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PREFACE 

Recent studies have shown that metamorphism 
reflects many facets of crustal evolution and 
structure. Areas metamorphosed in granulite 
facies are in a particularly good position in 
attempts to unravel crustal evolution. Compiled 
in the present volume are studies dealing with the 
evolutionary history of the granulite areas in 
southern Finland and their immediate environ
ment. 

Jorma Paavola discusses to evolution of the 
granulite block at Varpaisjärvi, located in the 
Archaean granite gneiss area in eastern Finland, 
on the basis of zircon, hornblende and biotite 
ages. The active stage of the granulite block and 
its environment was between 3100 Ma and 2700 
Ma ago, which is a rat her long span compared 
with that in the corresponding Proterozoic areas, 
in which the evolution started about 1900 Ma aga 
and the conditions of granulite facies were 
reached 1800 Ma ago. The data reported in this 
study also corroborate the earlier concept that the 
evolution of the Archaean crust was already far 
advanced when granulite facies metamorphism 
lOok place at Varpaisjärvi 2700 Ma ago. 

Metamorphic block structure has been es
tablished for the Proterozoic bedrock in the 
marginal area of the Archaean granite gneisses 
in eastern Finland. Matti Pajunen has studied the 
age relations of the deformation phases pertinent 
to the block structure in the Tervo migmatite 
area. His study shows that only the oldest defor
mation phase observed in the area is associated 
with the progressive stage of metamorphism. The 
deformations that followed the oldest stage were 
related to fragmentation, retrograde metamor-

phism and granitization of the bedrock. In con
trast, Kalevi Korsman and Timo Kilpeläinen have 
no ted that the strongest metamorphic pulse did 
not develop until after the D3 stage in the 
Rantasalmi-Sulkava area in southeastern Fin
land. There is no discrepancy in the observations, 
however, because, as shown by the former 
studies, the metamorphism of the Sulkava 
granulite area is younger by about 100 Ma than 
the metamorphism of the granulite facies in the 
environment of the Tervo area. 

Pentti Hölttä has investigated the crystalliza
tion history of the Turku granulite area in 
southwestern Finland, where metamorphism 
took pi ace at high temperature (T = 800°C) and 
at re1atively low press ure (P = 5-6kb). Hölttä 
has paid special attention to the cooling stages 
of the granulite area . On account of retrograde 
metamorphism, the crystallization conditions 
that prevailed during the culmination of the 
metamorphism are only reflected in the composi
tions of the big garnets . 

The studies in the present volume were carried 
out mainly at the Geological Survey of Finland. 
The study by Matti Pajunen, which was con
ducted in co-operation with the University of 
Turku and the Geological Survey, is part of a 
project financed by the Academy of Finland 
dealing with metamorphic reactions between the 
silicate and sulphide phases. All the studies in the 
volume are on subjects related to the programme 
'Metamorphism and Geodynamics' (No. 235) of 
the IGCP project. 

Kalevi Korsman 
Editor 





A COMMVNICATION ON THE V-Pb AND K-Ar AGE RELATIONS 
OF THE ARCHAEAN BASEMENT IN THE LAPINLAHTI-

V ARPAISJÄRVI AREA, CENTRAL FINLAND 

by 

J orma Paavola 

Paavola, J . 1986. A communication on the U-Pb and K-Ar age relations of the 
Archaean basement in the Lapinlahti-Varpaisjärvi area, Central Finland. Geolo
gical Survey of Finland, Bulletin 339. 7-15, 3 figures and 3 tables. 

U-Pb (zircon) and K-Ar (hornblende & biotite) isotope data are given for the 
Archaean Lapinlahti-Varpaisjärvi area. The age problem of the area is twofold: 
the Varpaisjärvi metamorphic high-grade block on one hand and the related lower
grade rocks outside the block on the other. The zircon ages of the enderbites of 
the high-grade block are 2.68-2.69 Ga, the hornblende (K-Ar) ages being nearly 
the same. The hornblende (K-Ar) data outside the block also show similar ca. 2.65 
Ga blocking ages, whereas the corresponding zircon (U-Pb) dates of the tonalitic 
melanosome of the banded granite gneiss are of middle Archaean age, 3. 1 Ga. 

Two biotite (K-Ar) determinations, from inside and outside the block, give ages 
of 2.39 and 2.09 Ga, respectively. The possible causes and significance of these ages 
are discussed briefly . 

Key words: gneisses, enderbite, absolute age, U/ Pb, zircon, Kl Ar, Archean, La
pinlahti, Varpaisjärvi, Finland 

Geological Survey of Finland 
Regional Office P.O. Box 237 SF-70JOJ Kuopio, Finland 

INTRODUCTION 

The western zone of the Archaean basement 
in eastern Finland, known as the Iisalmi block 
(Väyrynen, 1939), is fractured (Kauppinen, 1973; 
Paavola, 1984a), and consists predominantly of 
tonalitic - trondhjemitic granitoids and migma
tites with amphibolitic bands, inclusions and 
horizons . 

In the course of bedrock mapping (1 : 100 000 
scale) of this Archaean area, some U-Pb deter
minations on zircons were performed at the 
Branch of Isotope Geology of the Geological Sur
vey of Finland. 

K-Ar dating of the hornblendes and biotites of 
the same rock sampIes was done at the Univer-
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sity of Leeds. 
The few existing zircon determinations of base

ment rocks inside the Iisalmi block give ages of 
ca. 2.7 Ga (A. Huhma, 1976; Neuvonen et al., 
1981). These ages represent the time of an im
portant thermal event. The Archaean high-grade 
metamorphic rocks in the Varpaisjärvi block area 
with their well-preserved granulite facies miner
al assemblages are considered mainly to be pro
ducts of this thermal pulse (Paavola, 1984a). 
Granulite facies rocks of still earlier metamor
phism are also possible. The block obviously rep
resents a deeper erosion level than the surround
ings, and its enderbitic rocks give very concor
dant zircon (U-Pb) ages of 2.68 Ga (Neuvonen 
et al., 1981, pp. 116-117). The initial 176HfI 
177Hf ratio of the zircon of this rock has been 

determined by Patchett et al. (1981). The ratio 
plots quite close to the chondritic Hf growth 
curve, indicating a mantle heterogeneity of so me 
degree for Lu / Hf. 

No age determinations are yet available from 
the adjoining pyroxene amphibolite material. 

The new zircon (U-Pb) data reported in this 
communication mainly concern the banded to
nalitic - trondhjemitic basement in the Lapin
lahti area (Fig. I), where the rocks are considered 
to be lower-grade equivalents of the aforemen
tioned high-grade rocks (Paavola, 1984a). 

The enderbitic sam pIe A979 is from inside the 
Varpaisjärvi block (Fig. I), and its age is previ
ously unpublished. This age (2.69 Ga) coincides 
with the ages of the related rocks (sam pies A843 
& A844) mentioned above. 

SAMPLES 

The area discussed in this communication yiel
ded six sam pIes for zircon (U-Pb) determinations: 
three (A843, A844, A979) from the enderbitic 
basement in the metamorphie high-grade block 
and three (A645, A 76, A937) from outside that 
block. Four (KAOOI, KA007, KA008, KAOIO) of 
the six rock sam pIes were also submitted to 
hornblende (K-Ar) determination . Only two of 
them (KA008, KAOIO) were analysed for biotite 
(K-Ar) ages. All the sampling localities are 
marked on the map in Figure I. The locations 
are listed more accurately in Table I . 

The enderbitic basement has a leucodioritic -
quartz dioritic composition with plagioclase 
(50-70 0J0), hornblende, biotite, hypersthene and 
quartz as the main minerals. Apatite and mag
netite are also relatively abundant. The rock is 
generally banded or heterogeneous but in places 
very homogeneous and mass ive. The aforemen
tioned three dating sam pIes (A843 , A844, A979) 

are from the massive portions. 
The sam pies A 76, A937 and A645 are from the 

banded tonalitic - trondhjemitic basement. Two 
of them (A76, A937; ca. 4.5 km apart) consist 
of relatively homogeneous, foliated tonalitic -
quartz dioritic melanosome material with plagio
clase, quartz , hornblende and biotite as principal 
minerals . Some indications of an earlier higher 
metamorphie grade exist here, to~, such as the 
obvious pseudomorphs after pyroxene, which are 
totally occupied by secondary minerals . 

Sam pIe A645 represents trondhjemitic -
leucogranitic neosome material closely associated 
with the outcrop of sam pIe A937 . It was em
placed during a later deformational phase, and 
nebulitic palaeosome reliets are visible in places. 
The leucosome material consists mainly of pla
gioclase, K-feldspar and quartz with small 
amounts of relict and secondary minerals . 



Geological Survey of Finland, Bulletin 339 

A communication on the U-Pb and K-Ar age relations of the Archaean basement in the. . . 9 

520 540 

5km 

L-~-----------------------------------L----~7020 

Fig. 1. The locations and sam pie numbers of 
the coexisting zircon(U-Pb), hornblende(K-Ar) 
and biotite(K-Ar) datings in the Lapinlahti
Varpaisjärvi area. Symbols: 1. Archaean to
nalitic - trondhjemitic basement, 2. related 
Archaean high-grade metamorphic rocks, 3. 
Proterozoic plutonic rock, 4. fracture or fault, 
5. sam pie location and the associated ages . 
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RESULTS 

The V-Pb isotope results of the zircon fractions 
are listed in Table 2, and a summary of the V-Pb 
zircon data from the Lapinlahti-Varpaisjärvi 
area is plotted in Figure 2. 

The four zircon fractions from the enderbitic 
sam pIe (A979) are almost concordant, three of 
them plotting very dose to the concordia !ine. 

The same concordance is characteristic of the ear
lier enderbitic sampIes (A843, A844), too (Neu
vonen et al., 1981; Paavola, 1984b). The accept
ed age for sam pie A979 is 2693 Ma. 

The zircon crystals of the fine-grained popu
lation are euhedral, bright and acicular (L/ B - 5) 
with normal colouring. The pyramid surfaces are 

Table 1. Summary of U-Pb ages from the Lapinlahti-Varpaisjärvi area. 

Number of 
Concordia intercepts 

Sampie and location fractions Upper Lower Refercnce 

Enderbites 
A843, Paloiskylä, Varpaisjärvi 3 } 2682±6 595 ± 180 Neuvonen et al., 1981; 
A844, Palokangas, Varpaisjärvi 1 Paavola, 1984b 
A979, Lampiensalmi, Lapinlahti 4 2693 This study 
Tonalitic melanosome 
A76, Romonmäki, Lapinlahti 7 3095 ± 18 851 ±232 » » 
A937, Kiikkukallio, Lapinlahti 3 3136 ± 20 1459 ± 411 » » 
Trondhjemitic leucosome 
A645, Kiikkukallio, Lapinlahti 4 » » 
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Table 2. U-Pb isotopic data. Decay constants: Jaffey et 01. (1971). 

Zircon fraction Concentration Atom ratios Accepted 

d = density p.g/ g measured blank corrected corrected for blank and age 
0=size in p'm common lead; age (Ma) 

HF = preleached 
2lSU 206Pb 206Pb 206Pb 2°'Pb 20sPb 206Pb 207Pb 207Pb (Ma) in HF 

radio-
genie 204Pb 204Pb 206P b 206Pb 238U 2J5U 206Pb 

A 76-Romonmäki , Lapinlahti; qtz.diorite gneiss 

A d>4.6; 0< 160 250 .8 125.36 9784 10498 .23351 .14800 .5778 18.517 .23243 3095 
HF ±30 ±98 ±7 

2939 3016 3069 
B 4.3<d<4.6 413.8 203.34 2972 3007 .23729 .12803 .5680 18.289 .23354 

±29 ±96 ±9 
2899 3005 3076 

C d>4 .3; 0> 160 35\.8 177.79 6660 6949 .23528 .11985 .5841 18.815 .23365 
HF; uncrushed ±30 ±99 ±3 

2965 3032 3077 
D 4.2<d<4.3 464.4 230 .08 8357 8737 .23305 .13837 .5726 18.295 .23176 

HF; uncrushed ±30 ±97 ±16 
29 18 3005 3064 

E 4.0<d<4.1 713.6 330.12 2682 27 11 .23105 .12389 .5347 16.723 .22686 
0< 160; HF ±28 ±89 ± 15 
uncrushed 2761 2919 3030 

F 4.0<d<4.1 725.0 327.02 927.8 935.6 .24095 .17165 .52 14 16.449 .22884 
0>70 ± 27 ±87 ±6 
long crystals 2704 2903 3044 

G 4.0<d<4.1 740.7 322.49 1150 1155 .23466 . 14018 .5032 15.597 .22480 
0>70 ±29 ±91 ± 12 

2627 2852 3015 
A645-Kiikkukallio, Lapinlahti; trondhjemitic neosome 

A d 4.3; 0>160 470.3 217.97 5882 6904 .21010 .09568 .5357 15.39 .20839 
±38 ± 11 ±25 

2765 2839 2893 
B d>4.3 500.0 229.52 4970 5504 .20739 .10671 .5305 15.01 .20524 

70<0< 160 ± 53 ± 15 ± 38 
long crystals 2743 2815 2868 

C d>4 .3 46\.4 200.97 3456 4764 .19107 .08947 .5034 13.09 . 18854 
70<0< 160 ± 43 ± 12 ± 37 
round crystals 2628 2685 2729 

D d>4.3 477.9 214.27 7525 8217 .20123 .14898 .5182 14.27 .19978 
70<0< 160 ± 60 ± 17 ± 13 
vague 2691 2768 2824 

A937-Kiikkukallio, Lapinlahti; tonalitic melanosome 

A d>4.6 125.9 65.88 6923 7765 .24041 .14000 .6046 19.92 .23897 3136 
± 68 ± 23 ± 17 
3048 3087 3113 

B 4.3<d<4.6 195 .3 100.49 8222 9079 .23816 .11099 .5946 19.42 .23693 
± 40 ±13 ± 16 
3008 3063 3099 

C 4.3<d<4.6 191.7 99.93 15696 18744 .23874 .10935 .6025 19.78 .23814 
HF; uncrushed ±45 ± 15 ±28 

3039 3080 3107 
A979-Lampiensalmi, Lapinlahti; enderbitic basement 

A d>4.6 83.1 37 .28 10012 14137 .18526 .15854 .5187 13.19 . 1844 2693 
± 48 ± 13 ± 4 
2693 2693 2693 

B 4.3<d<4.6 116.1 52.38 24650 58641 .18540 . 16665 .5214 13.31 .18519 
HF; uncrushed ± 47 ± 12 ± 20 

2704 2702 2700 
C 4.3<d<4.6 119.5 54.\0 37055 427061 .18513 . 17\09 .5233 13.35 .185\0 

±44 ±12 ±44 
2712 2704 2699 

D 4.3<d<4.6 97 .7 41.87 25715 117059 .18553 .16616 .4951 12.66 .18543 
±33 ±9 ±21 
2592 2654 2702 
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Fig. 2. Concordia plot for the zircons from 
the Lapinlahti-Varpaisjärvi area. 
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not weH exhibited nor are the edges very sharp. 
Large crystals are not acicular. 

