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A workshop dealing with the Finnish contribution to the Internati onal 
Global Geoscience Transect (GGT) Program was held at the Geological 
Survey of Finland Regional Office in Kuopio from 25-26111/1993 . The 
primary goal of the Program is to compile geological and geophysical data 
along representative profiles across orogenic belts, in order to faci litate 
tectonic interpretations and enhance understanding of lithospheric struc
ture and evolution. The articles in thi volume deal almost exclusively with 
the Finnish GGT transect , which includes a number if major tectonic units 
between Kustavi , on the southwest coast, and Kuhmo in the northeast ofthe 
country, and covers an area 160 km in width and 770 km in length , parallel 
to the Svekokarelian (SYEKA) Deep Seismic Sounding (DSS) profile. 

According to K-Ar studies the Archaean bedrock was strongly affected 
by Palaeoproterozoic orogenic processes. The high temperatures , large 
vol umes of fl uids and shear type of deformation associated with the 
Svecofennian reactivation of the Archaean basement of eastern Finland 
imply the possibility that go ld might also have been remobilized during this 
process. New studies concerning the mantle section ofthe Jormua Ophiolite 
indicate continental break-up slightly before the formation of the new 
oceanic basin in the west. 

Five principal epochs of mineralization and metallogenic provinces can 
be recognized in the development of the collisional Raahe-Ladoga Zone 
between the Archaean continent and Palaeoproterozoic Iithosphere. Eco
nomically most important are the early orogenic evolution of the Kainuu
Outokumpu rift and the Pyhäsalmi is land arc as wei l as the evolution of 
synorogenic Kotalahti Ni-belt. 

The geolog ical background for the GGTI SYEKA transect is also de
scribed by the geo logy of the Tampere Schist Belt (TSB) and Yammala 
Migmatite Belt (YMB). The TSB was formed in an evolved arc setting and 
is separated by a fault from the YMB which likely represents tectonised 
forearc to trench or marginal basin deposits. It is a lso possible that the YMB 
contains Palaeoproterozoic crust older than ca 1.905 Ga i.e. equivalents of 
the sou rces of the 1.91 - 2.0 Ga zircons so com mon in the TSB graywackes. 

On of most distinctive features of this transect is the presence of 
unusually thick Proterozoic crust, which increases in thickness from 50 km 
to around 60 km in the centra l part of the profile, near the Raahe-Ladoga 
Zone. The northeastern part of the profile traverses Archaean terrain which 
has a more characteristic crustal thickness of around 40 km. The three 
dimensional crustal structure of the Bothnian Sea has been deduced from 
the nearvertical reflection data of the Baltic and Bothnian Echoes from the 
Lithoshere (BABEL) experiments.The studies oftemperature and heat flow 
density in the bedrock on the GGTI SYEKA transect indicate that the 
observed surface he at flow density variat ions can mostly be exp lained by 
upper crustal he at sources. The middle and lower crustal, heat production 
seems to be lower in the Archaean than in the Proterozoic domain. 
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PREFACE 

The articles of this report represent the presentations as given at GGT/ SVEKA workshop in Kuopio 

25 - 26.11.1993. The papers review geological and geophysical investigations concerning the structure 

of the deep crust and the possible surface expression of deep features. One of the papers ' Deformation, 

metamorphism and the deep structure of the crust in the Turku area, southwestern Finland ' by Markku 

Väisänen, Pentti Hölttä, Jyri Rastas , Annakaisa Korja and Pekka Heikkinen has been published previosly 

in Geological Survey of Finland, Guide 37. The results of continuing research activity will be presented 

in future workshops, and it is anticipated that the final report will be published during 1996. 

Elias Ekdahl 
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Introduction 

A regional K-Ar dating project of the Archaean 
basement in eastern Finland was carried out by 
Geological Survey of Finland (GSF, Kuopio) from 
1984 - 1992 (Kontinen et al. 1992). Widespread 
resetting of biotite and hornblende ages as a respon
se to the Svecokarelian orogeny was documented as 
a result of this extensive project, totalling 61 horn
blende and 68 biotite K-Ar dates. Accordingly, large 
parts of the Archaean basement were heated 1900 -
1850 Ma aga to temperatures in excess of 500 oe. 
Based on petrographic aspects of the dated minerals 
in thin sections, it was concluded that the resetting of 
K-Ar age mineral system was not controlled prima
rily by volume diffusion but rather by metamorphic 
mineral recrystallization. Archaean mineral dates 
were observed mainly from high grade metamorphic 
blocks and are attributed to the rigidity and dry 
nature of the high grade rocks making them relative
ly more resistant to the resetting processes (recrys
tallization). 

To provide a more precise understanding of the 
regional heating pattern, thermal history and recrys
tallization processes in the basement, we have ob-

tained a further 20 hornblende and biotite K-Ar 
dates , nine hornblende Ar-Ar dates and several zir
con and titanite U-Pb age determinations, in combi
nation with field and petrographic work, particular
ly in the North Karelian region. This study has been 
done in co-operation with isotope geologists from 
GSF (Espoo) and the University of Leeds . 

The Ilomantsi area 

Our earlier conclusion concerning the relatively 
modest Svecokarelian heating in the area S-SE 
from Heinävaara-Ilomantsi-Hattuvaara line (Ilo
mantsi domain) has been confirmed by the new 
data. The generally older hornblendes (K-Ar ages 
up to 2689 Ma) in the Ilomantsi domain mean that 
Svecokarelian temperatures generally did not ex
ceed 500 oe (which is the commonly accepted 
hornblende blocking or resetting temperature; e.g. 
Harrison 1981), in contrast to the area to the north 
of the domain , where hornblende is generally reset 
to show Svecokarelian ages. U-Pb titanite ages 
from the IIomantsi region are all Archaean but, 
vary sy mpathetically with the hornblende K-Ar 
ages so that slightly lower titanite ages come from 
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the sam pies with the lowest hornblende K-Ar ages. 

The Koitere area 

The area to the north of the Heinävaara-Ilomantsi
Hattuvaara line, from Koitere up to Vieki and Nur
mijärvi (Koitere domain) , has proved to be a very 
interesting study area with respect to the nature of 
Svecokarelian reacti vation and related deformation 
and metamorphism (Sorjonen-Ward 1993). This is 
because the primary upper amphibolite facies Ar
chaean metamorphism of the rocks in the Koitere 
domain permits typical Presvecokarelian mineral 
parageneses (typically clinopyroxene + green horn
blende + brown biotite + fresh plagioclase + undu
lose quartz + magnetite) and rock textures (igneous, 
gneissic) to be readily distinguished from the green
schist to epidote amphibolite facies Svecokarelidic 
parageneses (typically bluegreen hornblende + 
green biotite + heavily saussuritized plagioglase + 
annealed , non-undulous quartz ± carbonate ± iron 
sulphides) and textures (protomylonite). 

The Svecokarelian reactivation is best ascribed 
as to regional recrystallization, with localized zo
nes of protomylonitization. Most of the Koitere 
domain is strongly affected by the protomyloniti
zation and related metamorphic rehydration pro
cesses. Rocks retaining Archaean upper amphibo
lite facies minerals and textures have survived only 
in scattered fault-bounded blocks that have to va
rying degrees escaped the Proterozoic deformation 
and metamorphic retrogression; these blocks are 
seen on areal aeromagnetic maps as domains of 
high magnetic response. The Proterozoic age of the 
protomylonitization is indicated by the Proterozoic 
hornblende and biotite ages obtained from the pro
tomylonitic rocks and the deformation and meta
morphism of Proterozoic diabase dykes within the 
protomylonitic domains and relative lack of evi
dence for deformation in dykes ofthe same swarms 
within the relict upper amphibolite facies blocks . 
In conclusion, the new information from the Koite
re domain strongly supports our earlier view of the 
major impact of the Svecokarelian orogeny on the 
mineralogy and texture and structure of the base
ment rocks. 

Implication for the gold problem 

The high temperatures , large volumes of fluids 
and shear type of deformation associated with the 
Svecokarelian reactivation of the Archaean base
ment of eastern Finland imply the possibility that 
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gold mineralizations in the basement may be, if not 
Svekokarelian in origin, at least significantly re
mobilized during the Svecokarelian reactivation. 
This possibility gets support from the fact that 
many of the metadiabases in the basement area are 
remarkably rich in tourmaline. The Svecokarelian 
metamorphic fluids transported not only water and 
carbon dioxide but also boron (O ' Brien et al. 1993; 
Bornhorst et al. 1993) and hence possibly also 
gold, which tends to accompany boron in hydrot
hermal fluids. 

Influence on rock magnetic properties 

Because of the alteration of magnetite to non
magnetic phases in association with the Svecokare
lian reacti vati on and related metamorphic proces
ses, the magnetic properties of the Archaean rocks 
have also been extensively modified. As a conse
quence, in many areas the intensity patterns on the 
regional aeromagnetic maps reflect rather the ef
fects of the Svecokarelian reactivation than pristi
ne Archaean bedrock structures. 
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The Tampere Schist Belt (TSB) is a disco ntinuo
us Palaeoproterozoic volcanic-sedimentary belt 
which is about 200 km long in E-W direction and 
about 20 km across at its widest. It is separated by 
a fault from the Vammala Migmatite Belt (VMB) 
to the south , while to the north it is bounded by the 
Central Finland Granitoid Complex. The TSB is 
composed mainly of metasediments, and are-type 
basaltic, intermediate and rhyolitic metavolcanics, 
with intermediate compositions predominating 
(Ojakangas 1986, Kähkönen 1989). The TSB me-

Table I . A tentati ve genera li zed strati graphie se heme of the eentra l 
TSB . Zireon ages from Kähkönen e t aJ. ( 1989), Nironen ( I 989b) , 
Huhma e t a J. ( 199 I) and Claesson et aJ. ( 1993) . 

Taka maa formation mafie vo leanies 

Are- type voJcanies and 
re lated sedimentary rocks ine luding 
the Ve ittijärvi-type eonglolllerates 

Myll yniem i turbidites 

Haveri formation 
ex ten sional basalts 

z ireon age 

1. 889 Ga 

I .90S - 1.89 Ga 

pebbles 1.89 - 1.884 Ga 

e lastie zi reons ca. 
1. 9 I - 2.0 Ga and 
Arehean 

tavolcanics have U-Pb zircon ages of ca. 1904 -
1890 Ma (Kähkönen et al. 1989) while zirco ns in 
the graywackes are mostly 1.91 - 2.0 Ga in age, 
with an additi onal Archaean compo nent (Huhma et 
al. 1991 , Claesson et al. 1993). In its ce ntral parts 
near Tampere, the TSB comprises a major E- W 
striking Fl-syncline with subvertical axial planes 
and subhorizontal F l-axes (Nironen 1989a). Stra
tigraphie columns vary from place to place but 
pyroclast ic rocks dominate among the metavolca
nies and the metasedimentary rocks are characteri
zed by turbidites. This preliminary paper discusses 
selected parts ofthe supracrustal success ions in the 
Tampere area. 

In the central TSB near Tampere , around Lake 
Näsijärvi (l : 100000 map sheets 2123, 2124 and 
2142), the succession exposed in the southern limb 
of the major syncline is up to 7 - 8 km thick 
(Kähkönen & Leveinen 1994). Its lower parts are 
dominated by turbiditic metasedimentary units of 
which the Myllyniemi formation is the lowermost 
(Table 1). Metavolcanic rocks are found in the 
southernmost part of the belt at Tohloppi but, 
contrary to the original suggestion of the author , 
they are younger than the Myllynie mi metaturbidi
tes (H. Huhma, personal co mmunication, see also 
Kähkönen 1994). Consequently , the existence of 
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early thrusts is considered likely. Apart of the 
graywackes and conglomerates of the Myllyniemi 
formation are rich in quartz but the bulk of the 
metaturbidites were derived from volcanic sour
ces . The upper part of the succession is dominated 
by metavolcanic rocks. Near Lake Pulesjärvi, 10-
15 km east ofLake Näsijärvi, the related metasedi
mentary rocks comprise fluvial strata deposited on 
subaerial volcanic apron(s) (Leveinen, 1990). A 
stratovolcano or a complex of stratovolcanoes pro
bably emerged above sea level in this area. In 
contrast, the Veittijärvi conglomerate at Ylöjärvi, 
5 - 10 km east of Lake Näsijärvi, represents depo
sition in submarine channels (Rautio 1987). In the 
core of the major syneline the conglomerate is 
overlain by the 1.889 Ga (Kähkönen et al. 1989) 
basalt-rich Takamaa formation (calIed the Upper 
Volcanic Unit at Ylöjärvi by Kähkönen 1989). The 
northern limb at Ylöjärvi is dominated by metavol
canics. 

The succession at Viljakkala, 30 - 35 km NW of 
Tampere, includes the Haveri formation (Mäkelä 
1980, Kähkönen & Nironen 1994) which contains 
pillow-basalts and is considered to be the lower
most unit in the northern limb of the major syneli
neo The Haveri basalts are exceptional in the TSB 
since they showextensional, not are-type, affini
ties. This formation is overlain by the turbiditic 
Osara formation, and the latter seems to be overlain 
by the Harhala formation , composed of are-type 
andesites, dacites and rhyolites. 

At Orivesi, 30 - 40 km NE of Tampere, the 
northern limb of the major syneline is dominated 
by the andesitic-dacitic-rhyolitic Koskuenjärvi for
mation (calIed the Intermediate Unit at Orivesi by 
Kähkönen 1989) . Metaturbidites are absent in this 
1 km thick unit and the metavolcanic rocks were 
evidently deposited in subaerial environments . The 
Koskuenjärvi formation has a zircon age of 1904 
Ma (Kähkönen et al. 1989). The southern limb of 
the major syneline at Orivesi is dominated by 
metaturbidites and subaqueous pyroclastic rocks. 

The differences between the successions of the 
southern and northern limb are attributed to two 
factors. Rapid facies changes are common in envi
ronments characterized by stratovolcanoes and 
small sedimentary basins. In addition, the E-W 
striking Paarlahti fault or shear zone tectonically 
excised part of the succession from the northern 
limb. 

The Mauri "arkose", 25 - 40 km W of Tampere, 
comprises a unit offluvial-deltaic sandstones up to 
2 km thick (Matisto 1968) . elasts of potassium 
feldspar are common but since the bulk ofthe elasts 
are actually fine-grained felsic volcanics the rock 
should rather be elassified as a litharenite (with 

10 

predominantly volcanic provenance) than as an 
arkose. The Mauri arenites occur on the southern 
limb of an antieline but the precise stratigraphie 
position is not quite eleaL The ca. l.9 Ga elastic 
zircon (Matisto 1968) is commonly thought to 
suggest that the Mauri arenites are relatively high 
in the succession of the TSB . 

