
SULFUR ISOTOPES IN FINNISH NICKEL-COPPER 
OCCURRENCES 

H E I K K I P A P U N E N and M A R K K U M Ä K E L Ä 

PAPUNEN, H. and MÄKELÄ, M. 1980: Su l fu r isotopes in Finnish 
nickel-copper occurrences. Bull. Geol. Soc. Finland 52, 55—66. 

The su l fur isotope composition of the Hitura , Kotalaht i and Kylmä-
koski Ni-Cu ores was analyzed. The results have been compared 
with earl ier su l fur isotope analyses of the Vammala, Laukunkangas 
and Oravainen Ni-Cu occurrences. Altogether 183 analyses were pe r -
formed. The magmat ic origin of sulfides is supported by the isotope 
compositions that deviate only slightly f rom the meteoritic value. 
It is suggested tha t the initial su l fur isotope composition was homo-
geneous, ö®4S values being ca. + 2.5 at Hitura , + 2.0 at Kotalaht i , 
close to zero at Kylmäkoski and at Laukunkangas , — 1 at Vammala 
and + 2.8 at Oravainen. The metamorphic redis tr ibut ion of sulfides 
and the mixing of magmat ic Ni-Cu sulfides with wal l - rock iron 
sulfides cause local variat ions in <584S values. 
H. Papunen: Institute of Geology and Mineralogy, University of Tur-
ku, SF-20500 Turku 50, Finland. 
M. Mäkelä: Outokumpu Oy, Exploration, Box 27, SF-02201 Espoo 20, 
Finland. 

Introduction 

A n u m b e r of Svecokare l ian maf ic and 
u l t r amaf i c bodies in sou thern and cent ra l 
F in land bea r considerable amounts of Ni-Cu 
sulf ides; several of t hem have also been ex-
ploited as Ni-Cu ores. The bodies abound 
in a r ing-shaped area su r round ing the cent ra l 
F in land grani to id area (Papunen et al., 1979, 
Häkl i et al., 1979). The li thological envi ron-
ments of the in t rus ives are commonly m e t a -
sed imenta ry rocks w i th composit ional and 
s t ruc tu ra l character is t ics of meta turb id i tes . 
Thus a geosynclinal origin is indicated for the 
sequence. Amphibol i tes displaying p r i m a r y 
volcanic s t ruc tu res occur locally as in te rbeds 
of mica-gneisses. A common fea ture , observed 

as e lec t romagnet ic anomalies in the envi ron-
m e n t of the su l f ide-bear ing u l t ramaf ics , a re 
the g raph i t e - and su l f ide-graphi te schists. A 
high degree of me tamorph i sm and migmat iza -
t ion of the wall rocks a re typical of the area 
of su l f ide-bear ing u l t r amaf i c s (Tontti et al., 
1979). The u l t r amaf ics a re also me tamorphos -
ed (Papunen, 1977; P a p u n e n et al., 1979), and 
the present occurrence of sulf ides is main ly 
control led by me tamorph ic fea tures . P a p u -
nen et al. (1979) pointed out tha t the geo-
chemis t ry of u l t r amaf i c bodies indicates local 
assimilat ion of the components of the wall 
rocks. Besides numerous me tamorph ic fea -
tures, both s t ruc tu ra l and tex tura l , t he sul -
f ides also display t ex tu res considered to be 
o r thomagmat i c in origin. This is especially 
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t r ue for the most maf ic member s of the rock 
sequence (Häkli et al., 1979; Papunen , 1970). 

The sulf ides in the u l t r amaf ics m a y have 
der ived f r o m the same man t l e source as the 
host u l t r amaf ic , or they m a y have been 
assimilated f r o m the wall rocks by magma. 
The mechanism of su l fur iza t ion in the f o r m a -
tion of Ni-Cu sulf ides has been widely dis-
cussed since the 1960s (e.g. Häkli , 1963 and 
1971; Naldre t t , 1966). The discussion has re -
cent ly tu rned to the origin of the massive Ni 
sulf ide deposits associated wi th u l t r amaf i c 
ex t rus ive rocks (e.g. Lusk, 1976; Seccombe 
et al. 1977). Groves et al. (1979) incline to 
the v iew tha t some, at least, of the nickel 
ores of Weste rn Aus t ra l ia w e r e fo rmed w h e n 
u l t r amaf i c m a g m a was con tamina ted by 
su l fu r f r o m a crus ta l source. S u l f u r isotope 
da ta and the S / S e of nickel ores are consis-
t en t wi th such a hypothes is (Groves et al., 
1979). 

