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ABSTRACT

Veenhof, R.P. and Stel, H., 1991. A cleavage triple point and its meso-scopic structures: the Mustio Sink (Svecofennides
of SW Finland) Precambrian Res., 50: 269-282.

A cleavage-triple-point (CTP) structure is analyzed, located at the west side of the Mustio gneiss dome in the Svecofen-
nides of southwest Finland. The presence of the CTP and the pattern of mesoscopic fold structures exclude the origin of
the Mustio dome by successive interference of fold phases. The highly variable deformation structures are explained in a
single-phase deformation model by using the theoretical specific strain environments of a CTP. These environments are
(1) horizontal oblation on top oi;a dome, (2) transition from horizontal to vertical oblation on the flanks of a dome, and
(3) vertical constriction in the center of the CTP. It is shown that each strain environment is associated with specific
development of foliation, folds, mesoscopic fold interference and strain intensity. The theoretical strain environments are
confirmed by strain analysis.

Introduction

In this paper , the evolut ion of the Must io
mant led gneiss d o m e in the Svecofennides of
southwestern Fin land, is analyzed with refer-
ence to two models: ( 1 ) interference of succes-
sive cylindrical folds, or ( 2 ) single phase non-
cylindrical doming . Mapp ing of the tr iangular
synform west of the d o m e reveals a cleavage
triple point ( C T P ; Brun et al., 1981) structure
of S) foliation ( to be referred to as Mustio sink,
Figs. 1 and 2 ) . The occurrence of C T P ' s was
predicted by G o r m a n et al. ( 1 9 7 8 ) and R a m -
berg ( 1 9 8 1 ) , model led by Dixon and Sum-
mers (1983) and first m a p p e d by Brun et al.
( 1981) in the F innish Karel ides. Its ma in
characterist ic is a tr i- or mult i-angular folia-
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t ion pit which steepens towards the center (Fig.
2 ) . The strain fields range from vertical con-
striction in the center through foliation paral-
lel oblat ion at the flanks, towards pure hori-
zontal oblat ion at the t op of a dome. At least
three interfering rising bodies are required to
create a tr iple point . At the onset of doming,
the cover will passively rota te or actively slide
into the forming sink. At this stage, a horizon-
tal flattening field (wi th concurrent foliation
fabric deve lopmen t ) will develop on top of the
culminat ing domes or ant i forms and will radi-
ally spread (Dixon , 1975) . As the sink pro-
gressively develops, a horizontal compression
field will develop in the center of the sink. It
originates as bi-axial compress ion in the center
and migrates progressively towards uniaxial
hor izontal compress ion at the flanks of the
C T P . This hor izonta l compress ion will over-
pr int (D ixon and Summers , 1983) the previ-
ously developed hor izontal flattening field,
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F i g . 1. S i m p l i f i e d g e o l o g i c a l m a p o f t h e M u s t i o d o m e . N o t e t h e l i t h o l o g i c a l s y m m e t r y ' o n t h e l i m b s o f t h e d o m e . R e a c t i o n

i s o g r a d ( 1 ) r e p r e s e n t s a w i d e r e a c t i o n z o n e r a t h e r t h a n a u n i - v a r i a n t b o u n d a r y . S e e F i g . 3 f o r l o c a t i o n o f t h e m a p . ( A f t e r

B l e e k e r a n d W e s t r a , 1 9 8 7 ) .

m o r e o r l e s s h a l f w a y b e t w e e n t h e c e n t e r o f t h e

d o m e s a n d C T P [ i . e . , t h e s h o r t a x i s ( Z ) o f t h e

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

z o n t a l ] . H e n c e , d u r i n g t h e d e v e l o p m e n t o f

d o m e s a n d s i n k , t h r e e d i f f e r e n t s t r a i n d o m a i n s

o c c u r :

- p r o g r e s s i v e h o r i z o n t a l o b l a t i o n a t t h e t o p o f

t h e d o m e s ( z o n e 1 ) ;

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

t i o n a t t h e f l a n k s o f t h e C T P ( z o n e 2 ) ;

- p r o g r e s s i v e v e r t i c a l c o n s t r i c t i o n i n t h e c e n t e r

o f t h e C T P ( z o n e 3 ) .