In the Suodenniemi area, about 50 km west of 
Tampere, there seems to be a large syneline with a 
subvertical NW-SE striking axial plane but in the 
southwest the structure is more complicated (Pert
tula 1982, field observations of the author) . The 
Suodenniemi succession is rather poorly exposed 
but it is interpreted as being ca. 5 km thick in the 
northeast. In the southwest, structural complexities 
make the stratigraphie interpretation problematic. 
The Suodenniemi succession is dominated by tur
biditic metasedimentary rocks. Two major units 
with abundant mafic metavolcanics have been iden
tified in the NE limb. The Hoivasvuori metavolca
nies (ca. 0.4 km thick) are intercalated among the 
northeasternmost metaturbidites and mainly con
sist of coarse mafic pyroelastic rocks although 
uralite-porphyri tic lava locally displaying pillow 
structures is also present (observations by the aut
hor). The pyroelastic mafic to intermediate meta
volcanics at Punapäät (ca. 0.5 km, or more, thick) 
occur high in the sequence, on both sides of the 
hinge zone. They grade upward into horizons do
minated by metaturbidites with volcanic provenan
ce. A massive plagioelase porphyry up to 0.5 km 
thick at Suodenniemi is considered by the author to 
be subvolcanic rather than crystal tuff in origin (cf. 
Perttula 1982). The metasedimentary rocks at Suo
denniemi appear to be predominantly mudstones 
and fine-grained graywackes but cobble-pebble 
conglomerates , rare quartz-rich arenites and cong
lomerates, coarse-grained graywackes and arkoses 
are present as weil. Some of the turbidite-domina
ted units are rich in intermediate to felsic tuffs and 
redeposited tuffs. The precise stratigraphie posi
tion of the Kari arkoses, 1 - 2 km SW of the hinge 
zone, is not known, due to structural complexities 
but they are probably high in the succession. 

The supracrustal rocks of the Vammala Migma
tite Belt (VMB) are dominated by metasediments 
(e.g ., Matisto 1971) . These consist mostly of turbi
ditic graywackes and mudstones, although black 
schists and graphite schists are more common than 
in the TSB. In addition, the VMB contains sedi
mentary carbonates and arenites. The Rämsöö cong
lomerate at Vesilahti, about 30 km SW ofTampere, 
represents feeder-channel deposits of a submarine 
fan but elast compositions differ from typical TSB 
conglomerates. In contrast, the Naistenmatka cong
lomerate at Pirkkala (about 5 km SW ofTampere), 
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resembles TSB conglomerates since it is characte
rized by volcanic elasts . However, it differs from 
the Veittijärvi and Tohloppi conglomerates due to 
the absence of pink feldspar porphyry elasts. Most 
of the turbidite gneis ses in the northern VMB 
resemble the turbiditic TSB metasediments in che
mical composition (Lahtinen 1994). 

Metavolcanic rocks are not common in the VMB 
but mafic metavolcanics with MORB-like affini
ties do occur in the southern part of the belt (Lah
tinen 1994) . The basaltic to andesitic amphibolites 
at Kiimajärvi, about 50 km WSW ofTampere, have 
mixed tectonomagmatic affinities according to the 
Ti vs. Zr diagram (unpublished data of the author) 
but similar characteristics are found in certain 
metavolcanics of the TSB as weil. 

In general, the TSB was formed in an evolved arc 
setting (Kähkönen 1989) . The Haveri metabasalts 
are older than the bulk of the 1.905 - 1.89 Ga arc
type TSB metavolcanics and represent extension of 
pre-1.91 Ga Palaeoproterozoic crust. The 1.905 -
1.89 Ga arc-type volcanism was also preceded by 
deposition of the bulk of the TSB metaturbidites 
(e.g., ofthe Myllyniemi formation) since the youn
gest elastic zircons in the latter are slightly older 
than 1.905 Ga. Some of the metaturbidites, howe
ver, probably have a significant component deri
ved from the 1.905 - l.89 Ga TSB volcanics. 

The ca. l.904 Ga Koskuenjärvi formation at 
Orivesi is the oldest unit in the TSB dated so far by 
U-Pb zircon methods . Based on Yli-Kyyny (1990) 
and his personal communication, the 2 - 3 km thick 
succession of metavolcanics at Kiialanniemi, Ikaa
linen (50 - 60 km NW of Tampere), resembles the 
Koskuenjärvi formation since both units are domi
nated by intermediate to felsic subaerial rocks and 
both seem to occur relatively low in their respecti
ve local stratigraphic successions. In contrast, the 
metavolcanics interbedded with metaturbidites on 
the southern limb of the major syncline near Tam
pere are subaqueous pyroelastic rocks . The bulk of 
the volcanic succession at Suodenniemi also repre
sents submarine sequences. 

The supracrustal rocks of the VMB differ from 
those of the TSB in many respects and may largely 
represent tectonised forearc to trench or marginal 
basin deposits incorporated within an accretionary 
prism complex or complexes. Such complexes 
would consist mainly of submarine fan and abyssal 
turbidites but some of the black schists might 
represent pelagic sediments. Local emergence of 
the prisms would result in occasional shallow
water or subaerial depositional environments. The 
variation in the tectonomagmatic affinities of the 
VMB metavolcanics is thought to reflect the occur
rence of both extension al and arc-type settings in 

and near the accreted basin(s). It is also possible 
that the VMB contains Palaeoproterozoic crust 
older than ca. l.905 Ga, i.e., equivalents of the 
sources of the 1.9 1 - 2.0 Ga zircons so common in 
the TSB graywackes. 

The differences in the character of the supracrus
tal rocks ofthe TSB and VMB may be explained by 
differences in the character of crustal components 
of convergent systems. Although the two belts are 
separated by a major fault, they do not necessarily 
represent separate suspect terranes, i.e., they do not 
need to be mutually exotic. 
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The bedrock of central Finland is divided into 
the Archean Karelian and Proterozoie Svecofenni 
an Domains. These two domains are separated by 
the Raahe-Ladoga Zone , at which thu s defines the 
margin of the Archean craton. This major geologi
cal and tectonic unit contains highly metamorpho
sed volcanics and sediments and records several 
epochs of mineralization . The Svecfennian Do
main in southwestern Finland lacks evidence for an 
underlying Archean basement. Since Hietanen 
(1975) first presented a plate tectonic interpretati
on for Finland, with the oceanic S vecofennian plate 
subducted beneath the continental Karelian block 
around 1.9 Ga, a number of authors have pursued 
thi s theme. The Raahe - Ladoga Zone has an integ
ral place within such interpretations but in additi
on, records events that took place prior to the 
postulated collision . 

Tectonic evolution of the Raahe - Ladoga Zone 

The plate tectonic model presented by Park et al. 
(1984) invol ved progress ive southwards migration 
of ares including the Skellefte (2000 - 1950 Ma) 
and Tampere (1950 - 1900 Ma) voJcanic ares. 

P.O. Box 123 7, FlN-702 11 KUOPlO. 

Continental basic igneous activity (2.3 - 2.05 Ma) 
related to a phase oftensional ac tivity preceded the 
break-up stage, which was represented by the gene
sis of the Outokumpu assemblage, attributed to the 
influence of a mantle diapir. Obduction of the 
Outokumpu back are basin took place during the 
later orogenie phase . The model of Gaal (1986), 
involving a margi nal basin and magmatic are sys
tem on the active continental margin , related to 
eastwards subduction was subsequently modified 
(Gaal 1990) , involving areversal of subduction 
after collision. Thinning of continental crust led to 
marginal basin formation (Outokumpu rift zone). 
Westwards subduction of oceanic crust was asso
ciated with the formation of oceanic island ares, 
intruded by tonal ites at 1930 - 1900 Ma, along with 
the obduction of Outokumpu association back onto 
the fo reland . Subseq uent revers al of subduction 
resulted in the development of a continental margin 
magmatic are between 1900 - 1870 Ma, with asso
ciated massive sulphide deposits. 

An alternative interpretation involves prolon
ged, possibly multiple phases of subduction in a N
NE direction towards the continental margin, with 
back are spreading. On a large scale the evolution 
of the Raahe-Ladoga Zone can be compared to a 
Wilson cycle, as is indicated by the chronogram 
based on 70 zircon ages determined by the GSF 
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(Fig. 1). The chronogram indicates that the total 
duration of the orogenic processes was at least 150 
Ma. Orogenesis can be cons idered to have com
menced at about 1.97 Ga, as mentioned by Koisti
nen (1981) in connection with the in itiation of 
tectonism in the Outokumpu region. Bimodal arc 
volcanism represents the early orogenic stage, 
whereas the synorogenic stage is characterized by 
tholeiitic to calc-alkaline magmatism c10se to the 
active continental margin between 1.90 - 1.87 Ga. 
The I-type characterisitics of the granitoids can be 
accounted for by appealing to Andino type plate 
tectonics (Nurmi and Haapala 1986) . The highly 
metamorphosed Savo schists on the suture zone 
represent a transitional zone between the Sveco
fennides and Karelides. Studies by the author in the 
Pielavesi district, support the notion that their de
velopment was , at least to some extent, coeva1. 

Tectonically the Raahe - Ladoga Zone (RLZ) is 
at least 150 km wide and can be considered to 
extend as far as the Kainuu Schist Belt in the 
northeast. The most significant mineralization 
epochs appear to have been associated with mag
matism immediately prior to and during orogene
SIS. 

Although the RLZ is primarily a synorogenic 
feature , it also contains various elements recording 
earlier events, inc1uding extension , rifting and bre
ak-up. The RLZ is characterized by dextral faults 
and shear zones that were generated by prolonged 
plate convergence along a S-SW vector (Fig . 2). 

1800 1900 

The effects of this deformation are apparent for a 
considerable distance into the foreland. Dextral 
NW -trending wrench faults with some antithetic 
conjugate NE-trending faults and dextra l N-tren
ding zones dominate the structural pattern of the 
Archean craton over an area at least 150 km wide. 

Conjugate fracture systems have also controlled 
volcanism in the island arc zone, with volcanic 
zones and complexes defining an en echelon chain 
(Fig. 3). Subduction resulted in D I recumbent fo lds 
and N-NE directed thrusting which were progressi
vely steepened during D

2
. This progressive defor

mational event was associated with amphibolite 
and granulite facies metamorphism in the marginal 
zone, and climaxed prior to the emplacement ofthe 
pyroxene granites about 1880 - 1890 Ma. Conti
nued convergence resulted in the formation of 
dextral shear zones along the continental margin 
with thrusting ofthe tightly folded trench sequence 
towards the NW and NNW (Fig . 3 A). This defor
mation resulted in the formation of the prominent 
S3 trans verse foliation and SE-plunging L

3 
mineral 

elongation lineation in the marginal zone. The 
orientation of ore deposits throughout the margi nal 
zone was largely determined by this D3 phase of 
deformation, which must have been a prolonged 
event, continuing until the intrusion of the late 
orogenic granites. D

3 
deformation also influenced 

the geometry of metamorphic domains in the Kiu
ruvesi-Haukivesi complex (Korsman et a1. 1988). 
The NW - NE- and N-trending fault zones that were 
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Fig I . Descriptive chronogram of the Raahe-Ladoga Zone; compiled from about 70 V-Pb zircon data (y-axis) . 
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initiated in the crust during subduction were fre
quently reactivated, resulting in vertical differen
tial block movements during late stages of defor
mation. Late stage movement along these structu
res is demonstrated by brittle displacements. 

Probably as a consequence ofprolonged subduc
tion, the Kainuu-Outokumpu back are was empla
ced onto the continental foreland some time after 
1.97 Ga, with the vergence of the nappes coinci
ding with the direction of subduction (Ward 1987). 
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gr.-,.. 
~ Continent 

t Q 
"'~ t ~v 
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A. Early orogenie stage 

t Direetion of the 

subduetion 

B 
'" Island 
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The strongly developed SW -plunging lineation as
sociated with this thrusting event in both Archean 
basement and Proterozoic cover has been descri
bed by numerous authors (Weg mann 1928; Väyry
nen 1933, 1954; Koistinen 1981; Paavola 1984, 
1988; Park 1988). The syngenetic ore deposits of 
the Outokumpu region were also polydeformed 
and are teetonically aligned within the NE-SW 
thrusting direction (Fig . 3 B). Thrusts are best 
developed to the N of the Suvasvesi Shear Zone, 
although deformed remnants of the thrusting and 
its associated lineation are found further southwest 
near Juva and Leppävirta. Similarly, N-NE di
rected thrusting in Kainuu is recorded by thrust
nappes within the Kainuu Schist Belt itself. 

The D
3 

deformation along the Haukivesi and 
Suvasvesi shear zones took pI ace within the D

2
-D

3 

interval defined by Koistinen (1981) for the Outo
kumpu district. Deformation throughout the Raa
he-Ladoga Zone has been a progressive, continuo
us process resulting from protracted compression. 
Volcanism, ore formation and later reorientation 
and remobilization of ore deposits has been cont
rolled principally by N-NW -trending synthetic and 
N-NE-trending antithetic shear and fault zones. 
Brittle deformation during the final stages of oro
geny was also controlled by reactivation of the 
same structures . 

Metallogenesis 

The geological history and metallogenie evolu
tion ofthe Raahe - Ladoga Zone is illustrated on the 
chronogram in Figure 1. 

Five principal epochs of mineralization and 

t LAKE 
LADOG A 

B. Syn-Late orogenie stages 

f1 Tectonic transport 

I Lineation 

Fig 3. Schematic illu strati on of tec tomic events in the Raahe-Ladoga Zone. 
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metallogenie provinees ean be reeognized in the 
development of the Raahe-Ladoga Zone. 

I) Preorogen ie stage 
- Low-AI tholeiitie layered intrusions (2 .2 Ga) 
- Fe-tholeiites (2.1 Ga) 

2) Pre- to early orogenie stage 
- Stratiform U-P oeeurrenees and iron forma

tions within the Marine latulian assoeiation 
(ca. 2.08 - 1.97 Ga) 

- Layered intrusions eontaining Ti- V -Fe de
posits (ca. 2.06 Ga) 

3) Early orogenie stage 
- Kainuu-Outokumpu zone with Cu-Zn-Co

Ni deposits (~1.96 Ga) 
- Pyhäsalmi Island Are with Kuroko-type de

posits (~1.92 Ga) 

4) Synorogenie stage 
- Kotalahti Ni-Belt (ca. 1.89 - 1.88 Ga) 
- Porphyry type Cu±Mo±Au±W oeeurrenees 
(~1.88 Ga) 

5) Syn-Iate orogenie stage 
- Epigenetie Au-As oeeurrenees (ca. 1.88 -

1.85 Ga) 

Extensional magmatism is reeorded troughout 
the whole of the Karelian Domain, represented by 
2.2 Ga AI-poor tholeiitie sills (karjalites) and 2.1 
Ga Fe-tholeiitie dykes (Vuollo et al. 1992). Some 
weak U and Cu mineralization has been found at 
the margins of these intrusions. 

Prior to the early orogenie stage, the elastie and 
ehemieal marine latuli sediments with minor vol
eanies were deposited, including limited develop
ments of iron formatious and U-P deposits. 

