FLARZE AR HE
505 (1980) 1~I1SE

400°C, 1000 SEE@EKPICHIT S SO™ — H.S
DA # D RRLR T IEDRERA BT *

s mW OE E-#

HeX B H WY

(EILARZFERFIIRT  BuKHERILEHFD
(16794125 20 B A1)

%

F

A4 & v RHERABK T 2B LAXRO—DTHS. 1
Uik, BER32, 33, 4, 6OLERMEERDL, L
SYORMEEEG, FRE S - 18 O 5 A& R
2, zNHMESN ZBIEORE - BE -pHEO Y -
(LR E R LT 5.

4493, SEOERICBNTESBEAM ML LT
BT LIETEENLRTHD . BELEORKIIKIC
BOTR, FltHofhic, FEAE (anhydrite), EEA
(barite) HORBIELSHEEA TS . X, REKD
£, SO042—, HoS, HS- HEAmEOoERTELT
SATOAED, FOPCIREEHEE UTOEREEHATY
250855,

Sakar (1968) 2, BERHBODO1 & v OILEH & BRILE
B OBENEEREERNCES, 2 o O RA KL
5, BE -pH [cgEIxn b E4/RL7c. Kanwara
(1971) & Ommoro (1972) k£ 1Lz FHE X+, pH, fo
Wk AR OE LA EEBNIC B -7, 2L T,
FICRIBRIRD A A U, WK OWRICEE AR
tetE el Lo, X, s o B AR ERED,
Kanwara (1971) R ESSLRORE % 250°C 5tk &1
sEl7.

zh&izElic, BETHKEES 1 /- basalt
CH LSS R I TE RSN B 2 &% AT
(Spooner and FyrE, 1973), XFEERMIC s (Hajash,
1975, MoTtL and HoLLAND, 1978) #ED ¥ ST
3. 20ERE, BADO Feir skt SO2- %
BLT5HEINTNS.

BT, BKRIZEY B4 40 ORMKORES) T
BHIRE, 440 BHOEBEE HICHKRPIIR E Y
T2L7T, EERFESLDEERS.

EEEICIE, ¢ hF T Roeinson (1973), RosINson
(1978), Icumnov(1976), Icumnov et al. (1977),
Sakar and Dickson (1978) Zic kb, Fi{br—uilk

* PSS ASRERISASE 3 A R LB SRR I U Bt

R DR A SRR PRM E E B E ShTn
%. Li»L, Rosinson ® Icumnov & DB, A
FICERA AU BEET 2R EORBETE 720, 4
AU OREIREPTH -7, PpH BREINTHE
Moz LT, MERE .

AERICHEL T, Sakar and Dickson (1978) &[5
CFEER, 400C, 1000 KIETFICBT % Hiik—n
BIE M O RN AEE Y ELRE, RURHBEE 2 BFEL
72, LT, BEOEBE «pH & RIGHE & OBR 2%
IR s Y A

(1) %% &

EEicl, Fig. 1 kyRU 7 Dickson type LIEiTh
BEUKRIGEB ARV (DicksoN, 1977; SakAr and
Dickson, 1978). COFE B, AF YL RRAF—1 il
OWMERHEZOPICANONILHDOR GRS (K&
F120mD) HORO T ->TWVE . FEFEANOEKE,
SOEME (AE2.2mm, JX0.5mm), F & v
TEBUTABICRO BT EDBTE30T, RIGOHE
BINE L ARLDIEDTH 5.

X, WEBBOE 4 TEBLTEIL Y& D
MBoTED, BIEBKESLI TN,

R0 vFY VIR, RYFTEARREFIGRR
DOFNTKEMA, — A CREIGRBE LM tornT
%< &, SOMERIIEN T LMK &7
KERBEDRRARESCHT. Lbd, yv7y v
h, BELEITZ—CICEINLIITHS.

EARRBRIEIFOFICA-TEYD, R, dRk, %
WD 3EICHEBA LIz T A NI 8 A VEESHC X DR
e Ut REOHIEIZREDOAEC X - TTL,
+ 1°C OREFETIREEE 400C Iff - 72 X, ZADERE
#3 + 1°C DINIR - fe.

ik 5.