The zircons of sampie A 76 are rather homo
geneous and euhedral (L/ B - 3-4) with bright 
crystal faces. The crystals are prismatic but not 
as weil developed as in undeformed rocks. 
Rounded crystals are not met with either. 

The zircons of sam pie A937 constitute diffe
rent density fractions: the zircons with d > 4.6 are 
predominantly bright and L/ B -1.5, whereas on
ly some of the zircons with d = 4.3- 4.6 are enti
rely bright. These Iighter zircons also have round-

100 
207Pb / 235 U 

ZIR CON 

+ A 7 6 
x A645 
o A937 

A979 

20.0 

ish edges (L/ B - 1.5-2). The lightest zircons 
(d = 4.0-4.2) are dark brown, rounded and large 
without any crystal faces. 

The zircon population of the adjoining leuco
some material (A645) is expectedly heterogene
ous, and so it does not yield an unambiguous age, 
although the old V-Pb inheritance is obvious. A 
mixed population is the most likely explanation, 
because the discordant ages are due to the points 
that Iie approximately on a straight line on the 
concordia diagram (Fig. 2). The fraction giving 
the oldest age (T207Pb/206Pb = 2893 Ma) has crys-

Table 3. K-Ar dates from the Lapinlahti area, Central Finland. 

SampIe NO. 070K Vol 40Ar rad . % 40Ar Age (Ma) 
ccSTP/ g x 10- 5 rad. 

Hornblende KAOOI 1.23 28 .872 98.5 2638 ± 80 
± 0.004 28.518 98 .3 

Hornblende KA007 1.41 32.617 98.9 2632 ± 80 
± 0.013 32.471 98.9 

Hornblende KA008 1.05 25.451 98.3 2692 ±80 
±0.010 25.198 98 .9 

Hornblende KAOIO 1.32 31.291 98.4 2666±80 
± 0.007 31.356 98 .6 

Biotite KA008 7.43 143.00 98.4 2386 ± 72 
± 0.01 143 .98 99 .2 

Biotite KAOIO 7.14 108.85 99.2 2088 ±63 
± 0.02 109.73 99.1 

Aff 4.962 x 10-loyr-1 

~K 0.581 x 10- loyr-1 
0.01167 atom% 
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Fig. 3. Mineral dating from the Lapinlahti
Varpaisjärvi area on the time scale. Symbols : 
square = zircon(U-Pb) age, diamond = horn
blende(K-Ar) age and circle = biotite(K-Ar) 
age. Upper section : Enderbites from the Var
paisjärvi high-grade metamorphie area. Lower 
section: Tonalitic melanosome of the banded 
basement from the Lapinlahti area. 
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tals larger than 160 /lm. The transparent, brown
ish and euhedral crystals have L/ B ca . 3-4. The 
analysed fraction (4.53 mg) indudes some light
coloured fragments. Fraction B consists of 
euhedral, long (L/ B -6), brownish and transpar
ent needles with bright crystal faces. 1.50 mg of 
roundish, subhedral, brownish and mostly trans
parent crystals were picked up (fraction C) . L/ B 
is 2-1.5 and the few crystal faces visible show 
that this ratio represents the original habitus . The 
material was not completely free from long need
les (B). Fraction D consists of crystals difficult 
to determine. This sampie was not studied for 
lower density fractions . The four fractions anal
ysed were heavier than 4.3 g/ cm3 and the con
tent of uranium varied from 461 to 500 /lg/ g. 

This type of mixed population has been found 

3.0 Ga 

in Finland, e.g. in rheomorphic dykes within 
layered intrusions of 2440 Ma age. 

The K-Ar (hornblende & biotite) isotope results 
and ages are shown in Table 3. 

Figure 3 summarizes the present dating results 
and gives a general idea of basic differences 
between the enderbites of the Varpaisjärvi block 
and the tonalitic melanosome of the banded base
me nt in the Lapinlahti area in relation to their 
past principal tectono-thermal events (upliftlero
sion, reheating, metamorphism, etc.). 

As to the present rocks and dates, a large num
ber of correlative features have been reported 
from other Archaean shields, e.g. the Pikwito
nei subprovince in Manitoba (Ermanovics and 
Wanless, 1983). 

DISCUSSION 

It is important to note that all the hornblende 
ages are dose to each other and that they are also 
very dose to those of the zircons of enderbites 
(about the same within limits of error). This in
dicates extensive regional thermal activity about 
2.7 Ga ago . 

The blocking temperature of the hornblende 
(K-Ar) system is generally accepted to be 450-

500°C (e.g. Jäger and Hunziker, 1979; Mattin
son, 1982). However, it is evident that the block
ing temperature of the dry, hypersthene bearing 
(granulite facies) rocks is still higher (e .g. Ber
ger and York, 1981; Deutsch and Steiger, 1985). 
The surprising coincidence with the present zir
con and hornblende ages of the enderbites indi
cates the same, even though cooling after the 2.7 
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Ga thermal activity would have been rather fast. 
Hence, no appreciable thermal pulse has affected 
the enderbitic rocks in the Varpaisjärvi area since 
2.7 Ga. The weil preserved thermoremanent mag
netism of these rocks is consistent with the same 
idea (Neuvonen et al., 1981). The exceptionally 
high biotite (K-Ar) age, 2.39 Ga (sampie KA008) 
also indicates stable conditions in the enderbitic 
basement du ring the post-Archaean. 

The age determinations on biotite from the 
Finnish Archaean basement performed so far 
have yielded -1.75 Ga (Wetherill et al., 1962; 
Kouvo and Tilton, 1966). The ag es of biotites 
from the Proterozoic rocks are about the same, 
1.70-1.77 Ga (Wetherill et al., 1962; Korsman 
et al., 1984). The granulite area in Lapland seems 
to have so me correlative features with the pres
ent area, giving the somewhat high age of 1.88 
Ga (Wetherill et al., 1962). 

As stated, a dry milieu may raise blocking tem
peratures and thus hinder the younging of bio
tite at temperatures higher than ca. 300°C, which 
is considered to be the approximate blocking tem
perature of biotite (see Jäger and Hunziker, 1979; 
Mattinson, 1978). 

Thus, according to the only biotite (K-Ar) age 
from the enderbites, no Jatulian effect can real
ly be seen, although a swarm of pyroxene dia
bases, believed to be Jatulian (Neuvonen et al., 
1981), cut the high-grade rocks. However, the 
aforementioned »dry milieu protection» seems to 
be a good explanation for the high biotite age. 

The results (sam pies A 76, A937 and KA007, 
KAOlO) outside the high-grade block differ from 
those above. The biotite (K-Ar) determination 
(KAOlO) gives a c1early lower age (2.08 Ga) than 
that of enderbite (KA008). This blocking age of 
biotite can most easily and naturally be attribu
ted to reheating caused by Jatulian diabases. Un
like in the enderbitic rocks, the reheating was evi
dently able to reset the biotite c10cks in the more 
hydrous environments of the basement. 

As stated, the K-Ar method on hornblende 
(KA007, KAOI0) gives blocking ages very sim
ilar to those of enderbites, while the zircon U-

Pb method on the tonalitic - quartz dioritic me
lanosome yields the middle-Archaean ages (3.09 
and 3.14 Ga) given above. It is possible that these 
ages refer to the time of primary crystallization 
of the tonalitic magma. In any case, the zircon, 
unlike the hornblende of the same rock, has not 
been affected by the 2.7 Ga thermal activity. 

It is obvious that additional isotope studies will 
reveal older ages than 2.7 Ga for the high-grade 
rocks of the Varpaisjärvi block as weil, especial
ly because no age determinations are yet available 
from the palaeosome material (e.g. two-pyroxene 
amphibolite). 

The 3.1 Ga zircon dates are notably older than 
the ca. 2.8-2.7 Ga ages from the Archaean 
granitoids of eastern Finland obtained so far (e.g. 
Kouvo and Tilton, 1966; Hyppönen, 1983; Mar
tin et al., 1984; Luukkonen, 1985). The Kelovaa
ra quartzite, in Kainuu, exhibits old detrital zir
con material (Hyppönen, 1983). The ages are 
highly discordant but give the upper intersection 
with concordia at 2996 Ma. According to the dif
fusion model the age would be more than 3100 
Ma. 

From the Koitelainen area, Lapland, true, Krö- . 
ner et al. (1981) report zircon(U-Pb) and Sm-Nd 
data giving the age of 3.1 Ga. They attribute this 
age to the emplacement of the original tonalitic 
- trondhjemitic intrusive body. Jahn et al. 
(1984) confirm the results and maintain that the 
initial 143Nd/ 144Nd ratio indicates even earlier 
(3.5-3.6 Ga) separation of magma from the up
per mantle. 

H. Huhma (1985) gives Sm-Nd model ages cal
culated on the basis of a primitive mantle. The 
Archaean metapelite from Ilomantsi, eastern
most Finland, gives a model age of 3.08 ± 0.08 
Ga, indicating that at least part of the material 
is from an older source than the present grani
toids in the environment. 

Lobikov and Lobach-Zhuchenko (1980) have 
also reported 3.1 Ga zircon(U-Pb) age data on 
granites from the Palaya Lamba area, Central 
Karelia. 
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The high dates are, in a way, unexpected, es
pecially for the fractured Iisalmi block area, 
which has clearly been more exposed to post
Archaean influences than the eastern zone of the 
basement. On the other hand, the conspicuous 
fractures and faults of the area might have ac
ted as principal escaping surfaces of tensional and 
compressive forces and protected the blocks in 
between. 

Väyrynen (1939, pp. 31-33) was the first to 
express the idea of a western push forcing the Ii
salmi block to thrust towards the southeast. 

One obvious Proterozoic continental break-up 
concerning the detachment of the Iisalmi block 
has been demonstrated by Kontinen (in press). 

According to hirn, the detachment culminated in 
the rifting and formation of oceanic crust 1970 
Ma ago. 

The 3. I Ga ages from the Lapinlahti area di f
fer conspicuously from alI other zircon ages from 
the eastern Presvecokarelian basement of Fin
land. It is, however, possible that corresponding 
ages have not yet been recorded elsewhere or that 
they might have been rejuvenated, e.g. by 
stronger deformation, deeper erosion, more hy
drous circumstances, or so me other process. Hen
ce, it cannot be concluded, on the ground of the 
age determinations performed so far, that a basic 
age di fference really does exist between the east
ern and western basement granitoids. 
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Three faults trending in different directions intersect each other in the Tervo 
area. Their deformation style, age relations and relations to metamorphism and 
granitization are interpreted. 

The oldest deformational event was a streng regional tectonic-metamorphic 
process characterized by penetrative mineral foliation and upper amphibolite facies 
metamorphism. The first, and regionally most important , fault deformation oc
curred in the directions of 315-320° and was accompanied by intense recrystalli
zation and granitization . The second, local fault deformation trends N-S . Mi
crostructurally it resembles the previous one, but the recrystallization is not so clear. 
The youngest of the strong fault deformations also trends roughly N-S, but it dif
fers from the others in its cataclastic structures, wh ich are suggested to be products 
of deformation nearer the erosion level than that of the older ones . Hence, in the 
Tervo area, we can distinguish one strong, regional tectono-metamorphic episode, 
which was followed by at least three fractural fault movements, thus causing the 
crustal block structure typical of the Ladoga-Bothnia Bay zone. 

Key words: cataclasites, mylonites, faults, deformation, metamorphism, lineaments, 
Proterozoic, Tervo, Finland . 

Institute 0/ Geology and Mineralogy, 
University 0/ Turku, 20500 Turku, Finland. 