T h e p r e s e n c e o f t h e C T P w i t h i t s s p e c i f i c p a t -

t e r n o f f o l d a x e s i n t h e M u s t i o a r e a , e x c l u d e s

t h e o r i g i n o f t h e M u s t i o d o m e b y s u c c e s s i v e

f o l d i n t e r f e r e n c e . I n s t e a d , i t s z o n a l s t r a i n d i s -

t r i b u t i o n a l l o w s t o e x p l a i n t h e v a r i o u s g e n e r a -

t i o n s a n d t y p e s o f f o l d i n g , b y o n e - p h a s e i n t e r -

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

D o m i n g i s u s e d h e r e a s a d e s c r i p t i v e t e r m .

S e v e r a l p r o c e s s e s c a n l e a d t o d o m i n g , e . g . b a l -

l o o n i n g ( B a t e m a n , 1 9 8 4 , 1 9 8 6 ) , b u o y a n c y

( G r i f f i n , 1 9 7 9 ; D i x o n , 1 9 7 5 ) o r c r o s s f o l d i n g ,

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

B o w e s , 1 9 8 3 ) . C r i t e r i a t o d i s t i n g u i s h t h e v a r -

i o u s p r o c e s s e s h a v e b e e n r a i s e d a n d r e j e c t e d

( C o w a r d , 1 9 8 1 ; B a t e m a n , 1 9 8 4 ) . T h e m o s t

d i f f i c u l t d i s t i n c t i o n c o n c e r n s s i m u l t a n e o u s

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

l o w v i s c o s i t y l a y e r s a t d e p t h , i . e . , t h e d i s t i n c -

t i o n b e t w e e n a c o m p r e s s i o n a l , t e n s i o n a l o r

n o n - d e v i a t o r i c s t r e s s field. V i r t u a l l y , n o c r i t e -

r i a e x i s t ( V a n d e n E e c k h o u t e t a l . , 1 9 8 6 ) , e x -

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

t e r n . O b v i o u s l y , t h e M u s t i o d o m e f o r m a t i o n i s

r e l a t e d t o t h e o c c u r r e n c e o f a m i g m a t i z e d c o r e ,

b u t w h e t h e r t h i s d o m e i s a s i m u l t a n e o u s l y

" c r o s s - b u c k l e d " m i g m a t i z e d r o c k - c o l u m n o r a

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

c e r t a i n . T h e m i n o r d e f o r m a t i o n a l s t r u c t u r e s

a s s o c i a t e d w i t h t h e v a r i o u s p r o c e s s e s w i l l e s -

s e n t i a l l y b e t h e s a m e .

G e o l o g i c a l s e t t i n g

T h e M u s t i o d o m e i s s i t u a t e d i n t h e K e m i o -

O r i j a r v i - L o h j a - J a r v e n p a a ( K O L J ) s u p r a -

c r u s t a l g n e i s s a n d s c h i s t b e l t ( F i g . 3 ) . I t i s p a r t

o f t h e S v e c o f e n n i a n b e l t ( 1 9 0 0 - 1 8 8 0 M a ; G a a l

a n d G o r b a t s c h e v , 1 9 8 7 ) i n w h i c h t h e s e l a t e

o r o g e n i c g r a n i t i c d o m e s o c c u r a b u n d a n t l y ( S i -

m o n e n , 1 9 8 0 ) . T h e s t r u c t u r e c o n s i s t s o f i n t e r -

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

s e r i e s , o v e r l a i n b y a r g i l l a c e o u s s e d i m e n t s ( S i -
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F i g . 2 . F o r m s u r f a c e a n d s t r u c t u r a l m a p o f t h e M u s t i o s i n k . N o t e t h e t r i a n g u l a r p a t t e r n o f t h e m a i n f o l i a t i o n a n d t h e s t e e p
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m o n e n , 1 9 8 0 ) ; t h e c o r e o f t h e d o m e i s m i g -

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

( F i g . 4 ) . T h e K O L J b e l t h a s b e e n i n t e r p r e t e d

t o r e p r e s e n t a n a n c i e n t i s l a n d - a r c s e t t i n g ( G a a l ,

1 9 8 2 ) . H o w e v e r , i t s b a s e m e n t h a s t o b e d i s -

c o v e r e d y e t . .

