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chrysotile rocks, contain relicts of olivine (Fo 9 |_ 9 3 ) , orthopyroxene (100*Mg/ 
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Introduction 

The Outokumpu complex, assemblage, associ-
ation or Steinmann trinity, whichever one may 
choose to call it, is a zone of the North Karelia 
schist belt in eastern Finland which is famous for 
its Cu-Zn-(Co-Au) sulfide ores. The ore critical 
nature of this zone, together with the problems 
associated with it, has meant that it has been a 
focus of continuous research in the fields of 
mineralogy, petrology, geochemistry, structural 
geology and ore geology ever since it was first dis-
covered in 1910 (Frosterus and Wilkman 1920; 
Trüstedt 1921). 

The research carried out to date provides two 
kinds of picture of the status of the complex with-
in the North Karelia schist belt. One interpreta-
tion is that the zone is an autochthonous forma-
tion in a geosyncline into which magmas of man-
tle origin have erupted (Vähätalo 1953; Huhma 
and Huhma 1970; Huhma 1975, 1976; Piirainen 
1969, 1976; Peltola 1978; Simonen 1980; Park 
and Bowes 1981; Mäkelä 1981; Bowes et al. 1984; 
Park 1984, 1988; Papunen 1987), while the oth-
er maintains that it is an ophiolite complex, i.e. 
a tectonic allochthon derived from the oceanic 
crust of 1.97 Ga age (Koistinen 1981, 1986, 1987; 
Ward 1987), a notion which has gained support 
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from research into the Kainuu schist belt (Kon-
tinen 1987). Earlier work which also provides a 
basis for such a theory includes that of Wegmann 
(1928), Väyrynen (1937, 1939) and Gaal et al. 
(1975). 

It has been known for some time that the ser-
pentinites of the Outokumpu complex contain ac-
cessory chrome spinel and relict olivine and pseu-
domorphs of orthopyroxene (Haapala 1936). 
Haapala (op.cit.) claims that these serpentinites 
were originally mainly dunites and saxonites 
(harzburgites). 

A great deal of information has accumulated 
at the Department of Geology, University of 
Oulu, in recent years on the mineral compositions 
of various basic and ultrabasic magmatic cumu-
lates and the chemical compositions of their 
minerals (Alapieti et al. 1979a and b, 1984; Ala-
pieti 1982; Hanski 1986; Vuollo 1986), and vari-
ous ultramafiolites, including ophiolites and es-
pecially chrome spinels, have also been subject 
to intensive investigation elsewhere (see Green-
baum 1977; Hoffman and Walker 1978; Leblanc 
et al. 1983; Dick et al. 1984; Christodoulou et al. 
1985; Jankovic 1986; Obradovic 1986; Johan 
et al. 1986; Burgath et al. 1986). This research 
suggests that the primary minerals in the 
ultramafiolites, olivine, pyroxene and above all 
chrome spinel, are sensitive indicators of their 
geological background. This makes the serpen-
tinites of the Outokumpu complex, which have 
been studied surprisingly little since the work of 
Haapala cited above, a particularly interesting 
topic of investigation. 

Geological setting 

The Outokumpu complex contains a rock as-
semblage black schist — serpentinite — amphibo-
lite — carbonate rocks — calc-silicate rocks — 
quartz rock — Cu-Zn-(Co-Au) ore. It was 
thought earlier that it did not contain any mag-
matic derivatives apart from the serpentinites at 
all, but works carried out in recent years has led 

to the discovery of amphibolites with relict struc-
tures allowing them to be interpreted as gabbros, 
pillow lavas and pyroclastites (Park et al. 1981; 
Rehtijärvi et al. 1985). A date of 1.97 Ga has been 
obtained from the formation from the zircon of 
the Horsmanaho metagabbro (Huhma 1986). 

The above rock assemblage forms zones with-
in the North Karelia schist belt which can be 
traced for some 260 km (Fig. 1). The host rocks 
throughout are mica schists characterized by 
structures typical of turbidites (Huhma 1971). 
These mica schists, which are regarded strati-
graphically as belonging to the Kaleva series 
(Frosterus 1902; Frosterus et al. 1920; Väyry-
nen 1954; Simonen 1980) are bounded by Sario-
la and Jatuli quartzites (Gaal 1964, Piirainen 
1968; Piirainen et al. 1974; Pekkarinen 1979; 
Marmo et al. 1988), overlying the Archaean base-
ment in a discordant manner. Younger than these 
are the differentiated and spilitic sills and un-
differentiated tholeiitic dykes (Piirainen 1969; 
Hanski 1986; Vuollo 1988), the age of which may 
be deduced from results obtained in other parts 
of the Karelian schist belt to be 2.2 and 2.1 Ga 
respectively (see Sakko 1971; Patchett et al. 1981; 
Huhma 1986). The dykes cut across the Sario-
lan and Jatulian quartzites, but not the Kalevian 
schists (Väyrynen 1933; Piirainen et al. 1974). 

Following the various sedimentary and mag-
matic events, the North Karelia schist belt under-
went a complex history of deformation and 
metamorphism in association with the Sveco-
karelian orogeny around 1.9—1.8 Ga ago. The 
peak of progressive metamorphism in the west-
ern parts of the formation rose as far as condi-
tions typical of a high amphibolite facies (Treloar 
et al. 1981), whereas in the eastern parts it came 
to a halt at the boundary between the amphibo-
lite and greenschist facies (Piirainen 1968). The 
deformations were also greater in number and de-
gree in the west than in the east. Six stages of 
deformation have been distinguished in the Outo-
kumpu area (Koistinen 1981), whereas only three 
are visible in the Koli-Kaltimo area (Kohonen 
1987). Also, the schists in the west are intersected 
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Fig. 1. Geological map of the Outokumpu area, modified after Huhma (1975), Koistinen (1981, 1987) and Parkkinen 
et al. (1985). The sampling sites are denoted by asterisks. 
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by granitoids of age 1.86—1.87 Ga (Huhma 
1986), whereas these are absent on the eastern 
edge of the schist belt. 

