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ABSTRACT

The late Svecofennian granite-migmatite (LSGM) zone in southwestern Finland is a ~ 100 km wide and 500 km long
belt transecting the southern Svecofennides from WSW to ENE. It was formed in an area of thin pillow lavas, volcaniclastic
sediments and limestones. The area is interpreted as having been an early basin of crustal extension which was the locus
of an inherited zone of weakness in the Proterozoic crust. Early recumbent folding was followed by crustal thickening and
intrusions of ~ 1.89-1.8 8 Ga old plutonics.

The LSGM-zone is characterized by 1.84-1.83 Ga old rhomboidal sheets of late Svecofennian microcline granite and is
bounded by ductile shears. Amongst the two major phases of deformation defined in the LSGM-zone, the earlier one (Dl)
affected only the supracmstals and the 1.89-1.88 Ga old early plutonics. In contrast, the later phase (D2) also deformed
the late Svecofennian migmatites and granites. Dl represents a complex and long-lasting deformation event which in-
cluded overturning and thrusting of the Svecofennian strata.

D2 comprised ENE-WSW directed drag accompanied by NNW-SSE compression. The Svecofennian crust was thick-
ened further and anatectic microcline granites intruded along thrusts. The rhomboidal outline of the late Svecofennian
granite sheets indicates a sense of movement in agreement with measured dextral strike-slip in the shears delimiting the
LSGM-zone. Imbricated feldspar megacrysts in the granites indicate thrusting towards the west during the stage of granitic
magmatism. The gently dipping early Svecofennian gneisses and the late granite sheets were folded into upright F2 folds
with gently plunging axes. Locally, the F2 axial surfaces were intruded by late Svecofennian granite mobilisates.

1. Introduction

T h e Svecofenn ian d o m a i n of F i n l a n d a n d

Sweden (F ig . 1, i n s e t ) is a large c rus ta l seg-

m e n t of ~ 2 . 0 - 1 . 8 G a age , cons i s t ing of calk-

a lka l ine p l u t o n s a n d m e t a v o l c a n i c rocks wi th

in te r spe r sed m e t a g r e y w a c k e s a n d me tape l i t e s .

P l u t o n i s m c o m m e n c e d d u r i n g t h e calk-a lka-

l ine v o l c a n i s m a n d g r a n i t o i d s o c c u p y m o s t of

t h e crus ta l v o l u m e . T h e o ldes t k n o w n z i rcons

found in m e t a g r e y w a c k e s a re 2.1 G a o ld

( H u h m a , 1 9 9 0 ) , b u t n o s o u r c e rocks of t h a t

age h a v e b e e n found . M o s t of t h e ear ly g ran i -

to ids h a v e ages o f 1 .89-1 .88 G a ( H u h m a ,

Corresponding author.

1986; P a t c h e t t a n d K o u v o , 1 9 8 6 ) . T h e y rep-

resen t a n ep i sode of m a s s i v e f o r m a t i o n of con-

t i n e n t a l c rus t a n d c o m p r i s e I - type rocks rang-

ing f rom d io r i t e s t h r o u g h d o m i n a n t tona l i t es

a n d g r a n o d i o r i t e s to r ed mic roc l ine - r i ch gran-

i tes ( F r o n t a n d N u r m i , 1987; G a a l a n d Gor -

ba t schev , 1 9 8 7 ) .

I n s o u t h e r n F i n l a n d , the 2 . 0 - 1 . 8 G a old crust

was i n t r u d e d by a s econd g e n e r a t i o n of gran-

i tes . T h e s e la te Svecofenn ian , S-type grani tes

h a v e ages of ~ 1 .84-1 .83 G a ( H u h m a , 1986;

Vaas joki a n d Sakko , 1988; S u o m i n e n , 1 9 9 1 ) .

T h e y form a 500 k m long a n d 100 k m wide belt

of i n t r u s i o n s (F ig . 1) a n d a re a s soc ia ted wi th

h igh-g rade m e t a m o r p h i s m a n d ex tens ive mig-

m a t i t e s w h i c h h a v e b e e n desc r ibed by Seder-
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Fig. 1. The Svecofennian rocks of southern Finland (after Simonen, 1980). The zone of late Svecofennian 1.84-1.83 Ga

old granites and migmatites ( L S G M ) transects the earlier crust. S=Sulkava, T— Tampere, (7= West Uusimaa, Mustio

and Orijarvi, P = P e r n i o , AT=Kemio, # = H a n k o , Pa = Pargas, 7V=Nagu, To=Torsholma.

h o l m ( 1 9 2 6 ) , H o p g o o d e t a l . ( 1 9 7 6 ) , E d e l -

m a n a n d J a a n u s - J a r k k a l a ( 1 9 8 3 ) , H o p g o o d e t

a l . ( 1 9 8 3 ) , K o r s m a n e t a l . ( 1 9 8 4 ) , a n d o t h e r s .

T h e r e h a s b e e n a t e n d e n c y t o d e s c r i b e t h e

S v e c o f e n n i a n g e o l o g y o f F i n l a n d o n t h e b a s i s

o f d e t a i l e d s t u d i e s i n o n l y a f e w k e y a r e a s ( e . g .

S i m o n e n , 1 9 6 0 ) . T h i s i s a l e g a c y o f J . J . S e d e r -

h o l m s e x c e l l e n t p i o n e e r p a p e r s f r o m t h e b e g i n -

n i n g o f t h e c e n t u r y . H i s s t r o n g i n f l u e n c e o n

g e o l o g i c a l t h i n k i n g h a s s u b s e q u e n t l y l e d t o

o v e r l y g e n e r a l i z e d i n f e r e n c e s a b o u t s t r a t i g r a -

p h y a n d d e f o r m a t i o n . A t p r e s e n t , n e w U - P b

d a t i n g s a n d n u m e r o u s n e w g e o p h y s i c a l a n d

g e o l o g i c a l d a t a f a c i l i t a t e a d i f f e r e n t a p p r o a c h

w h e r e d i s t i n c t s t r u c t u r a l a n d s t r a t i g r a p h i c u n i t s

w i t h i n t h e l a r g e S v e c o f e n n i a n d o m a i n c a n b e

d i s t i n g u i s h e d .