P e t r o g r a p h y a n d m e t a m o r p h i s m

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

S v e c o f e n n i d e s ( S i m o n e n , 1 9 8 0 a n d t h e m a p -

p i n g o f H a r m e ( 1 9 5 3 ) a n d B l e e k e r a n d W e s t r a
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F i g . 3 . S i m p l i f i e d g e o l o g i c a l m a p o f t h e K e m i o - O r i j a r v i - L o h j a - J a r v e n p a a m e t a m o r p h i c b e l t o f S W F i n l a n d . N o t e t h e

p o s i t i o n o f t h e M u s t i o d o m e s o u t h w e s t o f t h e t o w n L o h j a a n d o u t s i d e t h e o r t h o p y r o x e n e - i n i s o g r a d w h i c h l i m i t s t h e

g r a n u l i t e f a c i e s a r e a k n o w n a s t h e W e s t U u s i m a a c o m p l e x . N o t e t h e e x t e n s i v e m i c r o c l i n e o c c u r r e n c e s o u t h o f t h e M u s t i o

d o m e . ( A f t e r B l e e k e r a n d W e s t r a , 1 9 8 7 ) .

( 1 9 8 7 ) , t h e r o c k s o f t h e M u s t i o a r e a ( F i g . 1 )

c a n b e d i v i d e d ( f r o m o l d t o y o u n g ) a s f o l l o w s :

- Q u a r t z o - f e l d s p a t h i c s c h i s t s a n d g n e i s s e s ,

c o n s i s t i n g o f fine t o m e d i u m g r a i n e d f e l s i c

r o c k s w i t h l o w b i o t i t e c o n t e n t . T h e y a r e i n t e r -

p r e t e d a s m e t a - a r k o s e s . I n t e r c a l a t i o n s o c c u r o f

c a l c - s i l i c a t e g n e i s s e s a n d m a r b l e s .

- P r e - k i n e m a t i c t o n a l i t i c t o g r a n o d i o r i t i c i n -

t r u s i v e s . T h e y o c c u r a s c o n f o r m a b l e l e n s e s o f

c o a r s e g r a i n e d b i o t i t e b e a r i n g o r t h o g n e i s s e s .

- M a f i c t o i n t e r m e d i a t e m e t a v o l c a n i c s . T h e y

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

b i o t i t e - h o r n b l e n d e g n e i s s e s , l a y e r e d a m p h i b o -

l i t e s a n d m a s s i v e a m p h i b o l i t e s ( w h i c h c a n

r e a c h u l t r a m a f i c c o m p o s i t i o n ) . T h e y a r e i n -

t e r p r e t e d a s s u b a q u e o u s v o l c a n i c s e d i m e n t s

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

l o w l a v a s .

- M e t a g r e y w a c k e s , w h i c h c o n s i s t o f a q u a r t z ,

p l a g i o c l a s e a n d b i o t i t e .

- M e t a p e l i t e s , c o n s i s t i n g o f q u a r t z , p l a g i o -

c l a s e , b i o t i t e , K - f e l d s p a r a n d s i l l i m a n i t e . A

g r a d u a l l y t r a n s i t i o n e x i s t s b e t w e e n t h e m e t a -

g r e y w a c k e s a n d p e l i t e s .

T h i s e n t i r e s e q u e n c e i s i n t r u d e d b y m i c r o c -

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

d i k e s . M i c r o s c o p i c r e l a t i o n s b e t w e e n p o r p h y -

r o b l a s t s a n d f o l i a t i o n d e v e l o p m e n t d e m o n -

s t r a t e t h a t p e a k m e t a m o r p h i s m a n d m i g m a t i s -

a t i o n o c c u r r e d p o s t - F , t o e a r l y - F 2 ( B l e e k e r a n d

W e s t r a , 1 9 8 7 ; B l e e k e r , 1 9 8 4 ) .

R e l a t i o n s a n d p a t t e r n o f s t r u c t u r a l e l e m e n t s

T h e i n v e s t i g a t i o n o f t h e M u s t i o s i n k w a s f o -

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

t u r a l e l e m e n t s : b e d d i n g ( S o ) , m a i n f o l i a t i o n

( S i ) a n d F , f o l d a x i s o r l i n e a t i o n ( L O x i ) , F 2

a x i a l p l a n e o r c r e n u l a t i o n c l e a v a g e ( S 2 ) a n d F 2

f o l d a x i s o r l i n e a t i o n ( L , x 2 ) , m i n e r a l l i n e a -

t i o n ( L m i n ) . T h e l a b e l l i n g S , - L , x 2 a c c o u n t s f o r

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

e a c h s e p a r a t e e x p o s u r e a n d d o e s n o t r e f e r t o

r e g i o n a l e v e n t s . T h e i n t e r p r e t a t i o n o n t h e s u c -

c e s s i v e g e n e r a t i o n o f s t r u c t u r e s o n t h e s c a l e o f

t h e e n t i r e a r e a , w i l l b e d i s c u s s e d l a t e r .