2 SRHEZE - B 5. RREN

rTHERMOCOUPLE
rTITANIUM VALVE r
GOLD CAPILLARY £ ACK
GLAND NUT PRESSURE VESSEL BACKUP
— BRIDGMAN SEAL —GOLD BAG
~GOLD (REACTION VESSEL)
FILTER
T L
:~ ) =70
k__,-fl-u—ﬁ PLUNGER PUMP

Fig. 1 Dickson gold-bag equipment.

Ca. 250 mm —m7

The gold bag (reaction vessel) is made of 0.2 mm thick gold-plate.

The internal gold filter serves to keep solid from flowing out.
The backup hole at bottom is connected to a valve by 3mm OD pressure tubing and

then to an Aminco plunger pump.
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Fig. 2 Quartz tube assemblage for thermal
decomposition of barium sulfate.
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Fig. 3 Effect of 180/160 ratios of SO2 on measured 534S,
a: Three kinds of SOz (], A, ) from three BaSO4 having the same §34S but
of different **Q/'®0 ratios were passed through CugO furnace at 800°C.

The number of cycles of passage through the furnace is shown on the ho-

rizontal scale,

b: The same three BaSO4 were decomposed with different silica glass powder

to BaSOy ratios.
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Fig. 4 Time variation of fractionation between SO4%- and H,S in runs 1,2 and 3.
Total sulfur concentrations and pH are indicated. For numerical data, see Tables 1 to 3.

Table 1 Numerical data of RUN 1.

No 21111;15 pH Sulfur (ppm) 0*S (%0 1000 (a~1)

HoS SO4%~ total H.S SO4%~ net sulfur %)
3 0 2.9 155 152 307 —4.0 +6.3 +1.2 (+1.1D* 10.3
4 10 3.9 130 157 287 —5.7 +8.0 +1.2 (+1.8) 13.8
5 34 3.9 — 154 — —7.0 +8.1 +0.5 (—0.3) 15.2
6 58 3.7 112 142 254 —6.9 +8.4 +0.8 (+1.6) 15.4
7 106 3.5 104 153 257 —6.2 +8.4 +1.0 (+2.4) 14.6
8 202 — 77 148 225 -7.1 +8.5 +0.7 (+3.2) 15.8
9 394 — 99 134 233 —6.2 +7.5 +0.6 (+1.7) 13.8

mean 123 + 9 + 0.9 £ 0.1 e =1.0152

(+ 1.6 £ 0.4)**

* Weighted average of HpS and SO42-.

**  Average of the weighted averages.
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Table 2 Numerical data of RUN 2.

time Sulfur (ppm) 0*S (%o) 1000 (a—1)
No (hrs) pH
HsS SO42- total HoS  SO4%- net sulfur (%)
5 0 3.5 — 144 — + 2.2 +94.6 +48.4 92.2
6 2 3.4 131 - — +10.6 +86.4 +48.5 75.0
7 5 3.4 123 151 274 +21.0 +79.2 +50.1 (+53.1)* 57.1
8 12 3.5 133 157 290 +33.3 +66.6 +50.0 (+51.3) 32.2
9 20 3.3 124 144 268 +38.6 +61.2 +49.9 (+50.7) 21.8
10 38 3.2 129 153 282 +42.1 +59.0 +50.6 (+51.3) 16.2
mean 3.4 128 150 278 +49.6 = 0.4
(+51.6 & 0.5) **
* Weighted average of HpS and SO4%-.
** Average of the weighted averages.
Table 3 Numerical data of RUN 3.
No time pH Sulfur (ppm) oS (%o) 1000 (a—1)
(hrs) HoS SO42- total H,S  SO42- net sulfur D)
3 0 4.3 128 166 294 - 2.8 +38.1 +17.7 41.0
4 2 4.2 141 161 302 — 0.3 +35.6 +17.7 (+18.9)% 35.9
5 6 4.2 124 142 266 + 3.7 +31.8 +17.8 (+18.7) 28.0
6 12 4.0 121 150 271 + 6.6 +28.8 +17.7 (+18.2) 22.0
7 20 4.0 121 150 271 + 9.0 +27.6 +18.3 (+19.3) 18.4
8 30 4.0 136 154 290 + 9.6 +26.3 +18.0 (+18.5) 16.5
9 45 4.0 136 157 293 +10.1 +25.9 +18.0 (+18.6) 15.6
10 90 4.0 138 153 291 +10.4 +25.9 -18.1 (+18.5) 15.4
mean 4.0 136 156 291 +17.9 £ 0.08 @e =1,0155

(+18.7 £ 0.13)**

* Weighted average of HyS and SO42%-.

