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facies, whi le the Vammala migmatite area is characterized by intensely migmatized 

greywackes metamorphosed under the equilibrium fjeld of gamet and cordierite. The 
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INTRODUCTION 

Infra-/suprastructure problem 

The struetural and metamorphie eontrast 
between the Tampere Sehist Belt and the 
Pori-Vammala-Mikkeli Migmatite Zone has 
been a subjeet of geologieal interest sinee the 
studies of Sederholm (1897). In the early 
years of the present eentury seholars dis
eussed the possibility of a "great diseord
anee" between migmatites and well-pre
served areas (Mäkinen 1914, 1915 , Seder
holm 1931 , 1932 , Simonen 1948, 1952, 
1953a, 1953b, Wahl 1936) . Sinee the strati
graphie investigations of Simonen (l953b), 
however, it has been 1arge1y aeeepted that 
the areas are not exotie relative to eaeh other 
in either age or palaeogeography (Sirnonen 
1971 , 1980, Matisto 1977, Nironen 1989a, 
Lahtinen 1994 , Kilpeläinen et al. 1994, 
Kähkönen et al. 1994, Vaasjoki et al. 1994). 

Problems have been eaused by the obser-

vation that the migmatites representing deep
er seetions seem to have the signature of a 
more eomplex evolution than the layered 
metasedimentary rocks in the sehist belt. 
Moreover , the strongest sehistosity, partieu
larly in the eentral parts of the Tampere 
synform area , is the axial plane sehistosity of 
synelinal folding that has been vertieal from 
the very beginning whereas the main sehis
tosity of the migmatites was gently dipping 
to start with . Arguments have been presented 
suggesting synehronism between the gently 
and steeply dipping sehistosities, and opin
ions have been voieed that tectonic and 
metamorphie evolution started earlier in the 
migmatite area (Sirnonen 1953b, Campbell 
1980, Nironen 1989a, 1989b, Kilpeläinen et 
al. 1994). 

Selection of study area 

In 1987, the Committee of the Internation
al Lithosphere Programme (ILP) of Finland 
seleeted the deep seismie sounding line 
SVEKA, whieh runs in a NE-SW direetion 
from Kuhmo to Keuruu, interseeting the 
eentral parts of the Fennoseandian Shield, as 
the transeet of Finland's Global Geoseienee 
Transeet Projeet (GGT). Four years later , 
finaneed by the Aeademy of Finland, SVE
KA was extended to Kustavi , in the south
west. As a result, the line known as SVEKA
SW erossed the western part of the Tampere 
Sehist Belt as weil as the Pori- Vammala
Mikkeli Migmatite Zone (Fig. 1). Finland's 

GGT projeet differed from those undertaken 
elsewhere in that not only were the available 
geodata eolleeted but key areas along the 
transeet were seleeted for field studies with 
a view to providing insight into the evolution 
and eharaeteristies of the lithosphere. 

One of the key si tes was the Tampere
Vammala area (Fig. 2) , whieh, although 
relatively small, showed many metamorphie 
and struetural features typieal of the Sve
eofennides in southern Finland. From previ 
ously published geoehemieal and isotope 
geologieal studies it was also known that, 
eompared with · present island are environ-
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Fig. I. Location of study area and general geology of South Finland's Svecofennides. Lithology simplified from Koistinen (1994). 
I. Central Finland Granitoid Complex 2. Synorogenic granitoids 3. Synorogenic metadiorite/gabbro 4. Lateorogenic granite 5. 
Anorogenic rapakjvi 6. lotnian sandstone 7. Postjotnian diabase 8. Supracrustal rocks. Symbols in insert figure as in main figure , 
except: P = Proterozoic cover rocks, A = Archaean rocks. 

ments, the area exhibited the rapid evo lution 
of a Proterozoic orogeny (Huhma 1986, Gaal 
& Gorbatschev 1987, Kähkönen 1987 , Claes
son et al. 1991 , Lahtinen 1994) . As one of the 

targets of the GGT project was to establish 
the relation of mineralization to crustal evo
lution, the Vammala area , due to its nickel 
potentiality, was weil suited for a key area. 

Aims 

The present work, which arose as part of 
the studies of the Tampere- Vammala GGT 
key area, concerns the tectonic and metamor
phic structure of that area. The starting point 
was to find out why the intensities and ages 

of the tectonic and metamorphic structures 
vary so much within such a small area. The 
main objective was to construct a plate tec
tonic evolution model based on field obser
vations and published models that would 



I 

I 

L 

Geologieal Survey of Finland , Bulletin 397 9 
Evolution and 3D modelling of struetural and metamorphie ... 

.... ..... ...... ......... 
. . . . . . . . . . ..... .. ..... .. ....... 

. .. 

~ 
~ 
~ 
~ 

! ~I 
ll1I1W 
CJ 
ffiiliill] 
I ~ I 
m~j~jl~t~~~l 
I ~ I 
1,..--1 
~ 
I .. Mouri 

Gran ite 

Dorninanlly jllterrn~dlale 
plutOlllC rocks 

TOllatillc neosome 

Marie plulonlc rocks 

"!lee gneiu or mlea schlsl 

felslc rnetasedlrnenls and 
metavolC8mc rockl 

- 85 palacosorne or 
i ntercalallons 

Marle and lnlermedlale 
m elilvolcamc rocks 

- as palaeosome or 
interca laUons 

Craphllic schlsl 

Subarcas 

2 • Nyllyml8 
3 ,. ElIivuon 
.. .. Storml 
S .. Koosanrnall. 
6 ,. Hiimeenky rö 
7 .. Pirkk!lll. 

Fig. 2. Litho logy of Tampere- Vammala area and loeation of subareas. Lithology modified from Koistinen ( 1994). 
Subareas: I = Mauri, 2 = Myllymaa, 3 = Ellivuori , 4 = Stormi , 5 = Koosanmaaa, 6 = Hämeenkyrö, 7 = Pirkkala. Map 
sheets : 2 122 = lkaalinen, 2 124 = Viljakkala-Teisko, 212 1 = Vammala, 2 123 = Tampere, 2 11 2 = Huittinen, 2 11 4 = 
Toijala. 

exp lain , as correc tly as poss ible , the meta
morphic and structural features and litholog
ic a l variation visible on a nd characteristic of 
the present eros ional level in the T ampere
Vammala a rea. It was also important to test 

the 3D geometry of the mode l to establish 
whether the evolution presented in 2D sec
tion s reall y does show the features on the 
erosion leve l revea led and prese nted by pre
viou s studi es and the present work. 

Methods 

Field work in the Tampere- Vammala area 
began in 1991 . Since the a im was to inve s
tigate the ge netics of various metamorphic 
subareas and to correlate their tectono-m e ta
morphic events, the emphasis was on meta
morphism and structural geology. The field 
work was undertaken mainly as a joint effort 
by the Geological Survey of Finland (GSF) 
and the Department of Geology at the Uni
versity of Turku . The Institute of Seismology 

at the University of Helsi nki and the In s titute 
of Geophysics at the University of Oulu were 
closely involved as the interpretation models 
of their deep sounding data g uided the work 
not only in the Tampere- Vammala area but 
al so e lsewhere a lon g the SVEKA transect. 
Understanding the ge neral structure a nd ev
olution of the area also required cooperation 
with geophysicists at the GSF and research
ers in many other sectors of geology. The age 



10 Geolog ical Survey of Finland, Bulletin 397 
Timo Kilpeläinen 

determinations were undertaken at the unit 
for Isotope Geology, GSF. 

The identification of deformation struc
tures and the interpretation of age relations 
were based mainly on crosscutting relations , 
the morphology of the structures and the 
relation of metamorphic structures to tecton
ic structures (Hobbs et al. 1976 , Vernon 
1978, Williams & Schoneweid 1981, Bell 
1985 , Bell et al. 1986) . The thrust of the field 
work was on the correlation of the structures 
with the change in metamorphic grade. In the 
study area the metamorphic contrast is 
strongest between the Tampere Schist Belt 
and the Vammala migmatite area. Although 
the schist belt is typically bordered in the 
south by a fault, in places it grades into the 
migmatite area, making corre lation possible. 
In regional interpretation of the structures 
use was also made of the geophys ical, espe
cially aeromagnetic low-altitude, maps of the 
GSF. The 3D modelling of the structures was 
done with AutoCad software. The principles 
of the modelling technique are dealt with in 
the appropri ate chapter. 

In the course of the GGT project, about 
15000utcrop observations were recorded in 

the study area, about one fifth by the author. 
A third of the observations were made in the 
subareas to be described later. As the empha
sis was on metamorphism and structure, an 
overwhelming number of the observations 
refer to supracrusta l rocks, the bulk of them 
metasedimentary rocks. The relief of the 
study area is gentle and vertical sections are 
therefore rare in ou tcrops . 

Sampies for thin sections were taken al
most invariably with a sampIer drill and as 
oriented. Most of the thin sections were pre
pared in the section laboratory of the GSF 
but some at the Institute of Geology of the 
University of Turku . More than 300 thin 
sections were made and some of them were 
polished for e lectron microprobe ana lyses. 

A total of 830 electron microprobe analy
ses were performed , mainly on sampies from 
the Stormi subarea. The analytical data have 
also been summarized and interpreted in a 
report by Kilpeläinen & Rastas ( 1992). The 
analyses were made at the Materials Science 
Laboratory of Physics at the University of 
Turku using a Cambridge S 200 electron 
microscope fitted with an analyser. 

MAIN GEOLOGICAL FEATURES OF THE FENNOSCANDIAN SHIELD ALONG 
THE SVEKA LINE 

Archaean Karelian province 

In Finland, the central areas of the Fenno
scandian Shield have traditionally been di
vided into a western and an eastern part. The 
latter is an Archaean province, whilst the 
western one is an area of Palaeoproterozoic 
rocks divided into Karelian and Svecofenni
an provinces by a suture zone trending from 
northwest to southeast (Eskola 1963 , 
Koistinen 1981 , Simonen 1980, Gaal & Gor
batschev 1987) (Fig. 1). The eastern parts of 
the Karelian province are composed of auto
chthonous Sariolan and latulian sedimentary 
rocks that deposited discordantly on the Ar-

chaean craton 2.45- 1. 9 Ga ago, and of the 
mafic dykes crosscutting them . Above the 
Sariolan and latulian rocks are Kalevian 
metasedimentary rocks, wh ich, due to the 
dissimilarity in their evolution, can be divid
ed into eastern and western Kalevian meta
sedimentary rocks (Kohonen 1995). The au
tochthonous sedimentary rocks of the eastern 
Kalevian deposited in rift ba s ins on the edge 
of the Archaean continent about 2.1 Ga aga 
(Huhma 1986, Ward 1987 , Kohonen 1995). 
The island arc metapsammites of the western 
Kalevian are allochthonous and were over-
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thrusted into their present position during the 
Svecofennian orogeny (Koistinen 1981 , 
Ward 1987, Kohonen 1995). Sm-Nd isotope 
studies on the granitoids of the Karelian 
province demonstrate the existence of Ar
chaean crust under the Svecofennian rocks 

everywhere east of the above suture zone 
(Huhma 1986). The Archaean province and 
the area of Karelian rocks are therefore 
called jointly the Archaean Karelian domain 
(Korsman et aJ. 1997, Korsman et aJ., in 
press). 

Svecofennian domain 

Age data 

The Svecofennian domain is mainly com
posed of greywackes and island are volcanic 
rocks that deposited in a marine environment 
2.0-1.9 Ga aga (Gaal & Gorbatschev 1987) 
and of the granitoids of di fferent ages cross
cutting them. According to the classification 
of Sederholm (1934), the bulk of the Sve
cofennian granitoids are synorogenic and 
intruded 1.90-1.83 Ga ago (Huhma 1986, 
Nurmi & Haapala 1986, Patchett & Kouvo 
1986, Welin 1987) . The Central Finland 
Granitoid Complex, which covers a substan
tial part of the total area of Finland ' s Sve
cofennides is mainly composed of granitoids 
of this age group. Gneissose tonalites and the 
associated acid volcanic rocks immediately 
at the western margin on the above men
tioned suture, whose U-Pb ages on zircons 
vary in a range of 1.93-1.91 Ga, are older 
than the synorogenic granitoids and are , at 
the same time , the oldest Svecofennian for
mations in Finland (Helovuori 1979, Kors
man et aJ. 1984, Vaasjoki & Sakko 1988, 
Kousa et aJ. 1994). The latest geochemical 
and isotope investigations have, however, 
revealed indications of a still older, ~ 2 .0 
Ga, Palaeoproterozoic crust (Lahtinen & 
Huhma 1997). 

Southwestwards along the GGT transect, 
magmatism gets younger and becomes richer 
in potassium. Thus, in southwestern Finland 
a substantial proportion of the granitoids 
belong to the late-orogenic (1.84-1.84 Ga) 

age group (Hopgood et al. 1983, Korsman et 
al. 1984, Huhma 1986, Hölttä 1986, Patchett 
& Kouvo 1986, Vaasjoki & Sakko 1988 , 
Suominen 1991). Typical of southwestern
most Finland are not only 1.77-1.80-Ga 
postorogenie granites (Suominen 1991) but 
also 1.57-Ga rapakivi granite batholiths and 
the as sociated diabases and anorthosites 
(Vaasjoki 1977, Rämö et al. 1994). 

Crustal structure 

Great variation (42-65 km) in crustal 
thickness is a characteristic feature of the 
Svecofennides in Finland, mainly due to the 
variation in thickness of the high-velocity 
layer of the lower crust. The crust is at its 
thickest (56-65 km) in the central parts of the 
Svecofennian domain, thinning rapidly to
wards southwestern Finland (Luosto 1991). 
The crust became thicker du ring two colli
sion stages (at 1.91-1.90 Ga and 1.89 Ga) and 
continued to thicken in the overthrust stage 
at 1.86-1.84 Ga (Lahtinen 1994) . That the 
crust has remained exceptionally thick shows 
that the central part of the Svecofennian 
domain did not undergo a substantial post
collisional extension (Lahtinen & Huhma 
1997). The thinner crust in southwestern
most Finland has been attributed to the ex
tension that started at 1.84 Ga, during the 
final stages of which the rapakivi magmas 
that formed in the partial melting of the low
er crust intruded with the associated diabases 
(Korja & Heikkinen 1995). 
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Metamorphism 

The Svecofennides in Finland are charac
terized by both the zonality of metamor
phism and an HT/LP type of metamorphism 
(Korsman 1977, Korsman et al. 1984, 
Schreurs 1984, Schreurs & Westra 1985 , 
Hölttä 1986). As a rule, metamorphism took 
place above the equilibrium field of musco
vite , usually in the upper amphibolite or 
granulite facies (Korsman 1977, Hölttä 1986, 
Korja et al. 1994). However, unmigmatized 
metasedimentary rocks occur in narrow 
zones between high-grade areas. Metamor
phism regularly started in migmatized areas 
earlier than in muscovite-bearing schist belts 
(Kilpeläinen et al. 1994, Korsman et al., in 
press) . On the basis of the age of the peak 
metamorphism , the Svecofennides in Finland 
can be divided into two groups . In the central 
and northern parts of the Svecofennian do
main metamorphism reached its peak (670-
800 °C , c . 5 kb) about 1885 Ma ago , after 
which the crust stabilized rapidly (Korsman 
et al. 1984). In southern Finland the temper
ature remained high (800 °C) and migmatiza
tion was intense until the intrusion of the 
late-orogenic granitoids (1840-1830 Ma) 
(Korsman et al. 1984, Schreurs & Westra 
1986, van Duin 1992, Väisänen et al. 1994). 

From north to south, the most important 
schist belts along the GGT transect in the 
Svecofennian domain are the Savo Schist 
Belt , the Tampere Schist Belt, the Pori- Vam
mala-Mikkeli Migmatite Zone, the Hämeen
linna-Somero Volcanic Belt, the Kemiö
Mäntsälä Belt and the high-grade migmatite 
area of southwestern Finland. All these belts 
differ from each other in both tectono-meta
morphic evolution and lithology. 

Savo Schist Belt 

The volcanic-sedimentary Savo Schist 
Belt, at the eastern edge of the Svecofennian 
domain, is characterized by a structure 

caused by postmetamorphic block faulting 
(Korsman et al. 1984). Although the meta
morphic grade varies on the present erosion 
level in different blocks from epidote-amphi
bolite facies to granulite facies the initial 
stages of metamorphic evolution have cer
tain features in common. In the Savo Schist 
Belt , metamorphism reached its peak not 
later than 1885 Ma ago, after which the crust 
cooled very rapidly, the pyroxene granitoids , 
ca. 1885 Ma in age , having a distinct thermal 
aureoles to the country rocks (Korsman et al. 
1984, Korsman et al. 1988 , Haudenschild 
1995, Hölttä, 1988, 1995). Block formation 
started not later than 1830 Ma ago and con
tinued until 1700 Ma , as inferred from K-Ar 
ages on biotite and muscovite (Haudenschild 
1988, Kilpeläinen 1988, Korsman et al. 
1988). 

Tampere Schist BeIt 

The Tampere volcanic-sedimentary schist 
belt (Fig . I) is mainly composed of turbiditic 
metagreywackes and intermediate pyroclas
tic volcanic rocks of the island arc type 
(Ojakangas 1986, Kähkönen 1987 , 1989). 
The central area of the schist belt , metamor
phosed under greenschist facies conditions at 
its lowest , represents the least metamor
phosed part of the Svecofennian domain. The 
relative age and grade of metamorphism vary 
within the schist belt but, as shown by min
eral parageneses and thermobarometric de
terminations, metamorphism lOok place at 
470-600 °C and 1.5-4 kb (Campbell 1978 , 
Mäkelä 1980, Törnroos 1982 , Kilpeläinen et 
al. 1994). According to Nironen (1989b), the 
synkinematic granitoids have a contact effect 
on country rocks, although, at least in some 
parts of the schist belt, peak metamorphism 
was not reached until after the intrusion of 
these granitoids (the present work) . 
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Pori- Vammala-Mikkeli Migmatite Zone 

The Pori- Vammala-Mikkeli Migmatite 
Zone (Fig. I) is characterized by intensely 
migmatized turbiditic greywacke and the 
synki nematic gran i toids crosscu tti ng them. 
The meta morphie grade was already high 
(670 °C, 5-6 kb) at the initial stage of struc
tural development , before the intrusion of 
synkinematic tonalites, and the hi g h intensi
ty of the hydration reaction s at the retrograde 
stage is typical of porphyroblastic rocks in 
the zone (Kilpeläinen et al. 1994) . 

Hämeenlinna-Somero Volcanic Belt 

The Hämeenlinna-Somero Volcanic Belt 
(Fig. I), the largest continuous volcanic belt 
in Finland's Svecofennides, contains only 
minimal amo unts of g reyw acky or pelitic 
metasedimenta ry rocks . The metamorphie 
grade increases in the belt from north to 
so uth. In the north, the min era l assemblage 
cordierite-andalusite-chlorite-mu covite is 
typical of pelitic rocks (Hakkarainen 1994) 
and even in central parts metamorphism still 
occurred at about 600 °C and 3-4 kb (Mäkelä 
1980). In the south, however , metamorphism 
took place above the decomposition reaction 
of biotite , and the metasedimentary rocks are 
typically cordierite-potassium feldspar 
gneisses and garnet-cordierite gneisses (Stel 
et al. 1989). The age of the peak metamor
phi sm is not weIl established but the dome of 
a la te-orogenic granite (Huhma 1986) in the 
south of the belt (Tiainen & Viita 1994, Stel 
et al. 1989) deforms metamorphie structures 
(Stel et al. 1989). 

Kemiö-Mäntsälä BeIt 

In the Kemiö-Mäntsälä Belt (Fig. I ), 
which is characterized by acid volcanic 
rocks and turbiditic metasedimentary rocks , 
the metamorphie grade increases from west 
to east. At the western end of the belt , met 
amorphism took place under amphibolite 
facies conditions (55 0-650 °C, 3-5 kb), but 
eastwards the metamorphie grade increases 
up to the gra nulite facies (750-825 °C, 3-5 
kb) (Dietworst 1982, Schreurs & We stra 
1986, Colley & Westra 1987) . The g ranulite 
facies metamorphism crosscuts both the syn
kinematic g ranitoids and so me of th e late
orogenie microcline granite intrusions , al
though mos t of the latte r are contemporane
ous with th e peak metamorphism (Parras 
1958 , Schreurs & Westra 1986). 

Southwestern Finland High-Grade 
Migmatites 

The high -grade migmatite area of so uth
western Finland (Fig. I ) is mainly composed 
of migmatitic metasedimentary rocks , syno
rogenic granitoids and a great number of 
late-orogenic S-type granites. The metamor
phie grade increases from the amphibolite 
facie s at the western edge (650-670 °C, 5 kb) 
almost isobarically towards the granulite 
facies in the centre (750 0c) (Hölttä 1986 , 
Väisänen et al. 1994) . Metamorphie evolu
tion started before the intrusion of sy noro
genie granitoids but at least some of the late
orogenie g ranites derive from in-si tu melts 
of the peak metamorphism (Väisänen er al. 
1994 ) . 

GENERAL GEOLOGICAL SETTING OF STUDY AREA 

Southern Svecofennides 

The study area of the present work, later to 
be referred to as the Tampere- Vammala area, 
extends in the north to the Central Finland 
Granitoid Complex and contains the central 

parts of both the Tampere Schist Belt and the 
Pori- Vammala-Mikkeli Migmatite Zone 
(Fig. 1). It covers the whole of 1: 100 000 
map sheets 2112 (Matisto 1976b, 1978), 
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2114 (Matisto 1973, 1976a), 2121 (Matisto 
1967,1971),2123 (Matisto 1961,1977) and 
the southern parts of sheets 2122 (Huhma et 
al. 1952a, 1952b, Virransalo & Vaarma 
1993) and 2124 (Simonen 1952 , 1953a). The 
SVEKA line runs through the northwestern 
part of the study area and thus the area is 
confined in its entire1y within the 100-km 
wide GGT transect. 

Supracrustal rocks typical of the Sve
cofennides of southern Finland are the meta
sedimentary rocks deposited in a marine 
environment and classified mainly as grey
wackes, and the belts of island are volcanic 
rocks that occur in discrete zones. The zircon 
U-Pb ages of the Tampere island are volcanic 
rocks vary in the range 1904-1889 Ma 
(Kähkönen et al. 1989), but some of the 
detrital zircons in the greywackes are Ar
chaean (Huhma et al. 1991). In the north of 
the Svecofennides, the supracrustal rocks are 
cut by granitoids that were mainly classified 
as synorogenic by Sederholm (1934) . The 
zircon ages of these granitoids , wh ich cover 
most of the area of the Central Finland Gran
itoid Complex, are in the range 1890-1870 

Ma (Patchett & Kouvo 1986, Nurmi & Haapa
la 1986, Huhma 1986, Front & Nurmi 1987, 
Nironen & Front 1992) . Further south, 1840-
1830-Ma-old (Patchett & Kou vo 1986, 
Suominen 1991) , late-orogenic S-type, 
coarse-grai ned granites predominate. 

The depositional base of the Svecofen
nides is unknown , but it has been suggested 
that the Vammala Migmatite Zone might 
contain relicts of Palaeoproterozoic crust 
over 1905 Ma in age (Nironen 1989a, 
Kähkönen 1996). In the southwestern part of 
the study area, the synorogenic (c. 1885 Ma) 
hornblende gabbro in the Keikyä intrusive 
breccia (Fig . 2) brecciates a quartz diorite 
containing mafic enclaves . The zircons in the 
quartz diorite constitute two populations , of 
which the older may represent Svecofennian 
protocrust over 1.9 Ga old (Vaasjoki et al. 
1996). Lahtinen & Huhma ( 1997) have pos
tulated that the latest geochemical and iso
tope data , together with the reinterpreted 
older data, demonstrate the existence of an 
evolved type of crust , over 2.0 Ga old, even 
in southernmost Finland. 

Tampere-Vammala area 

Southern edge of Central Finland 
Granitoid Complex 

The northern part of the Tampere- Vamma
la area is bounded by the Central Finland 
Granitoid Complex, which is mainly com
posed of plutonic rocks varying in composi
ti on from gabbros to granites and of small 
areas of supracrustal rocks (Fig . 1) . The 
majority of the plutonic rocks of the grani 
toid complex belong to the synorogenic age 
group, and represent the stage at which the 
bulk of the Svecofennian crust formed. How
ever, in the southern part of the area, imme
diately north of the Tampere Schist Belt , 
there is a group of potassium-rich granitoids , 
1870 Ma old (Rämö & Nironen 1996) , that 

are felsic , nonfoliated rocks, usually K-feld
spar porphyritic and post-tectonic in local 
character. According to Rämö and Nironen 
(1996), their geochemical similarity with the 
rapakivi granites indicates that the compres
sional stage came to an end in the northern 
part of the Svecofennides of southern Fin
land with the emplacement of granitoids of 
thi s age group . 

Tampere Schist BeIt 

About 12 km wide at its greatest , the east
west-trending Tampere Schi st Belt is com
posed predominantly of turbiditic metasedi
mentary rocks and are type pyroclastic meta
volcanic rocks (Ojakangas 1986, Kähkönen 
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1989) . Lowermost in the stratigraphy of the 
schist belt are basalts of the Haveri forma
tion , interpreted as having deposited either 
during the initial stage of island are evolu
tion (Mäkelä 1980) or as representing rifting 
stage of the older, pre-1910-Ma Palaeoprot
erozoic crust (Kähkönen & Nironen 1994, 
Lahtinen 1994) . Next in stratigraphy is the 
Myllyniemi formation , which is dominated 
by turbiditic metasedimentary rocks geo
chemically clearly belonging to the is land
are environment (Kähkönen and Leveinen 
1994) . 

The ages of clastic zircons of the Myl
Iyniemi formation vary in the range 2000-
1910 Ma, but some of them are Archaean 
(Huhma et al. 1991). Rounded elasts of the 
Ahvenlampi conglomerate, which is part of 
the Myllyniemi formation , have also yielded 
Archaean ages (Kähkönen & Huhma 1993) . 
The formation is overlain by main island-arc 
volcanic rocks and they in turn by Veitti
järvi-type conglomerates, the plutonic elasts 
of which show ages between 1890 and 1884 
Ma (Nironen 1989b) . Highest in the stratig
raphy of the schist belt are mafic volcanic 
rocks of the Takamaa formation (Kähkönen 
et al. 1994) . The age of the detrital zircon in 
the Mauri meta-arkose , 1.9 Ga (Matisto 
1968) , is interpreted as imp1ying that the 
rock is located in the upper part of the schist 
bel t stratigraphy . 

Vammala Migmatite Area 

The boundary between the Tampere Schist 
Belt and the Vammala Migmatite Area south 
of it , which is characterized by migmatitic 
metasedimentary rocks and synkinematic 
granitoids that are commonly conformable 
with migmatite structures , is gradual in plac
es but locally also clearly controlled by 
faults . The metaturbidites in the north of the 
migmatite zone , at least , can be correlated 
with the metasedimentary rocks of the Tam
pere Schist Belt (Lahtinen 1994 , 1996) ; 

graphite-bearing gneisses are, however, more 
common there than in the Tampere Schist 
Belt. Some of the conglomerates in the 
migmatite zone resemble the conglomerates 
in the schist belt (Kähkönen 1996). Volcanic 
rocks are rare in the migmatite zone . 

Granitoids 

Synkinematic granitoids are typically 
gneissose but in pI aces they are unfoliated 
and K-feldspar porphyritic . As weil as syn
kinematic plutonic rocks, the migmatite zone 
contains granites as dykes and small intru 
sions cutting the migmatite structures . There 
are also numerous mafic and ultramafic in
trusions, some hosting economically viable 
Ni deposits. The contacts of the Ni intrusions 
with mica gneisses are subconformable 
(Häkli et al. 1979, Papunen 1980) and intru
sions are interpreted as having participated 
in regional metamorphism (Kilpeläinen & 
Rastas 1992, Mancini 1996 , Mancini et al. 
1996a, 1996b , Marshall et al. 1995 , Peltonen 
1995a, 1995b). 

Main structures 

In the northeastern part of the study area, 
the Tampere Schist Belt forms an east-west
trending synform with a horizontal axis 
(Nironen 1989a). The Hämeenkyrö (1885 ± 2 
Ma) and the Värmälä (1878 ± 3 Ma) synkin
ematic granitoid intrusions were emplaced 
during the evolution of this structure 

(Nironen 1989b) . A corresponding syncli
nal structure, although rotated into a north
west-southeast direction , has been described 
from the western continuation of the schist 
belt, from Suodenniemi (Perttula 1982) . The 
axial plane schi stosity of the synform folding 
is the earliest metamorphie feature recog niz
able in the Tampere synform area , which 
metamorpho sed under greenschi st and am
phibolite facies conditions (Nironen 1989a). 

Corresponding folding is recognizable in 
the migmatites of the Vammala area, where 
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the highest grade metamorphism took place 
in the garnet-cordierite-sillimanite-biotite 
equilibrium field, although metamorphism 
started earlier there in relation to the struc
tures than in the Tampere Schist Belt. Meta
morphic schistosity, the intensity of which 
increases with the metamorphic grade, is 
then the deforming feature (Kilpeläinen et al. 
1994). For the same reason, the deformation 
structures were numbered differently in pre
vious regional studies. Thus, metamorphism 
started in the Tampere- Vammala area be fore 
the emplacement of the synkinematic grani
toids. 

The lithological and metamorphic features 
on maps of the Tampere- Vammala area have 
also been affected by the highly plastic fold
ing and shearing that occurred in a conjugate 
pair. In the east of the area folding has dex
tral asymmetry , with the axial planes usually 
striking from northeast to southwest, where
as in the west folding has sinistral asymme
try with axial planes striking from northwest 
to southeast (Kilpeläinen et al. 1994). Visi
ble throughout the study area is also a zonal, 
late-metamorphic pulse , considered to re
f1ect metamorphism of the high grade migm
atites of SW Finland that culminated at 1850-
1830 Ma (Kilpeläinen et al. 1994, Korja et al. 
1994, Väi sänen et al. 1994). 

Migmatization and metamorphism 

The migmatization of high-grade metased
imentary rocks at Vammala has been dis
cussed by Campbell (1980) , Aarnisalo 
(1988) and Kilpeläinen & Rastas (1992). It 
started simultaneously with the evolution of 
the earl iest deformation structures and man
ifests itself in trondhjemitic veining and seg-

regation parallel to the I ayering and S I schi s
tosity. The grain size of the migmatizing 
veins and the width of the veins increase with 
younging of the relative age. At the same 
time the veins become richer in potassium 
feldspar and the youngest migmatization is 
shown by granite veins, a few centimetres or 
a few tens of centimetres wide , crosscutting 
D

1 
and D

2 
structures (the present work). Ir is, 

however , in most places difficult to deter
mine the relative age of the neosome as the 
veins tend to imitate old primary and defor
mation structures ; moreover, old veins may 
have been remobilized. 

Hydration reactions following the progres
sive stage of metamorphism are typical of the 
Vammala migmatite area in particular, where 
they have altered the composition of garnet 
and cordierite , causing their biotitization and 
also local crystallization of andalusite. 

Plate tectonics 

As shown by Sm-Nd isotope studies , evo
lution of the Svecofennian crust in southern 
Finland is connected with subduction or a 
similar process (Huhma 1986, Patchett & 
Kouvo 1986). Geochemical and isotope-ge
ological investigations, however , suggest 
that the Palaeoproterozoic island-arc co m
plex did not simply collide with the Archae
an craton; instead the Svecofennian orogeny 
is composed of at least two island arc sys
tems and of their colli sions and extensions 
during various stages of evolution (Korsman 
et al. 1988 , Vaasjoki & Sakko 1988, 
Kähkönen 1989, Nironen 1989a, Kähkönen 
et al. 1994, Lahtinen 1994, Korja 1995, 
Lahtinen & Huhma 1997, Nironen 1997). 
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STRUCTURES AND METAMORPHISM OF SUBAREAS AND THE RELATIVE AGE 
OFIGNEOUSROCKS 

Introduction 

Seven subareas (Figs 2 and 3) differing in 
metamorphic grade and mode of occurrence 
of deformation structures were chosen to fa
cilitate the description of deformation struc
tures and metamorphic features. The subar
eas, which vary in size and shape, were taken 
from different parts of the study area to en
able us to obtain a correlatable, overall pic-

+ 
(rn.t .... ) 

ture of the relations between the mode of 
occurrence of structures and metamorphism 
throughout the study area. 

Although the subareas were selected to 
exhibit as wide a range of metamorphic and 
structural features as possible, a compromise 
often had to be reached on what to include. 
The aluminium-rich metasedimentary rocks 

Fig. 3. Aeromagnetic low-altitude map ofTampere-Vammala area. The area is identical 
to the study area. Geological Survey of Finland, Espoo. Compiled by Maija Kurimo. 
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so useful for studies of metamorphism, for 
instance, are very rare in the study area, and 
thus the selection of subareas was largely 
based on the occurrence of porphyroblastic 
rocks. Even so, due to informative structural 
features , some of the selected subareas are 
virtually devoid of porphyroblasts. 

In the following, the subareas are briefly 
described in terms of visible structures, 
metamorphism and the relation of intrusive 
rocks to structural evolution. For structures 
and metamorphism , the emphasis is on fea
tures significant to interpretation of the tec
tono-metamorphic evolution of the whole 
study area. For reasons to be discussed later, 
the numbering of the deformation events 
differs from the classification applied in 
earlier structural investigations in the Tam
pere- Vammala area (Campbell 1980, Niro
nen 1989a, 1989b , Aarnisalo 1988, Kil
peläinen & Rastas 1992) . The first four de
scriptions of subareas (Mauri, Myllymaa, 
Ellivuori, Stormi) examine the gradual 
change in the relative and absolute ages of 
structures and metamorphism as the meta-

morphic grade increases from the lower am
phibolite facies in the Tampere Schist Belt 
towards the high-grade metamorphic Vamma
la Migmatite Area. The next two subareas 
(Koosanmaa and Hämeenkyrö) are ex amples 
of the effect of the deformation s following 
the peak metamorphism on prese nt-day ero
sion level patterns. As weil as all the features 
described earlier, the last subarea (Pirkkala) 
shows a rapid but gradual change in meta
morphic grade from the Tampere Schist Belt 
to the Vammala migmatite area. 

Kinematic analy sis is not included in the 
description of the subareas, as thi s will be 
dealt with in the chapter on correlating de
formation structures of the subareas and in 
conjunction with geometrical modelling. 
Neither are lineation data presented, there 
being too few lineations for reliable conclu
sions to be drawn concerning the directions 
of tectonic movements. 

The terminology of the tectonic and tecto
no-metamorphic structures is after Powell 
(1979), Bell & Rubenach (1983), Bell (1985) 
and Ramsay & Huber (1989). 

Mauri subarea 

General geology 

The Mauri subarea is located at the south
ern edge of the Tampere Schist Belt, about 
20 km west of the synformal area described 
by Nironen (1989a) (Figs 2 and 4) . The ar
cuate Mauri meta-arkose , so named by Se
derholm (1897, 1913) , is a formation a few 
kilometres wide in the middle of the subarea. 
It is bordered in the north by mica gnei sses 
containing amphibole and plagioclase 
bands , and by conglomerates. The supracrus
tal rocks in the south are andalusite-bearing 
and in pi aces garnet-bearing mica gneisses . 
Owin g to the relatively low metamorphic 
grade , the primary s tructures of the su
pracrustal rocks are commonly preserved. 
According to Leveinen (1994) , the meta-

arkose (metasandstone) can be correlated 
stratigraphically wi th the central or u pper 
part of the Tampere Schi s t Belt , a s is also 
suggested by the age of detrital zircons (1.9 
Ga, Matisto 1968) , which is close to that of 
the granitoids, which were emplaced syntec
tonically in relation to Tampere synclinal 
folding (1885-1978 Ma, Nironen 1989b). 

The primary structures of both th e meta
arkose and the enveloping supracrustal rocks 
show that they deposited in shallow water 
(Leveinen 1994). Owing to the deformation 
of rocks and scarcity of contact ob servations , 
the mutual stratigraphy of the rocks is diffi 
cult to establish. However , at least in the 
western contact of the north- so uth-trending 
part of the meta-arkose, the fac ing of the 
meta-arkose and andalusite-mic a schists is 
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Fig. 4. Form line map of Mauri subarea and lower hemi sphere projections of structures shown on it. Lithology modified from 
Matisto (1961 , 1967). 

invariably westwards, implying that the an
dalusite-mica schists deposited after the 
meta-arkose (Fig, 4) , 

Structurally , too, the Mauri subarea be
longs to the continuations of the Tampere 
synclinal area even though the metamor-
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phism of structures started earlier in the 
Mauri subarea than in the core of the Tam
pere synform area. Consequently, the earliest 
schistosities are stronger and the modes of 
occurrence of younger, synmetamorphic de
formation events differ from those in the 
synform area (Kilpeläinen et al. 1994). 

The metamorphic grade is at its lowest in 
the central part of the subarea , where the 
rocks are layered metapelites with well-pre
served primary structures and in places large 
andalusite porphyroblasts. From there the 
metamorphic grade increases gradually in 
every direction, being at its highest in the 
southernmost part of the area, where the 
rocks are mica gneisses distinctly coarser 
due to metamorphism and in places contain
ing sillimanite. 

Deformation - D
I

, Dz' D
3 

and Equal area 
projections 

D I- Penetrative schistosity (SI) due to fine 
biotite scales is the earliest deformation 
structure in the subarea, particularly in fine
grained mica schist layers rich in biotite. SI 
is always parallel to the layering and no fold 
structures related to 01 have been encoun
tered. The intensity of S I seems to depend 
not only on the abundance of mica but also 
on the metamorphic grade of the rock , as it 
is lacking entirely in the best preserved rocks 
in the middle of the area (rocks without por
phyroblasts and andalusite-mica schists) but 
is at its strongest in the south of the area. The 
present geometry of the structures in the 
subarea shows that after the first deformation 
stage the layering of the metasedimentary 
rocks was still subhorizontal. 

Other structures related to 01 are the 
shears parallel to So' These shears in graphite 
and sulphide-bearing layers weather easily 
and so are now mainly visible on road cuts 
only. Even there they are strongly weathered 
and highly fractured and do not have useful 
kinematic indicators. 

D z - The horizontal structures were folded 
by F2 with horizontal axis during the second 
deformation stage (Fig. Sa) . The current in
tensity of folding varies, usually being fairly 
tight , as the layering in the outcrops on the 
limbs of F2 folds is subvertical (Fig. 4). The 
axial planes of folding were - and still are -
predominantly strictly vertical and the axial 
plane properties vary not only with the rock 
type (abundance of mica) but also such that 
where S I has intensified , S2 is spaced or 
crenulation schistosity , depending on the 
scale of examination (Fig . Sb). Thus SI was 
not completely obliterated during 0 2' but at 
those sites where SI cannot now be recog
nized , it probably never existed in the first 
place. Owing to the horizontal axis, the s ize 
of the F2 folds is difficult to grasp. However , 
the mere fact that only one distinct synform 
and one antiform structure can be deduced 
for the area from the facing data (Leveinen 
1994) suggests that the wavelength is of the 
order of kilometres. 

