors rooted in part in

365.

the low abundance of Extremely low abundances of

contaminants such as CO,, C-F, S-O-F or hydrocarbon

compounds?¢-38:3?

introduced during the pretreatment processes may
lead to significant isobaric interferences in the ionization and
measurement steps in IRMS, and therefore hinder precise and
accurate measurements of A3¢S (3¢SF5™).263840 Sych contaminants
are difficult to completely separate out through cryogenic and gas
chromatography (GC) purification,3 and their origins remain elusive.
In our study, we identified high-purity helium carrier gas used in
the GC purification step as one of the major sources of these
contaminants. We further developed a two-step cryogenic protocol to
purify helium carrier gas. Our new method greatly improved the
accuracy and precision of quadruple sulfur isotopic composition

measurements, especially for A3¢S.

2 | EXPERIMENTAL

21 | System description

The SF¢ fluorination system (Figure 1) was newly built at the State
Key Laboratory of Isotope Geochemistry of the Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences (GIGCAS). Our SF¢
fluorination system mainly follows that of the University of California
San Diego originally developed by Bains-Sahota and Thiemens,*? with
some improvements for purification efficiency and laboratory safety.
The system consists of three parts: fluorination, extraction, and
purification (Figure 1). Specifically, Ag,S is fluorinated by BrFs
(Dongxiang, China) in nickel reaction tubes to generate SF4. BrFs
stored in KEL-F® (polychlorotrifluoroethylene) traps is used as the
fluorination reagent, and is purified through three cryogenic
distillation cycles at —196°C and —75°C (ethanol and dry ice) in the
system*' Waste BrFs and fluorination byproducts from the

experiments, such as HF and Br,, are collected by a stainless-steel
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FIGURE 1 Schematic graph of the vacuum system for Ag,S fluorination and SF4 purification at GIGCAS. The solid bold and fine lines

represent 1/4 and 1/8 in. outer diameter stainless-steel tubes (Swagelok). U1-3, cold traps; TCGO-5, thermocouple gauges; V1-2, multiport
values; SPT#1-2, spiral traps; ST#1-2, sample tubes; TCD, thermal conductivity detector; KOH, potassium-hydroxide-filled cold trap (see main

text)

trap filled with KOH pellets. Three U-shaped traps are employed in
the extraction process for preliminary cryogenic purification. A gas
chromatograph (Agilent 8860) is used in the purification process for
final purification. Most valves in the systems are stainless-steel

bellows sealed valves (Swagelok, SS-4BK).

2.2 | Fluorination, extraction, and purification
procedures

The fluorination, extraction, and purification procedures mostly follow
Lin and Thiemens?® with some improvements. The reaction and
extraction parts were vacuum-pumped by a rotatory pump (Welch,
CRVproé) overnight through U1 and U3 at liquid nitrogen
temperature before loading the samples. The dynamic vacuum in the
system was better than 0.01 Pa. During vacuum-pumping, the nickel
reaction tubes were heated (with cooling circulating water for valve
protection) at 250°C to remove any remaining H,O, BrFs, and
HF. Before opening the nickel reaction tubes to the air to load the
AgoS samples, the tubes were filled at room temperature with
1 atmosphere of dry air gas from a gas tank (Kaiyi) to minimize the
contamination of H,O from the air. The nickel reaction tubes
containing dry air were then re-closed and subsequently disassembled
by unscrewing the vacuum coupling radiation (VCR) connectors
between the valves and the tubes. The disassembled nickel reaction
tubes were immediately reversed and knocked to remove any
possible remaining solid powder from previous fluorinations, and
approximately 2.5 mg (~10 umol) Ag,S sample preloaded in a silver
capsule (3.5 x 9 mm; Santis) was subsequently dropped into the
nickel reaction tubes carefully before reconnecting the tubes to the

system. The total time for loading each sample was usually <90 s so

that contamination of water vapor from air was minimized. The nickel
reaction tubes containing the Ag,S samples were gently (at <0.13 Pa,
monitored by TCG1) pumped through U1 and U3 at liquid nitrogen
temperature. Once a relatively high vacuum (<0.13 Pa) was achieved,
any water possibly absorbed on Ag,S samples, silver capsules, or inner
walls of nickel reaction tubes was removed by heating the nickel
reaction tubes for 2 h at 250°C. After a careful vacuum leak check of
the nickel reaction tubes through TCG2, 10-times excess
stoichiometry required BrFs measured by an omega gauge was
transferred to the tubes and reacted with Ag,S at 350°C for 15 h or
at 550°C for 10 h. As shown in Figure S1, any differences in
fluorination temperatures and time in this study did not change our
results. During the reaction, the liquid nitrogen surrounding U1
(Figure 1) was removed and U1 was pumped to vacuum through
U3 at liquid nitrogen temperature to remove any frozen BrFs.

