W ER At 4 45, 251-264 (2011)
Chikyukagaku (Geochemistry) 45, 251-264 (2011)

% B

WRREGLE D 5 Fi AR D X EHEROREIRE !
WK EZTORER

X BelogE M HETH
(20114E4 H 26 H 5244, 20114E8 H 26 H % #H)

Using multiple sulfur isotopes to understand the
Earth’s surface environments during the Archean era

Tsubasa OTAKE* and Yumiko WATANABE * *

*  Department of Earth Science, Graduate School of Science, Tohoku University
Aramaki 6-3 Aoba-ku, Sendai, Miyagi 980-8578, Japan
T Present address; Institute for Geo-Resourses and Environment,
National Institute of Advanced Industrial Science and Technology,
1-1-1 Higashi, Tsukuba, Ibaraki 305-8567, Japan
** The NASA Astrobiology Institute and Department of Geosciences,
The Pennsylvania State University
University Park, PA 16802, USA

Since the discovery of Anomalous Isotope Fractionation (AIF) of sulfur, or more commonly
termed Mass-Independent Fractionation (MIF) of sulfur, in many sedimentary rocks older than
2.45 Ga, and its virtual absence in younger rocks, the AIF record has been cited by many re-
searchers as unequivocal evidence for a dramatic change from an anoxic to oxic atmosphere
around 2.45 Ga. However, multiple sulfur isotope data from these natural samples have been
interpreted based on the assumption that sulfur chemistry in gas phase is only responsible for
ATF of sulfur in nature. The objective of this review is to evaluate this assumption. First, results
of ab initio calculations for equilibrium isotope exchange between S-bearing species show that
deviations from the mass-dependent relationships during equilibrium processes are much
smaller than those found in Archean sedimentary rocks. Consequently, AIF requires a property
that is a discontinuous function of mass (e.g., nuclear volume, magnetic moment, asymmetry of
molecules, isotopic abundance). The number of bound states may be another discontinuous func-
tion of mass, which fractionates S isotopes anomalously during chemisorption at a high tem-
perature (e.g., >100°C). A recent experimental study also showed that thermochemical sulfate
reduction by simple amino acids produces AIF of sulfur. These results suggest that an alterna-
tive process, such as reactions between organic matter in sediments and sulfate-rich hydrother-
mal solutions, may have caused AIF signatures of sulfur in Archean sedimentary rocks.
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1. U & (C

TAMaNSFOT =1, [EGPEDLITLT
AL, #IEL, ZLTEIANMDR> TV DOR] &
W BMICEZ LD D%MTH S (eg, Des
Marais et al., 2008) . TIN5 D5EM %% 2 % L TEE
[, HWEROFRIEBRES & AWEE O BEAEH DS
b HELL, HIEREEENE L AWML, BWIlE
HHEL TR LEEZOLNTVENHTH D, IR
HOR TR KE ZHIRFEERTOZLD—21F, B
FRARNER AW OFHAI X L EREKEOBRILTH
%o MBEFEICL BRFMEDOZEAL (X F VITRFES
NDRET R T AREOWARF YV VO % &)
RMR P OEAL T DEAL (Bl A 4 ~ IREEOBN<
A A VIREOBL R E) X, TOHOAEMELIZD

RELEEELG527:LFZ26NMTw5 (eg., Cloud,
1972; Runnegar, 1991; Knoll and Carroll, 1999;

Anbar and Knoll, 2002) .
BFEFEAERCEEAEM TR P LIZEEZS
NTwBI7 /23770 7T OB E, 2tk
W - KAROMLKEHIZOWT, ThETEL Dkm
B INTE, HSHEEFMICIETZT /NI TIUT
HHIRL Tzl nw) S EBs, WA RERIE DT

