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The present-day constitution of the c. 1.9–1.8 Ga old Svecofennian crust in south-
ern Finland shows the result of a complex collision of arc terranes against the Ar-
chaean continent. The purpose of this study is to describe structural, metamorphic 
and magmatic succession in the southernmost part of the Svecofennian domain in 
Finland, in the Helsinki area. Correlations are also carried out with the Pori reference 
area in southwestern Finland. A new tectonic model on the evolution of the southern 
Svecofennian domain is presented. The interpretation is based on field analyses of 
structural successions and magmatic and metamorphic events, and on interpretation of 
the kinematics of the structures. The structural successions are linked to new TIMS and 
SIMS analyses performed on eight samples and to published age data.

The Svecofennian structural succession in the study area is divided into deforma-
tion phases D

A
-D

I
; the post-Svecofennian events are combined as a D

P
 phase. Kinemat-

ics in the progressively-deforming transtensional or transpressional belts complicates 
analysis of the overprinting relations due to their simultaneous contractional and exten-
sional structures. In this work the Svecofennian structural succession in the study area 
is related to major geotectonic Events 1–5, E

1
-E

5
, on the basis of their characteristic 

kinematics and tectono-metamorphic and magmatic features.
Geotectonic event E

1
 includes the D

A
 deformation (corresponding to the D

1
 in the 

northern Svecofennian units) that deformed the oldest supracrustal sequences, includ-
ing volcanic Series I. The horizontal D

A
 structures formed during c. N-S shortening. 

Event 1 is suggested as an early major thrusting deformation at c. 1.9–1.88 Ga ago. 
The crust thickened and crustal slices from different depths, and geotectonic and depo-
sitional environments, were juxtaposed.

Geotectonic event E
2
 includes the D

B
 deformation (D

2
 in the north). It is related to 

a crustal extension that caused a strong vertical shortening and prograde low-pressure 
(andalusite-sillimanite type) metamorphism. Extension is related to an island arc col-
lapse; this collapse did not occur in the Archaean domain. The younger volcanic Series 
II evolved during the collapse and is proposed to represent intra-arc volcanism. Large 
amounts of syn-/late D

B
 intermediate igneous rocks were also emplaced. E

2
 shows 

diachronic evolution, getting younger towards south; the age of E
2
 in the south is 

c. 1.88–1.87 Ga.
The E

2
 extension was rapidly followed by a N-S shortening event, E

3
, that formed 

the contractional D
C
 structures (D

3
 in the north) in the south at c. 1.87 Ga; E

3
 was also a 

diachronic event. According to the structure and age correlations, the northern Svecofen-
nian units already underwent E

3
 contraction during the southern E

2
 extensional stage. 

This supposes that the crust as a whole was under a compressional regime and that E
2
 was 

a southwards-migrating localized event. In the Archaean continent and close to its border 
zone, the escape of crustal blocks towards the NNW-NNE occurred; movements oc-
curred along the old Archaean or pre-collisional Proterozoic N-S-trending shear zones. 
After E

3
 the Svecofennian and Archaean domains formed a coherent continent and, 

therefore, the later geotectonic events occurred in this new continental crust.
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Geotectonic event E
4
 deformed the new continental crust and is in the south pre-

dominantly connected to the evolution of the Southern Finland Granitoid Zone (SFGZ). 
The E

3
 N-S stress field rotated into a SW-NE orientation. The pre-SFGZ crust in the 

south is characterized by the D
C+D

 dome-and-basin interferences formed at c. 1.87 Ga 
due to the SW-NE transpressional deformation D

D
 (D

4
 in the north). At that time, in 

the northern units, the wide-scale oblique contractional folding, eastwards transport 
and clockwise rotation of crustal blocks occurred. The deformation pattern of crustal 
blocks, like the Pomarkku and Vaasa blocks during D

4
 (D

D
 in the south) and the Cen-

tral Finland block during D
F
 at c. 1.86–1.85 Ga, as well as related shear zone patterns, 

are interpreted as a product of escape tectonics related to the SW-NE transpression. 
Simultaneously with the termination of the D

4
 deformation in the north at 1868 ± 3 

Ma, evolution of the Southern Finland Granitoid Zone (SFGZ) was initiated by the 
early D

E
 tonalites in the south. The SFGZ shows a very complex pattern of D

E
, D

F 
, D

G
 

and D
H
 structures that formed in kinematics representing different local stress fields. 

Intense intermediate to felsic D
E
 magmatism occurred in the oblique SE-extensional 

zones between the active N-trending deformation zones, the Baltic Sea-Bothnian Bay 
Zone (BBZ), Riga Bay Karelia Zone (RKZ) and the Transscandinavian Igneous Belt 
(TIB). In the erosion level, progressive extensional evolution led to the development of 
the pull-part basins with supracrustal sequences exemplified by the Jokela supracrustal 
association. The peak of D

E
 extensional evolution is represented by gabbro intrusions 

at c. 1.84 Ga; this mafic and intense intermediate magmatism may be related to the 
volcanism in the pull-apart basins. The Porkkala-Mäntsälä shear/fault zone and the 
wide-scale F

G
 folding are results of a short-lasting N-S shortening D

G
 at c. 1.85 Ga. In 

southern Finland the late E
4
 evolution, from c. 1.84 to 1.80 Ga, is characterized by SE-

NW transpression during D
H
. Sinistral movements in the N-trending shear zones, like 

the Vuosaari-Korso shear/fault zone, oblique dextral movements in the E-W-trending 
Hyvinkää and Southern Finland shear/fault zones, oblique contractional D

H
 folds and 

the oblique extensional or spot-like granites and diabase dykes resulted. The localized 
D

E
 SE-NW extension in the SFGZ turned to SE-NW transpression due to rotation of 

the zone under an overall SW-NE transpression between the major N-trending de-
formation zones, the Baltic Sea-Bothnian Bay Zone (BBZ), Riga Bay-Karelia Zone 
(RKZ) and Transscandinavian Igneous Belt (TIB).

The evolution of the major N-trending D
I
 deformation zones, the BBZ, RKZ and 

TIB, already started during the D
D
 deformation, but their latest phase, related here to 

the E
5
, deformed the Southern Finland Granitoid Zone (SFGZ) and the E-W-trending 

shear zones. The D
G+H+I

 dome-and-basin interferences determining the present exposi-
tion of the geotectonic and metamorphic units were formed. The youngest dated Sve-
cofennian rock in the study area is a <1.8 Ga old amphibolite facies diabase dyke, 
which confines the fade of the Svecofennian orogeny in southernmost Finland.

The post-Svecofennian deformations and magmatic events, included here as a 
combined D

P 
, are strongly controlled by the older Svecofennian structures. In the study 

area the c. 1.65 Ga Bodom and Obbnäs rapakivi granite magmas were channelled by 
the intersections of the major Svecofennian crustal shear structures, like the southern 
Finland, Porkkala-Mäntsälä and the D

I
 shear zones/faults, and the low-angle structures 

like the S
E/H

 foliation planes controlled their emplacement. On a wider scale, rapakivis 
are located in close association with the major Svecofennian D

I
 deformation zones 

such as the Baltic Sea-Bothnian Bay Zone (BBZ) and Riga Bay-Karelia Zone (RKZ).
Tectonic and kinematic analysis combined with the tectonically-fixed age data 

on magmatic events establishes that the Svecofennian orogeny was a continuous dia-
chronic event getting younger towards the south/southwest. The Svecofennian island 
arc system collided obliquely against the Archaean continent simultaneously with the 
growth of an island arc. The Svecofennian arc components were accreted to the Ar-
chaean continent to form a new continental crust. The continent was deformed during 
the continued transpressional orogen into major crustal blocks that transported and 
rotated with simultaneously formed extensional zones – e.g. the pull-apart basins and 
granitoid zones – and strike slip terranes. The tectonic pattern is characteristic for ter-
ranes formed by escape tectonics. 

In summary, the tectonic evolution of the Svecofennian orogeny is related to one 
oblique collision of the active, growing Svecofennian island arc system against the 
Archaean continent, and to subsequent transpressional continental deformation char-
acterized by escape tectonics.
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INTRODUCTION

tures in these regions. While ductile deformation 
occurred in the south, the northern units behaved in 
a more rigid and brittle way (Pajunen et al. 2001b). 
Recently, more reasonable information on the semi-
brittle to brittle structures has been needed, because 
society has increased the requirements for geologi-
cal information. Especially the analysis of semi-
ductile to brittle structural data has prime impor-
tance for several applications. The late Svecofennian 
ductile to semi-ductile tectonic events are important 
for the present-day arrangement of tectonic units 
and distribution of lithologies, but are only seldom 
described (Ehlers et al. 1993, Pietikäinen 1994 and 
Pajunen et al. 2001a). How the Svecofennian struc-
tures influenced the post-Svecofennian geotectonic 
structures, like the extension-related rapakivi mag-
matism at c. 1.65–1.57 Ga ago (Vaasjoki 1977a, 
Rämö 1991, Korja & Heikkinen 1995, Kosunen 
2004 and Haapala et al. 2005), the subsequent for-
mation of the sandstone basin (Kohonen et al. 1993) 
and related mafic magmatism at 1.25 Ga in the Pori 
area, or the Caledonian or even post-glacial events, 
is still an open question. 

The aim of this paper is to explain how tectonic, 
magmatic and thermal evolution yielded the present 
configuration of rock types and structures in the 
study area in the surroundings of Helsinki (Figure 
1). The results presented in a preceding unpublished 
report by Pajunen et al. (2002) showed that tectono-
metamorphic and magmatic evolution in southern-
most Finland is more complicated than can be sum-
marized from the earlier studies. There are several 
reasons for this complexity, for example: 1) the tec-
tono-thermal events and their products cover the 
whole time-scale of Svecofennian history, from 1.9 
to 1.8 Ga; the crust was strongly modified during 
the anorogenic rapakivi-stage c. 1.65–1.54 Ga ago 
(Vaasjoki 1977a, Korsman et al. 1997 and Haapala 
et al. 2005) and later Mesoproterozoic extension 
and magmatism 1.25 Ga ago (Kohonen et al. 1993); 
some reactivation occurred during the Caledonian 
orogeny c. 450 Ma ago (Vaasjoki 1977b and Mer-
tanen et al. 2008) and even the post-glacial time 
(Kuivamäki et al. 1998), 2) the bedrock is character-
ized by a complex polyphase tectonic history (e.g. 
Laitala 1973a, Hopgood 1984 and Pajunen et al. 
2008) that caused strong fragmentation and reorga-
nization of the various tectonic units, 3) the thermal 
state and rigidity of different units varied during the 
concomitant deformation, causing differing kine-
matic behaviour and deformation patterns that are 
difficult to correlate between the separate units, 4) 
several metamorphic mineral growth stages (e.g. 
Korsman et al. 1984, 1999 and Kilpeläinen 1998), 

At the very beginning of last century, J. J. Seder-
holm (1907, 1923, 1926, compiled works in 1967), 
the architect of modern geological research and 
mapping in Finland (e.g. Scheinin & Korsman 
2007), described with amazing accuracy the 1.9–1.8 
Ga Svecofennian supracrustal sequences and mig-
matites (interpreted as Archaean at his time) in the 
southernmost part of the country. His main empha-
sis was on structures and the genesis of migmatites, 
melting and granitization in the deeper crustal lev-
els. Sederholm (1926) carefully analysed the rela-
tionships between different magmatic and migmati-
zation events. For example, mafic dykes intruded 
into the brittle fractures of Hanko-Inkoo granite, 
and both the granite and dyke were migmatized by a 
later granitic event, thus confirming the polyphase 
tectono-thermal evolution of the crust. The obser
vation definitely evidences that there was a cooling 
stage between the two granitic events; this dis
cordance was later re-established, for instance, by 
Pajunen et al. (2008). In the southern Svecofennian 
domain, Korsman et al. (1984) described a tectono-
metamorphic discordance (geosuture in Korsman et 
al. 1988) between the northern Tonalite Migmatite 
Belt (TMB) and the southern Granite Migmatite 
Belt (GMB) (Figure 1). These kinds of discordanc-
es, combined with kinematic and thermal data, have 
a great importance in constructing crustal evolution 
models. Several models of the history of Svecofen-
nian evolution have been developed since the first 
plate tectonic model of Hietanen (1975). These ac-
cretion and collision-extension models (e.g. Koisti
nen 1981, Edelman & Jaanus-Järkkälä 1983, Gaál 
& Gorbatchev 1987, Ekdahl 1993, Korja et al. 1993, 
Lahtinen 1994, Ruotoistenmäki 1996, Nironen 1997, 
Kilpeläinen 1998, Korsman et al. 1999, Väisänen 
2002, Pajunen et al. 2002, 2004 and Lahtinen et al. 
2005), accompanied with considerable age data (e.g. 
Patchett et al. 1981, Huhma 1986, Vaasjoki & Sakko 
1988 and Suominen 1991), are a good basis for fur-
ther research on Svecofennian evolution. Unfortu-
nately, the interesting results of the Finnish Reflec-
tion Experiment FIRE 2001–2005 (Kukkonen & 
Lahtinen 2006) were published too late to be dis-
cussed in details here.

In the northern Tonalite Migmatite Belt (TMB) 
the crust was largely stabilized at 1.88 Ga ago, 
whereas in the southern Granite Migmatite Belt 
(GMB) the thermal peak was achieved c. 50 Ma 
later (Korsman et al. 1984 and 1999). The differ-
ences in timing of thermal and deformation events, 
and the depth of concurrent deformations between 
the units (e.g. Kilpeläinen 1998), have a crucial 
bearing on characters of concomitant tectonic struc-
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Figure 1. The study areas on the geological map of Finland (Korsman et al. 1997): 1. Detailed study area in Espoo, Helsinki and 
Vantaa; 2. Study area for the observations on key outcrops and interpretation of the pre-existing data; and 3. Pori reference area 
(Pajunen et al. 2001a). Abbreviations: GMB = Granite Migmatite Belt (I in inset), TMB = Tonalite Migmatite belt (II in inset), 
SSB = Savo Schist Belt (III in inset), Karelian unit (IV in inset), RSB = Rantasalmi-Sulkava area, VMB = Vammala Migmatite 
Belt, TSB = Tampere Schist Belt, HVB = Häme Volcanic Belt, HGB = Hyvinkää Gabbroic-volcanic Belt, WUC = West Uusimaa 
Complex, SVB = Southern Volcanic-sedimentary Belt, CFGC = Central Finland Granitoid Complex, SFGZ = Southern Finland 
Granitoid Zone, northern zone of the SFGZ = Nz, southern zone of the SFGZ = Sz and EGC = Espoo Granitoid Complex. Base 
map © National Land Survey of Finland, permit No. 13/MML/08.
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strong melting and granitization (e.g. Härme 1965), 
have often destroyed the earlier structures and ef-
fectively obscure the preceding metamorphic signa-
tures, 5) primary supracrustal features are largely 
destroyed and the stratigraphic interpretations gen-
erally justify only tectonic strathigraphy of variable 
crustal slices, and 6) isotopic information on early 
events is sometimes difficult to obtain due to later 
higher-grade overprint, inheritance or rejuvenation.

Analysis of tectonic evolution of the southern 
Svecofennian domain is based on detailed field ob-
servations on structures in the study area; much 
weight will be put on descriptions of structures in 
the field. The descriptions and interpretations focus 
predominantly on the Granite Migmatite Belt (GMB) 
in Espoo, Helsinki and Vantaa (Figure 1, area 1). In 
understanding regional Svecofennian evolution in 
the southernmost part of Finland, it was also neces-
sary to carry out some studies and correlations out-
side the detailed area (Figure 1, area 2). Some revi-
sion of the early observations of Pajunen et al. 
(2001a) was also made in the Tonalite Migmatite 
Belt (TMB) in the Pori area (Figure 1, area 3). Some 
characteristic structures in the study area are im-
possible to analyze without considering a wider, 
Fennoscandian context. Supporting interpretations 
outside the detailed study area are separately de-
scribed in Appendices 1–7. The structural model is 
fixed with some new TIMS and SIMS age data on 
the key rocks (Appendix 8). Figures in the Appendi-
ces are referred to in the main text in the form Ap-
pendix-Fig. 1-1a (Figure 1a in Appendix 1); the 

main text Figures are referred to in the Appendices 
correspondingly to the main text. Tables in appendi-
ces are named as App-Table 1–4. Postulations on 
how the southern Svecofennian structures controlled 
post-Svecofennian deformation, especially during 
the Palaeoproterozoic-Mesoproterozoic rapakivi 
event, are briefly discussed.

The results represented here are based on proj-
ects organized by the Geological Survey of Finland 
(GTK): 1) “Construction potential modelling of bed-
rock in urban areas” during 1999–2002 near Hel-
sinki in southernmost Finland (Pajunen et al. 2001b 
and preliminary report, Pajunen et al. 2002), with 
field revision during the field seasons 2003 and 
2004; 2) “Shear/fault zone research and rock engi-
neering”, which was carried out in 1998–1999 in the 
Pori area in western Finland (Pajunen et al. 2001a), 
where some revision was made in 2006–2007 by the 
“Bedrock stress field in Satakunta/GeoSatakunta” 
project.

M. Pajunen takes the full responsibility for the 
geological interpretations presented in this paper. 
M.-L. Airo modified and interpreted the geophysi-
cal data and constructed the cross-sections (cf. Airo 
et al. 2008). T. Elminen and M. Wennerström inter-
preted the semi-brittle to brittle structures that are 
discussed in more detail in Elminen et al. (2008) 
and Wennerström et al. (2008). M. Pajunen, T. Elm-
inen, M. Wennerström, Vaarma, R. Niemelä and P. 
Wasenius took part in the regional and thematic 
mapping necessary for this analysis. I. Mänttäri per-
formed the U-Pb age determinations.

GEOLOGICAL OUTLINE

Svecofennian evolution

The Palaeoproterozoic 1.9–1.8 Ga Svecofennian 
domain is situated in the central part of the 
Fennoscandian Shield area (Koistinen et al. 2001). 
According to refraction seismic studies (e.g. Luosto 
et al. 1990, Grad & Luosto 1992 and Korsman et al. 
1999), the crust in southernmost Finland is c. 48–50 
km thick. In the central and eastern parts of the Sve-
cofennian domain, in the Proterozoic-Archaean 
border zone, it is considerably thicker, up to 65 km. 
The reflection seismic data of FIRE (Kukkonen & 
Lahtinen 2006) and BABEL (Korja & Heikkinen 
1995 and 2005) indicate a layered crust with wide-
scale, low-angle tectonic structures characterizing 
large areas in central and southern Finland.

The complex collision of the Svecofennian units 
against the Archaean domain occurred along a su-
ture zone at 1.90–1.88 Ga (e.g. Wegmann 1928, 

Koistinen 1981, Lahtinen 1994 and Korsman et al. 
1999). The suture is verified by remnants of a c. 
1.95 Ga oceanic crust (Kontinen 1987) and turbid-
itic sediments (area IV in inset in Figure 1) that was 
overthrusted towards the NNE over the Archaean 
continent (Koistinen 1981). The effects of Sve
cofennian tectonic activity extended far northeast of 
the suture zone (e.g. Kontinen et al. 1992 and Pa-
junen & Poutiainen 1999). Pajunen and Poutiainen 
(1999) identified two Svecofennian tectono-thermal 
overprinting events in the Archaean domain. The 
first event was related to barrowian-type (kyanite-
staurolite) heating after collision at c. 1.90 Ga and 
the later one to c. 1.85 Ga dilatational fluid activity 
(Mg-metasomatism in sillimanite stability field) and 
magmatism. The later event was caused by magmatic 
underplating, resulting in the thick crust of the area 
(cf. Luosto et al. 1990, Korja et al. 1993 and Kors-
man et al. 1999). The U-Pb zircon ages in mafic 



21

Geological Survey of Finland, Special Paper 47
Tectonic evolution of the Svecofennian crust in southern Finland

granulite xenoliths from the lower crust in kimber-
lites in eastern Finland evidence high temperatures 
in the lower crust still occurring c. 1.80–1.73 Ga 
ago (Hölttä et al. 2000 and Peltonen et al. 2006).

The Svecofennian domain consists of juvenile 
(Huhma 1986) crust showing increasing maturity of 
island arcs towards south and west. The NW-SE 
trending Savo Schist Belt (SSB, the Pyhäsalmi 
primitive island arc, c. 1.93–1.91 Ga) borders the 
Archaean unit. In the southern and western part of 
the Svecofennian domain, more mature island arc 
belts, like the Tampere Schist Belt (TSB, c. 1.9–1.89 
Ga) and the Häme Volcanic Belt (HVB) (Kähkönen 
1989, Lahtinen 1994 and Hakkarainen 1994), are 
located. The volcanic sequences (c. 1.90–1.87 Ga) 
in the Orijärvi area of the Southern Volcanic-sedi-
mentary Belt (SVB) show back-arc basin geochem-
ical characteristics (Väisänen & Mänttäri 2002). 
Laitala (1973a) described the structures in the vol-
canic series (c. 1.89 Ga) in the eastern part of the 
belt in Pellinki. The Hyvinkää Gabbroic-volcanic 
Belt (HGB) shows several large, c. 1.88 Ga gabbro 
intrusions (Patchett et al. 1981) in a volcanic envi-
ronment (Härme 1978). Wide areas between the 
volcanic units are characterized by predominantly 
migmatized pelitic to psammitic rocks. In the south-
ernmost Svecofennian domain, near the coast and in 
the archipelago, the volcanic rocks are felsic to ma-
fic, sometimes with well-preserved pillow lava 
structures. Layers of carbonate rocks and silicate-
facies iron formations indicate a shallow-marine 
depositional environment of the sediments (e.g. 
Ehlers & Lindroos 1990). Carbonate rocks and pil-
low lavas diminish northwards and volcanism 
changes to intermediate, pyroclastic and epiclastic 
(Kähkönen 1987). Sedimentary rocks deposited in 
deep water with intermediate to mafic volcanic 
rocks dominate further north in the Tonalite Migma-
tite Belt (TMB) (Korsman et al. 1984 and Kähkönen 
1987). The majority of these supracrustal rocks were 
deposited at c. 1.9 Ga during the earliest stage of 
Svecofennian evolution (Huhma et al. 1991), but 
some, like the Tiirismaa quartzite near Lahti (Lehi-
järvi 1964), have younger zircons indicating deposi-
tion after 1.87–1.86 Ga (Lahtinen et al. 2002).

Several pulses of magmatic rocks representing 
different tectono-magmatic settings intrude the su-
pracrustal sequences. Sederholm (1932a) divided 
the intrusive rocks in Finland into four groups that 
essentially still represent a helpful basis for classifi-
cation: I – synorogenic mafic to felsic intrusive 
rocks (c. 1.89–1.87 Ga); II – late-orogenic felsic in-
trusive rocks (c. 1.84–1.81 Ga); III – post-orogenic 
granites and mafic dykes (c. 1.80–1.77 Ga); IV – 
anorogenic rapakivi granites and related intrusive 
rocks (c. 1.65–1.57 Ga) (cf. Vaasjoki 1977a, Nurmi 

& Haapala 1986 and Suominen 1991). The Central 
Finland Granitoid Complex (CFGC) is a coherent 
area of predominantly felsic granitoids with narrow 
zones of supracrustal rocks (Korsman et al. 1997). 
The CFGC shows a two-stage magmatic history: the 
older syntectonic plutonic pulse is c. 1.89–1.88 Ga 
in age and the later late/post-orogenic granitoids are 
c. 1.88–1.87 Ga old (Nironen 2003). A crustal com-
ponent older than 1.92 Ga in the CFGC (e.g. Lahti
nen & Huhma 1997) is postulated by Lahtinen et al. 
(2005) as the signature of an unexposed early micro-
continent. A large amount of late-orogenic granites 
are exposed in a c. 100 km wide ENE-WSW-trend-
ing zone along the coast of the Gulf of Finland, in 
the southernmost Svecofennian area (Sederholm 
1932a and Korsman et al. 1997), which is named 
Southern Finland Granitoid Zone (SFGZ). Related 
granitic rocks also cut the Archaean crust in eastern 
Finland; Sm-Nd data demonstrate Archaean con-
tamination in these granitoids (Huhma 1986). Cor-
responding granitic units also exist in Sweden and 
northern Estonia (Koistinen et al. 1996 and 2001). 
Rämö et al. (2004) found variations in the Sm-Nd 
isotopic compositions in the late-orogenic granites 
between the northern (Nz in Figure 1) and southern 
zones (Sz in Figure 1) of the SFGZ. The c. 1.80–1.79 
Ga old (Suominen 1991 and Vaasjoki 1995) post-
tectonic granite intrusions locally caused metamor-
phic contact aureoles into the Granite Migmatite 
Zone (GMB) country rocks (Rastas 1990).

The tectono-metamorphic discordance between 
the Tonalite Migmatite Belt (TMB) and the Granite 
Migmatite Belt (GMB) (Korsman et al. 1984) forms 
a rather sharp boundary zone (Koistinen et al. 1996 
and Korsman et al. 1999); Korsman et al. (1988) pro-
posed that it represents a geosuture between the belts. 
The Rantasalmi-Sulkava area (RSB) was overthrust-
ed towards north upon the Savo Schist Belt (SSB). In 
spite of the differences in crustal structure, the pres-
sure estimates representing the Svecofennian peak 
metamorphic conditions are consistently around 5 
kbar in the whole Svecofennian area (Korsman et al. 
1999), and even in the Archaean domain (Tuisku & 
Laajoki 1990 and Pajunen & Poutiainen 1999).

The high-T/low-p (andalusite-sillimanite-type) 
metamorphism in the Savo Schist Belt (SSB) was 
connected to the c. 1.89–1.88 Ga magmatic activity. 
The crust stabilized soon after emplacement of 1884 
± 5 Ma pyroxene-bearing granitoids. The contact 
metamorphism generated by these rocks overprints 
the regional metamorphism (e.g. Korsman et al. 1984, 
Hölttä 1988, Hölttä et al. 1988 and Hölttä & Pajunen 
1988). In western Finland, corresponding post-tectonic 
pyroxene-bearing granitoids are younger, c. 1.87 Ga 
(Mäkitie & Lahti 2001). In the tectono-metamor-
phic model of Korsman et al. (1999), based on the 
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refraction seismic structure of the crust (Luosto et 
al. 1984), magmatic underplating was proposed as 
the main source of crustal heat flow and the reason 
for the invariable pressure estimates. Pajunen and 
Poutiainen (1999) also supported the idea of lower-
crustal disturbance as a heat source for the 1.85 Ga 
tectono-thermal process in the Archaean domain.

In the Rantasalmi-Sulkava area (RSB) of the 
Granite Migmatite Belt (GMB), penetrative tecton-
ic, metamorphic and magmatic processes peaked c. 
1.82–1.81 Ga ago (Korsman et al. 1984, 1988 and 
1999). However, in the southern Savo Schist Belt 
(SSB) c. 1.84 Ga lamprophyre dykes intruded into 
an already cooled crust (Neuvonen et al. 1981). In 
the RSB the high-T/low-p metamorphism shows pro-
grade zoning from andalusite stability in the north to 
granulite facies migmatitic garnet-cordierite gneisses 
in the south (Korsman 1977 and Korsman et al. 1984). 
However, the intrusion age of a pyroxene-bearing 
granitoid in the Granite Migmatite Belt (GMB) in the 
Turku area is 1878 ± 19 Ma (Väisänen et al. 2002), 
and the results of Hopgood et al. (1983) indicate that 
there was an earlier, c. 1.88–1.87 Ga, tectono-meta-
morphic event in the GMB.

Several models for the metamorphic evolution in 
the GMB have been proposed. An early interpreta-
tion of Korsman (1977) explained the progressive 
metamorphic zoning in the Rantasalmi-Sulkava area 
(RSB) as due to crustal thickening. Schreurs and 
Westra (1986) connected the granulite facies meta-
morphism in the West Uusimaa granulite Complex 
(WUC, cf. Parras 1958) to CO

2
 influx. Väisänen 

(2002), on the other hand, proposed that the high 
heat flow in the granulite area in Turku (Väisänen & 
Hölttä 1999) was caused by crustal collapse (cf. 
model of Platt & England 1993). Ehlers et al. (1993) 
interpreted the late-orogenic granite magmatism in 
the Southern Finland Granitoid Zone (SFGZ) as 
syntectonic with SE-NW transpression at c. 1.84– 
1.81 Ga. According to Puura et al. (2004), further 
south in Estonia the ages of 1778 ± 2 Ma for mona-

zite and 1728 ± 24 Ma for garnet in high-grade 
gneisses refer to still later events or cooling than in 
southern Finland.

Post-Svecofennian events

The late Palaeo- to Mesoproterozoic rapakivi stage 
(group IV of Sederholm 1932a) is the latest major 
tectono-magmatic event producing great amounts 
of mafic and granitic rocks (e.g. Sederholm 1932a, 
Rämö 1991, Heeremans 1997, Kosunen 2004 and 
Haapala et al. 2005). The rocks of the rapakivi suite 
are younger in western Finland (1.59–1.54 Ga) and 
in Russian Karelia (1.5–1.3 Ga) than in the detailed 
study area near Helsinki (1.67–1.62 Ga) (Vaasjoki 
1977a and Haapala et al. 2005). The formation of 
the rapakivi suite, including related anorthosites and 
diabase dyke swarms, represented an extensional 
event that affected the whole crust, as suggested by 
listric faults identified below the Åland rapakivi 
batholith (Korja & Heikkinen 1995). In the Pori 
area, Mesoproterozoic c. 1.25 Ga mafic sills and 
laccoliths occur within the sandstone basin (Kors-
man et al. 1997 and Kohonen et al. 1993). These 
events reactivated older faults (Mertanen 2001, 
Mertanen et al. 2001, 2004, 2008 and Elminen et al. 
2008), and later during the Caledonian orogeny 
some heating and reactivation (Vaasjoki 1977b and 
Mertanen et al. 2008) of the predominantly brittle 
faults occurred. The more systematic joint patterns 
were also formed during these latest stages of crust-
al evolution (Pajunen et al. 2001a and Wennerström 
et al. 2008). The present-day seismic activity and 
several post-glacial faults demonstrate that the re-
cent c. WNW-ESE-oriented stress field (Stephans-
son et al. 1986), and even the local stress variations 
due to present gravity contrasts caused by differ-
ences in densities of rock types (Elo et al. 2007), 
still causes reactivation in the old fracture zones 
(e.g. Kuivamäki et al. 1998).

METHODS AND DATA

Field data

Tectonic interpretation is based on the field analy-
ses of rock types and structures. The majority of ob-
servations are from the detailed study area (Figure 1, 
area 1). Approximately 1550 outcrops (Figures 2a, 
Pajunen et al. 2002) were studied; c. 200 exposures 
were investigated more carefully for their structural, 
metamorphic and magmatic characteristics, but de-
tailed metamorphic analysis was beyond the scope of 

this study. Nearly 400 thin sections, including those 
collected during the regional mapping (see below), 
were investigated for structural and metamorphic 
characterization. Some correlations and sampling 
outside the detailed area (Figure 1, area 2) was con-
centrated on key outcrops hosting important geo-
logical information. The tectonic interpretation 
made in the Pori area (Figure 1, area 3) by Pajunen 
et al. (2001a) was based on c. 650 outcrops (Figure 
2b), some of which are revisited during this study.
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Figure 2. Observed outcrops (a.) 
in the detailed study area (Finnish 
grid coordinates KKJ2) and (b.) 
in the Pori reference study area 
(Finnish grid coordinates KKJ1). 
Base map © National Land Sur-
vey of Finland, permit No. 13/
MML/08.
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Structural analysis

Analysis of structural sequences is based on over-
printing relationships of tectonic, magmatic and 
metamorphic events. The sequences of different 
structural features were established by analyzing the 
relationships of the structures and interference pat-
terns on outcrops using the method described by 
Hopgood (1980, 1984 and 1999). To be able to make 
a regional correlation of structural sequences in and 
between the polydeformed and metamorphosed ar-
eas, the thermal history, mineral growth and mag-
matic events have to be considerated, as well as the 
relative ages of events. Regional variation in strain 
during deformation has an important effect on the 
resulting tectonic configuration (e.g. Ramsay & Hu-
ber 1983); strain and stress terminology follows 
Marrett and Peacock (1999). In this work, the kine-
matic reconstructions are based on the analysis of 
tectonic transport directions in the high strain shear 
zones, folding, foliation, boudinage structures, 
stretching/intersection lineations and shear band 
structures in the field. Rough estimations of strain 
are based on folding patterns, foliation intensities 
and the behaviour of competent objects in ductile 
groundmass.

When dealing with the Svecofennian history 
(e.g. Korsman et al. 1999, Pajunen et al. 2004 and 
Lahtinen et al. 2005) of the study area, it is not easy 
to correlate structures of one area to another. Where 
did the earliest events occur with respect to their 
present-day neighbouring units or tectonic slices? 
When were different crustal units/slices accreted to 
each other? Even though the crustal units share their 
primary lithology, earliest deformation events and 
even ages with each other whether it is not always 
self-evident, if they were together during the tec
tonic process. This problem is represented schemat-
ically in Figure 3. Especially in the strongly meta
morphosed and tectonically segmented areas, like in 
southern Finland, correlation of the earliest tectonic 
structures from one area to another is difficult. 
Missing structures, not developed in sheltered 
blocks, may also confuse the structural succession.

In polydeformed and metamorphosed areas the 
analysis of structural succession is not straightfor-
ward; the metamorphic mineral growth history and 
age dating of processes are needed. The deforma-
tion products differ in the deeper parts of the crust 
from those simultaneously forming shallower crust-
al levels. Some rocks may have been affected by de-
formation under low-grade brittle conditions, or 
were even still depositing, whereas the lower crust 
already suffered a high-grade metamorphism and 
ductile metamorphism. Infra-supracrustal structures 
of this kind were exemplified by Kilpeläinen (1998), 

who noted that the well-preserved lower-grade rocks 
in the Tampere Schist Belt (TSB) were not affected 
by the earliest deformation seen in the correspond-
ing high-grade gneisses south of it in the Vammala 
Migmatite Belt (VMB) (Figure 1). On the other 
hand, Rutland et al. (2004) proposed an age differ-
ence and discordance between them. As discussed 
above, Sederholm already presented similar ideas of 
the “tectono-thermal discordances” from southern 
Finland in 1926.

Heterogeneous strain partitioning during defor-
mation complicates the correlation of tectonic struc-
tures. Strain localization into narrow shear zones 
may show some bending or folding restricted to 
these zones, whereas wide areas may be left unaf-
fected. Thus, an important structure for reconstruct-
ing the regional tectonic history may be absent or 
very weak. This kind of partitioning is common un-
der low-grade upper crustal conditions during the 
earliest and latest episodes of crustal history. Under 
higher-grade conditions, deformation is more pen-
etrative and partitioning affects the rock on a small-
er scale, e.g. along the fold limbs. When dealing 
with multistage tectono-magmatic history, deforma-
tion partitioning due to temperature and ductility 
contrasts is a phenomenon that strongly controls the 
tectonic construction. Local irregularities in the dis-
tribution of heat input or syntectonic magmatism 
may disturb the otherwise regular fold interference 

Figure 3. Schematic model describing the successive series of 
deformation events in different units; the oldest D

1
 deformation 

event is overprinted by the subsequent deformations D
1, 2, 3…

. 
Depending on the timing of the collisional, extensional and 
stabilization stages of the crust, the deformation history is the 
same or different in different units. Generally, the latest defor-
mation events show a coherent history over wide areas, such as 
in the Fennoscandian Shield.
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patterns. These kinds of regional variations in strain 
and heat flow characterize, for example, the regions 
deformed in transpressional/-tensional belts (Holds-
worth et al. 1998), or orogen-parallel extension 
zones in compressional orogens, like in the Hima-
layas (Zhang et al. 2000 and Murphy 2002). Tec-
tonic structures indicating simultaneous shorten-
ing and dilatation in different parts of the region 
were developed.

The small-scale structures identified on outcrops 
do not necessarily reflect the major structures of the 
crust, like those seen in the reflection seismic data. 
For example, steeply- and tightly-folded units often 
represent on a wider scale a quite horizontal, only 
internally steep and tightly-folded slice. Internal 
structures are often unaffected by horizontal defor-
mations such as overthrusting or extensional shear-
ing/flattening (Figure 4). Such situations are typical 
in the southern Svecofennian domain. On a wider 
scale, thermal-driven differences in the competenc-
es of rocks or units may cause drastic modifications, 
even to the major crustal structure; Koistinen (1981) 
and Koistinen et al. (1996) described such effects in 
the boundary zone of the Archaean domain.

A range of magmatic intrusions and dykes are 
useful for structural correlation (cf. Sederholm 
1926). They are often widespread and intruded into 
different tectonic domains, thus fixing the structural 
history of the domains. Intrusive rocks show tec-
tonic structures such as foliation, shear bands or 

metamorphic mineral assemblages that are often 
easier to interpreted than those distinguished, for in-
stance, in the complexly deformed pelitic rocks. 
However, magmatic rocks representing the same 
event may have different styles of intrusion depend-
ing on the local tectonic-metamorphic conditions or 
emplacement depth.

On the other hand, intrusive rocks and alteration 
caused by magmatic fluids may obscure and destroy 
pre-existing structures. Fortunately, early structures 
may sometimes still be identifiable, although their 
manifestation has changed. Figures 5a and b show 
an example of remnant foliation after granitization 
(cf. Härme 1965) on an outcrop scale. Sometimes 
only small remnants of original gneisses are pre-
served in schlieren migmatites (Figure 5c). On a re-
gional scale, the remnants of gneiss belts may re-
main as narrow remnant chains between or within 
the intrusive or strongly migmatitic areas. Belts of 
this kind are often still interpretable from the geo-
physical data.

Crustal-scale long-wavelength folds, bends and 
warps (cf. Pajunen et al. 2008) are mostly difficult 
to observe on an outcrop scale, especially on the flat 
ice-polished outcrops. Nevertheless, they are sig-
nificant in analyzing the major characteristics of 
tectonic units, e.g. the distribution of litho-strati-
graphic units, exposures from various crustal depths 
evident from variations in the metamorphic grade 
and characters in magmatism, variation of crustal 

Figure 4. The type of deformation, penetrative or zoned, varies with crustal depth and thermal conditions. For example, the defor-
mation pattern in the extensional event may produce penetratively deformed parts in the crust, where the pre-existing structures are 
totally destroyed. The less deformed parts of the crust locally show the older deformation structures preserved; depending on the 
strength of deformation, the directions of the old structures may also be preserved. Near the surface the deformation may, however, 
show only weak and narrow deformation zones and fault structures that are often overlain by soft sediments. 
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deformation style, and so on. According to several 
metamorphic studies (e.g. Korsman et al. 1984 and 
1999), strong magmatic activity under a high ther-
mal gradient caused a rapid temperature increase 
downwards during the peak metamorphism in the 
southern Svecofennian domain. Therefore, the late/
post-metamorphic open fold structures and faults 
have an important effect on the metamorphic con-
figuration on the present-day erosion level, e.g. in 
antiformal or synformal tectonic settings. The re-
sults of these open fold deformations vary depend-
ing on the pre-existing structural setting; areas with 
steep and horizontal structures produce very differ-
ent patterns, as schematized in Figure 6.

The open structures form a framework into which 
the earlier structures should be fixed. The small-
scale structures are the results of major tectonic pro-
cesses, but they are often affected by local heteroge-
neities. Our approach is first to deal with the struc-
tures from a regional point of view to reconstruct 
the tectonic framework in which the detailed study 
area is located. Our purpose is not to try to explain 
all the structures caused by local heterogeneities, 

but to provide a generalized structural framework 
by describing several examples for further, more de-
tailed analyses (e.g. Hopgood et al. 1983, Hopgood 
1984 and Pajunen et al. 2008) that are helpful in re-
solving local structural problems. 

The general structural framework of the 
Fennoscandian Shield was compiled by using the 
published geological (e.g. Korsman et al. 1997 and 
Koistinen et al. 2001), magnetic (Korhonen et al. 
2002a), gravity (Korhonen et al. 2002b) and Moho 
depth (Korsman et al. 1999) maps, and the low- and 
high-altitude aeromagnetic magnetic data of the 
Geological Survey of Finland (GTK). By correlat-
ing structural information on lithological and mag-
netic or gravity maps, it is evident that the “post- 
and late orogenic” magmatic and migmatization 
events locally effectively reduced or destroyed the 
early structures of supracrustal belts. Remnants of 
supracrustal belts are commonly more poorly ex-
posed than granitoids characterizing the geological 
maps. Even though the pre-migmatization rock 
was supracrustal in origin, the large granitic com-
ponent (>50%) determines the rock as granitoid on 

Figure 5. Granitized garnet-bearing mica gneiss in Sipoo (Finnish grid coordinates KKJ2 2568.78E 6695.45N). Figure (a.) shows a 
detail of the granitization surroundings of the fracture in figure (b.). The pre-existing structure is still visible in the altered gneiss. 
Width of the area of the figure is c. 1.5 m. (c.) Granitization and melting is almost penetrative in schlieren mica gneiss in Nurmi-
järvi, Klaukkala (Finnish grid coordinates KKJ2 2542.76E 6696.12N). The pre-existing structure is hardly visible, but the major 
trends of the gneisses are often preserved and identifiable on geophysical maps. Width of the area of the figure is c. 1 m. Photos 
by M. Pajunen.
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the lithological maps of GTK. Thus, we suggest that 
the relic geophysical signatures, indicating the pre-
magmatic/migmatization structural trends of the 
belts, are often still identifiable. The structural in-
terpretations represented here are based on these as-
sumptions.

As discussed previously, the problems in analysing 
the succession of tectonic structures are multiple. 
The structural events of this study are not directly 
consistent with the previously published descrip-
tions, because some structures identified in the 
study area are missing as such in the other domains, 
or the way structures are interpreted differs. To avoid 
confusion while keeping doors open for later modi-
fication, we label the structures as follows. The 
structures formed by the first identified regional de-
formation phase D

A
 are F

A
 = folding, S

A
 = foliation 

or axial plane, L
A
 = lineation and M

A
 = metamor-

phism; the second, respectively, D
B
, F

B
, S

B
, L

B
, M

A
; 

the third D
C
, F

C
, S

C
, L

C,
 M

A
… The bedding is termed 

S
0
. When discussing or referring to the earlier pub-

lished results, we follow the labels applied by the 

previous authors. The naming of structures follows 
a regional scheme: the earliest structure in a late 
rock series is named according to the regional struc-
tural succession. For example, the foliation S

E
 in 

older sequences may represent the first foliation in 
a sequence formed later; we also label it as S

E
. We 

prefer this solution because the structures in both 
the old and the young series are related to the same 
tectonic event. Such naming requires the identifica-
tion of key features such as regional folding, charac-
teristic foliation or dated magmatic rocks (volcanic/
intrusive) that enable correlation. Difficulties arise 
in naming structures formed during continued tran-
scurrent events comprising simultaneous shorten-
ing/contraction (labelled e.g. D

E
cont), dilatation/

extension (labelled e.g. D
E
ext), which overprint dur-

ing progressive deformation. In the descriptions we 
primarily follow the overprinting relations on out-
crops.

The field structures are then assigned to regional 
major geotectonic events labelled Event 1 – E

1
, 

Event 2 – E
2
, Event 3 – E

3
… 

Figure 6. Two generations of open folding in originally steeply and horizontally deformed areas in horizontal and vertical sections. 
The characters of the deformation structures and the regional pattern vary between tectonic units. The structural analysis thus 
demands careful correlation of structures with metamorphic and magmatic events. D

1, 2, 3…
 refer to successive deformation events 

and the abbreviations (EGC = Espoo Granitoid Complex, WUC = West Uusimaa granulite Complex and SVB = Southern Finland 
Volcanic-sedimentary Belt) exemplify the units in the study area (see Figure 1).
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Pre-existing geological data

Structural domains and tectonic formlines were 
constructed using structural field data, tectonic ele-
ments from geological maps and the digitalized 
geological data sets of the Geological Survey of 
Finland (GTK). The following geological bedrock 
maps of scale 1:100 000 were used: 2013 (Jussarö, 
Laitala 1973b), 2014 (Tammisaari, Koistinen 1992), 
2023 (Suomusjärvi, Salli 1955), 2024 (Somero, Si-
monen 1955 and 1956), 2032 (Siuntio, Laitala 
1960), 2034 (Helsinki, Laitala 1967 and 1991), 
2041 (Lohja, Laitala 1994), 2042 (Karkkila, Härme 
1953), 2043 (Kerava, Härme 1969), 2044 (Riihimä-
ki, Kaitaro 1956), 2113 (Forssa, Neuvonen 1954), 
2131 (Hämeenlinna, Simonen 1949), 2133 (Kärkölä, 
Lehijärvi 1961), 3012 (Pellinki, Laitala 1965), 3021 
(Porvoo, Laitala 1964), 3022 (Lapinjärvi, Laitakari 
& Simonen 1962 and 1963), 3023+3014 (Kotka, Si-
monen & Laitala 1970), 3024 (Karhula, Simonen 
1965), 3111 (Lahti, Lehijärvi 1964), and 3113 (Kou-
vola, Simonen & Lehijärvi 1963).

The majority of the maps are old; at the time of 
their production, modern tectonic study methods 
were just being developed. Generally, the main fo-
liations on outcrops are shown on the maps. The fo-
liation trends in Figure 7 were constructed by com-
bining several foliation measurements with average 
dip values. Each trend line represents the foliation 
trend inside a certain lithological unit. Without fa-
miliarity with the tectonic and magmatic history of 
the rock it is not possible in most cases to identify 
the deformation event that produced the depicted 
foliation. According to our observations, especially 
the horizontal structures, which seem to character-
ize wide areas of southern Finland, are underesti-
mated on the maps. For example, the dome-and-ba-
sin structures that characterize the magnetic maps 
are difficult to construct from these tectonic ele-
ments. Similar problems arose when dealing with 
fold axes (which fold phase?) and lineations (stretch-
ing or intersection lineation, or slicken line stria-
tion?). According to our experience, most granitic 
areas show measurable foliations on outcrops, but 
these are not shown on the maps.

Magmatic processes are important when inter-
preting the tectonic evolution of the crust. In south-
ern Finland, different types of granitoids are not suf-
ficiently classified and outlined on the maps. Their 
composition and amount of strain vary from foliated 
tonalites to weakly-deformed granites and, finally, 
to non-deformed pegmatitic granites and even mig-
matitic mica gneisses. Therefore, the regional distri-
bution of various granitoids can only be discussed 
in a very general sense.

Aerogeophysical data

The field observations on outcrops mostly show the 
structures on a “miniature” scale. The magnetic data 
were useful for the regional tectonic analyses. Wide 
areas only show small variations in the intensity of 
the magnetic field. In such areas, different methods 
of processing the aeromagnetic data were used for 
detailed analyses; the methods are described in de-
tail in Airo (1999) and Airo et al. (2008). Topo-
graphic maps were often useful in constructing the 
regional structures. They were informative in grani-
toid dominant areas, which were homogeneous in 
the geophysical data, but clearly show structural 
trends in the topographic patterns. Geophysical in-
terpretations were confirmed by detailed field ob-
servations on the key outcrops.

Aeroradiometric data were used in estimating 
the distribution of some late magmatic events (Th/U 
ratio). The use of radiation data is limited, because it 
often reflects the soil properties or radiation may be 
buffered in lakes and swamps. The non-geological 
noise diminishes the usefulness of aeroelectro
magnetic data. Regional gravity data with a 5 km 
and a denser grid of 250 m collected by the Geo
detic institute and by the Geological Survey of Fin-
land (GTK) were of benefit in analyzing wide-scale 
structures, unit boundaries and crustal fracture 
zones.

Geochronology

The major tectonic events are dated using the U-Pb 
TIMS and SIMS methods. Samples were fixed to 
the successive structural and magmatic events ob-
served in the field. The dating methods and results 
are provided in Appendix 8. The ages for the rocks 
that are structurally fixed into tectonic evolution are 
presented in App-Table 3.

Figure 7. Lithology and foliation trends in 
the study area. Foliation trends are com-
piled using the bedrock maps on the scale 
1 : 100 000 of GTK. Ev = Evitskog, Ka = 
Kauklahti, Ko = Kopparnäs and Sf = Sarf-
vik. Base map © National Land Survey of 
Finland, permit No. 13/MML/08.
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The lithology and timing of major tectonic events of 
the Fennoscandian Shield are represented on the 
geological map of Koistinen et al. (2001). Recently, 
Lahtinen et al. (2005) compiled a tectonic model for 
the shield. Relating the local structures in the study 
areas to structural evolution on the crustal scale first 
requires the determination of their setting in the 
structural framework of the southern Fennoscandian 
Shield in Finland.

The Archaean and Svecofennian domains can be 
divided into different tectonic units using major tec-
tonic boundaries, shear/fault zones of varying ori-
gin. The southern Svecofennian domain of the 

Fennoscandian Shield is divided into c. N-trending 
tectonic units along the eastern margin of the Trans-
scandinavian Igneous Belt (TIB, see Högdahl et al. 
2004) in Sweden, the deformation zones from the 
southern Baltic Sea to the eastern coast of the Both-
nian Bay (Baltic Sea-Bothnian Bay Zone, BBZ) and 
from Riga Bay, Lithuania, to the Vyborg rapakivi 
and to Karelia in southeastern Finland (Riga Bay-
Karelia Zone, RKZ). These deformation zones are 
shown on the magnetic map of Korhonen et al. 
(2002a) (Figure 8).

