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VALERIYA A L E K S E E V N A SUVOROVA* 

TEMPERATURE DEPENDENCES OF SULFUR ISOTOPE FRACTIONA­
TION FACTORS BETWEEN SULFIDES (EXPERIMENT AND IMPLICA­

TIONS) 

(Tabs. 4) 

A b s t r a c t E l e m e n t a r synthes is of pa i r s of m o l y b d e n u m , lead, zinc, 
a n t i m o n y , t u n g s t e n sulfides as wel l as of t h e ga len i te-herzenberg i te p a i r 
have been car r ied out u n d e r control led condit ions. T h e t e m p e r a t u r e de­
pendences w e r e establ i shed for heavy sulfur isotope re f ract ionat ion bet­
w e e n t h e above sulfides and appl ied to t h e Losen ore field, E a s t e r n R h o -
dopes, Bulgar ia . 
T h e sulfur isotope composit ion of sulfides from the p r o d u c t i v e galeni te-
-sphaler i te-chalcopyr i fe m i n e r a l assemblage f rom t h e Losen deposit w a s 
d e t e r m i n e d . T h e t e m p e r a t u r e of deposi t ion of ma jor meta l l ic sulfides 
at t h e m e t a l deposi t ion s tage w e r e e s t i m a t e d . A decrease in t h e sulfur 
isotope content f rom + 7 to + 3 %0 is re la ted to t h e t e m p e r a t u r e d r o p 
f rom 350 to 250 °C in t h e course of evolut ion of t h e h y d r o t h e r m a l system. 

P e 3 m M e : B KOHTpojinpyeMbix ycjiOBMjrx BMJIM CMHTe3npoBaHi>i ii3 SJieMeH-
TOB nonapno cyjibcpMHbi MOJWĎneHa c cyjibcpwuaMii CBHHua, uwHKa, cypMbi, 
BOJibdppaivia, a TaK >Ke napa rajieHiiT-repueHoepwr. nojiyneHbi TeMnepaTyp-
Hbie 3aBMCMMOCTM nepepacnpenejieHMsi Ta»ceiioro iMOTona cepw MOKÄV yna-
3aHHbiMM cyjibqbMflaMW, KOTopue Hcnojib30BaHM Ha npniviepe JI03eHCKOro pyfl-
Horo nojisi B BocTOMHb'ix Poflonax (Bonrapna). Onpe«ejieH n30TonHMM cocTaB 
cepbi cyjibtpwflOB npoflyKTOBHOň rajieHMT-ccbaJiepMT-xaJibKonMpnTOBOM MMHC-
pajibHofi accounauMK MecTopo>KAeHMH Jl03eH. OqeHeHbi TeivinepaTypbi OTJIO-
>KeHM5I OCHOBHbIX MeTajIJlMMeCKMX CVJIbCpHflOB Ha nOJIMMeTaJIJIMHeCKoři CTaflMH. 
noHM>KeHMe M30TonHoro coflep>KaHMs cepbi OT + 7 flO+ 3 %0 0Tpa>KaeT IIOHM-
jKeHwe TervinepaTypbi OT 350 flo 250 °C B xo^e 3BOJHOI;MM raupoTepiviajibHOři 
CMCTeMbl. 

B e g i n n i n g w i t h t h e claissác p a p e r of J u r y (1947) i n w h i c h h e c a l c u l a t e d 
s t a b l e i s o t o p e f r a c t i o n a t i o n f a c t o r s b e t w e e n s p e c i e s of g e o c h e m i c a l i n t e r e s t , t h e r e 
h a s b e e n a n i n c r e a s i n g u s e of s t a b l e i s o t o p e v a r i a t i o n i n n a t u r a l m a t e r i a l s f o r 
s t u d i e s i n t h e E a r t h a n d c o s m i c s c i e n c e s . E q u i l i b r i u m f r a c t i o n a t i o n f a c t o r s t h a t 
m e a s u r e t h e d i s t r i b u t i o n of a r a r e s t a b l e i s o t o p e b e t w e e n t w o s p e c i e s h a v e b e e n 
d e t e r m i n e d d i r e c t l y b y l a b o r a t o r y e x p e r i m e n t s a n d a l s o b y c a l c u l a t i o n u s i n g t h e 
m e t h o d s of s t a t i s t i c a l t h e r m o d y n a m i c s . T h e s e f r a c t i o n a t i o n f a c t o r s h a v e b e e n 
u s e d i n g e o c h e m i s t r y t o q u a n t i f y t h e c o n d i t i o n s u n d e r w h i c h m i n e r a l p h a s e s 
u n d e r g o c r y s t a l l i z a t i o n . 