INTRODUCTION 

Cataclastic deformation is a process in which 
a rock granulates and breaks under stress in a 
fault or shear movement (Higgins 1971). It is 
usually defined as a dynamic deformation with
out chemical changes (e.g. Gary et al. 1974), al-

though nowadays evidence abounds of changes 
in bulk chemical, mineral and isotopic composi
tions under shearing (Kerrich et al. 1980, Brodie 
1981, Etheridge & Cooper 1981 , Hickman & 

Glassley 1984 and Passe hier 1985). The changes 
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are mainly caused by fluid migration (Brodie 
1981, Etheridge & Cooper 1981 and Hickman & 
Glassley 1984). 

According to Ramsay (1980), the shear zones 
are either brittle, brittle-ductile or ductile, and 
commonly the basic component of strain is a het
erogeneous simple shear. The style of deforma
tion and the cataclastic rock types change with 
increasing depth (Sibson 1977 & Ramsay 1980). 
In the near-surface fault zones the most typical 
cataclastic rocks are noncohesive fault breccias 
and fault gouges produced by brittle deforma
tion. With increasing depth the cohesion incre
ases in random-fabric crush breccias, producing 
microbreccias and cataclasites. The deep-zone 
cataclastic rocks are plastically deformed, cohe
sive and fluxion-structured rocks of the proto
mylonite-mylonite-ultramylonite and mylonite 
gneiss-blastomylonite series. All cataclastic rock 
types are gradational to each other, and poly-

cataclastic structures are typical (Higgins 1971 & 
Sibson 1977). 

The investigated area is situated in the Ladoga
Bothnia Bay zone, wh ich is a NW -SE-trending 
area, about 100 km wide of intense fracturing, 
faulting and shearing in Central Finland. The 
zone is characterized by crustal block structure 
(e.g. Marttila 1976 and Korsman et al. 1984). 
Despite the number of publications dealing with 
the importance and nature of the zone, the cat
aclastic rocks associated with it have rarely been 
discussed. The main purpose of the present pa
per is to describe and analyse in detail the cata
clastic structures and age relations of deforma
tion in a small area in Tervo, ca lied the Tervo 
area in the following (Fig. 1). The material for 
this study was collected when I was working as 
a field assistant for the Geological Survey of Fin
land. All the laboratory work was done at the 
University of Turku and the Geological Survey. 

REGIONAL GEOLOGY 

In the Ladoga-Bothnia Bay zone the topo
graphie lineaments parallel the direction of the 
zone. The lineaments indicate faults, which ha
ve been considered old, mainly Precambrian, 
fracture zones (Härme 1961), but which are still 
seismically active zones of weakness (Penttilä 
1964 and Talvitie 1971). According to Paarma 
(1962), the present uplift of mosaic-like blocks 
takes place along these old zones. Observations 
of the epicentres of present earthquakes in the 
areas of topographie lineaments trending 
270-275 °,305-310°,325 ° and 0-5° also sup
port the concept of late movements (Talvitie 1971 
and 1975). The blocks have uplifted at variable 
velocities in different places. Lehtovaara (1976) 
found that, as a result of more rapid uplift of 
the crust in the southwestern part of the zone, 
the fission track ages of apatites in the Haukive
si area are older in the northeastern part than in 
the southwestern part of the zone. A marked ne-

2 

gative gravity anomaly in the direction of the zo
ne (Honkasalo 1962) is at least partly due to gra
nitization in the fractured and sheared bedrock, 
for example, in the Tervo area (Elo 1983). 

The bedrock in the study area consists of two 
lithological units: the Savo schist belt in the east 
and the granitoid complex of Central Finland in 
the west. The contact between the units is indef
inite because of faulting, blocking and graniti
zation (Figs. 1 and 2). These phenomena are also 
evident on geological map sheet 3313, Vesanto 
(Pääjärvi 1985). 

Korsman et al. (l984) stress the differences in 
the metamorphie structure of the crust between 
the progressively metamorphosed Rantasalmi
Sulkava area and the Rautalampi-Pielavesi
Pihtipudas area, which are characterized by 
metamorphie blocks bounded by faults. These 
fault lines coincide with seismic block bounda
ries, some of which penetrate the crust, as indi-
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cated in the SVEKA profile (Luosto et al. 1982). 
According to Korsman et al. (1984), the orogen
ie phase that occurred about 1880 Ma aga in the 
Rautalampi and Pielavesi areas was related to a 
tension al event. The granulite facies metamor
phism in the Pielavesi and Rautalampi blocks is 
related in both time and space to deep-seated py
roxene granitoid magmatism, which was prece
ded by an earlier orogenie event about 1930-
1920 Ma aga as demonstrated by the ages of the 
Kirkkosaari, Rastinpää (Korsman et al. 1984) and 
Kettuperä gneisses (Helovuori 1979). Metamor
phic block structures of the same kind have been 
described by Paavola (1984) from the Archaean 
basement area of Varpaisjärvi. 

The supracrustal rocks within the gneissie to
nalites are the oldest rocks in the Tervo area. 
Their origin, if known, is volcanic or volcanic
sedimentary. Phlebitic or stromatic neosome of 
the banded gneisses is throndhjemitic or, rarely, 
granitic in composition. Primary bedding is sel
dom visible. The most common gneisses are in
termediate, locally cummingtonite- and garnet
bearing biotite-plagioclase-hornblende or biotite-

lO'm 

Fig. I. Magnetic lineaments (1-4, see ex
planations in the text) and lakes (5) of map 
sheet 3313. The Tervo area (geological 
map in Figure 2) is marked in the figure. 

hornblende gneisses. Amphibolites are rare. Epi
dote, chlorite and relict hypersthene are encoun
tered occasionally. The difference between the 
true supracrustal rocks and the banded cataclastic 
rocks is sometimes difficult to verify. 

The most common rocks in the area are meta
morphosed gneissie tonalites in the east and por
phyritic granitoids in the west. The oldest infra
crustal rocks are gabbro and diorite fragments 
in the tonalites. Chemically, the tonalites are calc
alkali ne rocks indicating the gabbro-throndhje
mitic trend of Barker & Arth (1976), Arth et al. 
(1978) and Hunter (1979). The composition var
ies from throndhjemitic to tonalitic and quartz 
dioritic. Some types have abundant cummingto
nite and garnet. Banding, ghost-like inclusions 
and trondhjemitic migmatization are typical. 

Orthopyroxene-bearing, Hautomäki-type gab
bros are younger than the tonalites but older than 
the porphyritic granitoids. They are tholeiitic or
thocumulates with plagioclase and bronzitic or
thopyroxene as cumulus and diopsidic clinopy
roxene, biotite and accessory phases as intercu
mulus minerals. In the central part of the Hau-
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Fig. 2 . Geological map of the Tervo area 1) granite and granodiorite, 2) porphyritic granitoid, 3) tonalite, 4) Hautomäki
type gabbro, 5) biotite-plagiodase gneiss, 6) hornblende gneiss, 7) catadastic zones, 8) magnetic lineaments, 9) contact and 
10) foliation. 

tomäki stock, uralitization of pyroxenes is in
tense. The rocks are mostly medium-grained, but 
fine-grained and pegmatitic types have also been 
met with. The only orientation in the gabbros is 
weak magmatic and sporadic catacIastic folia
tion. 

The contacts with the porphyritic granitoids 
are always gradational because granitization has 
caused the growth of K-feldspar in the contact 
areas. The porphyritic granitoids are co ar se
grained with pronounced foliation that is fre
quently catacIastic. The composition varies from 
granitic to granodioritic. K-feldspar is always sec
ondary microcIine in the investigated sampies. 
The average size of the porphyroblasts is about 
3 cm and their abundance varies in the range 
5-50070. They have usually grown in the direc
tion of schistosity, and in catacIastic types they 

are rounded, giving rise to augen gneiss texture. 
LocaIly, the old structure of the pregranitization 
rocks is visible, for example, where the remnants 
of older tonalites have been preserved. The 
youngest igneous rocks are pegmatitic and apli
tic granite dykes. 

The Kinturi-Iisvesi fault, described by Kors
man et al. (1984), is deformed by younger faults 
in the study area. In the Pihtipudas-Pielavesi 
area, the fault coincides with the metamorphic 
isograd indicating a change from low amphibo
lite facies in the eastern part of the Pihtipudas 
block to the retrograde area metamorphosed in 
the stability field of K-feldspar-sillimanite. In the 
Ral,ltalampi area, the fault coincides with the 
isograd between stabilities of muscovite and 
garnet-cordierite/ hypersthene (Korsman et al. 
1984). In the study area, the mineral assembla-
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ges of rocks indicate amphibolite facies meta
morphism. In supracrustal rocks and tonalites, 
the relict hypersthene and the retrograde cu m
mingtonite after it indicate that the culmination 
of metamorphism was near the conditions of gra
nulite facies. The retrograde phenomena associ-

ated with the post-metamorphic cataelastic de
formation are rather limited. The most typical 
alteration process is the biotitization of amphi
boles and pyroxenes; chloritization and epidoti
zation occur occasionally. 

Cataclastic rocks 

The cataelastic rocks are named according to 
the elassification of Higgins (1971) wh ich is based 
on the presence or absence of primary cohesion 
and fluxion structures, the degree of neominer
alization and recrystallization, which are nowa
days explained as syntectonic processes (Bell & 

Etheridge 1973 and White et al. 1980), and the 
size and amount of fragments and porphyro
elasts. Although the elassification is descriptive, 
the structures also give information on deforma
tional conditions and depth (Sibson 1977). 

The majority of the cataelastic rocks in the 
study area belong to the protomylonite-mylonite
ultramylonite and mylonite gneiss-blastomylonite 
series. Rocks with breccia structures have been 
met with in long-lived sutures usually trending 
335-345 ° . Polycataelastic structures are com
mon. 

The width of the zones of brecciated, cata
elastic rocks varies in sutures from 0.5 to 1 m. 
They deform previously mylonitized rocks. The 
noncohesive type consists of rusty, green fault 
gouge rich in micas. Matrix of secondary origin, 
such as zeolite, has been detected in narrow fis
sures. Cohesive microbreccias and cataelasites are 
in the same brecciated zones as narrow seams; 
their matrix is composed of the primary rock
forming minerals. The angular fragments are 
mostly felds par. Retrograde phenomena such as 
chloritization of biotite and rusty pigmentation 
and seritization of feldspar are pronounced. The 
brecciated rocks are the products of late, near
surface brittle deformation. 

Fluxion structure is formed by warping of in-

competent matrix around competent porphyro
elasts or rounded fragments. Porphyroelastic 
minerals are plagioelase, microeline, gamet and 
hornblende. Microeline and gamet are also true 
porphyroblasts. Rock fragments are common in 
protomylonites, but they have been broken down 
in mylonites and ultramylonites. Pressure shad
ows adjoining the porphyroelasts and fragments 
are common. Protomylonites are the most wide
spread cataelastic rocks in the area. The primary 
rock can often be recognized under the proto
mylonitic structure. Mylonites are concentrated 
in seams some met res in width. Porphyroelasts, 
which are mostly monomineralic with unstrained 
inelusions, are 0.3-0.5 mm in size. Composi
tional banding is typical with light plagioelase
and quartz-rich and dark biotite-rich layers; in 
mylonitic rocks hornblende is commonly alte red 
into biotite. Drag folds are generally associated 
with strongly deformed zones. Ultramylonites are 
only narrow seams of less than 10 cm in mylon
itic rocks. Their porphyroelasts are about 0.1 mm 
in size and the matrix has been thoroughly re
duced in grain size. In mylonite gneis ses and blas
tomylonites, the most pronounced phenomena 
are strong recrystallization of quartz and biotite, 
and formation of microeline porphyroblasts 10-
cally. The recrystallization and neomineralization 
are more intense in granitic and gabbroic rocks 
than in intermediate rocks. The cataelastic struct
ures in the Kinturi-Iisvesi fault zone are chief
Iy mylonite gneissic to blastomylonitic. The ne
omineralization, especially the biotitization of 
amphiboles, has markedly increased the ductili
ty of the rock mass. 
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MAGNETIC LINEAMENTS 

The interpretation of lineaments on geophys
ical maps forms the basis for further study when 
solving the succession of deformation of strong
Iy faulted areas. The fracture zone trending NW
SE is a conspicuous tectonic feature that char
acterizes the whole area of the Baltic Shield 
(Strömberg 1976). The Ladoga-Bothnia Bay zo
ne is c1early visible on the aerial photographs as 
lineaments, e.g. on the maps of Härme (1961) 
and Talvitie (1971), and on satellite images, as 
reported by Kuosmanen et al. (1978). The true 
nature of the zone is still unclear. 

In the present study, the lineaments have been 
defined from the grey tone interpretation of low 
altitude aeromagnetic map sheet 3313 at a scale 
of 1 : 100000 (Geol. Surv. Finland 1982). The 
topographic lineaments are unreliable because of 
the intense orientation of glacial structures, al
though the topographic features, e.g. lakes, seem 
to coincide rather weil with the magnetic linea
ments (Fig. 1). The straight ruptures in magnet
ic anomalies have been attributed to faults, which 
can be distinguished as narrow seams with low 
magnetic gamma values between highly magnet
ized areas. The strongly oriented magnetic an
omaly field, for example, to the north of the Ter
vo area in Fig. 1, represents an almost penetra-

tive shear or fault movement. 
The map area is divided into three units ac

cording to the type of magnetic anomaly. The 
eastern part is heterogeneous and minor featu
red; the western part is rat her uniformly magne
tized except for the high level area in its eastern 
margin; and the central northern part contains 
a highly magnetized triangle-shaped area. 
Between these blocks there is a weH oriented and 
heterogeneous magnetic anomaly field suggesting 
sheared and faulted bedrock. In the eastern block 
the lineaments indicating true faults are difficult 
to distinguish from those caused by earlier tec
tonic or stratigraphic features. The same prob
lem arises in the northern block. In the west on
lya few lineaments are there are visible, but they 
are easily identified as faults. 

