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transects with a total length of 2104 km in the central and northern part of the 
Fennoscandian Shield. The seismic contractor of the project was Spetsgeofizika 
S.E. together with Machinoe�port S.E. The publication provides basic informa-
tion of the obtained results and the first interpretations as presented by teams of 
FIRE consortium scientists. The articles discuss acquisition and processing of 
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Key words (GeoRef Thesaurus, AGI): crust, seismic methods, deep seismic 
sounding, re��ection methods, FIRE, seismic profiles, deep-seated structures, 
Precambrian, Finland.

Ilmo T. Kukkonen and Raimo Lahtinen
Geological Survey of Finland
P.O. Box 96
FI-02151 Espoo
Finland

E-mail: ilmo.kukkonen@gtk.fi, raimo.lahtinen@gtk.fi

Base maps in figures and appendices ©  National Land Survey, nro 627/Matti Yrjö/06





CONTENTS

FIRE People ………………………………………………………………………… 7

Foreword, E. Ekdahl …………………………………………………………………………  9

Editors’ preface, I.T. Kukkonen and R. Lahtinen …………………………………………  11

Acquisition and geophysical characteristics of re��ection seismic data on FIRE trans- 
ects, Fennoscandian Shield,  I.T. Kukkonen, P. Heikkinen, E. Ekdahl, S.-E. Hjelt,  
J. Yliniemi, E. Jalkanen  and FIRE Working Group ………………………………………  13

A geological interpretation of the upper crust along FIRE 1, A. Korja, R. Lahtinen, 
P. Heikkinen, I.T. Kukkonen and FIRE Working Group …………………………………  45

A geological interpretation of the upper crust along FIRE 2 and FIRE 2A, M. Nironen, 
A. Korja, P. Heikkinen and the FIRE Working Group  ……………………………… 77

Geological and structural framework and preliminary interpretation of the FIRE 3 and 
FIRE 3A re��ection seismic profiles, central Finland, Peter Sorjonen-Ward  ……… 105

FIRE seismic re��ection profiles 4, 4A and 4B: Insights into the Crustal Structure of  
Northern Finland  from Ranua to Näätämö,  N. L. Patison, A. Korja, R. Lahtinen, 
V. J. Ojala, and the FIRE Working Group  ………………………………………………  161

A preliminary model of the crustal structure of the eastern Finland Archaean Comple�  
between Vartius and Vieremä, based on constraints from surface geology and FIRE-1 
seismic survey, A. Kontinen and J. Paavola  ……………………………………………  223

Modelling the gravity anomaly of the Lapland Granulite Belt together with the results 
from the Finnish Re��ection E�periment, Seppo Elo  ……………………………………  241

Appendices 

Kukkonen et al., App. 1–11: Gray scale and coherency filtered sections
Korja et al., App. 1: A geological interpretation of the upper crust along FIRE 1 
Nironen et al., App. 1: A geological interpretation of the upper crust along FIRE 2 and 2A 
Patison et al., App. 1 & 2: Automatic line drawing, greyscale image and fully labelled geo-
logical interpretation for FIRE profiles 4, 4A and 4B

FIRE documentary film (FIRE – Echoes from the Lithosphere) (CD)





7

Finnish Re��ection E�periment FIRE 2001–2005
Edited by Ilmo T. Kukkonen ja Raimo Lahtinen.
Geological Survey of Finland, Special Paper 43, 7–    

Finnish Re��ection E�periment FIRE 2001–2005
Edited by Ilmo T. Kukkonen and Raimo Lahtinen.
Geological Survey of Finland, Special Paper 43, 2006. 

FIRE PEOPLE

FIRE Steering and Management Group:
Chairpersons:  Elias Ekdahl, Gabor Gaál, Pekka Nurmi (Geological Survey of Finland)
Members:  Robert Berzin (Spetsgeofizika), Helena Fager, Tiina Ingman, Krister Söderholm (Ministry of Trade 
and Industry), Ilmo Kukkonen (secretary), Kari Pääkkönen, Ahti Silvennoinen, Pekka Suomela (Geological 
Survey of Finland), Pekka Heikkinen (Institute of Seismology, University of Helsinki), Juha Karhu (Institute 
of Geology, University of Helsinki), Sven-Erik Hjelt, Pertti Kaikkonen (Institute of Geosciences, University 
of Oulu), Jukka Yliniemi, Elena Kozlovskaya (Sodankylä Geophysical Observatory, University of Oulu)

Project manager: Ilmo Kukkonen (Geological Survey of Finland)
Field supervisor: Erkki Jalkanen (Terramecs Ky) 
Seismic adviser: Pekka Heikkinen (Institute of Seismology, University of Helsinki)
Traffic control supervisor: Erkki Ruokanen (Geological Survey of Finland)
Traffic controllers: Field personnel of the Geological Survey of Finland
Field bases: Matti Kallunki, Seppo Kantelinen, Martti Damsten (Geological Survey of Finland)
Legal advisers: Pekka Suomela, Eija Verlander (Geological Survey of Finland)
Economy and accounting: Seija Silvennoinen (Geological Survey of Finland)

Representatives of contracting companies:
Spetsgeofizika S.E.: Robert Berzin, Arsen Suleimanov, Nadeshda Zamoshnyaya, Ivan Moissa 
Machinoimport S.E.: Vladimir Malafeev, Ale�ey Lyuotik

The FIRE Working Group:
Geological Survey of Finland: Elias Ekdahl, Ilmo Kukkonen, Raimo Lahtinen, Mikko Nironen, Asko  
Kontinen, Jorma Paavola, Heikki Lukkarinen, Aimo Ruotsalainen, Jukka Lehtimäki, Heikki Forss, Erkki 
Lanne, Heikki Salmirinne, Teuvo Pernu, Pertti Turunen, Erkki Ruokanen
Institute of Seismology, University of Helsinki: Pekka Heikkinen, Annakaisa Korja, Timo Tiira, Jukka  
Keskinen
Department of Geosciences, University of Oulu: Sven-Erik Hjelt, Juha Tiikkainen
Sodankylä Geophysical Observatory, University of Oulu: Jukka Yliniemi
Terramecs Ky: Erkki Jalkanen
Spetsgeofizika S.E.: Robert Berzin, Arsen Suleimanov, Nadeshda Zamoshnyaya, Ivan Moissa, Ale�ey  
Kostyuk, Vassily Litvinenko





9

Finnish Re��ection E�periment FIRE 2001–2005
Edited by Ilmo T. Kukkonen ja Raimo Lahtinen.
Geological Survey of Finland, Special Paper 43, 9–    

FOREwORd

The publication in hand reports the results of an e�tensive re��ection seismic project in Finland – the FIRE 
project (Finnish Re��ection E�periment) 2001–2005. The project and its results are the outcome of years’ ef-
fort to arrange crustal scale re��ection seismic surveys in Finland. It was already long obvious in early 1990’s 
that studying the detailed structure and crustal evolution of the Fennoscandian Shield would not be possible 
without high quality re��ection seismics, as is known from the crustal re��ection seismic surveys of the crystal-
line crust carried out earlier in USA, Canada, Germany, Australia and Russia.

An outstanding opportunity became possible when a special scheme of converting debts of the Russian 
Federation to Finland was commenced in 1995. This arrangement made it possible for Finnish universities 
and research institutes to order scientific equipment and services from Russia. One of the projects included 
in the debt conversion agreement for 2000–2003 was the project FIRE. The FIRE project proposal was pre-
pared by a consortium comprising the Geological Survey of Finland (GTK), the Institute of Seismology of 
the University of Helsinki and the Institute of Geosciences and the Sodankylä Geophysical Observatory of 
the University of Oulu. The seismic contractor in the FIRE project was Spetsgeofizika S.E. together with 
Machinoe�port S.E. The debt conversion value of the project was c. 12 Million USD. The field works were 
carried out in 2001–2003 in several periods. 

S.-E. Hjelt (University of Oulu) and P. Heikkinen (University of Helsinki) were key persons in initiating 
the FIRE project with the undersigned, and I remember them warmly for our co-operation. The FIRE project 
would not have been possible without many organizations and people. I would like to thank all those who 
participated in the project, the members of the steering and management groups (Gabor Gaál, Pekka Nurmi, 
Robert Berzin, Helena Fager, Tiina Ingman, Krister Söderholm, Kari Pääkkönen, Ahti Silvennoinen, Pekka 
Suomela, Juha Karhu, Sven-Erik Hjelt, Pertti Kaikkonen, Pekka Heikkinen, Jukka Yliniemi, Elena Kozlovskaya, 
Ilmo Kukkonen, Elias Ekdahl). 

The FIRE scientific Working Group was participated by 29 scientists of the consortium partners 
and our contractors (see p. 7). E. Jalkanen (Terramecs Ky) did invaluable work as the field supervisor.  
E. Ruokanen (GTK) and the traffic controllers of GTK did unconditional work in the traffic control to secure 
the safe working of the seismic team on the Finnish roads. M. Kallunki, S. Kantelinen and M. Damsten (GTK) 
always found the best field bases for the Spetsgeofizika team. Our legal advisers P. Suomela and E. Verlander 
were key persons in project negotiations and agreement issues. S. Silvennoinen (GTK) was responsible of the 
economic monitoring of the project. I. Kukkonen (GTK) was the FIRE project manager and his enthusiasm, 
hardworking attitude, and managing and co-operation skills were essential for the successful carrying out of 
the FIRE project.

I thank the contractor companies, Spetsgeofizika S.E. and Machinoe�port S.E. for successful co-operation 
through the years. Particularly I would like to mention R. Berzin (Spetsgeofizika S.E.) for his enduring ef-
forts in initiating and negotiating the project in Russia. Further, the role of Mr. V. Malafeev and A. Lyuotik 
(Machinoe�port S.E.) were essential in project negotiations and complicated economic arrangements of the 
debt conversion during the project.

I want to mention several organizations, which were our important contact-surfaces and helped our work 
in many ways, namely the Ministry of Trade and Industry, Finnish Embassy in Moscow, Finnvera Oyj, Rus-
sian Trade Representation in Helsinki, Finnish Road Authority, Finnish Rail Ltd., Finnish Police and Finnish 
Labour and Employment Authorities. They were always very supportive to our project. 

In the FIRE project, more than 2000 km of re��ection seismic lines were surveyed to depths of 60–80 km, 
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and a new window into the earth’s crust in central Fennoscandia was opened to geoscientists. As a result, we 
have today a profound knowledge of the crustal structures and tectonic evolution of the Finnish bedrock. The 
FIRE results form a solid basis for improved evaluation of natural resources, and the data will undoubtedly 
be a long-lasting stimulus for new research in the coming years. 

The FIRE is still on!

Elias Ekdahl
Director General
Geological Survey of Finland
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EdITORS’ PREFACE 

Geological Survey of Finland, Special Paper 43 

Finnish Reflection Experiment FIRE 2001–2005

The “Finnish Re��ection E�periment (FIRE) 2001–2005” was carried out by a consortium consisting of the 
Geological Survey of Finland, Institute of Seismology of the University of Helsinki, and the Department of 
Geosciences and the Sodankylä Geophysical Observatory of the University of Oulu.  The seismic contractor 
of the project was Spetsgeofizika S.E. together with Machinoe�port S.E. In the scale of Finnish geosciences, 
the FIRE project was a massive contribution providing crustal scale re��ection seismic data in the Finnish part 
of the Fennoscandian Shield, to improve understanding of the deep structure and evolution of the crust.

The publication in hand provides the basic information of the obtained results and the first interpretations 
as presented by teams of FIRE consortium scientists. There are seven articles reporting the applied methods 
and tools in data acquisition, processing as well as correlations with surface geology and crustal evolution. 
A special emphasis has been put in correlating the upper crustal and surface geological information with the 
re��ection seismic data, which is considered a prerequisite for later correlations and evolution modelling. 
The aim has been to present the results and provide first, but not final interpretations of the re��ection seismic 
results.

Kukkonen et al. (this volume) report the acquisition, processing and geophysical characteristics of the FIRE(this volume) report the acquisition, processing  and geophysical characteristics of the FIRE 
transects (altogether 2104 km). The vibroseismic data is very good quality with a broad frequency band and 
signal penetration at least to 20 s TWT (two-way-travel time) was achieved. The data is thus useful in the 
depth range of the whole crust and in the uppermost mantle to a depth of about 60–70 km. Vertical resolution 
is a few tens of metres in the whole crust. Generally the upper crust is very re��ective, but the lower crust is 
more diffuse, particularly in areas where earlier studies have revealed the presence of a high-velocity lower 
crust. Re��ectors show in many areas very good continuity and re��ectors can be followed from the upper 
crust to down to 40 km depth. 

Korja et al. (this volume) present the geological correlation of re��ection results and upper crustal geology 
along the FIRE 1 transect which runs from the Archaean craton nucleus across the  Archaean-Proterozoic 
boundary (A-P) to the Proterozoic Central Finland Granitoid Comple� (CFGC). The upper crustal re��ectors 
correlate well with surface geology in the scale of hundred meters. Major lithological units have different 
seismic patterns that change across the boundaries. The most prominent re��ections seem to originate from 
lithological contrast associated with mafic intrusions, dykes or volcanic units. Shear zones are seen as white 
bands disrupting the seismic patterns. Based on geological interpretation the Archean craton nucleus is domi-
nated by Archean structures, the A-P boundary zone by both Paleoproterozoic e�tensional structures related 
to rifting and collisional structures related to Svecofennian orogeny and the CFGC by both collisional and 
gravitational collapse structures of the Svecofennian orogen. 

Nironen et al. (this volume) discuss the seismic re��ection structures and upper crustal geology along the 
FIRE 2 and 2A transects in southern Finland. Several block boundaries were identified in the profiles, and 
they partly correlate with the established lithological boundaries, but partly also suggest modifications in the 
boundaries. A crustal scale pop-up structure was interpreted in the area of the Tampere and Pirkanmaa Belts. 
The data suggests that the boundary between the Arc comple� of western Finland and the Arc comple� of 

Finnish Re��ection E�periment FIRE 2001–2005
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southern Finland is a detachment that overlays the pop-up structure as well as other contractional structures. 
The bedrock underneath the detachment appears to have inverted into an e�tensional horst and graben struc-
ture. An e�tensional core comple� structure was interpreted within the Uusimaa Belt.

Sorjonen-Ward (this volume) discusses the transects FIRE 3 and 3A which run from Ilomantsi in the east-
ernmost part of Finland to Kokkola on the Bothnian Bay Coast in the west. 

The FIRE 3 and FIRE 3A deep seismic profiles form a combined traverse across the transition zone from 
the Archean Karelian craton to Paleoproterozoic Svecofennian lithosphere. Apart from several steep discrete 
features which may represent episodic brittle reactivation of older structures, the overall seismic fabric is 
considered to record the original Archean and Paleoproterozoic crustal architecture. Nine distinct crustal do-
mains have been delineated, based on a combination of known geological constraints and patterns of seismic 
re��ectivity, and represent four discrete geodynamic events. 

Patison et al. (this volume) provide a crustal scale discussion on crustal structure along FIRE transects 4,(this volume) provide a crustal scale discussion on crustal structure along FIRE transects 4, 
4A and 4B in northern Finland. The imaged Archaean areas include remnants of the cratonic nuclei of the 
Fennoscandian Shield and of amalgamated e�otic terranes.  Crustal thickness varies from 44 to 55 km, and 
is on the average thinner than in central and southern Finland. The Palaeoproterozoic rocks imaged by these 
FIRE profiles can be divided into four belts (southern, central, northern and western). The southern belt is 
a dominantly volcano-sedimentary belt e�tending from the southern margin of the Peräpohja Schist Belt to 
the northern margin of the Central Lapland Area. The central belt includes the Kittilä Group and associated 
sub-blocks that are in unconformable contact with the rift-related belt, and may be (partly) allochthonous as 
previously proposed. The northern belt contains the upper and middle crust of the Lapland Granulite Belt. 
A western belt can be potentially interpreted in westernmost Lapland, which is unlikely correlated with the 
Central Lapland Area as current mapping implies.

Kontinen and Paavola  (this volume) present a preliminary model of the crustal structure and evolution 
of the Eastern Finland Archaean Comple�  (EFAC) using the re��ection results from FIRE 1. They interpret 
the EFAC as a thrust stack of dominantly 2.85–2.70 Ga high-grade, granite-migmatite gneiss units, accreted 
in a continent-continent type collisional orogeny. Kontinen and Paavola attribute the lack of lower crustal 
re��ectors to conductive heating of the lower crust during the 1.9-1.8 Ga thrust burial of the EFAC which was 
associated with pervasive static metamorphic dehydration/recrystallization and resulted in homogenisation 
of the acoustic properties of the lower crust.  

Elo (this volume) presents a reinterpretation of the gravity anomaly due to the Lapland Granulite Belt (LGB) 
using geological contacts, rock density data and new results of the Finnish Re��ection E�periment (FIRE) as 
constraints for modelling.

The SW contact of LGB dips at low angle to the NE and coincides with a strongly sheared thrust zone. At 
the NE the granulite belt e�tends to a depth of more than 16 km. At the ground surface the NE contact dips 
to the southwest but the contact is more comple� than at the SW. The seismic re��ectors represent strongly 
sheared zones with a mi�ture of rocks rather than simple geological contacts of two differing rock types. The 
overall pattern of re��ectors suggests a collision structure with a remnant of a broken-up root zone in the lower 
crust but a new equilibrated Moho.

In addition to the articles the present volume includes also a CD disk with the 23 min long documentary 
film “FIRE – Echoes from the Earth’s Crust”. The film, which was directed by P. Segersvärd documents the 
field work and the first results of the FIRE project. The film can be downloaded also from the web site of the 
Geological Survey of Finland (www.gtk.fi). 

We are grateful to the colleagues who provided e�tensive reviews of the manuscripts and helped improving 
them by their notes and comments. We would like to thank Ron M. Clowes (University of British Colum-
bia, Vancouver, Canada), Christopher Juhlin (Dept. of Earth Sciences, Uppsala University, Sweden), Timo 
Kilpeläinen (University of Turku), Laura Lauri (University of Helsinki), Eero Hanski (University of Oulu), 
Erkki Luukkonen, Jorma Paavola, Jukka Kousa, Pentti Hölttä, Erkki Lanne, Timo Tervo and Petri Peltonen 
(Geological Survey of Finland), for reviewing the manuscripts.

 
Espoo, June 22, 2006

Ilmo T. Kukkonen  Raimo Lahtinen
    Guest Editors of the Special PaperGuest Editors of the Special Paper
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Acquisition And geophysicAl chArActeristics 
of reflection seismic dAtA on fire trAnsects, 

fennoscAndiAn shield

By 
Ilmo T. Kukkonen, Pekka Heikkinen, Elias Ekdahl, Sven-Erik Hjelt, Jukka Yliniemi,  

Erkki Jalkanen and FIRE Working Group*

Kukkonen I.T., Heikkinen P., Ekdahl E., Hjelt S.-E.,  Yliniemi J., Jalkanen, E. and 
FIRE working Group 2006. Acquisition and geophysical characteristics of re��ection 
seismic data on FIRE transects, Fennoscandian Shield. Geological Survey of Finland, 
Special Paper 43, 13–43, 12 figures, 3 tables and 11 appendices.

The Project FIRE (Finnish Re��ection E�periment 2001–2005) studies the structure and 
evolution of the  Earth’s crust in the central and northern part of the Fennoscandian Shield 
using re��ection seismic surveys. Altogether 2104 km of common mid point (CMP) 2-di-
mensional survey lines were acquired between September 2001 and June 2003 throughout 
Finland. The transects cross all major geological units in Finland. The location of the 
survey lines was decided on three main lines of argument: geological relevance, previous 
wide-angle re��ection/refraction data and available roads. 

The CMP data were measured using Vibroseis sources. Five (minimum four) 15.4-ton 
vibrators applying a force of about 10 tons/vibrator were used to generate the signal, which 
was a linearly increasing sweep from 12 to 80 Hz. The sweep length was 30 s, the total 
recording time 60 s, and thus the final correlated record length was 30 s. Source point inter-
val was 100 m. The acquisition was done with split-spread geometry using 362 geophone 
groups at 50 m intervals with a ma�imum offset of 9050 m. 

Data quality is good, with signal penetration to at least 20 s TWT (two-way-travel time) 
corresponding to 60–70 km depth. At some locations the signal stayed well above the noise 
level during the complete recordings of 30 s (about 100 km). Therefore, after stacking and 
processing high signal-to-noise ratios were achieved.

The frequency content of the data was analysed with band-pass filtered sections of NMO 
(normal move out) stacks. It is wide with frequencies up to 60 Hz present in the depth range 
of the whole crust (about 15–17 s TWT), and in the upper crust the complete bandwidth of 
the sweep, i.e. 12–80 Hz, is present. Vertical resolution in the FIRE sections is, therefore, 
a few tens of metres throughout the crust.

The FIRE transects have revealed a wealth of previously unknown structures on a crustal 
scale. The upper and middle crust is very re��ective, whereas the lower crust is more diffuse. 
We attribute this to real properties of the crust, especially in Proterozoic areas in central and 
southern Finland where the lower crust is anomalously thick and has high P-velocity. In 
these areas the re��ection Moho is diffuse and recognized only from gradual disappearance 
of re��ectivity over a depth interval of about 3–5 km. In areas where wide-angle refraction 
data are available, depths to the refraction and re��ection Moho are in a good agreement. 

Upper crustal re��ectors can be traced in many areas from the surface down to the middle 
crust, and in some cases, we argue that they e�tend even down to the lower crust. Such 
structures are particularly prominent in central Finland, where gently E-dipping listric-
type re��ectors can be followed for 100-200 km in the uppermost 40 km under the Central 
Finland Granitoid Comple� and the Proterozoic schist belts, until appearing to vanish in 
the diffuse lower crust.

There is a general vertical change in the character of crustal re��ectivity at about 10–15 km 
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depth in all FIRE transects. In the uppermost crust, sharp and thin re��ectors are observed, 
whereas in the deeper layers the re��ectors become more diffuse and ill defined. The factors 
behind this vertical variation in the character of re��ectivity are not known, but we tentatively 
attribute it to a change in the present or paleo-rheological properties of the crust.

There is a distinct difference particularly between the lower crustal re��ectivity in the 
BABEL data in the Gulf of Bothnia (re��ective lower crust) and the FIRE data in central 
Finland (weakly re��ective, diffuse lower crust).  The difference cannot be attributed to 
differences in acquisition methods, since both types of lower crust were recorded on the 
NW end of the FIRE 3A transect on the Bothnian Bay Coast. Rather, it is an indication of a 
major block boundary, and strong magmatic and tectonic underplating processes in central 
Finland during the Proterozoic collisions, as well as probably late e�tensional events in 
the Gulf of Bothnia domain. Re��ective, laminated lower crust was recorded beneath the 
Lapland Granulite Belt, which is possibly indicative of post-collisional e�tension during 
orogenic collapse.

In comparison of re��ection seismic data in the Fennoscandian shield to other shield areas, 
the FIRE data show that the central and northern parts of the Fennoscandian Shield have 
re��ective properties generally more or less similar to those of the Canadian and Australian 
Shields. The main difference between the FIRE data and the Canadian and Australian results 
is the high proportion of areas with an anomalously deep Moho and a thick high-velocity 
lower crust in Finland.  However, the central Fennoscandian Shield is not the sole area with 
such crustal characteristics, because areas comparable in lower crustal velocity, thickness 
and lateral e�tent have been described in the Precambrian of western North America and 
northern Australia as well.

Key Words (GeoRef Thesaurus, AGI): crust, deep-seated structures, deep seismic sounding, 
re��ection methods, FIRE, geotraverses, Proterozoic, Archean, Finland

I.T. Kukkonen and  E. Ekdahl, Geological Survey of Finland, P.O.B. 96,  
FI-02151 Espoo, Finland 
P. Heikkinen, Institute of Seismology, P.O.B. 68, FI-00104, University of Hel-
sinki, Finland
S.-E. Hjelt, Turkanheimontie 8A1, FI-90230 Oulu, Finland (retired, previously 
at Department of Geosciences, University of Oulu)
J. Yliniemi, Sodankylä Geophysical Observatory, University of Oulu, P.O.B. 
3000, FI-90014 University of Oulu, Finland (retired)
E. Jalkanen,  Terramecs Ky, Kaskistontie 602, FI-31470 Somerniemi, Finland

*FIRE Working Group:
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M. Nironen, A. Kontinen, J. Paavola, H. Lukkarinen, A. Ruotsalainen,  
J. Lehtimäki, H. Forss, E. Lanne, H. Salmirinne, T. Pernu, P. Turunen,  
E. Ruokanen
Institute of Seismology, University of Helsinki: P. Heikkinen, A. Korja,  
T. Tiira, J. Keskinen
Department of Geosciences, University of Oulu: S.-E. Hjelt, J. Tiikkainen
Sodankylä Geophysical Observatory, University of Oulu: J. Yliniemi
Terramecs Ky: E. Jalkanen
Spetsgeofizika S.E.: R. Berzin, A. Suleimanov, N. Zamoshnyaya, I. Moissa,  
A. Kostyuk, V. Litvinenko

INTROduCTION

The Finnish Re��ection E�periment (FIRE) 2001–
2005 is a project aiming to reveal an understanding of 
the crustal structures and evolutionary history of the 
central part of the Fennoscandian Shield with the aid 
of re��ection seismics together with other geological 
and geophysical data. Re��ection seismics have not 
previously been applied e�tensively for investigations 
of the Earth’s crust onshore in Finland. 

The most important crustal scale seismic re��ection 

marine BABEL profiles in the Bothnian Bay and the 

the eastern and northern parts of the Fennoscandian 

surveys have been carried out by Russian organizations 

tion soundings have been carried out in Finland along 

Shield in Karelia and the Kola Peninsula, re��ection 

Baltic Sea (BABEL Working Group 1990, 1993). In 

(e.g., Berzin et al. 2002, 2004). Deep seismic refrac-

studies carried out earlier in Fennoscandia were the 

several transects, such as SVEKA’81 and SVEKA’91, 
BALTIC, FENNIA and POLAR (Grad and Luosto 
1987, Luosto et al. 1989, Luosto et al. 1990, Luosto 
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consisting of the Geological Survey of Finland, the 

Department of Geosciences of the University of 
Oulu and the Sodankylä Geophysical Observatory 

of the project was Spetsgeofizika S.E. together with 
Machinoe�port S.E., both Russian state-owned com-
panies. The seismic fieldwork of FIRE was part of an 
intergovernmental agreement between Finland and 
Russia on partially writing off Russian national debts 
to Finland by deliveries of scientific equipment and 
services to Finland.

The FIRE project comprises four re��ection seismic 
transects, altogether 2104 km of common mid-point 

lines was based on three main considerations: geologi-
cal relevance, previous wide-angle re��ection/refrac-
tion data and availability of roads. 

FIRE lines 1, 2 and 2A form together a semi-con-
tinuous 862 km long transect running roughly NE-SW 
across the central part of the Fennoscandian Shield 

southern Finland. FIRE 3, with a length of 158 km, 
runs from Maarianvaara, Kaavi, in eastern Finland to 
Möhkö, Ilomantsi, on the Finnish-Russian border in 
easternmost Finland. FIRE 3A connects with FIRE 
3 in Viinijärvi and runs 448 km through eastern and 
central Finland to Kokkola, western Finland, on 

central Lapland. Line 4A continues from Sirkka to 
Näätämö, northeastern Lapland. Lines 4 and 4A have 
a total length of 568 km. A 68-km long sidetrack, 
FIRE 4B, was shot from Sirkka to Muonio, close to 
the Swedish border to provide 3-D information of the 
crustal structures under the Central Lapland (Kittilä) 

 The study area is located in the central and north-

traverse several geological key formations of the 
shield. The crustal evolution of the central part of 

in southern and central Finland, was characterized 

and opening of an oceanic basin west of the craton. 
Subsequent closure of the oceanic basin and accretion 

of arcs and micro-continents to the western margin of 
the craton took place at about 1.92–1.87 Ga. Further 
south, the southern Finland sedimentary-volcanic 
comple� was accreted to the craton at about 1.885 
Ga and followed by post-collisional magmatism at 
1.80–1.78 Ga. The stabilized crust was reactivated 
at 1.65–1.54 Ga when rapakivi intrusions and related 

evolution was characterized by the formation of the 
Archaean craton, the Peräpohja Belt (2.2–2.0 Ga), the 
central Lapland Granitoid Comple� (about 1.8 Ga), 
the central Lapland Greenstone Belt (2.5 – 1.8 Ga) 

al, this volume).

istics of the study area include the anomalously thick 
crust (50–62 km) in central and southern Finland, with 
a high velocity lower crust (P-wave velocities over 

Fig. 1a. Location of FIRE transects in the central part of the Fennoscandian 
Shield. a) General location of the transects, b) detailed location of FIRE 
1, 2, 2A, 3 and 3A, and c) detailed location of FIRE 4, 4A and 4B. The 
sites of high resolution measurements in Outokumpu (OKU) and Suhanko 
are indicated in (b) and (c). The boundaries of geological subdivisions 
were adapted from Nironen et al. (2002). Thick broken lines indicate the 
boundaries of the Raahe-Ladoga Zone. Numbers along transects indicate 
the common mid-point (CMP) coordinates.

addition, a seismic tomography e�periment covering 

Working Group 1998, Heikkinen and Luosto 2000) as 

the SVEKALAPKO project (Hjelt et al. 1996, Bock 

 The FIRE project was carried out by a consortium 
et al. 2001).

Institute of Seismology of the University of Helsinki, 

et al. 1994, Yliniemi et al., 1996, Luosto 1997, Fennia 

of the University of Oulu. The seismic contractor 

(CMP) survey lines (Fig. 1a–c). The location of the 

(Fig. 1b) from Vartius, eastern Finland to Vantaa, 

Lapland, from Ranua, southern Lapland to Sirkka, 
the Bothnian Bay coast (Fig. 1b). FIRE 4 runs in 

Greenstone Belt (Fig. 1c). 

ern part of the Fennoscandian Shield. The transects 

the Fennoscandian Shield (Korsman et al. 1999), 

and the Lapland Granulite belt (1.9 Ga) (Patison et 

The previously known major geophysical character-

7.3 km/s in a 20 km thick layer) (Luosto 1991, Korja 
et al. 1993) and a series of electrically conductive by break-up of the Archaean craton (c. 2.2–2.0 Ga), 
zones reaching mid- and lower crustal depths (Korja 
1993, Korja and Hjelt 1993, Hjelt et al. 2006, Lahti et 

magmatism were common in southern Finland (Kors-
man et al. 1999, 1997). In northern Finland, the crustal 

well as in neighbouring countries (see Luosto 1991). In 

southern and central Finland was performed within 
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Fig. 1b.
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Fig. 1c.



Geological Survey of Finland, Special Paper 43
Ilmo T. Kukkonen, Pekka Heikkinen, Elias Ekdahl, Sven-Erik Hjelt,  Jukka Yliniemi, Erkki Jalkanen  and FIRE Working Group

18

anomalies in the Bouguer gravity maps, and they seem 
to be compensated for by mass distributions within the 

thickness is appreciable and attains values of 230–250 
km in the central part of the shield as indicated by 

in acquisition and processing of the data along the 

review their seismic and geophysical characteristics. 
We brie��y discuss the correlation of the seismic data 
with major geological units along the transects. More 
detailed geological correlation studies of the upper 

Table 1. Schedules of acquisition

Line  Time period of acquisition

FIRE 1  September – December 2001 and March 2002 
FIRE 2 & 2A  March - June 2002 
FIRE 3 & 3A  August - November 2002 
FIRE 4, 4A &4B  March-June 2003

ACquISITION ANd dATA PROCESSING

Fieldwork was carried out in several periods between 

number of active acquisition days on the road was 
307. Practically all the climatic conditions found in 
Finland were e�perienced during the fieldwork, from 
warm summers to cold winters with snow and frozen 
ground conditions, but with no apparent effect on the 
final data quality. 

The acquisition was done using Vibroseis sources 

mostly on asphalt covered public roads. Minor road 
damage due to heavy vibrators occurred only on a 
few of the total of about 17 000 shot points on FIRE 
transects. The typical rate of progress was about 6 
line-km/day in a 12-hour daily working time.

Five (minimum four) 15.4-ton vibrators applying 
a force of about 10 tons/vibrator were used to gener-
ate the signal. The acquisition was done with split-
spread geometry using 362 geophone groups with a 
ma�imum offset of 9050 m. The sweep length was 
30 s, the total recording time was 60 s, and the final 
correlated record length was 30 s. A linearly increas-
ing sweep from 12 to 80 Hz was used. The number 

The geophone group spacing was 50 m and vibra-
tor point spacing 100 m. The resulting nominal CMP 
coverage (fold) was 90. In practice, the fold varied 

tions in vibrating. However, to reduce the effects of 
decreased shot point numbers, the shot point interval 
was halved to 50 m around the restricted sections and, 

crust and initial modelling of the crustal evolution 

In addition to crustal scale re��ection transects, two 
special target areas were surveyed with high-resolution 

the re��ection seismic method in structural investiga-
tions of ore targets. The results of these surveys in 
the Outokumpu Cu-Co-Zn sulphide ore belt, eastern 
Finland, and in the Suhanko Pt-Pd-Au prospect, 
northern Finland, will be reported separately in future 
publications. 

thus, e�tra vibrator points were added to compensate 
for the missing ones. In the daily operations, special 
attention was given to careful installation of the geo-
phones on road banks to minimize the number of poor 
quality traces. A full list of acquisition parameters is 

Data were recorded in the field on magnetic tapes 
in SEG-D format, and later stored on CDs in SEG-
Y format. Data processing was carried out in three 
stages. The contractor carried out the first processing 
in the field for quality control. At this stage, field static 
corrections were determined and brute stacks were 

final stacks and first migrated results after fieldwork 

sections presented here have been prepared at the In-
stitute of Seismology, University of Helsinki starting 
from the final stacks produced by the contractor. 

standard NMO (normal move out) stacks with full 
record length of 30 s, and second, DMO (dip move 

al. 2005). Crustal thickness variations do not produce 

crust (Elo 1997, Kozlovskaya et al. 2004). Lithosphere 

seismic tomographic studies (Bock et al. 2001, San-
doval et al. 2003), �enolith studies, and thermal and 

In the present paper we report the methods applied 
rheological models (Kukkonen et al. 2003). 

FIRE transects, as well as present the results and 

are presented for FIRE 1 by Korja et al. (2006, this 
volume) and Kontinen & Paavola (2006, this volume), 
for FIRE 2 and 2A by Nironen et al. (2006, this vol-
ume), for FIRE 3 and 3A by Sorjonen-Ward (2006, 
this volume), and for FIRE 4, 4A and 4B by Patison 

CMP measurements for testing the applicability of 

et al. (2006, this volume).

September 2001 and June 2003 (Table 1). The total 

(see, e.g. Anstey 1991, for description of method), 

of sweeps/source point was eight (Zamoshnyaya & 
Suleimanov 2003). 

somewhat due to technical and environmental restric-

given in Table 2.

produced. The contractor produced residual statics, 

(Zamoshnyaya & Suleimanov 2003). The migrated 

Two types of final stacks were produced. First, the 
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out) stacks with a record length of 16 s were prepared. 
DMO stacks are focused on improved imaging of 
steeply dipping upper crustal structures.

The sections were migrated using one-dimensional 

the uppermost mantle. The two-way-travel times can 
be transformed into appro�imate depth values using 
an average velocity of 6.0 – 6.5 km/s. 

Table 3. Data processing parameters

Trace editing
Band-pass filtering (6–12–80–120 Hz)
Notch filter 50 Hz
Correction for geometrical spreading
Trace-by-trace  normalization
Field static corrections 
Deconvolution
Band-pass filtering (6–12–80–120 Hz)
Velocity analysis 
Residual static corrections
NMO stack (0–30 s)/ DMO stack (0–16 s)
Migration

Table 2. Data acquisition parameters

Type of vibrator  Geosvip 15.4 ton 
Number of vibrators 5 
Ma�imum applied load c. 10 ton/each (65 % of  
 total weight)
Input signal frequency 12–80 Hz (linear upsweep)
Sweep length  30 s
Listening time  30 s + 30 s
Length of correlated signal  30 s
Sampling interval  2 ms
Recording geometry Split-spread
Spread length  18050 m
Number of active channels 362
Number of passive channels 110
Number of  geophones/channel 12
Geophone frequency 10 Hz
Channel/geophone group interval  50 m
Shot point interval  100 m
Number of sweeps/shot point  8
Nominal CMP fold 90
Recording system  I/O System 2 

Fig. 2. E�amples of signal attenuation with time. Amplitudes of individual 
traces (thin solid lines) taken at channel 244 from shot gathers of FIRE 
1 (CMP 2000, 6500, 12000) and FIRE 2A (CMP 1800, 5000) are shown 
together with the average (thick solid line). A theoretical amplitude decay 
curve (broken line) is shown for reference, and was calculated assum-
ing spherical divergence in a constant-velocity medium. Noise level is 
reached at abont 25 s TWT.

SIGNAL ATTENuATION, FREquENCY CONTENT ANd SPATIAL dATA RESOLuTION

Data quality is demonstrated with selected plots 

penetration may be defined as the time the amplitude 
of the signal stops to decrease with increasing time 
(Barnes 1994). Seismic waves spread as spherically 
e�panding wave fronts from the source, and amplitudes 
are e�pected to decrease inversely proportional to the 
travel time if attenuation is negligible and velocity 
is constant. E�amples of amplitudes of unprocessed 
traces compared with a theoretical attenuation curve 

selected from different parts of the transects. Then one 
trace with a source offset of about 3.1 km (channel 
224) was picked from these shot gathers. The data 
e�amples shown here are from FIRE 1 and FIRE 2A, 
but the data from the other profiles generally behave 
in a similar manner. 

The amplitude decay curves indicate good signal-
to-noise ratio in the FIRE data. The noise level is 
generally not reached when two-way-travel times 
are smaller than about 20–25 s. In more e�tensive 
analyses of signal attenuation, the weakest traces 
reach noise levels at about 15–20 s, while the best 
traces continue to decay with time to 30 s. Thus, the 
acquired data provides images of the whole crust and 

culated using travel times based on the same veloc-
ity-depth function.

The processing sequence and parameters are shown 
in Table 3.

& Luosto 1987). Time-to-depth conversion was cal-

average velocity-depth function of SVEKA’81 (Grad 

are shown in Fig. 2. Representative shot gathers were 

representative of signal attenuation with time (Fig. 2) 
and band-pass filtered NMO stacks (Fig. 3). Signal 
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Fig. 3. E�amples of band-pass filtered sections of the NMO stack from FIRE 1 (about CMP 13900) for different 0.4 s long TWT time windows rang-
ing from 2 to 14 s. Frequency bands (panels from right to left) are 12–80 Hz (original band width of Vibroseis signal), 15–30 Hz, 30–45 Hz, 45–60 
Hz, and 60–80 Hz. 
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We attribute the good data quality to the high number 
of vibrators used, high number of sweeps/source point 
as well as the favourable soil conditions prevailing 
on the roads. Along the roads, the original soft soils, 
which produce the highest signal attenuation, have been 
replaced with more competent materials. Furthermore, 
the average thickness of Quaternary soils is only about 
2 m in Finland, and the degree of weathering in the 
Precambrian crystalline bedrock immediately below is 
generally very low due to Quaternary glacial erosion. 
An important factor in achieving good data quality 
was the special care paid to geophone installation 
in varying conditions on the road banks. In the final 
stacks the signal-to-noise ratio was further improved 
by the high fold number (nominally up to 90).

The rich frequency content of the FIRE data is dem-

the NMO stack of FIRE 1 in the area of the Central 
Finland Granitoid Comple�. In the upper crust down to 

the stacks contain information in the complete applied 
frequency band 12–80 Hz. When the data is filtered for 
different bands (15–30, 30–45, 45–60, 60–80 Hz) the 
absorption of higher frequencies gradually becomes 
more effective with increasing signal time. However, 
some sharp re��ectors are still seen down to about 15 s 
in the complete frequency band. For instance, a re��ec-
tor is seen in Fig. 3 at about 9 s, and another, although 
more weakly, at about 13.7 s in all frequency bands 
up to 60 Hz. Thus, the general lack of high frequency 
re��ectors in the middle and lower crust is not neces-
sarily due to absorption of high frequencies, but to a 
genuine property of the crust. 

There is a vertical change in the general nature of 
the re��ectivity on the crustal scale. There are sharper 
and more distinct (“focussed”) re��ectors in the upper 
crust in contrast to the middle crust where re��ectors 
have less clear boundaries and are more diffuse. The 
change takes place at about 10–15 km depth in all 
FIRE sections. We tentatively attribute this to the past 
or present rheological properties of the crust.

Resolution of re��ection seismic data generally de-
pends on the source spectrum, frequency dependent 
signal attenuation and depth. In Vibroseis surveys, high 
frequencies alone do not guarantee high resolution. 
The bandwidth of the signal is also important, and 
the wider the band the sharper the resulting correlated 

The vertical and horizontal resolutions can be es-
timated with the Rayleigh and Fresnel criteria (see, 

the FIRE data is e�pected to resolve re��ectors, which 
are at least 20 m thick in the vertical dimension. A 
horizontal dimension of about 450 m is required for 
them to be observed as re��ective bodies. We have 
assumed here an average velocity of 6 km/s, a depth 
of 5 km and a ma�imum signal frequency of 80 Hz. 
In the lower crustal conditions, the resolution of FIRE 
data is slightly lower and re��ectors need to be thicker 
than about 30 m, and e�tend horizontally more than 
1.6 km (average velocity 6.5 km/s, depth 50 km and 
signal frequency 60 Hz assumed).

In general we conclude that the FIRE data are able 
to provide representative images of the crust as well 
as the uppermost mantle.

GENERAL dESCRIPTION OF CRuSTAL REFLECTIvITY ON FIRE SECTIONS 

FIRE migrated sections are shown in Figs. 4 – 7 
with the instantaneous amplitudes averaged both hori-
zontally (over 15 traces corresponding to 375 m) and 
vertically (250 m) and plotted as grey-scale intensities. 
The averaging aims to enhance the information on the 

the results are shown in a larger scale as grey-scale 
images of the migrated sections as well as conven-

tional variable area plots of the coherency filtered 
migrated sections.

As a whole, the FIRE sections show a dramatic col-
lage of re��ectors from the uppermost crust to the base 
of crust. In the following we brie��y discuss the main 
features of re��ectivity in different crustal layers, as 
well as note certain correlations between re��ectors and 
surface geology in the major key geological areas. 

signal becomes (Anstey 1991). 

e.g., Yilmaz 2001). Theoretically, in the upper crust 
onstrated in Fig. 3 with band-pass filtered sections of 

3–3.5 s TWT (i.e., to depths of 9–10 km) re��ectivity in 

printing scale of the sections. In appendices 1 – 11, 
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Fig. 4. FIRE 1 migrated section. Re��ection amplitudes are shown in a grey-tone scale with darker tones being more re��ective. Data and image 
processing: see te�t and Table 3.
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Fig. 5. FIRE 2 and 2A migrated sections. Data and image processing as in Fig. 4.
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Fig. 6a. Migrated sections of FIRE 3 and eastern and central parts of FIRE 3A. Data and image processing as in Fig. 4.
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Fig. 6b. Migrated section of the western part of FIRE 3A. Data and image 
processing as in Fig. 4.
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Fig. 7a. Migrated sections of FIRE 4 and 4A. Data and image processing as in Fig. 4.
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The upper crust (0–15 km) generally is very re��ec-
tive and numerous re��ective zones can be traced from 
the surface to mid-crustal depths. The zones are typi-
cally sharp and narrow packages of re��ectivity. Their 
continuity is considerable, and some of them run for 
over 100 km, particularly in central Finland.

The brightest upper crustal re��ectors were encoun-
tered in the Outokumpu area in eastern Finland (FIRE 

Block and the adjacent Proterozoic metasediments and 
ophiolitic rocks of the Kainuu Belt in central Finland 

Finland Granitoid Comple� (FIRE 1, 12000 – 18000, 

of the data in the upper crust is close to the theoretical 
limit calculated from the applied frequencies, and in 
detailed wiggle trace plots re��ectors as thin as 30–50 
m can be recognized. Strong upper crustal re��ectors 
are commonly accompanied by zones of transparent, 
poorly re��ecting zones (e.g. in central Finland at about 

these to the abundant granitoids, other homogeneous 
rock types or shear zones.

The apparent dip angles of upper crustal re��ectors 
vary from zero to about 30–40 degrees. It should be taken 
into account here that steeper re��ectors do not stack 
properly in normal NMO stacking. However, DMO 
stacked sections show upper crustal re��ectors with 

When interpreting the 2D seismic sections one 
must take into account the effects of the cross dip of 
the re��ecting structures. The apparent dip of a planar 
re��ector – as seen in the seismic section – depends 
on the true dip of the re��ector and the angle between 

If the strike is perpendicular to the line, the apparent 
dip is equal to the true dip, and if the strike is paral-
lel to the line, the re��ector is shown as a horizontal 
structure in the seismic section. The apparent dip a’ 
can be given as a function of true dip a and the strike 
angle b by the equation 

sin (a’)= sin (a)*sin (b)  (1)

Fig. 7b. Migrated sections of FIRE 4B together with adjoining sections of FIRE 4 (above) and 4A (below)

upper and middle crust (0–30 km)

3, CMP 1000 – 3000, Fig. 6a), in the Archaean Iisalmi 

(FIRE 1, CMP 6000–7500, Fig. 4), in the Central 

13600 – 17000, Fig. 7a) in northern Finland. Resolution 
Fig.4) and in the Lapland Granulite Belt (FIRE 4, CMP 

CMP 16000 –18000 on FIRE 1, Fig. 4). We attribute 

much steeper dips, up to about 70 degrees (Fig. 8). 

the survey line and the strike of the re��ector (Fig. 9). 
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Fig. 8. E�ample of differences between DMO (above) and NMO (below) stacks for the upper crust, representing the Archaean 
area east of the Kuhmo Greenstone Belt (FIRE 1 at CMP 110–360). 
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 Thus, the true dip can be calculated from the ap-
parent dip and strike information of the correspond-
ing structure at the surface. The true dip can also be 
estimated from crossing survey lines where available, 
or from the apparent dips on sections recorded along 
a crooked line, illuminating structures from different 
directions.

A good e�ample of apparent dip, strike angle and 
true dip relations is seen on FIRE 1 at CMP 6200 
– 8500 on the Archaean Iisalmi Comple� (Fig. 4) 
where bright upper crustal re��ectors seem to form 
a synform-looking structure. However, taking into 

90 degree turn of the line at about CMP 8100–8300, 

it becomes obvious that the synform shape is only 
apparent and the re��ectors are actually dipping about 
25 degrees to the S. 

In the middle crust re��ectivity becomes more diffuse 
and sharp re��ectors are much less frequent. In central 
Finland, there are several re��ective zones in the mid-
dle crust apparently dipping to the NE (e.g. from 12 
000 CMP at 20 km to CMP 11 000 at 30 km depth, 
and another one from CMP 17 000 at 25 km to CMP 

analysis of the seismograms and stacks indicate that 
there is a drop in the high frequency content of the data 
from the upper crust to the middle crust. As discussed 
above we attribute this drop to real properties of the 
crust and not an artefact of the data. We suggest that 
this frequency shift is due to a gradual change of rock 

In central Finland, the middle crust is character-
ized by re��ectors comprising dense clouds of small 
speckled re��ective elements, which form very con-
tinuous structures dipping E or SE, and which can 
be followed for more than 150 km from about 10 km 
depth to 40 – 45 km depth to the upper boundary of 
the high-velocity lower crust (e.g., FIRE 3A, CMP 

they have dip angles of about 30 – 40 degrees, but 
the dip decreases to less than 10 degrees at depths of 
about 40 km, where the re��ectors seem to vanish in 
the diffusely re��ective lowermost crust. This system 
of re��ectors with listric-type geometry can be followed 

Fig. 9. Relationship between apparent dip (a’), true dip (a) and strike 
angle (b) of a planar re��ector. The re��ecting plane ABC is imaged along 
the survey line SS’. The apparent dip of the re��ector (a’) as recorded 
along the survey line is determined by the line AA’ defining the minimum 
distance between the line SS’ and the plane ABC (eq. 1).  

Fig. 10. FIRE 1 migrated data (CMP interval 0–15500) down to 50 km depth projected on a vertical surface beneath 
the CMP line and the low-altitude airborne magnetic map of the area. Red colours indicate high, and blue low mag-
netic field intensities, respectively. Seismic data processing as in Fig. 4. For location of profile and general surface 
geology, see Fig. 1b.

types or medium heterogeneity with depth (Kuusisto 
et al. 2006), or to rheological properties of rocks. 

13 000 at 40 km depth, FIRE 1, Fig. 4). Frequency 

6000 – 13000, Fig. 6a,b). In their uppermost parts 

account the crooked-line geometry (Fig. 10) and the 
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on FIRE 3A from the Bothnian Bay coast in the west 
to the Archaean-Proterozoic boundary zone in the east. 
In central Finland, these re��ectors are related to the 
upper crustal low-angle re��ectors discussed below, but 
whether they are directly connected is an open question 

Archaean complexes and Archaean-Proterozoic 
boundaries 

The Archaean bedrock, which was imaged in parts 
of FIRE 1, 3, 4 and 4A, is characterized by re��ectors 
continuing over distances ranging from a few kilo-
metres to tens of kilometres. Most of the re��ectors in 
the eastern parts of the FIRE 1 and 3 as well as the 
southernmost part of FIRE 4 presumably represent 
Proterozoic mafic dykes, mafic intrusions and Ar-
chaean greenstones in a granite gneiss matri�. The 
high re��ectivity of Archaen crust is typical for the 
Archaean Pudasjärvi Comple� in the Ranua-Portimo 

upper crust, but also to a depth of 20–30 km. There 
is a northward dipping boundary zone of change in 
re��ectivity (at ground level at about CMP 1600, and 

which separates the Pudasjärvi Comple� from the 
much more transparent crust in the north under the  
Peräpohja Belt and locates the place where the Ar-
chaean craton was broken in the Palaeoproterozoic. 
Before the break-up and opening of the Proterozoic 
Peräpohja basin the craton was intruded by mafic 
magmatism at about 2.44 Ga, and the Peräpohja 
supracrustals were intruded by mafic sills at about 

of high re��ectivity can be seen in FIRE1 under the 
Kainuu Belt (CMP 3500–6400, Fig. 4). There too, the 
strong re��ectivity is thought to be caused by mafic 
dykes and intrusions linked to the break-up of the 
Eastern Finland Archaean Comple�.

On FIRE 1, the Archaean Kuhmo Greenstone Belt, 
located at CMP 1880–2000, is seen as a transpar-
ent sub-vertical block free of internal re��ections 

observed as re��ectors. Most of the re��ectors having 
an apparent dip to the SW between CMP 2000–3200 
are probably produced by Proterozoic diabase dykes 

Strong re��ectors close to the surface at CMP 3500 at 
the contact zone between the Archaean basement and 
the Proterozic Kainuu Belt are correlated with mafic 
sills (2.2 Ga) and Proterozoic sediments deposited on 
the passive margin of the Archaean craton.

In the middle crust the Archaean craton to the east 
of the Kuhmo Greenstone Belt contains an appar-
ently ENE dipping re��ector at 20–25 km depth (CMP 

tected in a CMP section from Kem to Uchta by Berzin 
et al. (2002, 2004) in the Russian area. 

At the SE end of FIRE 3 the Eastern Finland Ar-

spicuous continuous re��ective structures are observed. 

transparent, but underlain by more re��ective material. 
This may re��ect a vertical change in the composition 
of the upper crust. 

In the NE part of FIRE 4A, the upper crust of the 
Archaean Inari Area resembles the Archaean crust im-
aged on FIRE 1 with a large number of relatively short 
curvilinear re��ectors. Sharp curved re��ectors at CMP 

with the subsurface upper contact of the Archaean 

Very bright re��ectors in the uppermost 5 km of 
the Proterozoic Kainuu Belt are seen to plunge at an 
angle of about 25 degrees to the SW under the Ar-

The re��ectors can be correlated at the surface with 
Proterozoic metasediments and ophiolitic rocks of the 
Kainuu Belt at CMP 4000–6400. The strong re��ec-
tors at CMP 3500–3550 in the contact zone against 
the Eastern Finland Archaean Comple� are due to 
mafic sills and intrusions of about 2.2 Ga. Within the 
Archaean Iisalmi Comple� there are re��ectors, which 
can be correlated at the surface to sheared Archaean 

cally conductive formations (plausibly metasediments) 
of the Kainuu Belt e�tend below the Iisalmi Archaean 
Comple� to a depth of 20–30 km in general agreement 
with the orientation of the re��ectors. We attribute the 

the Iisalmi Comple�, the Kainuu Belt and the western 
boundary of the Eastern Finland Archaean Comple� 

an oceanic basin, collision, and thrusting during the 
Svecocarelian orogeny at about 1.9 Ga.

The western boundary of the Archaean Iisalmi 
Comple� does not manifest itself dramatically on 

Proterozoic contact is located at CMP 9200 (on FIRE 

zone of discontinuity in re��ectivity styles dipping 
30 degrees apparently to the W against the Savo Belt 
(Pyhäsalmi Island Arc) formations (1.92–1.88 Ga). 

Vainospää granite intrusion (cf. Elo et al. 1989).

chaean Iisalmi Comple�, and to e�tend to a depth of 

rocks in the bedrock map of the area (Havola 1997). 
Magnetotelluric soundings (Korja and Koivukoski 

and shear zones (see Korja et al. 2006, this volume). 

sub-vertical contacts of the greenstone belt are not 

1994, Lahti et al. 2005) have revealed that the electri-

entire re��ectivity structure of the upper crust under 

(see, e.g., FIRE 3A, CMP 11200, Fig. 6b). 

area (southern end of FIRE 4, Fig. 7a), not only in the 

about CMP 2600 at 30 km depth on FIRE 4, Fig. 7a), 

and e�tending to about 5–7 km depth (Fig. 4). The 

0–1200, Fig. 4). Similar dipping structures were de-

chaean Comple� (CMP 3400 – 6300, Fig. 6a) no con-

The upper crust, to a depth of 7–10 km is relatively 

21600 – 22000 (Fig. 7a) may probably be correlated 

about 10–15 km (FIRE 1, CMP 3450–6400, Fig. 4). 

2.2. Ga Ga ((Huhma Huhma et et al.al. 19901990).). TheTheThe maficmaficmafic magmatismmagmatismmagmatism 
is now observed as strong re��ectivity. A similar type 

(at CMP 3000–8000, FIRE 1, Fig. 4) to the closing of 

FIRE 1 (Fig. 4). The surface contact of the Archaean/

1) in the Vieremä area. The contact is related to a 
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Similarly, the contact of the Eastern Finland Archaean 
Comple� with the Proterozoic metasediments on 

be attributed to the low velocity and density contrasts 

metasediments.
As a whole, the Archaean comple�es are charac-

terized by strong variations in re��ectivity, probably 
indicating the strong deformation of the craton dur-
ing the Archaean as well as reworking during the 
Svecofennian orogeny (1.9–1.8 Ga). 

Proterozoic granitoid areas

FIRE transects imaged two major granitoid areas 
in Finland, the Central Finland Granitoid Comple� 
(FIRE 1, 2 and 3A) and the Central Lapland Granitoid 
Comple� (FIRE 4). The upper crust beneath the Cen-
tral Finland Granitoid Comple� is surprisingly rich in 
bright re��ectors. Crooked-line geometry in general, 
and crossing of transects 1 and 3A in central Finland in 
particular, made it possible to reveal the 3-d structure 
of re��ectors in this area. The very continuous upper 
crustal re��ectors lying in a more or less horizontal 

actually dip about 10 degrees to the SE as revealed 

crustal re��ectors correlates with the base of the low-
velocity layer detected in the SVEKA’81 wide-angle 

On FIRE 4, the upper crust beneath the Peräpohja 
metasediments and the southern part of the Central 
Lapland Granitoid Comple� north of the Pudasjärvi 

shaped zone of weaker re��ectivity e�cept for the upper-

of 30 km. The nature of the upper crustal re��ectivity 
changes clearly in the middle of the Central Lapland 
Granitoid Comple� (at CMP 5200). In the northern 
part of the Granitoid Comple� and Central Lapland 
Area the upper and middle crust down to 20 km are 
dominated by strong re��ectivity that terminates at the 
Central Lapland (Kittilä) Greenstone Belt. 

FIRE transects imaged several smaller granitoid 
areas of which the Proterozoic Suvasvesi granite 

good e�ample. The intrusion is related to a transparent 
poorly re��ective zone e�tending to a depth of 10 km, 
which we attribute to homogeneous lithology and lack 
of impedance contrasts. 

Savo Belt and Raahe-Ladoga Zone 

The rocks of the Savo Belt (also known as the Py-
häsalmi Island Arc), accreted on the western margin of 
the Eastern Finland Archaean Comple�, are revealed 
as a synform structure e�tending to about 8–10 km (at 
CMP 9500–11200 on FIRE 1, Fig. 4). We interpret the 
re��ectors that plunge to the NE under the Archaean 
Iisalmi Comple� as arc material down-thrusted under 
the craton margin during the Svecofennian collision 

The Raahe-Ladoga Zone, considered to be a mega 

very obvious on the re��ection section. The location 

an obvious re��ection counterpart either. The same 
applies to the FIRE 3A section, where the Bouguer 

Outokumpu area 

FIRE 3 revealed the deep structure of the Outokumpu 
Cu-Co-Zn sulphide ore province characterized by 
Palaeoproterozoic metasedimentary and ophiolitic 

Fig. 11. FIRE 1 and 3A crossing area in central Finland (see Fig. 1b for 
location of lines and general surface geology). The CMP lines are shown 
as straight lines. Adapted from Kuusisto et al. (2005).

profile (Grad & Luosto 1987). 

Archaean Comple�, is characterized by a triangular-

shear in the crust (e.g. Kahma 1973, Ekdahl, 1993) (at 

to locate the Raahe-Ladoga Zone (Kahma 1973) (at 
of the Bouguer gravity minimum, a diagnostic feature 

Kuusisto et al. (2006) showed that one of these upper 

FIRE 3 in the Heinävaara area (CMP 3600, Fig. 6a) 
has relatively weak contrast in re��ectivity, which can 

between the Archaean granite gneiss and Proterozoic 

position on FIRE 1 (CMP 13000 – 19 000, Fig. 4) 

by FIRE 3A (Fig. 11). In a more detailed comparison, 

most few kilometres (CMP 1600–4800 on FIRE 4, Fig. 
7a). This zone e�tends to the lower crust to the depth 

intrusion (FIRE 3A, CMP 3000–3500, Fig. 6a) is a 

(at 8–30 km, CMP 9600–6400, FIRE 1, Fig. 4).

about CMP 12600–13800 on FIRE 1, Fig. 4), is not 

CMP 12200–12800, FIRE 1, Fig. 4), does not have 

minimum is at CMP 5500–6500 (Fig. 6a). 
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rocks. The main ore-bearing Outokumpu belt is not 
well characterized on FIRE 3 due to the fact that 
the road used in re��ection work happened to cross 
the ore belt at its narrowest parts (CMP 800–900 on 
FIRE 3, Fig. 6a). 

Generally, the upper crust is very re��ective in the 
Outokumpu area, and this feature e�tends from Outo-
kumpu to near Joensuu (CMP 800–2500 on FIRE 3). 
There are numerous strong re��ectors, typically a few 
hundred metres thick and several kilometres long, and 
although interrupted at many places, they can be cor-
related over tens of kilometres. The re��ectors show a 
layered or laminated structure with typical thicknesses 
of internal re��ective layers of about 10–40 m (see 
coherency filtered sections of Appendi� 7).

The strong re��ectors repeat typically at depth in-
tervals ranging from a few hundred metres to about 
1 km. They seem to form gently folded structures 
sometimes cut by faults. These strong re��ectors are 
accompanied by practically transparent material, e.g. 
on FIRE 3 at CMP 1400–1700. 

Outokumpu area were investigated with a 2.5 km 
deep drill hole. As a result, we can now attribute the 
re��ector detected at about 1.5 km depth on FIRE 3 

types comprising serpentinite, skarn rock, quartz rock 
and black schist in a mica schist environment. This 
ophiolite-derived rock type assemblage also hosts 
the sulphide deposits in the Outokumpu area. The 
deep-hole results further suggest that the seismically 
transparent areas represent pegmatitic granite. For 
instance, the fault-like structure e�tending to about 
10 km depth and dipping about 30 degrees to the SE 
(at CMP 800–900 at the surface), or the ill-defined 

at 2–6 km depths, likely represent such structures 

The drilled re��ector and the other strong re��ectors 
in the upper crust on FIRE 3 at CMP 0–2500 in the 
metasediment-covered area appear to be of similar 
character. Therefore, we suggest that the latter also 
represent Outokumpu-type ophiolitic rock types. 
Re��ectors of the same kind are seen in a very similar 
structural setting in the upper crust on FIRE 3A at CMP 

type rocks are probably much more common in the 
metasediment-covered area in eastern Finland than 
anticipated earlier. One further implication is that the 
Sotkuma area (CMP 1950–2500 on FIRE 3, Fig. 6a), 
considered to be a dome-like window of the Archaean 
basement, is probably only a thin sliver of Archaean 
rocks on top of the Proterozoic crust. 

Tampere, Pirkanmaa, Häme and Uusimaa Belts

To the south of the Central Finland Granitoid 
Comple� (GFGC) the geometry of the re��ectors is 
complicated. This is partly an apparent effect due to 
the crooked geometry of the FIRE 2 and FIRE 2A 
transects, divided into several segments, which meet 
at very acute angles. On the other hand, the different 
orientations of the segments allow determination of 
the 3-d orientation of structures. 

The Tampere Belt (FIRE 2, CMP 3700–4200, 

metasediment-dominated belts) show strong upper 
crustal re��ectors with an apparent dip to the north. 
At deeper levels (30–50 km), there is an ill-defined 
band of re��ectivity e�tending from the middle to 
lower crust with a southward dip (from CMP 5000 
at 25 km to CMP 6500 at 45 km depth, FIRE 2,  
Fig. 5). Sharp re��ectors possibly related to this structure 
are observed in the upper crust at about CMP 4000. 
On the other hand, re��ectors in the southernmost part 
of the GFGC (at about CMP 2400–3800, FIRE 2,  

and surprisingly sharp fault-like re��ectors e�tend 
from the upper crust to the lower part of the middle 

re��ective system e�tending from the lower crust under 

to the surface level in the contact zone between the 
(metasediment-dominated) Pirkanmaa Belt and the 
(metavolcanite-dominated) Häme Belt at about CMP 

FIRE 2 transect show a N-dipping electric conductor 
beneath the Pirkanmaa and Häme Belts and the CFGC, 
and which coincides with this re��ective system. The 
structure would imply that the Tampere and Pirkan-
maa Belts form a southward thinning wedge, which 
was accreted against the Central Finland Granitoid 
Comple�. As a whole, the structure is attributed to a 
collision of the CFGC (a continental arc system) and 
the southern Finland sedimentary-volcanic comple� 
during the Svecofennian orogeny. 

The mafic Häme dyke swarm (1.57–1.65 Ga), 
which runs in the NW-SE direction for about 200 km 
in southern Finland and crosses the transect at about 
CMP 3800 on FIRE 2 (Fig. 5) may also be related to 
the re��ectivity of the area. The dykes, however, are 
vertical or sub-vertical with individual strikes ranging 
from NW-SE to NNW-SSE in the vicinity of the FIRE 
2 transect, and are not e�pected to give good re��ec-
tions because of their steep dips. Possible relationships 
between apparently S-dipping bright re��ectors at 5–10 
km at CMP 4200 (FIRE 2, Fig. 5) and the mafic dykes 

In the Outokumpu Deep Drilling Project (Kuk-
konen 2004), the uppermost strong re��ectors of the 

6800–7000. Magnetotelluric soundings by Lahti et al. 
(2005) along a profile following the southern part of 

at CMP 900–1200 (Fig. 6a) to an assemblage of rock 

(Fig. 6a). 

non-re��ective area at CMP 1400–1700 on FIRE 3 

0–2000 (Fig. 6a). This implies that the Outokumpu-

Fig. 5) and Pirkanmaa Belt (CMP 4200–7000) (both 

Fig. 5) dip to the N with an apparent dip of 30 degrees, 

crust. Special attention is focused on a crustal scale 

CFGC (FIRE 2, CMP 2000 at 40 km depth, Fig.5) 
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remain unclear at the moment.
The segment between CMP 7500–9000 on FIRE 

2 (Hämeenlinna-Tammela), running appro�imately 
ENE-WSW, shows structures dipping about 30 de-
grees to the ENE, more or less parallel to the strike 

To the south of the Pirkanmaa Belt in southern 
Finland, the bedrock at surface is characterized by 
abundant K-rich migmatitic granitoids of 1.84–1.82 
Ga age. The middle and lower crustal re��ectivity is 
diffuse, but clearly above the noise level. For instance, 
the diffuse re��ection Moho is observed at about 52–54 

good correspondence with earlier estimations of the 

orogeny at 1.8–1.9 Ga, and later crustal e�tension and 
heating during the emplacement of rapakivi granites 
(1.6 Ga) in the upper crust along with coeval mafic 
magmatism in the lower crust.

Central Lapland (Kittilä) Greenstone Belt and 
Lapland Granulite Belt 

The Central Lapland (Kittilä) Greenstone Belt (CMP 

re��ective unit. Its thickness, about 10 km, coincides 
with the depth estimates based on the results of the 

re��ective structures at the belt boundaries are well 
correlated with previously known tectonic structures 

Lapland Greenstone Belt from the southern part of the 
Central Lapland Area (Berthelsen & Marker 1986, 

separated by a horizontal distance of about 2 km. 
The Sirkka structure can be followed to at least 10 
km depth, with a plausible continuation down to 20 
km. A possible back-thrust fault dipping 35 degrees 
to the N, and linked with the Sirkka thrust fault at 10 
km depth is seen in Kittilä at CMP 9300.

The SW (lower) part of the Lapland Granulite Belt 
(CMP 14200–15800 on FIRE 4A) and the Tanaelv Belt 
(13000–14200) are visible as zones of strong re��ectiv-
ity, whereas the upper part of the Granulite Belt (CMP 
15800–18100) is less re��ective (Fig. 7a). The strong 
re��ectivity is attributed to mafic granulites in a felsic 

environment. The granulite belt as a whole is a wedge 
shaped unit with ma�imum thickness of 15–20 km, 
as also suggested by earlier gravity, electromagnetic 

Lower crust (> 30 km) and Moho 

The FIRE sections provide very interesting views on 
the nature of the high-velocity lower crust in central 
and southern Finland. Crustal thickness is typically 

Finland, but in the Proterozoic Svecofennian domain in 
central and southern Finland the crust attains a thick-
ness ranging from 50 to 65 km. The anomalously thick 
crust is due to high-velocity lower crust that formed in 
the collision of the Svecofennian island arcs with the 

high-velocity lower crust (at depths of about 30–65 
km) to be a combination of mafic arc type lower 
crust and mafic additions from delamination or later 
subduction processes.

In the wide-angle velocity models the lower crust 
is divided into two layers (for instance, SVEKA’81, 
at 25–40 km, V

P
 6.85 – 7.1 km/s, and 40–65 km, V

P
 

crust is characterized by inclined re��ectors becoming 
more diffuse with depth, until they seem to vanish in 

tivity becomes even more diffuse. Although resolution 
limits the image at the base of the crust, re��ectivity 
there is definitely above noise levels. 

Individual re��ectors in the lowermost crust are 
short with thicknesses ranging from a few tens to 
a few hundred metres, but their continuity is weak. 
Typically they are shorter than a few km, although 
longer than the Fresnel radius (about 2 km) for the 
FIRE data. We attribute the lower crustal re��ectivity to 
geological heterogeneity on a small (< 1–2 km) scale. 
However, in wide-angle data the whole lowermost 
crust responds as a homogeneous unit, with a vertical 

from the middle crust rarely cut (i.e., continue through) 
the lower crust. An e�ception is seen at the southern 
margin of the CFGC where relatively sharp and linear 
re��ectors, dipping apparently to the N, and e�tend-

The re��ection Moho is mostly diffuse on FIRE 1, 
2, 2A, 3 and 3A transects. Generally, there is a 3–5 
km thick zone where the crustal re��ectivity gradually 

to the Sirkka Line (Eilu et al. 2003). In the uppermost 

and seismic studies (Elo 2006, this volume, Elo et al. 

refraction Moho along the FENNIA profile (Fennia 

the lower and middle crust in this area may be attrib-
Working Group, 1998). The homogeneous features of 

uted to considerable heating during the Svecofennian 

structure was interpreted to be a thrust fault by Gaál 
et al. (1989). Au-mineralizations are spatially related 

5 km the fault zone comprises two parallel re��ectors 

Gaál et al. 1989). This S-dipping (30–35 degrees) 

Archaean craton. KKoorrjjaa eett aall.. (((111999999333))) iiinnnttteeerrrppprrreeettteeeddd ttthhheee 

of the order of 42 km in the Archaean areas of eastern 

1989, Behrens et al. 1989, Korja et al. 1989).

1999). In FIRE 1 sections the upper part of the lower 
7.35 – 7.4 km/s; Grad & Luosto 1987, Korsman et al. 

the lower crust at about 40 km depth, where the re��ec-

velocity gradient (Kuusisto et al. 2006). Re��ectors 

ing from the upper and middle crust appear to reach 

POLAR refraction profile (Luosto et al., 1989). The 

of surface formations (Fig 12). 

km depth (at CMP 2800–4000 on FIRE 2A, Fig. 5) in 

10200–13200 on FIRE 4, Fig. 7a) appears as a weakly 

Fig. 7a) in central Lapland, which separates the Central 
such as the Sirkka Line (at CMP 10100 on FIRE 4, 

depths of over 40 km (FIRE 2, CMP 2000–4000, Fig. 
5). Similar structures can be observed in the central 
part of FIRE 1 (at CMP 13200, Fig. 4). 
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disappears with increasing depth. The depth of the 
re��ection Moho is typically about 55 km in central and 
southern Finland, which agrees well with the refrac-
tion/wide-angle re��ection Moho determined along the 
SVEKA’81, SVEKA’91 and Fennia wide-angle pro-

ramp in the Moho level. The crust thins by about 10 
km over a horizontal distance of about 20 km towards 

Corresponding thinning has been detected in the veloc-

A completely different type of lower crust is seen 
near Kokkola on the western end of FIRE 3A, where 
the Moho (at about 50 km) and the lower crust are 
distinctly re��ective. This type of lower crust is simi-
lar to the results on BABEL profiles 2–4 in the Gulf 

typical of central Finland to re��ective lower crust 
and Moho takes place very abruptly at CMP 16800 

from one crustal block to another. A discontinuity 
dipping very steeply to the NW can be traced almost 

50 km depth (CMP 16800) to the upper crust at about 
4 km (CMP 16700). 

diffuse lower crusts are observed. Beneath the Lap-

Greenstone Belt and the Inari Archaean Comple�, the 
lower crust and Moho are distinctly re��ective (FIRE 4 
CMP 11000–22400), whereas under most of the Central 
Lapland Greenstone Belt, the southern part of Cen-
tral Lapland Area and the Central Lapland Granitoid 
Comple�, the lower crust is more similar to the diffuse 
lower crust of central and southern Finland.

The upper mantle 

The upper mantle does not show conspicuous re��ec-
tors, indicating it to be homogeneous on the scale of 
the resolution of the method. The attenuation analysis 

noise levels until about 20 s TWT, which corresponds 
to about 60 km in depth. Upper mantle re��ectors 

70–80 km and 110–140 km. FIRE data are normally 
below noise levels at such depths and this may e�plain 

the impedance contrasts may be too small at vertical 
incidence or the boundaries may appear as gradients 
at the higher frequencies of the FIRE data.

dISCuSSION

The CMP data on FIRE transects provide com-
pletely new images of the crust in the Fennoscandian 

given invaluable information on the crustal velocity 
and thickness. The seismic tomography e�perimenthe seismic tomography e�periment 

of the upper mantle in the central part of the shield 

of these techniques is inferior to the seismic re��ec-

tion method. Many of the most prominent structures 
revealed by this re��ection survey were not anticipated 
from earlier investigations. The Finnish Global Geo-

provided an e�tensive compilation and interpretation 
of the crustal structure and evolution of the central 
part of the shield, and which covered roughly the same 
transect window as FIRE 1 and 2, did not result in 
detailed crustal models due to the lack of re��ection 
seismic surveys. This fact was one of the reasons to 
promote the FIRE project, and re��ection surveys were 
seen as a prerequisite for a more complete crustal 
modelling. The detailed and e�tensive interpretation 

Shield. Previous wide-angle studies (Grad & Luosto 

ity structure of the SVEKA profile (Grad & Yliniemi 

detected in wide-angle surveys (Heikkinen & Luosto 
2000) and in the SVEKALAPKO tomographic e�peri-

General properties of FIRE data

2002). The change from the diffuse lowermost crust 

through the crust on FIRE 3A from the Moho at about 

of Bothnia (BABEL Working Group 1990, Korja & 
Heikkinen 2005) and in northern Sweden (Juhlin et al. 

on FIRE 3A (Fig.6b), and indicates a major transition 

science Transect project (Korsman et al. 1999), which 

Under the Kuhmo Greenstone Belt there is a distinct 
et al. 2004), running partly along FIRE 1 and 2. 

files (Grad & Luosto 1987, Luosto et al. 1989, Luosto 

Luosto 1997, Fennia Working Group 1998, Yliniemi 

Working Group 1998, Heikkinen & Luosto 2000) have 

1987, Luosto et al. 1989, Luosto et al. 1990, Luosto 
et al. 1994, Yliniemi et al. 1996, Luosto 1997, Fennia 

of the SVEKALAPKO project provided velocity data 

2003, Yliniemi et al. 2004). However, the resolution 

1996, Korsman et al. 1999). 
1991, Kozlovskya & Yliniemi 1999, Yliniemi et al. 

(Alinaghi et al. 2003, Bock et al. 2001, Sandoval et al., 

ment (Yliniemi et al. 2004) are generally at depths of 

why these re��ectors are not observed. In addition, 

et al. 1990, Luosto et al. 1994, Yliniemi et al. 1996, 

the east at about CMP 1200–1800 (FIRE 1, Fig. 4). 
On FIRE 4 and 4A (Fig. 7a), both re��ective and 

land Granulite Belt, at the NE end of Central Lapland 

(Fig. 2) indicated that the signal does not decay to 
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of FIRE data has now only begun, but we believe 
that it is one of the major geophysical data sets with 
paramount importance for any future interpretation of 
crustal structure and evolution of the area.

As shown by signal attenuation studies and the 
frequency content of stacks, the FIRE data are of high 
quality, with signal penetration to at least 20 s TWT, 
and in some cases up to 30 s TWT. We attribute this 
deep penetration to a high number of vibrators, high 
fold, high number of sweeps/source point, favourable 
soil conditions, as well as road structures and careful 
attention paid to geophone installation. Furthermore, 
the frequency band of the data is wide, and frequen-
cies up to 60 Hz are recorded from the whole crust. 
However, distinct (high frequency) re��ectors are not 
commonly seen in the middle and lower crust, which 
we attribute to the real properties of the crust. The 
FIRE data provide reliable seismic re��ection images 
of the whole crust and uppermost mantle to a depth 
of about 70 km and at some locations deeper. 

There is a general vertical change in re��ectivity at 
about 10–15 km depth in all FIRE sections. The re��ec-
tors in the upper crust are distinct, whereas the middle 
crustal re��ectivity comprises more diffuse re��ectors 
with “softer” boundaries. Because the phenomenon 
correlates with the present surface level of the Earth, 
it probably is controlled by the present pressure and 

tribute the general vertical change of the re��ection 
character to a change in the rheological properties of 
the crust. A change in rheological properties is also 
suggested by focal depth data of earthquakes, which 
occur mostly in the depth range of about 10–20 km in 

is in agreement with our observations on the seismic 
re��ectivity and would suggest that there is a change 
from brittle to (semi-)ductile conditions in this depth 
range. At this stage, we cannot e�clude the possibility 
that this feature is due to paleo-rheological properties 
of the crust during cooling and e�humation. 

The large number of re��ectors revealed by FIRE 
data is surprising. Particularly, the area of the Central 
Finland Granitoid Comple� was shown to be very 
rich in re��ectors. Large granitoids are sometimes 
considered to have homogenized the neighbouring and 
underlying crustal structures by their thermal imprint, 
and presumably there should be no strong re��ectors 
under granitoids. However, the CFGC area shows 
some of the brightest re��ectors in the upper crust on 
FIRE 1. Furthermore, these re��ectors proved to be 
very important in the crustal scale image of the Fen-
noscandian Shield as revealed by the listric geometry 
of the re��ectors on FIRE 3A. 

Generally, the geometry of re��ectors is complicated. 

The FIRE e�perience so far suggests that on the crus-
tal scale, there is no reason to assume that re��ectors 
represent simple piles of 2-d structures dipping in 
the same direction. FIRE 1 and FIRE 2 show several 
e�amples of complicated structures. For instance, the 
diffuse inclined re��ectors in the mid-crust under the 
CFGC (11000–12000 and 13000–15000 on FIRE 1) 
dip to the NNE or N, based on the crooked line ge-

structures. Furthermore, the upper to middle crustal 
listric structures revealed by FIRE 1 and FIRE 3A in 
central Finland, which are probably related to colli-
sion, stacking and subsequent rela�ation processes, 
are oriented in directions not predictable from surface 

between Hämeenlinna and Tammela shows structures 

geology has a strike to the east as well. It seems that 
surface geology is not necessarily a good indication 
of the orientation of structures deep in the crust. 

A difficult problem is always related to the inter-
pretation of the geological nature of re��ectors. The 
FIRE data together with e�isting surface geological 
and other geophysical data provide favourable situa-
tions for correlating the re��ectors. As e�pected, most 
of the upper crustal re��ectors, which can presently be 
correlated with outcrop data, seem to represent mafic 
and intermediate rocks in a felsic environment or 

modelled the seismic P- and S- velocities from wide-

velocities calculated for mi�tures of rock types. They 
found, for instance, that the upper crustal velocities in 
central Finland in the area of the anomalously thick 
crust agree with granitic-granodioritic rocks and felsic 
gneisses with a minor contribution of amphibolite and 
diabase. The middle crustal velocities were success-
fully modelled with the same rock types as the upper 
crust, but the amphibolite component was higher. The 
lower crust consists of tonalitic gneiss, mafic garnet 
granulite, hornblendite, pyro�enite and minor amounts 
of mafic eclogite. Generally, re��ection coefficients 

types provide sufficient re��ectivity as observed on 
FIRE transects.

It is difficult to determine the polarity of re��ections. 

is due to a decrease or increase in seismic impedance. 
In order to achieve this, detailed forward modelling 
of seismic waves is required. However, this is beyond 
the scope of the present work.