T h e a i m o f t h i s p a p e r is t o g i v e a n o v e r v i e w

o f t h e l a t e S v e c o f e n n i a n g r a n i t e - m i g m a t i t e

z o n e o f s o u t h e r n F i n l a n d , t h e L S G M - z o n e , a s

a d i s t i n c t s t r u c t u r a l u n i t . W e h a v e t e n t a t i v e l y

d e f i n e d t w o m a i n p h a s e s o f d e f o r m a t i o n ( D l

a n d D 2 ) s e p a r a t e d b y a t i m e l a p s e o f s o m e 5 0

M a a s s h o w n b y t h e i r r e l a t i o n s h i p s t o r a d i -
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omet r i ca l ly d a t e d g r a n i t o i d i n t r u s i o n s . P h a s e

D l c o m p r i s e s d e f o r m a t i o n a l e p i s o d e s m o s t l y

preceding the i n t ru s ion of t h e 1 .89-1.88 G a old

g ran i to ids , b u t a lso i n c l u d e s ep i sodes d u r i n g

a n d soon after t he se i n t r u s i o n s . I n con t r a s t ,

p h a s e D 2 also affects t h e 1 .84-1 .83 G a o ld

gran i tes . W e m a d e n o a t t e m p t s t o d i s t ingu i sh

b e t w e e n different e p i s o d e s of d e f o r m a t i o n a l

p h a s e D l . T h u s , S I des igna te s all t h e d o m i -

n a n t s u b h o r i z o n t a l sch is tos i t i es f o r m e d d u r i n g

the D l even t s . D 2 is c o n f i n e d t o t h e L S G M -

zone a n d m u s t n o t b e confused w i t h d e f o r m a -

t ion phases in o t h e r p a r t s of t h e Sveco fenn ian

d o m a i n . L a t e r d e f o r m a t i o n s ( D 3 e t c . ) as de -

scr ibed in t h e l i t e r a t u r e (e.g. Sch reu r s a n d

Wes t ra , 1 9 8 6 ) a re n o t d i scussed in th i s p a p e r .

O u r conc lus ions a r e b a s e d o n o b s e r v a t i o n s

m a d e in t h e wes t e rn p a r t of t h e L S G M - z o n e .

2. The late Svecofennian granite-migmatite

( L S G M ) zone of southern Finland

2.1. Age determinations and geographical

extent

A l t h o u g h r a t h e r few U - P b z i r con age de te r -

m i n a t i o n s a r e ava i l ab le , t h e resu l t s a re cons i s -

ten t : t he m i g m a t i t e s a n d g ran i t e s fo rming the

L S G M - z o n e h a v e ages of ~ 1 .84-1 .83 G a . Age

d e t e r m i n a t i o n s o n t h e m i g m a t i t e s of t h e Sul-

k a v a a rea ( 1 8 3 3 ± 1 6 M a ; K o r s m a n et al.,

1 9 8 4 ) , t h e H a n k o g r a n i t e ( 1 8 3 0 ± 10 M a ;

H u h m a , 1 9 8 6 ) , t h e N a g u g ran i t e ( 1 8 4 2 ± 3 1

M a ; S u o m i n e n , 1 9 9 1 ) a n d t h e K u m l i n g e g ran-

i te in t he s o u t h w e s t e r n a r ch ipe l ago ( 1 8 4 0 ± 4

M a ; S u o m i n e n , 1 9 9 1 ) all p lo t w i t h i n th i s pe -

r iod (F igs . 1 a n d 2 A ) . S u o m i n e n ( 1 9 9 1 ) also

repo r t s t h r ee n e w U - P b ages f rom t h e L S G M

grani tes in t h e P e r n i o a r ea ( 1 8 2 9 ± 1 4 ;

1840 ± 8; 1829 ± 14 M a ) a n d o n e f rom K e m i o

( 1 8 4 0 ± 8 M a ) . U n d e f o r m e d pos t -o rogen ic

dykes a n d i n t r u s i o n s w i t h ages of ~ 1.80 G a

h a v e been r e p o r t e d f rom dif ferent p a r t s of t h e

L S G M - z o n e ( N y k a n e n , 1 9 8 3 , 1988; K o r s m a n

et al. , 1984; Vaas jok i a n d Sakko , 1 9 8 8 ) . A

n u m b e r of n e w U - P b age d e t e r m i n a t i o n s from

t h e T o r s h o l m a a r e a a re re fer red t o as pe r sona l

c o m m u n i c a t i o n s b y M . Vaas joki , 1991.
T h e r e d m i c r o c l i n e g ran i t es a long the south-

e rn m a r g i n of t h e large p l u t o n i c complex in

cen t ra l F i n l a n d a r e chemica l ly s imi la r t o those

of t h e L S G M - z o n e , b u t a re o lde r a n d be long to

t h e s a m e age g r o u p as t he p r e d o m i n a n t 1.89-

1.88 G a o ld g r a n o d i o r i t e s a n d tona l i tes

( H u h m a , 1986; Pa t che t t a n d K o u v o , 1986) . In

fact, n o 1 .84-1 .83 G a g ran i t e ages h a v e been

r e c o r d e d in t h e F i n n i s h p a r t of t h e Svecofen-

n i a n d o m a i n o u t s i d e t h e L S G M - z o n e ( M .

Vaas joki , pe r s . c o m m u n . , 1 9 9 1 ) .

T h e L S G M - z o n e of la te Sveco fenn ian gran-

i te mass i fs e x t e n d s to t he sho re of t he Gu l f of

F i n l a n d in t h e sou th . I ts s o u t h w e s t e r n pa r t is

s e p a r a t e d f rom t h e r e a l m of m a s s i v e early Sve-

co fenn ian g ran i t e s by a s teeply d i p p i n g re-

gional shear z o n e wi th a cons iderab le strike-slip

c o m p o n e n t (F ig . 2 in th i s p a p e r , a n d Ehlers

a n d L i n d r o o s , 1 9 9 0 a ) . S o u t h of th i s m a r k e d

shear zone , all grani t ic rocks be long to the 1.89-

1.88 G a age g r o u p ( S u o m i n e n , 1987, 1 9 9 1 ) .

M a p s b a s e d o n n u m e r o u s dr i l l ings t h rough

the Pa l aeozo i c cove r of n o r t h e r n Es ton ia in to

its P r e c a m b r i a n b a s e m e n t s h o w n o extensive

gran i t e a n d m i g m a t i t e o c c u r r e n c e s ( P u u r a et

al . , 1 9 8 3 ) . T h i s is in a c c o r d a n c e wi th ear l ier

desc r ip t i ons of t h e i s lands in t h e sou the rn pa r t

of t h e G u l f of F i n l a n d ( R a m s a y , 1 8 9 1 ) . Fur -

t h e r m o r e , p u b l i s h e d geological m a p s a n d de -

sc r ip t ions i n d i c a t e t h a t t h e ear ly Svecofennian

g ran i t o id s w i t h i n t h e L S G M - z o n e are m o r e

d e f o r m e d t h a n t h o s e in t h e 1 .89-1 .88 G a old

g ran i t o id mass i f s of t h e cen t ra l F i n n i s h early

Svecofenn ian g r a n i t o i d c o m p l e x .