T h e p r e s e n t p a p e r i s c o n c e r n e d w i t h t h e u s e of t h e h e a v y - t o - l i g h t s u l f u r iso­
t o p e r a t i o s f o r d e r i v i n g g e o l o g i c a l t h e r m o m e t e r s . T h e su l fur ' i s o t o p i c c o m p o s i ­
t i o n s of c o e x i s t i n g s u l f i d e s h a v e b e e n s h o w n i n ,a n u m b e r of t h e o r e t i c a l (S a k a i, 
1968, B a c h i n s k i , 1969) a n d e x p e r i m e n t a l (K a j i w a r a e t a l , 1969, K a j i -
w a r a — K r o u s e , 1971) s t u d i e s t o b e u s e f u l for d e t e r m i n a t i o n s of t h e for­
m a t i o n t e m p e r a t u r e s of t h e s e m i n e r a l s . 

* Dr. V. A. S u v o r o v a, I n s t i t u t e of E x p e r i m e n t a l Mineralogy, A c a d e m y of Scien­
ces of U.S.S.R., 142 432, Chernogolovka, Moscow distr ict . 
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The proposed method is based on the fact tha t dur ing the high- temperature 
formation or recrystallisation of sulfides, the sulfur isotopic content varies with 
the temperature . 

However li t t le was known on the sulfur isotope ratios in minerals synthetized 
under controlled conditions. Therefore a systematic exper imental study has been 
designed t o s tudy isotope equilibria in the sulfides of molybdenum, zinc, lead, 
tin, ant imony and tungsten with the a im of deriving isotopic geothermometers. 
The t ime and t empera tu re dependences of the S:v> fractionation factor (a) were 
determined for the above sulfides synthetized under equilibrium conditions. 

According to the common practice, the S:!/> S:i- ratios are expressed as S values 
which are defined as Ô = (a — 1) . 1000, where 

= (S3ys32) sample 
(S : | / '/S^) s tandard 

Troilite from the Sikhote-Alyin meteori te was used as the s tandard {S S-r' = 
= 0.0 "n,,) for report ing sulfur compositions. The measurements were performed 
by the compensation method on the MI 1309 mass spectrometer wi th a 90°-two 
beam analyzer. The run samples were prepared on a conventional appara tus 
for sulfide oxidation using copper oxide (V c T U H O B—r p M H e H K o, 1965). Repro­
duc ib i l i ty of results was within + 0.4 %0. 

Experimental part 

Equil ibrium sulfides in the systems sphaleri te-molybdenite, gatenite-molybde­
nite, galenite-herzenbergite, tungsteni te-molybdenite and ant imonite-molybde-
nite were synthetized in quar tz capsules wi th 50 ° 0 excess sulfur of super puri ty 
grade. Pu re (99.5 ° 0) metallic zinc, lead, tin, ant imony and tungsten were crushed 
to grains of up to 30 /xm. Powdered molybdenum (grains not. larger1 than 10 u m) 
obtained by reducing molybdenum oxide was 99.9 % pure. The reagents charged 
into capsules were separated from one another wi th quar tz wood or sand that 
while not interfering wi th the flow of gaseous sulfur kept the metals apart . At 
the same time, both metals reacted wi th the mobile sulfur. As a result, the gas 
phase promo-ted the isotope exchange between the sulfides and excess sulfur 
by the reactions 

AS32 _|_ Q:V, = A S . r , + s :!2 ( 1 ) 

BS32 + S34 = BS-'W + S32 ( 2) 

and after summation, t h e isotope exchange between the sulfide proceeds as: 

AS32 + BS31 = AS34 + BS32 ( 3) 

The capsules were evacuated to 1 ^ 3 . 10"fi m m mercury column, welded in 
the oxygen torch and held in f u m a d e s a t every given tempera ture for various 
periods of time. AH runs were conducted in sillite KO-14 furnaces wi th auto­
matic tempera ture control. The t empera tu re was. measured by a pla t inum-
-rhodium thermocouple; the t empera tu re regulat ion was accurate to ± 5 °'C. 
Run durations were based on pre l iminary kinetic experiments . The run pro-
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T a b l e 1 