The re��ection Moho is mostly diffuse and recog-

faults and shear zones (Korja et al. 2006, this volume, 

calculated by Kuusisto et al. (2006) for these rock 

Therefore, it is not possible to say whether a re��ector 

angle ray tracing on several transects in Finland using 

thermal conditions in the crust. We tentatively at-

the Fennoscandian Shield (Ahjos & Uski 1992). This 

Patison et al. 2006, this volume). KKuuuussiissttoo eett aall.. (2((22000000666))) 

short section of FIRE 2 (CMP 7500–9000, Fig. 5) 

ometry (Fig. 10)),, wwiitthh nnoo oobbvviioouuss ccoonnttrrooll bbyy ssuurrffaaccee 

geology, nor from potential field data. In addition, the 

dipping apparently to the east (Fig. 12), but the surface 
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nized from the termination of lower crustal re��ectivity 
over a depth interval of about 3–5 km. In areas where 
coincident re��ection and refraction data are available, 
the depth of the re��ection Moho agrees well with the 
refraction Moho reported in wide-angle studies. Wide-
angle data have good over-critical re��ections from the 

domain of the Fennoscandian Shield, weak mantle 

suggest a sharp velocity contrast at the crust/mantle 
boundary. In the Proterozoic areas in the central part 

of the shield, where thick high velocity lower crust 
dominates, Moho re��ections are weaker, which can 
be attributed to a more transitional velocity contrast 
at Moho (Korhonen et al. 1990). 

We must not over-interpret the migrated image of the 
lowermost crust at depths e�ceeding 40 km, because 
the resolution of the method is close to the dimen-
sions of re��ectors observed in the migrated sections. 
Therefore, the image probably represents not only 
resolved real re��ectors, but also back-scattered energy 
from re��ectors below the resolution limit (about 30 
m vertically and 2 km horizontally). 

Fig. 12. FIRE 2 and 2A migrated data to 80 km depth projected on a vertical surface beneath the CMP line and low-altitude airborne 
magnetic map of the area. Red colours indicate high, and blue low magnetic field intensities, respectively. Seismic data processing 
as in Fig. 5. For location of profile and general surface geology, see Fig. 1b.

Comparison of FIRE and some other CMP data sets in Archaean and Proterozoic areas in 
Fennoscandia, Canada and Australia 

In Precambrian shield areas comparable large re��ec-
tion surveys have been conducted onshore in Canada 

offshore in the Gulf of Bothnia in the BABEL project 
(BABEL Working Group, 1990). E�tensive re��ection 
seismic surveys for crustal studies have also been done 

re��ection seismic results in the Scandinavian Cale-
donides in Sweden, and Berzin et al. (2002, 2004) 
on the eastern part of the Fennoscandian Shield in 
Russia.

The BABEL marine re��ection surveys in the Bal-

tic Sea and Gulf of Bothnia provided an about 2000 
km long, almost continuous section across the Fen-
noscandian Shield. The re��ectivity of the uppermost 
and the lowermost crust along the FIRE lines differs 
considerably from those along the BABEL lines. Typi-
cally, in the BABEL profiles the uppermost crust to 
a depth of 6–10 km is weakly re��ective, whereas in 
FIRE profiles the crust at this depth range is strongly 
re��ective with few e�ceptions. In the Gulf of Bothnia 
area the latest major tectonic event was e�tension 
during the emplacement of the rapakivi granites 1.5 
Ga ago, an event which had little in��uence on the rest 
of central Finland. The Gulf of Bothnia is considered 

in the Lithoprobe programme (Clowes et al. 1996) and 

1998, 2000). JuJuhhoonnjjuunnttttii eett alal.. (((222000000111))) rrreeepppooorrrttteeeddd ooonnn 
in Australia (KKoorrsscchh eett aall.. 11999988,, DDrruummmmoonndd eett aall..  

Moho at source offsets of 100–350 km (Korhonen et al. 
1990, Yliniemi et al. 2004). In the Archaean Karelian 

refracted waves and strong re��ections from the Moho 
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why the uppermost crust should be different because 
of this e�tensional event. A more probable cause for 
the re��ectivity contrast is the different acquisition tech-
nique. The very strong direct pressure wave in water 
has probably masked the upper crustal re��ections. 
The BABEL survey was done using a 3000 m long 
streamer, which means that the effect of the pressure 
wave should last about 2 seconds, corresponding to a 
depth of 6 km. That the contrast is due to acquisition 
is supported by the results from a short 30 km onshore 
profile in northern Sweden close to the Gulf of Bothnia 

The lower crust in the BABEL profiles is typically 
re��ective, with the Moho clearly visible at the base 
of this highly re��ective lower crust. The difference 
between BABEL and FIRE results is most probably 
caused by the different geological environment be-be-
tween the offshore areas in the Gulf of Bothnia and 
onshore Finland. One should note that the re��ectiv-. One should note that the re��ectiv-
ity at the western end of FIRE 3A changes strongly 
when approaching the coast of Gulf of Bothnia, being 
similar to BABEL line 4. Thus it seems that the high 
lower crustal re��ectivity beneath the BABEL profiles 
is caused by the differences in tectonic history, prob-
ably by the e�tensional event that produced the failed 
Gulf of Bothnia rift.

On BABEL lines 2 and 4 there are high amplitude 
NE-dipping re��ectors in the middle and lower crust, 
which continue through Moho to the mantle. The 
crustal thickness changes sharply from 55 to 50 km 
at the same place. This structure was interpreted as a 
result of Svecofennian subduction (BABEL Working 
Group, 1990). Interestingly, no similar Moho struc-
tures have been recorded in FIRE 1 and 3A in central 
Finland, which are only about 200 km from BABEL 
lines 2 and 4. This is a further indication of a major 
difference in the geological environment between 
BABEL and FIRE. 

e�plosive/Vibroseis re��ection seismic profile in the 
Central Scandinavian Caledonides, where thin Cale-
donian allochthonous over-thrust sheets lie on top 
of Precambrian basement. They noted that the upper 
crustal re��ectivity is characterized by very continu-
ous re��ectors a few tens of metres thick at depths of 
less than 15 km in the Precambrian basement. The 
re��ectors were attributed to dolerites in a granitic 
environment. Signal penetration depth of the Vibroseis 
data was estimated by Juhonhuntti et al. (2001) to 
about 15 s (corresponding to depth of about 50 km), 

which is sufficient to image the re��ectivity of the 
whole crust. In the middle-lower crust, re��ectivity is 
weak. The re��ection Moho is seen as the termination 
of lower crustal, mostly diffuse re��ectivity. These 
characteristics are similar to those generally observed 
in the FIRE data. The Moho is mostly ��at, at about 
50 km, but shallows to about 45 km under the Trans-
scandinavian Igneous Belt (TIB) granites (1.85–1.65 
Ga). The middle-lower crustal weak re��ectivity was 
attributed to homogenization of structures during 
granite emplacement.

re��ection and wide-angle refraction seismic sections 

the eastern part of the Fennoscandian Shield. The 
transect starts from the White Sea coast and e�tends 
to the Finnish border, finishing at a distance of about 
80 km to the north of the starting point of FIRE 1. 
Several inclined re��ectors in the eastern part of the 
profile can be traced from the surface down to 25–35 
km depth, and have been correlated by Berzin et al. 
(2002) as a fault system between the Belomorian 
(Archaean) greenstone belt and the gneisses of the 
Karelian craton. Generally, in the western part of the 
Kem-Uchta profile the upper crustal re��ectivity is 
similar to that observed in the Archaean part of FIRE 
1 with curved, discontinuous inclined sub-horizontal 
re��ectors. The lower crust in Karelia is re��ective and 
a ��at re��ection Moho is detected at about 12 s TWT, 
corresponding to a depth of about 36 km. Here too, 
the Moho is observed as the ending of lower crustal 
re��ectivity coinciding with the Moho determined 
from strong wide-angle re��ections (Berzin et al. 
2002). The crustal layering was interpreted by Berzin 
et al. (2002) as a result of metamorphic transforma-
tions, whereas the Moho would be actually a young 
feature formed in later stages of crustal evolution, 
suggested by its ��at geometry over the 270 km long 
transect. The re��ection data from FIRE sections and 
the Kem-Uchta profile confirm a distinct contrast of 
the Moho depth and lower crustal properties in the 
Proterozoic central part of the shield in comparison 
to the Archaean craton in the east. 

The Lithoprobe transects of the Trans-Hudsonian 
orogen imaged the Palaeoproterozoic and Archaean 

The Trans-Hudson orogen is characterized by major 
accretionary and collisional events at about 1.8 Ga, 
comparable in age to the Svecofennian orogen in cen-
tral Fennoscandia. The crust is highly re��ective from 
near-surface to the Moho. The re��ection Moho is at 
a depth of 12.5 s (about 40 km), but a distinct crustal 

al. 1996). 
root down to 15 s (45 km) is also present (Clowes et 

crust of the Canadian Shield (Clowes et al. 1996). 

techniques (Flueh & Dickmann 1992).
BEL lines can, however, be improved by processing 

where the upper crust is found to be re��ective (Juhlin 
et al. 2002). TheThe upperupper crustalcrustal rere����ectivityectivity onon thethe BA-BA-

Juhonjuntti et al. (2001)(2001) reportedreported onon aa 160160 kmkm longlong 

to be a paleorift (Korja et al. 2001). It is hard to see 

Berzin et al. (2002,(2002, 2004)2004) reportedreported onon VVibroseisibroseis 

from the Kem-Uchta profile in Russian Karelia in 
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The Lithoprobe Kapuskasing transect focused on 
the crustal structure and evolution of an intracratonic 

2.75–2.65 Ga ago as a part of the Superior Province, 

ago, and a major Kapuskasing-related uplift at about 
1.9 Ga ago by an intracratonic transpression event. 
This event was coeval with the Hudsonian collision 
in the western part of the Canadian Shield, and was 

cross-section of crust where the metamorphic grade 
of the rocks range from greenschist to granulite facies 
with paleodepths ranging from less than 10 km up to 
30–35 km. Re��ection seismic data show a comple�ly 
re��ective uppermost portion (TWT <1 s, i.e. < 3 km) 
which is difficult to correlate with surface features, 
and numerous sub-horizontal, east and west dipping 
re��ective zones in the whole crust. Near the Ivanhoe 
Lake Fault, which defines the SE border of the Ka-
puskasing uplift, and likely represents the thrusting 
surface responsible for the uplift, a relatively weak, but 
continuous re��ector in the upper crust dipping about 
45 degrees to the NW probably represents the fault 
itself. Short re��ection lines and long distances from 
surface outcrops complicated the correlation of surface 
geology and re��ectors in the Kapuskasing transects. 
The re��ection Moho was detected as a decrease in 
re��ectivity at a depth of about 14 s (42 km), in good 
agreement with the refraction Moho. 

An Archaean subduction system was inferred from 

the boundary between the Archaean Abitibi granite-
greenstone domain and the Opatica belt a distinct 50 
km long re��ector dipping about 30 degrees N and 
e�tending from the Moho at 40 km depth (12 s TWT) 
to about 70 km depth (20 s) was imaged. The structure 
was interpreted as a remnant of a descending Archaean 
oceanic slab which was trapped at the base of the newly 
assembled continental crust in the Abitibi-Opatica 
collision in the Late Archaean at about 2.69 Ga ago. 
The Archaean crust is generally very re��ective in the 
Abitibi-Opatica profile, but decreased upper crustal 
re��ectivity was observed in the Abitibi belt where 
surface structures are subvertical. The re��ection Moho 
is sharp at 38–40 km depth.

The Lithoprobe SNORCLE data from the western 
margin of the Archaean Slave craton show prominent 
mantle re��ectors continuous for hundreds of kilometers 

continental material to the craton 1.9–1.7 Ga ago. A 
geometrical analogy is the modern subduction system 
beneath Vancouver Island, suggesting that the mantle 
re��ectors represent an ancient subduction system. 
Bright Moho re��ections are prominent above the 
mantle re��ector to a distance of about 150 km, and 
interpreted as Proterozoic crust overlying the Archaean 
uppermost mantle. 

The anomalously thick crust and the thick high-
velocity lower crust in the central part of the Fen-
noscandian shield, in the area covered by FIRE 1, 
2 and 3A transects, is a special feature not common 
in other Archaean-Proterozoic areas. A prominent 
high-velocity lower crust has been reported from the 
SAREX wide-angle e�periment under the Western 
Canada sedimentary basin underlain by Archaean and 

Alberta to Wyoming over a distance of at least 400 
km, which is very similar to the lateral dimensions of 
the high-velocity lower crust in central and southern 
Finland. The Moho depth varies from about 40 km at 
the northern end of the high-velocity lower crust to 
about 60 km in the south, where the transect ends. The 

terozoic (about 1.75–1.81 Ga) magmatic underplating 
during continental collisions, subduction and crustal 
thicknening. Underplating was also suggested for the 
origin of the high-velocity lower crust in Finland by 

The Archaean crust of the Yilgarn craton in western 
Australia was studied by re��ection seismic profiles by 
Drummond et al. (2000). The upper crust was found to 

the middle and lower crust are re��ective. The re��ec-
tion Moho was interpreted to occur at depths of 33 to 
40 km (11–13 s TWT). The lower crustal re��ectivity 
is mostly diffuse in character. The length scale of 
structures was noted to be higher in the middle and 
lower crust than in the greenstones. 

The crustal architechture of central Australia was 

crossing the Mesoproterozoic Arunta and Musgrave 
blocks, and three sedimentary basins (Ngalia, Amadeus 
and Officer basins). The amalgamation of the Meso-

by 1100 Ma ago. Later intraplate activation further 
modified the crustal fabrics. The re��ection Moho is 
mostly ��at at depths of about 45 – 52 km (15 – 16 s 
TWT) underneath a weakly re��ective lower crust, and 
more re��ective middle crust. A sudden displacement 
of the Moho by a few kilometres was observed under 

the Lithoprobe Abitibi-Opatica transect by Calvert 
et al. (1995). The upper mantle is transparent but in 

velocity varies from 7.5 to 7.9 km/s. Clowes et al. 
layer thickness is about 15–30 km, and the P-wave 

(2002) attributed the high-velocity lower crust to Pro-

Proterozoic bedrock (Clowes et al. 2002, Gorman et 
al. 2002). The high-velocity lower crust e�tends from 

Korja et al. (1993).

be non-re��ective outside the greenstone belts, whereas 

studied by Korsch et al. (1998) with N-S transects 

proterozoic blocks is considered to have been finished 

followed by e�humation and cooling (Percival & 
West 1994). As a result there is today an oblique 

uplift within the Archaean Superior Province (Percival 

the Kapuskasing area is characterized by formation at 

followed by isostatic uplift and erosion 2.6–2.5 Ga 

& West 1994, Leclair et al. 1994). The evolution of 

to depths of 90–110 km (Cook et al. 1999, Snyder 
2002). This structure was formed in the accretion of 
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the Arunta Block and correlated with a dipping thrust 
structure cutting the whole crust. 

Seismic re��ection and refraction profiling in the 
Proterozoic Mount Isa Inlier of North Australia was 
summarized by Drummond et al. (1998). This major 
base metal and gold province showed a re��ective upper 
crust with mostly compression dominated tectonics. 
Faults closely related to mineralizations, and cutting 
the upper and middle crust, are highly re��ective, 
which was attributed to alteration by circulating ��uids. 
A west-dipping (presumably) intermediate to mafic 
high-velocity body (6.9 – 7.3 km/s) was detected in 
the middle to upper crust, with a possible connection 
to a similar high-velocity body in the lower crust. 

The high-velocity lenses form together a belt of 
mafic rock cutting the whole crust. The mineralized 
fault systems are linked to the high-velocity body at 
least in areas where it reaches the upper crust. The 
lower crust at 40–55 km is transitional with P-wave 
velocities ranging from 7.3 to 8.1 km/s, whereas the 
uppermost mantle has velocities of 8.1 – 8.5 km/s. 
The lower crustal velocities are close to values in 
the area of thick high-velocity lower crust in Finland 
(7.3 – 7.4 km/s). The lateral e�tent of the transitional 
crust in the Mount Isa area is not constrained by the 
available seismic data, but it is at least 500 km in an 
E-W direction.

CONCLuSIONS

The FIRE project has resulted in an e�tensive data 
set consisting of 2104 km of re��ection seismic transects 
in the Fennoscandian Shield. Transects cross all major 
geological units in the central and northern part of the 
Fennoscandian Shield in the territory of Finland. The 
FIRE data acquisition was carried out in less than two 
years from September 2001 to June 2003. Detailed 
interpretation of the data has only just begun. In this 
paper only very brief e�tracts and first interpretations 
of the massive data set have been presented.

The CMP surveys were conducted using split-spread 
geometry with a ma�imum source offset of 9050 m, 
362 channels, and a Vibroseis source with a linear 
30 s sweep using a frequency band of 12–80 Hz. The 
recorded data are of good quality, and signal penetra-
tion is down to about 20 s TWT (about 60–70 km), 
where the noise level is reached. At some locations 
the signal stayed well above the noise level during 
the complete signal duration of 30 s (c. 100 km). 
Therefore, after stacking and processing high signal 
to noise ratios were achieved.

The frequency content of the data, as analysed with 
band-pass filtered sections of stacks, is surprisingly 
wide, and frequencies of up to 60 Hz are present in 
the depth range of the crust (from 0 s to about 15–17 
s TWT). In the upper crust the complete source signal 
bandwidth of 12–80 Hz is present. Theoretically, this 
bandwidth allows re��ective layers with thickness as 
small as 20 m in the upper crust and 30 m in the lower 
crust to be resolved. Attenuation of high frequencies 
was much less than e�pected. We attribute this to the 
high number of vibrators used, special care paid to 
geophone installation and favourable structural condi-
tions on the public roads used in the measurements, 
as well as only a thin layer of Quaternary sediments, 
in general, on the Precambrian bedrock.

The FIRE transects have revealed a wealth of previ-
ously unknown structures on a crustal scale. The crust 
in Finland is seismically very re��ective, particularly in 
the upper and middle crust. Lower crustal re��ectivity 
is more diffuse, and we attribute it to the nature of the 
lower crust, especially in central and southern Finland 
in the Proterozoic areas of the anomalous high-veloc-
ity lower crust. In these areas, the re��ection Moho is 
diffuse and recognized from gradual disappearance of 
lower crustal re��ectivity over a depth interval of about 
3–5 km. In areas where wide-angle refraction data is 
available, depths of the refraction and re��ection Moho 
are in a good agreement. A completely different type 
of lower crust, with continuous, sometimes laminated 
horizontal re��ectors, was imaged in the Bothnian 
Bay Coast in western Finland and under the Lapland 
Granulite Belt in northern Finland. 

Upper crustal re��ectors can be followed in many 
places from the surface down to the middle crust, and 
in some cases we may argue that the re��ectors could 
even e�tend down to the lower crust. Such structures 
were imaged particularly in central Finland, where 
E-dipping listric-type re��ectors can be followed for 
100–200 km in the uppermost 40 km under the Central 
Finland Granitoid Comple�, until they appear to vanish 
in the diffuse lower crust. These structures probably 
represent thrust faults developed during the collisional 
stages of the Svecofennian orogen.

We note that there is a general vertical change in 
the character of crustal re��ectivity at about 10–15 km 
depth in all FIRE transects. In the uppermost crust, 
sharp and thin (often down to the theoretical resolution 
limit of about 20 m) re��ectors are observed, whereas 
in the deeper layers the re��ectors become more diffuse 
and ill defined. That is, the characteristic thickness of 
the re��ectors seems to increase and their continuity 
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(correlation length) seems to decrease. The analysis 
of frequency content of data suggests that this effect 
should not be attributed to the acquisition method or 
later processing, but is a genuine property of the crust. 
We attribute the ‘softening’ of re��ectors at 10–15 km 
to either present or paleo-rheological properties of 
the crust. Further studies are needed to elaborate this 
interpretation.

In general, a comparison to re��ection seismic data 
in the Fennoscandian and other shield areas, the FIRE 
data show that the central and northern parts of the Fen-
noscandian Shield have more or less similar re��ective 
properties as the Canadian and Australian Shields. An 
apparent difference between the FIRE and Canadian 
and Australian data sets is the high proportion of 
anomalously thick high-velocity lower crust and deep 
Moho areas imaged in the FIRE transects. However, 
areas with comparable lower crustal properties and 
areal e�tent have been described in Wyoming, North 
America, and Mount Isa, North Australia. The detailed 
evolutionary process leading to such thick high-veloc-
ity lower crust is still open, although underplating has 
been suggested in earlier studies. There is a distinct 
difference between the BABEL re��ection data in the 
Gulf of Bothnia and FIRE data in central Finland. For 
the upper crust, we attribute the poor re��ectivity in the 

BABEL data to the acquisition methods, whereas the 
difference in lower crustal re��ectivity is a real property 
of the crust, an indication of differences in the tectonic 
histories of the Gulf of Bothnia (a failed rift) and 
central Finland (collisionally stacked and thickened 
crust). The presence of two different types of lower 
crust was confirmed by the NW end of FIRE 3A.

 Upper mantle re��ectors were not detected in the 
FIRE data. Where re��ectors cutting the lower crust 
and e�tending into the mantle have been reported in 
Canadian or Fennoscandian areas, these structures 
have been attributed to Proterozoic, or even Archaean 
plate-tectonic (subduction) processes. The lower crust 
is usually very re��ective and the re��ection Moho is 
sharp. Such lower crust is rarely observed on the FIRE 
transects. The lack of re��ectors at the crust/mantle 
boundary, at least in the area of high-velocity lower 
crust in Finland, could be due to magmatic intrusives, 
metamorphic transformation, e�tension and delami-
nation, which have destroyed such remains. Upper 
mantle re��ectors detected at depth of 70–80 km in 
wide-angle studies are not seen in the FIRE data. We 
attribute this to the higher frequencies of the FIRE 
data in comparison to the wide-angle studies, and to 
the low amplitude of the signal at such depths. 
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The 500 km long FIRE 1 deep seismic re��ection profile crosses over a major Palaeoprotero-
zoic plate boundary in the Fennoscandian Shield – the Svecofennian – Karelian suture zone, 
where Archaean Karelian craton and its cover have been ju�taposed with the Palaeoproterozoic 
Svecofennian island arc rocks during the Svecofennian Orogeny, c. 1.9 Ga ago. The upper 
crustal re��ection properties along FIRE 1 are described and the correlation with surface geol-
ogy is discussed. In addition, a geological interpretation or a vertical lithological map of the 
uppermost 8 km of the crust is presented.

 The upper crustal re��ectors correlate well with surface geology in the scale of hundred 
meters. Major lithological units have different seismic patterns that change across the bounda-
ries. The most prominent re��ections seem to originate from lithological contrast associated 
with mafic intrusions, dykes or volcanic units. Shear zones are seen as white bands disrupting 
the seismic patterns.

The upper crust along FIRE 1 is composed of ten units belonging to three tectonic domains: 
Archaean nucleus, A-P boundary zone and Proterozoic Central Finland. Of these, the upper 
crustal structure of the Archaean Nucleus is dominated by Archaean structures, the A-P boundary 
zone by both Palaeoproterozoic e�tensional structures related to rifting and collisional structures 
related to Svecofennian orogeny and the Proterozoic Central Finland domain is characterized 
by both collisional and gravitational collapse structures of the Svecofennian orogen.

During the continental arc/continent collision the Western Kianta block, Kainuu Belt, Kajaani, 
Rautavaara, Iisalmi Comple�es as well as Savo Belt belonging to the Archaean Proterozoic 
boundary zone were all thrust sequentially on the Eastern Kianta block belonging to the Ar-
chaean Nucleus. The scale of thrusting varies from less than 1 km to 10–20 km thick stacks 
where the deformation is concentrated mainly to the block boundaries. The Central Finland 
Granitoid Comple�, which is further divided into Pihtipudas and Keuruu blocks, is a shal-
low (3–8 km) upper crustal unit, whose lower surface is a detachment zone. The detachment 
surface is associated with upper crustal graben and horst -structures.

Key words (GeoRef Thesaurus, AGI):  crust, upper crust, bedrock, deep seismic sounding, 
re��ection methods, FIRE, deep-seated structures, Proterozoic, Archean, Finland
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INTROduCTION

The FIRE 1 deep seismic re��ection profile crosses 
over a major Palaeoproterozoic plate boundary in the 
Fennoscandian Shield, the Svecofennian – Karelian 

where Archaean Karelian craton and its cover have 

island arc rocks during the Svecofennian Orogeny, c. 
1.9 Ga ago. Later more data from the Fennoscandian 
Shield such as the first well-documented Palaeoprot-

tion zone imaged by deep seismic re��ection profiles 

Palaeoproterozoic plate tectonics.
On the Karelian craton side, the Archean-Proterozoic 

striking zone where the Archaean and its cover have 

Proterozoic isotopic boundary is sharp and lies within 

erozoic boundary zone are characterized by thick crust 

p

and abrupt change in crustal thickness from 58 km to 

Bouguer anomaly lineaments interpreted as strike slip 

As an e�planation for the formation of the Archaean-
Proterozoic boundary zone several plate tectonic 

sified into three categories: continental arc/continent 

arc/retro-arc basin related to NE-directed subduction 

Palaeoproterozoic parts are considered e�otic terranes. 

nian Orogen have formed in four partly overlapping 
orogenies and they favour the continent-continent 
model for the Archean-Proterozoic boundary zone. 
The zone was thickened due to the E-W collision of 

(Savo Belt) on the Archaean Karelian craton margin 
during the Lapland-Savo orogeny. Further thickening 
in the boundary zone occurred during N-S compression 
caused by the collision of  an island arc and Bergslagen 

microcontinent during the Fennian orogeny. Mafic 

been suggested as the balancing process allowing for 
the preservation of the thick crust. 

In order to understand how the currently e�posed 

know their depth e�tent as well as the geometry of 
the structures associated with their emplacement. 
In 2001, a consortium consisting of the Geological 
Survey of Finland, and Universities of Helsinki and 
Oulu, with Russian Spetsgeofizika S.G.E. as a con-
tractor, shot a deep seismic re��ection survey called 
FIRE 1 (the Finnish Re��ection E�periment 1) across 
the Archean-Proterozoic boundary zone to unravel the 
architecture and evolution of this major Palaeoprotero-

volume). Kukkonen et al. (2006, this volume) describe 
the acquisition and processing of the FIRE 1 data and 

In this paper, we describe and discuss the correlation 
of the surface geology with the upper crustal re��ection 
properties along FIRE 1. The upper crustal structures 
are better described with migrated sections where dip 
move out correction (DMO) has been applied. For 
this paper purpose DMO-sections to the depth 8 km 
have been calculated. These are used to identify those 
geological structures and formations that are e�posed 
at surface and have a re��ection response. 

been ju�taposed with Palaeoproterozoic Svecofennian 

suture zone (Bowes and Gaál 1981, Koistinen 1981), 

(BABEL Working Group 1990) have favored the 

boundary zone is appro�imately 150 km wide, NW-SE 

deformation (Koistinen 1981, Huhma 1986, Kontinen 
et al. 1992, Pajunen and Poutiainen 1999, Peltonen & 
Mänttäri 2001). On the Proterozoic side, the Archaean-

erozoic ophiolite, Jormua Ophiolite (Kontinen 1987, 

been overprinted by 1.9–1.8 Ga metamorphism and 

20 km of the e�posed suture (Huhma 1986, Lahtinen 
& Huhma 1997). The Svecofennian and Archean-Prot-

(55–65 km) with thick high velocity lower crust (v  >7 
km/s) at crustal depths greater than 35 km (Korja et 
al. 1993) as well as thick, high velocity lithosphere (> 
200 km) (Sandoval et al. 2004). The boundary zone is 
characterized by Bouguer anomaly ma�ima (Ruotois-
tenmäki et al. 2001), SW dipping crustal conductors 

It also hosts a set of SE-NW striking magnetic and 
42 km within 20 km in distance (Korja et al. 1993). 

zones (Koistinen & Saltykova 1999). 

collision zone (e.g. Gaál 1990, Lahtinen 1994), back-

scenarios have been proposed. The models can be clas-

occurring further SW (e.g. Hietanen 1975, Gáal 1986) 

microcontinent on the southern margin of the Keitele 

and a strike-slip model (e.g. Park 1985), where all 

a microcontinent (Keitele) and an attached island arc 

Lahtinen et al. (2005)(2005) suggestedsuggested thatthat thethe Svecofen-Svecofen-

Peltonen and Kontinen 2004), and a paleosubduc-

underplating (Korja 1995, Korsman et al. 1999) have 

units of the crust have been formed it is pertinent to 

zoic collisional structure (Kukkonen et al. 2006, this 

outline the preliminary crustal features.



47

 Geological Survey of Finland, Special Paper 43
A geological interpretation of the upper crust along FIRE 1

In the following, the geological and geophysical 
bedrock units have been described from the profile 
point of view. The profile has been divided into 10 
main units by using both lithological and aeromagnetic 
maps. Established unit boundaries and unit nomen-

possible. Some new boundaries have been suggested 
and a few new units have been differentiated.

The FIRE 1 line is a crooked line with a general 

(A-P) boundary. Along the FIRE 1 profile, the area 
east of the A-P boundary can further be divided into 
seven geological units: Eastern Kianta block, Kuhmo 
Greenstone Belt, Western Kianta block, Kainuu Belt, 
Kajaani Complex, Rautavaara Complex and Iisalmi 
Complex. The Eastern and Western Kianta blocks, 
and the Kuhmo Greenstone Belt are late Archaean 

western margin but Palaeoproterozoic mafic dykes 
(2.4–2.0 Ga) are abundant in these units. In this study, 
the Kainuu Belt comprises only of Palaeoproterozoic 
allochthonous (2.0–1.9 Ga) cover sequences, includ-
ing turbidites and ophiolites. The occurrence of an 
Archaean sliver and associated autochthonous cover 
further divides the Kainuu Belt into eastern and western 
segments where ophiolites are found only from the 

Kajaani Complex is composed of Archaean rocks with 
remnants of Palaeoproterozoic cover units (2.4–2.0 
Ga), mafic dykes (2.4–2.0 Ga), alkalic gneisses (1.96 

composed of Archaean rocks and Palaeoproterozoic 

Iisalmi Comple�es. The Iisalmi Comple� (c. 3.2 Ga) 

terozoic cover is found on the western margin and 
Palaeoproterozoic mafic dikes (2.2–2.0 Ga) as well 
as a bimodal association of granites and gabbros 

The Palaeoproterozoic part, west of the A-P bound-

be further divided into three units: Savo Belt and the 
Pihtipudas and Keuruu blocks of the Central Finland 

1.92 Ga volcanic and sedimentary rocks and gneissic 

tonalites, and it has been interpreted to represent rocks 

consists of granitoids and associated gabbros with 

of supracrustal sequences. The plutonic rocks can be 
divided into 1.89–1.88 Ga and 1.88–1.87 Ga syn- and 

Central Finland Granitoid Comple� also delineates 
appro�imately the projected boundaries for the hid-

posed of migmatic banded tonalites and trondhjemites, 
and more intrusive-type tonalites, granodiorites and 
granites, which locally show cutting relationships with 
the migmatitic granitoids. The remnants of Archaean 
supracrustal sequences, mainly banded amphibolites, 
are E-W directed and moderately dipping (30°–70°) to 
the north. There are also cataclastic shear zones and 
diabase dykes parallel to the banded amphibolites. 
The E-W trending structures are cross-cut by NW-
SE directed shear zones, diabase dykes and some 

NE-SW trending fracture zones and diabase dikes but 
these are less abundant than the NW-SE directed ones. 
All the diabases are Palaeoproterozoic in age but the 
E-W directed ones are usually older and wider than 

Palaeoproterozoic rapakivi-type granite intrusion (2.4 

Kianta Terrane into western and eastern halves. The 
belt consists of ultramafic to felsic metavolcanic rocks 
as well as chemical and clastic metasedimentary rocks. 
The volcanic rocks started to erupt at 2.79 Ga. About 

tonalitic magmatism and deformation affecting both 
the migmatitic blocks and greenstone belt. During this 
tectonic event the contacts between the greenstone 
belts and the older migmatitic granitoids (TTG-series) 
were tectonically modified. At present, the Kuhmo 
Greenstone Belt is a rather narrow (less than 10 km in 
width and only 3 km at FIRE1 transect) synclinorial 

references therein). 
The Western Kianta block (WK) is characterized 

by migmatic tonalite-trondhjemites, and dominant 
intrusive-type tonalites, granodiorites and granites. 
Along FIRE line 1, E-W directed Archaean amphi-
bolites are absent, which seems to be characteristic to 

GEOLOGICAL ANd GEOPHYSICAL OuTLINES

clature (Nironen et al. 2002) have been favored when 

trend that is perpendicular to the Archaean-Proterozoic 

(3.0–2.7 Ga) in age (Sorjonen-Ward & Luukkonen 
2005). Palaeoproterozoic cover is only found on the 

latter (Kontinen & Meriläinen 1993). The heterogenous 

Ga) and granites (c. 1.8 Ga) (Havola 1997). A narrow 
sliver of the Rautavaara Comple� (Paavola 2003) 

cover sequences, is ju�taposed between Kajaani and 

(Mänttäri & Hölttä 2002). Together with the Pudas-

(1.88–1.86 Ga) as intruding the comple� (Paavola 

ary, is part of the Svecofennian Domain and it can 

2001, Ruotoistenmäki et al. 2001).

Granitoid Comple� (Fig 1.). The Savo Belt comprises 

al. 1994). The Central Finland Granitoid Comple� 
from a primitive island arc (Lahtinen 1994, Kousa et 

some subvolcanic to volcanic rocks and few remnants 

post-kinematic intrusions (Nironen et al. 2000). The 

al. 2005).
den 2.1–2.0 Ga Keitele microcontinent (Lahtinen et 

The bedrock in the Eastern Kianta block (EK) is com-

granitoids (Luukkonen 1993, 2001). There are also 

the others (Luukkonen 2001). Just north of FIRE1 a 

The Kuhmo Greenstone Belt (KGB) bisects the 

Ga) has been found (Luukkonen 1993, Korsman et 
al. 1997, Rämö and Luukkonen 2001). 

50 Ma later took place widespread granodioritic to 

structure (Sorjonen-Ward and Luukkonen 2005 and 

järvi Granulite Belt (3.5–2.8 Ga, Mutanen & Huhma 

the western edge of the Karelian craton. Palaeopro-
2003) it may form an older Archaean terrane along 

is older than the c. 2.8–2.7 Ga Rautavaara Comple� 
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Figure 1. Geological map of the Fennoscandian Shield modified after Koistinen et al. (2001). FIRE 1 marked as a thick line. Figures 2, 5, 8 and 12 are 
outlined. a) Major tectonic domains of the Fennoscandian Shield. AN – Archaean Nucleus, A-P – Arhaean-Proterozoic boundary zone, PCF – Prot-
erozoic Central Finland. b) Distribution of cratons, microcontinental nuclei, island arcs in the Fennoscandian Shield after Lahtinen et al. (2005).
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Kianta block is also transected by a wealth of Pal-

dipping and striking dominantly in NW-SE to NWW-

NE-SW direction. The scarce E-W structural trends, 
shear zones and diabases are mainly found close to 

remnants of pelitic paragneisses are more abundant 

mite, black schist, metadolerite and volcanic rocks. 
Magnetotelluric data indicates that the graphitic schists 
of the autochthonous sequence continue westwards 

The Svecofennian orogeny caused a structural and 
thermal overprint on the Archaean terranes. The thermal 

Kianta blocks. The diabases in the Western Kianta often 
show pervasive schistosity, differing from the relatively 

peak is dated by U-Pb method on a �enotime to c. 1.85 

The Kainuu Belt (KB), a Palaeoproterozoic inlier be-
tween Archaean Kianta block and Kajaani and Iisalmi 
Comple�es, is composed of allochthonous pelitic and 

and has been further divided into eastern and western 

tions is a characteristic feature of the allochthonous 
sedimentary sequences. Only turbidites are found in 
the eastern segment but ophiolites occur as tectonic 
slivers within allochthonous cover in the western seg-

a fragment of Red Sea-type crust comprising of me-
tabasalts derived from E-MORB to OIB-like sources 

zone between the allochthonous units of the Kainuu 
Belt and the para-autochthonous units of the Kajaani 

Kajaani Comple� includes Archaean migmatitic 
granitoids with few Archaean amphibolite and mica 
gneiss units and fragments. Palaeoproterozoic para-
autochthonous cover sequence (quartzite, dolomite, 
metadolerite, volcanic rocks) in the Kajaani Comple� 
occurs as a continuous unit in the north, east and 
south, and as fragments and remnants in the north-
west and west. Palaeoproterozoic mafic dikes and 
sills intrude the autochthonous cover and the well-
preserved Archaean granitoids in the southern part. 

Heterogenous alkalic gneisses (1.96 Ga) are found in 
the near vicinity of the southern branch of the cover 
sequence. Younger granites (c. 1.8 Ga Kajaani granite; 

they migmatize all the other rocks. The northern part 
of the Kajaani Comple� is characterized by N-S and 
NW-SE directed fault and fracture zones. Because 
they displace thrust zones and they lack associated 

The proposed boundary between the Kajaani Com-
ple� and the Rautavaara Comple� (RC) is overprinted 
by the 1.8 Ga granites, and is inferred from the magnetic 
data. On FIRE 1, only a narrow sliver of the Rautavaara 
Comple� is encountered and it comprises Archaean 
migmatites, a thin sheet of Palaeoproterozoic cover 

Iisalmi Comple� coincides with a swarm of strongly 
deformed diabases in the Hatulanmäki area (Paavola, 

acterized by Archaean migmatites with micagneiss 
melanosome, and the occurrence of granitic dykes and 
related migmatization. Other characteristic features 
are the locally intensive Svecofennian deformation, 
seen as gentle lineation dipping towards SW or S, and 
the rareness of wide and continuous diabase dykes 

The Iisalmi Comple� (IC) has paleosome ages 
of 3.2–3.1 Ga and it is older than the c. 2.8–2.7 Ga 

3.2 Ga ages are also older than the 3.0–2.7 Ga ages 

inwards within the Iisalmi Comple�, it is further 
divided into Kukkopuro, Saavanmäki, Kulvenmäki 
(P. Hölttä 2005 pers. com.) and Vieremä blocks. Am-
phibolite banded tonalitic-trondhjemitic migmatite is 
the dominant Archaean lithology in the northern part 

amphibolites occur also as larger lenses. Granulite 
facies mineral parageneses are often found in areas 
south of Sukeva in the Saavanmäki granulite block 
and Kulvenmäki high pressure eclogitic granulite 
block (P. Hölttä 2005 pers. com.). Granulite-facies 
domains host also more homogenous tonalites and 
2.7 Ga quartz diorites (enderbites). Leucodiorites of 
2.7 Ga age intrude the migmatites. Along FIRE1 line 
the Archaean migmatites, amphibolites and granulites 

The Palaeoproterozoic diabases are very common 
in the Iisalmi Comple�. Their width varies from few 
meters to 150 m and they are up to 3–4 km in length. 

the Western Kianta (Hyppönen 1973). The Western 

aeoproterozoic diabases. They are steep to shallow 

SEE direction (Hyppönen 1983) and only rarely in 

cover rocks at western margin include quartzite, dolo-

KGB (Hyppönen 1973). Closer to the Kainuu Belt, 

(Kontinen & Meriläinen 1993). The autochthonous 

under the Kajaani and Iisalmi Comple�es (Korja & 
Koivukoski 1994, Korsman et al., 1999).

overprint is well-recorded by the diabase dykes in the 

unstrained diabases of the Eastern Kianta (Kontinen et 
al. 1992, Kontinen  2002). The Svecofennian thermal 

Ga (Pajunen & Poutiainen 1999).

segments. The absence of volcanic or tuffitic intercala-

turbiditic sequences (Kontinen & Meriläinen 1993) 

ment. The 1.95 Ga old Jormua ophiolite (J; Fig. 2) is 

The boundary between the Kainuu Belt and the 
(Kontinen 1987, Peltonen and Kontinen 2004). 

Kajaani Comple� (KC) is defined here as the thrust 

Comple� (Korsman et al. 1997). The heterogenous 

Havola 1997) are widespread, often pegmatitic and 

diabases they are interpreted to be relatively young 
in age (Havola 1981, 1997). 

in the south and cross-cutting granite (1.8 Ga) (Paa-
vola 2001). The southern boundary zone towards the 

2003). The Rautavaara Comple�, in general, is char-

(Paavola 2001, 2003). 

Rautavaara Comple� (Mänttäri & Hölttä 2002). The 

obtained from the Kianta block (cf. Sorjonen-Ward & 
Luukkonen 2005). As the metamorphic grade increases 

of the Iisalmi Comple� (Kukkopuro block), where 

are shallow to moderately dipping (Paavola 1991, 
2001, 2003).
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Figure 2. Geological map of the study area modified after Koistinen et al. (2001). FIRE 1 marked as a thick line. Shotpoints of deep seismic 
refraction lines SVEKA81 & 91 (Grad & Luosto 1987, Luosto et al. 1994) are shown with stars. Figures 5, 8 and 12 are outlined in the in-
sert Figure 2a. EK – Eastern Kianta Block; KGB – Kuhmo Greenstone Belt; WK – Western Kianta Block; KB – Kainuu Belt; KC –Kainuu 
Comple�; RC – Rautavaara Comple�; IC – Iisalmi Comple�; SB – Savo Belt; PB – Pihtipudas Block; KeB – Keuruu Block; CFGC – Central 
Finland Granitoid Comple�.
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The diabases are normally steeply dipping and they 
run mainly in the NW-SE direction, which is also the 
most common direction for faults and fracture zones. 
The diabases are variably affected by the Svecofennian 
deformation and metamorphism. While diabases in 
granulite domains have often at least partly preserved 
their primary mineralogy, diabases found in shear 
zones are fully recrystallized and strongly lineated 

Close to the suture, the Archaean-Proterozoic bound-
ary zone (A-P) is characterized by the intrusion of a 
younger, 1.86–1.85 Ga old, bimodal suite of granites, 

common direction for faults and fracture zones is the 

shearing and fracturing is observed between Sukeva 
and Kauppilanmäki. Further to the west, concentric 
shearing and lithological layering is found around 

At the western edge of the Iisalmi Comple�, highly 
strained mylonites and thrust zones separate the Vie-
remä block from the granulitic blocks. The Vieremä 
block consists of autochthonous/para-autochthonous 

composed of mica gneisses and quartzites, and Ar-
chaean units. A characteristic structural feature in the 
whole border zone is a post-1.89 Ga lineation, which 
plunges gently to moderately SW and overprints a�ial 
plane foliation. Postcollisional 1.82 Ga reactivation 
has been suggested to have caused faulting, thermal 

units, Salahmi cover sequences and the Svecofennian 
units to the west have all been thrust NE on the western 
part of the Iisalmi Comple� and at present they form 

The suture between Svecofennian Domain and 
Karelian Craton lies within the contact between the 
Salahmi schists and the schists of the Savo Belt (SB). 
The Savo Belt is few tens of kilometres wide, SE-NW 
trending belt consisting of metavolcanic and meta-

granodiorite, tonalite, quartz-diorite plutons, associ-
ated volcanic rocks and mafic dykes (1.89 – 1.88 
Ga) as well as by post-kinematic pyro�ene bearing 

In the western parts of the Savo Belt, locally 
well-preserved, bimodal volcanics belonging to the 

The type areas Pyhäsalmi and Mullikkoräme, hosting 
massive sulphide ores, occur as isolated blocks sur-
rounded by younger plutonic rocks. The Pyhäsalmi 
area is transected by abundant mafic and intermediate 
dykes that are weakly foliated and younger (1.89–1.87 

dykes are up to 10 m wide. The dykes west of Pyhäsalmi 
are oriented in E-W direction and the dykes east of 
Pyhäsalmi in NW-SE direction. The mica gneisses 
west of Pyhäsalmi formation belong to the Savo Belt 
whereas the adjacent younger metavolcanics belong 

observable suture against the Central Finland Granitoid 
Comple� (CFGC).

The Savo Belt and the Archaean-Proterozoic bound-
ary as whole developed to a major strike-slip shear 

dant occurrence of ductile to brittle shear zones and 
faults in the Savo Belt along the FIRE1 line. These 
structural trends are displayed as negative lineaments 
transposing older structural patterns on magnetic 

structural trend, a NE-SW-trending Oulujärvi shear 

the occurrence of granulite facies rocks and associated 
pyro�ene-granitoids that show contact aureoles. The 

°

°

One of the granulite domains is e�posed just south of 
the FIRE line 1 suggesting that similar domains might 
also be found in the deeper parts of FIRE 1.

 The Central Finland Granitoid Comple� (CGFC) 
is characterised by synkinematic granitoids with 
small remnants of supracrustal units of volcanic and 
sedimentary rocks. The Central Finland Granitoid 
Comple� is further dived into Pihtipudas and Keuruu 
blocks based on their re��ective properties and differ-
ences in lithologies. The Keuruu block is dominated by 

by quartz monzonite, porphyritic granodiorite, and 
small gabbro intrusions. But the postkinematic grani-
toid intrusions and younger volcanic rocks typical of 
the Pihtipudas block have not been identified in the 
Keuruu block.

(Paavola 1999, 2001, 2003). 

2003). FIRE1 crosses one of these hybrid intrusions 

diorites, hybrid gabbro-granite stocks, and related 
dyke rocks (Ruotoistenmäki et al. 2001, Paavola 2001, 

NW-SE direction also N-S and NE-SW Proterozoic 

(Kauppilanmäki) (Paavola, 1990). Although the most 

tectonometasomatic quartz-epidote rocks (Paavola 
2001, 2003). 

are locally associated with sheared and mylonitic 

Salahmi schist belt (Korkiakoski & Laajoki 1988), 

resetting and intrusion of granite dykes in the Salahmi 
area (Pietikäinen ja Vaasjoki 1999). The Archaean 

an imbrication structure (Tuisku & Laajoki 1990). 

et al. 1994, Lahtinen 1994). The volcano-sedimentary 

turbiditic rocks of the Pyhäsalmi formation that are 

comple� was later intruded by the “synkinematic” 

interlayered with gneissic tonalites (1.92 Ga; Kousa 

granitoids starting at 1.885 Ga (e.g. Marttila 1981, 
Korsman et. al. 1999). 

Pyhäsalmi formation are found (Kousa et al., 1994). 

1993). The porphyry dykes are thin but the diabase 
Ga) than the surrounding supracrustal rocks (Marttila 

to the Central Finland Granitoid Comple� (Kousa & 
Lundqvist, 2000). The Savo Belt does not have any 

the 1.86 Ga old Kaarakkala intrusion. Fracture zones 

zone (Koistinen & Saltykova 1999), seen in the abun-

1997a,b). Apart from the prominent NW-SE directed 
and Bouguer anomaly maps (Ruotoistenmäki et al. 

1993). One characteristic feature of the Savo Belt is 
zone is transecting the Pyhäsalmi area (Kärki et al. 

age of peak metamorphism is c. 1.885 Ga (e.g. Kors-
man et al. 1999) followed by cooling to about 550 C 
at 1.85 Ga and 300 C at 1.78 Ga (Haudenschild 1995). 

synkinematic granodiorites (Nironen 2003) intruded 
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The 1.89–1.87 Ga volcanic rocks to the west of 
the western mica gneisses in the Pyhäsalmi area are 
included in the the Pihtipudas block. These younger 

that is locally strongly gneissic, is found. The grano-
diorite comprises mafic enclaves and 1–20 m diabase 
dykes pointing to bimodal magmatism and magma 
mingling. The granodiorite is cut by a WNW-ESE 
trending 7–8 km wide porphyritic Pyytsalo granite 
(1.87 Ga, Kousa et al. 1994), which is locally e�ception-
ally rich in K-feldspar, contains abundant epidote lo-

1993).The supracrustal rocks in Pihtipudas have been 
correlated with the Pyhäsalmi younger volcanics and 

Pyytsalo area, the fault structures start to change from 
N-S and NW-SE trending to WNW-ESE trending and 
the Pihtipudas volcanic belt is crosscut by a strong 
shear zone in WNW-ESE direction.

The area SW from Pihtipudas is dominated with 
plutonic rocks varying from gabbro to granite. The most 
common rock type along FIRE1 line is a granodiorite 
with small remnants of supracrustal units of volcanic 
and sedimentary rocks. According to Nykänen (1963) 
some gabbro-diorites are co-magmatic with the mafic 
volcanic rocks, which are correlated with the Pihtipu-

The characteristic feature of the western part of 
the Pihtipudas block is the abundant occurrence of 

rocks intruding the synkinematic granitoids. Nironen 
(2003) has divided the lineaments in the CFGC into 
three groups: 1) 20–40°, 2) 120–135° and 3) 0°. Group 
2 faults deform Group 1 faults and cros-scut also the 
postkinematic rocks in the Pihtipudas block. The mag-

3 faults have an old component, which is cross-cut 
by group 1 and 2 faults. A group 3 fault (17250) has 
a de�tral horizontal component and it marks a zone 
separating the Pihtipudas and Keuruu blocks. 

dATA 

In this paper, the near vertical re��ection data are 
the migrated DMO stacked sections from FIRE 1. 
Acquisition parameters and full processing sequence 

volume). In addition, DMO-stacked sections have 
been calculated to image better the steeply dipping 
re��ections. The 1D-velocity function used in migra-
tion and depth conversion is the average function from 

variable area plot, are used as basis for the detailed 
interpretations. In the smoothed envelope sections, the 
data are smoothed over a 0.25 km � 0.06 km window in 
lateral and vertical directions, respectively (for details 
see Korja & Heikkinen 1995). Major structures have 

matic line-drawings and grey-scale envelope sections 

printing purposes the data are presented as grey-scale 
variable intensity sections (Figures 6–7, 9–11, 13–15). 
All the sections are plotted without normalisation i.e. 
the amplitudes of the different areas in each section 
are comparable. 

For a good re��ection, a large impedance contrast 
(e.g. large density and velocity differences at contacts) 
is needed. For e�ample, a strong re��ection may arise 

from a contact between mafic rocks embedded in 
granite/quartzite environment. The amplitudes of the 
re��ections coming from layered structures are further 
increased by constructive interference, if internal layer 
spacing and layer thickness is appro�imately one 
quarter of the dominant wavelength (λ = 100 m), in 
this case 25 m. However, a detectable re��ection signal 
can originate from a structure that has a minimum 
thickness in the order of one eight of a wave length. 
For e�ample a detectable re��ection maybe acquired 
from either a thick layer (>10 m) of mafic volcanic 
rocks/dyke embedded in granite/quartzite environ-
ment. Transparent zones on the other hand, could 
develop from a large shear one or a set of closely 
spaced fracture zones.

Although seismic re��ection method studies the 
material properties mainly in vertical dimensions the 
structures have continuity also in lateral dimensions. 
With re��ection method two re��ection points are 
observed as two separate objects when their distance 
is greater than Fresnel radius r = (z λ /2)1/2. Because 
migration enhances lateral resolution, the calculated 
distances are always ma�ima estimates. For e�ample, 
in FIRE 1 data, a set of re��ections is observed as a 
continuous re��ection surface when the points are less 
than 300 m apart at the depth of 1 km with increasing 
the distance to 900 m at the depth of 8 km. 

The FIRE 1 profile is 500 km long and consists of 
20 000 CMP points. The data is shown in a sequence of 

volcanic rocks show mature arc affinity (Kousa et al. 
1994). Further SW, along FIRE1 line, a granodiorite 

cally, and has syenite in fault and shear zones (Marttila 

the 1.89–1.87 Ga Ylivieska supracrustal rocks (Kousa 

granite cuts the Pihtipudas supracrustal rocks. Within 
& Lundqvist 2000). Both granodiorites and Pyytsalo 

das volcanic rocks (Kousa & Lundqvist 2000). 

1.89–1.87 Ga postkinematic plutonic and subvolcanic 

netic anomaly map (Fig. 12b) suggests that the group 

have been described by Kukkonen et al. (2006, this 

the wide-angle SVEKA81&91 profiles (Fig.1, Grad 
& Luosto 1987, Luosto et al. 1994). 

smoothed envelope -section is overlain by biased 

Both variable area wiggle-trace sections (Fig. 3a) and 
combination sections (Fig. 3b), where colour-coded 

been cross-checked against the crustal-scale auto-

described in Kukkonen et al. (2006, this volume). For 
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8 sections (middle panel in Figures 6–7, 9–11, 13–15) 
each displaying 2500 CMP points (62.5 km) and a 
depth interval between 0 and 8 km. In the sections, 
100 CMP points correspond to 2.5 km in distance 
or 400 CMP points correspond to 10 km. The most 
prominent features of the re��ection sections are shown 
in the line drawings below (lower panels in Figures 
6–7, 9–11, 13–15). Above the sections correlative 

lithological maps (upper panels in Figures 6–7, 9–11, 
13–15) along the section are shown.

In the following, the most prominent features and dif-
ferences in re��ectivity patterns are described by using 
grey-scale variable intensity sections (Figs. 6–7, 9–11, 
13–15). These are followed intimately by correlation 
of the re��ective properties with surface geology and 
geophysics. The interpretations are complemented 

a)

b)

Figure 3 a and b.  E�amples of the quality of the migrated DMO stacked sections from FIRE 1. a) A variable area wiggle-
trace section between CMP points 3250–3750. b) A combination section, where colour-coded smoothed envelope –section is 
overlain by biased variable area plot, between CMP points 3250–3750.



54

Geological Survey of Finland, Special Paper 43
Annakaisa Korja, Raimo Lahtinen, Pekka Heikkinen, Ilmo T. Kukkonen and FIRE Working Group

geological interpretation, the line drawings have been 
collected together and are displayed one continuous 
profile, where the differences in the re��ectivity pat-
terns are emphasised by the different colours associ-
ated with lithological units. The profile is displayed 
as a straight section although it is a crocked line with 
several major turning points. The turning points are 

marked with red lines in the line drawings and the 
geological interpretation. The cross-point of FIRE 
profile 1 and 3 is marked with a blue line.

True strike direction can be determined whereas dip 
angle is always dependent on the interception angle 
(a) between the geological structure and the re��ection 
line sin (Apparent dip, β) = sin(True Dip, α) * sin (a). 
The dip-directions of the re��ections have been deter-

Figure 3 c and d. c) A variable area wiggle-trace section between CMP points 6500–7000. 
d) A combination section, where colour-coded smoothed envelope –section is overlain by biased variable area plot, between 
CMP points 6500–7000. 

by a geological interpretation in Appendi� 1. For the 
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mined from the turning points or crossing lines at the 
junction between profiles 1 and 3. If the interception 
angle is smaller than 90° then the apparent dip of the 
re��ection is less than the true angle. Because the dip 
angle is almost always apparent we have abandoned 
the term from the following descriptions if the in-
terception angel is between 70° and 90° degrees. If 
it is less than 70° degrees the term apparent is used 

In the following the upper crustal units are described 
and correlated with geological and geophysical struc-
tures at the surface. Because FIRE 1 hosts large regional 
differences in both intensity and style of re��ectivity 
it can be divided into 10 seismically different seg-
ments in the upper crust with some overlap in vertical 

Kianta block (0 – 1900), Kuhmo Greenstone Belt 
(1900 – 2000), Western Kianta block (2000 – 3750), 
Kainuu Belt (3750 – 4500), Kajaani Comple� (4500 
– 6200), Rautavaara Comple� (6200 – 6650), Iisalmi 
Comple� (6650–9390), Savo Belt (9390 – 12100), 
Pihtipudas block (12100 – 17400) and Keuruu block 
(17400 – 20000).

The uppermost crust of the Archaean Karelian 

seismically be divided into three units: Eastern Kianta 
block, Kuhmo Greenstone Belt and Western Kianta. 
In the Eastern Kianta block the apparent re��ections 
dip dominantly to the E-NE, in the Western Kianta the 
re��ections dip to the W- SW. The Kuhmo Greenstone 
Belt is shallow, poorly re��ective block between the 
eastern and Western Kianta blocks in the uppermost 
crust.

relatively high re��ectivity and the prominent re��ec-
tions have a gentle dip (15–35°) towards E-NE or are 
��at-lying. The dipping re��ections tend to ��atten out at 
depth (E�ample 1; CMP1500–1250). Near the surface, 
more steeply dipping re��ections (60–70°) are spinning-
off from the ��at to gently dipping surfaces.

In the Eastern Kianta block, the FIRE1 line is run-
ning roughly in E-W direction, which is parallel to the 
general trend of the greenstone remnants running E-W 
directed and dipping moderately to steeply (30–70°) to 
the north. There are also shear zones and diabase dyke 
swarms running in this direction. The E-W trending 
structures, semi-parallel to the profile, are likely to 
give rise to the ��at to shallow dipping re��ections. 

At surface the E-W trending greenstone remnants 
are cross-cut by E-W and NW-SE directed shear zones, 
diabase dykes, and aligned ellipsoidal granitoids. As 

Fig. 4, Korja et al
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Figure 4. A schematic drawing on the effect of dip angle and angle of 
interception on crossing seismic sections AB and BC. The block diagram 
displays three planes (stippled, blue and red) with a common cross-point. 
The seismic sections AB and BC display their respective seismic images. 
Note that change in either dip-angle (α) or angle of interception (a) changes 
the apparent dip (β) of the re��ection. Correlation with the surface structures 
is necessary for optimal interpretation of the cause of the re��ections.

and both the apparent dip as well as the interception 
angle is given. For those re��ections not coming to 
the surface the measured dip is a priory apparent. A 
certain ambiguity always retains in the interpretations 
where two structures are crossing the line at the same 
locality. The problem is visualized in Figure 4 with an 
e�ample where a re��ection line is passing three planes 
with variable dips and interception angles.

THE REFLECTIvE uNITS ANd THEIR CORRELATION TO THE SuRFACE

these structures are at 45–90° to the re��ection line 
they can give rise to steep to moderately dipping 
re��ections. At surface, the steep re��ections are as-
sociated with NW-SE-running mafic diabase dikes 
(CMP 900, 1020, 1300,) and shear zones (CMP 740) 
or their combination (CMP 430, 1400). The granitoid 
intrusions have weak re��ectivity (CMP 1840–1420) 
but their contacts are sometimes associated with shear 
zones and/or diabase dyke swarms. Between CMP 

dimension. The crustal segments are (Fig. 2): Eastern 

Domain east of the Kainuu Belt (0–3750; Fig. 5) can 

The Eastern Kianta block (0–1900; Fig. 6) has 
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1750–1830, re��ections apparently dipping 30° west 
are found. These are correlated with NW-SE diabases 
that are crossing the line at 30° angle. The dip is thus 
only apparent and the dykes are near vertical.

The Kuhmo Greenstone Belt (CMP 1900–2000) is 

a weakly re��ective block with steep (60°) west-dipping 
contacts. The bottom of the belt is at 4 km depth where 
��at-lying re��ections are found. The weak re��ectiv-
ity is interpreted to image the small density-velocity 
contrasts among various mafic and ultramafic units 
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Fig. 5 Korja et al. 2006

a)

b)

Figure 5. a) Lithological map of Eastern Finland between Vartius – Sukeva areas modified after Koistinen et al. (2001). FIRE1 marked as a thick 
line. EK – Eastern Kianta Block; KGB – Kuhmo Greenstone Belt; WK – Western Kianta Block; KB – Kainuu Belt; KC – Kainuu Comple�; RC 
– Rautavaara Comple�; IC – Iisalmi Comple�;
b) A total intensity aeromagnetic anomaly map of Eastern Finland between Vartius – Sukeva areas (source GTK). Horizontal gradients are emphasized 
by vertical illumination of total intensity.
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Figure 6.  Uppermost 8 km of crust along FIRE 1 between CMP points 1–2500. Upper panel: Lithological map (Hyppönen 1973, Luuk-
konen 1993), middle panel; grey-scale variable intensity DMO section, lower panel; the lithology at surface and a line drawing. Major 
turning points are marked with a red line on the lower panel.
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of the belt. The contacts are at surface sheared and 
tectonized (Hyppönen 1983).

ern Kianta block. The more bright re��ections form 

W-dipping zones where the dips vary between 45° 
and 20°. Some individual W-dipping re��ections have 

°

re��ective zones there are apparently low to gentle 
(10–30°) eastward dipping individual re��ections and 

Fig.7 , Korja et al.
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Figure 7. Uppermost 8 km of crust along FIRE 1 between CMP points 2500–5000. Upper panel: Lithological map (Hyppönen 1973, Havola 1981, 
Kontinen & Meriläinen 1993), middle panel; grey-scale variable intensity DMO section, lower panel; the lithology at surface and a line drawing. 
Major turning points are marked with a red line on the lower panel. 

The western Kianta block (2000–3650; Figs. 6 
and 7) is generally less-well re��ective than the East-

steeper dips 60–70 . Between the westward dipping 
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zones between depths 3 km and 8 km. Close to the 
surface (0–2 km), more steeply (60–70°) eastward 
dipping re��ections spin off from or displace the low 
angle re��ections. The western edge of the Western 

cluster of re��ections that are apparently gently (35°) 
west-dipping to ��at-lying. Where these re��ections 
reach the surface (CMP 3500-3550), narrow layered 
intrusions (diabase sills) are found.

diabases (CMP 2230, 2350, 3030, 3030, 2700-3000) 
and shear zones (CMP 2290, 2400, 2700) at surface. 
The re��ections associated with shear zones seem to 
penetrate deeper and displace re��ections. The ��at to 
shallow eastward dipping re��ections at depth probably 
image Archaean structures, amphibolite remnants, 
deeper in the crust.

A set of steep shear zones at CMP 2170-2290 mark a 
major block boundary within the Western Kianta. The 
block to the west is associated with higher magnetic 
value levels and the occurrence of dominant granodior-
ites and tonalities. E-W diabase dykes or E-W Archaean 
structural trends are rare within this block. 

The upper most crust in the west (0-4 km in depth, 
CMP 3150-3500) is characterized by low angle (15°), 
E-dipping layered re��ectivity. The layered re��ectivity 
is cross-cut by a swarm of steeply (60°) east-dipping 
re��ections spinning off from the lowermost layers at 
the depths between 2 km and 3 km. At surface, the 
shallowly dipping layered structure correlates with 
Archaean migmatitic paragneisses, whereas the cross-
cutting re��ections correlate with Palaeoproterozoic 
diabases. 

The Archaean-Proterozoic boundary zone 

Belt (3650 – 4500), Kajaani Comple� (4500 – 6200), 
Rautavaara Comple� (6200 – 6650), Iisalmi Comple� 
(6650–9390) and Savo Belt (9390 – 12100) have been 
distinguished based on re��ectivity. There are major 
turns of the profile at CMP 3770, 4350, 6620, 8200, 
9500 that should be taken into account when interpret-
ing the changes in dip directions along the profile. 

terized by 30–45° degrees westerly dipping bands of 
re��ections, which are cut by steeper (< 60°) west-
dipping poorly re��ective zones outcropping between 
shotpoints CMP 3940–4020, 4100–4150.

The gently dipping re��ections correlate with the 
“allochtonous” graywacke-pelite association and 
steeper, poorly re��ective structures correlate with 
shear zones and with an Archaean thrust sliver and 
associated autochthonous rocks at CMP 3940–4150. 
Another parallel set of bright re��ections (30° and 

becoming steeper upwards) is found between CMPs 
4300 and 4150, where they correlate with the Jormua 
ophiolite association (CMP 4150–4200).

At surface the Kajaani Complex (4500–6200) 
starts at CMP 4500 although at depth it continues 
northwards below the Kainuu Belt. In the eastern 
part is characterized by low to ��at lying re��ections 
cut by 20° degrees north dipping re��ections (CMP 
4160–4430, 4600–4760). At surface, the northerly 
dipping re��ections correlate with western margin of 
the autochthonous units and other tectonic contacts 
found within the basement-quartzite-diabase associa-
tion of the Kajaani Comple�, where the schistosity 
is dominantly steep. After the southward turn of the 
profile at CMP 4350, the schistosity is semi-parallel 
to the profile causing the apparent shallow dip of the 
re��ectors.

profile shows ��at to shallow SW-dipping (0–35°, lis-

the layered re��ectivity at surface correlates with the 
��at-lying Palaeoproterozoic alkali-gneisses (1.96 Ga) 
and younger granites (1.8 Ga) intruding the Kajaani 
Comple�. At CMP 5900 a dipping re��ection outcrops 
at surface where the northern contact of western finger 
of the Kainuu Belt is crossed. The dipping re��ector 
��attens out when the line direction becomes parallel to 
the strike of the schist belt at CMP 5970. Underneath 
the continuous sets of re��ections there are clusters of 
bright re��ections with both E-NE and S-SW dips. At 
the shallowest these re��ection clusters are at the depth 
of 2 km at the central part of the Kajaani Comple�. It is 
interpreted that the clusters are related to the diabase-
quartzite association found above at the surface. 

The Rautavaara Complex (6200–6650) is char-
acterized by two continuous sets of bright re��ections 
dipping 35–40° SW. Between CMPs 6520 and 6650 
bright re��ections that at surface are near-vertical 
(80–85°) turn shallower and continue as a band of 30° 

the surface (CMP 6600) they coincide with a sheared 
supracrustal unit and associated thrust surface (Havola, 
1997; Paavola, 2001) marking the tectonic contact zone 
between the Rautavaara and Iisalmi Comple�es. Two 
of the bright listric re��ections coincide with vertical 
dykes at surface (CMP 6620, 6650).

The change of line direction from SW-NE to more 
S-N directed at 6620 has only a minimum effect on 
the re��ection directions indicating that the true dip 
direction is towards the SW. Flat-lying to shallowly 
east-dipping re��ectivity between CMPs 6000 and 
6600 is associated with S-type granite intruding both 
Kajaani and Rautavaara Comple�es.

Kianta block (Figure 7) is characterized by a prominent 

Both moderate to steep re��ections correlate well with 

Archaean and Proterozoic units at surface. Kainuu 
(3650–12100; Figs. 5 and 8) is composed of both 

The Kainuu Belt (3650–4500; Fig. 7) is charac-

tric) layered re��ectivity. Between CMPs 5300–5900 

South of Kajaani (5300–6200; Figs. 8 and 9) the 

degrees south dipping re��ections at the depth (Fig.  
3 c, d; Fig. 9). Where the listric re��ections come to 
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Figure 8.  a) Lithological map of Kainuu and Northern Savo between Kajaani – Pihtipudas areas modified after Koistinen et al. (2001). FIRE1 marked 
as a thick line. WK – Western Kianta Block; KB – Kainuu Belt; KC – Kainuu Comple�; RC – Rautavaara Comple�; IC – Iisalmi Comple�; SB – Savo 
Belt; PB – Pihtipudas Block; KeB – Keuruu Block; CFGC – Central Finland Granitoid Comple�.
b) A total intensity aeromagnetic anomaly map of Kainuu and Northern Savo between Kajaani – Pihtipudas areas (source GTK). Horizontal gradients 
are emphasized by vertical illumination of total intensity.
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Based on the re��ection properties the Iisalmi Com-

Kukkopuro, Kulvenmäki, Saavanmäki and Vieremä 
blocks. Between 6650 and 7760 there are three sets of 
re��ections: shallow to moderately SW-dipping listric 
re��ections, ��at to shallow NE-dipping and moderately 
to steeply dipping re��ections in the uppermost 2 km 
of the crust. The listric re��ections are interpreted to 
arise from amphibolitic layers, mafic dykes and sills 
and shear zones. The NE-dipping re��ections and the 
steep re��ections are associated with mafic dykes.

Between CMPs 7200 and 7800, diabases and shear 
zones are striking NW-SE direction and they are at 

a 45° angle to FIRE line1. At CMP 7220 the line 
crosses a metamorphic block boundary between Kuk-
kopuro amfibolite-facies block and granulite-facies 
Saavanmäki block. Within the Saavanmäki block 
(CMP 7220– 7600), the listric re��ections dipping 
55° at surface change gradually to re��ections dipping 
30° at the depth of 6 km. Where such re��ections out-
crop, diabases associated with shear zones are found 
between CMPs 7380–7420, 7560, 7640–7700. The 
bending re��ections are cross-cut by weaker ��at to 
shallow lying re��ections at depths between 0 – 2.5 
km. At the surface, the listric re��ection at CMP 7760 
is correlated with a metamorphic block boundary 
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Figure 9. Uppermost 8 km of crust along FIRE 1 between CMP points 5250–7750. Upper panel: Lithological map (Havola 1981, Havola1997, Paa-
vola 2003), middle panel; grey-scale variable intensity DMO section, lower panel; the lithology at surface and a line drawing. Major turning points 
are marked with a red line on the lower panel.

plex (6650–9390; Fig.9) can further be divided into 
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Figure 10.  Uppermost 8 km of crust along FIRE 1 between CMP points 7750–10250. Upper panel: Lithological map (Marttila 1981, Paavola 
1990, 2003), middle panel; grey shaded DMO section, lower panel; the lithology at surface and a line drawing. Major turning points are marked 
with a red line on the lower panel. 
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between the Saavanmäki block and the Kulvemäki 
high pressure eclogitic granulites (P. Hölttä 2005, 
pers. comm.). 

re��ections are ��at to shallow dipping. At CMP 8200 
the line takes a 100 degree turn to the west. In the up-
permost crust, the dip of the re��ections changes only 
little. Flat re��ections change to shallow (15–20°) ones 
and it is interpreted that the shallow angle re��ections 
are striking 350° and having a shallow dip towards the 
east. However, at the depths of 5 km to 8 km, the 30° 
dipping re��ections change from S-dipping to E-dip-
ping indicating that these structures are dipping SE. 
The shallow to moderately dipping re��ections form a 
bowl structure whose contacts coincide loosely with 
the contact between high pressure granulites and 

amphibolite phases gneisses at CMP 7760 (P. Hölttä 
2005, pers. com.). 

Between CMPs 8150 and 8610 the shallow lay-
ered re��ectivity within the area is correlated with 
the younger Proterozoic Kauppilanmäki granitoid 
intrusions. The western contact is sharp and associ-
ated with a steep (70°) east dipping re��ector at CMP 
8620. The eastern contact is more subtle but a change 
in general re��ectivity pattern is observed. Close to 
surface between distances 8610 and 8730 re��ections 
dipping 30° degrees east start of from the shallow 

correlated with mafic dykes at CMPs 8730 and 8680.
Their magnetic anomalies can be followed to the 1.86 
Ga old bimodal granite-gabbro Kaarakkala intrusion 

Between distances CMPs 8780 and 9000 steeply 
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Figure 11. Uppermost 8 km of crust along FIRE 1 between CMP points 10250–12750. Upper panel: Lithological map (Marttila 1981, 1992), middle 
panel; grey-scale variable intensity DMO section, lower panel; the lithology at surface and a line drawing. Major turning points are marked with a 
red line on the lower panel. 

Within the Kulvemäki block (7760–8180; Figs. 9 
and 10) the upper crustal re��ectivity is weak and the 

to the north (Fig. 8; Ruotoistenmäki at al. 2001). 

dipping re��ections. At surface these events can be 
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(70°) west dipping re��ections are disrupting re��ectivity 
that is dipping mainly to the west in the western parts 
and to the south in the eastern parts. A structural break 
takes places over a wider zone interpreted as a shear 
zone. At surface, the shear zone has been observed on 

The shear zone is the surface e�pression of the eastern 
edge of the Raahe-Ladoga shear zone and separates 
the strongly tectonized amphibolite-facies Vieremä 
block from the rest of the Iisalmi Comple�. On a 
magnetic map the anomalies have been transposed 
in N-S direction. 

Between CMP 9000 and 9250 the re��ectivity is mod-
erately west dipping or ��at dipping in the uppermost 
2 km. Across another steep poorly re��ective structure 
at CMP 9220 the re��ectivity changes to mainly steep 
(70°) and west dipping. At surface the change loosely 
correlates with Palaeoproterozoic autochthonous se-
quence outcropping between CMP points 9180 and 
9390. At CMP 9390 the re��ectivity changes abruptly 
to moderately west-dipping (25–30°) where at surface 
the crosses the thrust contact of the mica gneisses of 
the Svecofennian Savo Belt.

WNW to NE-SW at 9500 and to E-W at 10210. The 
changes in line direction are seen as changes in dip 

and distances CMP 9390–10800 the re��ections form a 
large open synformal structure, where the re��ection dip 
towards the apparent west between CMP 9400–9920, 
sole out to ��at-lying between CMP 9920–10200 and 
dip eastwards between CMP 10200–10800. Poor 
re��ectivity is found where the re��ections are ��at-ly-
ing. In the west, the synformal structure is disrupted 
by steep re��ections towards which the eastward dip-
ping re��ections are bending. At surface the weakly 
re��ective area correlates with granitoid intrusions and 
the dipping bright re��ections with the supracrustal 
sequences. The near vertical disruptive structures are 
interpreted as shear zones.

Another minor open synform in the upper most 
4 km is found between distances CMP 10900 and 
11300. At surface volcanic rocks are outcropping on 
the limbs of the synform, the centre part is character-
ized by tonalite intrusion. The synformal structure is 
disrupted by a set of steep re��ections CMP 11030, 
11050, 11200, 11260, 11280, dipping apparently 65° 
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Figure 12.  Lithological map of Central Finland between Pihtipudas – Keuruu areas modified after Koistinen et. al. (2001). FIRE1 marked as a thick 
line. SB – Savo Belt; PB – Pihtipudas Block; KeB – Keuruu Block; CFGC – Central Finland Granitoid Comple�.
b) A total intensity aeromagnetic anomaly map of Central Finland between Pihtipudas – Keuruu areas (source GTK). Horizontal gradients are em-
phasized by vertical illumination of total intensity.

magnetic map as well on outcrops (Figs. 8 and 10). 

Across the Savo Belt (9390 – 12100; Figs. 10 and 

11) the FIRE 1 profile changes direction from ESE-

direction along the profile. Between depths 0–8 km 



65

 Geological Survey of Finland, Special Paper 43
A geological interpretation of the upper crust along FIRE 1

1300013500140001450015000

0

2

4

6

8

0

2

4

6

8
FIRE 1

D
e

p
th

in
k

m

CMP

PORF???

PihtipudasSaarenkylä

Fig. 13 Korja et al., 2006Figure 13.  Uppermost 8 km of crust along FIRE 1 between CMP points 12750–15250. Upper panel: Lithological map (Nykänen 1963, Salli 1971, 
Marttila 1992), middle panel; grey-scale variable intensity DMO section, lower panel; the lithology at surface and a line drawing. Major turning points 
are marked with a red line on the lower panel. 



66

Geological Survey of Finland, Special Paper 43
Annakaisa Korja, Raimo Lahtinen, Pekka Heikkinen, Ilmo T. Kukkonen and FIRE Working Group

to the east. At surface the area is transected by several 
sets of shear zones.

Between CMP 11300 and 11600 the re��ections 
are shallow E-dipping (20–30°) or ��at lying in the 
upper most crust (3 km). Further down the area is 
characterized by weak ��at-lying re��ectivity. At sur-
face, this unit is associated with granitoid intrusion. 
At CMP 11600 the line takes an abrupt turn of 100° 
degrees towards the south-southwest. Between CMP 
11600 and 11980 the upper crustal re��ections dip 
shallowly (20°) towards the N and are cross-cut by 
listric S-dipping re��ections down to the depth of 4 
km, where they terminate at southward dipping, low 
angle re��ections. The north-dipping re��ections dis-
appear across a near vertical re��ection (80°) at CMP 
11980. South of the vertical structure (11980–12410) 
the re��ections are dipping southwards and soling out 
at the depth of three kilometres. At surface, the re��ec-
tions between CMP 11300 and 12410 are associated 
with a migmatitic gneiss unit and a minor volcanic 
unit and intruding gabbro. Between CMPs 12410 and 

12200 the S-dipping re��ections are associated with a 
small volcanic unit.

It is interpreted that the N-dipping structures are 
associated with the Savo Belt and that the S-dipping 
structures are associated with the Central Finland 
Granitoid Comple�. The re��ection section suggests 
that the change from Savo Belt to Central Finland 
Granitoid Comple� is gradual and that the structures 
related to the Central Finland Granitoid Comple� are 
overprinting the structures related to the Savo Belt.

Based on the re��ective properties the Central 

by shallow to ��at lying re��ections soling out at depths 

disrupted by steep re��ections (CMP 15600–15650, 
15750–15780, 16370, 16750, 17250, 17500, 17800, 
17920, 18700, 18770, 18910) dipping to S (SW) or 
N (NE) terminating at the soling surfaces. The re��ec-

Figure 14.  Uppermost 8 km of crust along FIRE 1 between CMP points 15250–17750. Upper panel: Lithological map (Nironen et al. 2002.), middle 
panel; grey-scale variable intensity DMO section, lower panel; the lithology at surface and a line drawing. Major turning points are marked with a 
red line on the lower panel.

Finland Granitoid Complex (12100 – 20000; Fig. 

Keuruu blocks (17400 – 20000). The Pihtipudas block 
12) is divided into Pihtipudas (12100 – 17400) and 

(12100 –17400; Figs. 13, 14 and 15) is characterized 

between 3 km and 6 km. The shallow re��ections are 
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tions are associated with linear magnetic anomalies, 
interpreted as fault zones, striking NW-SE. The faults 
delineate a graben and horst structure. Between CMPs 
12800 and 13620 the re��ections dip to the south and 
change to E-NE dipping where the line takes a turn 
to the W-SW. The geometry of the dips suggests that 
their true dip direction is to the E-SE and that they 
are striking NE-SW.

Some of the steep faults (CMP 12800, 16400, 16800, 
17250) are at the appro�imate location of a post-kin-
ematic granite contacts others are at or close to the 
contacts of gabbros (CMP 14550, 15600). Gabbroic 
rocks are associated with weak horizontal re��ections 
that are placed above bright 20° degrees re��ections 
(CMP 14530–14580, 15470–15450). The post-kin-
ematic granites are associated with weak re��ectivity. 
The re��ective structures come closest to the surface 
where the Pihtipudas volcanic unit (13560–13280) 
and Saarenkylä volcanic and supracrustal units (CMPs 
14100–14700) are e�posed. 

poorly re��ective with minor shallow dipping (20°) 
re��ections ��attening out at the depths of 2 km, 6 km 
and 10 km. The ones ��attening at 10 km are dipping 
S-SW and are cutting the other ones. The general ��at-

The shallow dipping re��ections are cut by near vertical 
(72°) re��ections that at surface correlate with shear 
zones (CMP ) and/or point like gabbroic intrusions 
(CMP 18900, 19910). The FIRE 1 line takes a broad 
turn from S-SW to SE around 18250, which causes 
the re��ections that ��atten out at the depth of 6 km to 
change direction from apparently N-dipping to S-dip-
ping indicating that the true dip direction is to the E 
and that the strike of the structure is N-S directed.

There are also steep re��ections dipping north and 
continuing to the depths of 20 km at CMPs 19900 
and 19450. These structures form block boundaries 
between tilted upper and middle crustal blocks. 
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The Keuruu block (17400 – 20000; Fig. 15) is rather 

tening surface is deeper than in the Pihtipudas block. 
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Archaean nucleus, A-P boundary zone and Proterozoic 

of the Archaean nucleus is dominated by Archaean 
structures, the A-P boundary zone by both Palaeo-
proterozoic e�tensional structures due to rifting and 
collisional structures related to Svecofennian orogeny 
and the Proterozoic Central Finland domain by both 
collisional and gravitational collapse structures of the 
Svecofennian orogen.

The nucleus is a collage of Archaean blocks and 
comple�es. Each of the units has a different seismic 
character and the character changes at the block 
boundaries, which are normally tectonized. The E-W 
striking internal layering of the granitoid gneisses and 
greenstone remnants within the Eastern Kianta block 
are imaged as ��at or shallowly dipping re��ections. 
These are cross-cut by NW-SE directed steep re��ec-
tions interpreted as shear zones and diabase dykes. 
Also NE-SW directed diabases are found. Both late 
Archaean granitoids as well as early Palaeoproterozoic 
diabases seem to have used the shear zones as pathways 
during emplacement. The mafic magmas have also oc-
cupied ��at lying layer boundaries (layered intrusions). 
The Kuhmo Greenstone Belt is a weakly re��ective 
block with steep west-dipping, tectonic contacts.

