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ABSTRACT: Sulfur is a versatile element with valance states ranging from +6 to -2 and thereby involved in diverse
geochemical and biological processes as an electron donor or acceptor. Since these reactions are often accompanied
by fractionation of its four stable isotopes (*°S, *S, **S, *S), their relative abundance has been used to trace the
sulfur cycle at a range of temporal and spatial scales. While the use of Multi Collector Inductively Coupled Plasma
Mass Spectrometer (MC-ICP-MS) has emerged as a promising approach for measuring the triple sulfur isotope
ratios of samples with small amounts of sulfate, MC-ICP-MS has never been used for sulfur isotope analysis in
South Korea. Here we first present the results of triple sulfur isotope analysis using a MC-ICP-MS installed in
the Inter-university Research Facilities at Seoul National University. To minimize isobaric interferences, sulfate
is separated from matrix cations by anion exchange resin and introduced into MC-ICP-MS via desolvator, and
sulfur isotopes are measured as S” ions on the low-mass shoulder of the aligned peaks in medium resolution mode
(M/AM* ~ 8000). Standard-sample bracketing is used to correct instrumental mass bias, and the sulfur isotope
ratio of the in-house bracketing standard is evaluated bg/ comparing it with the international reference material
IAEA-SO-5. Typical reproducibility (20) for §*Sand A¥'S analyses is better than 0.44%, and 0.57%o, respectively,
and the sulfur isotope ratios of the reference materials IAEA-SO-6 and NBS-127, determined against the in-house
bracketing standard, agree well with the reported values within errors. Although purification and isotope analysis
of the samples containing down to 14 nmol sulfate achieves consistent results, great care to avoid contamination
is needed when the sample contains only a few nmols of sulfate. With the new methodology being available, sulfur
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isotope studies in South Korea could be further extended to samples with lower sulfur contents, such as meteoric

water, ice cores, and aerosols.
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(mass-independent isotope fractionation, MIF)
Aol FHIAAT AR ThE A R
Zre] alI3t 20| 2 QI3 WskE Belallols 2a:
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material)2 5% NaSOy (299.99%, trace metals
basis, Sigma-Aldrich)S ©]-85}% 21, 20 mM A
Z8ol(stock solution)2 0.8 M Z14= ZAHODLAB)
= o83l 20 uM =z S AIA ARGSHRTE A &
=29 & YL 242 3UE BaSOs EE=E
AN IAEA-SO-5¢te] AAREAE 53 S5t
o, AA| REEES o] 8T FA Y A= E T E
BaSO; EFE22Q] IAEA-SO-62} NBS-1279] 59
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stsich. o] vhe TS LE BaSOLE HE
$12 A|z317] 9130 TFLINaCOrE g3
9 (Breit ef al., 1985) 244> 574 10 mloj] BaSO,
0.05 g7} NayCOs 0.5 g 91 80°C ol 5A]7 7}
a3t 7, 2 XSS QARG 2 SF
50 mlE 53] FIA|A Al A E HEF Q] DEE o]&
3 AAsIAT. Hig©o] BaCOs HEE AAE NaxCOs-
NaxSO, -§Hof| Z2113% Fitap AAa7IAE AR
3 Brilo] 22 oJAlSter AR A ATt HFHoR
NaCl-Na:SO; -§-H 0] e 2 Zulshict. o] 24
oA Fitol29] 32 0% oo, THAA
ZAo] &Ezl AE 7+ mAHEAE F8l BaSO.
Sty A UA EEzRgo] WAYSHA] ¢kok
o= SHISHGITE o] dAtofA o] &3t sl Al
A F=Fel ASre 02 M HEZY ZEE o&
3 o2t F Ao o]- &3tk A7 Wf FHAtolZ
2 AG1-X8 &o|2 w¥=%|(Bio-Rad)E o]&3l &
2] 3|43l oo (Paris et al., 2014), Z} THAE £
e I8 13 ek 1A 4 M gikE o] 88 Al X E

Column preparation
- AG1-X8 (1.2meg/ml) anion exchange resin 0.6 ml

Resin cleaning
- 1.6 M nitric acid (reagent grade), 6 ml X 2
4 M hydrochloric acid (reagent grade), 6 ml X 2
- ultrapure water (18.2 MQ), 6 ml X 2

