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INTRODUCTION 

The Savo Schist Belt (SSB in Fig. 1) lies 
adjacent to the Archean craton and contain 
numerous Zn-Cu and Ni deposits and occur
rences, associated with the Main Sulphide Ore 
Belt of Finland (Kahma 1973) or, as it is some
times known, the Raahe-Ladoga Zone (RLZ) . 
This also coincides with the boundary zone 
between the Archean craton and Early Protero
zoie juvenile crust (Huhma 1986). Isotope data 
(Vaasjoki 1981, Huhma 1986, Lahtinen and 
Huhma in prep.) indicate a rather primitive or
igin for su1phides in the Zn-Cu occurrences and 
for the associated host rocks. The SSB shows a 
pronounced metamorphie block structure (Kors
man et al. 1984) with abundant pyroxene gran
itoids surrounded by contact metamorphie aure
oles (Hölttä 1988). The presence of highly de
formed orthogneisses in the SSB has generated 
controversies concerning the " basement" and 
correlations of supracrusta1 rocks with cover 
sequences in the craton have been also proposed 
(Ekdahl 1993). Altogether, these rocks occupy a 
critical position when considering Paleoprotero
zoic crustal evolution and collisional tectonics. 
The Svecofennian as a whole in Finland is char
acterized by abundant granitoids (Fig. I) having 
rather simi lar ages and lacking clear regional age 
zonation trends (1.89-1.88 Ga, e.g. Huhma 
1986). The 1.93-1.91 Ga ages obtained from the 
SSB represent the main exceptions to these gen
eralizations, and consequently form a major part 
of this study. This indicates very rapid crustal 
growth and the general importance of granitoids 
in Svecofennian crustal evolution. The magmat
ic, structural and metamorphie overprinting dur
ing 1.89-1.88 Ga events has obscured or de
stroyed many older features and thus hinders the 
interpretation of older events. 

The Paleoproterozoic S vecokarelian grani
toids have traditionally been cIassified as synk
inematic (synorogenic) and late-kinematic (late
orogenie) granitoids (eg., Eskola 1932, 1960; 
Saksela 1936; Wahl 1936). Sederholm (e.g. 
1932) classified granitoids into four groups of 
which group I can be correlated with synkine
matic and group Il with late-kinematic grani
toids. Postorogenie granitoids belong to his 
third group and rapakivi granites to his fourth 
group. Simonen (1960, 1980b) divided the 
granitoids of the Svecofennidic area into differ
ent petrographie provinces according to the 
most acid end members as folIows: granodior
ite , trondhjemite, charnockite, granite and mi
croc line granite provinces. The first four of 
these were considered to represent synkinemat
ic (synorogenic) granitoids, which are anatectic 
crustal magmas derived from parental magmas 
of slightly varying composition (quartz diorit
ic-granodioritic). The late-orogenic microcline 
granites were considered metasomatic and ana
tectic in origin (Sirnonen, 1960,1980b). Small 
postkinematic (postorogenie) stocks of massive 
granitoids (Sederholm 1932) and post-Sve
cokarelian rapakivi granites are the youngest 
granitoids (Sirnonen 1980b). Nurmi and Haapa-
1a (1986) divided the Proterozoic granitoids on 
the same basis into four main groups: synkin
ematic (1860-1930 Ma, most commonly 1870-
1890), late-kinematic (1800- J 850) and post
kinematic (ca . 1800 Ma) Svecokarelian grani
toids and anorogenic rapaki vi granites (1540-
1700 Ma). The occurrence of 1.93-1.91 Ga 
gneissie tonalites (Helovuori 1979; Korsman et 
al. 1984; Vaasjoki and Sakko 1988 , Ekdahl 
1993) has been problematic . For example, the 
Kettuperä granite gneiss in Pyhäsalmi area and 
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orthogneisses in Pielavesi area has been con
sidered to be basement to the volcanics (Helo
vuori 1979, Ekdahl 1993). The synkinematic 
granitoids have been further subdivided to gran
itoids in schist belts and the granitoid complex 
of central Finland (Front and Nurmi 1987). The 
granitoids intruding schist belts are predomi
nantly granodiorites, tonalites and trondhjem
ites, and voluminous granites are absent. The 
granitoid complex of central Finland is com
posed of intrusions ranging in composition 
from gabbro to more voluminous granite. The 
most marked differences between these groups 
are higher FeO/MgO and Kp/Nap ratios for 
similar Si0

2 
contents in the granitoid complex 

(ibid.). 
Based on the calc-alkaline and I-type charac

teristics of synkinematic granitoids, a partial 
melting model of igneous material was pro
posed by Front and Nurmi (1987). They in
voked partial melting of a basaltic source for 
the origin of tonalitic rocks based on small 
mafic inclusions interpreted as restite material. 
The granodiorites and granites are considered 
to represent different magma pulses and melt
ing of more crustal meta-igneous material and/ 
or differentiation lower in the crust. The differ
ence between granitoids in schist belts and 
granitoid complex was attributed to a lower 
degree of melting of thicker crust in the gran
itoid complex. Nironen (l989a) studied five 
Svecofennian granitoid plutons and interpreted 
some of the mafic inclusions as microgranitoid 
enclaves indicating magma mingJing and pos-

sibly also magma mixing . Repeated mixing and 
mingling between crustal and mantle-derived 
magma, or magma derived by partial melting of 
a subducted oceanic slab combined with partial 
melting and/or assi milation of crustal rocks, 
was proposed for generation different magmas. 
The Svecofennian granitoids studied so far 
have E

Nd
(1.9) from -1 to +3 and show no evi

dence for any significant Archean crustal con
tribution, indicating instead that they consist 
largely of juvenile mantle derived material 
with a minor admixture of older continental 
crust (Huhma 1986). 

The geochemistry of gneissic tonalites (espe
cially 1.93-1.91 Ga group) and related rocks in 
the Rautalampi area and in the reference areas 
have been studied to reveal their origin . The 
geochemistry and tectono-magmatic affinity of meta
volcanics in the Rautalampi area are also con
sidered. The garnet±cordierite±orthoamphibole/ 
orthopyroxene (hereafter GCO) rocks and 
gneisses are an important rock assemblage that 
occur in association with Zn-Cu occurrences. 
Their geochemistry and origin is also studied 
with special emphasis on their relation to ore 
forming processes . The geochemistry of syn
kinematic granitoids and associated mafic 
rocks have also been studied to assess differ
ences in source components and associated 
mantle type. A tentative plate tectonic model 
(2.1-1.79 Ga) is presented where the evolution 
of different schist belts and Svecofennian gran
itoids and crust as whole is evaluated in the 
light of the present data . 