#* Average of the weighted averages.
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BUNFD X1 HE X1 SOEVHETHDE X1 =
X1/ X1+ X2), y1=Y1/ (Y1 + Y2) 72 &). Myers
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Table 4 Solution chemistry at 400°C.

Run 2

Run 1 Run 3
T (0C) 25 400 25 400 25 400
pH 3.6 3.6 3.4 3.4 4.1 4.1
SO4- (mmol/I) 4.39 3.4E-6 4.29 3.4E-6 4.53 3.4E-6
HSO4~ 0.06 0.004 0.10 0.007 0.02 0.001
NaSOy¢~ 0.29 4.74 0.29 4.67 0.31 4.86
35042~ 4.75 4.75 4.68 4.68 4.86 4.86
H.S 4.74 4.74 4.61 4.62 4.86 4.86
HS- 0.002 2E-5 0.001 1E-5 0.008 7E-5
NaS- 1E-17 7E-10 4E-18 2E-10 1E-16 9E-9
S2- 2E-16 5E-16 6E-17 2E-16 2E-15 6E-15
357~ 4.74 4.74 1.62 4.62 4.87 4.86
Na+ 9.48 4.74 9.40 4.73 9.74 4.88
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See equation(20) in the text,

PR - Wi 15 ABEY
lo ole-d
9 ole-dp
0 \
6\
\.\ Iog-;—
05 F o) run 1 =S 304 ppm
\A ) pH 3.6
t1/, 5.8 hrs
/. /2
run 2
=S 300 ppm
pH 3.4 /run3 =S 312 ppm
‘H/z 5.5 hrs & pH 4.4
1.0 | t1/2 6.1 hrs
()
N\
1 1
0 10 20
t (hrs)

Fig. 5 Graphical determination of the half-time of SO42- —H,S exchange reaction.
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Fig. 7 Graph showing the relationship between the half-time of SO4%- —HgS exchange, pH
and total sulfur concentration at 300°C based on the data by Sakai and Dickson (1978)
and equation (24) and at 400°C by this work and the same equation.

Numbered circles are solutions obtained by seawater-rock interactions at 300°C, 1000

bars and with solution to rock ratios of ca. 3(w/w).

Rocks are, 1: rhyolite

(Shiraki, 1979), 2. andesite (Endo, M., personal communication), 3: basalts (Mottl
and Holand, 1978), 4: peridotite (Tsutsumi,1979), 5. Kuroko solutions.

300°C, 1000 S/ET» rhyolite — seawater interac-
tion Ti, 7A#EZ pH=4.2, =S {3 10-2-90mmol/]

> 1% (SHIRAKI, 1979). Z DBE, 7 DORIAEHIK
BO ty: BET7 D 260 HTHA. X, andesite &
seawater OEIGEH T OR TR, pH=5.0, £ S =
10-2-98mmol/1 T#H -» T (EEME), tyz2 12540 B L
5% . X, 300C, 600 [Eic B % basalt-seawater

RO GERKE Tl pH=5.3, = S = 10-3-97mmol/]
(MorrL and HoLraND, 1978) C, tyz {3 790 0 & 75
% . Hic, peridotite—seawater fijo, 300°C, 1000%;
Flosy 35Tk, pH=7.8, = S =10-%%mmol/]

(3%, 1979 Tt12 3670 B&MEEEINS. HiL, BiL
YRR TR, $LEOEEA300C, pH=6, =S=10"*%
mmol/l L{EEd5E, tyzid110 H, FERFHICE
T30ty O 5 EORMM LIPS E LT, 5500 TE
Bicls s LiEETE 5. SIROERICIE, 2LV

PICREVEEEAET 2. - T, BUSKTOWEE &
AL ORMICRAHAREE BRI L T T HRER TR
A

—EiC, BKEKBEEORIBICE » TTE KK T
i, KEREMNKEOEPH &L, SO42- BERENE
L BEANSH S, $E-TX, S04~ — HeS B EhAL
BRBEELERINIBE 20 LD NHEEES.
COEIHIT, AR TEEEZRLZEE, BRO/LFER
ERUGEEZDVTRILTA3FEREETH D, 4
%, HIcHLGEELERE, BE, pH & OBGEHREN,
JOEMSHEREELCEMEEND.