In the boundary areas of the blocks it is even 
possible to identify the age relations of the line
aments, and they have been numbered in the or
der of decreasing age. The directions of the line
aments are 305 ° (1 in Fig. 1),315-320° and 30° 
(2),350° (3) and 0-10° (4). The cataclastic c1eav
ages in the Tervo area frequently trend 315 ° , 
20-30°, 350° and 0-10° (Fig. 2), and they coin
cide with magnetic lineaments. 

DEFORMATION HISTORY OF THE 
TERVO AREA 

The factors that are effective in deformation 
are the differences in competence of the rock 
types, the prevailing PT conditions, the amount 
of fluid phase and the strain rate (Hobbs et al. 
1976). Cataclastic structures are products of rapid 
movements. The depth of deformation also in
fluences the ultimate result (cf. Sibson 1977). 
Felsic and intermediate rocks abo und in the study 
area. They behave rather competently, and struc
tures typical of rigid body deformation, such as 

faults, which are concentrated in narrow seams 
or in wider shear zones, are typical. Earlier de
formation events can be discerned in the well pre
served blocks between the shear zones. The di
rections of foliation are quite homogeneous with
in the blocks, but the blocks may differ consid
erably from each other (Fig. 2). 

Difficulties accumulate when the fault or shear 
zones become older. Many of the faults show 
signs of reactivation, and interpretation of the 
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ages of the polycataclastic structures formed may 
be problematic. In this study, the deformation 
phases have been distinguished on map, outcrop 
and microscopic scale, and misleading reactiva
tion structures, such as cataclasitic seams, were 
rejected in the interpretation of age relations. The 
directions of faults are usually rat her uni form, 
but differences in competences of rocks may 
cause local variations. The direction of slip of 
fault and the type of deformation are good indi
cators of fault generation. A big problem in the 
interpretation of the genesis of fault rocks is the 
uncertainty about the strain rate during faulting, 
especially in old faults. The geothermal gradient 
of Precambrian times, from 44°C/ km in the Pie
lavesi area to 45-50°C/ km in the Rantasalmi-

Juva area (Korsman et al. 1984), has implications 
for analysis of the depth of deformation. The 
border between brittle-plastic deformation has 
been nearer the erosion level than it is nowadays. 
Further , secondary factors, such as the »appar
ent foliation» of Obee and White (1985), may be 
misleading. 

The observations of the present study are from 
a small area and probably do not cover the whole 
history of deformation. Hence the deformation 
phases are named according to Hopgood's (1980) 
recommendation in alphabetical order: the oldest 
deformation phase is Da' the next Ob and SO on. 
The foliations S, lineations L, folds Fand meta
morphisms M have been described in the same 
order. 

Pre-Da processes 

The oldest identified structure in the Tervo strong boudinage and folding of later move-
area is the primary bedding, So which displays ments . 

Deformation phase Da 

Da is the most marked deformation phase in 
the area, and is associate with upper amphibo
lite facies regional metamorphism . Older defor
mation structures have not been identified, and 
it is possible that they have been destroyed by 
Da deformation. Overprints of Da deformation 
have not been identified in the gabbro at Hauto
mäki . 

Fa folds are tight to isoclinieal; their hinges 
are thickened and their limbs thinned. It is co m
mon for the boudinated, rootless hinges of folds 
to »swim» in a more incompetent rock. This kind 
of fragmentary structure is typical of Da defor
mation. 

Sa is the axial foliation of the Fa folds. It is 

penetrative foliation, and the minerals of upper 
amphibolite facies have grown in the same direc
tion. The basic inclusions and coarse mobiliza
tions of the tonalites a nd the neosome of the sup
racrustal rocks are also in the direction of Sa. K
feldspar porphyroblasts have grown in the Sa 
plane in porphyritic granitoids and graniti zed to
nalites in the eastern part of the area. They are 
either late-tectonic or post-tectonic with Da. 
Texturally Sa foliation is granoblastic. The 
structures of Da are best preserved in the eastern 
part of the area. a commonly trends from east 
to west and dips gently to south or southeast. La 
is a mineral lineation plunging gently to so uth
east. 
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Deformation phase Db 

Da structures are cut by deformation Db (2 in 
Fig. 1), which is a strong fault deformation (the 
Kinturi fault) in the direction 315-320° . Defor
mational relations indicate that the 20-30° 
-trending deformation has also occurred between 
Da and De • The relationships between the defor
mations causing the Db structures are unknown, 

'and in the following they are named Dbl (Kin
turi fault direction) and Db2 (20-30°). Dbl is 
marked by strong orientation of the magnetic 
field in the western part of the map sheet, but 
in the detail area its effects are muted because 
of younger deformations. Db2 is also a strong 
shear deformation, and it is best visible in the 
southwestern part of the detail area. Like Dbl it 
is not visible on the magnetic map except in the 
northern part of the area, where its true relations 
to other deformation phases have not been es
tablished. 

Sb is either a penetrative, cataclastic foliation 
or it occurs in the cataclastic seams . K-feldspar 

prophyroclasts or porphyroblasts of porphyritic 
granitoids are commonly in the direction of fo
liation. To the northwest of the Hautomäki gab
bro stock the idiomorphic K-feldspar porphyro
blasts have been met with on the Sbl foliation 
plane, implying syn- to post-Sb growth (Fig. 3). 
Granitic veins along Sb planes also indicate that 
contemporaneous granitization occurred with 
Db. The Db structures are cut by pegmatitic 
granite dykes, which in turn are deformed by 
younger deformation phases. Banding due to 
biotite-feldspathic and quartzofeldspathic layers 
and segregation of quartz are typical. Microsco
pically, Sb is mylonite gneissic to blastomyloni
tic foliation, and it is strongly recrystallized and 
neomineralized. The dip of Db is usually subver
tical. 

The Dbl minor folds are asymmetrical, iso
clinical or tight, sometimes intrafolial, commonly 
indicating dextral movement. Fbl axes plunge to 
the northwest with an angle of about 45 ° . Fb2 

Fig. 3. Granitization associated with deformation phase Sbl. K = K-feldspar. x = 6985 .10 and y = 481.80. 
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Fig. 4. Fb, folding in blastomylonite. x 6983.10 and y 483.65. 

Fig. 5. Strongly recrystallized and neomineralized Db2 mylonite gneiss . B biotite, K K-feldspar , P 
plagioclase and Q = quartz. x = 6981.89 and y = 480.14. 
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folds are tight to isoclinal and their axes plunge 
gently to the southwest. Some right-handed folds 
indicate dextral movement. Fb folds are not 
markedly thickened in the hinge area (Fig. 4). 

The gabbro of Hautomäki was also deformed 
during Db. The granitic fluid that moved during 
the Db deformation phase promoted recrystalli
zation and neomineralization processes (Figs. 3 
and 5). Deformation occurred under deep fault 
zone conditions, as indicated by amphibolite fa
cies mineral assemblages. According to Passchier 
(1985), deformation und er dry conditions may 
lead to erroneous conclusions, but, in the case 
under study, fluid press ure was high as demon
strated by the marks of granitization. 

As already mentioned, the conjugate nature of 
Dbl and Db2 has not been proved. If both Dbl 
and Db2 are right-Iateral, the conjugate structure 
is hardly understood (cf. Hills 1963). Short shear 
zones, Sb3' cut the Dbl structures of augen gneis
sic porphyritic granitoids from NE to SW two 
kilometres northwest of Tervo. The faults, both 
dextral and sinistral, are shear-faults only some 
tens of centimetres long like those described by 
Ramsay (1980) as plastic faults. They gradually 
die out at their ends by branching into micro
faults. Granitic material has segregated in the 
most intensely reoriented zones. They have been 
interpreted to be about the same age as Db. 

Deformation phase De 

The clear break in Db structures seen on the 
aeromagnetic map is a local, sharp and narrow 
fault that has been interpreted as the third de-

formation phase, De (3 in Fig. 1), of the area. 
In the tonalitic rocks the similarity between the 
structures of Dc and Db has caused the greatest 

Fig. 6. Rotated porphyroclast in D, mylonite . B = biotite, P = plagioclase and Q = quartz. x = 6983 .65 
and y = 483.46. 
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Fig. 7. Rotated fragment in Oe mylonite. x = 6983.44 and y = 483 .93 . 

difficulties in the interpretation. 
Se is an almost penetrative catac1astic folia

tion or it develops into mylonitic and ultramylo
nitic seams. Texture is catac1astic; protomyloni
tic to ultramylonitic with some recrystallization 
and neomineralization (Fig. 6). Banding has de
veloped locally. Segregations of quartz on Se 
planes form quartz plugs lengthened in the di
rection of lineation Le. Catac1astic granitic veins 
on the Se plane have boundinage structures for
med under compression. Granitic veins are lac
king from the neighbouring fresh rock. Fluidi
zation is thus a syncatac1astic process. Some of 
the veins may be older, turned in the direction 
of movement as has happened with some pegma
tites. Outside the most intense shear zone, Se 

exists only as catac1astic seams that are impos
sible to distinguish from, say, Sb or Sd seams . 

Fe folds are asymmetrical drag folds with 
amplitudes of up to one metre. The axial plane 
of the folds is only weakly or not at all devel
oped. The Fe axes are commonly steep. 

The slip direction, according to slickenside 
striations is almost horizontal, indieating main
Iy strike slip movement, whieh is mostly sinistral 
as shown by the rotated porphyroc1asts and frag
ments (Figs. 6 and 7), drag folds and striations. 

The textures of Oe indieate plastie deforma
tion. The late seams with breecia structures show, 
however, that the movements in the direetion of 
Oe were long-lived , complieating the age relations 
of the eatac1astic struetures. 

Deformational phase Dd 

0d struetures deform Da' Ob and Oe. Dd is a 
N-S-trending fault deformation and shows up c1e-

arly on the aeromagnetie map (4 in Fig. 1). 
Fd folds are open and upright, and formed 
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Fig. 8. Relations between deformations Da' ObI and Dd . X 

Fig. 9. Sd fractural cleavage intersects Oe mylonite. B + Q 
6983.68 and y = 483.18 . 

6983.68 and y 483.18 . 

biotite and quartz and P plagioclase . x 
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during dextral movement. The Fd axes dip 
steeply to southwest, and the sIickenside stria
tions Ld are almost horizontal, also indicating 
dextral faulting. 

Fractural cIeavage Sd has developed locally in
to mylonitic and ultramylonitic seams (Fig. 8). 
The older structures are visible between the frac
tures or catacIastic seams. The width of the pre
served space varies from microscopic to some 
tens of centimetres. Mineral growth associated 
with the Dd deformation is rather scant. Micro
scopically, Sd is shearing in biotite and oxidati
on on fractures (Fig. 9). However, when develo-

ped into mylonitic to ultramylonitic seams, ty
pical catacIastic structures, such as porphyroc
lastic and fluxion structures, have been genera
ted. 

As indicators of deformation style and condi
tions, the Dd structures appear more brittle than 
earlier phases. However, the absence of breccia 
structures allows some estimation of the depth 
of deformation (cL Sibson 1977); estimations of 
the deformational conditions from the mineral 
assemblages may give erroneous results (cL 
Passchier 1985). 

Deformation phase Oe 

Deformation phase Oe is an E-W -trending 
local fault deformation only met with in the west
ern part of the Tervo area. The Oe deformation 
intersects structures deformed in the Ob and Dd 

directions. Very open folding of Sd planes with 
east-western axial planes also indicates a late 
structural event. 

SUMMARY OF THE SUCCESSION OF DEFORMATION OF THE TERVO AREA 
AND DISCUSSION 

The succession of deformation of the Tervo 
area is presented schematically in Fig. 10. 

The oldest rocks in the Tervo area are reIics 
of supracrustal rocks existing as incIusions in to
nalites. Deformation Da is a penetrative, regio
nal tectono-metamorphic event. It is character
ized by upper amphibolite facies metamorphism 
with intense migmatization, isocIinical and often 
rootless folding, and strong mineral foliation. 

Tonalitic magmatism is either pregenetic or 
syngenetic in relation to Da; in any case, the to
naIites were al ready in asolid state during the cul
mi nation of metamorphism and were remobilized 
during Da. Porphyritic granitoids in the eastern 
part of the area follow the direction of Sa' but 
they have not undergone high-grade metamor-

phism as the tonalites have, and they must be re
garded either as late- or post-Da. Porphyritic 
granitoids are interpreted as products of intense 
granitization. The Hautomäki-type gabbros in
truded at the latest stages of Da or after it. They 
show no signs of Ma metamorphism, but grani
tization along the marginal areas is intense. This 
phase of granitization is accompanied by later ca
tacIastic processes. 

