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The Archaean crust of eastern Finland is composed of three main lithological 
units: 
— Gneissic basement. It was originally composed of tonalites, trondhjemites and 

granodiorites emplaced at 2.86 G.a. and 2.62 G.a. and subsequently trans-
formed into grey gneisses. The parental magmas originated from the mantle in 
a two-stage process: (i) formation of a basaltic crust, (ii) melting of this crust 
transformed into garnet-bearing amphibolite. Field, petrological and geochem-
ical data argue in favour of a subduction-like process rather than an underplate 
accretion model. 

— Greenstone belt (Kuhmo—Suomussalmi). The lower volcanic sequence of this 
greenstone belt is composed of mafic and ultramafic lavas with komatiitic and 
tholeiitic affinities and was emplaced at about 2.65 G.a. The uprising of a 
mantle diapir initiated the breaking of the preexisting sialic crust (grey gneisses) 
and induced the emplacement of the greenstones in a proto-oceanic rift geody-
namic environment. 

— Calc-alkaline magmatism. The calc-alkaline magmas were emplaced as vol-
canic rocks in the greenstone belt 2.5 G.a. ago (Luoma acid volcanics), or as 
K-feldspar phenocryst granodiorites in the immediate vicinity of the Kuhmo— 
Suomussalmi greenstone belt 2.5 G.a. ago (Suomussalmi and Arola augen 
gneisses). The younger plutons were emplaced as pink leucogranites 2.41 G.a. 
ago. The origin of this magmatism is thought to be correlated to the late tecto-
nic evolution of the Kuhmo—Suomussalmi greenstone belt. 

The high density (d ~ 3.3) lavas of the lower volcanic sequence were emplaced 
over a low density (d — 2.7) sialic crust. This created an inverse density gradient 
and generated a gravity instability that initiated the subsidence (sagduction) of the 
greenstone belt with respect to its basement. This later was carried down in the 
vicinity of the belt and underwent partial melting, thus generating the calc-alkaline 
magmas. 

It must be pointed out that, in the course of time, petrogenetic processes have 
changed from ensimatic to ensialic, implying a major reworking of the preexisting 
crustal materials. 
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Introduction 

The increasing number of investigations of 
Archaean cratons and the progress made in 
analytical techniques have greatly improved our 
understanding of the petrogenetic processes oc-
curring during this period of the early history of 
the Earth. Although, realistic indications about 
the nature of the sources and the processes of 
differentiation of the crust are available, the 
geotectonic environments in which these petro-
genetic processes operated are still hypothetical 
and have given rise to much controversy. 

Correlations between the geotectonic envi-
ronment and the major and trace element com-
position of magma are very useful for investiga-
tions on the late history of the earth (e.g. Con-
die et al., 1969; Bebien 1973; Pearce and Cann 
1973; Glassey 1974; Floyd and Wichester 1975). 
Unfortunately they must be considered very 
carefully with regards to archaean time for 
three: 

(1) Lateral and local mantle heterogeneity (e.g. 
Sun and Nesbitt 1977; Jahn et al. 1980a, 
1980b, 1983). 

(2) Compositional evolution of the mantle 
through time (e.g. Glikson 1979; Jahn 1977, 
Jahn et al. 1980, 1982). 

(3) Post crystallization modifications (meta-
morphism, weathering) (Garcia 1978). 

Since there is no miraculous way of establish-
ing a geotectonical environment we have to fix 
maximum number of petrogenetical and geo-
chemical constraints, which will then be used 
together with field data to build up models of 
the geotectonic environment. The model that 
takes all the constraints into account will be 
considered as the most realistic one. 

Since 1975, our group at Rennes has focussed 
attention on two areas: The lower Proterozoic 
granulites of Lapland and the Archaean crust of 
Finnish Karelia. In the latter area the investiga-
tions have been conducted on several types of 
rocks: 

— Greenstone belts (Blais et al. 1977 a, 1977 b; 
1978; Bertrand et al. 1978; Jahn et al. 
1980 a; Vidal et al. 1980; Auvray et al. 1982; 
Piquet, 1982). 

— Gneissic basement (Vidal et al. 1980; Martin 
et al. 1983 a, 1983 b). 

— Late granitic intrusions (Vidal et al. 1980; 
Martin and Quérré 1984; Quérré 1981). 

The purpose of this paper is: 
a) to attempt a synthesis of all the available 

data (on Finnish Karelia) and to fix the 
structural, petrological, geochemical and 
geochronological constraints; 

b) to consider a simple geodynamic process (if 
one exists) that takes into account the time-
space relationship between the different 
lithological units. 

Geological setting and geochronological data 

Archaean terrains are well exposed in Finnish 
Karelia and extend into Soviet Karelia (Fig. 1). 
Sederholm (1897) was the first to refer to these 
terrains as Archaean in age, and he was fol-
lowed by many authors (Frosterus and Wilk-
man 1920; Wilkman 1921; Sederholm 1932; 
Väyrynen 1933, 1954; Matisto 1958; Eskola 
1963; Vartiainen 1970; Hyppönen 1973; Bowes 
(1976). The assumptions of these authors were 
corroborated by radiometric mesurements 
(Kouvo 1958; Wetherill et al. 1962; Kouvo and 
Tilton 1966; Bibikova and Tugarinov 1975; 
Blais et ai 1977a; Vidal et ai. 1980; Patchett et 
ai. 1981; Vaasjoki 1981; Martin et ai. 1983a; 
Martin and Quérré 1984; Peucat et Martin 
1984). 

Until recently these terrains were divided into 
two main lithological units (Gaål et al. 1978); 
the granitoid association (infrastructure) and 
the greenstone belts (superstructure). 

This scheme appears to be valid but, as pro-
posed by Blais et al. 1977 a, the granitoid 
association has to be further divided into: (1) 
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Fig. 1. Simplified geological map 
of the Kuhmo—Suomussalmi region 
showing sampling localities 1) Kare-
lian formation, 2) Archaean green-
stone belts, 3) Archaean grey gneiss 

basement. 

old gneissic basement and (2) late granitic plu-
tons. Thus the subdivision of Finnish Archaean 
terrains becomes: 

a) gneissic basement (grey gneisses) 
b) greenstone belts 
c) late »granitic» plutons 

This threefold classification is characteristic 
of low-grade, high-level granite-greenstone ter-
rains (Windley and Bridgwater 1971). 

The gneissic basement: 
The gneissic basement consists mainly of two 

generations of orthogneisses (grey gneisses). 
They are tonalitic trondhjemitic and grano-

dioritic (TTG) in composition (Martin et al. 
1983 b) and were emplaced in at least two epi-
sodes separated by a major tectonic event. 

— The Kivijärvi gneisses constitue the oldest 
generation of grey gneisses. They cover large 
areas and are medium to fine-grained, sub-
stantially migmatised rocks. Their age, de-
termined as 2.86 + 0.09 G.a. by the Rb—Sr 
whole rock isochron method, is supported 
by Sm—Nd isotopic data (Martin et al. 
1983 a). 

— The Naavala gneisses (younger generation) 
occur in small bodies, with little or no mig-
matisation. They are cross cut by basic dykes 
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that could be related to the greenstone-belt 
association. Their age was determined as 
2.62 ± 0.07 G.a. by various methods (Rb— 
Sr, Sm—Nd, common lead) (Vidal et al. 
1980; Martin et al. 1983 a). 

These two generations of grey gneisses have 
similar mineralogical and chemical composi-
tions. Because of (1) their low initial 87Sr/86Sr 
(ISr) values, (2) their near chondritic e™UR values 
and (3) their strongly fractionated Rare Earth 
patterns (La/Yb)N = 37 to 103) without euro-
pium anomaly it has been proposed that they 
derived from the mantle according to a two-
stage model (Martin et al. 1983 b). 

(a) formation of a basaltic crust by partial 
melting of the mantle, 

(b) melting of this basaltic crust, transformed 
into garnet-bearing amphibolite, to generate 
the TTG magmas. The time elapsing 
between the two events could not have been 
more than 100 M.a. 

The greenstone belt: 
The more than 200-km-long and less than 

20-km-wide Kuhmo—Suomussalmi greenstone 
belt extends from north to south (Fig. 1). It has 
been extensively studied in recent years (Muta-
nen 1976; Blais et al. 1977 a, 1977 b; Bertrand, 
et al. 1978; Hanski 1979, 1980; Taipale 1979; 
Tuokko 1979; Jahn et al. 1980; Taipale et al. 
1980; Vidal et al. 1980; Auvray et al. 1982; Pi-
quet 1982). The belt can be divided into two 
cycles of volcanic activity interrupted by a 
period of sedimentation. 