% 4 HET

(Hoashi et al., 2009) 2 X D RIBENTWS, T 7z,
30~27HAEHNC I % < & M ERFE G O — T AR 1L
WAREEICR 7228 (Kato et al., 2009; Kerrich
and Said, 2011) d/REBEINTWVE, L2LAENELE
D—7, B, wHLOMEFIZL > THRFEINT
WBET VIR, 28 2TRAEFIIC S T /N7 7 ) T
#E L L (Brocks et al., 1999), D4, 4 i
DEFIREREDS LR L2k, 26~24EERI2KA
HOBERIREDNZIIC LA T LA XY M (Great Oxi-
dation Event) ?EZ 5722 W) B DTH S (eg,
Holland, 2002; Bekker et al., 2004), # LT, ZMOE
FLNORLKERBIE 72> TWDB 0N, HEREICE
FNDEmMELY B LS R mERIESLY) o4& To
WERERMAR (PS8, S, S, *S) O ZELTH b,

Farquhar et al. (2000a) &, Fk4 MR OHE
FEICE TN AL B X OREESY 0 & TOHi
WZEFM AL AW E L, 2468500005457 & 0
WHERR A TIC O A, TR B AL AR %2 b D8k
MrEEhTnd x5 L7z (Fig. 1) o 20 [4¥F
B 2OV TIIRETEH L iR 575, Bigeleisen
and Mayer (1947) \Z& o CEINIZEEIKET
BLENARGHRORELNNSL Z s, FEARMEKL
M 7 A7 4K 4 ] (Mass-Independent Fractionation:

12 T T T T T ] T T T T | T T T T
= + Sulfides |
L ASulfates |
8 — —_
—~ + ]
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Fig. 1 Records of anomalous sulfur isotope signatures of sulfides and sulfates in sedi-
mentary rocks older than 1500 Ma. The A”S value is defined as A®S=§*S—
0.515 X §*S (See main text and Fig. 3). The A®S values outside of the grey zone
(]A*S| > 0.2%) are considered as anomalous isotope signatures. The isotope
data are from Farquhar et al. (2000a; 2007b), Mojzsis et al. (2003), Ono et al.
(2003; 2006; 2009a; 2009b), Bekker et al. (2004; 2009), Papineau et al. (2005;
2007), Ohmoto et al. (2006a), Kamber and Whitehouse (2007), Kaufman et al.
(2007), Philippot et al. (2007), Partridge et al. (2008), Ueno et al. (2008), Shen et
al. (2009), Guo et al. (2009), and Thomazo et al. (2009).
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MIF) (IFIEhTw5, 06513, MEET T S0,
HANHFEWE (e.g., 193nm) DI ZREL,
Z ORI DR R R AR 2 R0 2 & B FE
BEIZ/R L7 (Fig. 2; Farquhar et al., 2001), Zh
S50Z & XY, KECICH S 26 FAAR LR
i, BEERFEICZ LAV VBOFEEL R KAh
T, KINEFEIZ & o TR & L7z SO0 X Db R
IMCE o TR I 572 F 272, BRICZLWVWAKATT
ERREHER OBALIY AL AR A Z S iz, Bl
1 LIZ R 7 B OMERILZET A 7 VAR
ECW/et#27-0TH%5 (Farquhar and Wing,
2003) -

Farquhar » ®%EUE, O X9 L FEAMALL
FR R R T HER S D24 AE R AT IS X S K A ET S
(— T2 OEROHRCA T OETHELEI AT L D
FARIE B 2R TH DO TR W) 22, ks if
FHIZ L o THER S N7z (Fig. 1; Mojzsis et al., 2003;

12
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Fig.2 The 6*S and A®S values of sulfide minerals
in sedimentary rocks older than 1500 Ma.
The data sources and definition of A*S value
are the same as Fig. 1. The “Hamersley”
trend is a trend with a slope of ~1 in the
diagram. The trend is typically observed in
sedimentary rocks in the Hamersley Basin,
Australia of 2.7~2.5Ga (e.g., Ono et al.,
2003), and the equivalent-aged rocks in the
Kaapvaal Craton, South Africa (e.g., Ono et
al., 2009b). Trends of the values in photoly-
sis experiments with 193 nm UV (Farquhar
et al., 2001) and broadband UV (Masterson
et al.,2011) are also shown in the diagram.

