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The variously explosive komatiitic volcanism in Finland was virtually confined 
to the Archaean continental segment, where it occurred in the Lapland and Kuh-
mo—Suomussalmi greenstone belts between 3.0 Ga and 2.5 Ga, in the continental 
borderland at 1.97 Ga, and in the continental shelf break 1.91 —1.88 Ga ago. 

The Archaean continent comprised the Saamian craton, which stabilized at 
3.1—3.0 Ga before splitting into an array of sialic megablocks. Except for the NW-
trending rifts, the linear crustal openings of the Fennoscandian greenstone belts con-
stituted a radial swarm of aulacogens caused by domal uplift in connection with 
shield-wide mantle upwelling. Diapirism resulted in the Lapponian pyroclastic 
komatiite zone of mantle-activated rifting and in the large Solovetski mantle plume 
in the USSR, along which continental breakup reached no more than an embryonic 
stage of divergence. 

The Finnish greenstone belts underwent three periods of supracrustal evolution 
from cratonic deposition and/or continental rifting to oceanic or mantle-activated 
rifting. The extensional stage of the greenstone-belt genesis is recognizable in Lapland 
but not in the Kuhmo—Suomussalmi area, in the ductile? periphery of the con-
tinental plate, where sagduction obscured the geological history. 

In Lapland, the komatiitic central-vents opened at rift—aulacogen intersections. 
Some signs of volcanic bursting, albeit obscure, can be traced in the earlier ultra-
mafics, namely in the initial komatiitic greenstones beneath the cratonic metasedi-
ments and in those associated with bimodal metavolcanics. Pyroclastics formed in 
all the komatiitic rock types but the pyroxene peridotitic komatiite (MgO 18— 
30 wt%, anhydrous basis) was the predominant substance to extrude in enormous 
magmatic explosions during the terminal stage of mantle upwelling. 

After the Karelian anorogenic period, mantle activity produced two ophiolitic 
suites from the mantle plumes 1.97— 1.96 Ga ago. The one at Outokumpu brought 
about volcaniclastic komatiites under shallow-water to terrestrial conditions. The 
preferred environment was the Raahe—Ladoga marginal rift, of basin-range nature. 

At the peak of the Svecofennian orogeny (1.90—1.87 Ga), some minor komatiites 
with negligible ejecta discharged at the continental edge, forming the extreme member 
of Bothnian volcanism. 
Key words: komatiite, volcanism, pyroclastics, greenstone belts, lithostratigraphy 
plate tectonics, rifting, aulacogens, Baltic Shield, Precambrian, Finland. 
Matti Saverikko: Hakamäki 4 G 97, SF-02120 Espoo, Finland. 
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Introduction 

Although pyroclastics are not characteristics 
of the komatiites (Arndt et al. 1979), they are 
found in 
— Africa (Nisbet et al. 1977; Williams 1979; Vil-

joen et al. 1983), 
— Australia (McCall 1973; Sun and Nesbitt 

1978; Nisbet and Chinner 1981; Page and 
Schmulian 1981; Binns et al. 1982), 

— Canada (Kretschmar and Kretschmar 1975; 
Gelinas et al. 1977; Karvinen 1978; Jensen 
and Langford 1985), 

— India (Gupta et al. 1982), 
— South America (Echeverria and Aitken 1986), 

and 
— Fennoscandia: Finland, Norway, Sweden, 

Soviet Karelia and the Kola Peninsula. 
Such rocks usually constitute only a minor part 

of the ultramafic volcanic pile. The exception is 
in the Fennoscandian (Baltic) Shield, in Finland 
in particular, where komatiitic explosive volca-
nism was regional in extent; but some of the ex-
posures are known only from preliminary notes 
for the present study. Volcaniclastic komatiites 
have also been reported from 
— Norway (Wennervirta 1969; Bugge 1980; 

Henriksen 1983; Often 1985; Olsen and 
Nilsen 1985), 

— Sweden (Nilsson 1985), and 
— the Soviet Union (Väyrynen 1938; Kulikov 

et al. 1980; Zagorodny 1980; Rybakov and 
Lobach-Zhuchenko 1981; Pozhilenko 1984). 

Palaeogeographic outline ( > 1 . 9 Ga) 

The Precambrian bedrock in Finland (Fig. 1) 
consists of an Archaean basement complex and 
an early Proterozoic Svecokarelian fold belt en-
veloping rapakivi granites and underlying minor 
middle Proterozoic Jotnian sedimentary rocks 
(Simonen 1980). The Raahe—Ladoga tectonic 
belt separates the Archaean domain from the 
Svecofennian crustal segment (H. Huhma 1986), 

where geologic events prior to 1.9 Ga are un-
known. 

The Archaean basement is largely a granitoid 
complex of gneisses dated at 3.1—2.8 Ga (Simo-
nen 1980; Kröner et al. 1981; Luukkonen and 
Lukkarinen 1986; Paavola 1986; H. Huhma 
1987), but material as old as 3.2 Ga has been 
recognized from the detritus in Archaean 
metasediments (H.Huhma 1987). Nd-isotopic 
data on the rare protolith indicate derivation 
from the mantle at least 3.5 Ga ago (Jahn et al. 
1984). The gneissose granitoids are similar in age 
determinations and lithology to the Saamian 
gneisses described by Salop (1983, pp. 22—72) 
from the USSR, where the geochronological 
event at 3.1—3.0 Ga is considered to be craton-
ization (Musatov et al. 1984). The complex was 
polycyclically intruded by different granitoids of 
2.8—2.4 Ga age (Simonen 1980; Martin et al. 
1983; Martin and Querre 1984; Luukkonen and 
Lukkarinen 1986) and subjected to polyphase 
deformation and metamorphism (Kröner et al. 
1981; Luukkonen 1985; Paavola 1986). Hence, 
the granitoid basement, which is understood as 
the Pre-Svecokarelian granite-gneiss complex 
(Simonen 1980) with a Saamian body of un-
known extent, is complicated in structure. The 
post-Saamian granitoids, some of which are ge-
netically linked to adjacent metavolcanics (Tai-
pale 1979; Martin 1987), occur at the borders of 
the Archaean greenstone belts (Gaål et al. 1978; 
Barbey and Martin 1987). Therefore, the ?pre-
Kuhmoan or Tuntsan argillaceous gneisses are 
sometimes difficult to identify (Luukkonen and 
Lukkarinen 1986; cf. Saverikko 1987 vs. Juop-
peri and Veki 1988). 

In eastern Finland, the Saamian gneisses sur-
round distinct synforms between granitoid dia-
pirs in the Kuhmo, Suomussalmi and Ilomantsi 
greenstone areas (Gaål et al. 1978; Luukkonen 
and Lukkarinen 1986). Deposition of the Kuh-
moan supergroup (Simonen 1971; Luukkonen 
and Lukkarinen 1986), at 3.0—2.5 Ga (Taipale 
et ai. 1983), began in a continental environment 
but advanced in oceanic rifting so that two vol-
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Fig. 1. Outline of the Finnish Precambrian, simplified after Simonen (1980); Taipale et al: (1983); H. Huhma (1986); Luuk-
konen and Lukkarinen (1986); Gaal and Gorbatschev (1987) and Saverikko (1987). 
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canic complexes are now separated by terrigenous 
metasediments of shallow-water nature (Martin 
et al. 1984; Barbey and Martin 1987). The ter-
rigenous strata of continental to marine sedi-
ments (Lavikainen 1977) may also be intercalat-
ed in a volcanic sequence (Tuukki et al. 1987) in 
the Ilomantsi area. 

In northern Finland, the Lapponian super-
group (Sederholm 1932; Silvennoinen et al. 1980) 
includes metavolcanics in the Salla—Jauratsi and 
Kittilä greenstone areas (Gaål et al. 1978), and 
forms the Lapland greenstone belt. Terrigenous 
rocks with basal arkoses abound in many places 
(Lehtonen et al. 1985a; b; Saverikko 1987), and 
the cratonic to riftal stratification at 3.0—2.5 Ga 
started in a continental environment and con-
tinued with advancing mantle-activated rifting 
(Saverikko 1987). 

A paired metamorphic pattern in northern Fin-
land is seen in the Tuntsa—Savukoski ultrameta-
morphic zone (Mikkola 1941, Gaål et al. 1978) 
and, much more obviously, in the adjacent 
granulitic complex of 2.8—2.5 Ga age (Meriläi-
nen 1976) and Lapponian parentage (Saverikko 
1987). Granulites of komatiitic affinity are en-
countered in the USSR (Suslova 1976). One or 
more Svecofennian metavolcanics (Bernard-
Griffiths et al. 1984) extruded through the major 
thrust plane of the granulitic arc (Barbey et al. 
1984), giving rise to the debate about the Pro-
terozoic age of the granulites (Barbey and Mar-
tin 1987). 

There are quartzites at the base of the granu-
litic complex (Meriläinen 1976), which is regarded 
as continental trench fill in origin (Barbey et al. 
1980; Saverikko 1987). Its deposition was charac-
terized by continental volcanism and gravity-flow 
sedimentary processes within or close to the shal-
low-water platform (Barbey et al. 1984; Barbey 
and Martin 1987). 