In summary, the North Karelia schist belt is 
regarded as having gone through all the stages 
in the evolution model presupposed by plate tec-
tonics, beginning after the denudation of an 

Archaean mountain range with the RRR-system 
of the early Proterozoic and continuing to the 
passive margin and finally a back geosyncline 
(Piirainen 1968), in the same manner as described 
by Hoffman et al. (1974) for the Great Slave 
Lake area of Canada. Various interpretations 
have been put forward for the relation of the 

7 
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Outokumpu complex to this evolution, and we 
will return to these in the Discussion below. 

Serpentinites 
General 

Serpentinites constitute the principal rock type 
in the Outokumpu complex, forming bodies that 
interleave closely with the carbonate rocks, 
quartz rocks and calc-silicate rocks in a conform-
able manner (Haapala 1936; Peltola 1978; Koisti-
nen 1981). The individual bodies vary greatly in 
size and shape, the largest ones having a longitu-
dinal axis of several kilometres and reaching 
thicknesses of several hundred metres. The con-
tacts between the serpentinites and the surround-
ing rocks are either tectonic or gradual, grading 
first to carbonate rocks, which then grade via 
calc-silicate rocks to quartz rocks (Haapala 1936; 
Peltola 1978). The carbonate rocks, calc-silicate 
rocks and quartz rocks bordering on the serpen-
tinite bodies have typically high Cr, Ni and V 
concentrations (Eskola 1933; Huhma et al. 1970; 
Treloar 1987), and it is this that has led to the 
linking of their origins with the serpentinization 
event (Huhma et al. 1970; Gaal et al. 1975). 

Samples and petrography 
125 samples for investigation of the serpen-

tinites were selected from cores obtained by 
Outokumpu Oy and Myllykoski Oy in connec-
tion with ore prospecting at Savonranta, Outo-
kumpu, Polvijärvi, Miihkali, Luikonlahti, Kok-
ka and Poskijärvi, and also from the outcrops 
at Mäntyjärvi in the commune of Kaavi. These 
sampling sites cover the whole length of the Outo-
kumpu sequence (Fig. 1), the aim being to ob-
tain as comprehensive a series of different types 
of serpentinite as possible. 
Savonranta 

The samples (12) were taken from different 
depths along a stretch of 100 m of core, from 

Fig. 2. Photomicrographs of a) the Savonranta harzburgite, 
plane polarized light, SR-PE-10, 250.00, b) the Polvijärvi 
antigorite serpentinite, crossed polars, OKU-791, 436.50 
c) the Miihkali cumulus-textured wehrlite, crossed polars, 
JU-MI-92, 298.00. Ol = olivine, Cr = chromite and Cx = 
clinopyroxene pseudomorph. Photo length 4 mm. 

170 m to 270 m, from one borehole, SR-PE-10. 
The serpentinites are either dunites or harzbur-
gites in composition (Fig. 2a). All the samples ei-
ther retain the primary mineralogy in places (oli-
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Fig. 3. SEM pictures of the chromites in the serpentinites. a) Savonranta, SR-PE-10: 192.50: an interstitial accumulation 
of chromite grains in which the individual grains are eroded and contain silicate inclusions, b) Polvijärvi, OKU-791: 474.30: 
a cumulus chromite grain which has been markedly altered so that only the centre has been preserved, c) Miihkali, JU-M1-90: 
373.00: a cumulus chromite grain which has altered to a very much lesser degree than the above, d) Luikonlahti, LR-117 86.95: 
isolated, eroded chromite grains in a dunitic rock. 
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vine, orthopyroxene and/or chromite) or else, in 
most cases, have pseudomorphs visible. The oli-
vine has been replaced by chrysotile/lizardite, 
and the orthopyroxene by bastite. There is little 
orthopyroxene and it is found as anhedral grains 
which are very much larger (1—5 mm) that those 
of olivine. The chromite is found in dark-brown, 
eroded interstitial accumulations in the harzbur-
gites and dunites (Fig. 3a), the size of these ac-
cumulations frequently exceeding 5 mm. In-
dividual grains are usually <0 .1 mm in size. 
Little alteration of chromite is observed, and the 
accumulations are surrounded by only a thin Fe-
rich margin ( < 0 . 0 1 mm). 

Outokumpu 
The samples (23) are from three boreholes, 

OKU-719: 150—515 m, OKU-724: 730—805 m 
and OKU-726: 315—460 m. Those from bore-
holes 719 and 724 represent dunitic serpentinites 
of cumulus texture (chrysotile/lizardite with a 
little antigorite), whereas borehole 726 also con-
tains lherzolitic and harzburgitic serpentinites 
(chrysotile/lizardite). The primary minerals, oli-
vine, orthopyroxene and chromite, are encoun-
tered only in borehole 726, although their pseu-
domorphs are easily visible in the other cores, 
too. The majority of the clinopyroxene has been 
transformed to tremolite and then to serpentine 
pseudomorphs (chrysotile). Orthopyroxene relicts 
have been found in only one sample. Elsewhere 
it has been transformed mostly into bastite. The 
chrome spinel in boreholes 719 and 724 has been 
altered as far as Cr-magnetite, and it is only in 
borehole 726 that small, typically euhedral, al-
most unaltered, although sometimes eroded, 
chromite grains of < 0 . 1 mm are to be found. 

