//-:\
)

Check for

updates
A Ast3] A A 53W A| 3%, p. 477-485, (2017 6Y) ISSN 0435-4036 (Print)
J. Geol. Soc. Korea, v. 53, no. 3, p. 477-485, (June 2017) ISSN 2288-7377 (Online)

DOI http://dx.doi.org/10.14770/gsk.2017.53.3.477

<Technical Report>
EA-IRMS®} HT-EA-IRMSE- o]-&-3F 3kl o] 33 AkA-
994 2kl BEAH

AAA A HA BREE 78 201290 FAFE(S0.)l i Bt Abs S99 H(6789} 6°0)= A
A 0 FGEAN A47|Y BAE 3 £ Qe AHQ B2 AREE ] gtk T e AF DA A
£ o] g3to] olAlSlE 7|AE B2 F FHUALFEAIR 3 FHEATE ST 5 e B4 o] o
S0 it 2T YaEA7|o FH9LAFEAN7E A AFe A A" o] gy 2t Y AT
of) FEE o] ZAEE Q) St Ab4 o] F9 YA B4o] 7RSI o] Aol A At B F9YA EAS
gt EA-IRMS S} AbA: 59194 B4 93t HT-EA-IRMS 9] 222l B4 tigh A=)y 1352 AA59
t}. 0|2 Yo A2 ThE Y4 HlE 2 350] FA) 29 EREFQ NBS-127 (65=20.3+0.4%, §"°0=
8.7+0.2%), IAEA-SO5 (6*5=0.5+0.2%0, 5'°0=12.0+0.2%,)2F IAEA-SO6 (§*'S= —34.1+0.2%,, §'*0=-11.3+
0.2%0)°l thet FHEEAS 851t NBS-127, IAEA-SO5$} JAEA-SO6¢] ti3l] E4H 3 5Ua vl
217} 20.3+0.1%0, 0.540.2%0 2} —34.1£0.2%, 2 ZA |0, Aka )94 v]= 212} 8.740.2%0, 12.0+£0.2%,9}
~11.320.2% 2 S =] IA 3 REEL Y A5 g FAH 22 folulgh xto]7} gl FelsHct. o]
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ABSTRACT: Sulfate (SOs) is ubiquitous in environment, and its dual isotopic compositions (6348 and 6180) have
been efficiently used to trace natural and anthropogenic sources. For SO, gas stripped from a sample using a
vacuum-extraction line, §>*S value has been only analyzed by a dual-inlet isotope ratio mass spectrometry
(DI-IRMS) in South Korea. In this study, we first introduce an on-line analytical method to determine §*S and
§'%0 values of sulfate using an elemental analyzer (EA) interfaced with IRMS and with a high temperature
conversion-EA-IRMS (3HT—EA-IRMS) installed in the Korea Basic Science Institute. Three international reference
materials, NBS-127 (6**S=20.3+0.4%o, §'°0=8.7+0.2%), IAEA-SO5 (§**S=0.5+0.2%,, §'*0=12.0+0.2%p) and
TAEA-SO6 (6**S=-34.1+0.2%o, §"*0= —11.3+0.2%y), were utilized to evaluate an analytical quality for the on-line
method. The measured isotopic values for NBS-127 (§%S=20.3£0.1%, §'°0=8.7+0.2%), IAEA-SO5 (5
#8=0.5+0.2%), §'°0=12.0£0.2%,) and IAEA-SO6 (§**S= —34.1+0.2%, §'°0=—11.3£0.2%,) were in agreement
with the assigned values within the acceptable error range. We expect that the analytical method helps the isotopic
community in Korea studying the sulfur cycle and sulfate sources in various environments.
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1. ME

310 35122 (mineralization), 331452 Aksh
(oxidation of sulfide), B}g|]oto]] 2]t Aty &+