The Archaean craton, reconsolidated at 2.6 Ga 
(Silvennoinen 1985), is overlapped by the 
Svecokarelian sequence, with the Karelian plat-
formal rocks lying on the craton and adjacent to 
the younger Svecofennian geosynclinal strata 

(Simonen 1980). The Karelian supergroup, youn-
ger than 2.5 Ga, was traditionally subdivided into 
the Sariolan, Jatulian and Kalevan successions 
(see Meriläinen 1980; Simonen 1980). However, 
Gaål and Gorbatschev (1987) abandoned the 
historical-geographical linkage and included the 
Kalevan miogeosynclinal rocks in the Svecofen-
nian geosynclinal supergroup of 2.0—1.75 Ga 
age. 

Deposits of the Sariolan conglomerate—arko-
site—argillite—greenstone suite (see Luukkonen 
and Lukkarinen 1986) are riftal, glacial and/or 
stable-platformal in character (e.g. Pekkarinen 
1979; Marmo and Ojakangas 1984). The Jatulian 
quartzite-dominant deposits formed an extensive 
epicontinental sheet (Ojakangas 1965) which un-
derlies the Marine-Jatulian dolomite—slate— 
black-slate suite (Meriläinen 1980), demonstrat-
ing transgression before deposition of the 
Kalevan greywacky slates. 

Archaean stratigraphic correlations 

Some comments are called for regarding the 
discrepancy in the chronostratigraphy of the 
Archaean greenstone belts. The Kuhmo—Suo-
mussalmi greenstone belt has been dated at 
3.0—2.5 Ga (Taipale et al. 1983), but ages of 
2.65—2.5 Ga have also been suggested in spite 
of komatiitic relics older than 2.86 Ga (Martin 
et al. 1984; Martin 1987). Mr. K. Taipale thinks, 
in accordance with Page (1978), that the age dis-
crepancy could be due to systematic analytical 
differences caused by marked rejuvenation of the 
Rb-Sr whole rock ages in comparison with the 
U-Pb zircon ages (Piirainen 1985). That is agreed 
by Vaasjoki (1988) preferring the zircon-based 
chronology as put forward by Luukkonen and 
Lukkarinen (1986), who, in their part, suggest an 
age of 2.9—2.5 Ga. 

The chronostratigraphy of the Lapland green-
stone belt is also controversially delineated: Sil-
vennoinen et al. (1980) considered the span to be 



Komatiitic explosive volcanism and its tectonic setting in Finland, the Fennoscandian (Baltic) Shield 7 

3.1—2.6 Ga, whereas Silvennoinen (1985) main-
tained that Lapponian deposition started not un-
til 2.6 Ga ago and continued into the Early Pro-
terozoic. The time interval of 3.0—2.5 Ga, con-
cluded and discussed by Saverikko (1987), may 
be understood as the maximum span. The smoul-
dering opinion about Proterozoic origin of the 
Lapponian rocks will be deemed worthy of ac-
ceptance when carrying arguments and amend-
ments against those in Figure 2. 

The Lapland greenstone belt with pyroclastic 
komatiites covers the Kautokeino and Karasjok 
areas in Norway (Fig. 3). Nevertheless, Siedlec-
ka et al. (1985) consider these rocks early Pro-
terozoic as a result of a Sm-Nd dating of 2.08 
Ga from the upper Lapponian komatiites (Krill 
et al. 1985) at Karasjok where a quartzite is cut 
by an albite-rock dyke of 2.72 Ga age (Meriläi-
nen 1976); dating attempted at Kautokeino was 
not successful (Krill et al. 1985). Meriläinen 
(1976) and Bernard-Griffiths et al. (1984) have 
documented a tectono-metamorphic convulsion 
at 2.15—1.90 Ga or 2.0—1.9 Ga in the surround-

ings. As a speculation, assimilation of a sialic 
crust may modify the isotopic pattern of high-
temperature lavas and rendered whole-rock Sm-
Nd dating of Archaean komatiites highly suspect 
(Huppert and Sparks 1985; Cattell 1987). 

The Kuhmoan and, in the USSR, the Lopian 
sequences have been stratigraphically likened to 
each other (e.g. Salop 1983, p. 74). However, 
Salop (1983, p. 136) associated the Lapponian 
with the Sumian of post-Lopian origin, and 
Muradymov et al. (1988) consider the Lapponian 
equal to the Lopian. As noted above, the Kuh-
moan and Lapponian sequences have a strong 
mutual resemblance in age and lithostratigraphy, 
whereas the Lopian appears to be correlative to 
the lower-middle Lapponian/Kuhmoan succes-
sion (Fig. 4). The Archaean greenstone-belt as-
sociations in Finland are thus comparable to the 
Lopian-Sumian supracrustal complex. That is 
why the Archaean greenstone-belt genesis is pro-
posed to be called the Cwenan diastrophism 
(Saverikko 1987) instead of the Lopian orogeny 
(e.g. Gaål and Gorbatschev 1987). 
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Fig. 2. Stratigraphic similarity between the schematic composite stratotypes in Lapland (Saverikko 1987) and the Kuhmo— 
Suomussalmi area (Taipale et al. 1983; Piirainen 1985). The Kuhmoan supergroup is tentatively subdivided into lower, middle 
and upper Kuhmoan groups. The lower time limit is obscure, because the age determinations of 3.03 Ga (Kuhmo) and 2.99 
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Fig. 3. Apparent lithostratigraphic relation between the greenstone-belt associations stratified in Finnish-Norwegian Lap-
land and the western Kola Peninsula (USSR). The sequences in Pechenga and Sydvaranger—Pasvik are included in the Pechenga 
greenstone belt. The ?Karelian metasediments are characterized by brown to violet metasandstones at Kautokeino (Reitan 
1960, Siedlecka et al. 1985) and Pechenga (Zagorodny 1980), which are distinctive members of the Kumpu association, too 
(Mikkola 1941). Zagorodny (1980) and Salop (1983, p. 172) refer the Kuotsjärvi—Kolosjoki rock suite to the Jatulian, and 
thus the lower Pilgujärvi greywacky slates may be correlative with those of the Kalevan; there are also volcaniclastic koma-
tiites (see Väyrynen 1938, pp. 144—148) in the Pilgujärvi succession. The composite stratotypes are as follows: Kautokeino 
(Solli 1983; Olsen and Nilsen 1985; Siedlecka et al. 1985), Karasjok (Skålvoll 1964; Henriksen 1983; Often 1985; Siedlecka 
et al. 1985), Finnish Lapland (Saverikko 1987), Luosto—Pyhätunturi (Haimi 1977), Kummitsoiva (Saverikko and Manni-
nen 1981), Sydvaranger—Pasvik (Bugge 1980; Siedlecka et al. 1985), and Pechenga (Zagorodny 1980). The Petsamotunturit 
supracrustal complex (Sederholm 1930) is called the Petsamo or Pechenga group or supergroup (Salop 1983, p. 172; Siedlecka 
et al. 1985). 
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Fig. 4. Late Archaean greenstone-belt genesis in the Fennoscandian Shield is here called the Cwenan diastrophism or orogenic 
megacycle (Saverikko 1987). Its depositional history is recorded in Lapponian, Kuhmoan, and Lopian-Sumian (USSR) 
sequences capped by Sariolan, i.e. lower Karelian, deposits. The Lopian characteristic assemblages are compiled after Ryba-
kov and Lobach-Zhuchenko (1981), Salop (1983, pp. 110—111) and Lobach-Zhuchenko et al. (1986), and those of the Sumian 
after Gaskelberg et al. (1986) and Zagorodny et al. (1986). The Lopian deposition may have occurred at 3.0±0.1 Ga to 
2.75 ±0.1 Ga (Kulikov et al. 1984; Lobach-Zhuchenko et al. 1986) rather than at 3.5 Ga to 3.0 Ga (Gorbunov et al. 1985a). 
The Sumian komatiitic eruptions 2.7—2.65 Ga ago (Lobach-Zhuchenko and Levchenkov 1986) may have been coeval with 
upper Lapponian komatiitic explosive volcanism. 

Komatiitic exposures 

The komatiitic rocks in the Finnish Archaean 
greenstone belts are divided into three composi-
tional families, the limits of MgO content (an-
hydrous basis) being at ca. 30, 18 and 9 wt% 
(Sarapää 1980; Auvray et al. 1982; Saverikko 
1985): the members are peridotitic komatiites 
(MgO > 30 wt%), pyroxene peridotitic 
komatiites (MgO 30—18 wt%) and komatiitic 
basalts (MgO 18—9 wt%) (Pihlaja and Manni-
nen 1988). All these members include pyroclas-
tics and can thus be understood as distinct rock 
species. This usage differs slightly from that 
recommended by Arndt and Nisbet (1982), but 
it is petrographically well definable in Finland. 

The peridotitic komatiite is commonly a 
coarse-grained, olivine or pyroxene-dominant cu-
mulate with intrusive or random volcanic field 
characteristics; it rarely forms pyroclastics. The 
pyroxene peridotitic komatiite occurs as tremo-

lite-chlorite rock carbonated to varying degrees; 
it is characterized by pyroclastics and fragmen-
tary lava flows with or without basal cumulates. 
The komatiitic basalt, now an actinolite-horn-
blende rock with disseminated plagioclase, con-
sists of compact lavas and infrequent ejecta. (Kal-
lio et al. 1980; Auvray et al. 1982; Saverikko 
1983; 1985; Pihlaja and Manninen 1988). 