MATERIAL AND ANALYTICAL METHODS 

Most of the material for this study was col
lected by the author between 1985-1988 . Some 
drill core sampIes from the Pukkiharju area 
(Lahtinen 1988) are also included and a few 
sam pIes have been contributed by other people. 
Altogether 263 sampIes from the Rautalampi 
area and 21 sampIes from reference areas are 

included in the study . The sampIes were taken 
from outcrops by a mini-drill or hammer, ex
cept for those from Kettuperä which were se
lected from diamond drill cores. The Kettuperä 
sampIes were from depths 55 -80 m and 100-
125 m from drill core PYS-27 , which had pre
viously been sampled (80-100 m) for U-Pb 



zircon dating (Helovuori 1979). Thin sections 
were prepared from 173 sampIes. 

Major and most trace element analyses of 
141 sampIes were determined by ICP-AES 
techniques after LiB0

2
-fusion at the Geologi

cal Survey of Finland. International standards 
and recommended values were used for calibra
tion during major and trace element determina
tions. To compensate for instrumental drift in
ternational standard W-2 was analyzed as every 
fifth sampIe. Reanalysis, as weil as five addi
tional refusions of W-2 has been done to eval
uate the analytical precision and accuracy. 
Accuracy is very good and analytical precision 
is good (1-3 %) for most of the elements con
sidered here. Sodium, potassium, phosphorus, 
chromium and nickel have rather poor analyt
ical precision (5-15 %) at the concentrations 
typical in this study. Five duplicate gneissie 
tonalite sampies were sampled separately and 
analyzed to obtain the total variation, including 
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sampIe heterogeneity. The results are in agree
ment with the refusion results and do not indi
cate any large sampling error. So far , only 
XRF-analyses from the Outokumpu Co labora
tori es are available for 122 sampIes of GCO 
rocks and gneisses. The oxide sums are normal
Iy low (about 90%) and so, these results are 
only used in crude comparisons to evaluate 
possible trends. 

Rare-earth elements and some trace elements 
(Rb, Ta, Th, U and Hf) were determined from 
selected sampIes by the neutron activation 
method at the Technical Research Centre of 
Finland. The precision and accuracy of the 
method is presented by Rosenberg et al. (1982). 
The general precision is ± 2-10 %, but can be 
significantly worse near detection limits. The 
Rb, Ta, Th and U values in most mafic amphi
bolites are near or below the detection limits 
which thus hinders the use of results for these 
elements. 

GENERAL GEOLOGICAL SETTING 

The major Precambrian units in southern and 
central Finland are the Archean basement and 
the Palaeoproterozoic Svecokarelian terrains 
(Fig. I) . The latter has traditionally been divid
ed into Karelides and Svecofennides based 
mainly on differences in supracrustal rocks (eg. 
Eskola 1963, Simonen 1980b, see also Gaal and 
Gorbatschev 1987). In northern and eastern 
Finland the Karelides are characterized by epi
continental sediments (Sariolan and Jatulian) 
deposited on the Archean crust between 2.45-
1.9 Ga, as weil as by metavolcanics and mafic 
dykes of different ages. The upper Karelian 
schists include marine sediments (Kalevian) 
deposited, at least partlyon or at the edge of the 
Archean craton. The Karelides also contain the 
1.97 Ga old Outokumpu ophiolite assemblage , 
which has been interpreted as an allochthonous 
nappe (Koistinen 1981). The Svecofennian 
comprise of ca. 1.9 Ga old orogenie terrains in 

southern and western Finland, comprising vol
canic-sedimentary belts and migmatitic gneiss 
belts. The main schist belts are the Savo Schist 
Belt (SSB), Bothnian Schist Belt (BSB), Tam
pere Schist Belt (TSB) and Hämeenlinna Schist 
Belt (HSB) (Fig. 1). The Kemiö-Mäntsälä Belt 
(KMB) is composed of several smaller schist 
belts including the Orijärvi area. One major 
feature within the Svecofennian crust is the 
large Central Finland Granitoid Complex 
(CFGC). 

A major suture zone has been delineated 
along the boundary of the SSB (Koistinen 
1981) marking, together with the NW -SE
trending Raahe-Ladoga zone (RLZ) the approx
imate boundary zone between the Karelides and 
Svecofennides. The RLZ has been interpreted 
as a major strike-slip fault system (Gaal 1972, 
Talvitie 1975) with additional vertical compo
nents, resulting in distinct block-like domains 
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Fig. I. Simplitied geological map of soulhern Finland, after 
Simonen ( 1980a). A. Archaean rocks; B. Karelian schi sts; C. 
Svecofennian schi sts, gneisses and migmatites; D. Svecofennian 
plutonic rocks; E. rapakivi granites; F. l otnian sedimentary 
rocks. CFGC - central Finland granitoid complex; SSB - Savo 
schist belt; BSB - Bothnian schist belt ; TSB - Tampere schist belt; 
HSB - Hämeenl inna schi st be lt ; KMB - Kemiö-Mäntsälä belt; R
L - Raahe-Ladoga zone. Study areas ( 1-7, this study; 8-25, Nurmi 
1984): I - Rautalampi (see Fig. 2) ; 2 - Leväniemi, Pielavesi; 3-
Kangasjärvi; 4 - Pyhäsalmi; 5 - Venetpalo; 6 - Veteli ; 7 -
Saunakangas; 8 - Rautio ; 9 - Halsua; 10 - Evijärvi ; II - Varparan
ta; 12 - Silvola; 13 - Äitsaari ja Salosaari; 14 - Käköves i; 15 -
Sydänmaa; 16 - Hernemäki ; 17 - Pukala; 18 - Värmälä; 19 -
Hämeenkyrö; 20 - Kankaanpää; 2 1 - Aulanko; 22 - Mäntsälä; 23 
- Palokka; 24 - Mäntylä ; 25 - Kopsa. 

of varying metamorphic grade (Korsman et al. 
1984, Luosto et al. 1984) . The Main Sulphide 
Ore Belt (Kahma 1973) with di stinctive ga lena 
Pb isotopic compositions (Kouvo and Kulp 
1961 , Vaasjoki 1981) also coincides with the 
RLZ. The Sm-Nd iso topic data for plutonic 
rocks from northeast of the interpreted suture 
confirms the existence of Archean basement 
below the Proterozoic cover rocks (Huhma 
1986) . 