The Transscandinavian Igneous Belt (TIB) is 
dominated by magmatism that overprints the earlier 

TECTONIC FRAMEWORK OF THE STUDY AREAS IN THE SOUTHERN 
FENNOSCANDIAN SHIELD IN FINLAND

Figure 8. The major crustal structures and domains of the southern Fennoscandian Shield on the magnetic map of Korhonen et al. 
(2002a). BBZ = Baltic Sea-Bothnian Bay Zone, RKZ = Riga Bay-Karelia Zone and TIB = Transscandinavian Igneous Belt. 
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Svecofennian structural trends. The age of the TIB 
magmatism ranges from 1.85 to 1.65 Ga (Högdahl 
et al. 2004). The oldest granitoids are situated in the 
eastern margin of the belt (Koistinen et al. 2001). A 
c. N-trending deformation zone characterizes the 
TIB. To the east of the zone the structural trend is 
bent from c. WNW to NW due to a crustal-scale 
dextral drag of the earlier structures. The magnetic 
anomalies are weaker below the Caledonian front to 
the west of the TIB, where the large-scale crustal 
bend shows a NNE-trending axial trace (Figure 8). 
According to Bergman et al. (2006), the so-called 
Storsjön-Edsby Deformation Zone is a dextral trans-
pressional zone that was active in the time interval 
of c. 1.7–1.3 Ga.

The Baltic Sea-Bothnian Zone (BBZ) is exposed 
in its northernmost part in the Pori area. The struc-
tural characteristics established from the magnetic 
pattern supports the more ductile deformation in the 
northern part (ductile bended shear zones) of the 
BBZ than in its southern parts (more sharply cutting 
faults). The Pori area is characterized by NNW-
trending crustal blocks, e.g. the Pomarkku block (Po 
in Figure 9) (Pietikäinen 1994 and Pajunen et al. 
2001a), that are bordered by the major sinistral 
NNW-SSE-/N-S-trending Kynsikangas shear/fault 
zone in the west and the dextral shear zones like the 
Kankaanpää shear zone in the east (Figure 10). A 
similar block structure is exposed towards the north 

up to the Vittinki zone, and is also characteristic in 
the east, in the Central Finland Granitoid Complex 
(CFGC) (Figures 9 and 10). The northern end of the 
BBZ is located in the Vaasa area (Va in Figure 9) 
along the Vittinki shear/fault zone (Figure 10). Ac-
cording to Rutland et al. (2004), the Vaasa area was 
pushed into its present setting from the WNW.

In its southern parts, in the Paleozoic area of the 
Baltic countries, the Riga Bay-Karelia Zone (RKZ) 
appears as sharp faults. It disappears in the Vyborg 
rapakivi massive area and forms a complex, ductile 
structural pattern to the north and northeast of the 
rapakivi intrusion. The crustal segment between the 
BBZ and RKZ in southern Finland is characterized 
by large-scale warping with a c. N-trending axial 
plane. Closer to the BBZ and RKZ zones the folds 
become tighter and the major shear and fault zones 
parallel to the axial planes of the folds (see also Lin-
droos et al. 1996). The detail study area is situated in 
the western branch of the RKZ. The area is charac-
terized by wide-scale open to tight folding with a c. 
N-trending axial plane paralleling the Vuosaari-
Korso shear/fault zone (Figure 10). 

An ENE-trending belt of late Svecofennian 
granitoids, the Southern Finland Granitoid Zone 
(SFGZ), characterizes the southern study area. The 
major crustal N-trending deformation zones, the 
Riga Bay-Karelia Zone (RKZ) and Baltic Sea-Both-
nian Zone (BBZ), deform the SFGZ.

STRUCTURAL UNITS IN THE SOUTHERN SVECOFENNIAN DOMAIN

The southern Svecofennian domain is composed of 
several tectonic units showing varying depositional, 
tectono-metamorphic and magmatic characteristics 
(Figure 9). The shapes of the units are determined 
by wide-scale folding and faulting patterns, and by 
the competences of rock and tectonic units during 
deformation. The major crustal high-strain and 
fault/shear zones and stacked zones/units are indi-
cated in Figure 10. Naturally, this kind of division is 
somewhat artificial; the units often show features in 
common or they may simply represent correspond-
ing rocks from different crustal depths. In fact, the 
division should be carried out in three dimensions 
constrained in time; an ambitious challenge only 
shortly assessed here.

The study areas are situated in the major tectonic 
units of the Granite Migmatite Belt (GMB) and To-
nalite Migmatite Belt (TMB). Our observations are 
from key outcrops in the Southern Volcanic-sedi-
mentary Belt (SVB), West Uusimaa granulite Com-
plex (WUC), Hyvinkää Gabbroic-volcanic Belt 
(HGB), Jokela supracrustal association (Jo in Figure 

9) and the Espoo Granitoid Complex (EGC). We 
place the main emphasis on the EGC, because it ex-
cellently shows the wide variation in magma phases, 
and on the SVB, which was preserved from the in-
tense magmatism of the EGC. Supracrustal rocks 
within the EGC show characteristics similar to those 
in the SVB and WUC. The HGB represents a tec-
tonic slice lying upon the EGC and WUC. The Joke-
la supracrustal association is a late sedimentary-
volcanic sequence. These units include the majority 
of the lithological and structural characteristics im-
portant in constructing the tectono-metamorphic 
and magmatic scheme for the southernmost Sve-
cofennian domain.

The Hämeenlinna shear/fault and the stacked 
zone north of it border the Granite Migmatite Belt 
(GMB) against the Tonalite Migmatite Belt (TMB). 
The stacked slices of the GMB are NW-trending in 
the west and N- and NE-trending in the east (Figure 
10). The western end of the TMB-GMB discordance 
was mapped later by Korsman et al. (1997). The 
general structural trend of the TMB is E-W, but it is 
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Figure 9. Geotectonic units in southern Finland. Abbreviations: SFGZ = Southern Finland Granitoid Zone, CFGC = Central Finland 
Granitoid Complex, TMB = Tonalite Migmatite Belt, GMB = Granite Migmatite Belt, SSB = Savo Schist Belt, RSB = Rantasalmi-
Sulkava area/Belt, TSB = Tampere Schist Belt, VMB = Vammala Migmatite Belt, HVB = Häme Volcanic Belt, HGB = Hyvinkää 
Gabbroic-volcanic Belt, WUC = West Uusimaa granulite Complex, SVB = Southern Volcanic-sedimentary Belt, EGC = Espoo 
Granitoid Complex, RGC = Riihimäki Granitoid Complex, PGC = Perniö Granitoid Complex; Po = Pomarkku block, Nu = Nuuksio 
area, Va = Vaasa area, Lo = Loimaa area, Tu = Turku area, Re = Renko area, Pe = Pellinki area, In = Inkoo area Or = Orijärvi area, 
Ju = Jussarö area, Vu = Vuosaari area, Hy = Hyvinkää area, As = Askola area; Jo = Jokela supracrustal association, Ti = Tiirismaa 
quartzite, Rt = Rantasalmi area, Su = Sulkava area, Ra = Rautalampi area, Ha = Haukivuori area, Ta = Taalikkala “roof pendant”; 
rapakivi granites: 1 = Vyborg, 2 = Onäs, 3 = Bodom, 4 = Obbnäs, 5 = Ahvenisto and 6 = Suomenniemi. Base map © National Land 
Survey of Finland, permit No. 13/MML/08.
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bent towards the NW in the Pori area (e.g. Pomarkku 
block, Po in Figure 9) and reoriented into the N-NW 
trend near the Archaean-Proterozoic border zone in 
the east (e.g. Koistinen et al. 1996 and Korsman et 
al. 1997). The lower-grade Tampere Schist Belt 
(TSB) is bordered by the TMB in the south and by 
the Central Finland Granitoid Complex (CFGC) in 
the north. The CFGC is characterized by crustal-
scale NW-stacked structures (Figures 8 and 10). The 
structural characteristics of the northern units, the 
Central Finland Granitoid Complex (CFGC), Vam-
mala Migmatite Belt (VMB), Hämeenlinna Volca-
nic Belt (HVB), Tampere Schist Belt (TSB), Ranta
salmi-Sulkava area (RSB) and Savo Schist Belt 
(SSB) are briefly discussed.

The volcanic and sedimentary sequences of the 
Southern Volcanic-sedimentary Belt (SVB) in 
southernmost Finland form continuous E-trending 

belts ranging from the southwestern archipelago 
(e.g. Ehlers & Lindroos 1990) to the Inkoo (e.g. Es-
kola 1914, Sederholm 1926, Hopgood 1984, Bleek-
er & Westra 1987 and Kilpeläinen & Rastas 1990) 
and Pellinki areas (e.g. Sederholm 1923 and Laitala 
1973a and 1984) (Figure 9). The SVB is cut and 
bent by the Porkkala-Mäntsälä and Vuosaari-Korso 
shear/fault structures (Figure 10) (Elminen et al. 
2008). Psammitic-pelitic metasediments with car-
bonaceous interlayers, various felsic gneisses and 
mafic to intermediate volcanic rocks characterize 
the SVB supracrustal lithology. Generally, the rocks 
are migmatitic and intruded by the later granitoids. 
The pelitic layers are intensely affected by melting. 
Felsic gneisses are felsic volcanic rocks, psammitic 
metasediments or, locally, even deformed grani-
toids; mostly the related rock associations give ref-
erence to their origin. Non-migmatitic, amphibolite 

Figure 10. Major unit boundaries, shear and fault zones, in Southern Finland. Base map © National Land Survey of Finland, permit 
No. 13/MML/08.
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facies areas such as in the Pellinki (Pe in Figure 9) 
(Laitala 1973a and 1984), Orijärvi (Or in Figure 9) 
(e.g. Eskola 1914, 1915 and Tuominen 1957) and 
Vuosaari areas (Vu in Figure 9) clearly show the pri-
mary features like bedding, pillow lava, amygdale 
and porphyric structures. The Orijärvi area is char-
acterized by Zn-Cu-Pb ores, associated with altered 
rocks such as coarse-grained cordierite-anthophyl-
lite rocks (Eskola 1914 and 1915), and skarn-iron 
ores, iron formations (e.g. Eskola 1914, Latvalahti 
1979 and Saltikoff et al. 2002) and carbonate rock 
horizons (Bleeker & Westra 1987 and Reinikainen 
2001), indicating a shallow-water depositional envi-
ronment. Väisänen and Mänttäri (2002) proposed a 
back-arc basin origin for the volcanogenic rocks and 
divided them into two sequences at c. 1.90–1.89 Ga 
and c. 1.88–1.87 Ga; in the following they are re-
ferred to as volcanic Series I and II, respectively. 
The Orijärvi granodiorite was interpret as synge-
netic with the earlier volcanic sequences (Väisänen 
& Mänttäri 2002). Hopgood et al. (1976 and 1983) 
and Hopgood (1984) described gabbroic-tonalitic 
associations from the Jussarö-Skåldö area (Ju in 
Figure 9): mafic magmatic series have the same age 
as the early volcanism (Hopgood et al. 1983).

The granulite-facies West Uusimaa granulite 
Complex (WUC) (Eskola 1914, 1915 and Parras 
1958) is exposed between amphibolite-facies 
gneisses and granitoid complexes. It is sharply bor-
dered by the Hyvinkää high strain zone in the north 
(Figures 9 and 10) against the Hyvinkää Gabbroic-
volcanic Belt (HGB). Lithologically, the WUC rep-
resents the granulite-facies counterpart of the South-
ern Volcanic-sedimentary Belt (SVB) and the Espoo 
Granitoid Complex (EGC) rocks (e.g. Eskola 1914, 
1915, Parras 1958, Schreurs & Westra 1986 and 
Kilpeläinen & Rastas 1990); the occurrence of or-
thopyroxene- and two-pyroxene-bearing assemblages 
is characteristic. Small granulite remnants overprint-
ed by retrograde parageneses occur in the central 
Sipoo area (Si in Figure 9). 

The Hyvinkää Gabbroic-volcanic Belt (HGB) 
has a complex internal structure and is squeezed be-
tween the Hyvinkää shear/fault zone and the sheared 
structures bordering the Renko area (Re in Figure 
9). The Hyvinkää-Lahti shear zone, in the continua-
tion of the combined Porkkala-Mäntsälä and Vuo
saari-Korso shear/fault zones, continues further 
north to the Päijänne fracture pattern, already de-
scribed by Sederholm (1932b) (Figures 9 and 10). 
The Hyvinkää-Lahti shear/fault zone separates the 
Hyvinkää unit of the HGB (Hy in Figure 9) from the 
eastern Askola unit (As in Figure 9). Large layered 
gabbro massifs and supracrustal sequences charac-
terize the western part. Volcanic rocks and mica 
gneisses locally show primary features such as bed-

ding, agglomerate and pillow lava structures. Round-
ish dome-and-basin structures with gabbroic-volca-
nic rock associations squeezed between the domes 
typify the eastern part. The dome interiors are com-
posed of granodioritic-tonalitic intrusive rocks and 
migmatitic mica gneisses.

The supracrustal Jokela association (Jo in Figure 
9), including quartzites similar to those in Tiirismaa 
(Ti in Figure 9) (Lehijärvi 1964), is exposed near 
Hyvinkää. The association shows a depositional 
succession composed of sedimentary and volcanic 
sequences. It is important in establishing the region-
al structures and metamorphism because of its 
young depositional age dated by Lahtinen et al. 
(2002) using detrital zircons.

The ENE-trending Southern Finland Granitoid 
Zone (SFGZ) cuts the structural trend of the Granite 
Migmatite Belt (GMB) and is thus tectonically dif-
ferentiated from the GMB. It also penetrates the Ar-
chaean domain. The southern belt, from Tenhola (Te 
in Figure 9) to Nuuksio (Nu) and Sipoo (Si), is here 
referred to as the Espoo Granite Complex (EGC) 
(Figure 9). It is cut by the Vyborg rapakivi (1 in Fig-
ure 9) massive in the east. The northern zone, the 
Riihimäki Granite Complex (RGC), extends ENE to 
the Rantasalmi-Sulkava area (RSB) and the Archae-
an domain, up to the Riga Bay-Karelia Zone (RKZ). 
In the west, the Perniö Granite Complex (PGC) con-
tinues from the Kisko fault (Figure 10) to Turku. 
According to our limited observations, the lithology 
and structural settings of the Perniö (PGC) and Rii-
himäki Granite Complexes (RGC) are quite similar 
to that of the Espoo Granitoid Complex (EGC) (cf. 
Ehlers et al. 1993 and Lindroos et al. 1996). Rämö 
et al. (2004) described some geochemical differ-
ences between the northern (Nz in Figure 1) and 
southern granitic units (Sz in Figure 1).

The Espoo Granitoid Complex (EGC) covers a 
significant part of the detailed study area. Its con-
tacts with the supracrustal associations of the South-
ern Volcanic-sedimentary Belt (SVB) are generally 
tectonic, e.g. along the Southern Finland shear/fault 
zone (cf. Koistinen et al. 1996). The EGC is bor-
dered in the north along low-angle shear zones with 
the granulitic West Uusimaa granulite Complex 
(WUC), which, according to tectonic observations, 
underlies the EGC. The observation is supported by 
the continuation and weakening of the magnetic 
anomalies of the WUC below the EGC. Felsic and 
intermediate intrusive rocks characterize the EGC. 
Gneissic tonalites were intruded and migmatized by 
later granites; thus, many rocks shown as granitic-
granodioritic on the geological maps were originally 
more tonalitic in composition. Gabbroic rocks occur 
as restricted intrusions or fragments within grani-
toids. Intermediate and to a lesser extent mafic 
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dykes form important reference features in analyz-
ing the deformation scheme. We have not studied 
the lamprophyre dykes described by Eskola (1954) 
and Suominen (1997); the first one is situated in the 
courtyard of a prison and the other in a wastewater 
tunnel in Helsinki.

The Palaeo- to Mesoproterozoic rapakivi gran-
ites and related diabase dykes cut the rocks of the 
Espoo Granitoid Complex (EGC) and the Southern 
Volcanic-sedimentary Belt (SVB) in a semi-ductile 
to brittle manner. The names of the rapakivis in the 
study are given in Figure 9. Diabase dykes form at 
least two sets of dykes that are c. WNW- and NW-
trending; some dykes showing a W trend may be 
related to a younger dyke group (Mertanen et al. 
2008). Near the Vuosaari-Korso shear/fault zone oc-
cur penetratively-altered diabase dykes showing 

ghost-like blasto-ophitic structure. Some diabase 
dykes intruded close to the erosion level and rapidly 
cooled, as evidenced by their shock-like and chilled 
microstructures.

The over 600 m thickness of the Mesoprotero-
zoic sandstone and related mafic laccoliths (Ko-
honen et al. 1993) in the fault-bounded basin in the 
Pori area (Figure 11) also indicates that late brittle 
movements distinctly modified the crustal structure 
(Pajunen et al. 2001a). The movements must have 
been even larger than is estimated from the thick-
ness of the very low-grade sandstone sequence, be-
cause the recent cross-section represents a locally 
ductiley drag-folded section. Late NW-trending 
normal fault structures exist in the study area (Elm-
inen et al. 2008); their effect on the metamorphic 
pattern is still an open question.

OVERVIEW OF STRUCTURES IN THE STUDY AREA

A two-stage thermal evolution of the southern Sve-
cofennian domain has been established in several 
studies since the interpretations of Sederholm 
(1926) and Korsman et al. (1984). However, the data 
of Pajunen et al. (2002) demonstrated that the tec-
tonic evolution is more complex. In order to follow 
the structural succession, we provide a short over-
view prior to the descriptions. The early structures, 
D

A
-D

D
, deformed the early supracrustal sequences 

and magmatic rocks. The high- to medium-grade 
horizontal structure, predominantly D

B
, was folded 

into tight, ellipsoidal dome-and-basin patterns, D
C+D

 
(Figure 11) with an originally c. E-trending longitu-
dinal axis. A complex series of dilatational to con-
tractional structures followed the D

A
-D

D
. We label 

the earliest dilatational and flat-lying structures as 

D
E
, and related intrusive rocks are divided into early, 

mid- and late D
E
 phases according to their relation-

ships to the successive magmatic sequence. The 
D

E
 structures were followed by structures formed by 

N-S-shortening D
G
 and later NW-SE shortening D

H
, 

which was accompanied by strong granitic magma-
tism. D

F
 deformation appears as E-W-contractional 

structures that caused major block movements in the 
northern Svecofennian domain in eastern Finland; it 
was simultaneous with the D

E
 in the south, where 

only local shear zones are related to this deforma-
tion. The large-scale warping with N- to NNE-
trending steep axial planes has deformed all the ear-
lier structures and is labelled as D

I
. The post-Sve-

cofennian structures, e.g. those related to the rapak-
ivi event, are generalized as D

P
 structures.

WIDE-SCALE FOLD STRUCTURES – FRAMEWORK FOR DETAILED 
STRUCTURAL ANALYSIS

The thermal gradient was high during Svecofennian 
evolution (Korsman 1977 and Korsman et al. 1984 
and 1999). It caused rapid changes in metamorphic 
conditions with depth. This had an important effect 
on regional variation in metamorphic grade, magma 
production and the characters of tectonic structures. 
In the southern Svecofennian domain the late, wide-
scale folding and warping structures (D

G
, D

H
 and 

D
I
) substantially modified the tectonic geometry. 

These structures also deformed the magmatic rocks 
of the Southern Finland Granitoid Zone (SFGZ), al-
though to varying extents. The regional-scale open 

fold or warp structures with unpretentious axial 
plane properties are generally difficult to identify 
on outcrops. However, the interference structures 
formed a wide synform-antiform pattern that is 
clearly visible on lithological, tectonic (Figures 7 
and 11) and magnetic maps. This interference pat-
tern is accompanied by major shear and fault zones 
(Figure 10) and determines the recent regional dis-
tribution of lithological, structural and metamorphic 
units in the southern Svecofennian domain (Figure 
11). The folds are therefore described prior to the 
older structures.
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Open folds with E-trending axial planes (F
G
)

Originally open folds and warps (F
G
), with an ap-

proximately vertical E-trending axial planes, indi-
cate N-S shortening of the crust. On the present-day 
erosion level these folds determine the distribution 
of the E-W-trending granitoid-dominant complex, 
such as the Espoo Granitoid Complex (EGC) and 
Riihimäki Granitoid Complex (RGC), and the ear-
lier supracrustal-magmatic units (Figure 11). This 
fold structure, together with the regional folds with 
NE-trending axial planes (F

H
), determines the large-

scale NE-trending dome-and-basin pattern charac-
terizing the study area; the exposure of the West 
Uusimaa granulite Complex (WUC) and granitoid 
areas southeast of it, provides a good example. 
These folds are seldom identified on an outcrop 
scale.

Open folds with NE-trending axial planes (F
H
)

Large-scale folds with NE-trending axial planes 
(F

H
) (Figure 11) are constructed in Figures 12a and 

b from magnetic and gravity data. Up to 3 km for 
the amplitude and c. 8 km for the wavelength of the 
folding can be estimated. The axial plane estimated 
from field observations and the magnetic anomaly 
pattern is NE-trending, indicating NW-SE shorten-
ing. The folds are open and overturned northwest-
wards on the western limb of the major fold with a 
N-trending axial plane (F

I
) (Figure12c). The struc-

ture on the upwards-continued aeromagnetic map in 
Figure 12a indicates that shortening (D

H+I
) extended 

into deeper levels of the crust. This ductile folding is 
identifiable in the southern part of the Svecofennian 
domain, especially in the Southern Finland Grani-
toid Zone (SFGZ). In the north, e.g. in the Tonalite 
Migmatite Belt (TMB), the crust deformed in a 
more localized manner, e.g. along the ENE-NE- and 
WNW-NW-trending crustal shear/fault zones that 
deform the major folds with E-trending axial planes 
(Figure 11). This indicates that the folding (F

H
) rep-

resents a high-T event in the south, whereas stabili-
zation/cooling at that time occurred far in the north. 
The foliation trends in the border zones of the tec-
tonic units often reveal south-eastwards dipping 
high-strain zones (Figure 12b), e.g. the West Uusi-
maa granulite Complex-Espoo Granitoid Complex 
(WUC-EGC) boundary zone (Figure 9).

Open warps with N-trending axial planes (F
I
)

In southern Finland the early tight (D
C+D

) and also 
the less strained dome-and-basins (D

G+H
) trend 

approximately E-ENE (Figure 11). These structures 
are openly warped/folded (D

I
) with wavelength up 

to 300 km and a steep axial plane trending c. N 
(010º).

The most intense bends exist in the detailed study 
area and in western Finland, from the SW archipel-
ago to the Pori area. These coincide with the Baltic 
Sea-Bothnian Bay Zone (BBZ) and Riga Bay-Kare-
lia Zone (RKZ), exemplified by the Vuosaari-Korso 
shear/fault zone in the detailed study area (Figures 8 
and 10). In the northern parts of the detailed study 
area, ductile folding with a N-NNE-directional axial 
plane developed, indicating E-W shortening. The 
early dome-and-basin structures (D

G+H
) tightened 

and were refolded/drag-folded into a N direction, 
especially near the Vuosaari-Korso zone. The open 
folds with a NW-trending axial plane to the west of 
Obbnäs rapakivi granite (4 in Figure 9) are related 
to this deformation (D

I
) (Figure 11); its axial plane 

(S
I
) is bent into a N-NNE-trend further north. The 

axial structure shows varying ductility characters; it 
is more ductile in the granite-dominant areas and 
deforms the NE-trending axial plane (S

H
). Corre-

sponding folds also exists in the southern Sipoo 
area, where they form complex dome-and-basin in-
terferences (D

G+H+I
).

The shapes and setting of the granulite-facies ar-
eas, the West Uusimaa granulite Complex (WUC) 
and central Sipoo area (Si in Figure 9), are a conse-
quence of the large-scale dome-and-basin geometry 
(D

G+H±I
) (Figure 11). The high-grade rocks are ex-

posed in the antiformal settings of the structures. 
The corresponding interference pattern (predomi-
nantly D

G+H
) also defines the large, open tectonic 

dome-and-basins such as the Nuuksio synform (Nu 
in Figure 9), which was reoriented in the N-trending 
Vuosaari-Korso axial zone (S

I
). The supracrustal 

Southern Volcanic-sedimentary Belt (SVB) is pre-
dominantly characterized by the earlier isoclinal 
dome-and-basin geometry (D

C+D
), which in the 

study area is complexly deformed by the crustal-
scale the Vuosaari-Korso (D

I
) and Porkkala-Mänt

sälä shear/fault zones (D
G
) (Figures 10 and 11).

Small amounts of granite veins locally intruded 
into the N-trending axial planes (S

I
), indicating high 

temperatures during deformation, but the latest 
semi-brittle axial plane structures provide evidence 
of decreasing temperatures during its later stages. 
Semi-brittle to sharp brittle faults with a N-NNE 
orientation, and dense jointing cutting the open fold 
pattern described from the Vuosaari-Korso shear/
fault zone, indicate late reactivation of the zone 
(Elminen et al. 2008 and Wennerström et al. 2008). 
The character of the structure (D

I
) changes from 

ductile in the area of the Southern Finland Granitoid 
Zone (SFGZ) to brittle in the Lake Päijänne fracture 
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Figure 12. (a.) Large-scale D
H 

fold-
ing on the upwards-continued mag-
netic map (Finnish grid coordinates 
KKJ3) with the interpreted profile 
and (b.) geophysical interpretations 
of the structure from aeromagnetic 
and gravity data. (c.) A vertical sec-
tion of northwestwards overturned 
F

H
 fold in Nurmijärvi, Klaukkala 

(Finnish grid coordinates KKJ2 
2541.83E 6696.47N); width of 
the area of the figure is c. 1.5 m. 
Photo by M. Pajunen. Base map © 
National Land Survey of Finland, 
permit No. 13/MML/08.
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zone (Figure 10 and Sederholm 1932b), in the To-
nalite Migmatite Belt (TMB) and the Central Fin-
land Granitoid Complex (CFGC). This suggests dif-
ferent thermal evolutions in the areas; the northern 
units were cooled at the time of ductile deformation 
and magmatism in the south.

Open warps with E-trending axial planes 
(post-D

I
)

The ductile N-S axial plane (S
I
) is openly warped in 

c. N-NNE-shortening: the post-D
I
 warp in Figure 

11. The semi-brittle structures in the Vuosaari-

Korso shear/fault zone also show such open bend-
ing and the early tight domes-and-basins (D

C+D
) are 

deformed in a complex manner south of the Vuo
saari area (Vu in Figure 9). We have not established 
whether these late structures are related to the lat-
est Svecofennian events that occurred essentially 
later in Estonia (Puura et al. 2004) than observed 
so far in Finland. The latest movements in the N-
trending axial zones (D

I
) are related to post-Sve-

cofennian events (D
P
) prior to or during the rapakivi 

stage, and even to later stages of crustal evolution 
(cf. Mertanen et al. 2001, 2008 and Bergman et al. 
2006).

DETAILED DESCRIPTION OF STRUCTURAL SUCCESSION

Structural evolution preceding the Southern 
Finland Granitoid Zone 

Primary associations and D
A
 deformation

The earliest identified tectonic structures in the 
study area are the intrafolial isoclinal F

A
 folds pre-

served in the compositionally-layered volcanic or 
metasedimentary rocks. A migmatitic mica gneiss 
outcrop in the Espoo Granitoid Complex (EGC) at 
the Hakkila site, Vantaa, excellently shows the rela-
tions between the early structural events and the pri-
mary sedimentary-volcanic structure (Figure 13a). 
In a schollen fragment of the mica gneiss, a layered 
felsic rock, a psammitic portion of the mica gneiss, 
is cut by a zoned mafic dyke (Figure 13b). The fel-
sic rock has a weak, nearly bedding/S

0
-parallel S

A
 

foliation (Figure 13c). It was lithified and D
A
-de-

formed before the intrusion of the mafic dyke into a 
brittle fracture at a high angle to S

0
 and S

A
. The dyke 

has narrow, altered, chilled margins, seen as a grain-
size decrease towards the contact, indicating intru-
sion into a cool environment. On the same outcrop 
the primary bedding, S

0
, of psammitic metasedi-

ment shows remnant isoclinal F
A
 folds (Figure 13d) 

with weak penetrative S
A
 foliation, which was later 

strengthened and migmatized by D
B
. The S

A
 folia-

tion and a weak F
A 

folding remnant beside the mafic 
dyke (Figure 13c; white arrow) constrains the struc-
ture in the schollen fragment to those (Figure 13d) 
in the gneiss nearby. The mafic dyke was M

B
-meta-

morphosed and D
B
-deformed. The D

B
 structures in 

the surrounding mica gneiss are strongly overprint-
ed by later deformations. The mafic fragmentary 
(possible agglomerate, Figure 13e) and layered vol-
canic rocks (Figure 13f) show M

B
 metamorphic 

parageneses, but their relations to D
A
 are not 

known.

Garnet-bearing migmatitic felsic gneiss (Figures 
14a-d) from the Southern Sedimentary-volcanic 
Belt (SVB) at the Kalkkiranta site, on the Sipoo 
coast, includes intra-folial F

A
 folds (Figure 14c) in a 

D
B
-foliated rock. It also has D

B
-boudinaged and ro-

tated amphibolite fragments (Figure 14d). F
A
 folds 

also occur in the associated, shallow-water, impure 
limestones/marbles in the Kalkkiranta mine. Due to 
later higher-grade processes, carbonates were often 
remobilized into dilatational fractures, like in the 
West Uusimaa granulite Complex (WUC, Appendix 
2). A garnet-bearing, intermediate dyke with chilled 
margins cut the F

A
-folded gneiss (Figures 14a and b) 

and was deformed and metamorphosed in D
B
. This 

post-D
A
 to pre-/early D

B
 dyke shows a correspond-

ing setting to the volcanic dykes in Hakkila. Boudi-
naged mafic fragments have a strong lineation (Fig-
ure 14e) similar to the F

A
-folded felsic host gneiss; it 

is an intersection lineation, L
A+B/C

 (structural rela-
tions summarized in the inset in Figure 14).

Thus, two tectonically-differentiated volcanic 
sequences occur: the earlier volcanic Series I (pre-
D

A
) including the F

A
 folds, and the later volcanic 

Series II (post-D
A
 to pre-/early D

B
) cutting the D

A
 

structures. Both are deformed and metamorphosed 
during the D

B
. The described tectonic relationships 

also support the view that at least part of the psam-
mitic to pelitic sediments were lithified and de-
formed, before the mafic dykes and the closely-as-
sociated volcanic rocks were formed.

The F
A
 folds are flame- or sharp-hinged with 

thickened hinges and thinned limbs (Figure 15a). 
The flame-shaped F

A 
hinges are interpreted as being 

a result of low-temperature deformation, which 
caused a brittle to semi-brittle, spaced, fracture fo-
liation in the S

A
 axial plane. The spaced segments 

were transposed along the foliation planes under 
continuous D

A
 flattening. Later higher-grade ductile 
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Figure 13. (a.) Detailed map of a migmatitic mica gneiss outcrop in Hakkila, Vantaa (Finnish grid coordinates KKJ2 2560.64E 
6687.59N). The locations of Figures 29 and 13b-f are shown with boxes. (b.) Fragment of an amphibolitic dyke (red dot line) in 
migmatitic mica gneiss. Scale bar is 10 cm in length. (c.) A detail in (b.) (white box) showing the dyke edge against the psammitic 
portion of the mica gneiss; the dyke was intruded into D

A
-deformed rock; (d.) F

A
 and F

B
 folding in psammitic layers of migmatitic 

mica gneiss. Scale bar is 10 cm in length. (e.) Fragment of fragmentary mafic volcanic rock cut by D
E
 tonalite. Scale bar is 10 cm 

in length. (f.) Layered volcanic rock in migmatitic mica gneiss. Width of the area of the figure is c. 2 m Photos by M. Pajunen.
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Figure 14. (a.) A metamorphosed intermediate dyke cutting migmatitic garnet-bearing felsic gneiss with a chilled margin in an 
intermediate dyke shown in Figure (b.). Scale bar is 10 cm in length. (c.) F

A
 folds in felsic gneiss. Scale bar is 10 cm in length. (d.) 

D
B
 boudinage structure of amphibolitic layers in migmatitic felsic gneiss. Scale bar is 15 cm in length. (e.) L

A+B/C
 lineation in a D

B
-

boudinaged amphibolite. Scale bar is 10 cm in length. Kalkkiranta, Sipoo (Finnish grid coordinates KKJ2 2577.26E 6683.23N). 
Photos by M. Pajunen.
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deformation and metamorphism transformed the 
folds into a flame shape. These types of “low-tem-
perature” fold hinges also characterize the earliest 
fold phases elsewhere (cf. Koistinen 1981, Hopgood 
1984 and Pajunen et al. 2008). However, the later 
more ductile folds, refolding the earlier schistosity 
or foliation, show more or less rounded and unbro-
ken hinges. S

A
 is weak foliation. At present it is 

composed of biotite and is sometimes crenulated by 
S

B
. It parallels the F

A 
limbs and bedding S

0
. Gener-

ally, D
A
 phases were consumed by the later mineral 

growth, particularly D
B
; pelitic layers were effec-

tively melted during the later high-grade events. No 
mineral, veining or melting phase can be connected 
to D

A
. Hitherto, there are no direct indications of 

metamorphic conditions during D
A
. The brittle char-

acter of the contact relations between the felsic 
gneiss and the post-D

A
 volcanic dyke, and the “low-

temperature” flame-hinged F
A
 folds, indicate low-

grade conditions during D
A
. Kilpeläinen and Rastas 

(1990) described early, low-T quartz segregations 
from the andalusite schists of the Orijärvi area; we 
relate the quartz veins in the Vetio andalusite-
cordierite schist to a later prograde metamorphism 
following the cooling stage after the early tectono-
thermal events D

A-D
; the veins are related to D

H
 (Ap-

pendix-Fig. 4-1).
The isoclinal F

A
 folds are identified from the 

steep supracrustal units, in sections perpendicular to 
S

0
; in horizontal sections, F

A
 folds are seldom recog-

nisable (cf. Figure 6). Indications on depositional 
top directions are rare and not helpful for litho-
stratigraphic analysis. The primary associations 
show strong shortening, but the original D

A 
strain 

cannot be estimated, because the following D
B
 shows 

the main compressional axis roughly paralleling 
that of D

A
. In the E-W-trending, upright parts of the 

Southern Volcanic-sedimentary Belt (SVB), not 
strongly affected by the later high-grade crustal 
bends, the sub-horizontal F

A
 axes trend c. E-W (cf. 

Pajunen et al. 2008), roughly referring to N-S-direc-
tional tectonic transport. However, the axes can be 
followed only a few meters on the outcrops and, 
when taking into account the effects of the later de-
formations, like rotation due to D

B 
shearing (Figures 

14d and 15b), this estimation should be regarded as 
suggestive. The rarity of the F

A
 folds may indicate 

that they were originally very large.

Age of D
A
 deformation and correlations

According to recent observations the age of D
A
 de-

formation in the Espoo Granitoid Complex (EGC) 
and Southern Sedimentary-volcanic Belt (SVB) is 
between the ages of the early volcanic rocks (Series 
I) and later volcanic rocks (Series II), i.e. 1.90–1.88 

Ga and 1.88–1.87 Ga, respectively (Väisänen & 
Mänttäri 2002). The age of Series II is approximate-
ly the same as that of intrusive D

B 
magmatism: these 

relations are discussed in more detail later. The 
1.90–1.89 Ga age of volcanism in the Tampere 
Schist Belt (TSB) (Kähkönen 1989), corresponds to 
that of the early volcanic Series I.

The oldest dated granitoid in the study area is the 
1898 ± 2 Ma Orijärvi granodiorite, which is inter-
preted as co-magmatic with the bimodal volcanism 
in the Orijärvi area (Väisänen & Mänttäri 2002). 
According to Suominen (1991), the syntectonic 
Algersö granodiorite in Föglö, in the southwestern 
archipelago SW of Turku, is 1899 ± 8 Ma in age 
(Southern Volcanic-sedimentary Belt, SVB). There 
have so far been no descriptions of the relations be-
tween D

A
 structures and these oldest granitoids.

The earliest structurally-fixed magmatic rocks in 
the study area are mafic rocks dated by Hopgood et 
al. (1983) in the Jussarö-Skåldö area (Ju in Figure 9) 
(ages are discussed under D

B
). Hopgood et al. (1983) 

proposed a primary volcanic-volcanogenic origin 
for the rock assemblage. Hopgood (1984) described 
two intrafolial fold sets from the Skåldö-Jussarö 
area, F

aa
 and F

ab
; S

aa
 is folded around F

ab
 fold hinges. 

The tightly refolded, round-hinged folds (Figure 
13d) are rare in our data and we relate them to the 
D

B
 flattening. This does not contradict the possibil-

ity of local isoclinal folds (F
ab

) between F
A
 and F

B
 of 

this study – we have limited data from the well-ex-
posed, clean coastal outcrops studied by Hopgood 
(1984). Hopgood et al. (1983) and Hopgood (1984) 
did not describe F

A
 folds from the mafic agmatitic 

rocks, but they related the gabbro foliation to the 
earliest deformation phase in the area. Nevertheless, 
the foliation-forming mineral assemblage of the 
rocks indicates metamorphism under amphibolite 
facies conditions, which according to our observa-
tions points to conditions not achieved until D

B
. We 

relate the post-D
A
/pre-D

B
 mafic and intermediate 

dykes (Figures 13b and 14a and b) of the study area 
to the later volcanic rocks, Series II.

Summarizing, we have not identified D
A
 struc-

tures from the later volcanic Series II (post-D
A
 to pre/

early-D
B
) or from the gabbroic-tonalitic association 

(pre-/early D
B
) in the Southern Sedimentary-volcanic 

Belt (SVB, see D
B
 description). The Hyvinkää Gab-

broic-volcanic Belt (HGB, Appendix 3) and the high-
grade gneisses of an upper tectonic unit of the south-
ern Svecofennian domain, referred to here as the 
Upper Tectonic Unit (UTU) (Appendix 6), do not 
show F

A
 folds either. The evolution of the Jokela 

sedimentary-volcanic association is dated to consid-
erably later, post-dating D

C
 (Appendix 5). No F

A
 

folds are defined from the Vetio andalusite-cordier-
ite schist in the Orijärvi area (Appendix 4), either. 
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Figure 15. (a.) Flame-hinged F
A
 folding in felsic gneiss with mafic layers. The F

A
 axis is close to horizontal. S

A+B
 is c. ENE-WSW-

trending; scale bar is 7 cm in length. (b.) D
B
 folding and migmatization in mica gneiss. Anti-clockwise D

B
 rotation of competent 

fragments and shearing parallel to S
B
 foliation planes indicate that the D

B
 strain was not pure shear strain in the study area (the pure 

shear strain flow model with related folding and boudinage patterns is shown in the inset). S
B
 is c. ENE-WSW-trending. (c.) An F

C
 

fold in layered felsic gneiss cut by a D
H
 granite dyke. S

C
 is c. ENE-WSW-trending; scale bar is 7 cm in length. Gåsgrundet, Espoo 

(Finnish grid coordinates KKJ2 2541.86E 6664.80N). Photos by M. Pajunen.
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D
B
 deformation – extensional event with intense 

crustal flattening

The D
A
 structures and the early supracrustal se-

quences, including both the volcanogenic Series I 
and II, were deformed in a strong, penetrative D

B 

deformation that occurred under progressive meta-
morphic conditions. D

B
 structures also characterize 

the gabbroic associations described by Hopgood 
(1984). Intense vertical shortening deformation, 
melting and intense intrusive magmatism typify the 
D

B
.
F

B
 folds are isoclinal to tight with thickened, 

roundish hinges and thinned or boudinaged limbs 
(Figures 13d and 15b). Penetrative, or locally zoned, 
S

B
 mineral foliation developed sub-parallel/parallel 

to S
0
 and S

A
. The F

B
 folds are only occasionally ob-

served to refold the primary bedding S
0
 or S

A
 (Fig-

ure 13d), because the early structures were origi-
nally close to horizontal position. Generally, D

B
 only 

strengthened the F
A
 folds. However, isoclinal to tight 

F
B 

folds in the syn-D
B
 migmatizing neosome veins 

are typical (Figures 15b). Deformation was often lo-
calized in D

B
 shear zones along the F

B
 fold limbs 

and, in places, competent boudinage fragments were 
rotated due to D

B
 shearing (Figure 14d). A melt frac-

tion developed into the pressure minimums of the 
boudinaged necks. L

B
 lineation is weak, but an in-

tersection lineation is evident, for example, in am-
phibolites; L

A+B/C
 in the early volcanic amphibolites 

(Series I, Figure 14e) and L
B/C

 in the later ones (Se-
ries II, Appendix-Fig. 3-2c).

The D
B
 neosome veins are quartzo-feldspathic or 

trondhjemitic in composition during the early stag-
es; later more granitic melts were formed (Figure 
13b and 15b). According to Mouri et al. (1999), the 
composition of neosomes depends on the activity 
(aH

2
O) of participating fluid components and the 

primary rock composition. D
B 

migmatization was 
polyphase due to successive melting and intrusive 
magma events under continuous flattening and heat-
ing. In the Southern Finland Granitoid Zone (SFGZ) 
it is sometimes impossible to fix the neosome phase 
to just the D

B
 because of strong later melting events. 

On an outcrop scale, the D
B
 structures often are 

quite similar to D
E±H

 structures, especially where a 
weak D

B
 is overprinted by a strong D

E±H
. The S

B
 rep-

resents the main foliation in the supracrustal areas 
of weak D

E±H
. The similarity of the D

B
 and D

E±H
 

structures has been one of the major “stumbling 
blocks” in analyzing the structural successions in 
the southern Svecofennian domain: they may both 
represent the second deformation event in a particu-
lar area, but there is an important time gap between 
them. The problem becomes particularly evident in 
areas where only a few structurally-fixed date deter-

minations are in use. The identification is straight-
forward if a cooling stage can be established be-
tween the events (e.g. Sederholm 1926 and Pajunen 
et al. 2008).

Koistinen et al. (1996, Figures 26 and 27, page 
50) provide an example of weakly lineated, choco-
late tablet D

2
 boudinage from Uusikaupunki, c. 80 

km SSW of Pori, indicating weakly ellipsoidal flat-
tening strain. We have not found good three-dimen-
sional sections to analyze the kinematics of D

B
 bou-

dinage structures. The subhorizontal to horizontal 
position of the S

B
 can be constructed by analyzing 

the position of the enveloping surface of F
C+D

 domes, 
but only on an outcrop-scale. On a map-scale, the 
ductile D

B
 shearing and later structures between the 

domes complicate such analysis. The observations 
suggest that the main strain was sub-/horizontal flat-
tening; the strain was not just pure shear, as mod-
elled in the inset Figure 15b, but the rotated D

B
 bou-

dinages (Figure 14d) and shearing along the F
B
 

limbs (Figure 15b) refer to some shear component 
during the deformation.

Structures in magmatic rocks related to D
B
 

deformation

The early Svecofennian magmatic rocks are foliat-
ed, complexly deformed and intruded by several 
later magma and migmatization events. They have 
amphibolite to granulite facies mineral parageneses. 
Analysis of the tectonic setting of these intrusive 
rocks necessitates the description of their field rela-
tions with respect to the early structures in their 
hosts as well as to the later structures existing in 
them. Hence, the following examples also describe 
the post-D

B
 structures that will be discussed in more 

detail later.

Structures in pre-/early D
B
 gabbroic associations 

The earliest magmatic rocks related to deformation 
are banded or layered mafic rocks showing variation 
in composition from assimilated ultramafic rem-
nants to gabbros and diorites in the Jussarö-Skåldö 
area (Ju in Figure 9). Hopgood et al. (1983) and 
Hopgood (1984) proposed a primary volcanic-vol-
canogenic origin for the rock assemblage. The gab-
bros were intruded and injected by tonalitic magmas 
and by amphibolitic dykes. In Simijärvi (Si in Fig-
ure 16), to the south and east of the Orijärvi area (Or 
in Figure 9), occur corresponding, locally sheared, 
gabbroic rocks (Figures 17a and b). The Salittu ul-
tramafic rock (Sa in Figure 16) is situated to the N 
of Simijärvi. The association is exposed along a 
rather coherent zone in the southern coast and archi-
pelago in the Southern Volcanic-sedimentary Belt 
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Figure 16. Tectonic structure of the Orijärvi area. Si = Simijärvi, Sa = Salittu, 1–3 mafic to ultramafic rock in tectonically similar 
settings (see text) (Finnish grid coordinates KKJ3).
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Figure 17. (a.) A pre-/early D
B
 gabbroic-tonalitic association with tonalitic magma cutting and assimilating the gabbro and ultra-

mafic fragments. Scale bar is 10 cm in length. (b.) Strongly-sheared gabbroic rock on the same outcrop representing deformation 
in the Southern Finland shear zone. Width of the area of the figure is c. 3 m. Bollstad N, Inkoo (Finnish grid coordinates KKJ2 
2494.50E 6661.50N). Photos by M. Pajunen.
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(SVB), e.g. Kopparnäs in Siuntio, Sarfvik and Evitskog 
in Kirkkonummi, and Kauklahti in Espoo (locations 
are shown in Figure 7). The sinistral Porkkala-Mänt
sälä shear zone in the east cuts the zone.

The Sarfvik site is an example of the structural 
relationships of the gabbroic association and the 
Porkkala-Mäntsälä crustal bend. The medium-
grained gabbro (Figure 18a) was intruded by a 
gneissic tonalite (Figure 18b). The gabbro has an 
amphibolite-facies, penetrative mineral foliation, 
S

B
, which locally appears as shear foliation. The 

gabbro shows weakly rotated D
B
 boudinage struc-

tures (Figure 18c). We have not identified D
A
 struc-

tures in the rocks. Hopgood et al. (1983) also did not 
describe folds that can be correlated to F

A
 of this 

study from the Jussarö-Skåldö area. They related 

the foliation to the first deformational phase. We 
suggest that it corresponds to S

B
: the metamorphic 

assemblages related to the penetrative foliation and 
weakly rotated boudinages are characteristic for D

B
. 

Thus, we link the rocks to a pre-/early D
B
 gabbroic 

association. The D
B
 structures were later cut by 

granitoids (Figures 18a and b) showing a retrograde 
reaction rim against the gabbro (Figure 18d) and 
overprinted by later metamorphic events, such as 
high-grade melt patches related to the late stage of 
D

B
 or D

E/H
 (Figure 18e). The D

E
 granitoid in Sarfvik 

does not show such high-grade mineral assembages.
The post-D

B
 deformations in the gabbroic rocks 

have been studied at the Kauklahti site (Figure 21a), 
in the amphibolitic wedge shown on the geological 
map (Laitala 1960 and 1961, Ka in Figure 7) to the 

Figure 18. (a.) A pre-/syn-D
B
 gabbroic-tonalitic association is cut by a D

E
 com-

posite pegmatitic granite-granodiorite dyke. The rock was subsequently folded 
by D

H
 in the intensely-strained Porkkala-Mäntsälä bend. Scale bar is 10 cm in 

length. (b.) The gabbro was intruded by amphibolitic dykes and syn-/late D
B
 

tonalite. The D
H
 shortening measured from the pre-D

E
 tonalite/D

E
 pegmatitic 

granite contact is c. 40–50%. Scale bar is 10 cm in length. (c.) D
B
 is character-

ized by penetrative S
B
 mineral foliation that was bent during the progressive 

deformation in the D
B
 boudinage structures. Scale bar is 10 cm in length. (d.) 

The association cooled before the emplacement of the composite dyke, as in-
dicated by retrograde reaction rim bordering the composite dyke. Scale bar is 
10 cm in length. (e.) A pyroxene-bearing late D

B
 or D

E/H
 melt patch in gabbro. 

Width of the area of the figure is c. 10 cm. Kirkkonummi, Sarfvik (Finnish grid 
coordinates KKJ2 2533.42E 6671.39N). Photos by M. Pajunen.
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southwest of the Bodom rapakivi intrusion (3 in 
Figure 9) and to the west of the Porkkala-Mäntsälä 
shear/fault zone (Figure 10). A low-angle, E-W-
trending gabbroic wedge dips gently towards the 
north, below the granitoids of Nuuksio (Nu in Fig-
ure 9). The gabbro was foliated, boudinaged and 
sheared and resembles a layered volcanic rock (Fig-
ure 19b); we interpret the layered structure as tec-
tonic caused by the shearing of an originally hetero-
geneous ultramafic-mafic to tonalitic rock. The 
structures indicate intense flattening with contem-
poraneous shearing in amphibolite facies condi-
tions. The S-C intersection and slicken line linea-
tions in the shear planes indicate reverse top-to-SE 
faulting with a dilatation zone in the NW, i.e., in the 
direction of the West Uusimaa granulite Complex 
(WUC). We relate the shear planes to the D

E
ext dila-

tation; further NW from the Porkkala-Mäntsälä 
shear/fault zone the S

E
ext foliation is only gently to 

openly folded by later deformations, which is typi-
cal for the D

E
, but not the case with the tightly D

C+D
-

folded D
B
 structures. Instead, the S

B
, corresponding 

to that in Sarfvik, is preserved as penetrative min-

eral foliation in the gabbroic boudinage fragments. 
Recumbent F

E
 folds are very small and deform the 

felsic veins or, due to progressive deformation, more 
seldomly the sheared layering S

E
 itself. The kine-

matic setting (D
E
) is exactly the same as at the 

Klaukkala site, described later. The described D
E
ext 

structures are re-boudinaged during D
H
ext with peg-

matitic granitic melt emplaced in the boudinage 
neck (Figure 19c). The S

E
-layered structure was 

overturned towards the south, supposedly as F
G
 

folds, and refolded by the F
H
cont folds overturned 

northwestwards (Figure 19d). The latest granites of 
the Espoo Granitoid Complex (EGC) cut the gab-
broic association and the shear foliation (S

E
). In the 

western extension of the Kauklahti gabbroic asso-
ciation, in Evitskog, Kirkkonummi (Ev in Figure 7), 
the strongly deformed and assimilated remnants of 
mafic rock, corresponding to that in Kauklahti, are 
preserved as inclusions in a D

H
 granite. This sup-

ports the view that the main deformation in the 
Kauklahti site occurred before the D

H
 deformation.