After reaction, the SF¢ produced as well as residual BrFs were
frozen in the nickel tubes at liquid nitrogen temperature for >15 min.
Before extraction, the U3 bypass was closed and the clean U2 bypass
was opened and pumped to vacuum. Any noncondensable gases such
as oxygen (a product of reaction between BrFs and trace H,0) in the
nickel reaction tubes were subsequently pumped away through U1l
and U2 at liquid nitrogen temperature. Afterwards, U2 was isolated
and the SF¢ in the nickel tubes was released at —119°C (ethanol
slush) and transferred into U1l at liquid nitrogen temperature
(Figure 1). These cryogenic distillation and purification procedures
were repeated three more times by transferring SF¢ from U1 to U2,
from U2 to ST#1, and finally from ST#1 to the GC injection loop
(Figure 1). The SF4 in the GC injection loop was released at a room
temperature water bath and further carried by high purity helium gas
(99.999%; MS Messer Gas Co., Ltd) and injected into the GC by
turning the six-way valve V1. The GC was equipped with a 2.7-m
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5 A mol-sieve column (1/8 in. outer diameter [OD]) and a 4.0-m
Hayesep-Q column (1/8 in. OD) and operated at an He flow rate of
25 ml/min and 40°C. The SF4 peak was monitored by a thermal
conductivity detector in the GC. The purified SFs was then
quantitatively collected into SPT#1 at liquid nitrogen temperature
within a 3-min window by switching the three-way valve V2
(Figure 1). Finally, the SF¢ in SPT#1 was released at a room
temperature water bath and quantitatively transferred into a
stainless-steel sample tube (ST#2) at liquid nitrogen temperature for
15 min. After each run, the 2.7-m 5 A mol-sieve column was back-
flushed for 30 min at 200°C to remove any trace contaminants such
as CO, and SF,4 that may co-elute in subsequent samples. The 4.0-m
Hayesep-Q column was also simultaneous flushed with helium for
30 min at 200°C to the vent port at the three-way valve V2
(Figure 1). After the experiments, the nickel reaction tubes containing
BrFs and other fluorination byproducts were cleaned by heating them
to 250°C and pumping for 2 h through U3 (at liquid nitrogen
temperature). Eventually, the BrFs and fluorination byproducts frozen
in U3 are transferred into the stainless-steel trap filled with KOH
pellets (Figure 1).

Based on the protocol outlined above, the fluorination of two
kinds of Ag,S samples was carried out to identify any problem,
especially in A3%S measurements. As shown in Section 3, we found
that contaminants in the helium carrier gas of GC are responsible for
large A%°S errors. In our improved protocol, an additional trap (SPT#2)
at liquid nitrogen temperature was added to remove impurities in the
carrier gas. In addition, we used ethanol slush at —95 + 5°C instead of
a room temperature water bath to release frozen SF¢ in SPT#1 to
ST#2 (Figure 1). Detailed comparisons of the analytical results are
presented and discussed in Section 3.

2.3 | Isotope-ratio mass spectrometry

The purified SF, was finally transferred into the isotope-ratio mass
spectrometer and measured in dual inlet mode. Our spectrometer was
equipped with a 10 keV acceleration voltage and has four Faraday
cups with 1 x 10%, 3 x 10*, 1 x 10*%, and 1 x 102 Q amplifiers to
determine masses of 127, 128, 129, and 131 corresponding to
326F*, 33SF,T, 34SF.t, 36SF.* | respectively. The dynamic amplifiers
have a range up to 50 V. Every measurement consists of 10 cycles
with 12 s of integration time and 15 s of idle time for each cycle. In
this study, measured isotopic ratios (Equation 1) are reported versus

our laboratory reference SF, gas (SFsSub_ST#1).