(a) The lower volcanic sequence is by far the 
most important in volume. It consists mainly of 
mafic and ultramafic lavas belonging to a ko-
matiitic suite and to a tholeiitic suite (Blais et al. 
1977 a, 1977 b; Jahn et al. 1980; Hanski 1979, 
1980; Auvray et al. 1982) emplaced as flows, 
pillow-lavas, breccias, and sills or dykes. Their 
age was determined as 2.67 G.a. by the 
207Pb/206Pb method on a non-separated total 
zircon population (Kouvo and Tilton 1966) and 

as 2.65 G.a. by the common-lead method (Vidal 
et al. 1980). Jahn et al. 1980a proposed three 
different types of source for the mafic and 
ultramafic magmas of the lower volcanic se-
quence. All three types have the same initial 
heavy REE (HREE) but different light REE 
(LREE) patterns (very depleted, slightly deplet-
ed, flat). This LREE depletion has been inter-
preted as the result of early Archean mantle 
heterogeneity. 

(b) The upper volcanic sequence constitues 
but a small fraction of the outcrops of the who-
le belt. It is well exposed north of Suomussalmi 
and is composed of intermediate to acid rocks 
(andesite to rhyolite) of calc-alkaline affinity. 
The age of the sequence has been established as 
2.50 ± 0.10 G.a. by the Rb—Sr method (Mar-
tin et Quérré 1984) and as 2.55 ± 0.05 G.a. by 
the common-lead method. The latter was recal-
culated by Martin and Quérré (1984) with data 
from the Luoma acid volcanics published by 
Kouvo (1965) and by Vidal et al. (1980): 

The lower and upper volcanic sequences are 
separated by a period of deposition of sedi-
ments consisting of metapelites metablack-
shales, metagreywackes, quartzites and some 
acid metatuffs. These sediments are assumed to 
derive from the weathering of the grey gneisses 
of the basement and of the lower volcanic se-
quence (Blais et al. 1977 a). 

The late »granitic» plutons 
The late kinematic to post-kinematic plutons 

can be subdivided into two main groups: 
— Augen gneisses: The protoliths of the augen 
gneisses were intruded into the greenstone belt 
as plutonic rocks and subsequently transformed 
into augen gneisses. They crop out in medium 
sized to large bodies, mainly in the interface 
basement-greenstone. They are granodioritic to 
granitic in composition and contain K-feldspar 
phenocrysts. Their age was determined by the 
Rb-Sr method as 2.51 + 0.11 G.a. at Suomus-
salmi (Martin et al. 1983 a) and 2.50 ,± 0.07 
G.a. at Arola (Martin and Quérré 1984). These 
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authors consider them to be the plutonic equi-
valents of the acid and intermediate volcanics of 
the upper volcanic sequence of the greenstone 
belt. Lobach-Zuckenko et al. (1976) came to the 
same conclusion regarding the andesites and 
diorite-porphyries of the greenstone belts of 
Soviet Karelia. On account of: (1) their REE 
patterns and (2) their intermediate to high ISr 

values, the augen gneisses are considered to 
have formed through partial melting of pre-
existing grey gneisses from the basement with 
from time to time assimilation or mixing of ma-
fic components similar to those of the green-
stone belt (Martin et al. 1983 b). 

— Pink granites: These post-kinematic granites 
crop out as very small bodies, that intruded 
both the greenstone belt and the augen gneisses 
(Quérré 1981). Their age was determined as 2.41 

± 0.04 G.a. by the Rb—Sr method (Martin and 
Quérré 1984). Their high ISr values and their 
major and trace element composition indicate 
that they derived by remelting of the grey 
gneisses of the basement. In this area they mark 
the end of Archaean magmatic activity that 
lasted at least 450 M.a. 

The data are summarized in table 1. 

D i s c u s s i o n 

The origin and geotectonic environment of 
each unit (basement, greenstone belt, late granitic 
plutons) will be discussed separately. The syn-
thesis and summary of the whole Archaean geo-
dynamic evolution of eastern central Finland 
will be presented as the conclusion to this paper. 

Table 1. Schematic and Synthetic table of the main features of the Archaean rocks of Finnish Karelia. 

Age 
in G:a 

Infracrustal granite gneiss 
association 

Surpacrustal greenstone 
belt association 

Is, K 2 0 / N a 2 0 Geotectonic 
environnement 

K 
A 
R 
E 
L 
I 
A 
N 

2.0 Doleritic Dykes 

2.41 Pinkish Granites 0.708 1.10 

2.5 Augen gneisses Upper 
Acid volcanic sequence 

0.7030 
t 0 0.7050 

0.70 
1 0 1.00 

Sagduction 
of the 
greenstone belt 

A 
R 

2.65 
2.5 

Early granodioritic 
plutons 

Metasediments generated 
by the weathering of 
the grey gneisses 

C 
H 

2.65 Lower mafic and ultramafic 
volcanic sequence 

0.701 Pro to oceanic 
rift 

E 
A 

2.62 Emplacement of Naavala 
grey gneisses 

0.7024 0.40 
Subduction 

N 2.86 Emplacement of Kivijärvi 
grey gneisses 

0.7023 0.50 zone 

> 2.86 Basaltic Komatiitite 
(inclusion in Kivijärvi 
gneisses) 

7 
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A : Garnet peridofife 

B : Quartz eclogite 

C : Garnet free amphibolite 

D :iGarnet bearing amphibolite 

E (15%garnet) 

^ (Yb)N 
V / / M / / / / / / / / / / / / / / / / / / / / / / / / / / / / / ( / / M _ 

15 

Fig. 2. (La/Yb)N vs (Yb)N diagram 
for Archaean grey gneiss basement. 
Um = upper mantle peridotite field. 
MORB = Archaean tholeiites and 
modern MORB field. 

The curves represent the trend of 
liquid composition produced by par-
tial melting of various source ma-
terials. The curves were calculated 
using Shaw's equation (1970) (C = 
C o / D + F (1—D). Stars represent the 
limiting values (equivalent to zero per 
cent of partial melting; short bars 
perpendicular to the curve corres-
pond to 10 %, 25 %, 50 % and 
75 Vo melting. The (La/Yb)N and 
(Yb)N values for source materials 
are: curves A and B, (La/Yb)N = 1; 
(Yb)N = 4; curves C and D, 
(La/Yb)N = 4; (Yb)N = 1 3 ; curve E 

(La/Yb)N = 10; (Yb)N = 10. 

The gneissic basement. 
Constraints. 

The grey gneisses were emplaced as plutonic 
rocks of TTG composition and subsequently 
transformed into gneisses. Both the Kivijärvi 
and the Naavala types of grey gneiss have low 
ISr values (0.7023 and 0.7024, respectively). 
Within the limits of analytical uncertainty, these 
low ISr values are close to the terrestrial mantle 
Sr evolution path (Fig. 7). Their mantle-like iso-
topic composition is corroborated by: (1) the 
nearly chondritic Nd ejHUR values (—0.2 to + 
0.4) (Martin et al. 1983 a) and (2) the n values 
calculated as 8.05 in a two-stage lead evolution 
model (Vidal et al. 1980). These isotopic data 
indicate that the TTG magmas were generated 
more or less directly from the mantle and 
preclude the derivation of the grey gneiss proto-
lith from much older continental materials. 

The REE patterns of the grey gneisses are 
strongly fractionated (La/Yb = 37 to 103) and 
without europium anomaly. Figure 2 clearly 

shows that, with respect to REE patterns, the 
TTG magmas cannot be derived directly from 
an uncontaminated mantle: they are better ex-
plained by a two-stage petrogenetic model 
(Martin et al. 1983 b): (1) formation of a basal-
tic crust by partial melting of the mantle and (2) 
genesis of the TTG magmas by partial melting 
of the basaltic crust transformed into garnet-
bearing amphibolite. 

The TTG magmas may also have formed 
through direct melting of a contaminated mant-
le. This later is contaminated by a fluid enriched 
in light REE (LREE), thereby causing its solidus 
temperature to decrease. Partial melting of a 
hydrated, LREE-enriched mantle could have 
generated calc-akaline magmas of TTG compo-
sition. Such a fluid enrichment of the mantle in 
present-day subduction zones is attributed to 
dehydration of the subducted oceanic crust (e.g. 
Poldervaart 1955; Yoder 1969; O'Hara and Yo-
der 1963; Wyllie 1979; Gills 1981). 