The Kainuu Outokumpu ophiolite zone is almost 
300 km in length and in addition to a number of 
exhausted deposits eontains some tens of pros
peets. The massive Outokumpu-type deposits have 
been deseribed as Cyprus-type (Koistinen 1981). 

The Vihanti-Pyhäsalmi zone is interpreted as an 
island are. The volcanie sequenee eonsists ofbasal
tie and andesitie lavas and in the uppermost parts, 
of pyroelastie rhyodaeites and daeites. Kuroko
type Zn-Cu-Pb deposits are loeated within the hyd
rothermally altered upper parts of the pile. 

Synorogenie ore deposits are represented by Ni
Cu mine-ralization assoeiated with mafie and ult
ramafie intrusions of the Kotalahti bell. Porphyri
tie granitoids eontaining Cu, Au, Mo and W oeeur
rences are eharaeteristie of Cordilleran-type oro
geny and are also closely assoeiated with the Raahe 
- Ladoga Zone. The subduetion zone setting was 
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also eonduetive to the formation of epigenetie Au
As mesothermal deposits. 

The Sveeofennian Orogen is eonsidered here to 
eomprise three sueeessive orogenie events, eaeh of 
whieh eontains the same broad subduetion-related 
style ofmetallogenesis. The early orogenie stage is 
eharaeterized by volcanie-hosted stratabound Zn
Cu-Pb deposits within the Pyhäsalmi Island Are ( 
1.92 Ga), the Skellefte-Tampere Are (1.90 - 1.89 
Ga) and the Bergslagen-Orijärvi Are (1.90 - 1.86 
Ga). The sueeeeding synorogenie stages are eha
raeterized by mafie to ultramafie magmatism with 
Ni-deposits and the late phases by ealc-alkaline 1-
type granitoids with porphyry-type Cu±Au±Mo±W 
mineralization and epigenetie Au-As deposits. The 
Skellefte-Tampere Are also eontains post-oroge
nie (1.80 - 1.77 Ga) Li-Be-Sn-Nb-Ta pegmatites. 

The evolution of lead isotope eharaeteristies 
from the Outokumpu-type pure mantle eomposi
ti on to the more mature orogenie lead of the sulphi
de deposits whieh young to the southwest is an 
important feature in eharaeterization of metalloge
netie provinees (Vaasjoki 1981; Vaasjoki and Sak
ko 1988). Deep seismie refleetion profiling (BA
BEL Working Group 1990) and magnetotellurie 
investigations (Korja 1990) also support the mo
delling presented above. 
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Introduction 

Orogenic processes include both compression 
associated with co11ision and extension associated 
with destruction and denudation of the orogen. 
Details may differ but in a11 orogenies pre-, syn
and postorogenic periods and structures can be 
found . Research on Precambrian orogenies is fo
cused on the pre- and synorogenic stages, which 
dominate surface lithologies and tectonic patterns 
on both local and regional scales. Only minor 
attention is paid to structures associated with the 
destruction ofthe orogen although those structures 
are most likely to be best preserved and thus most 
easily imaged as continuous seismic reflections. 
Surface lithology and deep crustal structures ima
ge complimentary features of the tectonic history. 
Observations from both sources are required when 
the whole ofthe orogenic evolution is studied. This 
has been weil demonstrated in the Basin and Range 
Province of N orth America, where the destruction 
of thick co11isional Laramide crust has been exp
lained by post-collisional extension (Wernicke 
1985). 

The Svecofennian crust (2.0 - 1.75 Ga) consists 
of granitoid batholiths surrounded by polydefor
med schist belts metamorphosed to medium or high 
grade (Fig. 1). It has been intruded by Subjotnian 
rapakivi batholiths and associated mafic intrusions 
(1.52 - 1.67 Ga). Sedimentary basins developed in 
the area in Riphean, 10tnian and Vendian times 
(1700 - 570 Ma) and the older basins were intruded 
by Postjotnian diabase dykes (1.2 Ga) . The bed
rock of the southern Fennoscandian Shield is high
ly fractured and consists of a mosaic of faulted 
blocks, also revealed by metamorphic studies (Kors
man et al. 1988, Hölttä 1986) and lineament inter
pretations (e.g. Parkkinen and Huomo 1978, Kui
vamäki and Tuominen, 1985). The fracture zones 
are observed on aeromagnetic and gravimetric maps 
as abrupt changes in magnetic and Bouguer gradi
ent patterns. 

The purpose of the paper is to describe and 
interpret the postco11isional crustal deformation of 
the Svecofennian seen on the seismic reflection 
sections. The crustal deformation is compared to 
surface geology and an extensional evolution mo
del for the crust is proposed. 
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Seismic data and structural interpretations 

The three-dimensional crustal structure of the 
Bothnian Sea has been deduced from the near
vertical reflection data of the lines 1, 6, 7, and C of 
the BABEL (Baltic and Bothnian Echoes from the 
Lithosphere) experiment (BABEL Working Group 
1993) (Fig, 1), For thi s study the CDP-stacked 
sections have been migrated with a velocity of 6,5 
km/s and displayed as stacked envelope sections, 
The display enhances large scale crustal structures, 

The reflection sections show large scale listric 
shear zones dipping towards the SE with apparent 
strikes between 030° and 040° (Fig, 2), The listric 
shear zones flatten at major detachment zones at 35 
- 40 km and 48 km depth, The detachment zones are 
associated with changes in P-wave velocity from 
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6,8 km/s to 7 ,0 km/s and from 7.4 km/s to 8,2 km/ 
s corresponding to the middle and lower crustal 
boundary and the Moho boundary, The detachment 
zone geometry and cross-cutting relationship are 
weil developed on line 7, The listric normal faults 
related to the Moho detachment zone are younger 
and in the SE actually appeal' to cut the upper 
detachment zone, The southern end of line 6 is 
dominated by the older set of listric faults and the 
southern end of line 1 is dominated by the younger 
set of listric faults and consequently it is not easy 
to correlate these two lines, 

The BABEL lines land 7 cross-cut the Äland 
rapakivi granite batholith , The crust beneath the 
batholith is thinner and the lower crust has higher 
velocity and higher reflectivity than in the surroun
ding areas (BABEL Working Group 1993), The 
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Fig. 2. Three-dime ns iona l cross sec ti on o f the BAB EL lines 1 and 7 di spl ayed as stacked e nve lo pe sec ti on (Ko rj a and He ikkine n 1995). Vie w 
is to the NW . Note the hi ghl y re fl ec ti ve li stri c shear zone di pping to ward the viewer. 

batholith itself is distinguished by a rather transpa
rent area within which good reflections mimic 
graben and horst structures in the upper crust. The 
reflection image is interpreted as mafic Subjotnian 
intrusions and dykes occupying faulted and tilted 
block surfaces within the rapakivi granite. Alt
hough weaker, horst and graben structures are also 
observed the western part of line 7 , where the 
Bothnian Sea Basin occupies the upper most part of 
the crust. Weak fault s extend upwards to the floor 
of the Basin and consequently the Bothnian Sea 
Basin can be interpreted as a thinskinned sedimen
tary basin . 

The Subjotnian to 10tnian Bothnian Sea Basin is 
offset to the NW of the major crustal thinning zone 
situated along the Gulf of Finland (Korja et al. 
1993). The rapakivi granitoids related to mafic 
underplating of the crust, lie either within this 
major crustal thinning zone or to the SE of it. The 
geometry and spatial distribution ofthe listric faults, 
the thinskinned sedimentary basins , the major crus
tal thinning zone and anorogenic rapakivi batho
liths can a11 be explained by a simple shear exten
sional delamination model of the crust (Wernicke 
1985 , Lister et al. 1986). 

Discussion 

The thinning of the upper crust via extension 

leads to a mosaic-like upper crust, where high
grade rocks outcrop next to low grade rocks (Foun
tain 1989). The simultaneous upward bowing of 
the lower crust and mantle in the central thinning 
zone causes the old metamorphie PT -trends of the 
crust to bow upwards. This results in mosaic crustal 
units within which the average metamorphie grade 
increases towards the Moho uplift (Wernicke 1985). 
In Finland , metamorphie grade generally increases 
towards the south , where S-type potassium grani
tes and migmatites dominate . Metamorphie grade 
locally reaches granulite facies (Korsman et al. 
1988, Hölttä 1986, Ploegsma and Westra 1991) 
that abruptly changes to amphibolite facies . The 
metamorphie block structure is thus in accordance 
with the extensional model. 

In the Turku area, the peak metamorphie condi
tions (800° C, 5.5 kb) of low-pressure - high
temperature granulites were attained by 1840 Ma. 
By 1718 Ma the granulites had attained depths 
corresponding to 2 kb (Hölttä 1986). Approximate
ly the same depth range is suggested for intrusion 
and crystallization of the rapakivi granites as weIl 
as for the contact metamorphic reactions in pyroxe
ne-hornfels facies aureoles (Vorma 1972). This 
means that the high-grade rocks experienced about 
10 km of uplift prior to 1718 Ma and consequently 
relatively little uplift/erosion is related to the rapa
kivi emplacement. Based on the surface observa-
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tions of the uplift time frame we are inclined to 
relate the extensional deformation to postcollisio
nal extension (Dewey 1988) of the Svecofennian 
crust and isochronous exhumation of the deeper 
levels of the crust. 

This conclusion is supported by the late ductile 
shear deformation described from the nearby Aland 
archipelago by Brannigan (1987). According to 
hirn the postorogenic Seglinge granitoid batholith 
(1815 Ma) has been deformed by a late deformatio
nal shearing event (De+4). Later brittle phases of 
deformation control the emplacement of the Aland 
-Aboland dike swarm (1520 - 1600 Ma). The domi
nant direction of the sinistral shearing is 130° and 
the conjugate dextral shearing direction is 030°. 
The conjugate direction 030° agrees weil with the 
shear zone directions of 035 - 040° observed in the 
seismic sections. 

The apparent strike of the observed listric faults 
(035 - 040° and 040 - 045 °) coincides rather weil 
with the strike of the Subjotnian Aland-Aboland 
dike swarm, the magnetic lineament joining the 
rapakivi batholiths of Kökarsfjärden, Fjälskär, Pei
pohja, Vehmaa and Laitila (Suominen 1991), the 
Lahti-Porkkala lineament joining the Obnäs and 
Bodom rapakivi batholiths and the Suomusjärvi 
shear zone (Ploegsma, 1991), and also the linea
ments (035/305 °, 040°) related to the Wiborg rapa
kivi batholith (Parkkinen and Huomo 1978, Kuiva
mäki and Tuominen 1985). The conjugate directi
on agrees weil with the axis ofthe Satakunta graben 
formation, the Häme diabase dike swarm, and Bre
wen and Hällefors dike swarms in Sweden. The 
conjugate direction is interpreted as a transfer fault 
system transferring shear strain between listric 
faults nucleating at different locations and levels of 
the extending crust (Lister et al. 1986). 

The higher reflectivity and higher velocity of the 
lower crust beneath the Aland rapakivi granitoid 
together with the extensional listric shear zones 
point to mafic underplating of the crust in an 
extensional tectonic setting. This agrees weil with 
the proposal of Haapala and Rämö (1991) that 
rapakivi granites are partial melts of the crust for 
wh ich mafic underplating of the crust provided a 
heat source in an extensional tectonic setting. 

Conclusions 

Reflection sections image extensionallistric shear 
zone structures formed in the post-Svecofennian 
time . They can be interpreted as imaging the post
collisional collapse of the Svecofennian orogen. 
The intrusion of the rapakivi granitoid batholiths 
was controlled by the listric faults in an extensional 
regime. 
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Introduction 

The GGT/ SVEKA transect is characterized by 
heat flow density (HFD) and radiogenic surface 
heat production values that decrease from the south
west towards the northeast. On the Bothnian Bay 
coast HFD reaches 50 mWm-2 but at the NE end of 
the transect the corresponding value is only about 
30 mWm-2. These variations correlate with the age 
and geotectonic setting of the rocks on the profile 
(Kukkonen 1989a, 1992, 1993). 

The present study discusses the present thermal 
regime of the lithosphere on GGT/ SVEKA with 
the aid of two-dimensional numerical forward 
models using finite difference methods . The simu
lation code SHEMA T (Clauser 1988) was used . 
Coupled heat and fluid transfer simulations were 
calculated for the crust. 

The major question tested with the present simu
lations is: Can the surface HFD variation along the 
GGT/ SVEKA transect be attributed to upper crus
tal heat sources, or do we need a lateral variation in 
the Moho he at flow density or in middle and lower 
crustal heat generation values? Furthermore, does 
advective heat transfer in the upper crust produce 
significant deviations from the conductive heat 
flow values? 

Compilation of model parameters 

On a crustal scale, available geothermal measu
rements are limited to the very surface: heat flow 
measurements are made in drill holes usually shal
lower than 1 km, and rock thermal properties are 
measured from outcrop sampIes or from drill cores. 
These measurements cannot be extrapolated li
nearly into deeper level s of the lithosphere. Know
ledge of the structure and composition of the deep 
lithosphere is therefore essential. 

In order to calculate the thermal and hydraulic 
regime of the subsurface a wide spectrum of para
meters is needed. In the present study forward 
thermal modelling is performed, ie. starting from 
given parameter values the subsurface temperature 
and heat HFD are calculated using certain bounda
ry conditions . The necessary parameters are the 
vertical and horizontal variations in thermal con
ductivity, radiogenic heat production rate and hyd
raulic permeability . Further data are al so needed 
concerning the horizontal variations in the hydrau
lic heads that provide the driving force for ground
water flow , and which is used as a constraint upon 
the hydraulic flow field employed in the model. 

Subsurface structures were simplified from deep 
seismic sounding (DSS) data (Grad and Luosto 
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1987 ; U. Luosto 1993 , written communication) 
and gravity field modellings where available (Elo 
1982). Thermal properties (conductivity and heat 
production rate) were deri ved from previous labora
tory measurements of different rock types, publis
hed data on surface geology (lithological maps), 
and geochemical surface data, al l of which were 
supported by DSS data. Both lithogeochemical and 
glacial till geochemical data were used . 

A fundamental problem in thermal modelling 
pertains to crustal heat production . Much lithosphe
ric thermal modelling has been based on heat pro
duction estimated with the aid of the heat produc
tion-P-wave velocity relationship (Rybach and 
Buntebarth 1984; Cermak and Bodri 1993) . Alt
hough it is a very elegant technique for estimating 
heat production values at deep crustal levels, it is 
not utilized in this study; cr itical discussions on the 
relationship and its implications can be found in the 
literature (Fountain 1986; 1987 ; Rybach and Bun
tebarth 1987). Instead , the DSS data was utilized 
by adopting the most plausible lithological inter
pretations for the V p and Poisson ratio data. The 
modelIed DSS data on GGT/ SVEKA by Grad and 
Luosto (1987) show considerable lateral variation 
in V p and Poisson ratio values in the uppermost 10 
km (above the low velocity layer, LVL) . When 

F 
I 
o km GR 50 55 

I 

compared to surface geology it is apparent that this 
variation can be attributed to the surface lithologi
cal variations extending to depths of several kilo
metres. Below the L VL the lateral variation practi
cally disappears and the crust seems to be only 
vertically stratified. 