Y(bacterial sulfate reduction), ¥&(leaching)

gl
o

e

I 22 g AN (transformation processes)<
3 8= & =8H(sulfur cycle) IS A L 2X ot
&3t 313HE(e.g., elemental sulfur, sulfide, sulfate)
P2 AAA o EAgT 58] 4 (SO 4F
3} 2o EAst= =8 0122 EZN Y| 2
292 1Y Aol et 3 $994 (M)
7t 273 th(Thode, 1991). wahA Thdet U914
LHEH it F T U HE ZARO RN &
d =3 % 24719 240] B v|A= ¥
F&F o2 ulelsl 4= Qi) of| & 9], Vitoria et al.
(2004)] o3l F2jH etn| w9 & F9| Y4 H|
(-6.5%0~214%0) = L Ao A FuAE2 AME
31 91, Hosono et al. (2007)2 2H<=9] 35
Siele H1E olgsiel spRse] nlAE UH
=9 7|9 =E S4HAT. I oA Shin et
al. (2015)0] =41 53]tk 21912 @ Ee] 7]
A=E FAH57] Ysto] AlA|, stehls 9 e
o 3 Y4 BE o] 83T E3E AMY FA ul
4*(acid mine drainage)7} 314 9] 48] 31513 E4
o M A= FEFE A5k ATole 3 94
7} &3bA Q1 Wi o 2 ARE| T QIcH(Edraki ef al., 2005;
Migaszewski ef al., 2013; Shin et al., 2014). g4,
3 FYAEE @A glo] ZUEE Alo]oflA
dojub= 3 3= olF 9 FHWS= A2 o
E TUELRRE 7| Yg Fo] 225U~ HY
£ Yetlle 23 23t A& S0, ES Wl
E3Z5k= FAtgo] 7)o EAsks FAHF =R Y
7| HeHA EH B FAMA T 7] 7] H FAMEE v
S22 59 eA MR (—2%0~10%0) 5 HEhditHKrouse
and Mayer, 2000).

el % T Yt Fa aRgAniy )
Yok AT o) e Yot F2 FAI] B4
= A T 2o EAst= 7IA Ak H EER

E] 7]94%lt} Holt and Kumar (1991)¢] w2 o]
AR 71A17F &3 vy T4 HEAEH =T
SHA = o A H= A Ab4 4% 370
= =25E 7|5, F3gE Alsto] o3 44
B FAE Y Ak FHEa vl vhge] T =
I} 71A| 9] Abasof 23l A7 tH(Taylor et al., 1984).
3 e ol M FebdEe Aatgel o) Atst
Ho] FAtAE B9 %= 3h(o]l: SFeS+14NOs+
4H"—5Fe™ +1080,”+7N,+2H,0, Hiscock et al., 1991),
SAeg oA HE2joto] o3t Bita e Sl e
oF = Bt At T4 Bl HIE 2
th(Mayer, 2005). whehbA] 2H4EE O 44 S Ea
H|(370)8 B THU4 wet 3 ZHFoRN B
o e abelol that TS AL Wl T A
Z-& A 4= Qltk(Taylor et al., 1984; Brunner et
al., 2005).

2000 h o] 7R ShE| i B FHda 24
< TRt AA 2] WA o wht et o|itelR 714
(SO & EXI5R= S ARk Holt and Engelkemeir
(1970)¢} Bailey and Smith (1972)= 4] g 3H(quartz
tube) <ol W& AR5 oF 800TC ol AR £
3521 A (~0.1 mtorr) o}=& ©]83to] &
ok olibelR 71AIE EASIATHF 75% 3|48, De
Groot, 2004). Yanagisawa and Sakai (1983)2 V205
€} Si0 2 A Z(]: BaSO4) e} T AAIH 02N
o]AkE}8} 714 2] 3|88 95%~99% 7HA] ERoH,
Bep e 25(~1,000C) oA = A7) &g A
a7} ol 4+ gl e AAskgTh V.05 b
£3}4] ¢k BaSO4¢} SiOrE E3Fste] A4AZ 4
£ <1400C 9] Lo ¥hSo] 2 QofupA] gkt
o 9 BEA R F9280C 9 LR $7)
] 2 g 2ol ] Kiba reagent (Sn** & Z 5= 9
AL Kiba et al., 1955)2} ] HAA] & o] =38S 0]
23t o4z} 7|41 ZAEtHUeda and Sakai,
1983); AA g 7 T TAYsh= HS 7141 = AHEHA]
Al Cux0%} BHg-3510q o]4tsle} 7| A = HEhe . o
o o] AAE] & AA =R E ol 71Ak=

AR 7] (isotope ratio mass spectrom-
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etry, IRMS)oj| A 35 7|A|(reference gas)} Lo
2 ZH 5= DIFIRMS (dual inlet-IRMS) 4] o] 9]
3 L4 H)7F 274 Fth(Halas, 1979; Meijer ef
al., 2000; Halas and Szaran, 2001). Ak4 594
H|&= 5.9(graphite) ¥} 3HHE A|2E 2F 1,000C 2]
2o A BEEA|A o] Aksketas(CO) & A= A
A B AR oF 994 vE S o
4 W (carbon reduction method)o] 2 AR
HStH(Lloyd, 1967; Longinelli and Craig, 1967;
Rafter, 1967; Mizutani, 1971; Sakai and Krouse, 1971).