These two assumptions seem to be equally 
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valid. Nevertheless, all ISr values are slightly 
higher than those for the mantle (Fig. 6). This 
deviation is apparent not only in Finnish gneis-
ses but also in all Archaean grey gneisses the 
world over (e.g. Moorbath et al. 1972, 1977; 
Jahn and Nyquist 1976; Hart and Brooks 1977; 
Cooper et al. 1978; Glikson 1979; Jahn et al. 
1980). So, it can be pointed out that: (1) a direct 
mantle origin (contaminated or not) should 
have preserved true mantle ISr values (2) a 
mantle heterogeneity could only explain local 
ISr anomalie and (3) a two-stage model in 
which the first stage crustal residence time is less 
than 100 M.a. could explain the invariably 
slightly high ISr. 

This is why the two-stage model is preferred 
to the contaminated mantle melting process (see 
Maaloe and Petersen 1981). 

— The concave form of the HREE end and 
theoretical geochemical calculations imply the 
existence of hornblende and garnet in the resi-
due of the melt (Martin et al. 1983 b). This 
indicates that the garnet was stable under the 
thermodynamic conditions of melting of the 
basic crust and consequently implies a low geo-
thermic gradient. Indeed, with a high geo-
thermic gradient the liquidus of hydrous tholeiite 
is reached before garnet attains stability (Fig. 
3), (Wyllie 1971; Stern et al. 1975). According 
to experimental data, the geothermic gradient 
must range between 25°C km- ' and 35°C 
km- 1 (Condie 1980, 1981). A higher geother-
mic gradient should preclude the stability of 
garnet during the melting of a tholeiite. Wells 
(1979) corroborates these conclusions. On the 
basis of field and petrological data, he proposes 
an Archaean geothermic gradient ranging from 
15°C k m - 1 to 40°C k m - 1 with an average 
value close to 25°C km - 1 in Greenland. Thus 
the geodynamic model that will be proposed 
must take into account gradients close to 30°C 
km-1 . 

— In Karelia, as in all Archaean granite-
greenstone, terrains the TTG cover very large 
areas. They have an average thickness of 45 km 

Fig. 3. Melting relations of hydrous tholeiites (0.5 % H 2 0) 
(after Wyllie, 1971). The curve for the breakdown of horn-
blende is after Lambert and Wyllie (1980), and the garnet 
stability field after Stern et al. (1975). Dotted lines are 

geotherms. 

(Bungum et al. 1980; Calganile 1982) and re-
present enormous volumes of magmas. The 
genesis of these magmas necessitated partial 
melting of large volumes of mafic crust. The 
degree of partial melting necessary to produce 
TTG magmas is considered as ^ 25 % (Arth 
1979; Barker 1979; Condie 1980; Hanson 1980; 
Martin et al. 1983 b). Thus the volume of ultra-
mafic residue should be three times the volume 
of TTG magmas. Residues or remnants of 
basaltic crust of such proportions are unknown 
in eastern Finland (except for enclaves some 
centimeters to several decimeters thick). The 
geodynamic model should explain not only the 
melting of the mafic crust, but also the com-
plete disappearance of the residue and the 
absence of mafic remnants. 



142 H. Martin, B. Auvray, S. Blais, 

— In this part of Finland, the oldest rock unit 
recognized to date is the Kivijärvi grey gneiss. 
(The 3.1 G.a. old Koitelainen gneisses, crop out 
in Lapland more than 450 km to the north, 
Kroner et al. 1981). Thus the oldest magmas 
may have formed in an »oceanic» rather than in 
a »continental» environment. This assumption 
holds for the first stages of continental growth 
( ~ 2.9 G.a. in this area), but clearly the subse-
quent emplacement of TTG (Naavala type of 
grey gneiss and perhaps the later Kivijärvi 
gneiss protoliths) occured in a continental en-
vironment; when the oldest Kivijärvi TTG were 
already emplaced and constituted the early con-
tinental crust in this area. 

Discussion and model. 
There are two main sets of hypothesis to ex-

plain how all or part of a basic crust reaches the 
thermodynamic conditions of partial melting. 

— Plate tectonic-like mechanisms operated in 
Archaean time and the basaltic crust was molten 
and disappeared in subduction zones (Talbot 
1973; Rutland 1973; Tarney et al. 1976; Wind-
ley 1976, 1977; Windley and Smith 1976; Burke 
and Kidd 1978; Condie 1980 etc...) 

— Plate tectonic-like mechanisms did not 
operate in Archaean time and only the basis of 
a thick basaltic crust underwant partial melting 
(e.g. Green and Ringwood 1968; Glikson 1972; 
Barker and Arth 1976; Barker 1979). The crust 
could have thickened locally in a down sagging 
basin through some sag-duction process (Glik-
son 1971; Gorman et al. 1978). 

If plate tectonic-like mechanisms did not oper-
ate in Archaean time, the mafic crust would ha-
ve been very thick. Fig. 3 shows that, with an 
average geothermic gradient close to 30° C 
k m - 1 , the solidus of a hydrous tholeiite is 
reached at a depth of more than 40 km. This 
value exceeds by 10 to 20 km that given by Wells 
(1979) for the Archaean crust in Greenland and 
is six times higher than the thickness of present 
oceanic crust (7 km). This assumption implies a 
crustal thicknening of 24 to 35 km during less 

than 100 M.a. Thus the vertical accretion velo-
city ranged between 2.5 10-4 and 3.5 lO -4 my - 1 . 

In the case of a thick mafic crust, only the 
five deepest kilometers (12 % of the 40-km-thick 
crust) should reach the thermodynamic condi-
tions of partial melting. The TTG magmas can-
not be produced by more than 25 % of partial 
melting of the mafic crust; thus only 3 % (25 % 
of 12 %) of the whole mafic crust will disappear 
by partial melting. In others words, the mafic 
and ultramafic residue and the mafic remnants 
should continuously represent 97 % of the initi-
al mafic crust and more than 30 times the 
volume of the TTG magmas produced. 

This assumption obviously does not take into 
account the absence of mafic and ultramafic 
remnants from Finnish Archaean terrains. Yet 
the addition of low-density TTG rocks to the 
mafic crust will resist down motion by reducing 
the global density of the crust. The process 
should come to an end quickly before large vol-
umes of TTG rocks are formed. 

The assumption of local thickening of the 
mafic crust by a sagduction process (Gorman 
et al. 1978) is not suitable. Sag-duction is in-
duced by an inverse density gradient. It implies 
high density rocks overlying low density ones, 
and hence mafic and ultramafic rocks overlying 
felsic ones. The absence of continental crust 
older than 2.86 G.a. precludes the existence of 
an inverse density gradient, and thus argues 
against crustal thickening by a sag-duction pro-
cess in this part of Finland. 

If plate tectonic-like processes operated in 
Archaean time, TTG magmas should occur in 
subduction zones. Nowaday calc-alkaline mag-
matism is produced in this geotectonic environ-
ment either (1) by partial melting of the oceanic 
crust and possibly of its sediments, or (2) by 
partial melting of a mantle contaminated with 
water coming from the dehydration of the un-
derlaying subducted oceanic crust. Whatever 
the actual process is, it implies the existence and 
sinking into the mantle of an oceanic crust. In 
eastern Finland, the geochemical characteristics 



Origin and geodynaraic evolution of the Archaean crust of eastern Finland 143 

of the TTG magmas implies the melting of a 
mafic crust rather than of a contaminated mantle 
(see discussion of constraints). 

It is tempting to draw an analogy between the 
geotectonic environment of Archaean TTG 
magma genesis and subduction zones, because 
it would explain both the partial melting and the 
complete disappearance of the mafic crust. 
Moreover, partial melting does affect not only 
the base but the whole mafic crust. After re-
moval of the TTG melt, the density of the resi-
due increases, changing from d = 3.3 (garnet-
bearing amphibolite) to d = 3.5 after extraction 
of 25 °7o of a low density melt (d = 2.6). Resi-
due of such density will be recycled and reincor-
porated into the upper mantle. 

Thus, the lack of mafic relicts is explained 
and large volumes of TTG magmas can be pro-
duced. Yet this process does not necessitate 
mafic crust of a normal thickness. 