Holbrook et al. (1992) have compiled se ismic P
and S-wave velocities and Poi sso n ratios for diffe
rent rock types measured in the laboratory at pressu
res and temperatures corresponding to middle and 
lower crustal conditions. On a V p-Poisson ratio 
diagram different lithological types can be distin
gui shed , although considerable overlap naturally 
exists. Plotting the GGT/ SVEKA data on these 
graphs yields plausible estimates ofthe subsurface 
rock compositions. The folJowing very prelimina
ry estimates can be given: Upper crust below the 
L VL (appr. 10 - 20 km) - granite , granodiorite, and 
felsic amphibolite facie s gnei ss; middle crust (20 -
40 km) - intermediate granulite and metapelite ; and 
lower crust (40 - 55 km) - metapelitic granulite, 
pyroxenite and amphibolite . Below the Moho the 
GGT/ SVEKA data is approximate to pyroxenite , 
eclogite and dunite. 

Heat production values for the uppermost 10 km 
were taken from severa l published lithogeochemi
cal studies of particular targets. The val ues ranged 
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from 0.8 to 3.1 /-IW m-3
• The middle and lower 

crustal heat production values were estimated with 
the aid of published values for middle and lower 
crustal rocks from other areas brought to the surfa
ce either as xenoliths or in tectonically emplaced or 
exhumed maficlintermediate granulite complexes 
(Rudnick 1992; Percival et al. 1992) . The applied 
values ranged from 0.3 to 0.1 /-IW m-3. 

Hydraulic permeability values were generalized 
from published in situ borehole measurements in 
Finland (Teollisuuden Voima Oy 1992; Ahonen 
and Blomqvist 1994) and the vertical variation of 
permeability was assumed to follow qualitatively 
the seismically interpreted fracture frequency va
riation with depth (Grad and Luosto 1992) . The 
seismic surface wave data on the GGT/ SVEKA 
profile suggested rapidly decreasing fracture fre
quency with depth in the uppermost 4 km. The 
applied permeability values in the whole crustal 
model range from 1.10-15 to 1.10-2 1 m2

• The lowest 
values were assigned to the middle and lower crust, 
thus making them practically impermeable. 

The DSS results (Grad and Luosto 1987) revea
led a conspicious low velocity layer (L VL) 2 - 6 km 
thick in the upper crust between 5 - 15 km depths . 
In the present study the L VL is assumed to be a 
fractured , fluid-filled zone with a homogeneous 
' lithology ' (in terms of heat production and ther
mal conductivity) resembling the upper 10 km of 
the upper crust. In advective simulations the L VL 
is assumed to have a moderate permeability (1. 
10- 16 m 2). 

The hydraulic heads used for constraining ad
vective heat transfer were estimated from topo
graphic elevation data assuming that the ground
water table is identical with the ground surface , 
which is an acceptable assumption since the mean 
annual precipitation in Finland is 600 - 700 mm. In 
reality the groundwater table is usually a few met
res below the ground surface, but this error is 
negligible for the purposes of the present model. 

Considering the large degree of uncertainty in 
the parameter values the model was kept as simple 
as possible. Most of the variation in parameter 
values is concentrated in the upper crust where the 
information density is highest, whereas the middle 
and lower crust are considered to be much more 
homogenous units . 

Model discretization and boundary conditions 

The present model is 580 km long, beginning 
starting from shotpoint Fand is divided into three 
segments , each 200 km long and partly overlapping 
with the others. Boundaries between segments were 
chosen to coincide with local water divides deter-
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mined from the topographic elevation data. In the 
vertical direction the model extends to the Moho, 
which was taken to be at 50 km depth in the 
southwestern part and at 55 km in the central and 
northeastern parts of the model (Fig . 1) . 

The compiled 2-dimensional model was discre
tized with a constant cell size (2 km) in the horizon
tal but with a varying cell size (0.5 km - 10 km) in 
the vertical direction. Thi s vertical variation in the 
cell size is mainly due to the requirement for 
controlling the permeability structure, especially 
in the uppermost 10 km. 

The applied thermal boundary conditions were 
as folIows. The upper boundary was kept at a 
constant temperature (5 °C) , no heat flow was per
mitted across the lateral boundaries and a constant 
heat flow density was prescribed at the lower boun
dary . However, between simulations the basal HFD 
was varied to find the best estimate for HFD at the 
Moho. 

The hydraulic boundary conditions were as fol
lows . At the upper surface the groundwater table 
was kept constant (rech arge and discharge across 
the boundary permitted). No water was allowed to 
flow across the lateral or lower boundaries. 

Model variants 

Three main versions were calculated with the 
present crustal model : (1) a variant with only con
ductive heat transfer, (2) a variant with both con
ductive and advective heat transfer (mean permea
bility values were applied for different domains 
and depth intervals of the model), and (3) a variant 
in which both conductive and advective heat trans
fer were allowed and there were several additional 
vertical high permeability Cl 0-15 m2

) zones in the 
upper crust extending down to the L VL (Fig. 1). 
The locations of these zones were determined using 
the strong horizontal gradient zones in the elevati
on and gravity data and were intended to represent 
deep reaching fracture zones . As a result a vertical 
' fracture zone ' was present about every 10 km in 
the model, which is in agreement with the linea
ment density studies of Vuorela (1982). 

All the simulations were calculated for steady
state conditions and no time-dependent proc
esses were included 

The simulated HFD values at 0.5 km depth were 
compared with the measured drill hole data along the 
profile and the model parameters were adjusted until 
a reasonable agreement was obtained between the 
model and measurements . In practice, the Moho 
heat flow and the middle and lower crustal he at 
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production in the Archaean domain were found to be 
the only parameters that needed any fi ne calibration . 

calculated with the model is presented in Figure 2 
(Archaean-Proterozoic boundary, model vari ant 1, 
conducti ve heat transfer) . Horizontal heat flow den
sity profi les sampled fro m the model (at 0 .5 km 
depth) are give n for all model variants in Figure 3. 
Conductive cru stal geotherms and HFD-depth cur-

Results 

An example of the crustal te mperature and HFD 
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Fig. 3. Horizontal HFD profiles sampled from the mode l at 0.5 km 
depth. a) mode l variant I, conducti ve heat transfer, b) model vari ant 
2 , conductive and advective heat tran sfer , c) mode l varia nt 3, condue
tive and adveetive he at transfer with addi ti onal hi gh pe rmeability 
fracture zones in the upper cru st (cf. Fi g. I). The dots indieate HFD 
va lues measured in drill holes in the viein ity of the GGT/ SVEKA 
transeet and projected onto it. Topographie e leva ti on of the ground 
surfaee (hydrau lic head) is shown wit h mode l variant 2. 

ves from different locations are prese nted in 
Figure 4. 

Variations in upper crustal heat production as 
deduced from lithogeochemical data and applied in 
the model seem to agree reasonably weil with the 
measured heat flow values (Fig. 3). There was no 
need to adjust the middle and lower crustal heat 
production (0.3 flWm-3) in the Proterozoic part of 
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Fig. 4. Seleeted temperature-depth and HFD-depth profiles from the 
conductive simulation (model variant I). The curves correspond to 
the rapakivi-sandstone area in the southwest (between shotpoints F
G), Central Finland Gran itoid Complex (A), Lake Ladoga-Bothnian 
Bay Zone (C) and Arehaean granite gneiss (D-E) in the northeast. 

the model , but in the Archaean part this parameter 
had to be decreased to 0 .1 flWm -3 . The Central 
Finland area remains so mewhat problematic and 
the simulated heat flow is about 7 mWm-2 higher 
than the measured drill hole value at Konginkan
gas (Fig. 3, at 342 km). This may be an indication 
that the middle and lower crust is depleted in heat 
producing elements , or only local heat transfer 
effects on the particular site. 

Some of the HFD values projected onto the 
transect deviate significantly from the simulated 
results (Fig . 3). These di screpancies are mainly 
due to the fact that the particular geological struc
tures are not represented in the 2-dimensional 
model. This is for instance the case for the Eurajoki 
(Fig . 3, at 65 km, 32 mWm-2) and Hyrynsalmi (at 
609 km, 37 mWm-2) sites. 

The simulations suggest relatively small varia
tions in the lower crustal temperatures of the Pro
terozoic part ofthe GGT/ SVEKA transect (Fig. 4). 
According to the conductive simulations the tem
perature at 50 km depth decreases gradually in the 
Proterozoic area from about 680°C on the Bothni
an Bay Coast through about 640°C in the Central 
Finland Granitoid Complex and further to about 
580°C in the Lake Ladoga-Bothnian Bay zone. In 
the Archaean part of the model the temperature at 
50 km quickly decreases to about 400°C. 
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HFD at the Moho (the mantle HFD) is relatively 
small. In the southwestern part ofthe model a value 
of 10 mWm-2 was found to be satisfactory and in the 
central and northeastern parts it is 8 m Wm-2 . 

The difference between the horizontal HFD pro
files of the pure conductive simulation (model 
variant 1) and the conductive and advective simu
lation (model variant 2) is very small « 3 m Wm-2). 

This is for two reason s. First, the applied perme
ability values are not very high , and second, the 
hydraulic gradients are not very high either. Ground
water recharge and di scharge takes place over rela
tively short di stances (about 10 km) in the model , 
and that is not capable of generating substantial 
advective heat transfer effects. 

Adding vertical fracture zones to the model (va
riant 3) produces sharp HFD minima and maxima 
where local head variations are large. These spikes 
are not apparent in the measured HFD values (Fig . 
3), and we may conclude that in thi s respect the 
model variant 3 may not be fully representative of 
the real situation . 

The present simulations indicate fluid flow rates 
(darcy velocities) of the order of 10-12 - 10-13 m/s in 
the upper crust. The Peclet numbers were usually 
smaller than 0 .01 which means negligible advective 
disturbances to the thermal field (model variant 2). 

Discussion and conclusions 

The simulated temperatures are somewhat higher 
and Moho HFDs lower than those suggested by 
earlier results (Kukkonen 1992) based on I-dimen
sional models and heat production determined from 
V -A relationships. The present results indicate 

p 
that the observed surface heat flow density varia-
tion s can mostly be explained by upper crustal heat 
sources (lithological variation). Further, the mid
dIe and lower crustal heat production seems to be 
lower in the Archaean than in the Proterozoic 
domain. 

Circulation of groundwater does not seem to 
produce significant deviations to the thermal field 
and it seems that conductive heat transfer could be 
taken as a working hypothesis for further studies. 
However, it mu st be remembered that only a few 
sites have been measured in situ and most of these 
represent bedrock blocks that were chosen because 
of their small fracture frequency and presumably 
low hydraulic permeability. In general, the hydrau
lic permeablity of the crust is very poorly cons
trained and increasing its value in the model by one 
order of magnitude from those applied in the pre
sent s imulations would affect the thermal field 
considerably . On the other hand, the available HFD 
measurements do not seem to support large regio-

nal advecti ve di stllrbances in the thermal field, 
although local flow a nomalies have been indicated 
in earlier studies (Kukkonen 1988). 

The present model is a steady- state model and 
the palaeoclimatic di sturbances created by the 
Weichselian glaciation and Holocene climatic chan
ges in ground sllrface temperature have not been 
taken into account. Forward modellings with half
space model s have indicated that ifthe heat transfer 
is purely conductive the palaeoclimatic effects 
should have decreased the present HFD by only a 
few mWm-2 (Kukkonen 1987 , 1989b). If included 
in the model this effect could be easily compensa
ted for by increas ing the Moho HFD 's correspon
dingly . 

The present model results should be regarded as 
preliminary only. Further work is needed, for instan
ce, to obtain a more detailed picture of upper 
crustal heat production values, particlllarly in the 
Central Finland Granitoid area. At the moment the 
model has not been quantitatively analysed for its 
sensitivity to changes in the parameter vallIes; this 
remains to be tested by future simulations. 
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Methods for determining electrical 
conductivity 

Information concerning electrical conductivity 
of the subsurface at a crustal scale is inferred 
mainly from magnetotelluric soundings (MT) and 
magnetometer array stud ies (MV). These techni
ques utilize the simultaneous registration of several 
spatial components of the Earth's electromagnetic 
field, thus providing directional information about 
the subsurface conductivity (see e.g. Fig. 3). Local
ly controlled source data (e.g., data from direct 
current and VLF resistivity surveys, frequency soun
dings, and airborne electromagnetic mapping) pro
vide information concerning near-surface structu
res, e.g. the possible surface expressions of deeper 
conductors. 

A variety of electromagnetic methods enable us 
to identify structures ranging from regional scale 
(100 km) down to local features with dimensions of 
several metres, thereby making the appropriate 
combination of large scale and small scale methods 
a powerful tool for interpreting conducting structu
res within the Earth. The various techniques allow 
us to investigate in detail both the position of 

conductors with respect to geological and tectonic 
structures and the internal structure of the conduc
tors themselves. The principal survey characteris
tics of the geoelectric methods used in the Fenno
scandian Shield are given in Table 1 (Korja and 
Hjelt 1993). 

Geoelectric studies along the GGT/ SVEKA tran
sect include crustal scale investigations with magne
tometer arrays (Pajunpää 1987) and magnetotelluric 
soundings (Korja and Koivukoski 1994). The mag
netotelluric GGT/ SVEKA profile consists primari
ly of 82 sites between Kustav i, near the city of 
Uusikaupunki in SW Finland, and Malahvianvaara, 
which is close to the national border between Fin
land and Russia. From Malahvianvaara the profile 
continues across into Russian Karelia where seven 
MT soundings were carried out in 1993 (Salmirinne 
et al. 1993). Approximately 100 additional MT soun
dings are located within the transect research corri
dor (Fig. 1) and include three NS-directed profiles 
trending perpendicular to the boundary between the 
Southern Finland Schist Belt area and the Central 
Finland Granitoid Complex (old SVEKA (SVE), 
T AMPERE 11 (TRE), and SAT A (SA) profiles; see 
Fig. 9). Other clusters of sites are within the Central 
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Finland Granitoid Complex and the Archaean Kuh
mo block. These sites yield a larger regional covera
ge, enabling improved estimates ofthe average electri
cal properties of the lithosphere beneath these areas. 
The MT sites in the eastern part of the OULU IV 
profile (Kokkola-Vieremä; Vaaraniemi 1989) also 
fall within the GGT/ SVEKA transect. 
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Local DC and VLF resistivity profilings and au
diomagnetotelluric soundings have also produced 
data for use in investigating near-surface structures 
(e.g Kaikkonen and Pajunpää 1984; Pernu et al. 
1989; Hjelt and Fokin 1990; Korja and Koivukoski 
1994). Almost the entire transect research corridor is 
covered by low-altitude airborne electromagnetic 
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Fig. 2. Geoelectric data a long the GGT/ SVEKA transect. I-coverage of airborne low-altitude (40 m) e lectromagnet ic data produced by the 
Geological Survey of Finland ; 2- magnetotelluric profiles; 3-aud iomagnetote lluric profiles, 4-approximate region mapped by the signal from 
the Fennoskan Link source; 5-cathode of the Fennoskan Link; 6-aud iomagnetotelluric , DC res isti vity, and VLF resistivity profiling surveys 
(A-Tampere Schist Belt ; B-Central Finland Granitoid Complex; C-Ta lvivaara) . 

surveys carried out by the Geological Survey of 
Finland (Fig . 2). 