The volcaniclastic terminology used in this es-
say accords with that discussed by Fisher and 
Schmincke (1984, pp. 89—96). 

Archaean volcaniclastic komatiites 
The Kuhmoan and Lapponian sequences con-

tain komatiites in the lower and upper volcanic-
dominant groups (see Fig. 2), but the pyroclas-
tic variants are lacking in the Ilomantsi area, 
where the volcanic supercomplexes are separated 
by a conglomerate—greywacke—slate—jaspilite 
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association and an Fe-rich tholeiitic basalt (see 
Tuukki et al. 1987). 

Kuhmo—Suomussalmi greenstone belt 
The komatiitic rocks can be traced in narrow 

exposures of two distinct interlayers, the lower 
of which contains a few volcaniclastics in the 
Siivikkovaara complex (Fig. 5). According to 
Hanski (1980), the Siivikkovaara komatiite com-
plex is made up of pyroxene peridotitic komatiite 
in the lower part, komatiitic basalt in the upper 
part and an intertongued transitional zone. In the 
uppermost part, fine-grained volcaniclastics of 
mafic to ultramafic mineral composition are 
separated from the lavas by an early Proterozoic 
serpentinite massif (Hanski 1980; 1986). 

The pyroxene peridotitic komatiite is present 
in massive to pillowed lavas (Hanski 1980). 
Several flows exhibit clinopyroxene spinifex-
texture; that zone of the pyroxene-plagioclase-
olivine assemblage is prevailingly mafic in chem-
ical composition (Hanski 1980). The flow-brec-
ciated lavas sometimes pass laterally to autoclas-
tic deposits in which angular to subangular, cored 
fragments ( 0 0.1 —10 cm) are embedded in tuff 
(Hanski 1980: Fig. 21). One minor tuff breccia 
of mixed composition contains individual ultra-
mafic blocks ( 0 <1.2 m) in mafic tuffaceous 
material (Hanski 1980). The overlying komatiitic 
basalt contains abundant lava pillows, the vari-
olitic pillows being frequently brecciated (Hanski 
1980). 

In palaeogeography, the komatiitic volcanism 
followed mafic eruptions which occurred in 
moderately deep water (Hanski 1980) and 
produced abundant exhalative ferruginous 
precipitates (Tuokko 1979). In the pyroxene 
peridotitic komatiite, the few pillow lavas be-
tween and adjacent to the massive flows indicate 
a stretch of water and, therefore, the minor vol-
caniclastics with cored fragments may be 
products of steam eruptions. The absence of vesi-
cles postulates a volatile-poor magma, if the gases 
were not escaped. Similarly, mafic fine ejecta of 

mixed blocky tuff can be ascribed to the burst-
ing of a lava differentiated before or during the 
flow. If a variolitic texture of amygdale-free pil-
lows associated with shattering manifests a deep-
water environment (Furnes 1973), the pillow-
brecciated flows of komatiitic basalt indicate sub-
mergence. The komatiitic lava field was exposed 
and fed mafic to ultramafic volcaniclastics be-
fore regional emergence which preceded felsic 
volcanism (Hanski 1980) and shallow-water 
sedimentation (Barbey and Martin 1987). 

Lapland greenstone belt 
Volcaniclastic komatiites are known from three 

volcanic cycles. Those of the lower Lapponian 
are exposed in initial komatiitic greenstones at 
the base and in a few occurrences within the Sal-
la greenstone complex, but the isolated upper 
Lapponian komatiite complexes are manifesta-
tions of marked explosive volcanism (Fig. 6). 

The initial komatiitic greenstones underlie a 
cratonic quartzite—carbonate—schist associa-
tion. At Möykkelmä (see Fig. 8), the best known 
volcanic pile is mainly composed of volcaniclas-
tics of pyroxene peridotitic komatiite or koma-
tiitic basalt, intercalated with and capped by 
tholeiitic greenstones of andesitic to basaltic com-
position; the REE patterns indicate sialic con-
tamination (Räsänen et al. 1986). The basal layer 
of tuffaceous Möykkelmä komatiite envelops 
granitoid fragments, but with an increasing 
amount of coarse ejecta the lapilli tuff passes to 
agglomerate or blocky tuff with coarse accessory 
ejecta (see Saverikko 1987). At Kurittukoski, 
some peridotitic komatiites without any primary 
structures or textures are associated with or 
penetrated these metavolcanics (Pihlaja and 
Manninen 1988). 

The exposure at Kivivuotsonselkä (Räsänen 
1983; 1984) is composed of olivine basal-cumu-
late and fine-grained lava but shows olivine spini-
fex-textures as well; flow-top breccias imply in-
cipient volcanic fragmentation. 
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At Nuolusvaara, in the Tuntsa—Savukoski 
ultrametamorphic terrain, the elongated, narrow 
bodies of pyroxene peridotitic komatiite consti-
tute a fine-grained and strongly foliated rock ex-
cept in a few massive portions (Veki 1985). The 
schistose rock was originally fine ejecta if the dis-
tinct and lineated amphibole aggregates (Veki 
1985) are coarse-grained pyroclasts, but strong-
ly foliated margin of the vesicular lava flow if 
the aggregates are deformed amygdales. The 
komatiite is covered by quartz and/or plagio-
clase-banded greenstone of mixed to epiclastic 
nature inferred by Veki (1985). 

The first Lapponian volcanism generated 
komatiitic and tholeiitic lavas in connection with 
explosions of unknown origin. The absence of 
subaqueous features is suggestive of subaerial 
eruptions, as is confirmed by unwashed 
palaeoresidue of the Saamian basement (see Mik-
kola 1941; Räsänen 1977), which supplied gneiss 
blocks at Möykkelmä. Despite the poor exposure 
these metavolcanics protrude from the cratonic 
metasediments in northern Norway, too (see Fig. 
3), where they are known as Vuomegielas green-
stones with komatiitic members (Siedlecka 1985; 
Often 1985) and as Sådnabei komatiitic basalt of 
lava—tuff association with an increasing amount 
of detritus (Olsen and Nilsen 1985). 

The Salla greenstone complex of bimodal vol-
canics overlies the cratonic metasediments and 
encloses a few komatiites within mafic green-
stones above and below a felsic interlayer 
(Saverikko 1987). 

These ultramafics are at their most common 
in the Sokli area. However, their division revised 
here after Virransalo (1985) and Kauniskangas 
(1987) into lower and upper komatiite assem-
blages is not unambiguous. Those at the inferred 
lower level are called Kuttusvaara komatiites 
which are exposed in differentiated flows of 
peridotitic komatiite to komatiitic basalt (Virran-
salo 1985). In addition to the olivine cumulate 
there is an olivine spinifex-textured rock 
(Kauniskangas 1987), and in places the olivine-
serpentine rock exhibits structures resembling 

flow breccias or even block lavas, which were, 
however, attributed to spheroidal weathering 
(Kauniskangas 1987). The apparent flow breccias 
occur in the flow margins (Virransalo 1985), 
grading in places into volcaniclastic breccia with 
fragments 2—20 cm in diameter (Kauniskangas 
1987). 

At Purkkivaara, a peridotitic komatiite is as-
sociated with mafic tuffs (Manninen 1981), and 
at Aatsinginhauta, a lithic-vitric tuff, pyroxene 
peridotitic komatiite in mineral composition 
(Saverikko 1987), occurs together with mafic 
tuffs in slumped strata (Saverikko and Manni-
nen 1981). 

The upper komatiites, or Jänesselkä 
komatiites, are rocks of ultramafic to komatiitic 
basalt (Virransalo 1985) that show differentiated 
layered structures (Kauniskangas 1987) but over-
lie terrigenous metasediments; intervolcanic 
weathering was concluded by Saverikko (1987) 
to be also elsewhere. 

The Salla greenstone complex of plateau-basalt 
origin extruded predominantly in a terrestrial en-
vironment (Saverikko 1987), with the komatiitic 
eruptions as further ingredients. A considerable 
amount of glassy ejecta in the lithic-vitric tuff, 
which has been unearthed at only one site, may 
be weak evidence of viscous magma (see Fisher 
and Schmincke 1984, p. 76). At any rate, the 
subordinate ultramafic material appears to have 
squeezed out largely as crystal mush and to have 
differentiated gravitationally before bursting 
when it came into contact with water. Further-
more, the Gal'denvarri and Gal'lebai'ke green-
stone complexes in northern Norway, which may 
be comparable to the Salla complex (see Fig. 3), 
are predominantly composed of fragmented 
komatiites such as those present in the form of 
pillow-breccia; shallow-water to subaerial 
palaeoenvironments are demonstrated by Often 
(1985). The fragmentation of all these komatiites 
is thus attributed to water-indicating phreatic or 
phreatomagmatic explosions. 