According to the structural interpretation, based 
on field observations, regional geophysical data and 

Figure 19. (a.) A simplified field sketch of a road cut showing layered amphibolitic gneiss interpreted as strongly D
E
-deformed pre-/

early D
B
 gabbroic rock. (b.) S

B
 is preserved in the gabbroic boudinage fragments; the main foliation is linked to S

E
ext, indicating 

top-to-SE movement. The initiation of D
E
 boudinaged gabbroic fragments possibly has its roots in D

B
 (cf. Figure 18c). Width of the 

area of the figure is c. 2 m. (c.) The D
E
 structures are re-boudinaged by the D

H
 with pegmatitic granite intruded into the boudinage 

neck. Width of the area of the figure is c. 1.5 m. (d.) The D
E
 structures are refolded by the c. south-eastwards overturned F

G
 and c. 

north-westwards overturned F
H
cont folds. The post-Svecofennian brittle thrust fault deforms all the structures. Scale bar is 15 cm 

in length. Kauklahti, Espoo (Finnish grid coordinates KKJ2 2532.08E 6675.58N). Photos by M. Pajunen.
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the geological map of Koistinen (1992), the locally-
sheared gabbroic association (Figures 17a and b) at 
Simijärvi (Si in Figure 16) forms a refolded synfor-
mal structure that can be correlated to the D

C+D
 

domes-and-basins in the surrounding Southern Vol-
canic-sedimentary Belt (SVB). This D

C+D
 structure 

was refolded by F
G
 folding with an E-trending axial 

plane and by F
I
 folding with a NNW-trending axial 

plane. The S
I
 axial plane bends to a north trend fur-

ther north and refolds the E-W-trending S
G
 at Salittu 

(Sa in Figure 16). The Salittu ultramafic rock (cf. 
Mikkola 1955) is situated in a northwards-opening 
fold structure (F

G+I
), near the northern border of the 

granitic zone. The tectonic setting of the granitic 
zone is controlled by the F

G
 folding. Mafic rocks 

(amphibolites) in corresponding settings exist to the 
ENE of Salittu (2 and 3 in Figure 16). On a struc-
tural basis the Salittu (1) and mafic rocks ENE of it 
(2 and 3) are related to the mafic association in 
Simijärvi due to the large-scale, open F

G
 folding. 

Thus, the tectonic setting of the Simijärvi and Salit-
tu ultramafic-mafic associations suggests their close 
relations (Figure 16). Their genetic relation to the 
lower-grade rocks in Orijärvi has not yet been based 
on structure.

Due to their high competence the ultramafic-
gabbroic rocks were resistant to small-scale folding, 
but a regional folding pattern (Figure 16) can be 
constructed from the mapping and geophysical data. 
These medium-grained rocks are S

B
-foliated with 

amphibolite facies assemblages, but locally strong 
later events overprint the D

B
 structures, like D

E-H
 in 

Kauklahti. The magmatic structures in the medium-
grained rocks, such as assimilation and mobile mag-
ma contacts without chilled effects (Figure 17a), 
point to processes that occurred quite deep in the 
crust. The compositional variation from ultramafic 
and gabbroic to dioritic and tonalitic may represent 
a differentiated magma evolution. For these rea-
sons, we suppose that these rocks are not tightly 
associated with the lower-grade, volcanic rocks in 
Orijärvi nearby, but the contacts are tectonic as of-
ten suggested by the discordant geophysical fea-
tures and by the sheared structures (Figure 17b and 
18a). This does not preclude a genetic connection to 
the volcanic associations as postulated by Hopgood 
et al. (1983) and Väisänen and Mänttäri (2002). We 
have not identified D

A
 structures from these rocks to 

support the possibility that D
A
 transported these 

rocks close to the lower-grade gneisses. It is also 
possible that these kinds of rocks evolved at differ-
ent times with respect to D

A
, just as is the case with 

the volcanic sequences, Series I and II. Our obser-
vations so far fix these S

B
-foliated rocks, without 

identified D
A
 structures, to formation during the 

early stage of D
B
.

Structures in syn-/late D
B
 tonalitic rocks 

In the southern Svecofennian units, gneissic intru-
sive rocks are widespread. They cut the supracrustal 
associations, except for the Jokela supracrustal as-
sociation (Appendix 5). These intrusive rocks are 
homogeneous and vary in composition from to-
nalites to granodiorites. Tonalites locally have py-
roxene (cf. the West Uusimaa granulite Complex, 
WUC), which generally retrogressed to pale clino-
amphibole, like in Sipoo (Si in Figure 9). Several 
pulses of later magmatic rocks cut these granitoids 
(e.g. Figure 18a and b). The following key examples 
from Pornainen and Sipoo summarize the character-
istics of these gneissic tonalites.

The contact relationships between the gneissic 
tonalite and migmatitic mica gneiss are exposed at 
the Hirvensuo site, Pornainen, within a wide, open 
synform with a N-trending axial plane. On the out-
crop, migmatitic mica gneiss forms a tight synform 
few meters wide in tonalite (Figure 20a). A strong 
S

B
 foliation and isoclinally F

B
 folded neosome veins 

of the gneiss indicate intense D
B
 deformation. The 

D
B
 structures were deformed by the synform F

C
, 

with a moderately plunging F
C
 axis. The D

C
 struc-

tures are refolded by F
I
 folding; the synform thus 

represents a D
C+I

 structure. The tonalite intruded 
along the S

B
 plane and was folded by F

C
. S

C
 is the 

first dominant mineral foliation identified in the to-
nalite. Close to the contacts, tonalite is only weakly 
S

B
-oriented (Figure 20a), but farther from the con-

tact, in the homogeneous parts, a steep S
C
 dominates; 

thus, it is syn-/late tectonic to D
B
. A narrow, folded 

intermediate dyke cuts the mica gneiss, tonalite and 
the D

C
 synform (Figure 20b). Dykes cut S

C
 foliation 

in tonalite with bulging contacts (Figure 20c). We 
relate these post-D

C
 dykes to the D

E
 event; the syn-/

late D
B
 tonalite and the dykes underwent a new pro-

grade metamorphism during the proceeding D
E
. In 

the following we refer to the intermediate D
E
 dykes 

in the corresponding tectonic setting as microto-
nalites, even though they show small variations in 
their composition and in their relations to D

E
 struc-

tures. Weak spaced foliation S
E
cont formed in to-

nalites; it is penetrative in microtonalites. New gra-
nitic melt and segregation patches locally destroyed 
the S

C
 and S

E
cont foliations. The prograde metamor-

phism also produced garnet-bearing granitic dykes 
and granite dykes (D

E
 or D

H
) with a pegmatitic mar-

gin and medium-grained centre (Figure 20d) show-
ing a pinch-and-swell-structure. The continuing 
magmatism (D

E
-D

H
) indicates that rather high tem-

peratures prevailed during late deformation events.
Often the contacts between tonalite and supra-

crustal rocks are strongly deformed, or gradational 
due to later migmatization or magma pulses. Figure 
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Figure 20. (a.) D
B
 deformed and migmatized mica gneiss forming a synformal structure in syn-/late D

B
 tonalite. Tonalite was 

intruded into the S
B
 plane, but its first penetrative foliation is S

C
; S

B
 formed only close to contact. N is to the right; width of the 

area of the figure is c. 5 m. (b.) The gneiss and
 
synformal structure are cut by intermediate early D

E
 microtonalite dyke. Folding 

with a c. N-trending axial plane is interpreted as F
I
; the synform is thus a D

C-I
 structure. The dyke aquired foliation S

E
cont before 

the folded structure, indicating an increase in temperature following the dyke intrusion. (Note: the earliest stages of D
E
 and the 

latest D
D
 were produced by the same regional stress field close to each other during progressive deformation – The F

D
 folding can 

not be exluded in this case). N is to the right; width of the area of the figure is c. 1 m. (c.) The microtonalite dykes in the tonalite 
are bulbous and cut the S

C
, indicating emplacement into a ductile environment under elevated temperatures; the M

E
 temperature 

increase is also indicated by the melt segregation patches in tonalite. Scale bar is 10 cm in length. (d.) A D
H
 pegmatitic granite dyke 

cuts the tonalite and S
C
. Scale bar is 10 cm in length. Hirvensuo, Pornainen (Finnish grid coordinates KKJ2 2572.79E 6704.48N). 

Photo by M. Pajunen.
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21a illustrates a sheared and folded contact against 
the migmatitic mica gneiss, locally including am-
phibolitic remnants, at the Vilonoja site, Pornainen. 
It is a primary magmatic contact, which was exten-
sively deformed to an isoclinally-folded structure 
(sketch in Figure 21b). The D

B
 neosome veins of 

mica gneiss in the isoclinal folds, squeezed into to-
nalite, are strongly deformed; a less deformed mica 
gneiss structure is shown in Figures 22a and b. The 
tonalite is S

C
-foliated and cut by later magmatic and 

migmatitic pulses. It is interpreted as syn-/late tec-
tonic to D

B
. It was intruded by felsic granitoid with 

a dark retrograde alteration zone along the contact 
(Figure 21c); the rock was deformed and migma-
tized by later granite melt that often concentrated 
into shear bands. We relate the felsic granitoid dyke 
to the early/mid-D

E
 tonalites and the granite to the 

later D
E
 or D

H
 phase. Correspondingly, the mica 

gneiss was also intruded by D
E
 melts (see Figure 

22a) and in places shows a strong, steep, spaced S
E-

cont foliation that developed during proceeding de-

formation to form extensional shear bands (Figure 
22c, the pre-S

E
cont structure is shown in Figure 22a 

and b). The horizontal S
E
 foliation is interpreted as 

extensional S
E
ext and the steep S

E
 as contractional 

S
E
cont occurring rather simultaneously. The later 

D
H
, characterized by intense granite production can-

not be ruled out, because c. E-W-trending shearing 
also occurred during it. However, the axial planes of 
contradictional F

H
cont folds are NE-trending (see 

later). In places, penetrative D
E
 structures complete-

ly destroy the early D
A-D

 structures. 
The Hindsby tonalite is c. 5*3 km wide, homo-

geneous, medium-grained and intrusive, and is ex-
posed in a c. SSE-plunging open antiformal setting 
at the Staffas site in Sipoo (Hindsby tonalite loca-
tion in Appendix-Fig. 6-2d). It clearly shows the in-
ternal structural evolution of this intrusive phase. Its 
contacts are mostly covered; the observed ones are 
against the later pegmatitic granite displacing the 
foliated tonalite (Figure 23a), or tectonic along 
the Vuosaari-Korso structure (Figure 23b). The 

Figure 21. (a.) An isoclinally folded 
primary contact between migmatitic 
garnet-bearing mica gneiss and syn-/
late D

B
 tonalite. Strong deformation 

in the contact zone occurred during 
the D

C
 and D

E
cont; compare with 

the structures on the same outcrop 
shown in Figure 22. (b.) A sketch of 
Figure 21a (box) illustrating the fold-
ed contact. (c.) Early/mid-D

E
 tonalite 

intruding syn-/late D
B
 tonalite; retro-

grade biotitic alteration in the contact 
zone indicates intrusion into a cooled 
environment. A small D

H
 (late D

E
?) 

granitic melt patches also occur. The 
early/mid-D

E
 tonalite was deformed 

steeply in D
E
cont and refolded open-

ly by c. N-trending D
I
. Width of the 

area of the figure is c. 1 m. Vilonoja, 
Pornainen (Finnish grid coordinates 
KKJ2 2571.70E 6707.47N). Photos 
by M. Pajunen.
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Figure 22. (a.) Migmatitic garnet-bearing mica gneiss showing the relationships between the D
B
, D

C
, D

E
 and D

I
 structures and re-

lated migmatization events. Scale bar is 15 cm in length. (b.) F
B
 folds in trondhjemitic neosome in mica gneiss. Scale bar is 10 cm 

in length. (c.) Extensional granitic D
E
 melt fraction in mica gneiss. Width of the area of the figure is c. 1 m. Vilonoja, Pornainen 

(Finnish grid coordinates KKJ2 2571.70E 6707.47N). Photos by M. Pajunen.

deformation succession of the tonalite (Figure 24a) 
is determined by the following structures: 1) intru-
sion (likely as described above); 2) the formation of 
early foliation S

C
 – preserved in a dextrally-rotated 

fragment in the microtonalite dyke, elsewhere 
strengthened by later events (see point 4); 3) the 
generation of early quartz veins indicating low-
grade fracturing deformation; 4) the intrusion of an 
intermediate microtonalite dyke with chilled mar-
gins (Figure 24b), which along with the fragments 
in the dyke (Figure 24c) demonstrates intrusion into 
cool tonalite; 5) the formation of new steep spaced 
foliation, S

E
cont (Figures 24a, b and c), which also 

developed as penetrative in the dyke; 6) an increase 
in temperature causing partial decomposition of bi-
otite to form garnet and granitic melt, and forming 
an amphibolite-facies assemblage in the dyke; patchy 
destruction of the previous structures (Figure 25a); 
7) the formation of D

E
 shear bands with medium-

grained coarsening or granitic melt/segregation in 
the highest-strained zones (Figure 25b); 8) foliated, 
slightly pinching-and-swelling D

H
 pegmatitic gran-

ite dykes (Figure 24a, upper left corner); 9) the for-
mation of shear bands with granite or quartz in the 

highest-strained zones – they are less common and 
locally lower-grade shearing is related to them (Fig-
ure 25c), and we interpret that they represent D

I
 

(correlate to point 10); 10) semi-ductile shearing 
(Figure 23b) along the border zone – the eastern 
contact is bordered by the steep Vuosaari-Korso 
shearing structures showing east-side-up movement 
of D

I+(P?)
 (cf. Elminen et al. 2008). 

The structures in the syn-/late D
B
 tonalites give 

evidence for a cooling stage before the intrusion of 
the intermediate microtonalite dykes (e.g. early 
quartz veins, straight contacts of dykes with chilled 
margins). The evolution was followed by an increase 
in temperature that caused the continuing processes, 
the generation of a foliation, the formation of exten-
sional shear bands and the decomposition of biotite 
forming garnet and granitic melt patches; these are 
related to the complex extensional D

E
-D

H
 events. 

We relate the retrogression of pyroxene in the D
B
 to-

nalites to this new D
E
 melting and fluidization, and 

prograde metamorphism. Open warping of the main 
foliation and later lower-grade shear bands, repre-
senting the later shortening events, also give evidence 
for cooling towards the end of the succession.
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Figure 23. (a.) The E-trending northern contact between the Hindsby syn-/late D
B
 tonalite and D

E
 pegmatitic granite. Scale bar is 

10 cm in length. Högbacka, Sipoo (Finnish grid coordinates KKJ2 2565.71E 6694.91N). (b.) Vertical section of sheared contact 
of the Hindsby tonalite against the Vuosaari-Korso shear/fault zone. Scale bar is 10 cm in length. Stormossen, Sipoo (Finnish grid 
coordinates KKJ2 2565.36E 6691.71N). Photos by M. Pajunen.

Age of D
B
 deformation and correlations

The earliest structurally-fixed magmatic rocks in 
the Southern Volcanic-sedimentary Belt (SVB) are 
the rocks of the gabbroic association showing a pen-
etrative S

B
. Hopgood et al. (1983) dated magmatic 

gabbros at 1885 ± 7 Ma, and banded dioritic gneiss, 
a neosome for agmatite, at 1895 ± 13 Ma from the 
Jussarö-Skåldö area. Structurally comparable mafic 
rocks in the Hyvinkää Gabbroic-volcanic Belt 
(HGB) show similar D

B
 evolution of the gabbros 

and the closely-related supracrustal associations 
without D

A
 structures (Appendix 3). The published 

age of the Hyvinkää gabbro (Patchett & Kouvo 1986 
and Patchett et al. 1981) is 1880 ± 5 Ma, which is 
same as the age of 1880 ± 3 Ma for the plagioclase 
porphyrite in Hyvinkää (Suominen 1988). Within 
the error limits, this is the same age as for the young-
er, post-D

A
 to early-D

B
 volcanic Series II, dated 

from Orijärvi (Väisänen & Mänttäri 2002). The 
post-D

A
/pre-D

B
 mafic and intermediate dykes (Fig-

ures 13b and 14a and b) of the study area belong to 
the younger volcanic Series II. The ages from Jus-
sarö-Skåldö (Hopgood et al. 1983) have such a large 

error that both alternatives, the pre-D
A 

volcanic Se-
ries I and early D

B
 Series II, hold true. Thus, further 

work is needed to establish the setting of these ma-
fic associations and to test whether the gabbroic as-
sociations represent two different sequences. The 
ages from the Hyvinkää gabbros prove their intru-
sion close to the regional D

B
, because the age is 

close to that obtained from the syn-/late D
B
 tonalites. 

The structures formed in D
A
 were weak and could 

have been destroyed by the stronger D
B
. This leaves 

the possibility that the southern gabbroic associa-
tion belongs to the older, pre-D

A
 phase.

The maximum age of D
B
 in the Southern Volca-

nic-sedimentary Belt (SVB) and in the Espoo Gran-
itoid Complex (EGC) can be established by the age 
of the post-D

A
 and pre-D

B
 volcanic sequence at c. 

1.88–1.87 Ga. The syn-/late D
B
 tonalites intruded 

into the S
B
 plane of coexisting supracrustal rocks 

with strong D
B
 flattening and migmatization. The 

first penetrative foliation in these tonalite is S
C
. 

These observations bind D
B
 deformation and mig-

matization between the ages of the later volcanic 
sequence and the tonalite intrusion. A magmatic age 
of 1873 ± 7 Ma (SIMS U/Pb zircons) was obtained 
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Figure 24. (a.) A metamorphosed early D
E
 intermediate microtonalite dyke cutting the syn-/late D

B
 tonalite (Hindsby intrusion) 

and pegmatitic D
H
 granite dykes (black arrow, upper-left corner). Hammer is 47 cm in length; N is to the left. (b.) The dyke shows 

a chilled margin that indicates intrusion into cooled rock. Width of the area of the figure is c. 0.4 m. (c.) The tonalite is S
C
 foliated 

and overprinted by the steep spaced S
E
cont, which also deforms the dyke as penetrative foliation. The S

E
cont shows a small shear 

component deforming the dyke margins. In the central part of the dyke S
E
cont foliation is c. dyke-parallel. The fragment of tonalite 

in the dyke (c.) is S
C
 foliated, slightly rotated, and S

E
cont is bent to surround it; the observation provides evidence of emplacement of 

the dyke post-D
C
 and prior to the strongest D

E
cont deformation. The medium-grade metamorphic parageneses in the dyke indicates 

the new metamorphic event after intrusion into cooled rock. Width of the area of the figure is c. 0.7 m. Staffas, Sipoo (Finnish grid 
coordinates KKJ2 2568.93E 6694.67N). Photos by M. Pajunen.
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from the Bollstad syn-/late D
B
 tonalite in Inkoo 

(mixed age of 1855 ± 6 Ma for zircons was obtained 
by TIMS method) (Appendix 8). A concordant age 
of 1829 ± 3 Ma (TIMS U/Pb monazite) for meta-
morphic monazite in this tonalite was obtained (Ap-
pendix 8). The Hindsby syn-/late D

B
 tonalite (sam-

ple A1738 Staffas), Sipoo, gives ages of 1876 ± 8 
Ma (SIMS U/Pb zircons, Appendix 8) for the older 
zircon population, and of 1841 ± 4 Ma and 1801 ± 7 
Ma for younger zircons. On the structural basis the 
age group of 1876 ± 8 Ma could represents the age 
of the intrusion, whereas the age of 1841 ± 4 Ma 
could be related to later metamorphism and lead 
loss; the tonalite shows typically small melt patches 
related to D

E
 (Figure 25a). The youngest ages are 

related to M
H
 metamorphism and older zircons are 

inherited. 
The ages of 1.88–1.87 Ga are typical for the 

“syntectonic granitoids” and neosomes in southern 
Finland (Hopgood et al. 1983, Huhma 1986, Vaas-
joki & Sakko 1988, Nironen 1999, Mouri et al. 
1999, Väisänen et al. 2002 and Skyttä et al. 2006). 

The ages are on average 10 Ma younger than corre-
sponding rocks in the northern units in the Tonalite 
Migmatite Belt (TMB) (e.g. Huhma 1986, Vaasjoki 
& Sakko 1988 and Nironen 1989). The tectono-met-
amorphic characteristics of the northern units (Pie-
tikäinen 1994, Koistinen et al. 1996, Kilpeläinen 
1998, Korsman et al. 1999, Nironen 1999, Pajunen 
et al. 2001a and Rutland et al. 2004), like the strong 
nearly-horizontal S

2
 and flat-lying recumbent F

2
 

folds, prove strong vertical shortening deformation 
D

2
 at c. 1.89–1.88 Ga; “syntectonic” intrusive rocks 

of this age also characterize the major parts of the 
Central Finland Granitoid Complex (CFGC) 
(Nironen 2003). The intense magmatism and mig-
matization, oblate horizontal flattening strain (cf. 
Koistinen et al. 1996) and widespread high-T/low-p 
metamorphism support an extensional D

2
 event. D

2
 

is very similar to the c. 10 Ga younger D
B
 in the 

southern Granite Migmatite Belt (GMB). This sug-
gests a different evolution of northern D

2
 from the 

southern D
B
, or that evolution was diachronic, be-

coming younger towards the south. In such a model 

Figure 25. (a.) D
E
 granitic remelting patches in the syn-/late D

B
 tonalite. Biotite has decomposed to garnet and granitic melt. Width 

of the area of the figure is c. 20 cm. (b.) D
E
 shear band structures in syn-/late D

B
 tonalite; shear bands are characteristic for this 

magma phase. The shear bands are formed in N-S contraction. Scale bar is 10 cm in length. (c.) Later lower-grade shear bands in 
syn-/late D

B
 tonalite include quartz veining, instead of granite, in the shear plane. Drag folds related to shearing indicate c. E-W 

contraction that is characterizing the D
I
. Width of the area of the figure is c. 30 cm. Stormossen, Sipoo (Finnish grid coordinates 

KKJ2 2565.36E 6692.07N). Photos by M. Pajunen.
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the Tonalite Migmatite Belt (TMB) was situated in 
the border zone of the intense D

B
 extensional belt. 

During the stage of local D
B
 extension in the south 

the TMB was already under contraction (D
3
, see 

later). To the north of the GMB-TMB border, in the 
TMB, there are also granitoids of 1.88–1.87 Ga in 
age (cf. Kilpeläinen 1998), like the syn-/late D

B
 to-

nalite ages in the south. This suggests that the TMB 
and GMB were close to each other during their in-
trusion. Thus, the original accretion of the GMB 
and TMB already occurred during the southern D

A
.

In the low-grade gneisses in Orijärvi area (Vetio 
outcrop, Appendix 4), the first foliation and the ear-
ly andalusite-cordierite growth are related to the D

B
, 

corresponding the higher-grade extensional D
B
 de-

formation in the lower crustal sections. Heating oc-
curred under subsidence of the upper crustal sec-
tions. The metamorphic evolution is very similar in 
the andalusite schists in the Tampere schist belt 
(TSB, Kilpeläinen 1998) and in the Rantasalmi area 
(Ra in Figure 9, Korsman 1977 and Korsman & Kil-
peläinen 1986). Large andalusite porphyroblasts are 
c. S

0
-parallel and are overprinted by prograde meta-

morphism. Correspondingly, the TSB began to sub-

side during the northern D
2
 extension. The TSB is 

situated upon an E-W-trending electric conductive 
zone dipping north (Korja 1990) between the Vam-
mala Migmatite Belt (VMB) and the Central Fin-
land Granitoid Complex (CFGC). The zone has 
been regarded as a suture zone along which the con-
ductive schists of an accretionary prism of the VMB 
were pushed below the CFGC (e.g. Lahtinen 1994, 
Kilpeläinen 1998 and Korsman et al. 1999). 

Deformation D
C
 – N-S shortening

The predominantly horizontal D
B
 flattening was fol-

lowed by a high-T, ductile shortening event, D
C
, 

which deformed the early supracrustal and magmat-
ic series to isoclinal or tight, originally E-W-trend-
ing folds with steep axial planes. In the study area, 
the D

C
 structures are best preserved in the Southern 

Volcanic-sedimentary Belt (SVB) in areas that were 
not effectively overprinted by the later D

E
-D

H
 events. 

Examples of D
C
 structures are given in Figures 11, 

15c, 20 a, 22a, 26b, 27a and b and 28 a and c. Fig-
ures 27a and b give an example of a garnet-amphi-
bole rock, a silicate-facies iron formation of the 

Figure 26. (a.) An early/mid-D
E
 garnet-

bearing tonalite dyke intruded into the S
E
 

plane and refolded by F
H
 in D

B
 –migmatized 

and D
C-D

-deformed mica gneiss. S
H
 is c. 

N-S-trending; compass is 12 cm in length. 
(b.) The D

C+D
 interference structure is pre-

served in the felsic layer of migmatitic mica 
gneiss, whereas pelitic layers are strongly 
melted and were more intensely folded by 
F

H
, possibly intensified by D

I
. S

H
 is c. N-S-

trending; width of the area of the figure is c. 
1 m. Helsinki airport, Vantaa (Finnish grid 
coordinates KKJ2 2555.10E 6692.30N). 
Photos by M. Wennerström (a.) and M. Pa-
junen (b.).



57

Geological Survey of Finland, Special Paper 47
Tectonic evolution of the Svecofennian crust in southern Finland

Southern Volcanic-sedimentary Belt (SVB), from 
Nöykkiö, Espoo. The outcrop is situated close to the 
Porkkala-Mäntsälä high-strain zone. The competent 
garnet-amphibole rock, however, shows only mod-
erately strained D

C+D
 structures refolding S

B
. The 

D
C+D

 structures are overprinted by steep shear zones 
(Figure 27c) and weak folding that are related to the 
Porkkala-Mäntsälä shear/fault zone. The rock also 
shows patchy melting structures due to D

E
.

Figure 27. (a.) D
C+D

 interference pattern in a competent garnet-amphibole rock (silicate facies iron formation); the F
C
 axis is dip-

ping towards W. Scale bar is 10 cm in length. (b.) Vertical section of the same interference structure; the F
C
 axis is dipping towards 

W. Width of the area of the figure is c. 1 m. (c.) A D
F
 shear zone, related to deformation in the Porkkala-Mäntsälä zone under N-S 

contraction, cuts the D
C-D

 dome-and-basin structure; the F
C
 axis is dipping towards E. Scale bar is 15 cm in length. Nöykkiö, Espoo 

(Finnish grid coordinates KKJ2 2536.88E 6672.79N). Photos by M. Pajunen.
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Figure 28. Migmatitic felsic gneiss with a deformed S
C+D

 dome-and-basin interference structure on the horizontal surface (a.); 
scale bar is 10 cm in length. Vertical surface is shown in (b.); width of the area of the figure is c.2 m. Indistinct relations between 
the gneiss and tonalitic rock are due to strong granitic melting and intruded dykes. (c.) Interpretation of structure: The S

B
 foliation 

plane in felsic gneiss is folded to form D
C+D

 dome-and-basin structures. The D
C+D

 dome-and-basin interference structure is cut by 
F

G/(H)
-folded D

E
 pegmatitic granite. F

G/(H)
 intensified the F

C
 folds, because the axial planes S

C
 and S

 G/(H)
 are approximately parallel. 

The first foliation in the strongly granitized syn-/late D
B
 tonalite including remnants of the mica gneiss is S

C
 (cf. the mica gneiss-

tonalite contact in Figure 21). Thus, in the mica gneiss F
G/(H) 

refolds the foliation S
B+later

, whereas in the tonalite it refolds S
C+later

. The 
vertical section shows a southwards-overturned structure, interpreted as F

G/(H)
, which was refolded by F

I
 with a c. NW-trending axial 

plane. This complicated structure is preserved in between the strongly migmatitic rocks characterizing the southern Sipoo area. 
Söderkulla, Sipoo (Finnish grid coordinates KKJ2 2571.49E 6689.11N). Photos by M. Pajunen. 
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In the Espoo Granitoid Complex (EGC) the D
C
 

structures have been hidden or destroyed by later 
deformations, metamorphism and magmatism. The 
vast majority of the felsic magmatism in the EGC 
post-dates D

C
. For example, in the southern Sipoo 

area, to the east of the Vuosaari-Korso shear/fault 
zone, granitic rocks are often nebulitic or schlieren 
migmatitic. The complexity of structures is exem-
plified by migmatitic granite at the Söderkulla site, 
Sipoo (Figures 28a-c). A mica gneiss-tonalite rem-
nant within the granitic unit shows D

C+D
 dome-and-

basins deforming the early D
B
 migmatization and S

B
 

foliation of the mica gneiss, and the S
C
 foliation of 

tonalite. No D
A
 features were preserved/identified. 

These structures were cut by D
E
 pegmatitic granite, 

which, along with the early structures, was over-
turned southwards by F

G/(H)
 folds with c. E-trending 

axial planes. There are some kinematic observations 
indicating to D

G
 tectonic transport southwards (Fig-

ure 19). However, the F
H
 folds are mostly overturned 

towards NW, such as to the west of the Vuosaari-
Korso zone (Figure 12c). The latest ductile defor-
mation identified at e Söderkulla site is open D

I
 

folding with c. NW-trending axial planes. The de-
formations D

G/(H)+I
 form an open dome-and-basin 

structure upon the D
C+D

 ones.
The tight to isoclinal F

C
 folds are round-hinged, 

without significant thickening of hinges or thinning 
on limbs. In the pre-D

C
 rocks, with strong S

B
 folia-

tion and migmatization, no significant mineral 
growth occurred in the S

C
 axial plane. S

C
 is indis-

tinct, or weak crenulation and only locally some 
melt remobilization sometimes occurred in the 
axial planes. S

C
 is the first penetrative foliation in 

the syn-/late D
B
 tonalites. Minor new D

C
 mineral 

growth suggests a decrease in temperature after the 
peak metamorphic conditions during the D

B
. How-

ever, close timing of D
B
 and D

C
 is suggested by the 

large amounts of syn-/late D
B
 tonalites showing S

C
 

as their first foliation. The biotitic-hornblendic to-
nalite foliation indicates amphibolite facies condi-
tions. 

D
D
 deformation – E-W shortening and D

C+D
 

dome-and-basin structures

Refolding of F
C
 folds by the ductile F

D
 folds with c. 

N-trending, steep axial planes formed the dome-
and-basin interferences, D

C+D
, seen on both the map 

scale (Figure 11) and outcrop scale (Figures 26b, 
27a and b, 28a and c). The F

D
 folds are open to tight, 

more open than the F
C
 folds. No significant mineral 

growth in the S
D
 axial plane has been identified. The 

D
C+D

 dome-and-basin structures are deformed by 
the later tectonic events, e.g. by the less-strained, 
map-scale D

G+H+I
 interference structures (Figure 11). 

On outcrops they only openly to weakly refold the 
D

C+D
 structures (Figures 22, 26a and b).

Regional analysis of the F
G
 and F

D
 folding pat-

terns requires investigation of their foliation-fold 
axis-lineation relationships, which is not possible by 
using our limited-area field observations alone. On 
the outcrop scale the structures are mostly small, 
only partly exposed or reoriented by the later defor-
mations, so that the analysis does not give regionally 
correlative results. A generalized idea of D

C+D
 dome-

and-basin forms and related kinematics can be ob-
tained by studying the D

C+D
 structures using the 

geological maps of the GTK on the scale 1 : 100 000. 
The following preliminary analysis is carried out 
using tectonic measurements on the maps, in the ar-
eas not intensely intruded by magmas of the South-
ern Finland Granitoid Zone (SFGZ) or not located 
in zones of intense D

H-I
 deformation.

The Pellinki area (Pe in Figure 9) shows a D
C+D

 
structural pattern with S

C
 dipping steeply south (the 

main foliation S
B
 is mostly dipping 90–70° towards 

south). The orientations of F
C
 fold axes and L

A+B/C
 

lineations (generations established by correlation to 
the study area) give steeply a northwards overturned, 
isoclinal-tight fold pattern for the F

C
, and a west-

wards overturned moderate pattern for the F
D
 (the 

interpreted F
C
 fold axes are generally steeper on the 

western end of the D
C+D

 domes than on the eastern 
end, and opposite for the synformal structures). This 
indicates N-S shortening during D

C
 and E-W short-

ening during D
D
. Analysis from the southwestern 

archipelago to the SW of Turku gives similar kine-
matics for the D

C
, but F

D
 folds show an eastwards 

overturned pattern. Analysis of the borders of the 
major N-trending tectonic block, between the Bal-
tic Sea-Bothnian Bay Zone (BBZ) and the Riga 
Bay –Karelia Zone (RKZ), suggests opposite over-
thrusting patterns in the western and eastern parts 
of the block during the D

D
 (Figure 8). This may in-

dicate that the bordering structure of the block dips 
towards the west in the BBZ and towards east in the 
RKZ. A rough estimate of D

C
 shortening based on 

the forms of the F
C
 folds in the Southern Volcanic-

sedimentary Belt (SVB) gives a value of about 
40–50%; that of D

D
 is somewhat less, with shorten-

ing of c. 20–30%. These analyses are preliminary 
and further research is needed to specify the region-
al variations in D

C
 and D

D
 kinematics more compre-

hensively.

Ages of D
C
 and D

D
 deformations and 

correlations to the northern tectonic units 

Structural and mineral growth relations indicate that 
the compressional D

C
 evolution rapidly followed the 

formation of the later volcanic Series II and the 
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syn-/late D
B
 tonalites at c. 1.88–1.87 Ga. The D

3
 de-

formation in the Tonalite Migmatite Belt (TMB) 
can be dated at c. 1.89–1.88 Ga by following the 
deformation succession of Kilpeläinen (1998), and 
the ages of syntectonic Hämeenkyrö and Värmälä 
intrusions (Nironen 1989) (Appendix 1). The E-W-
trending D

3
 in the northern units is slightly older 

than D
C
 in the south; it is about the age range of the 

southern D
B
. Compression in the north was, accord-

ingly, simultaneous with D
B
 in the south. Because of 

the rapid evolution from D
B
 to D

C
 in the study area, 

and the contemporaneous extensional D
B
 in the 

south and contractional D
3
 in the north, we suggest 

that the crust was in its entity under a compressional 
stress field, i.e., under continuous collision towards 
the north. The northern D

2
 and southern D

B
 are sim-

ilar strong deformations, accompanied by prograde, 
high-T/low-p metamorphism (e.g. Korsman et al. 
1999). We suggest they represent an extensional 
crustal evolution between the compressional D

A
 (or 

D
1
 in the north) and D

C
 (or D

3
 in the north). The 

evolution from the northern D
2
 at c. 1.88–1.89 Ga to 

the southern D
B
 at 1.88–1.87 Ga was a diachronic 

process that progressed southwards. Similarly, the 
D

3
 (north) and D

C
 (south) represent evolution that 

was diachronic, getting younger southwards. The 
end of D

C
 is determined by the rotation of the N-S 

stress field to SW-NE during D
D
. In the study area 

the setting of the oldest dated early D
E
 Hakkila to-

nalite cutting the D
D
 structures is 1868 ± 3 Ma old 

(see later discussion and Appendix 8).
The D

C-D
 folding pattern in the Southern Finland 

Volcanic-sedimentary Belt (SVB) is systematic, but 
is more complex further north. In the Pori area Pa-
junen et al. (2001a) described F

4
 folding with a N-

trending axial plane deforming the D
2–3

 structures, 
and Nironen (1999) described a D

4
 structure refold-

ing earlier structures into the Pomarkku block struc-
ture in the Loimaa area (see Figures 9 and 11). The 
tectonic formline pattern shown in Figure 11 sug-
gests that corresponding dome-and-basin deforma-
tion (D

3–4
) also occurred in the Vammala migmatite 

belt (VMB), but it was deformed by a complex 
sliced structural pattern with c. NW- and NE-trend-
ing deformation zones. These zones characterize the 
Hämeenlinna stacked terrane (Figure 10) in the bor-
der zone between the Granite Migmatite Belt (GMB) 
and the Vammala Migmatite Belt (VMB) in the To-
nalite Migmatite Belt (TMB). The Pomarkku block 
structure represents the western end of this struc-
ture; we relate the block formation to c. SW-NE 
transpression D

4
/D

D
 (Appendix 7 and Appendix-

Fig. 7-1c).
In the Central Finland Granitoid Complex 

(CFGC), D
3
 produced the northwestwards stacked 

structure (Figures 8, 9 and 10) that was later sliced 

by NW-trending D
4
 (D

b
 shear zones of Pajunen 

1986) and later N-trending (D
d
 shear zones of Pa-

junen 1986) shear zones. The 1.89–1.88 Ga (Vaas-
joki & Sakko 1988) granitoids in the CFGC are gen-
erally deformed and locally show low-angle folia-
tion dipping SE (S

3
). Kilpeläinen (2007) also de-

scribed a low-angle shear zone from the Savo Schist 
Belt (SSB) and CFGC border. Primarily, we sug-
gest this to correspond to the D

3
 stacking shear 

structures. The generation of this magmatic com-
plex followed the accretion of the CFGC against 
the 1.93–1.91 Ga old primitive island arc of the 
Savo Schist Belt (SSB) and the Archaean conti-
nent. The CFGC was fixed to the SSB along a 
complex structure; originally it was deformed by 
the D

3
 stacking northwestwards and slicing, which 

during later evolution was folded and fragmented 
by the zonal D

4
 NW-trending shearing. The shear 

zones are characterized by a strong granite mag-
matism and granitization (Pajunen 1986 and Pääjär-
vi 1991) and by a linear gravity low (Korhonen et 
al. 2002b). Thus, D

3
 resulted in a continued north-

wards collision, forming stacked units that became 
folded and fragmented during D

4
.

No age determination has been carried out to 
date for the D

D
 folding structures in the Granite 

Migmatite Belt (GMB), but correlation with the 
northern units is supportive. The D

4
 block deforma-

tion can be dated with post-/late tectonic granitoids 
emplaced into the arched structures characterizing 
the block structure of the areas of Pomarkku block 
(Appendix 7 and Appendix-Fig. 7-1c) and Central 
Finland Granitoid Complex (CFGC) (Figure 9). The 
transpressional N-NW slicing, D

4
, together with the 

earlier NW-stacked D
3
 structure, formed the arched 

structures into which these late/post-tectonic grani-
toids were intruded. According to our interpretation, 
these granitoids are syn-D

4
 intrusions emplaced in 

oblique dilatational settings during the NE-SW 
transpression. These granitoids effectively destroyed 
the older collisional D

3
 thrust structures in the 

CFGC. In the west, to the north of the Pomarkku 
block, a weakly deformed quartz monzonite, dated 
at 1872 ± 2 Ma (Mäkitie & Lahti 2001), is a typical 
syn-D

4
 intrusion. In the CFGC corresponding intru-

sions vary in age, being younger towards the west: 
1886 ± 6 to 1885 ± 5 Ma (E part), 1882 ± 2 to 1880 
± 3 Ma (central part), 1880 ± 5 to 1874 ± 4 Ma (SE 
part), 1875 ± 2 Ma (S part) and 1872 ± 2 to 1870 ± 
4 (W part) (ages from Mäkitie & Lahti 2001 and 
Nironen 2003; dating with large errors is excluded). 
The age of the ductile D

D
 folding in the south can be 

bracketed between the syn-/late D
B
 tonalite ages 

(1.88–1.87 Ga) and the early D
E
 tonalite dykes (the 

oldest dated Hakkila dyke is 1868 ± 3 Ma). Because 
the stress field remained in a NE-SW direction 
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during the early D
E
 deformation, a transitional trans-

formation from D
D
 to D

E
 is suggested. 

In eastern Finland, in the Proterozoic allochtho-
nous sequences lying upon the Archaean basement, 
the earliest deformations, D

1–2
, are related to thrust-

ing and crustal thickening at c. 1.9 Ga ago (Koistinen 
1981). This collision juxtaposed a 1.93–1.91 Ga old 
primitive island arc (Lahtinen 1994, Kousa et al. 
1994 and Korsman et al. 1999) – the Savo Schist 
Belt (SSB) – and the Archaean domain, causing the 
obduction of 1.95 Ga ophiolites, described by Kon-
tinen (1987), together with the early rift and passive 
margin sediments (Koistinen 1981). Prior to the 
1.95 Ga rifting the Archaean continent was covered 
by platform sediments that are now preserved near 
the craton border zone and between the wide tec-
tonic slices of the Archaean unit. These tectonic 
slices of the Archaean domain have a surprisingly 
similar geometry to the D

4
 slices in the northern 

Svecofennian unit, e.g. the Pomarkku block. These 
structures formed earlier in the east than in the west. 
The Proterozoic-Archaean boundary zone was al-
ready strongly deformed before the intrusion of the 
1884 ± 5 Ma orthopyroxene-bearing monzonites 
(Hölttä 1988). Their contact aureoles cut the region-
al fold structures in the Savo Schist Belt (SSB), but 
some ductile shearing in the contact aureole (Hölttä 
et al. 1988) proves that deformation was already lo-
calized at the time of monzonite intrusion. These 
intrusions terminate the main stage of deformation 
and metamorphism near the craton boundary. We 
propose a corresponding generation for the major 
geometry in the Archaean domain and in its bound-
ary zone to that further west: D

3
 N-S compression 

and D
4/D

 SW-NE transpression. The craton bound-
ary area did not undergo an extensional event char-
acterizing its evolution, such as D

2/B
 in the southern 

Svecofennian domain. The thick crust is preserved 
in the craton boundary area, and it thins towards the 
southwest (Luosto et al. 1990). The continued D

3/C
 

north-south compression followed by D
4/D

 SW-NE 
transpression prevented the major extensional thin-
ning of the crust. Korsman et al. (1999) already sug-
gested this kind of continuous compression model 
to explain the preservation of the thick crust.

We suggest that the syn-D
4
 granitoids determine 

the age of the D
4
 arching and fragmentation in the 

north. The younger Härkmeri quartz monzonite, 
dated at 1868 ± 3 Ma (Lehtonen et al. 2005), caused 
a metamorphic contact aureole on regional meta-
morphic assemblages and cut the D

4
 block structure 

in the north (Appendix 7). The age of the intrusion 
establishes the end of D

4
 in the western Tonalite 

Migmatite Belt (TMB) and the Central Finland 
Granitoid Complex (CFGC). To the north of the Vit-
tinki zone the strongly migmatitic Vaasa area (Va in 

Figure 9), which continues to the Swedish coast, 
has, according to Rutland et al. (2004), been pushed 
from the west to its present setting. We agree with 
the eastward movement of the unit and suppose the 
deformation to be related to syn-D

4
. Movements 

have occurred still later during the D
F
 deformation 

(see later). Thus, the termination of the D
4
 in Central 

Finland occurred primarily between 1884 ± 5 Ma in 
the east and 1868 ± 3 Ma in the west. D

4
 develop-

ment thus shows a similar diachronic evolution, be-
coming younger towards southwest that became 
evident from the earlier tectonic events D

2/B
 and 

D
3/C

. In the south the ductile F
D
 folding occurred si-

multaneously with the northern D
4
 fragmentation, 

but it continued longer due to the continuing NE-
SW stress field under increasing high heat flow.

Structures related to the evolution of  
the Southern Finland Granitoid Zone

In the Southern Finland Granitoid Zone (SFGZ), 
structures in intrusive rocks play a key role in ana-
lyzing the geotectonic evolution of the zone; 
therefore, the structural relationships of intrusive 
rocks on representative outcrops will be discussed 
in detail.

From D
D
 to D

E
 deformation – begin of the 

Southern Finland Granitoid Zone evolution

In the study area the Hakkila early D
E
 garnet-bear-

ing tonalite dyke (Figure 29) has an age of 1868 ± 3 
Ma (SIMS U/Pb zircons, Appendix 8). This grani-
toid phase intruded into dilatational structures in a 
hot and ductile environment, into migmatitic mica 
gneiss, that was already deformed into D

C-D
 dome-

and-basin structures. Thus, D
D
 is at least partly older 

than these tonalitic intrusives. These early D
E
 tonal-

itic intrusions determine the beginning of D
E
 defor-

mation in the study area; they also establish the be-
ginning of evolution of the Southern Finland Grani-
toid Zone (SFGZ). The tonalite age is exactly the 
same as that of the Härkmeri quartz monzonite 
(Lehtonen et al. 2005) cutting the D

4
 structure to the 

north of the Pomarkku block (Appendix 7). The 
monzonite determines the termination of the major 
deformations in the north.

The age data demonstrate that tectonic evolution 
changed rapidly from the extensional D

B
 to the con-

tractional D
C
 and transpressional D

D
, and finally to 

the dilatational events labelled here as D
E
. These 

changes occurred in the study area between the in-
trusion of the syn-/late D

B
 tonalites at c. 1876 ± 8 

Ma and the garnet-bearing early D
E
 tonalites at c. 

1868 ± 3 Ma. This also means that the discordances 



62

Geological Survey of Finland, Special Paper 47
Matti Pajunen, Meri-Liisa Airo, Tuija Elminen, Irmeli Mänttäri, Reijo Niemelä, Markus Vaarma, Pekka Wasenius and Marit Wennerström

described as characterizing the southern Svecofen-
nian domain are transitional and the evolution was 
more continuous. Deformation did not affect the 
whole crust, accreted during its early tectonic evolu-
tion, to the same extent, but began to deform it in 
more zoned and patchy pattern.

The SFGZ, formed predominantly during the D
E
 

and D
H
, shows large variations in magmatic, meta-

morphic and structural characteristics in different 
parts of the zone and during different stages of the 
evolution of the zone. The composition of magma-
tism changed with time; it was tonalite-dominant in 
the early stages (D

E
) and changed to granitic during 

its late evolution (D
H
); small amounts of mafic in-

trusive rocks also evolved. The major N-trending 
Baltic Sea-Bothnian Bay Zone (BBZ) and Riga Bay 
Karelia Zone (RKZ) are related to the D

I
 deforma-

tion; the evolution of these structures was partly 
concurrent with the SFGZ evolution, but the late 
stages of the D

I
 structures deformed the SFGZ (Fig-

ure 11).

D
E
 deformation – oblique extension under  

NE-SW transpression 

D
E
 structures and syn-tectonic intrusions overprint 

the D
C+D

 dome-and-basin structures. On outcrops, 
D

E
 structures are sometimes very similar to those of 

the D
B
 and need identification based on their rela-

tionships to the D
C+D

 or D
G
 and D

H
 structures. The 

depositional evolution of the Jokela supracrustal as-
sociation is predominantly related to the D

E
 and is 

described in detail in Appendix 5.

Structures in early to mid-D
E
 tonalite-

granodiorite dykes and intrusions

Metamorphosed, folded and fragmented garnet-
bearing tonalitic dykes and larger intrusive bodies 
cut migmatitic gneisses in the Espoo Granitoid 
Complex (EGC), like at the Hakkila site in Vantaa 
(Figure 29, sketch of outcrop in Figure 13a) and the 
Hyrylä site in Tuusula (Figure 30a). The Hakkila 
rock cuts typical veined garnet-mica gneiss with 
preserved volcanic remnants, intense D

B
 migmati-

zation and D
C
 deformation described above. Close-

by, to the north of Helsinki-Vantaa airport, a corre-
sponding garnet-bearing tonalite-granodiorite dyke 
intruded into the S

E
 plane (Figure 26a) and cuts the 

D
C+D

 (Figure 26b). The Hyrylä tonalite (Figure 30a) 
cuts a strongly foliated and migmatitic garnet-
cordierite gneiss. The primary features of the gneiss 
almost disappeared and the dyke is less fragmented 
than that in Hakkila; this indicates more proceeded 
deformation in Hyrylä than in Hakkila. The contact 
zone of these dykes is granitic-pegmatitic, suggest-

ing that the early magma/migmatite phase intruded 
in slightly cooler conditions than the later medium-
grained central tonalite pulse. The dykes have an 
early S

E
cont mineral foliation parallel to the dykes. 

The folds have granitic neosome in axial planes and 
show mobile fragmentation. The folds are related to 
F

H±I
 and the composite pegmatitic granite-tonalite 

dykes are related to early D
E
. These garnet-bearing 

tonalitic rocks represent the earliest D
E
 magma 

phases generated during the evolution of the South-
ern Finland Granitoid Zone (SFGZ) and cutting the 
D

C+D
 structures. 

In Hyrylä, a larger garnet-bearing tonalite body, 
closely associated with and tectonically correspond-
ing to the tonalite dyke, shows a nice layered pattern 
(Figure 30b). The steeply NW-dipping layers are 
systematic in showing narrow biotite-rich planes 
bordered against a coarser-grained granitic portion 
that in part grades into finer-grained tonalite. These 
layers are repeated and in places the new set cuts the 
earlier one with a low angle. We interpret the layers 
as magmatic; they formed during repeated magma 
injections and continuous dilatation. Some crystal-
lization occurred between pulses, but the ductile 
character of the layer relations and garnet micro-
structure suggest crystallization from magma and 
indicate a high-temperature environment during the 
layer generation. The pegmatite-granite contacts lo-
cally show in-situ melting characteristics with the 
country rock migmatites. However, the central dykes 
sometimes sharply cut the pegmatite, indicating 
their longer transport distance. Dilatation occurred 
perpendicular to the NW-directional magmatic lay-
ering (Figure 30b) and is consistent with the SE ex-
tension; the dextral shear zone in Hyrylä (Figure 
30c) was generated concurrently with the SE exten-
sion. 

A similar pegmatitic granite-granodiorite dyke 
cuts the pre-D

B
 gabbro-tonalite association in Kirk-

konummi, at the Sarfvik site. Discordance between 
the gabbro and the D

E
 dyke is shown in Figure 18a. 