Polvijärvi 
The samples (11) are derived from one bore-

hole, OKU-791, but from a core which extends 
for more than 300 metres (430—750 m). These 
are all dunitic serpentinites in composition, but 
differ from the other serpentinites of the Outo-

kumpu complex in that the mineral replacing 
the olivine is a massive, non-pseudomorphic, 
greenish antigorite (Fig. 2b). These samples con-
tain more talc and carbonate than the others stud-
ied here. The textural features of the rock and 
its primary minerals have been destroyed by ser-
pentinization. Only the chromite has survived in 
small amounts in some of the samples, but this 
is different in occurrence (in large cumulus grains 
of 2—3 mm, max. 5 mm) from the chromites 
found in the pseudomorphically replaced serpen-
tinites, which are eroded and partially intersti-
tial. Chromite alteration is zonal in character 
(more than half of the grains; Fig. 3b), in that 
the margins are rich in F e 3 + and only the core 
of the grain has preserved its original composi-
tion. 

Miihkali 
The samples (38) were selected from three 

cores, JU-MI-90: 130—540 m, JU-MI-91: 50— 
530 m and JU-MI-92: 300—330 m. Certain of 
them are chiefly composed of homogeneous 
dunites with olivine replaced by chrysotile. 
Only relicts of olivine and chromite have been 
preserved, but the cumulus textures are well visi-
ble (Fig. 2c). There are other samples in which 
the olivine has been replaced to a pronounced 
degree by antigorite, as at Polvijärvi. This dif-
ference in the rocks (antigorite serpentinite con-
tra chrysotile-lizardite one) and the evident dif-
ference in stratigraphical level are reflected 
in the mode of occurrence of the chrome spinel 
and its alteration. Chromite is found in intersti-
tial accumulations of grains in the chrysotile-
lizardite serpentinites, the grains ( < 0 . 1 mm) 
showing signs of pronounced erosion, whereas 
the chromite in antigorite serpentinites occurs in 
large ( > 1 mm) zonal euhedral cumulus grains 
(Fig. 3c). 

Luikonlahti 
The samples (31) were taken from two cores 

obtained by Myllykoski Oy, LR-117: 50—405 m, 



Mineralogical evidence for an ophiolite from the Outokumpu serpentinites in North Karelia, Finland 101 

LR-216: 10—190 m. Judging from the pseudo-
morphs, the dunites, Iherzolites and harzburgites 
are all represented in these samples. Of the miner-
als, only olivine and chrome spinel have survived. 
The orthopyroxene has been altered to bastite 
and the clinopyroxene to tremolite and then ser-
pentine (chrysotile). The olivine (Fo 9 1 _ 9 3 ) is 
moderately well preserved in places and its pseu-
domorphs can be recognized in all the samples. 
Chrome spinel occurs for the most part in small, 
slightly eroded subhedral grains (Fig. 3d) of size 
<0 .1 mm and is preserved in practically every 
sample. 

Kokka 
The samples (3), which were chosen from one 

borehole, Kokka-41, are dunites in composition 
(chrysotile serpentinite). Apart from the chro-
mites, the primary mineralogy has disappeared, 
but the pseudomorphs are still present. The chro-
mite usually takes the form of small, subhedral, 
eroded grains <0 .1 mm in diameter. 

Poskijärvi 
The samples (3), from a core sequence of thir-

ty metres, 20—50 m, in one borehole, PO-3, are 
seen from the pseudomorphs present to have 
been dunites and Iherzolites in composition. The 
olivine has been altered to chrysotile, the 
clinopyroxene to tremolite and then to chryso-
tile, and the orthopyroxene to bastite. Only the 
chromite has been preserved as eroded grains. 

Mäntyjärvi 
The samples (4), collected from a few outcrops 

to the north of Lake Mäntyjärvi, represent 
wehrlite in composition and their primary miner-
alogy has been preserved in part. The olivine 
( F O 8 4 ) is partly replaced pseudomorphically by 
chrysotile, or to a lesser extent non-pseudo-
morphically by antigorite. Pure cumulus grains 
of chromite are to be found, which have been al-
tered to Cr-magnetite. The clinopyroxene has 
been altered to tremolite and on to chrysotile. 

Chemistry of the serpentinites 
The material for XRF, AAS and mineral ana-

lyses was taken from samples that were as fresh 
as possible in appearance and in which either the 
primary mineralogy had been preserved in places 
or else the original textural features were still 
visible. 

The various serpentinite types were analysed 
with respect to their main components and the 
trace elements Cr, Ni, Co and Cu. Some of the 
types were also submitted to REE analysis. The 
XRF analyses of the main components were per-
formed using a Philips PW 1400 instrument at 
the Raahe laboratories of Rautaruukki Oy and an 
SRM-18 analyser at the Department of Geology, 
University of Oulu. The trace elements were 
analysed with an AAS at the Raahe laboratory, 
and the REE analyses produced by the INAA 
technique at the reaction laboratories of the Finn-
ish State Technical Research Centre. Represen-
tative results are presented in Table 1 and in the 
diagrams in Figs. 4 and 5. 

The serpentinite samples, after removal of wa-
ter and normalization to one hundred, cor-
respond in both their main components and their 
trace elements to highly olivine-rich rocks, largely 
dunites (Fig. 4, Table 1). The CaO and A1 2 0 3 

concentrations in some types may rise so high 
that they correspond to harzburgites, Iherzolites 
and wehrlites in their chemical composition, thus 
confirming the petrographical observations on 
these rocks. The rocks also correspond nearly to 
dunites, olivine-rich harzburgites, Iherzolites and 
wehrlites in their normative mineral composition. 