S u l f u r isotopes serve as a tool for s tudying 
the origin of sulf ides in maf ic and u l t r amaf i c 
rocks. If the p r i m a r y sulf ides in the rocks 
were fo rmed f r o m uncon tamina ted m a g m a 
f r o m a deep-seated source, the isotope ratio, 
3 2 S / 3 4 S , should be close to the meteor i t ic 
value, and the <534S va lue should d i f fe r l i t t le 
f r o m zero (e.g. S tan ton , 1972). Deviat ing 
values have been a t t r ibu ted to post in t rus ional 
me tamorph ic changes or to contamina t ion 
dur ing in t rus ion by wal l rock sed imen ta ry or 
volcanic sulfides. For example , the sulf ides 
of the Wate r Hen in t rus ion in the Du lu th 
complex or iginate f r o m assimilated sedi-
m e n t a r y sulf ides of the Virginia fo rmat ion 
(Mainwar ing and Naldre t t , 1977); the simi-
la r i ty in isotopic composit ion be tween the 
sulf ides in a marg ina l port ion of the Bush-
weld complex and those in the footwal l (Lie-
benberg , 1970) suggests contaminat ion . 

The high isotopic values in the Noril 'sk sul-
f ides were a t t r ibu ted to assimilat ion of an -
hydr i t e f r o m the under ly ing sed imenta ry 

rocks (Godlevskii and Grinenko, 1963). In the 
Råna igneous complex, Norway , the g raph i t e -
rich pa r t s of su l f ide-bear ing maf ic rocks dis-
play <534S values almost s imilar to the sul-
f ide- r ich m e t a s e d i m e n t a r y black schists ou t -
side the intrusion. In contrast , the m a j o r i t y 
of the massive or d isseminated sulf ides in 
u l t r amaf i c s or nori tes show d 3 4 S values in-
dicat ing a magmat ic origin (Boyd and Mat -
hiesen, 1979). 

The origin of the sulf ides in the Ni-Cu de-
posits of sou thern and centra l F in land was 
s tudied by de te rmin ing the su l fu r isotope 
composit ion of the Hi tura , Kota lah t i and Ky l -
mäkoski ores. In the fol lowing the resul ts a re 
compared wi th isotope da ta on some other 
Finnish deposits. 

The methods 
A p u r e sulf ide f rac t ion was ca re fu l ly sep-

a ra ted f r o m the samples by handpick ing u n -
der a b inouclar microscope or by dr i l l ing un -
der a microscope f r o m polished sections. The 
sulf ides f r o m the Hi tu ra se rpen t in i te were 
too f ine-gra ined for mechanical separa t ion 
and they w e r e ex t rac ted by a chemical m e t h -
od developed at the Explora t ion D e p a r t m e n t 
of O u t o k u m p u Oy (P. Hauta la , pers. comm., 
1978). The isotope analyses w e r e p e r f o r m e d 
at the Labora to ry of Economic Geology, Hel-
sinki Univers i ty of Technology, according to 
the methods described by Mäkelä and T a m -
m e n m a a (1977). The original da ta are avai l -
able at the Ins t i tu te of Geology and Minera-
logy, Univers i ty of Tu rku . 

The results 

Hitura 
The geology and minera logy of the Hi tu ra 

Ni-Cu deposit have been described by P a p u -
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nen (1970) and by Häkli et al. (1976); some 
data were also included in the review by Pa-
punen et al. (1979). The ore minerals are 
hosted by a serpent ini te body tha t grades 
towards the contacts into amphibole-bear-
ing peridoti te and amphibole rocks. Sulfides 
abound in the peridoti te and amphibole rocks 
at the outer margin of the body, and a weak, 
f ine-grained sulfide dissemination occurs lo-
cally in the serpent ini te core of the body 
(Fig. 1). Close to the western and eastern 
margins of the body the sulfides have accu-
mulated in massive ore shoots tha t seem to 
be controlled by shears in the contact zone. 