The grey gneisses of eastern central Finland 
and Soviet Karelia crop out over more than 0.25 
x 106 km2. The average crustal thickness of 
this part of the Baltic shield is 45 km (Bungum 
et al. 1980; Galganile 1982). The volume of grey 
gneisses can therefore be estimated as 11 X 106 

km3. A volume of grey gneisses of this propor-
tion implies the partial melting (25 %) of 44 x 
106 km3 of the mafic crust. With an average 
thickness of 7 km, the mafic crust should have 
had a surface of ~ 6 x 106 km2. Isotopic data 
indicate that partial melting of the mafic crust 
occured less than 100 M.a. after its emplace-
ment (Martin et al. 1983 a). 

Fig. 4 shows the relationship between the slab 
motion rate and its shape and thickness. Calcu-
lations were performed assuming (1) that there 
was only one slab, and (2) that the slab had 
reached its maximum size (the slab was comple-
tely generated before subduction began). A logi-
cal consequence of these assumptions is that the 
calculated values are maxima, and that the true 
values must be several times lower. The diagram 
shows clearly that for a trench 103 km long 
(more than from Savukoski to Ilomantsi) the 

motion rate ranges between 0.06 m. year - 1 and 
0.20 m. year - 1 . These values are in good agree-
ment with the present subduction rates (e.g. Le 
Pichon 1968; Oxburgh 1974; Forsythe and 
Uyeda 1975; Windley 1977), but lower than the 
velocity of lm a year proposed by MacKenzie 
and Weiss (1975) for an Archaean crust with a 
geotherm gradient of 60°C km - 1 . 

Note also that the calculated size of the plate 
(which is a maximum) is consistent with the as-
sumptions of several authors (MacKenzie and 
Weiss 1975; Burke et al. 1976; Condie 1980). 
They consider that, in Archaean times, heat 
generation was greater than it is today. Because 
there is no heat dissipating process peculiar to 
the Archaean, they infer that the ridge length 
and spreading rates were greater than today, 
and consequently that the plate size was smaller. 

The lack of linear structures in the Archaean 
grey gneisses of Finnish Karelia seems to argue 
against a plate tectonic model; one would ex-
pect cordilleran-like structures in subduction 
zones. One explanation may be that there were 
numerous small plates and not just a few big 
ones as nowadays. The accretion of continental 
crust should have happened not only by the ad-
dition of magma in subduction zones, but also 
by aggregation of small sialic crustal fragments 
(MacKenzie and Weiss 1975; Windley 1977; 
Condie 1980, 1981). Thus large-scale linear 
structures probably did not exist and small 
linear structures, even if they did exist, would 
have been obliterated by numerous collisions. 
This assumption if based upon at least two 
items of fields data: (1) The earlier phase of 
deformation, which exists only in the basement 
old gneisses, is responsible for the dominant 
rock fabric and is associated with intrafolial 
isoclinal folds. This foliation is parallel to the 
lithological layering (Bowes 1976; Blais et al. 
1977 a; Bertrand et al. 1978; Gaål et al. 1978). 
(2) This early deformation is associated with a 
migmatitic event. The 2.86 G.a.-old Kivijärvi 
grey gneisses are migmatised but the 2.62 G.a.-
old Naavala one are not. Both the Kivijärvi and 
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Fig. 4. Diagram showing the rela-
tions between the shape of the slab (L 
= distance from ridge to trench, 1 = 
trench length) and rate of motion. 
The calculations were performed as-
suming that the whole TTG of Fin-
nish and Soviet Karelia (10 x 106 

km3) were generated by 25 % partial 
melting of a mafic crust in subduc-
tion zones. 

Diagram A was drawn assuming 
that it needs T years for an element 
of the slab to move from the rift to 
the trench. Note that the ISr and Nd 
e9HUR indicate that T was less than 
100 M.a. 

Diagram B was built assuming dif-
ferent mafic slab thicknesses with T 

= 100 M.a. 

the Naavala gneisses were emplaced in the same 
area (Naavala gneisses are intrusive to Kivijärvi 
ones), and have indentical mineralogical and 
chemical composition. The same ther-
modynamic conditions should have induced 
migmatisation in rocks of similar composition. 
The Naavala gneisses are not migmatised, so it 
can be concluded that anatexis occurred before 
the emplacement of the Naavala TTG: after 
2.86 G.a. and before 2.62 G.a. (Peucat and 
Martin 1984). 

The strong foliation parallel to the litholog-
ical layering associated with intrafolial isoclinal 
folds should be the result to tangential tectonic 

movements caused by the collision and thrust-
ing of two crustal fragments. This collision in-
duced crustal thickening and triggered the 
metamorphism and anatexis of the TTG. This 
»classical» process could explain the early struc-
tures of the Kivijärvi grey gneisses. 

A consequence of this process of crustal ac-
cretion is the apparition of super continents on 
the Early Proterozolc (Piper 1976). 

Many investigators agree with plate tectonic-
like processes in Archaean time. A consequence 
of the progressive cooling of the Earth in the 
early stages of its history is the crystallisation of 
a thin lithosphere. The difference in temperature 
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between surface and depth induced mantle con-
vention and correlated plate motion in Archaean 
time (e.g. Elder 1972; Rutland 1973; Talbot 
1973; MacKenzie and Weiss 1975; Sutton 1975; 
Tarney et al. 1976; Windley 1976, 1977; 
Windley and Smith 1976; Burke and Kidd 1978; 
Condie 1980, 1981). 

The TTG magmas were produced directly 
from a »basaltic» crust. This assumes that the 
initial crust was »basaltic» in composition, and 
so the question still remains: what is the origin 
of the »basaltic» crust? This crust could have 
been produced if rift systems generated by man-
tle plume activity. The rising of a plume 
initiated the genesis of »basaltic» liquids by par-
tial melting of the mantle. The newly generated 
magmas were then added to the mafic crust 
(Condie 1975, 1980; Condie and Hunter 1976). 

The greenstone belt. 
Constraints. 

The lower volcanic sequence of the Kuhmo— 
Suomussalmi greenstone belt was emplaced in a 
continental-like geotectonic environment. The 
field data clearly indicate the anteriority of the 
basement grey gneisses: the basement under-
went at least one tectonometamorphic event 
before the deposition of the greenstone belt 
(Blais et al. 1977 a; Bertrand et al. 1978) and 
basic dykes intruding the Naavala grey gneisses 
could be related to the greenstone belt (Martin 
and Quérré 1984). These results are cor-
roborated by radiometric data (Vidal et al. 
1980; Martin et al. 1983 a). The basement is not 
only older than the greenstone belt, but is was 
also geographically in the immediate vicinity of 
the site of its despotion. This assertion is sup-
ported by the composition of the detrital 
metasediments interbedded with or overlaying 
the lower volcanic sequence. These sediments 
contains detrital minerals, e.g. microcline, from 
the basement (Blais et al. 1977 a; Bertrand et al. 
1978; Taipale et al. 1980). Laajoki and 
Lavikainen (1977) pointed out that the REE 
patterns of the sediments of the belt indicate 

that they derived from a granodioritic to 
granitic source. Thus the sedimentation in the 
greenstone belt environment may have been 
provided by the erosion and alteration of the 
surrounding grey gneisses of the basement. This 
also implies that the greenstone was emplaced in 
a basin in which the surrounding grey gneisses 
had a prominent position. 

An important orogenic event must have taken 
place in this area after the TTG intrusion and 
before the emplacement of the greenstone belt. 
The TTG should have moved up from their 
cooling place into the crust and towards the sur-
face, where they were altered and weathered. 
This event could explain the transformation of 
the TTG into grey gneisses and could be related 
to the type of crustal accretion discussed at the 
end of the previous chapter. 

The lower volcanic sequence of the Kuhmo— 
Suomussalmi greenstone belt was emplaced at 
the bottom of a sea. This is clearly indicated by 
the existence of pillow lavas, mainly in the 
komatiitic suite, and by the petrological and 
chemical nature of the sediments associated 
with the mafic and ultramafic lavas. The sedi-
ments are mainly schists and greywackes with 
minor amounts of quartzite, conglomerate and 
banded iron formation (Blais et al. 1977 a; 
Tuokko 1979; Taipale et al. 1980; Auvray et al. 
1982). Nevertheless, the lack of abundant 
vacuoles in the pillow lavas, the existence of 
breccias and scorias (Auvray et al. 1982) and the 
deposition of banded iron formation indicate 
deposition of the greenstone materials under 
shallow water conditions (Goodwin 1973). 