As noted above, the Precambrian granitoids 
in Finland have been c lassified as synkinemat
ic , late-kinematic and post-kinematic Sve
cokare lian granitoids and the rapakivi granites 
(eg. Eskola 1932, Simonen 1960, 1980b) . The 
zircon U-Pb-ages of Svecofennian synkinemat
ic granitoids range mainly from 1.90- 1.87 Ga 
(Huhma 1986, Patchett and Kouvo 1986) and 
apart from the occurrence of 1.93 - 1.91 Ga aged 
gneissic tonalites (Helovuori 1979, Korsman et 
al. 1984, Vaasjoki and Sakko 1988, Ekdahl 
1993) in the SSB they do not show any clear 
age zonation. The late-kinematic microcline 
granites of southern Finland occur in assoc ia
tion with 1.84-1 .8 1 Ga migmatites (Korsman et 
al. 1984, Hölttä 1986, Vaasjoki and Sakko 
1988, Suominen 1991 ). Post-ki nematic grani
toids around 1.80 Ga (Vaasjoki 1977, Welin et 
al. 1983, Korsman et al. 1984, Huhma 1986) 
occur as small pluton s. The rapakivi granites 
occur as batholith s and plutons and have iso
topic ages from 1.65 to 1.54 Ga (Vaasjoki et al. 
1991 ; see also Vaasjoki 1977) . 

GEOLOGY OF TUE RAUTALAMPI AREA 

The Rauta lampi area is situated in the SSB 
adjacent to the Archean craton (Fig . I) and is 
characterized by me tamorphi c bl ocks with 
stepw ise diffe rences in the metamorphic condi
ti ons between blocks (Korsman et al. 1984). 
The Rautalampi a rea forms a me tamorphic 
bl ock that has locally attained granulite facies 
condi tions . 

A simplifi ed geo logical map of Rautalampi 

area is shown in Figure 2. The northern part of 
the map area contain only a few outcrops and 
is compi led mai nl y from the aerogeophys ical 
data. The Rautalampi area contains volcano
genic amphibo lites and felsic gnei sses, gneissic 
tona lites and intermediate to felsic gne isses of 
unknown origin. Locally , mi gmatiti c mica 
gne isses and rocks composed of quartz ±plagi

oclase, ga rnet, cordierite and orthoamphibole/ 
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Fig. 2. Simplified geological map ofthe Rautalampi area based on the map by Pääjärvi (199 1) and the mapping by the author and Äikäs 
(1977) . The numbers refer to sampies in Tables 1-3 and L I-L8 refer to sampled profiles of GCO rocks and gneisses (see text). 

orthopyroxene are found. The main metallo
genie feature is Pukkiharju Zn-Cu prospect 
(Lahtinen 1988 , 1989). The inferred age of 
these rocks is 1.93-1 .9 1 Ga, based on the age 
of the gneissie tonalites at Rastinpää ( 1922± 12 
Ma, Korsman et al. 1984) and Toholampi 
( 1914±4 Ma, Pyöreänsuonvuori gran itoid in 
Vaasjoki and Sakko 1988). The other tonalites 
and quartz diorites, 10cally also gneissie , are 
interpreted to be of synkinematic age ( 1.90-
1.88 Ga). 

The Rautalampi area is bounded to the north 

and west by the rocks of the CFGC and to the 
south by the hypersthene granitoid complex. 
The zircon age from the hypersthene granite 
(l887±16 Ma) (Korsman et al. 1984) constrains 
the lower age limit for the hypersthene grani
toid complex . The Rautalampi block and the 
Kuopio block to the east, metamorphosed in the 
stability field of mu scov ite (Korsman et al. 
1984), are separated by the Ii sves i fault (Fig . 
2), which is characterized by locally protomy
lonitic to ultram ylonitic porphyritic microcline 
granite. 

Rastinpää gneissie tonalite 

The Rastinpää gneissie tonalite is an oval shaped complex and has a satellite body in the 
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northwest (Fig. 2). In the aeromagnetic pixel 
map (not shown) the main complex can be 
subdivided into a lesser magnetic interior and 
to more magnetic outer rim , which in turn is 
partly divisible into two different parts. Be
cause of the poor exposure, the contacts of the 
complex with the surrounding rocks are mainly 

obscure. Gneissic tonalites in the satellite body 
occur with migmatite s, composed of bio

tite±garnet±hornblende g nei sses with boudi
naged amphibolite layers. The leucosome is 

tonalitic to granodioritic in composition. The 
western contact of the main body contains 
mi gmatites, g ranodiorites and gneissic tonal
ites that locally contain ga rnet and have abun
dant pegmatitic dykes . This area is strongly 

deformed and all rock types occur as rolled 
brecc iated fragments in a migmatitic matrix. 

Thi s is interp re ted as a tec toni c zone dividing 
the Rastinpää tonalite and associated parag
neisses from the granitoid area to the west (Fig. 
2). Fragmented mafic dykes with a within plate 
basa lt (WPB)-affinity (d iscussed later) in the 
mi gmatite are also st ron g ly deformed in this 

zone and exhibit a strong mineral lineation. 
The Ras tinpää gneissic tonalite is normally 

grey on weathered surfaces with quartz ribbons. 

It is partly gran itized and migmatitic in charac
ter with mobilized tonalitic veins. Migmatiza
tion is strongest in the satellite body and in the 
western part of the main body . Boudinaged 
amphibolite dikes and xenoliths and fine-grained 

felsic dikes are locally present. Amphibolite 
dikes are 0.05-2 m wide and occur as f1ame-like 
structures or broken fragments and they can con
tain gneissic tonalite enclaves; younger pegmatitic 

tonalite and granite veins also crosscut them. 
Mafic enclaves interpreted as country rock xeno
Iiths are found near the complex margins and are 
more intermediate in composition and banded in 
character compared to amphibolite dikes. Felsic 
0.05-2 m wide fine grained dikes also occur as 
disrupted fragments in the gneissic tonalite. 

Gneiss ic tonalites are fine to medium-grained 

and they normally have a granoblastic texture with 
coarser subidioblastic plagioclase grains sugges
tive of a blastohypidiomorphic texture . Quartz 

exhibits deformation bands and strong undulose 
extinction and also occurs as mobilized grain ag

gregates . The major mineral s are plagioclase (40-
50 %), quartz (40-50 %) and biotite (10-15 %). 
Hornblende occurs sporadically as a minor constit

uent. Accessory potassium feldspar occurs mainly 

as antiperthite and epidote, magnetite, apatite, zir
con, carbonate and sericite constitute ubiquitous 
accessory phases. Mafic dykes in gnei ss ic tonalite 
are fine to medium-grained rocks and granoblastic. 
Plagioclase (40-50%), hornblende (30-40%), 
clinopyroxene ( 10-20%), and occasionally biotite 
are major minerals. Clino-pyroxene occur both as 

small gra ins and as large grain aggregates. 
Bioti te±sphene±apatite±opaq ues are found as 
accessories. Mafic xenoliths differ mineralogi

cally from the dykes in having quartz but lacking 
clinopyroxene. The normal modal composition is 
plagioclase (50-60%), hornblend e (3 0-40%) , 
quartz (2- I 0%) and biotite (2-10%) with sphene, 

apatite and opaques as accessories . The WPB
affinity mafic dykes are fine-grained rocks with 

a lepidoblastic texture. In addition to plagiocla
se, hornblende and biotite , they contain abun
dant sphene, apatite, zircon and opaque. 