Fig. 1. Simplif ied m a p of the + 205 level of 
the Hi tura u l t ramaf ic body with the sampling 
t raverse. 1. Mica gneiss, 2. graphi te- r ich gneiss, 
3. quar tz-dior i te , 4. metaperidot i te , 5. serpentini te , 

6. Ni-Cu ore. 

The association pyrrhot i te -pent landi te-chal -
copyrite and occasional cubani te is common 
in the massive ore and heavy dissemination 
in peridoti te and amphibole rocks, whereas 
the association pent landi te (and occasionally 
troilite) — mackinawi te — valleri i te abounds 
in the serpentini te . The tex tures indicate the 
secondary character of the la t ter minera l as-
sociation, which evidently at tained its compo-
sition dur ing serpentinization. Also the mig-
mati t ic mica-gneiss wall rocks in the body 
contain a weak but persistent sulf ide disse-
mination; these sulfides are, however, almost 
nickel- f ree except in the vicinity of the ul-
t ramaf ic body where the massive Ni-Cu ore 
is in contact wi th the wal l rock. Dispersion 
halos of Ni and Cu extending some ten meters 
f rom the massive ore are to be found in mica 
gneiss (Fig. 2). 

The su l fur isotope composition was deter-
mined f rom 33 drill core samples taken f rom 
a t raverse on the + 205 level of the mine. 
Figs. 1 and 2 depict the location of the t r a -
verse, some of its geochemical characterist ics 
and the results of the su l fur isotope analyses. 
In the Ni-Cu ore close to the contact of the 
u l t ramaf ic body, the d 8 4 S values range f rom 
+ 0.9 to + 3.5 per mil (Table 1); in the ser-
pent ini te core of the body they are more 
homogeneous, f rom + 2.2 to + 2.3 per mil. 
The sulfides of the gneissic wall rock show 
the d 3 4 S values f rom + 3.2 to + 6.0 per mil. 

In the Hi tura u l t ramaf ic body the average 
value of (3 3 4S is 2.4 per mil for sulfides of 
serpent ini te and Ni-Cu ore proper. This ac-
cords wi th the average d 3 4 S value of + 2.4 
per mil obtained by Ault and Kulp (1959) for 
sulfides in and associated with mafic igneous 
rocks. The sulfides in the gneissic wall rocks 
are isotopically heavier than those in the ul-
t ramaf ic body proper. One explanat ion is tha t 
the sulfides have a d i f ferent origin. The zone 
where wall rock and magmat ic sulfides mix 
shows up clearly as a nickel halo sur round-
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Fig. 2. Variat ion in the tenors of nickel and sul fur , rock type and <5®4S along the sampling t r a v -
erse in Hi tura (T.Z. = t ransi t ion zone). 

ing the contact of the u l t r amaf i c body. The 
re la t ive amoun t s of nickel and copper in the 
halo and the g radua l increase across the halo 
of the d 3 4 S value f r o m Ni-Cu ore to uncon ta -
mina ted wal l rock indicate t h a t magmat ic 
sulf ides invaded the gneissic wal l rock. The 
mixing of Ni-bear ing and b a r r e n sulf ides has 
f u r t h e r been observed by chemical analyses 
in the gneiss a round the massive ore types 
in the S tormi u l t r a m a f i t e at V a m m a l a (K. 
Vormisto, pers. comm., 1979). 

The resul ts indicate t ha t the mobile com-
pounds tha t fo rmed the dispersion halos of 
Ni and Cu outside the u l t r amaf i c or maf ic 

body proper were nickel copper sulfides, 
p robab ly in the fo rm of monosul f ide solid 
solution tha t squeezed out of the u l t r amaf i c 
body. 