The actual and chondrite-normalized REE lev-
els of these rocks are low (Fig. 5), the (REE) N 

distribution revealing a slight poverty with respect 
to the medium REE elements, giving a U- or V-
shaped pattern. Results made by the INAA-
method will not be exact when the REE content 
is very low, it is however notable that they resem-
ble the distribution obtained for the lowermost 
residual rocks of the Alpine ophiolite complexes 
(Frey 1984; Prinzhofer et al. 1985). 
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Table 1. Representative whole rock analyses of Outokumpu serpentinites. 

1 2 3 4 5 6 7 8 
S i 0 2 38.84 37.63 40.47 39.70 38.28 38.33 42.53 39.83 
T i 0 2 0.02 0.03 0.04 0.00 0.03 0.03 0.03 0.04 
a i 2 O 3 0.69 0.87 0.26 0.24 0.43 0.35 1.05 2.85 
F e 2 0 , 1.46 1.14 0.98 1.04 1.17 1.08 1.17 2.14 
FeO 6.55 5.19 4.33 4.64 5.30 4.87 5.07 9.09 
MnO 0.07 0.08 0.13 0.08 0.10 0.05 0.05 0.02 
MgO 40.17 39.28 39.42 37.80 38.80 38.41 30.45 32.97 
CaO 0.04 0.29 0.02 0.09 0.31 1.85 5.33 0.40 
k 2 o 0.00 0.03 0.17 0.00 0.01 0.05 0.02 0.03 
Cr 2700 1890 1700 2520 2380 2600 2210 2020 
Ni 2110 2080 2790 1870 1820 2030 2090 1400 
Cu 10 10 20 10 10 20 20 10 
Co n.d. 80 90 n.d. 70 70 70 70 

C1PW NORM 
ORTHOCLASE 0.02 0.18 1.20 0.01 0.06 0.36 0.12 0.18 
ANORTHITE 0.20 1.42 0.03 0.51 1.36 0.94 3.27 2.14 
CORUNDUM 0.70 0.47 0.10 0.09 — — — 2.44 
WO-DIOPSIDE — — — — 0.14 4.04 11.46 — 

EN-DIOPSIDE — — — — 0.11 3.29 9.16 — 

FS-DIOPSIDE — — — — 0.01 0.27 0.98 — 

ENSTATITE 22.44 21.50 32.51 36.10 25.08 17.37 32.53 37.37 
FERROSILITE 2.38 1.85 2.32 2.90 2.22 1.40 3.47 6.53 
FORSTERITE 63.78 65.74 56.99 53.32 62.18 63.96 32.53 39.58 
FAYALITE 7.46 6.24 4.47 4.71 6.07 5.70 3.82 7.62 
MAGNETITE 2.40 1.95 1.65 1.80 2.00 1.83 1.98 3.50 
ILMENITE 0.05 0.08 0.08 0.00 0.06 0.06 0.06 0.08 
CHROMITE 0.58 0.52 0.70 0.54 0.69 0.78 0.63 0.51 
1 = dunitic serpentinite (OKU-719 178.00), 2 = dunitic serpentinite (OKU-719 214.50), 3 = dunitic serpentinite (LR-117 402.80), 
4 = harzburgitic serpentinite (SR-PE-10 250.00), 5 = dunitic serpentinite (SR-PE-10 255.00), 6 = lherzolitic serpentinite 
(OKU-726 318.00), 7 = wehrlitic serpentinite (JU-MI-92 305.00), 8 = antigorite serpentinite (OKU-791 446.90). 

Chemistry of the primary minerals 

The mineral determinations were carried out 
at the Department of Electron Optics, Universi-
ty of Oulu, using a JEOL JCXA 733 microprobe, 
by the method explained in detail in Alapieti and 
Sivonen (1983). Several hundred analyses were 
carried out and recorded in the analytical data-
base maintained by the Department of Electron 
Optics. Only representative analyses are included 
in the tables, but the diagrams (Fig. 6—8) include 
additionally all those analyses which can be seen 
to represent unchanged minerals. 

Olivine 
The olivine grains analysed were all to a greater 

or lesser extent relicts of serpentinized grains, so 
that they evidently represent the olivine in the pri-
mary rocks. Attempts were made when perform-
ing the analyses to take account of the type of 
serpentinite and also the area from which the 
sample was taken. Representative olivine analyses 
for the various types are shown in Table 2. 

All the analysed olivine grains from dunites 
and harzburgites/lherzolites are characterized by 
a high Fo content exceeding 90 There are no 
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Fig. 4. (MgO + F e 0 ) / A l 2 0 3 — S i 0 2 / A I 2 0 3 (mol.prop) plot Fig. 5. Chondrite-normalized rare earth element patterns for 
for the serpentinites of the Outokumpu complex. the serpentinites of the Outokumpu complex. 