Data that can be obtainable by observing the 
signal from the Fennoskan DC Power Link between 
Finland and Sweden have recently been used to 
estimate the electrical properties of the crust around 
the cathode of the power line (close to Pyhäranta 
near the city of Rauma) (Fig. 2) (Kaikkonen et al. 

1993). 

Understanding MT models 

Geoelectric data are usually transformed firstly 
into layered (lD) Earth model s. Results of most 
EM surveys today are presented as 2D block mo
dels from forward modelling or smooth 2D inversi-
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on models whereas 3D eonduetivity models are 
still rare. At present 3D modelling is mainly used in 
estimating 3D effeets of eondueting struetures and 
not for inverting experimental da ta into Earth mo
dels. All these rather erude deseriptions of real 
Earth struetures have then to be further translated 
into the language of geology and teetonies . 

20° 

SWEDEN 

200 

A sehematie example of the interpretation of 
eleetromagnetie data and eonduetivity models is 
given in Figure 4. The figure shows a generali zed 
model for the strueture ofthe "eollisional" eondue
tors (see below) found in the Fennoseandian Shield, 
as weIl as the effeet of sampling distanee on various 
modelling eonduetors . By inereasing the lateral 
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Fig. 3. Conducti vity anomalies and reversed rea l induction vectors in the Fennoscandian Shi e ld sho wing an example of directional information 
produced by EM methods. Vec to rs that point towards bette r conducting reg ion s were taken from various sources (see orig ina l refe rences in 
Korja and Hjelt , 1993) . Vec tors are shown at a period of 322 s for Finland and Sweden and at periods of 600 s to 1800 s fo r Ru ss ia . Stippled 
zones denote e lectri ca l conduc ti vity anomalies infe rred from the behavi o ur o f the induclion vectors. In sel: A-Archaean, K- Kare lian , SF
Svecofennian , SN-Sveconorweg ian , C-Caledonian , EEP-East Euro pean Pl alform. 
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sampling density, smaller and smaller structures 
can be identified and consequently the internal 
structure of a large sc ale block conductor can be 
resolved. The magnetovariational method allows 
the lateral position of the conductor (Fig. 3) and 
some estimation of the depth of the conductor to be 
determined (uppermost panel in Fig. 4). The mag
netotelluric method, with a smaller distance bet
ween the measuring sites, allows the location and 
geometry of the conductor and the internal average 
resistivity structure to be be determined (second 
panel in Fig. 4) . The near-surface structure of a 
conductor, ifit is also expressed at the surface, can be 
constructed from airborne electromagnetic data with 
a very dense lateral sampling (cf. Table 1). 

The results from different parts of the Fennos
candian Shield have shown that in most cases the 
large scale conductors detected by MV and MT 
methods are composed of thin , extremely conduc
ting layers (black zones of 0 .1 Qm or less in Fig . 4) 
embedded within more resistive host rocks (white 
areas of several thousands ofQm in Fig. 4) . It should 
be noted that airborne electromagnetic data carry 
information only on a very thin (at a crustal scale) 
near-surface section ofthe Earth 's crust. The structu 
re of the deeper parts of the crust in the third panel 
of Figure 4 is only an extrapolation from airborne 
electromagnetic results in conjunction with magne
tovariational and magnetotelluric data that provide 
information on the deeper parts of the crust. The 
lowermost panel in Figure 4 shows the fir st order 
geological interpretation of structures; the structu-

res to the left have been interpreted (in this hypot
hetical case) to be remnants of rock layers that were 
complexly folded due to the collision of two crustal 
blocks, while the structures to the right are attri
buted to a collision between two crustal units with 
one block being thrust beneath the other. Note that 
the models in Figure 4 are conceptual and do not 
directly describe any specific real structure identi
fied in the Fennoscandian Shield. 

Electrical conductivity of the Fennoscandian 
Shield 

We shall next briefly outline the main results of 
the electromagnetic investigations undertaken in 
the Fennoscandian Shield in order to relate the 
structures found within the GGT/ SVEKA transect 
to their wider context. More complete reviews of 
electromagnetic studies carried out in the Fennos
candian Shield can be found in Korja and Hjelt 
(1993), Hjelt and Korja (1993 ) and Korja (1994) . 
The main features of the results are shown in three 
figures : The location and geometry of the main 
belts of conductors are shown together with the 
major tectonic units of the shield in Fig. 5 (see also 
Fig. 3, where regions of strong induced crustal 
electrical currents are delineated with the help of 
real reversed induction vectors obtai ned by the MV 
method). The two-dimensional model s with seis
mic information are shown in Figure 6 and the 
lower crustal conductivity variations within the 
shield in Figure 7 . 

Table I . Geoelec tro magnet ic methods used for studies of lithospheri c e lec tri ca l conducti vity in the Fennoscandi an Shie ld and the 
princ ipal survey charac te ri sti cs . 

Methods 

Natural source fie lds 
Mag netovari ationa l (MV , GDS) I ),2) 
Magnetotellurics (MT) 
Audiomagnetote llurics (AMT) 

Cont rolled sou rc es 
VLF-res istivity (VLF-R) 
Direct current (De) 
Airborne elec tro magne ti c (AEM ) 1) 
Mag ne tohydrodynamic (MHD)3) 
Fennoskan link )4) 

Su rvey charac te ri sti cs 

Vari ation in 
conducti vit y 

hori zonta l 
hori zonta llverti ca l 
hori zonta l/ve rti ca l 

hori zon ta 11 ve rt i ca l 
hori zon ta liven i ca I 
ho ri zonta l 
hori zonta l/ve rti ca l 
hori zontallven ica l 

Sam pling Depth 
dista nce ra nge 

grid : 10-50 km 10- 1000 km 
1- 15 km 1-250 km 
0 . 1-2 km 0 .5- 5 km 

10-50 m 0-0.5 km 
10-50 m 0-5 km 
grid : 12x200 m 0- 150 m 
0.5-25 km - 15 km 
0.5 km - 0-

I ) Magnetovariatio na l (MV ; or geomag ne ti c depth sound ing; GDS) and a irborne e lectro mag net ic (AEM) ("w ing- t ip" S lingram) data a lso 
prov ide qualitati ve in fo rmatio n o n the vari ation of conduc ti vi ty w ith depth. 
2) Hori zontal spati a l grad ient method (HSG) applied to mag ne tovaria tional data a lso gives quantitat ive in forma ti o n on the var iation o f 
conducti vity w ith de pth . 
3) Direct current soundings and profilings (De S, Dep) and frequency soun dings (FS ) utili zing s ignals fro m the magne tohydrodynamic 
(MHD) generator " Khibin y" located on Fi sher Island (peninsul a) of the Ko la Penin sula . 
4) DeS and FS utili zing s ignal s f ro m the direct current power transmi ss ion link between Finland and Sweden ac ross the Gulf o f Bothnia. 
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Results have revealed a complex electrical struc
ture for the crust of the Fennoscandian Shield, with 
resistivity variations from 106 Qm to below 10 - I 
Qm. Several elongated conductors which are either 
many hundred kilometres long or which form belts 
of discontinuous conductors, delineate electrically 
more resistive and laterally more homogeneous 
blocks within the shield (Fig. 5) . The internal struc
ture of the conductors may be very complicated as is 
evident from the airborne electromagnetic data (see 
e.g . Fig . 9) . The resistive blocks are usually relative
Iy homogeneous laterally but have vertical varia
tions in conducti vity. These blocks serve as transpa
rent geoelectric windows for probing the electrical 
properties of the lower crust and upper mantle. It 
should be noted, however, that a careful 3-D analy
sis should be carried out in order to investigate 
possible inductive effects on measured responses 
due to surrounding conductive structures . 

Conductive belts 

The four main belts of elongated conductors in 
the central and eastern parts of the shield are as 
follows (Fig. 5; Korja et al. 1993): 

(i) The NW-SE trending zone of conductors 
from the Kittilä Greenstone Bel t (KI) to the Vetren
ny-Poyas Greenstone Belt (VPB). 

(ii) A set of NW-SE trending, southwestward 
dipping, highly conducting zones in the Kola Pen
insula and in northern Finland including the Inari
Allarechen (IA) , Pechen ga (P) and Imandra- Var
zuga (IV) conductors. 

(iii) A belt of discontinuous conductors coinci
dent with the Archaean and Svecofennian bounda
ry including the Lake Ladoga (LL), Outokumpu 
(OK), Kainuu Schist Belt (KSB) , and Oulu conduc
tors (OU). 

The Lake Ladoga (LL) conductor is a northeast
ward dipping conductor at a depth of about 10 km 
and may indicate conducting metasedimentary rocks 
that were deeply buried in the collision between the 
Svecofennian island arc complex and the Archaean 
craton. The LL conductor also coincides with a 
region containing some of the thickest crust in the 
shield. Beneath Lake Ladoga the northeastward 
dipping conductor turns westwards which may 
indicate the continuation of the Archaean-Prote
rozoic boundary underneath the Phanerozoic co
ver. Further to the south the LL can no longer be 
resolved due to the screening effect of the Phane
rozoic sedimentary cover. 

In the Kainuu Schist Belt (KSB) and Outokumpu 
(OK) regions the near-surface conductors mapped 
by the AEM surveys are composed of conducting 
graphite- and sulphide-bearing black schist layers 
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which were thrust onto the Archaean craton during 
the collision. A deeper conductor beneath the Ou
tokumpu region (MV data) most likely represents 
deeply buried metasedimentary rocks (cf. Lake 
Ladoga conductor above). The KSB and OK both 
coincide with thick crust. 

(iv) A 500 km long conductor crosses southern 
Finland in an E-W direction and marks the collision 
of crustal blocks within the Svecofennian Domain. 
It is not clear however, how and if the conductor 
continues into Sweden. Airborne magnetic and 
other geophysical data indicate that the southern 
Finland conductor may continue towards the Skel
lefteä region (towards the Skelleftea (SK) and Sto
ravan (ST) conductors, Fig. 5) via the Kokkola 
conductor because all conductors are associated 
with a regional magnetic minimum several tens of 
kilometres in width that contains a number of 
elongated narrow local magnetic anomalies. 

The main features of these conductors are listed 
below: 

(i) Conductors are highly conducting with a 
conductance of several thousands of Siemens; this 
excludes fluids from being the primary cause for 
enhanced conductivity and indicates instead that 
an electronic conducting material is present. In 
crustal scale most likely candidates include graphi
te, sulfides and some oxides . 

(ii) Conductors are usually caused by extremely 
conducting (> 1 S/m) graphite- and sulphide-bea
ring metasedimentary rock layers several tens of 
metres in width ; "host" rocks to these conducting 
metasedimentary rock layers are usually very resis
tive (few thousands ofQm); metasedimentary rock 
layers are usually interconnected in a very compli
cated manner, forming a network of conductors 
(see e.g. Fig. 9 below). 

(iii) The belts of thin conducting metasedimen
tary rock layers (i.e. large scale crustal block con
ductors detected by MV and MT) have a variety of 
geometrical orientations: they may be nearly hori
zontal (Kittilä Greenstone Belt conductors, Outo
kumpu nappe -conductor), they may be inclined 
(Granulite Belt, Skelleftea, Kokkola , Kainuu Schist 
Belt and Lake Ladoga conductors), or they may be 
nearly vertical (Southern Finland and Oulu conduc
tor). 

(iv) In those regions where magnetotelluric and 
seismic reflection profiles coincide (e.g. the PO
LAR profile and to some extent also the Bothnian 
Bay region) it is evident that inclined good conduc
tors and inclined bands of reflectors coincide spa
tially. It is, however, not necessary that enhanced 
reflectivity and enhanced conductivity have a com
mon origin. The reflectors and conductors coincide 
spatially because the same large scale tectonic 
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processes formed both. 
(v) The 2D-models of the conductors (Fig. 6) 

show that most of these conductors are located in 
the seismically defined upper and middle crust, i.e. 
conductors do not penetrate into the lower crustal 
layer as defined by high P-wave velocities . In those 
places where conductors do extend into the lower 

crust (e.g. Skelleftea conductor) the high velocity 
layer is either absent or very thin. 

(vi) All conductors have been attributed to the 
presence of conducting metasedimentary rocks. The 
sediments were deposited in a variety of environ
ments (extensional rift basins, continental margins, 
shallow and deep sea oceanic basins). Subduction 
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and collision deformed sedimentary sequences bet
ween crustal masses and underthrust them deep 
into crust or emplaced them c10ser to the surface. 
Consequently these conductors can be considered 
as tectonic markers or "scars" of old collisional 
zones (" collisional conductors "). 

Lower crustal conductivity 

The resistive blocks between the conducting 
belts serve as transparent windows enabling the 
electrical structure of the lower crust and upper 
mantle to be determined (Korja and Hjelt 1993) . 
The main problem when estimating lower crustal 
conductivity is how to define the lower crust. If 
there were a distinct lower crustal conducting layer 
(i.e. if there were a clear decrease in resistivity at a 
particular depth , followed by a systematic increase 
beneath the conductor) we could define the conduc
ting lower crust to coincide with the layer and then 
calculate the conductance of this layer. 

In our approach (see alternative definitions for 
the lower crust in Korja and Hjelt, 1993) the depth 
and thickness of the lower crust is defined by 
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seismic velocity data (lower crust: region where 7.0 
km/s< Yp < 7 .8 km/s; Korja et al. 1993) and the 
total conductance of this portion of the crust is 
calculated using resistivity values obtained from 
MT models. This approach means, naturally , that 
the estimates of the lower crustal conductance ref
lects both electrical and seismic properties of the 
crust, i.e. the thickness of the lower crustal high P
wave velocity layer and the average resistivity 
within this layer. 

Estimates of lower crustal conductance and the 
resistivity of the lower crust estimated in the man
ner described above are given in Figure 7a. The 
data show rather large lateral variations in conduc
tance within the shield and although these are 
partly due to variations in the thickness of the high 
velocity lower crustal layer it seems that the Ar
chaean lower crust is more resistive than the Pa
laeoproterozoic Svecofennian crust. This feature is 
also evident in the resistivity map (Fig. 7b). 