The main pyroclastic komatiite zone is conspic-
uous in the large explosive centres at Sattas vaara, 
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L ^ r r u ? J ' v ^ ^ j W ^ J o ojD o dV> o o o o o g j x c - c T T i - ^ * " " 

SOTKA-
SELKA 

K u m p u 
fSOKLJ 

/MÜYK-
KELMÄ 

S AT TA S VAARA 

SODANKYLÄ 

SAVUKOSKI 

LUOSTO 

S A L L A 

MAP 

PAÅNAJAJBVJ 

Q U A R T Z I T E -
ME TA SI LT STONE-
GREENSTONE 

KUUSAMO 

GRANITE 

2 . 5 G a 
GREENSTONE , MAINLY SPIL IT IC 
VOLCANICLASTIC GREYWACKE-SLATE 
K O M A T I I T E 

G R A P H I T I C S L A T E ZONE 

K l 
GF 
CC 

[ ] SALLA GREENSTONE COMPLEX 

P ] .PARTLY COVERED WITH YOUNGER 
I— 1 ROCKS 

I I Q U A R T Z I T E - C A R B O N A T E - SCHIST 

ja W l KOMATIITIC GREENSTONE 

1>GRANITE GNEISSES OR 2 ) PARAGNEISSES 

K o m a t i i t e e x p o s u r e s m e n t i o n e d i n F i g u r e 5 

Fig. 6. Geological sketch map of the eastern part of the Lapland greenstone belt (Saverikko 1987); after Simonen (1980) 
and Piirainen (1985) for the Tuntsan paragneisses. 



14 Matti Saverikko 

S O T K A S E L K A 
h ? m 

K U M M I T S O I V A 

1 0 0 0 m 

K A N E S -
P E L L A 

T U O H I -
VAARA 

G r e e n s t o n e 

K o m a t i i t i c b a s a l t 

P y r o x e n e p e r i d o t i t i c k o m a t i i t e 

P e r i d o t i t i c k o m a t i i t e 

V o l c a n i c l a s t i c c o n g l o m e r a t e 

S l a t e 

V o l c a n i c l a s t i c g r e y w a c k e - s l a t e 

G r a p h i t i c s l a t e z o n e 

A m p h i b o l i t e 

Fig. 7. Lithostratigraphic correlation of the upper Lapponian komatiite complexes 
at Sotkaselkä (Kallio et al. 1980; Kallio 1980), Sattasvaara (Saverikko 1985) and 
Kummitsoiva with its satellites (Saverikko 1983). 

Kummitsoiva and Sotkaselkä, all of which over-
lie a heterogeneous slate suite characterized by 
graphite and other euxinic-exhalative precipitates 
(Saverikko 1987). This noteworthy part of up-
per Lapponian volcanism is documented most 
thoroughly in the Sattasvaara complex (Fig. 7). 

The explosive nature of the Sattasvaara 
komatiite complex (Fig. 8) increases upwards in 
relation to magmatic composition. Thus the 
komatiitic basalt is mainly composed of massive 
to pillowed lavas but the pyroxene peridotitic 
komatiite is fragmentary throughout; the subor-
dinate flows are block lavas (Saverikko 1985). 
Pyroxene peridotitic komatiites predominate in 
the east (Pihlaja and Manninen 1988), whereas 
komatiitic basalt (Kallio et al. 1980) intertongued 
by Kittilä greenstones (Paakkola 1971; Rastas 
1980) is the only component in the west. The dis-
tinctive constituents of this complex are several 
peridotitic komatiite plugs and terminal flows as-
sociated with the upper layer of pyroxene perido-

titic komatiite; the peridotitic komatiite occurs 
in fact as sheets within the graphitic slate zone 
beneath the komatiite complex (Saverikko 1985). 

The komatiitic basalt ejecta are present in in-
dividual lapilli around a spatter cone or in 
pyroclastic breccias along with a volcaniclastic 
conglomerate between the pillow-lava piles 
(Saverikko 1985); Kallio et al. (1980) described 
hyaloclastics within the pillow-breccia. The es-
sential-accessory ejecta of ash to bombs/blocks 
are lithic and contain augitic crystals; vitric ejecta 
are very rare (Saverikko 1985). 

The pyroclastics of pyroxene peridotitic 
komatiite are lapillistone in which lapilli tuffs or 
agglomerates seldom form deposits, not even im-
mature ones (Saverikko 1985, Pihlaja and Man-
ninen 1988). Cored lapilli or lapilli with a chilled 
margin are concentrated in and around vents, the 
best instance of which is the cinder cone in Sat-
tasvaara hill (Saverikko 1985). The Iithic-vitric 
ejecta of bomb to ash size range include a few 
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Fig. 8. Lithologic features and environment of the Sattasvaara komatiite complex and the Möykkelmä komatiitic greenstone 
(Saverikko et al. 1983; Saverikko 1985). 

tuff deposits of crystal (olivine, clinopyroxene) 
ash; the essential ejecta are mixed with minor ac-
cessory ejecta and several accidental pyroclasts 
(Saverikko 1985). The weakly vesicular lavas, 
too, are distinguished by the volcanic glass 
present as droplets or, in basal cumulates, as 
larger vitrophyric blisters (Saverikko 1985). 

The peridotitic komatiite seems in fact to be 
a completely accumulative rock: the cumulus ol-
ivine crystals are surrounded by augite and hyper-
stene, and the layered structure of the sheets with 
signs of lava piles is due to the variation in oliv-
ine abundance (Saverikko 1985). Agglutinatic 
structure is rare within these coarse-grained sheets 
(Saverikko 1985). The small exposures within the 
Sattasvaara complex proper are mostly structure-
less, but there is one cumulate flow with a frag-
mented, thin crust of pyroxene peridotitic 
komatiite (Saverikko 1985). 

Komatiitic volcanism was controlled by fault-
block movements, and depositional conditions 
varied from subaerial to subaqueous in a coastal 
environment; the eruption fissures are visible in 
lava dykes and chains of terminal vents (Saverik-
ko 1985; Pihlaja and Manninen 1988). The 
komatiitic basalt discharged in Hawaiian-type 
eruptions, whereas the pyroxene peridotitic 
komatiite was produced by Strombolian-type 
eruptions, the both being accompanied by small 
phreatic explosions (Saverikko 1985). These erup-
tive periods were separated by erosional periods 
in the course of which the volcaniclastic con-
glomerate—greywacke—slate association was 
laid down (Saverikko 1985; 1987). 

The Kummitsoiva komatiite complex is a cen-
tral-vent palaeovolcano with eruption fissures at 
the margin and associated or separate satellites 
in the environment (Fig. 9). The pyroxene perido-
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titic komatiite complex overlies a depressional fill 
of volcaniclastic conglomerate and contains 
several intercalations of peridotitic komatiite. 

The autobrecciated lavas and pyroclastics are 
intermingled in a zonal manner: the amount of 
pyroclastics, particularly tuffaceous rocks, in-
creases with distance from the centre while the 
block lavas grade laterally into poorly sorted 
ejecta of disordered stratification. The essential-
accessory ejecta mixed with the rare accidental 

pyroclasts are mainly lapillistone or lapilli tuff. 
Spatters are very rare except for the scorias ly-
ing near and on the central vent. Pyroclastic brec-
cias also appear to be uncommon. Reworking is 
recognizable in places, and the volcanic fines in 
the distal zone are komatiitic debris and lithic-
vitric tuffs with olivine and pyroxene crystals. A 
palaeoresidue of one massive flow is also encoun-
tered. In the distal zone the tuffaceous rocks are 
stratified into massive to laminated beds, and 
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some thick beds contain graded graphite or 
graphitic intraclasts near the interlayers of 
graphitic slate. Slumping structures are common 
in the mixed fine-grained strata. 

The cumulate lavas of the peridotitic komatiite 
are distinct flows with chilled margins, sometimes 
covered with lithic-vitric tuff rich in olivine and 
clinopyroxene crystals. Arenaceous epiclastics 
also are exposed in one or two outcrops. 

From the above, Saverikko (1983) deduced 
that ultramafic volcanism, subsequent to and 
coeval with block faulting, resulted in extrusions 
separated by erosional intervals. The repeated 
discharge of blocky flows and prevalent ejecta 
produced lahars or, in the distal zone, subaque-
ous pyroclastic flows of turbidity currents 
(Saverikko 1983). Furthermore, the Kummitsoi-
va volcano grew up mainly in a subaerial environ-
ment through magmatic explosions, although the 
possibility of phreatomagmatic processes should 
not be discounted; steam eruptions require water, 
whose presence also beside the central vent is 
manifested by a small pillow breccia (Saverikko 
et al. 1985). 

The Sotkaselkä komatiite complex is poorly 
known in internal structure but it resembles the 
Kummitsoiva complex in lithologic features (see 
Kallio et al. 1980) and arcuate structures (see Kal-
lio 1980). The rocks are autobrecciated lavas and 
ejecta which pass from coarse-grained pyroclasts 
( 0 <20 cm) to tuffs or tuffites (Kallio et al. 
1980). The lavas show gravitative differentiation 
as olivine-pyroxene cumulates and plagioclase-
(albitized)-bearing rocks in flows mainly of uni-
form mineral assemblage (Kallio et al. 1980). 
Some olivine-enstatite-augite cumulates are pil-
lowed, indicating distinct flows of peridotitic 
komatiite (Kallio et al. 1980). Similar cumulates, 
but exhibiting layered magmatic structure, ap-
pear to form subvolcanic bodies, whose emplace-
ment was controlled by block faulting (Kallio et 
al. 1980). 