The Archaean structural trends are dominantly E-W 
in the Eastern Kianta block and close to the Kuhmo 
Greenstone Belt in the Western Kianta block. On the 
contrary the Kuhmo Greenstone Belt is oriented N-S. 
One possible e�planation is that the Kuhmo Green-
stone Belt is located in an Archaean N-S strike-slip 
zone overprinting and turning the E-W structures and 
thus, forming a crustal depression favourable for the 
preservation of the Kuhmo Greenstone Belt.

The majority of re��ection structures in the Eastern 
Kianta are interpreted to originate from Archaean col-
lisional and e�tensional processes (Belomorian). These 
structures have been reactivated and enhanced by early 
Palaeoproterozoic mafic magmatism and shearing 
related to e�tensional effects of numerous onsets of 
rifting. Although small-scale e�tensional features, e.g., 

only minor thinning of the Archaean crust occurred in 
the Eastern Kianta and Kuhmo Greenstone Belt dur-
ing the Palaeoproterozoic rifting events. During the 
Svecofennian orogeny the Eastern Kianta block and 
Kuhmo Greenstone Belt suffered a thermal overprint 
caused by overriding crustal pieces. The relatively 
unstrained nature of the Palaeoproterozoic diabases 

In the Western Kianta and especially in the block 
west of a set of steep shear zones at CMP 2170–2290 
(see above) the diabase dykes change direction and 

and the overall background magnetization pattern 

with the non-re��ective nature of upper crust. It is 
proposed that this is a major internal block boundary 
of the Western Kianta, which divides the Karelian 
Domain into stretched and non-stretched parts. The 
stretched part includes all the Archaean rocks west of 
this boundary. As an entity the Western Kianta block 
seems to comprise a rootless, allochthonous block 
that has been thrust on top of the Eastern Kianta and 
Kuhmo Greenstone Belt. The Western Kianta block 
is composed of small thrust sheets and sigmoidal 
thrust lenses bordered by westward dipping zones of 
high re��ectivity.

 The autochthonous units (marginal series) are de-
posited on the western edge of the Western Kianta. 
Together with the 2.4 –2.0 Ga dykes they form a highly 
re��ective unit. The contact between the autochthonous 
cover sequence and the eastern allochthonous unit of 
the Kainuu Belt is west dipping. Both the west-dip-
ping allochthonous and the autochthonous units can 
be followed at least to the depth of 10 km based on 

bearing metasedimentary units of the autochthonous 
series to continue to mid-crustal depths. It is interpreted 

metasedimentary rocks have been thrust on top of the 
autochthonous units. 

The Archaean sliver and associated autochthonous 
cover, that divides the Kainuu Belt into eastern and 
western segments, tapers down to the south and 
coincides with ophiolite-related serpentinites of the 

continue south to the Kaavi-Outokumpu area as 
squeezed fragments in a thrust/fault zone between 

FIRE 1, the Archaean sliver within the Kainuu Belt is 
interpreted as a tectonic slice of the Kajaani Comple� 
later transposed to vertical position during late-stage 

remnants occur only in the western segment, which is 

a polarity in the occurrence of the EMORB dykes 

to eastern block (voluminous with e�trusive units). 

A GEOLOGICAL INTERPRETATION

The upper crust along FIRE 1 (Fig. 16 and Appendi� 
1) is composed of ten units belonging to three domains: 

Central Finland. Of these, the upper crustal structure 

(Kontinen 2002) suggests only limited deformation.

faulting and jointing, are probable, it is proposed that 

changes to more rough. This abrupt change coincides 

they are locally highly strained (Kontinen 2002), 

the re��ectivity pattern (Fig. 7). Magnetotelluric data 
(Korja & Koivukoski 1994) also suggests graphite-

that sheets carrying allochthonous units including 

western segment (Havola 1981). These serpentinites 

two Archaean blocks (Korsman et al. 1997). On 

shearing (e.g., Kärki & Laajoki 1995). The ophiolitic 

a thin sheet (< 2 km) without continuation to a depth 
(Fig. 16). The Jormua ophiolite has been divided into 
blocks (Peltonen & Kontinen, 2004), which show 

from western (none) via central (increasing to SE) 
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The eastern block occurs as a tectonic sliver within 
turbidite sequences whereas the western block occurs 
within Archaean blocks and autochthonous rocks. 
It is proposed that the Jormua ophiolite, which is 

of a Red Sea-type marginal basin during the onset of 
E-W collision. The following thin- and thick-skinned 
thrusting has been from the west, in the opposite 
direction, thus burying and preserving the ophiolite 

have suggested a passive margin model where Jormua 
ophiolite has been transported as a nappe from the 
west onto an older rift basin.

The Kajaani Comple� is composed of Archaean 

units that are imaged as re��ective thrust surfaces and 

gneisses (1.96 Ga) that are related to rifting produc-

confined in a restricted area around the western branch 
of the autochthonous cover sequence and it remnants 
in the west. FIRE 1 profile follows semi-parallel the 
shallow SE dipping alkalic gneisses and thus the 

Comple� and the western segment of the Kainuu Belt 
have been thrust over the eastern segment of Kainuu 
Belt and western edge of the Western Kianta block. 
The Kajaani granite occurs as thin sheets intruding 
the stacked units within the Kajaani Comple�. 

A small sliver of the Rautavaara Comple� is inter-
preted to occur between the Kajaani and Iisalmi Com-
ple�es along FIRE 1. It is seen as a strongly re��ective 
unit arising from abundant diabases, which have been 
highly strained and ��attened during Svecofennian 
thrusting. It seems that the Rautavaara Comple� has 
been thrust on the Kajaani Comple�. The western limb 
of the autochthonous cover of the Kajaani Comple� 

indicating a closed basin between the Rautavaara and 
Kajaani Comple�es.

The stack continues to the west-south west where 
Iisalmi Comple� has been thrust on top of the Rau-
tavaara and Kajaani Comple�es. The IisalmiComple�The Iisalmi Comple� 
is composed of Archaean slices whose contacts are 
��at to shallow dipping to the southwest. The internal 
metamorphic block boundaries at surface are imaged 
as listric re��ections and interpreted as major Archaean 
thrust surfaces. The layered re��ectivity pattern of 
the granulite slivers is interpreted to be caused by 
amfibolitic layers. The shallow dipping structures are 
crosscut by steep to vertical re��ections that at surface 
are correlated with diabase dykes and shear zones. TheThe 

diabase dykes seem to branch out from more shallow 
dipping structures at depth suggesting that some of the 
old surfaces may have been reused during the diabase 
emplacement. In the end, some of these surfaces have 
been reused as stacking surfaces during the Svecofen-
nian collision. The generally little strained nature of 
diabase dykes indicate that the Iisalmi Comple� has 
acted as a more intact unit relative to the highly strained 
Rautavaara Comple� during crustal-scale stacking. 
One of these intact units is the granulitic Kulvenmäki 
and Saavanmäki blocks which occupy a bowl-shaped 
unit in the uppermost crust. A crustal scale shear zone 
separates the strongly tectonized amphibolite-facies 
Vieremä block from the rest of the Iisalmi Comple�. 
The re��ection data suggest that both thrusting and later 
strong shearing has affected this block. The SalahmiThe Salahmi 
autochthonous cover sequence at the western margin 
of the Vieremä block may be few kilometres thick. TheThe 
suture between the Savo Belt and the Iisalmi Comple� 
lies on the thrust surface along which, the Savo Belt 

top of the Vieremä block. 
The Savo Belt (1.92 Ga), along FIRE 1 line, is 

composed of alternating volcanic- and sediment-
dominated units, where the more well preserved areas, 
e.g. Pyhäsalmi, are e�posed in a narrow block with 
vertical shear zone contacts. The structure of the Savo 
Belt has been radically modified by steep to moderate 
dipping shear zones and the voluminous occurrence 
of 1.89–1.88 Ga granitoids, mafic rocks and diabases. 
The bending re��ections indicate upward movement 
of the blocks and could be related to the metamorphic 
block structure observed in the Pielavesi-Kiuruvesi 

thrust unit. In the central part of the Savo Belt, the 
FIRE 1 line cross cuts the belt semi-parallel to the 

to ��at-lying re��ections. 
The western part of the Savo Belt is composed of the 

Pyhäjärvi mica gneisses, which have been interpreted 
stratigraphically to occur between the 1.92 Ga Savo 

unit might be divided into two parts where the western 
part would underlie the younger volcanic rocks. The 
east dipping part, starting under the granite, could 
possibly underlie the 1.92 Ga volcanic sequence. The 
strong re��ections below the Pyhäjärvi mica gneisses 
in upper crust are interpreted as feeder dykes for the 
younger 1.89–1.88 Ga volcanics and gabbros.

The change in the dominant direction of 1.89–1.87 
Ga dykes from NW-SE (east) to E-W directed (west) 

a remnant of a sub-crustal lithosphere (Peltonen & 
Kontinen 2004), back-thrust on the western margin 

slivers interlayered with Proterozoic supracrustal 

strong schistosity and lineation (Havola 1997). Alkalic 

from erosion. Previously Peltonen & Kontinen (2004) 

ing Jormua ophiolite (Peltonen & Kontinen 2004) are 

re��ection image is a ��at-lying bowl. The Kajaani 

(Pietikäinen & Vaasjoki 1999) has been stacked on 

at surface as ribbon like supracrustal remnants with 

wavelength synclinorium has been developed on the 

area (Haudenschild 1995, Korsman & Glebovitsky 
1999). In the eastern part of the Savo Belt, a long 

main strike of volcanic units, which is seen as shallow 

Belt and younger 1.89–1.88 Ga volcanic rocks (Kousa 
et al. 1994). Based on the FIRE1 data the mica gneiss 

can be followed with depth (Fig. 16 and Appendi�) 
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important block boundary. Possible e�planations are 
either a relatively late rotation of the eastern block to the 
NW-SE direction parallel to the Archean-Proterozoic 
boundary or the blocks have had different e�tensional 
regimes during dyke emplacement.

The Central Finland Granitoid Comple� is only a 
few kilometres thick, highly re��ective upper crustal 
feature. It is composed of graben and horst structures 
where the grabens are occupied by poorly re��ective 
granitoids and horsts by well re��ective volcano-sedi-
mentary / supracrustal remnants. The formation of the 

granitoid comple� is interpreted be related to upper 
crustal e�tension. When intruding the crust gabbros 
seem to have left horizontal steps behind indicating 
stepwise rise of the magmas. The near vertical shear 
zones seem to dip to the south in the northern part 
and to the north in the southern part indicating crustal 

that the de�tral Group 2 (120–135º) faults have 
controlled the emplacement of many postkinematic 

transpressional to transtensional or e�tensional during 
1.88–1.87 Ga.

dISCuSSION

In general, the re��ectivity of the crystalline bedrock 

often poor. For a better ratio, a high fold of the data 

re��ection data is of good quality and the re��ection pat-

Theoretically the crystalline bedrock shows two 
end member classes of strong, prominent re��ections: 
contacts between mafic and felsic units and high-den-
sity mineralization hosted in common silicate rocks. 
Of these particularly dikes and sills belonging to the 
first group have proven to be e�cellent markers as they 
show continuity and subhorizontal contacts that are 

correlation of the seismic re��ection images with deep 

P-wave velocity have revealed that most of the re-
��ections arise from lithological contacts and some 
from faults and deformation zones. Fractures in the 
uppermost 300 m may destroy the seismic response of 
lithological contacts. The most prominent re��ections 
are associated with mafic intrusion boundaries and 
sulphide mineralizations (Milkereit et al. 1994, Wu 
et al. 1995). Because the crystalline crust is seldom 
layered it cannot be appro�imated as two dimensional. 
New seismic re��ection techniques have been devel-
oped for the three-dimensional crystalline bedrock 

tions are interpreted to be caused by lithological and 
tectonic contacts, shear zones or their combination. 
A correlation with deep bore hole measurements is 
available in the easternmost part of FIRE 1 profile 
where seismic velocity and density measurements 
are available from two industrial boreholes about 20 

velocity and density measurements also e�ist for a 
set of hand samples collected from the Archaean area 

results it is interpreted that the layered re��ectivity 
Archaean gneiss and granulite blocks could arise 
from alternating layers of granitoid gneissic rocks 
(5335 km/s, 2718 kg/m3) remnants of amfibolite (6010 

3

of these contrasts is observed at surface in the Iisalmi 
Comple� where a well re��ective structure coming to 
the surface is coinciding with a sheared amfibolite 

formed by the mafic dykes and sills (layered intrusions) 
from which also high velocity and density (6484 km/s, 
3051 kg/m3) have been observed in deep boreholes 

The mafic dykes seem to follow a horse tail pattern, 
where a thick and bright re��ection packet branches out 
as a set of minor re��ection curving upwards towards 
the surface. Such weak re��ections are more difficult 
to identify both on the re��ection section and from 
the bedrock. These sets of re��ections are, however, 
broadly coinciding with swarms of diabases at the 
surface. The most prominent re��ections outcrop-
ping at surface are associated with the layered sills. 
These sills are normally thicker than dykes and oc-
cur intruding the cover rocks implying a shallower 
intrusion depth relative to dykes. If the diabases are 
very steep they are devoid of re��ectivity and they are 
observed indirectly as disrupted seismic signature. In 
many places diabases occur in shear zones and it is 
impossible to tell from the seismic section, which was 
first the shear zone or the diabase. But from tectonic 
point of view it is clear that diabases are most likely 
to intrude e�isting weaknesses of the crust. They are 
merely imaging the e�isting zones of weaknesses 
caused by e�tensional stress field. The horizontal re-

in the Pyhäsalmi area (Marttila 1993) indicates an 

scale tilting of the blocks. Nironen (2003) proposed 

granitoids, and that the style of faulting changed from 

is weaker than that of sedimentary basins (Milkereit 

is required. In FIRE project a 90- fold of the data has 

and Eaton 1998) and thus the signal to noise ratio is 

been used (Kukkonen et al. 2006, this volume) and the 

terns can be correlated with geological structures. 

easy to detect with the re��ection method (Milkereit 
and Eaton 1998). In the Sudbury structure, a detailed 

bore hole measurements of both density and seismic 

(e.g. Eaton et al. 2003).
In the upper crust of the FIRE 1 profile the re��ec-

km south of FIRE 1 (Anttila et al. 1999). Seismic 

by the Geological Survey of Finland. Based on these 

km/s, 3016 kg/m ) layers (Silvennoinen 2004). One 

(Anttila et al. 1999, Silvennoinen, 2004).

layer. Other well-re��ective lithological contacts are 
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��ections probably image the roofs of crustal magma 
chambers or those horizontal weakness zones where 
the magma pressures where equivalent to the overly-
ing lithostatic pressures. 

Shear zones at surface are often displayed as white, 
steeply dipping bands crossing the other structures. 
The pattern can be understood to develop as a conse-
quence of shear deformation destroying the coherency 
of the bedrock units or their elastic properties. Thrust 
zones on the other hand are generally listric in shape 
and usually highly re��ective suggesting that the thrust 
surface may have developed on e�isting competence 
differences. At places the listric re��ections ��atten out 
at depth and join a band of re��ections interpreted as 
detachment zones or basal thrusts. It is suggested that 
the associated high re��ectivity is caused by a set of 
low velocity faults occurring within the higher veloc-
ity material. If the shear zones were 25 m wide and 
spaced 25 m apart they would give high impedance 
contrast causing high re��ectivity. 

The outcropping igneous bodies are very shallow, 
only 1 to 4 km in depth. In many cases, the contacts 
with the surroundings are associated with dipping 
re��ections interpreted as shear zones. The intrusions 
have ��at to shallow dipping internal layering and a 
sharp lower contact. Some of the intrusions take the 
form of half graben. The intrusions have probably 
emplaced as nearly horizontal layered intrusions that 
grew with time and they were fed via shear zones 

Pre-e�isting weaknesses are the most likely places 

shear zones is seen at places where mafic dykes have 
first either intruded a fault or created a fault and then 
later the dykes have been sheared. Structural inversion 
is suggested to have taken place within the Kainuu Belt, 
which first develops as an e�tensional basin and later 
inverts into a thrust stack. Similarly structural inversion 
has taken place within the Archaean units west of the 
Kuhmo Greenstone Belt. In the Iisalmi Comple�, the 
Archaean thrust surfaces between blocks of different 
metamorphic grade were later intruded by Proterozoic 
diabase dykes. The crustal-scale and local thrusting 
is displayed as shear zones and highly strained dykes 
and block margins. The thickness of thrust sheets 

varies from a few km, in the Rautavaara and Kajaani 
Comple�es, and the Vieremä block, to 10–20 km in 
the Western Kianta and Iisalmi Comple�es. 

The effects of three dimensions are well displayed 
in the Archaean Kianta block, were at surface steeply 
dipping diabase dykes are observed to have a wide 
range of apparent dips depending on the interception 
angle. Near vertical structures (80°) are observed when 
the interception angle is close to 90°, apparent dips 
around 30° are found when the interception angle is 
less than 30° and ��at structures when the line is run-
ning parallel to the diabases or other studied structures. 
Other effects related to three dimensional effects are 
structures with changing dip such as curving re��ections 
and apparent synform and antiform structures.

The high velocity body found in the upper parts of 
the SVEKA81 profile can loosely be correlated with 
the allochthonous Iisalmi Comple� hosting high pres-
sure mafic granulites. The low velocity layer beneath 
the Central Finland Granitoid Comple� is situated 
just below the highly re��ective unit, which in turn 
seems to be associated with a velocity increase. It is 
interpreted that the low velocity layer in the velocity 

the disappearance of unusual amounts of mafic ma-

velocity material.
The results of this study indicate that the Eastern 

Kianta together with the Kuhmo Greenstone Belt and 
adjacent area to the west form the least stretched part 
of the Karelian craton whereas the Archaean to the 
west is composed of more stretched units, which have 
been thinned considerably during Palaeoproterozoic 
rifting stages, leading finally to the break-up of the 
craton. Later a marginal basin also forms close to the 
craton edge. The comple� structure of the thinned 
continental margin leads also into comple� stacking 
pattern during collisional thickening. All these fea-
tures favour the continental arc/continent collision 
model (e.g. Gaál 1990, Lahtinen 1994, Kohonen 1995, 
Lahtinen et al. 2005) for the Archean-Proterozoic 

the thickening of the boundary zone was due to two 

N-S (Fennian orogeny). 

CONCLuSIONS

The upper crustal re��ectors correlate well with 
surface geology in the scale of hundred meters. The 
integrated use of surface geology and aeromagnetic 
anomaly maps together with seismic re��ection data 
enables a vertical continuation of the surface struc-

tures and lithologies and thus it is possible to create 
a vertical lithological map of the upper crust.

When interpreting the crustal sections great care has 
to be taken to track all the major changes in the profile 
geometry as changes in interception angle change 

(Petford et al. 2000).

for failure to take place. Such reactivation of fault and 

model of Grad and Luosto (1987) is more related to 

terial rather than an introduction of abnormally low 

boundary. LLaahhttiinneenn eett aall.. (((222000000555))) aaalllsssooo sssuuuggggggeeesssttteeeddd ttthhhaaattt 

collisional stages; E-W (Lapland-Savo orogeny) and 
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the dip directions markedly. Interception angle may 
also change naturally along the geological structures. 
Cross-cutting relationships should be determined from 
wiggle-trace sections.

It is concluded that major lithological units have 
different seismic re��ectivity patterns that change at 
the boundaries. Sometimes the boundaries have a 
positive re��ection response or they may be transparent 
but sometimes the boundaries may be drawn where 
the seismic pattern changes. The most prominent re-
��ections seem to originate from lithological contrast 
associated with mafic intrusions or volcanic units. 
Shear zones are seen as white bands disrupting the 
seismic patterns.

The upper crust along FIRE 1 is composed of ten 
units belonging to three tectonic domains: Archaean 
nucleus, A-P boundary zone and Proterozoic Central 
Finland. Of these, the upper crustal structure of the 
Archaean nucleus is dominated by Archaean structures, 
the A-P boundary zone by both Palaeoproterozoic 
e�tensional structures due to rifting and collisional 
structures related to Svecofennian orogeny and the 
Proterozoic Central Finland domain by both col-
lisional and  gravitational collapse structures of the 
Svecofennian orogen.

The Eastern Kianta together with Kuhmo Greenstone 
Belt and adjacent area to the west is considered to be the 
least stretched part of the Karelian craton. These areas 
show dominantly Archaean structures overprinted by 
Palaeoproterozoic diabases and minor shearing and 
faulting. The Western Kianta is composed of more 
stretched units, which have been thinned considerably 
during rifting stages leading finally to the break-up of 
the craton. The scale of thrusting varies from less than 
km to 10–20 km stacking where the effects of thrusting 
are mainly seen along the block boundaries. 

The eastern segment of the Kainuu Belt has been 
squeezed between Western Kianta Block and Kajaani 

Comple�. Kajaani Comple� and the western segment 
of the Kainuu Belt, including the ophiolites, form an 
upper crustal allochthon, which has been thrust on 
the eastern segment of the Kainuu Belt. The re��ec-
tion result supports the idea that the ophiolites have 
been part of a Red Sea- type marginal basin that has 
closed during collision. The Rautavaara and Iisalmi 
Comple�es have been thrust on the Kajaani Comple�. 
The continuations in depth of the western limb of the 
autochthonous cover of the Kajaani Comple� show 
a separate basin between Rautavaara and Kajaani 
Comple�es. As a whole it is interpreted that the West-
ern Kianta block, Kainuu Belt, Kajaani, Rautavaara, 
Iisalmi Comple�es as well as Savo Belt were all thrust 
sequentially on the Eastern Kianta block during the 
Svecofennian orogeny.

The Savo Belt is a synclinal e�otic terrane with open 
internal folding. It has been squeezed between Iisalmi 
Comple� in the east and an une�posed comple� to 
the west. It has been thrust on the Iisalmi Comple�. 
Later shearing has enabled vertical movements and 
the formation of the block structure. 

The Central Finland Granitoid Comple� is a shallow 
(3–8 km) unit, whose lower surface is a detachment 
zone. The detachment surface is associated with upper 
crustal graben and horst -structures. The comple� is 
an upper crustal e�tensional structure that developed 
on top of the Keitele microcontinent and schist belts 
surrounding it. 
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INTROduCTION

In the 1:1 000 000 geological map of Finland 

been divided into Arc comple� of southern Finland, 
Arc comple� of western Finland, and Primitive arc 

differences in the composition of supracrustal rocks. 
In line with the proposed division of arc comple�es, 

of two or three terranes with slightly different Nd 

sistent with the interpretations based on geophysical 
data (Korja et al. 1993, Korja and Heikkinen 2005). 
Several plate tectonic models have been proposed 

were designed to study the relationships between the 
Arc comple�es of western and southern Finland and 
their internal structures. The profiles thus run in an ap-
pro�imately north-south direction that is perpendicular 
to the proposed terrane boundary. In the north, FIRE 

2 begins in the central part of the Arc comple� of 
western Finland, within the Central Finland Granitoid 

the boundary between the Arc comple� of western 
Finland and Arc comple� of southern Finland when it 
reaches the Tampere and Pirkanmaa Belts. The Häme 
and Uusimaa Belts are parts of the Arc comple� of 
southern Finland. The profile has an east-west running 
side track within the southern comple�. Profile FIRE 
2A wiggles through the southern arc comple� reveal-
ing its internal structure as well as the structure of the 
appro�imately east-west trending Late Svecofennian 

In this paper, we describe the surface geology and 
discuss its correlation with the upper crustal (0–8 
km) re��ection properties along FIRE 2 & 2A. The 
upper crustal structures are described with migrated 

been applied. These are used to identify the geological 
structures and formations that are e�posed at surface 
and have a re��ection response. 

GEOLOGICAL ANd GEOPHYSICAL OuTLINE

The bedrock along the FIRE 2 & 2A profile has been 
divided into five main units on the basis of geological 

Pirkanmaa Belt; Häme Belt; and Uusimaa Belt (see 
Nironen et al. 2002). 

 The Central Finland Granitoid Comple� contains 
synkinematic (1.89–1.88 Ga) plutonic rocks ranging 
in composition from gabbro to prevailing granodiorite 
and granite, and postkinematic (1.88–1.87 Ga) rocks 
of mostly quartz monzonitic to granitic composition 

rocks are mostly mica schists and gneisses but the 
southern belt contains also volcanic rocks ranging in 
composition from felsic to mafic. The crustal thick-
ness (56 km) beneath the Central Finland Granitoid 
Comple� is roughly 2 km less than below the fringing 
supracrustal belts (Luosto 1997).

A swarm of diabase dykes occurs at the northern 
tip of FIRE 2, around the town of Keuruu (Marmo 
and Mikkola 1963, Puranen et al. 1992). The Keuruu 
dykes, 0.5 to 3 m in width, have a NNW trend and 
vertical dip on outcrops. They sharply crosscut and 

have chilled margins against synkinematic plutonic 
rocks (granodiorite to gabbro), hence the ma�imum 
age of the dyke swarm is 1.88 Ga.

The lineaments (faults) within the comple� may be 

faults, trending NNE to NE, cause a metamorphic block 
structure. The sense of movement in the faults is not 
known but they probably have a vertical component. 
A set of NW-WNW trending faults seem to have 
controlled the emplacement of both synkinematic and 

the comple� the foliations within some synkinematic 
granodiorites and granites turn towards the trend of 
these faults, and the overall structure suggests de�tral 
ductile shear along transpressional shear zones. Many 
postkinematic plutonic bodies are bordered by a NW-
WNW trending fault. The postkinematic rocks are 
generally undeformed or only slightly deformed and 
do not show internal structures typical of emplacement 

tectonic setting was probably transtensional or e�ten-
sional when the postkinematic rocks were emplaced. 
FIRE 2 crosses the postkinematic Juupajoki granite 

Finland Granitoid Comple�.

(Korsman et al. 1997) the Svecofennian Domain has 

comple� (Fig. 1). The distinction is mainly based on 

recent isotopic and geochemical studies (Lahtinen and 
Huhma 1997, Rämö et al. 2001) suggest the presence 

isotopic signatures in southern Finland. This is con-

to e�plain the current geometry (e.g. Lahtinen 1994, 
Nironen 1997, Lahtinen et al. 2005).

The FIRE 2 and FIRE 2A re��ection seismic profiles 

Comple� (Fig. 1). Further south the profile crosses 

granite-migmatite zone (Fig. 1; Ehlers et al. 1993). 

sections where dip move-out (DMO) correction has 

and geophysical differences (from north to south, Fig. 
1): Central Finland Granitoid Comple�; Tampere Belt; 

(Nironen et al. 2000). In places synkinematic plutonic 

FIRE 2 crosses two of these belts. The supracrustal 

rocks merge into coeval subvolcanic rocks. (Nironen 
2003). There are also remnants of supracrustal belts; 

grouped into several sets (Nironen 2003). The oldest 

postkinematic plutonic rocks. In the southern part of 

in active shear zones (see e.g. Hutton 1988). Thus the 

mentary Hirsilä Belt in the southern part of the Central 
(1.875 Ga; Rämö et al. 2001) and the volcanic-sedi-
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The Tampere and Pirkanmaa Belts south of the Cen-
tral Finland Granitoid Comple� are also parts of the 

(10–20 km) Tampere Belt at the southern margin of 
the Central Finland Granitoid Comple� consists of a 
well preserved 1.90–1.89 Ga greywacke-volcanic rock 

and Hirsilä Belts are geochemically similar.
The Pirkanmaa Belt consists of greywackes which 

are mostly migmatitic. Granodiorites and granites 

overlays the boundary of the Tampere and Pirkanmaa 
Belts in the FIRE 2 transect area.

The Tampere Belt is an E-W trending syncline 
or synform (cf. Kähkönen 1989, Nironen 1989b, 
Kähkönen et al. 2004) with steep to vertical foliations. 
The boundary between the Tampere and Pirkanmaa 
Belts is in places a steeply south-dipping reverse fault, 

in places gradual (Nironen 1989b, Kilpeläinen 1998). 
The structural pattern in magnetic maps is generally 

tonic rocks within the belt, the age of deformation is 

across the Tampere and Pirkanmaa Belts showed that 

tive anomalies reaching tens of kilometers in length 

anomalies suggest that the supracrustal rocks in the 
Tampere Belt form a subvertical structure with a 

by well-conductive material at depths greater than 3 

luric studies also suggest that the well-conductive 

Figure 1. Geological map of southern Finland (modified from Korsman et al. 1997). The FIRE 2 & 2A profile is marked by thick 
red lines, the FIRE 1 and FIRE 3 profiles by thin red lines. ASF = Arc comple� of southern Finland, AWF = Arc comple� of western 
Finland, PA = Primitive arc comple�. Geological units: CFGC = Central Finland Granitoid Comple�; TB = Tampere Belt; PB = 
Pirkanmaa Belt; HB = Häme Belt; UB = Uusimaa Belt.

Arc comple� of western Finland (Fig. 1). The narrow 

association (Fig. 2a; Kähkönen et al. 1989). According 
to Lahtinen (1996) the volcanic rocks of the Tampere 

supracrustal rocks of both belts. The postkinematic 

with ages of 1.89–1.87 Ga (Patchett and Kouvo 
1986, Nironen 1989a, Kilpeläinen 1998) crosscut the 

Siitama granite (~1.87 Ga; see Elliott et al. 1998) 

linear with E-W trending minima and ma�ima (Fig 
2b). Judged from the synkinematic setting of the plu-

these belts consist of linear magnetic and conduc-

1885–1880 Ma (Nironen 1989a). Geophysical studies 

(Pajunpää 1987, Arkimaa et al. 2000). The magnetic 

ma�imum thickness of several kilometers (Pernu et al. 

that the poorly conductive Tampere Belt is underlain 
1989). Crustal scale magnetotelluric studies suggest 

km (Korja and Koivukoski 1994). The magnetotel-

Belt continue at depth below the Tampere Belt and 
the Central Finland Granitoid Comple� (Korja et al. 
1993, Korja and Koivukoski 1994). The crustal thick-

graphite-bearing metasediments of the Pirkanmaa 
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Figure 2. a) Geological map around the FIRE 2 & 2A profile showing the geological units and the location of Figs. 4–12 (based on Korsman et al. 
1997). b) Aeromagnetic map, compiled by T. Ruotoistenmäki from low- and high-altitude magnetic data by GTK (Hautaniemi et al. 2005, Korhonen 
2005). Numbers correspond to CMP numbers at the beginning and end of each profile; full thousands of CMP are denoted by white circles. Note how 
the structural pattern in the Pirkanmaa Belt is distinct from patterns in the Tampere and Häme Belts.

ness from the Central Finland Granitoid Comple� to 
the Tampere and Pirkanmaa Belts increases from 56 

At the southern boundary of the Central Finland 
Granitoid Comple� there are two swarms of mafic 
dykes that e�tend to the Tampere and Pirkanmaa Belts, 

outcrops. The older ones are Svecofennian (~1.88 Ga) 
metamorphosed dykes that have a tholeiitic composi-

base dykes with chilled margins and WNW trend that 
are associated with the ~1.64 Ga rapakivi magmatism 

In magnetic maps the Pirkanmaa Belt shows a com-
ple� structural pattern that differs conspicuously from 
the one in the Tampere Belt: round to ovoidal structures, 

by sets of NW and NE trending lineaments that have 

km to 58 km (Luosto 1997).

tion and generally an E-W trend (Aro and Laitakari 
1987). The younger ones are unmetamorphosed dia-

sharply crosscut their host rocks and are subvertical at 

(Laitakari 1987, Haapala and Rämö 1992).

tern (Fig. 2b). The ovoidal structures are overprinted 

been interpreted as shear zones (Kilpeläinen 1998). 
According to Kilpeläinen (1998), the oldest planar 

often cored by a plutonic rock body, dominate the pat-
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structures were originally subhorizontal and these 
were deformed into subvertical position during folding 
with subvertical a�ial planes and subhorizontal fold 
a�es during north-south compression 1.885–1.880 Ga 
ago. These subvertical structures were subsequently 
deformed into dome-and-basin interference structures 
~1.87 Ga ago. The late NW and NE trending shear 

The transition from the western to the southern arc 

of the Pirkanmaa Belt there are two boundaries with 
a roughly E-W trend that show decrease in metamor-

phic grade towards south. The northern of these is the 
southern margin of migmatitic sedimentary gneisses 
(here named as Migmatite boundary) and the southern 
one delineates the well preserved schists of the Häme 

The Arc comple� of southern Finland may be fur-
ther divided into the Häme and Uusimaa Belts which 
are slightly different in terms of the composition 
of volcanic and sedimentary rocks. The Häme Belt 

as well as psammitic-pelitic sedimentary rocks in 
which the proportion of pelitic layers is higher than in 
the supracrustal rocks of the Arc comple� of western 
Finland. The volcanic rocks are evolved arc-type rocks 

Figure 3. The southern part of the FIRE 2 & 2A profile. a) Geological map around the southern part of the FIRE 2 & 2A profile showing faults and 
intrusions that the profile crosses as well as some other faults (based of Korsman et al. 1997). Mby = Migmatite boundary, Vd = Vanaja detachment, 
Af = Aulanko fault, K1f = Kokkojärvi fault, K2f = Koijärvi fault, Pf = Porras fault, Lsz = Loppi shear zone, S-Kf = Somero-Karkkila fault, Sf = 
Suomusjärvi fault, Vsz = Vihti shear zone, P-Mf = Porkkala-Mäntsälä fault, Sli = Suivala layered intrusion, Hli = Hyvinkää layered intrusion, Vgr = 
Veikkola granite area, Bgr = Bodom granite. The “orthopyro�ene-in” boundary of the West Uusimaa Comple� (Schreurs and Westra 1986) is shown by 
broken black line. b) Aeromagnetic map, compiled by T. Ruotoistenmäki from low-altitude magnetic data by GTK (Hautaniemi et al. 2005). Numbers 
correspond to CMP numbers at the beginning and end of each profile; full thousands of CMP are denoted by white circles.

sion (Kilpeläinen 1998). 

comple� takes place at the boundary between the Pir-
kanmaa and Häme Belts (Fig. 3). In the southern part 

zones may form a conjugate set due to N-S compres-

Belt (here named as Vanaja detachment; Fig. 3a). 

comprises ~1.89 Ga volcanic rocks (Vaasjoki 1994) 
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ranging in composition from basalt to rhyolite, with 

mafic volcanic rocks in the Häme Belt were probably 

Ga tonalites and granodiorites. 
The supracrustal and plutonic rocks are crosscut by 

granite-migmatite zone). The granites typically con-
tain garnet and less commonly cordierite. Although 

The southernmost part of FIRE 2 runs SW to W, 
subparallel to the lineaments and foliations that domi-
nate the structure of the Häme Belt. FIRE 2 profile 
also crosses the small, postorogenic Renko quartz 
monzodiorite intrusion (1812 Ma; Vaasjoki 1995).

ament on magnetic maps. The fault has been named 

westward into a shear zone with the Aulanko fault as 
the northern boundary. According to geological maps 
(Simonen 1949, Neuvonen 1954) the foliations around 
the Aulanko fault are subvertical. The southern part 
branches out as several southwestward curving faults; 
two of these have been named here as Kokkojärvi and 

northern tip of FIRE 2A profile crosses the Aulanko, 
Kokkojärvi and Koijärvi faults. About 20–25 km 
south of the Aulanko fault another major magnetic 
lineament separates domains of different magnetic 
pattern. The lineament, here named as Porras fault 

character is not known.
The e�tent of the Uusimaa Belt is delineated by 

the occurrence of sedimentary carbonate rocks in 

between the Häme and Uusimaa Belts there is a shear 

An E-W trending group of mafic layered intrusions is 
located in the northern part of the Uusimaa Belt. FIRE 
2A crosses one of the intrusions, here named as Suivala 

not been studied in detail but the Hyvinkää layered 
intrusion to the east and two similar intrusions to the 

the plutonic rocks crosscut host rocks but in places 
they grade into mafic volcanic rocks. The supracrustal 
rocks surrounding the Hyvinkää layered intrusion are 

also for the volcanic rocks around the Suivala layered 
intrusion. The Hyvinkää intrusion has yielded an age 

An E-W to NW trending fault, deforming the 
structural pattern of southern Finland, can be traced 

FIRE 2A crosses this fault at 450 angle. Stel et al.Stel et al. 
(1989) named the fault as the Painio lineament; here 
it has been renamed as Somero-Karkkila fault. On 
the basis of aeromagnetic map we conclude that the 
fault follows the sharp southern contact of the granite 
immediately south of the mafic layered intrusions 
whereas Korsman et al. (1997) interpreted that the 
most conspicuous fault follows the southern contact 

In the Uusimaa Belt, the oldest dated rocks are a 
1.90 Ga gabbro-granodiorite and associated volcanic 

The volcanic rocks in the Uusimaa Belt typically have a 

be found at several levels which are related to differ-

small lenses and thin layers up to deposits with scales 
of the order of hundreds of meters, are also typical of 

Metamorphism in the Late Svecofennian granite-
migmatite zone reached granulite grade in three areas 

especially towards east, is unknown because Parras 
(1958) did not define all boundaries. Schreurs and 
Westra (1986) defined an “orthopyro�ene-in” bound-

structure. The characteristic concentric structures 
within the comple� are cored by pyro�ene-bearing 
granitoid rocks and mantled by sedimentary or vol-
canic-sedimentary rocks. The comple� is bounded 
to the north by the Somero-Karkkila fault and to 

abundant andesites (Hakkarainen 1994). The youngest, 

1996). The supracrustal rocks are crosscut by ~1.88 

The fault is mylonitic and subvertical on outcrops. 

1.85–1.82 Ga granites (Huhma 1986, Suominen 1991, 

belt across southern Finland (the Late Svecofennian 
Kurhila et al. 2005) which form a broad, ENE trending 

the granites cover large areas they are probably rather 
thin subhorizontal sheets (Ehlers et al. 1993).  

Slightly north of the town of Hämeenlinna (Fig. 

mylonitic zone on outcrops and as a magnetic line-
3a) FIRE 2 crosses an E-W trending fault, seen as a 

here as Aulanko fault (Fig. 3a). The fault broadens 

of the layered intrusions (Fig. 3a).

products of local rifting in the mature arc (Lahtinen 

zone, here named as Loppi shear zone (Fig. 3a). 

layered intrusion (Fig. 3a). The Suivala intrusion has 

(Fig. 3a), has not been detected on outcrop, hence its 

sions consist of layered gabbro-peridotite; generally 

west were studied recently (Raitala 1997, Vuori 1999, 
Bergström 2000, Eloranta 2000). The studied intru-

Koijärvi faults (Fig. 3a). All of the faults belong to the 
Hämeenlinna shear zone (see Hakkarainen 1994). The 

southernmost Finland (Kähkönen 1998, Nironen et al. 
2002). In the area where FIRE 2A crosses the boundary 

well preserved (Raitala 1997). This apparently holds 

of 1880 Ma (Patchett and Kouvo 1986).

as an aeromagnetic lineament for ~50 km (Fig. 3b). 

rocks elsewhere in the Uusimaa Belt are of 1.89–1.88 

rocks at Orijärvi (Fig. 3a; Väisänen & Mänttäri 2002, 
Väisänen et al. 2002) whereas the few dated volcanic 

Ga age (Hopgood et al. 1983, Patchett & Kouvo 1986). 

bimodal composition (Mäkelä 1989, Ehlers & Lindroos 
1990, Lindroos & Ehlers 1994, Väisänen & Mänttäri 

greywacke-pelite association is unknown; they may 
2002). The stratigraphic setting of the voluminous 

ent sedimentary environments (Väisänen & Mänttäri 
2002). Calcareous rock bodies, ranging in size from 

the Uusimaa Belt (e.g. Reinikainen 2001).

(e.g. Väisänen et al. 2002). The West Uusimaa Com-
ple� in the northern part of the Uusimaa Belt  (Fig. 
3a) is one of these granulite facies areas (Parras 1958, 
Schreurs and Westra 1986); peak metamorphism was 
attained between 1834 Ma and 1814 Ma (Mouri et 
al. 2005). The e�tent of the West Uusimaa Comple�, 

ary (Fig. 3a) and interpreted the comple� as a domal 
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The granulite facies rocks of the West Uusimaa 
Comple� gradually change into lower grade rocks 
to the southwest and south. On aeromagnetic map 
the southwestern boundary is imaged as a group of 
parallel lineaments, here interpreted as a shear zone 

granite area, adjacent to the West Uusimaa Comple�, 
consists of (at least) two intrusions; one of 1850 

as well as older granodioritic plutonic rocks. The 
older rock is a typical e�ample of the granites in the 
Late Svecofennian granite-migmatite zone: it contains 
subhorizontal felsic layers with abundant garnet in a 
granite. The overall structure of the Veikkola granite 
area is bowl-shaped.

ENE and NE trending faults appear to control the 
distribution of the granites and form a logenze-shaped 
pattern to the Late Svecofennian granite-migmatite 
zone. The sense of shear and the amount of dip within 
these zones is not known. The Suomusjärvi fault and 

are associated with retrograde alteration from lower 
amphibolite to greenschist facies and even lower grade 

The granites of the Late Svecofennian granite-
migmatite zone are sharply crosscut by rapakivi gran-

granite is bounded by the Porkkala-Mäntsälä fault 
which according to Kosunen (1999) controlled the 
emplacement of the Bodom granite. Rapakivi granites 
and associated mafic dykes are the youngest plutonic 
rocks in the Uusimaa Belt.

A swarm of diabase dykes, with separate dykes up 
to 5 m in width, sharply crosscut the supracrustal rocks 
of the Uusimaa Belt and the Veikkola granites. The 
dykes show up in aeromagnetic map as weak posi-
tive anomalies; according to aeromagnetic map they 
have WNW and E-W trends. On outcrops the dykes 
are steeply dipping to vertical, and they have chilled 

age of these dykes is unknown.

dATA

In this paper, the near vertical re��ection data are the 
migrated dip move-out (DMO) stacked sections from 
FIRE 2 & 2A. Acquisition parameters, full processing 
sequence and imaging parameters have been described 
by Kukkonen et al. 2005 (this volume). In addition, 
DMO-stacked sections give a better image of the 
steeply dipping re��ections than conventional NMO-
stacked sections. The 1D-velocity function used in 
migration and depth conversion is the average function 

Both variable area wiggle-trace sections and combi-
nation sections, where color-coded smoothed envelope 
–section was overlain by biased variable area plot, 
were used as a basis for the detailed interpretations. 
Major structures were cross-checked against the 
crustal-scale automatic line-drawings and grey-scale 
envelope sections. For printing purposes the data are 

All the sections are plotted without normalization i.e. 
the amplitudes of the different areas in each section 
are comparable. 

For a good re��ection, a large impedance contrast 
(e.g. large density and velocity differences at contacts) 
is needed. Constructive interference is likely to appear 

when internal layer spacing and layer thickness are 
appro�imately one quarter of the dominant wavelength 
(100 m), in this case 25 m. Continuous re��ections imply 
lateral continuity in the scale of 300 m at the depth of 
1 km, increasing to 900 m at the depth of 8 km. 

The FIRE 2 profile is 216 km long and consists of 
8640 common mid points (CMP), and the FIRE 2A 
profile is 137.5 km long and consists of 5500 CMP 
points. The data is shown in a sequence of 9 sections 

interval between 0 and 8 km. In the sections, 100 CMP 
points correspond to 2.5 km in distance, or 400 CMP 
points correspond to 10 km. The most prominent fea-
tures of the re��ection sections are shown in the line 

the sections are shown correlative lithological maps 

In the following, first the most prominent features 

followed intimately by correlation of the re��ective 
properties with surface geology and geophysics. The 
turning points are marked with red lines in the line 
drawings. The crossing of FIRE 2 and 2A profiles is 
marked with blue line.

the west by the Suomusjärvi fault (Ploegsma 1991; 
Fig. 3a).

and named as Vihti shear zone (Fig. 3). The Veikkola 

Ma age and another of 1825 Ma age (Kurhila et al. 
2005). Both granites crosscut the supracrustal rocks 

the NE trending Porkkala-Mäntsälä fault (Fig. 3a) 

assemblages (Ploegsma 1991, Elminen 1999). 

1999; Fig. 3a). The southeastern margin of the Bodom 
ites such as the ~1.64 Ga Bodom granite (Kosunen 

from the wide-angle SVEKA 81 & 91 profiles (Grad 
and Luosto 1987, Luosto et al. 1994). 

margins against the country rocks (Laitala 1987). The 

(middle panel in Figs. 4–12), each displaying a depth 

drawings below (lower panels in Figs. 4–12). Above 

and differences in re��ectivity patterns are described 

along the section (upper panels in Figs. 4–12).

by using the plot-bias sections (Figs. 4–12). These are 
presented as grey-scale coherency filtered sections. 
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The five main upper crustal units (p. 78) are described 
and correlated with geological structures and magnetic 
anomalies at the surface. The crossing of FIRE 2 and 
2A profiles together with the bends in the profiles al-

low a three-dimensional study in the southern part (for 
a description of re��ection geometry and interception 

THE REFLECTIvE uNITS ANd THEIR CORRELATION TO THE SuRFACE

Central Finland Granitoid Complex (FIRE 2: CMP 360–3800)

The beginning of FIRE 2 in the southern part of 

the comple� is part of the Keuruu block (Korja et al. 
2006, this volume). 

The northern part of FIRE 2 (CMP 360–1900; 
Fig. 4) is characterized by horizontal to gently north 
dipping (0–250) re��ections. In the northernmost part 
(CMP 360–1400) these re��ections are cut by a set 
of gently south dipping re��ections. The re��ections 
are cut by steeply (60–700) north dipping transpar-
ent zones of re��ectivity that are interpreted as faults 
(Fig. 4). More complicated sets of bright re��ections 
are found between CMP 400–750 and 1000–1650 as 

associated with gabbroic-dioritic intrusion or mafic 
dykes at surface. 

The northernmost point of the FIRE 2 profile (CMP 

magnetic anomaly in an area of e�posed dioritic rocks. 
A similar anomaly is caused by the Keuruu gabbro 
(CMP 650–720). The northernmost part of the profile 
(CMP 360–700) also contains granodiorites with mafic 
enclaves as well as a 3400 trending dyke swarm that 
e�tends at least to the Keuruu gabbro.

An increased level of re��ectivity at the depth of 
3–4 km delineates a shallow synform in the upper-

aeromagnetic map this is a roundish area of negative 
anomaly rimmed by positive anomaly. The synform 
may be caused the granite outcropping at surface, or it 
may e�press the newly found meteorite impact struc-

e�tends to 4 km between CMP 1900 and 2200 (Figs. 
4 and 5) is interpreted to re��ect the shape of the schist 
belt remnant that is observed at the surface. Higher 
re��ectivity between CMP 2120 and 2250 may also be 
related to the observed mingling features between a 
gabbroic and a more felsic plutonic rock.

highly re��ective unit bounded by moderately (550) 
north dipping transparent zones. Within the block the 

uppermost part of weak re��ectivity forms a synformal 
structure that e�tends to the depth of 1.5 km. Beneath 
the synformal structure there is another synformal 
structure  of high re��ectivity that e�tends to the 
depth of 4 km. From CMP 2850 south to the margin 
of the Central Finland Granitoid Comple� there are 
gently (10–200) north dipping re��ections that disrupt 
horizontal to gently south dipping re��ections. The 
low re��ectivity synform is interpreted to be caused 
by the Juupajoki granite (CMP 2580–2970). The high 
re��ectivity synformal structure is possibly caused by a 
bodies of interfingering granite and gabbroic rock. The 
Juupajoki granite is one of the postkinematic granites 

re��ections may be pathways for the “Svecofennian” 
dykes; this interpretation implies that the dykes are 
postkinematic.

The southernmost part of the Central Finland Grani-

from the area described above. The southern end (CMP 
3500–3800) is characterized by subhorizontal re��ec-
tions at the depths of 4 to 8 km. These are crosscut by 
bright re��ections dipping gently (20–300) north and 
e�tending from 4 km to at least 8 km. Both of the 
units are overlain by gently (100) south dipping weak 
re��ections that e�tend from the surface to the depth of 
5 km. The re��ections described above are transected 
by narrow transparent zones that dip moderately to 

0

to be associated with the gently south dipping surfaces 
in the uppermost crust. The re��ections beneath appear 
to be caused by stacking of supracrustal rocks (north 
dipping bright re��ections over horizontal ones). The 
transparent zones are interpreted as faults and corre-
lated with discontinuous magnetic lineaments trending 
WNW (2950). A swarm of diabase dykes, probably 
associated with the ~1.64 Ga rapakivi magmatism, 
have the same the trend; the faults probably acted as 
pathways to the dykes.

360; Fig. 4) is the southern tip of a circular positive 

well as 2100–2200 (Fig. 5). Each of these areas is 

most crust between CMP 1050 and 1700 (Fig. 4). On 

ture (Ruotsalainen et al. 2006). Another synform that 

Between CMP 2560 and 3000 (Fig. 5) there is a 

toid Comple� (CMP 3200–3800; Fig. 5) is different 

steeply (55–70 ) north (south of CMP 3300; Fig. 5).
 The Hirsilä Belt (CMP 3100–3500; Fig. 5) seems 

north dipping re��ective units. The southern part of 

the Central Finland Granitoid Comple� (see Fig. 
1) is rather poorly re��ective e�cept for some gently 

coeval mafic counterparts. The gently north dipping 

in the Central Finland Granitoid Comple� area (Niro-
nen et al. 2000), and some of these granites do contain 

angles see Korja et al.  (2006, this volume).
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Figure 4. Uppermost 8 km of crust along FIRE 2 between CMP points 360–2060. Upper panel: aeromagnetic and lithological maps; middle panel: 
coherency filtered DMO section; lower panel: lithology at surface and line drawing. The bedrock map is from Nironen et al. (2002). Red = granite, 
light brown = granodiorite, light grey = tonalite, dark brown = gabbro/diorite, dark green = mafic volcanic rock, light green = intermediate volcanic 
rock, yellow = felsic volcanic rock, blue = sedimentary rock. North is shown by the white arrow, dykes by black bars. Compilation of the aeromagnetic 
map by T. Ruotoistenmäki from high- and low-altitude magnetic data by GTK (Korhonen 2005, Hautaniemi et al. 2005).
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Figure 5. Uppermost 8 km of crust along FIRE 2 between CMP points 2060–3760. Upper panel: aeromagnetic and lithological maps; middle 
panel: coherency filtered DMO section; lower panel: lithology at surface and line drawing. The bedrock map is from Nironen et al. (2002). 
Colours as in Fig. 4 e�cept yellow = quartz-feldspar schist, greenish yellow = felsic subvolcanic rock. North is shown by the white arrow, 
Svecofennian dykes by black bars, and rapakivi age dykes (1.64–1.60 Ga) by dotted black lines. Compilation of the aeromagnetic map by T. 
Ruotoistenmäki from high- and low-altitude magnetic data by GTK (Korhonen 2005, Hautaniemi et al. 2005). 
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The re��ection data is poor below the Tampere Belt 
because of the gap caused by the Orivesi village; 
re��ection data was acquired only from the southern 

general, the upper crust south of Orivesi shows two 
sets of south dipping re��ections: gently (150) dipping 
re��ections that are crosscut by moderately to steeply 

0

re��ections crosscut the moderately to steeply dipping 
ones between CMP 3930 and 4250.

The Orivesi area appears to locate a re��ectivity 
culmination in the upper crust: to the north the re-
��ections dip north, and to the south they dip south. 
Similarly to the northern part, the gently to steeply 
dipping re��ections are interpreted to image stacking 
of supracrustal rocks (south dipping bright re��ections 
over subhorizontal ones). The crosscutting horizontal 
re��ections are probably related to the diabase dykes 
that are associated with rapakivi magmatism.  

The aeromagnetic map reveals a clear difference 
between the Tampere Belt with linear E-W trending 
anomalies, and the Pirkanmaa Belt with sharp-edged, 

gneisses of the Pirkanmaa Belt appears gradual in the 
area crossed by the FIRE 2 profile because well pre-
served greywackes typical of the Tampere Belt e�tend 

change in aeromagnetic pattern occurs further north 
and is concealed by the postkinematic Siitama granite 
(between CMP 4000 and 4300). In this area the upper 
crust is poorly re��ective and no clear belt boundary 
could be located. About 20 km west the boundary 
between the Tampere and Pirkanmaa Belts is seen as 

A zone of south dipping, fairly steep (65–700) weakly 
re��ective surfaces are found between 4120 and 4500 in 
CMP. Within the zone the re��ections become steeper 
and appear to bend upwards towards the weakly re��ec-
tive surfaces. The upward curving pattern associated 
with the zone suggests a group of reverse faults that 
possibly make up the gradual boundary of the Tampere 
and Pirkanmaa Belts. 

Tampere Belt (FIRE 2: CMP 3800–4200)

part of the belt (starting from CMP 3930; Fig 6). In 

(35–65 ) dipping ones (Fig. 6). Moreover, horizontal 

ovoidal or circular fold interference pattern (Figs. 2 

facies schists of the Tampere Belt and the migmatitic 
and 3). The boundary between the lower amphibolite 

south to CMP 4430 (Matisto 1964, 1976) whereas the 

a steeply south dipping reverse fault (Nironen 1989b). 
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Figure 6. Uppermost 8 km of crust along FIRE 2 between CMP points 3930–5430. Upper panel: aeromagnetic and lithological maps; middle 
panel: coherency filtered DMO section; lower panel: lithology at surface and line drawing. A major turning point is marked with a red line 
on the lower panel. The bedrock map is from Matisto (1976) and Laitakari (1986). Colours as in Fig. 4. North is shown by the white arrow 
and rapakivi age dykes (1.64–1.60 Ga) by dotted black lines. Compilation of the aeromagnetic map by T. Ruotoistenmäki from low-altitude 
magnetic data by GTK (Hautaniemi et al. 2005).
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Pirkanmaa Belt (FIRE 2: CMP 4200–6860)

The Pirkanmaa Belt is a rather poorly re��ective 
unit with weak re��ections dipping 45–100 south in the 

part. The re��ections ��atten out between depths of  
6 km and 8 km. The shallowly to moderately dipping 
re��ections are crosscut by sets of steep transparent 
zones originating from horizontal to gently dipping 
re��ections. These lineaments disrupt the re��ection 
image and cause the apparent low re��ectivity of the 
area. The southernmost part of the Pirkanmaa Belt 
is a block consisting of bright listric re��ections 
dipping to the north. A moderately south dipping 
re��ection marks the southern boundary of the Pir-
kanmaa Belt.

In detail, a triangular structure, suggesting a synform, 
is found in the uppermost crust down to 5 km between 

of this area shows an oval-shaped structural pattern 
with an E-W trending main a�is, supporting the inter-

preserved greywackes in the north (to CMP 4430) and 
migmatitic mica gneisses in the south. 

Between CMP 4800 and 5000 the north dipping 
re��ectivity pattern changes into a south dipping one; 
this is interpreted as an antiformal area. Between CMP 
5000 and 6400, an area dominated by plutonic rocks, 
there is a low-angle, bowl-shaped pattern caused by 

Steeply (700) north-dipping and south-dipping poorly 
re��ective zones crosscut the bowl-like pattern and form 

another pattern in which there are several crosscutting 
relationships between the zones. Overall, the pattern 
resembles a horst and graben structure.

The southern boundary of the migmatitic gneisses in 
the Pirkanmaa Belt (Migmatite boundary; CMP 6350) 
is seen in the FIRE 2 profile as the northern boundary 

ture disrupts a gently (200) north dipping re��ection 
zone which is seen at depths between 5 km to 8 km. 
This re��ection zone marks a block boundary where 
metamorphic grade and re��ectivity pattern change; 
however, the structural pattern remains the same across 
the block boundary. 

To the south of the Migmatite boundary (CMP 

by bright, north dipping listric re��ections; we call this 
crustal unit Vanaja block. There seem to be several 
sets of listric re��ections with an overpinting pattern. 
Between CMP 6860 and 7200 the listric re��ections are 
overlain by a thin sheet of gently (200) south dipping 
re��ective material. The base of this sheet is here called 
Vanaja detachment (CMP 6860). In the aeromagnetic 

detachment is smooth and differs considerably from 
the fold interference pattern of the Pirkanmaa Belt. 
Although there is no abrupt change in metamorphic 
grade, the rocks south of the Vanaja detachment are 
dominated by generally well preserved volcanic 
rocks with lower amphibolite facies metamorphic 
assemblages. We consider the Vanaja detachment 
to mark the boundary between the Pirkanmaa and 
Häme Belts. Thus the listric re��ection pattern of the 
Vanaja block continues further south below the Vanaja 
detachment.

northern part (CMP 4200–5400; Fig. 6) and towards 

The northern part is less re��ective than the southern 
north in the southern part (CMP 5400–6700; Fig. 7). 

CMP 4280 and 4800 (Fig. 6). The aeromagnetic map 

pretation (Figs. 2 and 6). The bedrock consists of well 

shallow-dipping re��ective zones (Figs. 6 and 7). 

of a bowl-like structure (Fig. 7). The bowl-like struc-

6350–7200; Fig. 7), the upper crust is characterized 

map (Fig. 7) the structural pattern south of the Vanaja 
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Figure 7. Uppermost 8 km of crust along FIRE 2 between CMP points 5430–7200. Upper panel: aeromagnetic and lithological maps; middle panel: 
coherency filtered DMO section; lower panel: lithology at surface and line drawing. The bedrock map is from Simonen (1949) and Matisto (1964, 
1970). Colours as in Fig. 4 e�cept green = mafic and intermediate volcanic rock. North is shown by the white arrow. Compilation of the aeromagnetic 
map by T. Ruotoistenmäki from low-altitude magnetic data by GTK (Hautaniemi et al. 2005).
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Häme Belt (FIRE 2: CMP 6860–8999; FIRE 2A: 
CMP 0–2700)

The Häme Belt is characterized by a thin sheet of 
re��ective material in the uppermost crust. Beneath 
the cover the crust is dominated by a small-scale, 
conve� re��ectivity pattern that we consider as part 
of the Vanaja block. The internal 3D structure of 
the Häme Belt can be studied with the three parts 
of FIRE 2 and 2A, because after passing the town 
of Hämeenlinna, FIRE 2 turns 1000, runs in a WSW 
direction, and crosses the NNW-SSE trending FIRE 
2A profile at CMP 8655.

In the northern part of the Häme Belt (CMP 7100–

(55–600) north crosscut the gently south dipping 
structures of the Vanaja detachment. At surface a part 
of this structure is seen as an E-W trending mylonite 
zone (Aulanko fault; CMP 7110). The Aulanko fault 
appears to crosscut all regional structures, including 
the retrograde deformation structures (D4) described 
by Jokela (1991).

The WSW trending part of the FIRE 2 profile is 

the along-strike pattern of the belt. The end of FIRE 
2 displays three parts: The eastern part is character-

part is characterized by highly re��ective antiformal 
structures that together resemble ramp anticlines 

eastern and western parts are overlain by a horizontal 
to shallowly dipping sheet-like structure.

The eastern bowl-like structure is overlain by granite 
that is observed as a positive anomaly on aeromagnetic 
map. The distinct NW trending (3050) Renko fault 

0

0

zone is found. This and the other gently to moderately 
east and west dipping re��ections are interpreted as the 
basal contacts of the granite. The postorogenic Renko 
quartz monzodiorite (CMP 7810–7830) that is seen in 
the aeromagnetic map as a strong positive anomaly is 
correlated with a moderately (600) east dipping re��ec-
tion e�tending to the depth of 1.5 km. At surface the 
western part is dominated by migmatitic mica gneiss 
that is easily distinguished in aeromagnetic map as a 
��at negative magnetic anomaly. 

The winding FIRE 2A profile studies the internal 
structure of the Arc comple� of southern Finland 
composed of the Häme Belt (CMP 0–2700) in the 
north and the Uusimaa Belt (CMP 2700–5500) in the 
south. In the northern part of FIRE 2A (CMP 0–400; 

re��ectivity bounded by steeply (65–700) south dipping 
re��ections that are correlated with the Kokkojärvi fault 

Within the low re��ectivity unit a minor block of higher 
re��ectivity, with re��ectivity dipping north, is found 
between CMP 100–200 in the uppermost 2 km. Be-
tween CMP 110 and 190 this block is crosscut by weak 
re��ections dipping moderately (45–500) to the north 
where the profile crosscuts the western continuation of 
the Aulanko Fault (CMP 160). On aeromagnetic map 

of zone of a linear magnetic minimum.
The uppermost crust  between CMP 25 and 1570 is 

weakly re��ective with shallow to horizontal re��ectiv-
ity that form a bowl-like structure down to the depth 

a highly re��ective synformal-antiformal structure. In 
places the synformal-antiformal structure resembles 
a graben and horst structure. Lithologically this area 
is characterized by volcaniclastic rocks with well 
preserved primary structures as well as mafic volcanic 
rocks that grade into gabbro.

An antiformal structure is seen between CMP 1570 
0

and south dipping re��ections are found at sides and 
horizontal re��ections in the center e�tending to the 
depth of 2 km. The structure may be either a horst or 

Steeply (65–700) dipping transparent zones that 
reach the surface crosscut the synformal and antiformal 
structures. The northernmost of the steeply dipping 

Another steeply dipping re��ection can be correlated 
at surface with the Porras fault (CMP 1570) across 
which a distinct change in magnetic level takes place. 
Little can be concluded from the bedrock map of 
structures in the area but based on the aeromagnetic 
map the structural pattern southeast of the Porras 
fault is characterized by a fold interference pattern 
with ovoidal structures (see aeromagnetic map in 

re��ection structure between 2070 and 2520 in CMP 
is a synform as suggested by the ovoidal structure 
in the aeromagnetic map. Based on the old bedrock 

migmatitic mica gneiss.
Between 2550 and 2750 in CMP where FIRE 2A 

crosses the Loppi shear zone there is a group of mod-
erately (~600) northwest and southeast dipping weak 

Based on recent mapping, the Loppi shear zone consists 
of foliated granites in this area. In aeromagnetic map 

7140; Fig. 7) weak re��ections dipping moderately 

subparallel to the structural grain (see Fig. 2) and shows 

ized by a bowl-like structure (CMP 7500– 8600; Fig. 

producing a horst and graben structure. The western 
8) where the internal re��ectivity dips east and west 

that develop in thrust belts (e.g., McClay 1992). The 

crosscuts the rocks at CMP 7980 with 70  angle (Fig. 
8) where a moderately (35 ) east dipping re��ective 

Fig. 9) the uppermost crust is characterized by weak 

(CMP 300) and the Koijärvi fault (CMP 400; Fig. 9). 

(Fig. 3b) the Aulanko fault is the northern boundary 

of 2–4 km (Figs. 9 and 10). These re��ections overlay 

and 1900 (Fig. 10) where moderately (55–60 ) north 

a ramp anticline (see McClay 1992).

zones is the Kokkojärvi fault (300 in CMP; Fig. 9). 

Figs. 3 and 11). We interpret that the bowl-shaped 

mapping, this area is dominated by granodiorite and 
maps (Simonen 1949, Härme 1953) as well as recent 

re��ections crosscutting all other structures (Fig. 11). 
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Figure 8. Uppermost 8 km of crust along FIRE 2 between CMP points 7463–8999. Upper panel: aeromagnetic and lithological maps; middle 
panel: coherency filtered DMO section; lower panel: lithology at surface and line drawing. The crossing of FIRE 2 and FIRE 2A profiles is 
marked with a blue line on the lower panel. The bedrock map is from Simonen (1949) and Neuvonen (1954). Colours as in Fig. 4 e�cept green 
= mafic and intermediate volcanic rock. North is shown by the white arrow. Compilation of the aeromagnetic map by T. Ruotoistenmäki from 
low-altitude magnetic data by GTK (Hautaniemi et al. 2005).
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Figure 9. Uppermost 8 km of crust along FIRE 2A between CMP points 25–1525. Upper panel: aeromagnetic and lithological maps; 
middle panel: coherency filtered DMO section; lower panel: lithology at surface (based on bedrock maps and mapping) and line drawing. 
K1 fault = Kokkojärvi fault, K2 fault = Koijärvi fault. The crossing of FIRE 2 and FIRE 2A profiles is marked with a blue line on the 
lower panel. The bedrock map is from Simonen (1949) and Neuvonen (1954). Colours as in Fig. 4 e�cept green = mafic and intermediate 
volcanic rock. North is shown by the white arrow. Compilation of the aeromagnetic map by T. Ruotoistenmäki from low-altitude magnetic 
data by GTK (Hautaniemi et al. 2005).

the zone is seen as a smooth, weakly magnetic area. The 
southernmost re��ection marks the southern boundary 
of the Häme Belt and also the northern e�tension of 

the Suivala layered intrusion and associated volcanic 
rocks in the Uusimaa Belt. 
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Figure 10. Uppermost 8 km of crust along FIRE 2A between CMP points 1525–2525. Upper panel: aeromagnetic 
and lithological maps; middle panel: coherency filtered DMO section; lower panel: lithology at surface (based on 
bedrock maps and mapping) and line drawing. The bedrock map is from Simonen (1949) and Härme (1953). Colours 
as in Fig. 4 e�cept green = mafic and intermediate volcanic rock. North is shown by the white arrow. Compilation of 
the aeromagnetic map by T. Ruotoistenmäki from low-altitude magnetic data by GTK (Hautaniemi et al. 2005).



95

 Geological Survey of Finland, Special Paper 43 
A geological interpretation of the upper crust along FIRE 2 and FIRE 2A

Figure 11. Uppermost 8 km of crust along FIRE 2A between CMP points 2525–4025. Upper panel: aeromagnetic and lithological maps; mid-
dle panel: coherency filtered DMO section; lower panel: lithology at surface (based on bedrock maps and mapping) and line drawing. Major 
turning points are marked with a red line on the lower panel. The bedrock map is from Härme (1953) and Laitala (1994). Colours as in Fig. 
4 e�cept green = mafic and intermediate volcanic rock, yellow = pyro�ene gneiss. North is shown by the white arrow and diabase dykes by 
black bars. Compilation of the aeromagnetic map by T. Ruotoistenmäki from low-altitude magnetic data by GTK (Hautaniemi et al. 2005). 
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uusimaa Belt (FIRE 2A: CMP 2750–5500)

The northern part of the Uusimaa Belt (between CMP 

the central part is poorly re��ective, and the southern 
part is moderately re��ective. 

The Suivala layered intrusion (CMP 2920–3410) in 
the northern part of the Uusimaa Belt is characterized 
by subhorizontal to shallowly dipping bright re��ec-
tions. A group of steeply (650) west dipping weak 
re��ections between 2920 and 2950 in CMP mark the 
boundary of the layered intrusion proper. The bottom 
of the intrusion is interpreted to lie at the depth of  
~4 km where re��ectivity disappears; the bright re-
��ection at the depth of ~6 km is probably another 
associated mafic body. We infer that the Suivala 
intrusion continues south as far as the Somero-Kark-
kila fault (CMP 3750) where the re��ectivity change 
is pronounced.

An undeformed granite crosscuts the mafic rocks 

at the contact of the mafic intrusion suggests that the 
contact with the granite (CMP 3410) is also a fault 
because this zone of weak magnetization continues 
eastward where it forms the strongly deformed south-

only to the depth of 1.2 km. Steeply (60–700) south 
dipping transparent lineaments crosscut the re��ectivity 
pattern of the Suivala layered intrusion between  3460 
and 3570 in CMP. Thus the Somero-Karkkila fault 
is the southern boundary of a larger shear zone; the 
northern boundary of the shear zone is at the contact 
of the Suivala and Hyvinkää layered intrusions (see 

The northern boundary of the West Uusimaa 

Comple� is the subvertical transparent lineament at 
CMP 3570 that correlates at surface with the Somero-

of the West Uusimaa Comple� is a zone of transpar-
ent lineaments (CMP 4100–4300) and correlates at 

Within the zone the re��ections become steeper and 
appear to bend upwards towards the lineaments. We 
interpret these re��ections as normal faults. Between 
3950 and 3980 in CMP a swarm of E-W trending, 
subvertical mafic dykes transect the rocks of the West 

reaching to the depth of 4 km may be associated with 
these dykes.

In the southern Uusimaa Belt the upper crust is 
moderately re��ective and there are two sets of gently 
dipping re��ections. The subhorizontal weak re��ections 
are crosscut by gently (25–300) NW dipping re��ec-
tions which in turn are crosscut by gently (15–200) SE 
dipping re��ections. We interpret that the most weakly 
re��ective upper layer comprises granite and granodi-
orite, including the northeastern tip of the Veikkola 
granite area. Some minor upper crustal re��ections 
dipping moderately northeast are found at 4450 in 
CMP where the FIRE 2a crosses a WNW trending 
diabase dyke. The shallow dip may be caused by the 
small interception angle (~250) between the profile 
and the dyke.

At the end of FIRE 2A profile there are a few steeply 
(600) NW dipping weak re��ections displacing the rest 
of the re��ections. These re��ections may be associ-
ated to the emplacement of the Bodom granite. The 
southeastern contact of the Bodom granite follows the 
NE trending, steeply dipping Porkkala-Mäntsälä fault 

depth of 1.8 km are interpreted to image the base of 
the Bodom granite. 

2750 and 4280; Figs. 11 and 12) is highly re��ective, 

of the Suivala intrusion (Fig. 11). The weak re��ection 

ern contact of the Hyvinkää layered intrusion (Raitala 

sion and the Somero-Karkkila fault likely e�tends 
1997). The granite between the Suivala layered intru-

also Korsman et al. 1997).

Karkkila fault (Fig. 11). The southeastern boundary 

surface with the Vihti shear zone (Figs. 3 and 12). 

Uusimaa Comple� (Fig. 11). Subhorizontal re��ections 

(Elminen 1999). The subhorizontal re��ections at the 
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Figure 12. Uppermost 8 km of crust along FIRE 2A between CMP points 4025–5495. Upper panel: aeromagnetic and lithological maps; 
middle panel: coherency filtered DMO section; lower panel: lithology at surface and line drawing. The bedrock map is from Laitala (1994). 
Colours as in Fig. 4 e�cept yellow = pyro�ene gneiss. North is shown by the white arrow and diabase dykes by black lines. Compilation of 
the aeromagnetic map by T. Ruotoistenmäki from low-altitude magnetic data by GTK (Hautaniemi et al. 2005). 
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A geological interpretation of the uppermost 8 
kilometres of the crust along FIRE 2 & 2A profiles 

units and terranes are marked with different colors. 
In general, the changes in the re��ectivity patterns 
can be associated with changes in geological units at 
surface, although this concerns structures more than 

rocks horst and graben structures with planar, mod-
erately to steeply dipping normal faults seem to be 
characteristic.

Relatively old “Svecofennian” (~1.88 Ga) diabase 
dykes are found scattered in the area of the Central 
Finland Granitoid Comple�, and they e�tend also the 
the Tampere and Pirkanmaa Belts. These dykes have 
not been dated properly but it is possible that they 
are associated with postkinematic magmatism. The 
re��ectivity pattern in the southernmost Central Finland 
Granitoid Comple�, in the Hirsilä Belt area, suggests 
a sheet with gently south dipping, poorly re��ective 
rocks that merge into the rocks of the Tampere Belt. 

We infer that the supracrustal rocks of the Hirsilä 
Belt are a part of the Tampere Belt thrust upon the 
older “core rocks”. The south dipping unit beneath the 
Tampere and Hirsilä Belts is interpreted to comprise 
weakly magnetic and poorly conductive volcanic 
rocks. This unit is on top of north dipping re��ective 
material that probably contains mafic material. The 
graphite- and sulphide-bearing sedimentary rocks of 

Tampere Belt suggest that sedimentary-dominated, 
conductive material was buried below the “core rocks” 
of the Central Finland Granitoid Comple�, and less 
conductive and re��ective volcanic-dominated material 
was thrust upon the “core rocks”, both as the result 
of north-south contraction. Subsequent to thrusting 
both the “core rocks” and the supracrustal rocks were 
intruded by the synkinematic plutonic rocks of the 
Central Finland Granitoid Comple�. These structures 
and the synkinematic magmatism were overprinted by 
transtensional or e�tensional faulting and emplace-
ment of the postkinematic granites. We interpret 
that the bright south dipping re��ections beneath the 
Tampere Belt are contractional listric faults. Also the 
north dipping re��ections in the southern part of the 
Pirkanmaa Belt may be considered as contractional 
structures. Thus the re��ectivity pattern within the 

Pirkanmaa Belt shows symmetry with strong re��ectiv-
ity at both ends. Overall, the upper crustal structure 
within the Tampere and Pirkanmaa Belts resembles 
a contractional pop-up geometry that may develop 

kind of contractional geometry may contain also 
ramp anticlines and antiformal stack structures (see 

Häme Belt.
In places the boundary between the Tampere and 

Pirkanmaa Belts is a reverse fault and also the bound-
ary between the Tampere and Pirkanmaa Belts is 
interpreted as a reverse fault zone in the area where 
FIRE 2 crosses the boundary. Such reverse faulting is 
in harmony with contractional deformation within the 
Tampere and Pirkanmaa Belts. The horst and graben 
structures that overprint the contractional structures 
in  the Pirkanmaa Belt and further south record e�ten-
sional, brittle-ductile deformation after contractional 
ductile deformation. 

Kilpeläinen (1998) inferred several deformational 
events within the Pirkanmaa Belt during 1.90–1.87 Ga 
the first metamorphic culmination before 1.89 Ga Ga 
during D1 deformation, and the second metamorphic 
culmination at 1.88 Ga, during D2 deformation. Ac-
cording to Jokela (1991) the style of D3 deformation 
in the Häme Belt with straight a�ial trends is rather 
simple, in contrast to D3 with curving a�ial planes 
in the Pirkanmaa Belt. This is consistent with the 
Vanaja detachment being the base of a thrust ramp 
that was formed as a part of a pop-up geometry during 
accretion. In our interpretation, the present boundary 
of the Arc comple� of western Finland and the Arc 
comple� of southern Finland is the southern bound-
ary of the Vanaja block; the boundary continues as 
the Vanaja detachment in the uppermost crust. The 
southern boundary of the migmatites appears to be 
an e�tensional detachment. 

The Vanaja detachment appears to e�tend to the Por-
ras fault in the center of the Häme Belt and separate a 
thin sheet from the underlying rocks. The detachment 
may be the basal thrust of an allochtonous crustal unit, 
or the base of a parautochtonous volcanic-sedimen-
tary basin slightly moved along the detachment. The 
bedrock underneath suggests a complicated evolution. 
In places there are traces of ramp anticlines and anti-
formal stacks suggesting stacking from the NE-NNE. 
The inferred ramp structures at the FIRE 2 / FIRE 2A 
crossing may be associated with the contraction that 
produced the pop-up structure further north, in the 
Pirkanmaa Belt. On the other hand, many synforms 
appear to have steepened boundaries resulting in a 

dISCuSSION

in collisional areas (e.g. Hall & Cook 1998). This 

McKay 1992) such as those described below the 

Isotopic studies (Lahtinen and Huhma 1997, Rämö et 

Comple� contains a “core” of older (~2.0 Ga) rocks. 
al. 2001) suggest that the Central Finland Granitoid 

The re��ecivity and conductivity pattern below the 

the Pirkanmaa Belt are squeezed below the uppermost 
crust (see Kukkonen et al. 2006, this volume).

is given in Figure 13. The interpreted upper crustal 

lithological variation. In areas dominated by plutonic 
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horst and graben structure. This suggests inversion 
from contraction to e�tension. 

The Hämeenlinna shear zone is structurally com-
ple�, containing the north dipping Aulanko fault and 
south dipping, southwestward curving faults such as 
the Kokkojärvi and Koijärvi faults; possibly these two 
fault sets are sligthly different in age. According to 
Hakkarainen (1994) indications of both vertical and 
horizontal (de�tral and sinistral) displacement are 
found in the Hämeenlinna shear zone. He reported 
also an undeformed latekinematic (1.85–1.82 Ga) 
granite crosscutting deformed granitoid rocks within 
the Hämeenlinna shear zone.

The Somero-Karkkila fault is one of the most con-
spicuous faults in the aeromagnetic map of southern 
Finland. According to Stel et al. (1989) around the 

separates two domains with different structural-meta-

moved upward with respect to the northern one. This is 
consistent with the S-C structure found in a subvertical 
mylonitic zone close to the town of Karkkila.

The western part of the West Uusimaa Comple� is 
disrupted and characterized by ovoidal (domal) mag-
netic anomalies whereas the eastern part has a smooth, 

concentric pattern; we interpret that the comple� is 

and structural pattern in the Uusimaa Belt suggests 

Comple�, and the grade of metamorphism decreases 
to the east, south, and southwest. The core comple� 
is an e�tensional ductile deformation structure that 
at present is bounded by faults: the Somero-Kark-
kila fault in the north, the Suomusjärvi fault in the 
west, and possibly the Porkkala-Mäntsälä fault in the 
southeast. Moreover, several fault sets have caused a 
comple� internal block structure to the core comple�. 
The crust in the southern part of the Uusimaa Belt 
contains gently dipping to horizontal re��ections con-
sistent with the suggested strong e�tension in the area 

(sub)horizontal re��ections below the Veikkola granite 

emplacement of the granites.   

CONCLuSIONS

The upper crustal re��ections correlate well with 
surface geology in the scale of a hundred meters. 
There are blocks with distinct seismic patterns; the 
block boundaries partly correlate with the established 
lithological boundaries and partly suggest modifica-
tions. The boundary between the Arc comple� of 
western Finland and Arc comple� of southern Finland 
coincides with the boundary between the Pirkanmaa 
and Häme Belts. 

The southern part of the Central Finland Granitoid 
Comple� is characterized by contractional north dip-
ping structures overlain by a thrust sheet with gently 
south dipping structures. This structure is overprinted 
by plutonic rocks and transtensional or e�tensional 
faults. 

The Tampere and Pirkanmaa Belts comprise a 
contractional pop-up structure. The upper crust in the 
Häme Belt area appears to be detached, consisting 
of a thin sheet of supracrustal rocks and crosscutting 

granites. Underneath the bedrock contains contrac-
tional structures. The contractional structures in the 
Pirkanmaa and Häme Belts appear to have inverted 
into an e�tensional horst and graben structure. 

The West Uusimaa Comple� in the Uusimaa Belt 
is interpreted as a metamorphic core comple�. The 
e�tensional core comple� appears to have been uplifted 
in relation to the adjacent areas. The southernmost part 
of the Uusimaa Belt is characterized by thin, subhori-
zontal sheets of poorly re��ective material suggesting 
strong e�tension. 

E�tensional structures overprint contractional 
structures in the entire FIRE 2 & 2A area. E�tension 
occurred 1.87 Ga ago in the Central Finland Granitoid 
Comple� area and later further south; e�tension in the 
southern part of the Uusimaa Belt appears to have 
occurred during the emplacement of the 1.85–1.82 
Ga granites.
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morphic patterns so that the southern domain has 

Somero village (Fig. 3a) the Somero-Karkkila fault 

sigmoidal (see Fig. 3). Overall, the metamorphic 

a metamorphic core comple� (e.g. Wernicke 1985, 
Lister and Davis 1989): the core is the West Uusimaa 

area, together with the largely contemporaneous peak 

(Korja and Heikkinen 1995, Pajunen et al. 2002). The 

metamorphism (between1834–1814 Ma; Mouri et al. 
2005) and emplacement of the Veikkola granites (be-

e�tensional ductile deformation environment during 
tween1855–1820 Ma; Kurhila et al. 2005), suggest an 
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The FIRE 3 and FIRE 3A deep seismic profiles traverse the transition zone from the 
Archaean Karelian craton in the east to Paleoproterozoic Svecofennian lithosphere in the 
west. Because there is post-Svecofennian tectonic activity, the seismic fabric along the 
profiles is considered to represent to record the original Archaean and Palaeoproterozoic  
crustal architecture. Nine crustal domains have been delineated, based on a combination 
of known geological constraints and patterns of seismic re��ectivity, representing four 
principal geodynamic events. 