3 | RESULTS AND DISCUSSION

31 |
helium

Large A3%S errors due to contamination from

In the early stage of our study, we carried out replicated fluorination
of our laboratory standard Ag,S (99.995% metals basis, Macklin;

Comm_Ag,S#1) (n = 6) and international Ag,S reference material
IAEA-S1 (n=5). Figure 2 shows the multiple sulfur isotopic
compositions relative to our laboratory reference gas SFSub_ST#1
obtained for Comm_Ag,S#1 and IAEA-S1 during the early stage of
this study. The average &%*S values (+1 standard deviation) for
Comm_Ag,S#1 and IAEA-S1 were 16.63 + 0.34%. and 3.64 + 0.22%o0
(Figure 2A), respectively. The average values of A33S were —0.038
+0.009%0 and 0.067 +0.008%. (Figure 2B), respectively. The
average A%S values were —4.27 +556% and 0.31+ 0.32%o
(Figure 2C), respectively. The precisions of A%®S and 84S (<0.01%o
and <0.4%o, respectively) are comparable to previous studies,*® but
standard deviations of A%®S for both Comm_Ag,S#1 and IAEA-S1 are
significantly larger than those reported from other laboratories
(£0.2%0).273742 In particular, A%°S values for the first three

fluorination of Comm_Ag,S#1 are extremely large and highly variable
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FIGURE 2 Quadruple sulfur isotope data for Comm_Ag,S#1
(black circles) and IAEA-S1 (gray circles) respective to SF,Sub_ST#1
during our early experiments. Error bars stand for +1 standard
deviations of all measurements, and some error bars are not shown
because they are smaller than the symbols
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(2.20%0, 13.58%0, and 11.01%.) (Figure 2C), which may be due to
unknown impurities in new nickel tubes. The problem was minimized
as we kept fluorinating, but the A3¢S errors of IAEA-S1 remain too
high (0.32%o) to accept.

To identify the source of large A%®S uncertainties, we transferred
SF¢Sub_ST#1 from ST#1 into nickel reaction tubes through U1 and
U2, and then repeated the fluorination, extraction, and purification
procedures outlined in Section 2.2. The A%S values of collected SFg
products were consistently higher (0.43 £ 0.12%o, n = 5) than the
expected SF;Sub_ST#1 value (i.e., 0%.). Isotope fractionation is
unlikely as such fractionation is not found in both A%3S and §%4S. This
test therefore suggests that SFsSub_ST#1 was likely contaminated in
our fluorination system, which may be due to vacuum line leakage,
elution of GC columns (i.e., adsorption and release),®’ and/or
contamination in the carrier helium gas itself. It is well known that
trace contamination of carbon-bearing species (e.g., CO,) may lead to
anomalously high A°S values because these contaminants may
interact with SF4 and ionize to *2C5Fs™ in the IRMS gas source, which
has the same mass as °SFs* and artificially increases the 3¢S signal.2®
Early work has showed that such compounds may not be completely
removed by GC columns.3?4® We first tested if there was any
possible leakage. Replicated static vacuum line leak checks showed
that changes in pressure were always <0.13 Pa in 5 min, suggesting
that contamination due to leakage is unlikely. We further transferred
SF¢Sub_ST#1 into the vacuum line and re-collected without passing
through the GC. The final deviations of A%°S values of SF,Sub_ST#1
from the initial values were within the analytical uncertainties of
IRMS (<0.2%o). The test allowed us to exclude vacuum line leakage as
a contaminant source, and the GC purification step is therefore likely
to be the major error source of A%®S measurements.

We next transferred our reference gas SFsSub_ST#1 from ports
ST#1 to ST#2 through the GC following the standard protocol. The
average A%%S value for re-collecting SFsSub_ST#1 was 1.18 + 0.48%o
(n = 10) (Table S1), clearly showing contamination of SF4 during the
GC purification step. As the GC columns were extensively heated and
cleaned before each measurement, we suspected that the large errors
for A%S most likely came from the helium carrier gas itself. To test
this hypothesis, we first changed the SF¢ peak collection time from
3 to 10 min. The 10-min collection time led to a higher A%S value
(2.06%0) than the 3-min collection time (1.18 + 0.48%o, n = 10),
suggesting that more contaminants were collected along with SFg.
We further collected contaminants from the helium directly at high
flow (~300-880 ml/min) without passing through the GC columns.
The concentrated condensable materials from helium were
subsequently released at room temperature and mixed with our
reference gas SF,Sub_ST#1. The average A%%S value of SF¢Sub_ST#1
mixed with contaminants in helium was 12.74 + 8.16%0 (h=7)
(Table S2), strongly suggesting that the impurities are from the carrier
gas itself.