F r o m the d a t a n o w ava i l ab le we can del ine-

a te a p p r o x i m a t e l y t h e b o u n d a r i e s of a roughly

500 k m long a n d 100 k m w i d e zone of re-

p e a t e d s t rong d e f o r m a t i o n a n d h igh-grade

m e t a m o r p h i s m a c c o m p a n i e d by extens ive

m i g m a t i t i z a t i o n a n d i n t r u s i o n s of la te Sveco-

f enn ian g ran i t e s a long t h e s o u t h e r n coast of

F i n l a n d (F ig . 1 ) .
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Fig. 2. (A) Schistosity trends as traced from geological map sheets covering 7000 km2 of the southwestern archipelago of
Finland. The area is well exposed and the trends in this map (from Ehlers and Lindroos, 1990a) are based on measured
field observations. A steeply dipping shear zone transects the area in a NW direction. The LSGM-zone with characteristic
dome- and basin-structures in gently dipping migmatitic supracrustal rocks is northeast of the shear zone. On the south-
western side, the steep schistosity in the 1.89-1.88 Ga old granitoids is deflected by dextral movement. The localization
of Fig. 5 (Torsholma area) is indicated. S=Sottunga area. (B) Gently dipping stretching lineations and mineral linea-
tions in the LSGM-zone. The lines on the map are drawn along the general trend of the dominant subhorizontal lineations.
Plunge directions (20° or less) are indicated with arrows. The contact to the Aland rapakivi granite complex and the
shear zone in the western part of the map are the same as those in (A). Г= Torsholma, N= Nagu, P— Pernio. (С) Sheath
folds in a thin marble with quartz-feldspar layers indicate subhorizontal shearing. Direction of movement is towards the
NW (towards the camera). The locality is situated within the area of gently dipping domes and basins northeast of the
strike-slip shear in (A).

2.2. General structural features

T h e P r o t e r o z o i c r o c k s w i t h i n t h e L S G M -

z o n e h a v e a n u m b e r of c h a r a c t e r i s t i c l i tholog-

ical a n d s t r u c t u r a l features . Geographica l ly , t h e

L S G M - z o n e o v e r l a p s a r o u g h l y 100 k m w i d e

z o n e of v o l c a n i c a n d s e d i m e n t a r y , bas in- type,

shal low m a r i n e l i tho log ies c o n s i s t i n g of t h i n

sequences of basa l t ic p i l lowed lavas c o v e r e d by

t h i n m a r b l e s a n d i r o n f o r m a t i o n s . N o r t h of t h e

L S G M - z o n e , t h e v o l c a n i c r o c k s cons i s t of

m u c h t h i c k e r v o l c a n i c l a s t i c s e q u e n c e s , a n d

pil low lavas a n d a s s o c i a t e d m a r b l e s a re absent .

T h e l i thological l a y e r i n g of t h e o ldes t supra-

crusta ls w i t h a s t r o n g t r a n s p o s e d schis tos i ty

( S I ) is s u b h o r i z o n t a l ( F i g . 2 A ) a n d roughly

para l le l t o t h e p r e s e n t l y e x p o s e d p e n e p l a i n .

T h i s d o m i n a n t S1 e v e n t f o r m s t h e axia l-plane

surfaces of ear ly o v e r t u r n e d folds w h i c h r e a c h

a size in t h e o r d e r of severa l k i l o m e t r e s (F ig .

3 ) . S o m e of these s t ruc tures h a v e b e e n m a p p e d

in d e t a i l (e.g. B leeker a n d Westra , 1 9 8 7 ) .

T h e ear ly 1.89 G a o ld g r a n i t o i d s (gneissose

g r a n i t e s ) f o r m sill-like i n t r u s i o n s a long t h e

p r e v i o u s l y f o r m e d S1 ax ia l-p lane schis tos i t ies

(Fig . 4 B ) . T h e s e r o c k s a r e of ten s trongly schis-

t o s e a n d l i n e a t e d d u e t o c o n t i n u i n g s u b h o r i -

z o n t a l d e f o r m a t i o n a l m o v e m e n t s .

T h e 1.84-1.83 G a o l d m i c r o c l i n e g r a n i t e s

w e r e e m p l a c e d as s h e e t s c o n f o r m a b l e w i t h t h e

gent ly d i p p i n g S I ax ia l-p lane schis tos i ty a n d

also r o u g h l y in c o n f o r m i t y w i t h t h e prev ious ly

d e f o r m e d 1.89 G a o ld sills of gneissose g ran i te .

I n t h e P e r n i o a r e a ( F i g s . 1 a n d 2 B ) , a b u n d a n t
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Fig. 3. Large-scale folds as shown by mapped structures in
the early Svecofennian volcanic rocks of the LSGM-zone.
The representation of the Kemio and Mustio areas are
from Scheurs and Westra (1986) while the map of the
Pargas area is based on mapping by Ehlers.

t h in s labs of ear ly S v e c o f e n n i a n m e t a s e d i -

m e n t s a n d vo lcan ic s a s s u m e t h e typical ly cres-

c e n t - s h a p e d fo rms of ten s u r r o u n d i n g smal l

hills, t h u s d e m o n s t r a t i n g t h e i r s u b h o r i z o n t a l

pos i t i ons in t h e g r an i t e . T h e mic roc l i ne gran-

i tes are pa r t ly p o r p h y r i t i c a n d h a v e m a r k e d

s u b h o r i z o n t a l sch i s tos i ty a n d a m i n e r a l l inea-

t i on f o r m e d by t h e r o t a t i o n a n d i m b r i c a t i o n of

mic roc l ine megac rys t s (F ig . 6 ) . A smal l valley

close to t h e village of K e m i o cu t s t h r o u g h the

s o u t h e r n c o n t a c t of o n e of t h e g ran i t e sheets

a n d exposes t h e lower c o n t a c t aga ins t t he un -

der ly ing m i c a schis t s . T h e schis t a n d t h e sub-

ho r i zon t a l lower p a r t of t h e g ran i t e sheet a re

strongly s t re tched in a n e a s t - w e s t d i rec t ion a n d

schis tose. T h i s i n d i c a t e s a long h i s to ry of re-

p e a t e d d e f o r m a t i o n a n d i n t r u s i o n s a long t h e

ini t ia l ly f o r m e d s u b h o r i z o n t a l axia l -p lane

schis tos i ty ( S I ) .