Equilibrium constants for isotope exchange ol reaction (7) — (11) 

t, °c 

300 + 5 
400 + 5 
500 + 5 
600 + 5 

spha le r i t e 
molybdeni te 

2.9 + 0.4 
2.1 + 0.1 
1.6 + 0.1 

A „ 
1000 l n « v , % 

ID 

galeni te ga len i te 
molybdeni te he rzenberg i te 

1.4 + 0.4 3.5 + 0.4 
1.0 + 0.4 2.2 + 0.3 
0.7 + 0.1 1.4 + 0.2 

0.8 + 0.1 

1 

tungs ten i te 
molybdeni te 

3.2 + 0.3 
1.9 + 0.2 
1.3 + 0.1 
0.5 + 0.1 

an t imon i t e 
molybden i te 

2.6 + 0.3 
1.7 + 0.2 
1.1 + 0.1 
1.6 + 0.1 

ducts were quickly in cold wate r to prevent any isotopic exchange taking place 
during cooling. The capsules were opened and owing to the cotton wool position 
the sulfides produced in the runes were easily separated from one another. 

The sulfides were ground in an agate mortar, washed wi th carbon tetrachlo­
ride to remove sulfur and identified by X-raying on a DROH-1,5 diffractameter. 

The kinetic analysis has shown tha t the A values which are normally defined 

A S S : 1 V B = S S--''A — S S3<„ = 1000 In « A - B (4) 

as at tain finally a constant value to indicate that the equilibrium isotope ex­
change had been achieved. 

According to B i g e l e i s e n — M a y e r (1947). t he constant for isotopic 
exchange relates to the tempera ture in the following way : 

In a = A T ^ + B (5) 

where A and B are experimentaly derived constnats, T is the absolute tempera­
ture. Hence. 

100 l n a A - B = AS'MA AT'- + (6) 

sulfide pai r 

ZnS—MoS, 
PbS—MoS, 
PbS—SnS 
WS-,—MoS., 
Sb.,S-)—MoS, 

Times 

300 °C 

210 
70 
70 

140 
12(1 

T a 

of 

b l e 2 

equi l ibra t ion 

run dura t ion . 

400 °C 

100 
50 
20 
80 
70 

days 

500 'C 

60 
20 
10 
60 
40 

600 ' 

— 
10 
30 
30 
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T a b l e 3 

Sulfur isotope compositions of sulfides from the Losen ore field 

N 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Sample 
No. 

L-129 
L-129 
L-129 
L-122 
L-97 
716/450 
719/410 
722/573 
726/502 
L-82 
L-55 
L-88 
L-81 
L-116 
L-116(kp) 

subs t ance 

ZnS 1 
CuFeS , 1 
P b S 1 
ZnS 1 
ZnS 1 
F e S , 
FeS 2 

F e S , 
F e S , 
P b S 
P b S 
P b S 
P b S 
P b S 
P b S 

ä S3 ' , 
%o 

7.0 + 0.1 
6.0 + 0.2 
4.8 + 0.3 
6.9 + 0.1 
7.5 + 0.1 

10.0 + 0.1 
7.7 + 0.1 
7.9 + 0.4 
7.7 + 0.2 
4.8 + 0.3 
5.0 + 0.1 
4.8 + 0.3 
5.0 + 0.1 
4.8 + 0.2 
4.5 + 0.2 

n u m b e r of 
de t e rmina t ions 

3 
3 
2 
3 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
8 

The following isotope exchange reactions 

ZnS : i 2 + 1/2 MoS.,;!'' •= ZnS-'"1 + 1/2 MoS2
3 2 (7) 

PbS 3 2 + 1/2 M o S > = FbS : ! ' ' + 1 2 MoS.,32 ( 8 ) 

PbS : ! 2 + Sn£J3/' = PbS :« + SnS 3 2 ' (9) 
1/3 Sb , S :!2, + 1/2 Mo S ^ , = 1 3 Sb , S3''., + 1 2 Mo S : i2, (10) 

1/2 W S3 2 , + 1 2 Mo S'K = 1 2 W S-'M, + 1 2 Mo S:!2,, " (11) 

were least-squared to girve the following t empera tu re dependences: 

103 In a -= 9.6 . 10:' T"2 + 0.10 
MoSo 

PbS 
10:! In a = 4.7 . 10:> T 2 — 0.28 

MoS, 

PbS 
10:! In « = 9.4 . 10"'T 2 —1.15 

SnS 

WSo 
10:t In a - - - — = 1.04 . 10(i T~2 — 0.79 

MoS-, 

10:1 in « - '„„++*-= 8.6 . 10fi T 2 —0.34 
MoS-, 

(12) 

(13) 

(14) 

(15). 

