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The Kylmäkoski sulf ide Ni-Cu deposit is located in southwestern 
Fin land in the WNW trending Por i -Kylmäkoski nickel bel t which 
contains several o ther sulf ide Ni-Cu occurrences besides K y l m ä -
koski. The original reserves of the Kylmäkoski ore were ca. 0.5 
million tons of ore assaying 0.48 % Cu and 0.55 %> Ni. The ore w a s 
exploited in 1971—1974. The wedge-shaped host u l t r amaf ic body 
wi th sinuous contacts against the wal l - rock mica gneiss was almost 
wholly mineral ized. The body was bordered in the nor th by an 
intersect ing quar tz diorite. The main rock types are peridoti tes, 
pyroxeni te and hornblendi te , and the di f ferent ia t ion is supposed to 
be caused by wal l - rock contaminat ion. The peridoti tes include r a r e 
orbicular and nodular var iet ies whose peculiar t ex tu re is due to the 
rapid crystall ization of skeletal olivine. The u l t ramaf ic body has 
undergone regional me tamorph i sm and recrystall ization. Sulf ides 
exist e i ther as p r imary disseminated grains or accumulat ions brought 
about by gravi ta t ive sett l ing or as massive and breccia ores generated 
by la ter tectonic events. A nickel-arsenide minera l assemblage 
abounds as massive veins re la ted to the intersect ing quar tz dior i te 
dikes. P l a t i num-group elements a re concentrated in the nickel-
arsenide mineral izat ion. The lead-lead modal age of the body is 1856 
Ma. The emplacement of the u l t r amaf i t e is suggested to p reda te 
folding and regional metamorphism. 
Heikki Papunen, Institute of Geology and Mineralogy, University of 
Turku, SF-20500 Turku 50, Finland. 

Introduction 

At the beg inning of the 1960s the bel t 
t r end ing ESE f r o m Pori , a town in wes te rn 
Finland, became known for its a b u n d a n t n e w 
indicat ions of Ni-Cu occurrences. The indi-
cations w e r e main ly ore samples sent to ex-
plora t ion companies b y local people; an ex -
plora t ion method tha t has been succesful ly 
appl ied in F in land since the 1930s. The f i rs t 
h in ts of the Kylmäkosk i ore w e r e received in 
1962, w h e n two schoolboys found a big gla-
cial boulder of Ni-Cu ore in the vi l lage of 
Taipale. The fol lowing yea r a small u l t r a -

maf ic su l f ide-bear ing body was detected wi th 
the aid of geophysical su rvey and d iamond 
dri l l ing only a f e w h u n d r e d mete r s NW of 
the f i rs t ore boulder . The body was comple-
tely covered by glacial overburden . 

On the basis of dr i l l ing da ta the ore re -
serves w e r e es t imated in 1963 to be 515 000 
tons assaying 0.48 °/o Cu and 0.55 % Ni. The 
decision to exploit the ore was m a d e in 1970 
a f t e r ownersh ip of the deposit had passed to 
O u t o k u m p u Oy. In March 1971 min ing op-
era t ions s ta r t ed in an open pit. F rom October 
1973 they cont inued u n d e r g r o u n d unt i l 
Sep tember 1974 w h e n the whole deposit was 
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Fig. 1. Geological m a p of the Kylmäkoski area, mainly according to Matisto (1976). 



The Kylmäkoski nickel-copper deposit in southwes te rn F in land 131 

exhaus ted . Dur ing tha t period, 689 616 tons 
of ore and 839 586 tons of b a r r e n rock were 
hoisted. The total recovery of nickel was 
1829 tons and of copper 579 tons. 

The present au thor took p a r t in the geo-
logical invest igat ions by O u t o k u m p u Oy at 
the end of the 1960s and dur ing the exploi ta-
tion period of the mine. The numerous new 
discoveries of Ni-Cu occurrences in the Por i -
Kylmäkosk i nickel belt and the explora t ional 
potent ia l i ty of the a rea w a r r a n t a detai led 
descr ipt ion of the ore deposit. A brief repor t 
of the appea red in Finnish by P a p u n e n in 
1976. 

General geology of the Kylmäkoski area 

Explora t ion for nickel and l i thogeochemical 
s tudy of the d is t r ibut ion of nickel in maf ic 
and u l t r amaf i c rocks (Häkli, 1970, 1971) re -
vealed a l inear bel t f avourab le for Ni-Cu 
occurrences ex tend ing f r o m Ahla inen in the 
nor thwes t to Sääksmäk i in the southeast . The 
belt is he re called the Por i -Kylmäkosk i belt. 
P a p u n e n et al. (1979) and Häkl i et al. (1979) 
pointed out t ha t the bel t is the sou thwes te rn 
segment of a r ing-shaped zone tha t su r rounds 
the cent ra l F in land grani to id and includes 
most of the Ni-Cu occurrences in the Sveco-
fennides . 

The V a m m a l a deposit (Häkli et al. 1979) is 
the largest of the Ni-Cu occurrences in the 
Por i -Kylmäkosk i belt, which includes the 
occurrences of Kylmäkoski , Sääks jä rv i , Ha r -
junpää , Hyvelä and Korkeakoski (Kahma, 
1973; Häkl i et ai. 1979). 