The gabbro was cooled before the intrusion of the 
dyke, as shown by the retrograde alteration zone 
surrounding the dyke (Figure 18d). Medium-grained 
granodiorite in the dyke centre represents hotter 
magma with a longer transport distance – the same 
granodiorite cuts close by the country rock with in-
trusive contacts. The dyke intruded into a dilatation-
al fracture, but the contact character indicates intru-
sion into a cooler environment than in Hakkila and 
Hyrylä, which are closer to the granulitic unit of the 
West Uusimaa granulite Complex (WUC). It also 
differs from the previous dykes by its more granitic 
composition and absent garnet. The intrusion into a 
cooler environment indicates either a later intrusion 
event or intrusion in the margin area of the major D

E
 



63

Geological Survey of Finland, Special Paper 47
Tectonic evolution of the Svecofennian crust in southern Finland

event; there is no age data, but a situation close to 
the margin of the D

E
 granitoid area holds true. In 

Sarfvik, the later granite plays a minor role; only 
narrow pegmatitic veins cut the dyke there, but they 
blend into a pegmatitic border zone. This is why we 
suppose this granodiorite-pegmatitic granite phase 
to also be younger than the tonalitic phases and re-
late it to late D

E
. The Sarfvik composite dyke was 

folded by c. ENE-trending D
H
 (Figure 18a) that 

caused shortening of c. 40–50% (Figure 18b).
Structural relationships of the widespread tonal-

itic intrusive rocks are often difficult to establish ac-
curately. At the Jamppa site, Järvenpää, a garnet-
bearing tonalite-granodiorite intruded into nearly 
horizontal and strongly sheared S

E
ext foliation 

planes of a mica gneiss (Figure 31 a and b). Its intru-
sion occurred during the main phase of the D

E
 ex-

tensional shearing phase. Similar homogeneous, 
penetratively foliated tonalitic intrusions are com-
mon in the Southern Finland Granitoid Zone 
(SFGZ).

In all studied cases the early to mid-D
E
 garnet-

bearing tonalitic-granodioritic compositions are in-
truded, migmatized or cut by later granitic pulses. 
The tonalites were dated using zircon U-Pb SIMS. 
The age of 1868 ± 3 Ma was interpreted to represent 
the magmatic age of the Hakkila dyke. An exception-
ally old age of 3.30 Ga for one inherited zircon grain 
was observed in Hakkila (Appendix 8). The Hyrylä 
dyke was dated at 1860 ± 3 Ma; inherited zircon gave 
an age of c. 1.95 Ga (Appendix 8). The Maikkala py-
roxene tonalite from Vihti (charnockite) represents a 
granulitic magmatic rock from the West Uusimaa 
granulite Complex (WUC); it gives TIMS ages of 
1860 ± 5 Ma on zircon and of 1837 ± 3 Ma on mona-
zite (Appendix 8); the U-Pb SIMS analysis of zircons 
give an age of 1862 ± 4 Ma for the rock and c. 1.83 
Ga was obtained for a metamorphic zircon phase 
(Appendix 8). The ages of c. 1.86 Ga are regarded as 
magmatic ages of the early D

E
 tonalitic rocks, and the 

monazite and younger zircon ages of c. 1.84–1.83 Ga 
reflect metamorphism related to late D

E
 or D

H
.

Figure 29. Garnet-bearing early D
E
 tonalite cutting migmatitic mica gneiss (see location in Figure 13). The dyke cuts the D

A-D
 

structures (cf. Figure 26). The early intrusive phase of the dyke is represented by pegmatitic granite in the dyke margins. Tonalite 
intruded during progressive dilatation into the pegmatitic dyke phase. The composite dyke was deformed by progressive D

E
 (S

E
cont) 

and fragmented by later by D
H(-I)

. A new granitic melt was also generated and it intruded into the S
H(-I) 

axial planes. Scale bar is 
10 cm in length. Hakkila, Vantaa (Finnish grid coordinates KKJ2 2560.64E 6687.59N). Photo by M. Pajunen.
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Figure 30. (a.) Garnet-bearing early D
E
 

tonalite cuts migmatitic mica gneiss. 
Pre-D

E 
structures of the gneiss are effec-

tively destroyed. The dyke has pegma-
tite-granitic margins indicating a dyke 
similar to that in Figure 29. F

H
 refolded 

the rock with granite in the axial plane. 
S

H
 is c. N-S-trending; width of the area 

of the figure is c. 1.5 m. (b.) Dilatational 
magmatic layering in garnet-bearing to-
nalite (see text) indicates NE opening (red 
arrows) and is related to D

E
 extension. 

Scale bar is 10 cm in length. (c.) The site 
of the tonalite in Figure (b.) is shown as a 
red box; the tonalite shows similar con-
tact relations to those in narrower dykes 
(a.) demonstrating the same extensional 
magmatism. The relations between duc-
tile shearing and magmatism indicate 
syn-D

E
 shearing. Scale bar is 10 cm in 

length. Hyrylä, Tuusula (Finnish grid 
coordinates KKJ2 2557.23E 6697.25N). 
Photos by M. Pajunen. 
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Figure 31. Nearly horizontal S
E
ext foliation intensely destroyed the pre-existing D

A-D
 structures and the early migmatization events 

in garnet-bearing mica gneiss. Garnet-bearing tonalite was intruded into the S
E
ext plane and refolded by open N-trending F

I
. 

Width of the area of the figure is c. 5 m; E is to the right. (b.) Large, tight to isoclinal F
I
 folds (or F

H
 folds re-oriented by D

I
) with 

steep axial planes S
I
; the F

I
 folds in this figure are exceptionally tight. The site is located close the major D

I
 axial zone near the 

Vuosaari-Korso shear zone in the northern Espoo Granitoid Complex (EGC). Width of the area of the figure is c. 5 m; E is to the 
right. (c.) Medium-grained D

I
 granite intruded into the F

I
 axial plane. Width of the area of the figure is c. 1 m; E is to the right. 

(d.) D
I
 structure with granite in the ductile D

I
 shear planes. Width of the area of the figure is c. 0.5 m; E is to the right. (e.) The 

high temperature during D
I
 in the northern EGC is indicated by the new garnet

2
 generation surrounding the earlier garnet

1
 core; the 

microstructure in both garnet generations indicates crystallization from melt. Diameter of the figure c. 1 cm. Jamppa, Järvenpää 
(Finnish grid coordinates KKJ2 2558.23E 6710.45N). Photo by M. Pajunen.
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Structures in early to mid-D
E
 intermediate dykes 

– microtonalites

Intermediate intrusive dykes, microtonalites in the 
following, vary slightly in their composition. Such 
dykes are found in the southern archipelago (Seder-
holm 1926), in the western study area (Pajunen et al. 
2008), widely in the Espoo Granitoid Complex 
(EGC) and in the Askola area of the Hyvinkää Gab-
broic-volcanic Belt (HGB) (As in Figure 9 and Ap-
pendix 3). Generally, they are found/preserved in 
those areas where the latest granitic pulses of the 
Southern Finland Granitoid Zone (SFGZ) were not 
extensive or penetrative. These dykes exhibit quite 
well their relationships to their country rocks and 
are good reference rocks for structural analysis.

The contact structures of the dyke at the Staffas 
site, Sipoo (Figure 24), demonstrate microtonalite 
emplacement into the cooled syn-/late D

B
 tonalite. 

The microtonalite (Figures 20b and 24c) cuts the S
C
 

foliation and was metamorphosed and partially 
melted by the later D

E
 events. In the granite-domi-

nant areas the later D
H
 granites normally assimilate 

the dykes. Nevertheless, they still often show their 
sharp cutting relationships against their syn-/late D

B
 

tonalitic and locally against the D
A-D

-deformed mig-
matitic mica gneiss hosts. An example from the Hir-
vensuo site in Sipoo, in the eastern Espoo Granitoid 
Complex (EGC), describes the relationships of a 
microtonalite dyke to the migmatitic mica gneiss of 
a so-called Upper Tectonic Unit (UTU, Appendix 6) 
and to the syn-/late D

B
 tonalite (Appendix-Figs. 

6-2a–d). The mica schist – dyke relations indicate 
that the mica gneiss was situated in the upper crust 
under low-grade conditions at the time of dyke em-
placement, and the dyke contacts suggest already-
cooled syn-/late D

B
 tonalite.

The studied microtonalite dykes have metamor-
phic mineral parageneses and predate the major 
granite events of D

H
. At the Palojoki site, in Nurmi-

järvi, a weakly S
H
-foliated microtonalite dyke cuts a 

high-grade migmatitic garnet-cordierite gneiss and 
pegmatitic granite (Figure 32a). The contacts to the 
granite are ductile and refer to intrusion into a hot 
rock shortly after the pegmatitic granite dykes re-
lated to D

E
 (Figure 32b). There is weak later shear-

ing along the contacts of the dyke and assimilated 
granitic fragments in the dyke, but in general the 
effects of later alteration in the dyke are minor. 
The host rock shows ESE-WNW-trending, dextral 
D

E
cont shear bands (Figure 32c) predating the D

E
 

pegmatitic dykes. The structural setting of the dyke 
differs from those emplaced in tonalites (e.g. Figure 
24a). The outcrop is located in the transitional area 
between the Espoo Granitoid Complex (EGC) and 
the West Uusimaa granulite Complex (WUC). The 

dyke intruded into a deeper depth, which is support-
ed by the tectonic D

G+H
 antiformal setting of the out-

crop. In these deeper levels temperature also began 
to increase earlier and remained high for longer (the 
thermal gradient was high) than in the upper crustal 
levels. Our interpretation is that the dyke represents 
the corresponding intermediate magma to those 
microtonalites intruded in brittle conditions, but 
was intruded into an environment that had already 
achieved a higher temperature before dyke emplace-
ment. The weak S

H
 as a only foliation in the rock 

also establishes it younger than the D
E
 tonalites and 

microtonalites described above. 
The dykes are often steeply cutting their hosts, 

like the dyke in Nuuksio (Figure 33) that indicates 
dilatation in a c. SE-direction, but nearly horizontal 
dykes also occur, e.g. in the Sipoo area. The field 
observations provide evidence on the one hand of 
intrusion into a cool, brittle crust (Figure 24) that 
later underwent higher-grade metamorphism and, 
on the other hand, emplacement in a more ductile 
and heated environment (Figure 32b). Structurally, 
these dykes are in corresponding setting to the D

E
 

tonalites described above. Thus, the microto-
nalites also show some variation in time of their 
emplacement.

No age has been determined from these sharply-
cutting dykes from the study area. Microtonalites 
are widely distributed in eastern Finland, where they 
intrude the Proterozoic cover overthrusted on the 
Archaean continent, in a N-trending zone of Sve-
cofennian reactivation, close the craton boundary 
zone. Koistinen (1981) described fold structures in 
eastern Finland with N-trending axial planes, be-
longing to his structure D

4
 (cf. Koistinen et al. 1996). 

It comprises zoned ductile folding that left large 
areas untouched. The deformation has been dated 
with the help of the syntectonic Maarianvaara gran-
ite to c. 1.86–1.85 Ga (Huhma 1981).

Structures in late D
E
 gabbros 

Post-D
D
 mafic intrusive rocks are not common. We 

have found only few gabbros from in the northern 
Espoo Granitoid Complex (EGC). Often it is diffi-
cult to distinguish between these and the early/syn-
D

B
 gabbros of the Hyvinkää Gabbroic-volcanic Belt 

(HGB) (Appendix 3) or the gabbroic-tonalite asso-
ciation in the south without linking them to the 
structural succession. An example from the Jyskelä 
site in Mäntsälä (Figure 34a) shows a medium-
grained, foliated gabbro with local coarser-grained 
later ophitic portions – gabbro pegmatite (Figure 
34b). In places the gabbro is homogeneous, medi-
um-grained and only weakly deformed. The gabbro 
with a mingling-like structure with tonalite shows 
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Figure 32. (a.) An intermediate weakly S
H
-foliated microtonalite dyke cuts the high-grade, D

(A)-B-E
-deformed migmatitic mica gneiss 

represented by narrow zones in the upper-left part of the figure. Contacts against the D
E
 pegmatitic granite are sharp, but in figure 

(b.) the microtonalite is cutting the pegmatitic granite with bulbous margins suggesting ductile high-grade conditions during the 
microtonalite emplacement. (c.) The host migmatitic mica gneiss shows c. ESE-WNW-trending dextral D

E
cont(?) shear bands that 

predate the pegmatitic D
E
 granite dykes. Compass is 12 cm in length. Palojoki, Nurmijävi (Finnish grid coordinates KKJ2 2548.41E 

6703.32N). Photos by M. Vaarma.
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weak foliation that formed in ductile and high-tem-
perature conditions rapidly after the gabbro em-
placement. We relate it the extensional low-angle 
S

E
ext foliation (Figures 34b and c). Granitic dykes 

intruding the gabbro show recumbent folding, and a 
retrograde alteration zone in the gabbro (Figure 
34d); the reaction rim indicates a cooling period be-
tween the gabbro and granite intrusion. We relate 
the granite to the D

H
 that is associated with the re-

cumbent folding to F
H
ext with low-angle S

H
ext fo-

liation. The low-angle S
H
ext overprints the earlier 

S
E
ext and both are openly F

G-H-I
-folded (Figure 34a 

and b). N-trending shear zones cutting the gabbro 
can be related to the late phase of the regional D

I 
or 

even to D
P
. Thus, according to the structural obser-

vations, this gabbro is syn-D
E
 and nearly contempo-

raneous with tonalitic magmatism, as supported by 
the mingling-like structure. In the northern EGC in 
Karhunkorpi, Nurmijärvi, a gabbro has a similar 
tectonic setting. It is openly folded and it intruded 
into a horizontal S

E
 plane. The kinematic observa-

tions made from the horizontal S
E
ext structures indi-

cate extensional top-to-SE movement, so the exten-
sion is directed outwards from the granulite facies 
WUC area (see later). 

The gabbro magmatism indicates a deep-seated 
heat source and the generation of magmas at this 
stage. The increase in temperature also caused the 
high-grade metamorphism that characterizes the 
northern parts of the Espoo Granitoid Complex 
(EGC) and the West Uusimaa granulite Complex 
(WUC). The homogeneous portion of the gabbro 
contains some zircon that was dated by the TIMS 
method to 1841 ± 7 Ma; the U-Pb SIMS analyses on 
zircons give, within error limits, the same age of 
1838 ± 4 Ma (Appendix 8 and App-Table 3). The 
structural setting of intruding granite corresponds 
to the D

H
 pegmatitic granite in Bollstad (described 

later and Appendix 8), but the temperature has in-
creased higher in Jyskelä, as indicated by more duc-
tile deformation and the mingling-like structures. 
The gabbro is slightly older than the pegmatitic 
dykes in Bollstad (cf. Appendix 8); we relate it to 
late D

E
, because it precedes the major D

H
 granite 

pulses. This also indicates that the horizontal S
E
ext 

foliation was generated at 1.84 Ga; the observation 
made in the West Uusimaa Complex (WUC) estab-
lished its generation after the intrusion of the Maik-
kala pyroxene-bearing tonalite (charnockite) (Ap-
pendix 8).

Figure 33. An intermediate dyke cutting the mid-D
E
 granodiorite/tonalite. The dyke and tonalite are both strongly altered by D

H
 

granite-migmatization. Mustakallio, Nuuksio, Espoo (Finnish grid coordinates KKJ2 2533.28E 6684.02N). Width of the area of the 
figure is c. 5 m; S is to the right. Photo by M. Pajunen.
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Figure 34. (a.) A sketch of the structural setting of the late D
E
 gabbro outcrop in Jyskelä, Mäntsälä (Finnish grid coordinates KKJ2 

2562.56E 6711.55N). (b.) Late D
E
 gabbro is cut by a late D

H
 granite dyke and coarse-grained gabbro-pegmatite veins cutting the 

S
E
ext foliation refolded by F

G
. Scale bar is 10 cm in length. (c.) A mingling structure between the gabbro and contemporaneous 

tonalite. S
E
ext foliation was rapidly generated after intrusion in high temperature conditions. The structure was later deformed by 

D
H
 (see d.). Scale bar is 10 cm in length. (d.) Intense D

H
 vertical shortening of gabbro is indicated by the isoclinal recumbent F

H
 

folding of D
H
 granite dykes; a new foliation S

H
ext formed. Scale bar is 10 cm in length. Photos by R. Niemelä.

D
E
 structures and kinematics

The intensity and character of the D
E
 structures vary 

regionally due to deformational depth (schematized 
in Figure 4) and the time of their formation. The old-
est dated D

E
 intrusion, the garnet-bearing early D

E
 

tonalite in Hakkila, intruded into an approximately 
E-trending dilatational zone (Figure 29). Dilatation 
during the emplacement of the slightly younger gar-

net-bearing Hyrylä tonalite was c. SE-directional 
(Figure 30a); a similar direction of dilatation is also 
interpreted from the layered Hyrylä tonalite (Figure 
30b) and from the shear zones related to its contacts 
(Figure 30c). However, the homogeneous Jamppa to-
nalite was emplaced into horizontal S

E
 shear planes 

(Figures 31a and b) in the migmatitic mica gneiss.
The most intense D

E
 structure in the D

A
-D

D
 de-

formed rocks is S
E
 foliation that developed as a 
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spaced crenulation cleavage. A map from the Klauk-
kala site in Nurmijärvi (Figure 35) shows the char-
acteristic D

E
-D

H
 relationships (Figure 12c). S

E
 is a 

regional, nearly horizontal shear foliation in the 
migmatitic gneiss. The horizontal S

E
 foliation plane 

intersects the pre-existing foliation (S
B
 of the mica 

gneiss), forming a SW-trending intersection linea-
tion L

E
 (Figure 35d). Drag bends of the previous fo-

liation by the S
E
 shearing indicate extensional top-

to-SE movement – the dilatation zone is towards the 
NW, towards the high-grade West Uusimaa granu-
lite Complex (WUC). Similar kinematic patterns of 
S

E
 were identified further south, e.g. at the Kauklahti 

site, Espoo (Figure 19). In the WUC and the north-
ern Espoo Granitoid Complex (EGC), S

E
 is often 

developed as a spaced foliation that transposed and 
intensely fragmented the early D

B
 migmatite struc-

tures (Figures 12c and 36). Sometimes, the earlier 
D

A
-D

D
 structures are completely destroyed, as in the 

felsic pyroxene gneiss in the WUC (Appendix-Fig. 
2-1). The age of S

E
 in the WUC is younger than 1.86 

Ga (Appendix 2). Contractional S
E
cont is a spaced 

foliation in the syn-/late D
B
 tonalites (Figure 24). 

Shear bands with granitic melt are characteristic 
(Figures 22c and 25b). In the early D

E
 intrusive 

rocks, oblique contractional S
E
cont is penetrative 

mineral foliation paralleling the dykes.
The age of Hakkila tonalite is precisely the same 

as the age of the granitoid that blocked the SW-
transpressional D

4/D
 evolution in the northern units 

(Appendix 7). Kinematically, the early D
E
 dilata-

tional structures in the Espoo Granitoid Complex 
(EGC) fit well with this NE-SW transpressional 
stress field that acted during the D

4/D
 between the 

major N-trending Baltic Sea-Bothnian Bay (BBZ) 
and the Riga Bay-Karelia Zones (RKZ) (Figure 8). 
D

E
 extension occurred in the oblique NE-E-trending 

dilatation zones in between the active dextral N-
trending shear zones, the BBZ and RKZ. The con-
tinued NE-SW transpression caused local rotations 
of the dykes to produce closely related metamorphic 
steep penetrative S

E
cont foliation paralleling the 

dykes. In addition to the early D
E
 tonalite dykes, 

these structures are also typical in the microtonalitic 
dykes. Under continuing extension and increasing 
temperature, oblique dilatation developed to hori-
zontal extensional shearing with top-to-SE move-
ment. Increased tonalitic to granodioritic magma 
emplaced into these S

E
ext shear foliation planes. 

Thermal gradient was high during the late D
E
 and 

gabbroic intrusions emplaced into corresponding 
S

E
ext shear planes. The increasing temperature pro-

duced polymetamorphic characters in the older 
syn-/late D

B
 tonalites that are intensely shear-band-

ed and re-melted, which is not the case with the in-
termediate D

E
 granitoids. 

The evolution of the Jokela supracrustal associa-
tion (Jo on Figure 9) began during the early D

E
 de-

formation. In the upper crustal levels the oblique 
extension between the major N-trending BBZ and 
RKZ opened dilatational regions into a c. NE-E 
trend, into which the supracrustal sedimentary as-
sociation began to accumulate. The continuing ex-
tension and clockwise rotation caused rapid defor-
mation of the sequences, and increased heat flow 
due to the thinning crust caused volcanic activity in 
the subsiding sedimentary basin. We interpret the 
Jokela supracrustal association as a pull-apart basin 
formed in between the major N-trending deforma-
tion zones – the evolution of the association is dis-
cussed in detail in Appendix 5.

In summary, the D
E
 evolution in the Southern 

Finland Granitoid Zone (SFGZ) was a result of SW-
NE transpression causing oblique SE-dilatation, ex-
tensional top-to-SE shearing and clockwise rotation 
between the active dextral N-trending transcurrent 
shear zones – the Baltic Sea-Bothnian Bay Zone 
(BBZ) and Riga Bay Karelia Zone (RKZ).

D
F 

deformation – E-W movement of the Central 
Finland block

The sinistral NW-trending Hiidenvesi shear zone 
(Figures 10 and 16) in the West Uusimaa granulite 
Complex (WUC) predates the major D

H
 granitic 

events; the NE-trending border zone of the Nuuksio 
granite area, characterized by a strong D

H
 granite 

magmatism, cuts it at the southeastern end. Accord-
ing to interpretation made from magnetic maps the 
shear zone continues below the Espoo Granitoid 
Complex (EGC), where it still acted as a zone of 
weakness during the rapakivi-related diabase mag-
matism. The generation of the shear zone indicates 
E-W contraction. However, in the study area the 
fold structures with c. N-trending axial planes are 
related to D

D
 deformation or, in the vicinity of the 

major N-trending, like the Vuosaari-Korso shear/
fault zone, to D

I
 deformation. Folds related to this 

E-W contraction have not so far been found in the 
study area. 

The observations of Koistinen (1981) in eastern 
Finland indicate contractional folding with N-trend-
ing axial planes at c. 1.86–1.85 Ga ago (see also 
Huhma 1981). The major sinistral ENE-E-trending 
deformation zone at the northern end of the Both-
nian Bay (cf. Korja & Heikkinen 2005) and dextral 
movements in the Hyvinkää and southern Finland 
shear zones indicate the push of a large-scale crustal 
Central Finland block towards the east (Figure 8). 
This kind of deformation would explain the zones 
of folds with N-trending axial planes, the 1.85 Ga 
fluid activity in NW-trending shear zones and the 
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Figure 35. Tectonic element maps, Klaukkala, Nurmijärvi area (Finnish grid coordinates KKJ2): (a.) foliations, (b.) lineations and 
(c.) S

E
 foliation plane formlines deformed by D

H
, and major ductile to brittle shear/fault zones. (d.) A schematic tectonic model 

showing the relationships between structures and tectonic transport: lineation dipping towards the SW is predominantly an intersec-
tion lineation on the S

E
ext shear planes (intersection between the S-C planes) that point to low-angle top-to-SE movement during D

E
 

extension. The S
E
 planes are moderately to openly refolded by the D

H
 with a NE-trending axial plane (see Figure 12c.). Base map 

© National Land Survey of Finland, permit No. 13/MML/08.
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emplacement of felsic granitoids of that age in east-
ern Finland (Pajunen & Poutiainen 1999). Near the 
craton boundary, there are several NW-trending 
faults, sometimes showing sinistral movement (e.g. 
D

c
 in Pajunen 1986), and NE-trending dextral faults, 

such as the Auho fault (e.g. Kärki 1995) cutting the 
Kainuu schist belt. The fold structures and the shear 
zones were formed during E-W contraction labelled 
here as D

F
 deformation. 

The SW-NE transpression during the D
E
 turned 

into E-W-directional contraction during the D
F
 at c. 

1.86–1.85 Ga. The E-W-push of the Central Finland 
block did not have major effects on the structures in 
the southernmost part of Finland, because stress 
predominantly released along the major E-W-trend-
ing shear zones. The main reason for the D

F
 block 

movements is considered to exist further west; a 
large-scale ductile folding with N-NNE-trending 
axial planes in the western Fennoscandian Shield 
(Figure 8) may be causing pushing of the coherent 
Central Finland block towards the east. The E-W 
contraction may also represent a local rotation of the 
NE-SW transpressional stress, especially because in 

the south the SW-NE transpression D
E
 occurred at 

the same time.

D
G
 deformation – N-S shortening

D
G
 deformation comprises N-S-oriented shortening 

that produced large-scale open folding with c. E-W-
trending axial planes (Figure 11). The F

G
 folds de-

veloped in the intensely D
E
-migmatized zones to 

gentle and sometimes even tight folds. S
G
 foliation 

is weak or missing. The D
G
 effects are difficult to 

distinguish in the areas where the earlier D
C-D

 dome-
and-basins are in the same direction – only tighten-
ing or shearing of these early structures occurred. 
On outcrops the characters of D

G
 structures can be 

identified in those areas where the horizontal S
E
 and 

D
E
 granitoids predominate; they were not affected 

by the D
A
-D

D
 events. The scarce observations on 

tectonic transport during the D
G
 indicate overturn-

ing towards south in Kauklahti (Figure 19d) and in 
southern Sipoo (Figure 28c). Although poorly de-
tectable on the outcrop scale, the D

G
 has an impor-

tant effect on the regional tectonic D
G+H±I

 dome-and-

Figure 36. A migmatitic garnet-bearing mica gneiss, cut by D
E-H

 pegmatitic granite, shows strong extensional S
E
ext foliation, pre-

sumably overprinted by the later S
H
ext, and is refolded by F

H
cont. The D

A-D
 structures are completely destroyed; relics of the early 

D
B
 neosome appear as remnants elongated in the direction of the S

E
 foliation planes. Scale bar is 15 cm in length; E is to the right. 

Bockbärget NE, Vantaa (Finnish grid coordinates KKJ2 2550.98E 6687.43N). Photo by M. Pajunen.
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basin pattern, which strongly determined the present 
exposing of different tectonic units, such as the West 
Uusimaa granulite Complex (WUC) and Espoo 
Granitoid Complex (EGC) (Figure 11). Wide-scale 
folding with E-W-trending axial planes can be iden-
tified in the area of the whole Granite Migmatite 
Belt (GMB) (Figure 11). It could also partly explain 
the metamorphic pattern in the Tonalite Migmatite 
Belt (TMB), where the granitoid-dominant E-trend-
ing central zone is surrounded by lower-grade bor-
dering areas (Figure 11). 

Sinistral shearing of the Porkkala-Mäntsälä shear 
zone, bending the pre-D

G
 structures to sinistral drag 

folds, can be explained by the N-S shortening relat-
ed to D

G
 deformation. Torvela et al. (2008) describe 

the dextral NW-trending South Finland shear zone 
from SW Finland in the southwestern archipelago. 
They dated its beginning at 1.85 Ga and related it to 
the Southern Finland shear zone of this study. How-
ever, according to our interpretation from aeromag-
netic maps, the shear zone continues more or less 
straight towards the ESE. We relate it contempora-
neously to the Porkkala-Mäntsälä shear zone pro-
duced due to c. N-S compression during the D

G
. 

We suggest the age of c. 1.85 Ga for the D
G
 defor-

mation.

D
H
 deformation – a major granitic event in  

the Southern Finland Granitoid Zone

In the Southern Finland Granitoid Zone (SFGZ), 
weakly oriented, medium to coarse-grained, reddish 
or greyish, often K-feldspar-porphyric or “layered” 
granitic rocks (Figure 37a) are widely distributed. 
They are accompanied by several rather contempo-
raneous and heterogeneous magmatic, often pegma-
tite granitic, and migmatitic events. They intrude or 
migmatize the described D

E
 granitoids, including 

the pegmatite granitic border zones of the early/
mid-D

E
 dykes (Figures 29 and 30a). In the Espoo 

Granitoid Complex (EGC), the Nuuksio area (Nu in 
Figure 9) forms a large open synformal D

G+H
 struc-

ture (Figure 11). It is one of the key areas illustrat-
ing how the late granitic intrusive and melting events 
“eat and hide” the structures formed during the ear-
lier D

A-E
 evolution, and how the D

H
 magmatism and 

migmatization are related to the D
H
 structures. The 

Riihimäki Granitoid Complex (RGC), the Perniö 
Granitoid Complex (PGC) and the southern Sipoo 
area of the Espoo Granitoid Complex (EGC) are 
corresponding granitic units. However, early D

H
 

evolution can be best examined outside the major 
D

H
 granite units; there, the relationships to the early 

structural evolution are better preserved. Some ma-
fic dykes, cutting the Southern Volcanic-sedimenta-
ry Belt (SVB), are closely related to the D

H
 granite 

magmatism and represent the latest magmatic events 
identified in the study area.

Description of D
H
 granites

The D
H
 granites cut the older structures in different 

ways; the melting structures and intrusives change 
from place to place due to characteristics of the syn-
tectonic D

H
 deformation processes. Heterogeneous 

patchy melting of the older granitoids is a general 
phenomenon (Figure 37b); biotite decomposes to 
garnet and/or cordierite and granitic melt. Melt 
formed non-oriented in-situ patches sometimes ac-
companied by intruded granite dykes. In places, D

H
 

granite occurs in shear bands (Figure 32c) that cut 
the foliated granitoids or gneisses. In the areas of 
horizontal deformation and strong granitic melting, 
the D

H
 granite was emplaced into the foliation or 

shear planes (Figure 37c) forming heterogeneously 
“layered” granites; they are characteristic, for exam-
ple, in the Nuuksio synform. Non-foliated coarse-
grained, garnet-bearing granite and older, foliated 
granitoid alternate within them (Figure 37a). When 
the amount of granite increases the older granitoids 
or gneisses are decomposed to biotite-rich schlie-
rens in the younger granite (Figure 5c). If the con-
tacts with pre-existing rocks are not visible on the 
outcrops, it is seldom possible to determine whether 
the pre-existing host rock was a metapelitic-psam-
mitic metasedimentary rock, which is typical in the 
northern part of the Nuuksio and southern Sipoo 
areas, or a granitoid. In the Nuuksio area the weakly-
oriented porphyritic granites show open folds with 
steep axial planes trending NE (S

H
) or N (S

H±I
).

The areas dominated by the widespread D
H
 gran-

ites show a low U/Th radiation ratio, differing from 
the surrounding granitoid areas (Figure 38). The 
disturbing effects of water cover and overburden by 
glacial sediments place restrictions on analysis of 
the ratio (see Airo et al. 2008). When taking these 
restrictions and the featureless magnetic anomalies 
characterizing these areas into account, some esti-
mation of the distribution of corresponding mag-
matic rocks can be carried out. Our conclusion is 
that the D

H
 granitic pulse does not appear as pene-

trative feature in the Southern Finland Granitoid 
Zone (SFGZ), but is concentrated in areas deter-
mined by local late heat flow and dilatation. The de-
creased U/Th ratios in granitic rocks indicate that 
repeated melting processes produced them. Some of 
these granites have very small amounts of zircon 
(M. Vaasjoki, pers. comm. 2004). We suppose that 
the low U/Th ratio was predominantly a result of re-
melting of earlier syn-/late D

B
 and early/mid-D

E
 in-

termediate granitoids. The early U-bearing phases 
were decomposed and soluted under increasing 
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Figure 37. (a.) D
H
 remelting of early/mid-D

E
 tonalite/granodiorite producing a layered appearance characterizing the granitoids 

in the Nuuksio synform area. Scale bar is 10 cm in length; N is to the right. Ämmänsuo, Espoo (Finnish grid coordinates KKJ2 
2531.22E 6681.43N). (b.) Patchy D

H
 remelting of early/mid-D

E
 granodiorite/tonalite in the Nuuksio synform. Biotite has decom-

posed to garnet, cordierite and granitic melt. Width of the area of the figure is c. 1 m. Solvalla, Espoo (Finnish grid coordinates 
KKJ2 2531.02E 6687.27N). (c.) Extensional D

H
 shearing deforming the pre-/syn-D

E
 tonalite. The shear plane was deformed by 

progressive F
H
cont folding into a secondary thrust zone position. The D

H
 granite intruded into the extensional S

H
ext shear plane. NE 

is to the right. Haramossen, Nuuksio, Espoo (Finnish grid coordinates KKJ2 2534.15E 6685.25N). Photos by M. Pajunen.
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temperature and magmatic fluid production. Uranium 
was fixed into the increased metamorphic melt/
fluids and escaped to the upper horizons in the crust. 
Indeed, this is supported by the uranium showings 
(Saltikoff et al. 2002) that are concentrated in semi-
ductile/-brittle structures of the overlying tectonic 
sequences. 

To the west of the Espoo Granitoid Complex 
(EGC), in the Bollstad site at Inkoo, the syn-/late D

B
 

tonalite (cf. E
b
 tonalite of Pajunen et al. 2008) is cut 

by D
H
 pegmatitic dykes and granitic veins that show 

isoclinal recumbent folding with horizontal axial 
planes (Figures 39a and c) indicating vertical short-
ening. The pegmatitic dyke was originally intruded 
into an upright position into a brittle crust that is 
suggested by the semi-ductile shearing structures 
related to the early development of the horizontal S

H
 

foliation in the tonalite (Figure 39b). No retrograde 
mineral phases were formed during shearing, but a 
continuing vertical shortening under increased 

Figure 38. An aeroradiometric map showing the belt characterized by the D
E
 and D

H
 granitoids (Southern Finland Granitoid Zone, 

SFGZ – hatched). The area of intense D
H
 remelting of the early tonalitic/granodioritic rocks (Figure 37) in the Nuuksio area shows 

a lower U/Th ratio than in its surroundings. A similar ratio in the radiometric data is also found in the other granitoid complexes, as 
indicated by the arrows. Base map © National Land Survey of Finland, permit No. 13/MML/08.
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Figure 39. (a.) Isoclinal recumbent F
H
ext folding in a D

H
 pegmatitic granite dyke strongly cutting deformed gneissic syn-/late D

B
 

tonalite. The intrusion of the dyke indicates emplacement into steep position in the beginning of the D
H
 granite phase in the area; the 

outcrop is located in the marginal area of the most intense D
H
 granitic area of Nuuksio (cf. Figure 38). Hammer is c. 65 cm in length; 

SE is to the right. (b.) Photo of microstructures in the tonalite. The development of S
H
 began as semi-ductile shearing, and under the 

increasing temperature spaced biotite foliation was produced; Bi = biotite, Pl = plagioclase and Qtz = quartz. Width of the figure area 
is c. 6 mm. (c.) Vertical D

H
 shortening in narrow granite veins in the gneissic tonalite that shows a strong S

H
ext foliation. Scale bar is 

10 cm in length. Bollstad, Inkoo (Finnish grid coordinates KKJ2 2497.78E 6662.16N). Photos by M. Pajunen.
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temperature caused a horizontal penetrative S
H
 bio-

tite foliation that characterizes wide areas in the en-
vironments. The pegmatitic dyke folded isoclinally 
and new syn-D

H
 granite veining developed (Figure 

39c). Similar structures elsewhere deform the D
C+D

 
dome-and-basins and also the earlier D

E
 structures 

and intrusions, like the late D
E
 gabbros (Figure 34d). 

The emplacement of the pegmatitic dyke represents 
the beginning of the D

H
 granitic event in Bollstad, 

outside the major D
H
 granite unit EGC. Open folds 

with c. NE-trending steep axial planes refold the re-
cumbent F

H
 folds and form interference dome-and-

basins with the F
G
 and F

I
. The open large-scale folds 

were developed during the progressive D
H
 deforma-

tion into oblique contractional settings; the tectonic 
relationships of the recumbent fold interpreted as 
extensional F

H
ext and the steep F

H
cont folds are dis-

cussed below.

Description of D
H
 diabase dykes

In the southernmost Southern Finland Volcanic-sed-
imentary Belt (SVB), near the coast and on the is-
lands of the Gulf of Finland, fine-grained diabase 
dykes occur showing fresh amphibolite facies horn-
blende-plagioclase paragenesis. They are found in 
places that were not intensely intruded by the D

H
 

granites. The dykes cut the gneisses in a c. N-NNE 
or E-W direction and were, in all the studied cases, 
emplaced into central parts of the pegmatitic granite 
dykes.

Figure 40a shows an example in Espoo, the Rö-
varen site. The E-W-trending dyke cuts felsic gneiss 
that was intruded by pre-/early D

B
 amphibolite dyke 

boudinaged by D
B
 and folded by F

C
. There are mag-

matic hybrid-/mingling-like structures between the 
diabase and granite margin (Figure 40b). At the 
Kopparnäs site, Inkoo, structurally and composi-
tionally corresponding diabase dyke (Figure 40d) 
cuts the old structure of the gabbro-tonalite associa-
tion in a N-S direction. The Rövaren dyke was 
weakly F

H
 folded with ENE-trending axial planes 

(Figure 40c) and the diabase dyke in Kopparnäs 
shows ductile, sinistral N-S-trending D

H-I
 shearing 

(Figure 40d) close to the contacts. The metamorphic 
paragenesis in the dykes and contact structures be-
tween the dykes and the pegmatitic granite supposes 
intrusion into a high temperature environment.

Age of D
H
 magmatism and metamorphism

The U-Pb TIMS age for the monazite of the Boll-
stad pegmatitic granite is 1828 ± 3 Ma (Appendix 
8). This age provides a reference for the beginning 
of the D

H
 deformation in the area and suggests a 

discordance of c. 40 Ma after the intrusion of the 

syn-/late D
B
 tonalite at 1873 ± 7 Ma in Bollstad 

(Appendix 8). Several studies since Sederholm 
(1927) have provided evidence that the crust of the 
Granite Migmatite Belt (GMB) stabilized and 
cooled between tectono-thermal events (e.g. Kors-
man et al. 1984, 1999 and Pajunen et al. 2008). Such 
cooling stages are described between the syn-/late 
D

B
 tonalites and the early/mid-D

E
 microtonalite 

dykes (Figures 24a and b), and retrograde reaction 
rims surrounding the mid-D

E
 granodiorites (Figures 

18a and d) also indicate the preceding cooling stage 
of the country rock.

However, continuous thermal and magmatic evo-
lution is supported by structural relationships be-
tween magma phases and by the ages of structural-
ly-fixed magmatic rocks. For example, in the north-
ern Espoo Granitoid Complex (EGC) composition-
ally varying magmatic and metamorphic activity 
continued in a ductile state practically without a 
break throughout the described 40 Ma period. High-
T metamorphic conditions during this cap are sup-
ported by several observations of metamorphic zir-
cons and monazites (Appendix 8). The Bollstad 
granite dykes indicate the beginning of the D

H
 pulse 

outside the major D
H
 granite units, but in the grani-

toid-dominant areas like the EGC (Figures 9 and 
38) huge amounts of granodioritic to granitic mag-
mas were produced. Kurhila et al. (2005) dated the 
granitic magmatism from the detailed study area in 
Nuuksio at c. 1.85–1.82 Ga. On the basis of struc-
tures and remelting characteristics in the area (Fig-
ures 37a-c), we suppose that the youngest ages rep-
resent the D

H
 magmatism and remelting event of the 

earlier intrusive or supracrustal rocks. This is sup-
ported by the ages of the D

H
 leucosomes of granu-

litic metapelites ranging between 1.82–1.81 Ga 
(Korsman et al. 1984, 1988, 1999 and Väisänen et 
al. 2004). Intense crustal melting also produced 
wide, locally porphyritic granite intrusions. The 
cooled parts of the crust, beside the areas of intense 
D

H
 granitic magmatism, medium-grained to pegma-

titic granite dykes with sharp contact were intruded, 
as exemplified in Figure 15c from the Southern Vol-
canic-sedimentary Belt (SVB).

The D
H
 diabase dyke from Kopparnäs yielded a 

small amount of zircon. For the most part, it has a 
SIMS U-Pb age of c. 1.83 Ga and only a few zircon 
grains with deviating appearance poorly determined 
an age of c. 1.78 Ga. It is considered, that the 1.83 
Ga zircon undoubtedly is inherited and the 1.78 Ga 
is a maximum age for the diabase as mafic fine-
grained rocks very seldom contain co-magmatic zir-
con. Three discordant U-Pb data points analyzed 
using TIMS reflect an average of c. 1.84 Ga for the 
very tiny inherited zircon in Kopparnäs diabase. 
The dyke shows an amphibolite facies mineral 
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Figure 40. (a.) A detailed map of a late D
H
 diabase dyke (b.) in felsic gneiss. 

The gneiss was also intruded by a D
B
 boudinaged pre-/syn D

B
 amphibolite dyke 

that is F
C
 folded before the emplacement of the D

H
 diabase dyke. Scale bar is 

7 cm in length. (c.) Weak late folding, F
H
cont, is deforming the diabase dyke. 

Rövaren, Espoo (Finnish grid coordinates KKJ2 2538.27E 6663.73N). Scale 
bar is 7 cm in length. (d.) D

H
 diabase dyke showing sinistral shearing in the 

contact area in Kopparnäs, Inkoo (Finnish grid coordinates KKJ2 2514.13E 
6659.09N). Photos by M. Pajunen. (e.) A schematic model of the kinematic set-
ting of the Rövaren and Kopparnäs diabase dykes during the D

H
 deformation. 

Oblique E-W-dilatation (e.g. N-S-trending Kopparnäs dyke) occurred during 
the SE-NW transpression between the E-W-trending transcurrent shear zones 
and, correspondingly, oblique N-S-dilatation (e.g. the E-W-trending Rövaren 
dyke) formed between the N-S-trending sinistral transcurrent zones. 
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assemblage; therefore the younger zircon age may 
represent a late metamorphism. However, no meta-
morphic rims on the young zircon grains have so far 
been detected. This age is within the error limits ap-
proximately the same as that of the post-F

I
 pegmati-

tic granite (cf. Pajunen et al. 2008). In Estonia, even 
later ages for metamorphic minerals (1778 ± 2 Ma 
for monazite and 1728 ± 24 Ma for garnet) have 
been published (Puura et al. 2004).

D
H
 structures and kinematics

The most pronounced D
H
 structures are the recum-

bent F
H
 folds with horizontal S

H
 axial planes exem-

plified by the folded Bollstad (Figures 39a and c) or 
Jyskelä (Figure 34d) granite dykes. Vertical short-
ening estimated from the folded pegmatitic granite 
dykes is c. 70–75%. Some shearing along the S

H
 

planes and a weak c. E-tending L
H
 lineation, indicat-

ing with weak E-W dilatation in Bollstad and Väster-
viken (Pajunen et al. 2008), suggest somewhat 
smaller vertical shortening. The N-S or E-W trend 
of the D

H
 diabase dykes in the Southern Volcanic-

sedimentary Belt (SVB) supposes E-W or N-S dila-
tation during their emplacement. In the NE margin 
of the Nuuksio granite area (Nu in Figure 9), spaced 
shear structures indicate c. horizontal top-to-NW 
movement along the S

H
 planes (Figure 37c; note that 

later F
H
cont folding, discussed later, turned the shear 

foliation S
H
 to a thrust fault position). Extensive 

magmatism and migmatization, vertical shortening 
and a contemporaneous increase in heat flow result-
ing in high-T/low-p metamorphism indicate that D

H
 

deformation was related to crustal extension. Al-
though on an outcrop scale the extensional D

H
 

touched the rock often quite homogeneously, re-
gionally there is much variation in its extent. In gen-
eral, extensional D

H
 structures and related magma-

tism were more penetrative in the central parts of 
the granitoid areas (e.g. EGC), whereas in the bor-
dering areas shearing or faulting left wide areas 
untouched (schematized in Figure 4). Our limited 
observations (extensional D

E
 and D

H
 structures are 

very similar on outcrops) on the directions of the 
extensional movements during the D

H
 refer to exten-

sion outwards from the granitic centres, for example 
from the Nuuksio area (Nu in Figure 9). This is sup-
ported by the patchy distribution of the D

H
 granites 

interpreted from the radiometric map (Figure 38). 
Folds with NE-trending steep axial planes de-

form granitoids of different ages to different extents: 
they deform openly to tightly the earlier S

E
 foliated 

rocks (Figure 12c and 36), form gentle folds in the 
D

H
 granites (Figure 39a) and refold only weakly and 

zoned the D
H
 diabases (Figure 40c). The decreasing 

contractional strain during this steep F
H
 folding, 

from the earlier structures and magmas to the later 
ones, suggests this folding was concurrent with the 
evolution of the extensional deformation D

H
. Thus, 

there are two types of F
H
 folding related to the late 

Southern Finland Granitoid Zone evolution: the ex-
tensional recumbent F

H
ext folds and the contrac-

tional F
H
cont folds with steep NE-trending axial 

planes. Due to progressive deformation the contrac-
tional and extensional F

H
 folds may occur on the 

same outcrops overprinting each other – slightly 
later contractional F

H
 folds overprint the extensional 

F
H
 folds (Figures 36 and 39a) – or they may form 

simultaneously in different areas.
The F

H
cont refolded the earlier large-scale F

G
 

folds with E-W-trending axial planes to D
G+H

 dome-
and-basins (Figure 11). Locally, the steep F

H
cont 

folds are overturned towards the NW (Figure 12c 
and 19a and d). It is possible that overthrusting 
along the pre-existing extensional SE-dipping S

E
 

planes also occurred, but we have not observed this 
so far. The F

H
cont folds only seldom have distinct 

axial plane foliation. In the tightly deformed high-T 
D

H
 zones, as in Klaukkala, Nurmijärvi (Figure 35), 

a weak gneissic S
H
cont foliation exists in the D

H
 

granites. The NE trend of the S
H
 planes is bent E-W 

in the northern border zone of the West Uusimaa 
Complex (WUC). This bending can be explained by 
the stopping effect during the collision of the hot 
WUC against the cooled Hyvinkää Gabbroic-volca-
nic Belt (HGB) along the dextral Hyvinkää shear 
zone.

The close relations of SE contractional F
H
cont 

folds and the E-W dilatational structures is ex-
plained by D

H
 SE-NW transpression between the 

active E-W-trending transcurrent faults such as the 
southern Finland shear/fault zone and the Hyvinkää 
shear/fault zone. The evolution of these shear/fault 
zones shows a polyphase history that began during 
the D

E
. Hitherto, we have had no observations of 

high-T, sinistral steep shearing that could be related 
to D

E
cont in these zones; thus, rotation of the D

E
ext 

into a steep position is suggested. Dextral shearing 
in these steep zones may have already started during 
the Central Finland block movements during the D

F
, 

and continued dextral during the D
H
 transpression. 

The Hyvinkää gabbros were rotated clockwise dur-
ing the dextral shear deformations (Appendix 3). 
The oblique overthrusting of the Hyvinkää Gabbro-
ic-volcanic Belt (HGB) on the West Uusimaa granu-
lite Complex (WUC) occurred due to the D

H
 SE-

NW transpression. The transpression caused oblique 
E-W dilatation and simultaneous the patchy melting 
and intrusion of D

H
 granites that, in the lower-T 

areas, intruded into N-S-directional oblique dilata-
tion fractures sharply cutting the earlier structures 
(Figure 15c).
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The D
H
 SE-NW transpression also caused sinis-

tral shearing in the N-S-trending shear zones. The 
N-S- and E-W-trending D

H
 diabase dykes indicate 

dilatation c. perpendicular to each other. The oblique 
E-W dilatation, the N-S-directed dykes, can be re-
lated to SE-NW transpression in between the active 
E-W-trending shear/fault zones (e.g. Hyvinkää and 
Southern Finland shear/fault zones). Similarly, the 
E-W-directed dykes were formed as oblique exten-
sion zones in between the N-S-directed shear/fault 
zones (e.g. in the Vuosaari-Korso shear/fault zone). 
Indeed, there are several minor shear/fault zones 
paralleling these major structures in the study area 
(cf. Elminen et al. 2008), suggesting several possi-
bilities for such oblique dilatational settings. The 
kinematic setting of the D

H
 diabase dykes under SE-

NW transpression is schematized in Figure 40e. As 
indicated by the diabase age, the D

H
 transpression 

still acted at c. 1.8 Ga ago, suggesting that the trans-
formation to the D

I
 deformation is more or less tran-

sitional.

D
I
 deformation 

The evolution of major N-trending crustal-scale 
high-strain D

I
 zones, the Baltic Sea-Bothnian Bay 

Zone (BBZ), the Riga Bay-Karelia Zone (RKZ) and 
the Transscandinavian Igneous Belt (TIB) (Figure 
8), began at least during D

D
 (Appendix 7). The 

Southern Finland Granitoid Zone (SFGZ) predomi-
nantly formed during the D

E-H
. The late phase of the 

major N-trending high-strain zones, such as the 
Vuosaari-Korso shear/fault zone, deforms all the 
structures from the D

A
 to D

H
 and hence we prefer to 

differentiate the deformation event as a new phase 
D

I
. D

I
 bent the SFGZ, and also the southern Finland 

and Hyvinkää shear/fault zones (Figure 11) sinis-
trally into a N-NNE direction.