3 PSR ORERENE

AR LB LN 00C IcBT 2THEBA 4 V&5
(LK MO R ERZBEEER a 0 LT A h 5 0¥
(12 1.0153 (£ 0.0002) THY, chid Ieumnov
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T(¢C)

400

300

200

1« KIESED]

D=(p-pH-log =5)

100
1

1000 ty, (yrs)

Fig. 8 Graph showing the effect of temperature, pH and total sulfur contents on the half-time

of exchange reaction. For further explanation, see text.

Table 5 Observed and calculated vibrational frequencies (cm~1) of SO4%- .

| vq vg v3 vy
Observed frequencies I | 983 1105 611 450
Nakamoto (1971)
Calculated frequencies
25 982.951 1104.70 611.313 449.574
S 982.951 1089.12 607.787 449.574
Adv 0.000 15.58 » 3.526 0.000
Observed frequencies II 981 1104 613 451
Heath, Linnett (1964)
Calculated frequencies
328 980.978 1103.87 613.130 450.774
S 980.977 1088.23 609.637 450.774
Adv 0.001

15.64 3.493 0.000

et al. (1977) @ 400C T 1.0151 &R —KT

5.

BRI RG (2) OFEAER (2e) BHERMIC
IR & bk R OBE S EEM  (Reduced Parti-

tion Function Ratios) M, ae = fsos®~ fHes, &
LTk ond (Urey, 1947; BiceLeisen and
Maver, 1947). ®AHHTFORBEHEREKL, , i,
ZORFORTRIREGENRETH 2 L HEIND
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Table 6 R.P.F.R. (1000 In f %,) of SO42~ and HsS and fractionation factor

(1000 In &) between them.

T(0K) S04%- HoS** 1000 In e
(1)* (2)* Mean
300  81.53  8L.70  81.62  10.99 70.63
400 5122 5132 51.27 7.61 43.66
500  34.86  34.93  34.90 5.63 2.27
600 2512  25.17  25.14 4.33 20.81
700 18.90  18.94  18.92 3.43 15.49
800  14.70 1473 14.72 2.78 11.94
900 1175  11.77 11.76 2.30 9.46
1000 9.60 9.62 9.61 1.92 7.69
1100 7.98 8.00 7.99 1.63 6.36
1200 6.74 6.75 6.74 1.43 5.31
1300 5.76 5.77 5.76 1.21 4.55

* Based on (1) Nakamoto (1971), (2) Heath and Linnett (1947).

#% After Thode et al. (1971).

L&, KAOWL REMOA OB E LTINS
Urey, 1947; BicerLersen and MAYER, 1947) :
o i exp(—pai —exp(—p1i

=i 1 —péxp/éi/fz)i> ) ;Xp(—igi/lg) s
72120, pi =hcwi /kTT hid7 3 v 7 EH, cliddtll
B, vt i FEHORERSOWEH, kiTHvy = VER,
TR, o B850 T-ORME, 1L 2BByFL
BEHTERT. SO~ & HeS OMESEBEEIE
Sakar (1968), Vojra and Kocr (1964), THODE et
al. Q971) iIKX VKR oh, a CEREIELNLTH
%. Fig. 9 iz Sakar (1968) ic X VELNc 0 OB
REEERES R U2, WEO—BER .
Sakar (1968) OFE TR, B4 A v O 2T A 8
& LT Urey and BrabrLey (1931) €k 2 D%
BLTOEE, TNRBEMERSTORBEAEIHET 2
HBELTE, RUBEOSEV SO TRAL. 4RI
Heata and LINnNeTT (1947) i X % orbital force
field ZWAL, X, ®REHELTS, Heatn and
LinnerT (1947) & Nakamoro (1971) T Xk - THIE
INZBORSEAHAY, SO42- 0 R.P.F.R. %
BFiCCEHELUE Uz, B UIRE & EERAESD
E6icrlLz. HBS® R.P.F.R. it THoDE et al.
971) L BFHLUOEHERREM V., chbkei
RLUTHS.