In a few outcrops on the limb of the F2 rold 
in the east of the Mauri subarea there is 
complex deformation of layering that, due to 
the unfavourable structural location of the 
outcrops, could not have been connected 
with any definite deformation stage. These 
outcrops show zones , usually a few metres 
wide , parallel to the layering, in wh ich the 
adj acent well-preserved pri mary I ayeri ng i s 
completely mixed up (Fig. Sc). The structure 
is definitely older than 0 3' for S3 schistosity 
crosscuts the chaotically folded layering 
(Fig. Sc). The relation of the structure to 0 2 
cannot be deduced from the schistosities, 
because S3 is the only macroscopic or micro
scopic schistosity both in this rock and in the 
adjacent host rock with preserved layering. 
Hence, the structure could even be synsedi
mentary. 

D3 - The current arcuate shape of the Mauri 
arkose formed when the dextral F 3, its axial 
plane striking roughly ENE-WSW, folded 

the east-west-trending vertical S/S/S2 struc-
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Fig. 5a. F, and F, folded pelitic metasedimentary rock in 
southwestern corner of Mauri subarea (Fig. 4). Northwest 
upwards. A horizontal section . X = 6817.70, Y = 2453.65. Code 
bar 6 cm. 

Fig. Sc. Complex deformational structures on Ii mb of an F, fold 
in layered metasedimentary rock. Mauri subarea (Fig. 4) '- Easl 
upwards . X = 6821.95 , Y = 2461.80. Code bar 6 cm. 

Fig. 6b. Syn-F, intruded plagioclase porphyritic dyke at contact 
of Mauri meta-arkose with andalusite-mica schis!. Mauri sub
area (Fig. 4). Northwest upwards. X = 6821.25, Y = 2460.45. 
Code bar 11 cm. 

Fig. Sb. Thin section cut perpendicular to an F, fold axis from 
hinge ofan F, fold in outcrop ofFig. 5a. Mauri s-ubarea (Fig. 4). 
One nicol. X-= 6817.70, Y = 2453.65. Field of view 12 mm 
wide. 

Fig. 6a. Porphyritic granodiorite dyke intruded in axial plane of 
F, folding in metasedimentary rock close to southeastern con
tact of Kelhäjärvi batholith . Mauri subarea (Fig . 4). East
northeast upwards. X = 6822.40, Y = 2455.40. Code bar 6 cm. 

Fig. 6c. Quartz vein in andalulsite-staurolite mica schi st formed 
as D, tension gashes and folded by F,. Mauri subarea (Fig. 4). 
Note the unfolded nature of quartz vein at the pressure shadow 
of the andalusite porphyroblast. South upwards. X = 6819.80, 
Y = 2460.30. Code bar 6 cm. 
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tures created by F2. The F) folds are fairly 
open both on map scale and in outcrops. 
However, shears developed in the axial plane 
of folding and some vertical movement took 
place along these in addition to dextral hor
izontal movement. This is suggested by the 
sudden increase in metamorphic grade from 
north to south at the eastern end of the south
ernmost shear (Fig. 4). In the southwest of 
the area, D ) is so intense that the older struc
tures have commonly been totally transposed 
into an ENE-WSW direction. Like that of S2' 
the mode of occurrence of S) is controlled by 
the intensity of older structures. In the cen
tral part of the subarea, S) is the penetrative 
bioti te sch i stosi ty, but northeastwards and 
southwestwards it changes into crenu lation 
as the metamorphic grade increases. Thus, S) 
differs from S2 in that, at its most intense, it 
overprints the older schistosities , rendering 
them indecipherable. 

In the west of the area and south of the 
Nokia batholith the D2 structures are cut by 
subvertical crenulation striking 120-150°. In 
places this fea ture also cuts D) but since in 
some outcrops the 600-striking S) crenu la
tion also shows a northwest-southeast conju
gate, the feature clearly refers to different 
modes of occurrence of D) in each case. 

Equal area projections - From the SI pro
jection points in Fig. 4 can be deduce that the 
measurements were made on outcrops where 
the angle between SiSI and the dominant S) 
is high. The measurements were made on 
outcrops where the F

2 
structure could be re

liably identified and where the danger of 
misinterpreting the S/SI +n composite struc
ture as SI is therefore at aminimum. The Si 
SI directions in the hinges of horizontal F2 
folds were not plotted for the outcrop area 
shown in Fig. 5a, since due to the intensity 
of D ) the points would have been distributed 
evenly over the whole lower hemisphere. For 
the same reason, the projection points of the 
F z fold axes only reflect the trends of the F2 
axes of two outcrop areas. Horizontal F

2 
axes 

trending from northwest to southeast were 
measured at the southwestern edge of the 
subarea, northeast of the Jyrävuori granite. 
East-west axes were measured at the south
ern edge of the subarea, which is shown on 
the structural map as an area of horizontal So 
and SI. Although the intense D ) causes the S2 
projection points to spread fairly evenly in 
all directions , Sz has almost invariably re
mained subvertical, suggesting that the true 
axis of F

3 
was subvertical despite a slight 

variation in the plunge of the F
3 

axes meas
ured. 

Igneous rocks 

The supracrustal rocks of the subarea are 
surrounded on almost all sides by granitoids, 
of wh ich only the Nokia batholith in the east 
of the area has been dated. The batholith has 
two zircon populations differing in age (1898 
± 9 Ma and 1909 ± 12 Ma), of which even the 
younger is older than the typical Svecofenni
an synkinematic granitoids (Kouvo & Tilton 
1966, Nironen 1989b). According to Nironen 
(l989b), this is probably either due to the 
intermixing of zircon generations or because 
even the younger zircons have inherited 
some old lead. 

In pI aces, the southern contact of the No
kia batholith cuts the SiSI-structures of 
metasedimentary rocks at high angles, being 
conformable with S2 (Fig. 4). The batholith 
also contains fragments of supracrustal rocks 
showing D2 structures. Consequently, it must 
be contemporaneous with or younger than 
D2. The Kelhäjärvi granodiorite/quartz dior
ite bordering on supracrustal rocks in the 
north is porphyritic at its southeastern end. A 
porphyritic variant also occurs as dykes in 
supracrustal rocks intruded along S3 planes 
(Fig. 6a). The contact of the Tottijärvi gran
odiorite/quartz diorite in the south of the 
area with the supracrustal rocks is not ex
posed but the metasedimentary rocks near it 
are highly migmatic, the veining being con
temporaneous with both D2 and D

3
• Clearly 
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then , the Tottijärvi massif had a distinct con
tact effect on the surrounding supracrustal 
rocks. 

The dykes associated with the Jyrävuori 
granite stock in the southwestern corner of 
the area crosscut all the above structures. 

Felsic, even-grained dykes, less than 1 m 
wide, are exposed in some andalusite-mica 
gneiss outcrops. Their age in relation to 
structural succession is ambiguous. They 
were clearly deformed by F

3 
folding and 

show pre- D) schistosity. However, due to the 
lack of F

2 
and D ] structures in the surround

ing supracrustal rocks their relative ages 
cannot be determined more precisely. 

In the very centre of the subarea, at the 
southern contact of the Mauri arkose, there is 
an outcrop where, visually estimated, inter
mediate plagioclase porphyritic dykes have 
intruded along the axial plane of F3 folding 
(Fig. 6b). Hence , these dykes demonstrate 
that mag matic activity continued in the sub
area during D

3
• 

Quartz veins associated with D3 occur par
ticularly in the northeast and southwest of 
the area. Some of them are parallleI to the S3 
planes , so me have formed as D) tension 
veins, which have subsequently deformed 
during D) (Fig. 6c). 

Metamorphism and migmatization 

The compositions of the metasedimentary 
rock s throughout the subarea are not very 
favourable to the crystallization of porphy
robIasts. The Mauri meta-arkose, for exam
pIe, lack aluminosilicates altogether as do 
almost a ll the mica gneisses north of the 
arkose. The abundance of porphyroblasts is 

Fig. 7c. Possible andalusite pseudomorphs in layered metased
imentary rock at southern contact of Nokia batholith. Pseudo
morphs are elongated in S, direction and resemble those de
scribed by ironen (I 989b) from southern contact of Värmälä 
intrusion at eastern end of Tampere synclinal area. Mauri 
subarea (Fig. 4). One nicol. X = 6819.00, Y = 2462.75. Field of 
view 12 mm wide. 

Fig. 7a. Andalusite porphyroblasts elongated in SrlS,fS, direc
tion , with crystallization controlled by evolving S, schistosity. 
Mauri subarea (Fig. 4). Southwest upwards. X = 6819.80, Y = 
2460.30. Code bar 6 cm. 

Fig. 7b. Photomicrograph of a sampIe from outcrop of Fig. 7a. 
Margins of andalusite porphyroblasts have crystallized after 
the development of SJ' SJ is deflected around margins of 
staurolite grains. Note syn-DJ quartz vein deformed by DJ 
outside an andal usite grain. Mauri subarea (Fig. 4). One nicol. 
X = 68 19.80, Y = 2460.30, Field of view 12 mm wide. 

Fig.7c . 
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highest in the mica schists of the central part 
of the area, wh ich , in addition to andalusite, 
commonly contain staurolite. Andalusite 
s tarted to crystallize during D2, with the con
sequence that S2 schistosity has in places 
remained as the Si structure of porphyrob
lasts when they grew into elongated grains, 
up to 20 cm long, controlled by the evolving 
S2 (Figs 7a and 7b). Andalusite continued to 
crystallize over the syn-D

3 
quartz veins at D 3 . 

However , at the final stage of D
3 

the edges 
of the porphyroblasts were already mechan
ically fractured. 

Staurolites clearly crystallized at least be
fore the peak of S3 schistosity development, 
as S3 is deflected around the edges of stau
rolite grains (Fig . 7b). The euhedral stauro
lite grains are virtually free of inclu s ions, 
and so their relative crystallization age can-

not be dated more accurately. 
At the southern contact of the Nokia batho

lith, the mica gneiss contains small musco
vite aggregates that resemble porphyroblasts 
which have undergone retrograde metamor
phism (Fig. 7c). Seitsaari (1951) and Niro
nen (l989b) have described corresponding 
aggregates from the Värmälä stock contact 
and interpreted them as pseudomorphs after 
andalusite. Nironen (l989b) suggested that 
they were crystallized due to the effect of 
contact metamorphism and subjected to ret
rograde alteration syntectonically in relation 
to the Tampere synform folding. Their mode 
of occurrence is entirely different from that 
of the above large andalusite grains. 
Migmatitic rocks have been only encoun
tered near the contact of Tottijärvi intrusion 
(see above). 

Myllymaa subarea 

Ge neral geology 

The Myllymaa subarea is located in the 
western continuation of the Tampere Schist 
Belt, about 20 km southwest of the Mauri 
subarea (F igs 2 and 8). The supracrustal 
rocks of this area, which is partly bordered 
by synkinematic granitoids, are mainly dis
tinctly layered metasedimentary rocks that 
are best preserved in the eas tern and central 
parts of the area. In the south and northwest 
the rocks are so mewhat migmatitic , although 
layering is in pI aces still discernible. The 
occurrence of sedimentary material varies, 
the most pelitic rocks being in the best pre
se rved areas ; moreover , the most intensely 
metamorphosed rocks are arenaceous in 
composition and their layers are clearly 
thicker than those in nonmigmatitic rocks . 

In the weil preserved metasedimentary 
rocks , sandy and silty or clayey layers, about 
2 cm thick , alternate (Fig. 9a). In a few 
outcrops, however , the rocks are coarse 
meta-arenites or metagreywackes , common-

ly showing crossbedding (Fig . 9b) . In this 
respect they resemble the above Mauri meta
arkose , but they lack the red hue macroscop
ically typical of it. Owing to repetition 
caused by folding with subhorizontal axes 
and poor exposure, the stratigraphic position 
of the crossbedded rock in relation to the 
layered mica schist is unclear. For the same 
reason the original thicknesses of the various 
sediment associations in the subarea are difficult 
to esti mate . In the western part of the area, the 
fold axis of the first folding stage later became 
more vertical, so that it is almost certain that the 
migmatitic , sandier metasedimentary rocks are 
stratigraphically below the beuer preserved me
tapelites (Fig. 8). 

The metasedimentary rocks in the subarea 
are poor in porphyroblasts. Small amounts of 
andalusite and gamet occur in the mica schist 
of the central part but the more sandy rocks 
in the west are devoid of porphyroblasts. As 
shown by migmatization , however , the meta
morphic grade at the western end of the area 
increases toward s north and south. 
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Fig. 9a. F, and F
3 

folded, thinly layered metasedimentary rock. 
Eastern part of Myllymaa subarea (Fig. 8). North upwards. X = 
6812.85, Y = 2438.95. Code bar 6 cm . 

Fig. 9c. Closing interference structures of F, and F3 with 
subhori zon tal axes in layered metasedimentary rock. Mylly
maa subarea (Fig. 8). East upwards. X = 6814.85 , Y = 2438.75. 
Code bar 6 cm. 

Deformation - D .. D 2• D 3 and Equal 
area projections 

D. - The oldest tectonometamorphic fea
ture in the area is the penetrative schistosity 
(SI) parallel to layering and is defined by 
fine-grained biotite scales. It is, however , 
lacking in the best preserved mica sc hists in 
the central part of the area. Fold structures 
associated with the D

I 
stage have not been 

encountered in the subarea, neither has the 
repetition of rock units or layers that would 
suggest the presence of F

I 
folds. The geom

etry of the current structures in the subarea 

Fig. 9b. Crossbedded metagreywacke in eastern part of Mylly
maa subarea (Fig. 8). South upwards. X = 6812.80, Y = 
2438.35. Code bar 6 cm. 

Fig. 9d. Thin section cut perpendicular to fold axis from hinge 
of an F, fold in layered metasedimentary rock. Western part 01" 
Myllymaa subarea (Fig. 8). X = 6812.40, Y = 2433 .00. Field of 
view 12 Olm wide. 

(gently plunging and, in places, horizontal 
F

2 
axes, sy mmetrical F

2 
folds) shows, in any 

case, that the layering was still subhorizontal 
before the F

2 
folding. 

Dz - Durin g the second deformation stage, 
the horizontal layering and the SI parallel to 
it folded tightly by F

2 
with horizontal axis 

(Figs 9a a nd 9c). The compression was ap
proximately north-south and horizontal , due 
to which the F

2 
axial planes attained a sub

vertical and east-west-striking attitude. Al
though younger deformations have changed 
the plunges of the F

2 
axes, these are still 
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fairly gently plunging in many outcrops (Fig. 
9c). Owing to the minor variation in lithol 
ogy , the size of the F

2 
folds is difficult to 

assess. However, on magnetic maps the F
2 

folds in the west of the subarea have wave
lengths of the order of hundreds of metres, if 
not more . 

The axial plane properties of the F 2 folds 
depend largely on the intensity of SI' In the 
least metamorphosed rocks in the eastern and 
central parts of the area, which lack SI' S2 is 
penetrative but in more strongly metamor
phosed rocks SI is clearly visible as is S2 
(Fig. 9d) . Most of the outcrops do not, how
ever, show F

2 
folds and, due to the tightness 

of F
2

, the main schistosity is commonly the 
S/S /S 2 composite . 

D
3 

- The axial planes of folds of the third 
deformation stage in the area usually strikes 
roughly from northeast to southwest, but 
varies considerably due to the local variation 
in the stress field in the press ure shadows of 
plutonite intrusions (Fig. 8) . In pI aces F

3 

folding is not visible in outcrops but mani
fests itself as a variation in the plunge of F

2 

axes (Fig. 9c). 
In the well-preserved mica schists in the 

eastern and central parts of the area the axial 
planes of F

3 
folds have spaced or crenulation 

cleavage , but the more intensely metamor
phosed metasedimentary rocks in the west 
rarely exhibit any S3 features as such. 
Throughout the area , however, zones of in
tense deformation are associated with the 
axial planes of F

3 
folds , and from these zones 

structures older than D
3 

have been almost 
totally obliterated. Owing to the poor expo
sures, it has not been possible to determine 
the kinematics of these zones. 

At the eastern end of the subarea, elose to 
the contact of the Karkku porphyritic grano
diorite , folding with northwest-southeast
striking axial planes that deforms all the 
above structures, D

3 
shears included, is vis

ible in places . This structural feature is, 
however , local only and does not seem to 

have markedly affected the present total 
structure of the area. 

Equal area projections - The projections 
in Fig. 8 show that most of the planal struc
tures measured are S3 schistosities. The 
measurements were made exelusively in the 
area of well-preserved rocks immediately 
north of the Karkku intrusion, where the F3 

axial planes strike from northeast to south
west and in the north also from north to 
south , and where S3 structures dominate due 
to the weakly developed SI and S2' The pro
jections further show that the F

3 
fold axes 

and So correlate strongly, i .e . F
3 

axes were 
measured on rocks that had preserved their 
layering . 

In the projections , So invariably dips to 
southwest. If the measurements of So direc
tions, of which there were only nine, were 
made on both limbs of F

2 
folds , the axial 

planes of the F 2 folds also dip at a high angle 
to southwest. On the basis of these data it is 
impossible to say whether the attitudes of the 
fo ld s are primary or whether they tilted into 
their present position later. The S/S/S2 
composite, which is commonly visible due to 
the tightness of the F

2 
folding and which is 

referred to as pre-D
3 

schistosity, is not shown 
in stereographic projections. 

Igneous rocks 

Two large , non-dated and partly porphyrit
ic granodiorite intrusions extend into the 
subarea. Associated with the southern one, 
the Karkku porphyritic granodiorite, are 
dykes whose age in relation to structural 
elements can be established on outcrops. 

These dykes occur particularly in the east 
of the area , elose to the contact of the 
Karkku granodiorite. As a rule , the dyke s, 1-
5 m wide, have intruded along the axial 
planes of F

3 
folds (Fig. lOa). The S3 orien

tation shown by the dykes cuts the porphy
ritic structure , as demonstrated by the schis
tosity deflecting around potassium feldspar 
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Fig. 10a. Porphyritic granodiorite dyke intruded in F, axial 
plane of metasedimentary rock and further S, oriented. Mylly
maa subarea (Fig. 8). East upwards. X = 6813.15, Y = 2439.20. 
Code bar 5 cm. 

Fig. 10c. Quartz veins in metasedimentary rock formed as 
tension gashes that opened during F, folding deforming tight F, 
folding. Western part of Myllymaa subarea (Fig. 8) . Northeast 
upwards. X = 6812.40, Y = 2433.00. Code bar 6 cm. 

phenocrysts. The syn-D
3 

character of the 
dykes is further suggested by the fact that the 
dykes , to~ , have been deformed by the 
above , youngest folding with a northwest
southeast-striking axial plane. The Karkku 
granodiorite also has fragments of supracrus
tal rocks exhibiting F

2 
folds (Fig. lOb) . 

The best preserved supracrustal rocks in 
the subarea, particularly in the zones of in 
tense D

3
, have abundant quartz veins, a few 

centimetres wide, that have formed either 
along S3 planes or tension gashes opened 

Fig. lOb. Supracrustal fragment containing S , and F, structures 
in porphyritic Karkku granodiorite. Structure of fragment im
plies that the intrusion is younger than F, folding. Myllymaa 
subarea (Fig. 8). South upwards. X = 6812.55, Y = 2439.95. 
Code bar 6 cm. 

Fig. 11. Andalusite porphyroblast in metasedimentary rock 
crystallized after the development of S, crenulation. Myllymaa 
subarea (Fig. 8). One nicol. X = 6812.85 , Y = 2438.95. Field of 
view 4 mm wide. 

during F
3 

(Fig. IOc). 
Granite dykes less than a few tens of cen

timetres wide and commonly striking rough
Iy from north to south are particularly com
mon in the southwestern part of the area. 
There they cut all the above structures , with 
the possible exception of the youngest fold
ing with a northwest-southeast-trending axi
al plane, whose relation to the granite dykes 
has not been established due to the lack of 
observations. 
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Metamorphism and migmatization 

Metasedimentary rocks with porphyrob
lasts are extremely rare in the area. However , 
andalusite grains , a few millimetres across 
and crystallized on the S3 crenulation, occur 
in sampIes taken from the well-preserved 
rocks in the east (Fig. 11) . Other sampIes 
from the same outcrops contain smalI , eu he
dral garnet grains that crystallized at leas t 
later than S2' Since they occur only in layers 
in which S3 is poorly visible due to the low 
abundance of mica, the relation of the garnet 
to D3 is unc1ear. 

In the west of the area , porphyroblasts are 
lacking and the changes in metamorphic 
grade can be estimated only from the amount 
of migmatization . Such an estimation tends 

to be subjective, as the amount of veining is 
controlled by the primary composition of the 
migmatized rock as weil as by pres sure and 
temperature. Interpretation is further ham
pered by the fact that migmatization in the 
Vammala area is thought to be caused not 
only by increased temperature but also by 
H20-rich fluid activity (1. Karhu , pers . 
comm.). Since outcrops show only a few F2 
folds, the relative age of migmatization is 
difficult to establish . At any rate , the most 
intensely migmatized rocks occur in the 
south and southwest of the area, where the 
earliest veining in the S/S/S 2 plane seems to 
be more abundant than elsewhere. Veining 
also occurred du ring D3, but only in the south 
and southwest of the area . 

Ellivuori subarea 

General geology 

The Ellivuori subarea is located immedi
ately south of the Mauri subarea (Figs 2 and 
12) but it cannot be included in the contin
uations of the Tampere Schist Belt on the 
basis of either its metamorphic grade or the 
composition of the metasedimentary rocks. 
The supracrustal rocks are arenaceous meta
sedimentary rocks in which, due to the low 
variation in composition, the layering is not 
always visible, even if the metamorphic 
grade and deformation were not intense 
enough to obliterate the primary features. 
Consequently, fold structures are not c1ear in 
outcrops. Since, moreover, the abundance of 
micas in the arenaceous rocks is low , the 
metamorphic structures are not very conspic
uous either. Nevertheless, there are some 
metasedimentary rocks with distinct layer
ing, and in these the layers vary from a few 
centimetres to a few decimetres in thickness. 

The lithology of the northwestern corner 
of the subarea differs from that elsewhere. 
There the rocks c10se to the contact with the 

Karkku granodiorite are not only unusually 
pelitic in their primary composition but they 
are also intensely sheared, and the sedimen
tary structures have been almost totally 
destroyed . 

The Karkku porphyritic granodiorite de
scribed in the context of the Myllymaa sub
area extends to the northwestern corner, and 
in the northeastern corner there is apart of 
the Tottijärvi quartz diorite-granodiorite in
trusion descri bed in the context of both the 
Mauri and Pirkkala subareas. There are also 
a large number of granite intrusions varying 
in size (Fig . 12). 

In this subarea, too, estimates of the meta
morphic grade depends on the few outcrops 
containing porphyroblasts. As suggested by 
these, metamorphism took place in the equi
librium field of potassium feldspar and silli
manite or potassium feldspar and cordierite, 
but in the south of the area the intense mig
matization imply a southward increase in 
metamorphic grade. The change in sedimen
tary material as a function of metamorphic 
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Fig. 12. Form li ne map of Ellivuori subarea and lower hemisphere projections of structures shown on it. Lithology modified from 
Matisto (1967). 

grade as described in the context of the 
Myllymaa subarea, cannot be seen in the 
ElIivuori subarea. 

Deformation - D
1

, D
2

, D
3 
and Equal area 

projections 

D. - The oldest tectono-metamorphic fea-

ture in the supracrustal rocks of the Ellivuori 
subarea is the penetrative biotite schistosity 
parallel to the layering , although , due to the 
arenaceous average composition of the 
rocks, it is visible only in the most fine
grained layers (Fig . 13a) . Owing to the rarity 
of sufficiently pelitic rocks , it is impossible 
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to see the variation in the intensity of SI ' SI 
schistosity is nevertheless present through
out the Ellivuori subarea whenever the com
position of the rock is appropriate . Fold 
structures associated with the same deforma
tion as the evolution of this schistosity have 
not been identified. After D I, the layering 
was still horizontal, implying that if folds 
developed in association with D I their axial 
planes must have been recumbent. 

D
2 

- During the second deformation stage , 
the above structures were folded in horizon
tal compression. The fold axes were then 
horizontal and the axial planes vertical. The 
unfolding of the present total structure of the 
subarea suggests compression from roughly 
north to south and an east-west primary 
strike for the axial planes of the F2 folds. 
Owing to the low variation in lithology , it is 
difficult to visualize the sizes of the folds , 
but the F2 folds shown by the magnetic map 
have a wavelength of at least several hun
dreds of metres. The tightness of the large 
folds , too, is difficult to estimate, but the 
fact that the S/S I structures in the subarea 
are now fairly vertical, the hinge of the F2 
folds excluded , implies that it was fairly 
tight. Although post-D2 folding has reorient
ed the plunges of the F2 axes , most of them 
are still subhorizontal (Fig . 13b). 

The intensity of S2 schistosity varies from 
one zone to the other, although its type also 
depends on the lithology. In the most sandy 
layers , S2 may be the dominant or only vis
ible schistosity, but in pelitic layers, in 
which SI was already intense , S2 is crenulat
ing in character. Thus , the properties of the 
axial plane of F2 vary considerably, even 
between different parts of an outcrop-scale 
fold (Fig. l3a) . As most of the outcrops are 
located on the limbs of large F2 folds , the S/ 
S/S 2 composite is the structure to be classi
fied as the main schistosity . 

D) - In the third deformation stage, the 
above structures underwent folding with an 
ENE-WSW-striking axial plane, which , as 

suggested by the style of fo ldin g, seems to 
have occurred when the rocks were still fair
Iy plastic (Fig . 13c). Since the primary struc
tures forced into a vertical position during D2 
folded during this stage , the D) structures are 
the most conspicuous both in outcrops and 
on geophysical maps. As suggested by mag
netic maps , the F) folds are fairly open and 
large, with a wavelength of the order of kil
ometres , The axial planes are vertical , at 
least to the accuracy with which they can be 
measured on the open structures in outcrops. 

The axial planes of F) folds in the Ellivuori 
subarea do not show schistosity. The inten
sity of S) is at its maximum in the pelitic 
layers of metasedimentary rocks, where it is 
crenulation without substantial new mineral 
growth . In contrast to the Mauri subarea, 
shears are not often associated with the axial 
planes of F) folds in the Ellivuori subarea. 
The exception is the northwest corner, 
where , close to the contact of the Karkku 
porphyritic granodiorite , there is a high
strain zone with mylonitic metasedimentary 
rocks related to D

3
. Here all the structures 

have been transposed into a northeast-south
west direction , making it difficult to distin
guish between F2 and F) folds. However, some 
biotite recrystallized in the axial planes of 
folds suggested as F) by the vertical fold 
axes . The deep plunge of the F) axes in the 
high-strain zone indicates that movement in 
the zone was mainly horizontal. The meta
sedimentary rocks in the high-strain zone 
have been weathered so strongly, however, 
that no useful kinematic indicators have been 
found in them . According to geophysical 
maps, a similar shear zone occurs in the 
southeastern corner of the subarea, but no
where is it exposed. 

Equal area projections - The stereograms 
in Fig . 12 show that , as in the two previous 
subareas, the axial planes of all F

3 
folds 

except two strike in a northeast-so uthwest 
direction . The same holds for D2 structures , 
implying strong influence of D) on the total 
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Fig. 13a. F, folds in layered metasedimentary rock. Northern 
part of Ellivuori subarea (Fig. 12). Depending on composition 
and grain size, the main schistosity is either S, or S, . Northeast 
upwards. X = 68\5.20, Y = 2453.40. Code bar 6 cm. 

Fig. \3c. Plastic F, folding deforming F, structures in migma
tized metasedimentary rock at southeastern edge of Ellivuori 
subarea (Fig. 12). Southeast upwards . X= 6807.30, Y =2458.35. 
Code bar 6 cm. 

Fig. \4b. Fragmented and F
J 

folded mafic dyke in migmatitic 
metasedimentary rock. Ellivuori subarea (Fig. \2). Northeast 
upwards. X = 6806.50, Y = 2459.20. Code bar 6 cm. 

Fig. \3b. F, folding with horizontal axis in sandy and almost 
homogeneöus metasedimentary rock typical of Ellivuori suba
rea (Fig. 12). East upwards. X =6808.\5, Y=2453 .80. Code bar 
6 cm. 

Fig. 14a.S, oriented and F, folded granodiorite dyke intruded in 
migmatitic metasedimentary rock. Ellivuori subarea (Fig. 12). 
North upwards. X = 6809.50, Y = 2444.85. Diameterof coin 2.2 
cm. 

Fig. \4c. F, folded and S, oriented mafic dyke in psammitic 
metasedimentary rock. Ellrvuori subarea (Fig. \2). North-north
west upwards. X = 68\ 0.05 , Y = 2444.50. Diameter of coin 2.2 
cm. 
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Fig. 14d. Potassium feldspar porphyritic, syn-F
J 

intruded gran
ite dyke in migmatitic metasedimentary rock . Elli vuori subarea 
(Fig. 12). Northeast upwards. X = 6809.50, Y = 2444.85. 
Diameter of coin 2.2 cm. 

Fig. 15a. F, deformed si llimanites recrystallized into cordierite 
with increase in temperature. Note the cutting gran ite dyke 
similar as in Fig. 14e. Ellivuori subarea (Fig. 12). South up
wards. X = 6807.85, Y = 2452.80. Code bar 6 cm. 

structures of the subarea . The majority of the 
meas urements have , however , bee n inter
preted as S/ S I structures and, in view of the 
above, so me of the projected structures are 
probably in fact S/ S/S2 composite struc
tures . Owing to the high inten ity of both D

2 

and D ), the S/ S I points are projected evenly 
in every direction. The projection points 
clustering close to the periphery refer to the 
tightne ss of F

2 
folding whereas the few 

Fig. 14e. North-south-striking gran ite dykecutting F
J 

fo lding of 
migmatitic metasedimentary rock. Elli vuori subarea (Fig. 12). 
Viewed towards north. X = 6807.35, Y = 2457.80. Code bar 17 
cm. 

Fig. 15b. Photomicrograph in wh ich potassium feldspar por
phyroblasts crystalli zed in decomposition reaction of musco
vi te have SI biotite schi stosity as S, structure. SampIe was taken 
from the outcrop shown in Fig. 13a. Ellivuori subarea (Fig. 12). 
One nicol. X = 6815.20, Y = 2453.40. Field ofview 4 mm wide. 

points indicating subhorizontal S/ S I imply 
F

2 
with a gen tly plunging axis. 

Igneous rocks 

The Karkku porphyritic granodiorite intru
sion de sc ribed in conjunction with the Myl
Iymaa subarea shows inten se D

3 
orientation 

at its contact in the Ellivuori subarea in the 
same way as do the adjacent supracrustal 
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rocks. Here too, the porphyritic texture of the 
rock predates 0 ) schistosity, the schistosity 
being deflected around the margins of potas
sium feldspar grains. Right at the contact the 
plutonic rock contains supracrustal frag
ments, which have also been strongly de
formed by 0 ). On the basis of these structural 
features, it is evident that the granodiorite 
must have intruded before the end of 0 ), 
althou gh in the zone of intense 0 ) it is not 
possible to establish the emplacement time 
more accurate ly. Felsic dykes indisputably 
associated with the Karkku granodiorite are 
not exposed in the supracrustal rocks of the 
subarea. 

The Tottijärvi intrusion is a somewhat 
gneissose, equigranu lar quartz diorite/grano
diorite body whose age in relation to the 
structures is not clear. Informative contacts 
are not exposed in the subarea, but the shape 
of the tonalite massif suggests either that it 
intruded before 0 ) or a tension crack opened 
during 0 )' The first alternative is supported 
by the fact that its contacts are at least ap
proximately parallel to the S2 planes in the 
supracrustal rocks adjacent to the contacts. 

Synkinematic granitoids also occur in the 
subarea as minor intrusions . These are invar
iably tectonically oriented and at least where 
the orientation can be compared with the 
structures of supracrustal rocks , it is corre
latable with the S2 of metasedimentary rocks 
(Fig. 14a) . 

Mafic dykes are fairly abundant in the 
metasedimentary rocks of the subarea. 0 3 
typically deforms S2-oriented mafic dykes 
parallel to S2 (Fig. 14b). The relationship 
between the dykes and F

2 
fo ldin g is rarely 

visible but at least some of the dykes are 
affected by F2 folding (Fig. 14c) . 

Microcline granites occur in the area as 
small intrusions cutting all the above defor
mation s tructures and as dykes varying in 
width, of wh ich a substantial number clearly 
intruded the axial planes of F) folds (Fig. 
14d). Granite dykes of another type are the 

0-30° striking, lO-cm to I-m wide dykes cut
ting 0 ) structures (Fig. 14e) that occur 
throughout the subarea. These dykes seem to 
have intruded a crust that was already fair ly 
stab le, as they are completely undeformed 
and, moreover , invariably strike from north 
to south. The above syn-O) dykes mainly 
occur in the western margin of the subarea, 
in particular close to the contact of the 
Karkku porphyric granodiorite. It is possi
ble , then, that they are associated with this 
granodiorite, which means that there are at 
least two granite generations of different 
ages in the subarea. 

There are also a few mafic-ultramafic in
trusions in the subarea (e.g. Posionlahti) , 
whose age relations to the structures of su
pracrustal rocks have not been established 
due to the lack of exposures. 

Metamorphism and migmatization 

Porphyroblastic metasedimentary rocks 
are rare in the Ellivuori subarea. Right at the 
northern edge of the area, potassium fe ld 
spar-sillimanite gneisses occur in a few out
crops. Fibrolitic sillimanite has grown into 
elongated grain aggregates parallel to S/S I' 
which, in the hinges of F

2 
folds, have under

gone further deformation (Fig . ISa). Potassi
um feldspar occurs in them as poikiloblasts 
less than I mm across, with SI biotite schis
tosity as Si (Fig. lSb). The structure implies 
that muscovite was decomposed in the area 
at least before the peak of 02 . 

Compared with those in the northern part 
of the area, the potassium feldspar porphy
roblast in the central parts are large poikil
oblastic grains, up to a few millimetres in 
diameter. Even if outcrops did not show F2 
structures , the Si of potassium feldspars is 
commonly at a high angle with the main 
schistosity, wh ich was earlier concluded to 
be the S/S/S2 composite. In these cases, too, 
the Si structure of potassium feldspars is 
unfolded . Provided then that the idea of Bell 
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(1985) about the nonrotation of porphyrob
la sts holds for the Ellivuori metasedimentary 
rocks, the above features are suggestive of 
pre-D 2 crystallization of the potassium feld
spar porphyroblasts. 

The SI schistosity in potassium feldspars is 
composed by markedly finer-grained biotite 
than are the SI biotites in matrix in the hinges 
of F

2 
folds. This may be due to the coarsen

ing of matrix S I after the crystall ization of 
potassium feldspars (Vernon 1978). The 
coarsening may have happened either during 
D I or then not until D

2
, by which time the S I 

biotites had recrystallized by imitating the 
existing structures (Vernon 1977). In the 
first alternative, muscovite would have de
composed syntectonically with D I. In the 
second, potassium feldspar would also have 
been able to crystallize between D I and D

2
. 

According to Ferguson & Hart (1975), the 
difference between the grain sizes of Si and 
S I biotites can be attributed to the downsiz
ing (dissolution) of inclusions during the 
crystallization of porphyroblasts. 

Typical of the whole subarea is the high 
abundance of retrograde muscovite. Silli-

manite grains are almost invariably at least 
partly mu scovit ized and large muscovite 
scales have crystallized elsewhere in the 
matrix , too . As muscovites crystallized they 
cut D

2 
structures, but it has not been possible 

to estimate the time of their crystallization in 
relation to the structural elements more accu
rately . It is possible that the above granites 
reheated the retrograde rocks , as new silli
manite seems to have crystallized at the edg
es of muscovite scales, and plagioclase 
grains were recrystallized . 

Except in the zone of intense D
3 

adjacent 
to the Karkku granodiorite, the supracrustal 
rocks are migmatitic, at least to some extent, 
throughout the area. The earliest, trondhje
mitic veining is parallel to the layering and 
thus also parallel to SI' Migmatization con
tinued during D

2
, but a substantial portion of 

the veins are younger still (e.g. Fig. 13c) . 
Although the amount of migmatization ap
pears to be controlled by the primary compo
sition of the rock , outcrop observations sug
gest that the pre-D

3 
migmatization , at least, 

increases in the subarea both eastwards and 
southwards. 

Stormi subarea 

General geology 

The Stormi subarea is located in the mid
die of the study area (Figs 2 and 16) and 
represents the zone of tonalitic migmatites 
extending from Pori to Mikkeli at its most 
typical. Several studies have been published 
from the subarea, most of them, however, 
dealing with the petrology and geochemistry 
of the Stormi Ni deposit (Häkli & Vormisto 
1985 , Peltonen 1995a, 1995b). Supracrustal 
rocks in the environment of the Ni deposit 
and their structures are described in reports 
of Aarnisalo (1988) and Kilpeläinen and 
Rastas (1992). 

The subarea is mainly composed of in-

tensely migmatized, arenaceous metasedi
mentary rocks and the synkinematic granodi
orites and quartz diorites that cut them. 
Mafic and ultramafic intrusions occur evenly 
throughou t the area , al though the bes t
known of them are concentrated at S torm i. 
Mafic and ultramafic rocks also occur as 
dismembered dykes and fragments in 
migmatitic mica gneiss. Rocks that could be 
classified distinctly as extrusives on the ba
sis of their structures are few; Heikkilä-Ha
rinen (1975) has described agglomerates 
from the northern part of the area and, ac
cording to Peltonen (1995a), the Uusiniitty, 
Vammala and Komerolahti formations, earli
er referred to as cortlandites, are in fact pic-
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0.00,1.00.2.00,3.00, 4.00,5.00, 
6.00,7.00.8 .00, 9.00,10.00,11.00, 
, 2.00, 1 3.00,' 4.00, 1 5.00 

Coniours oL 
0.00,1.00,2.00,3 .00,4 .00,5.00. 
6.00,7.00,B.OO,9.00,10.00,1 1.00, 
12.00,13.00, '4.00, 15.00 

COr'ltours ct: 
o 00,1.00,2.oo,JOO,4 00, 
5.00,6.00,7.00,8.00,900, 
10.00, 11 .00, 12.00,1 J 00 

Ccntours CI. 
0.00,1.00,2.00,3.00,400,5.00. 
6.00,7.00.8.00,9 .00,1 0.00,11.00, 
12 .00,1 300. \ 4.00, 15.00 

Fig. 16. Form line map of Stormi subarea and lower hemisphere projections of structures shown on it. Lithology modified from 
Heikkilä-Harinen ( 1975) and Matisto (1967). 

ritic metalavas. Granites occur as small intru
sions and as cutting dyke s varying in width. 