The lower crust beneath the Karelian Domain 
between the Archaean and Svecofennian Domains 
seems also to be also rather conductive even though 
it is considered to be composed of Archaean mate-
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rial (Archaean cratonic rocks beneath the Palaeo
proterozoic Karelian supracrustal cover). This might 
therefore indicate that the lower part of the Ar
chaean crust in the Karelian Domain was also 
affected by the Svecofennian orogeny, perhaps by 
the additions ofPalaeoproterozoic mafic material. 

The electrical asthenosphere 

Data for the Fennoscandian Shield were compi
led from several sources, and a complete reference 
list is given by Korja (1990). The major problem in 
Fennoscandia and in its northern part, in particular, 
is the proximity of the source of the magnetotellu
ric field . The closeness of the source may produce 
evidence for a conducting layer in sounding res
ponses even though no such layer exists in reality. 

The results from the more southerly parts of the 
shield nevertheless indicate the presence of con
ducting asthenosphere in peripheral regions of the 
shield. It is apparent, however, that in the centra1 
and southwestern parts ofthe shield the asthenosphe
ric layer is absent or is electrically weak. Although 
crustal conductors tend to screen deeper informati
on, in the more favourable locations , such as the 
Archaean in Finland, the Central Finland Granitoid 
Complex , and the Transcandinavian Igneous Belt 
(TIB) in Sweden, the total crustal and upper mantle 
conductance to the asthenospheric depths is only a 
few tens of Siemens and hence the conducting 
asthenospheric layer, which has total conductance 
of several hundred Siemens, should be detectable; 
100 S corresponds for example, to layers of 50 km 
/ 500 Qm or 20 km / 200 Qm). 

Electrical conductivity along the GGT/SVEKA 
transect 

Main features 

The old SVEKA MT profile, for which the 2D 
geoelectric model is available (Korja and Koivu
koski 1994) , coincides with the GGT/ SVEKA MT 
profile between Keuruu in the CFGC and the Kai
nuu Schist Belt. From Keuruu the old SVEKA MT 
profile turns to the south, cross perpendicular to the 
Tampere Schist Belt near Orivesi , and terminates 
near Hämeenlinna (Figs. land 2). Consequently 
we are able to give only a qualitative description of 
conductivity structures along the SW and NE parts 
of the GGT/ SVEKA transect (i .e. from Kustavi to 
Keuruu and from KSB to Kalevala in Russian 
Karelia) and a quantitative description only along 
the central part of the GGT/ SVEKA transect (i.e. 
from the Southern Finland Schist Belt area to KSB). 
The 2D geoelectric model for the old SVEKA MT 

profile is given in Figure 8. A detailed description 
ofthe model can be found in Korja and Koivukoski 
(1994). 

The main electrical conductivity features within 
the GGT/ SVEKA transect are as folIows : 

(1) Three zones of enhanced electrical conducti
vity have been detected along the GGT/ SVEKA 
transect: (i) a NW-SE trending zone beneath the 
Laitila rapakivi area, (ii) an E-W trending zone 
beneath the Southern Finland Schist Belt area, and 
(iii) N-S trending zone beneath the Kainuu Schist 
Belt (Fig. 3). 

The Satakunta conductor is observed in both the 
magnetometer array data and the magnetotelluric 
data, as weH as in recent Fennoskan Link data 
(Kaikkonen et al. 1993). The conducting zone seems 
to be about 20 km wide beneath the Laitila rapakivi 
area but neither quantitative estimates of the actual 
resistivities nor the depth and thickness of the 
conductor are available . It seems, however, that the 
Satakunta conductor is a shallow feature. 

In the Southern Finland Schist area and Kainuu 
Schist Belt the conductors exceeding 15 000 S 
extend from the upper crust to the middle crust. 
Resistivity decreases gradually with depth from 
100 Qm to below I Qm (Fig. 8). The conductor 
beneath the Southern Finland Schist area is part of 
a long conductivity anomaly crossing southern 
Finland and may be interpreted as a terra ne boun
dary within the Svecofennian Domain. The con
ductor beneath the KSB forms, together with the 
Lake Ladoga, Outokumpu, Kainuu Schist Belt and 
Oulu conductors , a discontinuous conductive belt 
along the Archaean-Proterozoic boundary. High 
conductivity beneath both belts is most Iikely caus
ed by inclined graphite- and sulphide-bearing me
tasedimentary rock layers . The SW-dipping set of 
conductors west of the Kainuu Schist Belt (Fig. 8) 
may represent a zone of sheared rocks between the 
Svecofennian and Archaean crust. The LBBZ, which 
is defined as a major shear zone between the Ar
chaean and Svecofennian Domains, cannot be dis
tinguished clearly from its surroundings with res
pect to electrical conductivity in the middle and 
10wer crust. 

On the basis of AMT data (140 soundings), 
however, it is possible to distinguish three electri
cally different upper crustal « 5 km) units in the 
central part of the GGT/ SVEKA (Kaikkonen and 
Pajunpää 1984), with the central block, which coin
cides with the LBBZ, being the most conductive 
and the easternmost block the most resistive. 2D 
modelling ofthe AMT data gives resistivity values 
of 500 Qm to 1000 Qm for the upper part of the 
crust in the LBBZ and resistivity values varying 
from 1000 Qm up to 200 000 Qm on both sides of 
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the LBBZ. The airborne electromagnetic data also 
show that the uppermost crust contains electrical 
conductors although they are not so abundant as 
e.g . in the Bothnian region. 

(2) The upper crust in both the Palaeoprotero
zoic Central Finland Granitoid Complex and the 
Archaean Oomain is highly resistive, with model 
resistivities ranging from 10 000 to 35 000 Qm 
(Fig. 8). Magnetotelluric data also indicate that in 
south-western Finland the upper crust is resistive 
except for the conductive Satakunta conductor. 

(3) A well-developed lower crustal conducting 
layer of 170 to 900 S is found beneath the Protero
zoic Centra1 Finland Granitoid Complex (CFGC) 
(see below). This conducting layer terminates at 
the Archaean-Proterozoic boundary. Magnetotel
luric data from the SW -part of the GGT/ SVEKA 
indicate that the middle to lower crust is also 
conductive in southwestern Finland, to the south
west of the Southern Finland Schist area. The 
Archaean lower crust is typically resistive, with a 
conductance less than 30 S. There is , however, 
evidence in the magnetotelluric data for the exis
tence of a conducting layer beneath the Moho , i .e. 
in the upper mantle, in the Archaean Oomain. 
Whether this is areal conducting layer or just a side 
effect related to a remote crustal conductor (e.g. the 
conductor beneath the KSB) is not yet clear. 20 
modelling or inversion of magnetotelluric data is 
required before the real nature of this layer can be 
assessed. 

(4) In general the Proterozoic crust appears to be 
more conductive than the Archaean crust. 

Southern Finland Conductivity Anomaly 

The ability to resolve smaller and smaller struc
tures by decreasing the lateral sampling distance is 
demonstrated by studies of the southern Finland 
conductivity anomaly. Magnetometer array studies 
with a sampling distance of about 30 - 40 km firstly 
detected a zone of strong current concentration. 
This is shown in Figure 9 as a dashed line crossing 
southern Finland. Magnetotelluric studies with 
much smaller lateral sampling distances of 5 - 10 
km or even less, enabled the positions of the boun
daries ofthe conductor to be located more precisely 
with respect to the northern and southern geologi
cal units (Central Finland Granitoid Complex and 
Southern Finland Migmatite Area, respectively) . 
Magnetotelluric studies along the old SVEKA pro
file (SVE in Fig. 9) also indicated that the resistivi
ty of the conductor decreases with depth, from 
about 100 Qm at a depth of 3 km to 0.1 Qm at mid
crustal depths. The uppermost layer has a resistivi
ty of about 5000 Qm. 

The results of the geoelectric cross-section ofthe 
Tampere II profile (TRE in Fig . 9) obtained by 10 
inversion (Pernu et al. 1989) indicates that the 
geoelectric structures are continuous between the 
two profiles. 20 modelling ofthe magnetovariatio
nal data from the Mikkeli profile (MIK in Fig. 9) 
crossing the Southern Finland conductivity ano
maly about 140 km east of the old SVEKA profile 
has revealed a conductor with a resistivity of 0.5 
Qm at a depth of 12 km (Pajunpää 1986). Taking all 
the data into account, it is fairly c1ear that the 
Southern Finland conductivity anomaly is caused 
by a good conductor, which is more or less conti
nuous over its entire length of 400 to 500 km and is 
located within the upper and middle crust. 

Airborne electromagnetic surveys showed that 
the entire region is characterized by a number of 
long, thin conductors (thin dashed and solid lines in 
Fig. 9) forming a very complex conductivity pattern. 
Other electrical data (e.g. AMT, OC, and VLF-R 
soundings and profilings) and other geophysical 
studies (e.g. magnetic and gravimetric) showed that 
structures are nearly vertical and may extend in 
depth to several kilometres (Pernu et al. 1989). It 
thus seems that the gradually increasing conductivi
ty beneath the TSB is caused by a network of thin, 
long, almost vertical, several kilometres deep and 
extremely conducting graphite- and sulphide-bea
ring metasedimentary rock layers that were tilted 
and deeply buried during convergence oftwo crustal 
terranes . The MT method images thin vertical con
ductors as one 40 to 80 km wide conductor with a 
conductivity that increases gradually with depth. 
The magnetotelluric block model apparently indica
tes a depth of 3 km for the conductor, but AEM data 
suggest that the deep conductor is exposed in the 
form of a complex network of thin elongated con
ductors . Protoliths to the graphite-bearing rocks 
would have been carbon-bearing sedimentary rocks 
deposited in a closed ocean basin between the colli
ding crustal terranes. In addition to the graphite- and 
sulfide-bearing metasedimentary rocks, shear zones 
and fractures filled with saline water (0.25 Qm) may 
partly enhance the conductivity. 

Central Finland Granitoid Complex 

The 20 geoelectric model of the Central Finland 
Granitoid Complex (CFGC) was constructed from 
measured magnetotelluric data by forward model
ling using a trial-and-error approach (Korja and 
Koivukoski 1990, 1994). It was assumed after MV
and MT data and other geophysical and geological 
evidence that the geoelectric strike direction is E-W 
in the southern part of the profile and approximately 
N-S (-5° from N to W) in the northeastern part of the 
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profile. Measured responses (impedanee tensors or 
apparent resistivity and eorresponding phase eur
ves) were first rotated to eoineide with the direetion 
of geoeleetrie strike (parallel! E-polarization res
ponses) and the direetion perpendieular to the strike 
(perpendieular/ H-polarization responses). Conse
quently the following data was used in modelling the 
old magnetotellurie SVEKA profile (Hämeelinna -
Keuruu - Kainuu Sehist Belt; Korja and Koivukoski 
1994): 

southern part of the profile: 

H-pol/ perpendicular to strike 
E-pol/ parallel to strike 

northern part of the profil e: 
H-pol / perpendicu lar to strike 

E-pol / parallel to strike 

NS-responses(no rotation) 
EW -responses (no rotation) 

_5° from E to N rotated EW-res
pon ses 
_5° from N to W rotated NS-res
ponses 

Modelling of these data led to the model shown in 
Figure 8 and the model is valid beneath both the TSB 
and KSB. Beneath the CFGC the model requires 
so me modifieations due to subsequent analysis of 
magnetotellurie impedanee tensor data. 

Reeently a new impedanee tensor deeomposition 
method (Groom and Bailey 1989) was applied to the 
data of the CFGC to remove distortions produeed by 
loeal near-surfaee 3-D inhomogeneities (i.e. to re
move departures from 2D responses) and to reeover 
regional2D responses (with the underlying assump
tion that larger seale regional strueture is 2D or ID 
and not 3-D). This new analysis ofthe data (deeom
position) does not ehange the main concIusions 
made previously (Fig. 8) exeept for one important 
aspeet , namely that the lower erust and upper mantle 
seem to be eleetrieally anisotropie. That is, although 
the eoncIusions eoneerning the upper erust beneath 
the CFGC remain valid, and the lower erust is still 
eleetrieally more eonduetive, the eonduetivity 
is by nature anisotropie (see below) rather than 
isotropie, as was implied by the previous analysis 
(Korja and Koivukoski 1994). 

The previous analysis ofthe magnetotellurie data 
(Korja and Koivukoski 1990, 1994) led to ineonsis
tent geoeleetrie strike direetions from site to site 
within the CFGC when the traditional Swift-rotation 
(i.e. minimization of the off-diagonal elements of 
the impedanee tensor) was applied to obtain the 
geoeleetrie strike direetion. Beeause no stable strike 
direetion within the CFGC was found the strike 
direetion of 90° (E-W) for the southern part of the 
profile and _5° (from N to W) for the northwestern 
part of the profile was seleeted aeeording to other 
avai lable evidenee as deseribed above. The tensor 

deeomposition , however, reeovered very eonsistent 
2D regional geoeleetrie strike direetions within the 
CFGC, in partieular for long periods . 

The 2D regional geoeleetrie strike direetions ob
tained from the Groom-Bailey tensor deeomposi
tion are shown in Figure 10 at four different period 
intervals ; shart periods represent upper erustal depths 
and longer periods lower erustal and upper mantle 
depths . The results show that at upper erustal depths 
(0.1 to 10 s) the geoeleetrie strike is not very stable 
and henee no dominant strike exists . The longer 
period data, however, reveal a very stable strike 
direetion of about 60° from N to E, implying that 
deeper in the erust and in the upper mantle eleetrie 
eurrents flow approximately in that direetion. The 
figure eontains more than 1200 strike estimates (42 
sites x about 30 periods/site). 

Rotation of the deeomposed impedanee tensor 
data (i.e. the data from whieh assumed distortions of 
near-surfaee 3-D inhomogeneities have been remo
ved) into the direetion of 60° from N to E reveals that 
at long periods the parallel (E-polarization) and 

10 to 100 (5) 

Regional 2D geoelectric strikes 

3D Groom-Bailey decomposition 
twist & shear constrained 

Centra/ Fin/and 
Granitoid Comp/ex 

(CFGC) 

100 to 1000 (5) 

Fi g. 10. Distribution of reg ional 2D geoe lectric strike direction 
es timates at four period intervals for the magnetotelluric data of the 
CFGC. Estimates obtained by 3D Groom-Ba iley decomposition of 
magnetotelluric impedance ten sor data with constraincd shear and 
twist. Geomagnetic north is in the top of the figure. Maximum of 
strike direction estimates at the per iod interval from 100 to 1000 s is 
obta ined in the direction of 60 degrees. 
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perpendieular (H -polarization) responses differ from 
eaeh other, by more than an order of magnitude for 
apparent resistivities and by about 40 degrees for 
phases at the longest periods available (1000 s). The 
rotated apparentresistivities (H-poIlI50° and E-poIl 
60°) along the NE-SW direeted profile in the CFGC 
are shown as pseudoseetions in Figure 11. 