Ono et al., 2003; Bekker et al., 2004; Ohmoto et al.,
2006a; Ono et al., 2006; Farquhar et al., 2007b;
Kamber and Whitehouse, 2007; Kaufman et al.,
2007; Papineau et al., 2007; Philippot et al., 2007;
Partridge et al., 2008; Ueno et al., 2008; Bekker et
al., 2009; Guo et al., 2009; Ono et al., 2009a; Ono et
al., 2009b; Shen et al., 2009; Thomazo et al., 2009)
%72, Pavlov and Kasting (2002) ¥, KRHICH
\F 2 AL F OGO E T VEHEIZ &L - T, LRSI
X % AL L B ASHERR W ISR LR & L CTHLD 34
EFND 7201213, KA DMK BUED10T5 57
DILLTFTH B LEDH 5 L a7z, FkOFHHE
&k oT, A7 yRuE LA VA=V (0CS) IR
EORFMKDZAL (Domagal-Goldman et al., 2008;
Ueno et al., 2008) AW IHEH D%t (Halevy et al.,
2010) 75, KfRIC B 5 EARLRE O R RE
fbofn (Fig. 1) ZHPL L) L3 aM%Ed1THbh
TWwa,

SO L) BRHRICBIT ZHEDT A 7 VR KM
RIZOWTOHLET VI, L OREICL->TK
FFEhTws (eg., Kasting, 2001; Canfield, 2005;
Kump, 2008) 7%, Z®OEFIVIE [SO.DNHALFRIE
HHIRFFEIE I BT B IR O R AR LR 2R3 HE
—ORFARGHNTE YA THLD ] EVHIREDD L1
Do TWbe &AM, JMEFRISIZBIT HHiH
FNARD A = X801k, REZICECEFESI T
RWES D%\ (Lyons, 2009) . F 72, Wb KIS 5E
BRIZ BT % A i OB [ A AR b 38 o e %, K
HRERAETICRONZ DL IERESRL S
(Fig. 2)o & BIZIT4E, Watanabe et al. (2009) i3,
iR A A+ > LT L DRUBIZ & o T, HiRh T
IR R L MRS BRI V1G5 2 & 2 EBRNIZH S
L7z,

CDEHIBIENS, MEORERMVAKZ, WHH
RORGMALS & O a2 W5 2 L CIRFICE
Ry —NThbEEZONDLN, £ OKFEROM
DD, CORFOBMIE, (1) B FEAAKS 5
DY AR LR B FNARG O XA =X A, B
O (2 ThETOMPUSBIT 2 MELZBGEET 5 2
L Thb, 72, THHOWEFMARZ H 72 HERAL
FMFFEATT A b a A Fu Y — L) RIS 51
HEKL T 72012, SBOMEDOHTMEEZRET
b0
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2. BEKREFHRNMI495] (Mass-Dependent
Fractionation: MDF) & 432 & R
45 (Anomalous Isotope Fractiona-
tion: AIF)

RIRARE R B B T O %2 AR % 3T 5
B2, BEmEoFRMALL? S oMW REER, T
5 (%) TERITNVY (6) ZHVL008—#KIYT
Hbo BIZIE, WEORERVAATIE, BATOmL
#% (CDT:Canyon Diablo Troilite), & % \» i&
IAEA (International Atomic Energy Agency) 1%tk
#F (V-CDT: Vienna CDT) ZEE#EMEE L THW
T:

(%)
(1

& E T R, PSS RUSMIS I &, 6%S R6%S
ETHET, 22T, (878), i, {LEWiho*S
LES O TH B 72, {LEWA LILEWB D
RIS AN E L T 5 & & D FRGLAR 5
BRI (aa-s) 13,

0¥S= [(348/328)i/(348/328> (v-)epr T 1] x 1000

340(A*B — (348/328) A/ (348/328) B

= (§*8,+1000)/(5*Se +1000) (2)

LRI ENTE D, if:, (XA—B'ﬂEVJilb:_I‘ﬁ\ﬁb"ﬁE
Th LK, LTOaPXEzHNLZEATES !