With the aim of removing the contaminants in the helium
(e.g., trace H,0O, O,, CO,, H,, and hydrocarbon), Agilent gas clean
traps (2400-B-104 and RMSH-2) were added to the helium tank.
However, the problem remained unsolved and te A%®S values of our

Eapid . WILEY 50f 8

L4 Mass Spectrometry
o
(A) 3 ©
— 1 IAEA-ST =|5F',’ SFg % P ©
» ©
<< ™ F T
0 |
<< © | 2
— ™ o 5
57 -8 8
o S 3
L ™ =
» N 2
5 %
T o
Q| 0
@ =
o'} ™
(B)2 o
= msp @sp | ©
(\,_) | IAEA-STE Y SF6 T n
7 ©
<< © T
w o [
< - L S 2
T < FC 5
S ©- o L
—~ O + <
8 1 X
e o L -
o n
P 8 2
3 | Lo <«
< o o
S
o
© <, HspP EsP i
= 24 IAEA-STRY SF6 b o
%) L0
f | )
—
N T
< o @
— o _Q (@]
S - =
= 3
o
=2 o >
~ > - w0
o . N
0 =
m<] L <
o™ o
o~ <Q
T o

FIGURE 3 Comparisons of quadruple sulfur isotope
measurements of IAEA-S1 and SFsSub_ST#1 using the standard

(SP) and improved (IP) procedures. Significant improvements in both
accuracy and precision were found in A%S measurements (the lowest
panel). The theoretical values of §%4s, A%3S, and AS°S for
SFSub_ST#1 are 0%o

reference gas passing through the GC remained highly variable (up to
75.02%o0). We therefore do not recommend using these Agilent gas

clean traps for SF4 analysis. Another purification protocol is needed.

3.2 |
and SF4

An improved protocol for purifying helium

Given that carbon-containing compounds are readily condensed at
liquid nitrogen temperature, we tried to add a spiral cold trap SPT#2
(at liquid nitrogen temperature) to the helium tank with the aim of

freezing any contaminants (Figure 1). The average A%%S value for our
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reference gas passing through the GC was 0.45 + 0.29%o (n = 3;
Table S3). These values were significantly smaller than our previous
tests without the spiral cold trap SPT#2 (1.18 + 0.48%o, n = 10), but
remained slightly higher than the expected value (i.e., 0%o). This
suggests that there remain trace impurities in the helium gas that are
not completely removed. It is also possible that there are trace
contaminants leaking from the GC columns, such as Hayesep-Q.% To
solve this problem, we used a —95 + 5°C ethanol slush to keep
contaminants in the SPT#1 when we released the collected SF,4 from
SPT#1 to ST#2. In this test, the average A%°S value of the re-collected
reference gas passing through the GC was 0.19 £ 0.04%o (h = 5)
(Table S4), which is identical to the expected value (0%o) within
instrumental uncertainties (<0.2%o). This suggests that impurities in
the helium can be significantly removed by our final improved
protocol. It is worth noting that both the SPT#2 trap (at liquid

nitrogen temperature) and —95 + 5°C ethanol slush extraction at

TABLE 1  Multiple sulfur isotopic compositions of IAEA-S1
respective to our working SF¢ reference gas following the improved
procedure

SPT#1 are required as the A%S value of re-collected reference gas
SF¢Sub_ST#1 passing through GC (with SPT#1 but without SPT#2) is
1.08%o. Overall, the precision and accuracy in the 5%s, A%%S, and
A%%S measurements of re-collected reference gas passing through GC
using our improved cryogenic protocol were greatly improved
(Figure 3).