(16) 
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T a b l e 4 

Results of geothermometers sphalerite-chalcopyrite, sphalerite-galenite 
and chalcopyrite-galenite 

3 = ÄA -

0.4 
2.2 
1.8 

-ÄB T°, C 

290 
320 
270 

the correlation factors being, respectively, 0.899; 0.826; 0.947; 0.799 and 0.839 
(B i g e l e i . s e m — M a y e r , 1947; C y B O p o B a—T e H M m e B, 1976). Tab. 1 gives 
the equil ibrium constants for isotope exchange reactions (7)—(11). The equi­
l ibration t ime are found from Tab. 2. 

The results from this study m a k e it possible to est imate the formation tempe­
ratures of hydrothermal sulfide deposits of molybdenum, antimony, tungsten, 
tin, lead ,amd zinc. The order of deposition as well as the coefficients of tempe­
rature dependence equat ions ias calculated for the pair sphalerite-galenite from 
the present data agree closely wi th K a j i w a r a and K r o u s e ' s (K a j i w a -
r a et ad., 1969 ; K a j i w a r a—K r o u s e, 1971) results. The equat ions derived 
were used to study the galeniteHsphalerite-chalcopyrite assemblage from the 
Lasen ore field, Eastern Rhodopes. 

The Lasen ore field is par t of a multi-root, surface volcanic-intrusive ore field 
that has evolved through the prevolcanic, volcano-intrusive, ore-metasomatic and 
post-ore stages. The multistage hydro thermal process has resulted in the forma­
tion of 10 paragenetic mineral assemblages of which galenite-sphalerite-chalco-
pyrite is the only productive one (B o r R a H O B, 1983). 

Lenticular or sheet-like galenite-sphalerite-chalcopyrite ore bodies occur in 
the near-surface zone extending along Palaeogene sediments, rhyolites and py-
roolastic rocks (% H e B M «p., 1975). Galenite and galanite-chalcopyrite bodies, 
both vein and scattered, occur in the immedia te vicinity of subvoleanic quartz-
-diorite-porphyrite bodies and metamorphic rocks forming the pre-Caimbrian 
crystalline base. 

Tab. 3 presents t h e sulfur isotope compositions of sulfides from the Losen 
ore field. 

The isotope fractionation data between the minerals in sample L-129 (Tab. 3) 
were used to determine 'the equilibrium tempera tures recorded by the sample. 
The geothenmomeferis derived for the pairs sphalerite-chalcopyrite and sphale­
rite-galenite gave the tempera tures of formation of polymetallic sulfides in 
a sample typical of this deposit. The resultes are presented in Tab. 4. 

The tempera ture measurements carried out for th ree different sulfide pairs 
show a good agreement within the experimental error limits. The1 isotope ratio 
determinations indicate that the tempera ture at t he productive stage was equal 
to 290 + 25 °C. 

The above results agree well wi th the available geological evidence and earlier 
isotope studies (A H T M M o B a, 1978; B o g d a n o v—Z a i r i, 1985). The isotope 

Sample 
No. pair 

L-129 ZnS — CuFeSn 
L-129 ZnS —PbS 
L-129 CuFeS, — PbS 

http://gelei.se


224 SUVOROVA 

c o m p o s i t i o n of t h e p r o d u c t i v e g a l e n i t e - s p h a l e r i t e - c h a l c o p y r i t e m i n e r a l a s s e m ­
b l a g e (8 S : !/') v a r i e s w i t h i n 6—7 t o 3—4 %,,. 

A s o m e w h a t h e a v i e r s u l f u r i s o t o p e c o m p o s i t i o n r e l a t i v e t o t h e m e t e o r i t i c c o m ­
p o s i t i o n s m a k e s o n e s u g g e s t t h a t t h e c r u s t a l s u l f u r h a d b e e n t r a p p e d a t t h e o r e 
d e p o s i t i o n s t a g e . 
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