The u l t r amaf i c body tha t hosts the K y l m ä -
koski su l f ide ore is located in a migmat ized 
gneiss belt t h a t runs in a WNW-ESE direc-
tion about 40 km south of the wel l -p reserved 
metased iments and metavolcanics of the T a m -
pere schist a rea (cf. Eskola, 1963). The body 
is embedded in mica gneisses and migmat i tes 
(Fig. 1). The paleosome of migmat i t e is ma in ly 

biot i te gneiss bu t bands wi th garnet , cordie-
rite, ho rnb lende or g raph i t e a re also common. 
Amphibol i tes wi th in te rbedded ura l i t e and 
plagioclase porphyr i t e s r epresen t volcano-
genic rock types of the same gneiss belt. 
Owing to the h igh degree of m e t a m o r p h i s m 
and migmat izat ion, the origin of the mica 
gneisses cannot be establ ished. Locally, how-
ever, some wel l -preserved par ts , e.g. in 
Sääksmäki some 20 k i lometers east of Ky l -
mäkoski , display t ex tu re s s imilar to meta -
turbidi tes , which suggest s ed imen ta ry origin. 

The migmat i tes a re in tersected by synkine-
mat ic in t rus ive rock series: hornblendi tes , 
gabbros, diori tes and qua r t z diorites, which 
const i tu te a d i f fe ren t ia t ion series. South of 
the Kylmäkosk i migmat i t e belt, t he re is a 
la rge area of heterogeneous, pa r t ly po rphyr i -
tic quar tz dior i te t ha t includes i r r egu la r 
bodies of diorite, gabbro and hornblendi te . 
In the no r th the Kylmäkosk i migmat i t e belt 
is bordered by equ ig ranu la r quar tz diori te; 
even there , however , bodies of porphyr i t i c 
granodior i te occur wi th porphyrob las t s of 
potassium fe ldspar rang ing up to 3 cm in 
d iameter . 

Shape and environment of the 
ultramafic body 

The body is about 260 m long and a max i -
m u m of 100 m wide and 80 m deep (Fig. 2). 
The wide n o r t h e r n pa r t of the body has mig-
mat i t ic gneiss as wall rock on its wes te rn 
side. The same gneiss appears as lenses in 
the n o r t h e r n and no r theas t e rn contacts, but 
in the east, f a r t h e r no r th and in the basal 
contact of the n o r t h e r n par t , the body is su r -
rounded by qua r t z diori te t ha t also in tersects 
the body as several dikes. The n a r r o w south-
ern pa r t pinches out in dep th in migmat ic 
gneiss wall rock. Agains t the quar tz dior i te 
the u l t r amaf i c body exhibi ts crooked, locally 
also rec t l inear contacts; against the migma t i -
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+ 25 level 

Fig. 2. The Kylmäkoski u l t r amaf ic body. Distr ibut ion of the rock types indicated only on the m a p 
of the sur face level. 1. peridoti te, 2. orbicular peridoti te , 3. pyroxeni te and perkni te , 4. hornblendi te , 
5. cummingtoni te rock, 6. gabbro, 7. migmatized mica gneiss, 8. quar tz diorite, 9. u l t r amaf i t e in cross 

sections and on plans of the + 50 and + 10 levels. 

zed mica gneiss, however, the contact curves 
smoothly and in many places varies surpr is-
ingly as small scale folds that vary in axial 
direction as do folds in a migmati te environ-
ment (Figs. 3 and 4). 

The body extends no deeper than 80 meters. 
The f igures in sections ( + 50 and +100 in Fig. 
4) indicate the height above sea level; the 
deepest level of the mine was the + 1 0 m 
level. A continuation of the body beyond the 
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Fig. 3. Longitudinal section of the body. Legend as in Fig. 2. 
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Fig. 6. Orbicular var ie ty of peridotite. Serpent i -
nized olivine is almost black in f igure, pyroxenes 

and amphiboles are gray. 
Fig. 5. Sul f ide-bear ing nodular peridotite. Sulf ide 
specks appear l ight gray in interst ices of black 

olivine nodules. 

i n t rud ing qua r t z dior i te in the nor thwes t has 
not been established. Dur ing explora t ion a 
body of hornb lend i t e was detected about 
500 m no r thwes t of the ore body, bu t it was 
b a r r e n of sulf ides and the tenor of nickel was 
ve ry low. 

The rock types 
The rock types of the u l t r amaf i c body can 

be classified into peridoti tes , pyroxeni tes and 
perkni tes , hornblendi tes , cummington i te 
rocks, gabbros and diori tes (Fig. 2). Per ido-
t i tes abound in the central , th icker pa r t s of 
the body, whe reas perkn i tes and hornb lend i -
tes preva i l in the t ape r ing pe r iphera l pa r t s 
and ends of the body. Cumming ton i t e rocks 
occur only in the n o r t h e r n p a r t of the body, 
close to its eas te rn contact zone. Diori tes 
and gabbros d i f f e r f r o m the o ther rock types 
in chemical composit ion and are evident ly 
mixed contact variet ies . 

Petrography 
T w o types of per idot i tes occur: no rma l 

equ ig ranu la r per idot i te and a pecul iar nod-
ular , locally orb icular type wi th large oli-

vine nodules. The nodula r per idot i te exists 
as i r r egu la r por t ions in no rmal per idot i te in 
the no r the rn end of the u l t r amaf i c body. 

The normal type of per idot i te consists of 
par t ia l ly serpent in ized olivine, or tho- and 
c l inopyroxenes and brownish hornblende . 
Al te ra t ion processes have produced se rpen-
t ine f r o m olivine, cumming ton i t e f r o m or tho-
pyroxene and t remol i te and actinoli te f r o m 
cl inopyroxene. With increasing abundances 
of amphiboles the rock type grades into cum-
mingtoni te rock or hornb lend i t e wi th a cor t -
landi te va r ie ty as a t rans i t iona l rock type. 