Table 2. Representative microprobe analyses of olivine and orthopyroxene. 
1 2 3 4 5 6 7 

S i 0 2 41.51 41.30 41.63 40.38 40.23 58.91 58.00 
T i 0 2 0.03 0.00 0.00 0.01 0.03 0.00 0.01 
A12Öj 0.00 0.00 0.00 0.00 0.01 0.15 0.46 
C r 2 0 3 0.01 0.03 0.01 0.02 0.00 0.13 0.27 
FeO 6.86 7.24 8.74 14.53 14.69 4.41 4.98 
MnO 0.13 0.08 0.08 0.23 0.23 0.04 0.12 
MgO 50.88 50.72 50.33 45.28 45.04 36.35 35.25 
CaO 0.01 0.00 0.01 0.00 0.01 0.07 0.08 
NiO 0.19 0.12 0.25 0.29 0.04 0.05 0.06 
Total 99.61 99.49 101.05 100.73 100.28 100.11 99.25 

CATIONS PER 4 OXYGENS CATIONS PER 6 
OXYGENS 

Si 1.0068 1.0044 1.0038 1.0039 1.0040 2.0051 1.9990 
Ti 0.0005 0.0000 0.0001 0.0002 0.0010 0.0000 0.0002 
Al 0.0000 0.0000 0.0000 0.0000 0.0000 0.0060 0.0190 
Cr 0.0002 0.0005 0.0002 0.0004 0.0000 0.0035 0.0070 
Fe 2 + 0.1391 0.1474 0.1763 0.3021 0.3070 0.1256 0.1440 
Mn 0.0027 0.0017 0.0016 0.0049 0.0050 0.0012 0.0030 
Mg 1.8394 1.8386 1.8090 1.6780 1.6760 1.8440 1.8110 
Ca 0.0002 0.0001 0.0002 0.0000 0.0000 0.0025 0.0030 
Ni 0.0038 0.0024 0.0049 0.0058 0.0010 0.0013 0.0022 
Fo (mole%) 92.97 92.58 91.12 84.74 84.52 
mg 93.62 92.60 
1 = olivine in dunitic serpentinite (LR-117 338.80), 2 = olivine in harzburgitic serpentinite (SR-PE-10 250.00), 3 = olivine 
in harzburgitic serpentinite (OKU-726 327.60), 4 = cumulus olivine in wehrlitic serpentinite (481.2-JIV-87), 5 = cumulus 
olivine in wehrlitic serpentinite (JU-MI-92 298.00), 6 = relict orthopyroxene in harzburgitic serpentinite (SR-PE-10 250.00), 
7 = relict orthopyroxene in harzburgitic serpentinite (OKU-726 327.60). Total Fe as FeO. mg = 100*Mg/(Mg + Fe 2 + ). 
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appreciable differences in olivine composition be-
tween the dunitic and harzburgitic/lherzolitic 
types, but clear differences do emerge by com-
parison with the wehrlitic types from Mäntyjär-
vi and Miihkali, since the latter have Fo content 
of 84—85 No areal differences are found in 
the composition of the olivines of the various 
types. 

The relatively high NiO content (0.12—0.3 %) 
and low values for MnO (0.06—0.25 %) and 
CaO (0.01—0.1 %) confirm the impression giv-
en by the relict petrographic features that this oli-
vine is derived from the primary rock (cf. Fleet 
et al. 1977; Simkin et al. 1970; Vance et al. 1977). 
The NiO content of the olivine can reach as high 
as 0.3 °7o, but no clear variations can be discerned 
between the olivine of the various serpentinite 
types in this respect, although some areal differ-
ences are encountered. One striking feature is the 
extremely low NiO concentration (0.02—0.05 %) 
in some olivines of the Miihkali area. 

Orthopyroxene 
Relicts of orthopyroxene are relatively rare, be-

ing found only in the Savonranta and Outokum-
pu samples. Orthopyroxene can usually be iden-
tified in bastite pseudomorphs (intercumulus or 
poikilitic grains) at the other sites as well. 

The few grains that have been found have 
100*Mg/(Mg + Fe 2 + ) ratio between 92 % and 
94 °Jo. The A1 2 0, content is extremely low, 
< 0 . 5 but it is also low in the chromites from 
these samples. Analyses representative of these 
samples are shown in Table 2, but the number 
of analyses performed is too small to permit com-
parison between types or sites. 

Chrome spine! 
Chrome spinel is the most common accessory 

mineral in all the serpentinite types, and has also 
been preserved in all the areas studied. It is there-
fore by far the most extensively analysed of the 
primary minerals in the serpentinites, so that the 

number of analyses covers the full range of sites 
and types (see Table 3). Examples of the types 
of chrome spinel from the various sites are shown 
in Fig. 3, where the chrome spinels in 3a and 3d 
represent samples in which either the primary 
mineralogy or the pseudomorphs have been 
preserved (chrysotile lizardite serpentinites). Fig. 
3b and 3c, on the other hand, represents samples 
in which the primary mineralogy and textures 
have been destroyed and only the chromites have 
survived to some extent (antigorite serpentinites). 

The chromites divide into two groups in terms 
of composition. The small cores of eroded 
chrome spinel grains, occurring interstitially in 
places, characteristically have an extremely high 
C r 2 0 3 content, high FeO and low A1 2 0 3 , MgO, 
F e 2 0 3 and T i 0 2 , whereas the other group, the 
cumulus-textured chromites have been altered 
much more markedly and have both high C r 2 0 3 

and high A1 2 0 3 , approx. 20 % (Table 3). Their 
MgO content is also substantially higher than in 
the former type, while the FeO content is low un-
der unaltered conditions. 

In the first type the chrome spinel grain is sur-
rounded by a thin ring with a very much higher 
F e 2 0 3 content than in the core. This is indicative 
of alteration at the grain margin, whereas evi-
dently no change has taken place in the core, as 
there the F e 2 0 3 content, an increase in which is 
the most sensitive indicator of alteration, in the 
opinion of Hoffman and Walker (1978), is very 
low. The proportion of ferric iron among the ions 
filling octahedral sites is approx. 5 % on average, 
and the ratio Fe 3 + /(Cr + Al + Fe 3 + ) is <0 .1 and 
usually <0.05. In the second type the grains have 
undergone more profound alteration and the 
high-Fe 2 0 3 margin is sufficiently thick that it ac-
counts for more than half of the grain, although 
most commonly the grains have already changed 
to Fe-chromites or Cr-magnetites. It is for this 
reason that the present analyses were made on 
the unaltered cores of grains. 