All t he se d e f o r m e d l i tho logies , t h e mic roc -

l ine g ran i t e s i n c l u d e d , h a v e b e e n folded in to

E - W - t r e n d i n g o p e n folds ( F 2 ) w i th gently

p lung ing axes a n d s teep ax ia l p l anes ( S 2 B )

f o r m i n g t h e in te r fe rence p a t t e r n s of Fig. 2A.

T h e o p e n F 2 folding is t h e m a i n cause of the

p r o m i n e n t overa l l E - W s t ruc tu ra l t r e n d of t he

L S G M - z o n e .

S t r e t ch ing l i n e a t i o n s a n d t h e axes of small ,

t ight F l - f o l d s w i th in t he S1 schistosi ty have the

s a m e d i r e c t i o n a n d a re rough ly paral le l t o the

s u b s e q u e n t o p e n F2-folds . T h e y are all hor i -

zon t a l o r d i p gent ly t o w a r d s t h e east (Fig . 2 B ) .

T h e l inea r s t ruc tu re s in Fig. 2 B a re t h u s a com-

b i n e d resul t of o n e o r severa l ove r l app ing de-

f o r m a t i o n e v e n t s w h i c h affect b o t h t he 1.89-

1.88 G a o ld g r a n i t o i d s a n d t h e 1 .84-1.83 G a

o ld g ran i t e s .

T h e la te Sveco fenn ian g ran i t es occu r ma in ly

in t w o different s t ruc tu ra l se t t ings (cf. Eskola ,

1 9 1 4 ) . T h e y a r e found as: ( 1 ) large gently d ip -

p ing shee ts of p o r p h y r i t i c mic roc l ine g ran i te

e m p l a c e d a l o n g S 1 schis tos i t ies ; a n d ( 2 ) smal l

d i s c o r d a n t mass i f s a n d dykes of mic roc l ine -

r ich g ran i t e , w h i c h of ten form in t rus ive brec-

cias wi th the s u r r o u n d i n g de fo rmed a n d veined

gneisses; smal l ba l l oon ing in t ru s ions occur

(Eh le r s , 1978; E d e l m a n , 1979; Ehlers a n d

Bergman , 1 9 8 4 ) . T h e grani tes of th is type show

only a s teep E - W schis tos i ty t r e n d i n g paral lel

to t h e axia l surface S2B (F ig . 4 D ) . A recent

U - P b z i rcon age of 1840 ± 4 M a ( S u o m i n e n ,

1 9 9 1 ) o b t a i n e d f rom a smal l , d i sco rdan t ly in-

t r u d i n g m i c r o c l i n e g ran i t e in t he sou thwes t e rn

a rch ipe lago ( K u m l i n g e ) , shows t h a t t h a t rock

belongs to t h e s a m e age g r o u p as t he gran i te

shee ts regard less of t h e s t ruc tu ra l difference.

A poss ib le e x p l a n a t i o n of t h e difference in

s t ruc tu ra l style b e t w e e n t h e va r ious late Sve-

c o f e n n i a n m i c r o c l i n e g ran i t e s is t he i r t ec ton ic

p o s i t i o n in r e l a t ion to large c o n t e m p o r a n e o u s

crus ta l shears . T h e g ran i t e sheets were em-

p laced in a m i d - c r u s t a l z o n e of h igh m e t a m o r -

p h i s m a n d shear ing . T h e y a re local ized in d o -
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Deformations affecting ^^^
1.89-1.88 Ga granitoids \-fZ\

Folds

®

Deformations affecting the
1.84-1.83 Ga late Svecofennian
granites | ^ |

F,

2B

Fig. 4. Simplified sketch of the main deformational episodes within the LSGM-zone. The Dl phase involves all defor-
mations affecting the supracrustal sequence and the 1.89-1.88 Ga old early Svecofennian granitoids. The D2 also affects
the 1.84-1.83 Ga old microcline granites. The D2 phase reactivated early SI schistosities. Early granitoid sills have been
omitted in (C) and (D).

m a i n s of s u b - h o r i z o n t a l t ec ton ic mob i l i t y

w h i c h se rved as c h a n n e l s a n d sites of e m p l a c e -

m e n t for g ran i t i c pa r t i a l me l t s .

T h e less d e f o r m e d , d i s c o r d a n t , smal le r a n d

regional ly m o r e ins ign i f ican t i n t r u s i o n s repre -

sent smal l b a l l o o n s o r d y k e s of g ran i t i c m a g m a

which h a d e scaped f rom areas of i n t ens ive

m o v e m e n t s a n d p e n e t r a t e d s u r r o u n d i n g por -

t ions of t he crust . T h e y a re non -po rphyr i t i c a n d

s o m e of t h e m give t h e i m p r e s s i o n of a l m o s t

be ing pos t -o rogen ic . H o w e v e r , t h e U - P b zir-

con ages d e m o n s t r a t e t h a t all " l a t e Svecofen-

n i a n " g ran i t es w i t h i n t h e L S G M - z o n e be long

to t h e s a m e 1 .84-1 .83 G a age b r acke t a l t hough

they h a v e b e e n e m p l a c e d in s t ruc tu ra l ly differ-

en t se t t ings .

2.3. Ductile shears in the southwestern part of

the LSGM-zone

T h e sou thwes te rn m a r g i n of the L S G M - z o n e

is b o u n d e d by s teep duc t i l e shea r s w i th a sub-

s tan t ia l s t r ike-s l ip c o m p o n e n t . S o m e of these

shear zones are well exposed (Fig . 2 A ) . W i t h i n

the g ran i t i c a n d m i g m a t i t i c a reas , ho r i zon ta l

a n d gent ly d i p p i n g duc t i l e shea r s exert a s t rong

inf luence o n t h e s t r u c t u r e s (F ig . 5 A ) .