Geology and petrograph y of the Rautalampi-Tyyrinmäki region 

Rautalampi -Tyyrinmäki reg ion is situated east 
and southeast of the town of Rautalampi (Fig. 
2) and has been previously studied by Äikäs 
(1977). Supracrustal gneisses, amphibolites and 

different types of gneissic tonalites and trond-

hjemites predominate . To the so uth is a large 
pyroxene granitoid complex with pyroxene
bearing quartz diorites, tonalites and granodior
ites at the margins . These are cut by coarse

grai ned grani tes and medi um-g rai ned quartz 



monzodioritic dikes. The contact zone is char
acterized by breccias and migmatites with stro
matic, agmatic and schlieren structures. Be
tween the pyroxene granitoid complex and the 
Toholampi gneissic tonalite there is a 200-400 
m wide sequence consisting of felsic gneisses 
(partly orthogneisses), hornblende gneisses, 
amphibolites and a 30-50 m wide zone veined 
garnet-biotite-orthopyroxene gneiss (migma
tite) with clinopyroxene-rich boudins. The 
Toholampi gneissic tonalite is a sill-like body 
about 150 m wide that can be traced for at least 
5 km. North of Toholampi gneissic tonalite 
occur a zone of amphibolite association rocks 
including a 10-20 m thick association of GCO 
rocks and gneisses. These rocks are found in 
several places (e.g. L I-L2 in Fig. 2) and seem 
to form a continuous stratiform horizon. 

The volcanogenic amphibolites, felsic gneiss
es and garnet-rich felsic gneisses of the amphi
bolite association occur as zones from 100-300 
m trending at 315 0 (Fig. 2). Garnet-cordierite
sillimanite gneisses containing graphite and 
pyrrhotite are present locally in the margins of 
the amphibolite associations (Äikäs 1977). The 
felsic gneisses are Iocally homogenized and 
mobilized. Coarse-grained tonalitic patches 
and segregations indicating incipient melting 
and quartz veins and lenses are common. Tona
litic patches are also found in amphibolites. 
Supracrustal associations are surrounded by to
nalitic/trondhjemitic gneis ses of varying ori
gin. Some of them have the same characteris
tics as the Toholampi gneissic tonalite and 
could be interpreted as gneissic tonalites 
(marked also with T in Fig. 2) , but others are 
gneisses with no indication of their origin. In 
the middle of the Rautalampi-Tyyrinmäki re
gion i a body of gneissic tonalite at least 2 km 
long and 100-300 m wide that has been termed 
the Särkilampi gneissic tonalite. Crosscutting peg
matite granites are the youngest rocks in the area. 

Pyroxene-bearing quartz diorites , tonalites 
and granodiorites in the pyroxene granitoid 
complex consist of fine to medium grained 
rocks that have locally a distinct foliation. The 
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texture is hypidiomorphic and the dominant 
major minerals are plagioclase, quartz, biotite 
and, in granodiorite, K-feldspar. Hornblende, 
ortho- and clinopyroxene are also very abun
dant. K-feldspar occurs in quartz diorites and 
tonalites mainly as antiperthite and filling the 
interstices. Apatite, epidote and opaque occur 
as accessory minerals. Slightly foliated quartz 
monzodioritic dikes are medium-grained and 
the texture is hypidiomorphic, with the major 
minerals being plagioclase, quartz and K-feld
spar. Hornblende and magnetite occur as minor 
constituents. Metamict allanite, pyroxene, zir
con and epidote are accessories. Antiperthite 
and myrmekite are very common and perthite is 
locally present in antiperthite patches. 

Felsic gneisses associated with the pyroxene 
granitoids and the Toholampi gneissic tonalite 
are trondhjemitic to tonalitic in modal compo
sitions with the major minerals being plagi
oclase, quartz and biotite. Biotite however oc
curs only as a minor constituent « 5%) in the 
most felsic gneisses. Other minor components 
are K-feldspar , hornblende , garnet and or
thopyroxene. The gneisses form distinctive and 
partly ghost-like layers 0.05-3 m thick and 
locally have more leucocratic fragments and 
oval shaped fragments that are rich in epidote 
and anorthitic plagioclase. Felsic gneis ses have 
been partly mobilized and seem to migmatize 
the amphibolites. These mobilized gneisses are 
rich in orthopyroxene compared with biotite. 
The origin of the felsic gneisses is problematic 
but as the texture is always granoblastic and 
they form layers with locally occurring frag
ments, they are interpreted as supracrustal in 
origin. Some of the more homogenous thicker 
layers mayaiso be of tonalitic sill origin . 
Veined gneiss (migmatite) has plagioclase 
+quartz±K-feldspar veins alternating with bi
otite-rich veins with abundant garnet and py
roxenes. Amphibolite associated with veined 
gneiss consists of hornblende-plagioclase
clinopyroxene with abundant biotite. 

The Toholampi gneissic tonalite resembles 
the Rastinpää gneissic tonalite. Bluish quartz 
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ribbons are very common as also are thin am
phibolite dykes. Fragmental mafic enclaves 
occur near the contact and are interpreted as 
xenoliths. The main minerals in the gneissie 
tonalite are plagioclase (44-53 %), quartz (38-
43 %) and biotite (4-10 %). Orthopyroxene 
occurs as a minor constituent in sampies where 
biotite content is low . K-feldspar is also an 
abundant minor constituent, especially in gran
itized sampies. Hornblende, apatite, magnetite 
and zircon are the accessory minerals . The tex
ture is granoblastic and, in the best preserved 
sampIes, blastohypidiomorphic. Mobilized 
strongly undulose quartz aggregates and anti
perthite are very common. The Toholampi 
gneissie tonalite differs from the Rastinpää 
gneissie tonalite in having lower biotite con
tents , abundant orthopyroxene and that it is 
lacking epidote. One mafic dyke contains elon
gated plagioclase and roundish hornblende ag
gregates in a fine-grained groundmass of pla
gioclase-hornblende-quartz with accessory py
roxene and opaque minerals showing blast
oporphyritic texture. Veined mafic xenoliths 
near the northern contact are heterogenous with 
quartz and tonalitic segregations and are or
thopyroxene-bearing (10 %) wi th plagioclase, 
hornblende , biotite and quartz. 