In migmatites, garnet , cordierite and silli
manite are in equilibrium althou g h rocks 
containing a ll these porphyroblasts a re rela
tively rare due to the psammitic composition 
of the metasedimentary rocks . The metamor
phic grade varies in the equilibrium field of 
the above paragenesis and thu s manife s ts 
itself in changes of composition of mineral 
assemblages only and cannot be recognized 
reliably in outcrops. The migmatization de-

gree of the mica gneisses varies, especial ly 
in the youngest migmatization phases (Kil
pe läinen & Rastas 1992) . 

Deformation - D p D
2

, D
3 

and Equal 
area projections 

D
1 

- The oldest and, at the same time, most 
inten se metamorphic and tectonic feature in 
th e metase dimentary rocks of the Stormi 
subarea is the penetrative biotite schistosity 
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Fig. 17a. Photomicrograph of intense S, in metasedimentary 
rock. All minerals elongated parallel to schi stosi ty. Stormi 
subarea (Fig. 16). One nicol. X = 6797.20, Y = 2451.45. Field 
of view 4 mm wide. 

Fig. 17c. S I' F, and F3 structures in migmatitic metasedimentary 
rock in Stormi subarea (Fig. 16). South upwards. X = 6797.20, 
Y = 245 1.45. Code bar 6 cm. 

(SI) parallel to the layering. However intense 
deformation and metamorphism have com
monly rendered the layering of the metased
imentary rocks unrecognizable , and it is not 
alway s pos sible to establish the parallelism 
between the layering and S I' In particular, 
the originally most pelitic layers have shears 
parallel to SI ' and in thi s direction all sy n
and pre-D I minerals have been strongly com
pressed (Fig. 17 a). 

Recogni zable folds related to D I are not 
exposed in the subarea. Because intense 

Fig. 17b. F
3 

deforming F, folds wi th subhorizontal axes in 
migmat ized metasedimentary rock of Stormi subarea (Fig. 16). 
Note also migmatization associated with D

3
. South upwards. X 

= 6804.20, Y = 2448.55 . Code bar 6 cm . 

Fig. 17d. F
3 

fo lding deforming S,jS/S, composite and associ
ated migmatization in metasedimentary rock. Stormi subarea 
(Fig. 16). Southeast upwards. X = 6797.20, Y = 2452.45. Field 
of view 50 cm wide. 

schistos ity developed in metasedimentary 
rocks during D I, it is possible that the struc
tures preceding the peak of S I (such as F I) 
were obliterated in deformation , especially 
when high-temperature metamorphi sm was 
promoting the process. Even so, the meta
sedimentary rocks have preserved their lay
ering in many places . If folding occurred in 
the subarea during D I it must have been re
cumbent, for the present total structure can 
best be exp lained by assuming that the struc
tures at Stormi were still subhorizontal after 
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D \. 
D

2 
- During the second deformation stage, 

the horizontal structures were compressed 
into folds with horizontal axes. Owing to the 
horizontal compression, the axial planes be
ca me vertical and, due to the tightness of the 
folding, the S/S\ planes on the limbs of the 
F2 folds also turned into a vertical position. 
Despite the intense post-D2 deformation, the 
F2 axes are still commonly gently plunging in 
the Stormi subarea (Fig . 17b). The size ofthe 
F2 folds cannot be estimated on the outcrops, 
but magnetic maps show F2 structures with 
wavelengths of the order of kilometres. Indi
rectly deduced, the amplitude of folding is 
also kilometres, the S/S \ structures being 
vertical , for instance, on the limbs of the 
large F/F

3 
interference structure of Stormi. 

The trends of the axial planes of F2 folds 
vary a great deal due to younger deforma
tions, making reconstruction of their primary 
orientation difficult. Nevertheless, as shown 
by the magnetic map , the large F2 fold with 
the east-west-striking axial plane at Stormi 
has been refolded mainly at its hinge (Figs 3 
and 16). On outcrops, too, the strike of the 
axial plane of this fold is approximately 
constant despite the folds that cut it. 

The character of the S2 axial plane schis
tosity depends indirectly on the lithology of 
the rocks and on the part of the large F2 fold 
in wh ich the observation outcrop happens to 
be. In the most arenaceous layers of metased
imentary rocks, in which S\ was not very 
intense, local penetrative schistosity devel
oped in zones of intense S2' whereas in the 
pelitic layers S2 is a distinct crenulation 
without significant mineral growth. The lat
ter situation is very clearly visible in the 
hinges of F2 folds, where S2 is least intense 
(Figs 17b and 17c). The tightness of F2 fold
ing is such that most of the outcrops exhibit 
only one schistosity, wh ich , on the basis of 
the above descriptions, can be considered 
mainly as a S/S/S2 composite. 

D
3 

- The structures described above are cut 

in the subarea by two sets of folds differing 
distinctly in their axial plane directions. The 
usually sinistral, asymmetric folds with a 
northwest-southeast-striking axial plane are 
dominant (Figs 17b and 17c) and, varying in 
intensity , are visible in almost every outcrop . 
Most of them are relatively open and the 
plunge of their axes is controlled by older 
structures. The other post-D2 folding is very 
similar, but the axial planes strike about 60 ° . 
As no distinct cutting relation has been es
tablished for either of these two structures in 
the subarea and as their morphology and 
axial plane properties are similar, they will 
be treated later together under the rubric D

3
. 

Owing to the tightness of the F2 folding, 
most of the outcrops in the subarea exhibit a 
structure in which the subvertical S/S/S2 
plane was compressed by F

3 
into fairly open 

folds with a subvertical axis (Fig . 17d). The 
axial planes of F

3 
commonly show weakly 

developed crenulation, but biotite of that age 
has not been crystallized. Granitic migmati
zation parallel to the axial planes and cutting 
the older trondhjemitic , thinly veined mig
matization typical of migmatites in the Stor
mi subarea is also present, most noticeably in 
the zones of the most intense D

3
. 

Plastic folds, migmatization during defor
mation and the high grade syn-D

3 
mineralogy 

to be described later imply that D
3 

occurred 
at high temperature in the Stormi subarea. It 
is presumably for this reason that cataclastic 
D

3 
structures, too, are lacking in the subarea, 

even though D
3 

has affected the current ge
ometry of tectonometamorphic patterns of 
Stormi more than in any of the above subar
eas. Hence , the zones of intense D

3 
at the 

southwestern edge of the Stormi subarea 
show up mainly as zones of anomalously 
high migmatization, in which the host rock is 
commonly visible only as fragments in 
schlieren or schollen migmatites. 

Equal area projections - The orientation 
of D3-structures in the Stromi subarea dif
fers markedly from those described from EI-
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livuori subarea (see above). The projections 
in Fig. 16 show that in the Stormi subarea the 
axial traces of F)-folding strike WNW-ESE. 
The F) axes are su bvertical or pI unge ESE. 
As shown by the diagrams, most of the F ) 
measurements were made on the folded S/S I 
structure, which in some measurements, 
though, may be the S/S /S 2 composite. 

The steep dip of F2 axial planes and the 
gentle plunge of F

2 
axes are also visible in 

the distribution of projection points. The 
latter imply that the S/S I structure, which is 
dominant in the subarea, is gentle dipping in 
many outcrops , a fact also indicated by the 
projecting of S/SI points at the centre of the 
circle. 

Igneous rocks 

Synkinematic intrusions varying in size 
and shape and being in composition mainly 
granodiorites or quartz diorites abound in the 
Stormi subarea. They tend to be equigranu
lar , albeit distinctly gneissose, and invaria
bly contain mafic enclaves elongated parallel 
to schistosity. The contacts of the intrusions 
with the supracrustal rocks are usually tec
tonically disturbed and always parallel to the 
S/ S/S2 schistosity of the metasedimentary 
rocks. Outcrops showing F2 structures in su
pracrustal rocks and contacts at igneous 
rocks have not been encountered in the sub
area. However, since not only the contacts of 
igneous rocks but also the gneissosity of 
these plutonic rocks are conformable with S2 
it can be assumed that the gneissosity devel
oped either during or before D2. During D) 
the gneissosity was crenulated like S/S2 in 
the supracrustal rocks. 

North and east of the Stormi Ni depo sit, 
there is the long, arcuate Järvenpää quartz 
diorite intrusion (Fig. 18) , which , unlike the 
rest of the syntectonic granitoids in the 
subarea, contains garnet. The rock is medi
um-grained , equigranular and intensely 
gneissose . The main minerals are plagiocla-

se , quartz, biotite, hornblende and garnet. 
The abundance of garnet fluctuates but may 
be up to several per cent (modal composi
tion) (Heikkilä-Harinen 1975) . 

The relation of this intru sion to the su
pracrustal structures is no different from that 
of the other syntectonic granitoids . North of 
Stormi, the intrusion trends east-west, paral
lel to the axial plane of F2 folding. The con
tact of the intrusion with supracrustal rocks 
is visible in one outcrop on the northern limb 
of the large F/F) interference structure of 
Stormi . There, the contact of the intrusion 
with the arenaceous metasedimentary rock is 
tectonized and disturbed by migmatization. 
The gneissosity in quartz diorite corresponds 
to the S/S2 schistosity of the metasedimen
tary rocks in the outcrop . East of Stormi the 
F2 folds in mica gneiss have been deformed 
by F) folding with a northeast-southwest
striking axial plane. Corresponding F) fold
ing of the gneis sosity of the quartz diorite is 
visible in the adjacent outcrop (Fig. 18). The 
above features imply that the quartz diorite 
intruded the axial plane of the F

2 
folds of the 

metasedimentary rocks in the course of fold 
ing , and thus the intense gneissosity of the 
plutonic rock can be corre lated with the re
gional S2 sch istosi ty. 

Dismembered by deformation, mafic and 
ultramafic rocks occur as abundant dykes in 
the migmatites of the Stormi subarea (Fig. 
19a) . The dykes , which are usually less than 
1 m wide, are contemporaneous with D2 at 
least but some of them formed boudins be
fore F2 folding, and so are clearly older than 

D 2 · 

The contacts of the mafic and ultramafic 
intrusions could not be observed in outcrops 
of the subarea. Moreover , only a few of them 
have been intersected in exploration drilling. 
Hence, the relative dating of their emplace
ment is here based on the best studied Stormi 
Ni-Cu-bearing body. The host rock of bowl
shaped Ni-Cu deposit of Stormi is composed 
of two , if not more , ultramafic magma pulses 
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Fig. 18 . S, oriented and DJ deformed garnetiferous Järvenpää quartz diorite in Stormi subarea (Fig. 16). Arrow points to sam pie 
A I 288-Järvenpää. The photograph was taken from the sampling place and covers an area SO cm wide. North upwards. 
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Fig. 19a. Mafic dykes fractured by 0 , and 0 3 deformations in 
migmatitic metasedimentary rock of Stormi subarea (Fig. 16). 
South upwards. X = 6800.10, Y = 2453.00. Code bar 17 cm. 

and is located in the core of a large F
2 

anti
form . According to Häkli et al. (1979), its 
lower contact with the surrounding su
pracrustal rocks is subconformable. In view 
of the tectonic location of the intrusion , this 
probably implies subconformability with the 
S I main schistosity of supracrustal rocks , in 
which case the ultramafic rocks probably 
intruded as horizontal sills before D

2 
fold

ing . The present bowl shape of the intrusion 
can be attributed to interference from F

2 
and 

F, folding (Kilpeläinen & Rastas 1992) . 
In the axial planes of the F

3 
folds the re are 

equigranular fel s ic dykes, less than 30 cm 
wide (Fig. 17b) , that are in general plagi
oclase-dominant but also contain potassium 
feldspar. Depending on the abundance of po
tassium feldspar, Kujala (1993) has divided 
them into tonalitic and granodioritic dykes. 
Although in composition they resemble the 
granodioritic plutonic rocks described 
above, their relative age in the structural 
succession is different. 

Granites or pegmatites are rare in the Stor
mi subarea. Vertical dykes , wh ich are com
monly only a few centimetres wide, almost 
invariably trend 0-30° (Fig. 19b) . They 
crosscut all the above s tructures and are 
fully undeformed. There are also a few small 

Fig. 19b. Narrow, north-south-striking gran ite dyke cutting F3 
fo lding of migmatized metasedimentary rock. North up wards. 
Stormi subarea (Fig. 16). X = 6797.05, Y = 245 1.50. Code bar 
17 cm. 

undeformed granite intrusions in the subarea 
cutting the D

3 
structures. 

Newage data 

The garnet-bearing quartz diorite (A I288 -
Järvenpää) was dated as apart of thi s study . 
As mentioned above, this intrusion is syn
chronous with D

2
• lts contacts with su

pracrus tal rocks are in places exposed and it 
contains abundant zircon in addition to gar
net. 

The zircon in A 1288 is brown and trans
parent (Fi g . 20). Euhedral pri smatic and 
pyramidal crystal faces are common, but al
most all the grains were broken in milling , 
implying an original grain s ize in excess of 
200 J..Im . Faint oscillatory zoning and so me 
inherited cores could be observed under oil 
immersion . The zircons were analysed at the 
Unit for Isotope Geology , GSF, using the 
analytical methods described by Vaasjoki et 
al. (1991) with the modification that the data 
were reduced us ing the ISOPLOT program 
(Ludvig 1988). 

The zircons exhibit the characteristic fea
tures of magmatic zircons: the abraded frac
tions are the least discordant and the degree 
of discordancy increases with the increase in 
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; 

'. 
Fig. 20. Magmatic zircons from sampIe A 1288 Järvenpää. Field 
of view 3 mm wide. 

uranium content as the density , owing to the 
increased metamictization , decre ases. The 
206Pbp04Pb ratio measured is rat her high , 
implying that the exact co mposition of the 
common lead correction has no bearing on 
the age. Moreover, the mean standard error 
of the weighted deviate (MSWD) is only 

0.35 

margin a lly in excess of 1, indicating that the 
zircon s probably derive from a si ngle source. 
Thus the upper intercept age, 1881 ± 4 Ma, 
for the quartz diorite A 1288-Järvenpää can 
be regarded as denoting the time of magmat
ic emplacement recorded by that sa mpie 
(Fig . 21, Tabl e 1). 

Metamorphism 

The arenaceous primary composition of 
the metasedimentary rocks in the subarea is 
not very favourable for the crystallization of 
porphyroblasts. However, in the co urse of 
accurate mapping of metamorphi sm a fairly 
den se network of outcrops with porphyrob
lasts was established. In the subarea , meta
morphi sm took place in the equilibrium field 
of garnet and cordierite, and whenever the 
composition of the rocks allows, si llimanite, 
too, see ms to be a phase in equilibrium with 
the above minera ls . 
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Fig. 2 1. Concordia diagram of U-Pb zircon data from a syntectonic quartz diorite (Fig. 18) in 
Stormi subarea. (sampIe A 1288 Järvenpää.) 
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TableI. U-Pb zircon data on granitoid rocks in the Tampere-Vammala area. 

Sam pie Fraction Uconc Pbconc 206/204 206/238 207/235 207/206 Apparent age in Ma 
ppm ppm meas. Corrected for blank 6/8 7/5 7/6 

A1288 Järvenpää (Quartz diorite) 

A +4 .5/abr 231 .1 77 .74 6234 .3315 
B +4.5 242.0 78 .76 5956 .3218 
C 4.3-4 .5 396.6 122.87 3175 .3040 
0 4.2-4.3 705.7 200.76 1208 .2678 

A1290 Aluskylä (Porphyritic granite) 

A +4.5/abr 229.4 76 .75 7089 .3271 
B +4.5 257.8 84.98 6495 .3227 
C 4.3-4.5 367.5 119.66 4799 .3179 
0 4.2-4.3 700.8 206.41 3249 .2862 

Despite the high metamorphic grade, rel
icts of s illimanite and potass ium feldspar 
that crystallized in the decomposition reac
ti on of muscovite still exist in the Stormi 
subarea. These sillimanites are oriented par
allel to SI ; fibrolite aggregates folded by F

2 

occur as relicts in syn-D
2 

cordierite porphy
robiasts, and potassium feldspars have S I 
relicts as the S; structure (Fig. 22a). Prograde 
cordierite started to crystallize syntectoni
cally with D I, and porphyroblasts continued 
to crystallize during D

2
• The potassium feld

spars kept on crystallizing as inclusion-free 
grains during the crystallization of syn-D 2 

cordierite (Fig. 22a). 
Garnet crystallized in rocks of the subarea 

in the course of a long period. The oldest 
garnet grains probably crystallized during 
D I' the S /S 2 composite schistosity being 
deflected around garnet grai ns (Fig. 22b). 
Most of the garnets, however, crystallized, at 
least partly, after D

2 
(Fig . 22c). In zones of 

intense D
3 

there are large garnet grains that 
still continued to grow during that stage , as 
they are abundant even in migmatizing gran -

5.269 .1153 1845 1863 1884 
5.104 .1150 1798 1836 1880 
4.821 .1150 1711 1788 1880 
4.258 .1153 1529 1685 1884 

5.158 .1144 1824 1845 1870 
5.082 .1142 1803 1833 1867 
4.996 .1140 1779 1818 1863 
4.490 .1138 1622 1729 1860 

ite veins associated with D r 
A feature typical of the migmatites in the 

Stormi subarea is the alteration of garnet into 
cordierite along the margins. It has not been 
possible, however , to connect thi s reaction , 
which indicates a drop in pressure, with any 
definite deformation event. The cordierite 
porphyroblasts formed in this way are pseu
domorphs after garnet and the mutual rela
tionship between the porphyroblast and the 

matrix thus are also a relict feature. Other 
retrograde reactions are the biotitization of 
cordierite and occasional minor crystalliza
tion of andalusite. Retrograde muscovite 
occurs in the north of Stormi as it does in the 
Ellivuori subarea. 

Migmatization 

Migmatization started in the area immedi
ately after D I. As time passed the width of 
the veins increased and the veins became 
richer in potassium feldspar. Most of the 
veins are tonalitic or trondhjemitic in com
position and D I-D2 in age (Fig. 17b) , but in 
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Fig. 22a. Relicts 01' potassium feldspar-sillimanite metamor
phism in migmatitic metasedimentm'y rock of Stormi subarea 
(Fig. 16). One nicol. X = 6797 .25 , Y = 2451.20. Field of view 
4 mm wide. 

Fig. 22b. Crystallization of pre- or early-D, garnet in metased
imentary rock. Stormi subarea (Fig. 16). One nicol. X = 6797.20, 
Y = 2451.45. Field of view 12 mm wide. 

Fig. 22c. Garnet grain partly crystallized on S, biotite scales of 
metasedimentary rock. Stormi subarea (Fig. f6). One nicol. X 
= 680 1.20, Y = 2451.75. Field of view 4 mm wide. 

zones of intense 0 3 the strongest migmatiza
tion did not occur until during 0 ) (Figs 17b 
and 17c) . The 0 3 veins are distinctly rich in 
potassium feldspar and occur not only in S3 
axial planes but also by imitating older struc
tures (Figs 17c and 17d). In relation to the 
temperatures suggested by thermometers, the 
degree of migmatization is fairly high in the 
Stormi subarea. As a heat-consuming event 
migmatization obviously effectively buff
ered the rise in temperature (Kilpeläinen et 
al. 1994). As suggested by the isotope ratios 
of carbon and oxygen measured from the 
calcite concretions in metasedimentary 
rocks, the intense migmatization in the area 
is related to an increase in aqueous fluid flow 
as weil as with a rise in temperature. The 180 

compositions are completely homogenized, 
but the abundance of 13C varies greatly, im
plying exchange reactions with an hydrous 
fluid poor in CO2 (1. Karhu, pers. comm.). 

Figure 23 shows a simplified and partly 
interpreted summary of the crystallization of 
porphyroblasts and of migmatization stages 
in migmatic metasedimentary rocks of the 
Stormi subarea. As areaction indicating a 
drop in pressure, the alteration of garnet into 
cordierite has been interpreted as being asso
ciated with F2 antiforms. The crystallization 
of andalusite and late muscovite has been 
attributed to 0 3' as suggested by Kilpeläinen 
et al. ( 1994) . Local S2 schistosities assoc iat
ed with 0 2 shear zones are not included in the 
figure. The ages of deformation events are 
based on evidence given elsewhere in the 
present work. 

poT determinations 

In the course of metamorphic detail map
ping of the subarea, a total of 830 electron 
microanalyses were made on 112 sampies 
col lected from garnet-bearing outcrops in the 
central parts of the area and from drill cores 
(Kilpe läin en & Rastas 1992). Most of the 
garnets analysed had crystallized pre-syn 02' 
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Syntectonic growth of fibrolitic sillimanite 

Syntectonic growth of potassium fe 'dspar 

Syntectonic growth of cordierite 

Syntectonic growth of garnet 

Garnet alteration to cordierite 

Syntectonic growth 01 2nd generation patassium leidspar 

Retrograde andalusite 

Retrograde muscavite 

SI schistasity 

Syn-Dl migmatization (moinly trondhjemitic) 

Syn-D2 migmotizatian (rondhjemitic ta granitic) 

Syn - D3 migmatizatian (mainly granitic) 

Fig. 23 . Simplified summary ofrelations between crystallization ofporphyroblasts, migmatization stages, and tectonic structures 
in migmatitic metasedimentary rocks of Stormi subarea (Fig. 16). 
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Fig. 24. Garnet-biotite temperatures from central 
part of Stormi subarea (Fig. 16) . Lithology same as 
in structural maps of Stormi and Ellivuori subare
aso Perchuk & Lavrenteva ( 1983) calibration . 

but due to the poor outcrops, the relative 
crystallization age could not be established 
for all the ga rnets. Some sampies co ntained 
young, sy n-D

3 
garnets, which yielded tem

peratures weil above the average. Shown in 
Fig. 24 are garnet-biotite temperatures for 
regional mapping sampie s (Append . l and 2) 
of the Stormi subarea calculated as proposed 
by Perchuk & Lavrenteva (1983). Absolute 
values calculated with so me other calibration 
method might differ from thes e, but the 
mutual rel ative difference s between th e ob
servation points would still be s imilar. The 
highest temperatures at the southwestern 
edge of the image were obtained from sam
pies in wh ich garnets were D

3 
in age or at 

least continued to crystallize during D
3 

Garnet chemistry of the supracrustal 
rocks at the contact of the Stormi 
ultramafi te 

During the metamorphic mapping, a set of 
19 sampies covering 190 m of core length 
was taken from a hole drilled in the mine 
from the contact of the ultramafic Stormi 
formation perpendicularly into the mica 
gneisses. Neither the mineral compositions 
analysed from the profile nor the thermom
eter determinations (Fig. 25) could show a 

di s tinct contact effect, the va lue s being fully 
com patible with tho se obtained elsewhere in 
the Stormi subarea (Kilpe läinen & Rastas 
1992). We can explain the lackin g, or at least 
unrecognizable , contact metamorphism by 
assuming that the ultramafites intruded be
fore the peak of regional me ta morphism, a 
concept supporting the estimated pre-D

2 
age 

of the formation based on structural consid
era tions. 

Since earlier studies had reported an in
crease in garnet abundance in mica gneisses 
towards the contact of the Stormi ultramafite 
(Häkli et al. 1979), efforts were made to 
search for the contact effect in a mica gneiss 
sampIe taken 2 m from the contact of the 
ultramafite. A garnet grain poor in inclusions 
and slightly altered into cordierite along the 
margins was se lected for analysis. The inten 
tion was to find the type of zonal composi
tion in garnet that might develop in a grain 
starting to crystallize in the contact meta
morphosis of the intrusion and that might 
continue to grow during regional metamor
phism. Three profiles running in different 
directions from the centre of the grain to
wards the margins were analysed at 0 .2-mm 
point intervals . The profiles were chosen in 
such a manner that the garnet was in contact 
with a different mineral species at the last 
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Fig. 25. Compositions of garnets and biotites in mica gneisses and crystallization 
temperatures calculated from them. SampIes taken from a hole V A-925 drilled from 
contact of Stormi ultramafite directly into mica gneiss. The variation in thickness of 
composition curves is due to the variation in composition measured at a given point; 
that in the temperature curve is due to the variation in temperature obtained with 
different mineral/measurement data combinations. 

point on each profile. 
Figure 26 shows the location of the pro

files and the mole fractions of Fe, Mg, Mn 
and Ca at each analysis point. Excluding the 
narrow diffusion seam at the margin of the 
grain developed during cooling, the compo-

sItIOn varied only slightly within the grain. 
Note that Mg-Fe cation exchange seems also 
to have happened in the profile ending to 
plagioclase. The most likely reason is that 
there was an Mg- and Fe-bearing mineral 
either above or below the polished section 
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used for analysis with which the cation ex
change took place. As far as the method 
applied is concerned , no variation in temper
ature occurred during the crystallization of 
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garnet and the grain can be interpreted to 
have crystallized or compositionally homog
enized entirely during regional metamor
phism. 
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Koosanmaa subarea 

General geology 

The Koosanmaa subarea, in the south of 
the study area , lies at the southern border of 
the Pori-Vammala-Mikkeli tonalite migma
tite zone (Figs 2 and 27) . The supracrustal 
rocks of the area are mostly distinctly lay
ered metasedimentary rocks that have not 
been migmatized as intensely as those in the 
Stormi subarea. In structural and metamor
phic evolution, however , the area closely 
resembles the Stormi subarea , although the 
variation in metamorphic grade is markedly 
greater. It is the variation in metamorphic 
grade without tectonic discordances that 
makes the Koosanmaa subarea appropriate 
for studying the change in type of deforma
tion structures as a function of metamorphic 
grade. 

As weil as supracrustal rocks, the subarea, 
its southern edge in particular , contains 
quartz diorite and granodiorite intrusions of 
various sizes and shapes. None of them have 
been dated , but in appearance they are typical 
synkinematic intrusions of the Pori- Vamma
la-Mikkeli zone , i.e. moderately gneissose 
and on the whole fairly equigranular plutonic 
rocks. Mafic and ultramafic intrusions are 
particularly numerous in the east of the sub
area. The best known of them , Kylmäkoski , 
is a mined-out Ni-bearing, predominantly 
ultramafic intrusion with a Pb-Pb age on the 
chalcopyrite fraction of 1856(+177,-203) Ma 
(Papunen 1980). 

Associated with the Kylmäkoski ultrama
fic intrusion is a small quartz diorite intru
sion whose age in relation to structural evo
lution differs from the ages of other quartz 
diorites and granodiorites in the area (see 
later) . Microcline granite intrusions are vir
tually lacking. A potassium feldspar porphy
ritic , slightly gneissose granite (Matisto 
1967) ex tends to the northern edge of the 
subarea but it bears a close resemblance to 
the coarser portions of the porphyric grano-

diorites at Karkku and Nokia described ear
lier. There are also microcline granites in the 
area but they tend to occur as crosscutting 
dykes less than 1 m wide. 

The lowest metamorphic conditions in the 
western part of the subarea occurred in the 
equilibrium field of potassium feldspar and 
sillimanite , but in the more intensely meta
morphosed metasedimentary rocks in the 
east , garnet and cordierite form an equilib
rium pair. The amount of migmatization fol
lows roughly the change in metamorphic 
grade . However, as in the Stormi subarea, 
migmatization is in pI aces more intense than 
suggested by the metamorphic grade. 

Deformation - D
" 

D
2

, D
3 

and Equal 
area projections 

D , - The oldest recognizable deformation 
and metamorphic structure is the penetrative 
schistosity (SI) caused by biotite scales par
allel to the layering of the supracrusta l 
rocks. It is visible in all metasedimentary 
rocks with the appropriate composition but 
the lower the metamorphic grade, the less 
weil it is developed. In potassium feldspar
sillimanite gneis ses , SI is just about macro
scopically visible (Fig. 28a), but in thin 
sections it is always recognizable , at least as 
an Si structure of potassium feldspar porphy
roblasts (Fig 28b). With the increase in 
metamorphic grade , S I is intensified and in 
potassium feldspar-cordierite gneis ses it is 
the dominant schistosity (Figs 28c and 28d). 

One outcrop in the subarea exhibits the 
minor hinge of a pre-D

2 
fold that is probably 

related to the same event as the formation of 
SI schistosity. As this fold is the only one 
observed and is, moreover, fairly modest in 
size (W-2 cm, A-5 cm), it cannot be used as 
a basis for interpreting the nature and impli
cation of F , folding. The possibility that the 
structure is synsedimentary is, however, not 
fully excluded. The present structure of the 
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Fig. 28a. F, folding with east-west-striking ax ial plane in least 
metamorphosed metasedimentary rocks of western part of 
Koosanmaa subarea (Fig. 27). West upwards. X = 6780.35, Y 
= 2465.05 . Code bar 6 cm. 

Fig. 28c. F, folded potass ium feldspar-cordierite gneiss . East
ern part of Koosanmaa subarea (Fig. 27) . The layering is still 
recognizable. North upwards. X = 6780.25, Y = 2474.45 . Code 
bar 6 cm. 

subarea can best be explained by assuming 
that even after D , the layering and S, were 
still subhorizontal. 

D
2 

- During the second deformation stage 
the above structures folded with a horizontal, 
east-west-striking axis due to a horizontal 
north-south compression. F

2 
axes then as

sumed a horizontal attitude and the axial 
planes a vertical one. On the limbs of F

2 
folds 

the layering and S, turned from their original 
position , becoming vertical , with the conse
quence that the Iimbs now exhibit So' S , and 

Fig. 28b. S , as S; structure in potassium fe ldspar porphyroblasts 
in metasedimentary rock. Note that the sampie is from a limb of 
F, . Koosanmaa subarea (Fig. 27). One nicol. X = 6783.05, Y = 
2472.00. Fie ld of view j 2 mm wide. 

Fig. 28d. Thin sec tion cut from hinge of F, fo ld in Fig. 28c 
perpendicular to F, ax is. Koosanmaa subarea (Fig. 27). One 
nicol. X = 6780.25; Y = 2474,45 . Field of view 12 mm wide. 

S2 approximately parallel to each other. The 
subparallelism of the limbs and axial planes 
implies tight F2 folding. The size of the F

2 

folds can be visualized only on aerogeophys
ical maps, on which the S/S I structure of 
metasedimentary rocks is readily recogniza
ble. On the basis of geophysical maps , the 
wavelength of the folds is of the order of 
kilometres, and , due to the tightness of the 
folding , the amplitude is probably of the 
same order of magnitude. Depending so me
what on the section, the F

2 
structures on the 

Fig. 27. Form line map of Koosanmaa subarea and lower hemisphere projections of structures shown on it. Lithology modified 
from Matisto (1973). 
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Fig. 28e. F, fo lding with horizontal axes in migmatized meta
sedimentary rock. Eastern part ofKoosanmaa subarea (Fig. 27). 
East upwards. X = 6780.35, Y = 2474.35. Code bar 6 cm. 

Fig. 28f. Fragments oflayers ofmetasedi mentary rock (porphy
roc lasts) containing S, schistosity as S .. Centra l part of Koosan
maa subarea (Fig. 27), One nicol. X = 6782.50, Y = 2469 .90. 
Field of view 12 mm wide. 

Fig. 28g. lncipient crystalli zation of potassium feldspar in a 
layer fragment like that in Fig. 28f. Koosanmaa subarea (Fig. 
27). One nicol. X = 6780.35, Y = 2465.05. Field of view 4 mm 
wide. 

outcrops are folds with fairly sharp hinges, 
whose axes are still gently plunging despite 
po st- D2 deformation (F igs 28a, 28c and 28e). 

The ax ia l plane properties of the F
2 

fo ld s 
depend mainly on the M , me tamorp hi e grade . 
As the inte ns ity of S2 varies zo na ll y across a 
fold, its c ha racte r varies considerably from 
one outcrop to anoth er. In th e least intensely 
metamorphosed metasedimentary rocks , S2 
approaches penetrative biot ite sch istosity , 
which, while evo lving, fragmented na rrow 
compete nt layers and their S, sch istos ity. 
The fragments of these layers occ ur as rotat
ed porphyroclasts around which S2 sch istos i
ty is deflected and in whose pressu re shad 
ows the sy n-D

2 
rec ry stallizati on of min era ls 

occurred under co ndition s clearly more stat ic 
th at those in the adjace nt zones of inte nse 
deformation (Figs 28f a nd 28g). 

In potassium fe ld spar-si llim anite g neisses, 
S2 is usua lly a di sc rete type of crenulation or 
in pi aces penetrative biotite sc hi stosity (Fig. 
28b). In the potass ium feldspar-cordierite 
gneisses and mo re inten sely metam o rpho sed 
metasedim e ntary rocks, S2 is a crenulation 
that does not seem to have been accompanied 
by sub stanti a l biotite crystallization, es pe
cially in the fold hinges (Fig. 28d). On the 
limb s of F2 folds, S2 is natura lly more in 
ten se, but in those cases it is difficult to 
di s tinguish betwee n S , and S2 biotites . Even 
if F2 structures were invi sibl e in an outcrop, 
S2' or mo s t commonly S/ S ,1S 2 composite 
would be recognizable, at lea st in thin sec
tion s, on the bas is of the S, biotites in potas
sium feldspar porphyroblasts (Fig. 28b). 

D 3 - The structures de scribed abov e a re 
deform ed in th e Koosanmaa subarea by two 
foldin gs s imilar in character but very differ
ent in tre nd s. In the west of the area, the axial 
planes of the cutting folds are vertical and 
strike about 30° . In general the folds are 
fairly open, the plunges of fold axes depend
ing on the geometry of the older structures. 
Folding deform ed the plunges of F

2 
axes, 

causing the axial depression of a roughly 5-
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km-Iong F2 synform to develop in the west
ern part of the area (Fig. 27). The structure 
is also clearly visible on magnetic maps (Fig. 
3), as the current plunge of the F2 axes may 
be up to 45 ° at the ends of the axial depres
sion. 

In the east of the subarea, the axial plane 
of post-D2 folding strikes about northwest
southeast. The present interference structure 
is more complicated in the east than in the 
west , mainly due to the low angle between 
the axial planes of the F2 and F3 folds (Figs 
27 and 28c). Owing to the greater homoge
neity and more intense metamorphism of the 
sedimentary rocks , the total structure cannot 
be interpreted very weil from magnetic 
maps. On the basis of F2 and F3 axes meas
ured on outcrops , the large F2 antiform in the 
east of the area was deformed during F ), 
making the F2 axes culminate in the middle 
of the subarea . Associated with D3 in the east 
is a distinctly sinistral horizontal component, 
which further complicates the present total 
structure. 

Only a few observations have been made 
of the crosscutting relations of these two 
post-D2 foldings, as both of them occur al
most exclusively in their own areas . There is 
one outcrop at the western margin of the 
subarea on which it is seen that the folding 
with a 30° strike has a northwest-southeast 
conjugate, too. If this northwest-southeast 
structure is the same as D ) in the east, the two 
D3' s would constitute a conjugate pair, which 
would explain why both of the S3 axial 
strikes occur almost solely in their own are
aso 

Neither of the above F3's is accompanied 
by axial plane schistosity, but instead by 
intense migmatization in the same way as in 
the Stormi subarea. As at Stormi, the zones 
of intense D3 are broad ductile shear zones 
and mainly dominated by schollen and 
schlieren migmatites; no cataclastic D3 
shears have been observed on outcrops. 

Equal area projections - Mainly due to 

the dissimilarity in the mode of occurrence of 
D ) structures , the stereograms in Fig. 27 are 
given separately for the western and eastern 
parts of the subarea. In the west, the axial 
planes of F3 folds almost invariably strike 
northeast-southwest. However, the effect of 
D3 on the older structures was relatively 
mild, the S2 planes , for example , having ro
tated only slightly from their primary east
west attitude. The shallow dips of the layer
ing and the parallel SI are shown not only by 
the S/S I projection points but also by the 
low angles of the plunge of the F2 axes. 

In the east, the axial planes of F3 folds 
locally strike northwest-southeast. The ef
fect of D3 was substantially stronger than in 
the western part , because the projection 
points of pre-D3 structures show only slight 
regularity. The S/SI planes are typically 
subhorizontal , but some of the F2 folds are 
slightly tilted , suggesting so me vertical 
movement associated with D). 

Igneous rocks 

There are several quartz diorite and gran
odiorite intrusions of various size at the 
southern edge of the subarea. The majority 
are equigranular but distinctly gneissose and 
they commonly contain mafic enclaves elon
gated along schistosity. The contacts of su
pracrustal rocks with the above granitoids 
are not exposed in the area , but quartz dior
ites and granodiorites do occur as dykes in 
the metasedimentary rocks, having intruded 
along the axial planes of F2 folds. In the 
gneissic intrusions , the gneissosity was de
formed during F3 folding, from which it is 
inferred that the intrusions must predate D3. 
The potassium feldspar porphyritic granite at 
the northern edge of the subarea is also clear
Iy gneissose , at least in places, but its age 
relation to the quartz diorites and granodior
ites has not been established. 

A small quartz diorite intrusion associated 
with the mined-out Kylmäkoski Ni deposit 



54 Geological Survey of Finland, Bulletin 397 
Timo Kilpeläinen 

Fig. 29a. Pre- or early-D , ultramafic dyke in migmatitic meta
sedimentary rock. Western part of Koosanmaa subarea (Fig. 
27). Viewed towards south. X = 6781.85 , Y = 2463.80. Code 
bar 6 cm. 

clearly differs from the other quartz diorites 
in age. The rock is equigranular and fine
grained and , unlike the typical synkinematic 
plutonites in the area , nonfoliated and in 
pi aces pinkish. At present it is exposed only 
at the northern end of the water-filled open 
pit , but Papunen (1980) maintains that it cuts 
other structures. Its relations to supracrustal 
structures cannot yet be established more ac
curately, but its cutting attitude and nonfoli
ation suggests that it is younger than other 
quartz diorites mentioned above. 

Pre- or Early-D
2 

mafic and ultramafic 
rocks occur as dykes and sills, particularly in 
the migmatites of the high-grade metamor
phism in the east. In the west of the subarea 
there is a fairly narrow dyke that was prob
ably originally ultramafic but is now strong
Iy altered by metamorphism and deforma
tion . In places it cuts the layering of the 
metasedimentary rocks, exhibiting, however, 
distinct SI schistosity (Figs 29a and 29b). 
According to Papunen (1980), the Kylmäkoski 
ultramafic intrusion is a trough-shaped for
mation whose contact with the mica gneisses 
"curves smoothly and in many places varies 
surprisingly as small scale folds that vary in 
axial direction as do folds in migmatite en
vironment". Observations made at the mine 
show that the trough-shaped structure of the 

Fig. 29b. Detail of dyke in Fig. 29a. The dyke cuts So in 
metasedi mentary rock and the dyke is cut by S ,. lt must 
therefore have intruded during D, at the latest. Code bar 6 cm. 

intrusion is a F
2 

synform, implying that the 
contacts of the formation are conformable 
with SI schistosity. The intru sio n must , 
therefore, be either D I in age or older st ill. 
Small intrusions , mainly gabbros in compo
sition, occur throughout the subarea. Their 
contacts with the metasedimentary rocks are 
not exposed, but they are distinctly metamor
phosed as will be shown in the next chapter 
and thus relatively old in terms of structural 
evolution 

Granites commonly occur as dykes less 
than 1 m wide in the supracrustal rocks of the 
subarea. They cut all the other deformation 
structures described above. In the west of the 
area in particular, their strikes exhibit a clear 
consistency, trending almost invariable 0-
30°, irrespective of the geometry of the host 
rock structures . In the east of the area their 
strike is less regular. Minor granite dykes 
also occur in the east, in the axial planes of 
F) folds. 