Fig. 2A shows t h e s teep , regional , zone of

m y l o n i t e s a n d duc t i l e shea r s t h a t p o s t d a t e a n d

d e f o r m the 1 .89-1 .88 G a o ld g ranod io r i t e s on

the i r s o u t h w e s t e r n s ide . T h i s shea r zone ex-

t e n d s s o m e 150 k m e a s t w a r d s a n d has an esti-
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Fig. 5. (A) Structural geology of the Torsholma area (see Figs. 1 and 2 for localization). Slabs of rock with a strong
subhorizontal stretching lineation dip gently towards the southwest. A small thrust-bound slab of strongly deformed gran-
ulite facies granitoids intersected by numerous thin alkali basaltic amphibolitic dykes is tectonically emplaced between
the supracrustals and early granitoids of western Torsholma. A small subhorizontal allochthonous sheet of amphibolite
can be seen in the northwestern corner of the map. / = early granitoids with strike of schistosity; 2=amphibolite;
i=granulite facies granitoids with strong deformation and folded amphibolitic dykes; */=:subhorizontal/horizontal
stretching lineations (direction of plunge is indicated); 5=tectonic contact with direction of gentle dip indicated;
6=inferred tectonic contact. (В) Folded dyke of metabasalt intersecting the strongly deformed granulite facies granitoids
(symbol 3 in A). The metabasaltic dykes are confined to a rock slab of high-grade metamorphism.

mated dextral strike-slip c o m p o n e n t o f more

than 2 0 km. Northeast o f this zone there are

migmatit ic supracrustal rocks with subhori-

zontal schistosit ies refolded into open folds by

F2. This has produced an interference pattern

which gives the area the characteristic struc-

tural style o f the LSGM-zone (Figs. 2 A and 3 ) .

In the Sottunga area (Fig. 2 A ) , this shear

zone is intersected by dykes o f late Svecofen-

nian fine-grained granite which postdate the

shears and on ly s h o w weak E - W schistosity

(Edelman, 1 9 7 9 ) corresponding to the S2B of

Fig. 4 D . This indicates that this large strike-

slip zone is o f an earlier date than the S2B de-

formation as shown by the E - W schistosity in

the granite dykes.

The Torsholma area (Figs. 2A, 5A) serves

as an il lustration of the structures within the

southwestern part o f the LSGM-zone. Fig. 5A

shows that this area consists o f thin subhori-

zontal slabs o f rock, separated by ductile shears.

The slabs dip gently towards the southwest.

One of the rock slabs has a mineralogy indicat-

ing granulite-facies metamorph i sm in contrast

to the surrounding amphibolite-facies rocks. A

marked subhorizontal stretching l ineation par-

allel to the axes o f small folds indicates strong

displacement o f the different sheets o f rock
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(F ig . 5 A ) . T h e s h e a r z o n e s b e t w e e n these

sheets were t r a n s e c t e d b y p e g m a t i t i c dykes

showing n o d e f o r m a t i o n . T h e p e g m a t i t e s were

ten ta t ive ly d a t e d a n d y i e l d e d a U - P b m o n a -

zi te age close t o 1.80 G a ( M . Vaas joki , pe r s .

c o m m u n . , 1 9 9 1 ) , w h i c h p r o v i d e s a m i n i m u m

age for t he shea r i ng in t h e T o r s h o l m a a rea .

2.4. High-grade metamorphism

I n T o r s h o l m a (F ig . 5 A ) , a t h i n s lab of

strongly d e f o r m e d granul i te-facies gneiss (1 .89

G a ; M . Vaas jok i , p e r s . c o m m u n . , 1 9 9 1 ) is cu t

by folded a m p h i b o l i t e d y k e s a n d on ly slightly

d e f o r m e d 1.7 G a o l d d y k e s of g r a n o d i o r i t e .

N o n e of t h e dyke i n t r u s i o n s s h o w t races of

granul i te-facies m e t a m o r p h i s m . I n t h e Or i -

j a r v i a rea (F ig . 1 ) , t h e p e a k of m e t a m o r p h i s m

p o s t d a t e s t h e m a i n p h a s e of t h r u s t i n g a n d

s tacking ( D l ) of t h e s u p r a c r u s t a l rocks

( V a i s a n e n , 1 9 8 8 ) .

In t h e Wes t U u s i m a a a r e a (F ig . 1 ) , low p res -

sure g ranu l i t e facies r o c k s ( 3 - 5 k b a r ) w i t h

t e m p e r a t u r e s of u p t o 8 0 0 ° C , o c c u r w i t h i n d o -

m a i n s of low pressure a m p h i b o l i t e facies rocks.

T h e granuli te-facies m e t a m o r p h i s m cuts across

t e c t o n i c a n d l i tho logica l c o n t a c t s , a n d r ep re -

sents a local t h e r m a l d o m e t h a t o v e r p r i n t e d t he

la te Sveco fenn ian m i c r o c l i n e g ran i t es

( S c h r e u r s a n d W e s t r a , 1 9 8 6 ) .

T h e h igh-grade m e t a m o r p h i s m in t h e Tor -

s h o l m a a rea is o lder t h a n t h e 1.87 G a old dykes

in tersec t ing a n d d i s co rdan t l y ove r th rus t ing t h e

h igh-grade s lab (F ig . 5 A ) . T h u s t h e L S G M - z o -

newe m u s t be c o n s i d e r e d t o b e a si te of re-

pea t ed m e t a m o r p h i c ep i sodes of different ages.

5. Structural interpretation

5.1. Dl deformation affecting the 1.89-1.88

Ga old granitoids

T h e ear ly p h a s e s of D l g e n e r a t e d m a c r o -

scopic r e c u m b e n t F l folds o v e r t u r n e d t o w a r d s

t h e west a n d n o r t h w e s t , for i n s t a n c e in K e m i o

a n d Pa rgas (F ig . 3 ) . T h e d o m i n a n t , s u b h o r i -

zontal SI fo l ia t ion is a F l ax ia l -p lane schistos-

i ty a n d con t ro l l ed local t h r u s t i n g t h a t p ro -

d u c e d a r e p e t i t i o n of s u p r a c r u s t a l sequences

a n d a local t h i c k e n i n g of t h e c rus t . T h e zones

of m o s t i n t ense t h r u s t i n g a n d t r a n s p o s i t i o n are

conf ined to t h i n m a r b l e layers w h i c h are often

all b u t comple t e ly shea red o u t ( v a n Staal a n d

Wi l l i ams , 1 9 8 3 ) a n d h a v e a c t e d as regional

surfaces of d e c o l l e m e n t .