A2 A glo] UAEA7](elemental analyzer,
EA)o| A &4 B A 2S5 AaAA YA ol4t
315 7|41 E SHEAFEAIZ FUANA F 5
Aea vE BT 5 = 2821 24 (on-line
method)-2 Pichlmayer and Blochberger (1988)¢]|
O3 A L= ATk 221 BAHS 0|85t B
ok} A1 Eof T3t 3 54 H])7} Giesemann et al.
(1994) 0] &Jaf B o] % o] 3 9|4
& A 221 WAL A EstaL ok Ak T
H]E= ~1,500C 9] 1202 FX| == high temper-
ature conversion-elemental analyzer (HT-EA)j|A|
ABE A2 ABFEA(CO)E AT T 5
AAIFEA oA FUL 1] Z 2T 5 9
2ajel 24jilo] 1990e) kol = TEIgICHKomex!
et al., 1999; Morrison, 1999).

AR S AA FHlE o 7IAIE &
25l= DI-IRMS W42 A 2] of) B2 AJ7ht e
2g &g Bt oYz} CF (continuous flow) &
402 o]oj 2| Lahel B4 (<400 g, BaSOy)
of vja] Jri A o= w2 ol A|&(~10 mg, BaSOy)
7} E a3t Mayer and Krouse, 2004; Mayer, 2005).
Aba 91904 H1E Z4517] Sfete] Bxpet HA )
34g AR e okisiekat WA T4 % A}
ST o] Aag R eox] Foelad
9 TEEEL 1 Hof A Qi Ak Folele

2 47| o]HHSakai and Krouse, 1971). ©|<} T
x40 WA 1Y glo] Aks FANLE BAT
% Qi 2okl B4 A9 AR ol2le] 4k T
FHo] 7] ol Bt et Aba F9ea v
E4A 4& 5 ok

olof] & AFoA= | T 2R AAT
Hol| A AR Ot 4ha T A H] A4S 9

—

Melo] 213} Aa SoRL Sajol A 479

3 &85 11 9= EA-IRMS2F HT-EA-IRMS2] &
4 Ao st A EE Bhasty] 1) 352] 27
FZE29] NBS-127, IAEA-SO5, IAEA-SO6°] of
kR R A3E a7el A} s,

Ay

%Y
HI

21 B4 A2 EH|

A o] 9] gt Akaso] F U4 EAHES
33171 $I5te A= o2 T HIE 2t IAR
ZE229] 3FAHE(BaSOs) 3% NBS-127 (5%5=20.3+
0.4%, 5'°0=8.7+0.2%0), TAEA-SO5 (5*5=0.5+0.2%o,
§"°0=12.0+0.2%0), IAEA-SO6 (5*'S=—34.1+0.2%o,
§"°0=-11.3+0.2%0) 7 A H A 222 (BaSO,, 5°5=
5.82%0)& AHE-SIGTE YR 7|0 2ERlo g
Z2E SHLLAFEANE o835t F9ea v
£ B8 A9 AR Gt 99 vl gt
A S B QltiAvak and Fry, 1999; Fry, 2007).
whEba] A 29 ool w2 3 594 v Wt gt
= BAs] st AddwEEES 9F 50~1,000
ug HHelA ke geElste EHlstart. & FHea
HAS 98l 24 ALE o]85to] Al& 400~500
ugs 4 7€ (tin capsule, 3x5 mm, Thermo sci-
entific)ol] go} EH|sIA o, b4 FH UL FHS
&5t Al g2= 2 P& (silver capsule, 3x5 mm, Thermo
scientific)of] 200~300 pgS ol FH|sHLE e
of 7l Al 2= £4 A7HA] glA|A o] €l (desiccator)
of Byste] Ax A E G5t