The Ob phase is a dominant fault deforma
tion in the direction of the Kinturi fault, 20-30° 
and perhaps NE-SW. Distinctive marks of the 
phase are recrystallization, neomineralization and 
granitization, causing blastomylonitic to mylo
nite gneissic structure. This post-metamorphic, 
right-handed vertical fault with nearly horizon-
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Fig. 10. Tectonic model of the Tervo 
area (not to scale). I) porphyritic gra
nitoid, 2) tonalite, 3) Hautomäki-type 
gabbro, 4) pegmatitic granite, 5) bio
tite-plagioclase gneiss, 6) quartz-felds
par gneiss, 7) deformed Hautomäki
type gabbro, 8) contact, 9) foliations, 
generations indicated by letter sym
bols, 10) direction of the slip of fault 
and 11) rotated fragment. 

1;;;;;;;;11 ««'l2 Elj3 I·'· '14 c=Js c:=J6 k'/?·,::J 7 c=Ja I~ 19 
I~ ~O~11 

tal movement cuts the crust (Luosto et al. 1982). 
The porphyritic granitoids are at least partly syn
genetic with Db • According to mineral paragen
eses and cataclastic structures, the deformation 
occurred at rather great depth. 

Dc is aloeal, sharp fault-deformation. The 
fault is commonly vertical and left-handed in the 
direction of 350 0

• Recrystallization and neomin
eralization are not as intense as in the Db phase. 
Plastic deformation structures are dominant, in
dicating rather great custal depth during defor
mation. 

Dd is the youngest of the pronounced fault
deformations in the area. It penetrates older 
structures as right-handed fractural cleavages or 
mylonitic seams. Fluidization during Dd is li m
ited, and the mineral parageneses cannot be used 
as indicators of metamorphic grade. The Dd de
formation occured at higher crustal levels than 
the deformations mentioned above. 

Difficulties arise when deformation phases of 

the Tervo area are correlated with the other de
formation analyses from the Ladoga-Bothnia 
Bay zone area (Parkkinen 1975, Bowes 1980, 
Gaal 1980, Koistinen 1981, Halden 1982 and 
Bowes et al. 1984). First, the majority of the pre
vious structural analyses were conducted in areas 
where pelitic, plastically deformed rocks pre
dominate. Second, numbers of previous works 
describe the deformation of the Presvecokarelian 
basement or of the Outokumpu nappe area. 
Third, the structural features of the oldest defor
mation phases may be very similar in different 
areas even though their deformation histories dif
fer substantially. The directions of the youngest 
deformations are preserved over large areas, and 
they can be used as guide deformations (cf. Hop
good 1980). 

Although deformation Da is rather similar to 
the D2 deformations reported by Koistinen 
(1981) and Halden (1982), it is not possible to cor
relate them with each other, because deformati-
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on older than Da has not been encountered in 
the Tervo area. Deformation Db trends in al
most the same direction as D2c of Koistinen (op. 
ciL) and Halden (op. ciL). Both Koistinen (op. 
eil.) and Halden (op. ciL) describe deformation 
DJ , which appears as crenulation cleavage in a 
N-S direction. Deformation Dd in the Tervo 

area has some similarities with DJ • 

Further studies of cataclastic rocks are needed. 
The regional correlation of cataclastic structures 
could solve many problems in the crustal devel
opment of strongly blocked areas, such as La
doga Bothnia Bay zone. 
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and deformation in the Rantasalmi-Sulkava area, southeastern Finland. Geologi
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Progressive metamorphism in the Rantasalmi-Sulkava area was preceded by 
a metamorphic phase associated with 01 deformation . Although marked metamor
phic facies discordances are lacking in the areas of progressive metamorphism and 
the grade of metamorphism increases towards the thermal dome at Sulkava, the 
development of progressive metamorphism can be divided into different stages in 
relation to the deformation phases. The decomposition reaction of muscovite and 
the associated crystallization of potassium feldspar and si llimanite took place dur
ing the second deformation phase as did the growth of andalusite porphyroblasts 
in the less metamorphosed portion of the area. The crystallization of cordierite ac
companying the decomposition of biotite occurred during 03 deformation, but garnet 
and cordierite did not attain equilibrium until after the 03 deformation. 

Key words: metamorphism, deformation, minerals, crystallization, metapelite, Pro
terozoic, Rantasalmi, Sulkava, Finland. 
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INTRODUCTION 

The present study delineates the relationship 
of deformation to progressive metamorphism in 
the Rantasalmi-Sulkava area. The advance of 
metamorphism in relation to deformation is best 
studied by establishing the relationship of the 
growth of the index minerals to the deformation 
structures (Zwart 1962, Powell 1979 and Bell & 
Rubenach 1983). It has been pointed out that 

progressive metamorphism in the Rantasalmi
Sulkava area resembles metamorphism of the tee
tonically thickened crust (Korsman et al. 1984). 
If this concept is valid, the age of metamorphism 
deereases from the least metamorphosed zones 
of the area towards the most intensely metamor
phosed portion. The present study aims to estab
lish the age relations between the metamorphie 
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zones by means of deformation phases. 
Progressive metamorphism has created the fol

lowing metamorphic zoning in the metapelites of 
the Rantasalmi-Sulkava area: the andalusite
muscovite zone, the potassium feldspar-silli
manite zone, the potassium feldspar-cordierite 
zone, the garnet-cordierite-biotite zone and the 
garnet-cordierite-sillimanite zone (Korsman 1977, 
Korsman et al. 1984). Associated with progres
sive metamorphism are the reactions given in 
simplified form below: 

1. andalusite - sillimanite 
2. muscovite + quartz - potassium feldspar + 

sillimanite + HzÜ 
3. biotite + sillimanite + quartz - potassium 

feldspar + cordierite + H20 
4. biotite + sillimanite + quartz - potassium 

felds par + cordierite + garnet + melt 
5. cordierite - sillimanite + gamet + quartz 

The change in the metamorphic grade is 
gradual, and on the erosional plane the isograds 
are regular as the metamorphic grade increases 
towards the thermal dome at Sulkava (Fig. 1). 
Only the garnet-cordierite-sillimanite zone at Sul
kava is exotic in relation to its environment. In 
the area of the thermal dome, the crystallization 
temperature was 750°C and in the environment 
670°C. Around the dome the rise in temperature 
was buffered by reaction 4. The Sulkava thermal 
dome developed at the c10sing stage of Protero
zoic metamorphism (Korsman et al. 1984). 

Kalevi Korsman is responsible for overall plan-

<> ANDALUSITE 

= MUSCOVITE 

<--- SILLI MANITE 

9 K-FELDSPAR 

BIOTITE 

>- CORDIERITE 

o GARNET 

o HYPER STHENE 

!!:!l DIORITE AND GABBRO 

~ TONALITE 

B GRANITE 

-- ISOGRAD 

Fig. I . Metamorphie map of the Rantasalmi-Sulkava area . 

ning of the study and Timo Kilpeläinen for es
tablishment of the deformation phases. 

Deformation phases 

Four successive deformation phases important 
in terms of progressive metamorphism can be es
tablished in the Rantasalmi-Sulkava metapelite 
area. Each phase inc1udes folding and various 

features related to the axial plane . 
The 01 deformation, wh ich deforms the pri

mary structures (SO), manifests itself in the ex
pos ures as subisoc1inal folding whose axial plane 
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exhibits shear c1eavage (SI, Figs. 2 and 3) caused 
by fine-grained biotite. SI, however, is generally 
so weak that it can only be observed under the 
microscope. SI has often been almost totally ob
literated in metamorphie recrystallization, in 
which case it may only have survived as inc1u
sions in some porphyroblasts (Fig. 3). Owing to 
the tightness of FI folding the cutting angle 
between SI and bedding is small. 

F2 folding deforms the bedding and the 01 
structures (Fig. 2). The F2 folds are isoc1inal with 
a wavelength of several hundreds of metres . The 
axial planes, FI and F2, in the outcrops on the 
flanks of the F2 folds are almost parallel , but at 
the heads of the F2 folds the cutting relations are 
c1early visible. 

The intensity of S2 schistosity increases with 
the growth in metamorphie grade. The character 
of S2 schistosity also depends on the intensity of 
the SI to be cut and the cutting angle between 
SI and S2. In the northern part of the andalusite-

muscovite zone in particular, S2 exhibits crenu
lation in SI at the heads of the F 1 folds (discrete 
crenulation c1eavage), but the S2 bands are so 
tightly packed that the S2 crenulation can only 
be observed under the microscope (Figs. 2 and 
3). In the potassium feldspar-sillimanite zone, S2 
is shear c1eavage in character and SI has been al
most completely obliterated (Fig. 8). 

The 03 that deforms the 01 and 02 structures 
is seen on the exposures as asymmetrie folds of 
various sizes. In both the andalusite zone and the 
potassium feldspar-sillimanite zones, S3 is cren
ulation schistosity that, at its most intense, de
velops into banding that varies in scale (Figs. 
4-6) . In the cordierite-potassium feldspar zone, 
co ar se biotite has grown on the S3 plane, result
ing in an intense banded structure (Fig. 10). 

There does not appear to have been any min
eral growth on the axial plane of F4 folding. S4 
schistosity is seen as crenulation and folding de
forming the older structures (Figs. 4-7). 

Fig. 2. SI schistosity sub parallel to bedding cut by S2 crenulation - the andalusite zone. Foto by J . Keski
nen 
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Fig. 3. Andalusite porphyroblasts syntectonic in relation to S2 have overgrown SI schistosity - the anda
lusite zone. Foto by J. Keskinen 

Fig. 4. In psammitic layers S3 is tight-banded, but in pelitic layers the crenulation of S3 is cleary visible 
- the andalusite zone. Foto by J. Keskinen 
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Fig. 5. Banding due to 03 shows folding and crenulation due to 04 - the andalusite zone. Foto by J . 
Keskinen 

Fig . 6. Andalusite deformed by S3 and S4 . Foto by J. Keskinen 
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Fig. 7. Optical deformation in an andalusite porphyroblast due to D4. Foto by J. Keskinen 

Fig. 8. Potassium feldspar and sillimanite porphyroblasts syntectonic in relation to S2. Foto by J. Keski 
nen 
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Fig. 9. Sillimanite and potassium feldspar deformed by D3 . New biotite has grown on the S3 plane -
the potassium feldspar-sillimanite zone. Foto by J . Keskinen 

~3rTlm 

~ , , 

Fig . 10. The early stage of S2 sehistosity is visible as a relie in potassium feldspar synteetonie in relation 
to S2. Cordierite is synteetonic with respeet to S3 botite - the potassium feldspar-eordierite zone. Foto 
by J. Keskinen 
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Fig. 11. The predominant schistosity plane in the garnet-cordierite-biotite zone is still S3. S2 has survived 
as a relic in the Syn-S2 potassium feldspar porphyroblasts . Foto by J . Keskinen 

Fig. 12. Garnet and cordierite were equilibrated posttectonically in relation to S3 biotite . Foto by J . Keskinen 
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Crystallization of the metamorphie index 
minerals in relation to deformation 

There is no doubt that the andalusite porphy
roblasts have overgrown the SI schistosity (Fig. 
3). Andalusite also covers the early stage of S2, 
as indicated by the weak crenulation of SI (Fig. 
3). The growth of biotite associated with the D2 
deformation, however, was simultaneous with 
that of the andalusite porphyroblasts. The anda
lusite porphyroblasts are deformed by D3 and 
D4, which fractured and caused optical deforma
tion in the porphyroblasts (Figs. 6 and 7). 

The longitudinal direction of the acicular si 1-
limanite porphyroblasts in the sillimanite-potas
si um feldspar zone is on the plane of S2 schisto
sity, but, while growing, sillimanite has replaced 
S2 biotite (Fig. 8). Sillimanite porphyroblasts are 
defor·med by D3 (Fig. 9). Potassium feldspar por
phyroblasts mask the S2 schistosity (Fig. 8). 
However, the grain size of S2 is distinctly smaller 
in the inclusions than in the matrix, wh ich means 
that the grains in the matrix (S2) grow larger af
ter the crystallization of potassium feldspar. The 
above observations on the crystallization of sil
limanite and potassium felds par in relation to the 
S2 schistosity show that both phases crystallized 
simultaneously. 

In the potassium sillimanite zone, but particu-

larly in the potassium feldspar-cordierite zone, 
S3 biotite masks the S2 schistosity in the matrix. 
S2 has often survived only as inclusions in po
tassium feldspar that is syntectonic in relation to 
S2 (Figs . 9-11). The orientation of the S2 inclu
sions in the potassium feldspar is similar in all 
porphyroblasts, demonstrating that the potas
sium feldspars did not rotate during D3 defor
mation (Bell 1985). Wherever the D3 deforma
tion is well-developed, the exposures show, in ad
dition to bedding, intense banded cleavage due 
to S3 biotite. The cordierite porphyroblasts and 
potassium feldspar porphyroblasts formed in the 
decomposition reaction of biotite (reaction 3) are 
syntectonic with respect to S3 (Figs. 10 and 11). 

The garnet and cordierite equilibrated (reac
tions 4 and 5) mainly after the D3 deformation 
(Fig. 12). No observations have been made on 
the relation of reactions 4 and 5 to D4. In the 
area of the Sulkava thermal dome, garnet has oc
casionally been compressed very strongly paral
lel to the schistosity. It has not, however, been 
possible to correlate the schistosity to deforma
tion phases established outside the Sulkava 
thermal dome . 