The Kuhmo-Suomussalmi greenstone belt has 
a linear structure: it is roughly elongated from 
north to south, and is over 200 km long with a 
width of less than 20 km. Geometrically the 
lower sequence seems to form a syncline with 
the grey gneisses of the basement (Fig. 5). (Blais 
et al. 1977 a). This structure is corroborated by 
the new maps of the area (Hanski 1979; Tai-
pale 1979; Tuokko 1979). A detailed study 
of the basement shows that its nature, its 

10 
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Fig. 5. Schematic cross-section through the Kuhmo-Suomussalmi Archaean rocks. 
Basement 
Greenstone belt 

Calc-alkaline plutons 

1—2.86 G.a. Kivijärvi grey gneisses. 
2—2.62 G.a. Naavala grey gneisses. 
3—2.65 G.a. mafic and ultramafic lower volcanic sequence. 
4— metasediments. 
5—2.50 G.a. Luoma acid volcanics. 
6 post 2.65 ante 2.5 G.a. Calc-alkali granodiorite plutons. 
7—2.50 G.a. augen gneisses. 
8—2.41 G.a. pink leucogranite. 

mineralogical and chemical composition and its 
tectonic history are exactly the same on both 
sides of the belt. This fact together with the 
structure of the belt implies that the greenstone 
belt developed into a single sialic segment rather 
than that greenstones constitute the limit be-
tween two different crustal fragments. 

The mafic and ultramafic lavas of the lower 
volcanic sequence of the Kuhmo—Suomussal-
mi greenstone belt are komatiites and low-K 
tholeiites. Jahn et al. (1980 a) propose three 
different types of source material for all the 
mafic and ultramafic lavas of this area. All 
three types had the same initial HREE (2X 
chondrites) but different LREE (very depleted 
to 2X chondrites, flat). They consider that the 
depths of partial melting and segregation of the 
magmas were different: the uprising peridotitic 
diapir sampled different levels of the hetero-
geneous mantle. The authors assume that the 
mantle heterogeneity was very probably the 
consequence of contemporaneous to previous 
continental crust-forming events (this indirectly 
corroborates, if necessary, the early ages of the 
grey gneisses). However, the degrees of partial 

melting of the pyrolite should be very high (F ~ 
50 %) (Green 1975; Arndt 1977; Blais et al. 
1977 b; Naldrett and Turner 1977; O'Nions and 
Pankhurst 1978; Nisbet et al. 1979; Jahn et al. 
1980 a; Auvray et al. 1982; Nisbet 1982). These 
partial melting conditions are reached at great 
depth and/or with high geothermal gradients 
(Green 1975; Sun and Nesbitt 1978; Jahn et al. 
1980; Nisbet 1982). The anormaly high geo-
thermal gradient is induced by the uprising of a 
mantle diapir (from a depth of more than 400 
km). Because of the limited size of the mantle 
diapir, the high geothermal gradient should 
have been restricted to a strong but local thermal 
anomaly. 

Discussion and model. 
The lower volcanic sequence of the Kuhmo— 

Suomussalmi greenstone belt (Blais et al. 
1977 a; Auvray et al. 1982, and with some 
restrictions Gaål et al. 1978) has been consi-
dered as paleo-oceanic crust because of: 

— the presence of pillow lavas of submarine 
origin, 
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— the absence of vacuoles in the pillow lavas, 
and the nature of the sediments (e.g. grey-
wackes, black-shales, banded iron forma-
tion) indicating that the greenstones were 
emplaced under shallow water conditions 
rather than at the bottom of a deep ocean; 

— the chemical composition of the mafic and 
ultramafic lavas (komatiites and low-K 
tholeiites), and the magmatic associations 
(peridotites, gabbros, dolerites, massive and 
pillow lavas) corroborate their oceanic origin. 
In the light of field and chemical data, Blais 
et al. (1977 a) consider the Kuhmo—Suo-
mussalmi greenstone belt to be what they 
call an »ophiolitoTde». 

These conclusions are consistent with those of 
several authors regarding various greenstone 
belts. By their nature, composition and struc-
ture the mafic and ultramafic lavas of the Ar-
chaean greenstone belts are held to be equiva-
lent to oceanic crust (e.g. Glikson 1970, 1971; 
Goodwin and Ridler 1970; White et al. 1971; 
Windley 1973, 1977; Engel et al. 1974 Jahn et 
al. 1974; Burke et al. 1975; Condie 1975, 1980; 
Tarney 1976). 

The present area covered by the Kuhmo— 
Suomussalmi greenstone belt is negligible com-
pared with the vast granite-gneiss terrains. So 
the question is: does the greenstone belt cor-
respond to the relict of a large ocean? If the 
answer is positive, then the belt represents a su-
ture between two continental blocks and the 
bulk of the oceanic crust should have disap-
peared. Nowadays, the oceanic crust disappears 
by recycling, through subduction zones, into 
the mantle. In subduction zones, tangential tec-
tonic structures should be expected both in the 
greenstone belt and in the basement. Structures 
like this are very well exposed, in the lower 
Proterozoic terrains of Lapland where the Tana 
River belt (linearly shaped relict of oceanic 
crust), the granulitic belt and the surrounding 
basement have undergone strong tangential tec-
tonic movements (Barbey et al. 1980; Barbey 
1982). In contrast, in Karelia, the main tectonic 

structures of the belt are vertical or subvertical, 
and the basement-greenstone belt interface is 
affected by vertical shear zones (Blais et al. 
1977 a; Bertrand et al. 1978; Taipale et al. 
1980). 

With regard to tectonic therefore, the field 
data are inconsistent with the subduction hypo-
thesis. 

— Subduction of the oceanic crust generates 
calc-alkaline magmatism. In Finnish Karelia, 
calc-alkaline plutonic and volcanic rocks are 
well known (Blais et al. 1977 a; Taipale et al. 
1980; Jahn et al. 1980; Vidal et al. 1980; Auvray 
et al. 1982; M a r t i n a a / . 1983 a, 1983 b; Martin 
and Quérré 1984). All these magmas were 
emplaced after the deposition of the lower 
volcanic sequence of the greenstone belt. They 
intrude or overlie the lower volcanic sequence 
and the basement in the immediate civinity of 
the belt. Nevertheless the relatively small 
volume of calc-alkaline rocks contradictes the 
hypothesis of a large ocean; partial melting of 
large volumes of oceanic crust would have 
generated greater amounts of calc-alkaline 
magmas. 

The distribution of calc-alkaline magmatic 
rocks in the trench is strongly assymmetrical: 
they have been emplaced on one side of the 
trench, over the subducted slab. In Finnish Ka-
relia, calc-alkaline magmatic rocks are located 
in the immediate vicinity of the greenstone belt, 
but their distribution is exactly the same on 
both sides, when a large dissymmetry should be 
excepted. 

The greater the distance from the trench the 
greater the variation in the composition of the 
calc-alkaline is (e.g. Kuno 1959, 1960; 
Sugimura 1960, 1968; Dickinson 1968; Miya-
shiro 1972; Gill 1981). This type of magmatic 
zonation is unknown in Karelia. 

The Kuhmo—Suomussalmi greenstone belt 
has a synform structure within the basement 
(Fig. 5). The grey gneisses on either side of the 
belt have exactly the same nature, mineralogical 
and chemical composition, and tectono-meta-
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morphic history. This indicates that they have 
belonged to the same sialic block since long be-
fore the emplacement of the greenstone belt. 
Hence these is do doubt that the Kuhmo—Suo-
mussalmi greenstone belt was emplaced in a 
single sialic block rather than as a large ocean 
between two different continental blocks. 

Evidence abounds to preclude the hypothesis 
of a large ocean and to favour the minor devel-
opment of oceanic crust in an ensialic environ-
ment. On the basis of field data Blais et al. 
(1977 a) proposed a protorift geotectonic en-
vironment: the process of rifting began in an en-
sialic environment, but stopped before the 
development of a true large ocean. 

The structure of the Kuhmo—Suomussalmi 
greenstone belt implies a simple classical scheme, 
i.e. the belt is only one episode of volcanic 
activity it evolves from komatiites and low-K 
tholeiites at the bottom to intermediate and acid 
volcanics at the top (see Blais et al. 1977 a; Mar-
tin and Quérré 1984). 