The Särkilampi gneissie tonalite is lighter in 
colour than other gneissie tonalites in the Rau
talampi-Tyyrinmäki region. Major minerals 
i nclude plagioclase (56-68 %), quartz (21-29 
%), biotite (4-10 %) and locally hornblende (0-
6 %). K-feldspar, apatite and opaque occur as 
accessory minerals . Chlorite occurs as an alter
ation product of hornblende. The texture varies 
from blastohypidiomorfic to granoblastic and 
mylonitic features are al so locally observed. 
The Särkilampi gneissie tonalite differs from 
the other gneissie tonalites in having higher 
plagioclase and hornblende contents, orthopy
roxene is also absent. 

Amphibolite associations (Fig. 2) are com
posed of amphibolites , hornblende gneisses, 
felsic gneisses and garnet-bearing felsic 
gneisses. Amphibolite-felsic gneiss layering is 

locally seen as alternating layers of amphibo
lite and felsic gneiss 3 mm- 50 mm thick. Am
phibolites also occur as 1-8 m thick layers that 
are locally cut by light coloured dykes (0.3-0.5 
m). Amphibolites are often fragmentary rocks, 
which reflects their volcanic origin . One am
phibolite association about 10 m thick contain 
ghost-like banded amphibolite with amphibole
rich patches (0 .5x1.5 cm) of possible lapilli
origin. Although a volcanic origin is postulated 
for most of the amphibolites, a hypabyssal or
igin for the some of massive amphibolites is 
also probable. The occurrence of calc-silicate
rich bands and patches show that carbonate 
deposition possibly occurred intermittently 
during volcanism. Amphibolites often contain , 
abundant clinopyroxene in addition to horn
blende. Orthopyroxene is not uncommon , and 
garnet and quartz-rich intermediate amphibo
lites are also present. Addition of carbonates is 
seen as accessory carbonate in some sampies 
and cl i nopyroxene+plagioclase patches are 
found locally. The anorthite content of plagi
oclase (bytownite) in so me sampies is also very 
high. Retrograde chlorite and bluegreen amphi
bole are found sporadically. Garnet-bearing 
felsic gneisses are found as 10-20 m thick units 
alternating with thin amphibolite-micagneiss 
layers. Garnet can be also very abundant but 
normally these are quartz-rich rocks with pla
gioclase, biotite (10%) and variable amount of 
garnet. 

North of the Toholampi gneissie tonalite is 
amphibolite association with GCO rocks and 
gneisses near to the contact. These have been 
studied in detail in two pi aces (L1-L2 in Fig. 
2). The southern location (L I) is situated north 
of sampie 304 and here the contact with the 
Toholampi gneissie tonalite is covered by over
burden. These rocks occur as 10-150 cm thick 
layers with 5-30 cm thick amphibolite layers in 
the southern part. The abundance of amphibo
lite layers increases northwards and the north
ern part is characterized by both homogenous 
and banded amphibolites (20-150 cm) with 
only sporadic occurrences of garnet-orthopy-



roxene/orthoamphibole gneisses . Orthopyrox
ene-bearing felsic gneiss layers are also 
present. The thickness of the association con
taining GCO rocks and gneisses is about 20 m. 
Locally these are coarse-grained rocks that ex
hibit evidence of having been mobilized e.g . to 
the necks of boudinaged amphibolites . Layers 
are normally rather distinct, but some very 
coarse-grained and heterogenous layers can be 
of composite origin. The first five meters of the 
southern part is composed of orthopyroxene/ 
orthoamphibole-cordierite rocks with substan
ti al amount of plagioclase occurring in only 
one sam pIe . These are granoblastic to porphy
roblastic rocks with quartz and phlogopitic 
mica as the major minerals. The most common 
accessories are green spineI, sulphides and oth
er opaques. Garnet, zircon, apati te and both 
rutile and sphene are also occasionally found. 
Zircon shows a variety of morphologies; small 
zircon inclusions in cordierite are associated 
with coarse-grained (0.05-0.2 mm), clear and 
almost euhedral zircons, but metamict variants 
are not uncommon. Orthoamphibole (antho
phyllite) surrounds orthopyroxene (hyper
sthene) and is also intergrown with biotite. The 
rocks to the north contain substantial amounts 
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of plagioclase and are thus called gneisses. 
Otherwise the mineralogical composition is 
similar, but poikiloblastic (opaques+quartz 
+plagioclase) garnet is abundant in places. 
Hypersthene and plagioclase are also seen re
placing garnet. 

The other location (L2) studied in detail 
occur about 2 km northwest from LI (Fig. 2). 
The contact with the Toholampi gneissic tonal
ite is exposed here and is apparently tectonic, 
with hypersthene-anthophyllite gneiss being 
strongly mylonitized. It shows aretrograde 
mineralogy where hypersthene and anthophyl
lite have been altered to chlorite, amphiboles 
(both hornblende- and cummingtonite-Iike) and 
unidentified alteration products. Phlogopitic 
mica , sericite and carbonate-rich seams are 
very common. Here the GCO association is 
about 22 m thick. Layering is similar to LI with 
abundant amphibolite layers, but 10-20 cm 
thick felsic gneiss layers are more abundant. 
Mineralogically the sampIes are similar to the 
GCO gneisses of LI and only one sam pIe al
most devoid of plagioclase is found . Phlogopit
ic mica has overgrown gneissic banding in one 
sampIe indicating late potassium activity . 

Geology and petrography of the Pukkiharju area 

A metamorphosed Zn-Cu-occurrence i nter
preted as volcanic-exhalative in origin is 
present in the Pukkiharju area (Lahtinen 1988, 
1989) (Fig. 2). Volcanogenic amphibolites and 
felsic gneisses and calc-silicate rich rocks , 
mica gneisses , garnet-sillimanite gneisses and 
graphite-bearing rocks are also common in the 
area . Locally cordieri te-si Ili mani te gneisses 
and GCO rocks and gneisses also occur. The 
petrography of the Pukkiharju area has been 
described in detail by Lahtinen (1988) and only 
certain features are briefly discussed here. 
Layered felsic gneiss (quartz porphyry) forms 
a lenticular body at most 50 m in thickness (Fig 
2, sam pIe 550) and has 1-3 mm "quartz eyes" 

in a fine-grained granoblastic groundmass 
which are considered to be recrystallized 
quartz phenocrysts. The main minerals present 
are plagioclase and quartz and with phlogopite 
being a minor constituent. In calc-silicate rich 
parts the rock also contains tremolitic amphib
ole , carbonate and zoisite. One gneissic tonalite 
crosscuts amphibolites and has the same pre
dominant foliation as the surrounding rocks 
(Fig. 2, sam pIe 547); major minerals are plagi
oclase (54 %), quartz (24 %) and biotite (11 %). 