The abundance of pyroclastics (Lehtonen et al. 
1985a) suggests that ultramafic volcanism was ex-
trusive. The minor pillow lavas (Kallio et al. 

1980) are indicative of water near the eruption 
center. 

At Peltotunturi, the komatiites are amphibole-
chlorite rocks, serpentinite—peridotites and am-
phibolites closely associated with graphitic or 
calc-silicatic schists and cherty quartzites (Papu-
nen et al. 1979). Overthrusting and other tectonic 
deformations have obliterated primary structures 
except some of those in the tuffaceous rocks 
(Meriläinen 1976; Papunen et al. 1979). 

This major belt of komatiitic explosive volca-
nism extends into the USSR as the »Sattasvaara-
type» komatiites of Kuolajärvi (Kulikov et al. 
1980), and into northern Norway as the Bakkil-
varri komatiites (see Fig. 3) which are similar to 
the rocks at Kummitsoiva and Sattasvaara (Wen-
nervirta 1969; Henriksen 1983; Often 1985). 

Early-Proterozoic volcaniclastic komatiites 
The Svecofennian crustal segment includes 

within a volcanic arc at the south coast a chain 
of small ultramafic pods which display quite ex-
ceptionally volcanic breccias (Ehlers et al. 1986; 
Schreurs et al. 1986). But the pyroclastic 
komatiites are involved in the (Archaean) con-
tinental environment, and they have been 
documented from (1) Outokumpu in an al-
lochthonous ophiolitic suite of 1.97 Ga age 
(Koistinen 1981) at the continental borderland, 
and from (2) Rantasalmi as part of the 
1.91 — 1.88 Ga old volcanism (Vaasjoki and Sak-
ko 1988) at or near the continental shelf break. 

The Outokumpu serpentinite—dolomite— 
skarn—quartzite suite (A. Huhma 1975) with 
nickel and copper-cobalt ores (A. Huhma and M. 
Huhma 1970) (Fig. 10) is enclosed by the Kalevan 
turbiditic greywacke—slate sequence. The ser-
pentinites were originally dunites with some 
peridotites and pyroxenites; the quartzite is a col-
loidal silica precipitate in parentage (A. Huhma 
1975). The skarns, which are calc-silicate rocks, 
include metavolcanics (Park 1984; Rehtijärvi and 
Saastamoinen 1985) whose present composition 
may have changed as a result of leaching (Park 

3 
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those associated with the Outokumpu rock suite are volcaniclastic komatiites. The Kalevan greywacky slates envelope the 
Outokumpu ophiolitic suite (A. Huhma 1975; Koistinen 1981) which is present in the form of serpentinite—metavolcanic—chert 
association. 

1984): the impact of strong volcanic exhalations 
is seen in the extensive sulphide ores (Mäkelä 
1974), and the effect of substantial metasomatic 
alterations is evidenced by the presence of dolo-
mites (A. Huhma 1975) and chromiferous calc-
silicate rocks (von Knorring et al. 1986). Their 
komatiitic affinity is apparent in the few rem-
nants of spinifex(?) texture (Park 1984) and in 
REE and trace-elementary features (Rehtijärvi 
and Saastamoinen 1985). This large ophiolitic 
suite (Koistinen 1981) was thus preferably a ser-
pentinite—volcanic—chert association. The ser-
pentinites are derived from the residual mantle 
and cumulates (Vuollo and Piirainen 1989). 

The voluminous metavolcanics at Outokum-
pu have preserved some rare primary structures 
such as mounds of tuffaceous pillow lavas that 
erupted from fissures together with hyalotuff— 
breccias of phreatic explosions (Park 1984). Shal-
low-water to terrestrial eruptions produced re-
worked fabrics and weak indications of air-fall 
deposits in the abundant ejecta (Park 1984). 
Several pyroxenites with vesicular margins dis-
rupt the volcanic mounds and have supplied 
blocks for the tuff breccia: Park (1984) suggests 
that such lava domes had been the highly viscous 
crystal mush of fractured pyroxene. Low-pres-
sure fractional crystallization features are en-
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countered in the flows of komatiitic basalt com-
position (Rehtijärvi and Saastamoinen 1985), 
which contains relics of clinopyroxene and oliv-
ine. The only proof of higher MgO content is in 
a hyalotuff, which may be due to interaction 
between volcanic glass and sea water enriched in 
magnesium (Park 1984). 

At Rantasalmi, several pyroxene peridotitic 
komatiites are present in intercalations and dis-
cordant bodies within pillowed tholeiitic basalts 
(Kousa 1985). Mafic to felsic pyroclastics and a 
banded iron formation are found in the lower 
part of the volcanic assemblage (Makkonen and 
Ekdahl 1988). The komatiitic flows are massive 
but pillowed at the margins and associated with 
pyroclastic cover, mainly of coarse ejecta 
( 0 <25 cm) (Kousa 1985). Such lava flows with 
pyroclastic cover are built up by the non-explo-
sive pouring of magma into water (deWit and 
Stern 1978). The mafic pillows, which include 
vesicles and central gas cavities (Kousa 1985; 
Makkonen and Ekdahl 1988), are suggestive of 
shallow-water conditions, and the local ultra-
mafic to felsic pyroclasticity independent of mag-
matic composition is more likely due to phreatic 
than magmatic explosions. 

Tectonic setting 

The Raahe—Ladoga tectonic belt borders the 
northern Archaean domain in the Finnish 
bedrock. The Archaean domain is composed of 
the Saamian craton, the greenstone belts and 
younger granitic crustal contributions. If the 
Kalevan greywacky slates on the Karelian plat-
formal cover have Archaean-Karelian residence 
age (H. Huhma 1987), they may be the provin-
cial key to the continental shelf and slope. In the 
Kalevan province there are exposed also Ar-
chaean epicontinental metasediments (Gaål 1980) 
and the Siilinjärvi Archaean carbonatite (Puusti-
nen and Kauppinen, in press) which is diagnos-
tic of continental rift (see Best 1982, p. 204). 

The Raahe—Ladoga belt (Fig. 1 la) is deduced 

from Svecokarelian tectonics (see references in: 
Gaål 1986; H. Huhma 1986). But there is proof 
of Archaean tectono-magmatic activity: in addi-
tion to remnants of Archaean calc-alkaline vol-
canism (Kähkönen et al. 1986), it is certain that 
the Ilomantsi greenstone area with subalkaline to 
calc-alkaline metavolcanics (Tuukki et al. 1987), 
and also one or two other Archaean greenstone 
assemblages (Luukkonen and Lukkarinen 1986), 
underlap the Kalevan metasediments. In the Kuo-
pio district, Talvitie (1971) recognized a regular 
fault net along which the Siilinjärvi Archaean 
carbonatite was emplaced, and Paavola (1984) 
described Archaean vertical fault-block move-
ments; a notable tectono-metamorphic pulse cul-
minated at 2.7 Ga (Paavola 1988). Thus, mar-
ginal rifting started in the Archaean but was ac-
celerated in Svecokarelian time. 

This belt forks into the Skellefte and the Kiru-
na districts in Sweden (see Adamek and Wilson 
1979, Witschard 1984). The Skellefte—Raahe— 
Ladoga belt has parallel crustal ruptures in the 
north (Fig. 11a). The deep-seated fracture sys-
tem (e.g. Gaål et al. 1978), which continues as 
the Kuola(järvi)—Vygozero belt in the USSR 
(Zhuravlev et al. 1980), was tectonically opera-
tive during the Archaean in the form of the Ke-
min-Lappi rift (Saverikko 1988). The Kantalahti 
Archaean rift (Belyaev et al. 1977) forms the cen-
tral trough of a subsidence, the original fault sys-
tem having been much wider (Akudinov et al. 
1972; Bylinski et al. 1977). The (Bjornevann—) 
Pechenga—Imandra—Varzuga tectonic belt 
(Bugge 1980; Zhuravlev et al. 1980) is delineated 
by the Archaean-Proterozoic supracrustal rocks 
(Bugge 1980; Salop 1983, p. 172) present in elon-
gated deposits. The Keivy fracture (Bogdanov et 
al. 1973) is a ridge of the Archaean linear mo-
bile belt (Gorbunov et al. 1985a). 

In Finland these rifts bound the subsided 
megablocks or crustal segments to the southwest 
(Talvitie 1977; Gaål 1982; Saverikko 1988). These 
show domal uplift consistent with the linear 
mantle upwelling (Fig. 1 lb) inferred by Saverik-
ko (1987). The tectonic framework symmetric to 
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the mantle diapir is composed of the Kiru-
na(—Jällivaara) fault system (Witschard 1984), 
the Iivalo graben in the granulitic belt (Saverik-
ko 1987; 1988), and the Kautokeino and Karas-
jok gråbens (Krill 1985; Often 1985; Olesen and 
Solli 1985). 

The Kuhmoan and Lopian greenstone belts 
(Fig. 11c), which are tectonic troughs of linear 
mobile belts between the crustal blocks (Martin 
et al. 1984; Musatov et al. 1984), evolved during 
more than one Archaean tectonic period (Gor-
bunov et al. 1985a, Lobach-Zhuchenko et al. 
1986a, Luukkonen and Lukkarinen 1986). The 
absence of direct evidence of subduction may in-

dicate Archaean crustal spreading without 
i descending plates (Musatov et al. 1984), and sag-
v duction was the more likely event in this in-

traplate diastrophism (Barbey and Martin 1987). 
Rybakov (1988) thinks in turn that a somewhat 
eugeosynclinal regime was achieved not until in 
late Lopian stage. 