A l t h o u g h a l t e r e d b y m e t a m o r p h i s m , l i t h o l -
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form surface compilation mapN Musiio 4 Lohja area, Finland (SW)
/C Him filiititn iniU I ins
I 1 nicnclim irmltes 4nigmititis

Fig. 4. Compilation from maps (of Bleekerand Westra, 1987 and Van den Kerkhof, 1980) of the Mustioand Lohja area.Indicated are the major outcrops of granites and migmatites. Below the southern edge of the map (not compiled), mig-matitic and granitic bodies occur, striking E-W (see also Fig. 3). A complex cleavage-multiple-point occurs at the NEand E side of the Mustio dome. See text for further discussion.

ogical boundaries are still clearly visible in the
pelitic and leptitic parts of the supracrustal se-
ries (Figs. 5A,B,D and E). Bedding is recog-
nized by compositional variation on dm scale
and sedimentary structures (e.g. convolute
layering, Fig. 5A). The primary layering shows
a distinct dome pattern (Fig. 1). The core of
the dome consists of microcline granites and
quartzofeldspathic schists and gneisses with
marble intercalations. It is mantled by respec-
tively an inner ring of mafic to intermediate
meta-volcanics, a meta-pelitic ring, an outer
volcanic ring and an outermost band of quart-
zofeldspathic rocks intercalated with marbles.
The core of the gneiss dome shows anatectic

structures (up to 30 percent melt products;
Bleeker and Westra, 1987).

S[ is defined by parallel alignment of biotite.
It is parallel to the primary layering in intrafol-
ial folds and sedimentary structures (Fig. 5A
and B), as well as axial planar to regular, tight
F, folds of So. Other F, fold types include:
- Open to tight, irregular parallel folds within
metaclastic and pelitic rocks (Fig. 5E). These
buckle folds developed without a cleavage.
Hence, for reasons given at the beginning of
this section, the folds are labeled Fj.
- Large open to tight, single, parallel folds of
broken marble beds within pegmatitic sills
(schematically drawn in Fig. 7B).
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The pa t te rn of the m a i n foliation across the
Must io and Lohja area is shown in a compila-
t ion form surface m a p (Fig. 4, compi led from
Bleeker and Westra, 1987; Van den Kerkhof,
1980) . The pat tern was s tudied in detail at the
west side of the Mus t io d o m e (Fig. 2 ) . Figure
2 shows the west d ipp ing flank of the d o m e
while in the northwest the foliation dips south-
ward to form a major synform with the nor th
dipping l imb in the southwest of the m a p .
Hence the complete pa t t e rn is a t r iangular syn-
form in which the foliation dips towards a cen-
tral point , where the foliation is vertical. Such
a structure is defined as a cleavage-triple-point
( B r u n e t a l . , 1981) .

L O x i fold axes conform the t rendl ines of the
l imbs of the C T P a n d occur mostly on the
flanks of the s tructure. The L O x { on top of the
dome is the fold axis of the broken-off marble
bed ment ioned above (Fig. 2, coordinates 491 —
6 6 7 3 ) , and its significance will be discussed
later.

The or ientat ion of S2 has been interpreted as
symmetry plane of regular F 2 folds. The angle
between L O x I and L l x 2 can vary from 0° to
> 45 ° (Fig. 2, 487.1 - 6 6 7 4 . 4 ) . F 2 folding of S,
occurs in:
- asymmetr ic folds to rootless isoclinal folds
with t ransposed apices (Fig. 5B) in meta-ar-
kosic beds. These folds are sur rounded by un-
folded stretched similar beds , and Si parallels
both the folded and non-folded So layering,
- tight is isoclinal s imilar folds of thin meta-
pelitic layers within meta-arkosic layers (Fig.
5 C ) . These intensively folded (S o and S,) lay-
ers occur in stacks a l ternat ing with stacks in
which the layers are non-folded (al though in

bo th stacks Si parallels S o ) . T h e stacks are sep-
ara ted by granit ic veins,
- open to tight, parallel, regular folds of 50
cent imeter u p to several meters , with crenula-
tion cleavage (Fig. 5 D ) .