Metamorphism and migmatization 

The least metamorphosed rocks in the sub
area are in the western part. Broadly speak
ing , they occur at the southern part of the 
local F/F) interference basin mentioned in 
the structural description . The most intense
ly metamorphosed rocks are in the east, 
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Fig. 30a. Fibrolitic si llimanites deformed by F2 and altered into 
cordierite in mica gneiss. Eastern part of Koosanmaa subarea 
(Fig. 27). Northwest upwards. X = 6780.25, Y = 2474.45. Code 
bar 6 cm. 

Fig. 30b. Garnets crystallized on S2 schistosity of metasedimen
tary rock near closed Kylmäkoski mine. Koosanmaa subarea 
(Fig. 27). One nicoJ. X = 6782.85, Y = 2477.65. Field of view 
4 mm wide. 

Fig. 30c. Raspberry-structured garnets in metagabbro. North
western part of Koosanmaa subarea (Fig. 27). One nicoJ. X = 
6784.30, Y = 2467 .35. Field of view 4 mm wide. 

which, according to the structural interpreta
tion , represents the deepest section (F

2 
anti

form ). This , together with observations of 
the crystallization of the earliest porphyrob
Iasts, implies that metamorphism, at least , 
started before D

2 
folding. The situation is not 

that simple , however, for in many places in 
the area there are features demonstrating that 
the temperature increased or remained ele
va ted during D

3
• 

As shown by the porphyroblasts , the low
est metamorphie grade is represented by the 
potassium feldspar-sillimanite mica schists 
in the west. Pseudomorph s, totally altered by 
retrograde metamorphism, have been en
countered in one outcrop. These may have 
been andalusite grains, but , due to their com
plete muscovitization , they can no longer be 
reliably identified. Sillimanite that formed 
through the decompo sition of muscovite 
crystallized into fibrolite aggregates parallel 
to SI ' and the se in turn deformed during F2 

folding (Figs 28d and 30a). Potass ium feld
spar crystallized on S I schistosity and pre
served fine-grained S I biotite schistosity as 
an Si structure (Fig. 28b). In places , the po
tass ium feldspar grain s have used fragments 
of the layers mentioned in the desc ription of 
D

2 
structures as their crystal nuclei (Figs 28f 

and 28g). Not only SI biotite schistosity, but 
also the syn-D I recrystallized matrix mainly 
composed of quartz and feldspars then re
mained as the S I structure of the growing 
potass ium feldspar porphyrobl as ts. In so me 
pi aces, crystallization of potassium feldspar 
proceeded so far that, wi th the exception of 
the biotite scales , the S I structure di sap
peared. 

As the temperature continued to ri se, bi
otite started to decompo se and cordierite 
c rystallized on si llimanite grains, sillimanite 
needles remaining in cordierite as inclu sions 
(Fig . 28d). The margin s of cordierite crystal
lized clearly on SI biotites, but were de
formed during D

2 
(Fig. 28d). A sampie taken 

from the potass ium feldspar-cordierite zone 
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Fig. 30 d. Syn-D , and syn-D, migmatization in metasedimenta
ry rock. Koosanmaa subarea (Fig. 27). East upwards . X = 
6781.55 , Y = 2463 .20. Code bar 6 cm. 

on the limb of an F2 fold (Fig. 28b) shows 
how the evolving S2 controlled the crystalli
zation of cordierite, causing the grains to be 
elongated parallel to S2' The SI biotite inclu
sions in the potassium feldspar porphyrob
lasts that formed in the decomposition reac
tion of muscovite survived, although new, 
inclusion-free potassium feldspar grew at the 
same time as cordierite syntectonically with 
0 2' the growth commonly having started in 
the pressure shadows of older potassium 
feldspar grains. 

Garnet crystallized in the supracrustal 
rocks of the subarea over a long period. The 
oldest garnets clearly started to crystallize 
before the "completion" of S /S 2 composite 
schistosity, but some of the garnets, and also 
the margins of older garnet grains, grew over 
the S/S 2 schistosity (Fig. 30b). Metamorphic 
garnets occur in some metamorphosed plu
tonites in the subarea . Because of the coarse 
matrix, it is difficult to pinpoint when the 
garnet in them crystallized. The nucleation 
of the raspberry garnets must, however, have 
occurred in the tripIe junctions of already 
crystallized matrix and so , to minimize sur
face energy, the small garnets being grown 
around the matrix grains were later fused 
into one big grain (Fig. 30c) (Bard , 1987). 

The mica gneis ses in the subarea were 

Fig. 30e. Syn-D
3 

migmatization cuts F
2 
folds and older migma

tization in metasedimentary rock. Koosanmaa subarea (Fig. 
27). East upwards. X = 6782.15, Y = 2463.95. Code bar 6 cm. 

migmatized throughout the structural evolu
tion. The oldest veins are along the S/SI 
planes and approximately trondhjemitic in 
composition . The amount of earliest veining 
is clearly related to the metamorphic grade 
and to the decomposition of biotite that be
gan with the increase in temperature, as this 
process is first encountered in the potassium 
feldspar -cordierite gneisses or more intense
ly metamorphosed rocks. Veins are also as
sociated with 0 2 but they are potassium feld
spar-bearing and do not occur in such abun
dance as do the veins of syn-O

l 
migmatiza

tion (Fig. 30d). 
Zonal, coarse and potassium feldspar

bearing syn-03 migmatization is a conspicu
ous feature of the Koosanmaa subarea. It cuts 
older migmatization and F2 fold structures, 
although the veins may imitate older, even 
SI' structures, to so me extent (Fig. 30e). Syn-
0 3 migmatization is also encountered in the 
least metamorphosed rocks, which in view of 
the metamorphic grade did not undergo in 
situ melting . Owing to the low intensity of F3 
folding, it is difficult to conclude whether a 
zone of intense syn-D 3 migmatization could 
also be a zone of intense 0 3 deformation. 
That the migmatization cuts the metamorphic 
zones, however , implies that deformation 
was associated with the fluid flow. 
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H ä m ee nkyr ö sub a r ea 

Ge neral geology 

The Hämeenkyrö subarea is located in the 
Tampere Schist Belt , no more than 20 km 
west of the Tampere synform area (Figs 2 
and 31) yet differing from it clearly in struc
ture and metamorphic grade. The area, which 
covers the sou thern part of the circular for
mation of supracrustal rocks on the Ikaali-

nen 1: 100 OOO-scale map sheet, is bounded 
in the northeast and west by the Central Fin
land Granitoid Complex and in the south by 
the Kelhäjärvi synorogenic granitoid pluton. 
Most of the supracrustal rocks are weakly met
amorphosed mica gneisses , in wh ich the lay
ering is commonly visible and which, due to 
the composition of sed imentary rocks, rarely 
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Fig. 31. Form line map of Hämeenkyrö subarea and lower hemisphere projections of structures shown on it. Lithology 
modified from Virransalo & Vaarma (1993) . 
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contain porphyroblasts . The mo st intensely 
migmatized metasedimentary rocks occur at 
the western margin of the subarea, c\o se to 
the contact with a metatonalite intrusion . 
They , too , are virtually devoid of porphyrob
lasts and in only a few outcrops have small 
amounts of gamet and cordierite been en
countered . 

Conglomerates with quartz clasts and very 
coarse-grained greywackes are particularly 
weil exposed in the northwest of the area . 
Porphyroblastic metapelite s a re ra re, but 
drilling conducted in the course of geo log i
cal remapping at 1: 100 000 scale revea led 
abundant graphite/sulphide-bearing black 
schist horizons that show up di st inctly on 
magnetic and electromagnetic maps . They 
are not exposed in the area, but observations 
made elsewhere suggest th a t they may be 
early shear surfaces parallel to the laye ring. 
If so, they can be used to advantage in struc
tural interpreta tion s based on geophys ical 
maps . 

In addition to the above Kelhäj ärvi grano
diorite/quartz diorite, the re are mafic and ul
tramafic , layered intru sion s in the so utheast 
that , according to Peltonen (1992), are frag
ments of a s ingle body (s ill ), initially meas
uring 7 km x 0.5 km at an unknown depth. 
Thi s formation is now composed of platy , 
northward dipping bodies parallel to S2 planes 
and according to Peltonen facing northw ards. In 
the so uth , in particular, th e s upracru s tal 
rocks contain mafic dykes of various ages in 
relation to the structural evolution. 

In the middle of the subarea there are two 
granite intrusions, one several squ a re kilo
metres in size. Granitic dykes occur ma inly 
in the immediate surroundings of the above 
intrusions only. 

Deformation - D
J

, D
2

, D
3 
and Equal area 

projections 

The structure of the subarea and th e circu
lar Hämeenkyrö supracrustal area is large ly 

Fig. 32a. Subhorizontal S/S, in metagreywacke in northwest of 
Hämeenkyrö subarea (Fig. 31). Viewed towards north. X = 
6837.00, Y = 2449.50. Code bar 6 cm. 

Fig. 32b. Thin section cu t from hinge of F, fo ld in layered 
metasedimentary rock of least metamorphosed southeastern 
part ofHämeenkyrö subarea (Fig. 31) . One nicol. X = 6832.40, 
Y = 2457 .95. Fie ld of view 12 mm wide. 

Fig. 32c . Thin section from hi nge of F, fo ld in potassium 
fe ldspar-silliman ite gneiss . Hämeenkyrö- subarea (Fig. 3 1). 
One nicol. X = 6837.80, Y = 2453.20. Field of view 12 mm 
wide. 
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Fig. 32d. Migmatitic metasedimentary rock with intense S ,. 
Western part of Hämeenkyrö subarea (Fig. 3 1). Viewed to
wards north. X = 6835 .35, Y 02445 .80. Code bar 6 cm. 

a result of interference by three deformation 
events, complicated by differences in the 
competences of the metasedimentary rocks 
arising from the marked variation in the com
position of the sedimentary rocks. In the 
course of deformation, which caused intense 
folding in the finest-grained sedimentary 
rocks, the thick, coarse-grained metasedi
mentary rock piles behaved as competent 
bodies, like felsic plutonic intrusions, whose 
central parts record hardly any signatures of 
deformation structures. Instead, they seem to 
have partitioned the deformation, the finer
grained supracrustal rocks in their surround
ings tending to be more intensely deformed 
than the coarser-grained varieties. For in
stance , despite the fairly intense regional de
formation , the conglomerate-greywacke for
mations in the northwest of the subarea are 
almost in their original attitude (Fig. 32a), 
but the southern continuations of the same 
formation are clearly more deformed . The 
more intense deformation in the south may 
be due to a decline in the total thickness of 
coarse sedimentary rocks . In other words , the 
thick northern part of the formation may 
have caused intense deformation of its own 
continuations . 

D , - The oldest structural feature in the 
subarea is the schistosity parallel to layering 

Fig. 32e. F, folding deforming si s, structure in potass ium 
feld spar-sillimanite gneiss . Hämeenkyrö subarea (Fig. 31 ). X = 
6837.80, Y = 2453 .20. Code bar 17 cm. 

the intensity of which varies with the meta
morphic grade . The least metamorphosed 
rocks either lacked SI or then it was so weak 
that later deformations and metamorphism 
obliterated it altogether (Fig. 32b). However , 
in potassium feldspar-sillimanite gneisses, 
SI was so intense that it can still be recog
nized if the composition of the rock is appro
priate (Fig. 32c) . In garnet-cordierite gneiss
es or in rocks roughly comparable to them 
in metamorphic grade as assessed from the 
amount of migmatization, SI is so intense 
that it can be c lassified macroscopically as 
the dominant schistosity in metasedimentary 
rocks (Fig . 32d). 

Folds associated with D , have not been 
recognized in the subarea. As S I schistosity 
is at its strongest in the high-grade rocks, it 
is possible that the F I structures, if there 
were any, were obliterated by intense meta
morphism. Since , however, both S I schistosi
ty and even the layering have been largely 
preserved in the migmatites of the subarea, 
the obliteration of other D , structures is un
likely. 

D
2 

- The folding associated with the D
2 

stage, which deforms SI schistosity as weil 
as layering , is the most common deformation 
structure visible on supracrustal rocks in the 
subarea (Fig . 32e) . The intensity of folding 
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varies greatly but the shallow plunge of the 
fold axis is a common feature of all F2 folds. 
Excluding the greywackes and conglomer
ates in the northwest, the layering of the 
metasedimentary rocks on the limbs of the F2 
folds is now almost vertical. Hence, the F2 
folding as a whole is tight or isoclinal. The 
strike ofaxial planes varies , but the axial 
planes are invariably subvertical. Outcrops 
are poor, however , and the size of F2 folds 
can be visualized only from geophysical 
maps . If the interpretation that F2 folds are 
isoclinal is correct, the wavelength of the 
folds as measured on the magnetic maps is of 
the order of hundreds of metres. 

In the metasedimentary rocks of lowest 
metamorphic grade, wh ich lack S I' S2 is pen
etrative schistosity (Fig . 32b). The higher the 
metamorphic grade the more di tinctly S2 is 
crenulation , and in the most intensely meta
morphosed metasedimentary rocks the S2 
biotite barely grew at all or then only by 
imitating older structures, with the conse
quence that no proper S2 biotite schistosity 
developed (Fig. 32d) . Owing to the tightness 
of F2 folding , most of the outcrops in the 
subarea are located on the limbs of F2 folds. 
Thus , in addition to layering, the parallel S/ 
S2 composite is visible . 

D
3 

- In the third deformation stage, the 
above structures in the northern and central 
parts of the subarea were compressed into 
fairly open folds with axial planes striking 
northwest-southeast. In the southwest, these 
folds are lacking , but corresponding folds 
with axial planes striking northeast-south
west occur instead. No cutting relations have 
been observed between these two post-D2 
foldings , implying that they may be related 
to the same event, thus being conjugates. 
This concept is supported by one observation 
from the north of the area, where the north
west-southeast-striking F

3 
folding has a 30° 

striking pair in the outcrop . The axial planes 
of both foldings are vertical or subvertical 
and their intensity clearly varies zonally . 

A post D) fault running NNE-SSW cuts the 
subarea in the middle (Fig. 31). It is not 
expo sed but is clearly visible on magnetic 
map s and has also been marked on the 
I: 100 OOO-scale geological map (Virransalo 
& Vaarma 1993) . Owing to the lack of out
crops, the nature of the fault can only be 
inferred. As a generalization we can say that 
the most intensely migmatized rocks in the 
subarea lie west of the fault. Thus, it is pos
sible that the western side has risen along the 
fault relative to the eastern side . 

Equal area projections - From the projec
tions in Fig. 31 , we can deduce that D

3 
had 

considerable influence on the current struc
ture of the subarea. All the projection points 
of the pre-D) structures are distributed on the 
lower hemisphere without any regularity , 
excluding the clear maximum of subhorizon
tal S/SI structures. This can be attributed to 
the fact that a substantial proportion of the 
measurements were made on the conglomer
ate and greywacke outcrops in the northwest , 
where D) had a minor impact only. EIse
where , too, the S/S I structures were origi
nally subhorizontal, as a great number of the 
F2 axes still plunge at a low angle. 

Igneous rocks 

Due to the lack of outcrops, it has not been 
possible to make observations of the rela
tionship between the Kelhäjärvi granodior
ite-quartz diorite and structural evolution in 
the subarea. The northern part of the Kel
häjärvi intrusion and the synorogenic grani
toids at the western edge are, however, dis
tinctly gneissose, the gneissosity being ver
tical or subvertical. Because of the lack of 
contact outcrops , all we can say about the 
gneissosity and the structures of supracrustal 
rocks is that the gneissosity is correlatable 
with either S2 or S/S2 composite schistosity 
of the metasedimentary rocks . These grani
toids must, therefore, be contemporaneous 
with or older than D2. 
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Fig. 33a. Metagabbro dyke (at ri ght-hand margin of picture) in 
axial plane ofF, fo lding in metasedimentary rock. Hämeenkyrö 
subarea (Fig. 3 1). Northeast upwards . X = 6832.40, Y =2457.95. 
Code bar 6 cm. 

Fig. 33b. Mafic dyke fragmented into boudins by 0 , . Note F, 
fold s of layered metasedimentary rock. Hämeenkyrö subarea 
(Fig. 31). Southeast upwards. X = 6832.40, Y = 2457.95. Code 
bar 6 cm. 

Fig. 33c. F, folded mafic dyke in southwestern part of 
Hämeenkyrö subarea (Fig. 31). The host rock in migmatitic 
metasedimentary rock. Viewed towards northwest. X= 6829.60, 
Y= 2444.85. Code bar 6 cm. 

The mode of occurrence of the ultramafic 
rock formation mentioned above (elongated 
in the S2 direction) suggests that it is at least 
D2 in age or older, as the fairly open folding 
at D3 , or even the zonal concentrations of 
intense D3, cannot explain the dismembering 
of the initially coherent ultramafic body 
(Peltonen 1992). 

The age of the mafic dykes in the south of 
the area in relation to the structures varies. 
Some of the dykes are parallel to the F2 axial 
planes and oriented along S2 (Fig. 33a). 
During D2 these dykes, being more compe
tent than the metasedimentary rocks , broke 
into boudins in the compression causing also 
F2 (Fig. 33b) . Therefore, they intruded either 
during or before D2. Some of the mafic dykes 
were al ready folded in F2 (Fig. 33c), and 
since they exhibit F2-folded schistosity , they 
must be older than D2. 

Granite dykes cut D2 structures, but their 
relation to D

3 
is unclear. Granitic and 

pegmatitic dykes are in pI aces distinctly 
cutting and in places deformed, but in the 
latter case tectonization may be due to the 
above mentioned Post D

3 
shear cutting the 

area. At any rate, this shear cuts the large 
gra nite intrusion in the middle of the 
Hämeenkyrö subarea . 

Metamorphism and migmatization 

Owing to their composition , the metasedi
mentary rocks in the Hämeenkyrö subarea 
on ly occasionally contain porphyroblasts. 
The rocks in the central and the southeastern 
parts are the best preserved , having been 
metamorphosed in the equilibrium field of 
potassium feldspar and sillimanite . The silIi
manite crystallized into fibrolite aggregates 
elongated parallel to S/S I planes, which 
were further folded during F2 (Fig. 34a). In 
the central part of the subarea, and possibly 
elsewhere, too, the sillimanites have been 
altered into retrograde muscovite , but even 
then their crystallization time can be de-
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Fig. 34a. 0 , deformed fibrolitic sillimanite aggregates in sill i
manite mica gneiss. Hämeenkyrö subarea (Fig. 31). One nicol. 
X = 6837.80. Y = 2453.20. Field of view 12 mm wide. 

duced from the relicts. 
Apart from a couple of outcrops in the 

east, garnet has been encountered in meta
sedimentary rocks only in the most intensely 
migmatized rocks in the west, where garnet 
and cordierite are in equilibrium. In the gar
netiferous supracrustal rocks in the east, S2 
schistosity is deflected around the euhedral 
garnet grains, implying that the grains crys
tallized either at or before D

2 
(Fig. 32b). In 

the west, the garnets are slightly younger, 
some of them having crystallized over the S / 
S2 composite schistosity (Fig. 34b). These 
garnets contain abundant fibrolite inclu
sions, showing that they crystallized in the 
reaction between biotite and s illimanite . The 
same reaction produced cordierite, which 
naturally crystallized at the same time as 
garnet. As in the sillimanite gneisses, retro
grade reactions were also fairly intense in 
the high-grade rocks in the west. Indicating 
a drop in pressure , garnets have been altered 

Fig. 34b. Garnets crystallized after the development of S /S , 
composite schistosity in metasedimentary rock. Western part of 
Hämeenkyrö subarea (Fig. 3 1). One nicol. X = 6833 .60. Y = 
2443.40. Field of view 12 mm wide. 

into cordierite. The relative dating of thi s 
reaction is , however , impossible, because the 
cordierite that formed in this way occurs as 
pseudomorphs after garnet, and so their rela
tion to the matrix structures is yet another 
relict feature (Fig. 34b). 

Migmatization is strongest in the western
most part of the subarea. Throughout the area 
there is at least mi nor vei ning in the S/S 1 

plane (Figs 32d, 33a and 33c), but it is 
strongest in the garnet-cordierite gneisses in 
the west. The syn-D

2 
migmatization is clear

Iy at its highest adjacent to the contacts of 
metatonalites in the west. The veins in the Sol 
SI plane and the syn-D

2 
migmatization are 

tonalitic or trondhjemitic in composition, 
although part of the latter is already clearly 
potassium feldspar-bearing. In places, D

3 
is 

accompanied by abundant migmatization, 
but this is restricted exclusively to zones of 
intense D

3 
(Fig. 32d). 

Pirkkala subarea 

General geology 

The Pirkkala subarea is located south of 
the Tampere sy nform area, in a transitional 
zone (Figs 2 and 35) where the weakly meta-

Fig. 35. Form line map of Pirkkala subarea and lower hemisphere projections of structures shown on it. Lithology modified from 
Mati sto ( 1961 ). 
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Fig. 36a. 0 , shear on limb of F, fold wilh subhorizonlal axis. 
Graphile-bearing sch isl in Pirkkala subarea (Fig. 35). Viewed 
lowards soulh. X = 6815.55, Y = 2476.75. Code bar 6 cm. 

Fig. 36b. Tighl F, folding Wilh subhorizonlal axis in layered 
melasedimentary -rock in leasl melamorphosed northwestern 
part of Pirkkala subarea (Fig. 35). Wesl upwards. X = 6818.50, 
Y = 2470.00. Code bar 6 cm. 

morphosed metasedimentary rocks of the 
synform area grade southwards into the to
nalite-veined migmatites typical of the Pori
Vammala-Mikkeli zone. In the west, the sub
area is bordered by the Tottijärvi granodior
ite/quartz diorite intrusion, but , with the ex
ception of small granodiorite, quartz diorite, 
metagabbro and granite intrusions , it is com
posed of metasedimentary rocks varying in 
composition and metamorphic grade. 

The metapelites in the northwest are part 
of the western continuations of the Tampere 
synform area in both structure and metamor
phic grade. They are distinctly layered , fairly 
fine-grained metasedimentary rocks with 
layers usually a few centimetres thick . In
tense folding has caused repeated layering, 
although layering in primary position is also 
visible in places. Despite their local pelitic 
composition, no porphyroblasts have been 
encountered in these metasediments. 

In the west , the metamorphic grade is al
ready slightly higher. As a rule, the rocks are 
still largely unmigmatized metasedimentary 
rocks that have preserved their primary 

Fig. 36c. Thin sec lion from hinge of F, fold in Fig. 36b cut 
perpendicular lo F, axis. Pirkkala subarea (Fig. 35). One nicol. 
X = 6818.50, Y= 2470.00. Field of view 12 mm wide. 

2 
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Fig. 36d. Hinge of F, fold in layered metasedimentary rock. 
Western part ofPirkkala subarea (Fig. 35), where S, has rota ted 
into north-south direction. South upwards. X = 6814.80, Y = 
2472.50. Code bar 6 cm. 

Fi g. 37. Syn-D, intruded granodiorite dykes. Southern part of 
Pirkkala subarea (Fig. 35). Note migmatization in mica gneiss 
parallel to Sr/S ,. East-northeast upwards. X = 6805 .35, Y = 
248 I .50. Code bar 6 cm. 

Fig. 38. Retrograde muscovitized pre- or syn-D, porphyrob
lasts in trondhjemite-veined migmatite of Pirkkala subarea 
(Fig. 35). X= 6805.35 , Y = 248 1.50. Field of view 12 mm wide. 

structures, but their sedimentary material 
tends to be more sandy than in the northwest. 
They, too, are poor in porphyroblasts, al
though here and there small amounts of sil
li manite have been met with. S tructurall y, 
the northwestern and western parts are cor
relatable with each other, but in the latter 
area the earliest deformation structures have 
been rotated off their primary position. 

Migmatites with trondhjemite veins proper 
occur in the east. They are migmatitic, sandy 
metasedimentary rocks in which the primary 
features have commonly been almost totally 
obliterated . SmalI, metamorphosed quartz 
diorite/granodiorite and gabbro intrusions as 
weIl as granites cutting deformational and 
metamorphic structures abound in the area of 
migmatitic rocks . 

Deformation - D" D 2, D
3 

and Equal 
area projections 

D, - The oldest deformation structure in 
the subarea is the penetrative schistosity , SI ' 
parallel to the layering of the metasedimen
tary rocks , the intensity of which is clearly 
dependent on the metamorphic grade. AI
though lacking entirely in the northwest , it is 
the dominant schistosity of the migmatitic 
metasedimentary rocks in the east. In the 
western metasedimentary rocks, S, is at its 
strongest in the more pelitic layers and may 
be lacking entirely in sandy layers or then the 
S , biotites have been recrystallized and reo
riented during later deformations. Folds as 
sociated with D, have not been encountered 
in the subarea . The present geometry shows, 
however, that the structures were still sub
horizontal after D ,. 

Intense shears are also associated with D,. 
They are restricted to fine-grained graphite
and sulphide-bearing layers that weather 
readily and are thus rarely exposed (Fig. 
36a). Kinematic indicators have not been 
found in the D ] shears and , hence , it has not 
been possible to determine the direction of 
movement along them . On the other hand , D ] 
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shears have been, and, due to the primary 
low-angle attitude of D

" 
probably will be 

encountered only in pI aces where later defor
mations have turned the D , structures into a 
vertical position. Reconstruction of the 
movement during D , would, therefore, re
quire the structures caused by post-D , events 
also to be resolved. Owing to the numerous 
sources of error, we would then have to de
termine the direction of movement at several 
pI aces, a task that seems impossible at 
present. 

D
2 

- In the second deformation stage the 
horizontal S/SI structures were folded with 
a horizontal, east-west-striking axis in a 
compression trending roughly north-south 
(Fig. 36b) . The axial planes of F

2 
folds then 

became vertical, striking east-west. The 
tightness of the F

2 
folds varies greatly in the 

area, but at present the limbs of these folds 
are usually at least subvertical. Owing to the 
lack of appropriate continuous horizons , the 
sizes of the F2 folds are difficult to assess, 
but on the basis of the structures visible on 
aeromagnetic maps the wavelength was 
probably kilometres . 

The nature of the SI schistosity depends 
indirectly on the metamorphic grade; thus, in 
the least intensely metamorphosed rocks, S2 
developed into penetrative schistosity due to 
weak or recrystallized SI (Fig. 36c), but in 
rocks where SI had al ready developed into 
penetrative schistosity, S2 is currently crenu
lation . Thi s phenomenon does not directly 
follow the change in metamorphic grade, for 
in psammitic, mica-poor layers, S2 in places 
developed into penetrative schistosity, even 
in areas that had already clearly metamor
phosed during D , (Fig. 36d). 

D) - The D
2 

structures are in their original 
position only in the northwest. Elsewhere 
they rotated in the course of dextral , north 
east-southwest-striking F) folding with a 
vertical axial plane. During D) the rotation 
occurred in both the horizontal and vertical 
planes, as the F

2 
fold axes that turned into a 

north-south direction now almost invariably 
plunge gently northwestwards (Fig. 35). AI
though the F) folding had a decisive effect on 
the present total structure of the area, D) 
structures are by no means always visible on 
outcrops due to the large size of the F) folds, 
excluding the F) flexures in the southeast and 
northwest. 

At the southern end of the subarea, where 
the metamorphic grade is higher than in the 
north , D ) occurred at a higher grade. Conse
quently, the D ) high-strain zones there are 
zones of plastic deformation and intense 
migmatization where all structures have ro
tated into the same direction . In the south, 
the D) high strain zones do not show a 
change in pre-D ) metamorphic grade, a 
marked one at least. At the northwestern 
edge of the subarea, there is an ENE-WSW
striking shear, wh ich, according to Nironen 
(1989a), has a vertical component showing 
that the southern side is uplifted in relation 
to the northern one. This shear separates the 
rocks of the Tampere Schist Belt from those 
of the Vammala migmatite area. 

In addition to D ) above, in places the area 
exhibits weak folding striking northwest
southeast with a vertical axial plane and 
crenulation in the axial plane, which deforms 
the D2 structures. The relation of this folding 
to the D) structures has not been established, 
these two post-D

J 
structures not being simul

taneously visible on any outcrop. 
Equal area projections - The projections 

in Fig. 35 show primarily how strong the 
influence of D ) was on the present position 
of the pre-D) structures. Most of the F2 and 
S2 measurements were made east of the Tot
tijärvi intrusion, where the D z structures 
ha ve been rotated in to a north west-so u theast 
direction. 

Igneous rocks 

The contacts of the Tottijärvi quartz dior
ite/granodiorite with the supracrustal rocks 
are not exposed in the subarea and , hence , its 
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relation to the structural succession can be 
deduced only indirectly . The plutonic rock is 
distinctly metamorphic and the direction of 
its schistosity close to the contacts is the 
same as the direction of S2 in the supracrustal 
rocks. Moreover , its schistosity was rotated 
during D3 in the same way as the S2 of the 
metasedimentary rocks . Therefore, the intru
sion must be either contemporaneous with or 
older than D2. Quartz dioritic and granodior
itic plutonic rocks also occur as minor intru
sions in various parts of the subarea . In the 
southeast, in an outcrop several hectare s in 
size, granodioritic dykes up to tens of metres 
wide intrude along the axial planes of F2 
folds (Fig. 37). This suggests, that the Tot
tijärvi plutonic rock is also D2 in age . 

Owing to the lack of appropriate outcrops 
in the subarea, it has not been possible to 
establish the relation between the ages of the 
mafic plutonic rocks and the structures of the 
supracrustal rocks . However, the gabbro/di
orite intrusions are metamorphosed and 
gneissose, suggesti ng that, Iike the metato
nalites, they are at least D2 in age . The gran
ites, in contrast, clearly cut the metamorphic 
structures. They occur as dykes in the axial 
planes of the post-D2 folds with axial planes 
striking northwest-southeast, but they also 
crosscut all structures. 

Metamorphism and migmatization 

Porphyroblastic metasedimentary rocks 
are rare throughout the subarea. In places, 

the best preserved mica schists at the north
western edge show muscovitized pseudo
morphs similar to those described from the 
Mauri subarea, but their original mineral 
species can no longer be recognized. Rela
tively weIl preserved rocks continue in the 
direction of the axial plane of the F2 folding 
from the northwest corner of the subarea 
southward s, following the eastern contact of 
the Tottijärvi intrusion with a gradual in
crease in metamorphic grade. At first, the 
rocks contain small amounts of andalusite in 

pI aces and also si llimanite further south, 
but , due to insufficient cross-cutting rela
tionships in the porphyroblast-bearing out
crops, it has been too difficult to establish 
when the porphyroblasts crystallized. Owing 
to the sandy composition and retrograde re
actions, porphyroblasts are also lacking in 
the trondhjemite-veined migmatites in the 
south. Locally , the migmatites contain por
phyroblasts that have been muscovitized 
beyond recognition and whose original min
eral species crystallized syntectonically with 
or before S2 (Fig . 38). 

The metasedimentary rock s in the east 
started to undergo migmatization during D

1 

(Fig. 37) . The majority of the veins may , 
however , be D2 in age, although their age is 
not always easy to establish due to their ten
dency to imitate older structures. At any rate, 
the amount of migmatization in the subarea 
seems to be broadly related to changes in the 
metamorphic grade. 

SOME OBSERVATIONS OUTSIDE TUE SUBAREAS 

Mafie dykes of Tottijärvi area 

Metamorphic mafic and ultramafic dykes 
cutting metasedimentary rocks are character
istic of the study area, the migmatitic areas 
in particular. The dykes are usually no more 
than a few decimetres wide and their age in 
relation to the structural succession can only 

occasionally be established . They are, how
ever, almost invariably parallel to S2' but 
only in the subareas of Hämeenkyrö , Stormi 
and Koosanmaa have dykes been encoun
tered that were already deformed and foliat
ed du ring D

1
• 
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Fig. 39. Location in study area of other observation si tes important for present structure and tectono-metamorphic evolution 
of Tampere-Vammala area. 

East of the Stormi subarea, there are a few 
S2 oriented , vertical mafic dykes that seem to 
have intruded along the axial planes of F2 
folding (Figs 39 and 40). Should these dykes 
be 0 2 in age , it would imply that not all the 
mafic dykes in the area are of the same age 
in relation to s tructural evolution and, more-

over, that mafic dykes as weil as the tonalitic 
magmatism characteristic of it are associated 
with 0 2' The other alternative is that the 
dykes are older than 0 2 and that since their 
original position was parallel to the axia l 
plane of the later F2 folding, they look Iike 
sy n-F2 dykes. 

Lavia porphyritic granite 

The Lavi a porphyritic granite in the north
west of the s tudy area (F ig. 39) is a circular 
intru sio n, about 90 km 2 in area. It is coarse
grained, coarse-porphyritic, nonfoliated or 
weakly g nei ssose, grey or pinkish microcline 
granite . The potass ium feldspar megac ry sts 
are usuall y 2-4 cm long, and biotite is the 
dominant mafic minera l. 

The intru s ion is very homo ge neous 
throughout and contains only small amounts 

of suprac ru stal fragments. It does not exhibit 
a s ignificant contact effect on the surround
ing supracrustal rocks , but at least at the 
western contact of the intru sion , apophyses 
intruded in the supracrustal rock s are com
mon . According to Huhma et al. (1952a, 
1952b), the shear zone runnin g so utheast
wards from Kankaanpää al so cuts the Lavia 
porphyritic granite. 

The porphyritic granites at the southern 
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Fig. 40. Mafic dyke parallel to axial plane of F, folding of 
migmatitic metasedimentary rock east of Stormi subarea (Fig. 
39). East-northeast upwards . X = 6801.45 , Y = 2470.70. Code 
bar 6 cm. 

I ,:::---1 50/5', 

[±jS2 

W S3 

porphyritic granite 

granite apophyse 

metotonolite 

gabbro 

Fig. 41. Relation of Lavia por
phyritic granite (Fig. 39) to 0 , 
and 0 3 structures of metasedi
mentary rock. Code bar 6 cm. 
North-northeast upwards . Pho
tograph was laken from the point 
shown by arrow. 
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edge of the Central Finland Granitoid Co m
plex differ petrologically and geochem ic ally 
from the synorogeni c plutonites, 1890-1880 
Ma in age. According to Rämö & Nironen 
(1996), the simi lar ity between them and the 
rapakivi granites suggests that the compres
sional stage of Finland's Svecofennides end
ed with the emplacement of porphyritic gran
i tes. 

The supracrusta l rocks southwest of the 
Lavia porphyritic granite are intensely gneis-

Fig. 42. Magmatic zircons from sampie A 1290 Aluskylä. 
Field of view 3 mm wide. 
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so se and only occasionally exhibit primary 
structures. Oepending on the site, the sch is
tosity is either S2 or S3 or a composite of the 
two (Fig . 41). The cutting relations of the 
structures are best visible east of Lavia vil 
lage, where in pI aces the S2 and S3 planes cut 
each other at an angle of 30°. Northwest of 
the village, the macroscopically dominant 
schistosity in the metasedimentary rocks is 
the highly evolved S3 crenulation, in which, 
however , relicts of S2 can be recognized in 
places (Fig. 41). The supracrustal rocks con
tain abundant porphyrite granite apophyses, 
which are usually subconformable with the 
S3 plane. Some of the dykes, however, in
truded 0 ) tension cracks and were furt her 
deformed during later 0 ) (Fig. 41), causing 
S) to deflect around the contacts of the 
dykes. The structures imply syn- or early-O) 
emplacement for the porphyritic granite . 

Newage data 

Porphyritic granite (A 1290 Aluskylä) with 
abundant zircon was selected for age deter
mination. The samp ie also had titanite, but 

Intercepts at / 
/ 

./ 0 
/ 

/ 1870±4 and 107±74 Ma 
0.27 

0.25 
4.0 4.2 4.4 4.6 4.8 

235/207 

MSWD = 1.16 

5.0 5.2 5.4 Fig. 43. Concordia diagram ofU
Pb zircon data from Lavia por
phyritic granite. (SampleA 1290.) 
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this showed very low radioactivity and was 
not analysed. The zircons are brown, trans
parent and very fine grained (90% < 70 mi
crons). The crystals exhibit simple prismat
ic-pyramidal morphology. Under oil immer
sion, oscillatory zoning is occasionally vis
ible. The grains contain both opaque rounded 
and transparent needle-like (rutile?) inclu
sions. The sampIe was analysed at the Unit 
for Isotope Geology, GSF, using the analyt
ical methods described by Vaasjoki et al. 
(1991), with the modification that the data 
were reduced using the ISOPLOT program 
(Ludvig 1988) . 

The zircons of A 1290 have the character
istic features of magmatic zircons (Fig. 42), 
i.e. the abraded fractions are the least dis 
cordant and the degree of discordancy in
creases with the increase in the uranium 
concentration while the density , due to the 
increased metamictization , decreases. The 
206Pbp04 Pb ratio measured is rather high, 
demonstrating that the exact composition of 

the common lead correction has no bearing 
on the age. The mean standard error of the 
weighted deviate (MSWD) only marginally 
exceeds 1, which implies that the zircons 
probably derived from a single source. The 
upper intercept age, 1870 ± 4 Ma, can, then, 
be regarded as denoting the time of magmat
ic emplacement for sampIe A 1290 (Fig. 43, 
Table 1). 

From the above it follows that the age of 
the Lavia porphyritic granite is at least a 
local maximum age for the D

3 
stage in the 

c1assification applied here. Porphyritic gran
odiorite dykes associated with the southern 
part of the Kelhäjärvi granodiorite and with 
the Karkku granodiorite as a whole intruded 
along the axial planes of F

3 
folding. The 

nature of these dykes were described in the 
context of the Mauri and Myllymaa subareas. 
Kelhäjärvi and Karkku intrusions have not 
been dated but, from the above, their ages are 
probably c10se to that of the Lavia porphyrit
ic granite. 

Granitic dykes of Vammala migmatite area 

Granite and pegmatite dykes, a few tens of 
centimetres wide, commonly pinkish and 
cutting both D2 and D

3 
structures (Figs L4e, 

19b and 44) are common throughout the 
migmatite area south of the Tampere Schist 
Belt (Fig. 39). Their mode of occurrence was 
described in the context of the Myllymaa, 

Ellivuori, Stormi and Koosanmaa subareas. It 
is important to note , that the dykes almost 
invariably strike 0-3 0 °, even at sites structur
ally different from each other. No specific 
deformation structure has been found in the 
study area to which these granites might be 
tied. Their parallelism in different parts of 
the area suggests that they intruded the crust 
when it was already fairly stable. 