The nodu la r per idot i te is a r a r e rock type 
tha t has not been repor ted earl ier . It is 
dis t inguished f r o m the normal equ ig ranu la r 
per idot i te by its olivine nodules rang ing f r o m 
1 cm to ca. 5 cm in d iamete r (Figs. 5 and 6). 
The nodules commonly exhibi t ex t e rna l 
crysta l f o r m s of olivine, and in th in section 
they appear as large and almost equ id imen-
sional single crysta ls of olivine. They d i f f e r 
in shape f r o m the la rge me tamorph ic blades 
of olivine described by Evans and T r o m m s -
dorff (1974) and also f r o m t h e harr is i t ic or 
c rescumula te olivine noted in some layered 
igneous rocks (Wager and Brown, 1968). A 
f e w nodules, however , a re roundish synneut ic 
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Table 1. Microprobe analyses of silicate minerals in nodular peridotite. 

Shell 
Ol. 

Nodule 
interior 

En Aug. Ol. 

»groundmass» 

En Aug. 

42.10 
39.77 

17.98 
0.18 

28.89 
4.97 

53.65 
1.14 
0.19 

10.96 
0.04 

15.53 
0.36 

53.88 
23.21 

0.03 
4.87 0.01 

40.51 
39.43 

19.56 
0.15 

28.22 
4.40 

54.66 
1.50 
0.19 

10.53 
0.03 

16.65 
0.32 

53.85 
23.68 

0.03 
3.01 0.01 

MgO 
Al äO:| 
SiOjj 
CaO 
TiOa 
FeO 
NiO 
Total 100.03 99.84 97.89 

Ol. = olivine, En = enstati te, Aug. = augite 

aggregates of small olivine grains. Being 
oriented, they give rise to a »wavy extinc-
tion» in the whole nodule under crossed po-
larizers. The olivine is part ly, or almost 
wholly, serpentinized. 

The »groundmass» in the intersticies of the 
euhedra l olivine nodules is composed of 
medium-gra ined pyroxenes and amphiboles, 
locally also scattered olivine grains and sul-
f ide accumulations. Only the outer shell of 
the nodules is usually olivine; the interior 
consists of coarse, locally poiklitic pyroxene 
and small individual olivine crystals. Thus, 
the mater ia l resembles the groundmass out-
side the nodules. 

In some places the olivine shells seem to 
be refused, al though concentric radial zoning 
of olivine, pyroxenes and amphiboles is also 
encountered. The t e rm »orbicular» is pro-
posed for this type. The olivine forms a 
roundish »eggshell» around radial or poikilitic 
crystals of pyroxene and amphibole (Fig. 6). 

A fea tu re common to the zoned »orbicular» 
type and the euhedral shells of olivine nod-
ules is tha t the abundance of sulfides inside 
of the nodules is lower than in the external 
groundmass. This is probably due to sulfide 
liquation, which preceded the rapid crystall i-
zation of the olivine nodules. The fors ter i te 
component is highest in the olivine shell. The 

99.65 99.53 97.55 

values are slightly lower for the groundmass 
olivine, which indicates early crystallization 
of the olivine nodules (Table 1). 

The euhedra l shape and large size of the 
nodules is a resul t of rapid growth of crystals 
in the melt. In olivine basalts the pheno-
crysts of olivine usually contain large inclu-
sions of groundmass because the growing 
crystal had a high tendency to fo rm perfect 
crystal forms. The t ex tu re of olivine in the 
nodular peridoti te is ra ther similar a l though 
the scale is dif ferent . The nodules seem to 
be unusual skeletal crystals of olivine tha t 
crystallized rapidly f rom supercooled magma. 
The skeletal blades of olivine typical of ko-
matiit ic u l t ramaf ic lavas crystallized under 
the conditions of a local steep t empera tu re 
gradient . The olivine nodules crystallized 
rapidly but ei ther the local t empe ra tu r e 
gradient was not steep enough to produce 
skeletal olivine blades as in komati i tes or 
then the magma was in movement dur ing the 
crystallization of the olivines and large equi-
dimensional crystals were formed. The chem-
ical compositions of the d i f fe ren t types of 
peridoti te are given in Table 3. The nodular 
type is richest in magnesium but poor in 
silica, indicating tha t it is the f i rs t member 
of a di f ferent ia t ion series. 

The olivine-poor pyroxeni tes proper are 
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Table 2. Microprobe analyses of nickel in silicate minera ls (ppm). 

Peridot i te 
Average Range 

Pyroxeni te and hornblendi te 
N Average Range N 

Olivine 
Or thopyroxene 
Augite 
Hornblende 

1092 583—1404 13 
221 140—269 6 
170 75—326 11 
375 188—663 13 

1041 825—1407 6 
245 192—274 3 
158 118—207 8 
352 139—558 27 

N = n u m b e r of samples 

ra the r uncommon, whereas the rock type 
known as perkni te abounds in the nor thern 
par t of the body. It is an u l t ramaf i te with 
hornblende, augite and /o r hypers thene as 
main components and forms a transit ion zone 
f rom peridotite to hornblendite in the nor th-
ernmost par t and in the tapering southern 
end of the body. The hornblende is ei ther 
greenish or brown in thin section. The brown 
hornblende seems to be a p r imary mineral , 
whereas the green variety envelopes the 
augite crystals and seems to be, at least par t i -
ally of secondary origin. Minor plagioclase 
exists locally, and the rock type grades in to 
hornblende melagabbro or gabbro. 