Archaean rocks at the eastern end of Profile FIRE 3, in the Pielinen Domain, have 
been thermally overprinted by Svecofennian orogeny but there is no penetrative Palaeo-
proterozoic  deformation. Accordingly, seismic fabric may be interpreted as a record of 
Neoarchaean orogenic processes. Greenstone belts intersecting the profile do not show 
strong re��ectivity contrasts with adjacent granitoids, either at surface or depth. However, 
the distribution and orientation of some re��ectors and an e�tensive transparent zone in 
the upper ten kilometres is consistent with field evidence for late orogenic E-NE vergent 
deformation associated with emplacement of potassic migmatites and monzogranite  
plutons. Below this level, seismic fabric is more homogeneous, with a Moho discernible at 
around 40 km and is in this respect appears typical for undisturbed Archaean lithosphere 
and correlates well with other sections through the Karelian craton.

Palaeoproterozoic  rifting and basin subsidence may be inferred in the Höytiäinen  
Domain from a moderately W-dipping discordance in re��ectivity that projects to the 
surface at the Archaean –Proterozoic unconformity. Eastwards dipping re��ectors can 
also be identified, although some at least appear to be relatively late orogenic features. 
There is thus some ambiguity as to whether an asymmetric e�tensional fault system would 
have dipped eastwards, beneath the craton, or westwards. An eastwards dipping system 
is plausible, and would be appropriate for e�tensional e�humation of the Jormua and 
Outokumpu subcontinental mantle lithosphere during eventual continental breakup. On 
the other hand, reactivation of westwards dipping e�tensional faults and the presence of 
an inferred antiformal stack to a depth of nearly 10 km is consistent with inversion of the 
rift basin sequence and emplacement over the Archaean foreland.

A broad zone, across the Outokumpu, Suvasvesi, Kuopio and Unnukka domains, within 
which the FIRE 3A profile is oblique to structural trends, is characterized at the surface 
by allochthonous Palaeoproterozoic  and Archaean basement, disrupted by NW-SE strike-
slip shear systems and bivergent thrusting, accompanying emplacement of granitoids, 
some of which were derived from Archaean crust. Discrete granitoid plutons are clearly 
imaged as transparent zones, and down-plunge projections from areas to the north of the 
profile imply the presence of thoroughly reworked Archaean crust beneath the Outokumpu 
region. The seismic fabric in this area is thus attributed to comple� interaction between 
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thrusting and strike-slip shear systems, with ma�imum compressive direction subparallel 
to the buried craton margin.

The Svecofennian section of the traverse, within the Unnukka, Äänekoski-Perho, Kaustinen 
and Kokkola domains is characterized by a series of prominent re��ective bands that have a 
gentle to moderate southerly dip towards Moho depths in the plane of section. These could 
be interpreted as accretion of metasediments beneath a W-facing magmatic arc, in which case 
many of the features would have originated at 1.89-1.87 Ga. Alternatively the structure could 
represent post-magmatic crustal scale imbrication, with a NNW vergence being appropriate 
for late orogenic deformation, and potentially correlated with events between 1.84-1.80 Ga 
in southern Finland. This interpretation would also imply that this whole region was already 
a rigid plate capable of transmitting and sustaining far-field collisional stresses by 1.85 Ga 
and is in principle consistent with proposals advocating a 2.1-2.0 protocontinental precursor 
to the terrain now occupied by the Central Finland Granitoid Comple�.

Key words (GeoRef Thesaurus, AGI): crust, deep seismic sounding, re��ection methods,  FIRE, 
seismic profiles, deep-seated structures, Palaeoproterozoic , Archaean, Central Finland

Peter Sorjonen-Ward 
Geological Survey of Finland 
PO BOX 1237, Kuopio Finland 

E-mail: peter.sorjonen-ward@gtk.fi

This paper is a first attempt to document and pro-
vide a geological framework for the FIRE 3 and 3A 
deep crustal seismic profiles, which transect Finland 
from Ilomantsi, in the easternmost part of the country, 
adjacent to the Russian border, to Kokkola, located 

domains based on lithological and structural character-
istics, as a framework for assessing seismic re��ectivity 
patterning. Where possible, seismic re��ectivity is cor-

features. There is considerable regional variation in 
availability of geological and structural data along the 
profiles, which in��uences the degree to which detailed 
analysis can be attempted. Consequently, this study 
treats the FIRE 3 profile in greater detail, including 
systematic analysis of migrated sections to a depth of 

8km, combined with crustal scale interpretation. In 
contrast, much of the FIRE 3A profile is interpreted 
from a more regional, reconnaissance scale perspec-
tive, with additional detail only presented for a few key 
areas. Acquisition and processing procedures for the 
FIRE surveys, as well as geophysical characteristics 
are described in detail by Kukkonen et al. (2006, this 
volume) and will not be considered further in this 
paper. The higher resolution Outokumpu surveys 
(OKU1, OKU2 and OKU3), which were designed to 
demonstrate the potential for using seismic techniques 
in e�ploration, form the subject of a separate study 
and are not described here. However, the interpreta-
tions presented here for the western part of the FIRE 3 
profile provide a structural conte�t for the Outokumpu 
mineral system, which is also intended as a basis for 
analysis of the higher resolution data.

INTROduCTION

Principal geological events and structural and lithic units along Profiles 3 and 3A

The FIRE 3 and FIRE 3A survey lines provide a valu-
able transect across an Archaean to Palaeoproterozic 

characterized by remarkably thick crustal and mantle 

of lower crustal and mantle �enoliths and �enocrysts 

kilometres to the north of the seismic profiles have 
provided additional constraints on the thermal state, 
density and compositional structure of the lithosphere 

western margin of the Neoarchaean Karelian craton, 
which was disrupted by protracted Palaeoproterozoic  
rifting events, and e�tensive tectonic and thermal 
reworking during subsequent orogenic processes. At 
the eastern end of the FIRE 3 profile, the Archaean 
basement shows moderate Proterozoic thermal over-
printing but negligible tectonic reworking, and is 
unconformably overlain by Palaeoproterozoic  sedi-

related and constrained with respect to known surface 

cratonic boundary zone (Figures 1 and 2), which is 

by latest Neoproterozoic kimberlites several tens of 

lithosphere (Luosto et al. 1990, Korja et al. 1993, 
Korsman et al., 1999). Moreover, fortuitous sampling 

(Kukkonen & Peltonen 1999, Hölttä et al. 2000b; Kuk-
konen et al. 2003, Lehtonen et al. 2004, O’Brien et al. 
2005). Profile FIRE 3 represents a traverse through the 

The approach adopted here is to define crustal scale 
on the coast of the Gulf of Bothnia (Figures 1 and 2). 
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mentary and volcanic sequences that record episodic 
rifting and subsidence over an e�tended period from 

the FIRE 3 profile, towards the Outokumpu ore prov-
ince, including ductile deformation and tectonic imbri-
cation of underlying Archaean basement; Proterozoic 
granitoids in this area also show isotopic evidence of as the crust further west along the profile, appears to 

Figure 1. Principal tectonic domains in the eastern Fennoscandian Shield, with FIRE 3 and 
3a profile, illustrating how the transect includes both Archean basement near the Russian 
border, and Palaeoproterozic Svecofennian crust in western Finland. Green arrows indicate 
orogen-parallel convergence during much of Svecofennian deformation, and brown arrows 
indicate opposing convergence between the Kola and Karelian cratons in Lapland.

metamorphic grade tend to increase westwards along 
before 2.2 Ga to about 1.9 Ga. (Figure 3). Strain and 

oblique traverse westwards across the craton margin 

derivation from an Archaean crustal source (Halden 
1982, Huhma 1986). Profile 3A branches from Profile 
3 south of Outokumpu (Figures 3 and 11) and forms an 

into the Central Finland Granitoid Comple� (Figures 
2, 19 and 21). On the basis of isotopic studies, the 
entire Central Finland Granitoid Comple�, as well 
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evolutionary process, involving 1.9–1.8 Ga Svecofen-
nian reworking of a 2.1–2.0 Ga protocontinental crust 

parallel to structural and lithological trends through 
much of this area but near CMP 10000, close to where 

there is a significant change in trend towards the NW. 
This northwesterly trend, which continues to the end 
of the profile, at CMP 17888, is ideally oriented for 
imaging seismic features, being at a high angle to a 
number of major structural boundaries.

For the purposes of this analysis, the region traversed 
by Profiles FIRE 3 and FIRE 3A is subdivided into a 

tions between domains are gradual rather than abrupt, 

Figure 2. Location of FIRE 1 and FIRE 3+3A profiles with respect to principal groups and domains of Proterozoic granitoids; background te�ture based 
on topographic DEM, generated from GTK Image Web Server. Thick ochre line marks westernmost e�posures of Archaean crust in central Finland.

be entirely of Palaeoproterozoic  age (Huhma 1986, 

studies have also advocated a more comple� two-stage 
Patchett & Kouvo 1986). Some recent petrogenetic 

(cf. Lahtinen 1994, Lahtinen & Huhma 1997, Nironen 
et al. 2001, Elliot 2003). Profile 3A tends to be sub-

it crosses the FIRE 1 profile (Figures 2, 19 and 21), 

number of domains, each having distinct structural and 
lithic characteristics (Table 1). In reality, the transi-
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Figure 3. Regional geological features superimposed on oblique-illuminated airborne total magnetic intensity image, showing location of re��ection 
profile FIRE 3 and eastern end of FIRE 3A. Scale indicated by Finnish 1:100000 mapsheet grid (40 � 30 km2), with Finland Zone 4 grid coordinates 
and longitude indicated. Profile FIRE 3 is subdivided in to three geological domains, the Outokumpu domain, e�tending from Maarianvaara (CMP 
0000) to the eastern margin of the Sotkuma Archaean basement inlier (CMP 2450), the Höytiäinen domain which continues from this point to the al-
lochthonous Proterozoic – Archaean boundary at Heinävaara (CMP3670), and the Pielinen domain, which traverses Archaean basement to the eastern 
end of the profile (CMP 6300). The segment of profile FIRE 3A shown here is also assigned to the Outokumpu domain. Type localities of three major 
structures defining and within the Höytiäinen domain – the Nunnanlahti, Hammaslahti and Suhmura deformation zones are also indicated.

representing strain gradients, or progressive increase 
in metamorphic grade and degree of melting in high-
grade terrain; accordingly there is some overlap in 
assigning a specific CMP value to a domain boundary. 
Each of these domains will be discussed separately, 
commencing with the Pielinen domain at the eastern 
end of profile FIRE 3 and progressing westwards 
towards Kokkola. Discussions and interpretation for 
each domain include constraints on rock composition 
and structural evolution, an interpretation of seismic 
data at crustal scale, and where surface geological 
and geophysical constraints permit, a more detailed 
analysis of the migrated (DMO) sections down to a 
modelled depth of 8 km. 

Geological constraints for the whole of Profile FIRE 
3 (Pielinen, Höytiäinen and Outokumpu domains) are 
in general reasonably good, as the area surrounding 
the profile is covered by 1:100000 bedrock mapping 

surrounding the FIRE 3A is however more variable, 
with some detailed mapping in the Suvasvesi, Un-

(Huhma, 1971a,b,c, Laiti 1983, 1985, Lavikainen 
1975, 1986, Nykänen, 1971), as well as more detailed 
regional and structural studies (Huhma 1975, Gaál et 
al. 1975, Koistinen 1981, Park & Bowes 1983, Ward 
1987, 1988, Kohonen 1995). Coverage of the terrain 

nukka and Äänekoski domains (Äikäs 2000, Koistinen 
1993a,b, Lukkarinen 2000, Pääjärvi 1991, 2000a,b, 
Pääjärvi & Äikäs 2005, Paavola 1980, 1997), and 
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also towards the western end of the profile, notably 

part of Profile 3A, within the Central Finland Granitoid 
Comple� has only been mapped at reconnaissance scale 

interpretation of Profile 3A is of a more provisional 
and larger scale nature. 

Table 1. Structural and lithic domains defined along seismic reflection profiles FIRE 3 and FIRE 3A. FIRE 3 CMP station numbers 
increase from east to west, whereas FIRE 3A numbers increase westwards, recording respective directions of data acquisition

domain  CMP range Principal geological features

Pielinen FIRE 3 6300–3600 Neoarchaean terrain with Palaeoproterozoic thermal overprint but generally 
limited and brittle tectonic overprinting

Höytiäinen FIRE 3 3700–2400 Epicontinental (>2.2 Ga) to marine rifted margin sediments and volcanics 
(2.1–2.0 Ga), unconformable on Archaean basement, deformed as foreland 
fold and thrust belt

Outokumpu FIRE 3 2400–0000 Passive margin to ocean basin sediments (<2.0 Ga), including Outokumpu 
assemblage, emplaced over craton margin as allochthonous nappes; base-
ment inliers record ductile Proterozoic strain 

Suvasvesi FIRE 3A 02000–05000 High-grade metamorphism of (<2.0 Ga) passive margin sediments, with 
migmatites and granites derived from buried craton; close interaction be-
tween granite emplacement, thrusting and crustal scale shear zones

Kuopio FIRE 3A 02000–05000 Contiguous with Suvasvesi domain, characterized by allochthonous and 
ductile Archaean basement and high-grade rifted margin (2.1–2.0 Ga) and 
passive margin (<2.0 Ga) sediments 

Unnukka FIRE 3A 05000–09750 Profile oblique to structural trend and high strain transition zone between 
buried craton margin and high grade Svecofennian (1.93–1.89 Ga) metamor-
phic terrain intruded by (1.89–1.87 Ga) Central Finland Granitoid Comple�

Äänekoski 
– Perho

FIRE 3A 09000–14800 Plutons of Central Finland Granitoid Comple� (1.89–1.87 Ga) and relict 
supracrustal sequences, prominent NE structural trends

Kaustinen FIRE 3A 14800–16800 Abrupt transition across western edge of Central Finland Granitoid Comple� 
to predominantly amphibolite facies graywacke-dominated metasediments 
and mafic volcanic units; primary depositional features widely preserved, 
intruded by 1.88-1.89 Ga granitoids, structurally coherent, with regional 
refold interference patterns and prominent NE-ENE trends

Kokkola FIRE 3A 16800–17880 Mainly metasediments, from amphibolite facies to migmatite terrain, struc-
turally coherent over wide areas

Likely ages and origin of reflective events in Profiles 3 and 3A

The surface geology along the FIRE 3 and 3A profiles 
consists entirely of Palaeoproterozoic  and Archaean 
rocks. It is nevertheless important to demonstrate 
that the re��ective fabric observed in the seismic data 
is indeed inherited from at least Palaeoproterozoic  
time, rather than a product of younger lithospheric 
processes. 

Total topographic relief along Profiles 3 and 3A is 
less than 300 m and presumably represents slow e�hu-
mation and denudation of a low-relief Neoproterozoic 

thickness and distribution of preserved Neoprotero-
zoic to Mesozoic sedimentary sequences ��anking the 
Fennoscandian Shield in Estonia, Sweden and Russia 
also suggests that central and eastern Finland have not 
been subjected to deep burial and e�humation during 

evidence for the lack of significant crustal deformation 
and for low rates of e�humation since the Mesopro-
terozoic is provided by the recognition of Cambrian 
sediments within the impact sequence associated with 
the Lappajärvi meteorite crater, which is located about 

40Ar-39Ar dating by Jessberger and 

Ma; ion microprobe dating of zircon also supports 

in southern and central Finland have also revealed 
Neoproterozoic to Ordovician microfossils, confirm-
ing that a shallow sedimentary sequence episodically 

Vaarma & Pipping 1997, 2003). However, the central 

the Kyyjärvi, Perho and Kaustinen domains (Lonka 
1971, Pipping 1976, 1992, Pipping & Vaarma 1993, profile is considered here in greater detail, whereas 

(Frosterus & Wilkman 1920, 1924, Wilkman 1933, 
Nironen et al. 2002). For these reasons, the FIRE 3 

1996, Artyushkov et al. 2001). The most compelling 

the Phanerozoic (Nishikin et al. 1996, Puura et al. 

30 km southwest of CMP 15000 on Profile 3A (Figure 

Reimold (1980), the age of the impact was 77.3±0.4 
21). According to 

a late Cretaceous impact age, of 73 Ma (Mänttäri & 
Koivisto 2001). Studies from several other impact sites 

et al. 1993, Uutela 1990, 1998, 2001) 
covered the area traversed by Profile 3 and 3A (Elo 

land surface (Veltheim 1969). Consideration of the 
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A number of thermal and rifting events have nev-
ertheless affected Fennoscandian lithosphere since 
Svecofennian crust formation, commencing with 
Mesoproterozoic rapakivi granite intrusions, and as-

ductile thinning of the lower crust, imaged in BABEL 

The northern margins of the Wiborg and Salmi batho-
liths lie some 200 km to the south of the eastern part 
of Profile 3A and Profile 3, while the western end of 
Profile 3A is a similar distance from the Nordingrå 
rapakivi granites, doleritic sills and Mesoproteorozoic 

be a response to enhancement of anisotropy during 
ductile e�tension.

The Muhos graben, which is situated some 150 km 
north of the westernmost part of the FIRE 3A profile, 
contains latest Neoproterozoic terrestrial sediments, 
related either to the rifting during breakup of Rodinia 
and formation of Iapetus or distal foreland deposition 

the area traversed by Profiles 3 and 3A should be noted. 
Moreover, Neoproterozoic faulting or even intrusive 
activity could potentially be recorded in the eastern 

of the Kaavi and Kuopio kimberlite fields. 
A number of fission track studies have indicated 

modest thermal events in Finland during the Paleozoic, 
commonly attributed to transient burial by shallow 

ence of a post-collisional Caledonian foreland basin 
would have resulted in transient burial of at least the 

western part of Profile 3A during the middle Paleozoic; 
thermal constraints on likely basin thickness and a 
mechanical analysis by Samuelsson and Middleton 
(1998) indicate that this event would have involved 
only modest lithospheric ��e�uring with only limited 
strain. Similarly, successive stages of uplift and ero-
sion of the Scandinavian mountain range and Kola 
Peninsula, and complementary sedimentation in the 
Norwegian and Barents Seas, from the Carboniferous 
to the present, are most likely to have had limited and 
essentially elastic responses in the interior of the Shield 

track studies combined with gravity modelling suggest 
the importance of relatively local responses to varia-
tions intraplate stress, such that simple underplating 
of the Norwegian margin by an asthenospheric diapir 

of young modification of the lithosphere beneath the 
Profile FIRE 3 and FIRE 3A transect is thus even more 
remote. Likewise, cyclic Neogene glacial loading 
and unloading of the lithosphere has been essentially 

conditions lead Kukkonen et al. (2006, this volume) 
to speculate that observed variations in re��ectivity 

the present-day transition from the brittle to the duc-
tile ��ow regime, for rock compositions dominated by 
quartz and feldspar. Apart from these phenomena, and 
a number of steep linear features which may prove to 
be processing artefacts, we may conclude that most, 
if not all, re��ections observed in Profiles FIRE 3 and 
FIRE 3A relate to crustal formation and reworking 
during Archaean and Palaeoproterozoic  time. 

what geological events and processes are recorded by FIRE 3 and FIRE 3A seismic images?

When correlating seismic re��ectors with bedrock 
geological features, three questions are of fundamental 
interest. Firstly, can we confidently recognize or e�-
trapolate discrete re��ectors to the Earth’s surface and 
relate them to e�posed rock units or tectonic bounda-
ries? Secondly, can we distinguish between re��ectors 
due to contrasting impedance properties between 

primary rock units, such as basin sediments, intrusive 
sills and plutons, and those related to localized and 
heterogeneous deformation within a single rock type? 
Thirdly, can we deduce a geological history from the 

for e�ample by identifying mutual truncations or dis-
placements of re��ectors? If so, we may obtain insights 

sociated mafic dyke swarms and terrestrial sedimentary 

granite emplacement has been related to e�tensive 
deposits (Rämö & Haapala 1995, 2005). Rapakivi 

re��ection seismic data in the Gulf of Bothnia (Korja 
& Heikkinen 1995) and inferred from refraction and 
gravity data in southern Finland (Elo & Korja 1993). 

a series of subhorizontal re��ectors in the lower crust 

terrestrial sediments imaged in BABEL profiles 1 
and 7 (Korja et al. 2001). It is therefore possible that 

at the western end of Profile 3a (Figure 24) could 

ized post-Svecofennian fault reactivation throughout 

during the Timan Orogeny (cf. Siedlecka et al. 2004). 

& Uutela 1984), in which case the possibility of local-

part of Profile FIRE 3A, which passes just to the south 

Mesoproterozoic sediments may also be present (Tynni 

marine to Caledonian orogenic deposits (Lehtovaara 
1976, Larson et al. 1999, Murrell 2003). The e�ist-

(Riis 1996, Stuevold & Eldholm 1996). Indeed, fission 

is itself unlikely (Hendricks 2003). The possibility 

observations for localized post-glacial faulting, typi-
cally representing reactivation of more ancient fault 

��ow studies in the Fennoscandian Shield moreover 

ing a Moho temperature around 500°C. These boundary 

also been documented from the Hattu schist belt in the 

elastic in nature (Mörner 1981), despite widespread 

networks (Talbot 2001); e�amples of such faults have 

eastern part of Profile 3 (Sorjonen-Ward 1993). Heat 

1996), corroborated by compositional studies from 
imply a relatively low geotherm (Kukkonen and Jõeleht 

kimberlite �enoliths (Kukkonen et al. 2003), suggest-

intensity at depths of 10–15km may be attributed to 

relationships between different groups of re��ectors, 
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into the timing and kinematics of crustal growth and 
reworking, as well as constraining the present day 
lateral and vertical distribution of lithic and structural 
units in the deep crust. The validity of such models is 
obviously limited by our ability to identify and e�clude 
artificial features, for e�ample artefacts related to ac-

quisition and processing, such as re��ections sourced 
from fortuitously oriented rock units outside the line 
of section. Conversely, interpretations become more 
robust where re��ection events are seen to coincide 
with independently derived constraints from surface 
geology and potential field models. 

dESCRIPTIvE ANALYSIS OF FIRE 3 ANd FIRE 3A dOMAINS 
 

PIELINEN dOMAIN (FIRE 3 CdP 6280 –3680)

Description and analysis commences from the east-
ern end of FIRE3, where Archaean rocks e�perienced a 
Svecofennian thermal overprint to at least greenschist 

In this domain, Proterozoic tectonic effects were 
restricted to discrete brittle fault zones and localized 
brittle-ductile contact strain along the margins of 
Proterozoic mafic dykes. Further west along Profile 
FIRE 3, and the eastern part of Profile FIRE 3A, within 
the Outokumpu and Suvasvesi domains, Archaean 
rocks commonly record a ductile Proterozoic strain 
overprint and in some cases represent allochthonous 
thrust sheets. 

The Pielinen domain e�tends from the eastern end 
of Profile FIRE 3, at Möhkö near the Russian border 
(CMP 6300), to Heinävaara (CMP 3660), where a 
west-dipping Proterozoic quartzite-turbidite sequence 
is e�posed, unconformably overlying migmatitic Ar-

this area have been designated as the Ilomantsi terrain 

both granitoids and intervening supracrustal belts, 
namely the Hattu belt in the east and the Kovero belt 
to the southwest. The Kovero belt is further subdivided 
here into the Ylinen, Otravaara and Sonkaja zones, 
which intersect the profile between CMP 3900–4600 

Otravaara zones intersect the seismic transect at rela-
tively high angles, while the Sonkaja zone is oblique 

are few e�posures of the Hattu schist belt in the area 
of the transect, but its location is well constrained 

Hattu schist belt is dominated by metasediments with 
lower amphibolite facies peak mineral assemblages 

tal belt contains a greater proportion of mafic rocks, 
and is somewhat better e�posed in the vicinity of the 
seismic profile. 

Geological history and structural constraints in the Pielinen domain

We may infer from detailed mapping of the Hattu 

N and NNE. The only exceptions to this are associated 

with the Kuittila suite of granitoids, where dips may 

formation, implying that the enveloping surface to 
lithic units also dips steeply; no evidence for gently 
dipping structures was found at the present erosion 

about 3–4 km in width where crossed by the seismic 
profile and the nearest bedrock exposures indicate that 
pelitic metasediments dominate. Narrow intercalations 
of felsic volcaniclastic deposits, mafic to ultramafic 

lava flows and magnetite banded formations are also 
present, the latter being responsible for the strong 
magnetic signature associated with the Hattu belt 

at the margins of the Hattu schist belt. A distinctive 
group of elongate tonalite plutons, known as the Kuit-
tila suite, occur within and along the Hattu schist belt 

strain zones localizing hydrothermal alteration and 
orogenic gold mineralization in the Hattu schist belt 

suite plutons have also recently been shown to share 

facies (Kontinen et al. 1992, Sorjonen-Ward 1993). 

chaean granitoids (Figure 3). The Archaean rocks in 

(Sorjonen-Ward & Luukkonen 2005), which includes 

(Figures 3 and 4). The Hattu belt and the Ylinen and 

and somewhat north of the profile (Figure 4). There 

between CDP 5865–6100 (Figures 3 and 4). The 

(Sorjonen-Ward 1993) whereas the Kovero supracrus-

steep elongation lineations and constrictional de-

schist belt to the north of the profile (Sorjonen-Ward 

with NW- and NE-trending shear zones associated 

1993) and reconnaissance mapping to the south (La-

at 70° or greater, with a strike trend typically between 
vikainen 1975), that foliations dip steeply, generally 

be less than 60°. Strain analysis indicates generally 

level (Sorjonen-Ward 1993). The Hattu schist belt is 

Granitoid contacts are inferred to be steep, at least 
(Figures 3 and 4).

These granitoids have a spatial association with high 

(Sorjonen-Ward 1993), both north and south of the 

also interpreted to indicate steeply dipping contacts. 
seismic profile (Figures 3 and 4); their geometry is 

(Nurmi et al. 1993, Sorjonen-Ward 1993). The Kuittila 

sanukitoid affinities (Halla 2005, Lobach-Zhuchenko 
et al. 2005). If sanukitoid attributes are truly diag-
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nostic of a particular melting regime and mantle-
crustal interaction above a subduction zone, then by 
implication, the linear distribution of these plutons 
must relate to fundamental crustal scale deformation 
within the Hattu schist belt. Accordingly, we might 
anticipate a significant deep crustal boundary in this 
area, if there were appropriate lithological contrasts. 
Nevertheless, inspection of the seismic data fails to 
show any significant steep, deep crustal features in 

Moreover, isotopic constraints on source terrains 
indicate a more complex history; with different plutons 
recording varying contributions from juvenile and 
older crustal sources. For example, the Kuittila tonal-
ite (U-Pb zircon age = 2746±9 Ma) has ε

Nd
 (2750) = 

+0.4±2.3 (O’Brien et al. 1993) and a revised Re-Os 
molybdenite age around 2750 Ma (Holly Stein, pers. 
comm.), suggestive of a short residence time for 
source material. Likewise, the Pogosta Granodiorite 
(U-Pb zircon ages of 2733±6 Ma and 2724±5 Ma) has 
a near chondritic value for ε

Hf
 (2720), of = +0.2±0.9 

Silvevaara Granodiorite, with a zircon age of 2757±4 
Ma, shows evidence of older crustal derivation, con-
taining a population of xenocrystic zircons up to 3.2 

(2750) = +0.4±2.3. The Silvevaara and Pogosta plutons 
are petrologically homogeneous, and cover areas of 

2

crustal source regions, the degree of melting, and hence 
thermal boundary conditions, and the nature of melt 
transfer to the middle crust.

of 80 km depth and indicates a homogeneous lower 
crust, providing no definite constraints in relation to 
magma extraction and emplacement, at least with 
respect to the Pogosta and Silvevaara plutons. It 

cally detached from their ultimate source terrains, or 
subsequent processes have obliterated earlier fabric 

Figure 4. Oblique-illuminated airborne total magnetic intensity image of Profile FIRE 3 in the Pielinen Domain. Archaean granitoids referred to in 
te�t are labelled, as are supracrustal sequences of the Huhus, Hattu and Kovero belts, the latter being further subdivided into the Ylinen, Otravaara 
and Sonkaja domains. Distinct mafic dyke array trends are also labelled (Marjovaara, Havakkakallio and Kuuksenvaara), and several significant 
Proterozoic brittle deformation zones are also indicated by dotted lines. Archean (Ar) to Proterozoic (Pr) transition is at CMP 3670, which is taken as 
the boundary between the Höytiäinen and Pielinen domains. Scale bar at lower left.

this region (Figures 5 and 6). 

(Patchett et al., 1981). On the other hand the adjacent 

Ga (Sorjonen-Ward & Claoué-Long 1993) and εNd 

500–1000 km  at the present erosion level (Figures 

considering the dimensions and compositions of deep 
3 and 4), which has significant consequences when 

Figure 5 shows the seismic data imaged to a depth 

is of course possible that they have been tectoni-



114

Geological Survey of Finland, Special Paper 43
Peter Sorjonen-Ward

Figure 5. Profile FIRE 3, from Maarianvaara (0000) to Möhkö (6300), imaged to model depth of 80 km, with annotations indicating principal rock 
units and structures inferred for the Outokumpu (CMP 0000–2450), Höytiäinen (CMP 2450–3670) and Pielinen domains (3670–6300). Data migrated 
and processed such that increasing average re��ectivity amplitude corresponds to darker gray tones (see Kukkonen et al. 2006, this volume, for fur-
ther details). Note subhorizontal re��ectivity in Pielinen domain, annotated with undulating heavy dotted lines, attributed to late orogenic E-vergent 
deformation, with bright zone above 10 km correlated with emplacement of monzogranites and migmatites. Heavy solid lines represent significant 
Proterozoic orogenic deformation zones , with latest displacement at high angle to plane of section (NW-vergent Outokumpu and Suhmura zones, 
NNW sinistral transpressive Nunnanlahti zone). Note also more intense re��ectivity anisotropy in uppermost crust in the Outokumpu domain, delin-
eating large scale synformal structure, discernible to depth of at least 20 km. Broken lines indicate discrete features, some of which relate to faulting 
and rift-related faulting and mafic dyke emplacement, while others may be gently dipping late orogenic shear zone networks. Zones labelled R1, R2 
and R3 are potential e�tensional faults zone, with R1 being the likely main detachment fault for rifting at 2.1 Ga. Steeper dotted lines in Outokumpu 
domain, if not processing artefacts, could relate to either late orogenic NW-trending lamprophyre dyke suites, or Neoproterozoic fractures associated 
with kimberlite emplacement.
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in the deep crust. It is thus suggested that the more 
reflective zones at 10–20 km depth between CMP 
4700–6200 may signify high strain zones at the 
base of the plutons, perhaps tectonic imbrication of 
greenstone belt remnants. Another possibility is that 
the reflective zones represent refractory material or 
cumulates in the pluton source region. However, 
such a proposal needs to be reconciled with realistic 
depth constraints on degree of melting; metamorphic 
assemblages in relation to strain history of granitoids 
and supracrustal rocks in the Hattu schist belt imply 

would correspond to paleodepths of more than 30 km 
which, under a normal orogenic geotherm, would be 

sitions, and certainly under an enhanced mantle heat 

results in a dilemma if the Pogosta and Silvevaara 
plutons share sanukitoid affinities, and hence require 
derivation from metasomatized mantle lithosphere 

of seismic fabric in the lower crust. Nevertheless, the 
gentle westerly dip of reflectivity between CMP 6200 
and CMP 5600, to depths of 20 km, could be taken to 

Sorjonen-Ward and Luukkonen (2005). Late orogenic 
granite extraction, or tectonic delamination could have 
obliterated deep crustal collisional fabric further west, 
as suggested below. 

The area between the Hattu and Kovero supracrus-
tal belts (CMP 5860–4600) provides some insights 
into this problem through evidence for convergent 
deformation and crustal thickening during granitoid 
emplacement. As noted above, the steep attitude of 
the Hattu schist belt makes it difficult to define any 
orogenic polarity or tectonic vergence. However, the 
few foliation measurements in the Pogosta Grano-
diorite and Möhkö Tonalite either side of the Hattu 

do in fact suggest a steep westerly dipping enveloping 
surface. The impression of NE-vergent, E-W shorten-
ing or SW-NE transpression is further enhanced as we 
progress westwards. The Pogosta pluton is a rather 

a relatively subdued magnetic expression between 

and 4150, to the south of the Sonkaja and Otravaara 
zones of the Kovero belt, there is a perceptible in-
crease in magnetic intensity and patterning, which 
correlates with the increasing abundance of potassic 

monzogranite, commonly occurring as migmatizing 
sheets and veins, but also forming discrete plutons 
such as the Kutsu Granite. Between CMP 4950 and 
4700, migmatitic banding and shear zones define 
domal and gently dipping structures, with a distinct 
NE-vergent asymmetry. These observations are used 
to support the interpretation of W-dipping reflectivity 
in the crustal scale and detailed upper crustal seismic 

pegmatite recording alternating brittle failure within 

structural evidence, combined with the distribution of 
the Kutsu Granite and similar intrusions in the western 
part of the Pielinen domain, allows an interpretation of 
the seismic section in Figure 5, in which the transparent 
zone between CMP 4900 and 3600, to a depth of about 
10 km, may be regarded as comprising sheets of late 
orogenic granite, presumably continuous beneath the 
Kovero supracrustal belt. Generation of late orogenic 
granitic magmas during crustal collision or thickening 
is moreover consistent with the presence of extensive 
two-mica and tourmaline-bearing leucogranites further 

the western margin of the Hattu schist belt.
A similar east-vergent kinematic interpretation is 

permissible from analysis of the Kovero supracrustal 
belt itself, although it is admittedly difficult to correlate 

The Otravaara Zone of the Kovero belt represents a 

demonstrably deforms earlier metamorphic fabrics 

broad sense, the form of the Kovero belt can be in-
terpreted as a pop-up wedge generated by contraction 
or transpression along a NE-SW vector.

In conclusion, the seismic re��ectivity patterning in 
the Pielinen domain is not easy to reconcile with the 
observed surface geometry of supracrustal sequences 
and contacts between the Hattu and Kovero belts 

structures associated with gold mineralization in the 
Hattu schist belt do not appear to be imaged seismi-
cally. However, a generally gently W-dipping seismic 
fabric can be identified in the upper crustal section, 
to a depth of nearly 20 km, which can be correlated 
with observed geological constraints, and is attributed 
to late orogenic crustal convergence, thickening and 
monzogranite generation and emplacement. 

then, the reflective zones imaged in the present profile 

under lower amphibolite facies conditions (O’Brien 
et al. 1993, Sorjonen-Ward 1993). For this scenario 

of the Pogosta pluton shows increasing strain (Figure 

that the present erosion level records emplacement 
7c,d), with a moderate westerly enveloping surface, 

an overall ductile strain regime (Figure 7e,f). This 

north, along the Huhus supracrustal belt (Figure 4) and 

(cf. Halla 2005), since there is no obvious indication 

infer an E-vergent structural polarity, as favoured by 

records very high flattening and constrictional strain 

seismic reflectivity with greenstone units (Figure 8c,d). 

southerly plunging refolding pattern (Figures 3 and 
4), which is associated with granite emplacement that 

(Figure 8f). In contrast, the NW-trending Ylinen Zone 

(Figure 8e) with steep easterly dips. Therefore, in a 

schist belt near the seismic profile (Lavikainen 1975) 

homogeneous medium-grained biotite granodiorite 
(Lavikainen 1973, 1986, Sorjonen-Ward 1993), with 

CMP 5865 and 4950 (Figure 4). Between CMP 4950 

and surrounding granitoids. Likewise, regional scale 

flux (cf. Thompson 1999). However, this interpretation 

sufficient for melt generation for most crustal compo-

sections (Figures 6–8). At 4950, the western margin 

and is intruded by networks of leucocratic granite and 
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The significance of Proterozoic mafic dykes in the Pielinen domain

SE and WNW-ESE, and due to variations in magnetic 
susceptibility, different groups of dykes are discern-

Figure 6. Migrated images for uppermost 8 km in Pielinen domain (CMP 5200–6200), at easternmost end of Profile FIRE 3; upper image (a) shown 
for reference against annotated image (b). Gap in section is due to lack of seismic record in this interval, near township of Ilomantsi. Bold green 
lines are interpreted as relating to features of Archaean origin, whereas white lines are attributed to oblique traces of mafic dykes and fracture zones 
oriented oblique to the profile. Green bo�es denote known e�posures of Proterozoic mafic dykes along or near section line; Hda = Havukkakallio 
dyke array, Kda = Kuuksenvaara dyke array, Pd = Poikola dyke (belonging to Kuuksenvaara array); (c) shows refraction of jointing across steep 
W-dipping mafic dyke, which truncates foliation and oblique leucocratic veins at western margin of the Archaean Pogosta Granodiorite, and illustrat-truncates foliation and oblique leucocratic veins at western margin of the Archaean Pogosta Granodiorite, and illustrat- of the Archaean Pogosta Granodiorite, and illustrat-
ing the lack of significant Proterozoic tectonic overprinting in the Pielinen domain. Note sigmoidal joint pattern orthogonal to dyke walls. MarginsNote sigmoidal joint pattern orthogonal to dyke walls. Margins 
of dyke are finer grained, also recrystallized to biotite schist, indicating diffusive metamorphic reaction with wall rock (or infiltrating ��uids). This 
clearly demonstrates that Proterozoic strain along this part of the profile is very weak, and is restricted to discrete fault zones (Tiitanvaara, Finnish (Tiitanvaara, Finnish 
grid coordinates KKJ3 3690.80E 6948.09N); (d) shows detail of brittle dyke emplacement, with small apophyse at right, and e�ample of superim-
posed brittle fault array, with no obvious signs of displacement, again indicating lack of Proterozoic orogenic overprinting (Tiitanvaara, Finnish grid 
coordinates KKJ3 3690.80E 6948.09N).

Proterozoic mafic dykes and sills are widespread 
within the Archaean basement of eastern Finland and 

dykes typically have modal strike trends between NW-

the Pielinen domain is no exception (Kontinen et al. 
1992, Vuollo et al. 1992, Vuollo & Huhma 2005). The 

ible in airborne magnetic data (Sorjonen-Ward 1993, 

the presence of several distinct episodes of mafic dyke 
Korhonen et al. 2006). Isotopic data also demonstrate 
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Figure 7. Migrated images for uppermost 8 km in Pielinen domain (CMP 4720–5460), towards eastern end of Profile FIRE 3, in granitoid-migmatite 
terrain between the Kovero and Hattu supracrustal belts; upper image (a) shown for reference against annotated image (b). Bold green lines are 
interpreted as relating to features of Archaean origin, which are confidently constrained by outcrop observations around CMP 4900–4950. White 
lines are attributed to oblique traces of Proterozoic mafic dykes and fracture zones, typically oriented obliquely to the profile trend. Green bo�es 
denote known e�posures of Proterozoic mafic dykes along or near section line; Mda = Marjovaara dyke array. Gray bo�es mark surface locations of 
Proterozoic brittle deformation zones; Hfz = Hömötti fracture zone; Pfz = Porttilammit fracture zone. Projected positions of outcrop images c-f are 
also indicated; (c) W-dipping intrusive contact between strained and banded Pogosta Granodiorite (at right) and very strongly deformed gabbro and 
supracrustal enclave (at left, see inset images) (Tiitanvaara, Finnish grid coordinates KKJ3 3690.66E 6047.98N); (d) W-dipping array of reverse-sense 
imbricate brittle-ductile shear zones, which may contain recrystallized pseudotachylyte or thin mafic dykes – in either case of Archaean origin, since 
they are locally truncated by Proterozoic mafic dykes (Tiitanvaara, Finnish grid coordinates KKJ3 3690.804E 6948.087N); (e) Proterozoic mafic 
dykes (outlined by white dotted lines), discordant across Pogosta Granodiorite, which has been intruded by a brittle-ductile subhorizontal array of 
leucogranitic composition, with kinematic evidence for top-to-east shear sense, consistent with proposed regional scale E-vergent conte�t. Note also 
sigmoidal buckling of thick leucogranite vein adjacent to, and partly truncated by vertical mafic dyke; combination of steep and subhorizontal veins 
may signify episodic stress-switching as a consequence of magmatic overpressuring or shear strain release on subhorizontal structures (Tiitanvaara, 
Finnish grid coordinates KKJ3 3690.84E 6948.16N); (f) brittle-ductile emplacement and deformation of potassic granite leucosome across mylonitic 
banding in rock of granodioritic composition, note also subhorizontal orientation of mylonitic banding (Herajärvi, Finnish grid coordinates KKJ3 
3688.01E 6945.96N)
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Figure 8. Migrated images for uppermost 8 km in western part of Pielinen domain (CMP 4720–5450), across Kovero supracrustal belt; upper image 
(c) shown for reference against annotated image (d). Bold dark green lines are interpreted as relating to structural features of Archaean origin, bright 
green indicates inferred trends within Kovero supracrustal belt. White lines are attributed to oblique traces of mafic dykes and fracture zones oriented 
oblique to the profile. Gray bo�es mark surface locations of Proterozoic brittle deformation zones; Pfz = Porttilammit fracture zone; Sfz = Sarvinki 
fracture zone. Projected positions of outcrop images a–b and e–f are also indicated; (a) S–C tectonite fabric in Proterozoic quartzite near basement-

Continue ne�t page
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emplacement, the most significant being at 2.2 Ga, 

structural overprinting on Archaean rocks and hence 

information concerning the kinematic history of 
Proterozoic rifting and basin formation at the craton 

Mafic magmatism at 2.2 Ga is represented by 
distinctive differentiated layered sills, intruded 
into Archaean basement and overlying Proterozoic 

between Joensuu and Nunnanlahti shows a reticulate 
ENE-NNW geometry, readily apparent in magnetic 

Being several hundred meters thick and originally of 
subhorizontal attitude, these sills have the potential 
to generate prominent seismic events at the Archaean 
– Proterozoic unconformity. More deformed and 
locally overturned equivalents of the Koli sill, are 
also present near the basement – cover contact in the 
Outokumpu domain, to the northwest of Outokumpu. 
However, there is no evidence of these sills to the 
south of the FIRE3 profile, suggesting that they were 
either confined between fault-bounded structures, as 
the magnetic pattern at the western edge of Figure 4 

latter alternative also implies localized fault-controlled 

of which might also be evident in the seismic data. 
The younger dyke swarms tend to strike between 

280°–320° and dip steeply, at angles of 70° or greater, 

Some magnetically responsive dykes can be traced 
for tens of kilometres, with apparent disruption or 
changes in trend suggesting en echelon segmentation 
or stress perturbations due to variable material 

(1992) distinguished two distinct generations of dykes 
in the Koli area north of the seismic profile, based on 

geochemical criteria and isotopic dating. Sorjonen-
Ward (1993) also used geophysical images to infer 
that NW-trending dykes were younger than those with 
a WNW trend. However, more detailed correlation of 

in the Pielinen domain allows recognition of three 
distinct dyke trends intersecting the FIRE3 profile 

arrays, since individual dykes show segmentation, 
deflection and bifurcation. The Marjovaara dyke 
array has a nearly E-W trend and individual dykes 
may be subparallel to, or intersect the seismic profile 
roughly between 4500 and 5100. Dykes are well 

4900–5000 and vary considerably in thickness, from 

magnetic and not so clearly defined regionally as the 
NW-trending Havukkakallio array and the WNW-
trending Kuuksenvaara array. The Havukkakallio array 

the seismic profile in a road cutting near Ilomantsi, 

The Kuuksenvaara array trends essentially 
subparallel to the seismic profile over the CMP 

to bedrock variations, as for example, where dykes 
transect the Silvevaara Granodiorite. In outcrop, it is 
generally difficult to establish whether dilation has 
been perpendicular to fracture walls (Mode 1 brittle 
failure) or transtensional, related to a regional shear 
couple (Mode 2 brittle failure). However, at regional 
scale, the dykes of the Kuuksenvaara array appear to 
show some en echelon geometry and discrete offsets of 
earlier structures, both suggesting shearing in a dextral 
transtensional regime. Dykes of the Kuuksenvaara 
array also seem to transect the basement-cover contact 

south at Kiihtelysvaara, dykes of similar trend were 
interpreted by Pekkarinen (1979) and Pekkarinen & 
Lukkarinen (1991) as feeder conduits to Proterozoic 
mafic volcanics. One such dyke was dated at 2.1 Ga 

cover contact north of profile, indicating deformation localization and partitioning such that foliation is subvertical while enveloping surface to lithic 
units and shear surfaces are moderately dipping – this is a useful illustration of the likely relation between seismic fabric and outcrop measurements 
in homogeneous lithologies (Hutunvaara, Finnish grid coordinates KKJ3 3654.89E 6985.15N); (b) faulted contact between mafic dyke and Archaean 
monzogranite, with quartz veining and metamorphic assemblage, demonstrating localized hydrothermal ��uid-rock interaction at the brittle-ductile 
transition in the Pielinen domain (Huhtilampi, Finnish grid coordinates KKJ3 3675.120E 6928.840N); (e) mylonitic fabric in mafic rock, possibly 
derived from pillow lava sequence, cut by dilational epidote veins of probable Proterozoic origin, indicating greenschist facies nature of metamorphic 
overprint. Ylinen zone of Kovero supracrustal belt (Keskijärvi, Finnish grid coordinates KKJ3 3668.76E 6944.52N); (f) leucogranitic veins, themselves 
strongly deformed, truncate isoclinal fold in intermediate metasediments of the Otravaara zone, Kovero supracrustal belt, demonstrating two-stage 
structural evolution (Löytöjärvi, Finnish grid coordinates KKJ3 3669.496E 6945.537N).

markers for establishing the extent of Proterozoic 
2005). These mafic intrusions are significant as strain 

margin (Ward 1987, 1988, Kohonen 1995).

quartzites and arkoses, close to the unconformity 

complex, which dips gently to moderately westwards 
(Vuollo et al. 1992, Vuollo 1994). The Koli sill 

a primary extensional fault and graben structure. 
survey images (Figures 3 and 4), which may reflect 

seems to indicate, or were removed by erosion. This 

subsidence and uplift (cf. Kohonen 1995), the geometry 

both towards the NE and SW (Figures 6c,d and 7e). 

properties of country rocks (Figure 4). VVuollouollo etet al.al. 

published geological maps (Laiti 1983, Lavikainen, 
1973, 1975, Nykänen 1971, Pekkarinen et al. 2004, 
Sorjonen-Ward 1993b) with airborne magnetic data 

(Figure 4). These have been designated here as dyke 

is named after a single prominent dyke exposed along 

6c,d and 7e). The Marjovaara array is however less 

exposed in railway and road cuttings between CMP 

several decimetres to greater than 20 meters (Figures 

around CMP 5480–5510 (Figure 6a,b). 

and intrude the Koli sill (Figure 4), while further 

structural features. Their orientations may also provide 

2.1 and 1.97 Ga ((VVuuoolllloo eett aall.. 11999922,, VVuuoolllloo && HHuuhhmmaa 

discriminating between Archaean and Proterozoic 

interval 5600–6100 (Figure 4). Dyke trends may 
have been refracted by stress perturbations related 



120

Geological Survey of Finland, Special Paper 43
Peter Sorjonen-Ward

well with the age of the Tohmajärvi volcanic 

sediments in this part of the Höytiäinen domain record 
sedimentological evidence for a mixed volcanic and 

this information can be combined with the evidence 
from Kuuksenvaara dyke arrays, then we may have 
some record of the architecture of cratonic rifting 
around 2.1 Ga. Therefore, dyke orientations may 
serve as a guide to inferring kinematics and stress 
patterns related to rifting and geometry of basins 
accommodating overlying Kalevian sediments. 
Such features might in turn be imaged seismically as 
disruptions or discontinuous reflective packages at and 
above the buried basement – cover interface, which 
will be relevant in interpreting the seismic data from 
the Höytiäinen domain.

The post-emplacement strain history of the mafic 
dykes also provides critical constraints on whether 
or not some of the seismic patterning in the Pielinen 
domain could be of Proterozoic rather than Archaean 
origin. For example, an inlier of deformed greenschist 
facies Proterozoic quartzites is present across the 
border in Russia, some 30 km east of the end of 

dykes show contact strain effects and extensive re-contact strain effects and extensive re-
crystallization, including metamorphic hornblende 
porphyroblasts overprinting mylonitic foliation mylonitic foliation 

displacements along dyke margins are more readily 
attributed to Svecofennian contractional deformation 
than extensional rifting. However, we can infer from 

restricted to fracture zones rather than pervasively 
distributed. The most favourable orientations for 
reactivation were essentially subparallel to dyke 
margins, resulting in discrete NW-trending fault zones, 

subhorizontal fracture systems, analogous to those 

maximum displacements deduced from truncation of 
magnetic anomalies in Archaean greenstones are less 

Suvasvesi domains for example, where mafic dykes are 
commonly recrystallized and transposed, together with 
the foliation in the enclosing Archaean granitoids.

Seismic expression of mafic dykes in the Pielinen domain

The preceding discussion was intended to demon-
strate that the seismic re��ectivity patterning in the 
Pielinen domain is most likely of Neoarchaean origin, 

to consider whether the Proterozoic mafic dykes and 
related fracture systems are discernible in the seismic 
record and to distinguish their effects from Archaean 
features. Because most Proterozoic mafic dykes are 
steeply dipping and relatively narrow, typically less 
than 20 m in thickness, it is unlikely that they could 
be imaged directly in the seismic data, e�cept where 
contacts are associated with fault displacements, or 
where the orientations of e�ceptionally wide dykes 
has been appropriate for generating out-of-section 
re��ections. Possible e�amples of this phenomenon 
have been identified in the annotated interpretations 
of seismic images shown in Figures 6–8. 

We may e�pect that impedance contrasts across 

dykes oriented oblique to the seismic profile would 
generate discrete linear re��ection events, with apparent 
dips showing a systematic relationship defined by the 
angle of divergence between dyke and profile trends 

the Kuuksenvaara array are subparallel to the profile 
between about CMP 5700 and 6100 which might result 
in conve�-upward arcuate, or subhorizontal re��ec-
tions, as shown by the annotations over this interval 
in Figure 6b. At the eastern end of the profile, the 

Kuuksenvaara array, may also correlate with a gently 
west-dipping feature. The Havukkakallio dyke array 
subtends a greater angle with the profile line, partly 
due to the change in trend around CMP 5650. The 
Havukkakallio dyke itself, outcropping between CMP 

some discrete steeper re��ectors, with apparent dips 
both east and west. There is also a coincidence with the 
strong band of re��ectivity dipping gently westwards 

(Pekkarinen & Lukkarinen 1991), which correlates 

1986). The Tohmajärvi volcanics are of transitional 

lithosphere (Nykänen et al. 1994), while Kalevian 

cratonic derived provenance (Ward 1987, 1988). If 

the seismic profile (Sorjonen-Ward 1993). Many 

(Sorjonen-Ward 1993), as well as evidence evidence of of hyhy--
drothermal fluid-rock interaction (Figure 8b). Hence,Hence, 

7e) and also from the general lack of disruption to 

with either strike slip or dip slip components (Figure 
8b), perhaps accompanied by displacement along 

shown in Figure 6d. Elsewhere in the Pielinen domain, 

than a kilometer (Sorjonen-Ward 1993, Korhonen et 
al. 2006). This is in contrast to the Outokumpu and 

even though there is clearly some evidence for Sve-
cofennian tectonic reactivation (Figures 6d and 8e) and 
hydrothermal activity (Figure 8b). It is still necessary 

(see Kukkonen et al., 2006, this volume). Dykes of 

Poikola dyke (Pd in Figure 6b), which is part of the 

5480–5510 (Hda in Figure 6b) may be responsible for 

complex in the adjacent Höytiäinen domain (Huhma 

tholeiitic character, attributed to melting in extending 

outcrop scale observations of dykes (Figures 6c,d and 

4), that Proterozoic deformation in the Pielinen domain 
Archaean magnetic anomaly patterns (Figures 3 and 

(at the present erosion level) was generally weak and 



121

 Geological Survey of Finland, Special Paper 43 
Geological and structural framework and preliminary interpretation of the FIRE 3 and FIRE 3A …

from 1.5 to 2.5 km depth between CMP 5550 and 
5350, which could be equally attributed either to a 
lithic unit within the Pogosta Granodiorite, or a thicker 

between CMP 5200–4800, a series of divergent linear 
re��ectors have been marked that may relate to dykes 
of the E-W trending Marjovaara array and NW-trend-

apparent dips in this area might be mistaken for Ar-
chaean fabrics, since outcrop observations indicate a 

tion along similar trends. Several prominent fracture 
zones, evidently associated with a loss of magnetic 
intensity, have been delineated in Figure 4, namely the 
Sarvinki, Porttilammit and Hömötti fracture zones, in 

order to evaluate whether they are discernible in the 
seismic images. The Sarvinki Fracture Zone coincides 
with an apparent sinistral offset along the margin of 
the Otravaara zone of the Kovero greenstone belt but 
otherwise dips and slip directions are unconstrained. 
The position of the N-trending Hömötti Fracture Zone 
(Hfz, at CMP 4690) may correlate with moderate to 
steep E-dipping re��ectivity in Figure 7b. The NW-
trending Porttilammit and Sarvinki fracture zones 
(CMP 4570 and 4465 respectively) can be related 

of Kovero.

Mafic dyke swarms, rifting and the boundary between the Pielinen and Höytiäinen domains

It is also conceivable that larger scale listric ex-
tensional fault networks associated with Proterozoic 
cratonic rifting and breakup could have controlled the 
emplacement and distribution of vertical mafic dyke 
swarms. However, there is at present no evidence, 
either from field mapping or from truncation of 
anomaly patterns in airborne magnetic data, to indicate 
the presence of larger scale rift-related extensional 
structures within the Pielinen domain. Therefore, the 
gently to moderately dipping linear reflectors in the 
Pielinen Domain are more reasonably explained as 

dykes and fracture zones trending oblique to the profile 
line, rather than as listric extensional faults. It is more 
likely that if an asymmetric extensional fault system 
did develop during rifting, in the sense of Lister et al. 

most appropriate location being the current transition 

scenario is also consistent with asymmetric rifting 
involving attenuation of the craton margin towards 
the west and accommodation of Kalevian sediments 
of the Höytiäinen domain within half-graben, as 
proposed by Ward (1987, 1988), Ward & Kohonen 
(1989) and Kohonen (1995). In the absence of a 
complementary craton margin to the west, it is not 
possible to define the architecture of breakup with 

certainty. However, according to the idealized model 
of Lister et al. (1986), an eastwards dipping fault array 
would be appropriate for the Pielinen Domain as a 
coherent upper plate margin. In this regard, it should 
be noted that the seismic image in Figure 5 could, in 
the absence of surface geological constraints, admit 
the possibility of an eastward-dipping detachment 
system beneath the Pielinen domain. However, these 
features could be equally attributed to gently dipping 
shear zones active during late orogenic deformation, 
with displacement vectors at a high angle to the seis-
mic profile. In either case, an additional corollary is 

an Archaean seismic fabric, and did not experience 
pervasive ductile deformation or anatexis during 
Proterozoic orogeny, even if temperatures at the 
present erosion level attained 400–500°C. Because 
there does not appear to be any seismic indication of 

delayed conductive anomaly derived from enhanced 
mantle heat flow; a more probable alternative is a 
middle crustal thermal perturbation due to radiogenic 
heat production from Archaean granites and Kalevian 
sediments, buried beneath either allochthonous units, 

mafic dyke (Figure 6b). Further west along the profile, 

ing Havukkakallio arrays (Figure 7b). While westerly 

likely to relate to Proterozoic dykes, or fault reactiva-

prominent west-dipping enveloping surface (Figure 
7c–f), easterly dipping linear re��ectors are much more however, that some discontinuous steep features at 

to a number of sharp re��ectors, dipping moderately 
eastwards and westwards (Figures 7b and 8d). Note 

constraints on data acquisition around the settlement 
around CMP 4500 (Figure 8d) may be an artefact of 

out-of-section events caused by steeply dipping mafic 
that the Archaean crust in the Pielinen domain retains 

a dense underplate in the lower crust (cf. Kuusisto et 
al. 2006), these temperatures cannot be attributed to a 

between the Pielinen and Höytiäinen domains. This 

or Svecofennian foreland sediments (cf. Sandiford 
and Maclaren 2002).

(1986), it would have been located further west, the 
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The Höytiäinen domain corresponds in part to the 
Höytiäinen province defined by Ward (1987, 1988), 
with some revision to affinities of rock units, resulting 

a more lithologically diverse sequence, including 

less than a kilometre in thickness, which in turn un-

formity is not actually exposed, the abrupt truncation 

and greenstones, compared to more subdued linear 

surfaces and foliations in the overlying rock units, 

40°–70°. However, contact strain and pressure solu-
tion effects can lead to overestimation of steepness of 
enveloping surfaces, and partitioning between lithic 

the basement-cover contact in Figure 8a.
The western boundary of the Höytiäinen domain is 

placed at the eastern margin of the Sotkuma basement 
inlier, near CMP 2500. The Sotkuma inlier consists 
predominantly of Archaean granitoids and gneisses 

between 2500 and 1900. At least the eastern margin 
of the inlier is evidently a thrust contact, dipping 
westwards and northwards, and maybe forms a linked 
system contiguous with the Suhmura thrust zone 

margin of the Sotkuma inlier also coincides with a 

The Suhmura thrust zone was interpreted by Ward 
(1987) as the reactivated western margin of a discrete 
half-graben basin system developed along the craton 
margin, accommodating deposition of the Höytiäinen 
turbidites and Tohmajärvi mafic volcanics. Dating of 

event related to the Jormua-Outokumpu ophiolite 
complexes, which include gabbroic bodies dated at 

with Svecofennian arc terranes. Isotopic and 

took place prior to 1.92 Ga, depending on precision 
of SIMS U-Pb dates obtained for detrital zircons 

representing a mixture of Archaean basement 

As noted above in relation to the transition between 
the Pielinen and Höytiäinen domains, it is not certain 
whether fault systems facilitating the rifting events 
were eastwards dipping, which in an asymmetric rifting 
situation would imply an upper plate marginal setting 
for the Pielinen domain, or westwards dipping. Both 
configurations can in principal explain exhumation 
of Archaean basement to the west of the Suhmura 

explain the apparent absence of Höytiäinen province 
turbidites in the Outokumpu, Kuopio and Suvasvesi 
domains and deposition of proximal facies “upper 

a west-dipping fault system accommodating the 
Höytiäinen domain turbidites, which would be 
ideal for reactivation of extensional fault systems as 
thrusts during basin inversion and orogenic collision. 
Alternatively, progressive westwards attenuation of the 

detachment system would be a viable mechanism for 

unconformity, as observed along the eastern boundary 
of the Höytiäinen domain. This architecture would 
also be appropriate for exhumation of subcontinental 

dipping reflective zone that can be traced from near 

it is not clear whether this has been inherited from 
cratonic rifting, or initiated during convergent 

HÖYTIäINEN dOMAIN (FIRE 3 CMP 3600–2500)

definition and surface geological constraints

from isotopic constraints (Huhma 1986, Pekkarinen & 
Lukkarinen 1991) and further structural and lithofacies 

consists predominantly of metaturbidites, with well-
mapping (Kohonen 1995). The Höytiäinen domain 

preserved depositional features (Figure 9f), overlying 

mafic volcanics, carbonates and quartzites, generally 

1971, Pekkarinen 1979, Pekkarinen & Lukkarinen 
1991). This unconformity is crossed by Profile FIRE 

of magnetic anomalies in Archaean basement granites 

3 at CMP 3670 (Figures 3 and 4). While the uncon-

tends in the turbidites to the west, reveals the loca-

north and south of the profile, and varies between 

unconformity can be interpolated from enveloping 

(1987) also proposed that the metaturbidites west of 
1.97–1.95 Ga (Koistinen 1981, Kontinen 1987). Ward 

the Suhmura thrust zone, in the Outokumpu, Suvasvesi 

transgressive event, most probably deposited at a 
passive margin shortly before or during convergence 

derivation and a component of Palaeoproterozoic  

and Kuopio domains (Figure 11), represented a younger 

geochemical studies have indicated that deposition 

(Claesson et al. 1993), with sediment provenance 

1991, Lahtinen 2000). 

thrust zone. Such uplift and exhumation is required to 

tion of the contact (Ar-Pr in Figure 4). The dip of the 

basement (Ward 1987, 1988, see also Gaál et al. 
1975). Ward (1988) and Kohonen (1995) favoured 

(Figure 8c) exposed to the north of the seismic profile 

layering and shear planes, as shown by quartzites near 

break in acquisition of data around the city of Joensuu, 

defined further southeast (Ward 1987). The eastern 

between CMP 2500–2700 (Figures 3 and 10). 

it was separate from the ultimate rifting and breakup 
al. 1992, Vuollo & Huhma 2005), which means that 

Archaean craton margin above an eastwards dipping 

CMP 3000 to the middle crust (cf. Figure 5, although 

conformably overlies Archaean basement (Nykänen 

this event to around 2.1 Ga (Huhma 1986, Vuollo et 
the volcanic complex and mafic dykes constrained 

lithospheric mantle, as Peltonen (2005) proposed for 

volume) have also drawn attention to an eastwards 
the Jormua ophiolite. Kukkonen Kukkonen et et al. al. (2006,(2006,(2006, this 

explaining westwards tilting of the basement-cover 

origin (Huhma 1987, Kontinen and Sorjonen-Ward 

Kaleva” turbidites (Figure 8e), directly on Archaean 
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Figure 9. DMO image to 8km depth for western part of Höytiäinen domain (CMP 2500–3200) and Outokumpu domain (CMP 1750–2500); upper 
diagram (a) shows projected positions of outcrop images c–f. In annotated image (b), white solid lines indicate W-dipping fabric attributed to Nun-
nanlahti-Hammaslahti deformation zone, with fault splays intersecting surface between CMP 3100–3200. Small blue arcs are suggested traces of lithic 
layering in thin-bedded, probable deep water clastic-carbonate facies (Ward, 1988). Upward conve� stack of re��ectors from 3–8 km depth beneath 
CMP 3000–3100 could represent and antiformal duple� of imbricated basement and cover , or possible equivalents of the Tohmajärvi mafic comple�. 
Ochre concave-up re��ectors beneath the Archaean Sotkuma inlier (surface trace between CMP 1920–2500 indicated by bold ochre line) may image 
basal thrust surface, possibly correlating with Suhmura thrust zone (Ward, 1987); for alternative, more detailed interpretation of western part of image, 
refer to Figure 14. (c) mylonitic granitic gneiss at southernmost e�posure of Sotkuma inlier, probably inherited Archaean rather than Proterozoic fabric 
(Hirsiniemi, Finnish grid coordinates KKJ4 4481.08E 6947.84N). (d) intrafolial recumbent minor folds in quartz veins in arkosic wacke, with orienta-
tion characteristic of inverted limb vergence, dipping beneath southeastern margin of Sotkuma basement inlier (Puntarikoski, Finnish grid coordinates 
KKJ4 4481.72E 6952.85N). (e) relict depositional contact in early generation of folds in “upper Kaleva” thick-bedded turbidites, with mid-amphibolite 
facies assemblage (Kumpelinniemi, Finnish grid coordinates KKJ4 4467.47E 6920.35N). (f) thin-bedded quartz-rich psammitic turbidites with typical 
layer-parallel differentiated foliation, folded into upright folds with characteristic S-plunging orientation; this geometry is analogous to large scale 
structural architecture across Höytiäinen domain (Koppelomäki, Finnish grid coordinates KKJ4 4503.11E 6933.06N).
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Figure 10. Two alternative interpretations of DMO migrated sections (a and b) from 0–8 km across Höytiäinen Domain (CMP 2700–3700), with 
schematic structural summary depicted in c. In both scenarios, the prominent series of stacked re��ectors beneath CMP 3000 are attributed to tectonic 
thickening as an imbricated antiformal stack, structurally beneath the Nunnanlahti thrust zone. In scenario (a), most of the sequence is interpreted 
as “lower Kaleva” rifted margin sediments, unconformably overlying the Jatulian shelf sequence (wedge-shaped package beneath 4km), while the 
prominent series of conve�-upward re��ectors, highlighted with pale green, are interpreted as equivalents of the mafic Tohmajärvi volcanic comple�. 
In the scenario in (b), highlighted re��ectors between 3100–3500, dipping eastwards from 2–4 km, are intended to illustrate the possibility of “upper 
Kaleva” sedimentation transgressive across the eastern part of the Höytiäinen domain. Sigmoidal shape of bold line marking Archaean – Proterozoic 
boundary at eastern end of section is a consequence of the seismic profile trending parallel to the contact between about CMP 3650–3480. White 
eastwards dipping re��ectors are considered to represent gently dipping late Svecofennian structures, if not processing artefacts, or obliquely oriented 
fractures, some of which may relate to NW-trending late orogenic to post-orogenic lamprophyre dykes.
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Figure 11. Regional geological features superimposed on oblique-illuminated airborne total magnetic intensity image, showing location of re��ec-
tion profile FIRE 3 and eastern end of FIRE 3A. Scale indicated by Finnish 1:100000 map sheet grid (40 � 30 km2), with Finland Zone 3 and 4 grid 
coordinates and longitude indicated. Kuopio, Outokumpu, Suvasvesi and Unnukka domains are in effect contiguous, with transitional boundaries 
located along ductile shear systems. However, the Kuopio and Outokumpu domains are characterized by allochthonous Archaean basement showing 
ductile strain, whereas no Archaean rocks are e�posed in the Unnukka domain. AHdz = Airaksela – Haukivesi deformation zone, KSdz = KallavesiAHdz = Airaksela – Haukivesi deformation zone, KSdz = Kallavesi 
– Suvasvesi deformation zone.

deformation. Several similarly eastwards dipping 
reflectors are indicated in Figure 5. Most of these 
reflectors appear to truncate curved reflective bands 
attributed to folding and are accordingly late orogenic 
features, although this in itself does not preclude an 
ultimately rift-related origin.

An alternative explanation to the cratonic margin 
half-graben model for the Höytiänen domain is that the 
western part of the basin was eroded during uplift, due 
either to elevation of the rift shoulder during continental 
breakup, or an eastwards migrating foreland bulge, 
resulting from a bending moment generated as the 
passive margin was underthrust during incipient 
stages of collision. In either scenario, as indeed the 
half-graben model, this erosional discordance would 
likely be followed by subsidence and transgression 
by the monotonous “upper Kaleva” sequence. It is 

possible that as a result of deformation during inversion 
and thrusting, some of the turbidites now within the 
Höytiäinen domain represent proximal facies related 
to the “upper Kalevian” transgression. This applies in 

that these deposits represent basal “upper Kalevian” 
transgressive facies, and correlate with lithologically 
similar sediments structurally beneath the eastern 

Kohonen (1995) also suspected from geochemical and 
petrographical criteria that a sequence of homogeneous 
psammitic turbidites to the west of the Nunnanlahti 

interpreted as proximal facies at the western margin 
of the rift (Ward 1987, 1988). It is equally plausible 

margin of the Sotkuma basement inlier (Figure 8d). 

– Hammaslahti deformation zone (Figure 3) might also 

particular to the coarse clastic deposits occurring in 
the hanging wall of the Suhmura thrust zone (Figure 
3), which in the cratonic margin basin model were 
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Figure 12. Geometric and kinematic structural interpretations for the Höytiäinen, Outokumpu and Suvasvesi domains. (a): Distribution of 1.88–1.86 Ga 
granitoids (pink), monotonous “upper Kaleva” metaturbidites (pale blue) and Outokumpu assemblage (olive) draped over background of airborne total 
magnetic intensity. Note that trend of metamorphic isograds for ultramafic rocks of Outokumpu assemblage, based on Säntti et al. (2006), is oblique 
to NE structural trend in Outokumpu region. Kinematic interpretation (Sorjonen-Ward 2003) integrates NW-SE bivergent thrusting with dextral shear 
along Kallavesi – Suvasvesi deformation zone (NE of Kuopio) and sinistral transpression in the east, notably along the Nunnanlahti – Hammaslahti 
deformation zone. Array of S-directed arrows indicates typical plunge direction. White bold lines linking FIRE 3 and FIRE 3A profiles indicate structure 
contours with depths to prominent reflective zones. Locations of outcrop images in e and f are also shown. (b)–(d): numerical models demonstrating 
interaction between folding and shear zones, based on kinematic scenario in a, using Itasca finite element code FLAC, from Zhang (2003); (b) shows 
plan view of displacement field, c is a view towards NW and d from the NW, after model has been subjected to 21% shortening. Note asymmetry 
of fold above oblique shear zone, consistent with transpressive nature of Nunnanlahti-Hammaslahti deformation zone. (e): inverted cross-bedding 
in regional scale fold structure that projects structurally beneath surface of Outokumpu nappes, (note location in diagram (a)), and hence indicates 
significant structural complexity at depth in seismic profile (Volokinrinne, near Perävaara, Finnish grid coordinates KKJ4 4451.63E 7013.42N). (f) 
View towards south of northern pit at Nunnanlahti Tulikivi Oy soapstone quarry. Intense Proterozoic strain superimposed upon talc-carbonate schist 
in footwall and metamorphosed mafic schist in hanging wall. These rocks are thrust over Proterozoic turbidites several hundred meters to left of 
photograph viewpoint (Nunnanlahti, Finnish grid coordinates KKJ4 4471.25E 7008.51N).
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belong to the upper Kalevian sequence. Figure 10c 
provides a schematic summary of possible structural 
relationships between these rock units, while Figure 
12a–d presents a general kinematic framework for 
regional deformation. 

The Höytiäinen province turbidites also record a 
volcaniclastic provenance from mafic sources, as well 
as Archaean basement, suggesting a link with mafic 
volcanic activity in the Tohmajärvi mafic complex 

U-Pb age of 2105 Ma for a gabbro in this complex. 
This compares well with the age of mafic dykes that 
transect the basement-cover contact at the western 
margin of the Pielinen Domain, and which are 

deposition of Höytiäinen domain turbidites at or after 
2.10 Ga. However, in the absence of detailed isotopic 
provenance studies, or rock units that can directly be 
dated, age estimates bracketing turbidite deposition in 
the Höytiäinen domain and potential correlation with 
“upper Kaleva” sedimentation in the Outokumpu and 
Suvasvesi domains, must remain speculative.

Similarly, there are no direct age constraints on the 

timing of deformation in the Höytiäinen province, 
although the relationship between granitoids and major 
shear zones in the adjacent Outokumpu and Suvasvesi 
domains indicates that earliest thrusting events must 

across a NE-migrating fold and thrust belt, with a 
gradual transition to transpressive deformation and 

Ward & Kohonen (1989) presented an alternative 
to this later extensional concept, which was further 
developed by Kohonen et al. (1991) and Kohonen 
(1995), emphasizing the importance of late sinistral 
transpressive deformation in the Höytiäinen domain, 
from Nunnanlahti in the north, through Hammaslahti, 

deformation is characterized by a distinctive SSE-
SW plunging fold geometry, with oblique truncation 
by N-NNW-trending shear zones and is discernible 
from microstructural to regional scale throughout the 
domain. The large scale kinematic significance of 
this geometry will be discussed in more detail with 
respect to deformation in the Outokumpu domain (cf. 

Interpretation of seismic reflectivity patterns in the Höytiäinen domain

The preceding overview of depositional history 
and deformation, combined with deductions from 
dyke orientations in the Pielinen domain, provide a 
regional framework for examining the seismic record 
across the Höytiäinen domain. Of particular interest is 
the nature of the transition to the Pielinen domain to 
the east and whether or not any evidence of cratonic 
rifting and extensional history has been preserved, 
or completely obliterated by orogenic deformation. 
Despite the break in data acquisition around Joensuu, 
it is also of interest to correlate surface structures with 
reflection events imaged in the deeper crust, beneath 
the Outokumpu domain. 

During interpretation, it is clearly important to con-
sider the likely orientations of structures with respect 
to the seismic profile. For example, as noted earlier, it 
is possible that the current distribution of the 2.2 Ga 
Koli sill and related intrusions reflects primary fault 
geometry, defining graben with ENE-trending axes, 
and hence essentially subparallel to the seismic profile. 
It is therefore unlikely that these sills will be present 
at depth in the Höytiäinen domain along the seismic 
traverse. On the other hand, the mafic magmatism 
documented to the south of the seismic profile line in 

dyke arrays, as discussed with respect to the Pielinen 
domain. As a result, we might anticipate the preser-
vation of moderately to steeply dipping extensional 
faults accommodating sedimentation and volcanism, 
even if they were subsequently reactivated during 

seismic profile, it is important to appreciate that the 
W-dipping structural architecture and NE-directed 

respect to the FIRE 3 seismic profile. In contrast, 
the younger, transpressive deformation phase has 
evidently formed in a stress regime with maximum 
compression subparallel to the craton margin, in which 
case fold hinges and sense of shear steep planes and 
thrusting on gently dipping planes would have been 
at a high angle to the profile. 

Despite uncertainty due to the gap in data acquisi-
tion in the western part of the domain, the crustal scale 

(Ward 1987, 1988). Huhma (1986) obtained a zircon 

have been found to truncate the Höytiäinen domain 

interpreted as feeder conduits to lava flows (Pekkarinen 
& Lukkarinen, 1991). However, no mafic dykes 

province has been interpreted as progressive in nature, 
Park & Bowes 1983). Deformation of the Höytiäinen 

finally extensional collapse (Ward 1987). However, 

to Tohmajärvi in the south (Figures 3 and 12). This 

Figure 12). 

the Tohmajärvi complex (Nykänen et al. 1994) and at 

be correlated reasonably with the WNW-NW trending 
Kiihtelysvaara (Pekkarinen & Lukkarinen 1991) can 

basin inversion and thrusting. When considering the 

implies that these structures are ideally oriented with 

vergence inferred for early deformation (cf. Gaál 

analysis of compressive deformation structures in the 

1977, Koistinen 1981, Ward 1987, Kohonen 1995) 

turbidites (cf. Kohonen 1995). This at least indicates 

have taken place prior to 1.88 Ga (Halden 1982, 
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migrated image in Figure 5 shows a distinct moderately 
W-dipping feature, labelled R

1
, which can be traced 

from the Archaean – Proterozoic boundary at the sur-
face, near 3700, to 40 km depth beneath CMP 1600. 
Depending on the e�tent of superimposed orogenic 
strain, this feature may well be a relict e�tensional 
fault, accommodating deposition of the Höytiäinen 
phase Kalevian turbidites and Tohmajärvi volcanics 
in the hanging wall. The more subtle but distinctly 
linear subparallel features labelled R

2
 and R

3
 are also 

possible related; the former may correlate with the 
fault wedge between the Hömötti and Sarvinki fracture 

zone in the upper crust in the footwall of the R
1
 zone, 

which was attributed above to a layer of later orogenic 
monzogranite, has a distinctly concave-up, arcuate 
lower contact, which is geometrically appropriate for 
��e�uring in the footwall of a crustal scale e�tensional 
fault. For this scenario, the present boundary between 
the Höytiäinen and Pielinen domains is likely to cor-
respond to the most prominent fault system defining the 
basin margin, dipping westwards. This in turn implies 
that the Pielinen domain was part of a lower-plate 
margin, with subsidence and attenuation of Archaean 
basement still further west. This clearly requires that 
the lithosphere beneath the Outokumpu domain is 
Archaean, even if the current re��ectivity pattern results 
from underplating of Proterozoic rift-related magmas 
and subsequent orogenic deformation and granitic 

it is probably not feasible to ascertain the degree of 
attenuation and thinning of the Archaean lithosphere 
which would have occurred during rifting.

A corollary of this interpretation is that the eastwards 
dipping linear features which can be traced into the 
middle crust in Figure 5 relate to late-orogenic con-
tractional or transpressive deformation. For example, 
one such linear reflective anomaly, with an apparent 
dip of about 30° to the east, can be traced from about 
8 km depth at CMP 1600 to 20km beneath CMP 2000 
and appears to truncate or modify the westerly dipping 
fabric between the Suhmura and Nunnanlahti defor-
mation zones. Given the known regional structural 
constraints, this is most readily interpreted as an earlier 
E-NE vergent tectonic imbrication of Höytiäinen do-
main rocks, followed by a younger event with folding 
and shear zone reactivation under NW-SE principal 

compression. By implication, the westerly dipping 
strongly reflective fabric beneath the Suhmura zone, 
at the western margin of the domain, must represent 
at least in part, correlatives of the Höytiäinen domain 
sediments, down to a depth of possibly 10 km. The 
interpretation of the upper crustal section in Figure 9b 
also emphasizes the overall westwards dipping seismic 
fabric, implying that equivalents of the Höytiäinen 
domain turbidites occur beneath the allochthonous 
Sotkuma basement thrust sheet, between the projected 
traces of the Suhmura and Nunnanlahti-Hammaslahti 
deformation zones. Figure 12f illustrates this geom-
etry particularly clearly, at the Nunnanlahti Tulikivi 
soapstone quarry, where Archaean rocks show intense 
Proterozoic strain and have been emplaced over 
Höytiäinen domain Kalevian turbidites.

Figure 10 provides a more detailed interpretation 
across the Höytiäinen domain (CMP 2700–3700), 
using the DMO migrated data to a depth of 8 km, 
together with a schematic depiction of the principal 
structural and lithic units. Two alternative interpreta-
tions are presented, to illustrate the degree of ambigu-
ity, due to the paucity of continuous and prominent 
reflectors. Delineation of the Archaean – Proterozoic 
boundary is difficult at this scale, because the profile 
trends subparallel to strike for some distance between 
CMP 3650 and CMP 3560. In Figure 10a, most of the 
reflective sequence in the eastern part of the image 
is assigned to the “lower Kaleva”, implying active 
fault-controlled subsidence and sedimentation, dis-
cordantly overlying the earlier Jatulian shelf sequence. 
The convex-upward stack of reflectors beneath the 
Nunnanlahti-Hammaslahti deformation zone is in 
this interpretation attributed to an antiformal stack 
or thick primary accumulation of mafic volcanics 
equivalent to the Tohmajärvi mafic complex. In con-
trast, in Figure 6b, the same features are interpreted 
as an imbricate stacking of the Archaean-Proterozoic 
contact, analogous to that documented for the Sot-

“upper Kaleva” facies discordantly across the earlier 
deposits, by highlighting a broadly synformal wedge 
between CMP 3200–3600, extending down to about 
4 km depth.