In the Turku area, south of the study area, 
the D 4 shear zones of the local classification 
strike predominantly parallel to the direction 
of above granite dykes. Although these 
shears deform the 1830 Ma granites and they 
have been interpreted as about 1800 Ma old 
(Väisänen et al. 1994) , the Paimio shear 

Fig. 44. Cutting, post-tectonic granite dyke in migmalitic mela
sedimenlary rock in Vamlllala Illiglllalile area. Viewed lowards 
north . X = 6791.05 , Y = 2453.70. Code bar 17 Clll. 
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(strike 20°), at least, contains granites as 
shown by gravity surveys (Seppo Elo, pers. 
comm.). A great number of 1800 Ma pegm
atites have been described from the archipel-

aga of southwestern Finland (Ehlers et al. 
1993). It is possible that the granite and 
pegmatite dykes in the Vammala area also 
belong to this age group. 

Gently dipping axial trace of F 3 folding in Suodenniemi area 

The axial planes of F
3 

folds were described 
as vertical in all subareas. The same would 
seem to apply elsewhere in the study area, 
except in the northwestern corner where, at 
Suodenniemi (Fig. 39), the northeast-south
west-striking conjugate of D

3 
gradually at

tains a northwesterly , subhorizontal dip. At 
its lowest, the axial plane dips at 40° and in 
the outcrops where an older F2 with a prima
rily vertical axial plane is visible, the inter
ference pattern on the erosion level is very 
complicated (Fig. 45). 

According to Pietikäinen (1994), the Pori 
area is composed of fault blocks within 
which the structures dip gently towards 
northwest. In his classification the subhori
zontal structures are composed of SI and S2 
schistosities, both of which are visible in 

Fig. 45. Interference of F, with vertical axial plane and of F
J 

with shallowly dipping axial plane in layered metasedimentary 
rocks at Suodenniemi (Fig. 39). Northwest upwards. X = 
6824.20, Y = 2436.50. Code bar 6 cm. 

tonalitic intrusive rocks but SI is usually 
dominant. The blocks in the Pori area con
tain no metasedimentary rocks (Pietikäinen 
1994) at all and thus it has been poss ible to 
classify the structures from the emplacement 
of the tonalites onwards only. 

In the Tampere-Vammala area, the meta
tonalites intruded during D2 with S2 as their 
schistosity. In the Suodenniemi area, too, 
the metatonalites would first have been ori
ented in S2' to be then folded into a subhor
izontal position by FJ with axial planes dip
ping gently northwestwards. Since the Suo
denniemi area is no more than about 10 km 
from the study area of Pietikäinen , it is 
possible that, due to the lack of metasedi
mentary rocks , the Pori area also lacks the 
D I structures of the present work and that the 
gently dipping structures in the Pori area can 
be correlated with the D/DJ structures of the 
Tampere- Vammala area. 

On the other hand , Pietikäinen describes 
the DJ s tructures in the Pori area as kilome
tres in size on a macroseale and as asymmet
rie folds on a mesoscale . According to him, 
migmatization occurred during their forma
tion but they are not accompanied by axial 
plane schistosity; the SJ plane tend s to strike 
northwest-southeast. These features, too, are 
very similar to those of the DJ structures 
described from the migmatitic rocks in the 
Tampere- Vammala area, although two schis
tosities preceding DJ have not been found in 
the metatonalites there. 

Conglomerates of Vammala migmatite area 

On the basis of their maximum ages of 
deposition and stratigraphie position, the 

conglomerates in the Tampere synform area 
can be divided into two groups at least. The 



Geological Survey of Finland , Bulletin 397 73 
Evolution and 30 modelling of struclural and melamorphic ... 

Fig. 46. 0,10, deformed conglomerate with quartz elasts at 
Maso (Vammala) (Fig. 39). X = 6807.15, Y = 2458.25. Field of 
view 1.2 m wide. 

lower eonglomerates are stratigraphieally 
eorrelatable with the Myllyniemi formation, 
with a maximum deposition age of about 
1910 Ma (Huhma et al. 1991, Kähkönen & 
Leveinen 1994, Kähkönen 1996). This group 
eontains at least the Ahvenlampi eonglomer
ate, whieh probably represents the proximal 
part of the Myllyniemi formation (Kähkönen 
& Leveinen 1994). The eonglomerates at 
Veittijärvi and Tohloppi (upper eonglomer
ates) have been interpreted as being above 
the Myllyniemi formation in stratigraphy, 
having been deposited no earlier than 1890 
Ma ago (Kähkönen 1994) . Yet, the youngest 
eonglomerate elast age obtained from the 
synelinal area is a mere 1884 ± 3 Ma (Niro
nen 1989b). 

Conglomerates metamorphosed and mig
matized like the other metasedimentary 
rocks also oeeur in the migmatite zone south 
of the Tampere synelinal area (Fig. 39). 
Conglomerates have not been eneountered in 
the southernmost part of the study of the 
area, possibly beeause they may have been 
destroyed beyond reeognition in the intense
Iy metamorphie and migmatitie environment. 

Fig. 47. Rämsöö polymiclic conglomerate (Tottijärvi) (Fig. Maso conglomerate 
39). X = 6803.50, Y = 2460.20. Code bar 17 cm. 

The Maso eonglomerate at the southeastern 
edge of the Ellivuori subarea (Figs 39 and 46) 
eontains quartz elasts, but as a whole it is so 
eompletely deformed that hardly anything 
ean be sa id about it s original appearanee or 
the eomposition of its elasts. The intense 
orientation of the eonglomerate and the 
stretching of its elasts are due to both 0 ] and 
0 2 deformations. 

Rämsöö conglomerate 

The Rämsöö polymietie eonglomerate 
(Figs 39 and 47) , a few kilometres northeast 
of the Stormi subarea, represents formations 

Fig. 48.0,10, deformed Naistenmatka polymictic conglomer
ate (Pirkkala) (Fig. 39). X = 6817.30, Y = 2481.00. Code bar 10 
cm. 
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of the submarine feeding channel of ade lta , 
but differs from the conglomerates typical of 
the Tampere synclinal area in the composi
tion of its elasts (Kähkönen 1996) . The clasts 
in the conglomerate have been deformed into 
elo ngated cobbles parallel to So' implying 
that it, too, participated in the D ] deforma
tion. 

Pirkkala conglomerate 

The Naistenmatka conglomerate (Figs 39 
and 48) in Pirkkala is also intensely D ] de
formed. It resembles the conglomerates in 
the Tampere sync linal area, its c lasts , too, 
being mainly of volcanic origin . The pink 
feldspar porphyrite clasts typical of the Veit
tijärvi and Tohloppi conglomerate are , how
ever, lacking (Kähkönen 1996). 

According to Lahtinen (1994), the gneisses 
in the north of the migmatite zone resemble 
the turbiditic metasedimentary rocks of the 
Tampere synelinal area geochemically. 
Since all the above conglomerates occur in 
the relatively monotonous metaturbidite en
vironment in the northern part of the migm
atite zone , they can probably be correlated 
with the Myllyniemi formation in the lower 
part of the Tampere synelinal area . On the 
other hand, Lahtinen (1996) maintains that 
arc-related sedimentary rocks are enco un 
tered in the migmatite area that may be cor
relatable with the < 1890 Ma sedimentation 
in the Tampere synclinal area . In that case it 
would also be possible to correlate the con
glomerates in the migmatite area with the 
Veittijärvi type "upper" conglomerates in the 
synclinal area. 

CORRELA TION OF DEFORMATIONAL STRUCTURES BETWEEN SUBAREAS 

In trod uction 

The factors that harn per regional classifi
cation in an area of very varied metamorphic 
grade and degree of deformation , were dis
cussed in the descriptions of subareas. Var
iation was found not on ly in the intensity of 
the older structures within several subareas 
but also in metamorphic grade and in the 
relative and absolute ages of peak metamor
phism. Owing to the great number of out
crops in the subareas , the change in struc
tures and metamorphism could be followed 
from one outcrop to the other, wh ich nar
rowed the likelihood of erroneous interpreta
tions . A similar, gradual regional change can 
be observed from the Mauri subarea to the 
Ellivuori and finally the Stormi subarea. 

The ages of metamorphic structures in the 
subareas were compared with deformation 
structures and referred to as the variation in 
relative age . However, in correlating the 
structures in the whole study area , we can 
use the dated plutonic rocks whose age is 

known in relation to the local structural suc
cession. The danger then is that the age of a 
single tectonic structure may vary regionally 
so much that the magmatism of a given age 
may show different ages in relation to the 
structures in different parts of the study area. 
Since, however, the age relation of the meta
morphic structures to the deformation struc
tures and intrusive rocks is taken into ac
count in the correlation , this situation will 
eventually be noticed. 

In the present correlation of structures, use 
has been made of the synkinematic intrusions 
at Värmälä (1878 ± 3 Ma) , Hämeenkyrö 
(1885 ± 2 Ma) and Järvenpää (1881 ± 1 Ma) 
(Nironen 1989b, the present work) because 
and in spite of the fact that they occur in 
metamorphically entirely different environ
ments . The reliabi lity of the correlation is 
further improved by the relation s of the La
via porphyritic granite (1870 ± 4 Ma) (the 
present work) and the comparable Karkku 
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Fig. 49. Deformation structures of study area as form lines, regional correlation and classification of structures and 
relations of intrusive rocks mentioned in text to structural succession. 

porphyritic granodiorite to the structural 
succession in both the Tampere Schist Belt 
and the migmatite area (see descriptions of 
subareas), which differs from that of the 
above. The final classification covers the 
whole study area (Fig. 49) and differs from 

Correlation 

The penetrative biotite schistosity parallel 
to the primary layering in metasedimentary 
rocks has been mentioned as the oldest 
recognizable deformational structure in the 
structural descriptions of all subareas. This 
structure , called SI in every subarea, was, 
however, found to be lacking in the least 
metamorphosed parts of the Mauri , Mylly
maa and Pirkkala subareas , being, however , 
the dominant metamorphic schistosity in the 

the local classifications (Aarnisalo 1988, 
Camp bell 1978 , 1980, Kähkönen & Nironen 
1994, Leveinen 1994, Perttula 1982 , Pie
tikäinen 1994) and the classification of the 
Svecofennian Domain (Koistinen et al. 
1996). 

more intensely metamorphosed supracrustal 
rocks in these su bareas . It was descri bed as 
the dominant schistosity in all migmatitic 
metasedimentary rocks , even though its par
allelism to the layering is somewhat unclear 
in the most intensely metamorphosed rocks, 
where the primary structures have been al
most totally obliterated. 

Folds that could be associated indisputably 
with this oldest deformation event have not 
been recognized in any subarea. In the de
scription of the Koosanmaa subarea, it was 
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mentioned that the minor hinge of a fo ld 
deformed by F

2 
had been found in one out

crop, but no pre-D
2 

repetition of layers prop
er cou ld be found there either. Should there 
be a ny F I folds in the area, they would be 
isoc linal, as suggested by the parallelism 
between So and S I' and hence difficult to 
find. 

Original position and metamorphie 
grade 

It was further stated that the S/S \ planes 
were still subhorizontal in all s ubareas , even 

afte r D\ . If there was folding associated with 
D \, the folds must have been primarily re
cumbent. It is therefore possible that the F\ 
folds, their axia l planes turned into a vertical 
position in later foldings, cannot be recog
nized on the Iimbs of F

2 
folds. The only way 

in wh ich we can distinguish the diffe rent fold 
generation s reliably from each other is by 
determining their cutting relation s unambig
uously . The s ize, shape and axial pl ane prop
erties of the folds depend on either the pri
mary lithology of the rock or the lithology 
modified by the recrystallization during 

Fig. 50. Effect of angle between F, and F, axes on interference structure. 
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metamorphism. The axial plane properties 
depends also on where and in which part of 
a larger fold structure the observation out
crop happens to be. More than a hundred 
observations of the hinges of F

2 
folds have 

been collected from the area. If, therefore , 
pre-D 2 folds existed , their absence or non
recognition in the hinges of F

2 
folds might 

possibly be explained by assuming that the 
axes of the recumbent F I folds were horizon
tal and at an angle of about 90° to F

2 
axes 

(Fig. 50). 
Since the structure called D I here was orig

inally horizontal and thus visible on the 
present erosion level on the limbs of later 
folds only as an uplifted and somewhat 
premetamorphic feature, it is possible that D I 
is composed of several events, which are 
difficult to distinguish from each other. In 
addition to the development of SI schistosity , 
early veins parallel to So and layers more 
competent than their environment were in 
pI aces fragmented into boudins before D

2
. As 

mo st of the observation outcrops are on the 
limbs of F

2 
folds and since boudinages was 

formed in these places during D
2

, too, these 
two similar events are difficult to distinguish 
from each other , in places even impossible . 
As all the pre-D

2 
structures are such that they 

could have been formed in one and the same 
pre-D

2 
deformational event and since the risk 

of misinterpretation in attempts to distin
guish pre-D

2 
structures from each other is too 

high , all the pre-D
2 

features are here classi
fied collectively as D I. This classification 
was retained even though tectonic and meta
morphic structures preceding the regional D

2 

are totally lacking in the least metamor
phosed areas . 

The original subhorizontal dip of the S I 
schistosity , its parallelism to the layering 
and its increase in intensity towards the F

2 

antiforms with the increase in the syn-D I 
metamorphic grade imply that, during the D I 
stage, the temperature had increased roughly 
as a function of depth. If D I was not accom-

panied by folding of rocks or of stratigraphic 
units or by repetition due to subhorizontal 
faulting/thrusting , the metamorphic grade of 
D I increased downwards in local stratigra
phy, too . 

The grade of MI metamorphism can be 
determined only in areas, where M

2 
and/or 

M
3 

have not re-equilibrated M I metamorphic 
assemblages. The whole Pori- Vammala 
migmatite zone have metamorphosed over 
the equilibrium field of muscovite during MI 
and common stable MI assemblage in meta
sedimentary rocks of pelitic composition is 
even garnet-cordierite-sillimanite. Anda
lusite mica schists of the Mauri subarea 
reached the peak of metamorphism during 
M ) and thus the grade of M I metamorphism 
was lower than during M

3
. 

Age 

The ages of the D I structures in the study 
area are somewhat ambiguous. If the tur
bidites of the Tampere schist belt (Fig. 49) , 
which deposited 1910 Ma aga at their earl i
est (Huhma et al. 1991), are correlatable 
with the metasedimentary rocks in the north 
of the Vammala migmatite area (Fig . 49) 
(Lahtinen 1994, 1996) where D I can be rec
ognized reliably , the above age is probably 
also the maximum age of D I' The ages of the 
volcanic rocks in the Tampere synform area 
(Fig . 49) vary in the range 1904-1889 Ma 
(Kähkönen 1987) and the age of the plutonic 
cl asts in the conglomerates above them in 
stratigraphy in the range 1890-1884 Ma 
(Nironen 1989b) . However , since the 01 
structures are lacking in some parts of the 
Tampere synform area or were rendered 
unrecognizable in later deformations, it is 
not clear whether the above ages are maxi
mum ages of D I or whether sedimentation 
continued in the Tampere synclinal area 
while the formations lower down in the 
stratigraphy were already undergoing 01 
deformation. 
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Correlation and size of F 2 folds 

It was mentioned in the descriptions of all 
subareas that the S/S I structures were de
formed in the course of fo lding with subhor
izontal axes and vertical axial planes . In 
so me subareas it was noted that the strike of 
the axial planes of F2 folds was originally 
about east-west, aIthough their present posi
tion varies greatly due to later folding. With 
the exception of the Mauri subarea, the size 
of the F2 folds can be deduced only from 
magnetic maps and wavelengths was found 
to be of the order of at least hundreds of 
metres or more Iikely of kilometres. Owing 
to the tightness of the folding, the amplitude 
of the F

2 
folds is thus probably kilometres 

throughout the study area. 
If the variation in thermometric data given 

in the description of the Stormi subarea (Fig. 
24) is due only to the fact that the sections 
represent different depths in the different 
parts of F2 structures and if we assurne that 
F2 folding is isoclinal , as suggested by the 
subverticality of S/S I structures , the order of 
magnitude of the amplitude of F2 folding can 
be further constrained , at least around Stor
mi . If it is further assumed that the geother
mal gradient was 20 o /km during D

" 
which 

can be taken as an average in regional met
amorphism (Miyashiro 1987), and that the 
calibration used in the thermometry gives 
exactly the correct temperatures, the varia
tion in temperature implies an amplitude of 
about 1.5-2 km for F2 folding. If the calibra
tions of Ferry & Spear (1978) are applied in 
the thermometry, the estimate of F

2 
amp li 

tude would increase by a factor of 1.5. 
Hence, the estimates based on the variation 
in metamorphic grade are indicative on ly . At 
any rate, the amplitude is probably no more 
than 2-3 km , for the shears parallel to the F

2 

axial planes referred to in the descriptions of 
subareas probably increased rather than de-

creased the differences in depth between sec
tions . 

S2 and metamorphie grade 

A conspicuous feature is the variation in
the nature of S2 axial plane schistosity as a 
function of the metamorphic grade in the 
host rock. This is not due to the metamorphic 
grade in itself, however, but to the strength
ening of the metamorphic structures oldest 
in relation to structural evolution as the syn
D , metamorphic grade increases . In those 
parts of areas where the metamorphic grade 
during D2 was as high as or higher than at D

" the SI biotites , if present , were recrystallized 
and reoriented , forming the present penetra
tive S2 schistosity in the metasedimentary 
rocks. If, on the other hand, the metamorphic 
grade during D , was not exceeded during D

2 

deformation , the SI bioti tes were preserved 
and S2 became crenulation cleavage , du ring 
which some new biotite crystallized in plac
es . In addi tion to metamorphic grade, the 
nature of S2 is controlled by the general Ii
thology (mainly mica abundance) and the 
variation in the zonal intensity of S2 schis
tosity, for instance, in different parts of F2 
folds. As shown by metapelites, the meta
morphic boundary surface, at which the SI
S2 relation changes is consistently at the 
boundary between the stability fields of sil
limanite and andalusite . 

It is evident from the present work that the 
synclinal structure of the Tampere Schist 
Belt described by Nironen (l989a) evolved 
during the D2 of the regional classification, 
even though D , structures are lacking in this 
area. The northwest-southeast -s triking syn
formal structure with a vertical axial plane at 
Suodenniemi, described by Perttula (1982) 
and Kähkönen (1996) (Fig. 49), should also 
be considered an F2 synform of the classifi
cation used here. 
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Age 

According to Nironen (l989b), the grano
diorite batholiths in the Tampere synclinal 
area (Hämeenkyrö and Värmälä) with U-Pb 
ages on zircon of 1885 and 1878 Ma (Fig . 49) 
were emplaced during the D

2 
stage of this 

study. In the context of the Mauri subarea , 
features were dealt with suggesting that the 
Nokia batholith (Fig. 49) is also syntectonic 
with D

2
• However, the ages measured for the 

Nokia batholith are clearly older than those 
of Hämeenkyrö and Värmälä (1898 Ma and 
1909 Ma, Nironen 1989b). According to 
Nironen (l989b), the ages of the Nokia 

Two conjugates 

It was described above, that the D
2 

struc-

batholith do not necessarily refer to the em
placement event , because even the younger 
zircons may have inherited so me old lead. 
The Järvenpää granitoid , 1881 Ma in age (the 
present work), also intruded during the sec
ond deformation stage, although , due to the 
different metamorphic and tectonic environ
ment, it is more intensely foliated than the 
above batholiths. Since synkinematic gran i
toids have been observed to exhibit signa
tures of syn-D

2 
emplacement in other s.ubar

eas , too , it is likely that the age of D
2 

In the 
Tampere- Vammala area as a whole is about 
1885-1880 Ma. 

tures are cut by two deformation structures 
important for the total structure of the study 

ITIIIIJ Sy n -D2 g r aniloids 

~ Syn - D3 graniloids 

[[[]]] 
Undefined gl"atl itoids 
and gabbrolds 

E=:::::::::=\ Ms+Chl 

1:::::::8 And+Sl 
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Fig. 51 . Tectono-metamorphic map of Tampere-Vammala area. Lithology modified from Koistinen (1994). 
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area. Both are open folds with vertical axial 
planes striking either northwest-southeast or 
northeast-southwest. Since these folds have 
no unambiguous cutting relation and their 
metamorphic properties correspond to each 
other, they are probably conjugates. The 
existence of a conjugate pair is also suggest
ed by the fact that no significant difference 
has been observed between the ages of these 
structures in relation to the plutonic rocks 
dated. 

On outcrop sc ale , the F3 conjugate kink 
bands striking northwest-southeast are usu
ally sinistral and those striking northeast
southwest dextral. From the morphology of 
the large, regional D

3 
high-strain zones (S3 

in Fig. 51) on the aeromagnetic map (Fig. 3), 
however , the displacements would seem to 
be the other way round. 

As discussed in the descriptions of subar
eas the lithologies in the study area are sub
horizontal as a whole (see also closing inter
ference structures on the aeromagnetic map). 
Since the amounts and commonly even the 
directions of vertical displacements in D3 
high-strain zones are unknown , the direc
tions of the horizontal movements cannot be 
reliably determined from the aeromagnetic 
map. It is also possible that stress field at the 
D

3 
folding stage differed from the stress field 

that prevailed during the forming of the D3 
high-strain zones. Thus we are here possible 
dealing with the reactivation of old struc
tu res (see also Koistinen 1994, Koistinen et 
al. 1996). 

The metamorphic grade of the D
3 

high 
strain zones and the relations of their ages to 
peak of regional metamorphism vary within 
the study area (see descriptions of subareas). 
They are ductile, usually unexposed zones 
intensely migmatized in the south of the 
study area. According to Nironen (1989a) , 
the shear that separates the Tampere Schist 
belt from the Vammala migmatite area (in 
Fig. 51 close the name "TAMPERE") , and in 
which the southern side has risen in relation 

to the northern side is dominated by a verti
cal component. 

Varying intensity of D
3 

S3 schistosity is best developed in the least 
metamorphosed areas and even there it is 
clearly zonal. In some places, as in the 
southeast of the Mauri area , S3 is the dom
inant schistosity, occasionally having oblit
erated the older schistosities almost totally 
and during the formation of which andalusite 
still crystallized. In the areas of high-grade 
metamorphism, S3 is invariably lacking for 
the same reason as is S2 or crenulation-like 
mode of occurrence of S2 described above. 

In spite of D3, the F2 fold axes are mainly 
gently plunging in the area. F/F3 interfer
ence domes and basins caused by axial 
culminations and depressions are fairly com
mon. It appears, however, that the F2 axes 
rotated in the XY plane more than in a ver
tical plane, implying that the horizontal 
component of D3 was clearly more important 
than the vertical one. In other words, the 
differences in depths of sections on the 
present erosion level seem to be due to F2 
folding rather than D3. 

Since the axial planes of F2 and F3 folds 
were originally vertical , the area can be sub
divided into areas where the main schistosity 
of the metasedimentary rocks is either verti
cal (S 2 or in places S3 in the andalusite-stau
rolite zone or less metamorphosed areas) or 
gently dipping (S I in the potassium feldspar
sillimanite zone and more intensely meta
morphosed areas)(Fig. 51). Since sillimanite 
crystallized syntectonically in relation to S I 
schistosity , these areas , with the exception 
of some later faults, are still bordered by the 
originally horizontal surface , in which D I 
metamorphism occurred in pelitic rocks 
close to the intersection point of the musco
vite break down reaction and the stability 
fields of andal usite-si 11 iman i te. 
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Age 

The Lavia porphyritic granite (1870 ± 4 
Ma) (Fig. 49) described above was found to 
be intruded contemporaneously with 0 3' 
Associated with the porphyritic granodior
ites at Karkku and Kelhäjärvi (Fig. 49) are 
dykes that intruded along the axial planes of 
F3 folds in metasedimentary rocks and ob
tained S3 schistosity (Figs 10a and 6a) show
ing that, at least locally , the dykes are eon
temporaneous with F3 folding. Although 
these plutonic rocks have not been dated , it 
is clear from the structural evolution that in 
the study area the porphyritic variants of the 
granodiorites are younger than the equigran 
ular ones. 

Migmatization and D
3 

lmportant for metamorphic and tectonic 
evolution in the area is that the migmatitie 

rocks, too , exhibit a distinct 0 3 migmatiza
tion maximum in some plaees. This migma
tization, which is mainly concentrated in 
zones of intense 0 3' cuts the tonalitic or 
trondhjemitic 0]-D

2 
migmatization and, be

ing richer in potassium feldspar, differs from 
it in composition. The inferenee is, then, that 
either in these zones of intense 0 3 the tem
perature tended to remain high longer than 
elsewhere in the migmatite area or that there 
was an entirely new thermal pulse restricted 
to the 0 3 zones. Since no diseontinuation was 
found in the crystallization of garnets, for 
instance, in the description of the Stormi 
subarea, the first alternative is the more 
probable. 

The post-03 deformations are concentrated 
in some narrow faults and shears of minor 
importanee for the present total structure of 
the area. They are not therefore discussed 
here at any length . 

GEOMETRICAL 3D MODELLING OF TAMPERE-VAMMALA AREA 

Principles and assumptions 

Introduction 

In the previous chapter it was postulated 
that although the mode of occurrence of the 
earliest deformational structures varies with 
the depth of the sec ti on, the same features of 
structural and metamorphic evolution are 
recognizable throughout almost the entire 
Tampere-Vammala area. It has therefore 
been possible to compile a tectono-metamor
phic map eovering the whole study area 
(Fig. 51) in wh ich the form lines of S strue
tures are classified regionally even though 
the earliest deformation structures are absent 
in the least metamorphosed F

2 
synforms. The 

scale of the map is such that details dealt 
with in the description of subareas, but un
important for the total structure, are not in
cluded. Form lines are, however , also drawn 
outside the subareas studied in detail. All the 

structures marked on the map are based on 
the field observations made on the area cov
ered by the map . 

Form Iines 

To make them easier to read , the form 
lines of S structures are not provided with 
dips , but the plunges of the fold axes are 
shown. The map can be read by assuming 
that all S2 and S3 planes are vertieal , the only 
exeeption being the northweste rn part of the 
area at Suodenniemi , where the S3 plane 10-
cally dips northwest. The low angle of the 
dip of the S/S] planes is evident without any 
markings owing to their closing patterns. 
When the type of a closed F/F3 interference 
pattern is known (dome/basin), it manifests 
itself in the directions of plunge of F

2 
axes. 

The plunge of the axes of F2 folds is not 
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given numerically, as it is only the strike of 
the axis that matters . The S3 form lines rep
resent the hi gh-strain zones at D3, which in 
many cases separate areas of dissimilar pre
D3 structures differing in geometry from 
each other. 

Metamorphie assemblages 

Marked on the map in Fig . 51 are the var
iations in metamorphic grade based on sta
ble, diagnostic mineral assemblages, with
o ut , however , taking a stand on the crystal
lization time of the metamorphic minerals in 
relation to structural evolution. This mode 
of representation is , of course, a generalizi ng 
one as in reality each assemblage is stable 
within a certain P/T field , the size of which 
varies case by case. More illustrative would 
be a map showing the variation in metamor
phic temperature as on the map in the de
scription of the Stormi subarea (Fig. 24). 
Compiling a map to cover an area as large as 
the present one would, however , require 
thousands of sampIes with the appropriate 
mineral composition and tens of thousands of 
mineral analyses and so is totally impractica
ble. Essential for the tectono-metamorphic 
structure and its evolution is not only the 
metamorphic grade but also the age of the 
metamorphism, which will be di sc ussed lat
er. 

Intrusions 

The map (Fig. 51) also shows the ages of 
granitoids in relation to structures in cases in 
which there is information available, either 
from the literature or from work done for this 
study. More comprehensive grounds for each 
intrusion are given in the descriptions of the 
subareas and in the context of the Lavia 
porphyritic granite. Mo st of the plutonic 
rocks are classified as undefined. In reality 
they are mainly gneissose granodiorites and 
quartz diorites, and so could have been in 
cIuded with good reason among the S2 orient-

ed plutonic rocks. Since , however , there are 
no unambiguou s contact observations of 
them from structurally appropriate outcrops, 
their relative ages are not given here. 

Geometrical modelling 

General 

To enhance the perspicuity of the three
dimen sio nality of the structures and to test 
the correctness of the interpretation of the 
total structure, 3D models , mainly dealing 
with pos tmetamorphic folding of metamor
phic isograds, were developed for the Tam
pere- Vammala area as the work proceeded 
(Kilpeläinen & Rastas 1992, Kilpeläinen et 
al. 1994). One of the objectives was to co m
pile a 3D st ructural model for the entire 
Tampere- Vammala area using as parameters 
when applicable all the structural and meta
morphic data on the area presented both here 
and in the literature. The model was thus to 
di sp lay the prese nt structure of the area with
out taking into account interpretations of the 
structural evolution. The idea was that un 
derstanding of 3-dimensional geometry of 
the structure (tectonic and metamorphic) 
would make it easier to understand and inter
pret al so the processes that generated the 
present structure . 

It has been poss ible to produce geological 
3D models with PCs for less than a decade 
(see also Pflug & Harbaugh 1992) . Mo st of 
the software was originally planned and tai
lored for mines and quarries and so cou ld not 
be used directly here. Another problem was 
earlier the presentation of arched surfaces , 
and the repetition of a plane due to folding 
with the horizontal axial plane . A plane can 
then have several points with the same X
and Y- coordi nates, only the value of Z var
ying. With the increase in the capacity of 
PC s, however, the programs have improved 
and they are now more useful for complex 
geological modelling. 

The model s and their sections presented 
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here were made using the 3D modelling part 
of AutoCad. The surfaces describing layer
ing, metamorphic isograds or other planar 
structures form a matrix composed of nodal 
points , the density of which can be set to 
meet the requirements of the user. The grid 
surface can be produced in different ways . 
The first and simplest way is to provide each 
nodal point of the grid with three coordi
nates. Depending on the command, the grid 
surface is either rectangular or its topology 
can be chosen free ly. Another, more useful , 
way is to define the forms of the edges of the 
surface to be constructed and to fit the sur
face with the aid of these forms. The third 
possibility is to fit the desired surface with 
the guiding points. These together with the 
preliminary framework of the surface can 
then be produced as in the previous alterna
tive. 

The second technique was mainly used 
here, and the surfaces obtained were not re
fitted even if this would have improved the 
visualization, because the fitting of surfaces 
has adverse consequences , the effect of orig
inal parameters controlling the shape of the 
surfaces being reduced. The fitting surface 
was usually produced with the edges urf com
mand, which creates a Coon ' s (sadd le) sur
face between four 3D polylines that touch 
each other at their ends . The edge of the 
Coon ' s surface joins the determined edges 
and runs through their corner points, thus 
making it possible to create very complicated 
3D surfaces . 

Building a 3D geometrica l model 

A 3D model for an area as large as this can 
be compiled in two ways . Either a total im
age can be built from small detailed images , 
in which case all , even local and specific , 
features can be included . A disadvantage is 
that the model may then be so detailed that 
its readability and informativeness will suf
fer. Another factor restricting the use of this 

approach is the limited capacity of comput
ers: the greater the number of details the 
harder it is to run the system. The second 
alternative is to build up the model for the 
whole area at once. In this case, the scale of 
the image is such that local details cannot be 
included ; the starting point must then be 
structures correlated for the whole area. 

The approach used here is a compromise 
between these two. Simplified lithological 
data, the same as in other maps of this work , 
were used as the base map. The lithological 
map was simplified to emphasize the fact 
that it is a model and cannot be read in the 
same way as the form line maps based on 
field observations. The whole study area was 
first divided into three parts differing from 
each other in the mode of occurrence of D3 
structures and in metamorphic properties 
(see the description of subareas and structur
al correlation) (Fig. 52a) . The possible F , 
folding with a primarily recumbent axia l 
plane was not included in the modelling , 
because the information about its existence, 
and especially about the amount and impor
tance of D , repetitions , is ambiguous . The 
model must, then, be read in such a manner 
that its surfaces display originall y horizontal 
planes, which are either layering exclusive
Iy , post-D , recumbent but repeated layering , 
or metamorphic isotherms and/or isobars 
parallel to S/S I plane(s). 

Subareas 

The northern part (F ig. 52.a.l) covers 
mainly the Tampere Schist Belt and its west
ern continuations bounded in the south by the 
S3 shear marked in Fig. 51. In this area , D3 
occurs typically as dextral folding with a 
northeast-southwest-striking axial traces and 
a wavelengths of up to tens of kilometres . 

The central part (Fig. 52 .a.2) contains 
strongly metamorphosed migmatites of the 
Pori- Vammala type, although in western 
Pirkkala there is a small area of relatively 
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Fig. 52. a. l-a.3: Division of study area into three parts on basis of mode of occurrence of D
J 

structures and metamorphic properties. 
The northem part comprises mainly the Tampere Schist Bell. The central part is composed of intensely metamorphosed migmatites 
of the Pori-Vammala-Mikkeli type. In both areas the axial plane of the dextral FJ folding strikes northeast-southwesl. The southem 
part covers an area where rocks vary in metamorphic grade from andalusite-mica schi sts to gamet-cordierite gneisses and where 
sinistral F

J 
with a northwest-southeast-striking axial plane dominates. Also shown are heavily simplified lithological contacts in 

the study area. 
b. l-b .3: The form lines controlling the shapes of the grid sUlfaces used in 3D modelling for each area. 

weil preserved metasedim e ntary rock s. Typi
cal of the central part is that S2 and S3 planes 
cut each other at a high angl e. In th e north 
and south this part is bordered by S3 shears , 
and D

3 
occurs mainly as dextral foldin g, it s 

axial plane striking northeas t-southwes t. 
In the southern part (Fi g. 52 .a .3 ) , the 

metamorphic grade varies g reatly , the su
pracrustal rocks bein g in places anda lusite-

mica schists and in pI aces mi gmatitic gamet
cordierite gnei sses . This part differs from 
the othe rs in th at D

3 
occurs predominantly as 

s ini stral folding , it s axial plane striking 
north wes t-sou theas t. 

The areas are thus composed of parts bor
de red by D

3 
shears , each with its own D

3 
and 

pre -D
3 

characteristics . The F
3 

asymmetry 
and the strike of the axial planes are the same 
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in the northern and central parts but the 
metamorphic grade is different. In the south
ern part, on the other hand, the metamorphic 
grade resembles that of the central part but 
the strike and asymmetry of the D structures 
are different. The borders could 3be defined 
also another way, maybe by subdividing the 
study area into a greater number of parts on 
the basis of the above criteria. However, this 
would defeat the key purpose of the areal 
division, wh ich was to make it easier for the 
reader to understand the criteria and param
eters used to calculate the grid surfaces of 
the 3D model. 

Figure 52.b shows separately for each part 
the 3D polylines that control the forms of the 
grid surfaces. 5ince these are lines winding 
in 3D space, they first had to be projected 
onto the XY plane and also four vertical 
planes, which were then rotated into the XY 
plane. The images can, thus, be understood 
as inverted boxes, with the structural ele
ments visible on the erosion level drawn on 
the bottom, and the sides, once the form lines 
of the vertical planes had been drawn cut 
open along the edges and spread ont~ the 
same plane as the bottom. 5ince the lines on 
the XY plane are curvilinear, the vertical 
planes cannot be parallel to the intersection 
line of the form lines and the XY plane. In 
other words, all four vertical sections are 
needed to outJine the nature of the Z direc
tion of the form lines. Note that the presen
tation of form lines is not provided with a 
scale, as it is the shape of the intersection 
lines of the XY, XZ and YZ planes that is 
essential, not their scale. This point is partic
ularly strongly emphasized in the lines pro
jected onto vertical planes, as numerical Z 
values would require a greater number of 
accurate pressure determinations on the 
present erosional level than would be feasi
ble within the error limits of current geolog
ical barometers. 

Northern subarea 

The form lines of the northern part (Fig. 
52.b . l) were drawn on the basis of the works 
of Nironen (1989a,b), Perttula (1982), 
Kähkönen (1996), Leveinen (1994) and Kil
peläinen et al.( 1994) and the description of 
subareas given here. Of the lines on the XY 
plane, a and b display the intersection lines 
of the 52 plane and the erosion level, and c 
and d the intersection of the 5 plane and the 

. 3 
erosIOn level. The winding of the 5 form 
lines is thus due to F

3 
folding. It is known 

that the 52 schistosities in the northwest of 
the Tampere- Vammala area first strike 
northwest-southeast (Perttula 1982) and fur
ther west almost north-south. In the east, the 
52 schistosities strike about east-west as a 
whole, but are distinctly deformed by dextral 
F

3 
folding, its axial plane striking northeast

southwest. The size and shape of the F folds 
are directly visible on the present e~osion 
level due to the vertical 5 2 planes. In the 
lithology this is seen in the hooked form of 
the Mauri meta-arkose and on the tectonic 
maps of Nironen (1989a,b) (D2 in the local 
classification of Nironen). 

According to Nironen (1989a,b), the F2 
axes of the present work are subhorizontal in 
the Tampere synform area. Leveinen (1994) 
points out that the Mauri arkose is located 
stratigraphically in the upper or middle part 
of the Tampere schist belt. In the description 
of the Mauri subarea, it was mentioned that 
the andalusite-mica schists south of the 
meta-arkose are located stratigraphically 
even higher than the arkose . Hence, it is like
Iy that, at the Mauri arkose, there is at least 
a minor F2 axial depression in the Tampere 
5chist Belt. Its existence was inferred when 
the vertical intersection of line b was deter
mined. Note, however, that the vertical inter
seetion of line a has been assumed horizontal 
over its whole length due to the scarcity of 
observations of plunges of F2 axes close to 
the contact of the Central Finland Granitoid 
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Complex . 
Nironen (l989a,b) maintains that the 

structure of the eentral part of the Tampere 
schist belt is due to the large syncIine, near 
the northern edge, on both limbs of whieh 
there are smaller syncIines and anticIines. 
Here, the struetures must be eonsidered as 
syn- and antiforms, but their forms ean be 
understood as similar to those deseribed by 
Nironen. Drawing on his struetural and 
stratigraphie studies he further maintains 
that the wave\ength of the syncIinal folding 
must be of the order of > I km . The stratig
raphy in the Mauri subarea suggests that the 
wavelength of F z folds is of the order of 
kilometres there, too (the present work). 

In the Tampere synform area and the Mauri 
and Myllymaa subareas, the layering on the 
limbs of the Fz folds is vertieal and the S z 
schistosity approximately parallel to the lay
ering. We ean then assurne that, at least in 
the part of the Tampere Sehist Belt eovered 
by the present study, the F z folding is tight , 
as also reported by Nironen (1989a) from the 
syncIinal area. The nature of the F z folding 
in the Z dimension is visible on all the ver
tical planes in Fig. 52.b.l , but sinee the S z 
direction is assumed to be east-west in the 
east, only the north-south-striking vertieal 
sec ti on at the far right ean be eonsidered 
approximately perpendieular to the F2 axis. 
This seetion shows that, on the basis of the 
above deseriptions, the F2 folding has been 
assumed to be tight with a vertieal axial 
plane and an amplitude more than WI2 . 