In the Lapland greenstone belt, the middle 
Lapponian metasediments occur in aulacogens, 
mostly on the bimodal metavolcanics (Saverik-
ko 1987; 1988); other transverse tectonic basins 
linked to komatiitic volcanism will be defined in 
this paper. It is worth mentioning that the khon-
dalite suite in the Iivalo graben ,that is the granu-
lite belt, also belongs to the bimodal-volcanic— 
arkose—slate association (Barbey et al. 1984). 

The following diagonal fractures clarify the 
radial arrangement of these trench tracts (Fig. 
11c). The northwestern breakup of the Norrbot-
ten megablock can be established by geophysi-
cal sounding (Witschard 1984). In Finland, it is 
marked by an extensive mylonite zone of the 
gneissose basement complex and a parallel set of 
vertical diabases (Eilu 1984; Idman 1988), the 
komatiite at Sarvisoaivi (Korhonen 1981) and 
other schistose ultramafics (Idman 1988). The 

Norrbotten—Lappmark megablock boundary 
follows major faults (Aarnisalo 1978; Kallio 
1980; Hiltunen 1982; Witschard 1984) associated 
with the Lapponian subsidence (see Lanne 1979). 
The southeastern boundary of the Lappmark 
megablock has long been known from layered 
gabbro sheets, 2.44 Ga old, and Svecokarelian 
subsidence (Perttunen 1985), but in the northeast 
the boundary has been affected by Lapponian 
faulting (see p. 22). The Bothnia and Savonia 
megablocks, that is, the two parts of the Iisalmi 
crustal segment of Väyrynen (1939), are sepa-
rated from each other by a destructive deposi-
tional trap (Laajoki 1986a, b) which may be 
bounded by the Auho fault set (Laajoki 1986a) 
and an inferred fracture that includes the Otan-
mäki iron ore deposit (see Fig. 13b, p. 29); the 
basinal fill is lithostratigraphically comparable to 
the middle Lapponian (Laajoki 1986b). 

In the Kola Peninsula, oblique crustal Assur-
ing is seen in the Pechenga(—Pasvik—Vätsäri) 
greenstone belt and elongated Archaean intrusive 
zones (Gorbunov et al. 1985a). The Archaean-
Proterozoic sequence (Meriläinen 1976; Bugge 
1980; Salop 1983; p. 172) was deposited during 
one or more tectonic events involving syndeposi-
tional faulting in continental to marine environ-
ment (Zagorodny 1980; Boyd and Nixon 1985). 
The greenstone belt developed in a graben 
oriented across the rift and now showing the 
breach and the basinal fill, which increase in 
thickness to the northeast (Boyd and Nixon 1985; 
Gorbunov et al. 1985b). 

Archaean rift—aulacogen junctions 
The Archaean greenstone belts were generated 

by openings in the Saamian craton. The 
komatiites in the Kuhmo—Suomussalmi green-
stone belt appear to be rarely, and only second-

Fig. 11. Tectonic belts in the Archaean crustal segment of the Fennoscandian Shield and their internal symmetry used as 
an indication of genetic linkage. The Bothnian-Kalevan provincial boundary is considered to indicate a continental shelf 
break. The Lopian greenstone belts are drawn after Papunen et al. (1985) and Lobach-Zhuchenko et al. (1986). The mega-
blocks are called after provinces, except for the Kola and White Sea (Belomoria) megablocks, which are according to Soviet 
usage. 
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arily, volcaniclastics, that is, phreatic in origin. 
This single-track trench may not attract so much 
attention as the Lapland greenstone belt, where 
voluminous komatiitic explosions were a distinct 
magmatic feature of upper Lapponian volcanism; 
here, too, the other komatiitic pulses were of 
minor importance. The initial komatiitic green-
stones are too poorly exposed to indicate any-
thing but deep-seated fracturing of the craton be-
fore the lower Lapponian cratonic sedimentation 
(Saverikko 1987). Above these metasediments, 
the Salla greenstone complex of bimodal volca-
nics implies very minor ultramafic extrusion. All 
these lower Lapponian komatiites occur in the 
Kemin-Lappi rift or in the Tuntsa—Sokli area 
(Fig. 12) where the fractures, not marked on the 
map, are part of the Kantalahti rift reactivated 
in Palaeozoic time (Paarma and Talvitie 1977). 

Subsequent to the middle Lapponian continen-
tal rifting (Saverikko 1987; 1988), komatiitic ex-
plosive volcanism was active in the Pomokaira, 
Oraniemi, Keminniemi and Kitka—Oulanka 
areas. According to Kallio (1980), the boundary 
fractures of the Pomokaira trough fed ultramafic 
magma, and the komatiites extruded on its north-
ern flank onto the Sotkaselkä complex. The 
Oraniemi aulacogen (Saverikko 1988) was linked 
to the Sattasvaara komatiite complex (Saverik-
ko 1985): the bulk of the complex with the cinder 
cone is located at the rift—aulacogen junction. 
The previously known synclinal trough at Kit-
ka—Oulanka (see Saverikko 1988) also includes 
komatiites (Kalliomäki 1985) which may, how-
ever, be lower or middle Lapponian; from the 
USSR, Kulikov et al. (1980) mentioned »Sattas-
vaara-type(?)» komatiites above the middle Lap-
ponian metasediments (Saverikko 1987). The 
earlier discussion of the Keminniemi depression 
by Saverikko et al. (1985) is updated here. 

The Kummitsoiva central-vent volcano devel-
oped at an intersection of the Kemin-Lappi rift 
and the Keminniemi trough. Its lateral vents, 
some of which appear now as coarser-clastic 
komatiites surrounded by tuffaceous rocks (see 
Juopperi 1986), opened on the northern border 

of the basin. The opposite border follows a fault 
zone which controls the 2.32 Ga old gabbro stock 
(Manninen 1981) emplaced nearly vertically from 
the southeast (Mr. R. Pietilä, oral commun. 
1988), and the Purkkivaara komatiite flow 
dipping to the northwest. This fracture also 
bounds the Tuntsan paragneisses, i.e. part of the 
Belomorian gneiss province (Gaål 1986), within 
the granite-gneiss complex (Juopperi 1986); it im-
plies that fracturing may already have taken place 
during the Saamian diastrophism, if the Tuntsan 
paragneisses are not Lapponian in origin (see 
Saverikko 1987). 

Reactivated rift—aulacogen junction? 
A limited tectonic imbrication (Fig. 13c) 

developed within the Raahe—Ladoga tectonic 
belt and complicated the geological structure in 
the Outokumpu area (Gaål et al. 1975; Koisti-
nen 1981). The tectonic belt was characterized by 
NW and N-trending fractures (e.g. Talvitie 1977). 
The N-S trending Archaean basement structures 
controlled the marginal fragmentation of the con-
tinent and early Proterozoic deposition, partic-
ularly in the Outokumpu area (Bowes et al. 1984). 
There appears to have been a wedge-sliced basin 
system, because Ward (1987) described the Höy-
tiäinen depositional tract as having been initiated 
at 2.1 Ga and Koistinen (1986) postulated an em-
bayment at Outokumpu with basinal events at 
2.1 — 1.97 Ga (Park 1985); its head was linked to 
the Nunnanlahti(—Ipatti) Archaean greenstones, 
as shown by the cluster-ridges of mantled gneiss 
domes that represent ascension lines parallel to 
the basinal axis (Brun 1980). 

This depressional wedge of sliced framework 
conjoins well to the Kuhmo—Suomussalmi 
palaeotectonic trench (Fig. 13b), which can be 
traced southward in the group of granitoids 
2.75—2.66 Ga old and in the tonalitized mica 
gneisses of Saamian or lower Kuhmoan origin 
(see Luukkonen and Lukkarinen 1986). The 
palaeotrench was reactivated 2.2—2.1 Ga ago, 
extruding gabbro—wehrlite magma along the 
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whole length of the greenstone belt proper 
(Piirainen 1985; Hanski 1986); the tectonic reac-
tivation appears in field structures as shear zones 
along previous late Archaean fault sets (Luuk-
konen 1988). 

The mantle origin of the Outokumpu suite 
(Stacey et al. 1977; Rehtijärvi and Saastamoinen 
1985) is attributed to a mantle diapir (Park 1984). 
The concept of mantle upwelling is supported in 
the surroundings by the 1.96 Ga old Jormua 
ophiolite (Fig. 13b) which also is accompanied 
by the Kalevan metasediments (Kontinen 1987). 
Short-lived mantle upwelling occurred here be-
low an incipient intracontinental opening with a 
N to NW-trending half-graben framework, which 
was related to riftal processes and involved mul-
tiple sedimentation at 2.1 — 1.96 Ga (Kontinen 
1986; 1987). 