1000 X (aa-5— 1) ~1000 X In (ars-5)

%534SA_ 53483 (3)

Pan-n, Paap IZOVTORBICET Z LN TE 5o

Bigeleisen and Mayer (1947) 1%, Rfif&k5 5%
BizowTHEiigd (e.g., 500°C) TIXLLTF Ok
B Lo &R L7 (KoEH % Appendix 12718
¥) -

a1+t (CA_CB)m _Zn (4)
mm
ZZT, m mEHEIELZOEMAEDOER, Ca

Co lZEREICHBRLAVERTH S, (9 A, FHAL
AR OREZ, ZOLEOEBEDO2FIIILF L,
T/, WERT 2EMAOBERAZICHATLEEV) Z L
EEHRLTWS, Lo Tk, BWTHEIIEH
MAGHNOREIIRE L, T HEOXHI123DD
LFoRERMARZ ORI LT, DT oRMFRN
Y AD

% W HET

330’E (33a — 1)/(34(1 — 1)
~[(83-32)/(32%33)1/[(34-32)/(32%34)]
=0.515 (5)

360’E (360, — 1)/(34(1 — 1)
~[(36-32)/(32%36)1/[(34-32)/(32%34)]

=1.89 (6)

3), (6), XY (6) K&V,
5SSSA_ 6338320.515 X (634SA_ 53483) (7)
5SSSA - 636832 189 X (634SA - 53483) (8)

BELENDL, TDOXHIZ, 32U EDORITLEDEENR
PRk 2z L, (7), (8) XNOMLRBERMELSE SR
% ¢, B EARAEYE O WAL 55 (Mass-Dependent
Fractionation: MDF) 252 & Twb & w9, F 72,

0%8-0%S, 6"S-6"SFAT /T LATHROLNEID X
9 724t % Terrestrial Fractionation Line (TFL) &
%\ Mass-Dependent Fractionation Line (MDL)

LIS (Fig. 3)o MAARHIASPHIZEL TV D W
WD ST, BB 2 A L
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Fig. 3 The terrestrial fractionation line (TFL) or
Mass-dependent fractionation line (MDL)
plotted on the 6**S-6%S diagram, which fol-
lows the mass-dependent relationship. The
TFL line has a slope of 0.515. The A*S value
of a sample is defined as a deviation from
the expected value by the mass-dependent
relationship. The *0 “s-s value is defined as
(0%Sa-6"Se)(0**Sa-6*Ss). In the diagram,
the A*S value for compound B is assumed to
be 0.
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7ALFE BRI B\ TR B mARAEE O A AR 5351 % e &

TEEZLNTWA, 72721, Farquharetal. (2003;

2007a) % Johnston et al. (2005a;2005b) i, AW

ZARALEBUSTIEI F ¥ v 7 ORI X o THRAKSF

PECHDFRRERDHY, ThOZMETLIIEICES

THRFEEWAER SN SRR HETEL L L

TWwW5,

Otake et al. (2008) Ti¥, ¥4 ZEFELEWT D
SRR\ BT B 4 C OB % 8 ALK D 53 BIRh A2
WTE—FEHEEZITY, L0 X)) R EREAEED S
LNBPEMGEEL 720 FHEE T 2 BRSO %24
P, %5 N7 LAY OIRE)E B ER F AL AR5 5
B AEFEBIEE HBT 22 L ICE > THRE L. 20
K, REVARBCRBIECH LA =) v T 770
y—%H\5HZ 12X, Hartree-Fock B E DI
KL NV TORRTH EBRBRE B —F 2R
L7z Bz 13 adbe o, nsftilZ, Ohmoto and Lasaga

(1982) ™200~400°C DHEPH TH 5 7= F2BrfE & &5t

B L OEIZ05%UHNTH > 720 TN b ORIk

T an, Yaas B E Par D4 TE0~650°C

DOFPETHELZEZA, UTOMENIE SN

(Fig. 4) :

(1) HEFEHEFHICL-> THONAZ® B I U™ 0l
&, iE%EIE Tl Bigeleisen and Mayer (1947)
WEaEPX»SFHENLMHE (PO # TO.515,
O il T1.89) 123\ A5, MK IT & E O M E AR
< %% (P9 T0.505~0.517, *0'fii T1.88~
1.96).