Anothe r f e a tu r e of in teres t in the H i t u r a 
su l fu r isotope da ta is t ha t the su l fu r in the 
disseminated and s t rongly a l te red sulf ides is 
isotopically heavier in the se rpen t in i te core 
t h a n in the massive ore (Fig. 2). P a p u n e n 
(1970) main ta ins t ha t serpent in iza t ion has 
somewha t a l te red the original sulf ide assem-
blages, and the present sulf ide minera l asso-
ciation: pen ta lnd i te (± troilite) — mack ina -
wi te — val ler i i te (± cubani te II) is the result 
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of alteration. The original sul fur isotope com-
position was probably also affected by the 
same process. Owing to the higher wate r 
content, su l fur may oxidize into sulfate, and 
if the system is open for light sulfide, it may 
result in a slight enrichment in 3 4 S . On the 
other hand the sulfide content of the body 
increases towards the contacts (Fig. 2). Papu-
nen (1970) explained this as a result of the dif-
fusion of sul fur in response to tempera ture 
gradient during cooling and serpentinization 
in the p r imary intrusion. This is consistent 
with the theory expressed by Chamberlain 
(1967) for sulfide distribution in the Muskox 
intrusion. As 3 "S presumably diffuses faster 
than 3 4 S , the central serpentini te portion be-
comes depleted in 3 2 S . This also explains the 
more heterogeneous and reduced values of 
<534S in the Ni-Cu ores close to the contact 
(Fig. 2); in addition to the original sulfides 
the peripheral areas also accumulated the 
diffused sulfides enriched in 3 -S. 

A f luctuat ing isotope pat tern in many re-
spects similar but general ly much more com-
plex has been noted by Sasaki (1968) in the 
contact zone of the Muskox intrusion. 

Kotalahti 

The Kotalaht i u l t ramafic-mafic body is 
composed of peridotites, pyroxenites and 
their metamorphic derivatives, hornblendites, 
gabbros and diorites (Haapala, 1969; Papunen, 
1970; Papunen and Koskinen, 1978). Papunen 
et al. (1979) came to the conclusion that the 
apparent differentiat ion series f rom perido-
tites to diorites is caused by intense assimila-
tion of the wall rock neosome and that this 
in turn gives rise to the formation of the 
mafic and intermediate members of the se-
ries. The original intrusion could have been 
ul t ramafic in composition and intruded at an 
early stage of geosynclinal development at or 

close to an ancient grani te gneiss basement 
of the sediments. This basement now crops 
out as a grani te gneiss dome east of the plate-
shaped, vertical u l t ramafic body. 

Sulfides abound in the ul t ramafic members 
of the series. Outside the ul t ramafic rocks 
proper, however, there is the massive Jussi 
ore body in the belt of calc-silicate rocks, 
cherty quartzi tes and amphibolites that Gåal 
(1972) considers to be a metamorphic deriva-
tive of the epicontinental sediments sur-
rounding the granite gneiss dome. Pegmati te 
granites abound in the same belt. 

The ore types of the ul t ramafic body are 
of the massive, brecciated and disseminated 
types (Papunen, 1970). The chemical compo-
sition of the sulfide phase varies according 
to the ore type. As t rend is for the sul fur 
content in the sulfide phase to increase f rom 
the disseminated to the brecciated ore type 
and fu r the r to the massive type of the Jussi 
ore body. Likewise, the iron content in the 
sulfide phase is at a minimum in the Jussi 
ore body and at a maximum in the disse-
minated ore type of gabbro host rock. The 
disseminated ore type abounds in the most 
mafic members of the rock series, whereas 
the brecciated ores are controlled by tectonic 
features, shear zones, amphibolite dikes, peg-
matites and contacts in the ul t ramafic body. 

The su l fur isotope composition was ana-
lyzed f rom 36 samples (Table 1). The var ia-
tion in d 3 4 S values is very limited ranging 
f rom + 1 . 3 to + 2.8 per mil, with an ar i th-
metic mean of + 2 . 1 per mil. In the main 
ul t ramafic body the d 3 4 S values are f rom 1.4 
to 2.6 per mil. Isotopically there is little dif-
ference between disseminated and brecciated 
ore types in the ul t ramafic body. In the mas-
sive Jussi ore body the <334S values are usu-
ally slightly l ighter than those in the u l t ra-
mafic body proper (Table 1). 