Orthopyroxene, garnet , hornblende, apati te, 
opaque and zircon occur as accessories . About 
200 m east of the quartz porphyry (sampIe 550 
in Fig . 2) is a 70-100 m thick tonalitic gneiss 
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which also outcrops about 400m southeast. It 
has a blastoporphyric-hypidiomorphic like tex
ture with plagioclase grains in a fine and even
grained granoblastic groundmass. Plagioclase 
grains are someti mes wrapped by the ground
mass reflecting a porphyritic origin and in other 
instances occur as poikiloblastic porphyrob
lasts . Plagioclase anorthite content is low (An 
< 20) and it shows albitic twinning. Biotite is 
a major mineral, and gamet and orthopyroxene 
are abundant minor minerals. K-feldspar (anti
perthite) , green mica, apatite, opaques and zir
con are typical accessories. This rock ha been 
interpreted as an alte red hypabyssal intrusion 
(discussed later) and cogenetic with volcanics. 

Amphibolites have been divided into hom
ogeous mass ive amphibolites, c1inopyroxene 
amphibolites and banded amphibolites (Lahtin
en 1988). Massive amphibolites have horn
blende and plagioclase as major minera ls and 
quartz , opaques and apatite as accessory phas
es. Clinopyroxene amphibolites are fragmen
tary or patchy rocks with clinopyroxene-plagi
oclase rich parts. Phlogopitic mica , tremolitic 
amphibole, quartz, carbonate, opaques, zoisite, 
sphene and apatite are accessory phases . Band
ed amphibolites contain amphibole-rich bands 
normally 0.2-5 cm thick that alternate with 
clinopyroxene-, quartz-feldspar- and mica-rich 
bands. Massive amphibolites are considered to 
have been lavas , but some of them may have 
been dykes. Clinopyroxene amphibolites show 
volcaniclastic features and are considered to 
represent brecciated lavas and/or tuff breccias 
and poss ibly also tuffs . Banded amphibolites 
originated as tuffs or tuffaceous deposits. The 
occurrence of carbonate and abundant calc-si 1-
icates indicate the activity of carbonate during 
deposition or later. Thin plagiocl ase phyric 
dykes « Im) with WPB -affinity crosscut am
phibolites and also pegmatites , and are the 
youngest rocks found from Pukkiharju area. 
They are blastoporphyritic rocks with 1-5 mm 
long plagioclase phenocry sts in a fine and 
even-grained granobl ast ic-Iep idoblastic ground 
mass. Plagiocl ase, biotite , hornblende and 

quartz are the major phases and abundant apa
tite, sphene and zircon occur as accessory min
erals with opaques, carbonate, clinopyroxene 
and K-feldspar (mainly as antiperthite). 

Cordierite-sillimanite gneisses are found 
within and near to the mineralized horizons and 
contain abundant sulphides (Lahtinen 1988) . 
They are characterized by quartz, K-feldspar, 
phlogopitic mica, sillimanite and cordierite. 
Plagioclase is uncommon « 10%) and is absent 
in so me cases. Stratabound GCO gneisses and 
rocks are found at several localities (L3-L7 in 
Fig. 2) in the Pukkiharju area. Three locations 
(L3-L5) form a continuous zone for at least 300 
m. The thickness of this association is 50-100 
m, but i t is partly covered by overburden and 
so the sampling is not continuous between dif
ferent locations. The most common rock type is 
a felsic gneiss with variable amounts of 
phlogopitic mica, orthoamphibole, garnet and 
cordierite. Orthopyroxene is found in small 
amounts sometimes inside orthoamphibole 
flakes . Bluish cordierite is often absent and 
cummingtonite is sometimes found. Accessory 
opaques, apatite, spinel and zircon are found in 
variable amounts, but zircon is lack ing from 
many sampies. Some garnet-bearing felsic 
gneisses have zircon both as small inclusions in 
biotite and as rounded crystals. Sampies con
taining only small inclu sions are also common. 
Rutile and hemati zed magnetite are also found. 
Garnet-orthoam ph i bole-cord ieri te - rich gnei ss
es and rocks (devoid of plagioclase) are also 
present. Coarse a lternating garnet- and or
thoamphibole-rich bands are very common in 
these rocks. Garnet is so metimes poikiloblastic 
with fine-grained quartz , opaques and plagi
oclase. Rocks of this association occur as 10-
ISO cm thick layers alternating with 5-100 cm 
thick amphibolite layers. Both homogeneous 
and banded amphibolites occur and are some
times rich in garnets, especiall y near contacts 
with the garnet-orthoamphibole-cordierite gneis
ses. Orthopyroxene and cummingtonite are also 
found in so me amphibolites. Mobilization of 
coarse-grai ned garnet-orthoamph i bole-cordier-



ite gneisses is not uncommon and anthophyl
lite-rich "pegmatites" also occur. 

The other association studied (L6-L 7) occurs 
north of the above association (Fig. 2), but it is 
uncertain whether this association is equivalent 
to that described above. The association at L 7 
is 18 m thick and occurs between an amphib
olite 2.5 m thick to the south and another at 
least 6 m thick to the north. Its southern con
tinuation is open, but the northern contact is 
weIl defined as only amphibolites and quartz
feldspar gneisses are found going further north. 
About 1.5 m north from the southern amphib
olite is a gamet-bearing felsic gneiss with 
phlogopitic mica . The abundance of orthoam
phibole increases northwards . The main associ
ation contains anthophyllite±garnet-bearing 
gneiss layers (normally 10-40 cm) that alter
nate with amphibolites (5-25 cm) and ga rnet
bearing felsic gneisses (10-20 cm). Anthophyl
lite is abundant and occurs as long flakes or as 
radiating aggregates. Gamet is abundant and 
garnet-orthoamphibole-cordierite rich variants 
are found ne ar the northem contact. Amphibo
li te layers are often rich in gamet and 
garnet±orthoamphibole "pegmatites" are not 
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uncommon. 
The original local stratigraphy remains ob

scure due to the absence of younging observa
tions but if the alteration and mineralization 
patterns are used , a tentative younging direc
tion can be obtained (Lahtinen 1988). The ten
tative local stratigraphy is as folIows. Mica 
gneisses (gamet-bearing felsic gneisses) and 
metavolcanics are lowermost followed by strat
abound GCO gneisses. Above these is the 
amphibolite association with quartz-feldspar 
gneisses (metavoleanics and tuffaceous rocks). 
The proportion of felsic metavolcanics and 
subvolcanic sills (dome 7) is greatest ne ar the 
Pukkiharju Zn-Cu minerali zation (elose to 
sampie 550 in Fig. 2). The abundance of calc
silicate Iithologies steadily increases in mafic 
and felsic metavolcanics , which are followed 
by impure calcitic dolomites and carbonate
rich cale-silicate gneisses. These are followed 
by graphite-bearing lithologies and very graph
ite-rich black sch ists (up to 22 % C) are also 
found. Mica gneisses and gamet-sillimanite 
gneisses are the uppermost rocks. The present 
total thickness of this formation is less than 1 km. 