The rock type characterized by abundant 
cummingtoni te is met with in the nor th-
eastern par t of the body. If of ten contains 
remnants of orthopyroxene, augite and horn-
blende in addition to pale, intensely twinned 
laths of cummingtonite. The microscopic 
textures indicate tha t the rock type is an 
al terat ion product of pyroxenite. 

Gabbros and diorites are quite rare. As 
mentioned above, the hornblendite grades 
into gabbro with increasing plagioclase abun-
dances, but these var iants are local and 
restricted in size. Diorite has been met with 
on the surface level close to the eastern con-
tact of the body. In addition to hornblende, 
plagioclase and biotite it contains some quartz 
and abundant graphite. The rock is hetero-
geneous and the amounts of the main compo-

nents vary within wide limits. Gabbros and 
especially the graphi te-bearing diorite were 
formed as a result of assimilation of the wal l -
rock material by u l t ramaf ic magma. This is 
supported by evidence f rom sulfur isotope 
determinations (Papunen and Mäkelä, 1980). 

A set of coarse-grained and very dark peg-
mati te veins intersect the peridotite, especi-
ally on the + 4 5 level in the mine. At the 
contacts of the pegmati te the peridotite exhi-
bits an almost monomineralic succession of 
alteration zones composed of talc, actinolite, 
anthophyll i te and chlorite in this order, s ta r t -
ing f rom the unaltered peridotite. The al tera-
tion zones are f rom 1 to 10 cm wide except 
at the contacts of the intersecting quar tz-
diorite dikes, where they may be up to 20 cm 
wide. The alteration zones exist only when 
the peridotite is the host rock of the dikes. 
The contacts of pegmati te against pyroxenite 
or hornblendite are sharp and without al tera-
tion features. Similar zoning has been de-
scribed f rom Hitura and Kotalahti by Papu-
nen (1970). 

Chemical composition of silicate minerals 
Mafic silicates were analyzed for Ni and 

Fe by electron microprobe in the laboratory 
of the Exploration depar tment of Outokumpu 
Oy. In addition to the data given in Tables 
1 and 2, the tenor of Ni in biotite f rom mica 
gneiss ranges f rom 80 to 134 ppm, averaging 
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Table 3. Average chemical compositions of the rock types. 

Nodular Peridot i te Pyroxeni te Hornblendi te Gabbro 
., . , peridoti te Number Q 16 3 25 4 samples 

X s.d. X s.d. X s.d. X s.d. X s.d. 

SiOL> 39.91 0.95 46.08 2.19 
TiO-> 0.36 0.15 0.30 0.17 
A I 2 O 3 2.99 0.45 4.34 1.53 
FeO (total) 14.34 0.42 13.45 1.39 
FeO (silic.) 12.91 0.89 12.04 1.47 
MnO 0.19 0.02 0.19 0.02 
MgO 28.33 1.59 23.50 1.49 
CaO 4.07 0.69 7.84 2.03 
Na>0 0.09 0.10 0.31 0.32 
K 2 O 0.06 0.07 0.08 0.10 
P 0.06 0.01 0.11 0.15 
S 1.06 0.76 1.05 1.06 
As 0.002 — 0.010 0.005 
Cu 0.15 0.10 0.21 0.32 Ni (total) 0.25 0.12 0.26 0.20 Cr 0.09 0.05 0.28 0.14 

X = ar i thmet ic mean, s.d. = s tandard deviat ion 

49.20 3.55 49.00 3.19 45.08 3.03 0.44 0.22 0.50 0.24 1.05 0.74 5.63 1.88 6.12 1.49 17.02 2.18 13.03 0.83 11.92 2.70 14.91 4.36 11.05 1.94 9.56 1.26 14.12 3.79 0.19 0.03 0.18 0.04 0.21 0.06 19.49 0.78 15.30 1.50 9.44 2.61 8.84 1.14 12.10 1.75 8.18 3.87 0.64 0.45 0.61 0.26 1.07 0.33 0.08 0.09 0.22 0.18 1.33 0.31 0.11 0.03 0.19 0.06 0.14 0.08 1.48 1.21 1.77 1.51 0.59 0.76 0.004 — 0.00 — 0.00 — 
0.19 0.19 0.14 0.12 0.06 0.08 0.24 0.17 0.26 0.21 0.09 0.12 0.23 0.16 0.43 0.13 0.06 0.04 

97 ppm. The content of nickel in the horn-
blende of the enclosing quartz diorite is only 
18 ppm; the highest abundances of nickel 
f rom 874 to 988 ppm were recorded f rom two 
thin quartz diorite dikes intersecting the 
peridotite. A hornblende gabbro at the con-
tact of u l t ramaf i te has only 28 to 56 ppm 
nickel in hornblende, indicating that the 
gabbro belongs to the synorogenic intrusive 
suite, which fa r ther south shown ra ther sim-
ilar values. 

The abundance of nickel in olivine is about 
the same as that in the lower, sulfide-rich 
u l t ramaf ic layer of the Stormi intrusion; at 
Kylmäkoski, however, the Fo content of oli-
vine is somewhat lower (Häkli et al. 1979). 
There is no correlation between Ni and Fo 
abundances in olivine and in this respect, 
too, the variat ion in composition is similar to 
tha t in the Stormi ul t ramafi te . In a small 
sulfide-bearing intrusive like that at Kylmä-
koski the subsolidus reactions between olivine 
and sulfides equilibrated the composition of 
sulfide and silicate phases at a certain level. 