Discussion 

Progressive metamorphism in the Rantasal
mi-Sulkava area was preceded by a weak meta
morphic event in association with DI deforma
tion. 

Although in the areas of progressive meta
morphism the metamorphic grade changes gradu
ally up to the Sulkava thermal dome - no signif
icant metamorphic facies discordances having 
been noted - the progressive metamorphism can 
be divided into stages that differ from each other 
in terms of deformation phases. 

The decomposition reaction of muscovite 
(reaction 2) and the associated crystallization of 
potassium feldspar and sillimanite occurred dur
ing D2 as did the growth of the andalusite por
phyroblasts. The relations of the growth of anda
lusite, potassium feldspar and sillimanite to the 
coarse S2 biotite (Figs. 3 and 8) indicate that the 
decomposi tion reaction of muscovite took place 
at a later stage of D2 than did the crystallization 
of andalusite. 

The first decomposition reaction of biotite 
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(reaction 3) with the accompanying crystalliza
tion of potassium feldspar and cordierite took 
place during the 03 stage. Cordierite overgrew 
the 02 sillimanite, and the 02 potassium feld
spar porphyroblasts containing S2 inclusions sur
vived as relics up to the Sulkava thermal dome 
(Figs. 9-11 and Korsman et al. 1984). This im
plies that the potassium feldspar-cordierite gneis
ses and the gamet-cordierite-biotite gneisses were 
primarily sillimanite-potassium feldspar gneisses; 
it mayaiso imply that there was a time lag be
tween reactions 2 and 3. On account of intense 
melting, the 02 potassium feldspars have disap
peared from the area of the Sulkava thermal 
dome. 

Gamet and cordierite equilibrated in the meta
pelites (reactions 4 and 5) after the 03 stage (Fig. 
12). In the Rantasalmi-Sulkava area, this equi
libration was a complex event, as shown by the 
buffering of the temperature in the gamet-cor-

dierite-biotite zone. Nevertheless, all observations 
indicate that reaction 5 took place after the 03 
stage. 

The observation on the relationship of the ad
vance of progressive metamorphism to deforma
tion indicates that the age of metamorphism de
creases towards the Sulkava thermal dome. This 
is compatible with the metamorphism of a tec
tonically thickened crust. However, it is not easy 
to attribute the intense rise in temperature mere
Iy to the tectonically thickened crust in the area 
of the Sulkava thermal dome (Korsman et al. 
1984, p. 37). The relationship of progressive 
metamorphism to deformation also indicates the 
complexity of the metamorphic evolution . Be
cause it has not been possible to link the equilib
ration of gamet and cordierite to the deforma
tion phases, we do not know in which direction 
the reactions, as a function of time, advanced 
with respect to the Sulkava thermal dome. 
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The Turku area is one of the granulite areas in the migmatite belt of southern 
Finland, which are characterized by high T, low P and an intensity maximum at
tained at a rather late stage of metamorphism . Sampies taken from the garnet-cor
dierite gneiss at Lemu and Mietoinen, north of Turku, and from the potassium granite 
migmatizing it suggest that at the culmination of metamorphism the temperature 
was c. 800°C and the pressure 5-6 kilobars. Owing to a deficiency of sillimanite, 
however, the decomposition reaction of biotite has not proceeded to the very end 
in metapelites. The rocks have undergone very intense retrograde metamorphism, 
which is seen as zoning in garnet and as crystallization of andalus ite and biotite 
during the retrogressive stage. The cores of the large garnet grains, which are over 
5 mm in diameter, contain 25 "70 pyrope, whereas the smaller grains have a pyrope 
content of 15-18 "!G. 

Key words: granulites, granites, gneisses, chemical composition, mineral composi
tion, metamorphism, P-T conditions, Proterozoic, Lemu, Mietoinen, Finland. 

Geological Survey 01 Finland, SF-02150 ESPOO, Finland 

INTRODUCTION 

Rocks of the granulite facies in the migmatite 
belt of southern Finland have been described 
from the Turku area (Hietanen 1943, 1947), west
ern Vusimaa (Parras 1958, Schreurs 1984, 1985 
a, b, Westra and Schreurs 1985, Schreurs and 
Westra 1986) and the Sulkava area (Korsman 
1977) (Fig. 1). Low-pressure metamorphism is a 

feature common to them all; PT determinations 
indicate that the metamorphie pressure hardly 
ever exceeded 5 kilobars. The metamorphism in 
the granulite areas of southern Finland is relative
ly young. The V-Pb ages of zircon from the pa
laeosome and neosome of the migmatite in the 
thermal dome at Sulkava show that metamor-
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Fig. I. General geological map of Finland (Simonen 1980). The stippled parts indicate the known granulite areas of the 
migmatite belt of southern Finland. 1= the Turku area (Hietanen 1943, 1947); IJ = western Uusimaa (parras 1958, Schreurs 
1985 a, b, West ra and Schreurs 1985); lIl = Suikava (Korsman 1977), 1a =Archaean complex; Ib=the Lapland granulite 
area; 2 = the Svecofennidic schist belt; 3 = the Karelian schist belt; 4 = Jotnian sediments; 5 = rapakivi granites. 
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phism culminated between 1830 and 1810 Ma 
B.P. (Korsman et al. 1984). 

The present study seeks to clarify the crystal
lization history and the PT conditions of the pe
litic rocks in the Turku granulite area. Most of 
the supracrustal rocks in the Turku area are high
grade migmatitic mi ca gneisses characterized by 
a great abundance of anatectic granite. Hietanen 
(1943, 1947) divided the plutonic rocks in the area 
into an older charnockite and trondhjemite 
series, younger potassium granites, and posttec
tonic intrusions that are mainly rapakivi granites 
(see also Vorma 1976, Vaasjoki 1977). The gen
eral geological features of the area are depicted 
in Fig. 2. Sam pies were taken from two outcrops 
in the municipalities of Lemu and Mietoinen, 
north of Turku. The first outcrop is a road cut
ting in the vi!lage of Kaitainen, Lemu (map sheet 
104404, x=6719.74, y=553.66), in which the 
rock is potassium granite; there are also garnet
cordierite gneiss exposures in the environment. 
The second outcrop is in the Mietoinen municipal 
centre (map sheet 1044 05, x = 6724.32, y = 
551.18), where the potassium granite and garnet
cordierite gneiss are in contact with each other. 

fO"Ol L.....!-I Chornoc kde 

W Ropok, vi 

[-:-J BaS IC volc e nlcs . amph ibolit ." Ippl i tt> 

Fig. 2. General geological map of the Turku area; simpli
fied after Härme (1958) and Hietanen (1947). 

METHODS 

Twenty-five sam pies were collected from the 
garnet-cordierite gneisses and granites, and po
lished thin sections were cut from them. The pe
trography of the rocks was studied under an op
tical microscope . The mineral analyses were per
formed on a JEOL-JCXA microanalyser at the 
Institute of Electron Optics of the University of 
Oulu using the ZAF correction program. The 
analytical procedure was largely the same as that 
described by Alapieti and Sivonen (1983). The 

whole-rock analyses were done at the Geochem
istry Department of the Geological Survey of Fin
land using the XRF method. The triclinicity of 
the feldspar was determined by the XRD tech
nique from eight granite and two garnet-cor
dierite gneiss sampies. The modal composition 
of the garnet-cordierite gneisses was established 
by point counter analysis, 1000 points being 
counted on each polished thin section. 

GRANITE 

The granite in the present study is considered which occurs as veins from less than 1 cm to 
as the neosome of the garnet-cordierite gneiss, several tens of metres wide. In some places the 
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Table 1. Chemical analyses of granite. 

M-A M-B M-C M-G L-A L-D 

SiO, 74.33 75.01 75 .19 72.52 75 .54 76.98 
TiO, 0.07 0.06 0.07 0.05 0.17 0.13 
AI,OJ 13 .97 14.00 14.12 14.83 13 .77 14.43 
FeO (tot.) 0.56 0.31 0.34 1.27 0.28 0.86 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.28 0.35 0.31 0.99 0.23 0.46 
CaO 0.56 1.12 0.69 1.28 1.49 1.01 
Na,o 2.01 2.92 2.26 2.61 2.38 1.67 
K,o 7.61 5.21 7.67 3.70 5.32 3.68 
P,Os 0.20 0.20 0.22 0.15 0.15 0.15 
Rb 0.025 0.017 0.029 0.015 0.009 0.00 
Sr 0.015 0.015 0.017 0.015 0.015 0.00 
Zr 0.01 0.00 0.007 0.00 0.00 0.00 
Ba 0.08 0.06 0.08 0.05 0.05 0.02 

tot. 99.71 99.28 101.02 97.48 99.40 99.38 

Sam pies M-G and L-D contain AFM minerals as porphyroblasts. 

Table 2. Chemical analyses of garnet-cordierite gneisses. 

M-1 L-2 

SiO, 68 .51 57.45 
TiO 0.77 0.87 
AI,OJ 14.43 20.01 
FeO (tot.) 6.44 9.25 
MnO 0.06 0.11 
MgO 2.82 3.51 
CaO 1.97 1.12 
Na,O 2.27 1.56 
K,O 2.01 4.81 
P,Os 0.13 0.12 
Rb 0.016 0.02 
Sr 0.021 0.017 
Zr 0.012 0.006 
Ba 0.05 0.10 

tot. 99 .52 98.96 

Sampie L-2 contains sillimanite and potassium feldspar ; 
sam pie M-1 does not. 

veins cut the structures of the gneiss, but in gen
eral they are conformable, following, for in
stance, the shapes of the folds . As a rule the 
widest veins are coarse grained and often exhibit 
pegmatitic portions. Euhedral gamet up to 20 
mm ac ross is typical of the granite, which also 
often contains euhedral cordierite as blebs, bands 
or horizons. According to the classification of 

Table 3. Modal compositions of garnet-cordierite gneisses. 

I. 2. 

Quartz 31.2 22.1 
Plagioclase 30.5 13.1 
K-feldspar 0.2 20.3 
Gamet 3.6 7.9 
Cordierite 11.4 16.0 
Biotite 22 .1 17.0 
Sillimanite 0.0 1.1 
Andalusite 0.2 0.8 
Accessories 0.5 1.5 

The compositions are averages of three determinations . Com-
position 1 represents analysis M-1 in Table 2 and composi-
tion 2 represents analysis L-2 . 

Streckeisen and LeMaitre (1979), the rocks are 
alkali granites, monzogranites and syenogranites 
(Table 1). 

The mineral assemblage consists of potassium 
feldspar , quartz, plagioclase, cordierite, gamet, 
sillimanite, andalusite, biotite, sericite, carbon
ate , chlorite, zircon and ilmenite . In the classifi
cation of White and Chappell (1983), the rocks 
are S-type granites in mineralogy and chemistry 
(Alp/ CaO + KP + Nap) > 1.05). According 
to Härme (1965), the palaeosome of the migma-
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tites is, however, often too poor in potassium to 
give rise to an in-situ potassium-rich granite. On 
the other hand, Kays (1976) has demonstrated 

that the intensely migmatized portions of the 
gneiss are richer in potassium and poorer in cal
cium than are the portions that lack veining. 

Petrography and mineral chemistry 

As shown by the XRD studies, the potassium 
feldspar is almost exc1usively orthoc1ase. It oc
curs as large grains that average 5-15 mm in size 
but may measure up to several centimetres. The 
mineral contains abundant perthite and has al
te red along the fractures into sericite and carbon
ate. In places, the potassium feldspar exhibits 
graphic texture. 

The grain size of the plagioc1ase varies from 
2 to 10 mm. The mineral often shows normal 
zoning and sericitization along the fractures. Oc
casionally antiperthite is encountered. A plagio
c1ase grain in contact with gamet was assayed on 

) 

O.5mm 1- . 

a microanalyser, showing its composition to be 
XAn = 0.24 (Table 7). 

Cordierite occurs most often as rectangular 
grains 2 to 10 mm in size. Along the boundaries 
and fractures it has invariably altered into fine
grained muscovite, chlorite and green biotite and 
often into andalusite as weIl. So me cordierite 
grains are completely pinitized and a few grains 
exhibit abundant acicular sillimanite inc1usions 
(Fig. 3). Small quartz inc1usions are rare and 
often altogether absent. In the garnetiferous por
tions cordierite and gamet are frequently in con
tact with each other. The cordierite in contact 

...J 
~ 

Fig . 3. A cordierite grain in granite pinitized along the edges and having andalusite and sillimanite 
as retrograde alteration products. 



Geological Survey of Finland, Bulletin 339 

48 Pentti Hölttä 

Table 4. Microprobe analyses of garnets in granite. 

Grain L-3-33 L-4 
diameter 1.5 mm I mm 

core edge co re edge 

SiO, 37.86 37.28 37.68 37.69 
TiO, 
AI,03 21.30 21.33 21.67 21.48 
FeO (tot.) 35.06 36.73 35.56 36.88 
MnO 0.59 0.77 0.55 0.75 
MgO 3.83 2.57 3.30 2.47 
CaO 0.77 0.71 0.77 0.72 
Na,O 
K,o 

Tot. 99.41 99 .39 99.53 99.99 

Table 5. Microprobe analyses of cordierites in granite. 