Geology and petrography of the other areas 

Rastinpää-type gneissie tonalites have been 
sampled in the Konnekoski and 10utenlahti ar
eas (Fig. 2). South of Konnekoski, in the pyrox
ene granitoid complex, there is a "dome-like" 
occurrence of gneissie tonalite that is surround
ed by migmatitic GCO gneiss about 10m in 
thickness (L8 in Fig. 2). Contacts with sur
rounding rocks are poorly constrained. This 
association contains 10-40 cm thick layers of 
heterogenous and coarse-grained gamet-or
thopyroxene-cordierite gneisses with thin (5-
30 cm) layers of quartz- feldspar gneiss and 
gamet-bearing amphibolites. Boudinage of am
phibolites and mobilization of gamet-orthopy
roxene-cordierite gneiss is common. In the 
J outenlahti area gneissie and locally banded 

tonalite has been sampled. To the northwest of 
10utenlahti are banded felsic gneisses that have 
been interpreted as supracrustal in origin (Fig 
2, sam pie 29) . The modal composition of gneis
sie tonali tes and banded felsic gneiss is trond
hjemitic and their texture is typically grano
blastic , although blastohypidiomorphic vari
ants occur 10cally in the gneissie tonalites. 
Mineral ogy differs from that of the Rastinpää 
gneissie tonalite in the lower biotite content (4-
6 %). Minor retrograde bluish green amphibole 
also occurs. 

Sampies have also been taken from layered 
felsic gneiss of probable volcanic origin (Fig . 
2, sampling site I ). The texture is granoblastic 
and the modal composition is tonalitic. Sam-
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pIes of gneissie tonalite and quartz diorite from 
SE of Pukkiharju (Fig. 2 sampies 259 and 261) 
and from gneissie tonalite and granodiorite in 
Virtaniemi (Fig 2. sampIes 263 and 260), along 

with analytical data for granitoids in the Rau
talampi area and adjacent areas to the north, 
have been provided by A. Pääjärvi. 

Metamorphism and structural features 

The metamorphism in the Rautalampi area 
has been studied by Korsman et al. (1984) and 
the main features are as folIows. Granulite 
facies conditions (660°-700°C and 5.1-5.5 kb) 
were attained and this was related in time and 
space to the proximity of hypersthene-bearing 
granitoids. This is reflected in the presence of 
hypersthene in the Toholampi gneissie tonalite 
and in mobilized gneisses, and tonalitic melt 
patches in amphibol ites near the hypersthene
bearing granitoids. The other gneissie tonalites 
are devoid of hypersthene and are more indic
ative of amphibolite facies conditions. 

The structural features of the Rautalampi 
area have not been studied in detail and this 
combined with poor exposure in many areas 
leaves the structural evolution of the area open 
at this moment. In the Rautalampi -Tyyrinmäki 
area (see also Äikäs 1977) magnetic anoma lies 
and pronounced schistosities have a predomi
nant 290 strike. Schistosities are mostly sub-

vertica l but further north have more gent le dips. 
Lineations such as small-scale fold axes and 
mineral lineations are usually very strong and 
have normally gentle plunges to about 290 and 
110 and also record a younger folding phase. 
The asymmetrical fold necks and boudins found 
locally indicate a strong shear component. 
Younger semi-brittle to ductile faults with 
trends of 310°-330° and 20°-60° are very com
mon, and are accompanied by pegmatites and 
the mobilization of tonalitic material. These are 
also locally sheared and may weil be correlated 
with the 320 0 -trending Iisvesi fault zone and its 
conjugates . If the almost undeformed tonalitic 
melt patches in amphibolites are correlated with 
the 1887 Ma hypersthene granite (Korsman et 
al. 1984) , this would indicate the termination of 
the main deformation events (excluding the Iis 
vesi fault zone and related structures) at about 
the same time. 

GEOLOGY OF THE REFERENCE AREAS 

Rastinpää-type gneissie tonalites are very 
common in the SSB near Archean craton and 
some have been sampled as reference material. 
The Veteli granodiorite has also been samp led 

in the BSB and there are additional sam pIes 
from the Saunakangas gneissie trondhjemite
granodiorite in the SSB (Huhma 1986). 

Kangasjärvi gneissie granodiorite 

At Kangasjärvi area (Fig. 1) there is a 
strata-bound massive sphalerite-pyrite de
posit hosted by felsic vo lcanics with calc
alkaline character, underlain by tholeiitic 
basic volcanics and calc-alkaline intermedi-

ate to felsic volcanics (Rasilainen 1991). 
These are struc turally underlain by a gneis
sie granodiorite (Rehtijärvi 1984). The gran
odiorite is strong ly foliated and quartz rib

bons are very abundant. Fine-grained granit-



ic dikes occur commonly and the gneissic 
granodiorite is locally granitized . Textures 
are mylonitic and K-feldspar content is var-
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iable, while muscovite and chlorite are very 
common. Modal composition is granodioritic, 
but original composition was probably tonalitic . 

Leväniemi gneiss 

The Säviä schist belt in the Pielavesi area 
hosts a Cu-Zn occurrence within garnet
cordierite-anthophyllite rocks. Gneissic tonal
ite at Leväniemi has been interpreted as base
ment to the Säviä schists and named according
Iy basement gneiss (Makkonen 1981 , Ekdahl 
1993). Amphibolitic enclaves are very co m
mon. The major minerals are plagioclase, 

quartz and hornblende , while biotite , opaques , 
epidote , sphene, apatite and zircon occur as 
accessory phases (Makkonen 1981). This gneiss 
is part of the Leväniemi dome and comparable 
with other dome orthogneisses (Ekdahl 1993). 
The age of similar orthogneisses at Kirkkosaari 
is 1925±5 Ma (ibid.) . 