(2) AR FEIK I B 5 FHH fH & Bigeleisen and

0.520 T T T T [ T T T T
()
A 1
2 _ Tz
0516 — — — — i
- 4
D .
3 -
THS g - HS,
0.510 . Z:HZS(aq) -H,S  -----
3:50, - HyS ———-
4802 - S0, —-—
528042'(aq)- HoSaqy ——
0505 1 I 1 I 1 I 1 I 1 | 1 I 1
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Mayer (1947) \Z X 2EPX S FHI N B L
DEZL, MEAAWOMBIZ L > TRE S, FRIC,
SO wp & HoSwo D & 9 HEALEOKR E e HH
Af b (Fig. 40EHMS) I2BWT, EDOHMH#ED
WL D,

N O ORERIE, PEREOFMATH TH->TD,
EfEICIE @) DRV ERH L EEZRLT
W3, Zhid, X @) OEHTHWLNLTWS U=
ho/KT TN EVETH 2 L v ) e DR Lk &
MRL T2 (Appendix 2f8), 22T, hix7 7~
7R, v I TIREAREL (7)), kK IIR VY < VEL,
T 3% (K) T3 %, Bigeleisen and Mayer (1947)
&, U OEABUTTCIDOL ) RINENRYTH S
EEIRLTWD, UIRIRBABEEEEEICE > TK
LM TH 572D, v %1000 cm 'LLEOHRHE— F
DBEB R D TIZBWTIE, U P3LUTIZ% 5729012
13 T 2%500°C LLETH 5 U%ENH %,

L2 L%ahs, Lito k) REMVAEPERICE S
% Bigeleisen and Mayer (1947) 12X %W H 5
O T AL, KRR SN B 658 O FAL AR
EHET 5 LIRSV, Young et al. (2002) X
Lasaga et al. (2008) 1%, PO RAMARIE, B
FIRCARRIRIC D 697, TR\, JLEk, 285 - B
&, MG HVE RGN 2B TH B,
DX REBREKEYE (eg,®0 =0.48-0.53, ¥4’
=1.8-21) PHROLNBZLEZRL TV,

PDlhoZ brs, FHEZEMESHIGEE 57212
i, BRI L TAREREEZ b o s TH S
Wb hDe AR ORI, WEMHs g=

1.98

v v b by by g a by as

300
Temperature (°C)

400 500

~
o
o

Fig. 4 Ratios of fractionation factors (a:*0” = («* — 1)/(¢* — 1); b:*0" = («**~ D/(«* — 1))
between various sulfur-bearing species couples as a function of temperature (0
to 650°C), which were calculated using ab initio methods by Otake et al. (2008).
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WEM 2SS h i 0EZAE L LTET
(Fig.3) :

APS=0%S-0515% §*S 9)

A*S=6"S—-1.89% ™S (10)

Otake et al. (2008) DEMEEHIRIC & 2 P [ LA
BRI D 9 5 AMEOHPIZ, BB LZTAYS T+
0.2%, A*S T+0.4%THY), IhHOHMEZBR S
AEAFE S N7 R R R 2 [R5 5] (Anomalous
Isotope Fractionation: AIF) 25 & T\ 5 L IF5,
ZO L) RAMAGNIE, ZNETE L OWEHIC
& o TIFE AR R AL 57 5] (Mass-Independent
Fractionation: MIF or Non-Mass-Dependent Frac-
tionation: NMDF) ZIFIENTE 7z, LALGAS,
KT RO FAAR ST 12D W T BRI 22 5551 2
HZALBPHL NI R o TV EWZ &R, #HGH, 4~
JHE DEN T H > THETORMART NI E = I12K
FLTWRIEND, HMIZHRIIK L TONHRTH
% AIF L IESRETH S (Lasagaetal., 2008),