Geochemistry of the rock types 

The samples were analyzed at the Explora-
tion Depar tment of Outokumpu Oy by the 
XRF method described by Häkli et al. (1979). 
The results are given as calculated averages 
for d i f ferent rock types (Table 3) and as te r -
nary diagrams (Fig. 7). The chemical com-
positions of the rock types are similar to those 
for the Stormi ul t ramafic complex (Häkli 
et al. 1979), except that the dunitic member 
is lacking in Kylmäkoski. The nodular perid-
otite is the most mafic member of the Kyl-
mäkoski rock series. In the ul t ramafic rocks 
of the suite the ratio Ca to Al is gener-
ally more than unity. The variation in the 
Mg to Fe ratio f rom nodular peridotite to 
hornblendite is small, bu t the compositional 
difference is manifest in the abundances of 
calcium, aluminium and alkalies. 

Häkli et al. (1979) explained the similar 
variation within the Stormi ul t ramafic com-
plex as a result of migration of these ele-
ments f rom the wall rock into the ul t ramafic 
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CaO AI2O3 AUOj MgO 
Fig. 7. Te rna ry d iagrams depicting the var ia t ion in chemical composition of the rock types. + = 

orbicular and nodular peridoti te, square = peridot i te and pyroxeni te , x = hornblendi te . • = gabbro. 

magma. The same exp lana t ion can well be 
applied to the Kylmäkosk i rock series. The 
location of hornblendi tes at the contacts and 
in the t aper ing ends of the body suppor t this 
concept. The he terogeneous g raph i t e - r i ch 
gabbros and diori tes assimilated a g raph i t e -
rich por t ion of the wal l rock. 

The ore types 
The sulf ide minera l s exist ma in ly as dis-

seminat ion, which is locally a b u n d a n t enough 
to f o r m a cont inuous net be tween the sili-
cates. In the ol ivine- and pyroxene- r i ch pe r i -
doti tes the disseminat ion is in ters t i t ia l (Fig. 8), 
but in the hornb lend i t e the sulf ides of ten ex-
ist as round spheres indicat ing tha t they crys-

tallized ear l ier t han the host hornblende . In 
the nodula r per idot i te the sulf ides occasion-
ally occur as small massive layers tha t g rade 
u p w a r d into an inters t i t ia l d isseminat ion be -
tween nodules of the over lying peridoti te . In 
the coarse-gra ined disseminat ion in the nodu-
lar peridoti te , chalcopyr i te is o f ten seen close 
to the top edges of the sulf ide gra ins t h a t 
rest on the olivine nodules. The t e x t u r e 
demons t ra tes t ha t the heavy sul f ide drops 
set t led down as massive layers in a mel t t h a t 
contained large nodules of previous ly crys-
tall ized olivine. The t e x t u r e lends excel lent 
suppor t to the »bil l iard-ball model» by Na ld -
re t t (1973). Along the basal contacts of t h e 
body the sulf ides occur as f ine-gra ined brec-
cias t ha t locally ex tend for a f ew meters in to 
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Fig. 8. Inters t i t ia l pyr rhot i te -pent landi te dissemi-
nat ion (white) in peridot i te ; ref lected light. 

the wall rock gneiss. In cummingtonite rocks 
the sulfides exist as anhedral grains penet ra t -
ed by amphibole needles as a result of meta-
morphic recrystallization of amphibole (Fig. 
9). The sulfides also form rectlinear massive 
veins up to 20 cm wide that can be followed 
for over ten meters. The veins are enveloped 
by chlorite-rich slickensides that, when the 
sulfide vein dies out, continue without sul-
fides. Massive Ni-arsenides occur locally as 
a continuation of the massive Ni-Cu sulfides 
in the veins. As a rule however, the nickel 
arsenide veins are encountered as the taper-

Fig. 10. Graphi te - r ich breccia ore; po = py r rho -
tite, pn = pent landi te , grf = graphi te ; ref lected 

light. 
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Fig. 9. Pyr rho t i t e -pen t landi te grains (white) in-
tersected by amphibole needles in cummingtoni te 

rock; ref lected light. 

ing ends of quartz-diori te dikes or in contact 
shear zones of the intrusive quartz diorite. 

The ore minerals 
The main ore minerals in the disseminated 

and breccia ores are pyrrhoti te , pent landi te 
and chalcopyrite, but, especially in the brec-
cias rich in Cu, lamellae of cubanite are al-
most as abundant as chalcopyrite (Fig. 13). 
The same is t rue for the dissemination in the 
cummingtonite rock. Pyrrhot i te is mainly of 
hexagonal phase, but in the breccia ores a 

Fig. 11. Mackinawi te (white) in serpentinized oli-
vine (black); ref lected light. 
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Fig. 12. Mackinawi te (mc) and magnet i te (mt) r e -
placing pent landi te (pn), po = pyrrhot i te ; ref lected 

light. 

minor amoun t of monoclinic phase appears 
as lamel lae in the hexagonal host. Euhedra l 
pen t land i te gra ins are common in the dissemi-
nat ion in peridoti te , whereas g r a n u l a r pen t -
landi te and exsolut ion f lakes abound in the 
o ther ore types. In some places pen t land i te 
hosts lamel lae of exsolved chalcopyri te . The 
pen t land i te crystals of serpent inized per ido-
t i te contain a n e t w o r k of se rpen t ine and m a g -
ne t i t e along the oc tahedra l cracks, a t e x t u r e 
t h a t impeded the benef icat ion of the ore (Fig. 
12) . 