The mineral association: magnetite, pyrite, 
monoclinic pyrrhoti te, chalcopyrite and pent-
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Table 1. Su l fu r isotope data 

Locality Number of 
samples Average 6 : J 4 S 

per mil Range of d 3 4 S 
per mil 

Hi tu ra : 
Serpent in i te 
Ni-Cu ores 
Wall-rock gneiss 

7 
9 

17 
+ 2.5 
+ 2.2 
+ 4.3 

+ 2.2 — + 2.9 
+ 0.9 — + 3.5 
+ 3.2 — + 6.0 

Kotalaht i : 
Ni-Cu ores 
Jussi ore body 

29 
7 

+ 2.1 
+ 1.8 + 1.4— + 2.6 

+ 1.4— + 2.8 
Kylmäkoski : 

Ni-Cu ore in u l t r amaf ic rock 
Ni-Cu ore in graphi te - r ich gabbro 

28 
2 

— 0.2 — 1.6 — + 1.3 
— 4.2 11.1 

Vammala (Häkli et al. 1979) 
Upper u l t ramaf ic layer 
Hornblendi te layer 
Lower u l t ramaf ic layer 

7 
13 
27 

+ 12.5 
+ 1.5 
— 0.8 

+ 5.4— + 19.5 
— 1.2 — + 2.6 
— 2.2 — + 1.7 

Laukunkangas (Grundst röm, 1979) 
Nori te and gabbro 
wi th Ni-Cu sulf ides 
Graphi te-schis t 
Total 25 

— 0.2 
— 2.6 
— 0.6 

— 4.3 — + 3.1 
— 6.5 0.5 
— 6.5 — + 3.1 

Oravainen (Isohanni, 1979) 
Ni-Cu ore in peridoti te 10 + 2.8 + 2 . 4 — + 3.4 
Graphi te-schis t 2 —7.8 8.1 

The Laukunkangas da ta originally analysed by Mr. P. Hauta la at the Labora tory of Geology and 
Geophysics, Universi ty of Utah, U.S.A.; all other data by M. Mäkelä at the Labora tory of Economic 
Geology, Helsinki Technical Universi ty. 

landite , prevai l ing in the Juss i ore body, in-
dicates tha t condit ions dur ing minera l iza t ion 
were more oxidat ing than in the u l t r amaf i c 
body, w h e r e pyr i te and magne t i t e a re rare . 
Oxidat ion of iron into magne t i t e resul ted in 
the re la t ive en r i chmen t in su l fur , nickel and 
copper in the sul f ide phase of the Jussi ore 
body (Papunen, 1974). The oxidat ion process 
was p robab ly b rough t about by HoO-rich wal l 
rocks. 

Thus a sl ight increase in the oxidat ion s ta te 
of the o re - fo rming sulf ides due to admix ing 
wi th oxidized meteor ic w a t e r m a y have re -
sul ted in a sl ightly lower r5 ! i 4S average in the 
Jussi ore body than in the sul f ide phase of 
the u l t r amaf i c s p roper (Ohmoto, 1972). 

Kylmäkoski 

The Kylmäkosk i u l t r a m a f i c body is located 
in sou thwes te rn F in land in the belt f avored 
by nickel-copper ores and called the Pori— 
Kylmäkoski zone (Papunen et al., 1979; Häkl i 
et al., 1979). Kylmäkosk i is about 40 km 
southeast of the m a j o r Ni-Cu deposit of the 
belt, V a m m a l a (Häkli et al., 1979). 

The wall rocks in the 300-m-long u l t r a -
maf ic body are migmat ized mica gneisses and 
a quar tz dior i te in t rus ive tha t intersects the 
body. The rock types are u l t r amaf ic : per ido-
tites tha t a re pa r t l y a l te red into me tape r ido-
tites, serpent in i tes or amphibole-rocks , and 
pyroxeni tes and hornb lend i tes (Fig. 4). The 
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Fig. 4. (a) Geology and (b) su l fur isotope composition of the Kylmäkoski u l t r amaf ic body. 1. per ido-
tite, 2. orbicular peridotite, 3. pyroxeni te , 4. hornblendi te , 5. cummingtoni te- rock, 6. gabbro and dio-

rite, 7. mica gneiss, 8. quar tz-dior i te , 9. granite . 

sulfides, which exist as disseminated, ne t -
tex tured or brecciated ore types, a re con-
centra ted into lower par ts of the body. Mas-
sive and disseminated nickel arsenides occur 
together wi th sulfides along the contacts of 
the quar tz-dior i te dikes. 