Fig. 6 depicts the chrome spinel compositions 
of the serpentinite samples gathered from this 
area on three projections of the spinel prism 
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Table 3. Representative microprobe analyses of chrome spinel. 
1 2 3 4 5 6 7 8 9 10 

S i 0 2 0.03 0.06 0.07 0.04 0.02 0.04 0.06 0.02 0.03 0.03 
TiOj 0.05 0.38 0.04 0.32 0.13 0.67 0.05 0.26 0.02 0.26 
AI2O, 3.88 17.18 18.26 3.36 11.31 6.17 19.97 8.80 6.30 10.02 
C r 2 0 3 63.14 47.85 50.07 61.65 52.97 59.33 45.08 57.64 62.30 55.52 
F e 2 0 3 1.76 1.42 2.73 3.29 3.50 2.71 3.63 3.00 1.74 2.71 
FeO 24.63 28.44 12.44 26.44 23.10 24.21 22.73 22.11 20.68 22.01 
MnO 0.47 0.16 0.19 0.46 0.39 0.47 0.33 0.47 0.47 0.34 
MgO 4.41 4.13 14.60 3.27 5.47 5.44 7.51 6.77 7.46 7.05 
NiO 0.00 0.13 0.16 0.02 0.01 0.03 0.01 0.01 0.00 0.02 
ZnO 0.78 0.31 0.11 1.25 1.91 0.78 0.97 1.34 0.55 0.46 
Total 99.40 100.16 99.19 100.47 99.08 100.28 100.34 100.42 99.98 99.00 

CATIONS PER 32 OXYGENS 
Si 0.0094 0.0149 0.0165 0.0106 0.0052 0.0097 0.0165 0.0038 0.0068 0.0085 
Ti 0.0105 0.0752 0.0809 0.0698 0.0258 0.1394 0.0095 0.0530 0.0039 0.0529 
Al 1.3039 5.4013 5.3722 1.1288 3.6608 2.0197 6.0502 2.8497 2.0359 3.2218 
Cr 14.223 10.093 9.8800 13.916 11.501 13.020 9.1639 12.519 13.495 11.971 
Fe 3 + 0.3774 0.2844 0.5125 0.7061 0.7241 0.5656 0.7020 0.6207 0.3586 0.5554 
FE2 + 5.8673 6.3443 2.5966 6.3122 5.3062 5.6206 4.8874 4.8486 4.7392 5.0188 
Mn 0.1137 0.0357 0.0408 0.1107 0.0916 0.1098 0.0727 0.1098 0.1084 0.0774 
Mg 1.8740 1.6410 5.4311 1.3906 2.2406 2.2523 2.8798 2.7719 3.0464 2.8665 
Ni 0.0000 0.0280 0.0324 0.0040 0.0010 0.0060 0.0030 0.0010 0.0000 0.0040 
Zn 0.1650 0.0620 0.0206 0.2830 0.3920 0.1620 0.1850 0.2720 0.1130 0.0340 
Mg/(Mg + F e ^ ) 0.2421 0.2055 0.6765 0.1805 0.2969 0.2861 0.3708 0.3640 0.3913 0.3635 
Cr/(Cr +AL) 0.9160 0.6514 0.6477 0.9250 0.7586 0.8657 0.6023 0.8146 0.8689 0.7879 
Fe 3 + /(Cr + AI + Fe 3 + ) 0.0237 0.0180 0.0325 0.0448 0.0456 0.0362 0.0441 0.0388 0.0226 0.0353 
1 = chrome spinel in lherzolitic serpentinite (OKU-726 318.00), 2 = cumulus chrome spinel in dunitic serpentinite (OKU-791 
474.30), 3 = cumulus chrome spinei in dunitic serpentinite (OKU-791 474.30), 4 = chrome spinel in dunitic serpentinite 
(LR-117 81.10), 5 = chrome spinel in dunitic serpentinite (LR-117 86.95), 6 = chrome spinel in dunitic serpentinite (LR-216 
152.70), 7 = cumulus chrome spinel in dunitic serpentinite (JU-MI-90 373.50), 8 = chrome spinel in dunitic serpentinite 
(JU-M1-90 130.85), 9 = interstitial chrome spinel in harzburgitic serpentinite (SR-PE-10 172.90), 10 = interstitial chrome 
spinel in dunitic serpentinite (SR-PE-10 255.30). 

(Stevens 1944). In Fig. 6a the best preserved of 
the chromites, that found at Savonranta has a 
Cr/(Cr + Al) [later X C r ] ratio of 0.7—0.9 and a 
Mg/(Mg + Fe 2 + ) [later X M g ] ratio diminishing 
from 0.4 to 0.2 as Cr increases. The main changes 
in composition in the Outokumpu samples com-
pared with Savonranta are a decrease in Al con-
tent and an increase in Fe ( X C r > 0 . 9 and X M g be-
tween 0.4 and 0.2). The chrome spinels of Miih-
kali fall into two groups: The cumulus chromites 
have X C r 0.6 and X M g 0.4, whereas the intersti-
tial grains have values of 0.8—0.9 and 0.4—0.2 
respectively. The composition of the Cr-rich 
chrome spinels alter in the same manner as at 

Savonranta. The Polvijärvi chromites form a 
clearly defined group of their own along with the 
Miihkali cumulus chromites, having X C r 0.6— 
0.65, a ratio which remains virtually unchanged 
as X M g varies in the range 0.65—0.2, sometimes 
within the same sample. X C r for the Luikonlah-
ti, Kokka and Poskijärvi chrome spinels is in the 
range 0.75—0.95 and X M g in the range 0.4—0.2. 
These also present the same kind of change in 
composition as at Savonranta and in the Cr-rich 
chromites at Miihkali. 