Central subarea 

The form lines of the eentral part (Fig . 
52.b.2) are based on the struetural interpre
tations presented here in the descriptions of 
the Ellivuori, Pirkkala, Stormi and, partly, 
Myllymaa subareas. In the eentral part the S3 
planes still strike about northeast-southwest 
but, unlike in the northem part, the Sz planes 
are more strongly D3 rotated , especially 

when compared with the Tampere synclinal 
area, and S z and S3 tend to cut each other at 
a high angle. The structural elements in Fig. 
51 also show that the intensity of F3 folding 
increases westwards. Of the form lines in the 
XY plane, a and b refer to the intersection 
line of the S z planes and the erosion level, as 
in the northern part , and c and d to the inter
section of the S3 planes and the erosion level. 

The form of the easternmost Sz line on the 
XY plane (line a) has been copied directly 
from the form line map of the Pirkkala sub
area. Thus , the ends of line a mainly repre
sent S2 in a primary position, whereas the 
middle part of line a has been deformed al
most into a north-south direction. Sz has been 
deformed even more strongly at the western 
margin of the central subarea. The style and 
amount of deformation of line b is a combi
nation obtained from the form line maps of 
the Myllymaa and Ellivuori subareas and 
thus represents the style of intense F3 folding 
on the erosion level. Since the F3 folding in 
the central part is dextral, the asymmetry of 
both of the S z form lines on the XY plane is 
dextral. 

In the chapter dealing with the correlation 
of the structures of subareas, it was suggest
ed that the horizontal displacement compo
nent of D3 shears was considerably more 
important than the vertical one. Owing to the 
vertical position of the S2 planes , the hori
zontal displacement is directly visible on the 
erosion level , but the magnitude of the ver
tical movement cannot be determined accu
rately. That this movement was minor is 
suggested by the fact that the F2 axes are 
invariably gently plunging , although the 
strike varie s, and that the variation in syn-D , 
metamorphic grade along the S2 planes is 
slight. To prevent the model from taking a 
stand on vertical displacement, the intersec
tions of the S2 planes and vertical planes are 
horizontal lines. 

Lines c and d on the XY plane represent 
the intersection lines of the S3 planes and the 
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erosion level. Line c has the same shape as 
the boundary line between the northern and 
central parts , which runs along the S3 line 
shown in Fig. 51. The shape of line d on the 
XY plane was determined in such a manner 
that the strike of its eastern end was obtained 
from the S3 line south of Pirkkala in Fig . 51 
and that of the western end from the S3 form 
lines on the tectonic map of the Stormi sub
area. Owing to the high angle between S2 and 
S3' the effect of F2 folding is visible in the 
projections of lines c and d in vertical sec
tions. We are not here concerned with defor
mation of F3 axes but with the apparent in
fluence of the geometry of older structures 
on the measured axes of younger folds . Since 
the model assurnes the vertical displacement 
of D3 to be zero, the F3 axis must be vertical 
in the model. 

It was mentioned above, that the F2 axes 
have agentIe plunge in the area but that their 
strike varies . In the description of the 
Pirkkala subarea it was pointed out , howev
er , that the axes of F2 folds, which were 
rotated into a north-south direction , mainly 
plunge gently northwards . This exception to 
the general regional geometry was taken into 
account when the model was compiled, the 
synform at the eastern end being made shal
lower in the vertical sec ti on of line d than 
in that of line c . The same could have been 
done by giving line a a gentle plunge north
wards in the vertical section. The operation, 
although adding little more than a cosmetic 
touch to the modelling, produces F 2 fold 
patterns on the erosion level in the final 
model. 

Southe rn subarea 

The form lines of the southern part (Fig . 
52 .b.3) differ conspicuously from the above 
due to the different strike of S3 planes . The 
lines were drawn largely on the basis of the 
tectonic map of the Koosanmaa subarea. 
Since this subarea , which was mapped in 
detail , covers only a portion of the southern 

part of the study area , observations from 
outside it were also used. As in the northern 
and central subareas, lines a and b represent 
the intersection line of the S2 planes and the 
erosion level and lines c and d the intersec
tion line of the S3 planes and the erosion 
level. Note that lines a and bare identical. 
This is because detailed structural mapping 
could not be conducted in the northwest of 
the southern subarea owing to the lack of 
appropriate supracrustal outcrops . Form line 
b was therefore copied as such to be used as 
line a in the model. Another alternative 
would have been to present line a as a neutral 
straight line but, as shown by Fig. 51, enough 
observations have been made in the north
west to show that the structure resembles, at 
least to a certain extent, that of the Koosan
maa subarea. 

The form line map of the Koosanmaa sub
area shows that the sinistral F3 folding with 
a northwest-southeast-striking axial plane 
has locally rotated S2 planes into a north
south direction. This feature was copied as 
such into lines a and b, as was the feature in 
the west of the southern part, and visible in 
Fig. 51, where local F 3 with an almost north
south axial plane intensely deforms the S2 
planes. As elsewhere in the study area, the S2 
planes are vertical , and the horizontal com
ponent of D3 is direct1y visible on the present 
erosion level. The southern part differs dis
tinct1y from the northern and central parts in 
that here the changes in MI metamorphic 
grade along S2 planes are characteristic and 
fairly intense (see the description of the 
Koosanmaa subarea). 

The relative crystallization time of por
phyroblasts suggest, that metamorphism oc
curred before D2. The explanation must be in 
the strong F2 axial culminations and depres
sions . It appears , then, that a distinct vertical 
movement occurred in the D3 conjugate with 
a northwest-southeast-striking axial plane. 
Over a distance of about 5 km, the supracrus
tal rocks of the Koosanmaa subarea change 
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in the direction of S2 from potassium feld
spar-sillimanite gneisses into garnet-cordier
ite gneisses, implying that the fold axis 
plunges at about 45 ° on the hinge of the axial 
culmination/depression. This was assumed 
to be the ca se when the Z values were deter
mined for S2' Note that the vertical sections 
are not perpendicular to the intersection lines 
of S/erosion level, and angles cannot there
fore be measured from the vertical sections. 
Moreover, there is some repetition of S2 in 
the eastern and western vertical projections. 

The shape of lines c and d on the XY plane 
derives from the structural elements in Fig. 

51. Line c is straight, trending northwest
southeast, as do S3 lines in the Kylmäkoski 
area in Fig. 51, but line d turns into a north
south position in its southern part reflecting 
the local north-south-striking S3 (see above). 
Since S2 and S3 cut each other in the southern 
part at an angle of almost 90° , the Z values 
of F2 folds are visible directly in the vertical 
intersections of lines c and d. Note again that 
nowhere are the vertical projections in Fig. 
52.b.3 parallel to lines c and d . Nevertheless , 
the vertical sections show that lines c and d, 
like lines a and b, are identical to each other 
in their Z properties. 

3D geometry of tectonic structures 

Perspective models 

Based on the above criteria, grid surfaces 
were made that reflect S/SI planes as weIl as 
syn-D I metamorphic isotherms. The node 
distance of the grid pattern in this model is 

about 500 m, and so the fitting of the grid 
surface follows the shapes of the border lines 
accurately enough without making the size of 
the final image unnecessarily large. In the 
perspective model in Fig . 53 , where the area 
is viewed from SSW at an angle of 20 °, sev-

Fig. 53. Grid surfaces produced with the aid of the form lines inviewed obliquely from SSW. Note that borders of 3D boxes 
correspond to borders of study area (Fig. 2). To ease perspicuity, the northern, central and southern parts have been provided with 
" fences" that represent D, high-strain zones. 
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eral planes were copied onto different Z 
planes for the sake of clarity, after which an 
artificial erosion level was cut on the Zo 
plane. To enhance perspicuity , the margins 
of the northern , central and southern subar
eas were also marked in the image . As shown 
by Fig. 53, the direction from which perspec
tive pictures is viewed is alway s a compro
mise as it only exhibits structures striking in 
a certain direction. Visualization of the 
whole structure thus requires several view
ing angles from different directions , and for 
thi s, the model offers unlimited possibilities . 
On the other hand , due to the difficulties of 
visualization, the informative value of even 
a slightly more complicated 3D perspective 

o 

image is rather poor. 3D modelling can, thus , 
be considered as a tool of geometric structur
al analysis that produces 3D images as by
products. These images can then be further 
elaborated into a more visual form. 

Before 3D perspective models like those in 
Fig . 53 are worth di splaying , we have to test 
how compatible the model is with structural 
interpretations made from the erosion level 
with traditional methods. In an interpretation 
of the total structure of a larger area, such as 
the present study area, we can use geophysi
cal maps reflecting the surficial geology; 
aeromagnetic low-altitude maps are probably 
the most useful, and so they can also be used 
to test the correctness of th e 3D models . 

b 

Fig. 54. Ways in which the inte rference pattern is cut from 3D grid surface model. At left, sec tions cut from one grid surface at 
different depths are projected on an XY plane. At right, one XY section is cut from the grid surface multiplied in Z direction. 
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Fig. 55. Surfaces produced using firsl cUlling oplion of Fig. 54 before being projecled onlO same XY plane. The borders of lhe 3D 
box correspond 10 lhose of the study area (Fig. 2). Also drawn on Z=O plane are the simplified lilhological conlaClS of Fig. 52. 

However, we are in danger of getting into a 
vicious circle here, as the erosion level cut 
from a 3D structural model built up solely 
from the structural interpretation of a mag
netic map, for instance, perforce resembles 
the starting material. If, however, 2D maps 
and thus the model, too, are compiled using 
several techniques the danger of unintention
al self-steering is reduced. The danger is also 
reduced by the fact that erosion levels cut 
from even slightly complicated surfaces 
folding in 3D spaces are difficult to imagine 
beforehand . If structures that cannot be 
measured geophysically are to be modelIed, 
the models must be tested with methods oth
er than geophysical maps. 

2D interference patterns 

The desired erosion level can be cut from 
the model in several ways. If only the inter
ference pattern of a folding surface is re
quired, the easiest way to get it , and with the 
least computer capacity, is to handle only 

one grid surface and to cut several sections 
from it at different depths and project them 
onto one plane (Fig. 54a). The alternative is 
to multiply the surface in the Z direction and 
then take one section (Fig. 54b) . If the mul
tiplied surfaces are equal , both approaches 
give identical results. However , it is often 
necessary to identify each surface, for exam
pie, with colour, on the erosion level ; in that 
case, the latter approach is practical. One 
way is to examine a model like that in Fig. 
53 from a direction perpendicular to the sec
tion plane and not to display the surfaces 
behind (under) each surface . An image is 
then obtained in which the uppermost grid 
surface at each place fills up the spaces be
tween the intersection lines of the cutting 
plane and the cutted surfaces . 

Whichever of the two ways we use to cre
ate the interference pattern of the eros ion 
level , it can still be presented using several 
techniques. If only the intersection lines of 
the surfaces and the erosion level are pre
sented , we obtain closed structures , exclud-
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ing the lines extending to the margin, from 
which it is possible in principle to identify 
the intersection line of each grid surface by 
counting them (without colour). The weak
ness of this presentation is that dips are dif
ficult to interpret from a surface projection 
without the original data. Another approach 
is to cut a thin slice rather than a surface 
from the model, and to display only the 
whole meshes in the XY plane projection. 
Then , the shape of the meshes, if originaBy 
quadrate, reveals directly the angle of the dip 
although not its direction. When a section of 
a 3D model of a refolded fold is examined, 
the shape of the mesh is also indicative of the 
plunges of the fold axes. These elements can, 
however, be interpreted only when there is 
no need for a perspective presentation, as, 

for instance, when viewing one section 
alone. 

The section in Fig. 55 was made mainly 
using the first approach. A surface was fitted 
for each area with the aid of the border lines 
in Fig. 52. The grid surface was then sliced 
in the Z direction into segments 500 m thick 
(the size of meshes in the whole model was 
500 m x 500 m) and every other segment was 
removed. In a perspective image, the model 
then looks like that in Fig. 55. The meshes in 
Fig . 55 have not yet been projected onto one 
plane, but this is not necessary if the image 
is viewed directly from above without per
spective presentation, as in Fig. 56. The in
tersection lines in Fig. 57 were obtained 
from the same data, but aB the slices of Fig. 
55 were first transferred onto the Zo plane, 

N 
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Fig. 56. Figure 55 viewed from above. The shape of meshes can be used to estimate the magnitude 
of dip but not its direction. Image borders correspond to those of study area (Fig. 2) but lithological 
contacts are simplified. 
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Fig. 57. Intersection lines ofZ=O plane and sections ofFig. 56 projected on Z=O plane. The borders 
of the image correspond to those ofthe study area (Fig. 2) but the lithological contacts are simplified. 

and the interference patterns are the intersec
tion lines of the meshes and the Zo plane . The 
intersection lines are not coherent here, nei
ther do they form closed structures, because 
the starting material was not the original 
whole network surfaces of Fig. 53 but the 
cutted surfaces shown in Fig . 55. 

Limitations 

With the completed model, it mu st be re
membered that when the form of the surfaces 
is calculated in 3D space it is assumed that 
the folding surface is homogeneous every
where. But thi s is never the case in reality , 
no matter what geological propertie s the 
surfaces are suppo sed to show, such as lay
ering , isograds, iso therms and so on. First, 
the inhomo ge neity increases with the in-

crease in the size of the area and, second the 
increase in temperature with depth alters the 
physical properties of depo sits and forma
tions , controlling the shape of folds (pIastic
ity of rocks) . Another point to be remem
bered when examining the model , and which 
is difficult to take into account with when it 
is being built, is the effect of intru sive rocks. 
In principle, the effect of postorogenic intru
sion s can be eliminated if the form of the 
intrusion is known in the Z direc tion, too . 
Synorogenic plutonic rocks, however , make 
the starting material even more heterogene
ous, controlling the partitioning of strain 
during deformation . What is more , the 3D 
shape of the synorogenic intru sion s is diffi
cult to outline. The effect of the intru sion s is , 
however , taken indirectl y into account in 



Geological Survey of Finland, Bulletin 397 93 
Evolution and 3D modelling of structural and metamorphic ... 

le i so 

I~ I S1 

[2] S2 

N 
-':, 
0 
q 

Fig. 58. "Second generation form line map" . Hatched plutonite areas drawn in accordance with simplified 
lithology in Fig. 52. Unhatched areas referto supracrustal rocks. Area shown in figure corresponds to study area 
(Fig. 2) . 

modellings, such as that applied here, the 
shape of the 3D curves that mark the fitted 
surfaces having been interpreted from the 
structural data affected by the intrusions. 
The problem is, however, that the effect of 
the intrusions on the geometry of the struc
tures is visible only on the erosion level. In 
the erosion level images of Figs 56 and 57 the 
contacts of plutonic rocks were drawn with
out classifying them on the basis of their 

relative ages. 
Although the erosion levels of Figs 56 and 

57 were deduced from generalized data, and 
so local details were omitted, they still ex
hibit clear similarities with the magnetic map 
of the same area (Fig. 3). A "second gener
ation form line map" (Fig. 58) can be drawn 
on the basis of Figs 53, 56 and 57 . The sim
ilarities with the form line map in Fig. 51 are 
evident. 

3D geometry of syn-Dz and syn-D
3 

isotherms 

Geometry of D
3 

conjugates 

Many structural studies on the Tampere
Vammala area (Nironen 1989a,b, Kilpeläi-

nen & Rastas 1992, Ki I peläinen et al. 1994) 
maintain that the D

2 
structures of the present 

work were formed as a result of north-south 
shortening . Nironen (l989b) further suggest-
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Fig. 59.30 geometry of conjugate F
3 

pair and effect of section on pattern on erosion level. A = compressional alternative, B = 
extensional alternative. Section 10 W = section dipping I OOW. Section 10 E= section dipping lOoE. Modified after Ramsay & Huber 
1989. 

ed that the F
3 

structures of the present work 
in the Tampere synclinal area are due to a 
dextral , horizontal shear striking east-west. 
lt is here proposed , however, that D

3 
occurs 

as two conjugates differing in asymmetry. If 
it is assumed that compression during D

2 

acted in a north-south direction, the D
3 

struc
tures can be explained as having formed in 
the same stress field. Figure 59 shows what 
a conjugate fold pair that deforms a gently 
dipping (S/SI) planal structure and a vertical 
one perpendicular to it (S 2) at the same time 
would look like in a gently dipping section. 
For the sake of simplification, it is assumed 
in the figure that the maximum shortening 
was exactly horizontal (symmetrical struc-

tures) and exactly perpendicular to the verti
cal S2 schistosity . 

Figure 59 shows both a contractional 
(A , CX I +CX 2 = obtuse) and an extensional (B, 
CX

I
+CX

2 
= acute) alternative (Ramsay & Huber, 

1989), which differ from each other in that 
the former is caused by compres sion and the 
latter by stretching. The gently E and W 
dipping sections show that, in these cases , 
both the contractional and extensional mod
els result in similar interference structures if 
the section in the first model dips gently 
eastwards and that in the second model gent
Iy westwards . In other words, the D

3 
struc

tures in the Tampere-Vammala area can be 
understood as conjugates , but we cannot tell 
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from the interference patterns visible on the 
erosion level whether DJ is associated with 
compression or extension. 

Isotherms, their folding and 
metamorphie overprinting 

In tho se parts of the Tampere-Vammala 
area where metamorphi sm occurred above 
the break down reaction of muscovite , the 
originally s ubhorizontal S I schistosity dom
inate s and the porphyroblasts started to crys
tallize sy ntectonically in relation to the S I 
schistosity . We can therefore assurne that the 
isograds , too, were originally gently dipping 
and th at the metamorphic grade increased 
downwards. If the isograds throughout the 
area were st ill parallel to S/SI ' the me tamor
phic grade on the present erosion level would 
va ry in direct correlation with D/DJ interfer
ence structures, i.e . the synforms would have 
the lowest-grade and the antiforms the hi gh
est-grade rocks. However, as it is see n from 
the relatively late crystallization of the por
phyroblasts in weakly metamorphosed areas, 
things are not that simple . In the least met
amorpho sed areas the porphyroblasts cry s-

tallized during D
2 

and DJ and in pI aces even 
over SJ' Moreover , features were found in 
migmatitic subareas implying that the tem
perature remained high for a long time in the 
zones of intense DJ, or that these zones even 
experienced a new thermal pulse . The asso
ciation of the late, high temperature with the 
DJ zones in the migmatite areas is unlikely 
to be due to the DJ itself, but to the possibil
ity that the DJ zones were favourable to the 
movement of water-rich fluid s transporting 
heat , as is also reflected in the sy n-post-DJ 
migmatization maximum in these zones. 

That the temperature remained high for a 
long time is suggested by the fact that garnet 
continued to crystallize in the above zones of 
the Vammala high-grade migmatite s - with
out interruption - from D I right through to 
the final stages of D J or even up to post-DJ 
(Iarge garnets also crystallized in unde
formed neosome imitating the existing struc
ture s). Since the late thermal effect is re
stricted to certain structural pI aces only and 
since the syn-D I and sy n-D J crys ta llization s 
differ cIearly in age, it is arqued to speak 
about a new thermal pulse, depending on the 
part of the Tampere-Vammal a area referred 

Fig. 60. Dependence of the culm ination age of metamorphism on 3D geometry of syn-D, and syn-DJ isotherms. Cross-hatched 
surface = M, isotherm, hatched surface = MJ isotherm. Note oblique view from above. 
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to. Direct evidence of the age of the younger 
thermal pulse in the Tampere-Vammala area 
does not ex ist ; it probably , however , reflects 
the metamorphic pulse of southwesternmost 
Finland, 1850-1830 Ma (Korja et al. 1994, 
Väisänen et al. 1994) . 

We can best explain the manifestation of 
the new thermal effect mainly in F

2 
synforms 

and zones of intense D) by assuming that the 
pre-D

2 
and syn-D) isotherms of the sa me 

temperature in the Tampere-Vammala area 
are close to each other in a vertical direction. 
Figure 60 shows how the geometry of syn-D

1 

and syn-D ) isotherms of the same tempera
ture can cause the above variation in the age 
of peak metamorphism in the Tampere-Vam
mala area. The cross-hatched s urface 
presents a syn-D

1 
isotherm folded by F

2
, 

which forms a metamorphic sy nform in the 
north of the area. The younger isotherm 
(hatched surface) is assumed to represent 

high grade metamorphism of southwestern 
Finland. Therefore it cuts the D

2 
structures, 

dipping gently northwards . The concentra
tion of f1uidal activity in D) zones is dis
played in the upward bending of the younger 
iso therm in this zone. If a horizontal section 
is cut from the surfaces in Fig. 60 to present 
the erosion level, the temperature of the 
younger metamorphism in the northern syn
forms exceeds the temperature of the old 
metamorphism, causing the old structures to 
recrystallize. In the south, on the other hand , 
the new thermal pul se exceeds the conditions 
of the old metamorphism only in D ) zones. 

Age of metamorphism 

The map in Fig. 61 shows the age of met
amorphism as the time of crystallization of 
the porphyroblasts in relation to the structur
al elements. The oldest syn- D

1 
metamor-

111 
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Fig. 61 . Age ofpeak metamorphism in Tampere-Vammala area. Based on the relations between crysta lli zation 
of porphyroblasts and development of deformation structures. 
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phism is represented by almost all the 
migmatitic rocks (Fig. 51). The rocks of the 
transitional zone are potassium feldspar-sil
limanite and potassium feldspar-cordierite 
gneisses, in which some of the porphyrob
lasts are clearly older than D2, whereas so me 
cut the D2 structures . The effect of the young 
metamorphism is mainly visible in migma
tites south of Vammala . In the migmatite 
area the borders of the area affected by 
young metamorphism are gradual and thus 
the shading denoting the young metamor
phi sm should in reality have a halo describ
ing the transitional zone. Due to the scale 
used, however, it is not marked on the map. 
Porphyroblasts are virtually lacking in the 
core of the Tampere synclinal area , but all 
andalusite-bearing mica schists of the Tam
pere schist belt have S2 or S/S2 composite 
schistosity as andalusite inclusions, irrespec
tive of whether the F3 folding or the S3 schis
tosity is visible on outcrops or not. 

Also shown in Fig. 61 are the probable 
ages of metamorphism based on the age re
lations between the deformation structures 
and dated plutonic rocks. Since the emphasis 
is on the time of crystallization of the por
phyroblasts in metasedimentary rocks, the 
shading does not cover the area of distinctly 
metamorphosed plutonic rocks. 

Summary 

The geometric 3D modelling was based on 
the intersection lines of S structures and the 
erosion level , the plunges of the fold axes 
and the mutual age relations of the metamor
phic assemblages and the structural elements 

in the different parts of the study area. The 
starting point of the modelling was a simpli
fied Iithological map and the study area was 
divided into subunits on the basis of the 
metamorphie grade and the geometry of the 
pre-D

3 
structures . Possible pre-D

2 
fold struc

tures were omitted and thus the 3D grid 
surface obtained can be considered to repre
sent originally horizontal planes, which 
could be layering , repeated post-F

I 
layering 

or metamorphie isotherms/isobars . 
3D network surfaces can be presented as 

perspective models . Their informative value 
is, however , rather low due to their lack of 
perspicuity . The 3D modelling, can, there
fore, be considered as a structural-analytic 
tool for testing the correctness of structural in
terpretations, i.e . whether or not the assumed 3D 
geometry will produce the features observed 
on the outcrops on the erosion level. 

A weak point in the modelling is that the 
deforming objects must be assumed homoge
neous, and the capability of the intrusive 
rocks to partition the deformation cannot be 
taken ful ly into account. 

From the model we can conclude that both 
D2 and D3 structures could have been pro
duced in a north-south stress field, but the 
geometry of the D3 structures on the erosion 
level does not reveal whether these struc
tures were genera ted by a compressional or 
an extensional tectonic event. 

The modelling also demonstrates that the 
3D geometry of MI and M

3 
isotherms and their 

evolution as a function of time explain the 
syn-D3 culmination of metamorphism in both 
the Tampere synform area and the D3 high
strain zones of the Vammala migmatite area . 

EVOLUTIONARY MODEL OF TAMPERE-VAMMALA AREA 

Problems with identifying and correlating pre-D
2 
structures 

Metamorphie patterns and pre-D
2 

structures 

For many reasons it is difficult to establish 

the nature and importance of pre-D2 struc
tures on the outcrops of the study area. 
Wherever the primary structures of the 
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metasedimentary rocks can still be identified, 
M

2 
and M

3 
metamorphisms have obliterated old

er metamorphic structures either totally or at least 
to such an extent that the earlier stages can no 
longer be distinguished from each other. [n the 
areas of highest-grade metamorphism, D , struc
tures are the most intense structural and meta
morphic features, but then the primary layering 
has been destroyed, making it impossible to rec
ognize possible F, fold structures or outline their 
geometry. 

In the above structural model, all the pre
D

2 
structures were collectively classified as 

D
" 

which, typically, occurs as primarily 
gently dipping schistosity that increases in 
intensity with metamorphic grade. In the 
least metamorphosed areas , SI is lacking al
together and becomes recognizable only due 
to the break down reaction of muscovite. As 
also pointed out above, the variation in meta
morphic grade in the area can be satisfacto
rily explained by post-D , events. Hence, it 
was not necessary to subdivide the D , struc
tures when the present tectono-metamorphic 
structure was modelIed. 

The above D
2 

and D) structures alone can
not, however, explain why some of the for
mations comparable to each other were al
ready metamorphosed at the D , stage under 
conditions requiring depths of over 15 km 
but others remained almost unmetamor
phosed. One explanation put forward by 
Kilpeläinen et al. (1994) is early thrusting. 
This notion is supported by observations of 
Kähkönen (1996) from the Tampere Schist 
Belt, where the synclinal structure described 
by Nironen (1989a) is not fully compatible 
with the age data . Thrusting would explain 
the rapid burial of formations at 15-km 
depth, i.e. the minor age difference between 
deposition and metamorphism. If, however, 
the intensely metamorphosed and migma
tized conglomerate at Naistenmatka, Pirkka
la , and the conglomerates in the Tampere 
synclinal area are the same formation, as 
suggested by Kähkönen (1996), the tectonic 

thickening of the crust caused by thrusting 
cannot explain the difference. As weil as the 
conglomerates, the turbiditic metasedimen
tary rocks in the Tampere synelinal area and 
the Vammala migmatite area are comparable 
to each other in geochemistry (Lahtinen 
1994), despite a substantial difference in 
metamorphic grade. The difference in meta
morphic grade is even greater between the 
arc-related metasedimentary rocks of the 
Vammala migmatite area and the < 1890 Ma 
metasedimentary rocks of the synclinal area 
(Veittijärvi), wh ich, according to Lahtinen 
(1996) are also possibly correlatable. 

Key role of stratigraphy in Tampere 
Schist BeIt 

Although the Tampere Schist Belt is the 
best-preserved part of the Tampere- Vamma
la area and, for the reasons mentioned above, 
the deformational and metamorphic struc
tures of the D , stage are largely lacking , it is 
in a key position in efforts to elarify the early 
deformations in the whole study area owing 
to its well-known stratigraphy. The whole of 
the Tampere Schist Belt formed in a devel
oping island arc environment, the lowest 
formations (Haveri) representing an early 
rifting stage, and the youngest conglomer
ates having deposited during D

2
, as shown 

by the dates of their elasts. 
The whole rock Pb-Pb age , 1990 ± 25 Ma 

(Vaasjoki & Huhma 1987), of the formations 
around Haveri, wh ich represent the lowest 
part in the stratigraphy, differs substantially 
from the age of the arc volcanic rocks in the 
Tampere Schist Belt (1904-1889 Ma) 
(Kähkönen et al. 1989), but structural-geo
logical studies do not support the concept 
that Haveri represents an exotic relict mark
edly older than the Tampere arc volcanic 
rocks (Kähkönen & Nironen 1994) . The ge
ochemistry of even the lowermost metatur
bidites of the Myllyniemi formation implies 
that they deposited in a distinctly volcanic 



Geological Survey of Finland, Bulletin 397 99 
Evolution and 3D modelling of structural and metamorphie ... 

are environment (Kähkönen & Leveinen 
1994) and, according to Lahtinen (1994), 
subduction under the Tampere Schist Belt 
started at least 1905 Ma ago. According to 
Lahtinen (1994), subduction did not last 
long, because the last subduction related 
formations (Takamaa) deposited 1889 Ma 
ago (Kähkönen et al. 1989, Lahtinen 1994). 
According to Nironen (1989b), the synkine
matic, 1885-1878-Ma-old granitoids were 
emplaced syntectonically in relation to syn
clinal folding in the Tampere synclinal area, 
that is, not until the collisional stage follow
ing subduction. Divergent opinions have 
been expressed concerning the direction of 
subduction. According to Nironen (1989a), 
the vergences of the structures in the schist 
belt suggest southward subduction, whereas 
Lahtinen (1994) bases his evolutionary mod
e l on assumed northward subduction under 
the Tampere Schist Belt. 

Correlation between Tampere schists 
and Vammala migmatites 

If the turbiditic gneisses in the Vammala 
migmatite area are correlatable with the low
est turbiditic metasedimentary rocks in the 
Tampere Schist Belt, the D , stage must be 
younger than the minimum age of the clastic 
zircons in the turbidites of the schist belt, 
1910 Ma. D , structures are also visible in the 
andalusite-mica schists above the 1.9 Ga old 
Mauri meta-arenite . The D , structures of the 
present work are lacking in the core areas of 
the Tampere synform (Nironen 1989a), 
where the uppermost parts of the schist belt 
stratigraphy are exposed on the present ero
sion level. Since, however, the intensity of 
the D , structures declines upwards in the 
stratigraphy, their absence does not neces
sarily imply that the youngest metasedimen
tary rocks of the Tampere schist belt are 
younger than D ,. The synkinematic Hä
meenkyrö and Värmälä metagranodiorites 
(1885 ± 2 Ma and 1878 ± 3 Ma) (Nironen 

1989b) intruded in the following deforma
tion stage, and so the age of the Hämeenkyrö 
intrusion is also the minimum age of D ,. On 
simi lar grounds it can be argued that the 
conglomerates with tonalite elasts as young 
as 1884 Ma in age (Nironen 1989b) deposit
ed after D ,. 

Subduction tectonics and pre-D
2 

structures 

The D , structure s therefore evolved during 
the subduction stage but, at least partly, only 
towards its end , as they affect the horizons in 
the upper part of the stratigraphy of the Tam
pere Schist Belt (the andalu site-mica schists 
above the Mauri meta-arkose). The subduc
ti on stage was fairly short (15-20 Ma, Lahti
nen 1994) but , as shown by the dates, the 
time in which the D , structure s had to evolve 
was probably shorter. As mentioned earlier , 
during that period, and associated with D

" marked level differences developed . As a 
result, some of the rocks of a certain strati
graphie horizon underwent syn-D , metamor
phism at a depth of over 15 km while others 
remained unmetamorphosed or their syn-D , 
metamorphie grade was lower than the cur
rently visible metamorphism, which occurred 
in the equilibrium field of muscovite and 
chlorite in association with D

2
.
3

. 

In the context of subareas, a few shears were 
described that were associated with D , and turned 
by F

2 
into a vertical position from their original 

gently dipping or subhorizontal position. They 
are now graphite-bearing and , in places, sul
phide-bearing, fine-grained schists and, being 
highly susceptible to weathering, are exposed 
mainly in road and railway cuts. Kinematic in
dicators that could be used to determine the 
direction of displacement have not been 
found in them and due to their more or less 
premetamorphic nature , it has been difficult 
to establish the conditions under which they 
were formed. Gentle dips may equally weil 
refer to overthrusts and extensional events . 
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Extension in orogenie helts 

Extensional events in orogenic belts are 
due to isostatic changes associated with 
shortening of the crust and the tendency to
wards equilibrium. Isostatic disequilibrium 
is caused among other things by thickening 
of the crust in co1lision zones . Extension 
then starts when isostatic forces finally nu 1-
lify the horizontal compression caused by 
collision (Tapponnier & Molnar 1976, Eng
land & McKenzie 1982 , 1983, Houseman & 
England 1986) . According to this interpreta
tion , the intensity of extension is proportion
al to the elevation of the area above sea level. 
Platt & England (1993) have presented a 
model in which the potential energy is re
duced at the initial stage of thickening if the 
original thickness of the crust is less than 40 
km, because the lithospheric mantle is denser 
than the surrounding asthenosphere, thus 
cancelling the tendency of the thickened 
crust to uplift. Isostatic disequilibrium , rapid 
uplift and extensional events do not start 
until the lower part of the thickened lithos
phere has been convectively replaced by as
thenosphere . The process is thought to last 
from a few million to a few tens of millions 
of years, counting from the beginning of the 
thickening process. Hence, the model states 
that the amount of potential energy depends 
on the original thickness of the crust and 
cannot be deduced from the elevation above 
sea level. 

According to Malavieille (1993) , exten
siona1 events can be divided into two catego
ries: extension during the shortening stage of 
the crust and late-orogenic extension . The 
best known examples of the latter are the 
Cenozoic Basin and Range area in orth 
America (Wernicke 1992) and the late-Palae
ozoic , Variscan French Massif Central 
(Maluski et al. 1991 , Malavieille et al. 1990, 

Echtler & Malavieille 1993). The first type is best 
represented by the Himalayas (Burchfiel & 
Royden 1985), where extensional events are 
still going on, and by the Alpine orogeny, which 
started in the late lurassic and terminated about 
30 Ma aga (Ratsch bacher et al. 1989). 

Extension during subduction has been de
scribed from southeastern China, where the 
HT -LP metamorphic extensional Wugong
shan massif formed in an active-margin en
vironment before the Cretaceous coIIision of 
the China and West Philippines microconti
nents (Faure et al. 1996) . The extension of 
arc and back-arc environments has been de
scribed from the vicinity of the Mediterrane
an (Jolivet et al. 1994), where in the Aegean 
and Tyrrhenian back-arc areas the metamor
phic rocks are being exposed in extensional 
processes, whilst the crust is continuing to 
thicken in the thrust front zone. 10livet et al. 
(1994) maintain that the thrust front and the 
areas dominated by extensional events mi
grate in the opposite direction to the subduct
ing plate. The compressiona1 structures of 
the thrust front therefore migrate into an 
extensional environment and are reoriented 
as subduction proceeds . 

Gentle dipping shear surfaces exhibiting 
all the transitiona1 stages from deep ductile 
to shallow brittle shears are among the most 
typical deformational structures formed in 
the course of extension. Also fairly common 
are boudinages on various sca1es , folds with 
axes parallel to the stretching lineation and 
subvertica1 britt1e faults (Malavieille 1993) . 
Not only do the structures formed in exten
sion rework the existing structures caused by 
compression , but many of them are identical 
with the latter and so are very difficult to 
distinguish from each other after reorienta
tion . 
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Evolutionary model 

Basic ideas, components and 
simplifications 

Figures 62 and 63 show a scaleless model 
of D , evolution dominated by extensional 
structures during subduction (1910-1889 Ma) 
and the subsequent D

2 
compression (1889-

1878 Ma) in the Tampere-Vammala area. In 
Fig. 62 the D , structure s start to evolve im
mediately after the 1.93-1.91-Ga rifting stage 
of the model of Lahtinen (1994, Fig. 29) , and 
in Fig. 63 the structures correlate with the 
collision of the Tampere Schist Belt/Central 

s 

i!i!!i Tokomoo-type mofic 
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Haveri-type "rift basalts" 

Migmatized "rift basalts " 

~ Brittle-ductile transition 

~ Horizontal section after F2 

Finland Granitoid Complex-Hämeenlinna
Somero Volcanic Belt/Kemiö-Mäntsälä Belt, 
wh ich started about 1.89 Ga ago as presented 
by Lahtinen (1994) and Kähkönen et al. 
(1994). The model does not take a stand on 
the occurrence of 1.9-2 .0-Ga-old Palaeopro
terozoic crust (Lahtinen 1994) , except that 
all the metaturbidites of the Vammala migm
atite area are assumed to correlate with the 
turbidites in the lower part of the Tampere 
Schist Belt, and thus do not represent, even 
partly , the older crust, as suggested by 
Kähkönen (1994). 

N 

~ Detochment migration 

1910-1889 Mo 

Fig. 62. Schematic model of 0, and M , evolution during subduction dominated by extensional structures in Tampere
Vammala area. Not to scale. For details, see text. Note, that Takamaa-type mafic volcanic rocks and Vammala-type 
ultramafic/mafic intrusive rocks are considered as comagmatic. 
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Fig. 63. Effect ofF, fo lding on geometry of D , and M , structures in Fig. 62 in north-south-striking vertical section. For details , see 
text. 

The assumed evolution and geometry of 
the D

1 
struetures are mainly based on models 

published by 10livet et al. (1994), Ratsch
bacher et al. ( 1989) and Faure e t al. (1996). 
In their model s, extension is tri ggered by the 
gravitative instability eaused by a subduet
ing pl ate (Ratsch bacher et al. 1989) , thermal 
and gravitative instability due to are magma
ti sm (Faure et aI. 1996) , and thrust front 
migration in the opposite direetion to the 
movement of the subdueting plate, as a result 
of wh ich the thiekened part of the upper plate 
gradually moves toward s a hotter are envi
ronment. The brittle/duetile tran sition a l zone 
rises upwards in the thiekened erust and the 
whole mass beeomes more pl as tie and easier 
to deform (lolivet et al. 1994). 

Figures 62 and 63 show the most important 

stratigraphie units (Kähkönen et aI. 1989, 
Kähkönen & Leveinen 1994, Kähkönen & 
Nironen 1994, Mäkel ä 1980, Matisto 1968, 
Ojakangas 1986, PeItonen 1995a) , omitting 
the thieknes ses of the formations and assum
ing that they oeeur throughout the area eov
ered by the model. Essential for the model is 
the depositional order, the geo metry of the 
struetures and the evolution of the struetures 
as subduetion proeeeds, and the reorientation 
of D

1 
struetures in F

2 
folding. The move ment 

direetion of D
1 

normal fault s visible on the 
limbs of F

2 
folds on the eurrent erosion level 

may thus strike in any direetion ; the same 
applies to other D

1 
struetures whose asym 

metry allows deduetions to be mad e of the 
direetion of movements durin g D

1
• The mod

el also simulates thermal evolution, wh ich, 
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with a lag, tends to equilibrate the distur
bances caused by the folding of isograds. 

The model does not include synkinematic 
or latekinematic granitoids as it is intended 
to be as simple as possible yet sufficiently 
comprehensive to explain the features visible 
on the current erosion level. Of course, the 
emplacement of granitoids syntectonic in 
relation to D

2 
affected the geometry of F

2 

folds at least locally but in modelling the 
effect is difficult to simulate because each 
intrusion is unique in shape and size, and 
their uniqueness is further enhanced by the 
position of the intrusion in the total struc
ture. 

The direction of subduction in the model is 
that of the interpretation of Lahtinen (1994), 
whilst the geometry (tightness) of F

2 
folding 

was taken from the interpretations of Niro
nen (1989a) and those presented here. The 
erosion level after F

2 
folding in Fig. 63 is 

copied directly into the model in Fig. 62. 
Consequently , its attitude in relation to the 
F

2 
form line is as much gentier as is the 

shortening caused by F
2

. The F
2 

synforms in 
Fig. 63 are shown as an "antiform" structure 
in the form line describing the post-D2 hor
izontal section in Fig. 62 , and vice versa. 
Since the images do not show the Tampere
Vammala area as such, the position of the F

2 

form line and the post-D2 horizontal section 
in the model are imaginary. However, for the 
model to match the observations made on the 
current erosion level, it is essential that the 
folds should have sufficient amplitude rela
tive to the thickness of the layers and the D

2 

geometry. 