T h e early i n t r u s i o n s of g r a n i t o i d s be longing

t o t h e 1 .89-1 .88 G a age g r o u p i n t r u d e d as sills

a long these m o s t l y s u b h o r i z o n t a l S1 surfaces.

T h e D l p h a s e d e f o r m e d t h e sup rac rus t a l se-

q u e n c e a n d pa r t l y a lso t he sills of early synvol-

can ic g r an i t o id s . I t p r o v i d e s a r o u g h e s t ima te

of t h e ex ten t of t h e early d e f o r m a t i o n . In t he

T o r s h o l m a a r e a (F ig . 5 ) , t h e s t rongly de -

fo rmed tona l i t i c gneisses of 1.89 G a age are cut

by d i s c o r d a n t dykes of 1 .87 'Ga o ld g r a n o d i o -

r i tes ( M . Vaas jok i , pe r s . c o m m u n . , 1 9 9 1 ) .

T h e s e dykes a r e on ly sl ightly d e f o r m e d a n d

t h u s i n d i c a t e t h a t t h e m o s t i n t ens ive stage of

D l was ( a t least local ly) o v e r b y t h a t t i m e .

5.2. D2 affecting the 1.84-1.83 Ga old granites

T h e L S G M - z o n e c o m p r i s e s r h o m b - s h a p e d

sheets of p o r p h y r i t i c g ran i t e . T w o areas in one

of t h e g ran i t e shee t s h a v e b e e n s t ud i ed in

grea te r de ta i l (F ig . 1 ) ; t hese a re t h e po rphy r i -

t ic g ran i tes in N a g u ( E d e l m a n , 1 9 7 2 ) a n d Per-

n i o (Eskola , 1914; Se lonen a n d Ehlers , 1 9 9 0 ) .

E d e l m a n d e s c r i b e d t h e fol ia ted N a g u grani te

t h a t fea tures a c o m p o s i t i o n a l b a n d i n g which

s u r r o u n d s a n d c o n f o r m a b l y unde r l i e s a gently

F2-fo lded a m p h i b o l i t e syn fo rm. T h e fol iat ion

w a s f o r m e d by t h e r o t a t i o n of mic roc l ine m e -

gacrys ts w h i c h a r e a l igned i n t o a l inea r s t ruc-

t u r e t h a t c a n b e o b s e r v e d o n t h e p lanes of

schis tosi ty . T h e r o t a t e d megac rys t s a re some-

t i m e s b e n t a n d s q u e e z e d aga ins t each o ther .

I m b r i c a t i o n o r t i l ing of fe ldspars has been

o b s e r v e d a n d m e a s u r e d in t h e P e r n i o gran i te

(Figs . 6A a n d 6 B ) . N e a r l y 7 0 % of t h e m e a -

su red t i l ings ( « = 2 2 8 ) i n d i c a t e w e s t w a r d ro -
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Fig. 6. Imbrication (tiling) of microcline feldspars in the 1.84-1.83 Ga old granites. (A) Imbrication of megacrysts in a
vertical outcrop in the Pernio granite. The direction of movement is top towards the west. (B) Rotated and deformed
microclines in the southern part of the Pernio granite. Note the partly cataclastic deformation. (C) Parallel arrangement
of microcline megacrysts in the Nagu granite. (D) The linear structures in the Pernio area in a stereographic projection
(lower hemisphere equal area plot).

t a t i o n (F ig . 6 A ) . T h e sense of r o t a t i o n is con-

sis tent t h r o u g h o u t t h e g ran i t e sheet . T h e

i m b r i c a t e d m e g a c r y s t s a r e a l igned in a reg ion-

ally cons i s ten t E - W l i nea t i on (Fig . 6 D ) . Z o n e s

of ca tac las t ic d e f o r m a t i o n a lso occur . T h i s in-

dica tes t ha t t h e m o v e m e n t s c o n t i n u e d unt i l the

c o n s o l i d a t i o n of t h e g ran i t e s .

T h e i m b r i c a t i o n of megac rys t s is cons ide red

t o i n d i c a t e non -coax i a l m a g m a t i c flow a n d ro-

t a t i o n of crysta ls in a v i scous m a t r i x in re-
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sponse t o t e c t o n i c s t resses . I n sec t ions p e r p e n -

d icu la r t o t h e p l a n a r s t r u c t u r e a n d para l le l t o

t h e l inear s t r u c t u r e f o r m e d b y t h e r o t a t i o n of

t h e fe ldspar megac rys t s in d e f o r m e d p o r p h y r -

i t ic rocks , t h e i m b r i c a t i o n s h o w s e i the r clock-

wise or an t ic lockwise r o t a t i o n ( D e n Tex, 1969;

Blumenfe ld a n d B o u c h e z , 1988; P a t e r s o n et al.,

1 9 8 9 ) .

W e c o n s i d e r t h e b a n d i n g a n d t h e fo l ia t ion in

t h e g ran i t e s to b e a n i n d i c a t i o n of shea r ing

(Fig . 4 C , S 2 A ) a long p l a n e s para l le l t o t h e p r e -

viously f o r m e d s u b h o r i z o n t a l l i thologica l lay-

ering wi th t r a n s p o s e d S1 schis tos i ty . T h e i m -

br i ca t ion of t h e fe ldspars i nd i ca t e s t h a t

m o v e m e n t of t h e u p p e r s ides t o w a r d s t h e west

occur red a long s u b h o r i z o n t a l shear zones at t he

t i m e of t h e e m p l a c e m e n t of t h e g ran i t e s .

Toge the r w i t h t h e s u r r o u n d i n g , s t ruc tura l ly

t r a n s p o s e d s u p r a c r u s t a l success ions , t h e fol-

i a ted ( S 2 A ) g r a n i t e shee t s h a v e b e e n folded

in to o p e n F 2 folds w i t h s t eep S2B axial p l anes

(Fig . 4 D ) . G r a n i t i c m e l t s occas iona l ly also in-

t r u d e d a long t h e F 2 ax ia l p l a n e s .