The minor opaque minera l s include mack-
inawite , which occurs especially in the ser-
pent inized par t s of the body as small or iented 
f lakes in pen t land i te (Fig. 12) or as small 
f l ake veinlets along f o r m e r cracks of se rpen-
tinized olivine gra ins (Fig. 11) and also as 
independen t disseminat ion in serpent in i te . 
The t e x t u r e of the mack inawi te is s imilar to 
t ha t of secondary magne t i t e which occasion-
ally abounds in cracks of pen t land i te and in 
serpent in ized olivine. Graph i t e is locally 
ve ry common in the eas tern p a r t of the body 
(Fig. 10). It exists in brecciated ores as la rge 
f lakes or as a f ine-gra ined mass, and it m a y 
fo rm round spheres in pyr rho t i t e . Some 
f l akes of molybdeni te a re met wi th in the 

Fig. 13. Lamel la r in te rgrowth of pent landi te (pn) 
and cubani te (cb) in chalcopyri te (cp); mt = m a g -

neti te . 

graphi te - r ich pa r t of the body. Argen t i an 
pen t land i te is a common minor const i tuent of 
the chalcopyr i te- r ich ores in breccias and 
sulf ide veins. In the disseminated ores r a r e 
euhedra l gra ins of gersdor f f i te -coba l t i t e a r e 
encountered toge ther wi th sulf ides; in the 
nickel arsenide veins, however , zoned gra ins 
of gersdor f f i te -coba l t i t e a re locally the ma in 
opaque minerals . Nickeline and mauche r i t e 
a re of ten the p r edominan t minera l s in t h e 
arsenide veins. A cobal t i te -gersdorf f i te seam 
exists be tween the sulf ides and arsenides in 
localities w h e r e an arsenide vein t e rmina t e s 
in a sulf ide vein. Nickel ine is more a b u n d a n t 
than mauche r i t e and it commonly contains 
m i n u t e euhedra l inclusions of gersdorf f i te . 
The minera l assemblage of the arsenide veins 
also includes chalcopyr i te wi th a b u n d a n t 
a rgen t ian pent landi te , common pen t l and i t e 
and minor wehr l i t e and galena as well as 
minera l s of PGE, of which michener i te has 
been ident i f ied. 

The chemical composit ions of the main ore 
minera ls a re given in Table 4. The nickel 
to iron ra t io of pen t land i te is lowest in the 
disseminated ore in per idot i te , in which the 
average i ron to s u l f u r ra t io of py r rho t i t e is 
highest . Both a re in accordance wi th the 
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Table 4. Electron microprobe analyses of sulf ides (mean compositions). 

Disseminated ore in peridot i te Other ore types 
pn cp po pn cp 

S 39.79 32.65 34.84 39.94 32.95 34.79 
Fe 60.4 33.9 30.45 59.90 32.65 30.51 
Co 0.01 1.42 0.01 0.02 1.33 0.01 
Ni 0.37 32.2 0.01 0.34 32.91 0.01 
Cu — — 34.52 — — 34.70 
Total 100.57 100.17 99.83 100.20 99.84 100.02 

po = pyrrhot i te , pn = pent landi te , cp = chalcopyri te 

composition of sulfide minerals and sulfide 
phase as reported f rom Hitura and Kotalahti 
by Papunen (1970, 1974). 

Composition of the sulfide phase 
A set of samples of every rock and ore 

type (281 in all) was collected f rom drill cores 
f rom different par ts of the body. The sulfides 
were leached with bromine methanol and the 
base metals were assayed with AAS at the 
Laboratory of Exploration, Outokumpu Oy, 
according to the method described by Pent -
t inen et al. (1977). The sul fur was determined 
by an automatic Leco su l fur analyzer. The 
average compositions of the di f ferent ore 
types are given in Table 5. 

The correlation coefficients were calculated 
(Table 6) and the R-mode factor analysis was 
performed f rom the logarithms of the anal-

ytical data. The factor matr ix was rotated 
by the Varimax method; the first four factors 
are presented in Table 7. The factor scores 
of each analyzed sample were also calculated. 

The first factor, which has high loadings 
of Cu, Ni, Co and S, is called the »nickel ore 
factor». The second factor has high loadings 
of the copper to sul fur ratio indicating a high 
copper content in the sulfide phase. Corre-
spondingly the third factor has a high load-
ing of the Ni to S ratio. The four th factor has 
loadings of Zn, Pb and Ag but, owing to the 
low eigenvalue, it is of minor significance. 

Comparison of the factor scores with the 
sulfide mineral assemblages of the samples 
clearly demonstrates a correlation between a 
definite assemblage and high values of factor 
scores. The first factor has the highest values 
in the samples with high contents of the main 
ore minerals, pyrrhoti te, pentlandite and chal-

Table 5. Average chemical compositions of the sul f ide f ract ions (percent). 