Stratigraphy and D, evolution 

Haveri rift basalts 

The rocks of the Haveri formation, which is 
lowermost in the stratigraphy, have been in
terpreted as representing marginal basin 
basalts associated with rifting of the pre-
1910 Ma Palaeoproterozoic crust, and those 

of the Osara formation immediately above it 
as indicating a change towards an evolving 
island arc environment (Kähkönen and Niro
nen 1994, Lahtinen 1994). The "Haveri-type 
rift basalts" in Fig. 62 represent both forma
tions, and since at least the lowest part of the 
former deposited before the subduction 
stage, that part can be taken as the "zero 
point" of evolution in the image. According 
to Kähkönen & Nironen (1994), the Harhala 
formation south of Haveri can probably be 
correlated with the arc voJcanic rocks of the 
Tampere synclinal area proper. 

The metamorphic grade of the Haveri for
mation on the present erosionallevel is high
er west than east of Lake Kyrösjärvi. Schis
tosity parallel to layering is the oldest meta
morphic feature on both sides of the lake. On 
the eastern shore, the porphyroblasts (garnet 
and muscovite pseudomorphs) crystallized 
before the end of the D , stage, but on the 
western shore the migmatization is in all 
likelihood D , in age (Kähkönen & Nironen 
1994). It is uncertain whether the structures 
can be correlated with the classification ap
plied here, for fold structures correlatable 
with the Tampere synform folding have not 
been encountered in that area. According to 
Kähkönen & Nironen (1994), the facing, 
which is invariably southwards implies , 
however , that the area is located on the 
northern limb of the Tampere syncline (here, 
F2 synform). Hence , the schistosity subcon
formable wi th the layeri ng i s ei ther SI or S2 
or a combination of the two, depending on 
the depth of the syn-D , section represented 
by the present erosion level. In any case , the 
retrograde alteration of the porphyroblasts 
differs from the features typical of the Tam
pere Schist Belt, where the prograde stage of 
metamorphism clearly cuts the synclinal 
folding. If SI and the peak of metamorphism 
correlate with the D, stage in Fig. 62, the 
present section could refer to a situation in 
which the difference in the metamorphic 
grade on opposite shores of Kyrösjärvi was 
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D ] in age and the retrograde features were 
due to a local F

2 
antiform. 

Lowermost units of Tampere Schist Belt 

The turbiditic metasedimentary rocks in 
the lower part of the Tampere Schist Belt and 
the metaturbidites of the northern part of the 
Vammala migmatite area are displayed as the 
same formation in Figs 62 and 63 , which, 
depending on the place and time, may have 
been either only slightly metamorphosed, not 
metamorphosed until during or after D

2 
(Myl

Iyniemi-type turbidites) or metamorphosed 
so intensely in syn-D] that the temperature 
never exceeded it thereafter (Vammala-type 
turbidites) . Owing to syn-D

2 
metamorphism, 

vertical axial plane schistosity , such as that 
in the Tampere synclinal folding, would de
velop in formations above the brittle/ductile 
transitional zone without signatures of earli
er metamorphism or, for that matter , earlier 
deformation either. In the local classifica
tion, this schistosity should then be referred 
to as S] in the same way as the originally 
subhorizontal schistosity in the migmatite 
area. The above concerns not only these tur
biditic metasedimentary rocks but also all the 
other lithological units , of which some could 
have reached a depth capable of causing 
metamorphie reactions during D] . 

Kähkönen (1994) maintains that a single 
synclinal folding episode cannot explain the 
discrepancy between the stratigraphie infor
mation and age data at the southern edge of 
the synclinal area, and suggests thrust before 
the synclinal folding as a possible explana
tion . Alternative explanations could be the 
D] gently dipping detachment surfaces of 
Fig. 62 or the brittle, more vertical faults that 
developed at the same time . Both , although 
normal faults , might have caused the forma
tions to get locally older towards the centre 
of the syncline . Reconstruction of the origi
nal positions of any pre-D

2 
faults , and thus 

that of vergence, after the F
2 

folding (syn
form folding) is not possible here , as the 

faults are not exposed and conclusions must 
be drawn from the stratigraphy only . 

Arc-related metavolcanic and 
metasedimentary rocks 

The rocks in the central part of the Tam
pere synform area are mainly medium -K, 
high-K and shoshonitic are volcanic rocks 
and the associated sedimentary rocks 
(Kähkönen 1989 , Ojakangas 1986, Kähkönen 
et al. 1994). According to Lahtinen (1994) , 
some of the turbiditic gneisses in the Vam
mala migmatite area also contain substantial 
amounts of components indicative of these 
volcanic rocks. Like the above metatur
bidites, the arc-related volcanic rocks in the 
model of Fig. 62 , deposited before D] . The 
total thickness of these formations therefore 
declines northwards in the model even 
though originally there was a formation of 
constant thickness. We see this particularly 
clearly in the basins bordered by D ] faults , of 
which the northernmost has no arc-related 
volcanic rocks at its bottom at all. The phe
nomenon illustrates the trend of D] evolu
tion. In the model, some of the arc-related 
volcanic rocks are buried so deep into the 
crust during D] that they undergo distinct 
syn-D ] metamorphism, as suggested by the 
above interpretation of Lahtinen according 
to which, some of the rocks south of the 
Tampere schist belt could also be correlated 
with the arc-related volcanic rocks of the 
TSB. 

Uppermost units of Tampere Schist Belt 
stratigraphy 

Conglomerates of the Veittijärvi type and 
arenites of the Mauri type are displayed in 
the model in Fig . 62 as having deposited in 
basins bordered by D ] faults. The age of the 
clastic zircon in the Mauri arenite , 1.9 Ga 
(Matisto 1968), has been generally thought 
to show that the arenite is located relatively 
high in the stratigraphy of the Tampere 
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Schist Belt. In the model, the Mauri rocks 
have deposited in the southernmost basin , 
implying that they are probably slightly 
younger than the Veittijärvi-type conglomer
ates. In the northernmost basins of the mod
el , the basal parts of the conglomerate forma
tions metamorphosed and deformed by a 
gently dipping D , shear, whilst the surficial 
parts remained undeformed, suggesting that 
some of the formations of this age may be 
strongly metamorphosed (the Naistenmatka 
conglomerate at Pirkkala) but others only 
weakly so, metamorphism having occurred 
after D , in them (conglomerates in the syn
form area) . 

The ages measured from the tonalitic 
clasts of the conglomerates are problematic; 
the oldest U-Pb zircon age thus determined is 
1890 ± 3 Ma (Nironen 1989b), which is 
somewhat older than the ages of the 
Hämeenkyrö and Värmälä intrusions , which 
are synkinematic in relation to the synclinal 
folding , but the youngest conglomerate clast 
age is 1884 ± 3 Ma . It is possible, therefore, 
that at least some of the conglomerates de
posited after Dl. Figure 63 illustrates a ca se 
in which so me of the conglomerates depos
ited after the intrusion of the synkinematic 
tonalites. According to the model , however, 
it is impossible for conglomerates of this age 
to occur in the migmatite area south of the 
Tampere Schist Belt. 

Uppermost in the s tratigraphy are the 
Takamaa mafic volcanic rocks , 1889 Ma in 
age (Kähkönen et al. 1989) . In the model of 
Figs 62 and 63, formations of the Takamaa 
type deposited during D , and thus changes in 
their theoretical thicknesses in a north-south 
direction are the reverse of those of the pre
D , arc volcanic rocks . The model assurnes 
that the Vammala ultramafic intrusions are 
comagmatic with the uppermost Tampere 
(Takamaa) volcanic rocks. This assumption 
is based on the ideas of Peltonen (1995a) , 
according to whom , the subsolidus reactions 
connected with cooling and metamorphism 

in the Vammala intrusion and the age of the 
intrusion, 1890 Ma (Häkli et al. 1979) , pro
vide yet further support for the concept. In 
line with the reasoning of Elo (1994), the 
intrusions are depicted in the model as sub
horizontal plates whose ages, in theory, get 
slightly younger upwards . The change in age, 
however, is so minor that all the intrusions 
are syntectonic in relation to D ,. For the sake 
of simplicity , the probable fragmentation of 
the intrusions into boudins at D , is not shown 
in the images . The horizontal and platy intru
sions that fragmented into boudins at D , are 
then folded at F

2 
(Fig . 63), generating bowl

shaped formations such as the intrusions of 
Stormi and Kylmäkoski . In principle, the 
fragments that once formed a single intrusion 
show on the present erosion level the hori
zontal palaeoplane on which the intrusion 
originally crystallized. 

Syn-D
1 

dykes 

Figure 63 also shows how the originally 
vertical dykes associated with the above mag
matism remain vertical despite F

2 
folding. If 

the strike of a dyke was parallel to the devel
oping S2 axial plane the dykes may see m to be 
syn-D2 intruded in a post-F2 horizontal sec
tion. If, on the other hand, the primary strike 
of the dykes deviated from S2' they are still 
vertical, but F2 folded (mafic dykes of Totti
järvi , the Ellijärvi subarea, the Hämeenkyrö 
subarea and the Herttuala sill , Peltonen 1992) . 

Ductile shears 

It is also possible that the boundary be
tween the well-preserved rocks of the Tam
pere Schist Belt and the Vammala migmatite 
area was initially D , in age. In pI aces where 
the boundary is sharp it might represent a D , 
detachment surface ; such surfaces tend to 
run along the boundary between plastic and 
brittle rocks. Should this assumption be val
id , the boundary was probably reactivated 
du ring D2 and D

3 
and hence any kinematic 
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indicators would no longer represent the D I 
stage. In places, however, the boundary is 
gradual (Pirkkala) and the brittle/ductile 
transitional zone cannot represent a detach
ment (see the limb of the left-hand synform 
in Fig. 63). Elsewhere, too, in the Tampere
Vammala area the changes in metamorphic 
grade are gradual in places but in others 
associated with faults, of which some at least 
are ductile (Koistinen 1994, Koistinen et al. 
1996) and probably had al ready developed 
during D I. 

Importance of amplitude of F 2 and F 3 

folds 

lf the amplitude of F
2 

folding is half of the 
wavelength, as assumed in Fig. 63, the short
ening caused by folding is about 57 % . Al
most everywhere in the study area the layer
ing and/or SI planes are subvertical on the 
limbs of F

2 
folds, suggesting even greater 

shortening. According to Jolivet et al. 
(1994), the distance between the "detach
ment front" and the thrust front in the 
Aegean and Tyrrhenian areas is about 100 
km . lf the same holds in the present study 
area, the Tampere- Vammala/Hämeenlinna
Somero suture (Lahtinen 1994, 1996) would 
be no more than 40 km south of the southern
most detachment surface after F

2 
(the south

ernmost detachment has not been defined). 
Lahtinen (1994, 1996) suggests that the 
MORB-type volcanic rocks in the southern 
part of the Vammala migmatite area and the 
younger mafic/ultramafic intrusions spatial
ly connected with them might indicate the 
above suture. On the basis of aJl structural 
and metamorphic features, the ultramafic 
intrusions of Stormi and Kylmäkoski, at 
least, are older than D2 (Kilpeläinen & Ras
tas 1992, Peltonen 1995a, Marshall et al. 
1995, the present work), and thus al ready 
existed before the coJlision. If the location of 

the suture is assumed to be where suggested 
by Lahtinen (1996), we could expect signa
tures of syn-DI-HP-LT metamorphism to be 
visible on the current erosion level immedi
ately north of the suture. 

The upper part of Fig. 63 shows how the 
culminations and depressions of F

2 
axes 

caused by F
3 

folding affect the location of the 
post-D

3 
erosion level in the model. Since the 

F2 axes may plunge at any angle the amount 
of D

3 
oscillation cannot be established 

through structural analysis. And since the 
metamorphic zones in the study area sti ll 
trend roughly in east-west direction , i .e. par
allel to the original strike of S2 planes, it is 
evident that the effect of D

3 
on the variation 

in metamorphic grade was weaker than that 
of D2. On the other hand , the syn-D I meta
morphism in the migmatite area varies, even 
in the direction of S2 planes , from the potas
sium feldspar and sillimanite equilibrium 
field to that of garnet and cordierite, imply 
ing that locally the differences caused by D

3 

may be of the same order of magnitude as the 
F

2 
amplitudes assessed on the basis of struc

tural criteria. 
The model in Figs 62 and 63 does not take 

into account the influence of syn-D
3 

meta
morphism, which is comonly strongest in the 
deepest F2 synforms. Since, however, D

3 

metamorphism occurs zonally it cannot be 
presented in images that show only one ver
tical section striking N-S (see the geometry 
of syn-D I and syn-D

3 
isotherms) . 

Interfering D/D/D 3 

If we assurne F
3 

to be open , dextral fold
ing, its axial plane striking 45 ° and its ver
tical component parallel to the post-D

3 
ero

sion levels shown in Fig. 63, the variations 
in lithology seen in Fig. 64 will be obtained 
on a horizontal plane when the model in Fig. 
63 is folded. In Fig . 64 the wavelength of F

3 

Fig. 64. Effect of D,ID,ID
3 

interference on lithology in horizontal section of Fig. 63. For details , see text. 
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is thus many times that of F
2

, as indeed is true 
in the Tampere- Vammala area . Since Figs 62 
a nd 63 are not provided with ascale, the 

horizontal sections in Figs 64 and 65 are also 
without ascale. Some of the features illu s
trated in the images are visible only on out-
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erops in the Tampere- Vammala area , some 
mainly on mesoscale. The form lines of F

3 
are 

shown both in the XY plane and the Z dimen
sion in the upper part of Fig. 64. We see that 
the F

3 
flexures eontain both an F2 axial cul

minations (F
3 

antiforms) and an F2 axial de
pressions (F

3 
synforms). Sinee in the model 

the dips on the different limbs of F
3 

are sym
metrie in the vertieal seetion perpendieular 
to the vertieal seetion describing F2, F

3 
is 

asymmetrie , the east-west limbs in the model 
being longer than the north-south limbs . This 
feature is shown in the Tampere- Vammala 
area by , for instance, the S2 planes and meta
morphie zones that still largely strike east
west despite F

3 
folding . As the model endeav

ours to deseribe the form lines of folded 
structures, two adjacent vertieal seetions of 
an imaginary cube are shown as a eompro
mise. The vertie al seetions show only the 
direetion of the dips, not their magnitude. 
For it to be possible to read also the numerie 
values of the dips from the vertieal sections , 
it would be necessary to present as many 
seetions as there are fold limbs differing in 
plunge . Sinee the numerie values of the dips 
have no importanee per se in this model, the 
model has been converted into a more per
spieuous , rectangular form . 

To illustrate more graphieally the effeet of 
the F/F/F

3 
interferenee in horizontal see

tions , the southern F
3 

flexure of the model 
with the F2 axial depression is examined in 
greater detail in Figs 64 and 65 . The eorre
sponding interferenee patterns are, of course, 
visible in the other F

3 
flexure, too, although, 

due to the F
3 

antiform , they are different in 
symmetry. The variation in lithology is 
marked with the same symbols as in Fig. 63. 
Thus , syn-D2 conglomerates are highest in 
the stratigraphy and migmatized rift basalts 
lowermost. The numeric values of the plung
es and dips are not marked on the teetonie 
model of Fig . 65, as the mutual relations 
between the lithology and teetonie structures 
of different ages do not depend on the angle 

of plunges in the model. The intensity of 
both D2 and D

3 
struetures in the model is 

indeed a eompromise between the perspieu
ity of the struetures (in image) and observa
tions made in the area . Were the F2 folding 
depieted as tight and isoclinal in the model 
and were , at the same time , all the most 
important stratigraphie units presented, the 
lithology would vary in horizontal section so 
mueh that the model would be diffieult to 
read. 

Evolution of isotherms 

The metamorphie map in the lower part of 
Fig . 65 shows the age of metamorphism and 
the direetion of the variation in metamorphie 
grade in a horizontal section , sinee , due to 
the lack of aseale in the model , metamorphie 
grade eannot be presented on the map of 
metamorphism . The mutual relation of M

J 

and M2 metamorphisms is taken direetly from 
Fig. 63 (stabilizing isotherms land 3) , but 
the Z elevation of the M

3 
isothermal surface 

was seleeted to show the syn-D
3 

metamor
phism observed in the Tampere synclinal 
area. In the light of the features described 
here from the Vammala migmatite area, D

3 

metamorphism is assumed to be zonal in the 
model. The M

3 
isothermal surface is horizon

tal, exeept in the southern F
3 

flexure , where 
it bends upwards as a mirror image of the Z 
eomponent of the F

3 
synform. 

Earlier in this work it was assumed that the 
isotherm surfaees of the D

3 
metamorphism 

dip gently northwards. In the model this 
property would show only in a downsizing of 
the M

3 
subareas northeastwards, and so was 

omitted for the sake of simplieity . When 
reading the metamorphic model , we should , 
however , remember that, although it shows 
areas of metamorphisms of different ages, all 
three metamorphie stages may be visible in 
one area, provided that the younger metamor
phism did not exeeed the previous one in 
intensity , as that would re-equilibrate the 
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metamorphic structures . Therefore , the meta
morphic grade of the metamorphisms of dif
ferent ages may vary in different directions 
in a given subarea. 

In the model , M I exists everywhere except 
in the youngest conglomerates, but in pI aces 
its intensity may be almost nil , as in the 
central part of the Tampere synform area. 
Similarly, M2 covers the whole area , includ
ing the above cong lomerates, but , depending 
on the site, it may be stronger or weaker than 
MI' This is most conspicuous in the age dif
ference between the main metamorphisms of 
the Tampere Schist Belt and the migmatite 
area south of it. Likewise , M) may be the 
dominant feature, as in parts of the Tampere 
Schist Belt, or then it may manifest itself in 
retrograde reactions in migmatites dominat
ed by MI metamorphism . 

Since 0 ) occurs in both the migmatite area 
and the well-preserved Tampere Schist Belt, 
M) must also cut the syn-O l brittle/ductile 
transition , as seen in the horizontal section 
of the model. By combining horizontal sec
tions of the model showing different proper
ties , we can draw conclusions about the tec
tonic positions of the observation sites from 
the style of metamorphism. For example, for 
the temperature to remain high throughout 
the structural evolution as described from the 
Vammala migmatite area requires, according 
to the model , the outcrops where such a prop
erty has been observed to be located in an 
area of horizontal syn-O l-B/O transition, on 
the limb of an F2 fold , and in an area where 
intense 0 ) has promoted the flow of fluids 
and thus the upward bending of the M

3 
iso

thermal surface. 

Further assumptions based on modelling 

Although So and S I were originally subhor
izontal in the model the same does not al 
ways hold for the contacts of rock types, and 
the fold-like shapes of the rocks in the hor
izontal section do not directly indicate the 

style of F2 folding. This is most clearly vis
ible in the southwestern part of the litholog
ical (Fig . 64) and tectonic map (Fig . 65), 
where there is a flexure of the F2 synform at 
the side of both lithological and °1 detach
ment folds. Owing to the geometry of the °1 

structures, the age order of lithologies on the 
limbs of F2 synforms may in pI aces be re
versed , without , however, any change in fac
ing in rock types and formations. This is the 
situation on the southern limb of the Tam
pere synclinal area. 

The lithologies form closed structures in 
the horizontal section of the model, but 
should AF):AF2 be high enough in relation to 
the surface area of the horizontal section and 
should the erosion level be at an appropriate 
elev ation , the °1 shear surfaces mayaIso be 
ring-shaped . Most probably , however, they 
occur approximate ly parallel to the S2 plane 
and so are difficult to distinguish from pos
sible 0 2 shears . In principle , their dip should 
differ from that of S2' but this is not easy to 
verify on outcrops. Examples of 0 2-de
formed shears were given in the descriptions 
of the Pirkkala and Mauri subareas. 

The syn-02 deposition of the youngest 
conglomerate in the model cut the initially 
vertical and brittle D I fault. Such a situation 
has not , however , been encountered in the 
Tampere- Vammala area . Moreover , the con
tact between the Takamaa vo1canic rocks and 
conglomerate should differ from the layering 
of the conglomerate (Figs 64 and 65). These 
features would be visible only if the young
est conglomerates were, like the synkinemat
ic metatonalites, D

2 
in age . 

Another essential feature of the model is 
that all deformation structures could have 
developed due to north-south compression 
(see also chapter 7, pp . 93-95) . Thus the time 
difference between D land D2 structures need 
not be substantial , a concept in harmony with 
the evolution model of Lahtinen (1994). In a 
similar manner , MI and M

2 
are direct contin

uations of each other, although , due to post-
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D
1 

folding, the age of metamorphism in re
lation to structures may change on the ero
sion level , even over a short distance . Kil
peläi nen et al. (1994) proposed that M

3 
might 

be a reflection of the metamorphism that 
culminated in southwesternmost Finland 
1830-1840 Ma ago. Since D

3 
probably start

ed as early as 1878 Ma ago (the present 
work), D

3 
either lasted longer than D

1 
and D

2 

or, preferably, the finished D
3 

structures con
trolled the fluid activity associated with the 
youngest metamorphic pulse and , thus , also 
the heat transfer. Observations of the meta
morphism associated with D

3 
zones in the 

Vammala migmatite area, however, imply 
that the temperature remained high in these 
zones throughout M

1
-M

3 
evolution . 

DISCUSSION 

The main objective of this work was to 
construct an evolutional model that would 
explain as accurately yet as simply as possi
ble the lithology and structural and metamor
phic signatures visible on the current erosion 
level. The variation in lithology and meta
morphic features in the study area and efforts 
to unravel the structures backwards in time 
led to a number of initial situations of which 

those best in harmony with the accepted ev
olutional models had to be chosen . The final 
model is thus a synthesis of observational 
data and of information gleaned from the 
literature and so contains many generaliza
tions but also details that were not encoun
tered, or at least recognized, in the study 
area. 

Problematic infra-/suprastructure 

The overbau and unterbau structures pre
sented by Wegmann (1935) to describe the 
change in the style of structures with depth 
were later called infrastructure and su
prastructure in works published from the 
Pyrenees (de Sitter & Zwart 1960, Zwart 
1963a, 1963b). In the Axial Zone of the 
Varisc a n (Hercynian) orogeny, Cambrian 
and older formations represent the deeper 
section. These areas, which are characterized 
by gently dipping structures, occur as dome
like or anticline/antiform structures. Charac
teristic of the younger formations between 
them , and representing an upper section , are 
vertical fold structures with vertical axial 
plane schistosity. The infra-/suprastructure 
boundary in the Pyrenees is in places grad
ual , but in places these st ructures are bor
dered sharply by a lime-rich schist that acted 
as a decollement plane (Zwart 1963a,b, Oele 

1966). Corresponding zonality indicating 
the depth of the section of structures has 
later been described from many other areas 
(Holland & Lambert 1969, Campbell 1970, 
Fyson 1971 , Sanderson 1979, Murphy 1987 , 
Matte & Xu Zi 1988). The infra-/suprastruc
ture boundary has been located, for instance, 
in the transitional zone between low- and 
medium-grade metamorphism (Carreras & 
Capella 1994) or in rocks of the greenschist 
facies (Holland & Lambert 1969). 

Different opinions have been expressed 
concerning the relative ages of the vertical 
and gently dipping structures and their evo
lution in the Pyrenees. De Sitter & Zwart 
(1960) considered the current geometry of 
the structures a primary feature , and as
sumed that the structures had been produced 
simultaneously by the same geotectonic 
process. According to them , the dissimilar 
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attitudes of the structures were due to an in
crease in plasticity with depth. Possible syn
chroneity of the structures was also suggest
ed by Soula et al. (1986), although on differ
ent grounds. Seguret & Proust (l968a, 
1968b) and Matte (1969) assumed that the 
suprastructures had originally been gently 
dipping but had been turned into a vertical 
position by later, disharmonic folding. 

More recent works from the Pyrenees, 
however, have assumed that the vertical and 
gently dipping structures are of different 
ages, in most cases the infrastructures being 
described as older than the suprastructures. 
The gently dipping infrastructures may then 
have developed either in the shortening of 
the crust (Carreras & Cappella 1994) or in 
the extension that preceded the shortening 
(Sou la et al. 1986). Zwart (1986) and Vissers 
(1992) have further proposed that the gently 
dipping structures in deep sections are due to 
postorogenic extension. 

Depending on the evolutional model , the 
infra-/suprastructure boundary is either de
termined in the first deformation stage or it 
is assumed to slide vertically in the course of 
evolution as folding moves rocks either high
er or lower than during D , in the crust (Fyson 
197 I, Carreras & Capella 1994). 

In the light of the example from the Pyr
enees, several models are available to solve 

the infra-/suprastructure problem in the Tam
pere-Vammala area. However, the area differs 
from the Pyrenees in that the boundary be
tween the gently dipping and vertical struc
tures is not tied to the stratigraphy in the 
same way; for instance, the turbiditic meta
sedimentary rocks in the lower part of the 
Tampere Schist Belt correlate with the 
metaturbidites in the Vammala migmatite 
area. On the basis of the mutual relations 
between the plutonites and deformation 
structures we can be conclude that the gently 
dipping schistosity in the migmatite area is 
older than the vertical schistosity in the Tam
pe re Schist Belt (Kilpeläinen et al. 1994). No 
indications have been found suggesting that 
the main schistosity in the Tampere Schist 
Belt was originally gently dipping (Nironen 
1989a). The gently dipping structures in the 
migmatite area were not folded into a verti
cal position until horizontal compression 
took place during D

2
. Hence , the gently dip

ping pre-D
2 

structures associated with either 
compression or extension explain satisfacto
rily the present structures in the Tampere
Vammala area. The latter option is suggested 
by the fact that the difference in crystalliza
tion pressure between the Tampere Schist 
Belt and the migmatite area seems to have 
been slight in relation to the difference in 
temperature. 

Simplifications or oversimplifications? 

Perhaps the greatest shortcoming in the 
model presented here is that it ignores the 
compressional structures that develop in an 
accretion wedge in association with subduc
tion. Even if the compressional structures in 
the model were later to move into an exten
sional environment, there to be destroyed 
beyond recognition, they still affect the 
present total structure of the area and the 
position and manner in which the rocks and 
lithological complexes are located on the 

present erosion level. Unless we can recog
nize the compressional structures and recon
struct their geometry, we cannot accurately 
assess the "zero" situation before the D , 
stage of the model, particularly because the 
compressional and extensional structures 
evolve at the same time, but at different 
sites, in the model. Furthermore, the com
pressional structures of the thrust front do 
not concern all formations and formations of 
all ages, even in theory. Thus , as simultane-
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ou s events , the D
l 

stage should include both 
the evolution of compressional structures 
and the reorientation of corresponding struc
tures in extension together with sedimenta
tion. One way of establishing the importance 
of the compressional structures would be to 
analyse those structural and metamorphic 
feature s recorded from the area that the 
model cannot explain. That would , however, 
require the model to be accurate down to the 
smallest detail. This would be very compli
cated and , due to the large number of param
eters , difficult to control. 

The model is firmly based on the well
known stratigraphy of the Tampere synform 
area , but it also contains a deli berate gen er
alization : since the original thicknesses and 
lateral extensions of the synform area forma
tions or stratigraphic units are not fully 
known, they were all assumed to have been 
plates of equal thickness and extension. In 
reality , this is not the case , but as a starting 
point it is not only neutral but also easy to 
visualize . 

Associated with the perspicuity of the 
model is the presentation of the subducting 
plate in Fig. 62 . With the means available 
here it was not possible to establish either the 
direction or place of subduction and these are 
therefore based on previously published pa
pers from the area . In terms of the objective 
of the model , that is , to explain the tectono
metamorphic phenomena on the erosion lev
el, the direction of subduction or even its 
exact site is immaterial. As to the geometry 
of the model , it is possible that the D

l 
struc

tures are related to the southwestward sub
duction at the boundary between the Archae
an craton and the Svecofennian domain (the 
Savo Schist Belt) , in which case the rocks of 
the Vammala migmatite area would be the 
lower members of the back arc basin forma
tions. Since, however, the collision of the 
Archaean craton with the Proterozoic island 
arc system started 1.91 Ga ago (Lahtinen 
1994) , the age s of the formations in the Tam
pere synclinal area are not compatible with 
this interpretation . 

Conglomerates and rapid tectono-metamorphic evolution 

The ages of the synkinematic (syn-D
2

) gran
itoid s in the Tampere synclinal area are 1885-
1878 Ma (Nironen 1989b) and in the Vamma
la migmatite area 1881 Ma (here). No matter 
with which conglomerates of the Tampere 
synclinal area the conglomerates of the 
migmatite area correlate, soon after their 
deposition they were metamorphosed at a 
depth of at least 15 km , as the synclinal sed
imentary rocks correlatable with them were 
metamorphosed at the same time under con
dition s of greenschist facie s . On the basis of 
the cry stallization of porphyroblasts in the 
migmatites, this metamorphism can be relat
ed to D

l
, wh ich, due to the low syn-D

l 
tem

perature , is usually absent from the Tampere 
synclinal area . 

Should the conglomerates correlate with 

the Myllyniemi formation , they were migma
tized , D

l 
deformed and at least partly F

2 
fold

ed at 1910-1885 Ma . If the conglomerates in 
the migmatite area correlate with the Veitt
ijärvi type of conglomerates , the deposition
al maximum of which occurred 1890 Ma ago, 
D

l 
deformation and metamorphism occurred 

even more rapidly. In the context of the 
Mauri subarea, D

l 
structures were described 

from the andalusite-mica schists located 
stratigraphically above the meta-arkose , 
<1.9 Ga old . Should the interpretation of the 
location of the Mauri meta-arko se in the 
upper part of the stratigraphy of the Tampere 
schist beIt be valid , it means that the D

l 
stage 

was probably shorter than suggested by the 
model or, alternatively, that sedimentary 
rocks deposited in the synclinal area during 
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D ,. 
Rapid evolution implies either tectonic 

thickening of the crust due to an overthrust 
or the bringing of some of the sedimentary 
rocks deeper into the crust by extensiona l 
processes. In either case, the proximity of the 
sedimentary rocks on the current erosion 
level requires a post-D , event, in which rocks 
that had migrated into entirely different PT 
conditions during D

J 
were brought back in a 

vertical direction to approximately the same 
level. The event might have been post-D

J 

faulting or folding with sufficient frequency 
and approximately horizontal axis. 

The high-temperature and low-pressure 
metamorphism typical of the Svecofennian 
domain is related temporally to magmatism 
in the central and northern parts of the do
main (Korsman et al., in press) . The thick 
high-velocity layer of the lower crust, which 
makes the Svecofennian crust abnormally 
thick, extends over the whole area of the 

high-grade Svecofennian crust. Thus the 
metamorphism could have been caused by 
the magmatic underplating about 1885Ma 
aga connected with the extension of the low
er crust (Korsman et al., in press). 

As already pointed out, the mode of occur
rence of the metamorphic and tectonic struc
tures visible on the current erosion level can 
best be exp lained by syn-D

J 
normal faults. 

Therefore, the above magmatic underplating 
should have occurred before the formation of 
the D

J 
structures visible today . The tectonic 

pre-D
J 

thickening of the crust and subse
quent replacement of the lower part of the 
lithosphere by the asthenosphere, as outlined 
by the model of Platt & England (1993), 
could then offer an explanation for the exten
sional D

J 
structures. In that case , the D

J 

structures would not be associated with 
northward subduction under the Tampere 
Schist Belt, as proposed by the model here. 

Relative age of intrusive rocks and structures 

Many papers published from the area dis
cuss the age of the Ni-bearing intrusions in 
the Vammala migmatite area in relation to 
structural and metamorphic evolution (Kil
peläinen & Rastas 1992, Peltonen 1995 , 
Marshall et al. 1995) . According to the 
present model , we cannot solve the problem 
by studying the properties of one formation 
a lone. Although the intrusions in the model 
are syntectonic in relation to D

J 
- an interpre-

tation permitted by all the above authors -
their relation to deformation and metamor
phism depends on the depth at which and 
how far from the thrust front they originally 
crystallized . Since the B/D transition moves 
vertically during D

J
, the intrusions of the 

same age in the migmatite area , too, may be 
pre- , syn- or post-tectonic in relation to D

J
• 

This is especially clearly seen in the forma
tions that intruded above the "final" syn-D

J
-

B/D boundary (the present unmigmatized en
vironment) . In theory, they should have a 
distinct contact aureole , even if cut later by 
S2 and M2. On the same grounds, it is possible 
that, because the age of the metamorphic and 
tectonic structures varies both with depth and 
laterally , as shown by the model , the contact 
relations of dykes of the same age with the 
host rocks vary markedly (mafic dykes in the 
Tottijärvi, Ellivuori, Koosanmaa, Hämeen
kyrö and Stormi areas). The issue is further 
complicated by the primary direction of the 
dykes in relation to N-S compression during 

D 2 · 

The above also holds for the age relation of 
the synkinematic metatonalites to structures 
and metamorphism. Since the intrusion rate 
of a felsic magma is substantially lower than 
that of a mafic magma , the age difference in 
relation to the structures between the intru-
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sions of the same magmatic pulse may be 
real, depending on the crystallization depth, 
considering the rapidity of evolution in the 
Tampere- Vammala area (Paterson & To
bisch 1992). 

With the exception of the beginning of D I, 
we know the ages of the D land D2 stages in 
the Tampere-Vammala area fairly accurate
Iy . On the basis of the porphyritic granites, 
we also know when D

3 
began, but its dura

ti on is still somewhat ambiguous. Even 
though the youngest metamorphic pulse is 
associated with zones of intense D

3
, we do 

not know whether D 3 was active throughout 
M

3 
or not. The crystallization of younger 

garnets in neosomes in S3 planes suggests 
that it was , but it is possible that these ne
osomes are only imitating structures that 
were present while they crystallized. De
spite their narrowness and fragmentation, 
the plagioclase porphyry dykes that intruded 
syntectonically in relation to F

3 
folding in 

the Mauri subarea could probably be dated, 

thus offering a way of resolving the issue. 
If the D2 and D) structures were created in 

the course of north-south compression, the 
structures classified as D2 and D) may have 
formed simultaneously in adjacent areas. 
Inversely, this also means that D3 structures 
are not necessarily of the same age every
where. Hence , the syntectonic relation of the 
Lavia porphyritic granite to 0 ) structures 
may indicate the age of 0 ) only in the north
western part of the Tampere-Vammala area. 
Consequently, the granitic migmatization 
and metamorphism, 1840-1830 Ma in age, in 
the southern part of the area may be a syn
tectonic event in relation to 0 ), without D) 
having to be interpreted as a long-lasting 
deformation stage . This idea is also applica
ble to the evolution of 0 2 structures, even 
though the ages and syn-02 nature of the 
synkinematic intrusions in the Tampere 
Schist Belt and at Stormi indicate synchro
nism of D2, at least in these parts of the study 
area . 

CONCLUSIONS 

Several explanatory models, in which the 
emphasis is on establishing the age relations 
between the tectonic structures of migmatitic 
areas and better preserved rocks, can be pre
sen ted to solve the infra-/suprastructure is
sue in the Tampere- Vammala area . The 
present work is based on a geometric analy
sis of tectonic and metamorphic structures 
and on the stratigraphy of the Tampere syn
clinal area . 

In the Tampere- Vammala area: 

The syn-O l metamorphic grade varies 
with section depth, and SI is the main schis
tosity in rocks that were below the BIO tran
sition at the end of 01 ' The brittle/ductile 
transition corresponds approximately to the 
Muscovite+Quarz=Potassium Feldspar+Sil
limanite+H20 isograd of the metasedimenta
ry rocks. Locally, the syn-O l metamorphic 

grade also increased downwards in stratigra
phy. 

The geometry of both the tectonic and 
metamorphic structures on the current ero
sion level implies normal faults at 0] 

The 01 structures can be explained by 
north-south compression associated with si
multaneous extension , at least locally. A D I 
evolution is presented here , in which the 
extension occurs in an arc and back arc en
vironment during subduction from the south 
to under the Tampere Schist Belt. Alterna
tively , the extensional 01 structures may be 
due to the isostatic disequilibrium caused by 
pre-O I thickening of the crust and magmatic 
underplating . 

The variations in syn-O l metamorphic 
grade on the current erosion level are ex
plained with the aid of °2-0) modelling. The 
0 2 structures were produced in north-south 
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compression and the 0 3 structures can also be 
attributed to this stress field. 

The °
1 

metamorphic structures are cut 
by syn-02 and syn-O) metamorphic struc
tures concentrated on F2 synforms , F/F3 in
terference basins and 0 3 shear zones. 

The subhorizontal 01 structures are 
estimated to be over 1889 Ma in age. The 0 2 
syn- and antiforms with horizontal axes and 
vertical axial planes developed at 1889-1878 
Ma. The last folds to significantly rework the 
current structure of the area were the plastic, 
mesoscale ones that developed during 0 ) 
(1878-1830 Ma). The ages of the 0 2 and 0 ) 
stages vary in the area and the O2 and 0 ) 
structures could have evolved partly syn
chronously. The age estimates are based on 
the relations between the dated intrusive 
rocks and tectonic structures of supracrustal 

rocks. 
The nature and composition of migma

tization changes broadly with time. The 0
1 

leucosomes are trondhjemitic , narrow veins 
striking parallel to S/SI' The O2 veins cut or 
imitate older structures and are richer in 
potassium feldspar. The 0 ) dykes are cutting 
granites, which, in high-grade 0 3 zones , con
tai n gamet. 

The nature of magmatism changed 
with time. The pre- and syn-O

l 
dykes and 

intrusions are mafic and ultramafic . The sy
norogenic granitoid intrusions at O2 consti
tute the major part of the magmatism. At 
least so me of the porphyritic granitoids were 
emplaced during 0 3' However , small 
amounts of mafic and intermediate dykes 
intruded throughout the structural evolution 
period . 

FURTHER WORK 

Should a more detailed picture of the 3D 
geometry of the Tampere-Vammala be de
sired than that provided by the present mod
el, we should attempt to clarify the kinemat
ics of the 0 3 high strain zones in particular. 
Unfortunately , these shear zones are poorly 
exposed and, even then, due to the intensity 
of metamorphic overprinting, kinematic in
dicators may be difficult to find. Although 
so me of the shears may represent reactivated 
older high-strain surfaces, it is indisputable 
that movements occurred along them, at least 
after MI metamorphism. 

The area is known to contain post-O
J 

brittle 
faults, and they , too , may have had a local 
impact on the depth of the section now vis
ible on the erosion level. The fault marked on 
the map of the Hämeenkyrö subarea, at least, 
strikes in the same direction as the postmet
amorphic and post-tectonic granite dykes 
common in the migmatite area. lt would be 
worthwhile establishing whether the fault 
and dykes belong to the same east-west
trending extension, i.e. the Svecofennian 
postcollisional extension. 
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Appendix 1/ I. Microprobe analyses of garnets in the Stormi subarea. 