The data show that the upper erust is isotropie and 
highly resistive in the CFGC, the first 10 to 14 km 
having resistivities of 35000 to 10000 Qm. Resis
tivities then deerease dramatieally from 3000 to 
1000 Qm in the middle erust (taken from the old 2D 
model shown in Fig. 8). Furthermore, the CFGC ean 
be divided geoeleetrieally into two units, the south
ern unit having a more resistive upper erust than the 
northern one. The boundary between the two units is 
slightly south of the Saarijärvi-Karstula line in the 
middle of the CFGC (Fig. 11). 

In eontrast to the isotropie uppererust, the lower 
erust and uppermantle beneath the CFGC are eleetri
eally anisotropie: eleetrieal resistivity is more than 
an order of magnitude lower in the direetion of 60° 
than in the direetion of 150°. The anisotropie split
ting of phases begins approximately at periods of 
5 s, whieh aeeording to preliminary modelling 
eorresponds to depths of about 30 km. No estima
tes of the thiekness of the anisotropie part of the 
lithosphere are yet available. 

There are several possible eauses for anisotro
py: the lower Iithosphere may be genuinely aniso
tropie due to mieroseopie properties (eleetrieal 
eonduetivity of minerals) or maeroseopie proper
ties (eonduetive and resistive "layers" or "dykes") 
or it may be attributed to side effeets from surroun
ding eondueting struetures (struetural anisotropy). 
3-D modelling, however, is the only way to deter
mine that the anisotropy is not due to induetive 
effeets of eonduetors surrounding the CFGC. 
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The main goal of the Finnish GGT-project is to Paleomagnetism and tectonic models 
develop an integrated model of the structure and 
evolution ofthe lithosphere in Finland (Kukkonen In order to detect relative movements between 
and Pesonen 1991) . The GGT-profile (F-E, Fig. 1) 
crosses severallarger intrusions and dyke swarms 
with ages ranging from Archaean to Jotni an, th at 
are suitable for paleomagnetic studies. Figure 1 
shows the paleomagnetic study targets in the Fin
nish GGT. One of the aims of these studies is to 
search for primary magnetizations and to detect 
magnetic overprints of various ages. Examples of 
post-Jotnian dykes magnetically overprinting the 
Jotnian sandstone in Satakunta were described in 
our previous GGT -article (Pesonen et al. 1992). 
Widespread Svecofennian overprints in Early Pro
terozoic and Archaean rocks have been described 
by Mertanen et al. (1989). Another aim of these 
studies is to measure past horizontal or vertical 
movements of the Fennoscandian shield or of the 
various units that constitute the shield . In this paper 
we show some examples of detecting local block 
movements within the Finnish GGT-profile. We 
also present a new paleolatitude curve for Fennos
candia and compare magnetic latitude data with 
paleoclimatic evidence. 
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Fig . I . The Finn ish GGT/SVEKA tra nsect (profile F to E) show ing 
pa laeomagneli c study siles. 

49 



Geologian lUlk imuskesk us, TUlkim usraporll i - Ge% g ica/ Survey of Fin/and, Report of /nvesligalion /36, /996 

L.i. Pesonen and S. Mertanen 

300 N 

Age 
(Ma) 

1800 E 2100 E 

* 

1950 - 1830 

• 0 
1800 

G ranulite complex 

* "* Russ ian Kare li a 

• 0 No rth of Ske ll e fte 

• f:::. South of Ske llefte &South of Ladoga 

• 0 Raa he - Ladoga 

2400 E 2700 E 

Fig . 2. Svecofennian APWP of Fennoscandia where good qua lily poles are plolled accord ing 10 lectonic blocks as shown in the index. 
Data from Pesonen et al. ( 199 1). 

2700 E 
ilsiä tonalites" 7'88 G. . 

• " Cl '· 
Keuruu dykes • .Haukivesl 

1. Ga • .Iamprophyes____ -
~_-""",,,",,,,:.:::.-....::::..N A .. .1 .83 G a • ....-lisalmi gabbros 

Yllvleska n d Intrusio 
abbro. fil'\131'\ ns 

Pohjanmaa gabbros . • S . 
1.88 Ga 

1.65 G~ . t ' .. 
• Maun arkose Pielavesl gabbro 

1.89 Ga 

2100 E 

N R 
• 0 Svecofennian 
• 0 Subjotnian 
... /':,. Jotnian 

240
0

E 2700 E 

Fig. 3. Pa leomagnetic poles from the GGT -Iransect and some other re levant po les from Fennoscandia plotted on the Fennoscand ian APW P 
fo r the period 1.9 - 1.25 Ga. Closed (open) symbol denoles normal (reversed) polari ty. New data are labe lJ ed. (Neu) = Neuvonen ( 1965, 
1973), A (B), Varpaisjärvi componenl A (component B) from Figure 4. 

50 



Geolog ian tutkimuskeskus, Tutkimusraportti - C eolog ical Survey of Finland, Repo rf of In vesfiga fion 136, 1996 

The drift of Fennoscandia in the li ght o f palaeomagneti sm with exampl es from the Finnish GGT/ SVEKA tran sect 

tectonic blocks, high resolution paleomagnetic data 
from blocks with coeval magnetization ages are 
required. Figure 2 shows good quality paleopoles 
from Svecofennian units in Fennoscandia that have 
estimated magnetization ages of -1.95 - 1.83 Ga 
(Pesonen et al. 1991). 

We can see that there is a continuous apparent 
polar wander path (APWP) during 1.95 - 1.83 Ga 
involving poles from widely distant Svecofennian 
blocks and showing only a few deviating poles. 
These poles (shown as stars in Fig. 2) were ob
tained from sedimentary formations in Russian 
Karelia, and lie slightly to the north of the main 
Svecofennian APW track. These deviating poles 
may be due either to smalI, less than 2000 km, 
block movements between the southeastern and 
western Svecofennian domains or due to age diffe
rence ofthe poles. However, the poles may even be 
erroneous since they lack structural control and 
paleomagnetic tests. More paleomagnetic determi
nations with tilt and baked contact tests, coupled 
with precise datings of these Karelian formations, 
are needed to determine the tectonic origin of these 
aberrant poles. 

Results from the GGT/SVEKA transect 

Figure 3 shows the paleomagnetic poles from the 
GGT/SVEKA transect. We note here in passing 
that the poles for the Aland, Sipoo and Ahvenisto 
rapakivi massifs and associated dyke swarms (ages 
ca. 1.65 - 1.55 Ga) form part of the puzzling 
Subjotnian loop (see Pesonen et al. 1989) and that 
the poles from the Paleoproterozoic Keuruu dykes 
(-1.89 Ga), while fitting the APWP, still need to be 
investigated with respect to the polarity asymmet
ries, since the reversed polarity pole does not coin
cide with the normal pole (see Figure 3; Pesonen, 
1987). 

Jotnian 

New paleomagnetic poles from the Satakunta 
Eura dolerites and baked sandstones of Jotnian age 
(-1.265 Ga) are plotted in Figure 3. A positive 
baked contact test has been obtained for the Eura 
sill (Kiperinjärvi) since the poles (Fig. 3) for this 
sill and far baked sands tones agree weil within 
error limits, but disagree with the slightly older 
Satakunta sandstone pole cut by the sills (age -1 .3 
Ga; Neuvonen 1973). The new results are based on 
NRM multicomponent analysis of these sampies 
(see Pesonen et al. 1992), and observe that the new 
poles depart slightly towards the east (= towards 
younger ages) compared to the previous Satakunta 
dolerite pole (Fig. 3; Neuvonen 1965), for wh ich 

no multicomponent analysis was done. This could 
be due to better resolution of the characteristic 
remanence with the multicomponent analysis , or 
due to the scarcity of the new determinations com
pared to previous ones. Another possibility is , as 
already inferred from Neuvonen's previous poles 
(Neuvonen 1965; 1973), that the Eura sills, for 
which the baked contact test was performed (Leis
tilä baked sandstone), record a younger magnetiza
tion than the other Satakunta intrusions. U-Pb (Zr) 
ages from the Eura sill (Ämmänpelto, Kauttua) 
yield an age of 1.260 Ga which is slightly younger 
than most of the ages obtained from other Jotnian 
intrusions in Satakunta (1.258 - 1.264 Ga), Vaasa 
(1.268 - 1.273 Ga), and Aland (1.265 Ga) (Suomi
nen 1991) . 

Mauri arkose 

Twenty eight sampies were measured from the 
Svecofennian Mauri arkose in the Tampere block 
(Fig . 1) . The mean pole lies some 20° to the south 
of the Fennoscandian APWP (Fig. 3). If the rema
nence is primary , this could be attributed to struc
tural tilting since the pole is uncorrected for tilt. 
However, ifthe magnetization turns out to be post
tilting (i.e ., secondary) , the departure suggests a 
late Svecofennian remagnetization age (-1.7 Ga). 

Varpaisjärvi dykes 

Sampies were collected from J atulian dykes int
ruding in the tectonically distinct Pällikäs and 
Jonsa blocks at Varpaisjärvi within the Archean 
Iisalmi block (Fig. 1) to test the block rotation 
hypothesis of Hölttä et al. (1992), involving a 20° 
anticlockwise rotation of the Jonsa block relative 
to the Pällikäs block (Fig. 4). This hypothesis is 
supported by two observations: (i) Archaean struc
tural trends show an anticlockwise change of -20° 
from Pällikäs to Jonsa, and (ii) the strikes of the 
dykes show a similar change in trend (Fig. 5) . 
Previously, both Neuvonen et al. (1981) and Peso
nen (1987) have tested the rotation hypothesis 
using paleomagnetic data of the Varpaisjärvi dykes 
which show that the NRM declinations of the two 
blocks do indeed depart by -25 °, suggesting that 
relative block rotation has taken pi ace. However, 
the sense of rotation suggested by paleomagnetic 
declinations is clockwise, not anticlockwise! 

Figure 4b shows new preliminary palaeomagne
tic data for the dykes from the Jonsa and Pällikäs 
blocks based on multicomponent analysis. For com
parison, the results by Neuvonen (1992) on the 
same dykes without multicomponent analysis are 
shown in Figure 4a. The main conclusions are as 
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Fi g . 4 . Pa leo magnetic data fo r the Varpa isjärvi dykes and Archaea n 
basement rocks from the Pällikäs (Ie ft ) and l onsa (r ight ) bl ocks. a) 
Data of Ne uvonen ( 1992) w itho ut , and b) pre limin ary data o f thi s 
work with multi component ana lys is. Co mponents A (= Svecofenni 
an), B (= l atulian and/or late Svecofenni an) and C are ex pl ained in 
text. 

follows . Paleomagnetic directions from both stu
dies show at least three main groups: (i) the Arche
an basement directions, (ii) the Pällikäs dyke direc
tions (= component A) , and (iii) the Jonsa dyke 
directions (= component B). The multicomponent 
analysis reveals more magnetization components 
(see for example component C, sm all crosses), but 
the origin of these less weIl defined components is 
still unclear. It is evident from Figure 4 that the 
directions of the two groups (A and B) partly 
overlap: some of the Jonsa (B) directions appear to 
plot onto the Pällikäs (A) group and vice versa. The 
difference between the two populations is nevert
heless significant. 

Based on the interpretation that the Pällikäs A 
direction is a typical Svecofennian direction (-1 .9 
Ga; see Fig. 3; e.g . Pesonen 1987 ; Mertanen et al. 
1989) and on the observation that the Pällikäs 
dykes are more alte red than the Jonsa dykes (Paa
vola, pers.comm. 1993), we pro pose a new model 
(Fig . 5) which can explain both the palaeomagnetic 
directions and the block rotation: 
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Fi g . 5 (on the right ). The ro tati on model for the Va rpai sj ärvi l o nsa 
and Pälli käs bloc ks. (a) At -2.7 Ga structura l trends in both the l onsa 
and Pä llikäs blocks are ro ughl y NNE-SSW. 8 0th bl ocks are affec ted 
by tens io na l fi e lds which produce the N W-SE tens iona l fr actures 
actin g as precurso rs for l atuli an dykes. The basement blocks w ill be 
mag ne ti zed coherentl y by the -2.7 G a remag neti zation (uplift and 
s low coo ling). (b) The lon sa block w ill be rotated by -200 anti c loc k
wi se at -2.68 Ga produc ing a corres po ndin g dev iation between the 
Arc hean struc tura l trends and mag neti zatio ns as we il as the te ns iona l 
crac ks. (c) The l atulian (-2.2 - 2.0 Ga) dykes intrude both bl oc ks but 
now w ith a _20° difference in the ir strikes. T hey w ill be cohe rentl y 
mag ne ti zed w ith a NNE dec linati on. (d) The dykes in the Pällikäs 
bl ock will be later (- 1.9 Ga) re magneti zed (component A ) by the 
S vecofenni an orogeny, leav in g onl y a fe w latuli an relict mag ne ti za
ti ons , whil e the lon sa bloc k, re presenting dry enderbiti c baseme nt , 
w ill escape mo re eas ily the Svecofennian o ve rprint and preserves the 
l atuli an magne ti zation directi on (8 ). 

Model 

a) During the Archaean the blocks were aligned in 
a NW-SE trending belt (Fig. Sa). The late Archean 
deformation and orogeny at -2.7 Ga produced the 
NNE structural trends in and around the two blocks 
and created the NW -SE trending tension cracks , 
which williater (at -2.2 Ga) become the conduits for 
the dolerite magma. 

b) During post-orogenic cooling the cratons were 
egionally remagnetized at about 2.68 Ga ago (Fig. 
Sa). Slightly later, but still during the Late Archean , 
as a response to a change in regional stress, an 
anticlockwise rotation of -20° of the Jonsa block 
with respect to Pällikäs block takes place (Fig. Sb). 
Unfortunately , this late Archaean rotation of 20° 
cannot be easily detected palaeomagnetically due to 
the steep inclinations (about 75 - 85°) in the base
ment rocks, which cause declinations to be widely 
scattered in both the Pällikäs and Jonsa blocks (Fig. 
4). A paucity of tectonic activity then ensues until 
Jatulian time (2.2 Ga). 

c) At -2.2 Ga, during the Jatulian, the dykes 
intruded both blocks (Fig. Sc). The magma will 
follow the pre-existing fractures, resulting in the 
Jonsa dykes having E-W trends and the Pällikäs 
dykes having NW trends , respectively. The dykes 
will be magnetized at 2.2 Ga with a NNE declination 
and moderate steep inclination (direction B), as is 
still seen in the Jonsa block today (Fig. 4 and Sd). 

d) The Pällikäs dykes also had this NNE-trending 
B magnetization originally, but they were almost 
totally overprinted by the Svecofennian orogeny 
(-1.9 Ga), which produced the NNW magnetization 
direction (component A) (Fig. 3 and 4). Some dykes 
in the Pällikäs block have survived the overprint and 
reveal the primary Jatulian remanence as relict, and 
conversely, a few of the Jonsa dykes have been 
remagnetized during the Svecofennian orogeny (Fig. 
Sd). The model thus predicts that the Pällikäs dykes, 
which are of coeval age and geochemically similar 
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to the Jonsa dykes , should be more altered than the 
Jonsa dykes as evidenced by a thorough Svecofenni
an overprint direction . The model also predicts a 
- 20° difference in remanence direction for the Ar
chean basement of the Jonsa and Pällikäs blocks, 
which could be discernible after more detailed samp
ling and multicomponent analysis of magnetization 
data. In testing this poss ibility , one has to remember 
that the J onsa block represents a granulite facies area 
which may have been uplifted relatively more rapid
ly than the amphibolite grade Pällikäs block (see 
also Neuvonen 1992). 