3. AIF X h =X LDIEFHL - KEREVEFR

Bl L CRERMEE b B AIF 28 2 340
Bl LT, BOKEE, BHAT—XA Y NOFE, &
T oIt ortk, FMARDOFIEE, REYEA O LH
FIFoN b, ThETIZ, AIFOFE#AM, 59 2%
AL EWSPITT B 720 DK A G5y - AT
AT TV,

BORESE, ALITEHETH-TH, LFLIER
BoOMMIEWEEmIcKEL 2T TIEARY
(e.g., Fujii et al., 2009). #@F, B—ETOMEM
M, 5TFiRE %2 EI2BWT, BITETICHRTHERIC
HNWEEZEZONL7OARFOE LT Kv -
FoRINAT =) ETHDN, TTDLH R
HEBEOREVWILEICH LTI, BOKESZ0@nIC
X BRI (nuclear field shift effect) A2 X %
Z &%, HEKAR % E v 72 Bigeleisen H H1IZ & -
TIREE N2 (Bigeleisen, 1996), 72, A b v+
%7 . (Nishizawa et al., 1995) %27 1A (Fujii et al.,
2008) R EOEBBHSHREOITLHETD, THLH
GEMAMRPEETH Y, AIF R I T & 295E
BRIICHEDN O SN TEX TS, L2 LEDXS, REIC
BLTIE, BOKESO@WICE S EMAEREE, B
I IER TN S v (68 TO0.05% L T) &%z

K B

W0 T
5N Tw5 (Schauble, 2007)

RFERHE L EOEBBHO/NI VIR T, FER
E— XY bOKFEIZ X B FEMAERE (magnetic
isotope effect) PHFICHN L Z 0D D (eg,
Buchachenko, 1995), Z ®[REINARFIZALE G
REDTTHNIEEMN) BEITRIZHY, TD L)
BRANZAALTIE, BBRE— XY MORL 57853
MM TIHAIF 2RI LThH, ETERAET— X ¥
MR WIS SIS TIER I v, /2, F
VY (0s) DX BRGTIZELTIE, ST (eg.,
801U 0) & MG T (eg, "0®0"0) T, £ 0
ERFEEICEND LI EFAMLN TS (Gao and
arcus, 2001; Janssen et al., 2001) o

FALH UG B 5 ATF 121, FAARD AL IS
& o THRMARD B R Z % KRR (self-shielding
effect) 3%z 51 % (e.g., Thiemens and Heidenreich,
1983; Clayton, 2002) . FAH DY (Clayton et al.,
1973) R JEE D F v~ (Mauersberger, 1981) O
MEIL BERLAMNAEEZRSOI LRI 2H
Mo T BEOAIFICHE T 2RI OBH
¥ Chakraborty and Bhattacharya (2003b) <°
Thiemens (2006) 7%% %) 75, TN 5 D AIFIZD
WTIE, EOERERIRIC & BRI A A = X 2 H38
D IXFEINTVS, CO BT EDONMEIZE -
TR S N B/ OWRIL, FMARIC X - THIDIZ
Rlpd, ZD720, BENHRL IV VERETIE, [
PARDFEAEEIC & o T ORINARDOINY 5 452 I &
DRI ENIND . EOKR, BIRBIUHE DGR
LD EFMTIE, FEEOBVEMAEIEZESHEZES
LI %Y, ATFA2RIFTEEZLNTN S,

¥ 72, Lasagaetal. (2008) 1%, &fRd L < IXiBA
REBOREALGY & BRI & DLFAE IS X -
THAIF PR EFL EREL TV D, fLFWAE RS
IZBWTAIF 252 & 5720045, (1) WE Tt
VE—BHEVEL AV E (eg, <30kd/mol),