Su l fu r isotope composition was determined 
for 30 ore samples taken mainly f rom the 
+ 90 m (surface) level of the mine. Despite 
the high sampling level, all of the samples 
were fresh, and no supergene al terat ion was 
observed in microscopic examination. The iso-
topic composition and location of the sam-
ples are depicted in Fig. 4. The (5 3 4S values 
range f rom — 1.6 to + 1.3 per mil wi th — 0.2 
per mil as a mean value of 28 samples. The 
f requency distr ibution d iagram in Fig. 3 in-
dicates tha t the isotopic composition of sul-

fides varies somewhat more in Kylmäkoski 
than in Kotalaht i and Hitura. No correlation 
was observed between isotope composition 
and ore type. Anomalously light su l fu r was 
noted in two samples rich in graphite. The 
host rock of the graphi te-bear ing ore type 
varies f rom a biot i te-hornblende gabbro to 
biotite diorite — the rock types that are met 
with only in this par t icular par t of the ore 
body. 

The p r imary di f ferent ia t ion series of the 
u l t ramaf ic body extends f rom orbicular pe-
ridoti te to peridoti te and f u r t h e r to pyroxe-
nite. The hornblendi te and perkni t ic varieties 
close to the contacts or at the taper ing ends of 
the body were formed by wal l rock assimila-
tion. Thus, the graphi te-bear ing gabbro and 
diorite are the result of local wall-rock conta-
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Fig. 3. Su l fu r isotope distr ibution in the occurrences studied. 

mination of the ul t ramafic melt. The al tera-
tion of pyroxenites into cummingtoni te- t re-
molite rocks and of peridotites into serpen-
tinites are the result of hydrat ion during 
metamorphism. The sulfides have also under -
gone metamorphic redistribution, but no Ni-
Cu halo can be observed around the body. 
Only locally massive chalcopyrite-rich veins 
and breccias intersect the gneissous wall rock. 
The complicated metamorphic processes and 
contamination in this ra ther small u l t ramafic 

body have given rise to the wide range of 
<5S4S values. 

Vammala, Laukunkangas and Oravainen 
The data on the sul fur isotopes of Vam-

mala and Laukunkangas in Fig. 3 and Table 1 
were taken f rom studies by Häkli et al. (1979) 
and Grundst röm (1979). The unpublished data 
of Oravainen were kindly put at the author 's 
disposal by M. Isohanni of Outokumpu Oy. 
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V a m m a l a 

According to Häkli et al. (1979), the Vam-
mala u l t r amaf ic body is composed of a pile 
of u l t ramaf ic layers resting one above the 
other. The lower and upper layers are com-
posed mainly of peridotite, whereas the mid-
dle layer is hornblendite. The sulf ide Ni-Cu 
ore occurs in the lower peridoti te layer; only 
a weak dissemination of sulfides exists in the 
hornblendi te and upper peridoti te layers. The 
textures of the sulfides in the upper layer 
indicate tha t the p r imary sparsely dissemi-
nated sulfides have altered into oxides due 
to oxidation, and tha t only remnants of the 
original sulfide grains remain. 

The isotope composition of the main sul-
f ide mass in the lower layer is ra ther homo-
geneous the <5®4S values ranging f rom — 2.2 
to + 1.7 per mil (Table 1). In the hornblen-
dite layer, the su l fur is slightly heavier, é 3 4 S 
averaging + 1 . 5 per mil. The su l fur isotope 
composition of the sulfides in the upper 
metaperidoti t ic layer d i f fers decisively f rom 
tha t in the lower layers, the <S34S values 
varying between + 5.4 and + 19.5 per mil, 
the average being + 12.5 per mil. 