~6~~D \ ~~~~~~~1 1:~~~~ _~ 1~~~~~~~ .~~~~~~1 ~:~~~~~1 2;~~~1 2~~~~~~1 ~~~~~~1 3;~~~~1, 3;~~~1 3~~~~~~1 3;~~~~1 3~~~~~~1 1~~~~:1 1~~~~~:1 
Y·COORD ! 6802600 6802600 6802600 - 6802600 6804500 6804500 6804500 6804500 6803300 -~ 6803300 6803300 6803300 6803300 6801400 6801400 i 
SiO, - - 1 • 34,51 35,59 36,04 37,11 37,46 --37,30 37,18 36,90 37,91 37,92 - 37.56 37.17 37.22 38,02 37,28 ~ 
no,---1' 0,06 0,13 ----0.00 0,04 0,94 0,26 0,00 0,03 0,00 0,00 0,00 0,10 0,05 0,00 0,15 0 ' 1~7 
,-A-I,O- '--T- 19,07 19,80 19,89 19,90 20,34 19,56 19,74 19,54 20,15 20,55 19.78 20,1 1 19,65 20,63 20,34 20,04 
,FeO(tot.) I 28,51 29,25 33,67 34,69 .~-"'::'_ 30,70 33,18 31,84 33,12 32,55 33,71 34,23 33,47 34,62 35,24 34,79 
~-l 9,14 9,65 3,29 3,07 1,41 1,25 2,54 2,26 1,31 1,52 1,96 1,56 1,47 2,25 4,02 3,83 
~-l' 1,70 1,55 2,47 2,75 1,37 .. 1,20 0,70 0,43 2,71 3,51 2,15 2,34 2,24 2,00 2,17 2,~\ 
,CaO ___ _ 1,10 1,33 1,61 1,69 6,50 6,96 6,39 6,20 4,34 4,35 3,97 4,53 4,40 3,55 1,70 1,561 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 

IK,O - - 0,03 0,00 0,00 0,04 0,10 0,01 0,04 0,04 0,10 0,08 0,00 0,00 0,13 0,08 0,04 0,041 
Total -- ' 94,26 97,44 96,96 99,46 101 ,00 97,24 99,82 97,33 99,92 100,47 99,19 100,09 98,69 101 ,15 101 ,00 99,7~ 

ISAMPlE :- ' 10C-TIK-91 10D-TIK-91 11A-TIK-91 11B-TIK-91 11C-TTK-91 11D-TIK-91 12A-TIK-91 12B-TTK-91 12C-TTK-91 12D·TTK-91 12E·TTK-91 12F·TTK·91 16A·TIK·91 16B·TTK·91 16C·TTK·91 16D·TTK-91 
X-COORD 2451000 2451000 2450300 2450300 2450300 2450300 2448300 2448300 2448300 2448300 2448300 2448300 2451700 2451700 2451700 2451700 
Y·COORD 6801400 6801400 6801200 6801200 6801200 6801200 6800800 6800800 6800800 6800800 6800800 6800800 6804200 6804200 6804200 6804200 
SiO, 39,001 35,44 38,40 38,38 37,50 37,13 38,77 37,77 37,40 38,16 37,66 37,02 34,87 35,39 37,09 36,80 
no, 0,001 0,10 0,07 0,26 0,10 0,00 0,00 0,00 0,00 0,00 0,02 0,00 0,05 0,00 0,00 0,07 
Al,O, 22,24 \ 19,18 20,84 21 ,45 20,31 20,38 2o.s2 20,49 20,13 20,84 20,18 20,35 19,04 19,1 3 19,84 19,60 

34,33 
3,53 
2,30 

CaO 1,75 \ 1,61 

38,58 
2,05 
4,19 
1,56 

38,35 35,13 
2,06 2,23 
3,81 3,35 
1,56 1,71 

34,32 35,89 35,17 
1,77 1,90 1,54 
3,79 2,60 2,75 
1,98 3,05 2,90 

36,08 35,15 34,33 36,49 31,81 32,27 32,09 34,74 
1,88 1,89 1,58 1,87 1,06 0,79 0,95 1,09 
3,07 3,63 2,92 2,46 1,54 1,55 2,28 1,68 
1,24 3,06 2,90 1,35 4,93 5,43 6,38 4,65 

Na,O 0,00 \ 0,00 0,00 0,00 0,00 0,10 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
K,O 0,001 0,00 0,00 0,13 0,Q7 0,07 0,05 0,00 0,00 0,01 0,05 0,05 0,00 0,02 0,09 0,00 
Total 107,62[ 96,52 103,54 103,99 100,69 99,51 103,07 100,76 99,96 102,74 99,70 99,72 93,47 94,62 98,75 98,74 

SMfPLE 17A·TTK·91 I 17B·TIK-91 I 17C·TTK·91 I 17D·TIK·91 I 16A·TIK·91 I 18B·TIK·91 I 18C·TTK·91 I 18D·TTK·91 I 19A·1TK·91 1 19B·TTK· 91 1 19C·TTK·91 I 19D·TTK·91 1 2oA:rn<:-gfl l!ö-S-Tr1<.91T2ÖC:nK:g1T 2Ö-D~m·91 
X·COORD 2451200 I 2451200 I 2451200 I 2451200 \ 2448700 I 2448700 I 2448700 I 2448700 \ 244890'0'1' 2448900 , 2448900 , 2448900 1 2449000 1 2449000 , 2449000 , 2449000 
Y·COÖRD 6804200 1 6804200 1 6804200T6804l!0ö -I 6 804200 I 6804200 , 6804200 1 6804200 1 6804900 1 6804900 1 6804900 , 6804900 , 6802000 , 6802000 , 6802000 , 6802000 
SiO, 35,681 34,821 35,381 35,391 34,51 1 34,02 1 34,68 1 34,461 39,261 38,90 \ 37,68 1 38,321 38,731 38,631 38,981 36,77 
no, 0,031 0,001 0,19 \ 0,1 21 0,00 1 0,00 \ 0,00 1 0,001 0,04 1 0,00 \ 0,141 0,00 \ 0,041 0,001 0,191 0,06 
AJ,O, 19,15 \ 18,83 1 18,261 19,16 1 18,31 1 18,271 19,07 \ 18,55 \ 20,81 1 19,851 20,661 19,91 1 21 ,34 1 20,78 \ 19,58 1 19,27 
FeO(tof) 30,27 \ 30,39 \ 30-;121'---'30;01[' 30,99 1 30,11 1 31,14[ 31,37 \ 29,62 \ 28,19\ 28,82 1 28,21 1 33,44 1 32,11 1 32,531 32,40 
MnO 1,n [- ----u1 1 1,87 1 1,891 4,79 1 4,931 4,561 4,79r----i O;8!l[ 10,71 [ 11 ,27 [ 10,59 \ 2,49 \ 2,50 \ 2,33 \ 2,74 
MgO 0,84 1 0,75 \ 1,01 [ - 1,37[---- i,72 1 1,72 1 2,16[ 2,09 [ 0,80 \ 0,63 \ 1,35 \ 1,28 \ 2,85 \ 2,761 2,83 \ 2,73 
CaO 7;62 [ --7-;45[' 7,791 7,081 1,501 1,43 1 1,25 1 -- (34[ -2,47[ 2,46 \ 2,58 \ 2,48 \ 2,331 2,251 2,41 1 2,14 
Na,O ~\ ~I ~\ ~I ~\ ~I ~I ~\ ~I ~I ~I ~I ~I ~ I ~I ~ 
K,O 0,00 0,00 
Total 95,32 96,13 

SAMPlE 1 2iA-:-~WRB-:-TTK.91 1 21C.TTK.91 1 21D.TTK.91 1 27A.TTK-:g1 27B·TTK·91 27C·TTK·91 27D·TIK·91 29D·TTK·91 
u -~--- 1 2446500 2446500 2446500 I 2446500 2452800 2452800 2452800 2452800 2451200 
Y:COÖRDi 6800700 I 6800700 \ 6800700 I 6800700 I 6801400 I 6801400 I 6801400 I 6801400 I 6800100 , 6800100 " 6800100 '1 6800100 , 68023001 6802300- ' 68023OCi,- 6802300 
SiO, 35,12 35,00 35,4835,86 - ---36,43 36,87 37,14 36,93 37,40 38,13 37,51 38,03 38,65 38,00 35,27 37,56 
TiO, 0,Q4 0,00 0,00 0,04 0,00 0,04 0,04 0,05 0,00 0,10 0,08 0,00 0,00 0,11 0,04 0,02 
AI, O, 19,10 19,00 19,60 19,80 20,07 19,45 20,71 20,05 20,27 20,55 21,33 21 ,27 20,92 20,39 19,16 20,22 
FeO(tot. )- . 34,36 34,92 34,78 - 35,i0f--- ' 26';46 .- 26.48 26,30 25,96 35,49 35,21 '" 35,14 34,48 35,56 34,58 32,73 35.00 

- """ MnO _ 2,04 1,97 1,41 1,27 .~ __ . 8,33 8,50 9,28 2,30 2,57 3,37 3,49 3,35 3,14 2,99 2,94 
~J!Q.... 2,32 2,50 2,94 2,78 ,~ 0,89 2,33 1,62 3,12 3,09 3,00 4,00 2,46 2,59 2,80 2,66 
CaO _gg _ ~ ___ ~_,~3 .. 5,79 6,29 6,21 5,56 1,35 . ....gg _. 1,34 1,57 1,05 1,20 1,21 1,32 
Na,O _. 0,00 0,00 0,00 __ 0.00 0,00 0.00 0.38 0,00 0,71 _~ _ _ 0,00 0,06 0,00 0,00 0,00 ~, 

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
~- - ~ - 94,49 95,37 96,14 '--' 9 7,85 -- 98,40 101 ,63 99,59 100,70 101 ,25 101 ,87 103,06 - 102,07 100,05 -'94;28 -- 99,99' 
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Appendi x l/ 2. Microprobe analyses of garnets in the Stormi subarea. 

ISAMPLE 140A-TIK-91 40B-!!K-91 4Q.C-TI~!.1_4ÖD:TIK-91 41A-TIK-91 41B-TIK-91 ~~-TIK-91 41'2:!I.~1 41E-TI~91 41F-TIK-91 lA-JTR-91 lB-JTR-91 lC-JTR-91 lD-JTR-91 3A-JTR-91 3B-JTR-91 
X-COORD 2447300 2447300 2447300 ' 2447300 2447600 2447600 I 2447600 2447600 2447600 ; 2447600 2454650 . 2454650 2454650 2454650 2451200 2451200 
r.Y-COORD 1 6804600 /- ~04600 6804600 -~+- 68046!l~ _ 6803500 6803500 1 6~03500 ~B03500 6803500 ' 6803500 6795550 ~ 6795550 6795550 6797250 6797250 
ISiO, _ I- ~,~ ~ 37,~ _ 36,40 36,52 35,45 35,59 37,52 ----'-'-'-'38,22 37,39 34,1 3 35,34 38,61 3~~ 38,01 37,76 
llio, 0,14 0,00 0,00 0,00 0,01 0,04 Q,Osi- - -0:01 0,50 0,07 0,00 0,00 0,15 0,13 0,00 0,00 
IAI,O, 20,54 ~ 20,29 19,82 20,69 20,21 20,13 ---ZO;41 21:37 20,34 18,64 19,53 21,42 20,47 20,80 20,28 
FeO(to1.) ~I-' 29,96 31.6B 30,74 27,23 27,33 26,69 25,87 26.36 26,43 31,91 33,47 35,64 33,73 38,18 37,55 
MnO 5,77 6,01 5,34 5,36 5,84 6,24 6,26 5,81 - 5,91 5,81 5,37 5,65 7,68 - 5,85 0,63 0,74 
MgO 2,98 2,47 1,96 2,55 3,10 2,93 3,06 2,82 2,95 2,55 1,29 1,69 1,78 2,03 3,56 3,06 
CaO 1,32 1,44 . trs - 1,63 2,97 3,01 2,80 4,93 5,20 5,21 0,88 0,90 1,15 1,00 1,21 1,21 
Na,O 0,00 0,00 0,00 0,00 0,00 0,03 0,28 0,00 0,10 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
K,O 0,08 0,14 0,03 0,04 0,12 0,02 0,00 0,05 0,16 0,00 0,00 0,00 0,05 0,00 0,03 0,01 

Total I - 98,03 1 98,22 1 98-;3"3 1 96,65 1 96,48 ] 95,401 95,021 97,49 ] 100,74 ] 97,87 1 92,27 ] 96,89 ] 106,61 ] 99,34 ] 102,43 ] 100,65 

SAMPLE- I 3C-JTR-9n 3D-JTR-91 14A-JTR-91 i 4B-JTR-9n 4C-JTR-91 I 4D-JTR-91 I 6A-JTR-91 ! 6B-JTR-91 I 6C-JTR-91 r 6D-JTR-91 I lIA-JTR-91 I lIB-JTR-91 I lIC-JTR-91 I lID-JTR-91 I 11 E-JTR-91 I 12A-JTR-91 
X-COORD 1 2451200 2451200 2449100 1 2449100 1 2449100 I 2449100 I 2448700 I 2448700 I 2448700 I 2448700 I 2451300 1 2451300 I 2451300 1 2451300 I 2451300 I 2453100 
Y-COORD --I 6797250 1 6797250 1 6797100 1 6797100 1 6797100 I 6797100 I 6795450 I 6795450 I 6795450 I 6795450 I 6795400 I 6795400 I 6795400 I 6795400 I 6795400 I 6797650 
SiO, 38,26 1 37,64 1 36,71 1 36,381 35,941 35,851 -~I 36,32 1 34,771 36,40 1 39,111 39,061 37,21 1 37,25 1 36,42 1 37,92 
no, 0,071 0,001 0,001 0,00 1 0,001 0,001 0,021 0,071 0,021 0,021 0,071 0,16 1 0,06 1 0,00 1 0,001 0,00 
AI,O, 
FeO(to1.} 
MnO -0,87 1 - 0,611 (311 1,Q41 1,191 1,151 2,961 2,721 2,74 1 3,091 1,901 2,131 3,28 1 2,22 1 1,991 2,65 

IM90 3,691--~;J--~~-~~-~~-~,-*-~~-~~---:~I---~+--~j--~i+--~~--Ti~----T~----T~ CaO 1,20 
Na,O 0,001 0,001 0,00 1 0,001 0,001 0,001 - -ö,ool -- -0,001 0,00 1 0,001 0,31 1 0,001 0,001 0,291 0,001 0,00 
K,O 0,001 0,001 0,021 0,041 0,101 0,Q41 - - -0,001' 0:031 0,081 0,051 0,001 0,021 0,01 1 0,021 0,05 1 0,05 
Total '-01 ,201 101,671 91,601 96,381 94,871 95,341 97,831 96,901 92,001 97,051 105,081 103,17 1 98,31 1 101 ,201 98,301 102,05 

SAMPlE 
X-COORD 
Y-COORD 

~ 
n02 

AI,O, 
FeÖ(tOf) 
MnO 
MgO 
CaO 
Na,O 
K,O 
Total 

12B-JfR-91 1 12C-JTR-91Tf2D-JTR-91T12E-JtR-91 1 13A-JTR-91 1 13B-JTR-91 I 13C-JTR-91 I 13D-JTR-91 I 14A-JTR-91 I 14B-JTR -91 I 14C-JTR-91 I 14D-JTR-91 I 14E-JTR-91 1 16A-JTFnl1 r-jSB-JTR-91 16C-JTR-91 
2453100 1 2453100 2453100 1 2453100-T' 2451850 I 2451850 I 2451850 I 2451850 I 2448750 I 2448750 2448750 I 2448750 I 2448750 2447250 2447250 2447250 

6799150 
~ 

0,001 0,061 0,04 1 0,00 1 0,031 0,151 0,261 0,001 0,001 0,00 1 0,08 1 0,121 0,001 0,001 0,00 0,00 

20,29 1 20,72 1 20,771 20,61 1 20,561 20,191 20,94 1 20,31 1 21,151 20,09 1 20,381 20,551 20,38 1 19,91 1 20,02 19,44 
36,Q4 1 - 35,891 35,911 35,361 34,fs [ 33,59 1 35,00 1 34,56 1 36.00 1 34,281 33,001 35,83 1 35,47 1 35;061 - 33,95 33,60 

2,661 4,491 3,23 1 3,46 1 5,45 1 5,55 1 4,76 1 4,26 1 2,44 1 2,451 3,94 1 2,16 1 2,12 1 1,22 1 1,30 1,51 
2,71 1 1,44 1 2,67 1 2,221 2,18[ 1,941 2,061 2,071 3,70 1 2,84 1 2,45 1 3,03 1 3,13 1 3;54[ 3,84 3,37 
1,42 1 1,27 1 1,31 1 1,381 1,351 1,351 1,28 1 1,151 1,351 1,50 1 1,64 1 1,65 1 1,81 1 1,301 1,45 1,43 

~I ~ I ~ I ~I ~ I ~ I ~ I ~ I ~ I ~ I ~ I ~ I ~ I ~ I ~ 0,00 
0,001 0,001 0,03 1 0,Q3 1 0,03 1 O,051 0,Q31 0,021 -- o:oor--- ö,ool 0,041 0,11 1 0,12 1 0,00 1 0.02 0,09 

100,56 1 --T01,85] fÖV-or 100,86] 101.58 ] 100,42] 101,52 ] 99,30 ] 102,56 ] 98,19 ] 98,19 ] 101,63 ] 101,34 ] 91ros i 98,33 95,90 

SAMPLE 17D-JTR-91 18A-JTR-91 18B-JTR-91 18C-JTR-91 18D-JTR-91 18E-JTR-91 22A-JTR-91 22C-JTR-91 22E-JTR-91 
X-COORD 2447600 2450800 2450800 2450800 2450800 2450800 2453950 2453950 
Y-COORD 6798100 6798600 6798600 6798600 6798600 6798600 6798250 6798250 
Sie, 37,24 36,75 36,55 37,90 38,39 37,98 ~07 - 36,26 37,03 37,85 --- 37,64 37,70 37,44 37,56 36,83 36,96 
no, 0,00 0,00 0,00 0,12 0,00 0,00 0,00 0,03 0,00 0,06 0,00 0,12 0,00 0,00 0,29 0,08 
~ 20,41 ~i- 20,51 20,79 21 ,39 20,82 20,94 19,23 19,63 20,54 19,65 20,93 20,54 20,48 19,55 19,82 
~f} 35,41 34,46 32,60 J4.SOr- 32,76 32,29 34,76 31,96 33.03 33,21 33,40 37,37 37,56 36,87 36,35 36,68 
MnO 0,95 _~ _ 1,39 1,68 1,10 1,82 4,09 - ~ 3;88 6,28 6,45 2,28 2,27 1,91 1,68 3,54 
MgO 3,86 3,32 3,47 3,19 4,22 3,93 3,71 2,33 2,53 2,87 2,35 2,73 2,48 3,37 2,06 1,44 
CaO ~ .. ~ __ .~ ...: ___ 1,08 1,01 _ 0,93 - 1,56 1,54 1,58 1,70 1,60 _ 1,12 1,14 1,18 1,15 1,26 
Na,O 0,00 ~I--_ O,~4 0,00 0,65 0,00 0,00 Mo ~oof- - 0,00 0,00 0,00 0,00 0,00 0,00 0,12 
K,O 0,00 0,00 0,00 0,00 0,00 0,03 0,06 0:00 - 0:01 - 0,00 0,13 0,00 0,03 0,00 0,00 0,00 
Total 99:241-- 96.61 96.10 -- 9944 9979 9811 103 '0 ~ - 97,95 , 102,59 101,20 102,47 101 ,62 101,38 97,91 100,07 
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Appendix 2/ I. Microprobe ana lyses of biotites in the Stormi subarea. 

SAMPLE lE-TTK-91 lF-TTK-91 lG-TTK-91 lH-TTK-91 2E-TTK-91 2F-TTK-91 2G-TTK-91 2H-TTK-91 
X-COORD - 2453900 2453900 2453900 2453900 2455~~ - 2455000 . 2455000 

~RD ~B026~ 6802600 6802600 -~ 6804500 6804500 6804500 6804500 
SiO, 35 - --35,04 - 35 35,43 - 35,51 34,89 ---35, 11 34,56 

no, '2,69 2,73 2,45 2,56 2'9- m - - 2,71 2,80 

AI,O, 17,68 - - 17,79 18,01 17.aa - 15 ,~6 --~ - 15Ts - 15'Bs 
~' 1--- - - - 20,53 20,26 20,03 25,73 - 2i.i3 2Da 24:54 2~~ 
MnO 0,44 0,36 0,24 0,39 0,24 0,08 0,34 0,44 
MgO 7,62 8,14 7,77 7,85 7,04 6,74 6,62 6,93 ---
CaO 0,00 0 0,04 0 0,12 ~ 0,00 0,02 
Na,O 0,00 - 0,00 0,00 0,00 0,03 r-- 0,00 0,00 0,00 
K,O 10,34 10,10 10,50 10,04 9,80 9,57 9,84 9,87 
Total 94,21 94,74 94,35 94 ,3 96,72 94,63 94,36 95,01 

SAMPLE lIE-TTK-91 lIF-TTK-91 lIG-TTK-91 lIH-TTK-91 12G-TTK-91 12H-TTK-91 121-TTK-91 12J-TTK-91 
X-COORD 2450300 2450300 2450300 2450300 2448300 2448300 2448300 2448300 
Y-COORD 6801200 6801200 6801200 6801200 6800800 6800800 6800800 6800800 
SiO, 35,24 36,14 35,25 35,40 35,26 35,37 35,11 35,10 
no, 3,00 3,40 3,24 3,23 2,45 2,55 2,53 2,33 
AI,O, 16,36 18,01 16,43 16,71 17,63 17,84 17,44 18,18 
FeO(tol) 17,95 19,10 17,03 17,76 18,60 18,94 19,17 19,13 
MnO 0,13 0,11 0,00 0,03 0,05 0,03 0,12 0,1 8 
MgO 9,28 11 ,17 10,05 9,52 10,04 9,23 9,47 9,55 
CaO 0,00 0,00 0,00 0,01 0,03 0,03 0,02 0,00 
Na,O 0,00 0,00 0,00 0,00 0,00 0,00 0,17 0,00 
K,O 9,15 9,58 9,70 9,81 10,14 9,94 10,06 9,74 
Total 91,28 97,71 91 ,77 92,65 94,47 93,87 94,21 94,25 

SAMPLE 18E-TTK-91 18F-TTK-91 18G-TTK-91 18H-TTK-91 19E-TTK-91 19F-TTK-91 19G-TTK-91 19H-TTK-91 
X-COORD 2448700 2448700 2448700 2448700 2448900 2448900 2448900 2448900 
Y-COORD 6804200 6804200 6804200 6804200 6804900 6804900 6804900 6804900 
SiO, 32,57 32,88 32,72 31 ,81 34,60 34,07 35,14 34,33 
no, 2,23 2,26 2,58 2,74 3,06 3,03 3,14 2,89 
A120 3 17,21 17,07 16,82 16,78 17,72 16,58 16,86 16,19 
FeO(tot.) 17,94 17,45 18,33 18,82 20,54 20,48 21,26 21 ,61 
MnO 0,31 0,00 0,25 0,00 0,39 0,43 0,30 0,31 
MgO 7,32 6,75 7,25 6,79 8,57 7,03 7,17 7,62 
CaO 0,13 0,00 0,06 0,08 0,00 0,06 0,07 0,00 
Na, O 0,00 0,00 0,00 0,00 0,21 0,00 0,00 0,00 
K,O 9,36 9,50 9,25 9,01 10,06 10,09 10,07 9,99 
Total 87,40 85,96 87,35 86,08 95,43 91 ,77 94,37 92,96 

SAMPLE 27E-TTK-91 27F-TTK-91 27G-TTK-91 27H-TTK-91 28E-TTK-91 28F-TTK-91 28G-TTK-91 28H-TTK-91 
X-COORD 2452600 2452800 2452600 2452600 2453000 2453000 2453000 2453000 
Y-COORD 6601400 6601 400 6801400 6601400 6600100 6600100 6600100 6600100 
SiO, 36,33 36,96 35,90 35,72 35,71 35,57 35,16 35,90 
no, 3,03 3,05 3,25 3,07 2,77 2,86 3,07 2,83 
AI,O, 16,12 16,44 16,37 16,06 17,66 17,92 17,81 18,22 
FeO(tot. ) 19,67 19,62 20,47 20,12 16,22 16,31 16,07 17,36 
MnO tro 0,34 0,42 0,35 0,00 0,22 0,01 0,19 
M90 r-- 9,54 9,71 9,31 9,38 -,-0,24 ---.::~ 10,65 
CaO ~ 1-. - 0,03 0,00 0,00 0,00 ~ - ~ I- 0,00 
Na, O 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 
K,O 1öOO 1-. 10,03 10,29 10,14 10,15 To:Os I--- iO,32 I- 10,24 
,Total 95:78 I- 9 6:13 96,46 94,96 94,11 95,50 94,22 95,38 

3G-TTK-91 3H-TTK-91 31-TTK-91 3J-TTK-91 
2454900 2454900 2454900 2454900 
6803300 6803300 6803300 6803300 

37,55 36,83 36,38 37,14 
2,98 2,79 3,14 2,87 

-~ 14,79 14,99 -- 15,03 
21,60 21,81 21 ,78 21,86 
0,06 0,22 0,12 0,10 

10,49 10,37 10,73 10,01 
0,00 0,00 0,1 3 0,04 
0,33 0,48 0,55 0,00 
9,76 9,83 9,42 9,46 

98,49 97,20 97,29 96,59 

16E-TTK-91 16F-TTK-91 16G-TTK-91 16H-TTK-91 
2451700 2451700 2451700 2451700 
6804200 6804200 6804200 6804200 

34,30 33,91 34,10 32,46 
2,60 2,75 3,40 3,32 

14,60 15,16 14,86 14,54 
23,14 23,04 23,57 21 ,89 

0,10 0,03 0,06 0,00 
7,83 7,87 7,35 6,83 
0,08 0,00 0,00 0,02 
0,00 0,02 0,00 0,00 
9,13 8,94 9,38 8,90 

91 ,97 91,75 92,80 88,00 

20E-TTK-91 20F-TTK-91 20G-TTK-91 20H-TTK-91 
2449000 2449000 2449000 2449000 
6802000 6802000 6802000 6802000 

34,26 33,88 33,55 33,78 
2,54 2,50 2,70 2,22 

16,75 16,54 16,50 16,06 
18,16 17,98 18,16 18,24 
0,07 0,12 0,30 0,16 
9,92 10,05 9,62 9,40 
0,03 0,02 0,00 0,00 
0,17 0,04 0,00 0,00 
9,95 9,94 9,60 9,67 

91 ,97 91 ,28 90,79 89,76 

29E-TTK-91 29F-TTK-91 29G-TTK-91 29H-TTK-91 
2451200 2451200 2451200 2451200 
6602300 6602300 6802300 6602300 

33,60 33,78 34,97 35,63 
2,33 2,29 2,28 3,01 

18,13 18,57 18,86 18,16 
16,91 15,80 18,40 18,89 
0,06 0,16 0,00 0 ,22 

-W ----B,og 9,59 -W 
0,01 0,15 0,09 0,00 
0,00 0,00 0,00 0,00 
9,54 8,62 10,33 10:47 

' 8'8,88 I- ---ea.T9 ~ 95,62 

10E-TTK-91 10F-TTK-91 
2451000 2451000 
6801400 6801 400 

35,43 35,30 
3,01 2,71 

15,83 15,88 
21 ,07 20,35 

0,01 0,32 
9,32 9,62 
0,00 0,06 
0,00 0,00 

10,06 10,05 
94,73 94,44 

17E-TTK-91 17F-TTK-91 
2451200 2451200 
6804200 6804200 

32,04 32,65 
4,05 3,73 

12,87 12,63 
25,46 26,22 

0,10 0,16 
4,87 5,43 
0,00 0,05 
0,00 0,00 
9,53 9,04 

89,13 89,97 

21E-TTK-91 21F-TTK-91 
2446500 2446500 
6800700 6800700 

33,86 33,52 
2,94 3,15 

17,33 17,38 
19,24 19,60 
0,20 0,21 
7,53 7,63 
0,00 0,00 
0,00 0,00 

10,04 9,94 
91,23 91 ,58 

40E-TTK-91 40F-TTK-91 
2447300 2447300 
6604600 6604600 

34,56 35,37 
2,26 2,21 

17,92 17,54 
16,46 18,49 
0,33 0,16 
9,36 9,19 
0,00 0,01 
0,36 0,00 
9,62 9,69 

92,91 92,75 

10G-TTK-91 
2451000 
6801400 

35,13 
3,09 

15,55 
20,58 
0,25 
9,30 
0,06 
0,19 
9,69 

93,99 

17G-TTK-91 
2451200 
6804200 

33,05 
3,89 

13,41 
25,66 
0,32 
5,29 
0,00 
0,11 
9,20 

91 ,04 

21G-TTK-91 
2446500 
6800700 

32,51 
3,04 

17,46 
19,63 
0,20 
7,69 
0,00 
0,00 
9,84 

90,48 

40G-TTK-91 
2447300 
6604600 

34,78 
1,83 

18,91 
17,70 
0,13 
9,85 
0,10 
0,36 
9,45 

93,24 

10H-TTK-91 
2451000 
6801400 

35,1! 
2:s;i 

15,5! 
20,4C 

0,05 
8,5! 
O, O~ 

O,OC 
9,8~ 

92,54 

17H-TTK-91 
2451200 
6804200 

32,71 
3,08 

13,15 
26,13 

0,11 
5,26 
0,00 
0,00 
8,99 

89,70 

21H-TTK-91 
2446500 
6800700 

32,70 
3,21 

17,11 
19,88 
0,06 
7,81 
0,00 
0,00 
9,81 

90,75 

40H-TTK-91 
2447300 
6804600 

35,17 
2,17 

16,24 
17,90 

0,27 
9,63 
0,00 
0,00 
9,78 

93,38 
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Appendix 2/2, Microprobe analyses of biotites in the Stormi subarea, 

ISAMPLE - '4'i'G-'i"fR'91 41H-TTK-91 411-TTK-91 14jJ:TTK-91 41K-TTK-91J l E-JTR-91 lF-JTR-91 l G-JTR-91 lH-JTR-91 l l-JTR-91 3E-JTR-91 3F-JTR-91 3G-JTR-91 3H-JTR-91 31-JTR-91 4E-JTR-91 
X-COORO ~oo 2447600 2447600 1-2447600 2447600 1 2454650 2454650 2454650 I- 2454650 2454650" 2451200 2451200 2451200 2451200 2451200 2449100 
Y-COORO ' 6803500 6803500 6803500 - i ' 6803500 6803500 6795550 6795550 6795550 6795550 6 795550 6797250 6797250 6797250 6797250 6797250 6797100 
~ 36,07 36,04 38,02 38,23 37,84 34,63 33,31 35,33 35,01 35,30 34,75 35,1 2 34,87 35, 14 36,36 34,23 
TiO, 2,94 3,13 2,98 3,75 3,59 2,24 2,01 1,68 2,02 1,84 3,58 3,54 3,39 3,25 3,26 "'3,23 
AI, O, 16,50 16,76 17,89 18,70 18,72 18,32 16,60 18,43 18,15 18,86 16,78 17,62 17,43 17,23 18,31 17,11 
FeO(tot.) 16,98 16,78 17,89 17,27 17,17 21 ,53 21 ,50 22,33 21:62 - 21-:60 -' 20,94 20,84 20,67 19,73 19,70 18,73 
MoO 0,19 0,17 0,21 0,22 0,15 0,19 0,26 0,23 0,33 0,48 0,00 0,00 0,00 0,06 0,10 0,02 
MgO 10,16 10,86 11 ,28 10,42 10,37 6,76 6,51 6,89 7,25 6,89 8,57 7,86 8,34 9,23 9,46 8,79 
CaO 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,15 0,07 0,07 0,00 0,00 0,00 0,10 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
Ii,ö-- 9,79 9,85 10,02 10,34 10,37 9,85 10,34 10,15 10,25 10,31 10,21 10,37 10,10 10,17 10,21 9,70 
Tolal 92,75 94,02 99,34 99,51 98,24 93,79 90,90 95,39 94,65 95,53 95,30 95,54 95,04 94,96 97,43 92,12 

SAMPLE 
X-COORO 
Y-COORO 

4F-JTR-91 4H-JTR-91 6E-JTR-91 
2448700 
6795450 

6F-JTR-91 llG-JTR-91 l1H-JTR-91 l l l-JTR-91 12F-JTR-91 13E-JTR-91 
2449100 2449100 2448700 2451300 2451300 2451300 2453100 2451850 
6797100 6797100 6795450 6795400 6795400 6795400 6797650 6798300 

Sio, 
Tio, 

Al,O, 
FeO(lot. ) 
MoO 
MgO 
CaO 
Na20 
K, O 
Tolal 

34,32 
3,03 

16,74 
18,58 
0,20 
8,82 
0,00 
0,00 
9,90 

91 ,74 

33,80 
2,84 

16,31 
17,96 
0,02 
8,61 
0,00 
0,00 

9,57 
89,31 

34,14 
3,23 

16,54 

18.T5 
0,14 
8,68 
0,00 
0,00 
9,90 

90,99 

34,45 
2,57 

17,70 
19,09 

0,30 
8,89 
0,01 
0,00 
9,76 

92,94 

34,76 
2,57 

17,16 

'f9.f4 
0,11 
7,86 
0,00 
0,00 

10,01 
91 ,65 

34,38 
2,96 

17,16 
19,25 
0,14 
8,46 
0,00 
0,00 
9,91 

92,33 

34,04 
3,11 

17,22 
19,37 
0,15 
8,84 
0,03 
0,00 

10,09 
92,96 

37,28 
3,34 

17,87 
19,36 
0,27 

10,90 
0,00 
0,00 

10,33 
99,45 

36,32 
3,57 

17,15 
19,29 
0,13 

10,35 
0,00 
0,00 

10,55 
97,39 

34,51 
3,16 

15,74 
18,61 
0,05 
9,23 
0,01 
0,00 
9,86 

91 ,28 

38,77 

3,92 
18,85 
20,08 
0,09 

10,49 
0,00 
0,00 

10,69 
103,05 

36,22 
2,49 

19,08 
20,11 

0,08 
7,72 
0,00 
0,00 

10,59 
96,55 

35,34 

2,57 
18,98 
20,23 
0,11 
8,35 
0,01 
0,15 

10,04 
95,77 

35,42 
1,97 

19,61 
21 ,26 
0,06 
8,19 
0,00 
0,00 

10,08 
96,81 

34,88 
1,96 

19,54 
19,71 

0,14 
8,21 
0,00 
0,00 

10,27 
94,97 

35,20 
1,40 

18,96 
20,03 

0,24 
8,00 
0,14 
0,00 
9,93 

93,95 

SAMPLE 13F-JTR-91 I 13G-JTR-91 I 13H-JTR-91 I 14F-JTR-91 I 14G-JTR-91 I 14 H-JTR-91 I 141-JTR-91 I 16F-JTR-91 I 16G-JTR-91 I 16H-JTR-91 I 161-JTR-91 I 17E-JTR-91 I 17F-JTR-91 I 17G-JTR-91 I 17H-JTR-91 I 18F-JTR-91 
X-COORO 2451850 2451850 2451850 2448750 2448750 2448750 2448750 2447250 2447250 2447250 2447250 I 2447600 I 2447600 I 2447600 I 2447600 I 2450800 
Y-COORO 6798300 6798300 6798300 6799850 6799850 6799850 6799850 6799150 6799150 6799150 6799150 I 6798100 I 6798100 I 6798100 I 6798100 I 6798600 
Si02 35,00 35,35 34,28 35,27 36,41 35,99 35,70 34,80 35,10 35,46 35,72 1 34,43 1 35,391 34,64 1 36,381 34,61 
Ti02 1,25 2,85 2,55 2,51 2,63 2,70 2,76 3,05 2,99 3,60 3,351 3,20 1 2,91 1 3,201 3,661 2,72 
Al20 3 19,09 18,95 18,21 17,28 17,95 17,67 16,73 16,57 17,29 17,06 17,321 17,20 1 17,40 1 17,521 18,14 1 17,94 
FeO(tol) 19,98 19,64 20,06 19,32 20,29 19,52 19,59 18,01 18,69 17,80 18,28 1 17,131 17,23 1 16,07 1 17,88 1 18,60 
MnÖ 0,28 0,44 0,24 0,38 0,09 0,15 0,00 0,20 0,14 0,02 O,2t r- 0,001 0,07 1 0,07 1 0,08 1 0,25 
MgO 8,17 7,77 8,55 8,76 9,40 9,73 9,02 9,38 9,12 9,58 9,261 9,42 1 10,101 9,501 9,91 1 8,61 
CaO 0,00 0,18 0,06 0,05 0,05 0,09 0,00 0,00 0,12 0,00 0,001 0,09 1 0,00 1 0,03 1 0,11 1 0,02 
Na20 0,30 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,04 0,00 1 0,00 1 0,00 1 0,00 1 0,00 1 0,00 
K, O 10,41 10,42 9,93 10,21 10,52 10,08 10,15 9,60 9,95 9,87 10,08 1 9,771 10,43 1 9,65 1 10,48 1 9,81 
Tolal -+- 94,49 95,64 93,88 93,82 97,41 95,93 93,97 91 ,63 93,44 ~80 94,621 91 ,40 1 93,88 1 90,81 1 96,82 1 92,67

1 

SAMPLE 18G-JTR-91 I 18H-JTR-91 I 181-JTR-91 I 18J-JTR-91 122F-JTR-91 122G-JTR-91 122H-JTR-91 

X-COORO I 2450800 I 2450800 I 2450800 I 2450800 I 2453950 I 2453950 I 2453950 

IY-COORO I 67~9~86~0~0~~~~o~~~~~~~~~~~~~+-~~~~~~~~ ___ ~ ___ -+ __ __ 
SiO, 35,65 

~ ~I ~I ~I ~ I ~ I ~ I ~ 
rAl, O, 18,31 18,20 18,80 18,03 17,84 18,35 18,55 I I I I I I I 
rFeO(tol.) 19,30 19,41 18,47 19,18 19,46 19,51 19,22 

--I----Ii -f- ~I- 0,10 0,13 0,26 0,31 0,21 0,07 
MgO . 8,89 8,37 8,48 8,93 8,20 8,50 7,94 --1----
CaO _ ~f- 0,02 0,01 0,10 0,02 0,04 0,00 -- - -t I t . =t= u_ 
Na, O 0,00 0,00 0,00 0,00 0,36 0,00 0,00 _I-- I __ j I 
K,O 9,76 10,38 10,07 9,87 9,99 10,21 10,51 -+--:---r __ t--

._, - , •• 94,40 93,03 94,02 94,49 94,83 95,60 TOlCll 94,54 
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