22 & S/

Z FHEAE 7|2 AR AT LA B
3}l Ql= elemental analyzer (EA, vario PYRO cube,
Elementar) ¢} 213 A2 S 247|(Isoprime
100, Isoprime Ltd) & o|-&3}o] EX435}1%tH Al2=
QaF A7)0 Ax|H A5 AlZFY7](auto-sampler)
E 5 1,150C o] L2 {A == A42 ol A
2| A4-FHcombustion tube)ol] FYETHIH 1a).
Zoif A2 o] SEl AR AEI(WO:) o] A9A 91
£ Qago) AT A7E FUAF =N A Ee 9"
SHA AaE o] o]4kske) 7|4 2 4kstE th(Fourel et
al., 2014). oAk} 714k= 23t 7| 4| (carrier gas, He)2}
3HA AcxTat AA% ST reduction tube, 850C)
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O 2 o|FHr ST UA = A= A
2ol A Al59] A Al EAETE 4= Q= ARAIEERHSO;)
< ol o 2 WA AZ O 2N T U H] S
ol Y & 5 e AR FFE AATHA
HrhH(Ueda and Krouse, 1986). =3+ 2kl o] Aw
S(silver wool)& gol A& HA 22 (ol A
BIHMES &3 FAhbE JA) F ARl 23
Bjo] 91 4 9l BAE AASIACE ol F 341
ZFx] (water trap, SICAPENT™& Al ¥, 220C
2 FA =& o]Aks) &2k desorption unit) of A
53t oAkl 71417 viEE o] FHYEAETE
A712 FYE = F9ea vZHSEETHE 1a). 3
FHEA H= o2 4 (1)T o] VCDT (Vienna
Canyon Diablo Troilite)o]] A tj& Q] v|2E F3gt
el FA(S-notation)& A-gsF om, Tel= A
H5(%0) = UERH ATt

634Ss.ample = [(348/ 32S)s.ample / (1)
(*'S/**S)reference —1] * 1000 (%0) VCDT

Ak Foea BALE S| 2ekRddTd
oA 8E11 )= high temperature conversion-
elemental analyzer (HT-EA, Flash 2000, Thermo
scientific)2} 2 J2E FHLZZFEY7](Thermo
delta V advantage, Thermo scientific)& AH&-5}
HTh Al 2= Y2E47]of AAE A5 Al2FY7
(No Blank Sampling Device, Thermo scientific)&

(@

He & 0, ——

Water trap

Silver wool
Corundum

/Ash crucible

o
w55, I:-:I

Copper

(SO2)

Combustion tube
Reduction tube

Support rod

Computer

(>)«——Reference gas

B3l ti7] 7 1AL} 2] A AdeollA] 1,450~1,500C
Y22 FAHE AR dayo g FHE;
Kornexl et al. (1999)°] w2 1,050~1,300C &] &
ToflA ZupA|(Al: YA} RESAIA 718 A RS
AL B9 W4T 1Y Wl oz} )
= CO w=29] e} B (tailing) BAYo] WAIste] A)
4 QI HolEE 7] olgit. ALTE o] A)
he) o} weFe] Bk 2Z)(glassy carbon chip)o.
2 JYH A (glassy carbon reactor) 02 4
E|o] QIt1H 1b); =2 2ol 4] Azl ceramic
tube, ALOs3)9] AtA AJE-2 EAAFEZLS] Ak
FTHEL v G E 5 ] W2 SHABS
o}-g5}o] 49| Pk AT Prot and Monty,
1996; Kornexl et al., 1999). BtAZ 7} SALFA R
7t QA48 o o] bafekao) g WA A A
22 BT Qishets 7|42 HEAIT, A4
oA A AAksheke 7] SBA AR GC
(gas chromatography) 2H& AXA BL2H &
3 A 7|ANE J2E AR
712 FYEHE 1b). 4k F9E4 vl v
2] (2)9} Zo] VSMOW (Vienna Standard Mean
Ocean Water)]| At &<l v| & 53t e} FAHY
(8-notation)S &-8stF o, T = AEE(%)Z2

e e,

618()sample = [(180/160)sample /

2
(180/ 160)reference *1] x 1000 (%0) VSMOW ( )

(b)

Autosampler
He =
IRMS
Graphite tube
C'8Q, | |
Glassy c180
carbon ‘ s, e
reactor Computer