The Vuosaari-Korso Shear/fault zone (Figure 10) 
represents a western branch of the Riga Bay-Karelia 
Zone (RKZ). In the strongest part of the Vuosaari-
Korso D

I
 zone the F

G
 and F

H
 folds were refolded or 

bent to a N-S direction in a ductile manner; the 
structural relationships are represented by the struc-
tures at the Jamppa site, in Järvenpää, in the north-
ern Espoo Granitoid Complex (EGC). The area is 
intensely D

E
 deformed with a strong nearly horizon-

tal S
E
ext that destroyed almost completely the earlier 

D
(A-)B-D

 migmatite structures (Figure 31a). The S
E
ext 

is a spaced or penetrative mineral foliation; D
E
 bio-

tite is coarser-grained than D
B
 biotite. Garnet-bear-

ing tonalite-granodiorite intruded into the S
E
 planes 

and was refolded by F
I
 folding with N-trending axial 

planes (Figure 31b), which may represent a rotated 
F

H
 intensified by D

I
. The F

H+I
 folds developed to 

nearly isoclinal indicating c. E-W shortening. New 

generation of pegmatitic to medium-grained granite 
intruded into the N-trending S

I 
axial plane, which 

shows shearing with east-side-up movement (Figure 
31c). This late granite also cuts or replaces the tonal-
itic-granodioritic D

E
 rock. Two garnet generations 

have been detected in the granite; a new garnet rim 
overgrows the earlier core. Both generations have a 
microstructure indicating crystallization from melt 
(Figure 31d and e). This leads to the conclusion that 
the thermal conditions were still high during this late 
phase of structural evolution, especially close to the 
D

I
 axial zone in the Espoo Granitoid Complex 

(EGC) and West Uusimaa Complex (WUC). 
The drag folds bending the earlier major struc-

tures in the D
I
 zones indicate sinistral movement on 

the horizontal surface; the observations of vertical 
sections (Figure 31d) prove east-side-up movement. 
These structures and contractional F

I
 folding show-

ing varying intensity can be explained by c. ESE-
WNW transpression during the D

I
 deformation. In 

the southern part of the Vuosaari-Korso D
I
 axial 

zone, in the Vuosaari triangle (Vu in Figure 9) and to 
the south of it in the Gulf of Finland, a complex pat-
tern of magnetic anomalies was generated; the D

I
 

deforms the early D
C+D

 dome-and-basin structures. 
Sederholm (1932b) described brittle structures seen 
in bathymetric configuration in lake Päijänne, 
Central Finland: the Lake Päijänne fracture zone in 
Figure 10. Structurally, Päijänne is on the continua-
tion of the axial trace D

I
. As described above, the 

bedrock to the north of Southern Finland Granitoid 
Zone (SFGZ) was already stabilized after D

D
 at c. 

1.87–1.86 Ga ago. Thus, the D
I
 was brittle in the 

Päijänne area at the time of ductile deformation in 
the southern part of the zone. The fracture pattern 
described by Sederholm (1932b) is consistent with 
c. E shortening characterizing the D

I
.

The tight-isoclinal ductile F
H+I

 folds (Figure 31b) 
demonstrate that the temperature was not reduced 
under ductile-brittle transition in the Espoo Grani-
toid Complex (EGC) and West Uusimaa granulite 
Complex (WUC). The age of 1804 ± 2 Ma for peg-
matitic granite, fragmenting a host rock with pre-
existing ductile folds with N-trending axial plane 
(F

g
 of Pajunen et al. 2008), corresponding to F

I
 of 

this paper, proves that ductile folding with N-trend-
ing axial planes predates that age. However, ductile 
shear structures in the pegmatitic dyke contacts in-
dicate that movements still continued afterwards.

So-called post-tectonic granitic intrusions of a c. 
1.8 Ga age group consist of small stocks (indicated 
by the letter P in Figures 1 and 7) or late pegmatitic 
granite dykes (cf. Alviola et al. 2001). In Sulkava 
(Su in Figure 9), post-tectonic granite caused a low-
pressure metamorphic contact aureole in a migmati-
tic garnet-cordierite gneiss (Rastas 1990). These 
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granites often occur in close association with the N-
trending crustal D

I
 zones, like the Sulkava stock in 

the Riga Bay-Karelia Zone (RKZ) and the Åva ring 
intrusion (Lindberg & Eklund 1988) in the Baltic 
Sea-Bothnian Bay Zone (BBZ). We prefer to relate 
these intrusions as syn-tectonic to the latest phase of 
the D

I
 deformation. Presumably, they formed into 

patchy dilatational settings during the c. ESE-WNW 
transpressional D

I
 regime; however, further struc-

tural research is needed for more precise determina-
tion of the tectonic setting of these granites.

The late evolution of the D
I
 zones turned to lower 

grade processes, which can be seen as a change to 
more semi-ductile and partitioned deformation in the 
D

I
 axial zones. Deformation concentrated into rather 

narrow fault zones with formation of mica-rich 
slickenside surfaces and protomylonitic to mylonitic 
structures. According to Elminen et al. (2008), late 
movements show steep sinistral east-side-up move-
ment in the Vuosaari-Korso zone. This kind of move-
ment is also evident in the Hyvinkää-Lahti shear/
fault zone. These late microstructures, described in 
detail by Elminen et al. (2008), are at least partly 
related to post-Svecofennian events, D

P
, such as to 

the rapakivi stage (e.g. Mertanen et al. 2008).

Evolution of the major shear/fault zones of 
Southern Finland

The Hyvinkää and Mäntsälä-Lahti shear/fault zones 
characterize the structural pattern in the northern 
study area, and the Southern Finland, Porkkala-
Mäntsälä and Vuosaari-Korso shear/fault zones are 
important features in analyzing the tectonic evolu-
tion in the detail study area (Figures 10 and 41). The 
high strain zones with the same strike, i.e. the E-
trending Hyvinkää and Southern Finland shear/fault 
zones and the N-NNE-trending Mäntsälä-Lahti and 
Vuosaari-Korso shear/fault zones, have much in 
common.

The Hyvinkää shear/fault zone

The Hyvinkää shear/fault zone is a c. 8 km wide 
complex high-strain zone between the Hyvinkää 
Gabbroic-volcanic Belt (HGB) and West Uusimaa 
granulite Complex (WUC). The zone is generally 
covered by thick overlays of sediments and outcrop-
ping is poor. It is composed of strongly sheared 
rocks (Figure 42a) and slices of heterogeneous gran-
ite and supracrustal rocks with intensely folded 

Figure 41. Structural relationships in the Espoo Granitoid granulite Complex (EGC), West Uusimaa granulite Complex (WUC) and 
Hyvinkää Gabbroic-volcanic Belt (HGB). The areas represented by detailed maps or sketches are shown by boxes. (1) and (2) = 
NW- and WNW-trending branches of the Hyvinkää shear/fault zone (see text).
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Figure 42. Structures in the polydeformed Hyvinkää shear/fault zone. (a.) A Hyvinkää high strain zone with a strong S
E
 plane in a 

steep position. The D
E
 granite dykes are boudinaged (D

E
). Later oblique dextral D

H
 shearing with N-side-up movement deforms the 

structure. Width of the area of the figure is c. 6 m. Ylimmäinen, Karkkila (Finnish grid coordinates KKJ2 2534.70E 6715.07N). (b.) 
A sketch illustrating the F

H
cont folding of the S

E
ext planes close to the Hyvinkää shear/fault zone. (c.) S

E
 foliation with sillimanite 

in the E-trending mica gneiss related to the Jokela supracrustal association. The outcrop is located in the Hyvinkää shear zone close 
to the West Uusimaa granulite Complex (WUC), where the gneisses and locally also the granites (see text) show progressive silli-
manite growth related to the high-temperature during the deformation. Scale bar is 10 cm in length. Hyvinkää, Kettukallio (Finnish 
grid coordinates KKJ2 2552.98E 6721.53N). (d.) Protomylonitic granite in the second-order Hyvinkää shear zone; a vertical sec-
tion showing NW-side-up movement in the dextral oblique shear zone. Width of the area of the figure is c. 1 m. Karkkila, Vaskijärvi 
(Finnish grid coordinates KKJ2 2518.18E 6717.12N). Photos by M. Pajunen.
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internal structures representing the pre-high-strain 
zone history (Appendix-Fig. 3-2b). The well-pre-
served Jokela association (Appendix 5) is located in 
the eastern part of the zone. On the northern edge of 
the WUC the D

G+H
 interference structures were bent 

more or less into an E-W-direction against the HGB 
(Figure 41). Folding with a steep E-trending axial 
plane (Figure 42b) deformed the S

E
ext planes (cf. 

Appendix-Fig. 2-1) close to the zone into a vertical 
position; further from the zone the S

E
ext foliation is 

nearly horizontal and semi-openly refolded by the 
D

G+H
.

The first-order structures of Hyvinkää high-
strain zone are E-W-trending and refolded/bent by 
the open D

I
 structure, like the Hyvinkää-Lahti shear 

zone. In the west, the Hyvinkää shear/fault zone 
continues towards the NW; it is divided into branches 
continuing to Somero and Koski areas ((1) in Figure 
41) and, on the other hand, along the lake Painio 
shear/fault zone, southeast of Somero ((2) in Figure 
41). Ductile and sharply-cutting brittle characteris-
tics in the Painio shear/fault zone prove its reacti-
vated evolution. According to geophysical data, the 
Hyvinkää high-strain zone also has an E-trending 
extension in the northern side of the Askola dome 
area (As in Figures 9 and 41), where it is sharply 
defined, also representing later reactivation of the 
Hyvinkää zone. Brittle slicken line striations dip-
ping c. 30º to the east on the sheared foliation planes 
indicate late strike slip movements.

Close to the West Uusimaa granulite Complex 
(WUC), shearing structures are higher-grade and 
almost penetratively recrystallized when compared 
to those to the north of it. In the highest-grade zone 
in granites (observations only from boulders) and 
in mica gneisses, sillimanite was formed (Figure 
42c) into the sheared foliation plane. Locally, silli-
manite-bearing foliation and the folding with E-
trending axial planes (Figure 42b) in the WUC are 
still overprinted by melt patches. These observa-
tions indicate that during the deformation, thermal 
heat flow was high in the vicinity of the hot WUC. 
We relate the sheared foliation to S

E
 that corre-

sponds to S
E
 in the Jokela association (Appendix 

5), where the foliation was refolded by later defor-
mation events (Appendix-Fig. 5-3a). The observa-
tions suggest that the earliest phase of the evolu-
tion of the Hyvinkää shear zone was initiated during 
the extensional D

E
 phase (Figure 42a); however, 

most of the fault rock structures suggest shortening 
(Figure 42b).

On outcrops, the first-order, E-W-trending shear 
zones dip steeply (90–80º) to the north, and the 
second-order zones north of WUC are upright and 
trend ENE (Figure 42b). Kinematic interpretation 
of the E-trending first-order zones is based on pro-

tomylonitic foliation structures, S-C structures, ro-
tational fragments and drag folds. These steep shear 
zones show N-side-up dextral oblique reverse move-
ments. There are few observations on the ENE-
trending steep second-order shear zones with NNW-
side-up dextral oblique reverse movements (Figure 
42d). The Hyvinkää gabbro massifs and their sur-
roundings also show a map-scale dextral rotation 
(Appendix-Fig. 3-3). The E-axial folded structure in 
Figure 42b concurrent with the shear movements in 
the high-strain zones suggests a NW-SE transpres-
sional stress field – this type of kinematics charac-
terizes the D

H
 deformation. 

The geophysical model in Figure 43 supports the 
tectonic interpretation based on field observations. 
The Hyvinkää high-strain zone forms a belt of tec-
tonic slices narrowing downwards. The structure ac-
companied with dextral oblique kinematics of the 
shear zones postulates oblique N-side-up movement 
of the tectonic slices upon the thrust plane. The in-
terpreted thrust plane, between the WUC and the 
overlying HGB, dips northwards below the HGB 
with a dipping angle of c. 20–30º. 

Structures in L
B/C

 lineated amphibolitic rock in 
the Hyvinkää Gabbroic-volcanic Belt (HGB), NE of 
the Hyvinkää gabbro massif, are schematized in 
Figure 44a. The amphibolite is cut by pegmatitic 
granite. Similar pegmatitic granites also cut the 
Hyvinkää gabbro massifs, supracrustal sequences 
of the HGB and the Jokela supracrustal association 
(Appendix-Fig. 5-2). In the internal parts of the 
HGB, they intruded as sharply-cutting dykes frag-
menting a cooled and stabilized crust. We relate 
these pegmatite granites the D

H
 granites in the West 

Uusimaa granulite Complex (WUC) and Espoo 
Granitoid Complex (EGC). The amphibolite with 
strong lineation is cut by semi-brittle faults with 
spacing of several centimetres. The fault planes 
show slicken line striations that indicate thrusting 
towards the SSE. Under the microscope (Figure 
44b) the rock has a complex pattern of narrow semi-
brittle faults cutting the rock. The faults are openly 
folded by c. E-W contraction. We correlate the faults 
to oblique thrusting related to the transpressional 
collision, D

H
, in the Hyvinkää high-strain zone and 

the open folding to the D
I
 deformation. In general, 

the transpressional structures (D
H
) in the cooled 

parts of the HGB are semi-brittle to brittle in char-
acter (Appendix-Fig. 3-1a). 

Summarizing, the formation and kinematics of 
the high-strain zone between the West Uusimaa 
granulite Complex (WUC) and Hyvinkää Gabbro-
ic-volcanic Belt (HGB) is related to continuing de-
formation events. The earliest structures were al-
ready formed during the extensional D

E
. The stron-

gest shearing structures formed during the crustal 
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shortening in transpressional deformation D
H
. The 

bends and folds in the boundary zone are a conse-
quence of heterogeneous strain in the border zone 
during continuing oblique overthrusting of the HGB 
onto the WUC. The late regional D

I
 refolded the 

Hyvinkää zone extensively (Figure 41). During the 
final stage, movements occurred along E-trending 
semi-brittle faults due to blocking of the ductile 
structure under cooling.

The Hyvinkää-Lahti shear/fault zone

The SSW-NNE/SW-NE-trending Hyvinkää-Lahti 
shear/fault zone is located in the axial zone of D

I
 

(Figures 10 and 41). According to geophysical and 
tectonic interpretation, using map-scale bends of 
the earlier structures and the existence of higher-
grade rocks in the Askola area, sinistral oblique E-
side-up movement occurred in the zone; it is similar 

Figure 43. A geophysical model of the Hyvinkää 
shear/fault zone. (a.) Site of the cross section on a 
magnetic map and (b.) a geophysical model cross-
cutting the Hyvinkää shear/fault zone. See the text 
for further discussion.
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Figure 44. (a.) L
B/C

-lineated amphibolite showing D
I
 folding of 

semi-brittle spaced thrust foliation planes, S
H
, that were inter-

preted as a product of oblique c. SSE-thrusting on the northern 
side of the Hyvinkää gabbro; L

H
 is slickenline lineation on the 

S
H
 planes. The Hyvinkää Gabbroic-volcanic Belt (HGB) was a 

cooled and competent area during the late D
H
 event occurring 

in the granite-dominant units. Thus, the D
H
 and later structures 

are brittle and granites sharply cut the HGB (cf. Appendix-Fig. 
3-1a). (b.) A microscopic photo of the amphibolite showing 
semi-brittle fractures. Hirvijärvi, Riihimäki (Finnish grid coor-
dinates KKJ2 2535.92 6729.82N). Photo by M. Pajunen.

to that Vuosaari-Korso zone (cf. Elminen et al. 
2008). However, the D

I 
bends the Hyvinkää shear 

structures into a NE-NNE direction and this causes 
complexity in this major crustal zone. On the NW-
side of the zone, the magnetic signature of the sliced 
structure shows a SE-dipping pattern of anomalies. 
Our tectonic measurements from the area are limit-
ed, but in general, the tectonic measurements on 
the geological map (Kaitaro 1956) show a pattern 
that predominantly follows the earlier structures, 

particularly the D
G+H

 pattern. The structures close to 
the most intense D

I
 deformation zones are often dip-

ping steeply to the SE, which, together with the 
magnetic pattern, indicates stacking towards the 
NW during D

I
.

The Hyvinkää-Lahti shear/fault zone, which is 
parallel to the axial plane of the open semi-ductile 
crustal bend F

I
, continues further north to the Lake 

Päijänne fracture zone (cf. Sederholm 1932). The 
differences in characteristics of this D

I
 zone from 

the high-T ductile south to low-T brittle north are 
due to early stabilization of the northern Svecofen-
nian crust.

Southern Finland shear/fault zone

The polyphase E-trending Southern Finland shear/
fault zone represents a complex high strain zone 
(Figure 45a and b), which is faulted/sheared by the 
late phases of the Porkkala-Mäntsälä zone and ex-
tensively folded and faulted by the Vuosaari-Korso 
D

I
 deformation zone. The Southern Finland shear/

fault zone is composed of several parallel high-
strain zones bordering the tectonic units, like those 
dominated by supracrustal (SVB) and granitic rocks 
(EGC). The most intense zone in the study area bor-
ders the non-migmatitic Pellinki area (Pe in Figure 
9) and Vuosaari triangle (Vu in Figure 9) from the 
granitic units in the north. Elminen et al. (2008) de-
scribe in detail the late, ductile to brittle structures 
and kinematics of the Southern Finland shear/fault 
zone. Structures in the high-strain gneisses and my-
lonite gneisses exhibit a steep shear zone with dex-
tral S-side-up oblique reverse movement (Elminen 
et al. op. cit.). In the stronger zones, intense spaced 
biotite shear foliation has been generated (Figures 
45a and b). However, the metamorphic evidence, 
well-preserved non-migmatitic volcanic rocks in the 
Vuosaari triangle versus highly migmatitic rocks 
just north of the major shear zone, indicates oppo-
site movement in this area. Stretching lineation in 
the sheared gneisses shows a moderate dip to east, 
indicating oblique movement. 

The Southern Finland shear zone was already 
initiated during the extensional D

E
 deformation 

forming the early border zone between the granitoid 
and supracrustal belts. The D

G
 deformation (N-S 

shortening) intensified close to the zone to form 
steep southwards-overturned folds (e.g. Figure 28) 
and reoriented the early phase (D

E
) of the E-W-

trending zone to a NE-SW trend (Porkkala-Mäntsälä 
zone). The main structures characterizing the South-
ern Finland shear zone were generated during the 
D

H
 SE-NW transpression. This produced the dextral 

oblique reverse movements in the steep Southern 
Finland shear/fault zone. Late reactivation was 
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common in the Southern Finland shear/fault zone; 
nearly horizontal slicken line striations on the late 
E-trending steep fault planes indicate both sinistral 
and dextral strike-slip movement.

The structures observed in the Southern Finland 
shear/fault zone are very similar to those in the 
Hyvinkää shear/fault zone (compare Figures 42a 
and 45a). Dextral transpressional evolution in the 
Southern Finland Granitoid Zone (SFGZ) was pos-
tulated by Ehlers et al. (1993), but our observations 
indicate longer history for the zone; the SE-NW 
transpression only characterizes the latest SFGZ 
and major shear zone evolution. 

Porkkala-Mäntsälä and Vuosaari-Korso shear/
fault zones

The polyphase character of the Porkkala-Mäntsälä/
(Lahti) shear/fault zone was discussed in early pa-
pers, e.g. Härme (1969), and there have been several 
papers dealing with corresponding NE-trending 
shear/fault structures further west (compiled by 
Lindroos et al. 1996). We recommend the name 
Porkkala-Mäntsälä shear/fault zone because it is 
connected to the Vuosaari-Korso zone to the south 

of the E-trending Hyvinkää zone (the name Vuo
saari- or Helsinki-Päijänne would better describe 
the setting of the Vuosaari-Korso zone of this paper; 
Figures 9 and 10).

The Porkkala-Mäntsälä shear/fault zone steeply 
cuts the E-W-trending Southern Volcanic-sedimen-
tary Belt (SVB) and Espoo Granitoid Complex 
(EGC), and also the Southern Finland shear zone. It 
bends the Southern Finland shear zone into a NE-
direction. In the study area the early structures of 
the Porkkala-Mäntsälä zone are ductile sinistral 
bending of the earlier structures (Figure 46a) against 
the Nuuksio granitoid unit. In Figure 46b there is an 
example of migmatitic tonalitic gneiss in the NE-
trending Porkkala-Mäntsälä zone at the Bemböle 
site in Espoo. Locally, as at the Bemböle site, the 
steep structures of the originally E-W-trending 
Southern Finland shear zone were bent into a NE 
direction, and these old structures oriented the shear 
movements in the Porkkala-Mäntsälä zone. A NE-
trending crenulation cleavage (Figure 46c) and re-
lated steep-axial folds with NE-trending axial planes 
were formed in sinistral strike-slip movement under 
D

G
 N-S contraction. On the NW side of the Porkka-

la-Mäntsälä zone the S
E
ext and D

G
 structures were 

Figure 45. Structures in the Southern Finland shear/fault zone. The outcrop is situated in the strongly deformed and folded area 
between the Porkkala-Mäntsälä and Vuosaari-Korso zones. The outcrop shows opposite directions of movement on vertical surface: 
(a.) late movement north-side-up and (b.) early movement south-side-up movements. Scale bar is 15 cm in length. Otaniemi, Espoo 
(Finnish grid coordinates KKJ2 2545.68E 6674.71N). Photos by M. Pajunen.
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Figure 46. Structures in the ductile, 
strained part of the Porkkala-Mäntsälä shear/
fault zone in Bemböle, Espoo (Finnish grid 
coordinates KKJ2 2536.57E 6678.70N). 
(a.) The early structures in a fragment pre-
served from the strongest deformation in 
the zone; the deformation events are shown 
in the inset. Scale bar is 15 cm in length. 
(b.) Intense flattening is indicated by iso-
clinal folds in the boudinaged amphibolite 
dykes. The pre-existing D

C+D
 and D

E
 struc-

ture are intensified by the D
G
 and D

H
. The 

dyke or its trace can be followed for tens of 
metres on the outcrop. Scale bar is 15 cm 
in length. (c.) F

G 
refolds the penetrative S

C
 

foliation and the spaced S
E
 of migmatized 

syn-/late D
B
 gneissic tonalite. Scale bar is 

10 cm in length. Photos by M. Pajunen.
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F
H
-folded and overturned NW, e.g. in Kauklahti 

(Figures 19a and d). The F
H
 with NE-trending axial 

planes is a consequence of rotation of the stress field 
into SE-NW-directional transpression during the 
D

H
.
In the high-grade parts of the Espoo Granitoid 

Complex (EGC) and West Uusimaa granulite Com-
plex, continuing deformation caused intensifying 
and bending of the earlier D

H
 structures into a N 

direction by the D
I
, still under high-grade ductile 

conditions. Sinistral E-side-up shearing (e.g. Figure 
31d) occurred along the steep N-directional D

I
 

shear/fault zones, as in the Vuosaari-Korso shear/
fault zone. These kinds of sinistral shear zones are 
also found elsewhere in the study area (Figure 47a). 
The early stage N-S-trending sinistral shear zones 
are related to the SE-NW transpression during the 
D

H
; the D

H
 diabase dykes were intruded into oblique 

dilatational (D
H
ext) settings (Figure 40e). During 

the latest Svecofennian evolution the maximum 
principal stress rotated from SE-NW into a more 
easterly direction causing some ductile folding, F

H+I
 

(Figure 31b), after which cooling and fading of the 
Svecofennian deformation caused transformation to 
more brittle events. Sinistral movements in the Vuo
saari-Korso shear zone became brittle and localized 
in character. In the Porkkala-Mäntsälä fault zone, 
late movements were dextral (Figure 47b) and they 
are related to the post-Svecofennian events D

P
. Elmi

nen et al. (2008) relate dextral movements to the ra-
pakivi stage. 

The tectonic pattern produced by the shear/fault 
structures, especially D

H
 and D

I
, and the low-angle 

D
E
 structures strongly oriented the post-Svecofen-

nian tectonic reactivation and emplacement of the 
rapakivi intrusions (Figure 47c) in the area.

Structural setting of rapakivi granites – D
P
 

The rapakivis are divided to different age classes by 
Haapala et al. (2005). The rapakivi intrusions in the 
study area belong to the c. 1.67–1.62 Ga age group 
that forms a c. N-NNE-trending zone from Lithua-
nia to Southern Finland. The intrusions located in a 
close association with the BBZ are dominated by 
rapakivis of 1.59–1.54 Ga in age. There are two 
small 1.65 Ga rapakivi intrusions in the detailed 
study area, Bodom and Obbnäs, and the Onas and 
Vyborg rapakivi intrusions are just east of it (Figure 
9) (e.g. Vaasjoki 1977a).

The Bodom rapakivi is a NE-trending intrusion 
on the NW side of the Porkkala-Mäntsälä shear/
fault zone. The intrusion is thinner at its northern 
end; the Svecofennian magnetic anomalies are dis-
tinguishable through the rapakivi mass. Its south-

western part forms a round stock without such a 
magnetic anomaly pattern. According to Kosunen 
(2004), it represents a younger intrusive phase. The 
internal structure of the batholith is well seen in the 
topographic pattern in the rapakivi area. The rapa
kivi is sharply bordered against the Porkkala-Män-
tsälä fault, which drags the SE-border of intrusion 
under dextral movement D

P
. This movement can 

also be seen in mylonitic shear zones overprinting 
the early sinistral D

G
 phase of the zone (Figure 47b). 

The topography in the Bodom rapakivi area exhibits 
an arched pattern; in the NE-part of the intrusion the 
Svecofennian remnants show similar arched forms 
(Laitala 1967). The magnetic patterns and the arched 
forms support narrow, sheet-like horizontal intru-
sions intruded in a laccolith-like manner. Sederholm 
(1923) argued that the western rapakivis might be 
sheet-like bodies. Magnetic patterns of the Bodom 
and Vyborg rapakivi massifs support such a struc-
ture. The nearly horizontal S

E/H
 plane characterizing 

large areas in Nuuksio synform forms an appropri-
ate structure for emplacement of these horizontal 
rapakivis (Figure 47c). The thickest part of the Bo-
dom intrusion is in the SW. It is interpreted as the 
site of the intrusion channel, which is located in the 
intersection point of the Porkkala-Mäntsälä fault, 
Southern Finland shear zone and the N-trending D

I
 

structure (Figure 47c). The rapakivi-related diabase 
dykes, especially in the western study area and in 
the West Uusimaa granulite Complex (WUC), also 
intruded at least partly into the pre-existing Sve-
cofennian structures. An example is the Hiidenvesi 
D

F
 shear zone (Figures 10 and 41), which was hid-

den below the Espoo Granitoid Complex (EGC), 
but controls the orientation of the rapakivi-related 
diabases. Fracturing and jointing (Wennerström et 
al. 2008) in the dyke direction was also generated in 
the above-lying Nuuksio granitoid area. Some dia-
bases are very fine-grained, indicating emplacement 
close to the present erosion level.

The Obbnäs intrusion does not show such a mag-
netic anomaly pattern as the Bodom intrusion. This 
is why we suppose it to be thicker and to represent a 
root section of the rapakivi intrusion corresponding 
to the SW stock of the Bodom batholith. In princi-
ple, its tectonic setting is similar in the intersection 
of the southern Finland shear zone, Porkkala-Mänt
sälä shear/fault zone and D

I
 deformation zone as 

was described from Bodom. Airo et al. (2008) no-
ticed gravity lows corresponding to those caused by 
the described rapakivi intrusions in the intersections 
of the Vuosaari-Korso and the Porkkala-Mäntsälä 
zone and further south at the intersection of the 
southern Finland and the Vuosaari-Korso zones. 
These anomalies may represent rapakivis that are 
not exposed on the present erosion level.
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Figure 47. (a.) Sinistral N-trending D
H(-I)

 shearing. Scale bar is 10 cm in length. Kopparnäs, Inkoo (Finnish grid coordinates KKJ2 
2514.13E 6659.09N). (b.) Post-Svecofennian dextral D

P 
faulting on the horizontal surface in the Porkkala-Mäntsälä shear/fault 

zone. The pre-existing strong D
E
 is rotated by the D

G
 into a SW-NE-trend. Width of the area of the figure is c. 70 cm. Porkkala, 

Kirkkonummi (Finnish grid coordinates KKJ2 2252.10E 6651.87N). (c.) The tectonic structure of the Porkkala-Mäntsälä zone in 
Espoo and structural setting of the Bodom and Obbnäs rapakivi intrusions. Photos by M. Pajunen.
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The Vyborg rapakivi batholith is, according to 
the magnetic and gravity anomaly pattern, thickest 
in the western part of the batholith, and the Ahvenis-
to rapakivi intrusion (5 in Figure 9) is located in the 
northern extension on this pattern. Both are con-
trolled by the N-trending structure D

I
 shown in Fig-

ure 8. The magnetic pattern in the Vyborg rapakivi 
batholith also shows intrusive phases intruded lin-
early in the ENE direction. It is also evident that the 
western part of the Vyborg rapakivi represents such 
an intersection of major crustal fault zones as the 
Bodom and Obbnäs stocks; according to the mag-
netic anomaly pattern it thins towards the east from 
the D

I
 zone. 

Korja and Heikkinen (1995) described listric 
fault structures related to the extensional evolution 
of the rapakivi in Åland. This study shows that the 
late Svecofennian structures were of great impor-
tance for the post-Svecofennian tectonic and mag-
matic events in controlling where the crust was 
weakest. The ENE-trending phases in the Vyborg 
batholith emplaced into the N-trending D

I
 zone fit 

well the dextral kinematic pattern of movements ob-
served in the Porkkala-Mäntsälä zone and in the N-
trending major crustal deformation zones, the Baltic 
Sea-Bothnian Bay Zone (BBZ) and Riga Bay-Kare-
lia Zone (RKZ) (Figure 8). The fault kinematics re-
lated to the rapakivi stage indicate c. N-S-direction-
al extension (Elminen et al. 2008) in the study area. 
Bergman et al. (2006) described dextral transpres-
sion in the Storsjö-Edsby Deformation Zone in 
Sweden. In summary, the emplacement of the ra-
pakivis may be related to dilatational settings during 
major c. N-trending dextral shearing in transpres-
sional deformation (cf. Bergman et al. 2006), and 
magma channelling and emplacement were strongly 
controlled by the late Svecofennian structures, espe-
cially the intersections of the major shear/fault 
zones. 

The relations of the latest brittle faults, like the 
thrust faults shown in Figure 19a, to the Svecofen-
nian structures have not been studied so far; obser-
vations of such faults are limited on outcrops due to 
the weak character of the structures.

TECTONIC EVOLUTION OF THE SVECOFENNIAN DOMAIN IN FINLAND

Hietanen (1975) was the first to compile an evolu-
tionary model based on the modern plate tectonic 
scheme in Finland. Koistinen (1981) described the 
structures related to the Svecofennian collision and 
overthrusting tectonics in the Archaean craton 
boundary. Korsman et al. (1984) described the tec-
tono-metamorphic discordance between the south-
ern (GMB) and northern (TMB) Svecofennian ter-
ranes, and proposed a suture zone between them 
(Korsman et al. 1988). Based on comprehensive 
pre-existing data, Lahtinen (1994) presented a mod-
el of the accretion history of the Svecofennian oro-
gen suggesting that the Svecofennian domain was 
produced by complex accretion of several arcs 
against the Archaean continent. Kilpeläinen (1998) 
studied the relationships between the tectonic struc-
tures and metamorphic evolution in the Vammala 
Migmatite Belt (VMB) and Tampere Schist Belt 
(TMB) by analyzing folding patterns of metamor-
phic isograde surfaces related to different stages of 
tectonic evolution. He was able to establish the com-
plex pattern of deformation and metamorphism in 
the deeper crust with concomitant deposition of 
sediments on the surface in the active collisional 
orogen. Since then, collision-accretion models have 
been expanded to include the deep crustal structure 
(Korsman et al. 1999) and widened to comprehend 
the whole Fennoscandian Shield (Nironen 1999). 
Lahtinen et al. (2005) divided Svecofennian evolu-

tion into several orogens. The latest models of the 
crustal structure developed using the reflection seis-
mic data of the Finnish Reflection Experiment, 
FIRE 2001–2005, are compiled in Kukkonen and 
Lahtinen (2006).

The Svecofennian structural succession in south-
ernmost Finland has recieved less attention. Laitala 
(1973a) analyzed the structures in the Pellinki area. 
Ehlers et al. (1993) divided the deformation in the 
southern Svecofennian domain into two major 
crust-forming stages: an early island arc orogen 
and collision and a later transpressional event re-
sponsible for the generation of the Southern Fin-
land Granitoid Zone. Väisänen (2002) compiled 
the tectono-metamorphic evolution in southwest-
ern Finland concentrating on the granulites in the 
Turku area; he placed special emphasis on the evo-
lution of the Southern Finland Granitoid Zone and 
concluded it to be a result of crustal collapse. Pa-
junen et al. (2002) described the structural evolution 
in the Helsinki region; this paper is partly a revision 
of these early results. Skyttä et al. (2006) studied the 
structural succession and kinematics in Kisko, in 
the Orijärvi area. They describe the structures in the 
low-strained steep gneisses in the so-called Kisko 
Triangle (e.g. Väisänen & Mänttäri 2002; cf. Vetio 
outcrop, Appendix 4) and in the highly-strained hor-
izontal gneisses outside of the Triangle (cf. Pajunen 
et al. 2008).



91

Geological Survey of Finland, Special Paper 47
Tectonic evolution of the Svecofennian crust in southern Finland

Summary of Svecofennian structural 
succession and division into geotectonic events

The polyphase structural succession in the southern 
Svecofennian domain is complicated due to signifi-
cant rotations of the stress field during the tectonic 
evolution. The relations of the observed structures 
appeared to be more complicated because of the 
contemporaneous formation of structures in con-
tractional and extensional zones during progressive 
deformation. In the southern study area (1 and 2 in 
Figure 1) the Svecofennian structures are divided 
into D

A
-D

I
 phases that can be identified using the 

overprinting relations of structures, metamorphic 
events and magmatism on outcrops. The Svecofen-
nian structural succession in the study area (note 
that due to diachronic evolution the early deforma-
tions, D

A
-D

D
, occurred c. 10 Ma earlier in the north) 

can be divided into major geotectonic events (E) as 
follows:

Event 1: D
A
 deformed the early sedimentary rocks 

and the volcanogenic rocks of Series I c. 1.9–1.89 
Ga ago. Kinematic observations suggest c. N-S 
compression during D

A
 causing approximately E-W-

trending fold axes of isoclinal, originally recumbent 
F

A
 folds. The D

A
 represents the first major geotec-

tonic Event 1 (E
1
), which caused thickening of the 

early crust under low-temperature conditions. 

Event 2: D
B
 is a crustal flattening phase that de-

formed the D
A
 structures under progressive meta-

morphism, intense magmatism and migmatization. 
The volcanogenic rocks of Series II were evolved. 
D

B
 occurred in the south at c. 1.88–1.87 Ga and is 

related to crustal extension under rather constant 
pressure conditions. D

B
 is regarded as the second 

major geotectonic Event 2 (E
2
), which caused thin-

ning of the E
1
 crust.

Event 3: D
C
 deformed the previous structures dur-

ing N-S compression to tight F
C
 folds in amphibo-

lite facies conditions at c. 1.87 Ga ago. The D
C
 N-S 

shortening thickened the crust rapidly after E
2 
and is 

separated here as the third major geotectonic Event 
3 (E

3
). As a result of the Events 1–3, a new Archae-

an-Svecofennian continental crust was formed.

Event 4: Event 4 (E
4
) is linked to the complex struc-

tural, magmatic and metamorphic evolution in the 
new E

1–3
 continental crust. In the south, E

4
 is pre-

dominantly connected to the evolution of the South-
ern Finland Granitoid Zone (SFGZ) during the D

E-H
 

deformations. The D
D
 produced D

C+D
 interferences 

concurrently with the D
4
 block movements in the 

north. Early E
4
 evolution, predominantly D

E
 that 

started at 1868 ± 3 Ma, occurred under SW-NE 
transpression associated with oblique extensional 
zones of intense intermediate to felsic magmatism. 
On the erosion surface the oblique extensional pull-
apart basins were generated. Transition from SW-
NE transpression to SE-NW transpression, during 
D

H
, occurred at c. 1.85–1.84 Ga ago through short 

steps of varying stress fields – D
G
 and D

F
. The E-W 

and N-S-trending major high-strain and shear/fault 
zones played a considerable role during the E

4
 trans-

pressional deformations.

Event 5: The latest major Svecofennian geotectonic 
Event 5 (E

5
) is related to the deformation that con-

centrated in the major N-trending deformation 
zones, the Riga Bay-Karelia Zone (RKZ) and Trans-
scandinavian Igneous Belt (TIB), and to a lesser ex-
tent the Baltic Sea-Bothnian Bay Zone (BBZ). The 
Southern Finland Granitoid Zone (SFGZ) was de-
formed in decreasing temperatures under c. ESE-
WNW shortening, D

I
, to wide-scale folds. At c. 1.8 

Ga the crust started to cool, leading to fading of E
5
 

and the Svecofennian orogeny in Finland.

Table 1 summarizes the observed structures identi-
fied in different tectonic units in the southern study 
area. The structural observations suggest different 
structural histories in different units and crustal 
depths. Their occurrence on the recent erosion level 
is controlled, in addition to the major fault and shear 
zones, by the wide-scale folding patterns (Figure 
11). The following differently deformed and meta-
morphosed tectonic units can be distinguished:

1. 	 Early high-grade events (E
1 

and/or E
2–3

) over-
printed by a later high-grade event (E

4
) charac-

terizing large areas of the southern Svecofen-
nian domain – exemplified e.g. by Pajunen et al. 
(2008) by the Västerviken site in Karjalohja.

2. 	 An early weakly-deformed, low-grade event (E
1 

and/or E
2–3

) that is later overprinted by an non-
migmatitic low-grade (generally amphibolite 
facies) event (E

4
) – exemplified by the Vetio site 

in Kisko (Appendix-Fig. 4-1).
3. 	 Early low-grade event (E

1 
and/or E

2–3
) or late de-

position (early E
4
) overprinted by later a high-

grade event (later E
4
) – exemplified by the 

gneisses of the Upper Tectonic Unit (UTU) (Ap-
pendix-Figs. 6-2a–d).

4. 	 Late deposition (early E
4
) and a low-grade non-

migmatitic (amphibolite facies) late event (later 
E

4
) – exemplified by the rocks of the Jokela 

supracrustal association (Appendix 5).

The present data are insufficient to map the distri-
bution of these tectono-thermally different units, 
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SVB EGC HGB UTU Jokela 
supracrustal 
association

WUC  
(modified from  
Pajunen et al. 

2008)

Orijärvi  
area

Supra-
crustal 
rocks

Grani-
toid 
area

Gabbros 
and supra-

crustal 
rocks

Askola dome 
interiors,  

supra- 
crustal  
rocks

Migmatitic 
garnet-

cordierite 
gneisses 

rocks

Pull-apart 
basin sedi-
ments and 
volcanic 

rocks

Västerviken 
outcrop (modi-

fied from  
Pajunen et al. 

2008)

Vetio outcrop, 
andalusite-
cordierite 

schist

Volcanic Series I X X

D
A X X X

Volcanic Series II X X (?)

Pre-D
B 

intrusions X X X

D
B

X X X X (?)

Syn-/late D
B
 tonalites X X X (?)

D
C

X X X X

D
D

X X ? ?

Cooling X X X X X

D
E

X X X X X X X X

Early/mid-D
E
  

granitoids and dykes
X X X X

Late D
E
 gabbros X X

D
F

X X

D
G

X X X X X X

D
H

X X X X X X X

D
H
 granitoids X X X X (?) X X

D
I

X X X X X X

Table 1. Observed structures in the geotectonic terranes and tectonic units in the study area.

but more careful structural mapping and correlation 
of structural, magmatic and metamorphic events is 
needed.

The first geotectonic Event 1 (E
1
) – early 

collisions and crustal thickening

The structures of the earliest-observed Svecofen-
nian deformations are not correlative between the 
major geotectonic terranes like, for example, in the 
Karelian terrane lying upon the Archaean continent, 
in the early Svecofennian Pyhäsalmi primitive is-
land arc (Savo Schist Belt, SSB) or in the Southern 
Volcanic-sedimentary Belt (SVB). Koistinen (1981) 
interpreted that D

1
 in the Karelian terrane, in the 

Outokumpu area, was related to the regional over-
thrusting of the Karelian supracrustal sequences and 
ophiolites upon the Archaean domain; the collision 

began before 1.90 Ga. Weak pre-D
1
 folds were also 

described, but their tectonic significance was not es-
tablished (Koistinen 1981).

In the different units of the Svecofennian domain 
the early structures are quite similar intrafolial folds 
that in some measurable cases suppose approxi-
mately N-S transport (cf. Pajunen et al. 2008) caus-
ing crustal thickening. In the southern study area the 
earliest thickening event (E

1
) occurred after the de-

position of early volcanic Series I at c. 1.90–1.89 
and before Series II 1.88–1.87 Ga ago. We suggest 
that E

1
 was a low-grade, low-angle thrusting event, 

which had an important effect on the slicing of the 
earliest primary sequences and the thrusting of rocks 
from different crustal depths and geotectonic envi-
ronments close to each other, close to their present-
day positions in the D

C-D
 structures. We also suggest 

that the accretion of the southern units, the Tonalite 
Migmatite Belt (TMB) and the Granite Migmatite 
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Belt (GMB), occurred during the southern D
A
. The 

maximum age of D
1
 in the Vammala Migmatite Belt 

(VMB) is determined as c. 1.91 Ga, which indicates 
an earlier D

1
 evolution when compared to the D

A
 to 

the south of it. Kinematic and age determination of 
the corresponding early structures and references to 
their ages in the Central Finland Granitoid Complex 
(CFGC) and Savo Schist Belt (SSB) are lacking.

The earliest structures from the Karelian terrane 
and southern Finland (SVB) suggest that the early 
overthrusting or collisions occurred in c. N-NNE 
compression. The pattern of fragmentation of the 
Archaean continent indicates that the collision was 
oblique. The E-W trend of the early structures in the 
Svecofennian domain suggests that the N-S colli-
sion occurred against the Archaean continent with 
its originally more or less NW-trending shore line 
(Figure 48). This can also be reconstructed from the 

enveloping surface of major fold structures, caused 
by the major block structures further southeast, de-
forming the Archaean continent (Figure 8). Mantled 
gneiss domes (Eskola 1949), like the Pitkäranta 
dome in eastern Russian Karelia and the Kuopio 
mantled gneiss dome (Brun et al. 1981), were 
formed close to the collision zone, near the original 
Archaean-Svecofennian suture. They show ductile 
folding patterns that formed in the active collision 
zone, whereas domes further north from the original 
collision zone, like the Sotkuma dome close to the 
Karelian terrane-Archaean domain border, are more 
sliced in character. The distribution of different 
domes (ductile domes are located in the southern 
parts and less ductile sliced domes in the northern 
parts of the N-trending tectonic blocks that were 
separated from each other by dextral N-trending 
shear zones) support the early N-S collision. The 

Figure 48. The pre-collisional stage and the generation of the Pyhäsalmi primitive island arc (Savo Schist Belt, SSB) by c. south-
wards subduction of 1.95 Ga oceanic crust. 
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early thickening event E
1
 of the crust in the southern 

Svecofennian domain and contemporaneous events 
in the north are schematized in Figure 49. In the 
Karelian terrane, the second deformation event D

2
 

was related to continued collision (Koistinen 1981) 
and therefore differs markedly in character from the 
D

B/2
 structures in the southern Svecofennian do-

main. When E
1
 thickening occurred in the south 

(Granite Migmatite Belt, GMB) the northern ter-
ranes (Tonalite Migmatite Belt, TMB) already un-
derwent an extensional event thinning the crust. 
This supports the idea of diachronic evolution pro-
gressing towards the south, and suggests that the 
N-S collisional event continued during the contem-
poraneous local extensive events further north.

Figure 49. The first geotectonic Event 1 comprises crustal thickening by overthrusting in the southern Svecofennian domain and 
contemporaneous tectonic events in the north. CFGC = Central Finland Granitoid Complex and SSB = Savo Schist Belt.
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The second geotectonic Event 2 (E
2
) – 

collapse of the island arc causing crustal 
extension

Event 2 appears in the study area as intense vertical 
shortening of the early D

A
 structures, early/syn-D

B
 

intrusive rocks and the volcanic Series I. The later 
volcanic Series II also underwent M

B
 metamorphism 

and D
B
 deformation. Deformation occurred under 

prograde metamorphic conditions, at low pressures 
(c. 4–5 kbar, Korsman et al. 1999), and the strain 
was strong flattening including a rotational shear 
strain component as indicated by rotated D

B
 boudi-

nages. The maximum age of E
2
 in the study area is 

fixed by the age of the volcanic sequence of Series 
II at c. 1.88–1.87 Ga (cf. Väisänen & Mänttäri 
2002). The syn-/late D

B
 tonalites, intruded into the 

S
B
 plane of strong D

B
 flattening and migmatization, 

are dated at 1.88–1.87 Ga (Appendix 8). Similar 
ages of “syntectonic granitoids” and neosomes are 
common in southernmost Finland (Hopgood et al. 
1983, Huhma 1986, Vaasjoki & Sakko 1988, 
Nironen 1999, Mouri et al. 1999, Väisänen et al. 
2002 and Skyttä et al. 2006).

We propose that D
B
 occurred in the arc environ-

ment (back arc basin environment of Väisänen & 
Mänttäri 2002) that was already thickened by colli-
sion during the E

1
 event. The later volcanic Series II 

represents an intra-arc extensional volcanism into 
the upper crust. The increased heat flow caused in-
creased production of tonalitic magmas during the 
latest phases of the extensional E

2
. The S

C
 is domi-

nantly the first strong penetrative foliation in the 
wider intrusions (e.g. Hindsby), but intrusion into 
S

B
 planes (Figure 20a) indicates their close associa-

tion with the D
B
. In the earlier or deeper-level D

B
 

granitoids (cf. Skyttä et al. 2006 and Pajunen et al. 
2008), and in the pre-D

B
 gabbroic-tonalitic rocks, 

amphibolite facies S
B
 foliation generally developed. 

A possible explanation for the extensional E
2
 with 

the characteristic low-pressure prograde metamor-
phism, intensive migmatization and contemporane-
ous upper crustal volcanism, is the increased heat 
flow generated by upwelling of the lithosphere and 
sinking of the oceanic slab into the mantle, as mod-
elled by Platt and England (1993). This extension 
caused subsidence in the upper crust and the low-
grade, non-migmatitic rocks (Vuosaari triangle and 
Vetio, Appendix 4; cf. Kisko Triangle in Skyttä et al. 
2006) underwent their first metamorphism.

The E
2
 affected the whole area of the Granite 

Migmatite Belt (GMB), Hyvinkää Gabbroic-volca-
nic Belt (HGB) and Hämeenlinna Volcanic Belt 
(HVB). In the northern terranes, such as in the Vam-
mala Migmatite Belt (VMB), D

2
 is a similar strong, 

prograde flattening deformation to that in the GMB 

(Koistinen et al. 1996, Pietikäinen 1994, Kilpeläinen 
1998 and Pajunen et al. 2001a), but dated by mag-
matic rocks to c. 1.89–1.88 Ga (compiled in Kors-
man et al. 1999). “Syntectonic” magmas of this age 
also characterize major parts of the Central Finland 
Granitoid Complex (CFGC) (Nironen 2003). The 
ages are on average c. 10 Ma older in the northern 
terranes, like the Tonalite Migmatite Belt (TMB) 
(e.g. Huhma 1986, Vaasjoki & Sakko 1988 and 
Nironen 1989), than in the GMB, again proving the 
diachronic character of the Svecofennian orogeny. 
This suggests that the collapse structure caused by 
mantle upwelling began in the north and was mi-
grating towards the south c. 10 Ma later. The struc-
tural observations indicate the co-existence of the 
geotectonic units already after D

A
. The Tampere 

Schist Belt (TSB) began to subside during the north-
ern D

2
 extension correspondingly to the southern 

non-migmatitic units such as the Vuosaari triangle 
and Vetio (Appendix 4, cf. the Kisko Triangle, Skyt-
tä et al. 2006).

Event 2 and corresponding structural character-
istics in the southern Svecofennian domain are il-
lustrated in Figure 50. The extensional evolution, 
D

B
, in the south was coeval with the contractional 

structures D
3
 in the north. This supports the conclu-

sion of overall N-S compression and localized ex-
tension. This is why the extensional E

2
 rapidly turned 

to the compressional event E
3
.

The third geotectonic Event 3 (E
3
) – collision 

due to N-S compression

In the study area the E
2
 extension was soon followed, 

or concomitantly affected, by the N-S shortening E
3
, 

which deformed the supracrustal series and the early 
magmatic rocks into tight, often northwards over-
turned folds with originally c. E-W-trending steep 
axial planes related to the D

C
. In the study area the 

D
C
 structures are best preserved in the Southern 

Volcanic-sedimentary Belt (SVB). In the Espoo 
Granitoid Complex (EGC) the D

C
 structures are of-

ten difficult to identify because of the strong later 
deformations, metamorphism and magmatism. The 
observations on mineral growth in relation to the 
structural succession suggest that the temperature 
peak was already achieved during the extensional 
E

2
, but was still high, as can be concluded from the 

amphibolite facies S
C
 as the first foliation in the 

syn-/late D
B
 tonalites. The ductile folding character 

also establishes the evolution as closely following 
E

2
. The age determinations indicate that the com-

pressional E
3
 evolution rapidly followed the forma-

tions of the later volcanic Series II and syn-/late D
B
 

tonalites. The E
3
 ended in the study area certainly 
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before the first D
E
 intrusion at 1868 ± 3 Ma (Hak-

kila, Appendix 8): it also cuts the D
D
 structures. The 

northern D
4
, simultaneously with the D

D
 in the 

south, fixes the age of the major geotectonic E
3
 at 

1.88–1.87 Ga, i.e. closely to the age of E
2
.

We interpret that E
3
 was continued northward 

collision against the northern terranes. The struc-

tural relations in the southern Svecofennian domain 
are illustrated in Figures 50 and 51. In central Fin-
land, D

3
 is an overthrusting deformation with low-

angle thrust planes dipping towards the southeast 
(cf. Sorjonen-Ward 2006). The Tampere Schist Belt 
(TSB) is located in the E-W-trending electric con-
ductive zone between the Vammala Migmatite Belt 

Figure 50. The second geotectonic Event 2 caused crustal thinning in the southern Svecofennian domain and contemporaneous 
overthrusting and thickening of the crust in the north. TSB = Tampere Schist Belt.
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(VMB) and the Central Finland Granitoid Complex 
(CFGC) (Korja 1990); the zone dips beneath the 
CFGC and is regarded as a suture zone along which 
the conductive schists of accretionary prism of the 
VMB were pushed below the CFGC (e.g. Lahtinen 
1994, Kilpeläinen 1998 and Korsman et al. 1999). 
In the model presented here the zone is in a corre-

sponding setting to the D
3
 zones in the northern 

margin of the Pomarkku block (Appendix 7 and 
Appendix-Fig. 7-1c). It can be interpreted as a 
crustal-scale thrust zone related to E

3
, presumably 

reactivating the E
2
 extensional zones.