When Sj is folded, the F 2 axial plane is par-
allel or at a small angle with the general trend
of S b on macroscopic scale. The pat tern of the
F 2 axial planes can be shown best by means of
the L[ x 2 t r end (Fig. 2 ) . Following the outward
dipping Si foliation of the dome , the plunge of
L l x 2 lies in a plane parallel to the enveloping
surface of the dome , al though the pitch of Lj x 2

varies in this plane. This variat ion, parallel to
the strike of S b is seen in the opposi te plunge
at 489 -6672 .2 (less t han 45° nor thward and
more than 45° sou thward ) and at 4 8 9 . 5 -
6671.9 (E a n d W p lunge) . The variat ion in
plunge direct ion is horizontal ly expressed as
rake angle with the Si foliation t rend (60° at
4 8 9 . 5 - 6 6 7 1 . 9 ) . At the nor th and south flank
of the C T P , L i x 2 plunges both E and W, with
small rake angles and a m o u n t of plunge vary-
ing from less than 45° to almost vertical
( 4 8 8 . 5 - 6 6 7 1 ) . In the center of the CTP, the
rake between L l x 2 and S! t rend is almost 90° ,
thus plunging in the d ip direct ion of S,. The
L l x 2 shows undula t ion in a plane roughly co-
inciding with the shape of the dome and sink.
Undu la t ion of L l x 2 implies a reorientat ion
after deve lopment or non-cylindrical genesis.
At 487 -6671 .5 the reor ienta t ion shows three
L, x 2 plunging W N W and ESE. These foldaxes
share an S2 plane with consistent N N E dip. In
stereographic projection, these fold axes plot
on a great-circle coinciding with the axial plane
of F 2 folds. The folds are non-cylindrical cur-

Fig. 5. (A) Meta-volcanics with ball and pillow structures. (A,) Detailed line drawing of (A) with So (solid lines), S,
(broken lines) and a granitic vein (hatched). Note the top and botom of the picture with a straight S,//So relationship,
and the chaotic middle part in which S, parallels So as well. No overprinting or axial cleavages occur. (B) Asymmetric
isoclinal rootless fold of S^/So in meta-arkoses. (B,) Detailed line drawing of (B) with line notation idem as A, (quartz
boudins hatched). Note the foliation pattern in the folds and the different intensity of shearing of all the folds. (C)
Isoclinal similar cascade folds of S,//So, divided from a nonfolded strata (at the right side) by a granitic vein (hatched).
(D) Isoclinal compressional F2 folds of S, parallel to So (which consists of quartzite layers with micaceous intercalations
(dark band). Arrow indicates F2 crenulated S, and So (E) Buckle-folding of So without cleavage development. Lens cap
on each picture is 5 cm. wide. See text for discussion.
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viplanar and, c o m b i n e d with the p a t t e r n of

L, x 2 , they u n d u l a t e along t h e flanks of the C T P

with their S 2 axial p lane conforming the C T P .

Mineral l ineat ion is mainly defined by am-

phibole. At o n e locat ion t h e long axes of am-

phiboles coincide wi th t h e X-axes of volcanic

bombs, thus represent ing a stretching linea-

tion. T h e general t r e n d is a progressively

steeper plunge t o w a r d s t h e center of the C T P .

Interpretation

Foliation development and generation of fold

structures

Figure 5A shows convolute layering in meta-

volcanics. T h e bedding is inferred from com-

posit ional differences. A penetra t ive foliation

is defined by a l ignment of m e t a m o r p h i c min-

erals, as can be seen best in the t o p of the pic-

ture. As m e n t i o n e d earlier, th i s foliation par-

allels t h e p r i m a r y layering in b o t h the straight

upper and b o t t o m part , a n d in the chaotically

folded central part . T h e intra-stratal character

of the folds d e m o n s t r a t e s t h a t they ei ther orig-

inated pr ior t o solidification (e.g. synsedimen-

tary) or u n d e r high-ductile, m e t a m o r p h i c con-

dit ions. T h e paral lel ism of Si b o t h to folded

a n d non-folded s t rata shows t h a t S! developed

along planes of preexist ing, p r i m a r y anisot-

ropy ( m i m e t i c g rowth) a n d did not develop

tectonically as axial p lane cleavage in this ex-

posure. We therefore in terpre t a synsedimen-

tary origin of the convolut ion.

Figure 5 В shows S! parallel to So in the
transposed apices of a shear fold and is not the
axial-plane cleavage of the fold. This shows the
absence of pervasive F[ transposition affecting
the entire bedding everywhere. More likely,
flexural slip or differential flow causes locally
both small and transposed dragfolds (Fig. 5B:
transposition in the center versus small asym-
metric folds in the surrounding layers), before
or after S) was produced mimetically.