The finnish greenstone belts are therefore dif-
ferent from other greenstone belts elsewhere in 
the world, where there are several cycles of vol-
canic activity (e.g. in Abitibi, Goodwin 1979; 
Capdevila 1982, in Swaziland Anhaeusser et al. 
1969, or in the Superior Province, Hubregtse 
1976; Ayres 1977). The elementary nature of the 
belt supportes the protorift hypothesis. 

The nature of the sediments associated with 
and overlying the lower volcanic sequence clear-
ly indicates that they originated, at least partly, 
through erosion and alteration of the surround-
ing granodioritic basement (Laajoki and 
Lavikainen 1977; Blais et al. 1977 a; Bertrand et 
al. 1978; Taipale et al. 1980). Thus, the 
greenstone belt was emplaced in the immediate 
vicinity of the continental crust (the basement). 

The structure of the greenstone belt is a large 
syncline with faulted margins and vertical folds 
(Fig. 5). Estimates of its present-day thickness 
range from 5000 to 6000 m (Blais et al. 1978; 
Taipale et al. 1980); nowhere it is wider than 20 
km (sometimes less than 2 km). The linear 

shape of the belt cannot therefore be entirely 
primary. This is corroborated by several small 
(from decimeters to kilometers in size) isolated 
outcrops of greenstone materials scattered over 
the gneissic basement on both sides of the belt 
itself (see Gaål et al. 1976; Rybakov and 
Lobach—Zhuckenko 1981 a). This is evidence 
of (1) a larger, original extent of the belt and (2) 
the deposition of the greenstone belt over a 
preexisting sialic crust. These structures can be 
compared with the structures of the Archaean 
greenstone belts of the Canadian Shield. Good-
win and Ridler (1970) have defined large 
volcanic completes in the Abitibi belt, whose 
original d i a m e w a s from 100 to 175 km. Each 
complex is composed of many volcanic centers. 

A number of other volcanic complexe have 
been described by Rybakov (1980) and Rybakov 
et al. (1979, 1981 a et b), from Soviet Karelia. 
The greenstone belts there (e.g. Kenozero, 
Kozhozero, Taksja, Hautavaara, Kostamuskoa, 
Jalonvaara) display many similarities with the 
Kuhmo—Suomussalmi belt. 

As suggested by Gorman et al. (1978), the 
greenstone belts were emplaced along tensional 
zones equivalent to a present-day rift zone, and 
big shield volcaneous erupted over the sialic 
crust along a strongly fractured zone. 

Rybakov (1981 b) has proposed the same 
mode of emplacement for the greenstone belts 
of Soviet Karelia. According to him the linear 
shape is a consequence of its emplacement along 
a rift system, but it does not reflect the real 
shape and extent of the whole volcanic complex. 

The above is a strong indication that the 
Kuhmo—Suomussalmi greenstone belt was 
emplaced in a protorift environment. The rift 
was formed in a sialic crust and was very pro-
bably induced by the uprising of a mantle 
plume. The assumption of a mantle plume is 
necessary to explain the komatiitic magmatism. 
Indeed, the genesis of komatiitic melts implies 
large degrees of partial melting of a pyrolite and 
correlated high temperatures (1800°—1900°C) 
and high pressures. Thus the komatiitic melts 
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are considered to be generated at great depth at 
about 400 km (Nesbitt and Sun 1976; Nesbitt et 
al. 1979) 150 to 400 km (Nisbet 1982). The 
uprising of a mantle diapir creates a thermal 
anomaly which can cause a reduction of the 
crustal thickness and lead to the development of 
a rift into a sialic crust (Birckle et al. 1975; Con-
die 1975, 1980, 1981; Nesbitt et al. 1979; Nisbet, 
1982). Yet the mantle plume activity took place 
within a small time range and the volcanic 
acitivity of the Kuhmo—Suomussalmi green-
stone belt was restricted to a single sequence 
(komatiites, tholeiites, intermediate and acid 
volcanics) whereas in many other greenstone 
belts all over the worlds the plume activity 
lasted a longer time and gave rise to several 
volcanic sequences. This type of mantle plume 
activity has been interpreted as that of pulsating 
migrating mantle plumes (e.g. Condie 1975, 
1980; Condie and Hunter 1976; Arth and Han-
son 1975; Goodwin 1979; Capdevila et al. 
1982). Short-lived mantle plume activity ex-
plains why the Kuhmo-Suomussalmi volcanic 
activity ended at the protorift stage. 

In recent years, some authors (e.g. Allegre 
1982) have proposed the subduction of an ultra-
mafic plate as a likely mechanism for the genera-
tion of komatiitic melt. It, however, the charac-
teristics of the volcanics of the lower sequence 
of the Kuhmo—Suomussalmi greenstone belt 
are consistent with a proto-oceanic rift environ-
ment, a subduction geotectonic environment is 
precluded for this belt. 

Calc-alkaline magmatism. 
Calc-alkaline magmatism comprises the up-

per volcanic sequence of the Kuhmo—Suomus-
salmi greenstone belt and the late »granitic» 
plutons. 

Constraints. 
The calc-alkaline magmatic rocks were em-

placed as andesites, dacites and rhyolites over 
the mafic and ultramafic lavas of the lower 
volcanic sequence of the Kuhmo—Suomussalmi 
greenstone belt, and as granodiorites and 

F 

Fig. 6. A F M diagram showing that the acid and inter-
mediate magmas, emplaced after deposition of the lower 
volcanic sequence of the Kuhmo—Suomussalmi greenstone 
belt, belong to a calc-alkaline trend. 1 = tholeiitic field; 2 
= calc-alkaline field; open circles = acid and intermediate 
volcanics; filled circles augen gneisses; crosses = pinkish 

granites. 

granites intruding both the belt and its base-
ment. The calc-alkaline geochemical cahracter 
of this magmatism has been proposed by many 
authors (Lobach-Zhuckenko et al. 1976; Blais 
et al. 1977 a, 1977 b; Gaål et al. 1978; Jahn et 
al. 1980; Vidal et al. 1980; Auvray et al. 1982; 
Martin and Quérré 1984). Fig. 6 clearly cor-
roborates the calc-alkaline affinities of this 
magmatism. 

Calc-alkaline magmatism is geographically 
associated with the greenstone belt. 1) The acid 
and intermediate volcanics are located in the 
upper part of the greenstone belt itself. They 
crop out mainly in the northern part of the belt 
(north of Suomussalmi), which is less deeply 
eroded. Schematically they occupy the core of 
the synform structure of the belt (Fig. 5). Acid 
and intermediate volcanics are unknown out-
side the belt (on the basement for instance). 

2) The maps Of the area studied (Wilkman 
1921, 1924; Matisto 1954; Hyppönen 1973, 
1976, 1978; Hanski 1979; Taipale 1979; Tuokko 
1979) and our own field observations in Karelia 
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Fig. 7. lSr — T plot for Archaean 
rocks of Finland. The 87Sr/86Sr 
trends are shown assuming Rb/Sr ra-
tions equal to the population ratio 
average plus or minus the standard 

deviation (x + a and x — a). 

clearly indicate that the granodiorites (now augen 
gneisses) and the granites (pink) are intrud-
ed: (a) sometimes into the Kuhmo—Suomussal-
mi belt, (b) more often into the basement, in the 
immediate vicinity of the belt, (c) but mostly in-
to the belt-basement contact. In the latter case, 
some plutons are deformed by vertical shearing 
wheras others obliterate these tectonic struc-
tures. The model that will be proposed must 
take into account this geographic repartition of 
the greenstone-calc-alkaline rocks association. 

The 87Sr/86Sr initial ratios (ISr) of the calc-

alkaline rocks are intermediate to high (1) 
0.703: Arola augen gneiss; (2) 0,705; Suomus-
salmi augen gneiss and (3) 0.705 Luoma acid 
volcanics; (4) 0.708: Arola pink granite (Martin 
et al. 1983 a; Martin and Quérré 1984). Fig. 7, 
clearly shows that the (ISr) of the calc-alkaline 
magmatic rocks preclude their derivation from 
the mantle of from the recycling of the lavas of 
the lower sequence of the greenstone belt, the 
87Sr/86Sr ratios of these two possible sources 
being too low at the time of emplacement (2.5 
G.a.) of the calc-alkaline magmas. The grey 
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gneisses are better candidates for the role of 
parent rocks, especially the Kivijärvi grey 
gneisses. 