It is ha rd ly possible tha t the sulfides with 
an average 6 3 4 S of + 12.5 per mil could be 
pure ly magmat ic in origin. Häkli et al. (1979) 
concluded that the original sulfides in the 
upper layer oxidized soon af te r crystall iza-
tion, and that the enhanced oxidation state 
of the system is due to discharge of the sec-
ond magma pulse near or even on the sea 
floor. This notion is confirmed by isotope 
data obtained f rom the secondary sulfides, 
which formed short ly a f te r the oxidation of 
the p r imary sulfides. The su l fur in the sec-
ondary sulfides derived f rom the oxidized 
p r imary sulfides, which mixed with su l fur 
derived f rom sea-water sulfate. The dominant 
influences must have been the isotopically 
heavy sea-water sulfa te and its share in the 

fluid f rom which the secondary sulfides de-
posited. 

Another possibility is tha t the secondary 
sulfides in the upper layer obtained the i r iso-
topically heavy su l fu r f r om the sulfa te min-
erals in the sediments in t ruded by the sec-
ond magma pulse. Thermal waters accom-
panied by magmat ic activity dissolved the 
sulfate minerals . The near ly quant i ta t ive re-
duction of these aqueous sulfate species du r -
ing serpentinizat ion of the peridotit ic rock 
would cause precipitat ion of sulfides wi th 
comparat ively high £ 3 4 S values. 

L a u k u n k a n g a s 
The sulf ide-bearing per idot i te-gabbro body 

at Laukunkangas contains Ni-Cu sulfides in 
an intrusive rock series, mainly in nori te 
(Grundström, 1979). The richest occurrence of 
sulfides is, however, in peridoti te close to the 
basal contact of the body. The graphi te schist 
inclusions in the mafic igneous rocks also 
contain Ni-Cu sulfides. According to Grund-
ström (1979), the <534S values in nori te are 
between —4.3 and + 3 . 1 per mil, the aver-
age being — 0.2 per mil. The graphite-schist 
inclusions have somewhat l ighter sulfur , the 
(5 3 4S values ranging f rom 0.5 to — 6.5 per mil, 
wi th — 2.6 as an average. 

Grunds t röm (1979) states that the graphi te 
schist inclusions obtained some nickel f rom 
the enclosing norite, and hence the nickel-
content in the inclusions is up to 2.5 per cent 
in the sulf ide phase. The corresponding value 
in norite is between 3.5 and 6; in the g raph-
ite-schist wall rock outside the maf ic body 
the nickel content is only ca. 0.4 per cent in 
sulf ide phase. The chemical composition of 
the sulfides in black schist inclusions shows 
tha t they are of mixed origin. Hence their 
su l fur isotope composition is also an admix-
ture of isotopically light black schist sulfides 
and magmat ic sulfides of about zero <534S 
value. 
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O r a v a i n e n 

According to Isohanni (1979), the u l t r amaf i c 
body at Orava inen is located in a high m e t a -
morphic mica-gneiss env i ronmen t off the 
coast in the Bo thn ian Bay. The body is a 
subver t ica l pipe wi th a horizontal section of 
ca. 75 X 30 m ex tending more t han 240 m in 
depth. The marg in of the body against the 
gneissic wall rock is f ine-gra ined gabbro tha t 
grades i nwards into metaper ido t i t e and f i -
nal ly into a metadun i t i c core. The massive 
ores are located in me tadun i t e and the disse-
mina ted ores in the marg ina l zones. The sul-
f ide minera l assemblage consists ma in ly of 
pyr rho t i te , pen t land i te and chalcopyri te . 

The su l fu r isotope composit ion was ana ly-
sed f r o m 12 samples, 2 of which w e r e f r o m 
su l f ide-bear ing g raph i t e schist in wal l rock 
and 10 f r o m Ni-Cu ore. The resul ts a re shown 
in Table 1. The isotopic composit ion of the 
sul f ides in the ore is ve ry homogeneous, the 
(5 : 14S values ranging f r o m + 2.4 to + 3.4, w i th 
an a r i thmet ic mean of + 2.8 per mil. The 
two de te rmina t ions on graphi t ic mica gneiss 
yielded — 8 . 1 and — 7 . 8 per mil c lear ly in -
dicat ing a d i f f e ren t origin for the sulfides. 