(2) HBiLTHsHZ L (eg, >100°C), (3) MFFKIm
DR EREALEY T OO EIT OV T,
FALRIBIZ BT 2 IREHEAL O BRI L > TR
52t (Fig.5) Thb, TOHT, (3) D&M,
BB L TARERMEZ D - 72082 WS OB IS 2
THEY, RAEETH L. £72, 3) OFEMIEF, W
HEIANF—REEDONREH R EDENIZL ST,
BEoEHUSOAIZR S5 S (Lasaga et al., 2008
H o Fig. 3% M), Lasaga et al. (2008) TiE, %
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Fig.5 A Morse potential curve, showing bound energy levels for S, *S, S, and *S at-
oms that are chemisorbed onto a surface oxygen atom with a chemisorption en-
ergy, D.=0.3 eV (=29 kJ/mol) and a chemisorption force constant, k.=4.9
mdyn/A (Unamonie =~880 cm ') (Lasaga et al., 2008). The horizontal axis is ex-
pressed as r-r,, (A), the difference from the equilibrium bonding length of S-O.
Note that the bound energy level at n =5 for *S is missing. The discontinuous
behavior of the number of bound states for different sulfur masses could lead to
ATF during the adsorption of a sulfur compound onto a solid surface.

—JEHE R E 2T, BRI R R B o i &
MEAEWEDOMEEMHICEI D AIFREHES Z
EERLTWVD, $72, AN =X LT RL D,
Chakraborty and Bhattacharya (2003a) X°> Marcus
(2004) 7 &b, BN L TO5 T Om#ERIGIC
Lo TEZEDOAIFRE L LREL TV,
Z D%, Balan et al. (2009) &, Lasaga et al.
(2008) 12 X B LA (24 S AR R OFHHEIC
X, WREREE 72 T ORI OIRBHEAL & &6
TR ETHOMENH B L ER L2, 2O X9 %EtH
AT o e B A RIS X o THRBYHER O FUTE W
Wanie®, AIF IR TE v, L2 LAaA5,
HORLIRAE & AR AR I 1T % IR 2 IR L
THEY, WEISIZBT 5 RAMARROHEIZE VT
JEHRAREEZ GO DL 2 LI3TE RV (Lasagaet al. K
NFEF, Anomalous fractionation of sulfur iso-
topes: a review, in prep.). 7:72L, Lasaga et al.
(2008) I BUGIZ X > THi#E O AIF 752 Z 2 ]

Bk 2 BERIIR L2 DTH Y, 5%, EBIZLS
WAL TDH b,

4. RALZERIEICE BHFHED AIF

Farquhar et al. (2000b; 2001) X°> Masterson et al.

(2011) &, BAEFHORIEBPE RO L —H— 4
12 & o T SO0 A DGRBS FER % 1T 5 720 SO.D
HFEIILDLTFOL I B ATy I TRIBEEZLN
5.

SO, SO+0 (11)

SO

S+0 (12)

EEBOKEE, AAcFZ¥ Y~ —%— (193nm) % H
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Fig.6 Comparisons of A”S and §*S values pro-
duced during TSR experiments by
Watanabe et al. (2009) with the “Hamersley”
trend, as well as those predicted by the
chemisorption model in Lasaga et al. (2008).
In the TSR experiments, the 6*S value of
the initial sulfate was assumed to be 5%. In
Lasaga et al. (2008), the fractionation factors
for each model were calculated in a tem-
perature range of 275-475 K. The results
showed that the anomalous isotope signa-
tures (i.e., |A”S|values) are larger at
higher temperatures. Data for natural sam-
ples are from sedimentary rocks in the
Hamersley Basin, Australia (Ono et al.,
2003; Kaufman et al., 2007; Partridge et al.,
2008) and the equivalent-aged rocks in the
Kaapvaal Craton, South Africa (Ono et al.,
2009a; Ono et al., 2009b).
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Appendix: Bigeleisen and Mayer (1947)
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