OuTOKuMPu ANd SuvASvESI dOMAINS (FIRE 3 CdP 2500–0000 + FIRE 3A 0000–4800)

These two domains are contiguous with each other, 
and with the Kuopio domain, although they are treated 
separately here in order to emphasize distinctive 

aspects of structural architecture. The Outokumpu 
domain e�tends from the eastern margin of the Sotkuma 
basement inlier (CMP 2500) westwards across the 

zones in the Pielinen domain (Figure 4). The bright 

constraints, both alternatives are permissible. Figure 

kuma inlier and possibly for the Kontiolahti basement 

6b also illustrates the possibility of transgression by 

inlier further east (Kon in Figure 3). Given present 

melt e�traction (cf. Figures 14–18). For this reason, 
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Outokumpu district, to the broad domal feature 
e�posing Archaean basement, and the Maarianvaara 

the structural geometry in the upper crust in relation 

2, OKU-3) acquired across the main ore zone will 
not be considered here. In contrast, the Suvasvesi 

consists largely of allochthonous Archaean basement, 
commonly recording Proterozoic ductile strain, is 

northwesterly trend of FIRE 3 (between CMP 1900 
– 0000) and southwesterly to westerly trend of FIRE 
3A (from CMP 0000 – 2000) has resulted in two nearly 

greater confidence in e�trapolating and correlating 

Outline of surface geological constraints in the Outokumpu and Suvasvesi domains

There are four fundamental lithic associations 
in the Outokumpu region; from oldest to youngest 
these are:
1. Neoarchaean basement, dominated by foliated 

In contrast to the Pielinen domain, the Archaean 
basement in the Outokumpu domain has been af-

northwestern end of Profile FIRE 3, in the Maarian-
vaara area and similarly, in the Sotkuma basement 
inlier, whose southern margin trends parallel to 

structures deforming an allochthonous basement 

sequence, demonstrably overlying Archaean 

and volcanics, and minor carbonates, in part cor-
relative with the terrestrial to rifted margin marine 
transition preserved in the Höytiäinen domain. 
However, in some places, this sequence may have 
been removed by erosion, because throughout 

to be an abrupt transition from a thin pro�imal 

3. The distinctive and mineralized Outokumpu 

consisting of serpentinites and their hydrothermally 
altered derivatives, together with minor volcanics 

sulfidic and carbonaceous black schists and “upper 

between the Outokumpu assemblage and turbidites 

that the manner in which they were originally 

also indicate that Outokumpu assemblage litholo-
gies are sporadically and une�pectedly found as 
thin sheared lenses within otherwise homogeneous 
sections of turbidite (Sorjonen-Ward, unpublished 
GEOMEX data). Interpretation of airborne mag-
netic data, combined with outcrop mapping further 
suggests that the regional enveloping surface to 
the Outokumpu assemblage defines two distinct 
structural levels, which may represent two discrete 
thrust nappes. 

 According to Kontinen et al. (2004), the protoliths 
to the Outokumpu serpentinites were depleted 
harzburgite, possibly representing e�humed 
subcontinental lithospheric mantle. Moreover, 
the sporadic preservation of relict microstructure 
and coherent rodingitized mafic dykes in the 

diapirism as a mechanism for emplacement of the 
Outokumpu assemblage. Although no true mélange 
has been found, there is some local evidence 
for chaotic debris ��ows within the monotonous 

observations from drill core at the Kylylahti deposit 
indicates a tendency for finer-grained facies and ana tendency for finer-grained facies and an 
increase in abundance of carbonaceous shale facies 
in pro�imity to Outokumpu assemblage lithologies. 
In some cases, it appears that the finer-grained 
facies represent thick unstable ��ows or slumping. 

although the high-resolution profiles (OKU-1, OKU-

scale shear zones and granitoids, from the eastern end 

designated as the Kuopio domain. Note also that the 

e�posed Archaean basement, near CMP 4800, south 

11, this area to the north of Profile FIRE 3A, which 
of Kuopio (Figures 11 and 16). As shown in Figure 

orthogonal profiles (Figures 3 and 11), which allows 

re��ectors at depth (Figures 12 and 16). 

and gabbros dated at 1.95–1.97 Ga, enclosed within 

assemblage (Huhma 1975, Koistinen 1981), 

ju�taposed is unclear. Observations Observations from from drill drill core core

Kaleva” metaturbidites (Figure 13 d,e). Contacts 

are invariably highly strained (Figure 13 f,g), so 

granitoids and stromatic migmatites (Figure 9c). 

fected by Proterozoic deformation (Frosterus & 
Wilkman 1920, Park & Bowes 1983, Koistinen 

rocks are e�posed in a domal culmination at the 
1993a,b), as well as a thermal overprint. Archaean 

3). A NW-trending cluster of smaller basement 

CMP 1400–2000 (Figures 3 and 11). These base-

2. A lithologically diverse Palaeoproterozoic  cover 

much of the Outokumpu domain, there appears 

to deeper water facies (Figure 9e), characterized by 
monotonous thick-bedded metaturbidites assigned 

1987, Kontinen & Sorjonen-Ward 1991). 
to the “Savo Province” or “upper Kaleva” (Ward 

serpentinites (Säntti et al. 2006) precludes simple 

upper Kaleva metaturbidites (Ward 1988) and 

3, 11 and 12). Accordingly, interpretation will focus on 

domain is characterized by interaction between large 

granite, at the western end of Profile FIRE 3 (Figures 

to mineralization at Outokumpu (Figures 12–15), 

of Profile FIRE 3A (CMP 0000) to the westernmost 

FIRE 3 between CMP 2500–1900 (Figures 2 and 

inliers or windows, occurs between Outokumpu 

ment inliers are likely to represent fold interference 

in Figure 3), intersecting Profile FIRE 3A between 
and Heinävesi), in the Juojärvi area (denoted Juo 

thrust sheet (Koistinen 1993a,b, Ruotoistenmäki 
and Tervo, in press). 

basement, and including quartzites, mafic sills 

sequence of coarse clastic deposits (cf. Figure 9d) 
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Figure 13. Examples of structural features in proximity to the Outokumpu ore deposits. (a) Profile Y186.630 through Outokumpu ore deposit, adapted 
from Koistinen (1981), showing effective double thickness of Outokumpu assemblage around ore body, bisected by NW-vergent thrust fault with 
ramp-flat geometry and ore in footwall. (b) Plan view of Outokumpu assemblage surrounding Keretti ore zone, from Koistinen (1981), again suggesting 
structural duplexing and thickening accompanying syntectonic mobilization of ore. (c) numerical models generated with Itasca finite element code 
FLAC, simulating progressive shortening and strain partitioning (from left to right), around duplex nucleated on more competent layer, simulating 
Outokumpu assemblage layer within more anisotropic turbidite sequence, from Zhang (2003). (d) Recumbent folding of highly strained Outokumpu 
assemblage in Vuonos open pit (Finnish grid coordinates KKJ4 4454.33E 6962.47N). (e) Southeastern end of Mondo Minerals Horsmanaho talc 
quarry showing structural relations between Kalevian turbidites, altered quartz rocks and talc schists, as an example of potential impedance contrasts 

Continue next page
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Therefore, the simplest interpretation at present 
is that the “upper Kaleva” transgression records 
prograding of sediments across a subsiding passive 
margin onto attenuated continental lithosphere (cf. 

places some constraints on the nature of the deep 
crust beneath Outokumpu.

4. A range of granodioritic to tonalitic intrusions, 
showing marked structural control, occurring as 

sediments. Thus, we may infer the presence of 

files in the Outokumpu and Suvasvesi domains, 
not only by structural e�trapolation down plunge 

important constraint on regional kinematic and 
thermal history. Similarly, ages of the Kermajärvi 
Granodiorite (1871±5 Ma) and Suvasvesi Grano-
diorite (1870±4 Ma) plutons can be used to infer 
the timing of deformation and displacement along 
the NW-de�tral Kallavesi-Suvasvesi and Airaksela-

It is important to appreciate that metamorphic 
grade increases generally from east to west across the 
Outokumpu region and that static peak metamorphic 

to serpentine) while at Kylylahti, olivine-talc-car-

progressive increase westwards, fromthemarginof thefrom the margin of the 
Sotkuma basement inlier, where primary depositional 
features are commonly preserved, to the Suvasvesi 
domain, where biotite-garnet-sillimanite gneisses 
dominate, associated with abundant veins of tonalitic 

for Outokumpu assemblage ultramafic rocks, from 
Säntti et al. (2006), indicating that the thermal peak 
is oblique to major structural trends, but subparallel 
to the distribution of granitoids at the present erosion 

trends are also oblique to the younger structural 

form and depth of the most intense gravity anomaly 
to the south of profile FIRE 3A is uncertain, we may 
nevertheless conclude that metamorphic facies relate 
more to regional advection of heat during regional 
granitoid emplacement than to structural thickening 
or e�humation.

between Outokumpu assemblage and enclosing metasediments. (Horsmanaho, Finnish grid coordinates KKJ4 4461.35E 6969.06N). (f) Typical 
example of recrystallized sulfide-quartz intergrowth in massive ore vein enclosed within dynamically recrystallized banded quartz rock derived from 
hydrothermal alteration of serpentinite, image provided by Asko Kontinen. (g) Detail of highly strained contact between talc schist and Kalevian 
turbidites, Horsmanaho (Finnish grid coordinates KKJ4 4461.71E 6969.41N).

Structural framework of the Outokumpu region

A comple� history of superimposed structural 
events has been recognized in the Outokumpu region, 
beginning with emplacement of allochthonous nappes 
containing the Outokumpu assemblage, and continuing 
through orogenic collision with tectonic imbrication 
of buried basement and the development of regional 

the Viinijärvi synform, which has a curved, NE-NNE 

the formation of the Viinijärvi synform as a product of 

interaction between coeval thrusting and shear zones 
in response to NNW-SSE regional compression, sub-
parallel to the former craton margin, and inferentially 
nearly orthogonal to the initial emplacement vector 
of the Outokumpu nappes. A kinematic framework 
summarizing this deformation scenario is presented 

bivergent thrusting and folding in the Outokumpu 

Höytiäinen domain. We can make some deductions 
concerning deeper crustal architecture by projecting 

Kontinen & Sorjonen-Ward 1991), which in turn 

truncated early tectonic fabrics (Figure 15 c,d 

regional scale shear zones (Figures 2, 3, 11, 12a, 

variably strained, near-concordant sheets that 

17). Some intrusions are peraluminous, contain-
ing muscovite and garnet (Figure 15d), and Rb-Sr 

Archaean basement or basement recycled into 

and Sm-Nd characteristics (Halden 1982, Huhma 
1986) suggest derivation from older crust, either 

Archaean crust beneath both FIRE 3 and 3A pro-

(Figure 12), but from the isotopic character of 

Granodiorite is e�posed at the northwestern end 
of the FIRE 3 profile and has a U-Pb zircon age 

e�posed granitoids (Figure 17). The Maarianvaara 

of 1858±6 Ma (Huhma 1986), which provides an 

diopside assemblages (subsequently again retrogressed 
rocks typically record olivine-enstatite-anthophyllite-

assemblages tend to overprint high-strain fabrics 

recrystallization in enclosing metaturbidites shows a 

bonate-tremolite assemblages prevail (Kontinen et 
al. 2004, Säntti et al. 2006). Likewise the degree of 

to granitic composition (Ward 1987, Koistinen 1993b). 

scale shear zones and refold interference patterns 

trending hinge plane and a gentle to moderate plunge 

(Gaál et al. 1975, Koistinen 1981, Sorjonen-Ward et 

tecture of Profile FIRE3 in the Outokumpu domain is 
al. 1997). The first order regional control on the archi-

towards the SW (Gaál et al. 1975). We can interpret 

domain with de�tral strike-slip in the western part of 
the Suvasvesi domain and sinistral transpression in the 

Haukivesi deformation zones (indicated as KSdz 
and Ahdz respectively in Figure 11).

(Säntti et al. 2006). Thus at Outokumpu, ultramafic 

Figure 12a shows metamorphic assemblage isograds 

level. Figure 17 moreover shows that gravity anomaly 

trends at the present erosion level. While the nature, 

in Figure 12, with the results of a dynamic numerical 
model (Zhang 2003) shown in Figure 12b–d. This 
interpretation attempts to integrate NW-SE directed 

and 16c,d), or as sigmoidal bodies intruded across 
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structural relationships down plunge beneath the FIRE 
3 profile. For e�ample, there is evidence for overturned 

structural culmination to the north of the Outokumpu 

the Outokumpu nappes, thus implying considerable 
reworking of basement and cover at depth. Conversely, 

abrupt steepening of regional trends are indicative of 

of this deformation event is broadly bracketed by 
emplacement of the Maarianvaara, Suvasvesi and 

namic state was maintained at regional scale for much 
longer, given the similar geometry of deformation 

tracrustal granites and granulite facies metamorphism 
in southern Finland over the period from 1.84 – 1.80 

indicated in Figures 1 and 2.
The Keretti and Vuonos deposits of the Outokumpu 

mining district were located on the E-dipping, western 
limb of the Viinijärvi synform. A representative sec-
tion across the Keretti mine is shown in Figure 13a, 

the structural analysis by Koistinen (1981). The ap-

parent thickening of the Outokumpu assemblage in 
this area may be interpreted as structural duple�ing, 
accompanying shortening associated with formation of 
the Viinijärvi synform, and resulting from mechanical 
contrasts between the Outokumpu assemblage and 

dynamic simulation of this process is shown in Figure 

the duple� may have nucleated on a deeper structural 
disturbance, such as a thrust ramp, a matter which will 
be dealt with during discussion of the seismic data. 

It is also reasonable to make inferences about what 
lies beneath the allochthonous Outokumpu assemblage 
from the nature, attitude and thickness of rock units 
along the northwestern margin of the Viinijärvi syn-
form, towards Maarianvaara, at the northwestern end 
of the FIRE 3 profile. Accordingly, we could e�pect 
any combination of 2.2 Ga mafic sills, intrusive into 
either Archaean basement granitoids or Proterozoic 
orthoquartzites. In addition, concordant leucogranitic 
sills analogous to those at Maarianvaara could be 
present, both above and below the allochthon contact. 
If we e�trapolate from the east, where the Sotkuma 
basement inlier is e�posed, we might further antici-
pate the presence of relatively thin sequence of coarse 
clastic deposits between the allochthonous nappes 
and the basement. 

Interpretation of seismic reflection patterns in the Outokumpu domain

Because of the importance in understanding the 
structural setting of the Outokumpu ore deposits, and 
the relatively good geological constraints, detailed 
interpretations based on DMO sections to 8 km depth 

southern margin of the Sotkuma basement inlier, in an 
area where bedrock exposures are scarce. As a result 
the nature and location of the contact with adjacent 
sediments is not well constrained and this makes pre-
cise interpretation of the seismic data more difficult. 
Nevertheless, Figure 9 clearly shows a distinctive 
stack of arcuate concave upwards reflectors, two of 
which converge upwards and project to the surface 
near CMP 2500, which marks the eastern edge of the 
Sotkuma basement inlier and the boundary between 
the Höytiäinen and Outokumpu domains. Therefore, 
one simple interpretation for the multiple reflectors is 
that they represent thrust surfaces related to imbrica-
tion and oblique SE-directed transport of the Sotkuma 
basement over the Höytiäinen domain. As discussed 

earlier, this implies the presence of Höytiäinen do-
main Kalevian sediments to a depth of nearly 10 km 
beneath the Sotkuma basement inlier, in the footwall 
of at least the Suhmura thrust zone, and apparently the 
Nunnanlahti-Hammaslahti zone as well. Even if some 
of these rocks proved to be “upper Kaleva” facies, a 
corollary of this scenario is that the Sotkuma inlier 
is part of an allochthonous basement unit, emplaced 
within the Outokumpu nappes. 

The western end of the seismic section in Figure 9, 
from about CMP 2000, shows an apparent interference 
pattern between these gently dipping reflectors and 
a group of reflectors with a steeper westerly dip. 
This area also coincides with the western margin of 
the Sotkuma basement inlier, which is overlain by a 
thin sequence of arkosic sediments with an apparent 
dip in the line of profile less than 20°, and then by 
metaturbidites with dips somewhat steeper, as they 

trends are of different age and record superimposed 

Rääkkylä district, asymmetric reclined folds and an 

or SE-vergent basement-cover relationships in the 

domain (Figure 12e), projecting structurally beneath 

in the southern part of the Outokumpu domain, in the 

NW-vergent deformation (Ward 1987). The duration 

jonen-Ward 2003). However, it is likely that this dy-
Kermajärvi granitoids between 1.88–1.86 Ga (Sor-

culminating in the formation of migmatites and in-

Ga, (cf. Ehlers et al. 1993, Väisänen et al. 2002), as 

together with a detailed map (Figure 13b), based on 

13c (Zhang 2003), with the additional implication that 

the enclosing turbidites (Sorjonen-Ward 2003). A 

18). Note that Profile FIRE 3, is lies very close to the 

approach the N-S trending Orivesi shear zone (Ward 

this apparent interference, the first being that the two 
1987). There are three obvious ways of interpreting 

have been prepared for profile FIRE 3 (Figures 14 and 
15), as well as crustal scale sections (Figures 5 and 
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Figure 14. (a) FIRE 3 DMO image to 8km depth across the Viinijärvi Synform, from CMP 1000 to CMP 2000. (b) Annotated structural interpretation 
indicating out of synform bivergent thrusts, although the pro��e trend in the right hand part of the image implies motion out of the plane of section. 
Note imbrication at eastern margin, between CMP 1700 and CMP 2000, which is shown in more detail in (c). Bright irregular homogenous zone in 
core of synform is interpreted as equivalents of Kermajärvi Granodiorite. Vertical brown line indicates surface projection of western edge of Sotkuma 
Archean basement. (c) Detail of eastern margin of Viinijärvi Synform and western margin of Sotkuma basement inlier, presenting one scenario for 
multiple imbrication of basement-cover contact, possibly involving Outokumpu assemblage. Re��ective package at lower right is however more likely 
to correlate with Kalevian deposits of Höytiäinen Domain.
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Figure 15. (a) FIRE 3 DMO image to 8km depth from the western limb of the Viinijärvi Synform, from CMP 1250, to the end of the seismic section 
at Maarianvaara. (b) Annotated structural interpretation indicating ramp-��at geometry and position of Outokumpu as hanging wall anticline between 
thrusts propagating to the NW out of the Viinijärvi Synform. Note interpretation of equivalents of Maarianvaara Granodiorite as structurally control-
led dilational intrusive sheets at depth. (c) Sheets of Maarianvaara Granodiorite showing reverse sense shear asymmetry, but in detail truncating early 
foliation in upper amphibolite facies metaturbidites, Luikonlahti (Finnish grid coordinates KKJ4 4434.28E 6980.07N). (d) Detail of leucocratic veins 
in Maarianvaara Granodiorite, containing garnet, sporadic muscovite and anoriented biotite, indicating peraluminous nature and potential for fracture 
propagation by volatile overpressuring (Finnish grid coordinates KKJ4 4434.31E 6980.06N).

and truncating deformation events. Alternatively, the 
gently dipping concave reflectors beneath the Sotkuma 
basement can be attributed to northerly dipping thrust 
surfaces, while the steeper reflectors relate to a westerly 
dipping sequence. This possibility is reasonable given 
the oblique trend of the profile across lithic boundaries 
between CMP 2000 and CMP 1800. 

the Viinijärvi Synform. The prominent W-dipping 

are attributed to imbricate stacking of metasediments, 

would be two reclined nearly isoclinal synforms related 
to earlier deformation events. The intense reflectivity 
here is consistent with lithological contrast between 
the Outokumpu assemblage and enclosing Kalevian 
turbidites and correlates well with a similarly reflective 

as shown in Figure 14b, although a plausible alternative 

The third possible explanation is illustrated in Figure 
14, which shows a more detailed interpretation across 

reflectors between CMP 1820 and 1680 in Figure 14a 
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package on the western limb of the synform. In contrast, 
the banded reflective sequence beneath the basal thrust 

Höytiäinen domain sedimentary sequence rather than 
correlated with Outokumpu assemblage equivalents; 
this is because a marked magnetic and EM anomaly 
associated with a distinctive massive sulfidic and 
carbonaceous carbonate unit – the Mulo lithofacies 
of Ward (1988) – can be traced around the southern 
margin of the basement inlier. Unfortunately however, 
the lack of bedrock exposures in this area precludes 
confirmation of whether this unit dips beneath or 
overlies the Sotkuma basement.

The disruption of reflectivity across the core of 
the Viinijärvi Synform, where there is a prominent 
bright, non-reflective zone, is attributed in Figure 
14b to an irregular though concordant granitoid 
body representing a northeasterly protrusion of the 
Kermajärvi Granodiorite; this interpretation is based 
on the gently plunging NE-trending elongate aspect of 

direction for this late stage of deformation, associated 
with tightening of the Viinijärvi Synform, subtends a 
rather oblique angle with respect to the section line from 
CMP 2000 to about 1600, whereas from CMP 1600 
to the end of the FIRE 3 profile, which coincides with 
the western limb of the synform, the trend is virtually 
parallel. Therefore, the tectonic imbrication depicted 
in Figure 14c ought to be recognized as a section 
oblique to the direction of thrusting, showing tectonic 
repetition of the basement – cover interface (indicated 
by panel labelled Ar2 over Ar1), and an imbricate 
stack in the overlying turbidites (Pr3 and Pr4). These 
relationships also remain valid if the imbrication was 
related to early stages of nappe emplacement, rather 
than later formation of the Viinijärvi Synform.

Another explicit feature of the interpretation given 
in Figure 14b is the bivergent nature of thrusting 

NW-vergent thrust planes are marked which appear to 
both truncate and displace prominent reflectors. The 
two uppermost planes would project to the surface 
near CMP 1100 and CMP 1000 respectively, but 
unfortunately there are no bedrock exposures in this 
area. In contrast, the lowermost thrust surface appears 
to have a more irregular form, from a depth of about 
5km beneath CMP 1200, stepping upwards with a 
ramp-flat geometry, projecting to the surface at CMP 
800, in the vicinity of Outokumpu, shown in Figure 
15b. It is therefore suggested that this deformation zone 
correlates with the generation of the duplex structure 
interpreted for the Outokumpu assemblage at the 

of shear zones is also appropriate for promoting magma 
transfer and accumulation as subhorizontal sheets, 

relations observed in the Maarianvaara Granodiorite 

assign reflectors to specific rock types with absolute 
certainty. However, it appears that a subhorizontal 
reflective zone similar to the Outokumpu assemblage 
can be traced beneath Outokumpu at a depth of about 
2 km, from CMP 1000–0700, perhaps in part disrupted 
by granitic intrusions, after which it ramps upward to a 

This location is about 5 km northwest across strike 
from the main Outokumpu ore trend and is along strike 
from the southern closure of the Miihkali Synform and 
therefore forms a potential target for prospecting for 
blind Outokumpu assemblage occurrences at depth. 
Moreover, between CMP 500 and 450 there is an 
additional possibility that a hanging wall anticline 
above this same thrust zone brings a similar, though 
less prominent reflective package to a depth of 500m, 
in an area where there is currently no surface indication 
of Outokumpu assemblage lithologies.

The eastern end of Profile 3A, from CMP 200 
to about CMP 2000 also provides insights into the 
deformation of the Outokumpu region, although over 
much of this interval, the profile trends subparallel to 

trends obliquely across the hinge of the Viinijärvi 
synform and subsidiary folds, which have a gentle 
southerly to subhorizontal plunge. This accounts for 
the horizontal reflectivity evident in Figure 16a and b, 
between CMP 0900 and CMP 1300, from the surface 
to a depth corresponding to about 6 km. The enhanced 
reflectivity is attributed to anisotropy representing 
granitic sheets contiguous with the Kermajärvi 
Granodiorite, alternating with Kalevian turbidites, 

expected to intersect profile 3A between CMP 1300 and 
2000, with specific reflectors Ar1 and Ar2 in Figure 16b 

According to petrophysical studies and regional grav-petrophysical studies and regional grav-

Archaean basement rocks are statistically less dense 
than overlying Proterozoic metasediments, which 
might be expected to generate enhanced reflectivity at 
basement-cover interfaces. It is also conceivable thatIt is also conceivable that 
Outokumpu assemblage lithologies are responsible 
for the reflective bands at a depth of 2–3 km depth, in 
the eastern part of the section. These reflectors curve 

intrusive bodies in the Suvasvesi domain (cf. Koistinen 
1993a). It should be noted that the inferred shortening 

northwestern part of the profile makes it difficult to 

consistent with the structural geometry and textural 

(Figure 15 c,d). The high degree of anisotropy in this 

depth of about 1 km, beneath CMP 0600 (Figure 15b). 

regional strike (Figures 3 and 11). Based on published 
geological data (Koistinen 1981, 1993a,b), the profile 

constrained from surface geology (Koistinen 1993a,b). 

based on extrapolation from surface exposures (Figure 

Figure 3), lie along a northwesterly trend and could be 

ity surveys (Ruotoistenmäki and Tervo, in press), 

Keretti ore deposit (Figure 13). Such a linked network 

in Figures 15b and 15c is preferably assigned to the 

16c,d). The Juojärvi Archaean basement inliers (Juo in 
away from the core of the synform. Three discrete 
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Figure 16. (a) FIRE 3A DMO image to 8km depth, across the allochthonous Juojärvi basement inliers, from CMP 00950 to CMP 02500. (b) Annotated 
section emphasizing triangle zone or tectonic wedging structure in upper crust, with possible blind occurrence of Outokumpu assemblage, and marked 
controls on granitoid emplacement. Subhorizontal fabric at eastern end of section is because trend is slightly oblique across eastern limb of gently 
plunging Viinijärvi Synform. Re��ectors labelled Ar1 andAr2 bracket the e�posed occurrences of Archaean rocks in the Juojärvi inliers in the line of 
section, suggesting that they are allochthonous sheets. (c) E�tensional kinematics of granitic vein array, as a consequence of local dip being locally 
in e�tensional field, rather than of regional tectonic significance. Sarvikumpu (Saarilampi, Finnish grid coordinates KKJ4 4450.63E 6926.83N). (d) 
Kermajärvi Granodiorite veins intruded obliquely across metamorphic fabric in upper amphibolite facies Kalevian metaturbidites (Silmisuo, Finnish 
grid coordinates KKJ4 3602.17E 6937.81N).

upwards towards the surface near CMP 1300, where 
they can be reasonably correlated with a deformation 
zone localized at the contact between turbidites and a 

Höytiäinen and Kuopio domains, in close proximity 

quite separate from the Outokumpu assemblage, which 
is only known to intersect Profile 3A at the surface in 
one place, at CMP 1600, close to the W-dipping thrust 
marked Ar1 in Figure 16b. 

Detailed examination of the triangle zone defined 
by the E-dipping and W-dipping reflectors converging 
towards the surface at CMP 1300 suggests that the latter 
might actually terminate against the former. Such an 
interpretation offers the possibility that Outokumpu 
assemblage rocks occur in the footwall beneath this 
W-dipping thrust zone, at a depth of about a kilometre 
beneath CMP 1400. The preferred interpretation here 

been active simultaneously, but this is not strictly 
a requirement of the geometry. At the western end 
of the section in Figure 16, it is indeed possible that 

distinct association of mafic volcanic and calc-silicate 

are present elsewhere in the Outokumpu and 

to Archaean basement. These lithologies are however, 

rocks (Koistinen 1993a,b). Similar rock associations 

is that the two opposing thrust zones would have 
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the W-dipping Ar1 reflector has been truncated and 
segmented by structures dipping gently eastwards in 
this projection. In this area, between CMP 2000–2100, 
the profile is nearly strike-parallel, virtually coinciding 
with the trace of the Kallavesi-Suvasvesi deformation 
zone, and foliations tend to dip steeply southwards. 

The eastwards dipping reflector segments marked 
between CMP 2000 and 2100 on Figure 16b may 
therefore relate to oblique projections of subsidiary 
splays from the Kallavesi-Suvasvesi deformation 

imaged in the seismic data.

Profile FIRE 3A and large scale crustal architecture in the Suvasvesi domain  
(FIRE 3A CdP 100–5000)

The Suvasvesi Domain, together with the Kuopio 
and Unnukka domains, provide some e�cellent 
insights into interaction between pluton emplacement 
and deformation, some of which are clearly imaged 
in the seismic data. The most conspicuous regional 

emplacement of the Kermajärvi Granodiorite across the 

magma transfer from deeper levels, feeding gently 

For e�ample, in the Kuopio domain, Äikäs (2000)Äikäs (2000) 
has demonstrated that the Juurusvesi pluton actually 
overlies an allochthonous sheet of Archaean base-

zone of highly strained gneisses and migmatites; 
the implication is that the present erosion level e�-
poses the basal part of the pluton, with lateral ��ow 
of magma out from the adjacent Kallavesi-Suvasvesi 
deformation zone. Such deformation partitioningSuch deformation partitioning 
accompanying and promoting magma migration and 
emplacement is widely recognized in many orogenic 

are commonly self-affine and in some cases self-

which case we may consider outcrop scale structural 
geometries as a template for interpreting larger scale 
architecture in the FIRE 3A seismic section. Caution is 
needed however, in e�trapolating kinematic analyses 
from outcrop to crustal scale. While most e�posures 
indicate subhorizontal contractional deformation (cf. 

an enveloping surface that dips in the opposite sense to 
a thrust zone; such features alone should not be used 
to infer regional scale e�tensional deformation. 

The triangle zone or tectonic wedging geometry 
described in Figure 16 is an e�ample of a general 
structural style that can be recognized in many terrains 

backthrusting where there are rheological contrasts 
favouring detachment between upper and lower crust 

also be a coupling between deformation style and 
transfer of late orogenic magma and hydrothermal 
��uids corresponding to the brittle-ductile transition 
zone, near the greenschist-amphibolite isograd and 
coinciding with ductile ��ow in quartz-dominated 

in terms of a schematic NW-SE or NNW-SSE section, 
as a basis for e�plaining the regional structure of the 
Outokumpu, Suvasvesi and Kuopio domains and 
interpreting the crustal scale seismic data. The upper 
diagram represents an earlier stage of deformation, 

within the wedge. The SSE-SE vergent thrust ramp 

the Archaean basement of the Kuopio domain over 

variations in the Proterozoic thermal overprint on 

between CMP 00200 and CMP 4000 in Figure 18c. 

coincides with a prominent non-re��ective bright zone 
in the seismic data, between CMP 03200–03600, is 
located appro�imately at the tip of a NW-vergent 

zone. Otherwise, this structure is not particularly well 

scale feature is the de�tral sigmoidal pattern related to 

emplacement accompanied strike-slip deformation, 
as steep en echelon dyke arrays with progressive 

and 16). A number of studies have shown that pluton 

overprinting ductile strain (Gaál & Rauhamäki 1971, 
Halden 1982, Koistinen 1993a,b). In addition, some 
of these steep shear zones have evidently facilitated 

dipping intrusive sheets (Ward & Kohonen 1989). 

ment, from which it is separated by a gently dipping 

al. 1996). Moreover, fracture networks and patterning 

organizing process (Turcotte 1992, Bak 1996), in 

and at many scales, from foreland fold and thrust 
belts (Jamison 1993) to collisional orogens (Cook 
& Varsek 1994), in both modern environments, such 
as the European Alps (Schmid et al. 1996, Pfiffner 

This geometry commonly results from late orogenic 

et al. 1997), as well as older terrains, such as the 
Neoarchaean Yilgarn craton (Drummond et al. 2000). 

or at the Moho (Beaumont et al. 1994). There may 

lithologies, which initiates and sustains this architecture 

illustrates this tectonic wedging geometry architecture 
(Sorjonen-Ward et al. 2002, 2003). Figure 18a 

underthrusting, with emplacement of granitoid sheets 
while the lower diagram indicates progressive 

Figure 15c), vein arrays with e�tensional geometry can 
also form (Figure 17c), especially where layering has 

the Suvasvesi domain, which is consistent with both 
the regionally mapped structural data (Paavola 1980, 
1997, Lukkarinen 2000, Äikäs 2000) and the lateral 

Archaean basement (Hölttä & Paavola 2000, Hölttä 

with that of the annotated crustal scale FIRE 3A profile 
et al. 2002a). This geometry can then be compared 

in Figure 18a effectively represents emplacement of 

In this interpretation, the Suvasvesi pluton, which 

Kallavesi-Suvasvesi deformation zone (Figures 11, 12 

terrains (Brown 1994, Brown and Solar 1998, Collins 
& Sawyer 1996, Lucas & St Onge 1995, Selonen et 
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middle crustal wedge, with the NW-vergent re��ective 
zones R3a-1 and R3a-2 possibly representing high 
strain zones facilitating magma transfer from deeper 
levels; note also that in this section, the SE-vergent 
overriding thrust would lie above the present erosion 
level. This interpretation is also in agreement with theThis interpretation is also in agreement with the 

diorite is seen to coincide with a gravity minimum, 

of the surrounding regional gravity high – which is 

not obvious. There is a suggestion of several stackedThere is a suggestion of several stacked 
conve�-upward re��ectors above R3a-1 between CMP 

wall anticline above a reverse sense shear zone and also 
consistent with the shortening required in the triangle 
zone interpretation around CMP 1300 in Figure 16, 
which is located directly above this region. The NW-
vergent recumbent fold closure drawn at a depth of 
10–20 km at the right hand margin of the section is 

plausible, given that inverted sequences project deep 

no means definite. 
The diverging trends of the FIRE3 and FIRE3A 

profiles also allow us to attempt a reconstruction of 

features denoted as R3a-1 and R3a-2 in Figure 18c 
can be correlated with re��ective zones R3-1 and R-3-

contours are shown in Figures 12 and 17, indicating a 
NNE-trend, with re��ectors dipping towards ESE, such 

eastern margin of the Suvasvesi pluton. Conversely, the 
Kuopio domain, with its eastern margin as delineated 

allochthonous Archaean units, with moderate to steep 

be deduced from Figure 11, de�tral displacement of at 
least 20 km has occurred along the Kallavesi-Suvasvesi 
deformation zone, together with an unspecified possi-

Figure 17. Regional Bouguer gravity data, from Finnish Geodetic Survey, with distribution of Svecofennian granitoids superimposed, e�tracted from 
GTK Image Web Server. Shading from positive (deep red) to negative (green); note SW-trending ma�imum positive anomaly (about +37 mgal) beneath 
granitoids with evolved isotopic signatures (data from Huhma, 1986), suggesting that denser rocks occur at depth beneath Suvasvesi and Kermajärvi 
plutons. Note also low-density near-surface anomalies associated with Sotkuma and Kontiolahti Archaean basement inliers (north of CMP 2000 and 
3000 respectively). Structure contours for re��ective zones correlated between FIRE 3 and FIRE 3A profiles are also shown.

one of the most prominent anomalies in Finland – is 
that they are at a depth of around 15km beneath the 

beneath the Outokumpu nappes (Figure 12) but is by 

1000–2000, which would be appropriate for a hanging 

westerly dips (Lukkarinen 2000, Äikäs 2000). As can 

gravity data in Figure 17, in which the Suvasvesi Grano-

although it is acknowledged that the ultimate source 

in Figure 11, is characterized by fault-bounded and 

2 respectively in Figure 18b. The resultant structure 

some significant structures at depth. For e�ample, the 
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Figure 18. Crustal scale architecture in Outokumpu and Suvasvesi domains. (a) Schematic illustration of concept of tectonic wedging, based on Jamison 
(1994) and Sorjonen-Ward et al. (2002). Lower diagram depicts progressive shortening with emplacement of granitic sheets into wedge as upper plate 
overrides. (b) Crustal scale FIRE 3 seismic section across Outokumpu Domain, showing that Viinijärvi Synform is located above a similar feature 
e�pressed to a depth of 20 km. NW-vergent re��ective zones R3-1 and R3-2 are used to define structure contours in Figures 12 and 17. (c, d) Note 
loss of re��ector fabric attributed to Kermajärvi Granodiorite sheets and more open profile across Viiinijärvi Synform at eastern end of section, due to 
oblique trend of seismic profile. Ar1 and Ar2 relate to Juojärvi Archaean basement inliers. Note relation between Suvasvesi Granodiorite and SE-dip-
ping re��ective zones, which are used to define structure contours in Figures 12 and 17. R3a-3 may correspond to Airaksela – Haukivesi deformation 
zone (Ahdz), whereas Kallavesi – Suvasvesi deformation zone (KSdz) is not imaged clearly.

ble vertical component, which further complicates the 

is consistent with the concept of opposing thrust sense 
and a crustal scale tectonic wedge. 

Comparison of the structure contours in Figures 
12 and 17 with the trend of the Viinijärvi Synform 

this interpretation. The U-Pb zircon ages of the Su-he U-Pb zircon ages of the Su-
vasvesi, Kermajärvi and Maarianvaara granodioritic 
intrusions may be used to constrain this deformation 

structural pattern. Nevertheless, the overall geometry 
(Figure 11 and 12) provides additional support for 

ages (Kontinen et al. 1992) and further unpublished 
event between 1.88–1.86 Ga. However, K-Ar mineral 



140

Geological Survey of Finland, Special Paper 43
Peter Sorjonen-Ward

structural, isotopic and paleomagnetic data indicate 
that the same kinematic framework may have persisted, 
albeit in the brittle regime, until appro�imately 1.82 
Ga. If this evidence is confirmed by further study, 
then it is reasonable to seek some link between this 

compression was essentially subparallel to the craton 
margin, and orogenic events in southern Finland. 
Hence, later stages of deformation in the Suvasvesi and 
Outokumpu domains may be connected with the appar-
ently NNW-NW vergent deformation accompanying 
the development of migmatites, intracrustal granites 
and granulite facies metamorphism in southern Finland 
1.84 – 1.80 Ga, designated by Lahtinen et al. (2005) 

discernible with an apparent gentle dip from 25km 
beneath CMP 2000 to 35 km at CMP 3500, segmented 
between the R3a-3 and R3a-4 re��ective zones. A 
speculative suggestion is that this re��ectivity represents 
the buried, attenuated Archaean-Proterozoic bound-
ary zone. Note however that although the Suvasvesi 

Granodiorite was evidently derived from a relatively 

structural interpretation presented here implies that 
magma transport could have had a lateral component 
and hence the source region is not necessarily directly 
beneath the pluton. Therefore, we cannot constrain the 
precise location of the Archaean-Proterozoic bound-
ary at depth from the isotopic character of granitoids 
alone. 

The tectonic wedging described here maybe a con-
sequence of the mechanical properties of Archaean 
crust at the craton margin (despite the fact that in many 
places allochthonous sheets of Archaean basement 

the main part of profile FIRE 3A is characterized by 
a distinct NW-vergent apparent asymmetry, lacking 

kumpu and Suvasvesi domains provides a basis for 
interpreting the remainder of the FIRE 3A profile and 
evaluating its tectonic significance.

uNNuKKA dOMAIN (FIRE 3A CMP 4800–9750)

This domain represents the transition from the 
tectonically reworked Karelian craton margin, to the 
Svecofennian domain, and thus defines the western 
limit of Archaean rocks exposed at the present erosion 

Suvasvesi and Kuopio domains cannot be precisely 
defined with respect to the FIRE 3A seismic profile, 
because between about CMP 4000 and CMP 5300, 

coincident with the Airaksela – Haukivesi deforma-
tion zone and the southernmost inliers of Archaean 
basement. Isotopic studies of Svecofennian plutonic 
rocks, in particular Sm-Nd crustal residence model 

that the precise edge of the Archaean lithosphere need 
not correspond exactly with the pattern deduced from 
granitoid provenance ages at the present erosion level. 
Unless attenuated Archaean lithosphere is present 
further west, with a composition too refractory for 
melting under the Svecofennian orogenic geotherm, 
we must nevertheless assume that the edge of the Ar-
chaean craton is located here. Studies of lower crustal 
and upper mantle composition based on xenoliths and 

xenocrysts sampled by Neoproterozoic kimberlites 
moreover indicate that Archaean lithospheric mantle 
is present beneath the Kuopio and Outokumpu do-
mains, to a depth of at least 230 km, with a relatively 
unmodified, highly depleted harzburgitic composition, 
characteristic of Archaean lithosphere in the upper-
most mantle and a more heterogeneous composition 

greater than 180 km, which maybe attributed to melt 
infiltration at about 1.8 Ga, as well as younger kim-
berlite magmatism. Because these events affects the 

here. However, Hölttä et al. (2000b) studied mafic 
granulite xenoliths derived from the lower crust and 
reported ages close to 1.8 Ga. Kempton et al. (2001)(2001) 
also argued for a craton-wide lower crustal thermal 

Ga, while Eklund et al. (1998) defined a late to post-
orogenic 1.80 Ga shoshonitic magmatic province 

possibility that the lowermost crust could have been 
thermally disturbed, and intruded by mafic magma 
at 1.8 Ga, which might be expressed in the seismic 
data by deep crustal subhorizontal reflectivity. It is 
however difficult to identify such features in the FIRE 

protracted deformation history, in which ma�imum 

radiogenically evolved source (Huhma 1986), the 

and kinematic framework defined here for the Outo-

the trend is subparallel to the regional strike, almost 

level (Figure 11). The transition between the Unnukka, 

at depths from about 120–180 km. (O’Brien et al. 

event in the lowermost lithospheric mantle, at depths 
2005). There is evidence of at least one metasomatic 

ages (Huhma 1986, Patchett & Kouvo 1986, Lahtinen 

present at depth, at least in the source regions from 
seismic survey, they need not be considered further 

which Svecofennian granitoids were derived (Figure 

& Huhma 1997), indicate that this transition is also 

17). As noted in the previous section, migration of 

lithosphere at depths greater than those imaged in the 

across southern Finland. Hence there is a strong 

magma along oblique shear systems may also imply 
disturbance throughout Fennoscandia around 1.8 

as the Svecobaltic Orogeny (cf. Figures 1 and 2).

large-scale backthrust or pop-up structures (cf. Figures 

have behaved in a highly plastic manner). In contrast, 

20, 22 and 24). Nevertheless, the structural geometry 

In Figure 18, there is also some faint re��ectivity 
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3A sections, possibly because of a lack of seismic 

isotopic ages represent decay of residual thermal 

during ultimate continental breakup at 1.95 Ga, if not 
orogenic processes from about 1.9 Ga. 

The Unnukka domain also lies within the Raahe-e Unnukka domain also lies within the Raahe-

been recognized as of tectonic and metallogenic sig-
nificance. Indeed, exploration targeting for intrusive-
hosted Ni-Cu deposits was based on one of the earliest 

tholeiitic intrusions were emplaced as semi-concordant 
bodies earlier during the deformational history but still 

deformation. There have been numerous attempts to 
relate these metallogenic and structural features with 

a combination of strike-slip motion with accretion 
of one or more arc complexes to the Karelian craton 

are of specific interest with respect to interpretation 

Firstly, Gaál (1990) introduced the concept of an early 
collisional or accretionary event leading to a reversal 

Lahtinen (1994) evaluated the petrogenetic charac-
teristic of volcanic rocks, and affinity and origin of 
granitoids with respect to source composition and 
thermal regime, invoking a complex history culmi-
nating in late orogenic lithospheric delamination and 
magmatic underplating. Both of these proposals are 
in principle tenable, given that the SVEKA refraction 
seismic surveys indicate the presence of relatively 
thick crust in the Unnukka Domain, and a relatively 

with a view to identifying evidence for a reversal in 
structural trends, which might relate to emplacement 
of the deep levels of an arc complex over the buried 
craton margin, or a record of underplating, perhaps 
obliterating early seismic fabric. 

It must be noted that there is no unequivocal struc-
tural evidence to support the concept of post-col-

lisional polarity reversal in the immediate vicinity of 
profile FIRE 3A. However, Gaál & Rauhamäki (1971) 
clearly defined both south-vergent and north-vergent 
structural domains in the Haukivesi area, between 
Varkaus and Savonlinna, some hundred kilometres to 

particular, it was noted that a suite of pyro�ene granites 
reminiscent of A-type granites appear to be control-

–Haukivesi and Kallavesi – Suvavesi deformation 
zones, and that these deform and truncate, highly 
deformed supracrustal rocks and granitoids. Careful 
documentation of the P-T evolution and isotopic his-
tory of the metamorphic aureole of the Vaaraslahti 
pluton by Hölttä (1995) and Vaasjoki & Sakko (1988) 
provide a fundamental constraint on regional crustal 

sure granulite facies conditions within the Unnukka 

to be coeval with felsic volcanism and granitoids 

in the Pielavesi district. While intensity of deformation 
in isolated e�posures is not in itself a reliable basis for 
correlation, due to the presence of lateral and vertical 
strain gradients, the e�amples shown in Figure 19 

strain state within and surrounding the Central Finland 
Granitoid Comple�, illustrating the contrast between 
supracrustal gneisses in highly metamorphosed and 

of deformation in polymictic volcaniclastic deposits 

features in enclaves within low-strain porphyritic 

A number of studies have subsequently confirmed 

defined age differences and recognition of a primitive 
low-K tholeiitic character to the older group of vol-

even if the geochemical and isotopic evidence permits 
an early arc comple� to be delineated, there are no 
constraints on whether it developed over a subduc-

anomalies generated by accretion of asthenospheric 
mantle beneath the attenuated continental margin 

impedance contrasts in the lowermost crust (Kuusisto 

recording the impingement of a 1.8 Ga plume, the 
et al. 2006). Moreover, it might be that instead of 

applications of the concept of dilational jogs in strike-

Ladoga Ore Zone (Ekdahl 1993), which has long 

slip shear systems (Gaál & Rauhamäki 1971, Gaál 
1972). More recent studies (Makkonen 1996, Mäkinen 

emphasize the regional significance of the strike-slip 

& Makkonen 2004) indicate that these differentiated 

larger scale tectonic processes, of which most invoke 

margin (Park 1985, Ward 1987, Gaál 1990; Ekdahl 

1999, Lahtinen et al. 2005). Among these studies, two 
1993, Lahtinen 1994, Nironen 1997, Korsman et al. 

of the FIRE 3A profile across the Unnukka Domain. 

of arc polarity, by analogy with analyses of modern 
arc terrains by Hamilton (1979, 1988). Subsequently, 

reveals the presence of two distinct rock associations, 
the Pielavesi – Pyhäsalmi district, structural analysis 

in relation to granitoid emplacement (Ward 1984). In 

quartz monzodiorite pluton is also pyro�ene-bearing 

2002, Nironen 2005). At Rautalampi, adjacent to the 

of this region may be considered contiguous with that 

were selected are as representative of lithologies and 

strained terrain (Figure 19b), and the very low degree 

(Figure 19c) and the preservation of depositional 

granitoids (Figure 19d).

within the Raahe – Ladoga zone, with isotopically 
al. 2006). We may therefore examine the seismic data 

dense high-velocity layer in the lower crust (Grad & 
Luosto 1987, 1994, Korsman et al. 1999, Kuusisto et 

the dual aspect of supracrustal sequences and granitoids 

canics (Kousa et al. 1994, Lahtinen 1994). However, 

17). Conversely, to the north of the FIRE 3A profile, in 

in terms of strain state and metamorphic grade, and 

the southeast of the seismic profile (Figures 11 and 

led by shear systems contiguous with the Airaksela 

evolution, in that ductile deformation under low-pres-

Domain at 1.885 Ga (cf. Figures 17 and 19) is seen 

emplaced at much lower strain states, throughout the 
Central Finland Granitoid Comple� (cf. Nironen et al. 

seismic profile (Figures 19 and 20d), the Konnevesi 

(Pääjärvi 1991, 2000a,b) and therefore the evolution 
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Figure 19. (a): Regional geological features superimposed on oblique-illuminated airborne total magnetic intensity image, showing central part of 
profile FIRE 3A and intersection with profile FIRE 1, within the Central Finland Granitoid Comple�; white te�t on green indicates principal supracrustal 
belts. Scale indicated by Finnish 1:100000 mapsheet grid (40 � 30 km2), with Finland Zone 2 and 3 grid coordinates and longitude indicated. Dotted 
line delineates westernmost Archaean basement e�posed at present erosion level, and boundary of the Suvasvesi and Kuopio domains with the Un-
nukka Domain (CMP 5000). The boundary between the Unnukka and Äänekoski domains is defined, somewhat arbitrarily at CMP 8500, where the 
NE structural trend characteristic of supracrustal enclaves within the Central Finland Granitoid Comple� becomes apparent. (b): Typical e�ample ofb): Typical e�ample of 
metasediments, in which relict depositional units can still be discerned, including calc-silicate concretions or boudinaged mafic intercalations, with 
concordant boudinaged leucosome, part of which may be e�otic and part related to in situ partial melting. This metamorphic event is correlated with 
that affecting the >1.9 Ga rocks of the Pielavesi – Pyhäsalmi area which locally attained granulite facies conditions at 1.885 Ga. (Karvoskylä, near(Karvoskylä, near 
Nivala, Finnish grid coordinates KKJ3 3408.88E 7084.96N, picture by Jukka Kousa). (c): Polymictic volcaniclastic conglomerate, with remarkably 
little strain, and taken to be representative of a younger phase of volcanism, with minimum age constraint supplied by discordant plutons, such as 
1877 ± 3 Ma Kumiseva Gabbro (Jämsänkallio, near Haapajärvi, Finnish grid coordinates KKJ3 3410.23E 7073.24N). (d): Porphyritic granodiorite 
with anoriented phenocrysts and enclave of laminated volcaniclastic deposits, retaining scour channels and cross-bedding, despite metamorphic am-
phibole overgrowth, representative of low-strain domains in Central Finland Granitoid Comple� (Rajajärvenkalliot, Finnish grid coordinates KKJ3 
3439.87E 7026.33N).
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tion zone facing towards or away from the Karelian 
craton. Is it possible then, that the seismic imaging 
across the Unnukka Domain retains evidence of this 
early event, or have younger processes thoroughly 
reworked the former suture? 

As noted above, the transition between the Suvasvesi 
and Unnukka domains is difficult to define as it trends 

ages, the most prominent re��ectors, which curve in a 
listric manner downwards to the Moho, are labelled, 
from southeast to northwest (R3a-1 to R3a-7). A first 
impression is that in this section plane these re��ectors 
define NW-vergent crustal imbrication, analogous 
to the interpretation presented for the Outokumpu 
region. While this is certainly plausible, a corollary 
maybe that the Airaksela – Haukivesi deformation 
zones, and other similar structures, which appear to 
be dipping steeply at the present erosion level, must 
either project onto the seismic line as subhorizontal 
re��ectors, where subparallel to the profile, or else 
terminate at depth against gently dipping structures. 
Thus, the simplest interpretation along this section of 
the profile, consistent with regional geological data, 
would be deformation partitioning between NW- to 
N- trending steep de�tral shear zones, and SE- to E-
dipping thrust panels. The re��ectivity contrasts of the 
latter may mean that these structures have localized 
granitoid emplacement, an e�ample of which appears 
to be between CMP 4900 and CMP 5200, immediately 
to the southwest of the Airaksela – Haukivesi deforma-
tion zone, as depicted in Figure 18c. In general, this 
geometry and kinematic interpretation is consistent 
with previous regional studies (Ward 1984, Kärki et 
al. 1993, Kousa et al. 2000, 2003).

Further west in the Unnukka Domain, between CMP 
5400 and CMP 6400, the profile transects regional 

(Idz in Figure 20) at CMP 06100 may be discernible 
as a moderately dipping light zone in the seismic im-
age, which implies a moderate to steep northeasterly 
dip. Another feature reminiscent of an antiformal 
stack is evident at a depth of 5–10 km between CMP 

may have developed in a hanging wall position with 

e�trapolates to the surface between CMP 5600–5700. 
Note also that the Iisvesi deformation zone coincides 
with a prominent linear negative gravity anomaly in 

is depicted above re��ector R3a-8 in Figure 20b, with 
conve�-upward re��ectors between 13–20 km depth, 
although this might be an artefact of the change in 
profile trend near CMP 7800. A further prominent 

between depths of 5–10 km between CMP 6500 and 
7600. The upper re��ector at least may correspond to 
the transition between the high-grade supracrustal 

nevesi quartz monzodiorite pluton mapped to the south 

subparallel to the seismic profile between CMP 6300 

terning, intersects the seismic transect at CMP 7400. 

NW-reverse sense structural imbrication within the 
Konnevesi pluton, and accordingly could correlate with 
the gently dipping re��ector depicted as intersecting 

In summary, we conclude that the distinctive asym-
metric middle and lower crustal seismic fabric from 
the Suvasvesi and Unnukka domains is attributed to 
deformation and magma generation and migration 
bracketed in time by the 1.88–1.86 Ga granitoids 
observed at the present erosion level. As a conse-
quence, there is no obvious record of the polarity or 
nature of any earlier collisional event preserved in 
this section. A cautious qualification may however be 

a considerably more e�tensive remnant of the early 

may be possible to define an easterly dipping sheet 

depths beneath CMP 5000. Otherwise, this re��ective 
zone does not differ appreciably in either character 
or orientation from other re��ectors attributed here to 
younger deformation events. The overall geometry and 
kinematic interpretation, from the Outokumpu Domain 
across to the Unnukka Domain furthermore suggests 
that the thicker crust in the Unnukka Domain may be 
a consequence of oblique transpressive deformation 
subparallel to the craton margin, rather than crustal 
stacking orthogonal to it. 

One further issue which may be raised in this con-
text, but not resolved, is whether the 1.88–1.86 Ga 
granitoid magmatism within the Unnukka, Suvasvesi, 
Kuopio and Outokumpu domains could have resulted 
from a geotherm sustained by crustal thickening and 
the crustal radiogenic heat budget, or whether an ad-

mafic material in some plutons intruding the Archaean 
basement in the northern part of the Kuopio Domain, 

parallel to the Airaksela – Haukivesi deformation 
zone between CMP 04300 and CMP 05300 (Figure 
11). The crustal scale seismic sections are accordingly 
shown in both Figures 18 and 20. In both of these im-

pair of parallel gently dipping re��ectors is also present 

(Pääjärvi, 1991, 2000). Note that this contact trends 

sigmoidal feature, which disrupts the magnetic pat-

and CMP 7600 (Figure 19). However, as shown in 

The geometry of this feature would be appropriate for 

e�tending from the surface near CMP 8000 to Moho 

other ductile shear zone (R3a-4 in Figure 18b), which 

ditional heat source was required. The presence of 

structural trends at a relatively high angle (Figures 11 
and 19). The NW-trending Iisvesi deformation zone 

respect to either the Iisvesi deformation zone, or an-

Figure 17. Another potential anticlinal ramp structure 

05300 and CMP 05600 (Figures 18b and 20b); this 

the total magnetic intensity image in Figure 20d, a 

gneisses of the Pukkiharju belt and the massive Kon-

the surface at CMP 7400 in Figure 20b.

arc assemblage (cf. Lahtinen 1994), in which case it 

added, if the Pukkiharju supracrustal belt is part of 
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Figure 20. (a) Crustal scale FIRE 3A profile from CMP 5000 to CMP 11200 across Unnukka Domain and southeastern part of Äänekoski – Perho 
Domain. See Figure 19 to appreciate change in profile trend at CMP 9750. (b) Annotated section with prominent re��ective zones interpreted as im-
bricate N- to NW-vergent thrust-ramp systems with associated antiformal stacks are indicated. The Iisvesi deformation zone at CMP 6100 is possibly 
imaged as a discrete moderately dipping bright zone in this section, which ought to be compared with the coincident linear negative gravity anomaly 
in Figure 17. (c) Total magnetic intensity image, from GTK Image Web Server, of area at transition from Unnukka Domain to the Äänekoski – Perho 
Domain. Note general ENE trend of magnetic anomalies attributed to supracrustal remnants, de��ected by NW-trending shear system along profile 
between CMP 9750 and CMP 10800. Scale bar represents 10 km. (d) Total magnetic intensity image, from GTK Image Web Server, of Unnukka 
Domain between CMP 05400, immediately west of Airaksela – Haukivesi deformation zone and CMP 8000. Principal features to note between CMP 
6100 and CMP 7400, subparallel to the seismic profile, are the comple� intense magnetic patterning due to the Pukkiharju supracrustal gneisses to the 
north of the profile, and the elongate Konnevesi quartz monzodiorite intrusion to the south. Scale bar represents 10 km.
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and a distinctive suite of compositionally and textur-
ally complex intermediate dykes, with ages in the 

to be established whether this magmatism records 
oblique transport of the craton margin over a sub-
duction zone, local attainment of the mantle solidus 
due to an elevated geotherm beneath thickened crust 

or some kind of underplating mechanism, in accord 
with lower crustal xenolith interpretations from the 

ääNEKOSKI – PERHO dOMAIN (FIRE 3A CMP 9750–14800)

The boundary between the Unnukka and Äänekoski-
Perho domains is arbitrarily placed at the change in 

has only been mapped at reconnaissance scale and 

geology in the western part of the Unnukka Domain, 
between CMP 08000 and CMP 09750. Moreover, in 
this interval the profile appears to be subparallel to 
anomaly trends in the airborne magnetic imagery. In 
contrast, the NW trend of the FIRE 3A profile after 
CMP 09750 intersects geological features at a relatively 
high angle, making it more amenable to interpreta-
tion. This NW trend continues to the boundary with 

with the rather abrupt transition from the Central 
Finland Granitoid Comple� to terrain dominated by 

The crustal scale seismic profile in the Äanekoski 
– Perho Domain e�hibits the same apparent SE-dip-
ping pattern of re��ectors identified in the Suvasvesi 

there are few field-based structural constraints, the sim-
plest interpretation, by analogy with arguments from 
the Unnukka, Suvasvesi and Outokumpu domains, is 
that the re��ective pattern records crustal imbrication 
and thickening with a ma�imum compressive vector 
somewhere between N-S and NW-SE. That being the 
case, we then need to ask whether this asymmetric 
seismic fabric records polarity of crustal growth and 

to resolving these questions is to establish the nature 
and timing of granitoid magmatism with respect 
to structural evolution, since orogenic architecture 
represents comple� and dynamic feedback between 
crustal rheology, thermal regime and far-field stress 

the Outokumpu and Suvasvesi domains, the seismic 
profiles retain a record of interaction between granite 
generation, emplacement and deformation between 
1.88–1.86 Ga, can a similar argument be made for 
the Central Finland Granitoid Comple�?

A detailed analysis of the architecture of magma 

with field and microstructural studies to establish 
whether high strain fabrics formed during magma 
migration, or were superimposed on rigid cooled 

within a relatively narrow interval of 1.90–1.87 Ga 

kinematic framework ought to apply to this domain 
as well. Furthermore, some tentative speculation 
can be attempted, based in part on interpretation of 
subtle structural features in airborne total magnetic 

supracrustal enclaves and belts within the granitoid 

Äänekoski and Saarijärvi, corresponding roughly to 
the interval between CMP 10000 and CMP 11000, 

anomalies related to supracrustal rocks, along a NW 
trend, while a discrete, brittle structure, causing minor 
de�tral displacement, intersects the profile at CMP 

a younger event and can be ignored in the present 
conte�t. The apparent sinistral de��ection along the 
profile trend is reminiscent of deformation partition-
ing between thrusts (or e�tensional faults) and steep 
structures analogous to tear faults, as demonstrated 

range 1.87–1.86 Ga suggest that some mantle-derived 

sive regime parallel to the craton margin. It remains 

trends of these dyke swarms (Huhma 1981, Äikäs 

magmatism was involved (Ruotoistenmäki et al. 2001, 

2000, Paavola 2003) are appropriate for a transpres-
Kuopio domain (Hölttä et al. 2000b).

lies within the Central Finland Granitoid Comple� 

profile trend near CMP 09750 (Figure 19). This area 

tunity for verifying the seismic section against surface 
(Nironen et al. 2002). There is therefore limited oppor-

cannot be provided here, since it requires geophysical 

– assuming a crustal origin for granitoids, together 
et al., 2006), as potential residual source terrain 

the Kaustinen Domain, which is defined to coincide 

metasediments (Figure 21). 

intrusions during later deformation. However, the 

(Kousa et al. 2000, Nironen 2005, Vaarma & Pipping 
1997, 2003), from which we may infer that a similar 

ages of granitoids and supracrustal units tend to occur 

intensity data. For e�ample, between Äänekoski 

comple�, some of which have been identified and 
depicted on the regional reconnaissance map (Niro-

accretion, as in the case of a complementary arc and 

nen et al. 2002). In particular, between the towns of 

there appears to be a sinistral de��e�ion of magnetic 

09300 (Figure 20c). The latter feature may relate to 

Paavola 2003, Äikäs &Lauri 2005). Moreover, the (cf. Thompson 1999, Sandiford & Maclaren 2002), 

and Unnukka domains (Figures 20 and 22). Indeed, 
this pattern is characteristic of the remainder of the 
profile as far as Kokkola (Figures 20–24). Although 

forearc system, or whether it is a result of a later con-

regimes (cf. Hodges 1998). If, as proposed above for 

tractional event, driven by e�ternal causes. Critical 

modelling of lower crustal composition (cf. Kuusisto 

generation, transport and emplacement obviously 

and Karstula (Figure 19), a number of NE- to ENE- 
trending magnetic anomaly zones evidently represent 
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Figure 21. Regional geological features superimposed on oblique-illuminated airborne total magnetic intensity image, showing western part profile 
FIRE 3A and intersection with profile FIRE 1, from the Central Finland Granitoid Comple� to Kokkola. Scale indicated by Finnish 1:100000 map 
sheet grid (40 � 30 km2), with Finland Zone 2 grid coordinates and longitude indicated. Äänekoski domain transition to Kyyjärvi domain is at the 
Saunakylä belt, Perho domain boundary at CMP 14000, Kaustinen domain boundary, at the western edge of the granitoid comple� at (CMP 14800), 
while the Kokkola domain e�tends from CMP 1700 to the end of the profile, at CMP 17888. Named supracrustal sequences are indicated with green 
bo�es. Isotopic ages of rock units that provide significant ages constraints are also shown. Letter H denotes NE trend that includes ultramafic intru-
sions, including the Hitura intrusion, post-dating earliest deformation, with a minimum age of 1877±2 Ma. Circle enclosing letter L delineates the 
Cretaceous Lappajärvi impact crater.

In this case, such a deformation regime could facilitate 
dilation and emplacement of gently dipping granite 
sheets, supplied or offset by NW-trending steeper 
shear zones, resulting in alternating granitic and su-

pracrustal layers. Such a scenario is consistent with 
the subhorizontal re��ective segments between CMP 

as the two moderately southwards dipping re��ective 
zones projecting to the surface near CMP 10300 and 

with respect to the Outokumpu Domain (Figure 12). 

10000 and CMP 110000 in Figure 20 a and b, as well 
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Figure 22. (a) Crustal scale seismic section through the Äänekoski – Perho Domain at the western margin of the Central Finland Granitoid Comple�, 
from CMP 08700 to CMP 15000. (b) Annotated section, with re��ective zones R3a-10 defining the footwall and R3a-9 and the Kyyjärvi deformation 
zone (Kyydz) defining the hanging wall of the NW-vergent Perho Duple�. Synformal trend marked in green between CMP 13000 and 15000 might 
be the e�pression of an overlying synorogenic basin, above the present erosion level, in the footwall to the upwards e�trapolation of the Kyyjärvi 
deformation zone. Red-brown line indicates disruptive feature that might be a distal e�pression of Mesoproterozoic rifting, if not a late orogenic 
structure. (c) Staurolite porphyroblasts overprinting foliation in laminated volcaniclastic turbidites, at boundary between Kaustinen and Äänekoski 
– Perho Domains (Kelokallio, Finnish grid coordinates KKJ3 3356.41E 7029.87N). (d) Low strain state in typical porphyritic granodiorite, with weak 
phenocryst alignment adjacent to shear zone, suggesting late magmatic deformation (Kohisevankangas, Finnish grid coordinates KKJ2 2565.64E 
7043.73N). (e) Mylonitic fabric with e�tremely attenuated ductile deformation of both quartz and feldspar in granite from with Kyyjärvi deformation 
zone (Möttönen, Finnish grid coordinates KKJ3 3375.21E 7003.24N).
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11000 respectively, although in both these cases, there 
may be effects due to breaks in acquisition.

Domain in its entirety, can be similarly interpreted 
in terms of NW-vergent imbrication, at crustal scale. 
Two prominent re��ective bands appear to effectively 
define a large duple� geometry, which we will refer 
to here as the Perho Duple�. The “��oor thrust” to 
this duple� structure is represented by a straight re-
��ective zone e�trapolating to the surface near – but 
not precisely at – the margin of the Central Finland 
Granitoid Comple�, and essentially marks the bound-
ary between the Äänekoski – Perho and Kaustinen 

that this re��ective zone represents a thrust zone which 
nucleated at the contact between metasediments and 

to a depth of nearly 30 km beneath CMP 12000, and 
continues asymptotically towards a depth of 40 km 
as re��ector R3a-10, which then converges towards 
re��ector R3a-9 between 35–40 km depth beneath 
CMP 09000. Note that beneath CMP 12000, this 
“��oor thrust” re��ective zone may be offset by a fea-
ture having an apparent dip in the opposite direction. 

The direction of displacement by this latter structure 
with respect to the profile is unconstrained, but it is 
possible that it represents an isolated e�ample of lower 
crustal late orogenic e�tension. Alternatively, or more 
probably, it could be considerably younger, and relate 

R3a9 in Figure 22b) intersects the present erosion level 
between CMP 12500 and CMP 13000. This is clearly 

strain, termed here the Kyyjärvi deformation zone. Ac-

this region is characterized by K-feldspar porphyritic 
granodiorite with a prominent, commonly mylonitic 

in Figure 22e. Deformation partitioning is e�treme, 

converge in a listric manner towards a depth of around 
10 km, beneath CMP 11000, but maybe traced further, 
to a depth of nearly 20 km beneath CMP 09500, at the 
southeastern end of the domain. In addition, re��ective 
zone R3a-9 can be followed upwards from a depth of 
35–40 km beneath CMP 09000 to intersect the inferred 
trace of the Kyyjärvi deformation zone at a depth of 

Reflective zones as active syntectonic magma transfer pathways or late orogenic shear zones? 

In some orogenic terrains, for e�ample the Neoar-
chaean Yilgarn craton, seismic imagery interpretation 
and geological constraints indicate a decoupling of 
deformation style at a level broadly corresponding to 
the late orogenic brittle ductile transition, which local-
ized the emplacement of granitoids as subhorizontal 
sheets in the middle crust, and discrete plutonic bodies 

around 10km across the Kyyjärvi deformation zone, 
roughly between CMP 13000 and CMP 11000. In the 
Yilgarn craton, these processes were also linked to sig-
nificant late orogenic gold endowment, which clearly 
invites comparison and detailed analysis of the FIRE 
3A profile from this perspective as well. For e�ample, 
the bright, homogeneous, wedge shaped area between 
re��ective zones R3a-9 and R3a-10 would have been at 
sufficient depth for partial melting or at least e�tensive 
dehydration, which would naturally in��uence lower 
crustal rheology and localization of deformation (cf. 

therefore envisage structurally controlled migration 
of ��uids and granitoid magma laterally and upwards, 
accompanying progressive deformation of the duple� 
and accommodating granitoid emplacement at higher 
crustal levels. This also provides a mechanism for 
crustal thickening and dilation facilitating granite 
intrusion, consistent with the spectacular antiformal 
stack geometry discernible within the Perho Duple� 
between CMP 12000 and CMP 14000.

demonstrating that magma emplacement was coeval 

whether the granodiorite was emplaced actively into 
the Kyyjärvi deformation zone. However, we can draw 
some conclusions about styles of granite emplacement 
from combining the seismic data magnetic imagery 

tal rocks of the Kaustinen Domain are characterized 

Vaarma & Pipping 1997, 2003), it is quite possible 

The “roof zone” to the Perho Duple� (re��ective band 
1995, Korja et al. 2001). 

not a single thrust surface but a broad zone of high 

cording to published maps (Pipping & Vaarma 1993), 

10 km beneath CMP 11000 (Figure 22). 

scale of structures may be evident here, at a depth of 

at higher levels (Drummond et al. 2000, Sorjonen-Ward 
et al. 2002). A similar decoupling, with a change in the 

Hodges 1999, Regenauer-Lieb et al. 2006). We can 

with regional deformation. For e�ample, it is not 

which also includes the intersection between the 

Figure 22, which displays the Äänekoksi – Perho 

Domains (Figures 22 and 24). Because the supracrus-

intercalations of mafic volcanics (Kousa et al. 2000, 
by metagraywackes (cf. Figures 22a and 24d), with 

volcanics. This re��ective zone can be e�trapolated 

to Mesoproterozoic rifting (cf. Korja & Heikkinen 

rocks showing low degrees of strain (cf. Figures 19d 

SE-dipping foliation, and also linear fabric, as shown 

and 22d). The Kyyjärvi deformation zone appears to 

in that there are also there e�tensive areas of plutonic 

FIRE 1 and FIRE 3A profiles (Figures 21 and 23). 

in the Karstula area, between CMP 11400 and 12500, 

obvious from the mylonitic te�ture in Figure 22e 

Validation of this hypothesis is still contingent on 
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Figure 23. (a) Total magnetic intensity image of area at intersection of profiles FIRE 1 and FIRE 3A, from GTK Image Web Server, with suggested 
interpretation of the Karstula granite pluton as a stack of overlapping lobate sheets above the Kyyjärvi deformation zone. Scale bar represents 10 
km. (b) Oblique view from south of intersecting FIRE 1 and FIRE 3A profiles, from Kukkonen et al., this volume, indicating characteristically gentle 
southerly dip of re��ectivity. (c) Seismic profile to 18 km depth from CMP 11300 to CMP 13200. (d) Annotated section across Karstula pluton and 
Kyyjärvi deformation zone. Red-brown lines depict inferred granite within high strain Kyyjärvi deformation zone, white lines suggested as supracrustal 
rocks of the Kalmari belt, and red botted lines relate to intrusive sheets within the Karstula pluton.
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granite, located between the Saunakylä and Kalmari 

1 and FIRE 3A indicates that the impedance of these 
rocks does not show marked fabric anisotropy, and 
hence strain maybe inferred to be low. Based on 

lies structurally above, or in the hanging wall of the 

gently southwards dipping geometry is evident in 
the combined FIRE 1 and FIRE 3A section shown in 

internal features from the magnetic image which could 

have coalesced to for the larger pluton. The geometry 
is in some respects similar to ��ower structures, and the 
general fan-shaped form may indicate magma supply 
from a shear zone near the southern end of the body. 

the underlying Kyyjärvi deformation zone. 

 KAuSTINEN (FIRE 3A CMP 14800–16800) ANd KOKKOLA (FIRE 3A CMP 16800–17800) 
dOMAINS

These two domains maybe treated as a contiguous, 
although there may be additional comple�ities 
recorded at the northwestern end of profile FIRE 3A, 
given the somewhat higher metamorphic grade in the 

the widespread discordant potassic granite sheets 

the area, primary depositional and eruptive features 

There are two other features that justify consideration 
of the Kokkola Domain as a separate entity. Firstly, 
a stack of segmented but prominent conve�-upward 
re��ectors define a broad antiformal feature between 

and other hanging wall antiformal features along the 

with the observed moderate dips to the northwest, at 

Moreover, the antiformal structure is actually located antiformal structure is actually located 
beneath the projected trace of the Nederveteli mon-
zogranite outcropping to the northeast of the profile 

granites, and whether they have passively e�ploited 
pre-e�isting structural architecture.

represented by an apparently SE- to S-dipping panel 
bounded by prominent re��ective zones R3a-10 above, 
and R3a-12 below. Although possible, there is at 
present no basis for demonstrating that these two 
re��ective zones represent a single lithic horizon that 

has been tectonically imbricated, which would thereby 
allow bulk crustal shortening to be estimated. The 

nevertheless characterized by comple� fold interfer-
ence patterns, discernible both from regional geologi-

images. Pipping and Vaarma (1993) and Vaarma & 
Pipping (1997) defined a number of mafic volcanic 
horizons, of which the Aho, Raisjoki, Isokylä and 
Pulkkinen belts may represent refold interference 
patterns superimposed on tectonic imbrication (cf. 

if confirmed, would be a characteristic feature in 
common with shortening in an accretionary prism 
or fore-arc basin. At present however, there are no 
constraints on depositional or eruptive age from this 
entire sequence. Vaarma & Pipping (1997) make the 
e�tremely important observation that the main D

2
 

deformation event, which was also overprinted by a 
peak metamorphic assemblage including staurolite and 

prior to intrusion of the Kalliokangas Granodiorite, 
at 1883±6 Ma. For comparison, as shown in Figure 
21, the age of the Penninkalampi felsic porphyry, 
within the Salamajärvi supracrustal belt in the Ääne-
koski –Perho Domain is within error limits the same 

zircons from Svecofennian sediments surrounding 
the seismic profile indicates that the youngest grain 

must therefore accommodate these age constraints and 
a more comprehensive analysis is beyond the scope 
of this paper. However, it is clear that there must have 

According to reconnaissance mapping (Nironen et al. 
2002), this area coincides with a body of porphyritic 

prominent re��ectors at the intersection of the FIRE 
supracrustal belts (Figure 21). The coincidence of 

Kyyjärvi deformation zone. The subhorizontal to 

Kokkola district (Neuvonen 1971) and especially if 

Although high-grade gneisses are characteristic in 

at low strain are also preserved (Figure 24d and e). 

This is structurally analogous to the Perho Duple� 

FIRE 3A profile. The interpretation is also in accord 

be a splay from the deeper re��ector labelled R3a-12. 

CMP 16800 the end of the profile (Figure 24a and 
b). The shear zone beneath the antiform appears to 

deformation style within the Kaustinen domain is 

cal mapping (Lonka 1971, Pipping & Vaarma 1993, 
Vaarma & Pipping 1997, 2003) and airborne magnetic 

Figure 21). Tectonic repetition of a single horizon, 

(1886±10 Ma). Moreover, a regional study of detrital 

the northwestern end of the profile (Neuvonen 1961). 

It is clearly necessary to establish the age of these 

A credible, dynamic regional tectonic interpretation 

populations are also within the age range 1.89–1.88 
Ga (Lahtinen et al. 2002). 

the seismic interpretation in Figure 20, this granite 
detail, down to a depth of 18 km, depicting the sug-

Figure 23a, (from Kukkonen et al., 2006, this volume). 

Figures 23c and d show the seismic section in more 

gested relationship between the Karstula pluton and 

Figure 23b provides a schematic intepretation of subtle 

represent gently dipping lobate sheets of granite that 

(cf. figure 24c) prove to be younger than 1.87 Ga. 

(Neuvonen 1961), such that the overall structure 
from 17600–17200 also resembles a pop-up wedge. 

In Figure 24, the Kaustinen Domain is essentially 

garnet porphyroblasts (cf. Figure 24a), had occurred 
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Figure 24. (a) Crustal scale seismic section through the Kokkola (CMP 16800–17800), Kaustinen (CMP 15200–16800) and western part of the Ääne-
koski – Perho Domain (CMP 11000–15200), including the western margin of the Central Finland Granitoid Comple�. (b) Annotated section, with 
re��ective zones R3a-10 defining the footwall and R3a-9 and the Kyyjärvi deformation zone (Kyydz) defining the hanging wall of the NW-vergent 
Perho Duple�. Synformal trend marked in green between CMP 13000 and 15000 might be the e�pression of an overlying synorogenic basin, above 
the present erosion level, in the footwall to the upwards e�trapolation of the Kyyjärvi deformation zone. Red-brown lines indicates disruptive feature 
that might be a distal e�pression of Mesoproterozoic rifting, while subhorizontal re��ectors in the deep crust beneath the Kokkola Domain may be a 
more direct consequence of rifting in the Bothnian Bay (cf. Korja et al., 2001). (c) Metagraywackes at Puusaari, near Himanka in Kokkola domain, 
intruded discordantly by granitic dyke array. (Finnish grid coordinates KKJ3 3343.75E 7106.78N, picture by Jukka Kousa). (d) Well-preserved 
depositional grading in turbidites, at Pajalankalliot near Himanka, Kokkola Domain. (Finnish grid coordinates KKJ3 3337.74E 7110.92N, picture by 
Jukka Kousa). (e) Pillow basalts e�hibiting very weak deformation at Järviräme, near Himanka, Kokkola Domain. (Finnish grid coordinates KKJ3 
3344.18E 7108.71N, picture by Jukka Kousa).

been a close coupling between deformation in the 
Kaustinen Domain and granitoid emplacement and 
felsic magmatism in the adjacent Äänekoski – Perho 
Domain. Whether this magmatism was a consequence 

of south-facing subduction beneath the northern and 
western margin of the present Central Finland Grani-
toid Comple� between 1.89–1.87 Ga, or a response to 
post-collisional processes under an enhanced geotherm 
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– irrespective of cause – remains conjectural. Wider 
implications will likewise not be considered here save 
to point out that if the “post-kinematic” 1.88–1.87 

the southern margin of the Central Granite Comple� 

of N-dipping convergence, or of the termination of 
such convergence, the presence of opposing vergence 

Finland Granitoid Comple� is a large scale pop-up 

product of converging subduction zones. On the 
other hand, the geometry and kinematic interpreta-
tion framework along profile FIRE 3A, for the period 
1.89–1.87 Ga, can be integrated with the kinematic 
framework inferred for profile FIRE 3 from 1.88–1.86 
Ga, as well as deformation and granitic magmatism 

of the Kaustinen Domain are older than the Central 

suggest that an earlier N- NW-trending orientation of 
rock units has been disrupted by folding and thrusting 

NE-ENE strike trend. It is this latter event, which is 
most likely responsible for the observed seismic fabric 
as interpreted here. 

A further feature of interest, which may relate to the 
former e�istence of a syntectonic basin incorporating 
sediment eroded from the Central Finland Granitoid 
Comple�, is the synformal re��ective pattern in the 
hanging wall of the R3a-10 re��ective zone, between 
CMP 15000 and CMP 13000. This synformal structure 
is effectively complementary to the inferred antifor-
mal stack within the Perho Duple�, as defined earlier 
between CMP 13500 and 12500. The central part of 
this synform at the present erosion level is occupied 

by a gabbroic intrusion near the town of Perho, but if 
this feature, and the Kyyjärvi deformation zone are 
e�trapolated upwards to the paleosurface, is it possible 
to envisage a sedimentary basin developed in front of 
an active N-NW vergent thrust zone? 

Apart from this, there is little evidence of synoro-
genic or post-contractional e�tension in profile FIRE 
3A, with the possible e�ception of the younger disrup-

Several faint linear trends with apparent steep dips 

data acquisition. Re��ective fabric of a different kind is 
however present at a depth of 35–50 km, beneath dip-
ping re��ective zone R3a–13 in the Kokkola Domain, 

enhancement of anisotropy due to ductile strain, dur-
ing an e�tensional event, or to emplacement of mafic 
sills with strong impedance contrasts. Kukkonen et al.Kukkonen et al. 

modification of the lower crust in relation to Meso-
proterozoic e�tension located beneath the Bothnian 
Bay, as inferred from BABEL surveys by Korja et al. 
(2001). If that is the case, then fabric enhancement 

crustal thickness is truly around 50km, or records a 
modest amount of e�tension if the crustal thickness 
was somewhat greater, by analogy with the Moho 
depth of 53 km defined beneath the Central Finland 

volume). An alternative e�planation, entirely specula-

of either oceanic plateau or continental origin. Since 
an Archaean inheritance component has been found 
in the Nordingrå rapakivi granites along the Bothnian 

possible. However, given that the re��ectivity of this 
zone differs from that of Archaean crust in the Karelian 
craton, at least in profile FIRE 3, and that it lies deep 
within a comple� orogenic terrain, this e�planation 
seems rather unlikely. 

CONCLudING SuMMARY 

The FIRE 3 and FIRE 3A deep seismic profiles form 
a combined traverse across the transition zone from 
the Archaean Karelian craton to Palaeoproterozoic  
Svecofennian lithosphere. Apart from several steep 
discrete features which may represent episodic brittle 
reactivation of older structures, the overall seismic 

fabric is considered to record the original Archaean 
and Palaeoproterozoic  crustal architecture. Nine 
large scale crustal domains can be delineated, based 
on a combination of known geological constraints 
and patterns of seismic re��ectivity, representing four 
principal geodynamic events. 