Resin conditioning
- 0.2 M hydrochloric acid (ultra pure grade), 6 ml

Sample loading

Cation removal
- ultrapure water (18.2 MQ), 3 ml X 4

Sulfate elution
0.5 M nitric acid (ultra pure grade), 1.2 ml X 4

Evaporation
» Teflon-coated graphite hotplate, 105 °C, 12 hr

Dilution
- Dilute in 0.8 M nitric acid (ultra pure grade)
- Adjust Na*/SO,% with NaOH (ultra pure grade)

Fig. 1. Typical sample purification process for MC-
ICP-MS sulfur isotope analysis.
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Z+e(Poly-Prep columns, 0.8 X 4 cm, Bio-Rad)]|
202 W3A] AG1-X8(100-200 mesh, Chloride
form, BIO-RAD, Richmond, CA, USA) 0.6 ml&
911, =A] Fu] 2] 20ufof| sFsh= 1.6 M A4, 4
M @il 2&5 FRTE AR o83 EES
AAT 5, 4] F5] 9] 10u]e] siFsh=02M 21
% G4HODLAB)S BA|A ZS &8tk
Hibo] &5 EIsH= A RE 02 wEA7F A
AR Aol FUT F, $A] £y 10810 25 F
FE A A Fol2Z AAS L, SHitol22
2] £1 6u1] 0.5 M 2115%= A4ARS o83 ]
ZE 8719 3eqiet AR TFE o] FE
7h =& AS o8 2ol nepA|Y Hu=
o] 2w g s 245, o[ dte 0§
H AG1-X89] 1.2 meq/mle] w-8HS 2
o} 3l A Ee S 7FEEE o]83) 105 C oA
12A)7F o) A3 F 0.8 M 231k FAARSE 0§
o A4 EEEE skl 93 A5t FH|SIH L
v, EEEAI A2 Ao]o) Na" SEX7} Folels
#A0] 0)3) = L Fo)7] 99 EE NaOH S
l(IC grade, Sigma-Aldrich)& o83 A& W Na*9]
FEE 40 yM 2 2 A5 th(Paris ef al., 2014; Yu
et al., 2017). H4to] 20 3429} 3|4 of| o]- &&= |
22 71 6 M QAWM 80T 2 515t rhagt
5 2 2R 53] AF3HT, Tl § M AL
ol s TUT Y-S WHESHATE. o] T3}, 0.8
M Z113% 250 plo] &7 HlE2 8715 160C
o) 3o stego] A 12417 F}Aar 5 2as =
242 53 AR T AAMEeI] AR AL Y
3 WHx|aHgIT). AHEA| 223 7] (ASX-112FR, Cetac)
of o]- &&= 05 ml 522 ml =29 §7]+=
AAHEBHA] Fokom, 4 M gAte] 80C R syt
5o eolH AR W E ¥, 2z 33 4
2, Azx3}0] o} 45134,

st F=7]7|1Q9 AX|= Nu Plasma 3 MC-ICP-
MSE o]-&5te] BASHATE 4k} a0 4] 7]Q1
SR BAfol 2o B0l BE Fol7] ) Al
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ol U= L, 3709] st o] HE7](Faraday de-
tector) L4, H1, H6S o] 83}e] 8", ¥s", ¥g'2 »
ZF Bl 5(M/AM*; Weyer and Schwieters, 2003)
8000 oA EAJ513iTh o Aol At &
e 29| FEet FA ol 5%LF 95% < i
Sk A% of Aste] Bl(m/2)E 7€ 2 S5
tHWeyer and Schwieters, 2003). MC-ICP-MS&
o183 FHNL A AEe} A TETHEFY
2)9] ], 3FEE 71AY £, o] WY HE F
ThFet g avof o3 AR E7] diizol, 4 Al 24 =
Asol gt 2f2statygS sagstglen o A
o] AutkA Q] B xAL 3 13} 7). B4 A of| A
S = Q= T Ua g0 G A A
7] 9180 5271 508] 14 2R o2 THE SYPL
EAo] Almet YR 2EEA o disf At JP=| Sl
I, A& FEEE 74 o] % o|5T FUT ¢
Na'o] ZFs 0.8 M ZAARS o]-&3) ulggh(blank)
£Ao] o|RojFrt vl g- EEE v Al =0t
BE-REEL-HEEY eAR APE B oA,
Aot WH 254 4 A SHE vty
BAAE B4 AToA AASL, A7 ASof &
AE R 22529 994 HE 0|88 Al 7Y
g 992 B E EASTh 9 A e=RY
HEAISE 7] &I (memory effect) S A A8t} uf
B4 A ggust F=)of 0.8 M 2u4E AR 60
27t 25l0] M He}T, BAL RS 02 Fo
TS o] S RE St SAE & T
242 ZA| F2E22] Vienna-Cafion Diablo Troilite
(VCDT)E 7|&2o 2 dEl FA|H(3-notation)S &
g3 B ot