Table 6icizHEiz, tkd R.P.F.R. iR
SO4*~ & HeS MO ASREROZEEICEY 5H
ZmRUic ORI UEGHECH Y 2REDIEERR
BT0H, BSICRU XD LEHHE I L 2B D

EDAEEFUIEES, £6iC5 2721000 In aitswL
T, 300K Tlid#90.4%, 700K T 0.1%, 1000K T
0.05%ETH 5.
FoREREREIT Fig. 9ic7ay P Ltk T, &I
WAV EREEERBEOELATTITRT L L -
TLE -7, HEHRIERES cRRRTaEEN S
7,

1000 In e = 7:16+108

T2
400C T2 16.33% TH->T, ERELIDIZ1%EED
BTHs. EREEROZEDRRIZODVWTELLNS D
DEBFCHLE,

(1) &3, ZERoBESBYFons. Lrl, ERE
CFREORERFEROBEL FItkEwn., X, HERE
BZBERESEY. DEOERICED, d-4E5800
HEBEZ LN,

(2) MICEZBNZDIT, 4 & v ORMERIRE S
3. %12, B obbhd I, BEPTE, WBE
BUBAIIIRE 4 15854 & v O A L 5. AERICED
X, K#EHH NaSOyu— & HoS Tk %. IeuMmnov
(1976) Tlt, NaSO4~ & HseS ©& Y, RoBINSON
(1973) <Ti&, HSO4~ & HeS iz 3.

L, CNETORRR NS854 & v ORGHEZISR
W AP, BERNICHOEBRHRI A I N THER
W, 7272, SIEBERT (1966) (c ki, SO042- 04
DR, HSOs4~ Tid 6 Dicdh, REEAETE
ZBLEBDP TS, T, hotk1 4 VichHE
UBREHMHD, RELAMEHRBEDNTHILEL

+0.53 (500°~1300°K) €6
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Fig. 9 Comparison between experimental and theoretical fractionation factors between SO4%~

and HoS at temperature from 170° to 650°C.

nize.
#®

400C itk 32 SO042~ & HoS RO UG AR
T%-T, pH=3~4, 2S=0.01mol/1 Tt2{35
~ 6 HERTH - .

Hic, ty: R, BE, pH Sofilic, UTOREK
BEHINI.

- ??E)W(—%)s—log tyz—log =S
+ 8 .pH+C— &

Az - Saxar and Dickson (1978) DERELD,
EMEAL T 3 ovE —Hs 22kcal/mol LB SNz, B,
EOREEELNLY, BEOLLAGOLLEL. B
ICEEH R END .

400C 1t k1T % S04~ —HgS RIDRALKRIFHEE
$1000In a |3 15.3 £ 0.2% T - T Ieumnov et al.
1977) D 15.1%0 & 5t —F L. —J, FicicHEL
5 L 72 1000 In ¢ 0 EIZ400C T 16.3%&7130%1
%obE ., ERELIERECZIELTRRESHG I
s, EZEMENERICIE NaSOs~ & HoS OHDETH

2

L BRI BN,

E il 33

FAREEH L HRK, YHEZEOAATER, &
HEK, BEARER, ER=SLORICE, EROEHE-BH
RNk, GREER, BRESEER, TR
IRV A O o750 . b TR BHELE
T AMEOEH AT M, —BEDB, No. 147037
LI OETERZE (1) No. 311511 B LU 4109121 L3 b
DTH5.
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EXPERIMENTAL STUDY OF SULFUR ISOTOPE
EXCHANGE BETWEEN S04~ AND H;S (AQUE-
OUS) AT 400°C AND 1000 BARS WATER
PRESSURE

by Kamapa, Emi, Sakar, Hitoshi and Kisnima,
Noriaki
Institute for Thermal Springs Research,
Tottori-Ken,

Okayama University, Misasa,

Japan 682-02

Experimental procedures used in this study are
the same as those developed by Sakai and Dickson
(1978). 0.005 M Nay S, O3z solutions were heated
to 400°C under 1000 bar water pressure in a gold
At

an elevated temperature NasS»Ogz quickly and

bag of Dickson gold-bag equipment (Fig. 1).