Fennoscandian drift 

In the last example we have calculated the paleo
latitude curve for whole Fennoscandia based on the 
best quality poles from the updated paleomagnetic 
database (Fig. 6; Pesonen et al. 1991 ). 

Included in Figure 6 are some paleoclimatic indi
cators of latitude, such as evaporites, phosphorites, 
red beds and weathering zones which suggest low 
latitudes, and glaciogenic rocks (dropstones, tilli
tes) which sugges t more higher latitudes (Elming et 
al. 1993). Generally, palaeomagnetic data are con
sistent with paleoclimatic indicators but more data 
from precisely dated rocks are required to prove the 
palaeomagnetic latitude curve. A noticeable feature 
in the latitude curve is that during most of Precam
brian time, Fennoscandia was apparently located at 
low to moderate latitudes (Pesonen et al. 1989). 
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The publieation formats of the GGT/ SVEKA 
transeet are a pro gram paekage DIGIMAP publi s
hed by Ameriean Geophysieal Union and a printed 
poster map. At present (15.11.1993) these pro
grams are not available in Finland, but digitization 
guidelines and data file formats are deseribed in 
Götze and Williams (1993). Digital data for tran
seet eonsists of original geologie and geophysieal 
data th at is used to eonstruet the maps and eross 
seetions of the transeet and graphieal images of the 
maps and eross seetions themselves. Data transfers 

to DIGIMAP are tested from ARC/ INFO and PC
ARC/INFO (ESRI), AutoCAD (Autodese), Desig
ner (Mierografix) and Grid Master (Numonies) (op 
eit). 
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The strueture of the late Arehaean domain, in
cluding the Kuhmo greenstone belt (KGB), the 
surrounding migmatites and granitoids in eastern 
Finland have been investigated by deep seismie 
sounding, in whieh mine tremors have been used 
(Lahnaslampil Finland and Ko stamusl Ru ss ia) as 
energy sourees. This profile extends the SVEKA
transeet by about 100 km further to the northeast. In 
the interpretation given here data obtained in 1981 
from shot points along the SVEKA-transeet have 
also been used. The measurements along the nort
heastern extension were earried out during the 
years 1984, 1985 and 1992. 

The two-dimensional erustal model was ealcula
ted using raytraeing teehniques . It is immediately 
apparent from the reverse reeord seetions that the 
strueture ofthe erust to the northeast from the KGB 
is different from that to the southeast of the greens
tone belt. The reeord seetion from the Kostamus 
shotpoint shows distinet refleeted waves from the 
upper, midle and lower erust and the PmP-waves 
are very strong. In eontrast the profile seetion to the 
southwest of the KGB shows clear refleeted waves 
from the upper erust only. 

There is also a positive Bouguer anomaly, with 
a notable inerease over the KGB when we examine 
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GGT -profile to northeast. Aeeording to petrophy
sieal density measurements we know that the bed
rock to the east of the KGB ( 2700 kg/m 3 ) has a 
density about 100 kg/m 3 higher than that of the 
bedrock to the west (2600 kg/m3). The petrophysi
cal density difference in the uppermost part of the 
crust can explain the Bouguer anomaly, but the 
overall inerease might be attributed to the thick
ness variations within the late Arehaean crust, as 
interpreted from the seismic data. Because either of 
these models fulfil the present isostatic condition 
or the seismie model (the gravity model was 
constructed using Birch's equation), the structure 
of the crust must therefore be more complicated. 

The generalized seismic model , when coupled 
with the results of earlier structural and gravity 
studies from the area, have fol\owing features: (l) 
the KGB is 1.0 - 4 .5 km thick; (2) the thickness of 
the crust deereases from 46 km beneath the KGB to 
43 km at Kostamus , and (3) the thickness increases 
rapidly to 57 km to the southwest of the KGB and 
the data indicate the existence of a deep crustal 
reverse fault with a magnitude of dis placement of 
about 10 km. The reverse is also perpendicular to 
the late Archaean fault movements in the KGB . 
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The Central Finland Granitoid Complex (CFGC) 
is a vast area consisting mainly of granites and 
granodiorites. The Sveka transect in the CFGC 
covers an area of about 20 000 km2

. About 40% of 
the transect area is covered by I : 100000 bedrock 
maps and the rest of the area by 1 : 400 000 maps. 
High altitude airborne magnetic maps and gravity 
maps are also available. Some detailed studies on 
geology and economical potential have been done. 
This area was also sampled by the Rock Geoche
mistry Research Project (RGRP) with variable 
sampling density (1 sample/ 40 - 80 km2

). 

The main objective of the first stage is to form a 
geological outline of the upper crust in the transect 
area by using geophysical, geological and geoche
mical data. The area for which only 1 : 400 000 
bedrock maps were available were mapped at a 
scale of 1 : 50000 with emphasis on areas showing 
magnetic and gravity anomalies. Some linear struc
tures were studied in detail. Sampling for pet
rophysical measurements covers the whole study 

area. Sampies for the geochemical purposes (128) 
were taken to supplement the RGRP sampling, 
especially from rocks responsible for geophysical 
anomalies. Field observations are stored in the 
KALPEA data base. 

The field work shows that magnetic highs are 
mainly caused by mafic intrusives, subvolcanic 
rocks and some granites with abundant magnetite. 
Regional magnetic lows seem to coincide with 
granite areas . The mafic rocks formerly considered 
as diorites were found to be rich in quartz and K
feldspar, i.e. monzonitic. At least so me linear belts 
formerly interpreted as quartz-feldspar rocks are 
mylonitized granites and the belts thus represent 
large fault structures. 

A compilation map has been prepared from the 
field and geophysical data using also geochemical 
classifications. At the second stage the knowledge 
of the upper crust will be integrated with deep 
seismic, gravity and magnetotelluric studies to 
model the structure of lithosphere. 
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Introduction 

Ophiolites, in addition to mantle xenoliths and 
"orogenic Iherzolites", permit the direct study of the 
petrology, geochemistry , and physical properties of 
the upper mantle. On-land fragments of ophiolitic 
mantle are invariably serpentinised but, if carefully 
screened for alteration , may provide more represen
tative mantle sampIes than xenoliths. 

At present, only three early Proterozoic or older 
rock complexes are known that comprehensively 
satisfy the definition of ophiolite, and only one of 
these - the 1.95 Ga old Jormua Ophiolite Complex 
(JOC) in the Kainuu Schist belt - exposes its mantle 
section as weil (Kontinen 1987). 

Structure and composition of the mantle section 

The mantle section of the Jormu a Ophiolite is the 
largest (30 km2) and best exposed component of thi s 
ophiolite, being preserved as several large fault
bounded blocks that are spatially associated with 
metagabbros, a sheeted mafic dyke complex, and 
basaltic metalavas (Fig . I ). The mantle section is 
composed of serpentini sed and regionally metamor
phosed peridotites (depleted lherzolites- harzburgi
tes, some dunitic cumulates) cross-cut by various 
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ultramafic to mafic intrusive phases. No primary 
minerals, except for some chromite relicts are pre
served in the serpentinites . However, traces of mant
le tectonic foliations and lineations are still visible, 
being defined by seams and streaks of altered chro
mite. Stable metamorphic mineral parageneses of 
the serpentinites formed during the peak regional 
metamorphism include antigorite-olivine and anti
gorite-olivine-tremolite, which yield metamorphic 
peak temperature estimates of 480°C and 530°C 
with pressures of 2 kb and 5 kb respectively . 

The mantle lherzolites of the Jormua Ophiolite 
have relatively uniform compatible element but va
riable incompatible element abundances. Such hete
rogeneity is only partly explained by their variable 
depletion. In addition, chemical data indicates that 
Jormua Iherzolites have been infiltrated and meta
somatised by basanitic-nephelinitic melt, which is 
also represented by rare OIB-Iike dykes enclosed by 
serpentinites. 

Considerable variation occurs in the composition 
and morphology ofthe intrusive phases crosscutting 
the mantle peridotites between each of the various 
fault-bonded blocks of the mantle section . The Leh
mivaara block is particularly rich in metabasaltic 
dykes , the Antinmäki and the Kannas blocks in 
irregular-shaped gabbro lenses and pods, and the 
Hannusranta block in clinopyroxenitic dykes and 
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Fig.l . Generalized geo logica l map of the Jormua Ophi olite (modified after Kontinen , 1987). Major geo logical fea tures of the 
Fennoscandian Shie ld are shown in the inset map . 

pods (Fig. 1). Whole rock composition and mine
ral textures of the clinopyroxenites and gabbros 
imply that they cannot represent melt compositions 
but are crystal cumulates ("dyke cumulates" ofHar
te et al. 1993). Gabbroic and clinopyroxenitic dyke 
cumulates are expressions ofthe upward transporta
tion of MORB- and OIB-like melts , respectively, 
from the mantle. The gabbros resemble Jormua 
dykes and lavas. Within some of the gabbroic pods 
differentiation proceeded to extreme iron enrichment 
as expressed by voluminous ilmenite precipitation. 
Such pods represent magmas which evolved from 
primary MORB-like melts within the uppermost 
mantle but failed to reach the petrological Moho 
di scontinuity (Peltonen et al. 1995). Clinopyroxeni
tic dyke cumulates in turn show evidence of empla
cement into peridotites undergoing deformation, 
and crystallization at relatively high confining pressu
re. Extrusi ve rocks, coeval with these cumulates, are 
not present within the crustal unit of the Jormua 
Ophiolite. We believe that the clinopyroxenitic dyke 

cumulates intruding the mantle peridotites within the 
Hannusranta block are expressions of continental 
break-up related magmati sm that slightly predated 
the formation of the new oceanic basin. 
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Several occurrences of disti ncti ve coarse-grai ned 
kyanite-chlorite-cordierite rock have been found 
in the Archaean Nurmes-Sotkamo area of eastern 
Finland. These rocks occur in NW-SE- and NE
SW -trending fractures, faults and shear zones that 
cut across Archaean structures and metamorphic 
assemblages. In these zones intense metasomati sm 
has altered the primary tonalitic gneisses to hetero
geneous kyanite-chlorite-cordierite rocks. Meta
somatic zonation was generated by concurrent 
leaching and accumulation of rock-forming com
ponents in different parts of the zones. Metasoma
tism occurred under prograde metamorphism as 
shown by mineral reactions proceeding from chlo
rite-muscovite to kyanite-staurolite and finally to 
cordierite-sillimanite stability. According to these 
mineral parageneses the metamorphic grade inc
reases southwards, reflected in more widespread 
stabilization of sllimanite, whereas in the northern 
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ocurrences, kyanite and/or andalusite crystallized 
instead. In the vicinity ofthe Kainuu schist belt the 
foliation is more pronounced than in the highly 
metamorphosed southern targets, where inoriented 
crystals reflect static crystallization. In south the 
metamorphic peak was attained at about 600 -
620°C/4 - 5kbar. The peak of cordierite-sillimanite 
metamorphism and metasomatism is dated from 
cogenetic xenotime as 1852±2 Ma old. The kyani
te-chlorite-cordierite rocks provide evidence for 
the presence of fluids that were capable of chan
ging rock compositions and for prograde amphibo
lite facies conditions in the zones of most intensive 
fluid flow. The metamorphic-metasomatic succes
sion records the P-T evolution of the Archaean 
crust during Palaeoproterozoic era and indicates 
that the present erosion surface was deeply buried 
beneath Archaean±Palaeoproterozoic crust at about 
1850 Ma. 
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The first deep seismic so unding measurements 
along the GGT/SVEKA transect were made in 
1981 between Keuruu and Kuhrno. Interpretation 
of this data set showed that the crust in the central 
part of the profile is unexpectedly thick, about 60 
km, with an average velocity down to the Moho of 
about 6.6 km/s (Luosto et al. 1984, Grad & Luosto 
1987) . In the upper crust a low velocity layer was 
found and in the NE part of the profile a high 
velocity body. Fracturing of the uppermost crust 
was evaluated by a detailed study of P- and S-wave 
velocities (Grad & Luosto, 1993) . The uppermost 
200 meters is the most fractured part of the crust 
and shows no significant differences between the 
southern and northern parts of the profile . On the 
other hand it was found that at depths of 0.2 - 1 km 
in the Archaean part of the profile the fracturing is 
twice as dense as at equivalent levels in the Prote
rozoic crust. The results suggest an isolated satura
tion of cracks in the uppermost crust beneath this 
part of the GGT/SVEKA transect. 

In 1991 the next international deep seismic soun
ding experiment in Finland was carried out on a 
line from Kustavi to Kannonkoski, southwest of 
the "original" seismic SVEKA profile. According 
to a preliminary interpretation the crust in the SW 
part is nearly 50 km thick but increases steadily 

towards the northeast, being about 60 km in the NE 
part of the profile (Luosto et al. , 1996) . A low 
velocity layer was found between 6 and 13 km. 
Intensive reflections were observed from inclined 
reflectors in the depth range 10 - 20 km, roughly 
beneath the Satakunta sands tone formation, Tam
pere schist belt and Keuruu gabbro intrusions . 

The extensive marine seismic reflection survey 
BABEL (Baltic and Bothnian Echoes from the 
Lithosphere) was carried out in 1989 (BABEL 
Working Group 1993) . The profile line 7 from 
Uusikaupunki to Gävle also connects the GGT/ 
SVEKA transect to Sweden . In addition to reflec
tion recordings on the ship, wide angle reflections 
were recorded on land, too . This made it possible to 
integrate interpretations of both reflection and ref
raction data. The crustal thickness varies between 
45 and 50 km, the smallest values being found 
below the Ahvenanmaa rapakivi intrusion. Accor
ding to the wide angle data there is no low velocity 
layer in the upper crust. Reflection data show 
several intensive reflectors dipping eastwards, coin
ciding with refraction boundaries in the deeper 
more horizontal parts ofthe reflectors . These pheno
mena were interpeted to indicate an episode of 
crustal extension (Korja & Heikkinen 1994). 

Crustal structure in the northern part of the 
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geotraverse was studied using recordings from the 
NE part of GGT/ SVEKA transect together with 
recordings of quarry bl as ts at Kostamuksha (Yli
niemi et al. 1993). According to these investiga
tions the Moho boundary rises steeply to the north
east roughly below the Kainuu and Kuhmo schist 
belts where the crust decreases in thickness by 
about 10 km. 
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