The strong crustal slicing and northwestwards 
stacked structure in the Central Finland Granitoid 

Figure 51. Relations between the northern D
4
 and the southern D

D
 deformations and the beginning of the fourth major geotectonic 

Event 4 – the beginning of evolution of the Southern Finland Granitoid Zone. Abbreviations: SSB = Savo Schist Belt, RSB = 
Rantasalmi-Sulkava area, TMB = Tonalite Migmatite Belt, GMB Granite Migmatite Belt, TSB = Tampere Schist Belt, SFGZ = 
Southern Finland Granitoid Zone, CFGC = Central Finland Granitoid Complex, BBZ = Baltic Sea-Bothnian Bay Zone and RKZ 
= Riga Bay-Karelia Zone.
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Complex (CFGC) may be due to the competent 
character of the CFGC when compared to the sedi-
ment-dominant units. We relate the major 1.89–1.88 
Ga (Vaasjoki & Sakko 1988) granitoid pulse in the 
CFGC to the generation of a magmatic complex in 
the central arc that developed beside/upon or col-
lided against the 1.93–1.91 Ga old primitive island 
arc (Savo Schist Belt, SSB). Anyhow, at present the 
contact between the CFGC and SSB is a tectonic 
zone that is characterized by strong granite magma-
tism, granitization and shearing (Pajunen 1986 and 
Pääjärvi 1991) and by a gravity low (Korhonen et al. 
2002b), predominantly syn-D

3
. The CFGC does not 

show such a D
2
 flattening as the supracrustal units 

of the Tonalite Migmatite Belt (TMB), again sup-
porting its more competent character – extensional 
deformation mainly concentrated in zones. The D

3
 

in the north is slightly older than D
C
 in south; the D

3
 

is about the age range of the southern D
B
. Hence, E

3
 

also becomes diachronic younger towards the south; 
at the time of thrusting in the north the southern 
crust underwent the extensional collapse E

2
.

Due to large differences in competencies be-
tween the Archaean continent and the active Sve-
cofennian crust, deformation developed to dextral 
shearing along the NW- and N-trending shear zones 
along Archaean border zone (Figure 50). The Ar-
chaean continent fragmented to c. N-S-trending 
slices that slid dextrally towards north along with 
some rotation of the blocks. Movements partly oc-
curred along pre-existing c. N-S-trending zones of 
weakness, for example, the structures related to the 
early break-up of the Archaean continent, the Early 
Proterozoic c. N-S-trending diabase dykes or the 
Siilinjärvi carbonatite occurrence (Korsman et al. 
1997). Korsman et al. (1999) explained the preser-
vation of thick crust in eastern Finland as a conse-
quence of continued compression preventing thin-
ning that in the southern and western Svecofennian 
domain is predominantly related to the extensional 
E

2
. Indeed, the Archaean region did not undergo the 

extensional E
2
, but the crust was thickening by 

oblique collision at that time. The extensional col-
lapse was caused by the subsidence of the oceanic 
slab and upwelling of mantle. This did not occur in 
the Archaean area, which supports subduction away 
from the Archaean terrane. The late extensional 
structures, the D

E
-D

H
, did not notably affect the Ar-

chaean continent, with the exception of the eastern-
most Southern Finland Granitoid Zone or Central 
Lapland granitoid area, where the crust is thinner. 
These are the main reasons for the thick crust in 
eastern Finland.

After the major geotectonic Events 1–3 the Sve-
cofennian arcs were accreted to the Archaean conti-
nent forming a new continental environment.

The fourth geotectonic Event 4 (E
4
) – 

evolution of the Southern Finland Granitoid 
Zone

The fourth geotectonic event, E
4
 (D

D
-D

H
), occurred 

in the new continental crust (Archaean and accreted 
Svecofennian) and is predominantly linked to the 
evolution of the Southern Finland Granitoid Zone 
(SFGZ) (D

E
-D

H
). E

4
 shows a complicated history; 

the tectonic evolution of the SFGZ exhibits signifi-
cant rotations of the stress field accompanied by 
enormous magma production. 

Ductile F
D
 folds in the south refolded the earlier 

structures under decreased temperatures after E
2–3 

and produced the map- to outcrop-scale D
C+D

 dome-
and-basin interferences, preserved well in the South-
ern Finland Volcanic-sedimentary Belt (SVB). The 
c. 1.88–1.87 Ga age of D

D
 is linked to the northern 

syn-D
4
 granitoids (Appendix 7) emplaced into the 

D
4
 oblique extensional zones under NE-SW trans-

pression in between the major N-trending deforma-
tion zones, e.g. the Baltic Sea-Bothnian zone (BBZ) 
and the Riga Bay-Karelia zone (RKZ) (Figure 8). 
The F

D
 folds in the south are results of this trans-

pressional deformation.
The transpressional D

D/4
 evolution shows similar 

diachronic progression towards the southwest and 
south as occurred during the earlier geotectonic E

2
 

and E
3
. D

4
 terminated in the Savo Schist Belt (SSB) 

at 1884 ± 5 Ma (Hölttä 1988) and in the western 
Tonalite Migmatite Belt (TMB) at 1868 ± 3 Ma 
(Lehtonen et al. 2005). In the north, the D

3
 thrust 

planes (Figure 50) were deformed in the D
4
 to arched 

structures and blocks that were bordered by c. NW-
SE-trending shear zones/faults and were rotated 
clockwise; Figure 51 summarizes the results of the 
rotational deformation of the blocks. The Pomarkku 
block (Appendix 7) is a typical result of this trans-
pression. The migmatitic Vaasa area (Va in Figure 
9), which in the south is bordered by the Vittinki 
shear/fault zone (Figure 10), continues to the 
Swedish coast. According to Rutland et al. (2004), 
it was transported from the west on its present set-
ting. We agree with the eastward movement of the 
unit and relate it to the deformation D

4
 in the north; 

movements occurred still later during the short-
lasting D

F
 E-W contraction. Similar block struc-

tures characterize the western parts of the Archaean 
craton. Further east, in Russia, the structure changes 
to open folding, as can be interpreted from the 
magnetic data (Figure 8). The N- and NW-trending, 
mainly dextral shear zones (e.g. Talvitie 1971) of 
the Ladoga-Bothnian Bay zone mark the present 
border zone between the Archaean and Svecofen-
nian domains; the original Archaean-Svecofennian 
suture zone nowadays occurs as deformed pieces in 
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the southern borders of N-trending tectonic slices 
(Figure 50).

The termination of D
4
 deformation and stabiliza-

tion of the crust at 1868 ± 3 Ma (Lehtonen et al. 
2005) in the north caused a jump of the major defor-
mation towards the south into the area of the South-
ern Finland Granitoid Zone (SFGZ). The early evo-
lution of the SFGZ is linked to the emplacement of 
the first dated early D

E
 tonalite at 1868 ± 3 Ma (Ap-

pendix 8). The southern Svecofennian domain 
cooled and became more competent after D

D
. It was 

susceptible to oblique SE extension along the E-
ENE-trending zones under the overall SW-NE trans-
pression between the active major N-trending defor-
mation zones, the Baltic Sea-Bothnian zone (BBZ), 
the Riga Bay-Karelia zone (RKZ) and Transscandi-
navian Igneous Belt (TIB). Thus, the earliest defor-
mation in the SFGZ, the D

E
, is characterized by 

similar SW-NE transpression to that which occurred 
during the D

D/4
.

The earliest structures in the Southern Finland 
Granitoid Zone (SFGZ) are related to oblique exten-
sion in the ENE-trending zone. At greater crustal 
depths, nearly horizontal the extensional S

E
ext shear 

foliation developed. Oblique contractional struc-
tures like the S

E
cont, produced by the progressive 

SW-NE transpression, appear more intensely in the 
early D

E
 magmatic rocks than in the later ones. The 

early D
E
 magmatism is represented by the garnet-

bearing early D
E
 tonalites, microtonalite dykes and 

wider tonalitic to granodioritic intrusions at 1.87– 
1.86 Ga. Most microtonalites intruded into upper 
parts of the cooled crust, but some dykes and most 
of the tonalitic-granodioritic rocks were intruded 
into the high-grade ductile environment at greater 
depth. In eastern Finland, corresponding microto-
nalites are 1.86–1.85 Ga old (Huhma 1981). Contin-
ued extensional evolution in the SFGZ led to the 
enlargement of intermediate magma production and 
an increase in the metamorphic grade. The second 
major migmatization phase after E

2
 evolved and the 

granulitic rocks of West Uusimaa Complex (WUC) 
were generated into the middle and, due to the high 
thermal gradient (cf. Korsman et al. 1999), even 
into the upper crust. The pyroxene tonalite from the 
WUC at 1860 ± 5 Ma (Appendix 8) predates the 
penetrative horizontal S

E
ext characterizing the high-

T areas of the SFGZ. The later metamorphic 1841 ± 
4 Ma zircon phase and 1837 ± 3 Ma monazites in 
tonalites (Appendix 8) suggest continuing high heat 
flow. Channels also opened for deeper-derived ma-
fic magmas that culminate the oblique extensional 
evolution in the SFGZ; the late D

E
 gabbro is dated at 

1841 ± 7 Ma (Appendix 8).
In the upper crust the SE extension was more 

zoned and was characterized by faulting and shear-

ing. The Jokela supracrustal association, and corre-
sponding rocks in the southern Svecofennian do-
main (yellow triangles in Figure 9), started their 
deposition with high-energy clastic sediments, 
quartzites and conglomerates (Appendix 5); corre-
sponding associations also exist in Sweden. Sedi-
mentation basins developed in between the active 
N-trending transcurrent shear zones, the Baltic Sea-
Bothnian Bay zone (BBZ) and the Riga Bay-Karelia 
zone (RKZ), as oblique extensional pull-apart ba-
sins under the overall SW-NE transpression. Similar 
quartzites in Sweden suggest oblique extensional 
pull-apart-basins between the BBZ and the Trans
scandinavian Igneous Belt (TIB) (or unknown zones 
even further west, nowadays destroyed, for example, 
due to opening of the Iapetus Sea or the Caledonian 
orogeny). The subsidence of the Jokela supracrustal 
association proceeded with rapid steps as evidenced 
by the sharp change from high-energy clastic sand-
stone to mica gneiss, referring to more peaceful 
deeper-water sedimentation. The volcanic rocks 
within the Jokela association can be related to the 
increased deep-derived mafic or the intermediate 
magma production in the lower crustal levels during 
the D

E
. This assumption of the genetic relations be-

tween the Jokela volcanogenic rocks and the deeper 
crustal intrusives is based on correlation of their 
structural successions, and requires further estab-
lishment, e.g. by geochemical methods.

In the study area, there are only scarce signatures 
of the E-W contradictional D

F
 that appears as a 

zoned fold deformation with N-trending axial planes 
in eastern Finland at c. 1.86–1.85 Ga ago (cf. 
Koistinen 1981). The deformation was concomitant 
with the early D

E
 in the south. The sinistral Hiiden-

vesi shear zone is linked to that stage. The related 
fold deformation has not been identified in the 
SFGZ. The D

F
 in eastern Finland is related to the 

transport of a large central Finland block shown in 
Figure 8 towards the east. The northern border of the 
block is the sinistral E-W-trending shear zone at the 
level of the northern end of the Bothnian Bay. In the 
south the bordering shearing occurred along the 
dextral E-W-trending Hyvinkää, Hämeenlinna and 
Tampere shear zones. The stress was released into 
these zones and no significant folding correspond-
ing to the F

F
 (F

4
 Koistinen et al. 1996) occurred to 

the south of the zones. The 1.85 Ga dilatational fluid 
activity causing strong metasomatic alterations in 
shear zones in the Archaean domain (Pajunen & 
Poutiainen 1999) and felsic granitoids of that age 
(compiled in Pajunen & Poutiainen op. cit.) in east-
ern Finland can be related to this deformation. Near 
the craton boundary, some NW-SE-trending shear 
zones show a sinistral sense of movement (e.g. D

c
 in 

Pajunen 1986) and NE-SW-trending shear zones are 
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dextral, like the Auho fault cutting the Kainuu schist 
belt (Kärki 1995); their formation or reactivation 
can be related to the E-W contraction. The D

F
 was 

localized in the northern part of the Svecofennian 
domain and the E-W stress field thus reflects these 
local conditions.

In the study area the large-scale F
G
 folds and the 

sinistral shearing along the Porkkala-Mäntsälä shear 
zone indicate a short transitional period of N-S con-
traction, before the stress field rotated into a SE-
NW trend. Corresponding major shear zones in the 
c. SE-NW and also SW-NE directions characterize 
the crustal structure in the southwestern archipela-
go, where the beginning of the SE-NW shear zone is 
dated at c. 1.85 Ga (Torvela et al. 2008), and further 
south in the Baltic region (Figure 8). Such a wide-scale 
F

G
 folding related to the D

G
 also deforms the northern 

terranes, e.g. the Tonalite Migmatite Belt (TMB).
Rotation of the stress field from SW-NE affect-

ing through S-N during the early E
4
 to SE-NW dur-

ing the late E
4
 occurred rapidly at c. 1.84 Ga ago. 

The rotation indicates the start of the D
H
 deforma-

tion, the latest major evolutionary phase of the 
Southern Finland Granitoid Zone (SFGZ). The 1.83 
Ga pegmatitic granitic dykes cutting the syn-/late 
D

B
 tonalite (Appendix 8) indicate the beginning of 

the D
H
 granitic pulse in the marginal area of the Es-

poo Granitoid Complex (ECG). The dyke-intrusive 
relations provide evidence that the crust stabilized 
and cooled for c. 40 Ma. Corresponding cooling 
stages are identified between early/mid-D

E
 microto-

nalites and syn-/late D
B
 tonalites, and Sederholm 

(1927) described a tectono-thermal gap between 
magma pulses in the Hanko-Inkoo area. However, in 
places, such as in the northern EGC or West Uusi-
maa granulite Complex (WUC), compositionally 
varying magmatic activity continued in a ductile 
state practically throughout the E

4
 evolution. Hence, 

the contemporaneous igneous rocks show different 
characteristics depending on the thermal state of 
their emplacement environment.

The SE-NW transpression occurred in between 
the active E-W-trending Southern Finland and 
Hyvinkää shear zones. Ehlers et al. (1993) related 
the evolution of the Southern Finland Granite Zone 
(SFGZ) to SE-NW transpression, but the observa-
tions of this study demonstrate that the SFGZ evolu-
tion was a more complex and longer-lasting process. 
Transpression caused oblique contractional folding 
F

H
cont, forming the regional-scale D

G+H
 dome-and-

basin interferences. The simultaneous oblique ex-
tension D

H
ext caused strong vertical shortening, 

felsic magmatism and increased heat flow, causing a 
new pulse of migmatization. Huge amounts of gra-
nodioritic to granitic magmas were produced be-
tween 1.85–1.82 Ga, dated by Kurhila et al. (2005) 

from the Espoo Granitoid Complex (EGC). The age 
of migmatization ranges between 1.82–1.81 Ga 
(Korsman et al. 1984, 1988, 1999 and Väisänen et 
al. 2004). This migmatization also occurred in the 
D

E
 granitoids. Differences in competencies, due to 

variations in thermal state and magmatic activity, 
caused variations in local deformation patterns. In 
the cooled areas no significant deformation oc-
curred, whereas strong magmatism and deformation 
occurred in the areas nearby; e.g. Espoo Granitoid 
Complex (EGC) or the West Uusimaa Complex 
(WUC) as compared to the Southern Volcanic-sedi-
mentary Belt (SVB). In the cooled parts of the crust 
outside the most active D

H
 extensional zones, medi-

um-grained to pegmatitic granite dykes emplaced.
NW-SE transpression suggests c. E-directional 

dilatation or NW-N oblique extension between the 
E-W-trending dextral major shear zones. The gra-
nitic igneous activity during the late Event

4
 was 

scattered and concentrated in spots (Figure 38); 
spot-like dilatation centred during the late E

4
 is sup-

ported by kinematic observations on the varying di-
rections of dilatation in the surroundings of the 
Nuuksio granitoid area. The contractional F

H
cont 

folds openly deform even the latest identified gran-
ite pulses in the study area, presuming that NW-SE 
transpression acted very late in the SFGZ evolution. 
The latest Svecofennian rocks in the study area are 
<1.8 Ga diabase dykes intruded into c. E- or N-
trending dilatation zones in the Southern Volcanic-
sedimentary Belt (SVB). The amphibolite facies 
diabase dykes locally show contractional F

H
cont 

and high temperature assimilation structures, indi-
cating their hot emplacement environment. They are 
related kinematically to the D

H
 SE-NW-transpres-

sion, very close to the transition to E
5
; their age is 

within the error limits the same as that of the latest 
dated F

I
 granite dykes (E

5
) in the area (c.f. Pajunen 

et al. 2008).
The evolution of southern Finland and the Hyvin

kää shear/fault zones shows a polyphase history that 
began during the early SE-NW extensional E

4
. It 

continued during the oblique dextral movements 
causing clockwise rotation of the competent blocks, 
like the Hyvinkää gabbros, during the latest E

4
 SE-

NW transpression. The transpression also caused 
the oblique overthrusting of the Hyvinkää Gabbroic-
volcanic Belt (HGB) upon the high-grade West 
Uusimaa Complex (WUC). The tectonic-metamor-
phic observations from the Jokela supracrustal as-
sociation, the pull-apart basin that started its evolu-
tion during the early E

4
 NE-SW transpression, re-

veal that a series of contractional structures formed 
under varying stress fields during the E

4–5
 evolution 

(D
F
-D

I
). During the latest E

4
, pegmatitic granite 

dykes intruded it.
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Close to the border zone of the Archaean conti-
nent, dextral movements of crustal N-trending 
blocks characterize the oblique collisional structures 
formed during the E

3
 event. During the continuing 

oblique collision under SW-NE transpression the E
3
 

the shear zones remained active and dextral move-
ments continued. During the early E

4
 evolution the 

northern Svecofennian crust in central Finland was 
deformed to form NW-trending crustal slices and 
blocks that rotated clockwise and transported east-
wards. Correspondingly, the crustal blocks already 
formed during the E

3
 were transported dextrally to-

wards north; these blocks also show some rotation. 
The eastwards transport of the central Finland block 
during D

F
 E-W contraction exhibits a local event. 

During the late E
4
 evolution, oblique extension 

zones represented by the Southern Finland Grani-
toid Zone were formed between the crustal-scale N-
trending the Baltic Sea-Bothnian Bay Zone (BBZ), 
Riga Bay-Karelia Zone (RKZ) and Transscandina-
vian Igneous Belt (TIB). The evolution of the BBZ 
was predominantly related to the early E

4
 SW-NE 

transpression. The TIB show a strong dextral com-
ponent of movement, which is not the case with the 
RKZ; therefore, the E

4
 granitic areas are much 

larger in the west than close the RKZ.
Magmatic rocks or thermal events at c. 1.87–1.84 

Ga characterize the N-trending zones (e.g. Huhma 
1981, Neuvonen et al. 1981, Pajunen & Poutiainen 
1999, Koistinen et al. 2001 and Högdahl et al. 2004). 
Some observations of late movements and cordier-
ite alteration in shear zones in central Finland, e.g. 
in Hallaperä sulphide ore in Kiuruvesi (Pajunen 
1988) or close to the N-trending high-strain zone in 
the Haukivuori area (Ha in Figure 9), are very simi-
lar to the 1.85 Ga metasomatic zones in the Archaean 
continent (Pajunen & Poutiainen 1999), and also in-
dicate crustal reactivation in the Savo Schist Belt 
(SSB) during the E

4
. In eastern Finland, granitoids 

related to E
4
 are concentrated in a zone from the 

Maarianvaara granite in eastern Finland to the Kai-
nuu schist belt and to the north, central Lapland. 
The central Lapland granite complex shows similar 
characteristics to the Southern Finland Granitoid 
Zone (SFGZ), but it was developed into Archaean 
crust similarly to the easternmost parts of the SFGZ 
in southeastern Finland (cf. Huhma 1981). We sug-
gest that the evolution of these c. 1.86–1.80 Ga 
granitoid terranes is of similar origin during the E

4
. 

The 1.80 Ga granites in the Kajaani area (Korsman 
et al. 1997) can also be related to the E

4
 evolution.

The E
3–4

 evolutions produced a complex struc-
tural pattern of rotated and moved crustal blocks. A 
continuous oblique collision model that was pro-
duced predominantly under SW-NE transpression 
can explain the structures. Local variations in the 

stress field are due to continuing deformation that 
rotated originally extensional areas to contractional; 
e.g. the early E

4
 oblique SE extension (D

E
) in the 

Southern Finland Granitoid Zone rotated to SE-NW 
transpression (D

H
) that caused shortening of the 

originally extensional zones. All this may occur by 
clockwise rotation of the zone itself under overall 
SW-NE transpression. Similarly, the complex rota-
tional block patterns in central and eastern Finland 
can be explained by a continuous SW-NE transpres-
sion that caused the escape of crustal blocks towards 
the east and north.

Tectonic evolution and kinematics during the 
E

4
-E

5
 evolution in the area of the Southern Finland 

Granitoid Zone are summarized in Figure 52. 

The geotectonic Event 5 (E
5
) – evolution 

following the Southern Finland Granitoid 
Zone

The major N-trending D
I
 deformation zones the 

Transscandinavian Igneous Belt (TIB), Baltic Sea-
Bothnian Bay Zone (BBZ) and the Riga Bay Karelia 
Zone (RKZ) provide evidence of a long-lasting his-
tory. Their latest structures deform the Southern 
Finland Granitoid Zone (SFGZ) and the E-W-trend-
ing Hyvinkää and Southern Finland shear/fault 
zones and are linked to a new geotectonic Event 5 
(E

5
). The stress field was c. ESE-E trending during 

the E
5
. In the detailed study area the effects of the E

5
 

are seen in the structural evolution of the Vuosaari-
Korso shear/fault zone.

The distribution of the remnants of the Jokela as-
sociation and related rocks (Figure 9), and the older 
non-migmatitic areas like the Vuosaari triangle (Vu 
in Figure 9) and the Orijärvi area (Kisko Triangle of 
Skyttä et al. 2006 and the Vetio outcrop in Appendix 
4) are strongly controlled by the intersections of the 
major E-W-trending and the N-trending D

I
 shear 

zones. The isoclinal F
I
 folds (Figure 31b) in the 

axial area in the northern Espoo Granitoid Complex 
(EGC) demonstrate that the temperature was not re-
duced under the ductile-brittle boundary. The mona-
zite age of 1804 ± 2 Ma is suggested to represent the 
age of pegmatitic granite (Pajunen et al. 2008) that 
cuts the ductile F

I
 folding (F

g
 in Pajunen et al. op. 

cit.). Ductile shearing structures close to dyke con-
tacts indicate ductile movements that are still con-
tinuing (Pajunen et al. op. cit.). The bedrock north 
of the Southern Finland Granitoid Zone (SFGZ) 
was stabilized at c. 1.87 Ga ago and the D

I 
structures 

there are brittle, as in the Päijänne fracture zone. 
The fracture pattern described by Sederholm (1932b) 
is in good agreement with the E-W shortening dur-
ing the D

I
.
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Figure 52. Schematic model of the evolution of Event 4 in (a.) during the oblique extension (D
E
) under SW-NE transpression – in 

the lower crust on the left and in the erosion level on the right and (b.) during the (D
H
) SE-NW transpression. E

4
 includes the genera-

tions of the Southern Finland Granitoid Zone and the E
4
 pull-apart basins.
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So-called post-orogenic 1.8 Ga group granitic 
intrusions, locally showing low-pressure contact 
metamorphic aureoles (Rastas 1990), are small 
stocks or ring intrusions (Lindberg & Eklund 1988) 
that are often located in close association with the 
D

I
 zones. The latest Svecofennian rocks in the study 

area are diabase dykes dated at c. 1.8 Ga in the 
Southern Volcanic-sedimentary Belt (SVB). They 
are connected according to their kinematics to the 
E

4
 event (D

H
). The diabase age is within the error 

limits the same as the F
I
 granite (cf. Pajunen et al. 

2008). The structural relations suggest that the jump 
from E

4
 to E

5
 involved only small rotation of the 

stress field. This and the structural relationships of 
the late magmatic rocks suggest that E

4
 and E

5
 are 

not strongly differentiated in their kinematics or in 
time.

The late stages of the E
5
 deformation turned to 

lower-grade processes, which can be seen in a 
change of the shear structures to semi-ductile. In the 
latest stage, deformation concentrated into rather 
narrow zones with sinistral east-side-up movement 
and the formation of mica-rich slicken side surfaces 
and protomylonitic to mylonitic structures (Elminen 
et al. 2008). These late microstructures are predom-
inantly related to post-Svecofennian events such as 
to the rapakivi stage (e.g. Mertanen et al. 2008). Ki-
nematics of this kind are also evident in the 
Hyvinkää-Lahti shear/fault zone. The Svecofennian 
shear/fault zones controlled the movements in post-
Svecofennian times and the intersections of the Sve-
cofennian shear/fault zones effectively channelled 
the rapakivi granite magmatism. Figure 53a shows 
the occurrences of the rapakivi granites in the 
Fennoscandian Shield. The structures that have been 
active during the E

5
, like the Baltic Sea-Bothnian 

Bay Zone (BBZ) and Riga Bay-Karelia Zone (RKZ), 
strongly control the present setting of the rapakivi 
intrusions in Finland and Sweden. However, only 
preliminary results are currently available on the re-
lations between the later structures such as brittle 
thrust faults (e.g. Pajunen et al. 2001a, Elminen et 
al. 2008 and Wennerström et al. 2008) and the Sve-
cofennian structural framework.

In Estonia, late ages of metamorphic minerals, 
monazite and garnet (Puura et al. 2004), may indi-
cate a diachronic jump of tectono-thermal processes 
towards the south, and that the Svecofennian orog-
eny continued with a new evolutionary step. Open 
warps with E-trending axial planes post-dating the 
D

I
 structures (Figure 11) and sinistral movements 

along sharp faults deforming the Southern Finland 
Granitoid Zone suggest c. N-S contraction. The age 
and regional context of this deformation is not 
known.

The Svecofennian orogeny – the result of 
oblique collision characterized by escape 
tectonics

There are several determinations of zircons and 
sphenes preceding the Svecofennian orogeny in 
metasedimentary rocks (e.g. Huhma et al. 1991, 
Lahtinen et al. 2002 and Rutland et al. 2004). The 
existence of these ages and Sm-Nd data from the 
Central Finland Granitoid Complex granitoids (Lahti
nen & Huhma 1997) are proposed as evidence of 
pre-existing continental crust, such as microconti-
nents (e.g. Lahtinen et al. 2005) or pre-Svecofennian 
metamorphism and deformation (e.g. Rutland et al 
2004). Such old inherited zircons also occur in the 
igneous rocks in the study area, for example the in-
herited 3.3 Ga Archaean zircons in the Hakkila early 
D

E
 tonalite (Appendix 8). There are several possible 

source provenances for these old minerals or crustal 
geochemical components preceding the Svecofen-
nian orogeny in the Svecofennian domain: 1) the 
Archaean continent; 2) an unknown removed conti-
nent formed by the break-up of the earlier Archaean 
(the removed continent may include crustal compo-
nents of ages not identified in the Fennoscandian 
Shield, except the detrital zircons); 3) sedimentary 
sequences overlying the Archaean + Early Protero-
zoic (?) supercontinent before the break-up; 4) mag-
matism related to break-up of the supercontinent; 5) 
continental craton margin sedimentary sequences 
and 6) the 1.93–1.91 Ga Svecofennian primitive is-
land arc sediments and volcanism. The old zircons 
are met widely, even in the most mature parts of the 
island arc, which is not expected in mature arcs ini-
tiated in the oceanic environment. In the tectonic 
model presented in this paper, the early sediments 
were formed from very variable sources and they 
were already mixed with volcanic sequences during 
the earliest collisional stages of the Svecofennian 
orogen. The continuing evolution that turned to trans-
pressional collision that caused strong magmatism 
and remelting of the early associations, including the 
very heterogeneous set of the old minerals like zir-
cons. This suggests that the evolution of the mature 
Svecofennian island arc and following collapse (E

2
) 

occurred close to the Archaean continent, and no hid-
den microcontinents are needed to explain the pre-
Svecofennian detrital zircons or crustal components.

After the early stages of the Svecofennian colli-
sion, E

1–3
, the formation of tectonic block structures 

characterizes the orogeny. The main deformation 
migrated towards the south and southwest during 
diachronic transpression, which caused the move-
ment of crustal blocks towards the north and east 
with accompanying rotation of the blocks. This de-
formation predominantly occurred in the newly-
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formed continental crust. The deformation pattern 
is very similar to that in the continental crust formed 
by the extrusion/escape tectonics in the Himalayas 
(Tapponier et el. 1982). The escape tectonics model 
explains the regional patterns of extensional, con-
tractional and strike-slip terranes formed in the con-
tinent-continent collision of the Indian plate against 
the Asian continent. According to Jacobs and Thom-
as (2004), a lateral escape tectonics model explains 
the tectonic movements of crustal blocks in the 
southern Neo-Proterozoic-early-Proterozoic Antarc-
tic orogen. In the Svecofennian collision such an 
indenter described from the Himalayas, the Indian 
plate, is not known, and the main intender for the 
long-lasting transpression remains open. A possible 

interpretation is that the main intender causing the 
Svecofennian transpressional structures has been 
somewhere in the south-southeast, but at present is 
hidden (removed?) due to the SE-NW-trending 
Tornquist zone (cf. Shomali et al. 2006) bordering 
the Fennoscandian Shield in the southwest. This 
type of escape tectonics model explains the present 
co-existence of different crustal blocks close to each 
other in the present-day tectonic constitution. Thus, 
the model of several orogens between microconti-
nents (e.g. Lahtinen et al. 2005) can be explained by 
one continued oblique Svecofennian orogen. A sim-
plified escape tectonics model for the oblique col-
lisional Svecofennian orogeny in Finland is present-
ed in Figure 53b.

Figure 53. (a.) Tectonic structural formlines on the magnetic map of Korhonen et al. (2002b); the magnetic map is overlain by the 
transparent lithological map of Koistinen et al. (2001). Locations of the rapakivi granites in the major crustal deformation zones 
(TIB = Transscandinavian Igneous Belt, BBZ = Baltic Sea-Bothnian Bay Zone and RKZ = Riga Bay-Karelia Zone) are indicated. 
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CONCLUDING REMARKS

Results of the study:

1. 	 Svecofennian structural evolution at 1.9–1.8 Ga 
in southern Finland was complex, showing suc-
cessive major structures of the D

A
-D

I
 deforma-

tions, and the evolution was divided into major 
geotectonic Events 1–5 (E

1–5
). 

2. 	 E
1
 was the early Svecofennian c. N-S collisional 

event in the island arc and against the Archaean 
continent. E

2
 is related to the collapse of the is-

land arc. E
3
 represents continuing N-S collision; 

during E
1–3

 a new continental crust was formed. 

Figure 53. (b.) The escape tectonics model of the Svecofennian orogeny. The major extensional, contractional terranes and move-
ments and rotations of the blocks are indicated. Base map © National Land Survey of Finland, permit No. 13/MML/08.

A new model of Svecofennian tectonic evolution in 
southern Finland is presented, and some suggestions 
for the wider context of this model are also given. 
The model is based on observations of structural 
successions in the field and on regional correlations 
of structures described in previous studies. The suc-
cessions were dated using structurally-fixed samples 
by SIMS and TIMS methods and by correlations with 
published age data. The data were collected in several 
projects of the Geological Survey of Finland in the 
Helsinki region and in the Pori area. The main con-
clusions and suggestions for the forthcoming studies 
and applied research are summarized as follows:
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E
4
 includes a complex SW-NE transpressional 

evolution, showing local variations of the stress 
directions, in the E

1–3
-generated continental 

crust, resulting in strong fragmentation and ro-
tation of crustal blocks. The transpressional 
Southern Finland Granitoid Zone and pull-apart 
basins were developed. E

5
 post-dates the main 

Southern Finland Granitoid Zone evolution and 
led to fading of the Svecofennian evolution in 
Southern Finland.

3. 	 The tectonic evolution was diachronic, becom-
ing younger towards the south and southwest; 
structural succession in the north occurred c. 10 
Ma earlier than in the south. 

4. 	 The Svecofennian orogeny represents one 
oblique collision of the growing and active Sve-
cofennian island arc complex against the Ar-
chaean continent. The new continental crust, 
formed during the early evolution E

1–3
, was fol-

lowed by a complex transpressional E
4
 charac-

terized by escape tectonics. A complex pattern 
of contractional, transcurrent fault and exten-
sional terranes developed. The transpressional 
evolution of the Svecofennian orogeny took c. 
70 Ma and, in the present tectonic constitution, 
the kinematically different terranes form a com-
plex structure of rotated and migrated crustal 
blocks.

5. 	 The thick crust in eastern Finland is a result of 
continuous collision that partly prevented thin-
ning. The area did not undergo the E

2
 collapse, 

such as thinning the crust in the Svecofennian 
domain. Instead, it was at that time under con-
tractional and transpressional thickening. This 
tectonic pattern supports the idea of southwards 
subduction in which the Svecofennian island arc 
complex formed.

6. 	 The mature portions of the Svecofennian island 
arc formed close to the Archaean continent, and 
mixing of early sediments and volcanic se-
quences of Series I occurred during the earliest 
collisional stage E

1
. Remelting and mixing of 

the early components was extensive during the 
later evolution E

2–4
. The later volcanism of Se-

ries II is related to the collapse stage E
2
 of the 

arc.

7. 	 The pre-existing structures in the Archaean 
crust, such as the inclined shoreline with respect 
to the colliding arc or early zones of weakness in 
the Archaean crust, controlled the tectonic pat-
tern formed by the escape tectonics, especially 

close to the Archaean border zone. The primary 
suture zone is fragmented into pieces and ex-
hibits at present, if preserved at all, on the 
southern edges of the N-S-trending Archaean 
blocks. In the present constitution the Archaean-
Svecofennian border is predominantly tectonic 
in character.

8. 	 The Southern Finland Granitoid Zone had a 
long evolution during E

4
. The evolution of the 

Central Lapland granitoid complex was corre-
sponding but occurred in Archaean crust. The 
granitoid terranes represent the major exten-
sional zones determined by the E

4
 SW-NE trans-

pressional escape tectonics model. The Baltic 
Sea-Bothnian Bay Zone, Transscandinavian Ig-
neous Belt and Riga Bay-Karelia Zone represent 
the contractional transcurrent zones, and the ar-
eas between the extensional and transcurrent 
terranes are characterized by strike-slip tecton-
ics and block structures, like large areas in Cen-
tral Finland. According to our interpretation, the 
Baltic Sea-Bothnian Bay Zone stabilized earlier 
than the Transscandinavian Igneous Belt. The E

4
 

movements were less significant in the Riga 
Bay-Karelia Zone. Recent constitution of these 
terranes suggests that the major transcurrent 
zone was migrating toward west during E

4
. This 

is the reason for the wider occurrence of E
4
 

magmatism in the west than in the east.

9. 	 The high-T/low-p metamorphism in the Sve-
cofennian domain is predominantly related to 
extensional stages of the orogeny, especially 
during the E

2
 collapse and E

4
 oblique extensional 

events.

10.	Even though the Svecofennian orogeny shows a 
continuing character with magmatic and meta-
morphic events covering the whole time frame, 
there are several tectono-thermal discordances 
of a more local character. This is why some tec-
tonic units show earlier stabilization than their 
neighbouring ones. The Southern Finland Gran-
itoid Zone and the northern terranes, e.g. the 
Tonalitic Migmatite Belt, provide examples. 
There are also more local discordances, as de-
scribed from the study area. These differently-
stabilized units show different later histories, 
which is important when comparing the evolu-
tion of the later semi-brittle to brittle structures 
in them. In the areas showing late Svecofennian 
high-T evolution the brittle evolution started in 
places c. 70 Ma later than in the earlier stabi-
lized units. 
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11.	Post-Svecofennian structures are effectively 
controlled by the Svecofennian orogeny. For ex-
ample, the channelling and emplacement of the 
rapakivi intrusions in the study area show sig-
nificant relations to the mid-late Svecofennian 
structures. Reactivation of the Svecofennian 
shear zones during the late Svecofennian or 
post-Svecofennian brittle regime was important. 
The present setting of the rapakivi occurrence is 
strongly controlled by the major N-S-trending 
transpressional transcurrent zones.

Further suggestions and remarks:

12. 	The presented tectonic model set a new basic for 
tectonic characterization of the Svecofennian 
domain.

13. 	The complex model of collision and escape tec-
tonics has to be taken in to account when exam-
ining the plate tectonic constructions. Rotation 
and transport of the crustal blocks should be 
considered when interpreting, for example, the 
paleomagnetic orientations for continental con-
structions.

14. 	The evolution model presented here gives new 
possibilities to consider the genesis of ores and 
especially their later remobilization. There are 
examples of the remobilization and formation 
of new ore constituents during the mid-late Sve-
cofennian evolution. Semi-brittle to brittle evo-
lutionary stages also vary in time and kinemat-
ics in different geotectonic units. This variation 
should be taken in to account when prospecting 
and studying the mineralizations related to tec-
tonic processes.

15. 	This study is part of a larger programme of re-
search organized by the Geological Survey of 
Finland that is attempting to acquire basic geo-
logical information for helping and advising so-
cieties in their various activities, for example, 
such as construction, planning, ground water 
prospecting and nature protecting. This work 
concentrates on the ductile stages of crustal evo-
lution and attempts to set the framework for 
identifying tectonic terranes showing different 
histories. The most important structures for var-
ious applications developed during the semi-

brittle to brittle stages of crustal evolution. As 
noted above, the occurrence brittle stages varies 
in time and place due to the complexity of the 
Svecofennian orogeny and due to the different 
timing of discordances during the orogeny. 
Therefore, the brittle structures, such as faulting 
and jointing patterns, should be analyzed with 
these variations in minds.

16. 	Several problems remained unsolved or need 
further research. For example:

	 a. The earliest stages of the Svecofennian colli-
sion E

1
 vary from place to place. For example, 

note the differences between D
1–2

 in the Archae-
an domain and D

A
 in southernmost part of the 

Svecofennian domain. The oblique collision 
suggests a complex process with transpressional 
structures even during the earliest stages, but no 
information is currently available. Whether ear-
ly local contractional zones, e.g. early subduc-
tion zones, or extensional zones were related to 
E

1
 remains open with the pre-existing data. Such 

early oblique tectonics could explain the com-
plex variations in the characters of the earliest 
supracrustal sequences.

	 b. The direction of the southwards-migrating E
2
 

collapse zone is not known with certainly. The 
occurrence of mafic magmatism related to it, 
like that of Hyvinkää, supposes a c. ESE-trend-
ing zone. Further study is also needed to estab-
lish the ages of this mafic magmatism in the 
southernmost part of the Svecofennian domain.

	 c. There are no ages for the microtonalite phase 
related to the early E

4
 in the southern Svecofen-

nian domain, and the relationship between late 
migmatization and magmatism during the late 
E

4
 needs further establishment. Kinematic ob-

servations on the spot-like oblique extension 
during the D

H
 are based on rather limited data so 

far. The tectonic setting of so-called post-oro-
genic granites has not entirely been studied.

	 d. The connections between volcanism in the E
4
 

pull-apart basins and the contemporaneous 
magmatism needs further establishment.

17.	Studies on relationships between the brittle struc-
tures, faults and joints, with respect to the struc-
tures controlled by the Svecofennian orogeny are 
presently taking their first steps in Finland and 
require a considerable input in the near future.
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APPENDICES 

Appendix 1. Structural relationships in the Tonalite Migmatite Belt 

The Tampere Schist Belt (TSB), Vammala Migmatite Belt (VMB) and Hämeenlinna Volcanic Belt (HVB) 
form a key area for the correlations of the early tectonic history of the Tonalite Migmatite Belt (TMB) and 
Granite Migmatite Belt (GMB) (Figure 9). Their tectono-metamorphic evolution has been under intense 
research (e.g. Korsman et al. 1984, Pietikäinen 1994, Koistinen et al. 1996, Kilpeläinen 1998, Korsman et 
al. 1999, Nironen 1999, Pajunen et al. 2001a and Rutland et al. 2004) since the early studies published in 
several papers by Sederholm (e.g. 1931).

The earliest tectonic D
1
 structures are identified from sedimentary and volcanic rocks. S

1
 is nearly 

bedding-parallel, weak, penetrative foliation, and F
1
 folds (Appendix-Fig. 1-1a) are strongly strained and 

flame-hinged (Appendix-Figs. 1-1a and b). In the strongly migmatitic areas, such as the Vammala Migma-
tite Belt (VMB), S

1
 is preserved in competent felsic rocks; in metapelitic rocks it is represented by an inter-

nal biotite foliation in the early potassium feldspar porphyroblasts (Kilpeläinen 1998 and Nironen 1999). 
Corresponding F

1
 folds (Appendix-Fig. 1-1b) also exist further south in the Eurajoki area to the SW of Pori, 

close the TMB-GMB border. According to Kilpeläinen (1998), the D
1
 structures are absent in the lower-

grade Tampere Schist Belt (TSB). He concluded that in the deeper part of the crust, represented by the 
VMB, metamorphism and deformation began earlier. Rutland et al. (2004) supposed time discordance be-
tween the TSB and VMB. The stacked northern border zone of the Granite Migmatite Belt (GMB) and the 
Hämeenlinna Volcanic Belt (HVB) (Figures 9 and 10) show isoclinal F

1
 folding with sharp hinges in non-

migmatitic andalusite-bearing metapelites (Appendix-Fig. 1-1a). Thus, the early structural succession of 
the HVB differs from that of the low-grade TSB. Instead, it resembles the early D

A
 structures (the volcanic 

Series I) in the detail study area, e.g. in the Southern Volcanic-Sedimentary Belt (SVB).
In the Tampere Schist Belt (TSB) the age of volcanism is c. 1.90–1.89 Ga (Kähkönen et al. 1989). The 

youngest age of detrital zircons in metaturbidites in the TSB is c. 1.91 Ga (Huhma et al. 1991); the meta
turbidite age determines the maximum age of D

1
 (Kilpeläinen 1998). This presupposes, however, that sedi-

ments of the Vammala Migmatite Belt (VMB) and Tampere Schist Belt (TSB) represent the same supra-
crustal sequence.

Progressive metamorphism and partial melting of rocks, concurrently with deformation D
2
, penetra-

tively modified the Vammala Migmatite Belt (VMB). In the turbiditic metasediments the early migmatite 
neosomes are trondhjemitic in composition. Strong vertical shortening is indicated by originally recumbent 
isoclinal to tight F

2
 folds with strong mineral growth in the axial planes, S

2
, and by intense boudinage of 

competent layers. The S
2
 was originally horizontal. Koistinen et al. (1996) described chocolate tablet bou-

dinage of competent layers of sedimentary rocks; this suggests flattening strain. Often the deformation was 
strong, causing gneissic to mylonite gneissic structures and shearing/transposition along the fold limbs. In 
the most intensive high-strain zones, schollen migmatites developed (e.g. Pietikäinen 1994). Their boudi-
naged fragments contain preserved fragments of early F

2
 folds indicating effective deformation during the 

progression of D
2
. The schollen migmatitic mica gneiss from Eurajoki, with fragments including F

2
 folds 

(Appendix-Fig. 1-1c), is similar to those in the Pori study area. In contrast to this, such schollen migmatites 
do not occur in the southernmost part of the GMB. The metamorphic peak indicating high heat flow over 
wide areas was achieved under a rather constant pressure of c. 5 kbar (Korsman et al. 1999). Mouri et al. 
(1999) determined from Luopioinen in the Vammala Migmatite Belt (VMB) peak metamorphic conditions 
of 700–750 ºC at 4–5 kbar and aH

2
O = 0.4–0.7, which was followed by decompressional cooling. Vertical 

flattening strain, in addition to high heat flow under rather constant pressure over wide areas (up to now no 
evidence or relics of progressive high-pressure assemblages have been found), indicates an extensional 
tectono-thermal event during D

2
. It is very similar to the D

B
 in the southern study area.

In the Vammala Migmatite Belt (VMB) D
3
 structures, formed due to N-S shortening, deformed the 

originally horizontal D
1+2

 structures, the schollen migmatites included, to a more or less upright position by 
F

3
 folding (e.g. Pietikäinen 1994, Koistinen et al. 1996, Kilpeläinen 1998, Korsman et al 1999, Nironen 

1999 and Pajunen et al. 2001a). The D
2
 isotherms along with the D

3 
ones form a complicated interference 

pattern with decreasing metamorphic grade towards the north to the Tampere Schist Belt (TSB) (Kilpeläin-
en 1998).

Due to the complex tectonic pattern in the Tonalite Migmatite Belt – Granite Migmatite Belt border zone 
described by Kilpeläinen (1998), it is difficult to bind the intrusive events to a certain deformation phase. 
The continuing character of magmatism (see the main text) further complicates this approach. According to 
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Appendix-Fig. 1-1. (a.) F
1
 fold in mica schist. Scale bar is 10 cm in length. Taljala, Kalvola (Finnish grid coordinates KKJ2 2503.04E 

6777.70N). (b.) F
1
 fold in mica gneiss. Scale bar is 10 cm in length .Olkiluoto, Eurajoki (Finnish grid coordinates KKJ1 1525.57E 

6792.75N). (c.) A fragment showing early F
2
 fold (+F

1
?) surrounded by the late S

2
 in schollen migmatitic mica gneiss. Scale bar is 

10 cm in length. Olkiluoto, Eurajoki (Finnish grid coordinates KKJ1 1524.28E 6792.20N). (d.) Northwestwards-overturned folding 
deforms strongly-sheared migmatite foliation corresponding the S

E
 and F

H
 relationships in the detailed study area. Scale bar is 15 

cm in length. Heikkilä, Eurajoki (Finnish grid coordinates KKJ1 1530.31E 6789.19N). Photos by M. Pajunen.
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Nironen (1989), the weakly-deformed Hämeenkyrö D
2
 tonalite intrusion in the TSB is 1885 ± 2 Ma in age, 

while the sphene age is 1864 ± 1 Ma; the corresponding Värmälä intrusion has an age of 1878 ± 3 Ma. The 
metamorphosed Järvenpää quartz diorite in the Vammala Migmatite Belt (VMB) has an age of 1881 ± 4 Ma 
and is D

2+3
 deformed; it was interpreted as syn-D

2
 by Kilpeläinen (op. cit.). Further south, in the Granite 

Migmatite Belt, the syn-D
3
 Pöytyä granodiorite in the Hämeenlinna Volcanic Belt (HVB) is dated at 1870 

± 12 Ma, representing the main intrusive phase, and at 1869 ± 8 Ma for a porphyritic phase (Nironen 1999). 
These results mean that D

3
 started about 10 Ma later or it continued longer in the southern Granitic Migma-

tite Belt (GMB) than in the Vammala Migmatite Belt (VMB). The emplacement of the Värmälä and Pöytyä 
intrusions are concomitant with the syn-/late D

B
 tonalites in the southern Espoo Granitoid Complex (EGC). 

The observations from the Vammala Migmatite Belt (VMB) and Hämeenlinna Volcanic Belt (HVB) sug-
gest their co-existence during D

2
, and suppose that D

1
 was the major collisional/overthrusting phase juxta-

posing the units.
Plutonic clasts in the Veittijärvi intraformational conglomerate, in Ylöjärvi in the Tampere Schist Belt 

(TSB), show typical synkinematic ages of 1.89–1.88 Ga (Nironen 1989). This means that the Tampere 
Schist Belt (TSB) underwent deformation that formed the basin for the deposition of the conglomerate and 
related sediments after that age. According to Kilpeläinen (op. cit.), D

2
 in the VMB is c. 1.88 Ga old. The 

extensional D
2 
evolution was able to form sedimentary basins with rapid deposition of the supracrustal se-

quences of the TSB. The conglomerate clasts foliated moderately during continuing subsidence and heating 
under D

2
 extension. Extensional D

2
 process explains the subsidence of the schists of TSB from the upper 

crustal levels next to the high-grade gneisses, the absence of D
1
 from TSB schists and the progressive in-

crease in metamorphic grade towards south from the non-migmatitic rocks of the TSB to the migmatites of 
the VMB (cf. Kilpeläinen 1988 and Korsman et al. 1999). Corresponding subsidence of much later sedi-
mentary-volcanic sequences of the Jokela supracrustal association into a higher-grade environment is de-
scribed in Appendix 5. The Haukivuori conglomerate with 1885 ± 6 Ma old plutonic clasts is located in the 
Rantasalmi-Sulkava area (RSB), which is overthrusted upon the southern part of Savo Schist Belt (SSB) 
(Korsman et al. 1988). Korsman et al. (op. cit.) related the conglomerate to the evolution of the tectono-
metamorphic discordance between the northern the SSB and southern RSB. The northern part of SSB was 
eroding simultaneously with a high-temperature metamorphic event in the southern unit. Thus, the over-
thrusting is younger than 1885 Ma; intrusion of 1836 ± 20 Ma lamprophyre dykes (Neuvonen et al. 1981) 
sharply cut the SSB, but they are metamorphosed in the RSB (K. Korsman pers. comm. 2006). 