X /32
( S/ S)sample_

X¢ — .
8%5 = 1000 |z

1],)( =330r34 (1)

veDT

0% 3 5994 AFolA uF 5940 B
Tt QUH o= §7S gho] Aked Bz A
BANA Hold A= o] &3 AVSOoR %751,
ol#l A M L theat e Aoz A¥S Zhe '
13} THOno et al., 2006; Ueno et al., 2015).

§33s

1000 1000

A33S = 1000 - [ln (1 + ) —0.5151In (1 + ﬁ)] (2)
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Table 1. Typical operating conditions for sulfur isotope ratio measurements.

Desolvator setup

Spray chamber temperature
Desolvating membrane temperature
Ar sweep gas

N, flow

Nebulizer

Flow rate

Cones

Mass spectrometer and measurement setup
RF power

Cool gas

Aux gas

Cup configuration

Resolution mode

Acquisition

Integration time

Uptake time

Volume of sample

Wash + background measurement

110C

160C

3.3-5.5/min

0.5 - 1.0 I/min

PFA-100 (ESI)

100 wl/min

Ni HS1-7 Skimmer cone
Ni FB9 Sampler cone

1300 W

13.0 /min

0.8 - 0.6 /min

S (L4), 'S (H1), **s (H6)

Medium resolution (50 um entrance slit)
50 blocks

5 sec

90 sec

700 wl

14 min

3.4
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MC-ICP-MSE o] 43t 8 9|94 BAL Aba
g o] 7]R1gE EAfo] 9] A7k 7Hdo] 49
=g Asfshe Tt 942 2850, g7
Q1 5% BAlol o] o3t 2P ETtEE Y5 6010,
¥5' ol 7S HY, %579} °0-"0"2 & 4= 9ltH(Paris et
al., 2013; Pribil et al., 2015). E-8ujA]= o|&
FRpol2of ofgt A7 7MY aE AAA FA T
&3] A A & Boted], 8 5 BAolS
gl-83k= SO Hls) ozt FAL A AY7| o
Fol| 7 3.9] 7}-& HF detol M a vy} 248}
A| F= FHo] BRI Hlth( 18 2a). MC-ICP-MS
£ o] g3t 3 FHYL B2 039 SYRI} of
d 7 37t gl 139 o 7)) FEo A o]FR|A
=, 2P anke] g sl B2 A Balisol
a7 o] 34 WAl of2ofA] 7]Ig
Aol 7l syt dAshs H 594 24 5
o] Atg et fAsICHHe et al., 2015). 2-8-u) sk
£ o83t B0l 4] Akl 242 QT FAjo] 29

P E I 7 3 F 9l eae] aEete 4B 0]
(voltage) e F5HA] G|t *'s"9} ¥So] o
$3He AE7) 3o US| Fgshe AEY uE
Aege] Z7tel weh E1e o) Hes| =ejdt 7t
WA Uehs Ml adte 3 5992 giiE
& AA| 3= oot =47} A PS-H' o] 23} ¥
2}9] 742 2, 3 mDa (milli-Dalton) Fx=2] F27t
oA A E T} glo] BAo] 7FedhE & 4 At 2
3 2b). 5 F YL BAS HsiAE o] 99
ol wh=A] B4 o] oA ok A5t *'s/¥S £
T 87 EHE A ST B4 aEg FE 007
EANE R o FAL AggollA] Yehtr] e
Brh J2 A rtol A BAE 8% 4= ok
9 20).