Ni Cu Co Zn p p m Pb ppm 

Nodular peridoti te 7.07 3.74 0.39 941 503 
Per idot i te 6.69 3.52 0.33 840 428 
Pyroxeni te 5.20 3.74 0.31 503 319 Gummington i te rock 5.22 2.98 0.25 518 293 Hornblendi te 4.98 2.91 0.25 623 349 Breccia ore at the 4.59 22.7 0.18 1916 465 contact of the body 
Sulf ide vein 5.06 0.59 0.26 139 19 
Calculated assuming 37.5 °/o S in the sulf ide phase 
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Table 6. Correlat ion coefficients. 

Cu Zn Ni Co Pb Ag S Cu/S Ni/S Ni/Co 

Cu 1.00 .46 .75 .63 .37 .78 .79 .40 —.08 .75 Zn .45 1.00 .23 .20 .51 .56 .20 .43 .08 .23 Ni .75 .23 1.00 .94 .44 .57 .91 —.18 .24 .87 Co .63 .20 .93 1.00 .49 .46 .87 .30 .19 .64 Pb .37 .51 .44 .49 1.00 .46 .37 .04 .18 .27 
Ag .78 .56 .57 .46 .46 1.00 .60 .34 .06 .58 S .79 .20 .91 .87 .37 .60 1.00 .24 .18 .77 
Cu/S .40 .43 —.18 —.30 .04 .34 —.24 1.00 .14 .04 Ni/S —.08 .09 .24 .20 .18 .06 .18 .14 .00 .25 Ni/Co .75 .24 .87 .64 .27 .58 .77 .04 .25 1.00 

Table 7. Rotated fac tor mat r ix . 

Factors 
Communal i t ies 1. 2. Communal i t ies 1. 2. 3. 4. 

Cu .816 .476 .167 .210 0.965 Zn .127 .487 —.119 .734 0.792 Ni .955 —.107 .175 .206 0.997 Co .847 —.289 .130 .310 0.914 Pb .252 —.066 .120 .890 0.873 Ag .607 .469 —.190 .424 0.804 S .942 —.131 —.245 .174 0.995 Cu/S —.116 .951 .102 .071 0.935 Ni/S .059 .055 .989 .081 0.993 Ni/Co .987 .176 .202 .010 0.877 
eigenvalues 5.10 1.87 1.24 0.94 
cumula t ive 
percentage 51.00 69.70 82.08 91.44 of total 
var iance 
principal Cu Cu/S Ni/S Zn loadings Ni (Ag) P b Co (Zn) (Ag) S (Cu) 

Ag 
Ni/Co 

copyri te , whereas the second fac tor shows 
high values in samples wi th chalcopyr i te and 
cubani te as the main sulf ide minerals . The 
loadings of si lver and zinc on this fac tor can 
be expla ined by the fac t tha t the main car -
rier of silver, a rgen t i an pent landi te , as well 
the zinc minera l , sphaler i te , exist as exsolu-
tion bodies in chalcopyri te . The th i rd fac tor 
has high fac tor scores in the samples wi th Ni 

arsenide mineral izat ion, in which the ra t io Ni 
to s u l f u r becomes anomalous ly high. 

In this pa r t i cu la r case fac tor analysis of the 
geochemical da ta of the ore samples corre-
lates ve ry well w i th the minera l assemblages, 
and the fac tor scores indicate quan t i t a t ive ly 
the abundances of d i f f e r en t ore mine ra l as-
semblages. 

A represen ta t ive set of samples was col-
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Table 8. Abundances of PGE (ppm). 

Sample Pt Pd Rh S (per cent) 

chalcopyr i te- r ich impregnat ion 
in perkni te < 0.005 0.0025 < 0.005 8.2 
peridotite, disseminated sulf ides 0.01 0.005 < 0.005 2.15 
orbicular peridoti te < 0.005 0.0025 < 0.005 4.40 
peridoti te, r ich dissemination 0.005 0.0035 < 0.005 3.10 
pyroxene-hornblende gabbro 0.01 0.025 < 0.005 2.05 
breccia ore in perkni te < 0.005 0.005 < 0.005 13.6 
breccia ore in hornblendi te 0.005 0.005 < 0.005 15.0 
massive ore < 0.005 0.001 < 0.005 35.6 
nickel arsenide vein 0.4 1.0 < 0.005 — 

Table 9. Lead isotope analyt ical da ta for chalcopyri te fract ions. 

Sample - " 6 P b / 2 0 1 P b i > i 7 P b p i 4 P b 2 0 8 P b / 2 0 4 P b 

A. disseminated Cu-r ich ore 19.320 15.802 38.604 
in hornblendi te ± 0.052 ± 0.044 ± 0.116 

B. disseminated ore in 24.384 16.340 48.303 
pyroxeni te ± 0.035 ± 0.031 ± 0.086 

C. disseminated ore in 23.864 16.293 37.720 
per idot i te ± 0.024 ± 0.028 ± 0.049 

D. sulf ide vein in 17.811 15.603 36.918 
peridot i te ± 0.001 ± 0.005 ± 0.014 

E. chalcopyri te rich breccia 24.002 16.305 41.569 in gneiss at the contact ± 0.007 ± 0.013 ± 0.026 of peridoti te 
F. disseminated ore in orbicular 18.089 15.616 37.240 

peridot i te ± 0.016 ± 0.017 ± 0.043 

lected for the analysis of p la t inum-group 
elements according to the method described 
by Häkli et al. (1976). The results presented 
in Table 8 indicate low tenors of PGE in 

disseminated and breccia ores and enr ichment 
of PGE in the nickel-arsenide ore type, in 
which Pd is more abundant than Pt . In dis-
seminated sulfides the reverse is of ten true. 