5 - KB

completely decomposed into 1:1 mixture of SO42-
and HaS (eq. (1)) and subsequent isotope exchange
(eq. (2)) was monitored by consecutively withdraw-
ing aliquots of solution for chemical and isotopic
For the
preparation of SO for isotope analyses, 2to 5 mg

analyses at desired time intervals,

BaSO4 was thoroughly mixed with silica glass
powder of 10 times the BaSO4 in weight and
heated to 1400°C or so in sealed, evacuated silica
glass tubings (see Fig.2 and equation (4)).
The technique is a modification of Holt and
Engelkemeir (1971). The *0O/*Q ratios of SO,
thus formed stayed constant by exchange with
silica glass powder (Fig. 3),

Numerical data of the three runs performed in
this study are suinmarized in Tables 1 to 3.
In runs 2 and 3, a small aliquot of 34S- enriched
H,S04 was added into the starting solution and
thus equilibrium was approached from above the

quilibrium value (see Fig, 4).

When isotope exchange occurs between two
molecules, X and Y, the reaction rate, r, is
related to the extent of exchange, F, at given
where X and Y

indicate concentrations of given species, ., oo

time, t, by equation (17),

and a denote the fractionation factor at equilib-
rium, at time t=0and at an arbitrary time t, and

o — Oo
e — 0o

F= or the extent of isotope exchange.

Assuming the exchange rate is of the first order
with respect toboth X and Y and to the 8’th
power of hydrogen ion activity, ay*, eq. (17)
reduces toeq. (19), where ky denotes the rate
constant. If X, Y and pH of solution stayed
constant during the run, the half-time, t 2, of
the exchange reaction can be obtained graphically
as shown in Fig. 5. The tyz for runs 1, 2, and 3
are determined to be 5.8, 5.5 and 6.1 hrs,
respectively.

Introducing F=0.5 and t=ty2 into eq. (19), we
obtain eq. (20) which is graphically shown in
Fig. 6 using the data by the present work and
those by Sakai and Dickson(1978). The numerical
values of log ki + 0.16 may be obtained by

extrapolating the lines to pH=0 and, from these
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values, the rate constant, ky, may be calculated
for temperatures of 300° and 400°C. From these
two values of ky and from the Arrhenius plot, the
activation energy of the exchange reaction was
calculated to be 22 kcal/mole, a much smaller
value than 55 kcal/mole obtained by Igumnov
(1977). The value of 8 is found to be 0.29 at 300°C
and 0.075 at 400°C, although the physico-chemical
nature of 8 is not clear to the present authors.
Using these values, eq. (24), where Cisa
constant, is derived which would enable us to
calculate the t 12 of any system of known =S and
pH. However, as we do not know yet how g
(24) is
applicable only to limited systems in which

varies with different systems, eq.
temperature, total sulfur contents and pH are
similar to those of the present study. Fig. 7
illustrates how t 12 varies with pH and total
sulfur content at 300" and 400°C and predicts ty
for some solutions obtainable by hydrothermal
reactions of seawater with various igneous rocks,
The average equilibrium fractionation factor at
400°C obtained by this study is 1.0153, in good
accord with 1.0151 given by Igumnov et al,
(1977) . Theoretical fractionation factors between
S04%- and HS have been calculated by Sakai(1968),
who gives too high values compared to the

experimental data obtained by this and other
researchers (Fig. 9). In the present study, the
reduced partition function ratio (R.P.F.R.) of
SO4%- was recalculated using two sets of the
vibrational frequencies of SO4*~ (shown in Table
5) and the valence force fields of Heath and
Linnett (1947), which reproduces the observed
frequencies of SO4*- better than Urey-Bradley
force field used by Sakai (1968). The results of
new calculation are shown in Table 6. This table
also includes the R.P.F.R. of HsS which was
calculated by Thode et al, (1971) . Using these new
R. P. F.R. of SO4?~ and H,S, the fractionation
factors between SO4*- and HsS were calculated
and are listed in the last column of Table 6 and
plotted in Fig. 9. Fig. 9 indicates that the new
calculation gives values more shifted from the
experimental values than before, The major
sulfate ions in our solution at 300° and 400°C exist
as NaSO4- (Sakai and Dickson, 1978; see also
Table 4 of this paper) and,
measured fractionation factors are those between
NaSQ.— and H»S.

theory and experiments may,

therefore, the

The discrepancy between the
at least, be
partially explained by this fact, although other
more important reasons, which are not known to
us at the moment, may also exist.