ARAH A BEEEY v & S99 24
2 38 EEEH IAEA-S0-599] 303] 0|4+l
B RS T3 S IAEA-S0-59] 5759}
575, AS Zr-2 742} 0.68%o, 0.46%o, 0.097%0- o]-&
819 2. (Geng et al., 2018), AA] BZEA <] 559}
55, A¥S Zke--0.21+0.36% (26, n = 32), -0.10+0.44%o
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(26, n = 32), 0.01+0.44%0 (20, n = 32)2 ZA=|Y]
th2d 3). A EEEZE 0|83 =43t BaSO,
Q1= {22 o] [AEA-S0-69} NBS-1279] §*'S 7t
-2 -33.80+0.44%o0 (20, n = 6)7} 21.03+0.43%0 (20, n
=8)& 70| By g3t 22} ¢ ellA L]t
£ 20E HojF(R2), ¥ YA B0 92
H9]9] §¥S Zhe AU L AR e HF Ao 4
P AL ofm]gtet. oA AL §Y'S Hafo] A
2 283z 9F MC-ICP-MSE o]-&3h A3 &
oA B3E 0.1 ~ 0.5%0 (20)2t GAFSE oz
Aedista F57]719 MCICP-MSE 0|83t 8”'S
UL 49 A =E RIAAHETHParis et al,,
2013; Hanousek et al., 2016; Yu et al., 2017). &4
= JAEA-SO-69} NBS-1279] A¥SZF T3} 0.03+0.5
2%o (20, n = 6)7} 0.10+0.34%0 (26, n = 8) 2 L3

A 32g 4 160160 g
g 34g 4 160180
>
=
2 34g
2 160-16Q

<

| L e CECIE

3| mmmmm e s

[—~ \ [325.H g

4 \ »% =

[ S 2

325(L4), 3S(H1, x113), 34S(H6, x20)

325(L4), 335(H1, x113), 34S(H6, x20)

325(L4) == 35(x113, H6)

IS o] 43 U THYA E4S 53 Hud g
I @2+ HY] HellA A|3HA T, MC-ICP-MSE o]
B3 o EAo] BHAo] Aoz & AL
Q13 4= JYTHE 2). o]+ $A =23 AAFH MC-
ICP-MSE 0|43 3 594 4o Tt 55
ol23}S" Ao]] THE o] PR HH= HhH S,
¥SFs", “SFs” o] 23} 7M1 S Ao 4 gl B35 o
22 =87 giold, $EI 7|HE o] 8e £
o] Aoz Fnjgko g EAsh= Y52 A FSFs”
9} GiFs' 5 55 o229 7 m o) thgt 2071 g
83t Aoz &HA H(Ono et al., 2006; Ueno et
al.,, 2015). B A7 A] BQlE A¥S9] B AFA
203~ 05% (20) $Z0 2, ergu iAot MC-
ICP-MSE o]-8-3t A3 AF-(Paris et al., 2013) o] A
B9 0.1~ 0.3% Hrh= tha 2 HolE Ho| x|,

35(x20, H1) 45(x20)/%25(L4) == 335(x113)/°25(L4)

1.005

8
B ¢ ~t 1004 =
1003
6 5/(325) 2
i 5 1002 §
321 16016
5 ( ;* O-1%0) | 4001
4 | 1
I
- 099 & 3
0998 ¥V &
2 T
0997 ™
) 09%
0 0995
8
1009
7 i )
/ | | 1007
6 )
| (354325 1H)/(25)
s 5 (3543251H) | 1005
) |
) (25+160-1%0) | | 0
A X
335/(325) 1001
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+ + + T 0995
3302 33025 3303 33035

Axial m/z

3301 33015

Fig. 2. I[sobaric interferences on sulfur isotopes from molecular ions. Schematic illustration of the major isobaric
interferences (a) and mass scan of the low mass shoulder showing interference-free flat shoulder plateaus for **S/*>S

(b) and P*S/**S (¢) measurements.
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Fig. 3. Measurement of §**S, 6*3S, and A33S for in-house Na,SO4standard. Sulfur isotope ratios were determined

against the IAEA-SO-5 standard.
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Table 2. Sulfur isotope compositions of BaSO4 standards IAEA-SO-6 and NBS-127.