Note, however that the intermediate 0.703 ISr 

of the Arola augen gneiss cannot be explained 
simply by the partial melting of grey gneisses, 
whose anatexis should have produced at 2.5 
G.a. magmas with ISr higher than 0.703 (from 
0.704 to 0.712). With respect to ISr, the genesis 
of the calc-alkaline magmas implies the par-
ticipation of mafic or ultramafic materials. 
These materials should be components of the 
lower volcanic sequence of the greenstone belt 
or younger materials derived directly from the 
mantle. 

However, the bulk of the calc-alkaline volcanic 
and plutonic rocks were produced by partial 
melting of the Kivijärvi grey gneisses (Martin et 
al. 1983 a; Martin and Quérré 1984). 

Major and trace element studies lead to the 
same conclusion (Martin et al. 1983 a, 1983 b; 
Martin and Quérré 1984). The (Fe2030* + 
MgO) contents of the calc-alkaline rocks ( ~ 7.0) 
are significantly higher than those of the grey 
gneisses ( ~ 3.5). The partial melting of low 
(Fe203* + MgO) rocks cannot generate higher 
(Fe203* + MgO) liquids; thus the grey gneisses 
are not the only rocks implyed in the calc-
alkaline magma genesis. These assumptions are 
corroborated by the Rare Earth (REE) patterns. 
Geochemical calculations show that the slightly 
fractionated REE patterns of the Suomussalmi 
augen gneiss (La/Yb)N = 14—20) cannot be 
derived from direct partial melting of the grey 
gneisses with highly fractionated REE patterns 
(La/Yb)N = 37—103). Martin et al. (1983 b) 
suggest that they were formed by some kind of 
mixing of the Kivijärvi grey gneisses. Unfor-
tunately these authors have not yet established 
what the mixing process is? Is it mixing by con-
temporaneous melting of the basement and of 
the adjacent greenstone belt? Is it post-anatectic 
assimilation of mafic enclaves? Or is it mixing 
by sedimentary processes with subsequent par-
tial melting? Whatever the answer, one thing is 

true: the petrological and geochemical charac-
teristics of the calc-alkaline magmas can mainly 
be explained by the partial melting of the Kivi-
järvi grey gneisses with some participation of 
greenstone materials. The results clearly show 
that the greenstone belt and the calc-alkaline 
magmatic rock association is not only geo-
graphic but also genetic. 

Normal contacts between the Kuhmo—Suo-
mussalmi greenstone belt and the basement are 
not known. When not obliterated by the intru-
sion of granodioritic or granitic plutons, they 
are strongly deformed by vertical shear zones. 
The original relationship is therefore masked. 
These shear zones often appear to be normal 
faults exhibiting a downward motion of the 
greenstone belt with respect to the basement 
(Fig. 5) (Blais et al. 1977 a). 

Discussion and model. 
As for the TTG genesis, two main groups of 

hypothesis can explain the origin and develop-
ment of the calc-alkaline magmatic activity. 
— The genesis of the calc-alkaline magmas is 

related to subduction zones; they are pro-
duced by partial melting of a mafic, descen-
ding slab or of a hydrated mantle situated 
over this slab. In the Kuhmo—Suomussalmi 
belt the oceanic plate should comprise the 
mafic and ultramafic volcanics of the lower 
sequence of the greenstone belt. 

During the downward motion of the lower 
volcanic sequence of the Kuhmo—Suomussalmi 
greenstone, the base of both the greenstone belt 
and the sialic crust reached the thermodynamic 
conditions of partial melting, and thus gener-
ated the calc-alkaline magmas. 

The former hypothesis, which considers a 
subduction zone environment for the genesis of 
calc-alkaline magmas cannot take into account 
most of the constrainsts discussed previously. 
This part of the discussion logically follows that 
concerning the nature and origin of the Kuhmo 
—Suomussalmi greenstone belt. 
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If subduction occurred in this area, the tec-
tonic structures of the belt should be horizontal, 
just like the belt-basement contact, however 
they are vertical. 

Calc-alkaline magmatism associated with a 
subduction zone should not have random distri-
bution. The nature and composition of magma-
tic rocks change over a subduction zone, when 
the distance from the trench increases; for in-
stance, the K 20 content increases for the same 
Si02 content (e.g. Kuno 1956, 1960; Sugimura 
1960, 1968; Dickinson 1968; Miyashiro 1972; 
Gill 1981). Therefore subduction induce 
geographical zoning in the magma composition. 
This type of repartition has not been encountered 
in Karelia, and there is no indication of zona-
tion in any of the numerous analyses now 
available. Moreover the calc-alkaline magmas 
were emplaced into the belt or into the base-
ment in the immediate vicinity of the belt. They 
are equally distributed on both sides of the belt 
whereas subduction whould develop magmatism 
on one side of the trench only. 

Geochemical studies demonstrate that the calc-
alkaline magmas were generated by anatexis of 
grey gneisses of the Kivijärvi type. In a subduc-
tion zone, magmatism is produced by partial 
melting (1) of the descending oceanic crust (e.g. 
Coast 1962; Green and Ringwood 1968; 
Ringwood 1969; Dickinson, 1970) or (2) of the 
hydrated mantle over the subducted oceanic 
slab (e.g. Poldervaart 1955; O'Hara 1965; 
Yoder 1969). This type of genesis conflicts with 
the geochemical constraints. The molten rocks 
in a subduction zone are mafic or ultramafic in 
composition whereas the parent rocks of the 
calc-alkaline magmas of the Kuhmo—Suomus-
salmi area are felsic (granodioritic) in composi-
tion. 

The previous discussion about the greenstone 
genesis shows that rifting stops at a »proto-
oceanic rift stage» without development of a 
large ocean. The volume of calc-alkaline plu-
tons implies the melting of large quantities of 
mafic crust. These two assumptions are incon-

sistent and give further evidence against the 
subduction hypothesis. 

Moreover, the lower volcanic sequence of the 
Kuhmo—Suomussalmi greenstone belt contains 
large amounts of komatiitic rocks. Could the 
anatexis of komatiites have generated big volumes 
of granitoides? 

The subduction model implies very rapid 
changes in geodynamic constraints. The pro-
torift stage of spreading, which corresponds to 
distensive movement, changed in less than 100 
M.a. into compressive movement. The plate 
motion and correlated convection cells should 
have changed their direction by 180°. This 
seems to be irrealistic. 

The second model (sagduction of the green-
stone) takes all the constraints into account and 
is consistent with the proto-oceanic rifts hypo-
thesis. The lower volcanic sequence of the Kuh-
mo—Suomussalmi greenstone belt was emplac-
ed over a thinned sialic crust as shield volcanoes 
along a rift structure and thus created an inverse 
density gradient. The high-density komatiites 
( ~ 3.3) and tholeiites ( ~ 2.9 to 3.0) overlay the 
TTG basement with lower density ( ~ 2.7); in 
other words, all along the proto-oceanic rift and 
over the basement on either side, high-density 
mafic and ultramafic rocks overlay low-density 
tonalites and granodiorites. When the volcanic 
pile has reached its critical thickness (less than 
5—7 km according to Gorman et al. 1978), sub-
sidence begins and the greenstone sinks into the 
sialic crust. The process is like inverse diapirism 
and is consistent with the experimental models 
of Ramberg (1967, 1971, 1973). The greenstone 
»diapir» carries the adjacent sialic crust 
downwards, which then undergoes partial melt-
ing and produces calc-alkaline magmas. 

Gorman et al. (1978) considered that before 
subsidence can begin a volcanic complex em-
placed over a sialic crust should be 5—7 km 
thick and 50 km in radius. The present thickness 
of the Kuhmo—Suomussalmi greenstone belt is 
estimated to be 5000 m (Blais et al. 1978) and 
5000 å 6000 m (Taipale et al. 1980). The 
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thickness of the greenstone belts in Soviet Kare-
lia is in the same range (Popov et al. 1979; 
Rybakov et al. 1979, 1980, 1981 a). Moreover, 
the outcrops of greenstone materials scattered 
over the gneissic basement corroborate the 
larger extent of the belt and its emplacement 
over the basement rocks (Gaål et al. 1976; 
Rybakov et al. 1981 b). These data are in good 
agreement with the assumptions of Gorman et 
al. (1978). The length of time necessary to build 
a greenstone belt such as the Kuhmo—Suomus-
salmi one is in the order of 50 M.a. (Arth and 
Hanson 1975; Gorman et al. 1978). 