M-4-9 M-E-6 L-6 

SiO, 50.22 48.85 48.69 
TiO, 
AI,03 33.61 32.76 32.76 
FeO (tot.) 7.70 8.52 8.87 
MnO 0.06 0.06 0.03 
MgO 8.72 7.95 7.67 
CaO 
Na,o 0.10 0.18 0.17 
K,O 

tot. 100.41 98.32 98.19 

L-6 is a single euhedral crystal surrounded by feldspars and 
quartz. 

with gamet is rieher in Mg than is the single 
euhedral eordierite. Table 5 lists the ehemieal 
eompositions of some eordierites. 

The gamet grains vary from about 0.5 mm to 
20-30 mm in size. In the large grains, up to half 
of the volume may be oeeupied by quartz inclu
sions, and the grains are often surrounded by 
quartz. AJong the edges and fraetures, the gamet 
has alte red into green biotite and is oeeasionally 
surrounded by a narrow eordierite rim. Some 
grains eontain not only quartz but also abundant 
aeieular sillimanite as inclusions. The gamet is 
intensely zoned, XMg deereasing c1early and XFe , 

XCa and XMn inereasing slightly from the eore of 
the grain towards the rim (Table 4). In the eore 
of the large grains (diameter> 5 mm), XMg is 

M-4-9 M-E-6 M-A-20 
10 mm 2 mm 0.5 mm 

core edge core edge co re 

38.93 38.58 38.12 38.22 38.06 

22.21 21.94 21.57 21.63 21.75 
32.28 35.20 34.43 35.30 35 .50 
0.46 0.62 0.65 0.63 0.70 
6.44 4.28 4.41 3.86 3.68 
0.81 0.78 0.72 0.67 0.72 

101.13 101.40 99.90 100.31 100.41 

Table 6. Microprobe analyses of biotites in granite. 

L-3-33 M-A-20 M-C 

SiO, 34.91 36.14 35.86 
TiO, 0.04 0.06 2.83 
AI,0 3 20.46 19.90 19.48 
FeO (tot.) 17 .96 18.75 20.39 
MnO 0.00 0.04 0.06 
MgO 10.82 10.85 8.33 
CaO 0.13 0.11 0.04 
Na,O 0.15 0.16 0.11 
K,O 8.37 8.52 8.81 

tot. 92.84 94.53 95.91 

M-C is a large single reddish brown biotite, M-A-20 and 
L-3-33 are green biotites that are alteration products of garnet. 

Table 7. An analysis of plagioclase in granite . 

L-4 

SiO, 61.81 
TiO, 
AI ,0 3 23.73 
FeO (tot.) 0.11 
MnO 
MgO 
CaO 5.06 
Na,O 8.98 
K,O 0.14 

tot. 99.80 

0.25. The smaller grains are distinetly poorer in 
Mg and their XMg averages 0.15, whieh could 
possibly be attributed to the fact that the co res 



Geological Survey of Finland, Bulletin 339 

Observations on the metamorphie reactions and PT conditions in the Turku granulite area 49 

of the larger grains have retained the composi
tion corresponding to the culmination of meta
morphism whereas the smaller grains have und er
gone retrograde re-equilibration. 

There are two generations of biotite. The older 
one is reddish brown and averages 0.05-2 mm 
in size. The younger, retrograde biotite occurs as 
c. 0.1-0.3 mm long flakes, which are generally 
pale green but occasionally brown and alteration 
products of cordierite and garnet. The green bio
tite is rather poor in Ti (Ti02 = 0.04-0.6 0J0) 
and contains appreciable Ca (CaO = 0.11-
0.13 070 )(Table 6) because it derives from garnet 

(cL Gorbatschev 1972, Brown and Phadke 1983, 
Tracy and Dietsch 1982). 

Sillimanite occurs in cordierite as 0.1-1 mm 
long prisms or thin acicular inclusions, 0.05-0.5 
mm in length. The larger grains generally border 
the potassium felds par crystals or constitute in
clusions in them. 

Andalusite is a product of the retrograde de
composition of cordierite (Fig. 3). As a rule it oc
curs as euhedral grains, 0.1-1 mm in size, or as 
anhedral intergrowths with the green biotite at 
the borders of the cordierite grains. The mineral 
is normally free from inclusions. 

GARNET -CORDIERITE GNEISS 

The garnet-cordierite gneiss is intensely recrys
tallized, and primary structures are rare. Occa
sionally the rock exhibits fine-grained bands that 
are more acidic than the environment and prob
ably indicate bedding. The rock is granoblastic 
in texture. 

The mineral assemblages depend on the chem
ical composition of the rock and are either 

1) gar-cord-bio-and-pl-qz-ilm-magn-graph 
or 

2) gar-cord-sill-bio-ksp-pl-qz-ilm-magn-graph. 

Assemblage 2 occurs in portions of the gneiss 

that are richer in Al and K than the portions with 
assemblage 1 (Table 2). The KP content ap
proaches five per cent and is thus not much lower 
than that in granite. The chemical composition 
does not contradict the possibility that the gra
nitic melts were formed in si tu (cL Korsman 
1977). 

Like the granite, the garnet-cordierite gneiss 
exhibits features of intense retrograde metamor
phism manifested by reactions that often result 
in the crystallization of andalusite . 

Modal compositions of the garnet-cordierite 
gneiss are given in Table 3. 

Petrography and mineral chemistry 

Potassium felds par is mainly orthoclase as 
shown by the XRD identification and has an 
average grain size of 0.5-2 mm. It contains mi
croperthite exsolution bodies, is slightly serici
tized along the rims and fractures, and often con
tains quartz and biotite inclusions. Table 12lists 
the chemical compositions of some potassium 
feldspars. 

Plagioclase varies from 0.1 to 1.5 mm . Its is 

4 

slightly sericitized along the fractures and con
tains exsolved antiperthite and biotite inclusions . 
Occasionally sillimanite inclusions are also pres
ent, and weakly developed normal zoning occurs 
here and there. The composition of the mineral 
is XAn = C. 0.25 (Table 11). 

Cordierite occurs both as rectangular grains, 
1-5 mm in size, and as alteration products of 
garnet (Fig. 4), in which case the grains are the 
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same shape as the earlier gamet. Oeeasionally the 
grains are elongated along the sehistosity and 
may be up to 10 mm in length. The eordierite 
eontains biotite, quartz and sillimanite as inclu
sions, the latter being almost invariably in the 
middle of the eordierite grains, their longitudi
nal axis parallel to that of the host mineral. The 
eordierite is often pinitized along the fraetures 
although not as intensely as in the granite. The 
rims of the grains have undergone retrograde 
alteration into biotite, andalusite and sillimanite. 
The eordierite that is in eontaet with gamet is 
somewhat rieher in Mg than is the eordierite in 
the matrix (Table 9). 

Gamet oeeurs as poikiloblasts, 1-10 mm in 
size, with abundant quartz and biotite and some
times also sillimanite as inclusions. The mineral 
has frequently altered into eordierite along the 
rims. (Fig. 4) The edges and fraetures are rim
med with a narrow (e. 0.01 mm) pale green bio
ti te seam. However, the biotitization is not nearly 

'. 
.. " 

O.5mm 

as intense as it is in the granite. The eore of the 
large grains is very rieh in Mg as it is in the gra
nite (X Mg = 0.25); in the smaller grains the 
pyrope eontent is lower (X Mg = 0.18). The value 
of XMg deereases markedly and that of XMn in
ereases slightly from the eores of the grains 
towards the edges (Table 8) . 

Biotite has at least two generations. The older 
biotite is reddish brown and averages 0.2-0.5 
mm in grain size. The biotite that oeeurs as in
clusions in gamet, eordierite and potassium feld
spar is smaller, averaging 0.1-0.2 mm in di
ameter . The inclusion biotite grains are presum
ably prograde relies, but the biotite in the ma
trix eontinued to grow after the erystallization of 
gamet and eordierite. Oeeasionally the eordier
ite grains are also rimmed with the younger pale 
green retrograde biotite that oeeurs as fine
grained flakes « 0.1 mm). The abundanee of 
green biotite is, however, eonsiderably lower than 
in the granite, and it is not eneountered as an 

Fig. 4. A gamet grain altered into cordierite along the edges of the grain . 
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Table 8. Microprobe analyses of garnets in garnet-cordierite gneiss. 

Grain M-5-9 M-2-16 L-I-6 L-12 L-22 L-24 M-2-9 M-2-12 
diameter 5 mm 1.5 mm 9 mm 8 mm 3 mm 3 mm 1.5 mm 0.5 mm 

COfe edge core edge core edge core co re CO re core core 

Si02 32.29 38.26 38.21 38.23 39.04 38.48 38.93 38.38 38.42 37.27 38.52 
Ti02 
AIP3 22.29 21.80 21.64 21.63 21.93 21.87 22.31 21.71 21.68 21.51 21.79 
FeO (tOI.) 32.82 34.76 34.26 35.28 32.33 36 .31 32.48 34.25 34 .20 34.11 34.89 
MnO 0.59 0.72 0.63 0.80 0.63 0.88 0.63 0.75 0.72 0.70 0.71 
MgO 5.66 4.06 4.42 3.77 6.72 3.87 6.00 4.75 4.55 4.59 4.29 
CaO 0.82 0.86 0.84 0.84 0.95 0.91 0.93 0.93 0.91 0.83 0.84 
Na20 
K20 

tol. 101.47 100.46 100.0 100.55 101.60 102.32 101.28 100.77 100.48 99.01 100.44 

Table 9. Microprobe analyses of cordierites in garnet-cordierite gneiss. 

M-5-9 L-I -6 L-22 L-24 M-2-9 M-2-12 M-2-15 

Si02 49.53 49.30 47.78 49 .04 48.90 49.50 49.49 
Ti02 
AI20 3 33.21 32.8 1 31.90 33.00 32.93 32.87 32.72 
FeO (tot.) 7.81 7.74 7.35 7.58 7.06 8.15 8.48 
MnO 0.06 0.06 0.03 0.04 0.03 0.04 0.05 
MgO 8.42 8.77 8.12 8.59 8.74 8.22 8.02 
CaO 
Na20 0.10 0.09 0.14 0 .08 0.07 0.04 0.11 
K20 

tot. 99.13 98.77 95.32 98.33 91.73 98 .82 98.87 

M-2-15 is not in contact with garnet. 

Table 10. Microprobe analyses of biotites in garnet-cordierite gneiss. 

M-5-9i M-2-16i M-2-16 M-2-9 M-2-15 M-5-9m M-5-9ma L-I-6m L-12m 

Si02 37.23 36.51 36.40 36.15 36.07 36 .62 36.02 36.76 36.96 
Ti02 2.87 1.97 3.31 3.48 4.07 4.19 4.04 3.95 3.95 
Al20 3 17.33 18.11 18.20 17.37 17.65 17 .74 17 .29 17.81 17.83 
FeO (tot.) 13.70 15.31 17.12 17.13 18 .29 18.11 18.23 17.79 17.39 
MnO 0.01 0.03 0.02 0 .04 0.01 0.00 0.01 0.03 0.00 
MgO 14.48 12.96 10.62 11.62 9.94 10.67 10.48 10.86 10.94 
CaO 0.00 0.13 0.02 0.02 0.05 0.03 0.00 0.01 0.01 
Na20 0.18 0.14 0.10 0.14 0.10 0.09 0.07 0.09 0.10 
K20 9.10 8.75 9.39 9.31 9.60 9.27 9.46 9.39 9.57 

tot. 94 .90 93.91 95.16 95 .27 95.78 96.72 95.60 96.69 96.75 

Analyses marked with i are from the incJusions in garnet; analyses with mare from matrix biotites. M-5-9m and M-5-9ma 
are from the same thin section. 

alteration produet of gamet. Likewise the bio
ti te that was formed at the retrogressive stage, 
in the reaetion between potassium feldspar and 
eordierite, is usually brown. The biotite in eon
taet with gamet is clearly rieher in Mg than is the 
biotite in eontaet with eordierite (analysis M-2-15 

in Table 10 is of a biotite in eontaet with eordier
ite, cf. Korsman 1977, pp 38-39). Riehest in Mg 
is the biotite that oeeurs as inclusions in gamet; 
it is also appreeiably poorer in Ti02 than are the 
biotites in the matrix. The Mg eontent may be 
attributed to retrograde re-equilibration (cf. e.g. 
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Table 11 . Microprobe analyses of plagioclases in garnet
cordierite gneiss. 

M-5-9 L-12 

Si02 62.88 62.36 
TiO, 
A120 3 23.94 24.26 
FeO (tOL) 0 .03 0.00 
Mno 
MgO 
CaO 4.90 5.22 
Na20 3 8.98 8.92 
K,O 0.27 0.25 

tot. 101.10 101.01 

Indares and Martignole 1985b); the same applies 
to the low TiOz (see Korsman 1977, p 41). The 
TiOz content of the inclusions (c. 2 070) is, how
ever, higher than that of the green biotite (TiOz 
< 0.1 %) that occurs in the granite as the altera
tion product of gamet. This is a strong indica
tion that the biotite inclusions in gamet are older 
than the gamet; the composition merely changed 
at the retrogressive stage. 

In the potassium feldspar-bearing portions, si 1-
limanite occurs in the cordierite as prisms mea-

Table 12. Microprobe analyses of K-feldspars in garnet-cor
dierite gneiss . 

M-2-16 L-I-6 

Sio, 62.45 62.49 
Ti02 0.02 0.01 
Al20 3 17 .99 18.17 
FeO (toL) 0.05 0.00 
MnO 
MgO 
CaO 0.09 0.10 
Na20 1.39 1.83 
K,O 14.23 13.73 

tot. 96 .23 96.33 

suring c. 0.05-0.3 mm, and occasionally also in 
plagioclase. It is further encountered as minute 
acicular crystals along the edges of the cordierite 
grains. 