The Jormua ophiolite lies within the extension 
of the suture, the nature of which has not been 
satisfactorily established and in which crustal 
shortening and the tectonic imbrication are con-
fined to the Outokumpu area (Koistinen 1981). 
Koistinen (1981) associated the movement of the 
thrust nappe of the Outokumpu ophiolitic suite 
and the Kalevan greywacky slates with Svecofen-
nian ocean closure. Because the Jormua province 
underwent the incipient intracontinental opening 
and approaches to that of a medium-size mantle 
plume in a continental setting described by Lam-
bert (1981), the Outokumpu rock suite display-
ing terrestrial volcanic features may also be origi-
nated in hot-spot activity in a continental deep-
fault system. 

The continental margin was fragmented, but 
palaeomagnetic data (Neuvonen et al. 1981) sug-
gest that only the nearby Nilsiä(—Varpaisjärvi) 
basement fault-block moved relative to the en-
vironment in the Raahe—Ladoga tectonic belt. 
The Svecofennian pyroclastic komatiites at 
Outokumpu and Rantasalmi are aligned with the 
Kuhmo—Suomussalmi palaeotectonic trench 
reactivated. Prior to an exact determination of 
allochthonous displacements at Outokumpu, 
here is proposed that the reactivated Archaean 

rift—aulacogen junction controlled in one way 
or another the emplacement of the Outokumpu 
ophiolite. Indeed, the Rantasalmi komatiites lie 
in front(?) of the continental margin, where 
direct evidence for a Svecofennian oceanic crust 
is lacking. 

Plate-tectonic constraints 

Continental plate 
Plate-tectonic models were applied to explain 

the evolution of the Finnish Archaean greenstone 
belts (e.g. Raith et al. 1982; Taipale 1983; 1988; 
Gaål 1986; Gaål and Gorbatschev 1987; Piirai-
nen 1988). Nevertheless, geological arguments do 
not exclude intraplate rifting (see Martin et al. 
1984; Barbey and Martin 1987; Saverikko 1987) 
which dominated the development of the Lopi-
an greenstone belts in the USSR (Musatov et al. 
1984; Rybakov 1988). The lower part of the 
greenstone-belt associations is characterized by 
bimodal metavolcanics and overlying terrigenous 
metasediments, which are indicative of cratonic 
rifting (see Condie 1982; p. 232). 

The radial swarm of greenstone-belt trenches 
and crustal fractures may imply a net of aulaco-
gens, a viewpoint that is consistent with domal 
uplift of the compact plate (Fig. 14). The 
palaeomagnetic data available do not indicate 
microplate drifts in the Fennoscandian Shield, at 
least not since 2.7 Ga ago (Pesonen and Neuvo-
nen 1981), even though the data are insufficient 
for the drawing of separate paths for the crustal 
blocks (Pesonen et al. 1989). 

The Archaean crustal segment in Fennoscan-
dia was fractured into an array of sialic mega-
blocks, as was the continental crust in general at 
that time (Kröner 1981). Cwenan diastrophism 
involved some lateral movements of the sialic 
megablocks, causing, at least in the Lapland 
greenstone belt (see Saverikko 1987), the exten-
sional stage of the Archaean greenstone-belt de-
velopment of Goodwin (1981). 
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Fig. 14. Continental breakup and linear mantle diapir in connection with domal uplift in the Archaean continent. The margin 
is represented by the Skellefte fault system (Adamek and Wilson 1979) according to Lund (1987), or by the Kiruna (— Jälli-
vaara) fault system (Witschard 1984) according to Öhlander et al. (1987). One or two Lopian greenstone belts lying along 
the Kuola(järvi)—Vygozero rift (see Fig. 11a) are separated from the belts that constitute a clearly radial swarm of intracon-
tinental trenches. Some early Proterozoic magmatic ore deposits (see Papunen et al. 1986) appear to relate to Archaean 
rift—aulacogen junctions reactivated; the Pechenga Ni-Cu ore field lies in the (Bjornevann—)Pechenga—Imandra—Varzuga 
tectonic belt (see Fig. 11a, c). 

Mantle diapir and continental breakup 
Linear mantle upwelling in northern Finland 

(Fig. 14), which manifests itself in upper Lappo-
nian mantle-activated rifting, intensified the dis-
charge of komatiites (Saverikko 1987), which 

host gold showings (Pulkkinen et al. 1986; Kor-
kiakoski et al. 1988) and may have been a heat 
source for the mobilization of the gold in or into 
other Lapponian rocks (see Airas 1965; Ollila 
1976; Pekkala and Puustinen 1978; Kuronen 
1981; Inkinen 1985; Härkönen 1988; Pankka 
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1988; Pankka and Vanhanen, in press). Karelian 
and Recent placer gold deposits (Stigzelius 1954; 
Härkönen 1983; 1988; Saarnisto and Tamminen 
1987) all favor the palaeotectonic mantle-diapir 
area. The upper Lapponian mantle-activated rift-
ing fits well in time and geologic past in with the 
development of 2.7 ± 0.1 Ga old riftal green-
stone belts with high gold potential (see Groves 
et al. 1987). 

The mantle upwelling corresponded well with 
the domal uplift. The pyroclastic komatiite 
centres at Kummitsoiva, Sattasvaara, and Sot-
kaselkä appear to resemble medium-size plumes 
at the beginning of the continental evolution, 
after the hot-spot model of Lambert (1981). 

This komatiitic chain may be out-spaced in the 
USSR despite the occurrence of Belomorian 
komatiites with related pyroclastics (see Zagorod-
ny 1988), where upwelling is apparent in the 
Solovetski mantle plume (Bylinski et al. 1977). 
The Belomorian succession may correspond 
stratigraphically with the Lopian and the Kuh-
moan (Zagorodny 1988). In that case, the 
Belomorian appears to conjoin to the lower-
middle Lapponian in the lithostratigraphic fea-
tures of the Tuntsa—Savukoski ultrametamor-
phic terrain (Saverikko 1987). 

The early period of the Belomorian rifting was 
distinguished by tholeiitic magmatism (Efimov 
et al. 1977) and mantle diapirism (Bylinski et al. 
1977), and the late period by superimposed trans-
verse overthrusting of the strata (see below), 
which may reflect the southeasterly inclination 
of the White Sea megablock (see Saverikko 1987). 
The Solovetski mantle plume may be attributed 
to a large plume during the main to final stage 
of the hot-spot—continent interaction (see Lam-
bert 1981), because it broke the crust and rotated 
the Kola megablock off the main continental seg-
ment (Bylinski et al. 1977). 

The White Sea megablock formed a fracture-
bound palaeobasin in the ultrametamorphic com-
plex of the Belomorian paragneisses, which are 
pelite-dominant in parentage and 3.3—2.7 Ga 
(Stenar 1972) or 2.9—2.7 Ga old (Tugarinov and 

Bibikova 1980); Stenar (1988) reinterprets the 
depositional age to be older than 3.4 Ga. The 
fault system, which is in the form of wedging sub-
sidence, is concentrated in the Kantalahti rift 
(Akudinov et al. 1972; Bylinski et al. 1977). The 
Archaean polyphase folding of high complexity 
(Stenar 1972; Ez et al. 1984) took place in two 
cycles under high-pressure metamorphism at 
different temperatures: the early period brought 
about NW-trending, i.e. longitudinal structures 
accompanied by mafic to ultramafic intrusions, 
whereas the late period caused recumbent isocli-
nal folds with a sublatitudinal hinge together with 
granitoid diapirism (Stenar 1972). The peak of 
the folding is dated at 2.7—2.6 Ga (Ez et al. 1984; 
Gorokhov 1984). The granitoid diapirism of that 
generation is also recognizable in the Tuntsa— 
Savukoski high-grade metamorphic terrain (Gaål 
1986) as well as in the Kuhmo—Suomussalmi 
greenstone belt (Luukkonen and Lukkarinen 
1986). 

Inasmuch as explosive volcanism is more 
characteristic of divergent or convergent plate 
margins than intraplate rifting proper (Fisher and 
Schmincke 1984, p. 14), the upper Lapponian 
pyroclastic komatiite zone may denote the onset 
of continental breakup and, together with the 
Solovetski mantle plume, an embryonic stage of 
the Wilson cycle. But despite the anticlockwise 
rotation of the Kola megablock, which evolved 
since the Late Archaean, the divergence in am-
plitude is insignificant, even though it caused the 
southwesterly thrust of the granulitic belt in the 
Early Proterozoic (Bylinski et al. 1977; Efimov 
et al. 1977). This thrust may also have occurred 
at 2.5 Ga (Meriläinen 1976). 

Quasi-collisional zone 
Barbey et al. (1984) and Marker (1985), how-

ever, regarded the overthrust of the granulites as 
an early Proterozoic continent-collisional struc-
ture on the basis of the assumed early Proterozoic 
origin of the granulitized rocks and the Karas-
jok greenstone-belt association (Barbey et al. 
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1984; Krill et al. 1985). The more likely deposi-
tional age of the granulitic rocks may be 2.8—2.5 
Ga (Meriläinen 1976), and the rocks are Lappo-
nian in parentage (Saverikko 1987); the age of 
the adjacent greenstone-belt association at Karas-
jok may be disputable. But the concept of the Ar-
chaean origin of the upper Lapponian komatiite 
zone, which adjoins the granulite belt (Fig. 15), 
should also take Archaean collision into account; 
that is, it is theoretically possible that in Archaean 
time the ultramafic oceanic crust underwent sub-
duction (Arndt 1983) and thus brought about 
komatiitic volcanism (Allégre 1982). 