Ga plutons of transitional I- to A-type affinity along 

(Nironen et al. 2001, Elliot 2003) are an e�pression 

along the FIRE 3A profile implies that the Central 

al. 1993, Väisänen et al. 2002).
in southern Finland between 1.84–1.80 Ga (Ehlers et 

The presence of older granitoids at Veteli (Lonka 

that the turbiditic metasediments and mafic volcanics 

1971, Ekdahl 1993), forming an elongate domal 
structure subparallel to the seismic profile (Figure 

Finland Granitoid Comple�, and hence do not represent 

21), may provide independent, albeit indirect evidence 

1.89–1.87 Ga fore-arc sedimentation. The pattern of 

towards the northwest have been labelled in Figure 

the profile (cf. Kukkonen et al. 2006, this volume). 

tive structure transecting the Perho Duple� (Figure 
22b) and some other features at the western end of 

24b, although two at least might be artefacts of gaps in 

24b). Such horizontal re��ectivity could be attributed to 

(2006, this volume) speculate that this might represent 

here has occurred without e�tensional thinning, if the 

Granitoid Comple� (cf. Kukkonen et al. 2006, this 

tive, is that this is a relict domain of older lithosphere, 

coast of Sweden (Ahl et al. 1997), this is in principle 

or retrowedge (cf. Beaumont et al. 1994), if not the 

distribution of the mafic units in Figure 21 does indeed 

under NW-SE compression, imparting a prominent 

from the end of the profile to CMP 16800 (Figure 
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1. Archaean rocks at the eastern end of Profile FIRE 3 
have been thermally overprinted by Svecofennian 
orogeny but there is no penetrative Palaeoprotero-
zoic  deformation. Accordingly, seismic fabric may 
be interpreted as a record of Neoarchaean orogenic 
processes. The two greenstone belts in the profile 
do not correlate with strong re��ectivity contrasts, 
either at surface or depth, but the distribution and 
orientation of some re��ectors and an e�tensive 
transparent zone in the upper ten kilometres is con-
sistent with field evidence for late orogenic E-NE 
vergent deformation associated with emplacement 
of potassic migmatites and monzogranite plutons. 
Below this level, seismic fabric is more homogene-
ous, with a Moho discernible at around 40 km and 
is in this respect appears typical for undisturbed 
Archaean lithosphere and correlates well with other 
sections through the Karelian craton.

2. Palaeoproterozoic  rifting and basin subsidence 
may be inferred in the Höytiäinen Domain from a 
moderately W-dipping discordance in re��ectivity 
that projects to the surface at the Archaean –Pro-
terozoic unconformity. There is however some 
ambiguity as to whether an asymmetric e�tensional 
fault system would have dipped eastwards, beneath 
the craton, instead of westwards, as favoured by 
earlier models. Eastwards dipping re��ectors can 
be identified, although some at least appear to be 
relatively late orogenic features. An eastwards 
dipping system is plausible, and would be appro-
priate for e�tensional e�humation of the Jormua 
and Outokumpu subcontinental mantle lithosphere 
during eventual continental breakup. On the other 
hand, reactivation of westwards dipping e�tensional 
faults is in accordance with inversion of the rift 
sequence, including an inferred antiformal stack 
to a depth of nearly 10 km. This scenario is olso 
consistent with inversion of the rift basin and 
emplacement over the Archaean foreland.

3. A broad zone, across the Outokumpu, Suvasvesi, 
Kuopio and Unnukka domain, within which the 
FIRE 3A profile is oblique to structural trends is 
characterized at the surface by allochthonous Paleo-
proterozoic and Archaean basement, disrupted by 
NW-SE strike-slip shear systems and bivergent 
thrusting, accompanying emplacement of grani-
toids, some of which were derived from Archaean 
crust. Discrete granitoid plutons are clearly imaged 
as transparent zones, and down-plunge projections 
from areas to the north of the profile imply the 
presence of thoroughly reworked Archean crust 
beneath the Outokumpu region. The seismic fabric 
in this area is thus attributed to comple� interaction 
between thrusting and strike-slip shear systems, 
with ma�imum compressive direction subparallel 
to the buried craton margin.

4. The Svecofennian section of the traverse, within 
the Unnukka, Äänekoski-Perho, Kaustinen and 
Kokkola domains is characterized by a series of 
prominent re��ective bands that have a gentle to 
moderate southerly dip gently southwards to Moho 
depths in the plane of section. These could be in-
terpreted as accretion of metasediments beneath 
a W-facing magmatic arc, in which case many of 
the features would have originated at 1.89–1.87 
Ga. Alternatively the structure could represent 
post-magmatic crustal scale imbrication, with a 
NNW vergence being appropriate for late orogenic 
deformation, and potentially correlated with events 
between 1.84–1.80 Ga in southern Finland. Such 
on interpretation would also imply that this whole 
region was already a rigid plate capable of transmit-
ting and sustaining collision stresses by 1.85 Ga. 
Proposals advocating a 2.1–2.0 protocontinental 
precursor to the terrain now occupied by the Central 

are thus plausible if not conclusively confirmed by 
this study.
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The Finnish Re��ection E�periment (FIRE) seismic re��ection profiles 4, 4A and 4B image a 
580-kilometre section of the northern Fennoscandian Shield within Finland to a depth of 80 kilo-
metres. The geological units of ages ca. 3.5 Ga to 1.74 Ga covered by the FIRE profiles include 
greenstone, granulite, and schist belts modified by comple� Palaeoproterozoic deformation and 
magmatic events occurring from 2.5 Ga to the end of widespread Palaeoproterozoic thermal 
activity in the area. The imaged Archaean areas (Pudasjärvi Comple� and Inari Area) include 
remnants of the cratonic nuclei of the Fennoscandian Shield (Karelian and Kola Cratons) and 
of amalgamated e�otic terranes. The Palaeoproterozoic components include autochthonous and 
allochthonous components (Peräpohja Schist Belt, Central Lapland Granitoid Comple�, Central 
Lapland Area, and the Lapland Granulite Belt). Important bedrock relationships including the ori-
entations of the southern and northern boundaries of the Karelian Craton, and contact relationships 
of bedrock within these boundaries are identified from the FIRE profiles. The lower crust/upper 
mantle contact is imaged in these profiles at depths varying from 43 to 55 kilometres. 

The Palaeoproterozoic rocks imaged by these FIRE profiles can be divided into four belts 
(southern, central, northern and western). The southern belt is a dominantly volcano-sedimentary 
belt e�tending from the southern margin of the Peräpohja Schist Belt to the northern margin of 
the Central Lapland Area. This belt is preserved as layers stacked by thrusting on two major 
shear zones with apparent southerly dips, and deposition within this belt was rift-related. The 
central belt includes the Kittilä Group and associated sub-blocks that are in unconformable 
contact with the rift-related belt, and may be (partly) allochthonous as previously proposed. 
The basal contacts of other bedrock blocks grouped with this and the previous belt also appear 
to be faulted, but transport (if any) directions and distances cannot be resolved from the FIRE 
data. A significant new (north-dipping) structure is also identified at the boundary between the 
southern and central belts. The northern belt contains the upper and middle crust of the Lapland 
Granulite Belt. The southernmost Inari Area is also interpreted as belonging to this belt, as is 
the Tanaelv zone. The appearance of the Lapland Granulite Belt is generally similar to that 
described by early research. However, the base of this belt is terminated by the south-dipping 
Karelian Craton/Kola Craton boundary and does not e�tend to the crust-mantle boundary or 
show other indications of a preserved Palaeoproterozoic subduction zone. A western belt can 
be potentially interpreted in westernmost Lapland. Much of the middle to lower crust imaged 
by FIRE 4B differs from that within profiles FIRE 4 and FIRE 4A (covering central Lapland), 
and it is unlikely that most of western Lapland can be correlated with the Central Lapland Area 
as current mapping implies.

Key words (GeoRef Thesaurus, AGI): crust, deep seismic sounding, re��ection methods, FIRE, 
seismic profiles, deep-seated structures, bedrock, tectonics, Palaeoproterozoic, Archaean, 
northern Finland

fire seismic reflection profiles 4, 4A And 
4B: insights into the crustAl structure of 
northern finlAnd from rAnuA to näätämö
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In 2003, over 580 kilometres of e�cellent quality 
seismic re��ection data were collected from Ranua to 
Näätämö, imaging the lithosphere of northern Finland 
to a depth of 80 kilometres. Data obtained from the 
three FIRE (Finnish Re��ection E�periment) profiles 

here. The profiles successfully image major bedrock 
geology divisions and structures, and the partially 

mensional crustal studies. The re��ectivity of each 
profile is described, and interpreted seismically similar 
blocks are correlated with published descriptions of 
the bedrock geology of northern Finland. Implications 
arising from these interpretations for the geological 
evolution of northern Finland are also discussed.

on a geological map of the northern Fennoscandian 

1

numbers (CMP2) to the FIRE profiles. Geographically, 

FIRE 4A from Sirkka to Näätämö3, and FIRE 4B from 

1 This paper uses the geological nomenclature defined by Nironen 
et al. (2002).

2 Common mid point (CMP) for data collection (1 CMP point 
for each 25 metres of sampling line)

3 Data for FIRE 4A was collected starting from Näätämö and 
ending at Sirkka.

INTROduCTION

Pudasjärvi Comple� before crossing the Peräpohja 
Schist Belt, Central Lapland Granitoid Comple�, and 
Central Lapland Area (CMP points 8–9920). FIRE 4A 

Lapland Area, Lapland Granulite Belt, and Inari Area 
(CMP points 9921–22706). FIRE 4B branches from 
FIRE 4 (at CMP 9920) to cover the western part of 
the Central Lapland Area (Kolari-Muonio area) and 
ends at the border with Sweden. 

Archaean and Palaeoproterozoic features within 
these bedrock units include greenstone belts, granulite 
belts, schist belts, and intrusions of the Fennoscan-

Palaeoproterozoic deformation, metamorphism and 

Fennoscandian Shield is argued to have declined at c. 

in the Belomorian mobile belt east of Finnish Lapland 

Improved geological data, like the information pro-
vided by these profiles, has significant ��ow-on potential 

overlapping line orientations allow basic three-di-

in northern Finland (FIRE 4, 4A and 4B) are presented 

Sirkka to Muonio. Geologically, FIRE 4 begins in the 

continues from the end of FIRE 4 through the Central 

Archaean areas include remnants of the cratonic 

dian Shield ranging in age from ca. 3.5 Ga (Mutanen 
& Huhma 2003) to ca. 1.77 Ga (Huhma 1986). The 

crossed by the profiles . Detailed maps of each geo-

the FIRE 4 transect e�tends from Ranua to Sirkka, 

include autochthonous and allochthonous components. 

magmatic events occurring from 2.44 Ga (Vuollo & 
Huhma 2005). Thermal activity in the northeastern 

1.78 Ga to 1.76 Ga (e.g., resetting of U-Pb systematics 
in Finnish Lapland, Evins 2001; and similar resetting 

at ca. 1.78 Ga to 1.75 Ga, Bibikova et al. 2001). 

Figure 1 shows the location of these FIRE profiles 

Shield, and Figure 2 shows the main geological areas 

logical area are also provided (Figs. 3–5, 7–12 and 
19, legend in Table 1) labelled with reference point 

nuclei of the Fennoscandian Shield (Karelian and 
Kola Cratons; Fig. 1b). The Palaeoproterozoic areas 

All areas have been variably modified by comple� 



163

Geological Survey of Finland, Special Paper 43
FIRE seismic reflection profiles 4, 4A and 4B: Insights into the Crustal Structure…

Figure 1. Mesoproterozoic to Palaeoproterozoic rocks of the Fennoscandian Shield and location of FIRE profiles 4, 4A 
and 4B (Fig. 1a, modified after Koistinen et al. 2001). Inset figure (Fig. 1b.) shows the major tectonic components of the 
area (modified after Lahtinen et al. 2005). Figure 1b abbreviations: al. allochthon, d. district, mc. microcontinent.

to deliver socio-economic benefits to the region by 
encouraging mineral e�ploration. Active e�ploration 
for several commodities has increased significantly in 
northern Finland, re��ecting international recognition 
of the region’s mineral potential and increasing the 
demand for advanced geological data4. Illustrating the 
region’s potential are advanced development projects 

4 See http://www.gsf.fi/en/ExplorationFinland/ for an overview 
of current exploration activities in this region

including the Suhanko PGE (platinum group elements) 

is also immediately adjacent to FIRE 4. Prospects 

style mineralisation are present in the rocks covered 
by FIRE 4B, which covers a former area of iron ore 

deposit (Fig. 3) and Suurikuusikko gold deposit (Fig. 

FIRE profiles. The Siika-Kämä PGE reef (Fig. 3) 
8), both hosted by bedrock units covered by these 

displaying similarities with iron o�ide copper-gold 

mining (southeast of area shown in Fig. 12).
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Figure 2. Main geological domains of northern Finland covered by FIRE profiles 4, 4A and 4B (modified after Korsman et al. 1997).
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Table 1. Legend information for Figures 3–5, 7–12 and 19. Quoted stratigraphic elements are labelled in relevant 
figures and described in Tables 2, 3 and 4.
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Archaean events affecting the geology covered 
by these FIRE profiles are not well known. Descrip-
tions of the Palaeoproterozoic tectonic evolution of 
the Fennoscandian Shield have included proposals 

partly overlapping orogenies (Lapland-Kola, Lapland-
Savo, Fennian, Svecobaltic, and Nordic; Lahtinen et 
al. 2005). Events of this scheme relevant to FIRE 4, 

otherwise referenced.
Palaeoproterozoic reworking of the Karelian Cra-

ton included periods of rifting over the time period 

Ga. An east-west trending rift (eventually failed) was 
active in the area of the Peräpohja Schist Belt at this 
time, and Red Sea type marginal basins formed at the 

from 2.2 Ga to 2.1 Ga, transgressing to deeper water 

above events is not yet known.

lided in the northeast at 1.93 Ga to 1.91 Ga. This was 
followed by a period of crustal e�tension from 1.88 
Ga to 1.87 Ga, and by the final collisional stages as-
sociated with docking between the Fennoscandian 
Shield and the Laurentian continent to the northeast 
from 1.84 Ga to 1.81 Ga. These events were significant 
for the northernmost parts of FIRE 4A, as the final 

stages of Lapland Granulite Belt emplacement have 
been linked to the latter collision. 

Subsequent orogenies controlled the development 
of the southern areas covered by the profiles, and of 
western Lapland covered by FIRE 4B. Events of the 
Lapland-Savo Orogeny involved multiple collisions 
between microcontinents and island arcs occurring 
to the south of the FIRE profile areas. These include 
the collision in western Lapland between the Karelian 
and Norrbotten microcontinents, tentatively dated at 
ca. 1.92 Ga. 

The major period of deformation affecting the 
southern and central areas covered by FIRE 4 and 4A 
is thought to relate to collisions occurring in southern 
Finland during the Fennian Orogeny, events that initi-
ated northeast to north-northeast directed overthrusting 
from ca. 1.89 Ga to 1.88 Ga. This accretion period is 
proposed to have ended at ca. 1.87 Ga, after which 
strike-slip deformation dominated (generated by east-
west compression).

The Svecobaltic Orogeny, although dominated by 
new crust accretion in southwestern Finland over the 
period 1.84 Ga to 1.80 Ga, is implicated in generating 
north-south compression producing east-west trending 
folding in northern Finland and orogenic collapse with 
associated e�tension. The Nordic Orogeny involved 
a northeast- to east-directed collisional event of 
unknown origin between 1.82 Ga and 1.80 Ga. This 
event is attributed to generating north-south trending 
compressional zones and north-trending folding, and 

western Lapland.
Many depositional and intrusive phases were initi-

ated by these events. These are summarised in the ne�t 
section, with reference to specific geological region. 
Current geological knowledge of the areas covered 
by FIRE 4, 4A and 4B is variable, as indicated by the 
relative amount of data summarised for each area.

PREvIOuS GEOPHYSICAL INvESTIGATIONS

The airborne geophysical and geodetic measure-
ments of Northern Finland have been compiled in 
the Nordkalott project as well as the Fennoscandian 

fraction and re��ection lines the results of which have 

Magnetotelluric measurements along the POLAR 
profile and in the BEAR project have been complied 

ciplinary modelling projects have been conducted 

GEOLOGY OF NORTHERN FINLANd

Palaeoproterozoic evolution of the Fennoscandian Shield

more recently a theoretical division involving five 
batschev & Bogdanova 1993, Nironen 1997), and 

2.5 Ga to 1.95 Ga (Vuollo 1994, Vuollo & Huhma 

the Karelian Craton occurred prior to or at ca. 2.06 
2005). Continental break-up at the western edge of 

western margin of the Karelian Craton (Peltonen et al. 

rifting and included widespread carbonate deposition 
1996, Lahtinen et al. 2005). A cratonic stage followed 

sedimentation at 2.1 Ga to 2.06 Ga (Perttunen & Vaas-

During the Lapland-Kola Orogeny (modified after 

submitted) but the relationship between these and the 
older than 2.1 Ga have been identified (Ahtonen et al. 
joki 2001, Lehtonen et al. 1998). Deformation features 

is identified as having a particularly strong impact in 

been compiled into a Moho depth map (Luosto, 1997). 

Shield project (Ruotoistenmäki 1997a,b, Korhonen 

Sweden and Russia have been conducted along re-
et al. 2002a,b). Seismic surveys of northern Finland, into conductivity maps (Korja et al. 2002). Interdis-

of semi-continuous development cycles (e.g., Gor-

4A and 4B are summarised below (crustal elements 
shown in Fig. 1b) after Lahtinen et al. (2005) unless 

Daly et al. 2001), the Kola and Karelian cratons col-



167

Geological Survey of Finland, Special Paper 43
FIRE seismic reflection profiles 4, 4A and 4B: Insights into the Crustal Structure…

Geophysically Northern Finland can be divided into 

Area, Central Lapland Granulite Belt, Central Lapland 
Area, Central Lapland Granitoid Comple�, Peräpohja 
Schist Belt and Pudasjärvi Comple�. The Archaean 
terrains (Inari Area and Pudasjärvi Comple�) have low 

anomaly minima. The Lapland Granulite Belt is as-
sociated with Bouguer anomaly ma�imum and with 
linear electromagnetic anomalies that are arcuate in 
shape. The Central Lapland Area and Peräpohja Schist 
Belt are associated with rapid changes in magnetic 

Central Lapland Granitoid Comple� is associated with 
a Bouguer anomaly minimum, and with a magnetic 
ma�imum within which the anomalies have layered 
and folded patterns. 

Moho depth estimates change from 44 kilometres 
beneath the Pudasjärvi Comple�, to 47 kilometres 
beneath the Central Lapland Granitoid Comple� and 
Central Lapland Area, and 40 kilometres beneath the 

Lapland Granulite Belt, and to 46 kilometres beneath 

and Inari Area covered by POLAR profile data can be 
followed at depth with seismic refraction, re��ection, 

part of the Lapland Granulite Belt are associated with 

of the Lapland Granulite Belt has subsequently been 

seismic re��ection profiles cross the Lapland Granulite 

structure for the Lapland Granulite Belt.

SuRFACE GEOLOGY OF FIRE PROFILES 4 & 4A

Archaean Pudasjärvi Complex

dominated by Archaean felsic paragneisses and or-
thogneisses, including tonalite-trondhjemite gneisses 
and migmatites. Sub-elements including Archaean 
greenstone and granulite belts have been identified 

Pudasjärvi Comple� rock ages vary from ca. 3.5 Ga 
to 2.7 Ga (as shown by the age of the Siurua gneiss 
within the Pudasjärvi Granulite Belt (PGB) and of the 

The Siurua gneisses are currently the oldest known 
rocks within the Fennoscandian Shield, and an even 
older inherited zircon core age of 3.73 Ga also e�ists 

2.96 Ga magmatic zircons in felsic granulites from 
the same area are interpreted as indicating a period 

Other age data for the PGB suggest several Archaean 
crustal formation stages from ca. 3.5 Ga to 2.8 Ga 

Palaeoproterozoic mafic to ultramafic intrusions 
intrude the Pudasjärvi Comple� (2.44 Ga, 2.33 Ga to 
ca. 2.32 Ga, and 2.2 Ga age groups and younger dikes, 

The 2.44 Ga intrusions include large and small intrusive 

files for the related Narkaus layered intrusion adjacent 
to FIRE 4 indicate a moderate northerly dip beneath 
cover rocks, to a depth approaching one kilometre 

Näränkävaara belt of layered intrusions interpreted 
as relating to the onset of rifting driving break-up 

immediately north of the Pudasjärvi Comple�. 
Dates of 3.3 Ga and 3.1 Ga that may indicate 

metamorphic events affecting the area have been 

but the nature of these events is not known. 2.66 Ga 
metamorphic monazite has also been found within the 

metamorphic zircons are interpreted as indicating the 
time of granulite facies Archaean metamorphism in the 

intrusions have e�perienced multistage deformation 
and greenschist to lower amphibolite facies Palaeo-

along the POLAR profile (the Finnish spin-off of the 

si� main units from north to south: northernmost Inari 

European Geotraverse, see Freeman et al. 1989).

magnetic intensity that varies smoothly and Bouguer 

levels and layered and folded anomaly patterns. The 

average crustal thickness for Precambrian regions is 

The Central Lapland Area, Lapland Granulite Belt, 
47 kilometres (Mooney et al. 1998)

the Inari area (Luosto 1997). For comparison, the global 

gravity and electromagnetic methods (Gaál et al. 1989; 
Behrens et al. 1989, Elo et al. 1989, Korja et al. 1989, 
Luosto et al. 1989, Walther & Flüh 1993, Kern et 
al.1993). The Central Lapland Area and the southern 

conductive material (Korja et al. 2002). The structure 

studied in more detail using electromagnetic methods 

the POLAR profile area (Behrens et al. 1989). Other 
(Korja et al. 1996) and seismic re��ection methods for 

The Archaean Pudasjärvi Comple� (Fig. 3) is 

bodies (e.g., Konttijärvi, Suhanko). Gravimetric pro-

further south of FIRE 4 (e.g., Oijärvi greenstone belt, 

Ranua diorite respectively, Mutanen & Huhma 2003). 

Perttunen & Vaasjoki 2001, Vuollo & Huhma 2005). 

(Iljina 2005). These intrusions are part of the Tornio-

of a late Archaean supercontinent (Vuollo & Huhma 

occur at the basal contact of the Peräpohja Schist Belt 
2005, Iljina & Hanski 2005). The 2.44 Ga intrusions 

reported from the PGB (Mutanen & Huhma 2003), for these rocks (Mutanen & Huhma 2003). Circa 

Siurua gneisses (Huhma et al. 2004), and similarly aged of orogenic magmatism (Mutanen & Huhma 2003). 

(Huhma et al. 2004). PGB (Mutanen & Huhma 2003). The 2.44 Ga layered 

proterozoic metamorphism (Iljina & Hanski 2005).

Belt in Russian territory (e.g., Geotransect EB-1,1-AP, 

and seismic re��ection studies suggest a banded thrust 
LG, Sd in Sharov et al. 2005). The electromagnetic 

Perttunen & Vaasjoki 2001, and Pudasjärvi Granulite 
Belt, Mutanen & Huhma 2003, Huhma et al. 2004).
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Figure 3. Geological (a) and total magnetic intensity (b) maps of the Pudasjärvi Comple�. Legend given in Table 1.
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Stratigraphy

Two main lithostratigraphic groups (lower Kivalo 
and upper Paakkola Groups) have been defined for the 
Peräpohja Schist Belt, based primarily on data from its 

erates of the Sompujärvi Formation unconformably 
overlay both the Pudasjärvi Comple� and Tornio-

volcanoclastic rocks, and sedimentary rocks including 

The continental-type mafic metalavas of the Runkaus 
Formation (bracketed between 2.44 Ga and 2.22 Ga) 
were contaminated by Archaean crust. Quartzites of the 
overlying Palokivalo Formation constitute the greatest 

Belt, and are composed of primarily of Archaean-

The MORB-like geochemistry of the mafic volcanic 
rocks of the subsequent Jouttiaapa Formation (ca. 2.1 

show no geochemical indications of interaction with 
Archaean crust or Archaean sub-continental lithos-

this Formation are overlain by cratonic orthoquartzites 

Archaean lithosphere associated with deposition of 
the Jouttiaapa Formation did not lead to the opening 
of a wide ocean. 

The Paakkola Group contains pelitic black schists 

the northern transition zone between the Peräpohja 
Schist Belt and Central Lapland Granitoid Comple�. 
These include the Korkiavaara Formation, containing 

Palaeoproterozoic Peräpohja Schist Belt

Table 2a. Stratigraphy of the Peräpohja Schist Belt (modified after Hanski et al. 2005). Age data from Huhma (1990), Perttunen 
& Vaasjoki (2001) and Hanski et al. (2005). 

Group Type Formation Lithology Age (Ma)

Paakkola Martimo Mica schist, turbidites, black schist >1880 Ma (U-Pb)

Väystäjä Mafic pillow lavas, dolomite, black schist 2050 ± 8 (U-Pb) 

Kivalo Lamulehto Mafic tuff, ‘tuffite’

Rantamaa Dolomite

Hirsimaa Mafic volcanic rocks

Poikkimaa Dolomite

Tikanmaa Mafic volcanoclastic rocks (geochemically similar to the Jout-
tiaapa Formation)

Kvartsimaa Orthoquartzite, dolomite

Jouttiaapa Amygdaloidal mafic lavas (depleted tholeiitic flood basalts 
with no Archean crustal contamination)

2090 ± 70 (Sm-Nd)

Palokivalo Quartzite (intruded by mafic sills) > ca. 2220 Ma (U-Pb);

Runkaus Amygdaloidal mafic lavas (evolved subaerial tholeiitic basalts 
with possible Archaean upper crustal contamination)

2330 ± 180 Ma (Sm-Nd)

Sompujärvi Conglomerate (polymict) <2440 Ma (U-Pb)

Table 2b. Stratigraphy of the Peräpohja Schist Belt and Central Lapland Granitoid Comple� boundary area (Rovaniemi map sheet, 
after Perttunen et al. 1996). Tentative correlations are based on current mapping (Perttunen V., pers. comm. 2005).

Tentative
correlation with For-
mations of Table 2a

Formation Lithology Age (Ma)

Martimo Pöyliövaara Mica schists and gneisses ?

Rantamaa Kalliovaara
(and correlated formations 
including Ounasvaara)

Quartzite, mica schists and gneisses ?

Palokivalo Korkiavaara Arkosite (felsic volcanic rocks or terrestrial sedi-
ment), mafic volcanoclastic rocks

<1975 +10 
(U-Pb)

western e�tents (Table 2, Fig. 4). The basal conglom-

Näränkävaara belt intrusions (Perttunen & Vaasjoki 

quartzites, dolomites and black schists. 

2001). Subsequent units are composed of mafic lavas, 

volume of preserved rock within the Peräpohja Schist 

sourced material (Hanski et al. 2005). 

Vaasjoki 2001). This suggests that thinning of the 

and minor mafic volcanic rocks (Perttunen & Vaasjoki 
2001). Additional formations have been defined for 

interlayered ‘arkosic’ and mafic volcanic rock lay-

Ga; Huhma 1990) indicate advanced rifting, as these 

phere (Huhma et al. 1990). However, the basalts of 

and dolomites (Kvartsimaa Formation; Perttunen & 
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Figure 4. Geological (a) and total magnetic intensity (b) maps of the Peräpohja Schist Belt. Legend given in Table 1.
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arkosic material resembles A-type granites, but both 

correlation between these and Peräpohja Schist Belt 
formations is not yet confirmed. 

Intrusive rocks

Numerous mafic dike generations occur at the south-
ern margin of the Peräpohja Schist Belt, with broad 

minimum age of rocks in the Peräpohja Schist Belt is 

sions that intrude all of the Peräpohja Schist Belt rock 

also common at the northern margin of the Peräpohja 

Metamorphism

Metamorphic grade increases from greenschist to 
amphibolite facies northward towards the Central 
Lapland Granitoid Comple�. At the northern margin, 
high pressure/low to moderate temperature meta-
morphic mineral assemblages are replaced with low 
pressure/high temperature metamorphic assemblages 

for these two events were respectively 3.8 to 5.5 kb 

Palaeoproterozoic Central Lapland Granitoid Complex

part of the Napapiiri Archaean terrain of Sorjonen-
Ward & Luukkonen 2005) is characterised by Pal-
aeoproterozoic intrusions with a very broad range of 
ages. Archaean dates from the Suomujärvi Comple� 
(Kemijärvi Comple�) in the southeast of the Central 

include 2815 Ma and 2754+16 Ma from tonalitic 
intrusions and ca. 3.4 Ga to 2727±13 Ma for detrital 

Inconclusive Archaean ages have been found for 
dacitic and rhyolitic volcanic rocks near the northern 

Near the northern border of the Central Lapland 

e�isting deformation fabric and regional metamorphic 
mineral assemblage. The tectonic affiliation of both 
events is not known. Younger intrusions have been 

post-orogenic groups (e.g., the ca. 1.89 Ga to 1.86 
Ga syn-orogenic intrusions; 1.84 Ga late orogenic 
granites and gabbros; and the ca. 1.80 Ga Lohiniva 
Suite and post-orogenic mafic to monzonitic/syenitic 

1.77 Ga have also been described throughout north-

granitoids in northern Finland that have undergone 

Chemical compositions have also been attributed 
to the groups of this classification scheme. The syn-
orogenic and late orogenic igneous rocks usually 

having a significant Archaean source component (ε
Nd

 
(1.8 Ga) –10 to –5; Ahtonen et al. submitted). 

the above orogenic timing categories for intrusions in 
northern Finland, primarily because this system was 

metamorphic timing of intrusions is well known. The 
large age range of intrusions present in the Central 
Lapland Granulite Belt and the as yet unclarified 
relationship between these and regional deformation 
suggest that this criticism of classifying intrusions by 
timing relative to ‘orogenies’ is valid.

‘post-orogenic’ rocks are both derived from melting 
of Archaean materials, and suggests that the entire 
crust of northern Finland contains Archaean rocks 
partly buried by the Proterozoic cover sequence. An 
autochthonous relationship between Central Lapland 
Granitoid Comple� rocks and Archaean domains 

a terrigenous sedimentary and volcanic (tuffaceous) 

ers (Perttunen et al. 1996). The composition of the 

origin have been suggested (Hanski et al. 2005). The 

Post-tectonic ca. 1.77 Ga porphyritic granitoids are 
types (Hanski et al. 2005, Perttunen & Vaasjoki 2001). 

Schist Belt (Perttunen & Vaasjoki 2001). 

age groups of 2.44 Ga, 2.20 Ga, ca. 2.10 Ga, and ca. 

groups have been interpreted as associated with rift- within discrete zones (Perttunen et al. 1996, Perttunen 

and appro�imately 550 °C, and <3.8 kb with ma�imum 

& Lappalainen 1997). Pressure-temperature conditions 

temperature >650 °C (Perttunen et al. 1996).

The Central Lapland Granitoid Comple� (Fig. 5; 

zircons in adjacent quartzites (Evins et al. 1997, 2000). 

Nilipää intrusion of Ahtonen et al. submitted) intrude an 

historically described as belonging to pre-, syn-, and 

ern Finland (Lauerma 1982, Huhma 1986, Rastas et 

However, Ahtonen et al. (submitted) have identified 

have I-type compositions, while the post-orogenic 
microcline granites have S-type affinities (Väänänen 

Ga to 1.76 Ga granitoids have also been identified as 

2004). An Archaean source is proposed for the I-type 
granites (Huhma 1986, Haapala et al. 1987), but 1.85 

2775±25 Ma (Räsänen & Huhma 2001, 2800±8 Ma 
Räsänen & Vaasjoki 2001).

and eastern margin of the Central Lapland Granitoid 

Granitoid Comple�, 2.1 Ga granites (Huhma 1986; 

Nironen (2005) questioned the validity of using 

developed in southern Finland where the tectono-

Nironen (2005) suggested that these ‘late’ and 

1.98 Ga (Perttunen 2005, pers. comm.). The older two 

defined by the 1.88 Ga age of Haaparanta Suite intru-

ing (Alapieti et al. 1990, Iljina & Hanski 2005). The 

al. 2001, Nattanen type granites of Mikkola 1941). 

ductile deformation with ages as young as 1.76 Ga.

Comple� (2721+9 Ma, 2746+14 Ma Rastas et al.2001; 

rocks and microcline granites/appinites of Väänänen 
2004). Post-orogenic granitoids of age ca. 1.80 Ga to 

Lapland Granitoid Comple� (not shown in Fig. 5) 
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Figure 5. Geological (a) and total magnetic intensity (b) maps of the Central Lapland Granitoid Comple�. Legend given 
in Table 1.
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be assumed to underlie the entire Central Lapland 

the high ��uorine contents of ‘post-orogenic’ rocks in 
northern Finland could be e�plained by generation 
of ��uorine-rich ��uids (from enriched/ metasomatic 
lithospheric mantle) in an environment of large-scale 
e�tension.

A regional gravity and magnetic anomaly ma�imum 

tal source identified within the Central Lapland Grani-

Hahn & Bossum (1986) modelled a two-layer anomaly, 
with layers at depths of 0 to 16 kilometres and 16 to 

38 kilometres. Korhonen et al. (2002a, b) describe 
the magnetic and Bouguer anomalies as increasing 
with depth, and as being quite large at a depth of 20 
kilometres, suggesting an anomaly source at least 
deeper than 20 kilometres. Similar strong anomalies 
have been reported for the younger granitoids of the 

Suite (e.g., 1796 + 4 Ma; Tainio intrusion) occurring 
north of this anomaly have also led to an interpretation 

Lapland Granitoid Comple� are mapped as migmatitic 

same event as the ‘post-orogenic’ granites. A gently 

Figure 6. Bouguer anomaly map for northern Finland (after Kääriänen & Mäkinen, 1997). FIRE lines and simplified structures 
shown as overlays.

data is required before an Archaean basement can 
Evins et al. 2000, Väänänen 2004), although more 

(Korhonen et al. 2002a,b) with a middle to lower-crus-

Mäkinen 1997) centred between CMP 5000 and CMP 

Transscandinavian Igneous Belt of Sweden (Korhonen 
et al. 2002a,b). Gabbroic intrusions of the Lohiniva 

of potential large mafic bodies at depth (Ruotoisten-

The northern and southern boundaries of the Central 

pelites and arkosic gneisses of the Sieppijärvi Suite 

mäki et al. 1997, Väänänen 2004). 

is inferred to be Palaeoproterozoic, belonging to the 
(Figs. 5a & 7a). Migmatisation of the Sieppijärvi Suite 

Granitoid Comple�. Nironen (2005) also suggests that 

inside this comple� has been reported (Evins 1997, 

toid Comple� (Hahn and Bossum, 1986, Kääriäinen & 

6000 (Fig. 6, at northing 7420000/easting 3400000). 



174

Geological Survey of Finland, Special Paper 43
Nicole L. Patison, Annakaisa Korja, Raimo Lahtinen, V. Juhani  Ojala, and the FIRE Working Group

Figure 7. Geological (a) and total magnetic intensity (b) maps of the southern Central Lapland Area. Legend given in 
Table 1.
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north-dipping tectonic contact separates the Sieppijärvi 
Suite from subsequent Central Lapland Area units to 

Aeromagnetic data for the Central Lapland Granitoid 

lineation throughout the area. The ma�imum age of 
this lineation is constrained by the ca. 1.85 Ga age 

submitted). The 1.77 Ga porphyritic granites cross-
cutting migmatitic rocks give a minimum date for 

Deformation has also been proposed as the cause 
of this lineation (Ahtonen et al. submitted). Field data 
suggest that this lineation could relate to northeast 
directed thrusting (V.J. Ojala, unpublished data). The 
causes of migmatisation and of the prominent lineation 
in the Central Lapland Granitoid comple� need to be 
resolved to advance interpretation of the area.

Palaeoproterozoic Central Lapland Area

Both FIRE 4A and FIRE 4B cover the Central Lap-
land Area. FIRE 4A crosses part of the Central Lapland 
Area known as the Central Lapland Greenstone Belt 

Lapland Greenstone Belt and western Lapland. The 

subsequent section.

Stratigraphy

Archaean rocks in the eastern Central Lapland Area 

substrate has been assumed based on seismic evidence 

Belt and Central Lapland Greenstone Belt.

transgressional cratonic and/or cratonic margin se-

The >2.13 Ga to >2.05 Ga Savukoski Group (Le-
htonen et al. 1998) sedimentary rocks re��ect deepen-

rocks of this Group include ca. 2.05 Ga picritic and 
komatiitic rocks of the Sotkaselkä and Sattasvaara 
Formations for which a mantle plume origin has been 

fic volcanic rocks of the Jouttiaapa Formation of the 
Peräpohja Schist Belt, for which the same origin has 
been proposed, these Savukoski Group volcanic rocks 
show no evidence of crustal contamination.

tilä Group are argued to be allochthonous (potentially 
a forearc sequence), emplaced from the southwest or 

rocks close to the eastern margin of the volcanic belt 

aged volcanic sequences in volcano-sedimentary 
belts elsewhere in northern Finland, sharp changes 
in metamorphic grade at the margins of the Kittilä 
Group and geochemical heterogeneity of rocks within 
the group.

The geochemistry of felsic dikes coeval with Kittilä 
Group mafic rocks suggests no sialic crustal compo-
nent, which is consistent with the proposed absence 
of an Archaean basement during the deposition of the 

sources of felsic material are fractionation of basaltic 
magmas or partial melting of amphibolitic oceanic 

metamorphic grade take place between the mostly 
greenschist facies Kittilä Group and adjacent rocks of 
higher metamorphic grade. Within the Kittilä Group 
there are also significant changes in metamorphic 
grade, particularly in the northeast where greenschist 

rock units (Hölttä et al. in press). 
Geochemical heterogeneity among Kittilä Group 

rocks has also been interpreted to indicate that the 
Group is a composite of arc terranes and oceanic 
plateau� amalgamated during oceanic convergence, 

Comple� also shows a pronounced northeast-striking 

the north (Perttunen et al. 1996).
been proposed as an alternative age of migmatisation 
(Pettunen et al. 1996). 

Rocks of the ca. 2.0 Ga (Lehtonen et al. 1998) Kit-

west over older units as a series of nappes (Hanski 

group include the presence of ophiolitic ultramafic 
1997). Arguments for the allochthonous nature of this 

have ages ranging from 3.1 Ga (Kröner et al. 1981) 

Kittilä Group have not been found, although a sialic 

graphic correlation diagram for the Peräpohja Schist 

for low-density material below depths of five to eight 

with Kittilä Group mafic rocks, the lack of similarly 
(Hanski 1995), the geochemistry of felsic dikes coeval 

mapped geology of FIRE 4B is summarised in a 

to 2.6 Ga (Meriläinen 1976). Basement rocks for the 

Kittilä Group (Hanski & Huhma 2005). Suggested 

crust (Hanski & Huhma 2005). Sharp changes in 

The ca. 2.50 Ga intracratonic rift-related Salla (Fig. 

al. 1998; Fig. 7) of the Central Lapland Greenstone 

ing basin conditions (Lehtonen et al. 1998). Younger 

and mid-amphibolite rocks are mapped as adjacent 

proposed (Hanski et al. 2001a). Like the 2.09 Ga ma-
rather than a coherent slice of oceanic crust (Hanski 

tilä Group was potentially deposited in a passive 
& Huhma, 2005). At least one formation of the Kit-

the significant variations in metamorphic grade within 
Huhma 2005). This geochemical heterogeneity and 

of a granitic host rock (Huhma 1986, Ahtonen et al. 

migmatisation of the Sieppijärvi Suite (Rovaniemi 

granite, Perttunen et al. 1996), and 1.80 Ga has also 

8) and ca. 2.44 Ga Onkamo Groups (Lehtonen et 

quences (>2.21 Ga Sodankylä Group, Lehtonen et 
al. 1998). 

margin setting (Kautoselkä Formation; Hanski & 

Belt have crustal contamination signatures (Hanski 

hiatus is inferred between these and the first of the 
& Huhma 2005, Räsänen et al. 1989). A depositional 

kilometres (Gaál et al. 1989). Figure 9 shows a strati-

(Figs. 7 and 8, Table 3). FIRE 4B covers the Central 
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Figure 8. Geological (a) and total magnetic intensity (b) maps of the northern Central Lapland Area. Legend given in 
Table 1.
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Table 3. Summary and correlation of the stratigraphy of the Central Lapland Area (Central Lapland Greenstone Belt and western 
Lapland). Compiled from Lehtonen et al. (1998) and Väänänen (1998). Fm. = Formation. Note that map figures show simplified 
formation maps from the Lapland Volcanite Project (Lehtonen et al. 1998) for western Lapland.

Kolari area Kittilä area (Central Lapland Greenstone Belt)

Formation Rock types Group Formation & Rock Type Age 
(Ga)

No equivalent? Kumpu Levi Fm.: Clastic quartzites, siltstones + 
polymictic conglomerates as lenses within 
sericitic quartzites

<1.91-
2.06

Juurakkojärvi Fm. 
(JuF), Ylläs Fm. 
(YlF), Tapojärvi Fm. 
(TpF), Iso Pirttivaara 
Fm. (IpF):(IpF):

Quartzite and mica gneisses 
or mica schists +/- polymictic 
conglomerates 

Lainio Includes calc-alkaline volcanic rocks re-
sembling island arc magmas, and immature 
sedimentary rocks. 

Ylläs Fm.: quartzites, conglomerates + 
mica schists;
Latvajärvi Fm.: intermediate to felsic vol-
canic rocks;
Tuulijoki Fm.: lamprophyric volcanic rocks

<1.88

ca.1.88

>1.88

Luosujoki Fm. (LjF) Magnetite-bearing, poorly-
sorted polymictic conglomerate 
with volcanic, sedimentary and 
intrusive components. Carbon-
ate sedimentary rocks present at 
contact with YlF. 

TpF, LjF + YlF are all Lainio 
Group correlates 

No equivalent? Kittilä E-MORB, N-MORB, OIB, + IAT mafic 
volcanic rocks including boninite dikes + 
serpentinites, + associated felsic porphyries 
+ chemical sedimentary rocks
Pyhäjärvi Fm.: mica schists, greywacke
Vesmajärvi Fm.: Mg-tholeiitic volcanic 
rocks
Porkonen Fm.: BIF, iron sulfide and iron 
carbonate schists
Kautoselkä Fm.: Fe-tholeiitic volcanic 
rocks

~2.0

ca. 2.01

>2.01

Kolari Fm. (KyF): Amphibolitic pyroclastic rocks, 
pelitic schists, carbonate inter-
beds, associated dolerites (ca. 
2.0 Ga). Contact with TeF is the 
Iso Pirttivaara-Kurtakko Fault

Savukoski Phyllites, dolomitic sedimentary rocks, 
graphite & sulfide-bearing schists, mafic 
tuffs. Upper Formations contain komatiitic 
+ picritic rocks
Sattasvaara Fm.: komatiites
Sotkaselkä Fm.: picrites
Linkupalo Fm.: Fe-tholeiitic metavolcanics
Matarakoski Fm.: phyllites, schists, tuff, 
dolomite, BIF

>2.05

>2.05
>2.13

Rautuvaara Fm. 
(RvF):

Thin unit (20-200m thick) 
containing amphibolites, carbon-
ate rocks, sulphide + graphite 
schists, iron ores 

Haisujupukka Fm. 
(HjF), Niesakero Fm. 
(NiF)

NiF: Psammitic metasediments 
(gneissic) with mica gneiss 
+ amphibolite interbeds + 
granulite veinlets. Upper part is 
more quartz-rich (cross-bedded 
quartzites) + contains calc-sili-
cate interbeds. HjF: Al-silicate 
mica gneisses, quartzites, + 
garnet-cordierite mica gneisses, 
serpentinite dikes

Sodankylä Epiclastic sedimentary rocks, mafic + felsic 
volcanic rocks (different parent magmas), 
mafic-ultramafic sills correlated with 
Haaskalehto-type intrusions (Hanski & 
Huhma 2000)
Honkavaara Fm.: albitised sedimentary 
rocks; mafic to felsic volcanic rocks
Virttiövaara Fm.: quartzite, mica 
schist+gneiss, conglomerates 

>2.21

>2.21

Teuravuoma Fm. 
(TeF):

Shallow marine 
or subaerial komatiitic lavas/am-
phibolites 

Onkamo Subaerial komatiites, layered mafic intru-
sions, chromium-rich tholeiitic basalts, 
basaltic andesites, + andesites with crustal 
contamination signatures
Mölkkelmä Fm.: tholeiitic + komatiitic 
volcanic rocks ca. 2.44

Older rocks: Possible age
(Lehtonen 1984):

2.59 Tanajoki Suite: mafic volcanic rocks (in 
northeast)

<3.10
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the Group suggest that a number of distinct elements 
could be present within the area currently mapped as 
Kittilä Group.

The Kittilä Group has also been interpreted as an 
island arc originally attached to the Norrbotten micro-
continent nucleus, and overthrust in association with 
a north-south trending suture zone now located near 

Proposed emplacement timings include between 1.91 

1.92 to 1.91 Ga (age of and Nyssäkoski felsic dike 

Ahtonen et al. (submitted) respectively).

Groups as separated from each other by a tectonic 
contact. Clasts in lower Lainio Group conglomerates 

as products of rapid erosion occurring primarily 

However, isotopic age dates on clasts and detrital 
minerals from the Lainio and Kumpu Groups show 

pre- and post-date the major period of deformation in 
the area. Based on observations from the southeastern 
Central Lapland Area (outside of the FIRE profile 

areas), Kumpu Group rocks have also been described 

Intrusive rocks

Mafic intrusive rocks in the Central Lapland Area 
include the ca. 2.44 Ga Koitelainen and Akanvaara 

Haaskalehto-type differentiated intrusions coeval to 
those within the Peräpohja Schist Belt, and younger 
diabases and gabbros with dates clustering at 2.14 Ga, 
2.05 Ga (e.g. Keivitsa layered intrusion) and 2.0 Ga 

5

Other intrusions include the 1.91 Ga Ruoppapalo 
granodiorite and similarly aged felsic dikes, 1.88 
Ga foliated tonalites, granodiorites and monzonites 
correlating with e�tensive 1.89 Ga and 1.86 Ga Haa-

The age of the Kittilä Granite crossed by FIRE 4 is 

Central Lapland Area include the 1.77 Ga Nattanen 

5  The layered intrusions mentioned in this paragraph are located 
west of the FIRE 4A area and are not seen in Figure 7 or 8.

Figure 9. Comparison of the stratigraphy of the Central Lapland Area (Central Lapland Greenstone Belt) and Peräpohja 
Schist Belt (after Hanski et al. 2001b). Intrusive and detrital (detr.) ages also shown (billions of years).

the Finland-Sweden border (Lahtinen et al. 2005). 

Ga and 1.89 Ga (Sorjonen-Ward et al. 2003) or before 

nen et al 1998). Kumpu Group rocks are interpreted 

have similar compositions to some rocks present in the 
Haaparanta intrusive suite (reviewed below; Lehto-

& Huhma 2005). This data does not support the pro-
no age distinction between the two groups (Hanski 

as e�amples of basins relating to thrust sheets (Evins 
& Laajoki 2002).

layered intrusions (Mutanen & Huhma 2001), 2.2 Ga 

(Hanski et al. 2001b) . 

paranta Suite plutons in western Lapland (Lehtonen et 

1.95 to 1.80 Ga granitoids interpreted as pre-orogenic 
al 1998). An e�ample is the Hetta Comple� containing 

(Nironen 2005) and products of crustal anate�is of at 

unclear (1.8 Ga or older, with Archaean inheritance; 

least partly Archaean material at depth (Huhma 1986). 

granitoids (Haapala et al. 1987, Wennerström & Airo 

Stratigraphic units younger than the Kittilä Group 

posal (by Lehtonen et al. 1998) that the two groups 

and Ruoppapalo granodiorite; Hanski et al. (1998), 

Rastas et al. 2001). The youngest granitoids in the 

after Lainio Group deposition (Lehtonen et al 1998). 

record a change to collision-dominated tectonics. Leh-
tonen et al. (1998) interpret the Lainio and Kumpu 
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Major structures

The most significant shear zones in the Central 
Lapland Greenstone Belt are interpreted as relating to 
thrusting at the margins of the Belt. A major tectonic 

e�ists between the Savukoski Group and subsequent 
Kittilä Group rocks. The Sirkka Shear Zone was inter-

and fold structures, based on the south-dipping fault 
planes with average dips of appro�imately 40° seen 

more comple� orientations including orientations 
inconsistent with south-dipping thrust planes have 
been interpreted as indicating subsequent reactivations 
including significant later strike-parallel movements 

Kumpu Group is also overturned to the north in the 

comm. 2005)

in southern Central Lapland Greenstone Belt is the 
east-west trending Venejoki Shear Zone between 
Kittilä and Kaukonen. This shear zone occurs in the 
same area as numerous 2.2 Ga Haaskalehto-type ma-
fic intrusions. The southern boundary of the Central 
Lapland area is also overprinted by intrusion-related 

Granitoid Comple�.
At the northeastern boundary of the Central Lap-

land Greenstone Belt, south- to southwest-directed 
thrusting has placed the Lapland Granulite Belt over 

land Greenstone Belt. Related north-dipping faults 
and south verging folds are also present in the area 

Central Lapland Greenstone Belt margin (Nolppio 

tio serpentinites) have not been studied in detail. The 
western boundary of the Central Lapland Greenstone 
Belt is thought to represent the Norrbotten Craton/
Karelian Craton boundary, an area with a history of 

Palaeoproterozoic Lapland Granulite Belt

A tectonised transition zone occurs between the 

Tanaelv zone is mapped as a thrust-interlayered zone 
of Central Lapland Greenstone Belt rocks (Savukoski, 
Salla and Sodankylä Groups) and Archaean basement 
rocks including mafic metavolcanic rocks, tonalites, 
trondhejmites, granodiorite gneisses and migmatites 

metavolcanic rocks of the transition zone are quartz-
tholeiites and have an intermediate affinity between 

The Lapland Granulite Belt contains arc-related 
psammitic and pelitic metasediments (garnet-silli-
manite gneisses), anorthosites as one major unit and as 
concordant sheets, and noritic to enderbitic intrusions 

sheets may also indicate addition of mantle-derived 

Metamorphism

The Tanaelv zone contains high-pressure metamor-
phic rocks now ju�taposed against the low-pressure 
greenschist facies rocks of the Central Lapland Area. 

the same as those affecting the lower sections of the 
Lapland Granulite Belt, suggesting at least a partly 

Lapland Granulite Belt had a common deformation 
history and that the boundary between the two was 
originally a lithological boundary.

Lapland Granulite Belt rocks have e�perienced 
granulite-facies metamorphic conditions, divided by 

part and an upper migmatitic part that e�perienced 
lower strain. Clockwise pressure-temperature paths 
have been interpreted for the regional metamorphism 

tion te�tures in metamorphic minerals are interpreted 
to indicate decompression during the later stages of 

1998). Isotopic studies of these intrusions indicate 
substantial Archaean components (Huhma 1986).

in POLAR Profile data (Luosto 1989). At map-scale, 

area of the Sirkka Shear Zone (V. Kortelainen pers. 

metamorphism associated with the Central Lapland 

the north and northeast margins of the Central Lap-

Thrust zones evident on regional maps at the eastern 
(Sorjonen-Ward 1993). 

carbon (Korja et al. 1996). 

(Marker 1985, Koistinen et al. 2001). The mafic 

to pressures of 12 kilobars (Tuisku & Huhma 1998).

continental and island arc basalts (Hörmann et al. 
1980). Rocks in this zone have been metamorphosed 

1993, Korja et al. 1996). The presence of anorthosites 

within the basal thrust sheet compared to overlying 

argued to provide evidence for mantle input (Korja 

common metamorphic history (Hölttä et al. in press). 

and ultramafics within the Lapland Granulite Belt is 

et al. 1996). An increase in heavier carbon isotopes 

Central Lapland Area and the Lapland Granulite Belt 

(e.g., Mikkola & Vuorela 1977, Gaál et al. 1978). The 

Another prominent but poorly studied shear zone 

boundary (Sirkka Shear Zone, Väisänen et al. 2000) 

preted as correlating to a series of sub-parallel thrusts 

Shear Zone of Väisänen et al. 2000, hosting the Nut-

thrust and strike-slip deformation (Niiranen et al. 
2005; see description of 4B geology). 

(Tanaelv zone; West Inari Schist Zone in Hörmann et 
al. (1980); Tanaelv belt in Marker (1988); Fig. 10). The 

Marker (1988) argued that the Tanaelv zone and 

Metamorphic conditions affecting this zone were 

Marker (1988) into a lower high-strain migmatitic 
(pyro�ene granulites; Barbey et al. 1986, Bibikova et al. 

of the area (Tuisku & Huhma submitted), and reac-
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Figure 10. Geological (a) and total magnetic intensity (b) maps of the Lapland Granulite Belt. Legend given in Table 1.
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and norite-enderbite intrusions are argued to have had 
a common metamorphic cooling and decompression 

phic stage vary from 750°C to 850°C and 5.0 to 8.5 kb, 
and appro�imately 650°C and 2–3 kb for the final low 

and pressure conditions have decreased towards the 
migmatitic northeasterm parts of the Lapland Granulite 

Tectonic setting

The Lapland Granulite Belt has been described as a 

A highly conductive layer with a base at around seven 
kilometres below the northeast margin of the Lapland 
Granulite Belt was also interpreted from electromag-

has significantly lower resistivity than average middle 
or upper crust, and is argued to be associated with a 

composition and initial ε
Nd

 values of granites intrud-
ing Archaean basement comple�es (Nattanen granites 
of the Pomokaira terrain east of the Central Lapland 
Area) have also been interpreted as indicating that 
Archaean rocks underlay an allochthonous Lapland 

POLAR Profile data indicated low seismic velocities 
in the lower crust/upper mantle beneath the Lapland 
Granulite Belt and Inari Area. Earlier proposals for 
the cause of this velocity contrast include thinning 
associated with an ensialic back-arc basin active prior 
to collision between the Karelian and Kola Cratons 

Belt relate to proposed subduction zones either beneath 

of the Lapland Granulite Belt (in the Polmak-Pasvik-

Pechenga Belt). In the latter scenario, the Lapland 
Granulite Belt developed as an ensialic back arc ba-
sin to a south to southwest-dipping subduction zone 

fast evolution of the Lapland Granulite Belt as due 
to active northward subduction. Eclogite facies rocks 
southwest of this margin are also interpreted as part of 

The nature of the northeastern margin of the Lapland 
Granulite Belt was not conclusively resolved from 
POLAR Profile data. A northeast-dipping wedge shape 

sented for the orientation of the northeastern bound-

ing underthrusted middle crust from the Kola Craton 
(Sörvaranger Terrane of the Polmak-Pasvik-Pechenga 

basal thrusts of the Lapland Granulite Belt continue 
northeastward to the Moho (oceanic setting model of 

of material from the Karelian Craton. The third model 
suggested that the Lapland Granulite Belt formed a 
synform with a southwest-dipping northeastern margin 

Early gravity modelling appeared to support the third 

surface location of the northeast margin boundary as 
a constraint. The northeastern boundary is currently 

Age determinations

The Lapland Granulite Belt is considered to be 
Palaeoproterozoic. Metapelitic rocks contain zircons 
with age ranges from 2.90 Ga to 1.94 Ga and the 
majority of zircon dates are clustered from 2.04 Ga to 

ages ranging from 2355 Ma to 2005 Ma, and 2557 Ma 
to 2185 Ma have also been reported for metavolcanic 

tral Lapland Greenstone Belt. Potential silicic source 

metamorphism (Korja et al. 1996). The metasediments 

history (Tuisku et al. 2006), with these events inter-
preted as coinciding with tectonic duple�ing (Korja 

Conditions for the peak high temperature metamor-
et al. 1996). 

temperature stage (Tuisku et al. 2006). Temperature 

continent-continent collision between the Karelian and 

southwest-directed thrust sequence (Gaál et al. 1989, 

Kola Cratons (transport distance up to 125 kilometres, 

Marker 1988, Korja et al. 1996), emplaced during 

identified, separated by graphitic shear zones (Korja 

each dipping 10° to 15° to the northeast and ��attening 
et al. 1996) dividing the belt into parallel segments 

netic modelling (Korja et al. 1989). This basal layer 

Granulite Belt (Haapala et al. 1987).

Lahtinen et al. 2005). In this model the Tanaelv zone 

a subducted slab (Tuisku & Makkonen 1999). 

represents the ��oor of the ensialic basin (Marker 1988). 

ary. The first involved an east-dipping décollement 

1990), and three possible interpretations were pre-

terminating the Lapland Granulite Belt (Hörmann 
et al. 1980, Barbey et al. 1984, Krill 1985, Marker 

Barbey et al. 1984), accompanied by underthrusting 

rooted or derived from the northeast (Gaál et al. 1989). 

model (Elo et al. 1989) but did not use the mapped 

suture zone between the Inari Area and Kola Craton 

to post-collisional uplift in the area (Luosto et al. 

Many tectonic models for the Lapland Granulite 
1989). 

et al. 1984, Krill 1985, Daly et al. 2001) or northeast 

and metasedimentary rocks respectively (Daly et al. 

to those of mafic and felsic volcanic rocks of the Cen-
2001). The 2.04 Ga to 2.01 Ga zircon ages are similar 

at depths of 15 to 20 km (Korja et al. 1996). 

detachment surface (Korja et al. 1996). The chemical 

Belt (Hanski & Huhma 2005). 

(north-dipping zone of Hörmann et al. 1980, Barbey 

Marker 1988). Four parallel thrust sheets have been 

(see Marker 1990), or that the lower velocity relates 

was inferred from bedrock mapping data (Marker 

1985, Bethelsen & Marker 1986), possibly involv-

Belt; Marker 1990). The second implies that the 

Tuisku & Huhma (submitted) interpret the relatively 

considered to have a steep southwest dip (Tuisku & 

(Lahtinen et al. 2005).

Huhma submitted) re��ecting the orientation of the 

2.01 Ga (Tuisku & Huhma submitted). Sm-Nd model 

(Bethelsen & Marker 1986, and Marker 1988, 1990, 
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rocks for the zircons have not been found within the 
Fennoscandian Shield, and this point and the small 
amount of Archaean zircon ages led to the suggestion 
that the Lapland Granulite Belt is an allochthonous 

The norite-enderbite arc magmas were intruded 
into the metasediments between 1920 Ma and 1905 

granites also intrude the Lapland Granulite Belt and 

Metamorphic zircons record an age of metamor-
phism, e�humation and cooling from 1.91 Ga to 1.87 

plutons gives an older ma�imum age for thrusting 

undeformed leucosome from the southeastern continu-

Mixed Archaean & Palaeoproterozoic Inari Area

The contact between the Lapland Granulite Belt 

terozoic metasediments (2.3 Ga to 2.06 Ga), and of 
ca. 1.96 Ga to 1.91 Ga granodiorite, tonalitic granite, 

The little that is known of the stratigraphy of the Inari 

into the Garsjøen (2.60 Ga), Suorre-Tievja (2.50 Ga) 

These are collectively referred to as the Inari gneiss 
comple� in this paper. Additional gneiss comple�es are 

ˇ

were e�posed to weathering between 2.45–2.33 Ga 

Table 4. Components of the northeastern Inari Area (compiled from Hanski & Kesola 1990, Kesola 1991, Kesola 1995 and Geo-
logical Survey of Finland, unpublished data). See these publications for other gneiss comple�es elsewhere in the Inari Area. Age 
data from Kesola (1995).

Opukasjärvi Group (Opuskasjärvi greenstone belt)

Formations Rock Types

Silisjoki Sedimentary rocks (now mica and quartz-feldspar gneisses)

Silisvarri Mafic + felsic metavolcanics, mica + quartz-feldspar 
gneisses, black schists, skarns

Laavvuvaara Mafic + intermediate + minor picritic metavolcanics, over-
lain by metapelites, minor skarns + cherts

Kistapelvuobmi 
(partly overlies the Čappeskaidi Gneiss Comple�appeskaidi Gneiss Comple�

Tholeiitic + calc-alkaline meta-andesites + minor komatiitic 
basaltic + rhyolitic metavolcanics; overlain by pelitic mica 
schists, minor skarns + cherts

Avlejohka 
(unconformably overlies the Čappeskaidi Gneiss Comple�)appeskaidi Gneiss Comple�)

Conglomerate + arkosites derived from weathering of the 
Ahvenselkä granite gneiss dome

Surnujärvi greenstone belt Amphibolites, intercalated mica gneisses, BIF, felsic schists 
(separated from the Opukasjärvi Group by the Vainospää 
granite)

Archaean Gneiss Comple�es

Geographically defined comple�es (possibly the same 
comple�): Garsjøen (2.60 Ga), Suorre-Tievja (2.50 Ga), and 

Inari gneiss comple�

Otho- + paragneisses and amphibolites cut by granitic and 
granodioritc veins

  ̌Cappeskaidi Archaean comple�appeskaidi Archaean comple� Otho- + paragneisses and amphibolites

Svanvik Archaean comple� Ortho- + paragneisess

surrounding comple�es (Koistinen et al. 2001).

pre-date thrust deformation (Barby & Raith 1990, 
Daly et al. 2001). A zircon age from pre-deformation 

minimum ages for overthrusting include a 1912+2 Ma 

al. 2001), and a 1.89 Ga crosscutting pegmatite dike 
(Meriläinen 1976). 

gabbro and alkaline gneisses (Koistinen et al. 2001). 

The Archaean comple�es are geographically split 

Archaean gneissic comple�es with a ma�imum age 
of 2.73 Ga (Kesola 1991). 

and Moresveijohka gneiss comple�es (Kesola 1995). 

In the northeast, the 2604+21 Ma Pirivaara Granite 

comple�es). The composition of these comple�es is 

(Sturt et al. 1994). 

of 1.93 Ga (Sorjonen-Ward et al. 1994). Potential 

Ma (Tuisku & Huhma submitted). 1.88 Ga to 1.77 Ga 

e�otic terrane of unknown origin (Tuisku & Huhma 
submitted).

Ga (Tuisku & Huhma submitted). Peak metamorphic 
conditions are timed at ca. 1900 Ma (Tuisku & Huhma 
submitted). Metamorphism is argued to at least partly 

ation of the Tanaelv zone (Kolvitsa belt; Kislitsyn et 

shown in Table 4. At least some of these comple�es 

shown in Fig. 11 (Cappeskaidi and Svanvik Archaean 

Area is summarised in Table 4. This includes e�tensive 

and Inari Area (Fig. 11) includes a zone of Palaeopro-

Moresveijohka gneiss comple�es. Simplified in Fig. 11 as the 
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Figure 11. Geological (a) and total magnetic intensity (b) maps for the Inari Area. Legend given in Table 1.
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intrudes the Archaean Čappeskaidi gneiss comple� 

1.95 Ga to 1.90 Ga Palaeoproterozoic granodioritic 

separating the Opukasjärvi and Surnujärvi greenstone 

ate to felsic magmatism is also documented for the 

ment without strong involvement of Archaean crust 
is implied for some plutonic rocks in the Inari Area 

The Opukasjärvi and Surnujärvi greenstone belts 
overlie these Archaean comple�es. The age of these 
greenstone belts is unclear, as both Archaean and 

quences of the eastern and western sections of the Inari 

The Archaean comple�es are strongly migmatised 

Area of age range ca. 1.95 Ga to 1.90 Ga have been 
suggested as syntectonic, associated with northeast-

BEdROCK GEOLOGY OF FIRE PROFILE 4B

individual map sheets for the western Lapland area. 

and is a simplified formation map of this area.
FIRE 4B e�tends across the Central Lapland Area 

is part of the proposed boundary area between the 

similar Palaeoproterozoic history to the Peräpohja 
Schist Belt and Central Lapland Greenstone Belt, 

followed by rift-related deposition until ca. 2.0 Ga 

immediately adjacent to the end of FIRE 4B (posi-

Stratigraphy and magmatism

FIRE 4B crosses the mapped western e�tent of Kit-
tilä Group rocks, and arkose gneisses and intrusive 

western Lapland include 2591+16 Ma and 2444+96 
Ma and are assumed to indicate an Archaean basement 

Arkosic gneisses west of the Kittilä Group are cor-
related with the >2.21 Ga Virttiövaara Formation of 

The 1.89 Ga to 1.86 Ga Haaparanta Suite plutons 
(tonalites, syenites, monzonites) are e�tensive in 

granites and pegmatites correlated with 1.81 Ga to 1.77 
Ga granitoids present in the Central Lapland Area (for 

dates are similar to some ages for intrusions in the 

Major structures

The major deformation feature in this area is the 

boundary between the Karelian and Norrbotten Cra-

(Kesola 1991). Gneiss comple�es are also intruded by 

to gabbroic intrusions (Kesola 1995, Korsman et al. 
1997), as well as Neoproterozoic diabase dykes, (Vuollo  
& Huhma 2005), and by the 1.79 Ga Vainospää Granite 

belts (Huhma 1986). 1.90 Ga to 1.88 Ga intermedi-

area (Koistinen et al. 2001). An evolved arc environ-

(1.94–1.93 Ga plutonic rocks; Barling et al. 1997). 

Proterozoic components have been identified (Hanski 

Area have been used to suggest that the western parts 

& Kesola 1990). Differences in the deformation se-

of the Inari Area are younger (Opukasjärvi Group; 
Kesola 1991).

and reworking associated with Palaeoproterozoic 

1991). Granodioritic to dioritic intrusions in the Inari 
melting is reported from 1.95 Ga to 1.93 Ga (Kesola 

directed thrusting occurring in terrains northeast of the 
Inari Area (Marker 1988). Potassium-argon age dates 
for metamorphic phases within the Opukasjärvi Group 
range from 1811 Ma to 1695 Ma (Kesola 1995).

the Lapland Volcanite Project (Lehtonen et al. 1998) 

to the border with Sweden (Fig. 12). The border area 

The geological evolution of northern Sweden had a 
Karelian and Norrbotten Cratons (Lahtinen et al. 2005). 

involving continental rifting starting at 2.44 Ga, 

(Bergman et al. 2001). The area then e�perienced 

regional gravity anomaly occurs in northern Sweden, 

tive Bouguer anomaly of appro�imately +15 milligal 

is interpreted as re��ecting a large mafic body at a 

over a 20 kilometre by 70 kilometre area; Lindroos 
& Henkel 1978). This northwest trending anomaly 

correlates to the ca. 2.44 Möykkelmä Formation of 

also occur (Väänänen 1998). 

3; Väänänen 1998). Amphibolite lenses proposed as 

intrusions of ca. 2.0 Ga age are also present, as are 
southwestern Lapland (Lehtonen et al. 1998). Mafic 

e�ample, the Kittilä granite; Väänänen & Lehtonen 
2001). The youngest zircon age in the Kolari-Muonio 
area is from a mafic pegmatoid (1748+7 Ma; Väänänen 

magmatic event for these dates is not known, but the 

Transscandinavian Igneous Belt in southern Sweden 
(Gorbatschev 2004).

rocks further to the west (Fig. 12). Archaean ages from 

(Väänänen & Lehtonen 2001). tons (Lahtinen et al. 2005). This shear system strikes 

in the skarn assemblage of the Rautuvaara Mine (1748 
Ma; Väänänen & Lehtonen 2001). The correlating 

& Lehtonen 2001), and a similar titanite age was found 

in Väisänen et al. 2000), proposed to represent the 
Zone in Sorjonen-Ward 1993; Kolari Shear Zone 

Pajala-Kolari Shear Zone (Baltic-Bothnian megashear 
in Bethelsen & Marker 1986b; Tornio Deformation 

the Central Lapland Area (Sodankylä Group, Table 

the Central Lapland Area (Onkamo Group, Table 3) 

multiple intrusive phases (see Bergman et al. 2001). A 

depth of 6 to 9 kilometres (Bergman et al. 2001 and 
references within).

However, Figure 12 is produced from the database of 

The stratigraphy in Table 3 is summarised from 
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Figure 12. Geological (a) and total magnetic intensity (b) maps of western Lapland (area covered by FIRE 4B). Legend 
given in Table 1.
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de�tral transpression has been proposed for this shear 
zone, generating east-west to northeast-southwest 

to east-striking thrust zones are also proposed in 

intrusions (ca. 1.9 Ga) but not the ca. 1.8 Ga granites 

Metamorphism

Metamorphic grade in the entire region covered by 
FIRE 4B has not been studied in detail. A study by 

the central and eastern part of the FIRE 4B area (to CMP 

recorded to appro�imately CMP 800. A zone of upper 

amphibolite facies metamorphism occurs from CMP 

facies metamorphic conditions to CMP 2200. Swedish 
data from the border area indicate metamorphic condi-
tions of 6.2 kilobars and 690° C (at Pajala), and 2.6 

The paragneisses in the Pajala area indicate high-grade 
metamorphism of metasediments within the period 1910 

phic resetting of the Archaean and Palaeoproterozoic 

(based on the scatter of age-dates from titanites taken 

increasing to the north and east. Southeast of this fault, 
medium to high (amphibolite) grade metamorphism 

dEFORMATION IN NORTHERN FINLANd

A deformation scheme correlating the timing of 
all deformation events from the bedrock compo-

constraints are lacking for most events. However, 
several larger structures have been known in northern 

mented separately for each area, using local relative 
timing sequences6. Few age data for specific events 
are available to aid further correlation. Common to 
most areas are deformation phases involving thrust-
ing overprinted by strike-slip shearing. Thrust-related 
deformation penetrates entire bedrock areas. Strike-
slip deformation appears to occur in discrete shear 
zones and commonly involves reactivation of older 
thrust-related structures. 

6 Fore more details on deformation see: Laajoki and Tuisku 
(1990), Luukas (1991), Kärki et al. (1993) and Kärki and Laa-
joki (1995) and Mutanen and Huhma (2003) for the Pudasjärvi 
Complex; Lappalainen (1995), Perttunen et al. (1996), Pert-
tunen and Lappalainen (1997), and Väänänen (2004) for the 
Peräpohja Schist Belt; Mikkola and Vuorela (1977), Gaál et al. 
(1978), Ward et al. (1989), Lehtonen et al. (1998), Väisänen(1989), Lehtonen et al. (1998), Väisänen 
et al. (2000), Evins & Laajoki (2002) Väisänen (2002), and 
Nironen and Mänttäri (2003) for the Central Lapland Area; 
Lehtonen (1984), Koistinen and Virransalo (1985, 1986), 
Väänänen (1998), and Väisänen et al. (2000) for western(2000) for western 
Lapland; Marker (1988); Gaál et al. (1989), Sorjonen-Ward et(1989), Sorjonen-Ward et 
al. (1994), and Korja et al. (1996) for Lapland Granulite Belt;(1996) for Lapland Granulite Belt; 
and Kesola (1991) for the Inari Area.

Extensional structures

E�pected e�tensional structures related to incipient 
rifting occurring at several time periods have been 
inferred from studies of mafic dike swarms (e.g., 

gested that layered intrusions at the southern margin 

rotated on a series of southwest-dipping listric normal 
faults. 

Thrusts

Thrust events have been correlated with orogenic 
collisions. This deformation includes north- to north-
east-directed overthrusting generated by collisions at 

overthrusting generated by collision between the Kola 

the thrust contact between the Central Lapland Area 

possibly early movements in the Pajala-Kolari Shear 

northeast at the end of FIRE 4B (Fig. 12). Dominantly 

shortening (Bergman et al. 2001). Older northeast- 

the Kolari area (Väisänen et al. 2000, Nironen et al. 
2005). These include the Äkäsjoki Shear Zone and 

Significant deformation affects the Haaparanta Suite 
the parallel Iso Pirttivaara-Kurtakko Fault (Fig. 7). 

(Väänänen 1998). 

Hölttä et al. (in press) e�amined metamorphic grade in 

2200, see Fig. 12). Greenschist facies metamorphism is 

800 to CMP 1000, followed by middle amphibolite 

kilobars and 615° C (northwest of Muonio; Bergman 
et al. 2001). The timing of metamorphism is not clear. 

Ma to 1774 Ma (Bergman & Skiöld 1998). A metamor-

rocks has also been reported at 1885 Ma to 1800 Ma 

from dolerites; Väänänen & Lehtonen 2001). 
The northeast trending Äkäsjoki Shear Zone (Fig. 

northwest of it, low-grade metamorphism is reported, 
19) also follows a metamorphic isograd. To the 

(prograde) is seen (Väänänen 1998). 

nents of northern Lapland does not yet e�ist, as time 

of the Central Lapland Area (Fig. 7) may have been 

and Karelian Cratons in the northeast (Sorjonen-Ward 

zones thought to relate to these three events respec-
pland (Bethelsen & Marker 1986). Major deformation 

1993, Korja et al. 1996); and east- to northeast-directed 

tively include the Sirkka Trend (Ward et al. 1989) and 

and Lapland Granulite Belt (Sorjonen-Ward 1993), and 

Zone in western Lapland (Väisänen et al. 2000). 

overthrusting associated with collisions in western La-

et al. 1989, Gaál et al. 1989); southwest-directed 
the southwestern margin of the Karelian Craton (Ward 

Vuollo & Huhma 2005). Sorjonen-Ward (1993) sug-Finland for some time. These are shown in Figures 
7b and 8b. E�isting deformation histories are docu-
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Strike-slip structures

The Pajala-Kolari Shear Zone of western Lapland 
has undergone significant strike-slip shearing after 
thrust deformation, to the e�tent that a wide area of 

to this appro�imately northeast-striking shear system 

Finland (e.g., Hirvaskoski Shear Zone at the eastern 

The causes of strike-slip shearing are not clear. 
The timing of movements on these zones is thought 
to mostly postdate metamorphic peaks associated 
with thrusting, although the earliest strike-slip move-
ments on these zones may have occurred during peak 

zones are thought to be regionally of similar age, and 
most have strikes ranging from northwest through to 
northeast. 

tral shearing along a pair of north-south trending 
‘megashears’ (‘Baltic-Bothnian megashear’ cf. Pajala-
Kolari Shear Zone, and the North Karelian megashear 

in western Russia) was initiated by collision between 
the Kola and Karelian Cratons, the same collision 
responsible for Lapland Granulite Belt overthrust-
ing. Later rotation of the principle compressive stress 
direction in northern Fennoscandia was argued to 
initiate strike-slip shearing on the northwest trending 
Raahe-Ladoga Zone (the boundary between Archaean 
Karelian Craton rocks and Svecofennian rocks in cen-
tral Finland, south of these FIRE profiles as shown in 

although these have not been studied in detail. 

Age of deformation

Current age data is insufficient but suggest at least 
two periods of compressive deformation. The oldest 
is a penetrative east-west trending foliation cut by the 

period has been assigned a ma�imum age of 1.89 Ga 

Pajala-Kolari Shear Zone has been dated re-occur-

to 1.76 Ga for widespread deformation is suggested 
by the youngest ages found for deformed granitoids 
(Ahtonen et al. submitted).

SEISMIC dATA 

The near vertical re��ection data interpreted in this 
paper are the migrated final stack sections from FIRE 

full processing sequence applied to this data. After 
migration, smoothed envelope or instantaneous am-

have been produced (for technical description see 

The smoothed envelope sections are plotted without 
normalisation (i.e. the amplitudes of the different areas 
in each profile are comparable). In these sections, large-
scale re��ectivity changes are pronounced, whereas 
the details of individual re��ections are obscured. The 
automatic line drawings, on the other hand, emphasize 

in the uppermost eight kilometres have been checked 
against Dip Move-Out (DMO) stacked sections dis-
played as colour-coded smoothed envelope sections 

profiles are shown as grey-scaled smoothed envelope 

mid point (CMP). There is no vertical e�aggeration 

features of the re��ectivity sections are highlighted by 

The profiles are displayed as a three straight sections 
although the data collection lines were crooked due to 
several turning points. The location of all significant 

The effect of changing interception angle along a 
turning survey line is seen as changing curvature 
of re��ectivity on the straight profile plots provided 
in this article (e.g. lowermost crust at CMP 11000 

western Lapland is dominated by a lineation parallel 

(Väisänen et al. 2000). The current dip of the Pajala-
Kolari Shear Zone is thought to be steep (Bergman 

many significant strike-slip shear systems in northern 
2003). The orientation of this shear zone is similar to 

boundary of the Pudasjärvi Comple�, Kärki 1992). 

thrusting of the Lapland Granulite Belt is thought to 
post-date strike-slip deformation (Nironen & Mänt-

1997). At least one period of southwest directed over-

täri 2003). Movements on numerous strike-slip shear 

Fig. 1). Several structures parallel to the Raahe-Ladoga 

ca. 2.1 Ga Nilipää Granite. The second recognised 

ring between 1.90 Ga and 1.85 Ga, 1.84 Ga and 1.80 

(Lehtonen et al. 1998). Strike-slip shearing on the 

volume) describe the acquisition parameters and the 

Korja & Heikkinen 2005). 

individual re��ections and their dip direction. Structures 

overlain by biased variable area plots (Kukkonen et 

The data along the FIRE 4, FIRE 4A and FIRE 4B 
al. 2006, this volume).

line drawings (for e�ample, Figs. 13c). 

turning points is also marked on the relevant figures. 

metamorphic conditions (e.g., Kärki et al. 1993, Evins 

Berthelsen and Marker (1986b) argued that de�-

Ga (Bethelsen & Marker 1986b), and 1.80 to 1.77 
Ga (Niiranen et al. in press). A minimum age of 1.79 

Zone have been recognised in northern Finland (e.g., 
de�tral wrench Lapland fracture zone of Talvitie 1979) 

4, FIRE 4A and FIRE 4B. Kukkonen et al. (2006, this 

plitude sections (Fig. a in Figs. 13–15) and automatic 

sections (Figs. 13a, 14a and 15a; Appendices 1b and 

line drawings (upper panels in Appendices 1 and 2) 

2b) and automatic line drawings (Appendices 1a and 

Distance along the sections is displayed as a common 
2a) with a depth interval between 0 and 80 kilometres. 

in any figure of the profiles. The most prominent 
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Figure 13. Greyscale smoothed envelope (migrated) section of FIRE 4 (a), equivalent with interpreted seismic terranes (b) 

Colours do not imply correlation and were randomly chosen to distinguish between adjacent blocks of different re��ectivity. 

of this distortion. 
In the sections, 100 CMP points corresponds to 

2.5 kilometres in distance. The FIRE 4 profile is 
248 kilometres long with 9920 CMP points, and was 
collected in a north-northwest direction. FIRE 4A is 
319 kilometres long with 12774 CMP points (CMP 
9921–22706), and is oriented in a northeast direction. 

in FIRE 4A; Fig. 14c). Comparison of the ��at plots 

and geological interpretation for FIRE 4 (c). The bouguer anomaly map (Fig. 6) was used to position crustal element I1. 

(Figs. 13, 14 and 15) with the 3D block diagrams 
provided (Figs. 16 and 17) allows some appreciation 

The automatic line drawing and fully labelled interpretations for this profile are shown in Appendi� 1. 
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Figure 14. Greyscale smoothed envelope (migrated) section of FIRE 4A (a), equivalent with interpreted seismic terranes (b) and 
geological interpretation (c). Colours do not imply correlation and were randomly chosen to distinguish between adjacent blocks of 

FIRE 4B is 62.5 kilometres long, has 2500 CMP points 
(CMP 212–2712), and has an average east-west strike 

and 4A at CMP 9920. Semi-circular transparent areas 

dicate a gap left in the data collection transect left to 

avoid sampling in urban and other residential areas 
(for e�ample, at CMP 3200, 9300, and 1100).