6. Discuss ion

T h e D l p h a s e affected t h e Svecofenn ian

crus t a n d p r o d u c e d d i f ferent styles of folding

in different a reas (cf. t h e T a m p e r e a rea in N i -

ronen , 1 9 8 9 ) . A long t h e s o u t h e r n coas t of F in -

land , t h e D l p h a s e c r e a t e d ear ly r e c u m b e n t

folds o v e r t u r n e d t o w a r d s t h e west . T h i s defor-

m a t i o n s t acked t h e t h i n s h a l l o w - m a r i n e supra -

crus ta l rocks a n d w a s fo l lowed b y i n t r u s i o n of

synvo lcan ic ear ly g r a n i t o i d shee t s . T h e earl iest

ep i sodes of h igh -g rade m e t a m o r p h i s m were

s y n c h r o n o u s wi th t h i s p h a s e of d e f o r m a t i o n .

T h e s e c o n d p h a s e of d e f o r m a t i o n , D 2 , cul-

m i n a t e d a b o u t 1 .84 -1 .83 G a ago a long t h e

prev ious ly f o r m e d z o n e s of D 1 shear ing . T h e s e

s u b h o r i z o n t a l z o n e s w e r e t h e si tes of a c c u m u -

la t ion of a n a t e c t i c m e l t s a n d con t ro l l ed t h e

e m p l a c e m e n t of 1 .84 -1 .83 G a o ld S-type m i -

croc l ine g ran i t e s . T h e D 2 A d e f o r m a t i o n is

iden t i f i ed b y i m b r i c a t i o n of m i c r o c l i n e mega-

crysts in t h e g ran i t e shee t s t o fo rm a schis tos i ty

( S 2 A ) para l le l t o t h e ear l ie r D l surfaces of

t h r u s t i n g (F ig . 4 , S I + S 2 A ) , b u t t h e th rus t ing

seems to h a v e c o n t i n u e d a lso for s o m e t i m e

after t h e c o n s o l i d a t i o n of t h e g ran i t e sheets .

T h i s can b e seen as a s t rong shear ing a n d ex-

t e n s i o n of t h e lower c o n t a c t s of t h e gran i te

shee ts . T h e g r a n i t e shee t s w e r e fo lded i n to E -

W s t r ik ing o p e n folds w i th u p r i g h t axial p lanes

( S 2 B ) a n d gent ly d i p p i n g fold axes. K i n e m a t -

ically, t h e S2A a n d t h e S2B cou ld be long to t he

s a m e p h a s e of d e f o r m a t i o n even t h o u g h they

a re s e p a r a t e geomet r ica l ly . T h i s c o u l d b e t h e

case, e.g., in t he fo rma t ion of large shea th folds.

Str ike-s l ip z o n e s as i m p o r t a n t si tes of local

gran i te m a g m a t i s m h a v e been reviewed by Fyfe

( 1 9 8 7 ) a n d e x a m p l e s of g ran i t e con t ro l by

str ike-s l ip h a v e b e e n p u b l i s h e d f rom t h e Al-

p i n e fault of N e w Z e a l a n d (All is , 1981) a n d

from t h e A r m o r i c a n ' Mass i f ( B r o w n et al. ,

1990, a n d o t h e r s ) .

E x a m p l e s of loca l i za t ion of s t r ike-paral le l

m o v e m e n t s t o a reas of i n h e r i t e d fault s t ruc -

tu re s h a v e b e e n desc r ibed by Vauchez a n d N i -

colas ( 1 9 9 1 ) . O n e r e a s o n for t he loca l iza t ion

of t he i n t ense d e f o r m a t i o n of t he L S G M - z o n e

t o th i s p a r t i c u l a r p a r t of t h e Svecofenn ian d o -

m a i n cou ld p e r h a p s b e found in its P a l a e o p r o -

t e rozo ic vo lcan ic h is tory . T h e vo lcan ic se-

q u e n c e s i n d i c a t e s u b a q u e o u s b a s i n s f loored by

basa l t i c p i l l owed lavas a n d cove red by t h i n

c h e m i c a l s e d i m e n t s c o m p r i s i n g m a r b l e s a n d

i ron f o r m a t i o n s . T h e chemica l s igna tu re of the

basa l t i c l avas suggests ex tens iona l rift ing bas -

ins (Eh le r s et al . , 1 9 8 6 ) . Volcan ic rift bas ins

wi th sha l low-wate r t ype t h i n - b e d d e d l i tholo-

gies cou ld m o r e easily be sites of s t rong tec-

t o n i c m o v e m e n t s than n e ighbou r ing , m u c h

th i cke r vo l can i c s equences in t h e a rea n o r t h of

t h e L S G M - z o n e w h e r e t h e rocks , richer in vol-

can ic las t ics a n d coa r se c o n g l o m e r a t e s , i nd i -

ca te a di f ferent vo lcan ic s u r r o u n d i n g . M a r b l e s

a n d t h i n p i l low l avas all b u t d i s a p p e a r (Ehle rs

a n d L i n d r o o s , 1 9 9 0 b ) . T h e c h e m i c a l s igna ture

of t h e basa l t i c l avas n o r t h of t h e L S G M - z o n e

is t h a t of c o n t i n e n t a l - m a r g i n m a g m a t i s m

( K a h k o n e n et al . , 1 9 8 9 ) .
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100 km

EARLY SVECOFENNIAN

GRANITOIDS

LATE S V E C O F E N N I A N

GRANITES 1.84 G a

REGIONAL TRANSPRESSIONAL FORCE

12- 15 k m

1 0 0 k m
C.E.