S
(o) +——Reference gas
(CO)

Ceramic tube

GC column

A = Silver wool
7. I Quartz wool

Water trap

Fig. 1. Schematic diagrams showing the analytical processes to determine §°*S and §'°0 values of sulfate. §°'S (a)
and 60 (b) values were analyzed by an isotope ratio mass spectrometry interfaced with an elemental analyzer
and with a high temperature conversion-elemental analyzer, respectively.
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24 SQA H 2H

o] AgollA AHSH A= g} 5 €A ] A
olof FH3t A ZE BHER] Aotk AE E
o], 717] 74 Al A5 9] ol et YAsHA S7Fst
L peak height®} 3+ 5994 242 §%5=0.0008
(peak height)+5.8195 (R’=0.0002) 2] §H=4]02 &
A=k AR FE DEEt P F FHEA
L 5.78%0~5.85%0 (Bt 5.82+0.02%0, n=7)<] AF
3] F2= H oA WSttt

whaba] AR Fof| w2 F-9 4 3] Wshs gl
Ao = wasiglon, oA #& A& 3F(AEA-SOS,
TAEA-SO62} NBS-127)9] 3218 #at 43zt
FA S o] gste] YL g A &
ALY H TAEANA AlFstaL Sl= 2t AR
of gk 32l Fh= ARE-3HATt

Abas 59 EA 0] B REARE AT 9
IAEA 9] A IAEA-SO59} IAEA-SO62] AbA £
2 vl g 32 FhS AlFStaL QA FaL 917] o
ol o] AT HiER Ao o3| HEAH o= ALE-
HE 32 390F gre 2 k3t th(Bohlke et al.,
2003). T=3F NBS-1279] Ak4 £9]€4 H|:= JAEA
o A A= 21 7H9.3£0.4%0) 0] opd o] A ATt
of| A 22kl Aol SJal L 3 8.7%0 (Kornex
et al., 1999)& A8t th. o]of thgt o]-f= ol el
ALA|3] 71 3Tt

IAEA©IA A g3}l gl NBS-1279] gt Aba
YA v exeRel Bl ofF) EAH 9.320.
4%o (Gonfiantini et al., 1995)2 3-21 Zto 2 &5}

]

e

r«\o

30
. (a)
(=]
=
~ 20 —F
9 20.3+0.1%0
©
>
S 107
9
©
= 0.5£0.2%0
2 0 - Eaa——ad
(V]
O |-
308 -34.0+0.2%o
%o
-40 T T T
NBS-127 IAEA-SO5 IAEA-SO6
(n=9) (n=10) (n=9)

Meofol &It Aa Sojaia S2ol BA 481

31 Sk o) Atoll A ezEel WAL o] g-5te] &
A3E NBS-1279] Aka F9)9d4 v] E3F 321 ghat
H]523}F 3£(8.9%0~9.5%0) 0. 2 R = QI cH(Hall ef al.,
1991; Gonfiantini et al., 1995; Bottcher et al., 1999;
Palmer et al., 2004). o}2]7kA] IAEAY A F-24]12 o
Z HT-EA-IRMSE o] -g3}o] BAgH A4 59 Y4
= Ak A Yt 2 HT-EA-IRMSE] 7
akl g NBS-1270] ofgh Ak S91914 gho] B
2 o A4 8.5%0~8.7%02] MR AMEA B
= tHKornexl et al., 1999; Bohlke et al., 2003;
Boschetti and Tacumin, 2005). 2xz}Q] gl4o=2
B 24 NBS-1279] Abk 59194 ule} 2atel
Hpalo RE 5T 24 ghof dhet Aol (1) 2
2kl Ao CO7H COL2 4beel uf ek
kinetic isotope effect, (2) 2321 WFA]of| A quartz/
pyrex2}t CO Afo]9] Aka 594 ek (3) A8 2
E 3 22 Ylo] AN =IckBoschetti and lacumin,
2005).