Taken all in all, the chrome spinels fall into 
two groups regarding their X C r and X M g ratios. 
Generally X t r -values are high, 0.7—0.95 and 
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Fig. 6. Composition of chrome spinels from the Outokumpu complex. The results are plotted on projections of the spinel 
prism for chemical composition (after Stevens 1944). 

X M g being 0.4—0.2 irrespective of the degree of 
alteration, except in Polvijärvi and few Miihka-
li samples in which X C r remains evenly around 
0.6 while X M g varies greatly, from 0.65 to 0.2. 
An extremely low F e 3 + content is generally to 
be seen on the Fe 3 + / ( F e 3 + + C r + A l ) diagrams 
(Fig. 6b), resulting in a low value for the ratio, 
< 0.1. 

The Savonranta chromites are located in the 
Al-chromite field close to the Cr corner of the 

Cr : AI: F e 3 + triangle (Fig. 6c), while the slightly 
altered Outokumpu chromites, having undergone 
an increase in F e 3 + and a loss of AI, lie in the 
field of either the Al-chromites or the Fe-
chromites. The Al-chromites at Miihkali fall into 
two groups depending on their texture, the large 
cumulus chromites rich in Al closer to the Al cor-
ner, whereas the small interstitial chromites rich 
in Cr closer to the Cr corner. Only the cumulus 
chromites are represented in the Polvijärvi sam-
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pies, these being found in the same area as the 
Miihkali cumulus chromites. The chromites of 
the westernmost area, Luikonlahti, Kokka and 
Poskijärvi, are all rich in Cr, lying in the AI-
chromite field in the Cr corner. 

The results (Fig. 6c) therefore point to a clear 
binary division among the chrome spinels, the cu-
mulus chromites lying closer to the Al corner of 
the diagram and the small, eroded, locally inter-
stitial grains in the metallurgical chromite field 
only a short distance from the Cr corner. 

Discussion 

Two distinct lines of interpretation can be dis-
tinguished in research into the Outokumpu com-
plex, as mentioned at the beginning of this pa-
per. Descriptions of its structural geology show it 
to be part of a tectonic allochthon in connec-
tion with which a portion of ocean floor of age 
1.97 Ga moved in the course of orogenic up-
heavals around 1.8—1.9 Ga ago to form an 
ophiolite complex in the area of the North Kare-
lia schist belt. In contrast to the ophiolite in-
terpretation, it may also be claimed that the 
Outokumpu complex merged with the Kalevan 
mica schists, which are not allochthonous, and 
therefore the complex itself cannot be ophiolite 
of the kind described above, but must be part of 
a geosyncline into which magmas from the man-
tle must have erupted. Both interpretations have 
strong arguments in their favour (see Introduc-
tion). 

Nowadays the notion put forward by Borchert 
(1954) is generally accepted, that the ore deposits 
associated with the complex are submarine ex-
halation ores connected genetically with the mag-
matic rocks of the same association (Mäkelä 
1974; Peltola 1978; Mäkelä 1981). The ore must 
thus resemble either the Besshi or the Cyprus 
type, depending on whether the association is 
taken to be part of a geosyncline vulcanism 
or an ophiolite complex. The carbonate rocks 
and quartz rocks of the complex have been in-

terpreted as chemical sediments connected genet-
ically with the serpentinization event (Huhma et 
al. 1970; Gaal et al. 1975; Huhma 1976). 

In view of the relict minerals in the serpen-
tinites and of the composition of these rocks, it 
may be concluded that they must have original-
ly been dunites, harzburgites, Iherzolites and 
wehrlites. Serpentinization was evidently an 
isochemical event, as shown by the discrimina-
tion diagram (MgO + F e 0 ) / A l 2 0 3 — ! S i 0 2 / A l 2 0 3 

(Fig. 4). All the serpentinite samples analysed 
here were located either on or below the discrimi-
nation line for olivine but not above it, indicat-
ing that no appreciable amounts of SiO, had 
left the rock. In that case an explanation for the 
chemical sediments has to be sought elsewhere 
and not in the serpentization event. 

The serpentinites of the western zones are 
characterized by either relicts or pseudomorphs 
of olivine and orthopyroxene and pseudomorphs 
of clinopyroxene. The olivine typically has a high 
Fo content (Fo 9 , _ 9 3 ) , as is normally found only 
in the residual parts of ophiolites. The Mg-ratio 
of the orthopyroxene is 92—94, which also cor-
responds to ophiolite values, and its A 1 2 0 3 con-
tent is extremely low, < 0 . 5 as also in the 
chromites from these samples. The A 1 2 0 3 con-
centrations in the relevant minerals in these sam-
ples are well balanced by comparison with figures 
quoted for other ophiolites (cf. Johan et al. 
1986). 

The primary mineral which is perhaps the most 
sensitive indicator of its origins is the chrome 
spinel, the octahedral sites in which are filled 
chifly by Cr, AI and F e 3 + and the tetrahedral 
sites by Mg and F e 2 + , its composition being 
dependent on concentration ratios, pressure, 
temperature and the fugacity of oxygen. In-
creased pressure will reduce the Cr/Al ratio of 
the mineral, while increased S i 0 2 will have the 
opposite effect (Dick et al. 1984). High iron con-
tent ( F e 3 + ) reflects alteration (Hoffman and 
Walker 1978). 