If the analytical uncertainties are taken into 
account, 100 M.A. elapsed between the empla-
cement of the greenstone belt and of the later 
calc-alkaline magmatism (Martin et al. 1983 a; 
Martin and Quérré 1984). This value is a maxi-
mum; the real time is a good two or three times 
shorter. The velocity of subsidence ranged bet-
ween an average of 0.1 and 0.2 cm year - 1 , 
assuming a linear geothermal gradient of 30°C 
km - 1 and melting temperatures of granodiorites 
and tonalites of about 850°C. Although a bit 
low, the values are in the range of geological 
phenomenon velocities. 

This sag-duction hypothesis explains the field 
relationships and is consistent with the petro-
genetic and geodynamic processes considered 
for the basement and greenstone belt genesis 
and evolution. 

Because of its high density, the lower volcanic 
sequence of the Kuhmo—Suomussalmi green-
stone-belt set the sad-duction in motion, a pro-
cess that later led to the genesis of the post-belt 
magmatism. This explains the geographic and 
genetic relationship between the lower volcanic 
sequence of the belt and the calc-alkaline 
magmatism. 

According to the model described by Gorman 
et al. (1978) and based on the experiments of 
Ramberg (1967, 1971, 1973), the belt should be 
a synform in shape, with sediments in the 
central part. The folds axis and schistosity 
and/or foliation planes in the belt should be 

vertical or subvertical. The model also suggests 
that the belt-basement contacts should be fault-
ed (normal faults with downward motion of the 
greenstone). All the experimental results and 
model proposals are consistent with the con-
straints discussed in the first part of this chapter. 

The model of Gorman et al. (1978) implies 
the formation of more or less well developed 
rim symclines on both sides of the belt. The 
small outcrops of greenstone spread over the 
basement and mapped by Hyppönen (1973, 
1976, 1978) could be the more or less eroded 
bottoms of rim synclines. 

The melting of the mafic and ultramafic lavas 
at the base of the subsiding greenstone belt is 
highly unlikely. The melting temperatures of 
komatiites and tholeiites are high (1600°C and 
1000°C respectively), whereas those of grano-
diorites and tonalites range between 800° and 
850°C. Thus, when the melting temperatures of 
tholeiites are reached, appreciable amounts of 
grey gneiss are already molten, and consequent-
ly this process cannot explain the participation 
of rather large amounts of greenstone in the 
calc-alkaline magmas genesis. Taking thermo-
dynamic constraints into consideration, the 
more likely process is the assimilation of tholeiitic 
and/or komatiitic enclaves by calc-alkaline 
magmas. 

The belt-basement contacts are often obliter-
ated by calc-alkaline plutons. This means that 
the faulted contact probably constituted a zone 
of weakness that acted as a drain for the calc-
alkaline magmas. The contact therefore become 
a preferential zone of intrusion of the magmas. 
In this zone, some plutons are strongly deform-
ed by shearing; others are not. This clearly 
demonstrates that the calc-alkaline magmatic 
rocks developed over a long period. The subsi-
dence of the lower volcanic sequence of the 
Kuhmo—Suomussalmi greenstone belt con-
tinued after the begining of sialic anatexis at 
depth.The first magmas generated were em-
placed at the belt-basement contact, where they 
were subsequently deformed by the downward 
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sagging of the belt. When the last plutons were 
intruded, subsidence ended, and thus they were 
not deformed. Their age of 2.5 G.a. could in-
dicate the end of the sagduction process. 

Note that the ascending motion of the plutons 
should accentuate the relative downward mo-
tion of the greenstone belt. In conclusion, our 
present knowledge of this area indicates that the 
geodynamic model best able to explain the field-
relationships and the tectonic and geochemical 
characteristics of the calc-alkaline magmatism is 
that of sag-duction of the Kuhmo—Suomussal-
mi greenstone belt. 

This process does not imply changes in the 
regional geodynamic constraints, but is the 
logical consequence of the emplacement of the 
lower volcanic sequence of the belt and, there-
fore, of the rifting process. 

Conclusion 

Table I summarizes the chronology of empla-
cement of the Archaean terrains in Finnish Ka-
relia. Their genesis and evolution can be ex-
plained as follows: the older geological events 
recognized in this area to date are the emplace-
ment of TTG magmas, produced by partial 
melting of an »oceanic» crust (transformed into 
garnet-bearing amphibolite). This process oc-
curred in subduction zones and does not neces-
sitate high geothermal gradients (25° to 30°C 
km - 1 ) The TTG plutonic rocks were subse-
quently transformed into grey gneisses. The ac-
cretion of the continental crust operated in at 
least two processes: 1) production of TTG mag-
mas in subduction zones, and 2) aggregation of 
small sialic fragments. The latter process could 
explain: a) the lack of large sutures, which 
should have been obliterated by successive colli-
sions and (b) the deformation and migmatisation 
of the Kivijärvi grey gneisses before the empla-
cement of the Naavala grey gneisses and of the 
Kuhmo—Suomussalmi greenstone belt. This 

tectonometamorphic event could be related to a 
collision between two sialic fragments. 

The previously accreted crust was fissured 
and the lower volcanic (mafic and ultramafic) 
sequence of the Kuhmo—Suomussalmi green-
stone belt emplaced in a proto-oceanic rift envi-
ronment. The rifting and magmatism were pro-
duced by uprising of a mantle diapir with a 
thermal anomaly, and gave rise to komatiites 
and tholeiites. The dense komatiitic and tholeiitic 
lavas overlie the less dense sialic crust and create 
a density inversion that induced a gravity in-
stability. This produced the downward motion 
of the lower volcanic sequence of the Kuhmo— 
Suomussalmi greenstone belt. 

Downward diapirism then carried the green-
stone and the adjacent basement to depth, 
where they later underwent partial melting and 
generated the calc-alkaline magmas. Participa-
tion (assimilation) of mafic components is im-
plied in association with this process. The mag-
mas moved up to the surface and were emplaced 
as volcanics into the belt and as plutons into the 
basement in the immediate vicinity of the belt. 

Discussion of the different models points to 
the occurrence of Archaean plate tectonics in 
this part of eastern Finland. Nevertheless one 
aspect of the discussion appears to be incon-
sistent with the constraints. The geothermal 
gradient in the crust and in subduction zones 
was indentical to the present one (25° to 30°C 
km-1), whereas in the rift zones it had higher 
values, thereby permetting the genesis and em-
placement of komatiites. Moreover, heat gener-
ation is supposed have played a more important 
role in Archaean time than in present days 
(MacKenzie and Weiss 1975; Lambert 1976). 
With regard to the latter assumptions, a world-
wide high geothermal gradient could be imagin-
ed, but unfortunately it would be inconsistent 
with the 25°—30°C km"1 assessed by many 
authors (Wells 1976; Burke and Kidd 1978; 
Condie 1980, 1981; this paper). So, for lack of 
a uniform geothermal gradient, we have to im-
agine two categories of thermal zones: 
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— Larges ones with a »normal» 25°—30° C 
k m - 1 geothermal gradient, correlated with 
a thick crust. 

— Smaller ones, with a high geothermal gra-
dient, which would act as an outlet for the 
heat of the Earth; they could well be rift 
zones and correspond to thin crust. 

The geothermal gradient has remained the 
same over most of the Earth since at least mid 
to late-Archaean time, but more would have es-
caped through rifts at that time than nowadays. 
This is corroborated by the emplacement of 
high temperatures magmas, such as the komatiitic 
series, which have been almost unknown on 
Earth since Archaean time. 

Nevertheless the high geothermal gradients of 
the rift zones cannot alone explain the spreading 
of all heat production; this could only have hap-
pened with longer rift zones. With respect to the 
present day plate tectonics the best way to 
lengthen the rifts was to have a greater number 
of plates. The surface of the earth being con-
stant, an increase in the number of plates im-
plies that the plates were smaller. 

In summary, plate tectonics acted in Archaean 
times, but althrough the general scheme appears 
to have been the same it is to day, some details 
were different (geothermal gradients, number 
and size of plates, e t c . . . ) . 

This general model of geodynamic evolution 
of the Archaean crust in eastern Finland takes 
into account a maximum number of field, tec-
tonic, petrological, geochemical, geochrono-
logical constraints; with our present knowledge, 
it is therefore reasonable. Nevertheless since it 
reflects our present concepts and the scope of 
current research it will have to be modofied or 
distroyed if required by new data. That is 
geological model behaviour. 
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