The pattern of L i x 2 cannot be due to inter-
ference of successive folding phases. Refold-

ing, either by active or passive folding, cannot
explain the CTP itself, nor the undulation of
L l x 2 along the triangular CTP, if these ele-
ments are to be derived from pre-F3, E-W
striking, horizontal upright folds. Figure 6
shows the impossibility of forming a N-S
plunging horizontal I,! x 2 by F 3 refolding, either
through crossfolding (Fig. 6Bi) or doming
(Fig. 6B2). Non-cylindrical F 3 crossfolding will
produce a dome structure flanked by an E and
W plunging F 2 antiform with a straight E-W
trend line of L l x 2 across the midline of the
dome. This is not shown by the actual pattern
of L l x 2 at the west side of the Mustio dome,
east of the sink (Fig. 2, 489-6672, 73). F 3

doming will refold the L l x 2 by passive rota-
tion and can produce almost vertical N-S and
E-W plunges of L l x 2 if no circumferential
stretching is allowed. If circumferential
stretching occurred, the same pattern of L I x 2

as in the case of crossfolding would arise
(Dixon and Summers, 1983; Schwerdtner and

Fig. 6. Schematic pattern of the meta-volcanic band of Fig.
1 and the trajectories (foldaxes and lineations) of L l x 2

are shown. Presumed F3 refolding (B,) or doming (B2)
from horizontal upright major F2 folds (A) is set against
single phase doming (C). Note the triangular map-pat-
tern of the trajectories in the syn-F2 sink. The axial sym-
metry of the So implies F3 refolding of an E-W striking F2

antiform which consists of one major isoclinal recumbent
E-W striking F, fold with the meta-pelites in its core
(Bleeker and Westra, 1987). On the other hand, single
phase doming implies a ring-syncline around the dome
(Harme, 1953).



CTP STRUCTURE IN THE SVECOFENNIDES OF SW FINLAND 277

Troeng, 1978; Schwerdtner et al., 1978a,

1983) . However, it will never rotate L [ X 2 to-

wards N - S hor izonta l paral lel ism at the west-

ern edge of the d o m e , b u t will give a straight

E - W trajectory across the midl ine . Therefore,

no i n d e p e n d e n t F 3 could have caused the pat-

tern of L l x 2 ; the origin of F 2 is interpreted to

be syn-genetic with d o m i n g .

Model of the Mustio sink

In the M u s t i o area t h e three specific strain

zones ( I n t r o d u c t i o n a n d Fig. 8) of a C T P a n d

d o m e structure are out l ined by the distr ibu-

t ion of the earlier descr ibed fold types a n d the

foliation deve lopment .

Zone Г. At the top of the Mustio dome a hor-

izontal flattening took place during the devel-
opment of dome and sink. This produced pen-
etrative tectonic Si development parallel So

with concurrent chocolate-bar boudinage in the
foliation. The Fi boudinaged and slumped
structure of the marble of Figure 7B is situated
on the crest of the Mustio dome. Although no
folding should occur because of layer-parallel
oblation, off-the-dome (spruce tree vergence)
slumping of the marble bedding within a gran-
itic sill can occur, due to loss of integrity of the
marble within a low-viscosity medium (Tal-
bot and Jackson, 1987).

Zone 2: At the flanks of the CTP, the strain
field changes from horizontal to vertical obla-
tion. As a result folding of the foliation fabric
can develop in three ways:

BLOCK DIAGRAM
Mustio dome (W)

6 km.

Fig. 7. Schematic block diagram of the Mustio dome and sink area. The drawn horizon represents the meta-volcanic band
(see Fig. 1). As shown, single phase folding of the original layering can account for the outcrop pattern of the bedding at
the Mustio dome. Inserts A-C schematically indicate the different F, and F2 folding style and their location in the struc-
ture. Note that F, and F2 factual relations in exposures. The anti- and synformal structure at the west side of the diagram
(west of the Mustio sink) are an interpretation of the aeromagnetic-anomaly map, in accordance with Bleeker and Westra
(1987). (Issued by the Geological Survey of Finland.)
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- compressional folding ( to- the-dome verg-
ence) due to the t rans i t ion of s train field, de-
scribed above,

- cascade folds (off-the-dome vergence) due
to decelerating flow downward (Dixon, 1975;
Talbot and Jackson, 1987 ) ,

- shear folds (bo th vergences) due to differ-
ential subsidence (D ixon and Summers ,
1983) .