The young ages, e.g. the sphene age in Hämeenkyrö, indicates that the later deformations and heating 
effectively acted as far north as the Tampere Schist Belt (TSB). The ages are compatible with ages of the D

E
 

thermal evolution in the study area, e.g. in the Espoo Granitoid Complex (EGC) and West Uusimaa granu-
lite Complex (WUC). The late structures, such as shearing and fragmentation of the early D

B
 neosome, in 

migmatitic mica gneiss from Eurajoki (Appendix-Fig. 1-1d) are similar to the D
E
-D

H
 structures in the de-

tailed study area. This suggests that D
E
 and D

H
 deformations occurred quite similarly in southwestern Fin-

land (Eurajoki). The wide-scale F
I
 folding (Figure 11) bends the Granite Migmatite Belt (GMB) towards the 

north in southwestern Finland and in the southwestern archipelago (Figure 9).
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Appendix 2. West Uusimaa granulite Complex characteristics

The traditional granulite-facies West Uusimaa granulite Complex (WUC) (Eskola 1914, 1915, Tuominen 
1957 and Parras 1958) forms a complex structure exposed between amphibolite-facies units and granitoid 
complexes. Väisänen and Hölttä (1999) described corresponding granulites from the Turku area (Figures 9 
and 10). The granulites are gneissic orthopyroxene-bearing granitoids, often tonalitic, migmatitic garnet-
cordierite gneisses and variable pyroxene-bearing felsic, intermediate and basic gneisses (Parras 1958). 
Principally, the supracrustal rocks represent high-T/low-p variants of the lower-grade sequences further 
south in the Southern Volcanic-sedimentary Belt (SVB), such as in the Orijärvi area (e.g. Eskola 1914, 
1915, Parras 1958, Schreurs & Westra 1986 and Kilpeläinen & Rastas 1990). Our field observations are 
from the northeastern part of the WUC between the border zone of the Hyvinkää Gabbroic-volcanic Belt 
(HGB) and the Espoo Granitoid Complex (EGC).

The contact of the WUC with the overlying EGC is characterized by shearing described in detail from 
Klaukkala (Figure 35). The contact is a low-angle extensional shear zone with top-to-SE movement; the 
deformation is related the D

E
 extension. The border with the Perniö Granitoid Complex (PGC), interpreted 

using the magnetic maps and tectonic observations, is a similar low-angle zone dipping SE; the zone was 
deformed by the F

G-H
 interference folding, thus, evidencing its pre-D

G-H
 generation (Figure 16). The sharp 

Kisko fault (Figures 10 and 16) was oriented by this old structure. In the north the WUC is bordered against 
the Hyvinkää Gabbroic-volcanic Belt (HGB) along the complex Hyvinkää shear/fault zone (Figures 9 and 
10), and the D

H
 structures were bent due to progressive SE-NW D

H
 transpression into a E-W direction in the 

vicinity of the shear/fault zone. In the east the Vuosaari-Korso shear/fault zone cuts the WUC; only small 
areas of corresponding high-grade rocks are exposed in antiformal structures in the Sipoo area. A small 
granulitic window is also exposed in the Nuuksio (Nu in Figure 9) granite area.

The West Uusimaa granulite Complex (WUC) forms a wide antiformal fold interference dome (Figure 
11) showing a complex internal tectonic pattern (Figure 41); granulites in Turku are situated in a corre-
sponding tectonic dome setting (Figure 9 and 11). The westernmost part of the WUC is characterized by 
dome-and-basin interferences, c. 8 km in diameter with ENE-trending high-strain zones between the dome-
and-basin chains (Figures 16 and 41). The structural pattern is exposed between the Orijärvi area and the 
NW-trending Hiidenvesi shear zone (Figure 10). We interpret these as reflections of D

G+H±I
 interferences (cf. 

D
3+4

 interferences by Kilpeläinen & Rastas 1990) corresponding to the structure described from the Askola 
area (Appendix-Fig. 3-4). 

The northeastern parts of the West Uusimaa granulite Complex (WUC) comprise large areas that show 
a simple tectonic geometry with exceptionally well-developed straight foliation (Appendix-Fig. 2-1). The 
foliation is nearly horizontal and is deformed into open F

G+H±I
 fold interferences. Between the horizontal areas 

are complexly folded units; their forms are determined by the F
G+H±I

 interferences (Figure 41). The borders 
between the complexly-deformed horizontal tectonic units and the units showing the straight foliation are low-
angle, extensional D

E
 shear zones. Our interpretation is that the straight foliation was formed during a penetra-

tive extensional D
E
 event under granulite facies conditions; large-scale crustal shearing under granulite-facies 

conditions produced a granoblastic microstructure in the one- or two-pyroxene rocks. In the upper crustal 
levels and lower temperatures the ductile deformation was more zoned, and close to the erosion level sharp 
faults occur (cf. Figure 4). Carbonate was often precipitated into extensional fractures or along the foliation 
planes of the pyroxene-gneisses. Some carbonate was precipitated still later, as indicated by the c. 10-m-wide 
fracture-controlled impure carbonate filling in the Porkkala-Mäntsälä zone (Hämeenkylä, Vantaa, Finnish grid 
coordinates KKJ2 2544.61E 6684.73N). These carbonates are products of remobilization of the primary sedi-
mentary and volcanic carbonates that are typical in the corresponding lower-grade units (Southern Volcanic-
sedimentary Belt, SVB), and of possible additive CO

2
 influx that, according to Schreurs & Westra (1986), 

caused the granulite metamorphism. Those parts of the crust that were not deformed penetratively by the D
E
 

show the complex preserved pattern formed during the pre-existing D
A-D

 tectonic history.
The granulite-facies rocks occur in a c. E-ENE-trending zone. In the east it continues below the Askola 

area (As in Figure 9), where this hot crustal “slice” caused the ductility of the overlying crust during their 
deformation into D

G+H+I
 dome-and-basins corresponding to those in the western WUC. This interpretation 

is supported by the pattern of the upwards-continued magnetic field that represents the deeper and wider 
magnetic anomalies of the crust (Figure 12a). The anomaly pattern characteristic for the WUC continues 
east to the western parts of the Vyborg rapakivi batholith (1 in Figure 1), up to the crustal-scale N-trending 
Riga Bay-Karelia Zone (RKZ) (Figures 8 and 10). This zone shows the lowest magnetic and gravity anom-
alies, indicating the deepest extension of the Vyborg rapakivi granite in the zone.
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The orthopyroxene-bearing tonalite (charnockite) from Lohja, Maikkala that was preserved “untouched” 
in the D

E
 penetrative shearing, was dated by conventional U-Pb at 1860 ± 4 Ma based on zircon and 1837 ± 

3 Ma based on monazite. The U-Pb zircon ages obtained with SIMS from the same sample give a concordia 
age of 1862 ± 4 Ma for the rock (Appendix 8). The penetrative D

E
 shearing sharply cuts the tonalite areas. 

Therefore, the intrusion age of the tonalite determines that the major penetrative horizontal D
E
 deformation 

occurred later than c. 1.86 Ga. The age is similar to those obtained from corresponding pyroxene granitoids 
from Kakskerta, near Turku, and from Houtskär, from the Turku archipelago (Suominen 1991).

Granulite mineral assemblages formed during progressive metamorphism are often later affected by 
retrograde metamorphism; decomposition of pyroxenes to clinoamphibole is typical, for example in the 
northern Espoo Granitoid Complex (EGC). The Maikkala tonalite also contains metamorphic mineral as-
semblages suggesting later high-temperature metamorphism, presumably represented by the monazite and 
homogeneous core ages of c. 1.84–1.83 Ga (Appendix 8). The c. 1.82 Ga ages of migmatite neosomes in 
granulitic metapelites (Väisänen et al. 2004) indicate a continued high-T event. According to our observa-
tions, these late granitic neosomes are related to the evolution of D

H
, which is also characterized by large 

amounts of granitic melt elsewhere. Locally, particularly in the areas of lower metamorphic grade, there was 
a cooling stage between the events. At deeper crustal depths, high heat flow was more continuous from the 
early-D

E
 tonalites at 1.86 Ga to the D

H 
phases evolving at c. 1.83–1.81 Ga. The temperature remained quite 

high, because granitic melts, like the 1804 ± 2 Ma pegmatitic granite dykes (Pajunen et al. 2008), still in-
truded the latest-identified Svecofennian D

I
 folds.

Appendix-Fig. 2-1. Well-developed and straight S
E
-foliated pyroxene-bearing felsic gneiss in the West Uusimaa granulite Com-

plex (WUC). Compass is 12 cm in length. Röykkä, Nurmijärvi (Finnish grid coordinates KKJ2 2534.02E 6715.41N). Photo by N. 
Nordbäck.
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Appendix 3. Structural relationships in Hyvinkää Gabbroic-volcanic Belt 

The structurally-complex Hyvinkää Gabbroic-Volcanic Belt (HGB) is located between the Hyvinkää shear/
fault zone and strong shear zones bordering it in the north to the Renko area (Figures 9 and 41). The NNE-
trending Hyvinkää-Lahti shear/fault zone divides the HGB into Hyvinkää (Hy in Figure 9) and Askola (As 
in Figure 9) areas. Large c. 1.88 Ga old (Patchett et al. 1981) layered gabbro massifs surrounded by supra-
crustal sequences characterize the Hyvinkää-part of the HGB. The Askola area is characterized by roundish 
dome-and-basin structures; gabbroic-volcanic rock associations are squeezed between the domes.

Setting of gabbros of the Hyvinkää Gabbroic-volcanic Belt 

The central parts of the gabbroic massifs are weakly deformed (Appendix-Fig. 3-1a), but their border zones 
are strongly deformed and show ductile shearing, and locally the gabbros are semi-brittley faulted. Volcanic 
rocks and mica gneisses that surround the gabbros locally show primary structures such as bedding, frag-
mentary (Appendix-Fig. 3-2a), agglomerate and pillow lava structures. The paragneisses often show a com-
plex polyphase deformation that is very similar to that described from the Espoo Granitoid Complex (EGC) 
and Southern Volcanic-sedimentary Belt (SVB), like the D

C-D
 dome-and-basin structure shown in Appen-

dix-Fig. 3-2b, but no F
A
 fold observations currently exist. In the supracrustal rocks, especially in amphibo-

lites, a lineation dips steeply E or SE (Appendix-Fig. 3-2c); correspondingly to that described from the SVB 
(Figure 14e).

Often the primary magmatic layers of the Hyvinkää gabbro are folded to an upright position. Open folds 
with NW-trending steep axial planes of the magmatic layers indicate ductile deformation even in the well-
preserved parts. The recent setting of magmatic layers becomes evident as variation in the magnetic anomaly 
pattern (Appendix-Fig. 3-3a). At the southwestern end of the Hyvinkää gabbro massif a folded “tail” of 
deformed layered mafic rock (Appendix-Figs. 3-3 and 3-1b and c) is interpreted as a layered gabbro that 
thins and dies out towards the attenuated NE-end of the western massif. The western massif has a corre-
sponding tail in its NE-part, and there are drag folds in the SE and NE corner of the western massif – the 
structures indicate their dextral rotation. The folded “tail” shows a fold axis paralleling the lineation ob-
served in the amphibolites elsewhere in the HGB (Appendix-Fig. 3-2c). We interpret this as L

B/C
, corre-

sponding to L
A+B/C

 of the Southern Volcanic-sedimentary Belt (SVB).
The supracrustal sequences, intensely folded between the gabbros, exhibit corresponding dextral rota-

tion drags. The “tail” structures suggest D
B
 boudinage that was later refolded by D

C
 and rotated during 

continuing deformations. The volcanic belt between the major gabbro bodies forms D
C+D

 dome-and-basin 
structures that were subsequently bent by later deformations (Appendix-Fig. 3-2b). The structures suggest 
that the gabbros represented originally widespread layered massifs that were fragmented and boudinaged 
during D

B
 flattening, and were folded by D

C+D
 and dextrally rotated by D

H
. The interpretation is supported 

by the folded pattern of occurrence of gabbroic “fragments” in the Granite Migmatite Belt (GMB) (Figures 
7 and Appendix-Fig. 3-3). The structural evolution of the gabbros is summarized in Appendix-Fig. 3-3b; the 
complexly folded gabbros represent originally nearly horizontal magma bodies and their exposure is deter-
mined by the late wide-scale folding phases D

G
, D

H
 and D

I
. In the Askola area (see below), gabbroic rocks 

are sometimes preserved as remnants in metamorphic amphibolites; therefore, it is likely that gabbros were 
originally more widespread than can be estimated from the map shown in Appendix-Fig. 3-4.

The gabbro massifs are cut by straight NE-trending structures that were formed by dextral movement. 
Some linear ESE- and SE-trending structures also occur. In the Hyvinkää massif NW-trending structures 
also cut the massif: they are parallel to the axes of open-folding F

H
cont. On an outcrop, in the interior of the 

Hyvinkää massif, semi-brittle faulting and granite-filled fractures show an en échelon pattern, suggesting 
competent behavior of the gabbros during the NW-SE-directional shortening. These structures coincide 
with the clockwise rotation and dextral movements along the E-W-trending shear zones, and the overall SE-
NW transpression during the D

H
 deformation.

Dome structures in the Askola area of the Hyvinkää Gabbroic-volcanic Belt

The Askola area (As in Figure 9) of the Hyvinkää Gabbroic-volcanic Belt (HGB) is separated from the 
Hyvinkää area (Hy in Figure 9) by the sinistral Hyvinkää-Lahti shear/fault zone (Figures 10 and 41), which 
is related to the N-NNE-trending D

I 
deformation; the shear/fault zone is located in the northern continuation 

of the Vuosaari-Korso shear/fault zone (Figures 10 and 41). The axial plane of the open semi-ductile crustal 
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Appendix-Fig. 3-1. (a.) Layered Hyvinkää gabbro is cut by granite dykes and semi-brittle faults. Scale bar is 15 cm in length. 
Lähdemäki, Hyvinkää (Finnish grid coordinates KKJ2 2535.59E 6723.69N). (b.) Detail from the folded tail in the SE-side of the 
Hyvinkää gabbro and (c.) a microphoto from the fold. The new mineral growth in the folded tail indicates medium-grade metamor-
phic conditions. Scale bar is 10 cm in length in (b.). Rantalanhaka, Hyvinkää (Finnish grid coordinates KKJ2 2534.50E 6722.85N). 
Photos by M. Pajunen.
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Appendix-Fig. 3-2. (a.) Mafic, partly fragmentary volcanic rock in the Hyvinkää Gabbroic-volcanic Belt (HGB). Scale bar is 10 cm 
in length. Konnunsuonmäki, Hyvinkää (Finnish grid coordinates KKJ2 2528.20E 6723.31N). (b.) D

C-D
 dome-and-basin structure 

in non-migmatitic mica gneiss in the border zone of the Hyvinkää Gabbroic-volcanic Belt (HGB) and the West Uusimaa granulite 
Complex (WUC). Pencil is 14 cm in length. Karhulampi, Hyvinkää (Finnish grid coordinates KKJ2 2537.04E 6714.43N). (c.) 
Strong lineation (L

B/C
) in amphibolite in the HGB. Scale bar is 10 cm in length. Palosenkallio, Hyvinkää (Finnish grid coordinates 

KKJ2 2542.97E 6718.08N. Photos by M. Pajunen.
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Appendix-Fig. 3-3. (a.) Tectonic structure of the Hyvinkää gabbro and (b.) schematic model of its tectonic evolution on a com-
bined magnetic (shadowing) and lithological (colours) map. The location of the Jokela supracrustal association (Jo) is shown.
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bend F
I
 parallels the Hyvinkää-Lahti shear/fault zone, which further north changes in character to the Lake 

Päijänne fracture pattern already described by Sederholm (1932b) (Figure 10). 
The Askola area differs structurally from the western part of the Hyvinkää Gabbroic-Volcanic Belt 

(HGB). It shows systematic dome-and-basin structures with zones of gabbros and amphibolites and lesser 
mica gneisses squeezed between the dome structures (Figure 9 and Appendix-Fig. 3-4). The internal parts 
of the domes are composed of granodioritic to tonalitic intrusives and migmatitic garnet-cordierite gneisses. 
The structural pattern of the foliations, shown in Appendix-Fig. 3-4, suggests that the lower tectonic slices 
of crust are exposed in the dome windows and the rocks of the upper tectonic slice, typical rocks of the 
HGB, are compressed between the domes (Appendix-Fig. 3-4).

Migmatitic mica gneisses in the Onkimaa dome centre provide evidence of several folding generations 
prior to the formation of the open rounded dome structure. Isoclinal early flame-crested folds (F

A
) under-

went additional flattening with contemporaneous granitic melting during D
B
 (Appendix-Fig. 3-5). Isoclinal 

folds (F
C
) with steep NE-trending axial planes refold these structures. The early D

C-D
 dome-and-basin inter-

ference structures typical in the southern units, like in the Southern Finland Sedimentary-volcanic Belt 
(SVB), are not identified here (due to restricted observations by us).

Intermediate microtonalite dykes (observed up to 0.5 m wide) cut the structures, suggesting a cooling 
stage after the D

A-C-(D)
 and a new pulse of magmatism. We relate the dykes to the D

E
 (see main text). A model 

shown in Figure 4 can explain the contrasts between the steeply and gently dipping foliations in the dome 
interior contra margin settings. The borders of the internal dome and overlying rocks were interpreted as an 
extensional D

E
 shear structure corresponding to that described from the Espoo Granitoid Complex (EGC) 

in Klaukkala (Figure 35). The open fold structure F
I
 with NW-SE-trending axial planes deforms the strong 

S
A-B

 foliation, appearing as macro-crenulation on the outcrop (Appendix-Fig. 3-5). It also deforms the 
microtonalite dykes. This folding has map-scale amplitude. Although some overprinting occurred due to 
shearing along eastern low-angle border faults of the Onkimaa dome, it is evident that the folds are related 
to dome formation. This is supported by a similar NW-trending fold pattern in the overlying tectonic slice 

Appendix-Fig. 3-4. Tectonic structure in the Askola dome-and-basin area. (Finnish grid coordinates KKJ3).
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Appendix-Fig. 3-5. F
A
 folding intensified and migmatized by D

B
 and refolded by F

I
 in migmatitic garnet-bearing mica gneiss inside 

the Onkimaa dome. Pencil is 14 cm in length. Palosenkallio, Pornainen (Finnish grid coordinates KKJ2 2756.81E 6716.42N). Photo 
by M. Pajunen

that was compressed between the domes to the northwest of Askola. The dome series suggests a complex 
fold interference pattern formed during D

G+H+I
 (Appendix-Fig. 3-4). 

The structural pattern is fragmented by predominantly N-trending brittle faults that partly follow the 
ductile shear zones; observations further west in the Sipoo area suggest late (post-Svecofennian) low-angle 
overthrust faults with east-side-up movement.

The relations of the Onkimaa granodiorite in the northern part of the dome have not been studied here, 
but structurally (e.g. strongly foliated and showing a complex pattern of shear bands) it is quite similar to 
the tonalites in the Sipoo area, e.g. the Hindsby tonalite (main text). The cutting intermediate microtonalite 
dykes are also quite similar and we can suppose that the dome windows represent antiforms of the same 
tectonic slice exposed in the eastern Espoo Granitoid Complex (EGC) in Sipoo (Si in Figure 9). The Asko-
la area is bordered to the southwest and south along steep strong shear zones against the Sipoo area.
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Appendix 4. Structural succession in non-migmatitic Orijärvi area 

The lower amphibolite facies Orijärvi area (Or in Figure 9) have been extensively studied since the detailed 
metamorphic studies of Eskola (1914 and 1915) because of its ore potential (e.g. Latvalahti 1979) and sci-
entific value (e.g. Eskola ops. cit., Tuominen 1957, Schreurs & Westra 1986, Ploegsma & Westra 1990, 
Kilpeläinen & Rastas 1990, Skyttä et al. 2006 and Pajunen et al. 2008). In the Orijärvi area the primary 
structures of supracrustal rocks are well preserved. The Zn-Cu-Pb ores associated with altered rocks, such 
as coarse-grained cordierite-anthophyllite rocks (Eskola 1914 and 1915), skarn-iron ores, iron formations 
(e.g. Eskola 1914, Latvalahti 1979 and Saltikoff et al. 2002) and carbonate rock horizons (Bleeker & Westra 
1987 and Reinikainen 2001) in the Orijärvi area indicate a shallow-water deposition. According to Lahtinen 
et al. (2002), the depositional age of mica gneisses in Orijärvi belongs to the Svecofennian age group of c. 
1.9 Ga. Väisänen & Mänttäri (2002) proposed a back-arc basin origin for the volcanogenic rocks. Volcanic 
rocks are divided into two series according to their structural relationships (the early Series I and the later 
Series II; see main text) and to their geochemical characteristics and ages (cf. Väisänen & Mänttäri 2002). 
The 1998 ± 2 Ma Orijärvi granodiorite was interpreted as syngenetic with the early volcanic sequence 
(Väisänen & Mänttäri 2002). The gabbroic associations described by Hopgood et al. (1976 and 1983) and 
Hopgood (1984) from the Jussarö-Skåldö area (Ju in Figure 9) are also related to the early volcanism.

The Orijärvi area is characterized by F
G
 folds with E-trending axial planes and nearly horizontal axes 

(Figure 16). In the central part of the area the axial planes are openly warped, but folding intensified to tight 
in the N-trending deformation zone in the east (reactivated by ductile Jyly shearing); we have interpreted 
this N-trending zone as a D

I
 structure by comparing it to the structures in the Vuosaari-Korso zone in the 

Espoo Granitoid Complex, EGC (Figure 11). The minimum age of D
I
 folding can be estimated with pegma-

titic granite at c. 1.804 ± 2 Ga (I
g
 granitoid in Pajunen et al. 2008). The D

H
 folds with NE-trending axial 

planes that characterize the West Uusimaa granulite Complex (WUC) and the Espoo Granitoid Complex 
(EGC) as large-scale folds can also be seen on outcrops as gentle to open, sometimes north-westwards 
overturned folds; they form complex dome-and-basin structures with F

G
 and F

I
. In the high-grade areas 

some granitic melt fraction intruded into the S
H
 axial planes (Figures 29 and 30a), or a new mineral foliation 

formed in the D
E
 granitoids. The D

H
 folding is the main structure seen in the Vetio outcrop (site shown in 

Figure 16) at Kisko, in the Orijärvi area (Appendix-Fig. 4-1). The outcrop illustrates well the principal fea-
tures of metamorphic mineral growth and deformation in the lower-grade mica schists. Granitoids related 
to D

E
 are absent from this lower-grade outcrop. 

The mica schist shows well-preserved primary layering S
0
, which gives a good reference point for ana-

lyzing the structural succession on the Vetio outcrop. Large, long andalusite
1
 porphyroblasts have crystal-

lized sub-parallel to primary layering. Andalusite contains an early foliation parallel to the bedding S
0
. The 

foliation is preserved as fine-grained internal S
i
 biotite foliation; locally, the same foliation is also preserved 

in the pressure shadows of andalusite. The andalusite growth resembles that of the Tampere Schist Belt 
(TSB) (cf. Kilpeläinen 1998) and the Rantasalmi-Sulkava area (RSB) (Korsman 1977 and Korsman & Kil-
peläinen 1986). The early cordierite

1
, possibly formed by breakdown of chlorite, overgrew S

0
 and the near-

ly bedding-parallel foliation; it was penetratively retrogressed to pinite. The foliation, sub-parallel to S
0
, 

indicates nearly horizontal generation of this early foliation. An intermediate dyke including recrystallized 
(grains are entirely mortar-textured or on grain rims) plagioclase laths has also intruded into the direction 
of S

0
. The dyke has weak dyke-parallel foliation and was folded by F

H
; the most intense penetrative biotite 

foliation is S
H
.

D
H
 deforms the early foliation, andalusite

1
 and cordierite

1
 porphyroblasts, and the penetrative S

H
 biotite 

foliation curves around the porphyroblasts. Idioblastic andalusite
2
 grew onto the edges of andalusite

1
 and 

overgrows the S
H
 foliation. The increased temperature is shown by fibrolitic sillimanite that was crystallized 

in S
H
 foliation plane, especially close to the andalusite grains in the intensely D

H
-deformed parts of the rock. 

Cordierite
2
 grew as syntectonic poikiloblasts, and its latest phase is idioblastic and overgrew S

H
. On the 

outcrop scale the large cordierite porphyroblasts were aligned in the S
H
 planes. The early generation of 

quartz veins was formed into dilatational fractures during the early D
H
 into the S

H
 direction. The veins were 

deformed to become pinch-and-swell-structured and folded during the continuing D
H
. Late idioblastic gar-

net poikiloblasts overgrow S
H
. Late muscovite porphyroblasts overgrow all the described structures and 

indicate a late potassium-rich fluid infiltration. This is also supported by some late alteration on the edges 
of cordierite

2
.

The occurrence of retrograde phases (e.g. in cordierite
1
) predating D

H
 and the existence of low-temper-

ature quartz
1
 veins suggests a cooling stage between the early andalusite-cordierite deformation and later 
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D
H
 with peak metamorphism in the sillimanite stability field. Thus, the bedding-parallel dykes may be cor-

relative with the pre-D
B
 volcanogenic dykes that are boudinaged and S

H
 foliated, e.g. in Rövaren (Figure 

40a). The foliation in the early andalusite
1
 and cordierite

1
 resembles that observed in the early K-feldspar 

porphyroblasts of the mica gneisses in the upper tectonic slices of the Hyvinkää Gabbroic-volcanic Belt 
(HGB), but we have no observations on relics of early andalusite from them, even though primary layering 
is often well preserved. No pseudomorphs of the early andalusite have been found in the higher-grade 
gneisses, either.

Appendix-Fig. 4-1. Detailed structures of andalusite-cordierite-bearing mica schist (photo; width of the area of the figure is c. 0.5 m) in 
the Orijärvi area. Vetio, Kisko (Finnish grid coordinates KKJ2 2475.00E 6681.35N). Primary drawing by T. Koistinen reinterpreted 
here. Photo by M. Pajunen.
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Appendix 5. Jokela supracrustal association

The supracrustal Jokela association (Figure 9 and Appendix-Fig. 3-4) is situated at the eastern end of the 
Hyvinkää shear/fault zone, in the intersection with the Hyvinkää-Lahti shear/fault zone. It stands out from 
its surroundings as a highly magnetized synformal association between branches of the Hyvinkää shear/
fault zone. Scattered quartzite exposures also occur outside of the coherent Jokela formation.

The association is composed of polydeformed supracrustal rocks showing primary depositional struc-
tures, which, however, are often destroyed by penetrative shearing or transposition. The reddish to grey 
quartzite, e.g. in the Jokela open pit (Appendix-Fig. 5-1a), shows primary layering and beds are locally 
laminated and cross-bedded. The rock is fractured and foliated with flattened quartz surrounded by weakly 
recrystallized fine-grained grains. Minor phases, tourmaline, magnetite and sillimanite formed by break-
down reaction of muscovite, refer to some clay content in the quartzite. The quartzite is in close association 
with less mature feldspathic arenites and intraformational conglomerates. The sedimentary structure of the 
conglomerate, with clasts of up to 2–3 cm scattered in a sandy matrix, is still identifiable after deformation 
(Appendix-Fig. 5-1b). The only observed contact of quartzite against non-mature sediments is primarily 
depositional and only weakly tectonic (Appendix-Fig. 5-1c). The succession also contains calcareous inter-
layers, and in places the rock is penetratively silicified and tourmalinized due to later fluidization events. 
Intermediate clinoamphibole-bearing volcanogenic gneisses, presumably tuffitic in origin, and bedding-
parallel, weakly plagioclase porphyritic mafic dykes are in close association with the sediments (Appendix-
Fig. 5-2a). Locally, they occur as interlayers in impure sediments (Appendix-Fig. 5-4c); such interlayers are 
not met in quartzite. Pegmatitic granites intrude the supracrustal association. It locally contains fragments 
of complexly-folded quartzite (Appendix-Fig. 5-3d) that is strongly assimilated into granite (Appendix-Fig. 
5-3c). However, the granite dyke sharply cuts the volcanogenic rock, which does not show such complex 
folding as in quartzite, indicating that the volcanogenic series post-dates the quartzite accumulation. The 
volcanogenic rocks are mostly associated with the less mature sediments, suggesting that the impure sedi-
mentation was also later than the deposition of the quartzite. The pelitic layers with sillimanite (Appendix-
Fig. 5-3a) show feldspar porphyroblasts and some melting, and display a simpler folding pattern than 
quartzite (Appendix-Fig. 5-3d). The lithology and primary structures suggest that the deposition of quartz-
ite and its associates occurred in a sub-aquatic, high-energy environment accompanied by volcanic activity. 
Transition from clastic sediments, quartzites, conglomerates and arenites to calcareous sedimentary rocks 
(Appendix-Fig. 5-3b) and pelitic gneisses refers to the change in deposition to a tranquil deeper-water 
environment.

In Tiirismaa the detrital zircon population of 1.87–1.86 Ga indicates the maximum age of deposition of 
the quartzite (Lahtinen et al. 2002). According to the close resemblance to Tiirismaa in lithology, metamor-
phism and tectonic setting, we conclude that the Jokela association also represents a young deposition and 
volcanism. It is a good fixing point for structural analysis of the post-sedimentation (post–1.87–1.86 Ga) 
evolution.

The outcrop in Mäntsälä, Jokela, at the Kettukallio site in Appendix-Fig. 5-2 exemplifies the tectono-
metamorphic history of the association. The strongest penetrative structure on outcrops is a spaced biotite 
foliation; we relate it to D

E
 based on the combination of the information from surrounding areas and on the 

age data. Early quartz veins precede the main foliation S
E
. Under the microscope, an openly-folded internal 

biotite foliation, S
i1
, exists in the early K-feldspar

1
 porphyroblasts. A penetrative schistosity S

i2
 in the axial 

plane of the open folds also appears as a weak biotite growth in the pressure shadows of K-feldpar
1
 porphy-

roblasts (Appendix-Fig. 5-4a). This kind of pre-D
E
 foliation also exists in the gneisses of so-called Upper 

Tectonic Unit, UTU (cf. Appendix 6). We are not able to relate the early foliations, S
i1
 and S

i2
, to the struc-

tural successions described from the other units. The earliest fold structure deforming the primary layering 
and lamination, S

0
, are isoclinal, round-hinged intrafolial folds (Appendix-Fig. 5-2b). The polyphase fold-

ing in the quartzite fragment (Appendix-Fig. 5-3d) does not show the intense S
E
 foliation, and we suppose 

the folding to be related to the early, low-T evolution of the sedimentary-volcanic pile.
The spaced biotite foliation S

E
 deforms the weak penetrative S

i2
 biotite foliation. S

E
 curves around the 

K-feldspar
1
 porphyroblasts. Early granitic melts with K-feldspar

2
, on the one hand, cut the S

E
 foliation; on 

the other hand, S
E
 curves around the melt patches (Appendix-Fig. 5-4a). On the outcrop these melt patches 

are S
E
-parallel, boudinaged granite veins, considered to be syntectonic with D

E
. The D

E
 is characterized by 

intense boudinage of competent layers (Appendix-Figs. 5–2a and 5–4c). C. 50% shortening during D
E
 can 

roughly be estimated from bent primary layers surrounding a rotated, pre-early D
E
, extensional quartz vein 

(Appendix-Fig. 5-4b). Isoclinal intrafolial folds parallel to bedding in quartzite that show a very weak axial 
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Appendix-Fig. 5-1. (a.) D
E
 deformed and sheared quartzite of the Jokela supracrustal association; microphoto in (d.). Scale bar is 

12 cm in length in (a.). Junninkallio, Hyvinkää (Finnish grid coordinates KKJ2 2554.34E 6721.44N). (b.) Intraformational con-
glomerate of the Jokela supracrustal association. Width of the area of the figure is c. 0.5 m. Junninkallio NE, Hyvinkää (Finnish 
grid coordinates KKJ2 2554.70E 6721.70N). (c.) Primary depositional contact between Jokela quartzite and mica gneiss. Scale 
bar is 10 cm in length. (d.) Microphoto of Jokela quartzite; Qtz = quartz and Sil = sillimanite. Width of the area of the figure is c. 
3 mm. Junninkallio, Hyvinkää (Finnish grid coordinates KKJ2 2554.76E 6721.73N). Photo (a.) by R. Niemelä and photos (b.)-(d.) 
by M. Pajunen.
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plane foliation are related to D
E
 (Appendix-Fig. 5-2a and b). In the pelitic sillimanite gneiss, sillimanite 

predominantly grew in the S
E
 plane (Appendix-Fig. 5-3a). An increase in temperature caused instability of 

biotite-sillimanite paragenesis, forming cordierite and melt. It is plausible that the early K-feldspar
1
 was 

formed due to the breakdown of early muscovite.
The S

0
 and S

E
 are folded by tight F

G
 with c. N-trending axial planes (Appendix-Figs. 5-2 and 5-4d). The 

S
G
 is a macro-crenulation with some granitic segregation in the foliation planes. The D

G
 synform structure 

in Appendix-Fig. 5-2a dips moderately towards the south, but no reliable observation of the top direction of 
bedding has been made. Dextral, tight F

H
 folds with NNW-trending axial planes refold the earlier structures 

(Appendix-Fig. 5-4b); S
H
 foliation is weak. In the pelitic layers, cordierite and some granitic melt was 

formed in the S
H
 plane; this indicates peak metamorphism during F

H
 folding. The intrusion of the pegmati-

tic granite dykes occurred during or after D
H
. In places the previous structures are almost totally assimilated 

into granite (Appendix-Fig. 5-3c). The whole outcrop was openly refolded by c. E-W contraction during D
I
, 

which also caused dextral sliding along the granite contact. Localized dextral folds deforming the axial 
plane granite of D

H
 or S

0+E
 may belong to D

I
. The pegmatitic granite dykes show the same position in the 

structural sequence as the 1.8 Ga pegmatitic granite dyke described by Pajunen et al. (2008). When correlat-
ing the directions of structures to the surrounding areas, the D

G-H
 structures were rotated c. 90º anticlock-

wise. This rotation is considered to be caused by the D
I
 deformation; the Jokela association is located in 

close association with the strong F
I
 axial zone (Figure 11).

The tectono-metamorphic evolution in Jokela shows a one-stage prograde metamorphic event in the sil-
limanite and cordierite stability fields under low-pressure amphibolite facies conditions. It corresponds to 
that described from the Upper Tectonic Unit (Appendix 6), even though metamorphic mineral parageneses 
there indicate a higher grade. In the southern Svecofennian domain, corresponding supracrustal associa-
tions (yellow triangles in Figures 9) have undergone a similar tectonic-metamorphic evolution; they are 
closely associated with major crustal high-strain zones, especially their intersections, such as between the 

Appendix-Fig. 5-2. (a.) Detailed structures of the Jokela supracrustal association on the Kettukallio key outcrop in Hyvinkää (Finnish 
grid coordinates KKJ2 2553.54E 6721.45N). (b.) Pre-/syn-D

E
 folds deforming S

0
 layering at Kettukallio. Width of the area of the 

figure is c. 0.5 m. Photo by M. Pajunen.
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Appendix-Fig. 5-3. (a.) Sillimanite-bearing mica schist in the Jokela supracrustal association. Junninkallio NE, Hyvinkää (Finnish 
grid coordinates KKJ2 2554.80E 6721.62N). (b.) Calcareous sediment within the Jokela supracrustal association. Scale bar is 10 
cm in length. (c.) Jokela quartzite as a strongly assimilated fragment in the D

G
 pegmatitic granite dyke, which sharply cuts the vol-

canic rock of the same association. The relations with granite provide evidence that the quartzite predates the volcanic rock. Scale 
bar is 10 cm in length. (d.) A better-preserved part of the same quartzite as in the fragment shown in (c.). Polyphase folding of the 
primary layering, S

0
, predates the pegmatitic granite related to the D

H
. Width of the area of the figure is c. 1 m. Figures (b-d.) = 

Latostenmaanmäki, Hyvinkää (Finnish grid coordinates KKJ2 2554.83E 6722.63). Photos by M. Pajunen.
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Appendix-Fig. 5-4. Detailed structures on the Kettukallio key outcrop. Kettukallio, Hyvinkää (Finnish grid coordinates KKJ2 
2553.54E 6721.45N). (a.) A microphoto showing the early internal foliation structures, S

i1
 and S

i2
, in potassium feldspar, Ksp

1
, and 

their relations with S
E
 and syn-D

E
 neosome, Ksp

2
. Width of the area of the figure is c.10mm. (b.) An S

E
 boudinage structure refolded 

by F
H
. Width of the area of the figure is c. 1.5 m. (c.) A pre-D

E
 quartz vein surrounded by the bent S

E
 indicating c. 50% vertical 

shortening; some shear had occurred, as indicated by rotation of the quartz vein. Width of the area of the figure is c. 0.5 m. (d.) An 
F

G
 fold in felsic gneiss (impure sediment). Width of the area of the figure is c. 2 m. Photos by M. Pajunen.
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Hyvinkää, Southern Finland or Hämeenlinna high-strain/shear zones and the major D
I
 axial zones. Simonen 

(1987; also in Korsman et al. 1997) related the origin of supracrustal sedimentary-volcanic rocks of the 
Taalikkala inclusion in Vyborg rapakivi at Lappeenranta (Ta in Figure 8) to the rapakivi stage. We re-exam-
ined the samples collected during the regional mapping of GTK (Simonen 1987), because Simonen (op. 
cit.) described depositional discordance between the arkosic sediments overlain by volcanic sequences and 
Svecofennian granitoid of unknown age. According to the tectonic-metamorphic correlation the rocks cor-
respond to the one-stage association in Jokela. Unfortunately, we were not able to re-investigate the deposi-
tional relationships in the field but, if the discordance observation is correct, further studies on the Taalik-
kala “roof pendant” could be helpful in understanding the stratigraphic position and depositional environ-
ment of these rocks.

Nironen and Lahtinen (2006) suggested an extensional rift-related shallow basin for the formation of the 
corresponding Pyhäntaka formation. Corresponding quartzites also exists in Sweden. The evolution from 
the D

D
 to D

E-H
 and finally to D

I
 shows a very continued character. We suggest a rapid evolution of the supra-

crustal association and a tectonically-active, high-energy depositional environment as indicated by the 
intraformational conglomerates within the quartzite beds. We suggest that the depositional evolution of the 
whole Jokela sequence was related to the oblique dilatational events during the SW-NE transpression in the 
D

(D-)E
 and SE-NW transpression in the D

H
. The process was accompanied by crustal thinning and high heath 

flow, which culminated c. 1.85–1.84 Ga ago. Contractional D
E
cont and D

H
cont caused rapid folding during 

the progressive deformation. Extension caused upper crustal subsidence with rapid evolution of basins for 
sedimentation of high-energy sedimentary sequences. Quartzites were originally rather thin formations, 
which were thickened by the complex deformation multiplying the thickness of the quartzite sequence. 
These sediments were already folded when the later-stage volcanic sequences were generated (Appendix-
Figs. 5-3c and d). The rapid subsidence was stepwise, which is evidenced by a rapid change from quartzite 
to impure sediment sedimentation (Appendix-Fig. 5-1c).

Pull-apart basins form restricted structures in transcurrent zones appropriate for the rapid accumulation 
of thick sediment deposits and contemporaneous volcanism (e.g. Kearey & Vine 1996 and Saalmann et al. 
2005). Such basins form during continuous tectonic evolution. In the study area they were related to thin-
ning of the crust and increased the heat flow that may be related to the magmatic rocks of D

E
 in the deeper 

crustal levels. Suitable structures bordering such pull-apart basins include major crustal structures, like the 
E-W-trending Hämeenlinna, Hyvinkää and the southern Finland shear zones showing complex deformation 
histories. This large, originally ESE-trending pull-apart basin was formed between the major crustal defor-
mation zones of the Riga Bay-Karelia Zone (RKZ) and Baltic Sea-Bothnian Bay Zone (BBZ), or the Trans-
scandinavian Igneous Belt (TIB) (Figure 8).
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Appendix 6. Structural characteristics of high-grade gneisses of the Upper Tectonic Unit 
(UTU) of the southern Svecofennian domain 

The rocks of the Hyvinkää Gabbroic-volcanic Belt (HGB) are squeezed between the large-scale D
G+H+I

 
dome-and-basin structures in the Askola area. The volcanic and closely related sedimentary rocks of the 
HGB show structures that were already formed during the early stages of the Svecofennian orogeny; they 
show at least the D

B
 structures. However, there are also high-grade migmatitic metapelitic gneisses that do 

not show signatures of these early deformations in the study area, for example the Jokela supracrustal as-
sociation. Structural evolutions of these rocks are exemplified from the Vuotavankalliot site in Mäntsälä 
(HGB) and the Matinojankallio site in Sipoo (EGC) (Appendix-Fig. 3-4).

Garnet-cordierite gneiss (Appendix-Fig. 6-1a) in the Vuotavankalliot site in Mäntsälä (Appendix-Fig. 
3-4), to the north of the Askola dome area, is located within the gabbroic and volcanic rocks in the vicinity 
of the Hyvinkää-Lahti shear zone. The migmatitic gneiss is characterized by a spaced biotite foliation that 
overprints an earlier weak penetrative biotite foliation. The gneiss shows open to tight folds with NNE-
trending axial planes, which deform both foliations and also the garnet- and cordierite-bearing melt patches 
in the gneiss. According to correlation with neighbouring areas, these folds are related to the F

I
 folds. Early 

K-feldspar
1
 that was formed by progressive metamorphism (by breakdown of muscovite?) includes two 

biotite generations, inclined towards each other, as an internal S
i
 structure. The later foliation represents the 

main spaced foliation in the gneiss. During progressive metamorphism, biotite and sillimanite became un-
stable; cordierite

1
 with sillimanite and spinel inclusions and K-feldspar

2
 (Appendix-Fig. 6-1b) were formed. 

The cordierite
1
 crystallized in the direction of the spaced foliation, which, however, curves around the por-

phyroblasts. Large melt patches including fresh cordierite
2
, without sillimanite inclusions, garnet and a new 

K-feldspar
2
 are also surrounded by the spaced cleavage, but their development continued after the active 

phase of that deformation because melt patches partly overgrow it. The K-felspar
1
 is slightly altered to seric-

ite (K-felspar
2
 is not altered). The macro-crenulation in Appendix-Fig. 6-1a refolds all the structures de-

scribed (Appendix-Fig. 6-1c) and is related to D
I
 according to the orientation of the axial plane in a NNE 

direction. It shows a high-T and ductile character. The latest deformation is a semi-brittle shearing, which 
occurred in the andalusite stability field as indicated by small andalusite grains in these seams.

In general, the tectonic evolution of these gneisses is simpler than that described from migmatitic mica 
gneisses of the Southern Volcanic-sedimentary Belt (SVB) or the Espoo Granitoid Complex (EGC). The 
rock experienced only one important migmatization phase related to its continuous progressive mineral 
growth history, whereas several observations indicate at least two migmatization events occurring widely in 
the southern Svecofennian (cf. Pajunen et al. 2008 and Figures 22 and 36). We have not identified D

C
 and 

D
D
 fold patterns from the Vuotavankalliot gneiss. Often the spaced S

E
 foliation parallels S

0
 referring to 

horizontal event. Due to correlation with neighbouring areas like the Espoo Granitoid Complex (EGC) and 
West Uusimaa Complex (WUC), we relate the spaced foliation, the strongest foliation in the rock, to the 
extensional deformation D

E
. This interpretation is supported by progressive high-T/low-p metamorphism 

accompanied by granitic melts. There is only one weak deformation predating the D
E
; it has not been estab-

lished whether it represents the early D
E
 or very weak deformation during the earliest stages (e.g. D

B
?) of 

crustal evolution, because the deposition age of the rock is not known. The original position of D
E
 structures 

was generally nearly horizontal; the steep position of D
E
 before F

I
 folding indicates folding events (D

G-H
) 

between the D
E
 and D

I
.

In Sipoo, at the Matinojankallio site, migmatitic garnet-cordierite gneisses (Appendix-Figs. 6–2b and c) 
are in close association with a syn-/late D

B
 tonalite (Appendix-Fig. 6-2a). Unfortunately, their contact was 

not exposed during mapping. The outcrop is located in the folded E-trending synformal structure. Accord-
ing to tectonic interpretation, the synform is overlying the high-grade tonalitic rocks exposed in an antifor-
mal setting in the west (Appendix-Fig. 6-2d), in northern Sipoo (Si in Figure 9). Intermediate microtonalite 
dykes cut the tonalite and migmatitic gneiss and the rocks show a major tight folding phase with E-trending 
axial planes. The dyke contacts of the tonalite indicate intrusion into cooled rock with indistinct altered 
chilled margins (Appendix-Fig. 6-2a); the structures and relationships between the dyke and tonalite are 
quite similar to those described before, e.g. at Hindsby (Figure 24). A wide altered zone surrounds the dyke 
in the mica gneiss (Appendix-Fig. 6-2b) and its composition changes close to the dyke borders to garnet-
rich. In the mica gneiss the wall rock-dyke reactions were strong and are interpreted to have resulted in in-
trusion into a lower-grade and more reactive rock.

The tectonic succession in mica gneiss (Appendix-Fig. 6-2c) resembles that in Vuotavankalliot (above). 
The mica gneiss has rather well preserved primary bedding and a strong prograde mineral foliation parallel 
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Appendix-Fig. 6-1. (a.) F
I
 folds in S

E
 foliated garnet-cordierite gneiss from the Upper Tectonic Unit (UTU). Width of the area of 

the figure is c. 0.5 m. (b.) and (c.) show the microstructures of the gneiss; see text for details. Crd = cordierite and Ksp = potassium 
feldspar. Width of the area of the figure is (b.) is c. 4 mm and (c.) is c. 3 mm. Vuotavankalliot, Mäntsälä (Finnish grid coordinates 
KKJ2 2569.22E 6736.67N)). Photos by M. Pajunen.

to it. We relate the main foliation to the D
E
 deformation. The intermediate dyke intruded nearly parallel to 

the bedding planes, but the alteration zone surrounding the dyke overprints S
0
. The dyke has a S

E
 penetrative 

mineral foliation. Thus, we interpret the dyke to be intruded during early D
E
. The main foliation S

E
 intensi-

fied during a continuing temperature increase that also caused progressive migmatization. Only one pro-
grade migmatization pulse finally producing garnet-bearing melt can be detected. At least three post-D

E
 

fold generations occurred. We relate the folds with E-trending axial planes to D
G
, which was refolded by F

H
 

forming the D
G+H

 synform; the synform was openly bent by later F
I
 folding with NNW-trending axial 

planes. Migmatization began to develop in the S
E
 planes and achieved its peak during D

H
; the coarse melt 

fractions were intruded into the S
H
 axial planes. The contact between the tonalite and gneiss must be in this 

case tectonic and formed pre-/early D
E
.
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Appendix-Fig. 6-2. (a.) An intermediate D
E
 microtonalite dyke cutting the syn-/late D

B
 tonalite. Width of the area of the figure is 

c. 1.5 m. (b.) The same dyke is cutting the migmatitic garnet-bearing mica gneiss (Upper Tectonic Unit, UTU), showing a wide 
alteration rim and garnet-bearing contact zone; width of the area of the figure is c. 1.5 m. The folding pattern in the outcrop (c.) is 
interpreted from the tectonic data and aeromagnetic map (inset) as a part of regional tectonic pattern in (d.). Width of the area of the 
figure is c. 2 m. Matinojankallio, Sipoo (Finnish grid coordinates KKJ2 2572.72E 6703.64N). Photos by M. Pajunen. 
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In summary, these high-grade gneisses show only one strong metamorphic event, without signs of pre-
existing coarse-grained andalusite-metamorphism that characterizes the Vetio outcrop in the Orijärvi area 
(Appendix 4). The early tectonic history of these gneisses occurred in upper crustal level low-grade condi-
tions and the peak of the progressive high-grade metamorphism was achieved during the late Svecofennian 
period. Tectonically, these mica gneisses are located in the large-scale F

G+H+I
 synforms. However, the high-

grade mica gneisses in the D
G+H+I

 antiformal settings show a two-stage metamorphic character with two 
neosome phases (e.g. Pajunen et al. 2008). We include these gneisses into so-called Uppet Tectonic Unit 
(UTU). The UTU tectonic succession is very similar to that observed in the Jokela association (Appendix 
5), which has a young deposition age. The age of the deposition of the mica gneisses is not known. The 
similarity to the Jokela association may support their coherent origins. This interpretation suggests that the 
late deep-water sediments were more widespread than was previously known, and these mica gneisses thus 
represent the later stage of the pull-apart basin sedimentation described from Jokela (Appendix 5).
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Appendix 7. Pomarkku block – key to the generation of stacked structures  
in central and eastern Finland

The tectonic setting of the Pomarkku block in the Pori area (Po in Figure 9; cf. Pietikäinen 1994 and Pajunen 
et al. 2001a), bordered by high-strain zones, is of key importance in analyzing the development of the NW-
stacking and block structures of Central Finland; the Central Finland Granitoid Complex (CFGC) and the 
Savo Schist Belt (SSB). Similar characteristics can also be found in the geometries of the N-directional 
blocks in the Archaean domain (Figure 8).

The internal structure of the Pomarkku block is characterized by F
3
 folding with E-trending axial planes 

(naming after Pajunen et al. 2001a) that deforms the subhorizontal D
2
 structures. In the tonalite-dominant 

parts the F
3
 folds are generally open with a weak upright S

3
 foliation/crenulation. S

2
 and S

3
 intersection 

forms approximately horizontal, E-W-trending intersection lineation L
2/3

. In the central part of the Pomarkku 
block, southwards-overturned F

3
 folds indicate overthrusting towards the south along c. E-W trending shear 

zones (Pajunen et al. 2001a). At the southwestern edge of the Pomarkku block the D
3
 structures are bent and 

crosscut by the steep 1–2 km wide Kynsikangas shear zone (Appendix-Fig. 7-1a) that turns from a NW to 
a N trend near the Bothnian coast. Rotation of porphyroblasts, drag folds and a strong horizontal stretching 
lineation (Appendix-Fig. 7-1b) in the amphibolite facies protomylonitic to mylonitic rocks indicate sinistral 
strike-slip movement (Pietikäinen 1994 and Pajunen et al. 2001a); Pajunen et al. (op. cit.) named the shear-
ing phase as D

3-late
. The Kynsikangas structure shows less prominent recrystallization and neomineralization 

than the earlier D
3
 shear structures trending WNW in the Pori area, southwest of Kynsikangas. The zone 

shows polyphase deformation; it was still reactivated during the 1.5–1.6 Ga rapakivi granite event and the 
formation of the Satakunta sandstone basin. In the E-W-trending northern edge of the Pomarkku block the 
observations on drag folds and lineations dipping NE (cf. Pihlaja & Kujala 2005) indicate ductile sinistral 
oblique reverse top-to-SW movement. At the eastern margin of the Pomarkku block the E-W-trending D

3
 

structures are bent into the direction of the NW-trending Kankaanpää shear zone. This eastwards-bulging 
eastern border of the Pomarkku block (Appendix-Fig. 7-1c) shows drag folds and a moderate lineation 
plunging c. NE (Pajunen et al. 2001a), as well as oblique dextral movement in the zone.