In fact, the only direct evidence is for earlier 
continental rifting (Barbey et al. 1984) and for 
Archaean continental crust (H. Huhma 1986) 
beneath the granulitized epicontinental sediments 
(Barbey and Martin 1987). How could it be pos-
sible that an ultramafic (re)melt with high density 
contrast to granitic rocks (Nisbet 1982) ascends 
through a thick? continental crust without up-
thrust from the mantle itself? There are also no 
plate-tectonic deep-crustal structures, such as 
descending plate or tectonic crustal thickening in 
northern Finland (von Knorring and Lund 1989); 
instead the crustal thinning below the granulite 
belt accords well with the centre of domal uplift 
(see Fig. 14). 

At any rate, the inferred suture at Kantalahti 
(Barbey et al. 1984) ruptures in the form of a rift 
circular megastructures of the granitoid basement 
(Bylinski et al. 1977), demonstrating the crustal 
breakup instead of the continent collision. 

Continental margin 
In the course of the Svecokarelian, the 

Skellefte—Raahe—Ladoga tectonic belt devel-
oped from the marginal rift into a Svecofennian 
suture (Gaål 1986; Gaål and Gorbatschev 1987) 
or intracontinental rift (Welin 1987). Park et al. 
(1984) point out similarities to a Cordilleran-type 
orogenic belt, since 2.1 Ga ago (Park 1985), 
whereas Vaasjoki and Sakko (1988) suggest 
different plate-tectonic processes closely related 

Fig. 15. The upper Lapponian komatiite zone adjoins the 
granulitized are of the lower-middle Lapponian rocks, 
which is overthrust to the southwest. 

in space and time at 1.93 Ga to 1.85 Ga. The 
analogism to Phanerozoic evolution of the north-
east Pacific margin (Park 1985) interests in that 
Phanerozoic komatiites, and boninites, appear 
not only in mid-oceanic or island-arc—subduc-
tion zones (Cameron and Nisbet 1982; Upadhyay 
1982) but also in relatively stable continental 
margin (Wood 1980) settings. 

The Raahe—Ladoga tectonic belt was in the 
form of a marginal rift at least until the onset 
of the Svecofennian system when the Outokum-
pu ophiolitic suite discharged at 1.97 Ga. At 
1.90—1.86 Ga there generated nickeliferous 
mafic-ultramafic rock bodies of continental af-
finity under moderate pressure (Mäkinen 1987). 
It was characterized also by N-trending fractures, 
which partly controlled sedimentation (e.g. 
Bowes et al. 1984), and by high relief and rapid 
erosion, which were involved in the formation of 
the bulk of the Kalevan sediments (H. Huhma 
1987). The marginal rift appears to have formed 
a basin-range structure at that time, and the 
Kalevan province approaches to a continental 
borderland palaeoenvironment, which was com-
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Fig. 16. Spatial, temporal and tectonic linkage between the Jormua ophiolite (Kontinen 1987), Outokumpu ophiolitic suite 
(Koistinen 1981), and gabbro—wehrlite intrusions (Piirainen 1985; Hanski 1986). Richard (1987) and Vaasjoki (1981) have 
determined model lead ages of 2.1 Ga from the Outokumpu rock suite. Owing to Proterozoic tectonic processes, it may 
be futile to look for these inferred fractures in the marginal rift, where the Archaean tectonic signs in general are overprinted 
esp. by the NW-trending fractures of the Raahe—Ladoga belt. 

posed of distinct depositional basins (Ward 1988) 
and where Jatulian-Kalevan (or Karelian-Sve-
cofennian) unconformities are local in extent (see 
Simonen 1980). 

Some of the transverse embayments are linked 
to the Archaean aulacogens. At Outokumpu, the 
ophiolite-related features may also anticipate the 
action of a medium-size mantle plume in a con-
tinental setting, according to the non-plate-
tectonic hot-spot model of Lambert (1981). The 
Outokumpu ophiolitic suite lies at the intersec-
tion of the Raahe—Ladoga marginal rift and the 
reactivated Kuhmo—Suomussalmi palaeotecton-
ic trench (Fig. 16). The mantle plume at Jormua 
ascended coincidentally through the intersection 
of the Jormua—Outokumpu half-graben and the 

Puolanka graben, if the Jormua—Otanmäki 
fracture (see Fig. 13b) is actual as can be deduced, 
for instance, from the extra large kink in the 
strike of the Kainuu schist belt. 

Conclusion 

Komatiitic volcanism was virtually an Ar-
chaean phenomenon in Finland as elsewhere, but 
its explosive character is evident in shield dimen-
sions only in the Fennoscandian Shield. Vol-
caniclastic komatiites appear in the Lapland and 
Kuhmo—Suomussalmi greenstone belts 3.0—2.5 
Ga in maximum age span, but also in associa-
tion with the 1.97 Ga old Outokumpu ophiolite 
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and as Rantasalmi komatiites erupted between 
1.90 Ga and 1.88 Ga ago. 

Four komatiitic eruption pulses are recognized 
in the Lapland greenstone belt: the first occurred 
after cratonization but before cratonic sedimen-
tation; the second and third extreme eruptions 
were associated with the ensuing plateau-basalt 
volcanism. These ultramafic rocks with minor 
pyroclastics are insufficiently exposed and are the 
sole manifestation of deep-seated crustal Assur-
ing in the lower Lapponian. The fourth pulse fol-
lowed the middle Lapponian continental rifting, 
when the main pyroclastic komatiite zone formed 
in huge explosions of upper Lapponian mantle-
activated rifting. 

Magmatic, phreatomagmatic or phreatic ex-
plosions were associated with the discharge of all 
komatiitic rock species. But enigmatic high vis-
cosity of the partial magma containing 18— 
30 wt% MgO on an anhydrous basis (Saverikko 
1983; 1985) was the reason why the pyroxene 
peridotitic komatiite caused explosive volcanism 
in the main pyroclastic zone in Lapland. Only 
minor phreatic komatiitic explosions occurred in 
the Kuhmo—Suomussalmi belt, which under-
went sagduction in the ductile? periphery of the 
Saamian craton. 

The Fennoscandian greenstone belts developed 
within the Saamian continent which cratonized 
at 3.1—3.0 Ga and restabilized at 2.6 Ga. The 
greenstone belts form aulacogenic part of the 
radial swarm of crustal breakups, referring to 
domal uplift in a continental plate. Island-arc sys-
tems and other implications of the buoyancy— 
subduction dualism are not easily adaptable for 
the craton-scale tectonic framework. 

In Finland, the Lapland and the Kuhmo— 
Suomussalmi greenstone belts were tracts of 
three-period deposition which evolved from cra-
tonic sedimentation and/or continental rifting to 
oceanic or mantle-activated rifting. The reverse 
stratigraphic order to that of the classic Archaean 
greenstone belt (Anhaeusser 1971), which is seen 
in upwards increasing amounts of komatiites, 

may be ascribed to evolving mantle upwelling 
through the continental crust. 

The domal uplift was in connection with linear 
mantle upwelling which is inferred from the Lap-
ponian pyroclastic komatiite zone together with 
the large Solovetski mantle plume in the USSR; 
central-vents of the komatiitic complexes at Kum-
mitsoiva, Sattasvaara, and Sotkaselkä opened at 
rift—aulacogen intersections. They imply in-
cipient divergence of the continental plate, resem-
bling the embryonic stage of the Wilson cycle. 
The lower Lapponian komatiites, which lie in-
side or adjacent to the upper Lapponian mantle-
diapir area, may show the beginning of the 
mantle diapirism, which should have been exces-
sively prolonged in the Archaean when compared 
with Phanerozoic plate-tectonic principles. 

Continental rifting was no exception even at 
3.0 Ga (see Burke et al. 1985) but the Archaean 
development of the aulacogens is still worth men-
tioning (cf. Windley 1984, p. 87). Mantle-acti-
vated rifting 2.7—2.6 Ga ago appears to have 
been linked to the most important Archaean 
period of global magmatic activity (see Condie 
1981, p. 43); the greenstone belts with high gold 
potential, in which the Lapland greenstone belt 
appears to belong, developed in riftal processes 
under conditions of high crustal extension (see 
Groves et al. 1987). In general, the extensional 
tectonic regime have been responsible for 
komatiitic volcanism, at a time when some forces 
were pulling the continental nuclei apart (Nisbet 
1982). 

After the Karelian (2.5—2.0 Ga) anorogenic 
period, hot-spot activity produced two ophiolites 
at 1.97—1.96 Ga in the continental borderland, 
which shows palaeogeographic signs of a basin-
range structure in the Raahe—Ladoga tectonic 
belt. Only one of the two medium-size mantle 
plumes ascended with komatiites, the ejecta of 
which possess attributes of phreatic explosions 
and air-fall deposits in the Outokumpu ophio-
litic suite. The environment was that of a shal-
low-water to terrestrial setting, but because of the 
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tectonic imbrication this crustal opening is not 
known very well. 

At the Svecofennian orogenic peak 1.90—1.87 
Ga ago (H. Huhma 1986), the Rantasalmi 
komatiites discharged at the Archaean continen-
tal shelf break, while the explosions may have 

resulted in the non-explosive pouring of the lava 
into water. 
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