The tightness of the C T P defines the relative
importance of the folding styles. However, all
styles (Dixon a n d Summers , 1983) as well as
both vergences of the folds can occur simulta-
neously. Wi th in a migmat ic pile of rocks the
transi t ion between a rising core and a subsid-
ing cover will be diffuse. To- the-dome verging
dragfolds (flexural slipfolds occur along th in
bedding parallel neosomes, while off-the-dome
(spruce t ree) verging cascade and s lump folds
occur if a neosome reaches an extent that
weakens or disconnects the layering (see also

zone 1) . The three folding styles can be recog-
nized in the field. Figure 5B shows shear-fold-
ing at the south flank of the C T P . At 487-
6674.4 (Fig. 2 ) an isoclinal fold (Fig 5D, with
S2 crenulat ion cleavage, is found. In the same
exposure, cascade folds occur (Fig. 5C) which
are separated from non-folded Si (parallel So)
by a granitic vein, which acted as a decolle-
men t surface. Because migmat ic veins may ac-
comoda te strain wi thout recording it, they can
form step-zones in intensity of folding.

All three fold types will develop with their
fold axes initially circumferential parallel to the
C T P flank, but as subsidence cont inuous, these
axes rotate towards the d ip direct ion of the
flank to form sheath folds (Talbot and Jack-
son, 1987; ) . An undula t ing refolding is pro-
duced along the l imbs of the C T P within one
progressive deformat ion event . The curvi-
p lanar F 2 folds aiong the l imbs of the Must io
sink can be explained in this way. The genera-

Fig. 8. Schematic model of a CTP structure and inter-domal sink surrounded by rising mobile bodies (not shown). Indi-
cated are the strain zones and the orientation of the strain axes (from the rim to the center respectively: zones 1, 2 and
3). For further discussion see text.
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tion of these three types of folds, as inferred

from overprinting relat ionships in the field, can

be complex due to the occurrence of Si in this

zone as b o t h m i m e t i c a n d axial to folds). Fig-

ure 8 shows t h a t only t h e distance between

dome-centre a n d C T P controls overprint ing

relationships of the folds developed:

- near the d o m e , the cover is folded after a mi-

metic foliation developed d u e to a strong ini-

tial layer-parallel flattening strain in zone 1 (Si

parallel to S o a n d F 2 axial p l a n e ) ;

- near the centre of the C T P , folding occurs

without a previous strong layer-parallel flat-

tening strain p r o d u c i n g a layer parallel folia-

t ion (S, develops as axial p lane to S o ) .

Folding in the t rans i t ion zone takes place due

to the subsidence of t h e cover, but the fabrics

which are folded m a y differ in age depending

on where they originated, a n d not when.

Zone 3: In the center of the C T P initially the

horizontal ly oblat ion was weakest or absent,

being at the greatest d is tance from the granitic

culminat ions . Almost at the beginning of the

deformation history, hor izonta l bi-axial

compression occurred, resulting into so-called

curtainfolds (Talbot a n d Jackson, 1987) or

vertical buckle folding wi thout foliation devel-

o p m e n t (Fig. 5 E ) . Figure 7 shows a geometri-

cal m o d e l of the Must io sink a n d d o m e (in ac-

cordance with H a r m e , 1 9 5 3 ) , in which the

sedimentary layering is schematical ly drawn

together with the specific folding of the three

zones descr ibed above.

Strain analysis

Both qualitatively a n d quantitatively, strain

analysis has been carr ied out. T h e locations of

strain analyses are indicated in Fig. 2; the re-

sults are shown in Fig. 9. We used four differ-

ent m e t h o d s of strain m e a s u r e m e n t : ( 1 ) the

Rf/ф method (Ramsey and Huber, 1983) has
been applied on primary volcanic bombs
(analysis VII); (2) the center-to-center
method (Hanna and Fry, 1979; Erslev, 1988)
has been carried out on garnet porphyroblasts
which grew pre-F2 folding (Bleeker and Wes-
tra, 1987; analyses II, III, VIII); (3) the den-
sity distribution method (Fernandez, 1988) on
planar and linear minerals (analysis V); and
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( 4 ) the qual i ta t ive s t ra in es t imat ion of fabrics
according to Schwerdtner et al. ( 1 9 7 6 ) (anal-
yses IV and V I ) . Except for me thod 1, all other
methods have major restr ict ions on est imating
the amoun t of s train (Veenhof, 19890. The
methods have been used to indicate roughly the
shape (i.e., constr ic t ion versus obla t ion) and
orientat ion of the ellipsoid. When the C T P de-
velopment is in terpre ted as one progressive
deformation, the pa t t e rn (i.e., the shape and
orientat ion) of the finite strain, throughout the
deformation history, reflects the kinemat ic
path of the sinking supracrustal rocks. Figure
8 shows the theoretical or ienta t ion and shape
of the three principally different ellipsoids
(Dixon and Summers , 1983) . Except for anal-
yses III and VII which po in t to circumferential
stretching, all ellipsoids very well reflect the
theoretical state of s train (Figs. 2, 8 and 9 ) .