Fig. 14. Plot of lead isotope data for the analyses 
presented in Table 9. 

Dating 
A set of samples was collected for age de-

terminat ions based on lead isotope data. Chal-
copyrite f ract ions were separated by flotat ion 
and heavy liquids for extract ion of t race 
amounts of lead. The isotope analyses were 
carr ied out by Dr. M. Vaasjoki and Dr. O. 
Kouvo at the geochronological labora tory at 
the Geological Survey of Finland. 

The Pb-Pb isotope data are given in Ta-
ble 9. The least squares f i t t ing line in the plot 
2 0 6 p b / 2 o v p b against ^ P b / ^ P b defines an 
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isochron tha t corresponds to an age of 1856 
( + 179, —203) Ma w h e n the decay cons tant 
of J a f f e y et al. (1971) is used (Fig. 14). The 
age is consistent wi th the lead-lead age of the 
Te lkkä lä deposit (Häkli et al., 1975) and 
sl ight ly younger t han the U, T h - P b ages of 
zircons f r o m t h e Kota lah t i deposit (Gaål, 
1980) and V a m m a l a (Häkli et al., 1979). 

Discussion 

The shape, set t ing and me tamorph ic a l t e ra -
tion of the Kylmäkosk i u l t r a m a f i c body sug-
gest tha t the body was a l ready in i ts p resen t 
env i ronmen t w h e n the wal l rock gneisses 
were migmat ized and folded. The pal ingenic 
neosome of the migmat i t e intersects and b rec -
ciates the u l t r amaf i c body as pegmat i t e veins. 
The zoned a l tera t ion selvages along the con-
tacts of the pegmat i t es developed in per ido-
tite, as a resul t of d i f fus ion of alkalies, silica 
and a luminium, f r o m pegmat i tes tha t d a r k -
ened and are now composed ma in ly of p la-
gioclase (cf. Papunen , 1970). 

Al though ve ry small in size, the K y l m ä -
koski body is ve ry s imilar to the V a m m a l a 
deposit, which is the largest of the Ni-Cu 
occurrences in the Por i—Kylmäkosk i belt . 
The Kylmäkosk i body is a subconformable 
wedge in migmat i t e and is in tersected by 
qua r t z diorite. I ts cont inuat ion to the n o r t h 
has not been established. Owing to s imilar i -
ties in s t ruc tu re and composition, the Kyl -
mäkoski u l t r a m a f i t e and the S tormi u l t r a -
maf ic complex p robab ly have a s imilar his-
tory of emplacement . According to Häkl i et 
al. (1979), the m a g m a of the S to rmi u l t r a m a -
f i te i n t ruded into the argi l laceous sediments 
at an ea r ly s tage w h e n the sediments w e r e 
still only sl ightly consolidated. If the same is 
t r u e for most of the su l f ide-bear ing u l t r a -
maf i t es in the Por i—Kylmäkosk i belt , the i r 
emplacemen t mus t be a t t r ibu ted to a long 

tensional geosuture , t ha t pe rmi t t ed the i n j ec -
tion of m a g m a at the geosyncl inal s tage of 
the orogeny. This phase p reda tes the regional 
me tamorph i sm, folding and the younges t 
f au l t ing tha t is now visible as l ineaments in 
the topography (Tuominen et al., 1974). 

The pecul iar t e x t u r e of the nodu la r and 
orbicular per idot i te is expla ined as a resul t 
of rapid crystal l izat ion f r o m supercooled 
magma. The lack of chromi te in per idot i te in -
dicates low oxygen fugac i ty in the original 
u l t r amaf i c magma. Chromi te could not c rys-
tallize as an ea r ly cumulus phase and, as 
shown by the pyroxen i t e analyses in Table 3, 
the ch romium in the m a g m a was la ter incor-
pora ted in the pyroxenes . 

In a maf ic magma, chromite p robab ly acts 
as a nucleus for crystal l izat ion, even for sili-
cate minera l s (Wager, 1959). Thus, the lack 
of chromi te f u r t h e r cont r ibuted to the super -
cooling of the m a g m a and the sudden rap id 
g r o w t h of olivine crysta ls as soon as the 
nuclei w e r e fo rmed . The magmat i c origin of 
the orbicular t ex ture , as suggested by Mu-
tanen (1974), can well be applied here. 

The skeletal crystal l izat ion of nodu la r pe r i -
doti te is consistent wi th the hypothesis of 
the rapid in ject ion of m a g m a into a r a t h e r 
cool env i ronment . The same type of orb icular 
per idot i te was repor ted in the contact of the 
V a m m a l a deposit by Häkl i et al. (1979). 

The sulf ides w e r e l iquated be fo re the crys-
tal l izat ion of olivine nodules. This is demon-
s t ra ted by the lack of sulf ides in the in ter ior 
of the olivine nodules. The olivine c rys ta l -
lized f r o m the m a g m a which t h rough l iqua-
tion was a l ready deple ted in sulfides. The 
nodules set t led down toge ther wi th the sul -
fides, which now occasionally fo rm massive 
bu t minu te layers. The massive sulf ide layer 
t ha t was visible in the open pit was not 
hor izonta l bu t t i l ted to the west, app rox ima-
tely para l le l to the contact of the u l t r a m a f i t e 
wi th the wall rock. 
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The small body u n d e r w e n t deformat ion , 
a l te ra t ion and regional me tamorph i sm, and 
hence the original basement can no longer 
be entabl ished. 
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