Fig. 7. ( A ) T h e L S G M - z o n e i n s o u t h e r n F i n l a n d is b o r d e r e d b y d u c t i l e s h e a r s . T h e s o u t h w e s t e r n e n d o f t h e z o n e c u r v e s

t o w a r d s t h e n o r t h w e s t a l o n g a s t e e p s h e a r z o n e w i t h a d e x t r a l c o m p o n e n t of h o r i z o n t a l m o v e m e n t . T h e d i r e c t i o n of

c o m p r e s s i o n f r o m t h e s o u t h e a s t is i n d i c a t e d . T h e s e n s e o f m o v e m e n t is i n t e r p r e t e d f r o m p u b l i s h e d geological m a p s a n d

outcrops. Symbols a-a' mark the site of the cross-section in (В). (В) Interpretation of a north-south cross-section through
the LSGM-zone as indicated in (A). The granite sheets were emplaced within a transpressional zone of strike-slip shears
and horizontal shears in the middle crust. An almost horizontal stretching lineation in the granites and westward imbri-
cation of microcline megacrysts indicate horizontal movements of the "roof" towards the west. The later D2 phase that
folded the granite sheets around open E-W fold axes is omitted from this figure as have been early Svecofennian grani-
toids. The depth of emplacement of the granitic sheets in this figure has been estimated from PIT estimates (Schreurs and
Westra, 1986).
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D l o v e r t u r n i n g o f ea r ly folds is n o t r e -

s t r ic ted t o t h e s u b s e q u e n t L S G M - z o n e a lone ,

b u t t h e t h i n l i tho log ies o f t h e P a l a e o p r o t e r o -

zo ic rift b a s i n a p p e a r t o h a v e b e e n m o r e sus-

cep t ib le t o r e c u m b e n t folds t h a n t h e t h i c k e r

sup rac rus t a l s e q u e n c e s t o t h e n o r t h of th i s

z o n e . T h e s e d i f fe rences i n s t r u c t u r a l style p r e -

s u m a b l y i n i t i a t e d t h e ea r ly s t r ike-s l ip defor-

m a t i o n w h i c h a c c o m p a n i e d r e c u m b e n t fold-

ing w i t h i n t h e z o n e of t h i n n e d crus t .

R e c u m b e n t s t r u c t u r e s s u c h as t h o s e in Fig. 3

mos t ly affected speci f ic r o c k s labs s e p a r a t e d

f rom the s u r r o u n d i n g a r e a b y s t eep shea r s .

T h e j u x t a p o s i t i o n o f h igh -g rade m e t a m o r -

p h i c s u b h o r i z o n t a l s h e e t s of r o c k w i t h shee ts

of lower m e t a m o r p h i c g r a d e a n d t h e di f ferent

h i s to r i e s of d y k e i n t r u s i o n in t h e s e shee t s a r e

fea tures i n d i c a t i n g c o n s i d e r a b l e h o r i z o n t a l

s t ack ing of r ock s labs b e f o r e t h e e m p l a c e m e n t

of t h e m i c r o c l i n e g r a n i t e s of t h e L S G M - z o n e .

T h e a n a t e x i s a n d e m p l a c e m e n t of S-type g ran -

i tes s e e m t o h a v e o c c u r r e d a t c rus t a l d e p t h s of

1 2 - 1 5 k m (F ig . 7 B ) .

T h e s o u t h w e s t e r n s ide of t h e L S G M - z o n e is

d e l i m i t e d b y a s t eep s t r ike-s l ip z o n e t h a t de -

f o r m e d 1 .89-1 .88 G a o ld g r a n i t o i d s in a dex-

t ra l sense of m o v e m e n t (F igs . 2 A a n d 7 A ) . T h e

s a m e sense of m o v e m e n t c a n a l so b e seen in

smal le r s t r ike-s l ip s h e a r s w i t h i n t h e L S G M -

z o n e (F ig . 7 A ) . T h e n o r t h e r n m a r g i n of t h e

L S G M - z o n e is de f ined b y a l i tho logica l b o u n d -

a ry (F ig . 7A, d a s h e d l i n e ) w h i c h h a s b e e n in-

t e r p r e t e d as r e p r e s e n t i n g a m a j o r dex t r a l shea r

z o n e ( G a a l , 1 9 9 0 ) , b u t t h e i n t e r p r e t a t i o n of

t h e sense of m o v e m e n t a l o n g th i s z o n e is spec-

u la t ive . D e x t r a l m o v e m e n t , h o w e v e r , is in ha r -

m o n y wi th t h e s y m m e t r y of t h e r h o m b - s h a p e d

gran i t e shee t s . T h e L S G M - z o n e cu rves t o -

w a r d s t h e N W (F ig . 7 A ) . T h i s c o u l d b e r e l a t ed

t o t h e d e x t r a l s ense o f s h e a r i n g w h i c h , if t h e

m o v e m e n t s h a d b e e n s t r o n g e r o n t h e s o u t h e r n

s ide of t h e z o n e , c o u l d a c c o m m o d a t e t h e ex t r a

d i s p l a c e m e n t b y b e n d i n g t h e z o n e t o w a r d s t h e

N W . Such b e n d i n g o f t h e L S G M - z o n e t o w a r d s

t h e N W c o u l d poss ib ly a l so e x p l a i n w h y n o

gran i t e s of 1 .84 -1 .83 G a age a r e f o u n d in t h e

S v e c o f e n n i a n t e r r a i n of t h e S t o c k h o l m a rea in

S w e d e n ( P a t c h e t t e t al . , 1 9 8 7 ) , w h i c h is s i tu-

a t e d d u e wes t of t h e L S G M - z o n e (F ig . 1,

i n s e t ) .

W e c o n c l u d e t h a t t h e L S G M - z o n e is a s t ruc-

tu ra l ly d i s t i nc t t e c t o n i c u n i t of s t rong defor-

m a t i o n c o u p l e d w i t h h igh -g rade m e t a m o r -

p h i s m a n d i n t r u s i o n of 1 .84-1 .83 G a o ld

g ran i t e shee t s a long s u b h o r i z o n t a l duct i le

shea r s . T h e z o n e is l o c a t e d in a n P a l a e o p r o t e r -

ozo ic e x t e n s i o n a l b a s i n , p r e s u m a b l y ac t ing as

a n i n h e r i t e d z o n e of w e a k n e s s in t h e crus t .

D e x t r a l s t r ike-s l ip m o v e m e n t c o u p l e d wi th

s u b - h o r i z o n t a l duc t i l e shea r s a n d E - W o p e n

folding can b e e x p l a i n e d b y t r ansp re s s ion - type

d e f o r m a t i o n (F ig . 7 A ) of P a l a e o p r o t e r o z o i c

t e r r a n e s a long a z o n e of i n h e r e n t w e a k n e s s in

t h e P a l a e o p r o t e r o z o i c c rus t .
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