The chrome spinels of the western zones are 
most often subhedral in texture, eroded and in-
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terstitial in places. They frequently have a C r 2 0 3 

content in the region of 60 % and a low A1 2 0 3 

content, < 1 0 Thus their X C r ratio is in the 
range 0.75—0.98 and their X M g ratio 0.1—0.4. 
In the best preserved harzburgite, that of Sa-
vonranta, where the least evidence of alteration 
was seen, the ratio X C r was 0.7—0.9 and X M g 

0.3—0.4. These ratios are quite distinct from 
those found in either abyssal ultramafiolites, the 
chrome spinels of layered intrusions, or those of 
the ultramafic cumulates of tholeiitic, picritic and 
komatiitic parent magmas. They show an almost 
exact correspondence in both texture and com-
position with the lowermost ultramafic chrome 
spinels in ophiolite complexes such as those 
reported in the Bay of Islands, Canada (Malpas 
et al. 1975), at Brezovica, Orahovac and Radusa/ 
Ljuboten, Yugoslavia (Obradovic 1986), at 
Orhaneli, Turkey (Tankut 1980), at Palawan in 
the Philippines (Rammlmair 1986), and at 
Josephine in the U.S.A. (Dick 1977), all of which 
are interpreted as residuals from the mantle 
(Fig. 7). The X M g ratio of the chrome spinels of 
the Outokumpu complex is slightly lower than 
that reported in the Orhaneli or at Palawan, but 
compares well with that of the Bay of Islands and 
Brezovica chromites. 

The X C r ratio in the eastern zone is of the or-
der of 0.65, which is slightly higher than in abys-
sal peridotites, but corresponds entirely with the 
chrome spinel composition of cumulates in 
ophiolite complexes. The X M g ratio gains values 
of 0.65, 0.4 and 0.1—0.2, the first two of which 
correspond to figures reported for chrome spinels 
in the ultramafic cumulates of ophiolite com-
plexes, whereas the last-mentioned range differs 
markedly, the samples containing very much 
more F e 2 + in tetrahedrally coordinated sites. 
The first value corresponds to primary chrome 
spinels and the latter to ones that have been al-
tered to various degrees. This suggests that if any 
alteration has taken place, it has consisted only 
of an increase in F e 2 + concentration at the ex-
pense of Mg in the tetrahedral sites, with no 
change in the ratio of ions in the octahedral sites. 

Mg/(Mg + Fe 2 + ) 

Fig. 7. Composition fields of chrome spinels from the Outo-
kumpu complex (from this study) and in Alpine-type perido-
tites, abyssal peridotites (Dick et al. 1984), layered intrusions 
(Irvine, 1967). Some fields are from residual mantle ophio-
lites in: Bay of Islands (Malpas et al. 1975); Brezovica (Obra-
dovic 1986); Palawan (Rammlmair 1986); and Orhaneli 
(Tankut 1980). 

All the chromite analyses from the Outokum-
pu complex are located on a Cr : A l : F e 3 + dia-
gram in Fig. 8, on which the compositions of 
stratiform and podiform chromites are also in-
dicated after Dickey (1975). The majority of 
the chromites from the western zones lie in 
the metallurgical chromite field close to the Cr 
corner, on account of their high Cr content, while 
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Outokumpu comp lex 

11 I I [ I Eastern zone; chrome 
C T II I I 11 spinel from cumulates 

Fig. 8. Cr : Al : F e 3 + diagram for the chrome spinels of the 
Outokumpu complex. The fields of stratiform and podiform 
chrome spinels are defined after Dickey (1975). 

chromites from the best preserved serpentinites, 
those from Savonranta, are located entirely in the 
field of the podiform chromites. The chromites 
of the eastern zone, including those of Miihkali, 
also lie in the podiform chromite field, but are 
very much richer in Al and therefore tend to 
group towards the Al corner. 

The search for analogies to the serpentinites 
of the Outokumpu complex on the basis of the 
relict minerals, olivine, orthopyroxene and in 
particular chrome spinel, leads in the case of the 
western zones to the lowermost parts of ophiolite 
complexes, which are generally considered to 
represent the residual mantle, and in the case of 
the eastern zone to the olivine cumulates of the 
upper parts of ophiolite complexes. Both parts 
would appear to be represented at Miihkali, as 
is clearly detectable from both the texture and 
the composition of the chromites. 

A further argument for a residual origin for 
the ultramafiolites of the western zones is also 
found in the (REE) N distribution, which is of 

the same form as has been found in such residuals 
(Frey 1984; Prinzhofer et al. 1985). 

Conclusions 

The primary minerals in the serpentinites of the 
Outokumpu complex, especially the chrome 
spinel and also the olivine and orthopyroxene to 
a great extent, argue for the interpretation which 
sees the formation as an ophiolite complex which 
contains serpentinites derived both from the 
residual mantle and from cumulates. 

The residual mantle serpentinites were origi-
nally dunites, harzburgites and Iherzolites, while 
the cumulates were dunites and wehrlites. Serpen-
tinization in the parts of the formation represent-
ing the residual mantle progressed in a manner 
which preserved the original textural features of 
the rocks and lead to the creation of lizardite and 
chrysotile, whereas in the cumulates the original 
textural features were obliterated almost entire-
ly as the rocks were transformed to antigorite ser-
pentinites. Serpentinization was an isochemical 
process in both cases except for the addition of 
water. The serpentinites that originated from the 
residual mantle are predominant in the western 
parts of the area, while the cumulate types dom-
inate the eastern zone. Both types are in evidence 
at Miihkali. 
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