Re��ection seismic profiles image changes in the 
re��ectivity of geological entities. Re��ectivity depends 

with velocities determined by the elastic properties and 

although the line is very curved. FIRE 4B joins FIRE4 

at surface (concave or half-circular white areas) in- primarily on velocity contrasts between adjacent rocks 

different re��ectivity. The automatic line drawing and fully labelled interpreted section for this profile are shown in Appendi� 1.
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Figure 15. Greyscale smoothed envelope (migrated) section of FIRE 4B (a), equivalent with interpreted seismic terranes (b) and geological interpre-
tation (c). Viewing direction for Figs. 15a–c is appro�imately northeast. Colours do not imply correlation and were randomly chosen to distinguish 
between adjacent blocks of different re��ectivity. The automatic line drawing and fully labelled interpreted section (including correlation with mapped 

FIRE 4A, see Kukkonen et al. (2006, this volume).   

density of the rocks involved. Differences in re��ectiv-
ity are therefore created by factors determining rock 
density and elastic properties. These include primary 
or secondary rock compositions or arise from changes 
in petrophysical properties due to geological processes 
including melting, metamorphism and deformation. 

Factors causing changes in petrophysical properties 
include porosity changes, fracturing, ��uid content, 
and changes in chemical composition. Changes in 
re��ectivity patterns include changes in the orienta-
tion, amplitude and spatial distribution of individual 
re��ections. Significant changes in re��ectivity patterns 

stratigraphy) for this profile are shown in Appendi� 2. For diagrams showing the connection points between FIRE 4B and FIRE 4, and FIRE 4B and 
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allow identification of individual seismic elements or 
terranes (blocks), on which geological interpretations 
of seismic profiles can be based. 

In making geological interpretations of seismic 
profiles it is assumed that the re��ectivity mostly im-
ages lithological contrasts, and that seismic layering 
is associated with either compositional or structural 
layering of lithological units (for e�ample, volcano-
sedimentary layering, thin-skinned tectonic stack-
ing). Strong re��ectivity indicates opposing rocks of 
distinct density and hence velocity contrast, such as 
mafic intrusions within felsic or sedimentary rocks. 
Detachment faults between layers of different density 
will also have strong re��ectivity. Weak re��ectiv-
ity generally indicates a rock mass with little or no 
density and velocity contrasts with adjacent material. 
Homogenous intrusions appear as weakly re��ective 
bodies crosscutting but not truncating the surround-
ing re��ectivity. As original rock properties may be 
changed by later processes, weak re��ectivity may 
also indicate altered zones where seismic properties 
have been changed by deformation, metamorphism, 
or melting. For e�ample, transparent zones on seismic 
profiles may be formed by a large shear zone or by 
sets of closely spaced fracture zones because these 

destroy the elastic properties of rocks.
The dominant wavelength observed for these FIRE 

profiles is 100 metres in the upper crust and 150 me-
tres in the lower crust. Thus re��ections arising from 
25 metre- and 40 metre-thick structures in the upper 
and lower crust respectively have higher amplitudes 

metres in the uppermost crust (if a suitable re��ectivity 
contrast e�ists). In the lateral dimension, two points 
are observed as separate objects when they are 300 

apart at depths of one kilometre, eight kilometres, 30 
kilometres and 50 kilometres, respectively. 

The directions of feature dips (for e�ample, of seis-
mic block boundaries or other structures) in seismic 
re��ectivity profiles are apparent due to the two dimen-
sional nature of the profiles. The apparent amount of 
dip of the feature in profile is always less than the true 
angle unless the interception angle is 90°. The effect 
of interception angle on the dip angle is illustrated 

given in dip-dip direction format, rounded to nearest 5° (declination correction compatible with the maps in this paper). Method 
1 indicates orientations calculated using points from both FIRE 4 or 4A and FIRE 4B. Method 2 indicates orientations calculated 
utilising bends in the data collection line of FIRE 4B. Estimates are interpretation dependent. Calculations conducted using data 
in the e�treme east of FIRE 4B may also be affected by data distortions at the start of the sampling line. It is also difficult to 
calculate accurate values for surfaces with low-angle dips. Data plotted in Figure 18.

Profile Feature dip-dip direction method

upper mantle features

FIRE 4A/4B Moho (at FIRE 4A/4B contact) 25°–040° 1

FIRE 4B Upper mantle reflectivity (with apparent west dip, CMP 1200–1500) 50°–335° 2

FIRE 4B E4 overprinting reflections (blue) 20°–325° 2

Structures

FIRE 4B Kittilä Shear Zone 60°–000° 2

FIRE 4B U10 eastern boundary structure 
(Pajala-Kolari Shear Zone)

60°–285° 2

FIRE 4B U10 western boundary structure (Pajala-Kolari Shear Zone)(Pajala-Kolari Shear Zone) 60°–255° 2

FIRE 4B Transparent shear within U8 25°–080° 1

FIRE 4B Internal shear within U9 30°–080°
05°–085°

2

Block bases

FIRE 4B Base of U1 35–060
15–065

1

FIRE 4B Base of U10 30°–130° 2

FIRE 4B Base of U7 20°–100° 2

FIRE 4B Base of U8 15°–040° 2

FIRE 4B Base of P9 (easternmost; Kittilä Group) 20°–160° 2

FIRE 4B Base of P14 30°–000° 2

FIRE 4B Base of P15 40°–020° 2

signal is observed from structures thicker than 10 
1996). For the FIRE re��ectivity profiles, a detectable 

metres, 700 metres, 1500 m metres and 2000 metres 

in Korja et al. (2006, this volume) and Kukkonen et 

mentioned in this paper are always apparent (unless 
al. (2006, this volume). Dip angles and orientations 

Table 5. Orientation estimates for seismic features. Dips and dip directions have been calculated using Surpac software. Data is 

due to constructive wave interference (cf. Meissner 
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otherwise stated) and given as relative to FIRE line 
orientation. Due to the viewing direction for the profile 
plots presented here, apparent dip directions will be 
described as north or south for FIRE 4 and 4A as if 
these were north-south cross sections, and likewise 

east or west for FIRE 4B. Where specific surface ori-

format is true dip-dip direction, estimated to nearest 

REFLECTIvE uNITS ANd THEIR INTERPRETATION

The interpreted crustal units (seismic terranes) are 
described here, and where possible and appropriate 
these are correlated with geological and geophysical 
features at surface. Emphasis in this description is 
given to middle and upper crustal units. 

regional differences in both intensity and style of 
re��ectivity, the crust can be divided for description 
into southern (CMP 0–9000) and northern parts (CMP 
9000–22000). These two parts will be described after 
the re��ectivity of the upper mantle and crust/mantle 
boundary. Both the southern and northern parts have 
several internal blocks, and these individually num-
bered seismic terranes are overlain on the greyscale 

and middle-crustal units of each area are described 
first, followed by the upper crustal units. The seismic 

features of FIRE 4B are summarised in a subsequent 
section.

interpretations made for each profile. The geological 
sections include simplified line drawings of re��ectivity 
that have been drawn to re��ect both the orientation 
and abundance of individual re��ections. Faults or 
shear zones, which typically appear as parallel zones 
of re��ectivity disruption and transparent zones, have 

ity is seen. In addition to prominent structures, only 

is drawn at this time. To aid appreciation of the con-
nection between the FIRE data and surface geology, 
block diagrams of the FIRE profiles with geological 

upper mantle & the crust/mantle boundary

The weakly re��ective lower part on all profile dia-

boundary is clear in the profiles. In FIRE 4 and 4A, 
the thickness of the crust varies from appro�imately 
43 kilometres under the Pudasjärvi Comple� to almost 

kilometres. At the start of FIRE 4B, the Moho/lower 
crust contact appears at a slightly shallower depth in 

gests that the Moho at this point has a slight dip to 
the east.

In FIRE 4 and 4A, some preserved re��ectivity is 
evident below the Moho (CMP 6000, CMP 11500), 
and these can be traced upwards into the lower crust. 

north. In FIRE 4B, re��ectivity below the crust occurs 
between CMP points 1200 and 1500 with an estimated 

be followed upwards into the lower crust as clearly 
as the ones below FIRE 4 and 4A.

The Moho depths observed are deeper than estimates 

beneath the Karelian Craton, 40 kilometres beneath the 
Lapland Granulite Belt, and 46 kilometres beneath the 

that the crust in northern Finland is slightly thinner 
than typical crust within Finland reported as 50 to 62 

seen in the FIRE profiles is close to the global average 

For e�ample, sections of the Mesoproterozoic Gren-
ville Province (Canada) formed by arc and back-arc 
accretions have Moho depths of almost 45 kilometres, 
becoming over 50 kilometres wide approaching the 
continental collision zone represented by the Grenville 

5°. These calculations were made using Surpac 3D 

Because the FIRE 4 and 4A profiles e�hibit distinct 

been interpreted where sharp truncation of re��ectiv-

55 kilometres under the northernmost Inari Area. The 

grams represents the upper mantle. The crust/mantle 

Moho in FIRE 4B occurs at an average depth of 45 

FIRE 4B than it does in FIRE 4 and 4A. This sug-

These re��ections have apparent low-angle dips to the 

dip of 50° to 335° (Table 5). These re��ections cannot 

Kola Craton; Luosto et al. 1989). These also suggest 

kilometres thick (Luosto 1997). The crustal thickness 

Front (Ludden & Hynes 1999). 

for the Precambrian crust (47 km, Mooney et al. 1998). 

produced from POLAR profile data (47 kilometres 

entations are given (for e�ample, those in Table 5) the 

visualisation software (table 5 and Fig. 19). 

Figures 13c, 14c and 15c show the geological 

a selection of more prominent late stage brittle faults 

images in Figures 13b and 14b. Generally, the lower 
maps and geophysical images are also provided (Figs. 
16 and 17). 
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Figure 16. Block diagrams for FIRE 4 and 4A: greyscale section with aeromagnetic data (a), aeromagnetic data and geological 
interpretation of the profiles (b), and the interpretation with a published map (after Korsman et al. 1997) of regional geology 
(c, see Fig. 2 for a comparable legend). Viewing direction for figures is appro�imately east.
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Figure 17. Block diagrams for FIRE 4 and 4B: greyscale section with aeromagnetic data (a), regional aeromagnetic data and 
geological interpretation for FIRE 4 and 4B (b), and the interpretation with a published map (after Korsman et al. 1997) of 
regional geology (c, see Fig. 2 for a comparable legend). Viewing direction for figures is appro�imately southwest.  
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Southern crustal section (FIRE 4: CMP 0 to CMP 

Reflective features of the lower to middle crust

The southern part of the profile covers the map-
defined areas of the Pudasjärvi Comple�, Peräpohja 
Schist Belt, Central Lapland Granitoid Comple� 
and southern parts of Central Lapland Area. In the 
southernmost part of FIRE 4 (CMP 0 to CMP 2000) 

re��ectivity with low to moderate apparent dips to the 
south (block A1a). The lower part of A1a is weakly 
re��ective (at depths below 25 to 35 kilometres). The 
northern boundary of A1a is a steeply north-dipping 
transparent lineament. North of this boundary the 
middle to upper crust is weakly re��ective with some 
minor re��ections with low-angle dips (E1a). The 
northern boundary of E1 (a & b) is moderately south 
dipping and characterized by aligned south-dipping 
re��ections that come close to surface around CMP 
5000 (within C1, a zone of altered re��ectivity7). 
Apparent drag of re��ectivity traces within E1b by 
C1 re��ections suggests down-dip movement of E1b 
against C1 at some stage.

In FIRE 4, E2 displays weaker re��ectivity and 
consistent southward dips. An overprinting elliptical 
area of very low re��ectivity e�ists within E2, starting 
at a depth of appro�imately 25 kilometres (block I1). 
Re��ectivity in A2 dips to the south in the south and 
to the north in the northern part of this block. In the 
north, a north-dipping transparent zone separating A2 
and A4 terminates this re��ectivity (at CMP 9500). 
The upper part of A2 is subhorizontal and obscured. 
Re��ectivity in A2 can be traced to the eastern part of 
FIRE 4B, where it is sub-horizontal.

Reflectivity of the middle to upper crust

After C1, the re��ectivity properties change dra-
matically in the upper 20 kilometres of the crust. The 
northern part is dominated by high re��ectivity and 
bright individual re��ections in blocks P4 and P5. The 
re��ections have various dips and display open fold and 
antiformal patterns. P5 is less re��ective but has more 
pronounced fold patterns than P4. The contact between 
P4 and P5 is not conformable, as re��ectivity in P4 is 
clearly terminated against P5 (at the northern corner 
of P5). The lower contact of P5 towards the middle 
crustal block, E2, is sharp and southward dipping. 

7  Blocks with prefix ‘C’ refer to overprinting shear zones. 

To the north of E2 the middle crust is moderately re-
��ective (U1) with bright individual re��ections dipping 
both south and north. The upper crust (P6a) displays 
bright re��ections having north-dipping antiformal 
shapes resembling ramp anticlines. These are disrupted 
by transparent, north-dipping lineaments. 

Most of the mid crustal segments are overlain by 
thin (five to ten kilometres thick) sheets of material 
with re��ectivity properties distinctly different from 
the underlying blocks. Starting from the south, two 
smaller upper crustal units in the upper 10 kilometres 
of A1 are delineated by bright re��ections. The south-
ern block (A1b) is characterised by south-dipping 
listric re��ections fanning out from a zone of stronger 
re��ectivity. These re��ections seem to displace other 
more horizontal re��ections. The northern block (A1c) 
is characterized by shallow, north-dipping re��ections 
crosscut by subhorizontal re��ections. The northern 
contact towards the Peräpohja Schist Belt (P1) is a 
bright north-dipping re��ector.

The Peräpohja Schist Belt (P1) has developed above 
E1a and E1b. It has a concave, basin-like base with a 
ma�imum depth between four and five kilometres. The 
northern contact (at surface) between the Peräpohja 
Schist Belt and Central Lapland Granitoid Comple� 
(P2-P3) is not clearly seen (CMP 3200). This point is 
located within the Rovaniemi city area, within which 
there were no data collection points. The internal 
re��ectivity of the Peräpohja Schist Belt has undulat-
ing orientations. The uppermost parts have strong 
re��ectivity (with this subunit increasing in thickness 
towards the north), while the lower sections are weaker. 
The base of the Peräpohja Schist Belt also has some 
strong re��ections. 

Within the Central Lapland Granitoid Comple� the 
upper crust (P2 and P3) displays folded re��ection pat-
terns. Re��ectivity within P2 both cuts and dips into 
those of E1b (within the zone of overprinting marked 
as C1), suggesting that this re��ectivity is created by 
multiple events. Similar re��ectivity suggests that the 
material immediately below layer P2 (within E1b) 
is similar to that within P2. Block P3 has similar but 
stronger re��ectivity to P2, and the two units have 
different basal contacts. The contact between P2 and 
E1b could be conformable, whereas the base of P3 
is clearly detached from P4, especially under CMP 
8000. P3 displays a folded re��ection patterns that 
continues north until aligning with the south-dipping 
structures associated with underlying P4 that surface 
at around 9000, an alignment relating to overprinting 
zone C2. 

From CMP 8600 to CMP 9000, the re��ections  

Reflective Crustal Features of FIRE 4 and FIRE 4A

the lower to middle crust is characterized by high 

9000, Fig. 13)
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within P4 (within overprinting zone C2) have low- 
angle dips to the south, becoming subhorizontal close 
to the surface. Re��ections parallel to C2 can be fol-
lowed within E2 to the base of the crust, where these 
join the down-dip continuations of C1 (at 20 kilome-
tres and deeper below CMP 4000). Thin layers (P7a 
and P7b) with sub-horizontal to gently south-dipping 
re��ectivity also continue from the northern margin 
of C2 over blocks P6a and P9 (see also FIRE 4A). 
The re��ectivity of P7a is similar to P3, P4 and P6a. 
The re��ectivity of P7b is weak, resembling P9 (see 
northern crustal section description below).

Between CMP 9200 and CMP 9300 a weakly re-
��ective zone of moderate to steep relative dip to the 
north reaches the surface. Parallel features occur at 
the northern end of this southern crustal section (to 
at least CMP 8700) but may not surface. This weakly 
re��ective zone is a relatively younger feature in this 
area, and continues through the crust dividing FIRE 
4 and 4A into northern and southern parts. This fea-
ture is reviewed with the description of the northern 
crustal section.

Correlation with surface geology

The linear strong re��ectivity within the Pudasjärvi 
Comple� is inconsistent with the homogenous block 
of Archaean rock implied by geological maps of the 
area. The elements creating this re��ectivity may be 
mafic interlayers or younger mafic or ultramafic dikes. 

are known within the Pudasjärvi Comple� and are 

south and north of CMP 1100 respectively) do not cor-
relate with any differences noted on geological maps. 
However, aeromagnetic images clearly show that these 
areas have different magnetic properties (bo�ed area 

different blocks or geological histories.
The Archaean/Proterozoic boundary between the 

Pudasjärvi Comple� and Peräpohja Schist Belt can 

resented by the north-dipping southern margin of the 
Peräpohja Schist Belt. In the middle and lower crust 
this margin is not seen due to overprinting by Ela.

Given the low-angle dip of C1, and the history of 

continuations at depth (E2) is most likely to be a shear 
zone associated with thrusting. The southern splay 
of this shear zone (C1) surfaces at CMP 5000. This 

Opposing re��ectivity dips within E2 and A2 indicate 

that the Meltaus Shear Zone and the associated splay 
to the north (C2) represent a major crustal boundary. 

Re��ectivity associated with the Meltaus Shear Zone 
clearly cuts the steeply north-dipping transparent line-
ament at the northern boundary of A1a, indicating that 

northern margin. 
The northerly dip of re��ectivity at the Pudasjärvi 

Comple�/Peräpohja Schist Belt boundary (uppermost 

components associated with the lower volcanic units 

and/or the numerous dike generations identified in 
the area. Alternatively, this boundary re��ectivity and 
the distinct basal re��ectivity of the Peräpohja Schist 
Belt may indicate a sheared contact. The undulating 

sedimentary layering.
The presence of several blocks beneath the map area 

of the Central Lapland Granitoid Comple� suggests 
much greater comple�ity in the area than is currently 
indicated by published geological maps. The contact 
between the Peräpohja Schist Belt and Central Lapland 
Granitoid Comple� is obscured at surface as there is 
no data collection point, but e�trapolation of this con-

may be quite diffuse as there is some continuation of 
re��ectivity between the two areas. Alternatively, this 
continuity could re��ect a common deformation fabric 
metamorphic/migmatising event. 

The re��ectivity within the upper parts of E1b, and 
within P2, P3 and P4 is quite similar apart from the 
intensity of re��ectivity, which is weaker in E1b and 

the re��ectivity of E1b and P2 has been altered. In the 

E1b have been coloured separately to enclose this area 
of metamorphism and alteration, as it is perhaps the 
most intensely modified area of FIRE 4. This block is 
not necessarily a unique rock body, but may represent 
the affected components of adjacent blocks. 

and P4 are consistent with deformed mobile belts 
of mi�ed sedimentary and volcanic material. This 
suggests that the amount of intrusive material in the 

This suggestion is realistic given that mafic intrusions 

abundant at the contact between the Pudasjärvi Com-

2005). The near-surface subunits A1b and A1c (Fig. 3b, 

only be seen clearly in the upper crust where it is rep-

overthrusting argued for the FIRE 4 area, C1 and its 

shear is referred to here as the Meltaus Shear Zone. 

No mapped structure is described in the area of the 

lineaments trending northwest or northeast are the 
possible correlates with this structure.

Meltaus Shear Zone (Fig. 5b, at CMP 5400). Magnetic 

it is a younger structure than the Pudasjärvi Comple� 

crust) is consistent with the orientation of the 2.44 Ga 
(Vuollo & Huhma 2005) Tornio-Näränkävaara belt lay-

imaged in the uppermost crust may be these intrusions, 

ered intrusions present at this contact (moderately north 

re��ectivity traces within the belt are interpreted as 

tact seems to indicate that it dips south. This contact 

P2. The difference in re��ectivity intensity suggests that 

The patterns of re��ectivity in E1b (upper), P2, P3 

of Peräpohja Schist Belt, or a combination of these 

dipping; Iljina 2005). The north-dipping re��ections 

ple� and Peräpohja Schist Belt (see Vuollo & Huhma 

due to folding and thrusting of the original volcano-

in Fig. 3b) suggesting that A1b and A1c may represent 

interpretation shown in Figure 13c, blocks E1a and 
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Central Lapland Granitoid Comple� is smaller than 
that suggested by current maps, or that the granites 
are present as very thin sheets. The strong lineated 
appearance of the Central Lapland Granitoid Comple� 

consistent with migmatised rock of mi�ed composi-
tion than with homogenous granitoids. P2 and the 
southernmost part of P3, where re��ectivity is quite 
weak, may contain more intrusive material, or alter-
natively may have e�perienced greater re��ectivity 
destruction. The northern part of P3 within the map 

Formation (quartzites, mica schist, conglomerate) of 
the Sodankylä Group. 

Based on terminations in the trace of folding within 
P4 at its contact with P5, P5 appears to have been in 
place prior to some of the folding evident in P4, mak-
ing P5 a relatively older crustal block. The weak to 
transparent re��ectivity (block I1) overprinting P5 and 
E2 may be a large homogenous intrusion. A regional 
magnetic and gravimetric anomaly e�ists in this area 

in the upper crust (upper layer of model by Hahn & 
Bosum 1986). The estimated location of this gravity 
anomaly has been used to locate block I1 on the FIRE 
4A interpretation, although it is hypothetical whether 
I1 contributes to this anomaly. 

The re��ectivity pattern within block P6a of the 
Central Lapland Area is very similar to that of blocks 
P3 and P4 of the Central Lapland Granitoid Com-
ple� and can likewise be interpreted as a mi�ed belt 
of folded volcano-sedimentary material. Tectonic 
thickening appears to be greatest within P6a, and the 
block contains sub-blocks that are not divided in this 
interpretation.

The Venejoki Shear Zone and the north-dipping 
transparent zone immediately north of it (referred to 
here as the Kittilä Shear Zone) have mutually cross-
cutting near-surface re��ectivity. It is possible that the 
north-dipping structures of the Kittilä Shear Zone are 
not seen at surface, because these appear to be covered 
by the thin layer P7a and are not readily distinguished 
from other structures (named below) on aeromagnetic 
images. Re��ectivity disruption within P6a and the wide 
transparent zone e�tending to surface at CMP 9500 
show that the Kittilä Shear Zone also represents the 
most recent deformation in this area. The Kittilä Shear 
Zone is clearly a major shear zone, but it has not been 
identified in other data sets. On geophysical maps, 
two appro�imately east-west trending structures occur 

Zone and Kätkä Shear Zone respectively. Because the 
surface orientations of the Jolhikko and Kätkä shear 

two shears relate to the Venejoki Shear Zone or to the 
Kittilä Shear Zone. The calculated orientation of the 
Kittilä Shear Zone in the FIRE profiles is 60° to 000° 

An east-west trending zone of ca. 2.2 Ga mafic 
intrusions occurs within the area of the south-dipping 

mafic dikes intrude Savukoski Group formations in 
the area of the Jolhikko Shear Zone. The 1.8 Ga or 

between the Venejoki and Jolhikko shear zones. Like 
the deformation history of this area, the intrusive his-
tory is very comple�.

Block P7a is mapped as Sodankylä Group (>2.21 Ga; 

margin with the Central Lapland Granitoid Belt to 

upper crustal units is given in the ne�t section. 

Northern crustal section (FIRE 4 & FIRE 4A: 
CMP 9000 to CMP 22706)

At surface, FIRE 4A comprises the remainder of 
the Central Lapland Area, the Lapland Granulite Belt, 
and the Inari Area. 

Reflective features of the lower to mid crust

Within A4 the re��ectivity is generally weak but 
individual re��ections have low-angle to moderate 
dips to both the north and south. In the northern part 
of A4 the re��ections dip predominantly to the north. 
Re��ections within A6 are north dipping.

In the northern part of the profile, bright subhorizon-

overprint the otherwise moderately re��ective lower 
and middle crustal blocks A4 and A6. These bright 
re��ections (traced as blue lines) characterize the lower 
crust, and are relatively younger features that partly 
replace the re��ectivity within A4 and A6 described 
above. These form a 10 to15 kilometre-thick package 
of sub-parallel re��ections that are listric in shape and 
have a low-angle apparent dip to the northwest. The 
deepest ones ��atten out to form the Moho boundary. 
Much less abundant but similar overprinting strong 
re��ectivity is observed in FIRE 4B at the start of the 
profile. Using profiles FIRE 4A and FIRE 4B the 
orientation of this re��ectivity is estimated as 20° to 

on aeromagnetic images (Fig. 5b) would be more 

area of the Central Lapland Area is currently mapped 
as the >2.21 Ga (Lehtonen et al. 1998) Virttiövaara 

Mäkinen, 1997). The source of this anomaly is sug-
(Fig. 6, 20 milligal above background; Kääriäinen & 

gested to be within the middle to lower crust (Korho-

in this area (Fig. 19; between CMP 9400 and CMP 

structures are here referred to as the Jolhikko Shear 
9800 as labelled in Fig. 7). The southern and northern 

zones are not known, it cannot be determined if these 

Venejoki Shear Zone (Fig. 7a), and younger 2.0 Ga 

older Kittilä granite (Rastas et al. 2001) also intrudes 

CMP 9430. More discussion of these and underlying 

Lehtonen et al. 1998) that e�tends from the mapped 

nen et al. 2002a, b) but a local component also e�ists 

tal re��ections (E4; blue traces in Figs. 14c and 15c) 

(Table 5 & Fig. 18).
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Figure 18. Stereoplots (lower hemisphere projection, points are poles to planes (a); lines are planes (b) for some boundary structures 

disrupted by occasional and still younger moderately 
south-dipping re��ections (for e�ample, at depths of 
10 to 15 kilometres below CMP 17000). 

The lower crustal blocks are overlain by slices of 
the middle crust (U2 and U4), the internal re��ectivity 
of which dips south. The re��ectivity pattern is inter-
layered with a small more highly re��ective block (A3) 
that has layered re��ectivity dipping towards the north. 

In U2, the south-dipping re��ections appear in zones 
divided by low-angle re��ective planes dipping south. 
The lower contact towards A4 becomes obscured in 
the southern part where the re��ectivity is rather weak. 
U4 has patchy strong re��ectivity, and north-dipping 
re��ections have been overprinted by zonal south-dip-
ping re��ections. Both the upper and lower contacts of 
U4 are south-dipping planes across which re��ectivity 
properties change.

325° (Table 5). In FIRE 4A, these bright re��ections are 

present in the FIRE profiles. Data and method are given with Table 5.
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Reflective features of the middle to upper crust

The mid-crustal blocks are overlain by a set of 
smaller upper crustal blocks described here from south 
to north. In the southernmost part, highly re��ective 
units P6b and P6c display bright, continuous individual 
re��ections. The bottom contact towards U2 is sharp 
and moderately south dipping. P6b is characterized 
by a re��ectivity pattern resembling a ramp anticline 
structure. The re��ectivity of P6c has low to moderate 
dips that are generally to the south, although some low 
angle north-dipping re��ectivity is seen in the upper 
layers of this block. The re��ectivity of this block is 
dragged downward at the steeply south-dipping contact 
structure (transparent lineament) between P6c and 
P9. This drag indicates downward movement of P9 
relative to P6c (i.e. a normal component of movement 
on the contact structure).

Blocks P6b, P6c and P7a resemble blocks P6a, 
P3 and P4 of FIRE 4. On top of the highly re��ective 
blocks P6b and P6c, three weakly re��ective blocks 
are found (P7b, P9 and P10). The boundaries of all of 
these contain bright re��ections, particularly the base 
of P9. Block P8 is a small re��ective layer within P7a. 
The base of this layer dips north, and the block thins 
to the south. The northern boundary of P8 dips south. 
The weak internal re��ections within P9 have low-angle 
northward dips. The thickness of P9 varies up to 12 
kilometres. Overlying block P7b has similar re��ectiv-
ity to P9 but is separated from it by a more re��ective 
sub-horizontal to south-dipping lineament. P10 is a 
thin sheet (ma�imum thickness of two kilometres) 
of weakly re��ective material. Observable re��ectivity 
within P10 has either a low-angle northerly dip or is 
sub-horizontal. To the north, P10 is terminated by the 
boundary structure of A3. To the south, P10 tapers, 
ending before or at the boundary with P9. 

The dip of re��ectivity changes sharply at CMP 
13000, where the moderately north-dipping re��ections 
of A3 clearly terminate the lower angle re��ections 
within P6c and P10. The highly re��ective A3 sheet 
consists of listric north-dipping re��ections. These both 
terminate and are terminated by south-dipping re��ec-
tions of components of underlying block U2. A broad 
zone of very low re��ectivity within U2 accompanies 
the highly re��ective A3, adjacent to its base. Block 
A3 is over 10 kilometres wide at surface but tapers 
with depth. Smaller blocks of similar highly re��ec-
tive layered material are found between CMP 16000 
and CMP 17500 at a depth of 20 kilometres. Bright 
re��ections with low-angle dips to the south bind the 
deeper blocks of A3. The most continuous of these 
surfaces at CMP 18000, and parallels the southern 
boundary of block P13.

Strong moderately north-dipping re��ectivity can be 
seen until at least CMP 15500 within blocks A3, P11 
and the southern part of P12. Within P11, north-dipping 
listric re��ections form wedges of layered material. 
Re��ectivity is distinctly lower within P12 and P13. 
Within these blocks, the weak internal re��ections dip-
ping north are transected by south-dipping re��ections. 
The north-dipping re��ections e�tend from a moder-
ately south-dipping re��ective boundary surfacing at 
CMP 19000. Strong re��ections occur within P12 at 
the intersection with this zone, and also at the lower 
contact of P13. Block P13 is separated from P12 on 

volume). The southern boundary of P13 coincides 
with a linear belt of south-dipping re��ections, the 
continuation of which disrupts the re��ections of P11 
and U2. All of the above blocks are terminated against 
the south-dipping margins of A5 and U4.

A prominent change in the direction and degree of 
re��ectivity dip takes place at CMP 19000, north of 
which re��ections dip predominantly to the south. This 
south-dipping boundary marks the southern edge of 
the weakly re��ective upper crustal block A5. Within 
this block, weak subhorizontal to low-angle dipping 
internal re��ections are overprinted by moderately 
south-dipping re��ections. The northern boundary of 
this block reaches the surface after CMP 21000. At 
depths of 16 to 18 kilometres the boundary with U4 
is a continuous south-dipping re��ective surface. Un-
derlying block A6 has weak subhorizontal re��ectivity 
where not overprinted by E4.

A7 is a weakly re��ective upper crustal block with 
internal re��ectivity dipping towards the north. The 
northernmost upper crustal feature is A8, which is 
slightly more than one kilometre thick. A8 is char-
acterized by a distinct package of strong re��ectivity 
with a subhorizontal basal contact with U4. 

Correlation with surface geology

Upper-crustal block P7a continues from the south-
ern crustal section to just after CMP 9800. Mapped 
stratigraphy in this area contains formations of the 

of this block also contain ca. 2.0 Ga mafic intrusions. 
P7b is also mapped as containing Savukoski Group 
rocks almost to CMP 10200, beyond which it is 

Group. Block P8 between these two blocks correlates 
with outcrop area of Kumpu Group material, but this 

with metavolcanic rocks of upper Savukoski Group 
formations. P7b appears to be a thin subunit of the 

>2.13 Ga Savukoski Group (Lehtonen et al. 1998; 

mapped as ca. 2.0 Ga (Lehtonen et al. 1998) Kittilä 

bright re��ectivity could also suggest a correlation 

the basis of gravity interpretations (see Elo 2006, this 

Central Lapland Area, Fig. 7a). The northern parts 
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Kittilä Group. The south-dipping boundary between 
P7a and P7b is parallel to the northern margin of P8, 
and continues though P9. This structure does not cur-
rently e�tend to the middle crust and correlates with 
the mapped location of the Sirkka Shear Zone. The 

Shear Zone appear to post-date the emplacement of 
P7a and P8.

P9 is also mapped as Kittilä Group rocks. The 
re��ectivity of P9 is distinctly different from that of 

placed block. The narrow zone of sub-horizontal strong 
re��ections at the base of P9 also has an appearance 
consistent with a detachment surface. The southern 
boundary of P9 is a fault parallel to the Kittilä Shear 

Shear Zone. Surface projections of the northern bound-
ary of P9 correlate with the appro�imate location of 
the Hanhimaa ‘structure’, which may also represent 

subsequently referred to here as the Hanhimaa Shear 
Zone). The Hanhimaa Shear Zone is parallel on FIRE 

unlike the Venejoki Shear Zone and the Sirkka Shear 
Zone that appear to have appro�imately east-west sur-
face strikes, the Hanhimaa structure appears to have a 

structure, indicating that the Kittilä Group has been 
downthrown (relative to P6c).

The re��ectivity of underlying blocks P6a, P6b and 

P6c is very similar. The blocks are likely to contain 
similar rocks (volcanic and volcano-sedimentary 
material) but are now separated by the Kittilä Group 
and by the Kittilä Shear Zone.

P10 is also mapped as Kittilä Group rocks. The map 

Block A3 correlates with the Tanaelv zone (contain-
ing high-pressure metamorphic rocks now ju�taposed 
against the low-pressure greenschist facies rocks of 
blocks P7-P10). Blocks P11 and P12 correlate with 
the Lapland Granulite Belt. Block P13 is mapped as 

structure that postdates thrusting associated with the 
Lapland Granulite Belt. The displacement of A3 and 

ment. The origin of this structure, here referred to as 

known. Apart from this structure, the parallel strong 
re��ections in the lower crust beneath the Lapland 
Granulite Belt and Inari Area (E4) are the youngest 
re��ections within FIRE 4A. 

A5 correlates to the Inari Area. The surface e�ten-
sion of U4 has an appro�imate correlation with the 
map area including the Opukasjärvi Group and  Čap-

map area of the 2.604 Ga Pirivaara Granite, 1.79 Ga 
Vainospää Granite, and Surnujärvi Greenstone Belt 
of unknown age. 

Reflective crustal features of FIRE 4B

Reflective features of the lower to mid crust

The seismic terranes interpreted for FIRE 4B are 

The lower crustal blocks common to both profiles are 
A2, U1 and P6a, all of which have weak re��ectivity 

within A2 includes some west-dipping re��ections, but 
generally re��ectivity within A2 is sub-horizontal in 
FIRE 4B. In the eastern parts, the moderately re��ective 
U1 contains horizontal and east- dipping re��ectivity 
that is brighter than that of A2, whereas in the western 
parts the re��ectivity is dominantly crosscutting and 
west dipping. 

Weak subhorizontal re��ectivity associated with 
E4 of FIRE 4A overprints the dominant re��ectivity 

overprinting is not comparable to that seen in FIRE 
4A. Calculations for the orientation of the base of 
block U1 are 35° to 060° and 15° to 065°.

Block P6a is a poorly re��ective block. A west-dip-
ping, linear transparent zone of truncated re��ectors 
separates these three FIRE 4B blocks from other 
FIRE 4B blocks further west. A similar zone surfaces 
near the start of FIRE 4B. Disrupted re��ectors occur 
between these two zones (dashed lines at the start of 

re��ectivity destruction similar to that seen previously 
in block E1a of FIRE 4. The shear zone is interpreted 
as a continuation of the Kittilä Shear Zone.

Blocks U8, U9 and U10 have moderate east-dipping 
re��ectivity, which is particularly disrupted within U10. 

basal structure of P7b is not mapped but is sketched 

surrounding blocks, consistent with P9 being an em-

4A to the Sirkka Shear Zone to the south. However, 

a comple� package of parallel shear zones (Fig. 19; 

Zone that does not e�tend through the whole crust (Fig. 
13). This feature surfaces in the area of the Jolhikko 

area corresponding to P10 contains abundant grani-
toid intrusions (Hetta type; e.g. 1.91 Ma Ruoppapalo 
granodiorite; Lehtonen et al. 1998).

delineating the southern boundary of P13 is a young 

the Kaamanen Fault (Fig. 10, CMP 18000), is not 

paskaidi gneiss comple�. Block A8 e�tends across the 

U2 by this structure indicates normal fault move-

2.3 Ga to 2.06 Ga metasediments and 1.96 Ga to 1.91 
Ga gneisses (Koistinen et al. 2001). The structure now 

similar to their continuations on FIRE 4. Re��ectivity 

common to the intersecting profile FIRE 4 (Fig. 17). 

the profile), and the middle to upper crust displays 

in Fig. 19. At least the later movements of the Sirkka 

of A2 and U1 in FIRE 4B (blue re��ectors in Figs. 15 

strike somewhere in the range north to northeast (Fig. 
19). Normal movement is apparent on the Hanhimaa 

shown in Fig. 15b. Only the easternmost of these are 

and 17, orientation 20° to 325°), but the amplitude of 
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The calculated orientations for the bases of these blocks 
are 15° to 040° for U8 and 30° to 130° for U10. A 
low angle, east-dipping transparent zone with highly 
re��ective parallel margins is also seen within U8 at 
depths below 20 kilometres (under CMP 800 to CMP 
1600, orientation 25° to 080°). Within U10 re��ectivity 
is overprinted by a west-dipping zone with weakened 

continue to surface. It is not clear from the profile if 
blocks U8, U9 and U10 have been originally a con-

orientations for the bases of these units are 15° to 120° 
(base of U8) and 30° to 130° (base of U10). 

Reflectivity of the middle to upper crust

In general, the location of block boundaries in mid-
dle and upper crust of FIRE 4B was less clear than 

interpretation proposed for FIRE 4B is less conclusive 
than those for FIRE 4 and FIRE 4A.

Block U7 is separated from underlying blocks by 
an east-dipping zone of high amplitude re��ections 

with alternating high and low amplitude re��ections 
that have an antiformal appearance that is largely a 
distortion resulting from turns in the data collection 
line. Block U7 also contains transparent patches.

Block U7 is overlain by P9 (Kittilä ‘Group’ package 
of FIRE 4A). Block P9 is the thickest at the start of 
FIRE 4B and tapers out after CMP 1600. On FIRE 
4B the unit appears as moderately to highly re��ective 

on FIRE 4A. The crosscutting relationship between 

It should be remembered that these blocks might 
contain subdivisions.

Two blocks with west-dipping bases are present 
at the end of FIRE 4B (P14 and P15, bases oriented 
30° to 000° and 40° to 020°, respectively). Block P14 
contains some east-dipping re��ectivity, cut by more 

are typically concentrated into linear clusters. The 
strongest clusters are found adjacent to the contacts 
between P14 and U7, and between P14 and P15, and 
in the uppermost crust below CMP 1800. The base 
of P15 is parallel to the basal contact of P14. Block 
P15 has stronger re��ectivity than P14, but the appar-
ent dips of re��ectivity within each are the same. The 
basal orientations of P14 and P15 are 30° to 000° and 
40° to 020°, respectively. At depth, both P14 and U7 
are terminated by U9.

Correlation with surface geology

According to mapped geology, the 2.2–2.05 Ga 

4) should be present in the area up to CMP 450. Block 
P7b, which the interpretation of FIRE 4 and 4A sug-
gests to have a close relationship to P7a, should also 

resolved in FIRE 4B, however a gap in data collection 
e�ists in this area due to the Sirkka village area and so 
additional blocks may be present within the gap area. 
The upper crustal area to CMP 800 in FIRE 4B may 
include the block P7b (as implied by map correlations) 
but this area is difficult to separate from P9 due to the 
data gap at the start of the profile.

The area from appro�imately CMP 450 to CMP 

Kittilä Group rocks with minor intercalations of the 
Savukoski Group. This is essentially consistent with 

zone containing the ENE-striking Kehtosvasa Fault 

the FIRE 4B data. The Kehtosvasa Fault correlates 

phibolite facies rocks surrounded by mid-amphibolite 
facies rocks to the west and greenschist facies rocks 

The Ruskisrova intrusive comple� between CMP 

feature is hard to identify. The same applies to the in-
trusive masses seen in geophysical images immediately 

pillow lavas. West of these intrusions, amphibolites 

appro�imately parallel to the FIRE 4B profile. Details 

Formation metasediments (>2.21 Ga Sodankylä 
Group; as mapped for the southernmost parts of the 

metasediments area accompanied by Haaparanta Suite 
and Kittilä-type intrusions, minor older metavolcanic 
rocks of the ca. 2.44 Ga Onkamo Group, and by 2.0 
Ga mafic dikes in eastern areas. 

All units within FIRE 4B appear to have sheared 
bases, and internal shears can be interpreted from the 

and irregularly oriented re��ectivity. This zone does not 

tinuous sequence or three distinct blocks. Estimated 

those within the other two profiles. Because of this, the 

(oriented 20° to 100°). U7 contains layered re��ectivity 

P9 and P14 is not clear (and only one option is drawn 

and are common to FIRE 4B, FIRE 4 and FIRE 4A. 

and with higher re��ectivity than on its continuations 

abundant bright west-dipping re��ectivity. The latter 

(Lehtonen et al. 1998) Savukoski Group (P7a of FIRE 

be present to appro�imately CMP 800. These are not 

the interpretation of FIRE 4B. However, the map 

1650 is mapped as ca. 2.0 Ga (Lehtonen et al. 1998) 

(Fig. 19) forming the southern boundary to outcrop 

between CMP 800 and CMP 850 is not resolved from 

to the east; Hölttä et al. in press).

with a metamorphic grade peak (zone of upper am-

1000 and CMP 1300 is seen in FIRE 4B but has not 

west of Ruskisrova (parallel to the FIRE 4B profile 
to CMP 1550; Fig. 12b). South of these intrusions, 

nificant undocumented boundary in this area, trending 

relating with P14 consists mostly of Virttiövaara 

of this boundary are not seen in FIRE 4B. 
Mapped geology (see Lehtonen et al. 1998) cor-

Central Lapland Area covered by FIRE 4). These 

of the Pyhäjärvi Formation (Kittilä Group; Fig. 12a) 

in Fig. 15c). Blocks U7 and P6a may be related rock, 

occur in an area also mapped as Kittilä Group (V. 
Kortelainen 2005, pers. comm.). This suggests a sig-

Kittilä Group volcanic rocks are greenschist facies 

been drawn in Figure 15 as an accurate limit for this 
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Figure 19. The FIRE profiles suggest that the Central Lapland Area contains more individual tectonic blocks than have been shown on 

the most likely locations). The Kittilä Shear Zone is not shown.

bright linear re��ectors in many blocks. The elongated 
transparent zone within U8 also resembles a sheared 
area, possibly along a subunit boundary within U8. 

All west-dipping linear zones of transparency and/or 
re��ectivity destruction in FIRE 4B can be connected to 
shears at surface. The surface projection of the structure 
terminating blocks P6a, U1 and A2 at the start of FIRE 
4B correlates with the Kittilä Shear Zone (orientation 
60° to 000°). The parallel structure further the west in 
FIRE 4B has a similar orientation to the first structure. 
This western shear does not terminate crustal units, 
as does the first crustal-scale shear in FIRE 4B. This 

suggests that the second shear in FIRE 4B may be a 
younger structure utilising an earlier weakened zone. 
The same can be suggested for the adjacent parallel 
shear penetrating only P9 in FIRE 4B.

The most distinct mapped structure in the FIRE 4B 

weakened and disrupted re��ectivity of U10 probably 
correlates with this structure. The boundaries of this 
zone of re��ectivity destruction (east and west bounda-

to 255°, respectively.

INTERPRETIvE MOdEL

The re��ectivity-based interpretations presented in 
Figures 13 to 15 indicate the presence of up to four Pal-
aeoproterozoic mobile belts in the upper crust. These 
can be divided into southern, central, northern and 
western volcano-sedimentary belts. Several significant 

crustal-scale structures are also identified. These are 
reviewed below, from south to north. Underlying and 
adjacent Archaean blocks will be reviewed with the 
relevant Palaeoproterozoic blocks.

area is the Pajala-Kolari Shear Zone (Fig. 12b). The 

ries of block U10) are oriented 60° to 285° and 60° 

published geological maps (e.g., Fig. 8a). Possible block boundaries (structures) are sketched in this figure (black or yellow lines tracing 
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Southern Palaeoproterozoic belt

The first Palaeoproterozoic belt begins in the area of 
the Peräpohja Schist Belt and continues to the northern 
margin of the Central Lapland Area. This belt includes 
blocks P1 to P7a, and block P8. The second includes 
the allochthonous material of the Kittilä Group (P9) 
and block P7b. The third includes blocks P10, A3, and 
blocks P11 to P13 of the Lapland Granulite Belt. The 
fourth includes blocks P14 and P15 of FIRE 4B.

The southern contact of the first belt is the north-dip-
ping southern boundary of the Peräpohja Schist Belt. 
The blocks of the southern belt all display re��ectivity 
patterns suggesting the interlayered lithologies typi-
cal for volcano-sedimentary sequences, and also of 
mobile belt or thin-skinned deformation. The faulted 

that all may also have e�perienced some horizontal 
displacement during deformation. The degree of dis-
placement is not currently known. The e�ception is 
P2, which appears to be continuous with underlying 
altered block E1b. 

from the first Palaeoproterozoic belt by the very 
consistent appearance of its re��ectivity throughout 
the crust. However, the upper crustal parts of the 
Pudasjärvi Comple� (A1b and A1c) appear to have 
faulted bases similar to those of the Palaeoproterozoic 
upper crustal blocks to the north. This suggests that 

at least the upper crust of the Pudasjärvi Comple�. 
These structures also contain linear bright re��ections 
interpreted as mafic dikes. 

The first large crustal structure seen in FIRE 4 is 
the southern boundary of E1a, which causes an abrupt 

of E1a and Elb also enclose the most significant area of 
re��ectivity destruction in FIRE 4, which e�tends from 
the upper to lower crust. Above E1a, the Palaeopro-
terozoic autochthonous to para-autochthonous rocks 
(see below) are less than five kilometres thick.

It is proposed that E1a records e�tensive thinning 
and magmatism associated with a rifted margin. Rifting 
has been proposed earlier for this area at 2.44 Ga and 

to magmatism and crustal thinning during e�tension. 
The MORB-like geochemical composition and large 

e�tension was prolonged enough to generate the crus-
tal-scale structure indicated by E1a. The non-lithos-

setting. The ca. 2.1 Ga age of the Jouttiaapa basalts 

for e�tension.
The present Peräpohja Schist Belt is interpreted as 

autochthonous to para-autochthonous with respect to 
E1a. The base of the Peräpohja Schist Belt contains 
re��ectivity that could be interpreted either as dense 

autochthonous nature). The internal layering within  
P2 appears continuous, suggesting a primary basal 
contact. However, the base of P2 is obscured within 
E1b. 

Apart from the similar re��ectivity of blocks P1, P2, 
P3, P4, P6a and P7a within this first belt, an associa-
tion between these blocks is supported by the similar 
ages and compositions of the stratigraphic sequence 
proposed for the better documented belts (Peräpohja 
Schist Belt (P1) and Central Lapland Area (P6a, P7a); 

relations throughout this area. For e�ample, picritic 
and komatiitic volcanic rocks in the Savukoski Group 

lar Sm-Nd isotopic characteristics to the Jouttiaapa 

Schist Belt). It is proposed that the Peräpohja Schist 
Belt and Central Lapland Area blocks within this first 
belt represent the southern and northern ends of a rift 
system depositing 2.1 Ga to 2.05 Ga mafic volcanic 

rocks associated with Savukoski Group volcanic rocks 
indicate that these (Central Lapland Area) volcanic 
rocks have e�truded in a deepening basin environ-

Jouttiaapa basalts of the Peräpohja Schist Belt that 
were followed by quartzites and dolomitic rocks 

rift system, with deeper basins formed in the north. 
Blocks associated with the northern part of the rift 
system (E2, P3 P4, P5, P6a-c, P7a) are now present 
as thrust-stacked blocks.

placed within this first belt because the re��ectivity of 
this area is very similar to that of the adjacent Peräpohja 
Schist Belt and Central Lapland Area. This similar 

land Granitoid Comple� (blocks P2, P3 and P4) are of 
similar composition to the other volcano-sedimentary 
blocks to the north and south (P1, and P6a-c) rather 

bases likely for these Palaeoproterozoic blocks suggest 

The Archaean Pudasjärvi Comple� is distinguished 

some Palaeoproterozoic deformation has affected 

termination to the Pudasjärvi Comple�. The boundaries 

2.2 Ga (for e�ample, Alapieti et al. 1990, Vuollo & 

ity destruction within this zone is interpreted as due 
Huhma 2005, Iljina & Hanski 2005), and the re��ectiv-

volume of the 2.1 Ga Jouttiaapa basalts (Huhma et 
al. 1990) in the upper crust of this area suggest that 

pheric geochemistry of the Jouttiaapa basalts (Huhma 

et al. 1990), combined with accompanying subaerial 
volcanism and interlayered meta-sandstones (Table 
2a) also indicates the development of a rift-margin 

(Huhma et al. 1990) is used here as a minimum age 

dike rocks or as a detachment (favouring a para- 

basalts; block P7a) are of a similar age and have simi-

rocks in the south and north of FIRE 4. Sedimentary 

ment (Lehtonen et al. 1998) compared to the subaerial 

(Perttunen et al. 1996). This suggests an asymmetrical 

The Central Lapland Granitoid Comple� has been 

re��ectivity suggests that either rocks in Central Lap-

of the Central Lapland Area (Jeesiörova-Peuramaa 

compare Tables 2a and 3), and by geochemical cor-

volcanic rocks (Hanski et al. 2001a) of P1 (Peräpohja 
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than characteristic of a granitoid comple�, or that 
the re��ectivity within these blocks is due to a similar 
post-depositional tectono-metamorphic history. The 

terial in areas of weaker re��ectivity, particularly the 

indicate an area of greater migmatisation. Generally, 
the large age variation of intrusive ages present in the 

complicate the interpretation of this area. The poten-
tially detached bases of P3 and P4 further allow the 

The identity of P5 is not known. Possibilities include 
a remnant mantle block or an underthrusted e�tension-

Younger structure E2 crosscuts the southern rift 
margin (southern boundary of E1a). E2 is interpreted 
as a thrust zone, constrained by the inferred minimum 

than 2.1 Ga. Two splays from E2 reach the surface 
– the Meltaus Shear Zone (overprinted area C1) and 
Venejoki Shear Zone (C2), and both are interpreted 
as major thrust detachment zones. These thrusts are 

basin discussed above, and the potentially detached 
bases of the blocks within this first belt may have 

mapped in detail. 
The mid to upper crustal Archaean blocks to the 

Comparable re��ectivity patterns were seen in FIRE 

were interpreted as Archaean crust riddled with dikes 

this volume). Here block A1a could be interpreted 

ning at block E1a. The majority of e�tension occurred 
within E1a, E1b and E2. The current appearance of 

result of thrust stacking associated with the Meltaus 
and Venejoki Shear Zones.

ity resembling folding and is interpreted as the area 
e�periencing the most tectonic thickening associated 

emplacement of layer P7a appears to be a relatively 
young event in the thrust stacking of the rift-related 
sequence, as its re��ectivity is partly unconformable 
with P6a.

The other significant crustal structure in this area is 
the north-dipping Kittilä Shear Zone centred at CMP 
9000. This is a very significant and previously unrec-
ognised zone of deformation. It e�tends into the upper 

mantle and can be seen displacing the stratigraphy of 

structure can be clearly seen disrupting folded re��ec-

Shear Zone structures are also overthrust by P7a, the 
emplacement of which is also proposed to relate to 

Finally, the youngest deformation seen in this area is 
the north-dipping shear zone (transparent zone) at the 
margin between P6a and P9. This is also a feature of 
the Kittilä Shear Zone.

The deposition of block P8 (molasse-type sedi-
mentary rocks of the Kumpu Group) within P7a may 
have occurred at the same time as the emplacement 

north (V. Kortelainen, pers. comm. 2005), consistent 
with the possible transport directions associated with 
the Venejoki Shear Zone.

Block P7b (not included in the southern belt) par-
tially overlies P9 (Kittilä Group), and the emplace-
ment of P7b is interpreted as connected to thrusting 
associated with the Venejoki Shear Zone. This implies 

thrusting associated with the Venejoki Shear Zone. 
The Sirkka Shear Zone cuts block P9 (Kittilä Group 

(Kumpu Group +/- Lainio Group) and so it is possible 
that the Sirkka Shear Zone may also be responsible 
for some of the deformation affecting P8. 

The Sirkka Shear Zone is here interpreted as a back 
thrust related to the Kittilä Shear Zone. It is also pos-

to the Venejoki Shear Zone, or that the Sirkka Shear 
Zone was initiated as a result of the emplacement of 
the Kittilä Group. The interpretation of the Sirkka 

from that made during interpretation of the POLAR 
Profile data, where the Sirkka Shear Zone was inter-

There is other evidence for multiple deformation 
events within this first belt. For e�ample, the folded 
re��ectivity within P5 is clearly older that that in overly-
ing block P4, as P5 re��ectivity is not continuous with 
that of P4. Mutual crosscutting relationships are seen 
between re��ectivity associated with the Meltaus Shear 
Zone and near-surface re��ectivity within P2, suggest-
ing multiple movements on this structure. Although 
the majority of deformation can be interpreted as 
compressional, there is also evidence for e�tensional 

uppermost layer P3 may contain more intrusive ma-

southern margin of this block. Alternatively this could 

Central Lapland Granitoid Comple� (2.1 Ga to 1.77 

possibility that these are allochthonous blocks.

Ga; Ahtonen et al. submitted, Perttunen et al. 1996) 

associated block from the rift core or margin.

age of the e�tension interpreted above to be younger 

likely to have been initiated during closure of the rift 

also originated during this event. Neither structure is 

south (A1a and A1b) have similar high re��ectivity. 

profile 1 (Korja et al. 2006, this volume) where these 

similarly, as the less stretched margin of the rift begin-

blocks within the southern belt is most likely to be the 

Block P6a contains the thickest section of re��ectiv-

with movements of the Venejoki Shear Zone. The 

this southern Palaeoproterozoic belt in FIRE 4B (Fig. 

this structure. Within P6a, the parallel planes of this 

Meltaus and Venejoki Shear Zones. However, Kittilä 
tivity proposed to be generated by movement of the 

17). Multiple movement phases are also apparent on 

compression associated with the Venejoki Shear Zone. 

of P7a. The Kumpu Group is also overturned to the 

that the Kittilä Group was in place before the end of 

rocks), and also forms the northern boundary of P8 

weaker zones created during older deformation relating 

Shear Zone presented here is significantly different 

preted as the largest south-dipping thrust zone in the 

sible that the Sirkka Shear Zone was initiated along 

area (e.g., Gaál et al. 1989).

formed by rift-related e�tension (Korja et al. 2006, 
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deformation between compressional events. For e�-
ample, re��ectivity drag in E1b against the Meltaus 
Shear Zone indicates e�tensional movement between 
the compressional events relating to the re��ectivity 
patterns described above.

A lack of direct age data for deformation events 
prevents unravelling this deformation into any detailed 
sequence. A more fundamental problem is that the 

belt are not known. In most cases the only source of 
information on structure orientations is aerogeophysi-
cal maps. The Meltaus Shear Zone could be correlated 
with northwest trending lineaments in aeromagnetic 
data or with northeast trending lineaments. Field 
observations appear to support a northwest orienta-
tion, as the northeast trend appears to be caused by a 
lineation rather than planar structures (J. Ojala, un-
published data). Many northwest trending structures 

in this area have magnetic patterns resembling brittle 

later reactivations related to more significant and 
older structures. 

Aeromagnetic maps also provide several possible 
orientations for the structures present at the end of 
FIRE 4. Most aeromagnetic lineaments indicative of 

large northwest and northeast trending structures that 

to the Lapland fracture zone of Talvitie (1979). The 

trending zone is implied. As this orientation is parallel 

Figure 20. Major structural trends affecting the Central Lapland Area (numbered lines e�cept 4) that potentially correlate with struc-
tures in the FIRE profiles. More data is needed to resolve these correlations. Line 1: possible orientation of the Meltaus Shear Zone, 
line 2: alternative orientation for Meltaus Shear Zone, line 3a: de�tral shear of Gaál (1978), line 3b: Ailanka Fault. Lines 3a and 
3b are part of a wide northwest trending zone, drawn as a de�tral shear parallel to the Raahe-Ladoga zone (Archean/Svecofennian 
boundary in central Finland). Airo (1999) identified the Ailanka Fault (line 3b, which e�tends further northwest than drawn) as a 
series of faults following the northwest-trend of Paleoproterozoic rifting and parallel to an Archean block boundary to the east of the 
same orientation. This fault is described as a rift-related transfer fault later reactivated with reverse and thrust movements during the 
Svecofennian Orogeny. The Lapland fracture zone described by Talvitie (1979) is considered a correlate of line 3b. Structures in the 
zone appro�imated by lines 1 and 3a e�tend into northern Norway and have been drawn on Russian geological maps as de�tral shear 
zones with additional vertical movements (Petrov 1970). Number 4 indicates the area of thrust nappes described as part of a foreland 
related to Lapland Granulite Belt overthrusting (Evins & Laajoki 2002) and line 8 indicates the southern limit of features relating to 
this event identified from FIRE 4A data. Line 5 indicates the area dominated by east-trending stuctures. Line 6 is a strong northeast 

5 and 6 all contribute to the comple�ity of the Sirkka area at the end of FIRE 4 and start of FIRE 4A, as does the north-trending 
Pajala-Kolari Shear Zone (line 7).

real orientations of many shear zones within this first 

structures (Figure 5b) but it is possible that these are 

deformed zones in the area of the Venejoki and Kit-
tilä shear zones appear to have east-west strikes (Fig. 
7b). However, country-scale aeromagnetic maps show 

could be e�pected to dominate the area (Fig. 20). The 

to the Archaean-Svecofennian boundary in Central 

northwest- trending zone in Figure 20 (line 3a) has 
been identified by Gaál et al. (1978) and is parallel 

e�act location of both is vague and a broad northwest 

trend associated with the Äkäsjoki, Iso-Pirttivaara-Kurtakko, and Muusa Shear Zones (Fig. 7). The trends represented by lines 3a, 
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Finland (Raahe-Ladoga Zone), the northwest orienta-
tion would seem to be the more likely orientation for 
structures of the scale of the Meltaus and Venejoki 
Shear Zones. This is an assumption that requires 
confirmation from field evidence. 

The Kittilä Shear Zone may be an east-west trend-
ing zone. The calculated orientation (60° to 000°) 
supports a northerly dip. However, the relationship 

trending deformation zones of the Äkäsjoki Shear 

e�ample, Jolhikko, Kätkä, and Sirkka Shear Zones) 

with the larger northeast- and northwest-trending 
deformation zones. 

Central Palaeoproterozoic belt

The second group of Palaeoproterozoic blocks is 
primarily represented by P9 (Kittilä Group), which now 
separates sub-blocks P6a to P6c of the southern belt. 
Block P7b is also tentatively placed with this belt. The 
basal structure of block P7b is challenging to interpret. 

rest of the Kittilä Group. Conversely, it also appears to 
have a comparable and perhaps continuous geometry 
to the basal structure of P7a. As the interpretations 
made in this paper are primarily based on re��ectiv-
ity, P7b is not currently interpreted as part of the first 
belt. The composition and age of block U2 cannot be 
known, although its base appears sheared. 

The emplacement timing of P9 relative to the blocks 
of the southern Palaeoproterozoic belt was reviewed 
in the previous section. The northern boundary of P9 
is the Hanhimaa Shear Zone. In profile the Hanhimaa 
Shear Zone has an apparent parallel dip to the Sirkka 
Shear Zone, but the map trend of the Hanhimaa Shear 

interpreted here for the Hanhimaa Shear Zone is con-
sistent with earlier gravity modelling of the boundary 
between the Central Lapland Area greenstones and the 
Hetta granitoids to the north, which was interpreted 

A significant point revealed about the Hanhimaa 
Shear Zone indicated by re��ectivity traces is that it 
has e�perienced down-dip movement (down throw 
of the Kittilä Group against P6c). Although not clear 

the Kittilä Group also has a stepped bottom topog-
raphy approaching its northern margin that that also 
suggests e�tensional movement. This event must by 

of the Kittilä Group. It may also have similar rela-
tive timing to the e�tensional movement on southern 
structures described earlier that are later events than 
rift-related e�tension.

Northern Palaeoproterozoic belt

The third Palaeoproterozoic belt includes blocks 
P10, A3, P11, P12 and P13. The internal re��ectivity 
and basal contact of P10 suggest that it has been over-
thrust from a northward direction. The metamorphic 
grade of P10 is also significantly higher than that of 
the Kittilä Group (P9) and other blocks to the south. 

P10 and the Lapland Granulite Belt. The appearance 
of P10 is obscured by thin sub-horizontal intrusions 
that dominate this block.

A3 correlates with the Tanaelv zone. This zone is 
mapped as including thrust interlayers of basement 

tinct boundary with the Central Lapland Area to the 

zone contains rock that originated from the Central 

Lapland Area, but instead have an affinity with the 
Lapland Granulite Belt as proposed in earlier work 

The appearance of re��ections within the Tanaelv 
zone and start of the Lapland Granulite Belt (A3 and 

overthrusted sequence and with previous geophysical 

locity and density differences between enderbites and 

of which can be seen to post-date the south-dipping 
re��ectivity within P6c associated with the southern 
compressional events (see blocks A3 & P11). The broad 
zone of re��ectivity destruction beneath A3 may also 
be due to rock elastic property destruction caused by 
deformation associated with overthrusting.

between the Kittilä Shear Zone and the northeast-

sibility is that all east-west trending structures (for 

Zone and Iso Pirttivaara-Kurtakko Shear Zone (Fig. 

may be minor or compensation structures associated 

Rock within this block has similar re��ectivity to the 

Zone is north to northeast (Fig. 19). The degree of dip 

as a steep structure (Lehtonen et al. 1998).

incorporated into future models for the emplacement 

These points suggest tectonic relationship between 

rock and units of the Central Lapland Area (Koistinen 

of the Lapland Granulite Belt, and it has a very dis-

south. These points suggest that it is unlikely that this 

et al. 2001). Seismically A3 is clearly a component 

Granulite Belt has previously been attributed to ve-
Korja et al. 1996). Re��ectivity within the Lapland 

metasediments (Korja et al. 1996), the overthrusting 

interpretations from the POLAR Profile data (e.g., 

P11 respectively) are consistent with a south-directed 

(e.g., Marker 1988).

7b; line 6 in Fig. 20) should be clarified. One pos-

at the scale of the profile reproductions in Figure 14, 
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The base of the overthrust sequence (A3) is also cut 
and displaced by south-dipping bright re��ections. The 
apparent displacement sense is normal, and the most 
continuous of these structures e�tends to surface at 
the southern boundary of P13. This structure (Kaa-

significantly younger e�tensional structure unrelated 
to the e�tension mentioned previously.

Block P13 is mapped as ca. 2.3 Ga to 2.06 Ga 
metasediments and ca. 1.96 Ga to 1.91 Ga gneisses 

major tectonic boundary present in this area (discussed 
ne�t) it is likely that P13 is also part of the Lapland 
Granulite Belt.

The major collisional structure in this area is the 
boundary between blocks interpreted here as belonging 

upper crust this boundary dips south, terminating the 
Lapland Granulite Belt in the upper to mid crust. In 
the middle and lower crust this boundary is a jagged 
margin. The shape of this margin resembles the croco-

indicating preserved comple� collisional root zones. 
This zone is interpreted as preserving the suture zone 
between the Karelian and Kola Cratons. 

A collisional structure in this area was also recog-
nised in a seismic section for the Lapland Granulite 

and steep south-dipping structures at the northern 

could be interpreted as a comple� thrust array. Similar 
structures are present but not prominent in FIRE 4A, 
within which the cratonic margin is dominated by 
south-dipping structures.

has been overthrust by the Karelian/Kola Craton col-
lision is not clear from the profile. This collision is 
also likely to be also responsible (at some stage) for 
the emplacement of P10.

Une�plained north-dipping re��ectors are present 

tions in the upper mantle (for e�ample, 60 kilometres 
below CMP 19000). These are similar to the upper 
mantle re��ections of FIRE 4 at CMP 1500 and CMP 
6000 and in FIRE 4A at CMP 11000. Arguments for a 

subduction zone model beneath the Lapland Granulite 

that mantle re��ections at CMP 19000 relate to such a 
zone. However, very few re��ections e�tend into the 
mantle, and a substantial amount would be e�pected 
if a preserved subduction zone e�isted. Additionally, 

been detected in this area, which should be present if 
the north-dipping re��ections within the mantle here 
indicated such a boundary. 

Alternatively, upper crustal rocks in the Lapland 
Granulite Belt could be interpreted as representing 

ture/low to medium pressure metamorphism associated 
with magmatism in the Lapland Granulite Belt fits 
well with this model, and the absence of preserved 
metamorphic rocks equivalent to an accretionary 

or because this material was subsequently eroded. 
Alternatively, rocks in this area could preserve the 
basal crust of an island arc.

E4 represents an area of overprinting re��ections 
(overprinting blocks A4 and A6). Strong subhorizontal 

4A, these re��ections are interpreted as indicating 
significant post-collisional e�tension beneath the Inari 
Area, Lapland Granulite Belt and northern Central 
Lapland Area.

Four blocks have been interpreted for the Inari Area 
adjacent to the northern Palaeoproterozoic belt de-
scribed above. The sheared bases of blocks A5 and U4 

The sheared base of A7 dips in the opposite direction. 
The Surnujärvi greenstone belt (A8) unconformably 
overlies U4. It should be noted that the appearance 
of A8 also resembles the granitoid-rich layer P10, 
which might suggest an intrusion-rich composition. 
Assessing data regarding the geology of northeastern 
Russia (Kola Craton) is needed to further interpret 
the Inari Area.

western Palaeoproterozoic belt

The final Palaeoproterozoic belt includes blocks 
P14 and P15 of FIRE 4B. Both blocks are mapped 
as Virttiövaara Formation rocks (quartzite and other 

granitoids, Haaparanta Suite intrusions and by Hetta 

manen Fault; CMP 18000 in Fig. 10) appears to be a 

(Koistinen et al. 2001). As this block is south of the 

to the Lapland Granulite Belt and Inari Terrane. In the 

Belt produced during the Europrobe project (Sharov 

structures at the southern margin of the Inari Area 
et al. 2005). This section shows steep north-dipping 

margin of the Inari Area (Sharov et al. 2005) that 

The degree to which the Lapland Granulite Belt 

towards the base of the crust, as are some parallel re��ec-

in or near the Lapland Granulite Belt. It is possible 

et al. 1980, Barbey et al. 1984, Krill 1985, Daly et 
Belt have also been reviewed. Some authors (Hörmann 

al. 2001) propose a north-dipping subduction zone 

no real velocity boundary in the upper mantle has yet 

an inverted sialic back-arc basin, a model previously 

wedge could be because no such material e�isted 

re��ections here were also recognised in results from 
the POLAR profile (Behrens et al. 1989). For FIRE 

have parallel dips to the Karelian/Kola Craton margin. 

metasediments, Table 3) intruded by Kittilä-type 

Comple� granitoids (Lehtonen et al. 1998). No large 

(1990), and Lahtinen et al. (2005). The high tempera-
proposed by Berthelsen & Marker (1986a), Marker 

dile patterns of Meissner et al. (1991), interpreted as 
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intrusive masses are seen in FIRE 4B. 
As mentioned previously, this area of FIRE 4B is 

mapped as containing stratigraphic units originally 
defined in the southern Central Lapland Area. How-

this is the contrasting magnetic patterns for the two 

gests different rock types. 
Blocks U7 and U8 to U10 are also problematic. 

These appear to have no equivalents in FIRE 4 or 

Understanding the origins of these blocks is also im-

all overthrusted blocks, but no information about the 

can be resolved from the profile data. The emplacement 
timing of U9 may also post-date some of the upper 

cuts into U7 and P14.
The age of middle to lower crustal blocks in 

FIRE 4B is also unknown. An Archaean basement 
is assumed for this area based on a few dates from 

following a major cratonic boundary associated with 

the collision of the Karelian and Norrbotten Cratons 

emplacement of material from northern Sweden over 
the Central Lapland Area by east- or northeast-directed 

Shear Zone may have been initiated at this time. 

The Pajala-Kolari Shear Zone is now seen as two 
west-dipping planes bounding U10. The discontinu-
ous preservation of this structure through all crustal 
blocks may indicate substantial disruption by later 

is cut by the subhorizontal structures of block bases 
(for e�ample, the base of U7). Deformation at surface 
has a much stronger pattern than could be e�pected to 
arise from U10, which does not clearly surface. Some 

with the basal structures of P14 and P15. Given that 

Zone include both thrusts and strike-slip shearing, it is 
possible that surface deformation is a combination of 
these FIRE 4B features. It should also be remembered 

or very steeply-dipping structures. This could also be 
a factor e�plaining why the Pajala-Kolari Shear Zone 
is not clearly imaged in FIRE 4B, if the orientation of 
this structure is steep near the surface.

dISCuSSION

A summary of the geological development of 
northern Finland is given below from the earliest 

terozoic tectono-magmatic events. It is divided into 
Archaean, rift-dominated and arc-dominated periods 
and a deformation and intrusion-dominated period. 
This summary is based on published information 

and on the information interpreted from FIRE 4, 4A 
and 4B. It should be remembered that the dating of 
deformation and metamorphic events included in this 
summary is insufficient. Better age constraints and 
more field data are required to confirm many events, 
particularly deformation events that have no direct 
age data.

Archaean period

Not much more can be concluded about the Archaean 
evolution of northern Finland based on the re��ection 
seismic data alone. Most of the blocks described as 

interpretations) are strongly affected by Palaeoprotero-
zoic magmatism, rifting, and collisional and thermal 
overprinting. Even the least affected Archaean block 

enced significant e�tension if the strong re��ectivity 

dikes as proposed.
The middle and lower crust along the FIRE 4 and 

FIRE 4A profiles has been interpreted as Archaean 
based on the constant negative ε

Nd
 (1.8 Ga: –10 to –5) 

values from the youngest and crustal-derived 1.85–1.76 

Comple�, Central Lapland Area, Western Lapland, 

ever, this correlation is problematic. One reason for 

FIRE 4B, yet a comple� relationship with each other. 

portant for interpreting upper crustal blocks P14 and 

emplacement directions of any block within FIRE 4B 

crustal units (i.e., U9 as an underthrusted block) as it 

a granodiorite gneiss and granodiorite (Väänänen & 
Lehtonen 2001).

The western end of FIRE 4B has been considered as 

The shear zones present in the east of FIRE 4B have 
been correlated with the Kittilä Shear Zone (Fig. 17). 

(Lahtinen et al. 2005). This collision may have involved 

thrusting (Väisänen et al. 2000). The Pajala-Kolari 

Subsequent strike-slip movements along this structure 
are documented from 1.90 Ga to 1.77 Ga (Bethelsen 
& Marker 1986b, Niiranen et al. 2005). 

deformation. In places, the Pajala-Kolari Shear Zone 

of the deformation at surface could also be associated 

structures recorded in area of the Pajala-Kolari Shear 

here that seismic data is biased against imaging vertical 

recognised events to the end of recorded Palaeopro-

likely Archaean blocks (coloured yellow in profile 

(Pudasjärvi Comple�, A1a) is likely to have e�peri-
Ga granitoids intruding the Central Lapland Granitoid 

P15. It is possible that U7, P9, and P14 and P15 are 

present in this area correlates with abundant mafic 

Lapland Granulite Belt and Inari Terrane (Huhma 

map areas (compare Fig. 7b and Fig. 12b) that sug-
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suggested that late and post-orogenic intrusive rocks 
were derived from melting of Archaean materials 
and proposed that the entire crust of northern Finland 
contains Archaean rocks partly buried by Proterozoic 
cover sequences. 

Subsequent events in the evolution of northern 
Finland imaged by the FIRE profiles are summarised 

the overview of the Palaeoproterozoic development 
of the Fennoscandian Shield presented in the begin-
ning of this paper.

Rift-dominated period

Rift-related intrusive events dominate the period 

indicating a prolonged e�tensional tectonic regime 

documented rift-related events are represented by the 
2.44 Ga mafic layered intrusion group, e�amples of 

with the Tornio-Näränkävaara belt at the northern 
boundary zone of the Pudasjärvi Comple� and the 
Koitelainen intrusion in the Central Lapland Area 
southeast of FIRE 4A. These layered intrusions are 
probably contemporaneous with the Salla and Onkamo 

and are related to mantle-plume activity that also 
formed a large ��ood basalt province throughout the 

phase is represented by ca. 2.33 Ga mafic dikes within 

and by the ca. 2.33 Ga Runkaus Formation volcanic 

Peräpohja Schist Belt. 

magmatic event within the Karelian Craton. These 
occur mainly within the cratonic sequences associated 
with basin initiation (pre-rift quartzites, for e�ample 

carbonates similar to those found in the >2.21 Ga 

evaporite deposits in peritidal basins. These features 
are consistent with the model by Kohonen & Marmo 

(intracontinental) east-west striking rifting in Lapland 

at this time. It appears that the 2.2 Ga rift stage was 
eventually characterised by substantial rift basins as 
the pre-rift sequences, sills and rift sequences have a 
wide distribution in northern Finland. The amount of 
crustal thinning at this time is unknown. The 2.2 Ga 
sills and intrusions are typically kilometres in length 

for many of the very good re��ections seen in the P1, 

The progression from rifting to continental break-up 
along the margin of the Karelian Craton in the area 

references therein). This aulacogen-related rifting is 
associated with deposition of the subaerial (Jouttiaapa 

Schist Belt and Central Lapland Area respectively. Both 

and are interpreted here as indicating an asymmetric 
east-west trending rift, probably developed in the old 

also previously been interpreted as associated with 
pronounced crustal e�tension and incipient rifting 

crustal thinning, but it is unclear as to whether any 
oceanic crust was generated. The timing relationships 
proposed for these rift events remain to be correlated 
with the >2.1 Ga deformation truncated by the Nilipää 
granite (Ahtonen et al. submitted) in the northern 
Central Lapland Granitoid Comple�. 

Arc-dominated period

The ne�t event in northern Finland was deposition 
of the 2.0 Ga Kittilä Group in an unknown location. 
According to present knowledge, the Kittilä Group 
is a composite of various oceanic blocks, arc ter-
ranes amalgamated during oceanic convergence, 

and passive margin rocks (Kautoselkä Formation; 

of the cratonic affinity rocks within the Kittilä Group 
could also be related to the rift events occurring in the 

which include the bright re��ectors possibly associated 

rocks (Perttunen & Vaasjoki 2001; Table 2a) in the 

the Pudasjärvi Comple� (Vuollo & Huhma, 2005) 

Voluminous 2.2 Ga sills (dikes rare; Vuollo & Huhma 
2005) and intrusions preserve a subsequent widespread 

the Sompujärvi conglomerates of the Peräpohja Schist 

et al. (1999) interpreted isotopically anomalous 

(1992) that proposes the presence of a large-scale 

Sodankylä Group (Lehtonen et al. 1998) to shallow 

and several hundred metres in thickness (Hanski & 

truding quartzites they are also potential candidates 
Huhma 2005, Vuollo & Huhma 2005) and when in-

P2, P3, P4, P6 and P7 units (Fig. 13a).   

Formation at ca. 2.09 Ga) to subaqueous (Savukoski 

covered by the southern section of FIRE 4 has been 

Group at ca. 2.06 Ga) volcanic rocks in the Peräpohja 

volcanic units did not interact with Archaean crust 

(Vuollo & Huhma 2005). Rifting produced e�tensive 

2.44 to 2.10 Ga (detailed in Vuollo & Huhma 2005) 

over much of the area of FIRE 4 and 4A. The oldest 

area (Hanski & Huhma 2005). The ne�t rift-related 
proposed at 2.1–2.06 Ga (Lahtinen et al. 2005 and 

Group volcanic rocks of the Central Lapland Area 

(Lehtonen et al. 1998) of Kittilä Group rocks, some 

Belt; Hanski & Huhma 2005). In the north, Melezhik 

Hanski & Huhma 2005). Given the ca. 2.0 Ga age 

1986, Ahtonen et al. submitted). Nironen (2005) also 

chronologically below. Table 6 links these events to 

weakened (2.44–2.2 Ga) rift arm of Kohonen & Marmo 

2.05 Ga age group throughout northern Finland have 
(1992) described above. Mafic dikes of the ca. 2.13 to 
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southern Proterozoic belt. It is therefore possible that 
part of the Kittilä Group is allochthonous and e�otic 
whereas other components may be autochthonous to 
para-autochthonous and related to Karelian Craton 

tilä Group is comprised of more than one block, and 
the differences between these blocks are not clearly 
understood.

In the northern Palaeoproterozoic belt, detrital 
zircon ages suggest pelitic sediment deposition in 
the Lapland Granulite Belt during 2.04 Ga to 2.01 Ga 

tion system in this immediate area (as proposed by 

preferred tectonic setting for the deposition of these 
sedimentary rocks. 

In the Peräpohja Schist Belt and Central Lapland 
Granitoid Comple�, 1.98 Ga mafic dikes, similarly 
aged amphibolites, and arkosic material potentially 

regional 1.98–1.95 Ga rifting and marginal basin 
formation proposed for the entire Karelian Craton 

Belt is not known, although shortening of the basin 

proposed ma�imum age for south-directed overthrust-

subduction zone, although not suggested here to be in 
the immediate area of the Lapland Granulite Belt, was 
present somewhere in the wider region. Moderately 
evolved 1.94–1.93 Ga plutonic rocks of an arc affin-

and 1.92 Ga to 1.91 Ga arc-related magmas intrude 
the metapelitic rocks of the Lapland Granulite Belt 

magmatism at ca. 1.96 Ga is also documented in the 
Tersk terrane of Russia (east of the Lapland Granulite 

the tectonic events within the Inari Area and Lapland 
Granulite Belt. 

deformation- and intrusion-dominated period

The final stages of collision between the Karelian 
and Kola Cratons occurred from 1.91 Ga to 1.90 Ga 

one date proposed for the final stages of overthrusting 
of the Lapland Granulite Belt over the Central Lap-

Granulite facies metamorphism occurred from 1.91 

At a similar time in the central Palaeoproterozoic 
belt, emplacement dates for the Kittilä Group of ca. 

Emplacement of these volcanic groups in the central 
Palaeoproterozoic belt was followed by closure of 
the arc-basin in the northern Palaeoproterozoic belt 

Schist Belt and Central Lapland Area ended some 

central Palaeoproterozoic belts with a ma�imum age 

ated with the Nilipää intrusion described previously, 
this <1.89 Ga deformation was considered to be the 
start of the main deformation period of the southern 
and central belts. 

Haaparanta Suite intrusions (‘syn-orogenic’ group) 
occur throughout northern Finland from 1.89 Ga to 

Orogeny and e�humation of the Lapland Granulite 

Northeast directed thrusting occurred in western 

This event produced a similarly oriented northeast-
trending lineation to that seen in the Central Lapland 
Granitoid Comple�. A ma�imum age of 1.85 Ga has 
been suggested (date from a single locality) for the 
lineation in the Central Lapland Granitoid Comple� 
(Ahtonen et al. submitted), although a date of ca. 1.80 

Hörmann et al. 1980, Barbey et al. 1984, Krill 1985, 

unlikely and a sialic back-arc basin environment is the 

representing A-type granites (1.98 Ga; Hanski et al. 
2005) were intruded. These could also be related to 

margin at this time (Peltonen et al. 1996, Lahtinen 

The time of basin initiation in the Lapland Granulite 

is proposed from 1.93 Ga to 1.91 Ga (Lahtinen et 

et al. 2005).

al. 2005). This shortening date is consistent with the 

The geochemistry of intrusive rocks indicates that a 

ing of the Lapland Granulite Belt (Sorjonen-Ward et 
al. 1994).

ity are present in the Inari Area (Barling et al. 1997), 

(Barbey et al. 1986, Tuisku & Huhma, submitted). Arc 

relating to these intrusions may have driven much of 
Belt; Daly et al. 2001). This subduction/arc system 

ing a causative relationship between the two events. 