To further confirm the validity of our improved method, we
fluorinated IAEA-S1 and purified the SF4 product using the two-step
cryogenic method outlined above. The average 534S, A%S, and A%S
values of IAEA-S1 for the new method were 3.58 + 0.10%,, 0.060
+0.007%o, and —0.14 £ 0.12%o (Table 1), respectively, showing
higher precision than achieved by the standard method used in the
early stage of this study (Figure 3). The uncertainties of 534S, A33S,
and A%S are close to those of most laboratories around the world
(Table 2). Although the accuracy for fluorination is not determined in
our study, and may be further tested by measuring inter-laboratory-
calibrated IAEA-S2 and S-MIF standards,** the SF test shown in
Figure 3 suggests that the accuracy of our new purification protocol is
significantly improved. Given the high overall precisions of our IAEA-

S1 measurements (including all uncertainties in fluorination,

No. §%%5(%0)  8°35(%0)  8°°S(%o)  A33S(%o)  AZS(%0) purification, and IRMS measurements), other standards and natural

1 3.592 1.900 6.501 0.052 0335 samples can be easily corrected against the results of the primary

2 3.497 1.858 6.620 0.059 _0.035 reference material IAEA-S1 to the international VCDT scale, and a

3 3.570 1.901 6.807 0.064 0.013 high accuracy is therefore expected.

4 3.482 1.850 6.437 0.058 —0.189

5 3.757 2.005 7.052 0.072 —0.098

6 3.597 1.909 6.668 0.058 -0.177 4 | CONCLUSIONS

Average 3.583 1904 6.681 0.060 —0137 This study shows that contamination in helium (GC carrier gas) is a

=L L onss e e ol major problem that may lead to large errors in A%%S measurements.
IAEA-S1 was fluorinated, purified, and measured six times. This finding is not trivial as the GC purification procedure is required

References 16 (53*S %o) 16 (A3S %o) 16 (A3%S %o) Laboratory? TAB L E 2 Errors (1o) of multiple

sulfur isotope measurements of the

Ono et al.*”#* 0.275 0.003 0.093 GL IAEA-S1 in different laboratories around

Ono et al.?’ 0.111 0.009 0.178 UMD the world

Ono et al.*? 0.130 0.007 0.095 MIT

Labidi et al.*¢ 0.040 0.004 0.110 UPD

Ueno et al.*? 0.360 0.011 0.150 TIT

Masterson*” 0.191 0.005 0.251 HU

Yang et al.*® 0.131 0.007 0.105 UPD

Defouiloy et al.*’ 0.173 0.006 0.282 UPD

Linetal.?® 0.018 0.008 0.066 USsTC

Velivetskaya et al.>® 0.140 0.020 0.220 FEGI

Warke et al.'’ Not reported 0.015 0.177 STA

This study® 0.217 0.008 0.316 GIGCAS

This study® 0.098 0.007 0.124 GIGCAS

2GL, Geophysical Laboratory, Carnegie Institution of Washington, USA; UMD, University of Maryland,
USA; MIT, Massachusetts Institute of Technology, USA; UPD, Université Paris Diderot, France; TIT,
Tokyo Institute of Technology, Japan; HU, Harvard University, USA; USTC, University of Science and
Technology of China, China. FEGI, Far East Geological Institute, Russia; STA, University of St Andrews,

USA.
bStandard protocol in this study.
“Improved protocol in this study.

85U8017 SUOLILLOD 3A 1D 3(geal|dde ay) Aq peusenob ae s9ppiie YO ‘esn Jo SNl 10} ArIqIT8UIIUO A1 UO (SUOIPUOD-PUE-SLLBI WO A8 | 1M AfeIq 1 BU1|UO//SANL) SUORIPUOD PUe SWis | 38U} 88S *[£202/20/72] U0 AreiqiTauluo A8|IM ‘JO ARIqIT Yoe L % 914nUs10S AQ 40V6 WO1/200T 0T/I0PAW0D A8 |im Aelq1[pU1|UO'S [UIN0 BOUB 105 O A [eLe// S WO pepeolumod ‘vz ‘2202 ‘TE20L60T



YU ET AL

in all SF¢-based IRMS methods. Given that the global helium supply is
mainly from United States, Qatar, Algeria, and Russia, many countries
rely on imported helium from foreign countries and industries, and
therefore the quality of imported helium depends on suppliers and
may be highly variable. Our results reinforce that care is required if
positive A%°S anomalies are found in natural sample measurements as
such anomalies may be an analytical artifact due to impurities in
helium. We developed a simple two-step cryogenic method to avoid
this problem for high-precision measurements of A%S. The standard
deviation values of IAEA-S1 in 84S, A%3S, and A%S yield following
the improved method are 0.10%o, 0.007%o, and 0.12%., respectively,
which are comparable with those obtained from other laboratories.
We conclude that our protocol is reliable for determination of

quadruple sulfur isotopic compositions in natural samples.
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