Discussion

Doming and associated deformational
structures are still controvers ia l (Coward ,
1981; Van den Eeckhout et al., 1986; Talbot
and Jackson, 1987; Paterson et al., 1989) . In
response to a ra ther general scenario of verti-
cal tectonics (Eskola, 1949; Griffin, 1979)
much at tent ion has been paid to fold interfer-
ence pat terns for the origin of domes , in the
Svecokarelides ( H o p g o o d e t a l . , 1976; Verhoef
and Dietvorst , 1980; Van Staal and Will iams,
1983; Park and Bowes, 1983; Ploegsma and
Westra, 1989) . Similarly Bleeker and Westra
(1987) interpreted a successive folding his-
tory for the Must io d o m e (Fig. 6B):

( 1 ) a t ransposed bedd ing parallel Si and a
large, recumbent , isoclinal, E - W striking fold
( F , ) possibly related to an early phase of
thrusting; ( 2 ) F 2 refolding of F! in a horizon-
tal, upright, E - W striking fold; ( 3 ) refolding
of F 2 along a N - S fold axis, to produce the
domal structure ( F 3 ) . However , the pat tern of
mesoscopic fold axes descr ibed earlier, indi-
cates that the Mus t io d o m e is not an F 3 re-
folded major hor izontal fold, but is formed (as

d o m e ) syngenetic wi th o ther major non-cylin-
drical folds, which strike E - W (Schreurs and
Westra, 1986, who labeled these folds F 2 ) at
the southern edge of the K O L J b,elt (Figs. 3 and
4 ) . This a l ternat ive in terpre ta t ion of a single
doming event solves the p rob lem noted by
Bleeker and Westra ( 1 9 8 7 ) tha t any deforma-
tial impr in t of D 3 is lacking from the Mustio
dome, because there is no o ther folding event
except for doming itself.

The C T P model explains the highly variable
fold styles, the ambiva len t foliation develop-
ment and the variable strain intensity. The
model explains the (locally rootlessO refolding
of the ma in foliation, developed parallel to So,
without the necessity of invoking a long defor-
mat ional per iod to t ranspose the So parallel to
S,. These p h e n o m e n a are controlled and lim-
ited by zones of progressively different heter-
ogeneous strain of a CTP. Moreover, the model
explains the non-coaxiali ty of L O x i and L , x 2 ,
because the t ime and place of fold develop-
ment is controlled by the differential subsid-
ence (flow tectonics, Talbot and Jackson,
1987) and the geometry of the sink. A fold
phase interference as out l ined in Fig. 6B would
result in a high degree of coaxiality between
Loxi a n d L l x 2 .

It is interesting to compare the present area
with the Bergslagen region in central Sweden,
which falls into the same tectonic provence.
Oen (1987) and De Groo t et al. (1988) inter-
preted several generat ions of anorogenic gran-
itic plutons in an a t tenua ted and rifted crust,
causing gravity deformat ion of a soft volcano-
sedimentary cover. This eventually leads to
folding in inter-diapir synclines. The Must io
area differs from Bergslagen in the amoun t of
granite and the intensi ty of metamorph ism,
with both p h e n o m e n a being higher. However,
the granites in the Mus t io area also lack any
orogenic impr in t because they triggered the
deformation of the cover itself. Taking into ac-
count that most of the grani te is migmatic , re-
semblance with the Bergslagen area is ex-
plained: a sed imentary cover softened by
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migmat i sa t ion a n d grani te injection will tec-

tonically behave in a way comparab le with soft

sediment gravity d e f o r m a t i o n as postulated in

Bergslagen.

Conclusions

F r o m the presence of a cleavage-triple-point

a n d the p a t t e r n of L, x 2 it is concluded that the

Must io d o m e is not a result of successive inter-

fering of i n d e p e n d e n t fold phases. It devel-

oped s imultaneously wi th regional large scale

folds in a non-cylindrical folding mechanism.

T h e progressive a n d changing strain distri-

bution inside a C T P is well expressed by the

foliation a n d fold d e v e l o p m e n t of, a n d con-

firmed by strain analysis in the Must io sink. It

is therefore conc luded that all deformation in

the Must io area is caused by a single-phase

progressive event of an inter-domal synform.

This d o m i n g a n d folding should therefore be

labeled D] on a regional scale.
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