Discussion 
The s u l f u r isotope composit ions analysed and 
cited above for Ni-Cu occurrences in sou th-
ern and cent ra l F in land devia ted l i t t le f r o m 
the meteor i t ic va lue and f r o m the va lue 
for magmat ic , mant le -o r ig ina ted sulfides. 
If the va lues analysed are weigh ted 
by the sulf ide content of the ores, the d is t r i -
but ion of s u l f u r isotope rat ios is r a t h e r homo-
geneous. The devia t ing values shown by the 
analyses above are main ly due to e x t r e m e 
ore types the percen tage of which, however , 
is neglible compared wi th the whole sul f ide 
mass. The values given above suggest t ha t 
the init ial s u l f u r isotope composit ion was ho-

mogeneous in all the u l t r amaf i c bodies being 
ca. + 2.5 at Hi tura , + 2.0 at Kota laht i , close 
to zero at Kylmäkoski , ca. — 1 at Vammala , 
+ 2.8 at Orava inen and close to zero per mil 
at Laukunkangas . At V a m m a l a the sulf ides 
in the uppe r u l t r amaf i c layer devia te s ignif i -
cant ly f r o m those in the Ni-Cu ore p roper 
in isotope composition. The weak, i ron-r ich 
sulf ide disseminat ion in the u p p e r layer is 
p re sumab ly of d i f f e ren t pos tmagmat ic origin 
t han the magmat ic Ni-Cu sulf ides in the low-
er u l t r amaf i c layer . At H i tu ra and Orava i -
nen the isotopic composit ion of the sulf ides 
in the u l t r amaf i c body deviates s ignif icant ly 
f rom t h a t of the sulf ides in the wal l - rock 
gneiss. The same is t r ue for the sulf ides in 
the L a u k u n k a n g a s maf ic body and the g r a p h -
ite-schist inclusions, and for the Kylmäkosk i 
u l t r amaf i c body and the graphi t ic ore type. 
It is unl ike ly tha t a considerable or m a j o r 
pa r t of the sulf ides in the ores s tudied origi-
na ted f r o m the wall rock by assimilat ion; 
they are more p robab ly of magmat i c origin. 

The wal l - rock sulf ides and the nickel-r ich 
sulf ides in u l t r amaf i c rocks w e r e admixed ac-
ross the contacts be tween the rock types. The 
admixing is well documented in the envi ron-
men t of the Hi tu ra ore body, w h e r e a weak 
Ni-Cu dispersion halo exists in wal l - rock 
gneisses. Likewise, the black schist inclusions 
in L a u k u n k a n g a s owe the i r Ni -Content to ad-
mixing wi th magmat ic sulfides. 

All the deposits s tudied have undergone 
me tamorph ic recrystal l izat ion and red i s t r ibu-
tion of sulfides. It is t he re fo re ha rd to decide 
w h e t h e r the fo rmat ion of the nickel d isper-
sion halo a round the Hi tu ra ore body and the 
admixing of magmat ic and sed imen ta ry sul-
f ides in inclusions are p r i m a r y magmat ic fea -
tu res or w h e t h e r they w e r e fo rmed by mobi-
lization of sulf ides dur ing metamorph i sm. 

The Juss i ore body at Kota lah t i m a y have 
been fo rmed by long-dis tance mobil izat ion of 
magmat ic sulfides. The slight deplet ion in : i 4 S 
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tha t characterizes the Jussi ore body does not 
occur in the main intrusive of Kotalahti . The 
c»S4S values in the small ore body of Kylmä-
koski are more var iable than those in the 
Kotalaht i body. The complex metamorphic 
history and the effect of wall rock sulfide 
contaminat ion easily leave their imprint on 
the sulfides of a small u l t ramaf ic body. 

The su l fur isotope composition of the Ni-Cu 
occurrences in southern and central Finland 
indicates tha t most of the sulfides studied are 
of magmat ic origin. The original isotope com-
position varies between r5 ; i 4S values + 2.8 and 
— 1 per mil, but it is too early to conclude 
whether the differences are significant in 
te rms of the intrusion type or envi ronment 

of the deposit. Late magmat ic or me tamor -
phic processes have caused local var ia t ion in 
isotope composition, and the s tudy shows that 
detailed and comprehensive data on su l fur 
isotopes would shed new light on the meta-
morphic history and origin of the Ni-Cu oc-
currences. 
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