Small amounts of andalusite are encountered 
along the edges of the cordierite grains, where 
it occurs as tiny grains measuring less than 0.1 
mm. It is intergrown with biotite and its abun
dance is markedly lower than that of the anda
lusite in granite; it is also much sm aller. Anda
lusite occurs solely as a retrograde phase. 

METAMORPHIC REACTIONS 

The chemical and modal compositions of 
garnet-cordierite gneiss show that the metamor
phic reactions were affected by chemistry. In the 
rocks in which the concentration of aluminium 
is low in relation to that of alkalies and calcium 
and in which originally only sm all amounts of 
sillimanite crystallized, the abundance of biotite 
is higher than in sillimanite-bearing rocks. Ob
servations show that in the sillimanite-bearing 
portions the decomposition reaction of biotites 
advanced further than in the portions poorer in 
Al, terminating only when almost all the sillima
nite had been consumed. 

Examination of thin sections has revealed that 
the garnet-cordierite gneiss has the following 

equilibrated assemblages (assuming that the min
erals existing in contact with each other within 
an area measuring c. 2-3 mm in size are in equi
librium): 

car-cord-bio, cord-bio, gar-bio, bio 

The portions containing potassium feldspar 
and sillimanite have the assemblages gar-cord
bio-ksp, cord-bio-ksp, gar-bio-ksp, gar-cord-sill, 
cord-sill, gar-sill, bio-ksp. 

All the assemblages also contain plagioclase 
and quartz. In addition to them there are the fol
lowing retrograde assemblages: 

cord-bio-sill-and-ksp and gar-bio-ksp. 
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Fig. 5. AFM diagram (potassium feldspar as a projection 
point) showing the equilibrium mineral assemblages and the 
compositions of the mineral cores in the garnet-cordierite 
gneisses. The gamet grades into a more Mg-bearing variant 
when the grain size increases. The cordierite-biotite assem
blage that is not in contact with gamet is marked with a cross. 
The squares refer to biotite inclusions in large gamet grains. 
The big circle stands for the total composition of the rock 
(analysis L-2, Table 2) . The stippled tri angle shows the com
positions of gamet and cordierite in the area of the Sulkava 
thermal dome (Korsman 1977). 

The equilibrium mineral assemblages of the 
garnet-cordierite gneiss are shown on an AFM 
diagram in Fig. 5 and the retrograde assemblages 
in Fig. 6. 

The observed assemblages demonstrate that at 
least the following simplified reactions took place 
in the rock: 

1. 2 bio + 6 sill + 9 qtz = 3 cord + ksp + 2-
3n H20 

2. bio + sill + 2 qtz = gar + ksp + HP 

The assemblage gar-cord-bio-ksp-qtz is less 
common than any other, possibly owing to the 
composition of the rock. Sillimanite was almost 
completely consumed at lower temperatures, and 
the reaction 

3. 2 bio + 8 sill + 13 qtz = 2 gar + 3 cord + 4 
ksp+4 HP 

A 
And 

Fig . 6. AFM diagram for the retrograde assemblages of the 
garnet-cordierite gneisses. The compositions of the garnets 
measured from the edges of the grains. 

could not advance very far. The potassium liber
ated in the decomposition reaction of biotite 
might have migrated in the form of ions or have 
entered directly into the melt, because some of 
the rocks lack potassium feldspar (cf. Thomp
son 1982). 

The gneiss exhibits the retrograde reaction 
quite clearly, the following reactions, at least, 
having taken place under the declining PT con
ditions: 

4. 3 cord + ksp + 2-3n HP = 2 bio + 6 sill
and + qtz 

5. 2 gar+4 sill + 5 qtz+3n H 20=3 cord 

Reaction 4 is manifest virtually wherever the 
cordierite is in contact with potassium feldspar. 
The reaction also liberated ilmenite and magnet
ite. The alteration of cordierite and gamet in the 
granite was of particular intensity but the retro
grade reactions of the minerals did not li berate 
oxides as was the case with the gneisses. In many 
pI aces gamet has altered into cordierite (Fig. 3, 
reaction 5), and this process, too, has consumed 
sillimanite. 
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GEOTHERMOMETERS AND 
GEOBAROMETERS 

The established mineral assemblages and the geobarometers based on the following assem
reactions allow the use of geothermometers and blages: garnet-biotite, garnet-cordierite-silliman-

Table 13. PT determinations. If not specially mentioned, the analyses refer to the co re composition of the minerals. Temper
ature is in degrees Celsius and pressure in kilobars. 

Sampie Assemblage Tl T2 T3 PI P2 
number 

L-I-6 9 mm diameter gamet + 775 5.1 
adjacent cordierite 

M-5-9 5 mm diameter gamet + 730 5.2 
adjacent cordierite 

L-L-22 3 mm diameter gamet + 658 5.4 
adjacent cordierite 

L-L-24 3 mm diameter gamet + 641 5.5 
adjacent cordierite 

M-2-9 1.5 mm diameter gamet + 620 5.8 
adjacent cordierite 

M-2-12 0.5 mm diameter gamet + 651 5.3 
adjacent cordierite 

M-2-15 5 mm diameter gamet + 774 4.8 
matrix cordierite 

M-4-9 10 mm diameter gamet + 761 5.2 
(granite) adjacent cordierite 

M-E-6 2 mm diameter gamet + 684 5.1 
(granite) adjacent cordierite 

L-I-6m 9 mm diameter gamet + 876 730 
matrix biotite 

L-12m 8 mm diameter gamet + 791 693 
matrix biotite 

M-5-9m 5 mm diameter gamet + 803 699 
matrix biotite 

M-2-16 1.5 mm diameter gamet + 635 619 
adjacent biotite 

L-3-33 gamet rim + adjacem 448 528 
(granite) green bioti te 

L-12 8 mm diameter gamet + 6.5 
adjacent plagioclase 
(T estim. 800 degrees) 

M-5-9 5 mm diameter gamet + 6.3 
adjacent plagioclase 
(T estim. 800 deg.) 

L-4 I mm diameter gamet + 3.5 
(granite) adjacent plagioclase 

(T estim. 670 deg.) 

TI = garnet-cordierite temperature according to Holdaway and Lee (1977), T2 = garnet-biotite temperature according to Ferry 
and Spear (1978), T3 = garnet-biotite temperature according to Perchuk and Lavrenteva (1983), PI = garnet-cordierite pres
sure according to Holdaway and Lee (1977) and P2=garnet-plagioclase pressure according to Newton and Haselton (1981) 
with po (Sill)=-1.17+0.0238T (0C) (Ganguly and Saxena 1984, p. 93). 

1 
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ite-quartz and garnet-plagioclase-sillimanite
quartz. Table 13 lists the temperatures and pres
sures given by the garnet-biotite thermometer of 
Ferry and Spear (1976) and Perchuk and Lavren
teva (1983), the garnet-cordierite thermobaro
meter of Holdaway and Lee (1977) and the gar
net-plagioclase barometer of Newton and Hasel
ton (1981) . Since the concentrations of Ca and 
Mn are low in the garnets, the results obtained 
by using calibrations that take into account the 
activity of the grossular and spessartite compo
nents (Hodges and Spear 1982, Ganguly and Sa
xena 1984) do not differ much from the results 
given by the thermometer of Ferry and Spear. In 
contrast, the temperatures calculated from Per-

chuk and Lavrenteva differ markedly from these 
at higher temperatures. Perchuk and Lavrenteva 
(1983 , p. 235) themselves point out that the tem
peratures given by the thermometer for the gra
nulites are probably too low, presumably on ac
count of the Al concentration in biotite . 

The partial pressure of water was assumed to 
be 0.5 when the pressure was calculated from 
Holdaway and Lee (1977). The abundance of bio
tite in the garnet-cordierite gneiss is higher than 
in the Sulkava area (Korsman 1977), which, in 
addition to the less plentiful sillimanite, mayaIso 
be attributed to the higher activity of water in the 
metamorphism. 

DISCUSSION 

As shown by the results, the choice of anal
ysis points has a marked effect on the data in an 
area of intense retrograde metamorphism. The 
small garnet grains and the biotite and cordier
ite in contact with them re-equilibrated during the 
cooling (cf. Perchuk and Lavrenteva 1983, In
dares and Martignole 1985 a, b, Schreurs 1985b). 
Consequently, estimation of the maximum tem
peratures was based on the compositions of the 
co res of the large garnet grains and the biotite 
in the matrix, which was not in contact with the 
garnet. The method is probably applicable to 
rocks of the granulite facies provided that high
grade metamorphism has resulted in complete 
equilibration of Fe and Mg on thin-section scale. 
The highest temperature thus obtained on the 
basis of the calibration of Ferry and Spear (al
most 900°) is improbable and too high, whereas 
the other temperatures (around 800°) are realis
tic considering the general geology of the area. 
If the PT determinations are based on the com
positions of the small garnet grains (which in the 
thin sections may be marginal parts of large gar
nets) and those of the biotites and cordierites in 
contact with them, temperatures are obtained 

that represent the retrograde stage. This finding 
corroborates the concept that, rather than 
showing the culmination of metamorphism, the 
results given by the geothermometers and geo
barometers indicate the moment at which the dif
fusion of Fe and Mg between a mineral pair 
comes to an end because of the drop in tempera
ture, provided that the temperature was above 
the blocking temperature of diffusion (Thomp
son and England 1984, Freer 1981). The blocking 
temperature recorded by the mineral is affected 
by grain size and diffusibility in such a way that 
the blocking temperature is high er for the large 
grains (Thompson and England op. cit.) . The 
lowest temperatures are obtained using the com
position of the edge of the garnet and that of the 
green biotite in contact with it. The temperatures 
calculated with various methods differ consider
ably from each other (Table 11). Nevertheless, 
the highest values correspond to the conditions 
in the other areas of granulite facies in southern 
Finland (Korsman 1977, Korsman et al. 1984, 
Schreurs 1985a). 

The pressures established are also close to those 
calculated from the garnet-cordierite barometer 
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for the crystallization pressures of the areas of 
granulite fades in southern Finland. The cordier
ite in contact with the garnet is richer in Mg than 
in the Sulkava granulite area (Fig. 5), indicating 
a slightly higher crystallization pressure. The gar
net has altered along the edges into cordierite, 
which may mean that the press ure dropped dose 
to the culmination of metamorphism. 

The pressures given by the garnet-plagiodase 
pair are higher than those given by the garnet
cordierite pair by ab out one kilobar. This may 
be due either to the earlier blocking of the barom
eter or to the fact that the temperature (800°C) 
used in the ca1culation was too high, because the 
slope of the reaction is rather steep. A small gar
net grain, 1 mm in diameter, wh ich on the basis 
of composition represents the retrograde stage, 
and the plagiodase in contact with it give a dearly 
lower crystallization press ure than do the cores 
of the large garnets representing the culmination 
of metamorphism. 

Figure 7 depicts the advance of metamorphism 
as a function of time based on the reactions 
between minerals, PT determinations and pub
lished datings. Since no relict indusions that 
could indicate the evolution of the early prograde 
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stage have been observed in the minerals of high
grade metamorphism, it is difficult to delineate 
the advance of the PT path before the culmina
tion of metamorphism. However, nowhere in the 
migmatite areas of southern Finland nor in their 
environments has metamorphism of the kyanite 
type been observed, wh ich means that the rocks 
probably did not reach the kyanite field during 
their PT evolution. The cooling path in fig. 7 is 
supposed to be convex towards the temperature 
axis. The real situation may be more complex, 
because the assumption is based only on the 
rather limited data presented in this study. 

The maximum crystallization temperatures and 
pressures of the granite and garnet-cordierite 
gneiss are dose to each other, indicating that the 
granite crystallized dose to the culmination of 
metamorphism. The V-Pb ages of titanite and 
monazite from the trondhjemites in the adjacent 
Kalanti area are 1810-1845 Ma, which, accord
ing to Patchett and Kouvo (1986), are associated 
with a marked thermal event and re fleet the age 
of metamorphism. The high PT values obtained 
probably refer to this. The K-Ar age of the bio
ti te from the Heinänen trondhjemite in the Ka
lanti area is 1718 Ma (sam pie A493, Lepäinen, 

Fig. 7. PT diagram delineating the progress of 
metamorphism as indicated by the reactions 
between minerals, the thermobarometers and 
age determinations. The Al,SiO, tripIe point af
ter Winkler (1979). The decomposition reactions 
of muscovite, biotite and cordierite according 
to Holdaway and Lee (1977) , when the partial 
water pressure was 0.4 of the total pressure. 
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Patchett and Kouvo 1986). If the age of the bio
tite represents not a new thermal pulse but cool
ing, as shown by Fig. 7, this means that uplift 
has been very slow in the Turku area, provided 
that cooling was due primarily to erosion and up
lift. The far advanced retrograde reactions cor
roborate the concept of slow cooling. 

The metamorphic press ures determined from 

the granulite areas of southern Finland are fair
ly low compared with those from areas of granu
lite facies on aglobai scale. All the granulites in 
the migmatite belt of southern Finland, however, 
have similar features, i.e. high T, low P and the 
culmination of metamorphism at a relatively late 
stage. 
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