A 2 EEAE 3% NBS-127, IAEA-SO5%}
TAEA-S06-2 7t} 20.2%0~20.4%o (20.3+0.10%0, n=9),
0.1%0~0.9%o (0.5+0.2%o0, n=10)2} —34.1%0~—33.8%o
(-34.1%0.2%0, n=9) ] B T U4 Fo= E4 =AU
THIHE 2a). BAE REAIRY AZEE HF5]
At 4 gkt A gkell et z-testE AA|sE

30

. (b)
2 204 NBS-127
o
(0]
S 10
[
>
- 04
9
S 104
3 Y = 1.000*X (R2 = 0.999)
S 20
(7))
3 30 1
%) A
¥ |IAEA-SO6
-40 T T T T T T

40 30 20 10 0 10 20 30
534S assigned value (%o)

Fig. 2. A range of calculated 6*'S values for three international standard materials (NBS-127, IAEA-SO5 and
TAEA-SO6) (a) and relationship between their assigned values and calculated values (b).
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Table 1. Sulfur and oxygen isotopic compositions of the international standard materials analyzed in the previous

studies and this study.

§%S+sd (%) n° Reference

§"0+sd (%) n Reference

NBS-127 (5§%'S = 20.30.4%), §"0 = 8.7£0.24,")

20.3+0.2 2 Christensen et al. (2007) 8.59+0.26 - Brand et al. (2009)°
20.6+0.1 6  Fourel et al. (2014) 8.73£0.05 3 Halas e al. (2007)"
21.17+0.12 10 Halas and Szaran (2001) 8.7+0.2 24 Kornexl et al. (1999)
20.3+0.1 9  This study 8.7+0.2 6 This study
IAEA-SO5 (578 = 0.5+0.2%, §"°0 = 12.0+0.2%))
0.48+0.2 3 Christensen et al. (2007) 12.13+0.33 - Brand et al. (2009)°
0.5+£0.2 5 Fourel et al. (2014) 12.20+0.07 2 Halas et al. (2007)d
0.15%0.06 9  Halas and Szaran (2001) 12.0£0.2 24 Kornexl et al. (1999)
0.5+0.2 10 This study 12.0+0.2 14 This study
IAEA-SO6 (5%'S = -34.120.24), §"°0 = ~11.3+0.2 %))
-34.20+0.2 2 Christensen et al. (2007) -11.35+0.31 - Brand et al. (2009)°
-33.9+0.3 6  Fourel et al. (2014) -10.43+0.12 2 Halas et al. (2007)"
-34.12+0.11 9  Halas and Szaran (2001) -11.0+0.2 29  Kornexl et al. (1999)
-34.1+0.2 9  This study -11.320.2 14 This study

*Number of samples

" The value is from Kornexl et al. (1999)

¢ Average values calculated from compiled data
Results from CO, gas extract by off-line method

Assigned value for each international standard material is shown in the parenthesis

gom, AL % go Rol7h gl RO Ut
Elgth(p-value >0.05). A2 T2 3 F9Yx 7S
7 24 Fol BEAR 330 e U g
249 e AT HY I BAS Boln gt
(R?=0.999, 713 2b). o] Thakst I 594 7ol
H9IE ZH AN Rl et ekl 2A A gol
HBHYS ehdict.

FUS AR thote] HAS S oA AT
Sl AT B4 gk o] AslolA ST BA
2he 3 10 ARIBIAT o] Aol 2795 NBS127,
IAEA-SO5%} TAEA-SO62] B4 ZF2 tjf-& o)A
Aol Bargl 54 gk} 95% A== Welld o
)5k} 2, NBS-1273 IAEA-SO5¢] T3t B4 ghe-
Christensen et al. (2007) (Z+Z+ 20.3+0.2%03} 0.48+
0.2%0) T} Fourel et al. (2014)0f &3 211 £ g
(Z+2} 20.6+0.1%0T+ 0.5+0.2%0) 0l T3l 95% A1=]4=
& WollM LAIsH . - IAEA-SO69] theh &4
o] A5 olA A AAE HssHA S
TH-34.12+0.11%0, Halas and Szaran, 2001; —34.2+

0.2%o0, Christensen ef al., 2007; —33.9£0.3%o, Fourel
et al., 2014). 3+, Halas and Szaran (2001)¢]] £]3
$=3%] NBS-1271} IAEA-SO59] BEA2 9 ato]
WAlof| 7|9k FaL Qlow, ZF EEA| 7o it &
A ZH21.17+0.12%02} 0.15+0.06%0) Th2 A2+
o} u]awa}e] 95% Aol 4 Holt ek, AE
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