The age of block forming deformation can be fixed by the quartz monzonites to north of the Pori area. 
The granitoid set into an arched structure, imitating the form of the northern edge of the Pomarkku block, 
(Figures 9 and Appendix-Fig. 7-1c) was dated at 1872 ± 2 Ma (Mäkitie & Lahti 2001); it is penetrating the 
earlier structure, but showing some signatures of deformation in the zone. However, the practically non-
deformed Härkmeri quartz-monzonite dated at 1868 ± 3 Ma (Lehtonen et al. 2005) is cutting the Kynsikan-
gas structure and causes a metamorphic contact aureole upon regional metamorphic parageneses, and fixes 
the end of the major deformation in the Tonalite Migmatite Belt (TMB). This intrusive, marking the end of 
the deformation in the north, gives approximately the same age as is obtained from the garnet-bearing to-
nalites that originated in the Southern Finland Granitoid Zone in the south, in the Espoo Granitoid Complex 
(EGC) (see the main text). Using structural and age correlation with the detailed study area we relate the 
strongest ductile phase shearing in the Kynsikangas zone to D

D
 deformation, D

4
 in the north in the following 

(D
3-late

 of Pajunen et al. 2001a), which appears in the south as ductile folding with N-trending axial planes 
forming the D

C+D
 dome-and-basin structures. The sinistral sliding along the Kynsikangas and concomitant 

overthrusting of the Central Finland Granitoid Complex (CFGC) upon the Pomarkku block at its northern 
and eastern edges indicate c. SW-NE shortening during the D

D
. Sinistral strike-slip movement in the Kynsi-

kangas zone and sinistral oblique dip-slip movement at the northern edge and dextral oblique movement in 
the Kankaanpää zone refer to clockwise rotation of the Pomarkku block (Appendix-Fig. 7-1c). The model 
of clockwise rotation during dextral transpression along the major N-trending deformation zones, the Baltic 
Sea-Bothnian Bay Zone (BBZ) and Riga Bay-Karelia Zone (RKZ) (Figure 8) explains the tectonic develop-
ment of the Pomarkku Block. It also accounts for the SW-trending dextral movement causing the bulbous 
structure of the Pomarkku block and the boudinage-like structures (B in Appendix-Fig. 7-1c) in the western 
side of the N-trending part of the Kynsikangas zone. The arched, 1872 ± 2 Ma intrusion was intruded into 
oblique dilatational settings during this transpressional deformation D

4/D
. 

Later movements were more concentrated in zones. To the south of the Pomarkku block, local zones of 
symmetrical to dextral asymmetrical folds with N-S-trending axial planes show some shearing in the axial 
direction (F

4
 of Pajunen et al. 2001a). Correlation of these sporadic folds is uncertain: they may represent 

the F
D
, F

F
 or even the F

I
 folds. Open warps with N-S-trending axial planes, deforming the described 

structures and causing ovoidal interference structures, were named by Pajunen et al. (2001a) as F
x
; this 

interference pattern is similar to the D
F-H

 structures in the detailed study area. The final products of faulting, 
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Appendix-Fig. 7-1. (a.) Sinistral shearing bends the pre-existing struc-
ture, e.g. F

3
, into the direction of the Kynsikangas shear/fault zone. Pen-

cil is 14 cm in length. (b.) Strong stretching lineation in the direction of 
the zone. Width of the area of the figure is c. 0.5 m. Levanpelto, Kullaa 
(Finnish grid coordinates KKJ1 1566.89E 6809.60N). (c.) A schematic 
model of the generation of the Pomarkku block in a SW-NE transpres-
sional event that caused clockwise rotation of the Pomarkku block. The 
1872 ± 2 Ma granitoid (Mäkitie & Lahti 2001) shows signatures of de-
formation in the Kynsikangas structure, but the 1868 ± 3 Ma granitoid 
(Lehtonen et al. 2005) cuts it. Photos by M. Pajunen.

especially close to the sandstone basin, are brittle pseudotachylites that sometimes have “vesicle” micro-
structures (Pajunen et al. 2001a).

Correlations with central and eastern Finland

The Archaean-Svecofennian border is characterized by major crustal NW- and N-trending shear zones of 
the Ladoga-Bothnia Bay zone (e.g. Talvitie 1971 and Korsman & Lestinen 2002). The major NW-trending 
zone is determined as a linear gravity low (Korhonen et al. 2002b) caused by shearing, granitization and 
granite magmatism (e.g. Pajunen 1986 and Pääjärvi 1991). The zone shows polyphase cataclastic charac-
teristics. NW-trending zones are generally ductile dextral shear zones (e.g.Talvitie 1971); sometimes they 
also show sinistral strike-slip movement (D

c
 in Pajunen 1986). N-trending semi-ductile east-side-up dextral 

oblique shear/fault zones (D
d
 in Pajunen 1986) overprint the NW-trending shear zones. These NW- and N-

trending shear zones overprint shear zones dipping with a low angle towards the SE (see also Kilpeläinen 
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2007) and cause the nearly-horizontal sliced structure that characterizes the Central Finland Granitoid 
Complex (CFGC) and the Savo Schist Belt (SSB). This structure is well defined in the magnetic anomaly 
pattern, especially near the Archaean-Proterozoic suture zone, but become less evident in the central parts 
of the CFGC. This stacked structure is also supported by the tectonic pattern of supracrustal remnants in the 
granitoid unit; the WNW-trend of the western extensions of the SSB, for example in the Rautalampi district 
(Ra in Figure 9) and in the Pyhäsalmi area towards the west, which are bent by the D

4/D
 deformation.

The stacked and sheared structures in the Central Finland Granitoid Complex (CFGC) and further east 
show similarities to the structure of the Pomarkku block. The NW-trending dextral shearing structures can 
be explained by more N-S-oriented shortening than in the west, but the stress field later turned close to a 
NE-SW direction, as indicated by the dextral N-S faults (D

d
 of Pajunen 1986). The more brittle character of 

the N-S faults in Central Finland with respect to that in the west indicates earlier cooling and stabilization 
in Central Finland. We suppose that the NW-stacked, low-angle structure was formed by overthrusting to-
wards the north during the collisional event corresponding to the D

3
 deformation in the Pomarkku Block; 

the NW-trending shear zones could have formed contemporaneously. Lahtinen and Huhma (1997) sepa-
rated two different magmatic series due to their Sm-Nd characteristics: the earlier, ca 1.888 Ga old grani-
toids show more primitive characteristics, whereas the later pulse show signatures from re-melted pre-ex-
isting crust. The later granitoids in the CFGC follow the arced structures: the post-/late orogenic granitic 
intrusion in Figure 9 (see also Nironen 2003). We proposed their emplacement into oblique dilatation zones 
related to the overall SW-NE-trending D

4/D
 transpression. They were intruded especially into the E-W-

trending, originally contractional low-angle zones (D
C
) that turned to extensional during the later evolution 

(D
4/D

). These granitoids were effectively destroying the earlier low-angle SE-dipping features of the CFGC. 
The collisional stage in areas close to the Archaean-Proterozoic boundary zone had already proceeded far 
before the intrusion of 1884 ± 5 Ma orthopyroxene-bearing granitoids (Hölttä 1988), because their contact 
cut the regional metamorphic parageneses and contractional F

3
 folding (Hölttä et al. 1988 and Korsman et 

al. 1999); these granitoids represent the end of the main thermal events near the craton boundary. However, 
in western Finland, corresponding orthopyroxene-bearing granitoids have ages of 1871 ± 2 to 1868 ± 3 Ma. 
As noted, the later magma phase determines the major stacking and folding structures in this area, and in-
dicates c. 10–15 Ma later stabilization with respect to the craton boundary. According to Koistinen (1981), 
the N-trending D

3
, labelled later as syn-D

4
 (Koistinen et al. 1996) (D

F
 of this paper), was dated in eastern 

Finland with the syn-D
4
 Maarianvaara granite at c. 1857 ± 8 Ma old (Huhma 1986). The development of 

these structures, and magma and metasomatic pulses in these times (cf. Pajunen & Poutiainen 1999) estab-
lishes the continuality of deformation and heat flow. However, in the northern units it was more divided and 
local at this stage.
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Appendix 8. Multigrain TIMS U-Pb isotopic dating of zircon and monazite,  
and SIMS dating of zircon

Samples

Samples A1738 Staffas (syn-/late D
B
 tonalite, Hindsby intrusion; SIMS), A1676 Bollstad (syn-/late D

B
 to-

nalite; TIMS & SIMS), A1785 Hakkila (early D
E
 garnet-bearing tonalite), A1784 Hyrylä (early D

E
 garnet-

bearing tonalite/granite), A1335 Maikkala (pyroxene-bearing tonalite, charnockite), A1745 Jyskelä (late D
E
 

gabbro; TIMS & SIMS), A1677 Bollstad (D
H
 pegmatitic granite; TIMS) and A1678 Kopparnäs (D

H
 diabase; 

TIMS & SIMS). The Samples were collected in the project “Construction potential modeling of bedrock in 
urban areas” during 1999–2002, except for the sample A1335 Maikkala, which was collected by K. Kors-
man (unpublished report by H. Huhma 3.2.94/GSF/Petrological Department/Isotope Geology Division); the 
original data have been recalculated here. 

Analytical methods

The digestion of zircon and extraction of U and Pb for TIMS isotopic age determinations mainly follows the 
procedure described by Krogh (1973). 235U–208Pb (zircon) or 235U–206Pb (monazite) spiked and non-spiked 
isotopic ratios were measured using a VG Sector 54 TIMS (Thermal Ionization multicollector Mass Spec-
trometer). The measured lead and uranium isotopic ratios were normalized to the accepted ratios of SRM 
981 and U500 standards. The U-Pb age calculations were done using the PbDat-program (Ludwig 1991) 
and the fitting of the discordia lines using the Isoplot/Ex program (Ludwig 2001). Further information is 
given in App-Table 1.

For ion microprobe dating (NORDSIM Project#: N04-FI–12), the selected zircon grains were mounted 
in epoxy, polished, and coated with gold. The ion microprobe U-Pb analyses were carried out using the 
Nordic Cameca IMS 1270 at the Swedish Museum of Natural History, Stockholm, Sweden. The spot-diam-
eter for the 4nA primary O

2
- ion beam was c. 25 μm and oxygen flooding in the sample chamber was used 

to increase the production of Pb+ ions. Three counting blocks, each including four cycles of the Zr, Pb, Th, 
and U species of interest, were measured from each spot. The mass resolution (M/ΔM) was 5400 (10%). 
The raw data were calibrated against a zircon standard (91500; Wiedenbeck et al. 1995) and corrected for 
background at mass 204.2 and modern common lead (T = 0; Stacey and Kramers 1975). For the detailed 
analytical procedure see Whitehouse et al. (1997 and 1999). The plotting of the U-Pb data and calculating 
of the concordia and intercept ages were performed using the Isoplot/Ex 3 program (Ludwig 2003). The 
data-point error ellipses in the concordia diagrams are 2 sigma. All the errors in age results are 2 sigma and 
calculated ignoring the decay constant errors. The results are compiled in App-Table 2.

Samples, zircon descriptions and u-pb age results

A1738 Staffas, Sipoo – syn-/late D
B
 tonalite 

Finnish grid coordinates KKJ2 2568.79E 6694.48N
SIMS, zircon, NORDSIM sample number n1660, mount number M561 (large grains)

Sample information

Sample A1738 from Staffas in Sipoo, from the wide and homogeneous Hindsby intrusion (Figures 24 and 
25), was analyzed to establish the isotopic age of the typical, structurally-fixed syn-/late D

B 
tonalite intru-

sion. The tectonic antiformal setting of the Hindsby intrusion is presented in Appendix-Fig. 6-2d, and the 
details of its structural evolution are discussed in the main text. The tonalite is metamorphosed with the 
main mineral assemblage plagioclase, quartz, biotite with minor garnet and pyroxene. Pyroxene is decom-
posed to clinoamphibole, and biotite is locally chloritized. 
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Zircon description

The tonalite sample A1738 Staffas has a homogeneous zircon population. The grain-size differences are 
also quite small. The zircon is mostly pale brown, transparent to translucent, and prismatic with a length to 
width ratio of 3–5.

SIMS U-Pb age results

From the Staffas tonalite we dated 21 zircon domains and rejected six analyses because of the low 206Pb/204Pb 
ratios (App-Table. 2). In BSE images the zircons show mostly either weak zoning and/or homogeneous in-
ternal structure and frequent fractures. The U-Pb data are mostly concordant and show a wide range of ages 
(Appendix-Fig. 8-1a). 

Appendix-Fig. 8-1. Ion microprobe age data on zircons; sample A1738 Staffas tonalite. A) Concordia plot. B) Weighted average of 
207Pb/206Pb ages. The two youngest and the oldest data points are not shown in figure.
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The oldest age of 1.96 Ga was measured from a BSE-darker core domain (11b) that is surrounded by 
younger zircon phase (1.87 Ga) (Appendix-Fig. 2). Additionally it has a thin rim growth on the other end of 
the grain (Appendix-Fig. 8-2a). A BSE-pale, homogeneous rim domain of zircon 09 has a 207Pb/206Pb age of 
1.81 Ga. Its BSE-darker core has a clearly older age (ca. 1.93 Ga) but the analysis was rejected because of 
high common lead content. A 1.80 Ga age was measured from a small, euhedral, and weakly zoned zircon 
with an anomalous outlook. Thus, it is unsure if it is contamination from rock-crushing or mineral separa-
tion processes. The other possibility is that it is from some tiny vein connected with metamorphism. The 
concordia age for the two young zircons is 1801 ± 7 Ma (Appendix-Fig. 8-1a).

The majority of the U-Pb data plot between 1880 Ma and 1840 Ma. The weighted average of the 
207Pb/206Pb ages is 1857±11 Ma (Appendix-Fig. 8-1b). However, the data seem to form two separate age 
populations (Appendix-Fig. 8-1a) although evidence from the dated zircon domains is totally absent. Younger 
and older ages have been dated both from BSE-darker domains with weak internal structure and internally 
quite homogeneous domains. The concordia ages for the two apparent age groups are 1841 ± 4 Ma (n=7/7) 
and 1876 ± 8 Ma (n=4/5) (Fig. 3a). Based on field evidence, the older age of ~1.88–1.87 Ga is considered 
as better alternative for the tonalite age and then, the ~1.84 Ga zircon may indicate metamorphism related 
lead loss.

Appendix-Fig. 8-2. Selected BSE images of zircons: a) A1738 Staffas, syn-/late D
B
 tonalite – Hindsby intrusion; b) A1676 Bollstad, 

syn-/late D
B
 tonalite; c) A1785 Hakkila, early D

E
 garnet-bearing tonalite; d) A1784 Hyrylä, early D

E
 garnet-bearing tonalite; e) 

A1335 Maikkala, pyroxene-bearing tonalite, charnockite; f) A1745 Jyskelä, late D
E
 gabbro; A1678 Kopparnäs, D

H
 diabase.
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A1676 Bollstad 1, Inkoo – syn-/late DB tonalite 

Finnish grid coordinates KKJ2 2497.78E 6662.16N
TIMS, zircon and monazite
SIMS, zircon, NORDSIM sample number n1665, mount number M562 (small grains)

Sample information

The sample A1676 Bollstad from Inkoo was taken to establish the age of a tonalite that was intruded by 
granitic pegmatite dykes (sample A1677 Bollstad 2) that structurally evidences the beginning of the D

H
 

extensional deformation in the Inkoo area. The tonalite is strongly deformed by D
H
 and shows new progres-

sion overprinting the early magmatic structure. The dated tonalite, with the main mineral composition pla-
gioclase, biotite, quartz, is shown in Figure 39. The purpose was to determine the length of the discordance 
that is evident based on structure (cf. Sederholm 1926 and Pajunen et al. 2008). 

Zircon and monazite descriptions

The sample included very fine-grained, pale yellow, ellipsoidal to round monazite without developed crys-
tal faces. Zircon population is quite homogeneous and fine-grained (<75 μm). Typically zircon is brownish, 
translucent and prismatic or shorter, partly without crystal faces. More ellipsoidal and rounded, bright, pos-
sibly metamorphic zircon also exists (not included in the TIMS analysis).

TIMS U-Pb age result

The TIMS age was analyzed from rather fine-grained, reddish and long zircon grains. The Pb/U ratios scat-
ter evenly on the regression line, giving the upper intercept age of 1855 ± 6 Ma (n=4; MSWD=1.7). The 
concordant monazite age of 1829 ± 3 Ma was obtained by TIMS. The TIMS U-Pb data are shown in App-
Table 1 and Appendix-Fig. 8-3. 

Appendix-Fig. 8-3. A concordia plot for TIMS U-Pb data on zircon and monazite; sample A1676 Bollstad tonalite (see also App-
Table 1), Inkoo.
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SIMS U-Pb age results

From the tonalite sample A1676 Bollstad 1, only eight dates were determined (App-Table 2), and one of 
these was rejected because of the high common lead content. Zircon is mostly quite stubby, shows only a 
weak internal structure and frequently has a very thin BSE-pale rim around it (Appendix-Fig. 8-2b).

All data plot in a cluster on a concordia diagram (Appendix-Fig. 8-4). A concodia age of 1873 ± 7 Ma 
for six of the seven data points can be calculated. The slightly discordant data (06a) are from an internally 
homogeneous core.

1873 ± 7 Ma is an unambiguous age for the syn-/late D
B
 tonalite. Although no direct age data are avail-

able, the thin BSE-pale rims are suggested to represent metamorphic zircon growth at 1.83 Ga, which is 
defined by the monazite from the rock. The TIMS U-Pb age of 1855 ± 6 Ma is slightly younger than that 
from the ion microprobe analyses. It is considered that the upper intercept defined by the discordant data 
has shifted slightly down because of 1.83 Ga metamorphism.

Appendix-Fig. 8-4. A concordia plot for SIMS U-Pb data on zircons; sample A1676 Bollstad tonalite, Inkoo.

A1785 Hakkila, Vantaa – an early D
E
 garnet-bearing tonalite dyke

Finnish grid coordinates KKJ2 2560.63E 6687.710
SIMS, zircon, NORDSIM sample number n1662, mount number M561 (large grains) and M562 (small 
grains)

Sample information

The sample A1785 Hakkila from Vantaa, a garnet-bearing tonalite dyke (Figure 29), represents a tonalitic 
magma event that cuts the early deformation phases, especially the tectonic D

C+D
 dome-and-basin struc-

tures. It is strongly metamorphosed and migmatized by the D
H
 granitic neosomes. According to structural 

analysis it is related to the early phase of the D
E
 magmatism. The age was determined to establish the start 

of the D
E
 evolution in the detailed study area. The sample location is shown in Figure 13 with the rectangle 

indicating the site of the tonalite in Figure 29.
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Zircon description

The zircon population in tonalite sample A1785 Hakkila is quite homogeneous. It mainly consists of very 
long, pale brownish, transparent to translucent, principally quite tabular crystals. In addition to these, more 
brownish, short stubby grains with or without clear crystal faces also exist.

U-Pb age results

A total of 17 zircon domains were dated using an ion microprobe (App-Table 2). One data point (n1662–
01c) was rejected, as its 206Pb/204Pb ratio was very low. The long zircon crystals mainly showing clear zoning 
determine the age for the tonalite; 11 of 12 analyses yield a concordia age of 1868 ± 3 Ma (Appendix-Fig. 
8-5). Only one apparently younger data (n1662–04a) from an internally-homogenized domain was not in-
cluded in the tonalite age calculation. The BSE images of typical analyzed zircons are presented in Appen-
dix-Fig. 8-2c.

Only four domains were dated from the stubby zircons. An inner domain/core of one grain shows an ex-
tremely old age of 3.30 Ga. The other three ages from internally structureless inner and outer domains (cores 
and rims?) plot in the same cluster with the age data from the long magmatic crystals. As these zircons are 
considered as inherited ones, their U-Pb system must have been homogenized during the tonalite intrusion. The 
age of 1868 ± 3 Ma is interpreted as the intrusion age of the Hakkila early D

E
 garnet-bearing tonalite dyke.

Appendix-Fig. 8-5. A concordia plot for SIMS U-Pb data on zircons; sample A1785 Hakkila tonalite, Vantaa.

A1784 Hyrylä, Tuusula – early D
E
 garnet-bearing tonalite dyke

Finnish grid coordinates KKJ2 2557.23E 6697.25N
SIMS, zircon, NORDSIM sample number n1661, mount number M561 (large grains) and M562 (small 
grains)
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Sample information

The sample A1784 Hyrylä from Tuusula is a structurally similar tonalitic dyke (Figure 30a) to the Hakkila 
dyke, but it cuts slightly more deformed gneissic country rock. According to structural analysis it is also 
early D

E
 intrusive dyke that close by also forms larger intrusions showing lamination related to extensional 

SE-opening during emplacement (Figures 30b ad c). The dyke age was proposed to establish the age for the 
extensional opening phase.

Zircon description

The granitic dyke A1784 Hyrylä contains only a tiny amount of zircon. The population is heterogeneous, 
consisting of long and short prismatic crystals, very bright, equidimensional crystals as well as oval grains 
without crystal faces. The majority of the grains are transparent to translucent. It is also possible that all the 
zircons are inherited ones.

SIMS U-Pb age results

Eighteen zircon domains were dated using an ion microprobe (App-Table 2). Of these, four were dated from 
internally-homogeneous, stubby, round zircons and the rest from prismatic grains that do not show clear 
magmatic zoning but have quite homogeneous internal structures in BSE images. No correlation between 
the U and Th concentrations and zircon types existed (see App-Table 2).

The U-Pb data from the majority (10/14) of the prismatic zircons plot in a cluster defining a concordia 
age of 1860 ± 3 Ma (Appendix-Fig. 8-6). Three of the prismatic zircons are certainly inherited, showing a 
discordia age of c. 1.95 Ga. Two of these were measured from inner domains enveloped by younger rim 
phases (n1661–04b, n1661–16b). However, in the BSE images (Appendix-Fig. 8-2d), the inner darker old-
er domains and the pale younger domains do not have any clear boundaries. It is thus suggested that the 
outer domains of the grains have suffered homogenization of their U-Pb system.

The rounded, stubby grains considered as metamorphic zircons give the same age as the prismatic crys-
tals. The concordia age for these is 1858±7 Ma (Appendix-Fig. 8-6). These zircons can be considered ini-
tially as inherited ones.

Appendix-Fig. 8-6. A concordia plot for SIMS U-Pb data on zircons; sample A1784 Hyrylä granite dyke, Tuusula.
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A1335 Maikkala, Lohja – mid-D
E
 pyroxene-bearing tonalite, charnockite

Finnish grid coordinates KKJ2 2500.50E 6690.60N
TIMS, zircon and monazite
NORDSIM, zircon, mount number n1663, large grains = M561
SIMS, zircon, NORDSIM sample number n1663, mount number M561 (large grains)

Sample information

K. Korsman originally gathered this sample for dating the tectono-metamorphic evolution of the granulites 
in the West Uusimaa granulite Complex; the TIMS analysis was carried out by H. Huhma. The sample 
A1335 Maikkala from Lohja represents a high-grade tonalitic rock (charnockite) form. It is pyroxene-
bearing, medium-grained, rather homogeneous rock and represents a rock preserved from the penetrative 
D

E
 deformation in the granulite area. Thus, in addition to the intrusion age for the tonalite it also established 

the upper limit for the penetrative extensional D
E
 deformation age.

Monazite and zircon descriptions

The sample included enough monazite for two fractions for TIMS. It included a lot of homogeneously pale 
brownish, translucent zircon varying from very long or shorter (length-width ratio = 3–7) prismatic grains 
to short, roundish grains. The zircon grains are zonal with well-developed crystal-faces referring to their 
magmatic origin. Only a few clear cores still having crystal structures preserved were detected.

TIMS U-Pb age result and zircon description 

Six fractions of zircon were analyzed by TIMS. The U-Pb data (App-Table 1) give an upper intercept age of 
1860 ± 5 Ma (Appendix-Fig. 8-7), predominantly based on the light fraction. The age is regarded as the 
magmatic age. A concordant monazite age of 1837 ± 3 Ma is interpreted as metamorphic (App-Table 1).

Appendix-Fig. 8-7. A concordia plot for TIMS U-Pb data on zircon and monazite; sample A1335 Maikkala pyroxene-tonalite 
(charnockite), Lohja.
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Appendix-Fig. 8-8. A concordia plot for SIMS U-Pb data on zircons; sample A1335 Maikkala pyroxene-bearing tonalite (char-
nockite), Lohja.

U-Pb age results

From the charnockite sample A1335 from Maikkala, a total of ten zircon domains were dated using an ion 
microprobe (App-Table 2). All the data are concordant and nine of them define a concordia age of 1862 ± 
4 Ma for the rock (Appendix-Fig. 8-8). All these were dated from magmatically-zoned zircons. A slightly 
younger age of c. 1.83 Ga is from a BSE-pale, homogeneous, low Th/U core domain (07a) with a 1.86 Ga 
BSE-darker main phase of the zircon (07b) (Appendix-Fig. 8-2e). 

The TIMS U-Pb age and ion microprobe age are consistent. The homogenized core of the zircon 07 gives 
the same metamorphic age as the monazite. It thus seems probable that the previously metamict core was 
healed during the metamorphism.

A1745 Jyskelä, Järvenpää – D
E
 gabbro

Finnish grid coordinates KKJ2 2562.56E 6711.55N
TIMS, zircon
SIMS, zircon, NORDSIM sample number n1666, mount number M562 (small grains)

Sample information

The gabbroic rocks are rare in the central parts of the granitoid-dominant units like the Espoo Granitoid 
Complex (EGC); the sample A1745 Jyskelä from Järvenpää is a gabbro from such an area. It was emplaced 
according to structural analysis into a low-angle structure that is interpreted as extensional S

E
 foliation ex-

emplified in Figure 34b and c. The gabbro’s structural setting is illustrated in Figure34a and its relations to 
the later D

H
 granites are shown in Figure 34d. 
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TIMS U-Pb age result and zircon description 

The A1745 Jyskelä gabbro was dated using the conventional U-Pb method (App-Table 1). The four ana-
lyzed fractions give an upper intercept age of 1841 ± 7 Ma (MSWD=1.2) for the gabbro (Appendix-Fig. 
8-9). The zircons in sample are quite odd-looking (EDS: Zr, Si, O). They are dark brown, transparent to 
translucent, elongated, and often flat with only rare crystal faces. Actually, the margins can be quite shape-
less. However, dark brown zircons are quite usual in mafic igneous rocks.

Appendix-Fig. 8-9. A concordia plot for TIMS U-Pb data on zircons; sample A1745 Jyskelä gabbro, Mäntsälä.

SIMS U-Pb age results

From the A1745 Jyskelä gabbro, seven zircon domains were dated using an ion microprobe (App-Table 2). 
The zircons show no clear zoning and some domains show tiny BSE-white heavy spots (phase separation?) 
(Appendix-Fig. 8-2f). The dated zircon domains are all unaltered, preferably dark in BSE images. The six 
concordant U-Pb analyses give an unambiguous age of 1838 ± 4 Ma (Appendix-Fig. 8-10) for the gabbro. 
This age is identical within the error limits with the conventional U-Pb age of 1841 ± 7 Ma. 

A1677 Bollstad 2, Inkoo –D
H
 pegmatitic granite

Finnish grid coordinates KKJ2 2497.78E 6662.16N
TIMS, zircon and monazite

Sample information

The pegmatitic granite, sample A1677 Bollstad 2 from Inkoo, represents a D
H
 granite dyke that was em-

placed into a cooled syn-/late D
B
 tonalite (sample A1676 Bollstad 1). The D

H
 granites characterize the 

Southern Finland Granitoid Zone (SFGZ). The dyke was originally set into an upright position, but due 
to continued flattening and heating it deformed into isoclinal folds. The structural relationships of the 
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dyke are illustrated in Figure 39. The age of the dyke establishes the beginning of the D
H
 phase in the Inkoo 

area.

Monazite and zircon descriptions

The sample included much brownish orange, pigmented (Fe?) monazite, and some bright yellow crystals 
with well-developed crystal face. Monazite is coarse-grained, referring to its magmatic origin. There are 
only a few mixed-like zircons in the density fraction >4.2 g/cm3. The fraction 4.2–4.0 g/cm3 had enough 
zircon for only a few age determination fractions. The majority of the prismatic (length-width ratio = 2.5–5) 
zircons are very light, <4.0 gcm–3, dark brownish and metamict in character. These zircons are typical for 
pegmatite granites.

TIMS U-Pb age results

Monazite gives a concordant 207Pb/206Pb age of 1828 ± 1 Ma; the age taking into account the concodancy is 
1828 ± 3 Ma (Appendix-Fig. 8-11). The age is exactly consistent with the monazite age from the Bollstad 
tonalite (sample A1676 Bollstad 1).

Six fractions of zircon were analyzed (App-Table 1). The zircons were light and high in uranium, and the 
analyze points scattered far from the concordia. The upper intercept age for zircons gives an age of 1817 ± 
15 (MSWD = 1.6 (n = 6) (Figure Appendix-Fig. 8-11). Even though the error is large it can be assumed that 
the zircon is not much older than the monazite in the rock. When combined with the monazite analyses the 
value describing the quality of regression is 1.1 (MSWD). Because it is close to 1, are the zircon and 
monazite quite similar in age.

The age of monazite is interpreted to represent the pegmatitic granite dyke age. The dyke emplacement 
establishes the initiation of the late D

H
 granite event in the border zone of the most intense granitoid areas, 

such as the Espoo Granitoid Complex (EGC). 

Appendix-Fig. 8-10. A concordia plot for SIMS U-Pb age data on zircons; sample A1745 Jyskelä gabbro, Mäntsälä.



158

Geological Survey of Finland, Special Paper 47
Matti Pajunen, Meri-Liisa Airo, Tuija Elminen, Irmeli Mänttäri, Reijo Niemelä, Markus Vaarma, Pekka Wasenius and Marit Wennerström

A1678 Kopparnäs diabase

Finnish grid coordinates KKJ2 2514.13E 6659.09N 
TIMS, zircon
SIMS, zircon, NORDSIM sample number n1664, mount number M561 (large grains) and M562 (small 
grains)

TIMS U-Pb age result and zircon description 

From the A1678 Kopparnäs diabase, three zircon fractions have previously been dated using TIMS (App-
Table 1). For the analyses, only extremely fine-grained, pale, transparent, and elongated zircons, which do 
not often show clear crystal faces, were selected. The larger grains were not dated as it is extremely implau-
sible that a very fine-grained rock contains large or medium-sized co-magmatic zircons. In addition to these 
fine-grained dated zircons the sample contains large, dark brown and pale zircons with mixed shapes. As 
the zircon amount in the sample is very small and the quality is rather heterogeneous, it could be considered 
that all the zircons are inherited.

The age results (App-Table 1) are highly discordant and give an upper intercept age of 1841 ± 23 Ma 
(MSWD=0.96; n=3) (Appendix-Fig. 8-11). However, it should be kept in mind that three point isochrones 
defined by highly discordant data are certainly doubtful. The data points plot on the same discordia line 
with the highly discordant zircon data from Bollstad pegmatite. 

For ion microprobe dating, various zircon types were selected: the large grains are mostly turbid to trans-
lucent, long and short crystals and the majority of the smaller zircons are brownish, transparent to translu-
cent, long and short grains as well as roundish ones.

SIMS U-Pb age results

From diabase sample A1678 Kopparnäs, a total of 17 zircon domains were dated using an ion microprobe 
(App-Table 2). Two of these were rejected because of high common lead contents. Twelve analyses plot in 
a tight cluster on a concordia diagram (Appendix-Fig. 8-12). Eleven of the 12 confirm an age of 1831 ± 3 

Appendix-Fig. 8-11. A concordia plot for TIMS U-Pb data on zircon and monazite; sample A1677 Bollstad pegmatite granite, 
Inkoo; sample A1678 Kopparnäs diabase, Inkoo.
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Appendix-Fig. 8-12. A concordia plot for SIMS U-Pb data on zircons; sample A1678 Kopparnäs diabase, Inkoo.

Ma for these zircons, which include large and small euhedral to round grains with mainly homogeneous 
internal structures.

Three small, brownish, long BSE-dark zircon grains (9a, 10a, and 16a) show younger 207Pb/206Pb ages 
with an upper intercept age of 1784 ± 24 Ma (the two rejected data with low 206Pb/204Pb (15a and 17a) from 
a similar zircon type would also plot on the same discordia line) (Appendix-Fig. 8-2g). These zircons also 
have the lowest U contents in the data.

In our opinion the maximum age for the diabase preferably is determined according to those 1.78 Ga 
small, long, brownish, low-U grains, as a very fine-grained mafic rock normally does not include much 
co-magmatic zircon. Thus, the c. 1.83Ga zircons are all inherited.

SUMMARY

The ages of rocks discussed in the main text are summarized in App-Table 3.
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Sample name
Rock type

Anal. no.
TIMS U-Pb age 
results

NORDSIM U-Pb age results

A1785 HAKKILA  
TONALITE

n1662 - 1868 ± 3 Ma (n=11/12; concordia age) 

A1784 HYRYLÄ  
GRANITE DYKE

n1661 -
1860 ± 3 Ma (n=10/11; concordia age)
Metamorphic ages 1858 ± 7 Ma; n=4/4; 
Inherited ~1.95 Ga

A1738 STAFFAS  
TONALITE

n1660 -

AVE=1857 ± 11 Ma (n=12)
“Younger?” 1841 ± 4 Ma (n=7/7)
“Older?” 1876 ± 8 Ma (n=4/5)
Metamorhic zircon phases 1801±7 Ma (n=2/2)

A1745 JYSKELÄ  
GABBRO

n1666 1841 ± 7 Ma / zircon 1838 ± 4 Ma (n=6/7)

A1678 KOPPARNÄS
DIABASE

n1664

1841 ± 23 Ma (n=3)
Three highly discordant fractions / tiny  
zircons). Fractions plot on a discordia line 
with the pegmatite zircons from Bollstad 

1831 ± 3 Ma (n=11/12) inherited grains
1784 ± 24 Ma (n=3/3) a few small grains.  
This age is considered as maximum age for  
the Kopparnäs diabase.

A1676 BOLLSTAD  
TONALITE

n1665
1855 ± 6 Ma / zircon (n=4)
1829 ± 3 Ma / monazite (n=1)

1873 ± 7 Ma (n=6/7)

A1677 BOLLSTAD  
PEGMATITIC GRANITE

1828 ± 3 Ma / monazite
~1.82 Ga / zircon (n=6)
Highly discordant zircon U-Pb data

A1335 MAIKKALA  
PYROXENE-TONALITE 
(CHARNOCKITE)

n1663
1860 ± 5 Ma / zircon
1837 ± 3 Ma / monazite

1862 ± 4 Ma (n=9/10)
~1.83 Ga metamorphic zircon phase (n=1)

App-Table 3. Summary of the age results (see Appendix 8 for further information).



App-Table 4. Summary of the tectonic evolution of the Svecofennian domain in southern Finland. Abbreviations: VMB = Vammala Migmatite Belt, SVB = Southern Finland Volcanic-Sedimentary Belt, EGC = Espoo Granitoid Complex, HGB = Hyvinkää Gabbroic-volcanic Belt, WUC = West Uusimaa granulite Complex, 

 GMB = Granitic Migmatite Belt, TMB Tonalite Migmatite Belt, SFGZ = Southern Finland Granitoid Zone, BBZ = Baltic Sea-Bothnian Bay Zone, RKZ = Riga Bay Karelia Zone and TIB = Transscandinavian Igneous Belt.
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DISCUSSION AND 

APPLICATIONAL ASPECTS

SVECOFENNIAN EVENTS  
EARLY SEDIMENTATION AND VOLCANISM

Pre-E1 Pre-DA 1.95- (?) Ultramafic and mafic rocks (e.g. cortlandites in VMB)(1); psammitic-
dominant metasedimentary rocks(1)

Early ocean floor magmatism? Similar psammitic metasediments locally occur in the GMB

1.9-1.89 Series I volcanism: mafic-intermediate-felsic volcanic rocks(2) in the 
SVB and EGC; Orijärvi granodiorite(2); there are also other early 
granitoids in the SVB (e.g. Algersö granodiorite in Föglö(5)), but 
their relations to volcanism are not known

Early volcanic and sedimentary sequences are folded by FA; structures in Orijärvi granodiorite 
not known

Island arc volcanism and  magmatism In the SVB and EGC mafic-intermediate dykes cut the SA of the early sedimentary-vocanic sequences; two 
volcanic series can be distinguished on a structural basis

 1.9 Psammitic-pelitic metaturbiditic metasedimentary rocks, sulphide 
and iron ore formations, calcaraeous rocks and limestones in the SVB

FA-folded limestone in Kalkkiranta Sipoo is in association with FA-folded volcanogenic felsic 
gneisses

Limestones, sulphide ores and iron formations indicate a 
low-water environment; metapsammitic and metapelitic 
sediments deposited in deep water environment

Psammitic-pelitic sedimentary rocks occur in close association with the pre-D A felsic gneisses (volcanic 
rocks) and shallow water sediments due to later deformations (especially DA)

EARLY COLLISIONAL EVENT BETWEEN THE ARCHAEAN CONTINENT AND SVECOFENNIAN ISLAND ARC
E1 DA ca. 1.9-1.88 Isoclinal, often rootless folds, and weak penetrative foliation, probably major thrust faults C. N-S contraction 

according to FA  
observations

Early crustal thickening (possibly in island arc 
environment)

Strong rearrangement of rocks from different geotectonic environments close to each other; a change from 
lithostratigraphy to tectonic stratigraphy; relations of DA to the D1 in the northern terranes is not determined

COLLAPSE OF ISLAND ARC AND LATER SEDIMENTATION AND VOLCANISM
E2 Post-DA  

and pre-
/early syn-
DB

1.88-1.87(2) Series II volcanism: mafic to intermediate early/syn-DB volcanism 
and mafic to intermediate dykes

The earliest identified structure SB ; no FA folds detected; mafic dykes cut the SA Possible intra-arc volcanism Related to collapse and sinking of oceanic slap into the mantle

Pre-/early 
syn-DB

1.88-1.87(3) Gabbroic-tonalitic association in the SVB and gabbros in the HGB Strongly SB-foliated and boudinaged - relationships with DA in the volcanic series not known Possible intra-arc magmatism syngenetic to the intra-arc 
volcanic rocks

Mafic rocks are sometimes suggested as synvolcanic with the early volcanic sequences(3); further study is 
needed to determine their structural relationships

DB Throndhjemitic to granitic migmatization Isoclinal (to tight) recumbent folding with strong penetrative foliation, lineation weak - 
intersection between S(A)+B/C, boudinage of competent layers with local shearing, prograde 
metamorphism to medium- to high-grade conditions

Strong vertical 
shortening due to 
crustal extension

Extensional event related to collapse of  the island arc 
due to sinking of the oceanic slap into the mantle

Subduction is interpreted to be away from the Archeaen craton; the distribution of the gabbroic rocks in the 
HGB and HVB (App-Fig. 3-3b) estimates approximately SSW-NNE minimum principal stress; becomes 
diachronically younger towards the south from the TMB to GMB

Syn- to 
late DB

1.88-1.87 Gneissic tonalites, locally pyroxene-bearing in the EGC, WUC and 
SVB

SC foliated showing a complex pattern of later shear band structures, all the DE-H granitoids and 
dykes cut the tonalite

Forms large homogeneous intrusions (e.g. Hindby intrusion)

N-S COLLISION - A NEW CONTINENTAL CRUST FORMED
E3 DC 1.88-1.87 Granitic neosomes to a in decreasing extent after DB Moderate to tight folding with weak E-trending axial plane foliation or crenulation deforming 

the D(A)-B structures; the first penetrative deformation in the syn-/late DB tonalites
N-S contraction Collisional event in the ductile stage causing crustal 

shortening
C. similar ages of the DC and DB suggest continuous overall DC collision and local DB extension, both 
becoming diachronically younger southwards

SW-NW TRANSPRESSIONAL COLLISION
Transition 
from E3 to 
E4

DD 1.88-1.87 Pyroxene-bearing quartz-monzonites in the  CFGC Open to tight folding causing ellipsoidal DC+D dome-and-basin structures especially in the 
SVB, no significant foliation identified; developed into intensive D 4 shearing causing block 
structures in the northern terranes (e.g. CFGC and TMB); deformation was more zonal in the 
north than in the south

NE-SW transpression; 
related SE-NW oblique 
extension (e.g. in the 
CFGC)

Ductile oblique collisional event causing crustal 
shortening; intense movements of crustal blocks 
indicating escape tectonics model of deformation

The quartz-monzonites of 1.87-1.86 Ga(14 and15) establish the closing of DD in the northern terranes

COOLING STAGE
The cooling stage after the DD varied in duration in differet areas. In the northern terranes cooling began after D4 and deformation developed to become more zoned in character. In the south (SFGZ) thermal activity was in places nearly continuous, but local cooling stages of c. 30 Ma occurred.

FORMATION OF THE SOUTHERN FINLAND GRANITOID ZONE (SFGZ) IN OBLIQUE EXTENSIONAL TECTONIC REGIMES
E4 DE c. 1.87-1.84 Strong tonalitic to granitic magmatism with minor gabbros; pull-

apart-basin supracrustal rocks (see details below)
Strong horizontal SEext foliation with top-to-SE movement in the SFGZ; often totally destroyed 
the previous DA-D structures; complex DE shear band structures in previous rocks

C. NW-SE oblique 
extension during 
overall NE-SW 
transpression

Oblique extensional zones developed under NE-SW 
transpression between the the major N-trending shear 
zones (BBZ, RKZ and TIB)

Early DE  
to mid-DE

1.87-1.84(13) Garnet-bearing tonalites and contemporaneous pegmatitic granites 
predominantly in the EGC; microtonalite dykes 

Metamorphosed intrusions and dykes, often garnet bearing; cut the syn-/late DB tonalites; 
remelt by the later metamorphic events, e.g. during DH.

NE-SW to E-W 
dilatation

Early pegmatitic granite borders of the early tonalitic dykes indicate increasing temperature during their 
emplacement

DE After 1.87-
1.86(7)

Jokela sedimentary-volcanic association: quartzites, conglomerates, 
pelitic metasediments and volcanic rocks

Shows one prograde metamorphism to medium-grade and low pressure, strong SE and later 
deformations, very weak foliation preceeding SE; cut by DE-H granitic magmas

Upper crustal oblique 
NW-SE extension

Sedimentation and volcanism in a pull-apart-basin in a 
high-energy environment; later change to deep water 
sedimentation and volcanism

Corresponding associations occur and are generally preserved in the intersections of the major E-trending 
shear zones (predominantly DH) and DI structures.

Late DE c. 1.86-1.84 Tonalites, granites and gabbros Show only weak contractional  DE deformation structures and are cut by the late DE granitic 
dykes; also composite dykes with pegnmatitic granites; often emplaced along Sext planes

Lower-crustal intrusive magmatism is possibly related to upper-crustal volcanism e.g. in the DE pull-apat-
basins  

DF c. 1.86-
1.85(17)

Granitic intrusions in eastern Finland (Maarianvaara) Zones of folding with N-trending axial planes in eastern Finland(16); shear zones bordering the 
Central Finland block; Hiidenvesi shear zone in the WUC

E-W contraction Related to escape tectonics causing eastwards movement 
of crustal blocks in central Finland

DF structures are local and not significantly developed in southern Finland; stress probably released along 
the major E-trending shear zones in the south

DG c. 1.84 Minute granitic veining Open to moderate large-scale folding locally with granitic veining in the axial plane; shearing 
especially along the early shear zones between granitoid and supracrustal terranes

N-S contraction Collisional crustal shortening Deformation DF occurred simultaneously with the DE, suggesting different local stress fields in different 
parts of the Svecofennian domain; situations of this kind are characteristic of escape tectonics

DH 1.83-1.80 Granodiorites, granite and pegmatitic granite dykes Extensional recumbent folding FHext with strong horizontal Shext and contractional folding 
with NE-SW-trending axial planes, medium- to high-grade metamorphism at low pressure and 
strong partial melting of earlier granitoids and gneisses

NW-SE transpression Rotation of the stress field into NW-SE caused oblique 
contraction in the SFGZ and closing of the DE pull-apart-
basins 

In high-grade areas (e.g. WUC and EGC) the change from DE to DH magmatism was transitional; patchy 
occurrence of the DH granites refers to local oblique extensional zones during continued transpression

1.83-1.78 Diabase dykes Weakly deformed amphibolite facies N-S- and E-W-trending diabase dykes Oblique dilatational 
zones during the 
overall NW-SE 
transpression

There are also gabbroic rocks (DH?) within DH granites, indicating wider deep-seated magmatism and heat 
flow during DH

POST-TECTONIC MAGMATISM AND FADING OF THE SVECOFENNIAN OROGENY
E5 DI c. 1.8 Late deformation in the N-S-trending major deformation zones (BBZ, RKZ and TIB); large-

scale folding with N-trending axial plane forming open DG+H+I dome-and-basin structures
C. ESE-WNW 
contraction

Crustal shortening and shearing along the major 
shear/fault zones

The BBZ, RKZ and TIB evolution initiated during the D D transpression and continued during the D E-H; the 
DI structures deform the SZGZ; the deformation style was brittle in the north and ductile in the south until 
the fade of the Svecofennian orogeny

1.8- Homogeneous granitic intusions (stocks) Post-tectonic to the major Svecofennian deformation phases, but are often sitting close to the 
intense DI zones, like in the BBZ or RKZ

Post-tectonic or late tectonic to the D I (?)

POST-SVECOFENNIAN EVENTS
RAPAKIVI STAGE

DP 1.65-1.52 Rapakivi granites, quartz-porphyry and diabase dykes Drag folding, zonal semi-ductile dextral shear zones, jointing in the direction of diabase dykes; 
large-scale listric faulting(8)

Crustal extension Rapakivis were set into the intersections of the late Svecofennian high-strain zones  (DE, DG, DH and DI); the 
diabase dykes are at least partly controlled by ductile shearing structures like the Hiidenvesi shear zone in 
the WUC and jointing

RIFTING STAGE
c. 1.25 Sandstone and mafic diabase Open dragfolds, weak fractual cleavage, brittle faults Upper crustal extension
CALEDONIAN OROGENY
c. 450 Ma Brittle faults, reactivation of pre-existing structures and possibly low-angle brittle thrusting 

faults; fluid actvity in preexisting faults; U-mobilization(12) and remagnetization(13)
Reflections of Caledonian orogeny

POST-GLACIAL EVENTS
<10 000 a Minor faults deforming glaciogenic sediments and recent earthquakes(10) Present-day c. NW-SE 

stress field(11)
Post-gacial isostacy and modern plate-tectonics(?) Reactivation along pre-existing brittle structures, joints and faults 

(1) Korsman et al. (1999; and references therein), (2) Väisänen & Mänttäri (2002), (3) Hopgood et al. (1983), (4) Patchett et al. (1981), (5) Suominen (1991), (6) Pajunen et al. (2006), (7) Lahtinen et al. (2002), (8) Korja & Heikkinen (1995), (9) Elminen et al. (2008), (10) Kuivamäki et al. (1988), (11) Stephansson et al. (1986), (12) Vaasjoki (1977b), (13) Mertanen et al. (2008), (14) Mäkitie & Lahti (2001), (15) Lehtonen et al. (2005), (16) Koistinen 1981 and (17) Huhma (1986).

Appendix 9. Tectono-metamorphic evolution of the Svecofennian domain in the study area is compiled in App-Table 4.

App-Table 4. Summary of the tectonic evolution of the Svecofennian domain in southern Finland. Abbreviations: VMB = Vammala Migmatite Belt, SVB = Southern Finland Volcanic-Sedimentary Belt, EGC = Espoo Granitoid Complex, HGB = Hyvinkää Gabbroic-volcanic Belt, 
WUC = West Uusimaa granulite Complex, GMB = Granitic Migmatite Belt, TMB Tonalite Migmatite Belt, SFGZ = Southern Finland Granitoid Zone, BBZ = Baltic Sea-Bothnian Bay Zone, RKZ = Riga Bay Karelia Zone and TIB = Transscandinavian Igneous Belt.


	ABSTRACT

	CONTENTS

	INTRODUCTION
	TECTONIC EVOLUTION OF THE SVECOFENNIANCRUST IN SOUTHERN FINLAND
	INTEGRATED STRUCTURAL SUCCESSION ANDAGE CONSTRAINTS ON A SVECOFENNIAN KEYOUTCROP IN VÄSTERVIKEN, SOUTHERN FINLAND
	FAULT STRUCTURES IN THE HELSINKI AREA,SOUTHERN FINLAND
	PALEOMAGNETIC EVIDENCE FOR MESOPROTEROZOIC –PALEOZOIC REACTIVATION OF THE PALEOPROTEROZOICCRUST IN SOUTHERN FINLAND
	ORIENTATION AND PROPERTIES OF JOINTINGIN HELSINKI AREA, SOUTHERN FINLAND
	AEROGEOPHYSICAL APPROACH 
TO DUCTILEAND BRITTLE STRUCTURES IN THE DENSELYPOPULATED URBAN HELSINKI AREA,SOUTHERN FINLAND
	CONSTRUCTION SUITABILITY OF BEDROCK IN THEHELSINKI AREA BASED ON THE TECTONIC STRUCTUREOF THE SVECOFENNIAN CRUST OF SOUTHERN FINLAND