(Lahtinen et al. 2005). These dates are consistent with 

land Area (1.91 Ga, Kislitsyn et al. 2001), support-

ognised throughout the belt (Lehtonen et al. 1998). 

1.92 Ga to 1.91 Ga are suggested based on the age of 

arc volcanic rocks of age ca. 1.9 Ga are also rec-

granulite facies metamorphism and e�humation of the 
(before 1.90 Ga, Lahtinen et al. 2005) and subsequent 

granodioritic intrusions (Hanski et al. 1998). Island 

Widespread ductile deformation in the southern and 

Prior to recognition of the >2.1 Ga deformation associ-
of 1.89 Ga has been reported (Lehtonen et al. 1998). 

1.86 Ga (Perttunen & Vaasjoki 2001, Lehtonen et al. 
1998). The alternative proposed date for overthrusting 

Ga (Perttunen et al. 1996) also e�ists for metamorphism 

of the Lapland Granulite Belt is 1.89 Ga (Meriläinen 
1976), and orogenic collapse of the Lapland-Kola 

(Tuisku & Huhma, submitted). As discussed, a subduc-

Lapland Granulite Belt (1.91 Ga to 1.87 Ga; Tuisku 
& Huhma, submitted). Deposition in the Peräpohja 

Belt is proposed from 1.88 Ga to 1.87 Ga (Tuisku & 
Huhma, submitted, Lahtinen et al. 2005). 

Daly et al. 2001, and Tuisku & Makkonen, 1999) is 

Lapland until at least 1.8 Ga (Niiranen et al. in press). 

margin evolution. As illustrated by Figure 19, the Kit-

time near 1.88 Ga (see Tables 2a & 3).

Ga to 1.88 Ga (Tuisku & Huhma, submitted).
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and migmatisation in the Central Lapland Granitoid 
Comple�. One possibility is that these strong linea-
tions relate to the same deformation event. A further 
minimum age of 1.79 Ga to 1.76 Ga for ductile 
deformation in the Central Lapland Area also e�ists 
based on the youngest date for a deformed intrusion 
(Ahtonen et al. submitted). 

Periods of strike-slip deformation are dated for the 
Pajala-Kolari Shear Zone of the Central Lapland Area 

groups of intrusions occurred over the period 1.85 
Ga to 1.76 Ga (Ahtonen et al. submitted). Both are 
peraluminous and alkaline (Ahtonen et al. submitted). 
Many postorogenic intrusive rocks in northern Finland 

also have high ��uorine values, interpreted as result-
ing from ��uorine-rich ��uids derived from enriched 
(metasomatic) lithospheric mantle in an environment 

The youngest proposed age for the second period 
of Lapland Granulite Belt overthrusting is 1.84 Ga 

event affecting the Opukasjärvi greenstone belt of the 
Inari Area is also documented at 1.81 Ga to 1.70 Ga 

End of Palaeoproterozoic tectono-magmatic events

Throughout the southern and central Palaeoprotero-
zoic belts, resetting of U-Pb systematic is reported at 

deformation at 1.76 Ga (Ahtonen et al. submitted) 

assemblage of 1.75 Ga age is also documented for 

on the limited available data, major tectono-magmatic 
events appear to have ceased throughout the FIRE 
profile area at ca. 1.75 Ga. Minor mafic dikes were 

CONCLuSIONS

FIRE profiles 4, 4A and 4B provide detailed images 
of the crust of northern Finland. The FIRE data have 
shown the nature and affiliations of the Palaeoprotero-
zoic rock sequences in the upper crust, have allowed 
identification of two major cratonic boundaries and of 
other new structures, and provoked a re-evaluation of 
the nature of previously known structures. Problematic 
geological areas that require further attention have 
also been highlighted.

Potentially Archaean lower crustal blocks are 
recognised throughout these FIRE profiles. These 
blocks have undergone variable amounts of rework-

information is needed to clarify middle to lower 
crustal material.

southern boundary of the Karelian Craton is interpreted 
as a rifted-margin, and the starting point for the first of 
four belts of Palaeoproterozoic rocks. This southern 
belt contains volcano-sedimentary sequences with a 
common depositional setting relating to rift-driven 
crustal e�tension e�tending from the Peräpohja Schist 
Belt to the end of the Central Lapland Area. A central 

belt of allochthonous rocks, the majority of which are 
currently mapped as the Kittilä Group, overlies this 
southern belt. This central Palaeoproterozoic belt is 
inadequately mapped, as several sub-block boundaries 
can be identified using a combination of FIRE profile 
data and aeromagnetic images. 

The composition of the Central Lapland Granitoid 
Comple� within the first belt also has a seismic ap-
pearance inconsistent with the mapping of this area as 
an intrusion-rich belt. The Central Lapland Granitoid 
Comple� may have a composition comparable with the 
other Palaeoproterozoic belts (Peräpohja Schist Belt 
and the southern parts of the Central Lapland Area).

The tectonic history of these belts is intertwined. The 
Meltaus and Venejoki Shear Zones are identified as a 
pair of related thrusts that have deformed the southern 
Palaeoproterozoic belt to its current orientations, and 
have also placed some components of this belt over 
the central belt. 

At the boundary between FIRE 4 and FIRE 4A, 
the newly identified Kittilä Shear Zone adds to the 
deformation associated with the Venejoki Shear 
Zone. A clarification of the orientation and timing of 
movements on both structures is required to advance 

of large-scale e�tension (Nironen 2005).

and with the youngest (ca. 1.77) granitic intrusions 
(Vuollo & Huhma 2005).
subsequently intruded, at least to the Neoproterozoic 

relating with the suggested minimum timing of ductile 

western Lapland (Väänänen & Lehtonen 2001). Based 
1.78 Ga to 1.76 Ga (Evins 2001), appro�imately cor-

Ga (Bibikova 2001). 

(Huhma 1986, Rastas et al. 2001) although a skarn 

Vuollo & Huhma 2005, Lahtinen et al. 2005), the 
In line with earlier work (Kohonen & Marmo 1992, 

ing during the Palaeoproterozoic. In most areas more 

to 1.81 Ga (Lahtinen et al. 2005). A metamorphic 

from 1.90 Ga to 1.77 Ga (Bethelsen & Marker 1986b, 
Niiranen et al. 2005). The ‘late-‘ and ‘post- orogenic’ 

(Kesola 1995), and the Vainospää granite (Nattanen 
type) intruded the Inari Area at 1.79 Ga (Huhma 

belt east of this area is also dated at 1.80 Ga to 1.75 
1986). Thermal resetting of the Belomorian mobile 
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interpretations of the southern and central Palaeo-
proterozoic belts. E�tensional movements on these 
and other structures have also been recognised as an 
insufficiently understood component of the deforma-
tion history of northern Finland.

A third Palaeoproterozoic belt contains rocks as-
sociated with the Lapland Granulite belt, which is 
here defined as including some components earlier 
mapped as parts of the Central Lapland Area and Inari 
Area. No evidence is recognised in FIRE profile 4A 

volving a Palaeoproterozoic subduction zone beneath 

Lapland Granulite Belt and Inari Area is recognised 
as the suture zone between the Karelian and Kola 
Cratons, and this zone dips to the south. FIRE 4A data 
suggests that deformation associated with Lapland 
Granulite Belt overthrusting e�tends further south into 
the Central Lapland Area than is generally assumed 

A fourth Palaeoproterozoic belt containing two 
upper-crustal layers with apparent westerly dips is 
likely in westernmost Lapland. However, much of 
the geology imaged in FIRE 4B is problematic to 
correlate with the geology of the Central Lapland 
Area, and blocks unique to FIRE 4B are interpreted 
to correlate with western Lapland. 
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Appendix: 

Nicole L. Patison, Annakaisa Korja, Raimo Lahtinen, V. Juhani Ojala, and the FIRE Working Group

blocks of different re��ectivity.
files 4 and 4A. Colours do not imply correlation and were randomly chosen to distinguish between adjacent 

Colours do not imply correlation and were randomly chosen to distinguish between adjacent blocks of dif-
Viewing direction appro�imately northeast. Labels on figure c indicate surface geology as currently mapped. 
2. Automatic line drawing (a), greyscale image (b), and fully labelled geological interpretation for FIRE 4B. 

1. Automatic line drawing (a), greyscale image (b) and fully labelled geological interpretation for FIRE pro-

ferent re��ectivity. See Figure 15 for structure locations.
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eastern Finland Archaean Comple� between Vartius and Vieremä, based on constraints 
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The western margin of the Archaean Karelian craton, or eastern Finland Archaean com-
ple� (EFAC), constituted 1.9–1.8 Ga ago the foreland of the Svecofennian orogen. This 
paper presents a preliminary cross-section (2D) interpretation of the crustal structure along 
the FIRE 1 re��ection seismic transect across the central part of the EFAC. The available 
geological data and interpretation of the FIRE 1 profile combined indicate that the EFAC 
comprises a thrust stack of dominantly 2.85–2.70 Ga high-grade, granite-migmatite gneiss 
units, accreted in a continent-continent type collisional orogeny. Although significant 
Svecofennian contribution to the structure of EFAC is a viable option, the mostly little 
deformed nature and vertical-subvertical attitude of the crosscutting pre-Svecofennian, 
Palaeoproterozoic dolerite dykes indicate its stacked structural architechture would be 
chie��y of Archaean origin. Yet the EFAC has e�perienced an overall amphibolite facies 
metamorphic overprinting (for the present surface, obviously higher grade deeper) ca. 
1.85–1.80 Ga ago. This is, conforming with some earlier works, addressed to a long-
standing (from 1.90 to 1.80 Ga) burial of the EFAC below a 15–20 km thick thin skin 
thrust comple� from the Svecofennides. The Kainuu-Outokumpu zone and EFAC-Sve-
cofennia boundary line, often interpreted as important E-verging crustal suture zones, 
are nearly imperceptible features in the FIRE 1 data, and are thus considered rather 
major strike-slip fault/shear than suture zones. The lower crust of the EFAC is seismi-
cally nearly transparent. The most probable cause to this is that the conductive heating 
of the lower crust during the 1.9–1.8 Ga thrust burial of the EFAC was associated with 
pervasive static metamorphic dehydration/recrystallization and related homogenization 
of the acoustic properties of the lower crust. Massive, granoblastic te�tures and ca. 1.8 
Ga metamorphic ages of the lower crust mafic �enoliths in the ca. 600 Ma old kimberlite 
pipes in the western margin of the EFAC are in accord with this proposal.
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The recent vibroseismic FIRE 1 survey by GTK 
transects the NE part of the Eastern Finland Archaean 

the immediate foreland of the collisional Svecofen-

is to represent a preliminary cross section (2D) inter-
pretation of the crustal structure of the EFAC along 
the FIRE 1 line and to provide brief descriptions 
of the main geological and seismic features of the 

km long NE part of the FIRE 1 (for technical details 

the E boarder of Finland, crosses the late Archaean 

Kainuu schist belt (KSB), the Iisalmi block of late Ar-

INTROduCTION 

chaean granulites, and ends at the EFAC-Svecofennia 

EFAC comprises mainly late Archaean high-grade, 

and Lower Kaleva (2.5–1.95 Ga) and allochthonous 

printing of the EFAC is registered at 1.85–1.80 Ga by 

long-lasting burial of the EFAC under a thick nappe 
comple� thrust from Svecofennides to overlay it 

Fig. 1. Geological map of Finland showing the location of sections 1 and 2 of the FIRE 1 survey (bold dashed lines). 
The area of the map in Fig. 2 is outlined. Generalized and modified from Korsman et al. (1997).

comple� (EFAC), which ca. 1.90–1.80 Ga ago formed 

nian orogen (Fig. 1). The main purpose of this paper 

contained main tectonic units. The here studied 240 

of FIRE 1 data acquisition and processing, see Kuk-
konen et al. 2006, this volume) starts at Vartius on 

boundary zone (ESBZ) at Vieremä (Figs. 1–2). The 

Kuhmo greenstone belt (KGB), the Palaeoproterozoic 

dominantly migmatitic gneisses (Sorjonen-Ward & 

of Palaeoproterozoic, autochthonous Sariola, Jatuli 
Luukkonen 2005), and is locally covered by remnants 

Upper Kaleva (<1.95 Ga) strata (Laajoki 2005). A 
Svecofennian amphibolite facies metamorphic over-

K-Ar and Ar-Ar ages of its hornblendes (Kontinen et 

interpreted in terms of conductive heating related to a 
al. 1992, Kontinen 2002). This overprinting has been 

between 1.90–1.80 Ga ago (Kontinen et al. 1992). In 
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central part of the EFAC the related peak temperatures 

Although crystalline continental crust was for 
long considered a relatively poor target of re��ection 

gies, dramatically detailed and informative seismic 
images have been obtained for many areas of such 

seem to differ in their seismic re��ection characters 

enough to allow interpretation of the FIRE 1 profile 
for their subsurface crustal distributions and internal 
structural patterns. 

The most important source of crustal re��ections is 
in acoustic impedance contrasts related to horizon-
tal-subhorizontal boundaries between rock layers of 
significantly differing seismic velocities and/or den-
sities. In such a thoroughly high-grade metamorphic 
gneissic-granitoid crust as along the FIRE 1, the most 
distinct re��ections probably are from interlayered, 
��at-lying mafic–felsic gneisses, whereas domains of 
lithologically more homogeneous and/or geometrically 
irregular granitoid gneisses and/or plutonic rocks 

Fig. 2. A simplified geological map of the part of the EFAC crossed by the FIRE 1 survey. The map is showing by bold black lines the boundaries of 
the crustal blocks distinguished in Fig. 3. The dots with numbers at the survey line pick up some CMP points for reference. KGB= Kuhmo greenstone 
belt, Kc = Kajaani comple�, Lkf = Lautakangas formation.

were ca. 600° C at pressures of ca. 5–6 kb (Pajunen 
and Poutiainen 1999).

in field acquisition and data processing technolo-

crust (look e.g. for images at http://www.earthscrust.

the main crustal units of distinct surface geology 
org/earthscrust/science/). Also in the case of EFAC 

seismic studies, with ever continuing improvements 

http://www.earthscrust.org/earthscrust/science/
http://www.earthscrust.org/earthscrust/science/
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can be e�pected to produce far less/weaker and more 
diffuse/comple� re��ections. Besides lithological con-
tacts/layering, distinct re��ections can be produced also 
by prominent shear and detachment/thrust zones. 

In this particular case it is important, that, although 
the EFAC is a principally Archaean entity, due to its 
position in the foreland of the Svecofennian orogen, at 
least some Svecofennian modification and reorienta-
tion of the Archaean structural and related re��ection 

has occurred. In addition, Palaeoproterozoic ultrama-
fic–mafic sills and dykes swarms are one more cause 
of post-Archaean distinctive re��ections. However, 
besides the 2.4 Ga layered intrusions and 2.2 Ga gab-

Karelian cover−basement interfaces, any sizeable 

The Proterozoic dolerite dyke swarms, although in 
several generations a ubiquitous feature in the EFAC 

significantly in the seismic data, simply as most of the 
included dykes are vertical-subvertical and usually 
less than 50 m thick. This situation is certainly true 
for most of the surface of the EFAC, and we do not 

know any pressing reason for that the dyke attitudes 
and dimensions would be substantially different deeper 
in the crust. 

We distinguish along the FIRE 1 line, based on 
the surface geology and FIRE 1 seismic data, eight 
main lithotectonic units, most of which we will call 
neutrally as ”blocks”. The geological and seismic 
features, the latter as seen in the FIRE 1 data, will be 
brie��y described. The geological descriptions are based 
mainly on published sources; where references are 
missing, unpublished data of the present authors has 

pretation for the FIRE 1 line. It should be noted that 

of the FIRE 1 measurements with the comple�ities in 
true 3-D structures involved. The re��ector strikes and 
dips quoted in the te�t usually involve considerable 

just for one mostly straight line, and which in places 
had unfavourable, highly oblique to parallel orienta-
tion with respect to the important block boundaries 
and/or within-block structural grains. The treatment 
below is mainly for main structural features of the 
upper 20 km of the crust. 

Fig. 3. Sections 1 and 2 of FIRE 1. (A) Migrated images with lines accentuating important re��ections and changes in re��ectivity. (B) An interpreta-
tion in terms of main crustal blocks. The readings at the upper edges of the sections in A refer to the CMP points in Fig. 2. Vertical to horizontal scale 
1:1 in both A and B.

been used. Figure 2 shows the blocks on a simplified 

uncertainty as dominant part of the FIRE 1 survey was 

geological map and Fig. 3 on a cross-section inter-

the cross-section in Fig. 3 represents the crooked-line bro-wehrlite (“karjalite”) sills (Iljina & Hanski 2005, 
Vuollo & Huhma 2005), both concentrated along the 

patterns, and addition of new such features probably 

(Vuollo & Huhma 2005), are unlikely to contribute 

Proterozoic mafic intrusions within the EFAC are rare. 
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The Vartius block at the Russian border and at the 
beginning of the FIRE 1 line comprises mainly upper 
amphibolite to granulite grade stromatic and schlieren-
type migmatites, most of them with amphibolite-
mafic gneiss mesosomes and granodiorite-tonalite 

is available from these dominantly orthogneissic 
rocks, but probably they were magmatically formed, 

and 2700 Ma ago. The Vartius gneisses show mostly 
retrograde amphibolite facies mineral assemblages, 
but local relics of garnet-pyro�ene assemblages in 
the mafic gneisses attest to an upper amphibolite 
to granulite facies thermal clima� of the Archaean 

of well-preserved Archaean granulites are present 
immediately on the Russian side of the border (e.g. 

of high-grade magnetite in the Vartius block, it ap-
pears as a strong magnetic high in regional magnetic 
anomaly maps. 

Palaeoproterozoic dolerite dykes are common in 
the Vartius block. Most of these dykes are relatively 
little deformed but show partial to complete static 
hydration under lower amphibolite facies conditions 

retrogression in the host gneisses would be at least 

partly of Svecofennian origin. The dykes strike mostly 
NW-SE or E-W and are vertical-subvertical as most 
Palaeoproterozoic dolerite dykes in the EFAC (e.g. 

The Vartius block is characterized by a relatively 
good general re��ectivity although mostly without 

parts of the below described Hyrynsalmi and Iisalmi 
blocks. The block is bounded in the E by the 2800–2700 

contact against Kuhmo block appears as a sharp N-S 
linear in magnetic and gravity anomaly maps, which 
is suggesting it was defined by a fault. The FIRE 1 
data indicates the contact surface would dip to the W, 
below the Kuhmo block, in an angle first steep but 
then apparently shallowing to 20–30°. Lithosphere of 
similar relatively intense but rather incoherent seismic 
re��ectivity as in the Vartius block seems to e�tend in 
depth far in the W, making up there the middle crust 
below the Kuhmo and Hyrynsalmi blocks. There are 
some strong, apparently ��at-lying re��ections in the 
upper part of the section of Vartius block below the 
Kuhmo block. These re��ections probably are from 
bodies rich in mafic granulites, presumably derived 
from originally greenstone inclusions. 

dESCRIPTION OF THE MAIN CRuSTAL BLOCKS 

vartius block

Kuhmo block

The western margin of the Kuhmo block hosts the 
classic Kuhmo greenstone belt (KGB), which consists 
of sequences of amphibolite-grade, dominantly ultra-
mafic and mafic volcanic and some intercalated sedi-

are bordered with intrusive or faulted-sheared contacts 
by large, foliated tonalite-granodiorite plutons and 

section of the KGB type bedrock, with only local, 
small remnants of mainly ultramafic-mafic amphi-

volcanic components in the KGB are at least ca. 2.80 

the belt yield magmatic ages in the range of 2.79 to 

the KGB, in the middle part of the Kuhmo bock, has 

Palaeoproterozoic dolerite dykes within the Kuhmo 

little deformed and seem to preserve also their intru-
sion stage, vertical-subvertical dips and NW-SE linear 

posits to be controlled by and restricted mainly in pre-
e�isting Archaean fault/shear zones. Nonetheless, the 
amphibolite facies metamorphic assemblages in the 
dolerite dykes indicate Svecofennian peak tempera-
tures >500 °C for the whole Kuhmo block.

Several kilometre-size domains of low, incoherent 

(Kilpelä, 1991), attesting to that the amphibolite facies 

Archaean reworking, which Luukkonen (1985, 1992) 

block, as well as the ca. 2.22 Ga layered gabbro-

strikes largely unchanged (Fig. 4A, Kilpelä 1991, 

the block has e�perienced only relatively little post-
Luukkonen 1988a, 1988b, 2001). This suggest that 

given an age of 2843±18 Ma (Luukkonen 1985).

bolite-grade schists (Luukkonen 2001). The oldest 

consists of deeper eroded, largely gneissic-migmatitic 

Ga in age, while the large, foliated plutons bordering 

leucosomes (Luukkonen 2001). No isotopic age data 

metamorphism (Luukkonen 2001). Large occurrences 

and tectonically reworked to gneisses between 2850 

1997, Kousa et al. 2000, Vuollo & Huhma 2005). 

such well defined layered fabric as is typical of large 

Salmi 1986, Kilpelä 1991, Toivola 1988, Korsman et al. 

Ma Kostomuksha greenstone belt (e.g. Puchtel et 
al. 1998) and in the W by the Kuhmo block. The W 

amphibolite-tonalite-throndhjemite migmatites (e.g. 
Horneman et al. 1988). The E part of the Kuhmo block 

wherlite sills in the KGB, are usually hydrated to 

Korsakova et al. 1987). Due to common preservation 

2.73 Ga (e.g. Hyppönen 1983, Luukkonen, 1988a, 

mentary rocks (e.g. Piirainen 1988). The greenstones 

1988b, 1992, 2001, Vaasjoki et al. 1999, Käpyaho et 
al. 2004). A mesosome of the migmatitic gneisses E of 

lower amphibolite facies assemblages (Hanski 1986, 
Kilpelä 1991). Yet the dykes are mostly relatively 
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re��ectivity with intervening domains of strong, ��at-
lying re��ectors characterize the FIRE 1 image of the 
Kuhmo block. We address this re��ection pattern to 
granitoid plutons and enclosed remnants of green-
stones and derived mafic-felsic banded gneisses. As 
the FIRE 1 line runs nearly parallel with the broadly 
E-W foliation trend of the block, its internal structural 
architecture remains uncertain; presence of moderately 

been proposed based on surface geological information 

FIRE 1 line, has no clear manifestation in the seismic 

data. The FIRE 1 seismic data yields an impression of 
that the contact between the Kuhmo and Hyrynsalmi 
blocks W of the KGB was a major tectonic detachment 
surface, dipping in a shallow angle (ca. 30°) to the W. 
This interpretation is consistent with the mylonitized, 
augen gneiss nature of the granitoids along the W 
contacts of the KGB. Based on the FIRE 1 image, the 
Kuhmo block, as well as the Hyrynsalmi block west of 
it, seems to have a ma�imum depth e�tension of about 
13 km. As we noted above, the middle crust underly-
ing these blocks has similar re��ection characteristics 

Fig. 4. Photographs of early Proterozoic dolerite dykes typical of the crustal blocks along the FIRE 1. (A) Nearly vertical contact of a ca. 25 m wide 
metadolerite in an Archaean tonalite-granodiorite gneiss at Purnu (�=7151 140, y= 4462 670), Kuhmo, Kuhmo block. (B) A ca. 15 cm wide, near 
vertical metadolerite dyke sharply cutting an Archaean banded tonalite gneiss at Marjohaka (�=3512 477, y=7049 329), Iisalmi, Iisalmi block. (C) 
A ca. 1 m wide, near vertical pyro�ene dolerite dyke in an amphibolite-banded Archaean tonalite gneiss at Mäntylahti (�=7022 620, y=3522 730) 
, Lapinlahti, Iisalmi block (D) A ca. 6 m wide, near vertical metadolerite dyke in an Archaean leucogranite at Särkiharju (near the large open pit of 
Kemira GrowHow, �=7001 095, y=3537 809), Siilinjärvi, Iisalmi block. The dykes in C and D locate in the S part of the Iisalmi block out of the map 
area in Fig. 2.

Hyrynsalmi block

The Hyrynsalmi block consists of interlayered up-
per amphibolite facies paragneisses, tonalite-banded 
amphibolites and granodiorite-tonalite gneisses, all 

these rocks being intruded by large plutons of K-
feldspar megacrystic tonalite-granodiorite-granite 
of the Konivaara type and irregular bodies of often 

as the Vartius block (cf. Fig. 3).

to steeply NW-dipping thrust faults and panels have 

(Luukkonen 1992). The KGB, ca. 2.5 km wide at the 
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from paragneiss samples are mostly 2.75–2.70 Ga in 
age (Kontinen et al. in prep.), while the bulk of the 
megacrystic granitoids and leucogranites crystallized 

Hyrynsalmi block had a considerably younger and 
possibly largely unrelated formation history compared 
to that of the adjacent Kuhmo block.

Palaeoproterozoic dolerite dykes are abundant 

thoroughly hydrated to lower amphibolite facies as-
semblages (hornblende+plagioclase±garnet±quartz) 
and are mostly weakly to pervasively strained with 

vertical-subvertical dips, and, like the dykes in the 
adjacent Kuhmo block, seem to preserve also their 

intrusion stage, dominantly NW-SE strikes largely 
unmodified. 

The Hyrynsalmi block is characterised by gently (ca. 
30°) W-dipping banded re��ectivity that can be traced 
to depth of about 12–13 km, where the main re��ectors 
terminate abruptly against crust with similar re��ectivity 
character as in the Vartius block. Based on the FIRE 
1 the block forms a wedge dipping in a shallow angle 
below the KSB (including the Jormua allochthon) and 
E edge of the Hidden Iisalmi block, tapering there 
soon out. As we noted above, a detachment surface 
nature of the eastern, gently W-dipping contact against 
the Kuhmo block is apparent. It is important to note 
that the W contact of the Hyrynsalmi block actually 
coincides with the first order late Archaean tectonic 
boundary (“Kainuu suture”) between the 3.4–2.7 Ga 
Pudasjärvi-Iisalmi and 2.85–2.7 Ga Kuhmo main seg-

is, however, wholly buried below the KSB and is thus 
not available for direct observation. 

Hidden Iisalmi block

We denote with ”Hidden Iisalmi block” the large, 
une�posed upper-middle crustal block that differenti-
ates in the FIRE 1 image below the Lahnasjärvi and 
Iisalmi blocks in the area W of the KSB. The block is 
characterized, especially for its E part, by a somewhat 
stronger and more comple� re��ectivity than the Vartius 
type crust, which seems to constitute the middle crust 

further in the E. The relatively strong re��ectivity hints 
of layered mafic-felsic gneisses, while many subhori-
zontal truncations in the re��ectivity pattern suggest 
considerable and comple� internal tectonic stacking. 
We believe, that, as in the surficial blocks of the EFAC, 
the re��ectivity pattern also in this deep hidden block 
would be chie��y of Archaean origin.

Jormua allochthon

The KSB on the FIRE 1 consists of Jatulian (2.3–2.0 
Ga) shallow water arenites and younger, Lower and 
Upper Kalevian mainly metaturbiditic mica schists 

Upper Kalevian mica schists derive form deep-sea, 
sand-dominated turbidites (<1.94 Ga) and are tectoni-
cally mi�ed with ophiolite fragments (1.95 Ga) and 

metres long slices of pervasively sheared, mylonitized 

transported nature of this package, which we will call 

may be imbricate fault slices from the immediately 
underlying Archaean basement, or more e�otic nappe 
slivers transported in their present positions within 

the allochthon. The available geological, gravity and 
the FIRE 1 seismic data indicate that the Jormua al-
lochthon would comprise only a thin, in ma�imum 
up to 2–3 km thick veneer on the underlying, ca. 53 
km thick Archaean crust. The SE tip of the largest of 
the ophiolite inclusions, the Jormua ophiolite (see e.g. 

but with little manifestation in the seismic data. 
The metaturbidites and Archaean slivers of the 

Jormua allochthon register remarkably intense de�tral 
shearing in a late stage (“D4”) of the Proterozoic tec-

a few apparently subvertical N-S trending strike-slip 

Noting that the boundary of the Pudasjärvi-Iisalmi 
and Kuhmo-Ilomantsi domains of the EFAC situates 
just below and along the KSB, we assume that the 
Svecofennian “D4” was involving de�tral strike-slip 

also a few, thin (<1 km) but up to several tens of kilo-

ments of the EFAC (cf. Fig. 3). At FIRE 1 this feature 
often distinctly schistose and/or lineated fabrics 
(Salmi 1986, Kilpelä 1991). In spite of their usually 

magnetite-bearing leucogranites (Hyppönen 1983, 

across the entire Hyrynsalmi block. The dykes are 

Luukkonen 1988a, Kontinen 1991, Kontinen & Mer-
iläinen 1993, Käpyaho et al. 2006). Detrital zircons 

ca. 2.70–2.69 Ga ago (Luukkonen 1988, Käpyaho et 
al., 2004). The available age data suggests that the 

schistose-lineated fabrics, the dykes still show mostly 

(Kontinen & Meriläinen 1993, Laajoki 2005). The 

Archaean gneissic migmatite rocks (Kontinen 1987, 
Kontinen & Meriläinen 1993, Kontinen & Eskelinen 

the Jormua allochthon, seems most likely (Peltonen 
et al. 1996). The gneissic slices in the allochthon 

2005). An allochthonous, from W over the EFAC 

Peltonen & Kontinen 2004), is crossed by the FIRE 1, 

tonic evolution of the KSB, strongly concentrated along 

faults (cf. Kärki et al. 1993, Kärki & Laajoki 1995). 



230

Geological Survey of Finland, Special Paper 43
Asko Kontinen and Jorma Paavola

reactivation of this ultimately Archaean N-S-trending 
suture zone. The subvertical N-S faults related to the 
“D4” deformation are not discernible in the FIRE 1 
seismic data, however. This is probably due to the 
subvertical nature of the prominent faults. But, on 

the other hand, much of the survey line in the criti-
cal area between CMD points 3800 and 4800 runs 
oblique to nearly parallel with the main D4 faults 
and shear zones.

Kajaani complex

The W part of the domal shape Kajaani comple� 
locating to the SW of the Jormua ophiolite consists 
mainly of wacke-drived migmatitic paragneisses, 
locally interleaved with layers of arkosic to ortho-

occur, but paragneisses and amphibolites, also abun-
dant tonalitic-throndjemitic and granodioritic-granitic 

quartzites are similar to the earliest Proterozoic or 
latest Archaean paragneisses in the Puolanka area 

ing Kajaani granite, probably ca. 1.80 Ga in its age 

large areas of the Kajaani comple�, especially in its 

does not form anywhere larger plutons but frequently 
occurs in <1m to 200 m wide dykes sharply cross-
cutting the foliations and migmatite structures of the 
host gneisses. The dykes range ��at-lying to vertical, 
showing no other tendency to preferred orientation but 
that the youngest dykes tend to be vertical-subvertical 
and strike SE-NW.

characterized by mostly relatively shallowly (0–50°) 

margin the comple� is bordered by the 1.95 Ga Jormua 
ophiolite, with a 60–80° S-dipping faulted-sheared 
contact. In the E and S the comple� is fringed by a 
1–4 km wide stripe of the ca. 1.96 Ga old Otanmäki-
type gneissic alkali-feldspar granites. The contact of 
between these granites and the central gneiss comple� 
is only poorly known as it is lake-covered in the E 
and heavily intruded by veins of the Kajaani granite 
in the W. However, the very sharp nature of the con-
tact zone on magnetic anomaly maps, and structural 
observations from nearest outcrops suggests that it 
would involve a major left-lateral/reverse fault. Further 
evidence supporting fault-controlled large displace-
ment between the alkaline granites and the underlying 
Kajaani comple� include that the latter completely 
lacks intrusions, even thin veins, of the former. 

The FIRE 1 survey crosses the S-margin of the 
Kajaani comple� at Lehtovaara. The fringe of the 
Otanmäki-type gneissic granites is there ca. 4 km 

wide and characterized by pervasive, mostly S-dipping 
(20–60°) foliation and shallowly (10–40°) SW-dip-
ping stretching and mineral lineations. A narrow stripe 
of E-W striking, variably S-dipping (40–90°) Jatuli 
quartzites and Lower Kalevian mica and black schists 
separates the alkaline granites from the Archaean 
migmatite gneisses of the Lahnasjärvi block ne�t in 
the S. The contact of the Proterozoic rocks with the 
Lahnasjärvi gneisses is defined by a sharp, ca. 50° 
S-dipping fault. Abundant criss-cross cutting, mostly 
undeformed dykes of the Kajaani granite are found all 
over the boundary zone, and are very abundant also 
further S inside the Lahnasjärvi block.

There are only few detailed field notes available on 
Proterozoic dolerite dykes within the Kajaani comple�. 
Those that e�ist yield a mi�ed picture; namely, there 
are observations of vertical-subvertical, remarkably 
well-preserved, nearly undeformed dykes that sharply 
cross–cut the shallowly S-SE-dipping foliations in the 
host migmatite gneisses, but also of dykes that are 
pervasively strained, faulted, and locally folded for 
their margins. The preliminary observations from the 
dyke-gneiss relationships suggest that main structural 
features in the Kajaani comple�, including the shal-
lowly S-SE-dipping gneiss foliations in its central and 
S parts, would be of Archaean origin, but with some 
heterogeneously distributed Svecofennian modifica-
tion. Getting a more detailed idea of the nature and 
magnitude of the Svecofennian modification would 
require further field study.

The section 2 of the FIRE 1 crosses the SE corner 
of the Kajaani comple�, but unfortunately so that 
the survey line is running nearly parallel with the 
local foliation trend. Nonetheless, the seismic data 
indicate a ca. 3 km thick surficical veneer of strong 
but discontinuous ��at-lying re��ectors with a sharp 
basal contact on crust that has similar gently S or 
SW-dipping, well-defined layered re��ectivity as the 
Lahnasjärvi block to the S. 

The FIRE 1 indicates that the Kajaani comple� is 
only a few kilometres thick surficical layer, which 
supports interpretation of it as an allochthonous unit. 
One previously proposed scenario is that the Kajaani 
comple� and the associated Otanmäki type gneissic al-
kali-feldspar granites would represent a Svecofennian 

to the S and SE-dipping foliations (Fig. 5A). At its N 

The central and S parts of the Kajaani comple� are 

to the W of the N branch of the KSB (Laajoki 1991, 

quartzitic gneisses. In the E part of the comple� there 

orthogneisses (Havola 1997). The paragneisses and 

Kontinen et al. 1996). The garnet-muscovite bear-

(Vaasjoki et al. 2001), is an abundant component over 

W part (Havola 1997). Noteworthy is that this granite 
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W margin of the presumably ca. 1.95 Ga ago broken 

An alternative scenario would be that the Otanmäki 
granites intruded into a narrow fault zone between 
the Kajaani and Lahnasjärvi blocks, perpendicular 
to the 1.96 Ga ago rifting craton margin. Later, dur-
ing the Svecofennian orogenesis the granite-intruded 
fault zone was translated to a N-verging “D4” thrust 

zone. The latter scenario would imply that the Kajaani 
comple� with its mostly ��at to gently dipping gneisses 
was an ultimately Archaean but during Svecofennian 
reactivated thrust slice. More field work on the block 
contacts and deformation of Proterozoic dolerite dykes 
crosscutting the Kajaani comple� are needed before 
any serious attempt to resolve between these two 
models, or some other, can be presented. 

Fig. 5. Photographs of rocks typical of the middle part of the Iisalmi block. (A) Flat-laying migmatic mica gneiss at Kainuun Sanomat (�=7124 510, 
y=35533 550), Kajaani, Kajaani comple�. (B) Gently dipping mafic-felsic banded gneiss at Linkokangas (�=7093 540, y=3518 000), Sonkajärvi, 
Iisalmi block. (C) A garnet-pyro�ene amphibolite from a mafic layer in mafic-felsic banded gneiss at Niemisenmäki (�=7074 040, y=3511 060), 
Vieremä, Iisalmi block (D) A detail of sharply discordant contact between a nearly vertical, several metres thick metadolerite dyke intruded in the 
gently dipping gneiss in (B). Photos: Asko Kontinen (A), Jorma Paavola (B–D) 

Lahnasjärvi block

The main components of the triangle-shaped Lah-
nasjärvi block between the Kajaani comple� and 
Iisalmi block, and which is in the E bordered by the 
KSB, are late Archaean migmatitic tonalite-thrond-
hjemite gneisses, amphibolite-intercalated micaceous 
paragneisses and gneissic granodiorites-granites. In 
addition, there are local domains of abundant criss-

crossing dykes, plugs and more e�tensive sheet-like 

paragneisses, which hints about that the granites were 
derived by partial melting of similar but probably more 
abundant paragneisses deeper in the crust. A similar 

up Karelian craton (cf. Peltonen et al. 1996, 1998). 

allochthonous sliver(s) from the outer, strongly thinned 

intrusions of the Kajaani granite (Havola 1981, Havola 

The domains rich in the Kajaani granite enclose arkosic 
1997, Paavola 2003, Kontinen and Eskelinen 2005). 
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connection between the Kajaani granite and arkosic 
Archaean paragneisses is obvious also in the W part 
of the Kajaani comple�. However, there are no isotope 
geochemical data either on the Kajaani granite or the 
associated paragneisses for testing this hypothesis.

The Lahnasjärvi block is in the E and N fringed by 
bands of Jatuli-type arkosites and quartzites. Although 
the intervening contacts are presently defined by faults, 
it seems obvious that these Jatuli metasediments 
represent only slightly displaced, “down-faulted” 
autochthonous cover of the block. The linearly SE-
running contact between of the Lahnasjärvi block and 
the Iisalmi block in the SW is poorly e�posed and thus 
its proper nature is imperfectly known, but it seems 
to be defined by a steeply (65–80°) SW-dipping fault 
(Laakajärvi fault) with some significant Proterozoic, 
obviously reverse component, at least for its SE end 
at Älänne. In the NW end of the Laakajärvi fault, on 
its Lahnasjärvi side, there is a narrow belt of amphi-

Laakajärvi fault, while in the N the included amphi-
bolites grade with appearance of leucotonalite bands 

phibolites would be earliest Proterozoic, Sumian in 
age. However, our observations that the amphibolites 
grade locally into migmatites cut by unmigmatized 
pre-Svecofennian metadolerites, imply they are more 
likely of Archaean (greenstone belt) origin.

 The pre-Svecofennian dolerite dykes of the Lah-
nasjärvi block tend to be pervasively amphibolitic, 
schistose and lineated, and sometimes show folded, 
tilted and rotated contacts. Major part of this defor-
mation, that must have seriously affected also the 
Archaean host rocks, was probably related to the 
late Svecofennian “D4” N-S compression inferred by 

have been observed to crosscut relatively undeformed 
the tectonic fabrics in the metadolerites. Hence the 
Proterozoic “D4” deformation seems at least for its 
main part to be an earlier event than the presumed 
emplacement of the Kajaani granite 1.80 Ga ago.

The NW corner of the Lahnasjärvi block crossed 

of relatively low and high re��ectivity dipping in a 
shallow angle (10–20°) towards the S or SW. At the 
surface the panels of the weak re��ectivity coincide 
with plentiful outcrops of Kajaani granite. There 
may thus occur S-dipping sheets rich in the Kajaani 
granite e�tending far to the S and below the Iisalmi 
block. Based on the seismic image the NW corner of 
the Lahnasjärvi block seems to form a 10 km thick 
wedge dipping in a shallow angle (10–20°) below 
the Iisalmi block. The contacts both with the hanging 
wall Iisalmi block and the footwall Hidden Iisalmi 
block appear in the seismic image sharp and probably 
represent major detachement surfaces. We interpret 
the Iisalmi and Lahnasjärvi blocks being thrust onto 
the Hidden Iisalmi block that is described below. The 
vertical-subvertical attitudes and lower amphibolite 
grade of the Proterozoic dolerites within the granulitic 
parts of the Iisalmi block suggest the thrusting had 
occurred already during the Archaean. During the Sve-
cofennian orogeny, some reactivation of the Archaean 
detachment faults (e.g., the Laakajärvi fault) evidently 
took place, probably mainly in association with the 
“D4” when the Iisalmi and Lahnasjärvi blocks were 
pushed northwards and against the Kajaani comple� 

large the related displacements, e.g. in terms of relative 
vertical uplifts of the Iisalmi and Lahnasjärvi blocks, 

compelling reasons to assume anything more than a 
few kilometres at the ma�imum. 

Iisalmi block 

The NW part of the Iisalmi block crossed by the 
FIRE 1 consists dominantly of upper amphibolite 
to granulite-grade banded amphibolite-tonalite-

of more homogeneous, less deformed, 2706±3 Ma 
old hornblende quartz diorites of the Naimakangas 

the middle-north part of the Iisalmi block have not 
been dated, but similar rocks in the central-southern 
part of the block show zircon ages up to 3.12 Ga and 

Sm-Nd depleted-mantle model ages up to ca. 3.20 Ga 

several granulite facies domains in the central part of 
the Iisalmi block, in which banded mafic-felsic am-
phibolite-tonalite-throndhjemite gneisses are intruded 
by relatively undeformed enderbite plutons of ca. 2.70 

the NW part of the main Iisalmi block are probably 

bolitic metavolcanic rocks and mica schists (Fig. 2), 
informally named to Lautakangas formation by Laajoki 

formation against the Iisalmi block is defined by the 
& Luukas (1988). The SW contact of the Lautakangas 

into migmatites of the Lahnasjärvi comple�. Laajoki 
& Luukas (1988) argued that the Lautakangas am-

Kärki & Laajoki (1995). Dykes of the Kajaani granite 

by the FIRE 1 is characterized by alternating layers 

(cf. Kärki et al. 1993, Kärki & Laajoki 1995). How 

actually were, is difficult to estimate. We do not see 

granodiorite gneisses (Fig. 5B), with local horizons 

(Paavola 1988, Mänttäri & Hölttä 2002). There are 

suite (Paavola, 1991, 2003). The banded gneisses of 

cogenetic with these enderbites (Mänttäri & Hölttä 
2002). The Rautavaara gneiss belt in the SE part of 

Ga in age. The plutons of the Naimakangas suite in 
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younger (<2.80 Ga) unit than the main Iisalmi block, 
probably representing an independent tectonic terrane 
welded to the main block slightly before emplacement 
of the ca. 2.70 Ga enderbite and Naimakangas intru-
sions (Mänttäri & Hölttä 2002). A distinct component 
in the Rautavaara belt are enclaves of variably garnet, 
cordierite, orthoamphibole and chlorite containing 
gneisses; these obviously after strongly altered mafic-
felsic volcanic and sedimentary rocks (Paavola 1999, 
Hölttä & Paavola 2000). The W part of the Iisalmi 
block is spotted by a N-S running chain of roundish, 
1860±5 Ma old, late kinematic Proterozoic intrusions 
consisting variably of hornblendite, diorite, quartz 
diorite and granodiorites-granites (Paavola 1988, 
1991, 2003, Ruotoistenmäki et al. 2001). One of these 
plutons (Kauppilanmäki) is crossed by FIRE 1, show-
ing up in the seismic image as a patch of relatively 
poor re��ectivity. In the SW, along the W margin of the 
block, there also occurs, locally abundantly, micro-
tonalite dykes (Paavola 1988), whose emplacement 
probably slightly preceded the emplacement of the 
1.86 Ga plutons.

It is important to note that the Iisalmi block preserves 
minor in-situ erosional remnants of Palaeoproteroic 
cover strata. Sariola-Jatuli type conglomerates and 
quartzites occur at its SE corner at Tahkovuori and 

sists dominanly of lower Kaleva type, amphibolite- 

from below the Vieremä belt suggests there occurred 

block preceding the presumably 2.0–1.95 Ga lower 
Kaleva deposition. 

Palaeoproterozoic dolerite dykes are abundant 
throughout the Iisalmi block; at least 2.3 Ga and 

weakly deformed, pristine to partly amphibolite grade 
metamorphosed pyro�ene dolerites are a norm in the 

Especially well preserved are the dykes in the areas 

The dykes in the N part of the Iisalmi block are usu-
ally relatively more e�tensively hydrated and also a 

parts. But these dykes, similarly as the dolerite dykes 
elsewhere in the main Iisalmi block, are systemati-

and seem to have preserved also their original strikes 

largely unchanged, which appear to have been usually 
NW-SE trending. This implies that also the crosscut 
host Archaean gneisses have their pre-Svecofennian 
strike and dip orientations largely intact. 

The part of Iisalmi block crossed by FIRE 1 is 
characterized by a pronounced, distinctly well-layered 
re��ectivity dipping in a shallow angle (ca. 20–30°) 
to the S-SE. The seismic fabric seems to re��ect the 
gently S-SE-dipping (0–40°) mafic-felsic layering 
characteristic of the gneisses along the survey line 

density contrasts between the mafic (hornblende+ 
plagioclase±clinopyro�ene±orthopyro�ene±garnet) 
and felsic (quartz+plagioclase+biotite±hornblende) 
lithosomes of these usually distinctly well-layered 
gneisses. The FIRE 1 images suggest that the Iisalmi 
block would form a plate with a thickness of 15 km 
for its middle part, and a sharp, detachment style basal 
contact dipping in a shallow angle towards the S-SE. 
Metamorphic pT-determinations on the Archaean 

of 8–10 kb are obtained from similar amphibolites 

ference could perhaps re��ect a bit more Proterozoic 
uplift and e�humation in the N part of the block.

zoic cover sediments on, and dolerite dykes in the 
Iisalmi block both have been peakmetamorphosed 
under the lower amphibolite facies pT conditions, with 
no evidence of preceding high amphibolite or granu-
lite facies metamorphism, not even for dykes that are 
hosted in well-preserved granulites. This fact attests 
to that the e�humation of the granulites of the Iisalmi 
block was first and foremost an Archaean process. 
Overall, there is little evidence to support interpreta-
tions of principally Svecofennian e�humation of the 
granulite blocks, which has been suggested, e.g., by 

The W contact of the Iisalmi block is coincid-
ing with the boundary zone between the EFAC and 
Svecofennian domains, which is often understood in 

ESBZ at Luupuvesi ca. 15 km to the W of Vieremä, 
where the estimated outer edge of the EFAC locates 
below (overthrust) Svecofennian migmatites and 
amphibolites of the Näläntö-Piippola belt. Some 
30 km to the S of Luupuvesi, Archaean gneisses of 
the Iisalmi block are seen in a direct contact against 

2.1 Ga age populations are present (Toivola 1988, 

central part of the block crossed by the FIRE 1 line. 

Toivola et al. 1991, Hölttä et al. 2000). Undeformed to 

Pisa (Fig. 2, Paavola 1984), and along its NE margin 
at Älänne (Fig. 2, Kontinen & Eskelinen 2005). The 
Vieremä (Salahmi) schist belt on its NW margin con-

& Vaasjoki 1999). The absence of Jatuli type rocks 

grade metaturbiditic wackes (Fig. 2, Laajoki & Luu-
kas 1988, Korkiakoski & Laajoki 1988, Pietikäinen 

some significant uplift of the W part of the Iisalmi 

garnetiferous pyro�ene amphibolites (Fig. 5C) in the 

It is important to recognize that the Palaeoprotero-

the Iisalmi block (Fig. 2) appears to be a dominantly 

(Fig. 5B). This is plausible as there are considerable 

Vieremä area in the N yield a relatively high pressure 

in the Varpaisjärvi area in the S (Hölttä & Paavola 
2000). Noting the probable N-verging transport and 
possible related uplift of the Iisalmi block in the late 
“D4” stage of the Svecofennian orogenesis (cf. Kärki 
and Laajoki, 1995), the observed palaeopressure dif-

indication of 11.3 kb, whereas somewhat lower values 

Paavola (1986) and Ward & Kohonen (1988).

terms of a collisional suture. The FIRE 1 crosses the 
of well-preserved, granulite facies Archaean rocks. 

bit more deformed than the dykes in its middle and S 

cally vertical to subvertical (cf. Figs. 4B–4D, 5D), 
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Svecofennian migmatites, and the situation persists 
for over 100 km further towards the S. We infer that 
the situation would very probably be similar also at 
Luupuvesi if the seemingly relatively thin and from W 

The overall impression from the available geological 
data is that the ESBZ is for its whole length across 
the central Finland a very abrupt feature, in the mid-
dle-lower crust possibly defined by just a single, very 
narrow, vertical strike-slip type fault/shear zone. 

dISCuSSION

Proterozoic versus Archaean tectonic development

Considering the tectonic history of the EFAC, it 
seems reasonable to assume that its present tectonic 
structure and seismic properties would be a combined 
result of principally three main tectonic factors: (i) the 
late Archaean orogenesis, (ii) e�tensional tectonics 
during the 2.5–2.0 Ga platformal stage and subsequent 
ca. 1.95 Ga break-up of the Karelian craton, and (iii) 
tectonic reworking in the connection of the Svecofen-
nian orogenesis. 

During the 2.5–2.0 Ga period the EFAC was part of 
a relatively stable supercraton (Superia?, cf. Bleeker 
2003), from which the Karelian craton seems to 

entire craton had been eroded and peneplanised to 
the sustained thickness of ca. 35±5 km that is usual 
for Archaean cratons. During the following 400 Ma 
platformal period, the supercraton, and EFAC as 
part of it, was, probably for most part of the time, 
thinly covered by mature sandstones and carbon-

swarm episodes (2450, 2300, 2200, 2100, 1970 Ma) 

and connected e�tensional tectonics within the craton, 
probably related to mantle plumes impinging the base 
of the lithosphere. Nevertheless, the relative rarity 
of coarse alluvial and volcanic strata, and lack of 
evidence of 2.4–2.0 Ga compressional deformation 
in the Karelian cover sequence suggest that no major 
rifting and thinning or major shortening and related 
thickening of the crust occurred within this long period 
of relative tectonic quiescence. 

The western margin of the EFAC appears very 
sharp-cut and there is relatively little evidence for rift-
ing in its surface geology and that could be related to 
the inferred 1.95 Ga break-up of the Karelian craton. 

slip cut out and removal of the rifted/attenuated parts 
of the craton margin already in a very early stage of 
the Svecofennian tectonics.

Owing to the foreland position of the EFAC during 

the putatively collisional Svecofennian orogeny, its 
related structural modification could have been severe. 
The seismic data alone do not form an unambiguous 
basis for reliable evaluation of the nature and scale 
of the possible Svecofennian reworking, but this can 
be done only in integration with other geophysical 
and geological information. With respect to upper-
most crust an ideal case would be to have geological 
marker(s) in the EFAC that would facilitate distinction 
and quantification of the Svecofennian tectonic effects. 
Fortunately, we have an e�cellent such a marker in 
the 2.5 to 1.95 Ga dolerite dykes, which dissect the 
EFAC in many dense swarms. These dolerites are a 
tremendously useful tool because they are ubiquitous 
and most of them originated as vertical, kilometres to 
tens of kilometres long, usually spectacularly straight-
striking narrow dykes. Moreover, there is no evidence 
of their metamorphism or deformation before the 
Svecofennian orogeny. Altogether, the 2.4–1.97 Ga 
dolerites provide a perfect media for analysing the 
metamorphic and deformation effects of the Svecofen-
nian orogeny on the EFAC. 

Observations on the 2.5–1.95 Ga dolerite dykes 
along the FIRE 1, summarised brie��y in the sections 
above, indicate that the Svecofennian tectonic effects 
on the EFAC were of surprisingly limited magnitude. 
This is apparent from that there is evidence of signifi-
cant distortion, tilting and/or rotation of the dolerite 
dykes, and thereby of their Archaean hosts only for the 
Kajaani comple� and Lahnasjärvi block, both locating 
between the KSB and the Iisalmi block. This is some-
what surprising observation considering the evidence 
of amphibolite facies Svecofennian (1.85–1.80 Ga) 
metamorphic overprinting across the entire EFAC. 
Massive Svecofennian thrusting onto the EFAC has 
previously been inferred as the ultimate cause of 

of the EFAC implies that the Svecofennian thrusting 

tectonic reactivation in the EFAC. To construe the 

thrust Näläntö-Piippola gneiss belt (Laajoki & Luukas 
1988, Pietikäinen & Vaasjoki 1999) would be removed. 

have spawned ca. 1.95 Ga ago (Peltonen et al. 1996, 
1998). It seems that by ca. 2.3 Ga, at the latest, the 

ates (Kontinen 1986, Laajoki 2005). The many dyke 

indicate repeated periods of mantle activation below 

this overprinting (Kontinen et al. 1992, Pajunen & Kontinen (2002) has addressed this enigma to strike-
Poutiainen 1999). The relatively unreworked nature 

must have been of thin-skin nature without any major 
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actual tectonic configuration that was supporting the 
remarkably longevity of the 1.9–1.80 Ga thrust loading 
on the EFAC is out of the scope of this paper, but we 
suspect this probably was connected with the position 
of the Karelian craton in this time in between the op-
posite-verging and broadly concurrent Svecofennian 
and Belomorian orogens.

So, if the thrust stack style structure of the EFAC as 

output, what were the timing and tectonic character 
of the causative tectonic processes? Isotopic age and 
thermo-barometric data across the EFAC indicate 
that the accretional tectonism causing its stacked 
structure occurred ca. 2.70 Ga ago at high amphibo-
lite to granulite facies metamorphic conditions. The 

stacking involved gneissic-migmatitic units, some of 
them registering high amphibolite facies to granulite 
facies temperatures and also relatively high pressures 

tectonic stacking and subsequent cratonization of the 
EFAC was related to a major continent-to-continent 
style orogenic event. In this event the Pudasjärvi-

were bulldozed together (at the Kainuu suture) within 
a (at 2.7 Ga) much wider (in the west, note the “lost 

Ga ago) collisional orogenic system than what is now 
preserved in the EFAC. 

Jormua ophiolite and ”Kainuu suture” 

One of the important questions to which the FIRE 1 
was e�pected to contribute was that of the formative 
tectonic setting of the Jormua ophiolite and the enclos-
ing Upper Kaleva metasediments. Two contrasting 
models have been proposed: (i) the Jormua ophiolite 
and enclosing metasediments represent remnants of 
a rift-basin closed at ca. 1.9 Ga ago, and in which the 

comple� in which the ophiolite was transported ca. 
1.90 Ga ago to its present position (from a root zone 
to the “west” of the present E margin of the EFAC) 

image, likewise unpublished gravity models (Seppo 
Elo, pers. comm.), which consistently suggest that 
the Kalevian mica schists in the middle of the KSB 
would form just a thin (<2–3 km) surficical veneer 
on the >55 km thick EFAC, provide strong support 
for interpretations that the Jormua allochthon is an 
erosional remnant of an overthrust sheet rather than in 

situ fill of any sort of a crustal scale rift basin. Another 
strong argument for this interpretation is the e�iguity 
of evidence in the sedimentary and structural record of 
the KSB for a cycle between 2.0–1.95 Ga crustal-scale 
rifting through a Red Sea type narrow ocean and the 
post-1.9 Ga collisional basin closure (which in terms 
of rift models is required to e�plain the ophiolites and 
deep sea character of the Upper Kaleva). 

It is important to note that the prominent “D4” strike-
slip faults along the Kainuu schist belt coincide with 
the underlying Archaean (ca. 2.7 Ga) suture between 
the Iisalmi-Pudasjärvi and Kuhmo main segments of 
the Karelian craton. This is probably not by chance, 
but rather the D4 deformation within the KSB was 
controlled by the inherited crustal weakness related 
to the underlying Archaean suture. Thus, although 
there was no Svecofennian suturing across the KSB, 
the late Svecofennian “D4” deformation of the belt 
nevertheless had a kind of, although inherited and 
indirect, suture aspect. 

EFAC-Svecofennia boundary 

FIRE 1 profile crosses the EFAC-Svecofennia 
boundary zone (ESBZ) at Luupuvesi ca. 10 km to 
the W of Vieremä, thug allowing seismic based as-
sessment of the tectonic nature of this major domain 

detail, but the most often proposed include: the ESBZ 
represents either (i) a collisional-accretional suture, 
(ii) a strike-slip fault or (iii) a combination of both 

nature of the ESBZ in the FIRE 1 seismic data is an 
enigmatic feature for a collissional orogenic front 
since no evidence is present for such seismically well 
perceptible major frontal thrust ramp which is typi-
cal of frontal edges of many initially perpendicular 
collisional orogens, such as the Mesoproterozoic 

which the Svecofennia strike-slipped to its present 

we interpret it in the Fig. 3 was essentially an Archaean Iisalmi and Kuhmo-Ilomantsi segments of the EFAC 

up to 11 kb (Hölttä & Paavola 2000, Mänttäri & Hölttä 
2002). This suggests that the process leading to the 

craton” separated from the Karelian craton ca. 1.96 

opbiolites were  formed ca. 50 Ma earlier (e.g. Kontinen 
1987, Kohonen 1995), or (ii) a basal part in a nappe 

(Peltonen et al. 1996). We consider the FIRE 1 seismic 

(e.g. Park 1985, Nironen 1997, Korsman et al. 1999, 

boundary. Various models of the nature of the ESBZ 

Lahtinen et al. 2005). The almost indistinguishable 

Grenville (White et al. 2000) or Palaeoproterozoic 
Trans-Hudson orogen (White et al. 2000). We note 

would involve a narrow transcurrent fault zone along 
that Kontinen (2002) has proposed that the ESBZ 

have been presented; too many to be discussed here in 
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position as a largely “ready-assembled” protoconti-
nent, perhaps as late as, or even later than ca. 1.85 Ga 
ago. In this model the strike-slip emplacement of the 
Svecofennia was assumed to have been preceded by 
a more perpendicular collision of the EFAC by some 
forerunning, continental-scale landmass, which was 
subsequently cut off and transported to an unknown 
destination. This is definitely not a mainstream view, 
but as any detailed studies especially devoted on the 
tectonic evolution of the ESBZ are yet missing, e�act 
timing of the final docking of the Svecofennia must 
be considered an open question. Anyway, one aspect 

nicely e�plain the plain seismic image of the ESBZ; 

1.95 Ga) and subsequently collisionally shorthened 
(at ca. 1.90 Ga) margin of the Karelian craton was cut 
off and strike-slip transported away already in a very 
early stage of the Svecofennian tectonism. If the slip 
was concentrated in a narrow vertical zone a seismi-
cally relatively undistinct boundary could have been 

EFAC and Svecofennia.
It is worth mentioning that in some tectonic inter-

pretations the Iisalmi and Lahnasjärvi blocks have 
been seen as an e�otic allochthonous unit transported 
and thrust onto the EFAC in an early stage of the 

can be raised against this hypotheses. First, obvious 
Jatulian and Kalevian metasediments similar to those 
that fringe the eastern Kuhmo-Ilomantsi segment of 
the EFAC are found also on the Iisalmi block as e.g. 

Second, the Palaeoproterozoic dolerite dyke swarms 
in the Iisalmi block also seem similar to those in the 
Kuhmo-Ilomantsi segment of the EFAC, even in terms 
of the present dyke orientation patterns. Overall, these 
similarities in the 2.5–1.9 Ga geologies between the 
Iisalmi block and Kuhmo-Ilomantsi domain badly 
compromise the hypothesis about their post-1.9 Ga 

Models of primarily Svecofennian e�humation of 
the granulites in the Iisalmi block have been proposed 

However, the lack of evidence of granulite facies meta-
morphism of the Palaeoproterozoic dolerites cutting the 
granulites is at odds with the primarily Svecofennian 
e�humation. Adding to this that the dolerites (also in 
the granulite domains) preserve their intrusion-stage 
dip and strike attitudes largely untilted and unrotated, 
the possible Svecofennian e�humation of the granulites 
and the Iisalmi block is constrained to a simple, maybe 
only a few kilometres on simple vertical uplift. In any 

the block is required to e�plain the e�posure of the 
1.86 Ga granitoids along its W margin. 

Lower crust-mantle interface

Our main focus in this paper was in the structure 
of the uppermost 20 km of the crust. There are some 
distinct features in the FIRE 1 deep seismic patterns 

erozoic cratons usually have well -re��ecting layered 
lower crust and a sharp seismic Moho typically locat-

weak and incoherent in its re��ectivity, and the re��ection 

Although the tectonic causes for a seismically trans-

was the obviously e�ceptionally long-lasted, from 

radiogenic) heating of the EFAC peaked (at 1.85 Ga?) 
with amphibolite facies temperatures (500–600 °C) for 

much higher temperatures (>700–800 °C) for deeper 
levels of the crust. Surface evidence indicates that the 
Svecofennian thermal peak was attained at static con-

the lower crust also was static and resulted in signifi-
cant recrystallization (annealing), major reduction in 
preferred orientation of anisotropic minerals (after 
previous deformations) such as amphiboles and mi-
cas, and related reduction in seismic anisotropy and 
re��ectivity of the lower crust could be suspected. 

te�tures of lower crustal �enoliths in the kimberlite 
pipes emplaced through the western EFAC provides 
support of this hypothesis.

Besides causing dehydration and recrystallization 
(annealing) across the EFAC, the heating related to its 
long-lasted 1.90–1.80 Ga burial should have been for 
the middle-lower crust high enough to cause its (partial) 
melting. However, the relative rarity of Proterozoic 
granites within the EFAC suggests that only limited 

in the strike-slip model of Kontinen (2002) would 

namely, he proposed that the rifted/attenuated (at ca. 

Svecofennian orogenesis (e.g. Park 1985; Korja et 
al. 2004). However, at least two serious arguments 

generated. This is what we currently see between the 

1984, Paavola 2003, Kontinen & Eskelinen 2005). 
at Tahkovuori, Alänne and Vieremä (Fig. 2; Paavola 

Svecofennian tectonic ju�taposition. 

e.g. by Paavola (1986) and Ward and Kohonen (1988). 

case, some post-1.86 Ga Proterozoic e�humation of 

that we want to comment, however. Archaean-Prot-

ing at the depth of 35±5 km (e.g. Clowes et al. 1996, 
Ludden & Hynes 2000, Reading & Kennett 2003). 
However, in the case of the EFAC, the lower crust is 

parent lower crust and Moho could be many (Eaton, 
2005), we consider that in this case the ultimate cause 

seismic Moho is a barely discernible feature (Fig. 3). 

of the EFAC. The associated conductive (plus in situ 

the present surface (Kontinen et. al. 1992, Pajunen & 
Poutiainen 1992, Kontinen 2002), and by all reason at 

1.9 to 1.82 Ga persisted Svecofennian thrust burial 

ditions (e.g. Koistinen, 1981; Pajunen & Poutiainen, 
1999). So if the high temperature metamorphism in 

The evidence cited below of massive, granoblastic 
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related middle-lower crustal melting took place. The 
principal reason to this probably was the supposedly 
low granite melt fertility of such dominantly tonalitic-
throndhjemitic-granodioritic crust as the EFAC seems 
to comprise from bottom to top. However, within 
the area considered here, some localized Proterozoic 
granite magmatism occurred at ca. 1.86 Ga and 1.80 
Ga. The partly mafic nature of the 1.86 Ga plutons 
and their concentration in a narrow zone near the 
ESBZ suggest the primary magmas were of mantle 
origin and probably linked with the late-Svecofennian 
strike-slip tectonism. The ca. 1.80 Ga Kajaani type 
pegmatoid granites, however, are an obvious product 
of Svecofennian infracrustal melting, that seems to 
re��ect the rapid pressure release in the late stage of 
the presumed 1.84–1.81 Ga e�tensional collapse of 

preferred association of the 1.8 Ga granites with less 
thoroughly migmatized Archaean metasedimentrary 
gneisses suggests that the actual melt production was 
more fertility than temperature constrained.

Despite the effects of the 1.9–1.8 Ga burial metamor-
phism, there still is in the FIRE 1 data a faint drop in 
the lower crustal re��ectivity that is defining a surface 

previously estimated from refraction seismic data (e.g. 

the crust at the EFAC-Svecofennia boundary was quite 
thick, ca. 60 km, but would thin eastwards within a 
distance of ca. 100 km to a more normal thickness 
(for Archaean cratons) of ca. 43 km at Vartius at the 
NE end of the FIRE 1. A late Svecokarelian 1.86–1.80 
Ga mafic-magmatic underplate, indicated by a dense, 
high-velocity layer at 40–60 km deep at the base of the 
lower crust, is thought to compensate the thick crust 

plate seems to correlate positively with the between 
1.85–1.80 Ga e�isted thickness of the Svecofennian 
trust comple� and related burial depth of the EFAC 
(Svecofennian heating of its present surface). Obvi-
ously, the deeper the burial was, the more there was 
“post-thrust” adiabatic melting of the mantle generat-
ing a thicker mafic underplate and thereby possibilities 
a thicker total crust to be created and preserved.

The transparent nature of also the dense/high ve-
locity underplate at the base of the lower crust of the 
EFAC suggest it was of massive, homogenous nature 
or that it emplaced well before the rapid removal of 
the Svecofennian overthrust comple� so that also it 
was affected by the above inferred late to post-Sve-
cofennian heating and related static recrystallization 

is kimberlite �enolith evidence of heterogeneous Ar-
chaean-Proterozoic nature but yet uniformly massive 
granoblastic te�tures and 1.80–1.73 Ga metamorphic 

the latter scenario seems more probable.
 Based on interpretations of the FIRE 1 seismic im-

arc crust underthrust below the W margin of the EFAC 

there are no observations of fragments from such arc 
crust in the kimberlite pipes intruded in the EFAC just 
some 80 km from the EFAC-Svecofennia boundary 

Another important constraint from the kimberlite 
studies is that the mantle below the western margin 
of EFAC is demonstrably of Archaean SCLM origin 
with evidence of possible Svecofennian effects only 

strong evidence for the very sharp-cut, vertical and 
probably very narrow fault zone of the ESBZ e�tend-
ing to a depth of > 250 km.

CONCLudING REMARK

a new view in the structural architecture of the N part 
of EFAC. A preliminary model of the contained crus-
tal structure, based on an integrated interpretation of 

this paper. When constructing the cross-section model 

and provide an interpretation as free of unprovable 
components as possible. However, interpretation 
of seismic (and also geological) data of high-grade 
metamorphic-igneous crust of comple� tectonic his-

tory is generally very challenging. In the first place 
this is due to the inherent difficulty of interpretation 
of the seismic data of such crust. There are almost 
always several possible interpretations of re��ections, 
and usually very restricted, any means are available, 
to sort out the most relevant of them (especially for 
deep re��ections). An other major difficulty arises 
from the fact that the method is not particularly well 
suited for analysing of subvertical to vertical structures 
or structures with abundant 3D comple�ity. Conse-
quently, there easily may be even major crustal features 

in Fig. 3, we tried to keep our feet on the ground, 

the Svecofennian orogeny boundary zone (e.g. Kors-
man et al. 1999). However, as we argued above, the 

Korja et al. 1993, Korsman et al. 1999). It seems that 

(cf. Fig. 3), which appro�imately coincides with Moho 

at the EFAC-Svecofennia boundary (e.g. Korsman et 

the EFAC+ Proterozoic cover+Svecofennian under-
al. 1999). Intriguingly, the present total thickness of 

ages in the underplate layer (cf. Peltonen et al., 2006), 

has been proposed (e.g. Korja et al. 2004). However, 

of the lower crust (of. McBride et al. 2004). As there 

(cf. Peltonen et al., 2006, and references therein). 

age, presence of early Svecofennian (1.92 Ga) lower 

for its uppermost 60–110 km layer (Lehtonen 2005; 
Peltonen and Brügmann 2006). This, if anything, is 

The FIRE 1 deep re��ection seismic survey opened 

available geological and FIRE 1 data was provided in 
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at all in the recorded data, or show up in a too hazy 
or comple� way to be correctly interpreted. Obvious 
e�amples of such features are the Kainuu-Outokumpu 
and EFAC-Svecofennia “sutures” that, although be-
ing major features in the surface geology and prob-
ably also deeper in the crust, do not, however, much 

even basic information on ages the main phases of 
magmatism, deformation and metamorphism in many 
of the included tectonic blocks is still unavailable, it 
is clear that any interpretation of the FIRE 1 data and 

crustal structure of the EFAC must yet be considered 
very much as “work in progress”. Finally, it cannot 
be overly emphasized that re��ection seismic data 
for such highly evolved (collisional orogenic) crust 
as the EFAC are very strongly biased, if not entirely 
restricted, to the features related to the very latest 
accretionary orogenic processes. Thus although seis-
mic imaging is potentially very useful in analysing 
the finite structures and assembly of orogenic crust, 
it may tell only little on the possibly very comple� 
preceding tectonism. 
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INTROduCTION

The Lapland Granulite Belt (LGB), a classic thrust 
belt in northern Fennoscandian Shield, has been subject 

mapped LGB in detail. LGB was a segment of the 
Polar Profile, Part 5 of the European Geotraverse, 
an interdisciplinary study incorporating geological, 

a model of LGB and discussed reasons for enhanced 
re��ectivity and electric conductivity in the continental 

crust. Tuisku & Huhma (1998) published results from 
SIMS dating of LGB zircons.

There e�ist two kinds of earlier interpretations of 
the gravity anomaly caused by the Lapland Granulite 
Belt. The first approach was to create a density model 
that as accurately as possible would fit to the observed 
geology at the surface and to the measured gravity 

to force the model to one of the preconceived tectonic 
ideas at the e�pense of the fit to the observed data 

in a controversy on the nature of the NE contact of the 

246, 2006.

magnetic, magnetic, gravity and petrophysical data 

of many studies and some controversy. Eskola (1952) 

(Freeman et al., 1989). KorjaKorja etet al. al. (1996)(1996)(1996) compiledcompiled compiled

anomaly (Elo et al. 1989). The second approach was 

recognized and described LGB. Meriläinen (1976) 

(Marker et al., 1990). These two approaches resulted 

refraction and re��ection seismic, geoelectric, palaeo-
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LGB, which was e�acerbated by a gap in the seismic 
re��ection data available at that time.

The Finnish Re��ection E�periment (FIRE) produced 
over 2160 km of high-quality seismic re��ection data 
informative of the geological structures down to 
the depths of 50 to 60 km and created a challenge 

to incorporate the new seismic sections of the crust 
into the e�isting geological and geophysical models. 
The object of this paper is to start a series of notes on 
gravity anomaly modelling constrained by migrated 
FIRE sections. 

SEISMIC dATA

Figure 1.  Northern leg of FIRE 4 on a bedrock map with CMP num-
bers.

The aim of FIRE is to investigate the structure of 
the crust in Finland on four transects that cross major 
geotectonic units in the Precambrian of Finland. The 
participants are the Geological Survey of Finland and 
the universities of Helsinki and Oulu. The seismic 
contractor was a Russian company Spetsgeofizika. 
The seismic measurements were carried out using 
the Vibroseis method, details of which are described 

this volume). The basic data processing was done by 
Spetsgeofizika producing two data sets: normal CMP 
(Common Midpoint) -stack with a record length of 30 
seconds which corresponds to about 100 km in depth 
and 16 seconds long DMO (Dip Moveout) -stacks 
for better images of steeply dipping structures. The 
sections were afterwards migrated at the Institute of 

The fourth and last line of FIRE was sounded in 
2003. The northern leg of the line 4 coincides with 
the POLAR profile. The leg starts in the Kittilä 
greenstone belt, crosses the Lapland Granulite Belt 
in SW-NE direction and ends in the Archaean Inari 

metamorphic and igneous events of LGB are 1900 

Ma years old, the provenance is 2000 – 2900 Ma and 
the tectonic ju�taposition 1880–1900 Ma old. The 
lower part of LGB consists of sheared granulites and 
is strongly re��ective whereas the upper part consists 
of anatectic granulites and is weakly re��ective. The 
dominant dip of re��ectors inside LGB is at low angles 

Figure 2. Migrated seismic section along the northern leg of FIRE 4 with CMP numbers. The section represents 80 km in vertical direction. The aspect 
ratio is 1:1. Locations of major geological contacts according to the bedrock map in Figure 1: a) the soutwestern contact of the Lapland granulite belt, 
b) the northwestern contact of the Lapland granulite belt, c) the northwestern contact of the border zone.

elsewhere in this publication (Kukkonen et al. 2006, 

Seismology in Helsinki.

terrain (Fig. 1).

to the northeast (Figure 2). The central part of the 

According to SIMS (Secondary Ion Mass Spectrom-
etry) dating of zircons (Tuisku and Huhma, 1998) the 
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in this belt dip gently to the northeast. This implies a 
lithological contact dipping to the southwest that has 
been sheared along surfaces dipping to the northeast. 
In the southwest, LGB is bounded by an assemblage 
of gneisses similar to the central part of the Inari ter-
rain. Sandwiched between these gneisses is the narrow 
Tanaelv Belt consisting of a high- to medium grade 
banded sequence of partly migmatitic garnet-bearing 
amphibolites, hornblende gneisses, and light-coloured 
quartz-feldspar gneisses. The strongly sheared Tanaelv 
belt dips gently to the northeast and is visible in the 
seismic section as a re��ective belt under LGB. 

Inari terrain consists mainly of Archaean gneisses and 
migmatites. Between the Archaean Inari terrain and 
LGB there is a border zone (BZ) consisting of paleo-
proterozoic metasedimentary rocks on its southern 
side and various gneisses on its northern side. The 
dominant re��ectors in BZ dip to the southwest e�tend-
ing appro�imately to a depth of 6 km. No significant 
decrease of the metamorphic grade is observed at the 
contact of LGB and BZ. Between the Archaean Inari 
terrain and BZ there is a relatively wide re��ective 
belt which dips to southwest and e�tends to a depth 
of more than 16 km. A number of individual re��ectors 

ROCK dENSITIES

A prerequisite to modelling of gravity anomalies is 
some knowledge on density of relevant rock units. EloElo 
et al. (1989) applied a mean density of 2750 kg/m(1989) applied a mean density of 2750 kg/m3 to 
granulites based on laboratory measurements, 2710 kg/ 
m3 to the border zone based on gravity modelling and 
2690 kg/m3 to the background based on generalised 
density model of “granodioritic” basement gneisses. 
In this paper, the densities are derived directly from 
the results of laboratory measurements of dominant 
rock types e�cept in the case of the low-density block 
within the anatectic granulites, the density value of 
which was obtained by gravity modelling. The granu-
lites are divided into two groups: the sheared lower 
granulites and anatectic upper granulites. The locations 

components ranging from low (“granitic”) to high 
(“mafic”) density. 

Table 1. Measured densities of the dominant rock types in each geological unit

(Rock type) Mean 
kg/m3

Std  
kg/m3

N M11

kg/m3
M1-%2

Sheared granulite 2757 109 367 2740 79

Anatectic granulite 2754 104 646 2741 81

Background gneisses 2666  86 198 2641 92

Border zone 2735  75  54 2740 78

Tanaelv belt 2728 111  20 2734 61

1 Mean of the most abundant normally distributed component

2 Percentage of the most abundant component

Figure 3. Locations of petrophysical samples.

of samples are shown in Figure 3. The densities for 
the geological units used in gravity anomaly model-

can be divided into three to four normally distributed 
ling are given in Table 1. All the density distributions 
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Bouguer anomaly map. The map is based on the 
Finnish 2.5 km � 2.5 km Bouguer anomaly grid 
(Korhonen et. al. 2002). In this area the average data 
interval of original unevenly spaced gravity stations 
is about 3 km. 

Bouguer anomaly values were interpolated at each 
common mid-point along the winding profile at in-
tervals of appro�imately 25 metres. The interpolated 
profile was continued upwards to a height of 1 km. 

2D sections along the profile. The seismic section, 
the geological contacts at the surface and the petro-
physical data were used to constrain the model, after 
which the model was adjusted to minimize the dif-
ference between the calculated and measured gravity 

block was added within the anatectic granulites. The 
increase of the regional anomaly from the southwest 
to the northeast is thought to be due to the increased 
density of the lower crust in the northeast. This ef-
fect can be easily but not unambiguously modelled. 

GRAvITY dATA

Figure 4. Northern leg of FIRE 4 on a Bouguer anomaly map based on 
Fennoscandian Bouguer anomaly grid (Korhonen et al., 2002).

GRAvITY MOdELLING

According to the present interpretation the granulite 
belt does not become horizontal and continue to the 
northeast underneath the Inari terrain as suggested 
in some earlier studies e.g. Marker et al. (1990). 

northern contact of the granulite belt, which shows 

collision structure with a broken-up remnant root in 
the middle and lower crust (cusp-like patterns pointing 
downwards) and a new equilibrated Moho (relatively 
horizontal lowermost re��ectors).

Figure 4 shows the northern leg of FIRE 4 on a 

The gravity model (Figure 5) consists of truncated 

anomalies. In order to improve the fit, a low-density 

The close-up of the FIRE section (Figure 6) at the 

the major seismic re��ectors, suggests a continental 
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Figure 5. Density model with calculated, regional and measured gravity anomalies.

Figure 6. A close-up of the seismic section at the northern contact of the 
granulite belt.



246

Geological Survey of Finland, Special Paper 43
Seppo Elo

CONCLuSIONS

High-resolution seismic re��ection section has im-
proved and made less ambiguous the gravity model 
of the Lapland Granulite Belt and shown that some 
earlier definitive potential field models have not been 
so definitive after all.

Along the FIRE transect, the residual gravity 
anomaly due to the Lapland Granulite Belt (LGB) 
is appro�imately + 40 mGal. Even when the density 
contrast is relatively small, granulite bodies in the 
upper crust are capable of causing relatively large 
gravity anomalies. The SW contact of LGB dips at low 

angle to the NE and coincides with a strongly sheared 
thrust zone. At the NE the granulite belt e�tends to 
a depth of more than 16 km. At the surface the NE 
contact dips to the southwest but the contact is more 
comple� than at the SW.

The seismic re��ectors represent strongly sheared 
zones with a mi�ture of rocks rather than simple 
geological contacts of two differing rock types.

The overall pattern of re��ectors suggests a collision 
structure with a remnant of a broken-up root zone in 
the lower crust but a new equilibrated Moho.
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Appendix 2: Grey scale image of migrated section of FIRE 1 (scale 1:740 000).
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Appendix 3: Coherency filtered migrated section of FIRE 1 (scale 1:740 000).
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Appendix 4: Grey scale image of migrated section of FIRE 2 and 2A (scale 1:740 000).
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Appendix 5: Coherency filtered migrated section of FIRE 2 and 2A (scale 1:740 000).



Kukkonen, I.T., Heikkinen, P.,  Ekdahl, E., Hjelt, S.-E., Yliniemi, J.,  Jalkanen, E. & FIRE Working Group 2006. ���ui�ition and geoph��i�al �hara�teri�ti�� o�� re��e�tion �ei�mi� data on FIRE tran�e�t�,���ui�ition and geoph��i�al �hara�teri�ti�� o�� re��e�tion �ei�mi� data on FIRE tran�e�t�, 
Fenno��andian Shield. In: Kukkonen, I.T. & Lahtinen, R. (ed�.), Finni�h Re��e�tion Experiment FIRE 2001–2005, Geologi�al Surve� o�� Finland, Spe�ial Paper 43, 13–43.
Appendix 6: Grey scale image of migrated section of FIRE 3 and 3A (eastern part) (scale 1:740 000).
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Appendix 7: Coherency filtered migrated section of FIRE 3 and 3A (eastern part) (scale 1:740 000).
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Appendix 8: Grey scale image and coherency filtered migrated section of FIRE 3A (western part) (scale 1:740 000)
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Appendix 9: Grey scale image of migrated section of FIRE 4 and 4A  (scale 1:740 000)
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Appendix 10: Coherency filtered migrated section of FIRE 4 and 4A  (scale 1:740 000)
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Appendix 11: Grey scale images and coherency filtered migrated sections of FIRE 4  and  4B, and FIRE 4B and 4A junctions (scale 1:740 000).
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