IAEA-SO-6 NBS-127
6345 A33S 634S A33S
. -33.80+0.44 %) -0.03+0.52 %0 21.03+0.43 %o 0.10+0.34 %o
I iy (20, n=6) (20, n=6) (20, n=8) (20, n=8)
Geng et al. (2018), SFs -33.5+0.6 % 0.086+0.040%0 21.62.6% 0.025+0.002 %o
Halas and Szaran (2001), SO,  -34.12+0.22%
IAEA reported -34.120.4 %0
NIST reported 21.17+0.18%0
S AR ol 8T Aglolut, FeRrEe] WEs 3
uES, AETe] ElAgtel 7125 4 doo] o] 2 ] $ i
HAYES BERE A7) §-85 EA5Ho] & -y
EI_Q ‘Ki g ; Q_?l]\] ﬁ—i—q(]olmston, 2011’ Whltehlu 25wt AN 7 nmol S (50% > relative *2S intensity)

et al., 2013; Sim et al., 2017). T A¥S 0] A&
L AR s(M/ AM*) o] ~10000¢] 11E3s =
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Z5H9E AT A nR 9 F9o R Jolgl=
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3O 3 5994 Ao 87 EE AYS B4 o
2= 0.01%0 =2 2 (Johnston et al., 2008; Sim et
al., 2011b; Ono et al., 2012) o] A5 &3] &
A7 B 1E MC-ICP-MS 84 24¢] 1/10 -2
1 ofste]] B33l  Zpo|E Ho|7| wfEo|tt.
MC-ICP-MSE o] 83t B2 ufj-- 22 ko] A]
2o FUg F FHUL v L 7HsABHA
T Ui B R AEE T o2 HEY @
Foll F st At at Zro] AdA 52 X3
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o] A ATte] n| x| = FFE AP A3, sl
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7 nmol®] Fitol 22 EJSI=E FH|et 7, 2
£ 2GS APt 5 LA F42 P53t
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2 WY Yol A LdR|sta Aayaoa Bad 3
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Fig. 4. Precision and accuracy of MC-ICP-MS sulfur
isotope analysis depending on sample size. Error bars
represent the analytical uncertainty estimated by re-
peated measurements of the standard materials. Reported
§'S and A”S values of seawater sulfate typically range
from 20.4 to 21.3 and 0.05 to 0.08%, respectively
(Kampshulte ez al., 2001; Béttcher ez al., 2007; Craddock
etal.,2008; Peters et al., 2010; Das et al., 2012, Ono et
al., 2012; Paris et al., 2013; Tostevin et al., 2014).

(19 4). AR AR Fo Qs HFHoR &
HEE ol 85 FE7t BREQ] 50% ) 1X|7]
E3He 7S 1Ao7t B8 FEHAL ol AR
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AFE Gl BAA7E 47 8] 28 207}
2 a3he ojulsty, ¥'S ZAZHAYS = 200%0) S ©]
43t U] E hAkERE AT E 10 nmol TRk
HAFEA gt MCICP-MS 4 A 3tol A A¥S gk
o] 3= 3Fo] B Al7} AThSim et al,
2017). 8" 'Sk Wi 2, o] ATl ZHH 84 A]
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Fig. 5. Effect of signal intensity on measurement of A3S.

Z5t Fx| -

SHito] 20 P = 9 Ha £40f o] 8E 4= 3lo]
(Raven et al., 2016; Sim et al., 2017), T}Fst SHA|
T2 9 G 5| gt Ao & B 3-8 7}
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w2} ]l 5to]| EZ§H 3381eHE(Burke et al., 2019), 1]
AIH A (Chung et al., 2019), AU 0] YE A=
YAH=Z (Albalat et al., 2016; Sim et al., 2017) & A
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