Kettuperä gneiss 

The Pyhäsalmi zinc-copper-pyrite deposit is 
situated in Ruotanen schist belt, which is bor
dered to the east by younger quartz diorite 
(Helovuori 1979, Mäki 1986). Between the 
volcanic association and the quartz diorite is a 
strongly deformed granite gneiss (l932±15 
Ma) , which has been interpreted as basement 
(Helovuori 1979) . Sampies from this gneiss 
have been taken from a dri 11 core. The gneiss 
is reddish to greyish in colour, heterogenous 
and locally strongly mylonitic. Textures vary 
from mobilized augen gneiss with strongly 
undulating quartz aggregates to blastoporphy
ritic , with zoned plagioclase grains up to 3 mm 

sized in fine -grained granoblastic groundmass. 
These are subidioblastic and strongly altered 
(sericite+saussurite) with recrystallized albitic 
rims . Major minerals are plagioclase (30-50 
% ), quartz (20-45 %), biotite (2-12 % ) and 
hornblende (0-15 %). K-feldspar is also found 
as a major mineral in strongly mobilized and 
mylonitic parts of the Kettuperä granite gneiss. 
Modal composition is tonalitic to granodioritic, 
but the original composition has probably been 
mainly tonalitic. The textural evidence is sug
gestive of a very strongly deformed porphyritic 
subvolcanic (sill) or even a volcanic origin. 

Venetpalo area 

Hautala (1968) divided the rocks of the Venet
palo area into five main units: two gneiss 
domes , schists, mafic dykes, granites and sul
phide occurrences. Oligoclase gneisses are the 
main rock type found in the gneiss domes . 
Locally occurring K-feldspar in these rocks is 
not of primary origi n and is attributed to the 
effect of younger granites. The contacts be
tween 01 igoclase gneis ses and the surrounding 
schists have been studied from two drilled sec-

tions : at Kaskela there is a gradual change to 
a finer-grained variant followed by sillimanite
cordierite gneiss and locally occurring cordier
ite-anthophyllite rock , while in the eastern part 
of the Venetpalo dome intercalations of mica 
gneisses, quartz feldspar gneisses and amphi
bolites occur (ibid.) . The Kaskela sulphide oc
currence is hosted by cordierite-anthophyllite 
rocks. There are two sampIes from the area, one 
of which is plagioclase porphyritic epidote-
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rich felsic gneiss with a tonalitic modal com
position and blastoporphyritic and mylonitic 
texture. The other sam pIe is gneissic granodi
orite with a fine-grained granoblastic ground
mass and is slightly mylonitic with mobilized 
quartz aggregates and 1-3 mm plagioclase 

grains. According to Hautala (1968), the oligo
clase gneiss normally has a tonalitic to trond
hjemitic modal composition, but in some parts 
it is granodioritic. Gneissic granodiorite resem
bles his oligoclase gneiss. 

Veteli granodiorite 

The Veteli granodiorite is medium-grained 
and slightly foliated granodiorite that contains 
oval -shaped fine-grained plagioclase porphy
ritic, intermediate enclaves ranging from a few 
centimetres to some tens of centimetres in 
length . The texture is granoblastic rather than 
igneous, but subhedral amphibole, magnetite 
and apatite needles suggest an igneous precur
sor. These enclaves are regarded as microgran
itoid enclaves (Vernon 1983). The granodiorite 
has an intrusive contact into the surrounding 
amphibolites and mica schists and it gradation-

ally changes to a porphyritic variant (P. Pie
tikäinen 1992, oral communication) . Sampled 
rocks are hypidiomorphic to slightly porphyrit
ic with plagioclase (40-50 %), quartz (30 %) 

and K-feldspar (10-20 %) as major minerals, 
the latter mainly filling the interstitial spaces. 
The most abundant minor constituents are bi
otite (4-5 %) and its alteration product chlorite. 
Muscovite and epidote are also common. 
Opaque, sphene, apatite, carbonate and zircon 
occurs as accessory minerals. 

GEOCHEMISTRY OF THE RAUTALAMPI AREA 

Geochemistry of gneissie tonalites, felsic gneisses and granitoids 

Rastinpää gneissie tonalite 

Representative analyses of Rastinpää gneis
sic tonalite are presented in Table I. Strongly 
altered sampies have been excluded. Variations 
in major and trace elements are expressed on 
Harker diagrams (Fig. 3). A striking fe ature is 
the variation in Y abundances, which effective
Iy divides the data into low- Y and high- Y 
groups. High-Y sampIes are found in the satel
lite body and from the interior of the main 
Rastinpää body , whereas low-Y sampIes are 
concentrated at the margins of the main body. 
These groups are also distinguishable on the 
other diagrams . Si0

2 
values partly overlap, but 

the low-Y group tends to have more high Si0
2 

values . Although both groups have decreasing 

trends on AI
2
0

3 
and MgO diagrams , the high

Y group has lower values. On the Ti0
2

, FeO, 
CaO, Ba , Sc and Sr diagrams these two groups 
form overlapping trends where the high -Y 
group has higher levels of Ti0

2
, FeO, and in 

some cases CaO, Sc and Sr , but lower levels of 
Ba. Clear differences in abundances are ob
served for MnO , Ta, Th , and Y (Table I). The 
level of Na20, P20 S' and Rb contents are rather 
uniform, although the high- Y group has an 
increasing trend in Na

2
0 and Hf (not shown) 

compared to the low-Y group which shows no 
clear trend. The high- Y group has a distinct 
increasing trend with Kp and Zr (not shown) 
and decreasing trend with V, in contrast to the 
low-Y group, which has no trend with K

2
0 and 

Zr and only a slightly increasing trend in V. 
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Table 1. Selected major (anhydrous) and trace element data and CIPW norms lor Rastinpää gneissie tonalites. 

Sampie R40 R57 R62 R37 R42 R61 
Low-Y group High-Y group 

Si02 73.44 73.40 71 .65 71.98 73.65 72.66 
Ti02 0.29 0.28 0.33 0.31 0.31 0.29 
AJ 20 3 13.76 13.41 14.38 13.98 13.51 13.45 
FeO* 3.43 3.65 3.46 3.83 3.64 3.29 
MnO 0.09 0.05 0.07 0.09 0.12 0.07 
MgO 0.59 1.20 1.26 0.98 0.70 0.76 
Cao 2.59 2.80 3.26 3.43 2.78 3.26 
Na20 4.34 3.97 4.10 4.21 3.82 4.58 
K20 1.45 1.16 1.40 1.12 1.35 1.52 
P20 S 0.02 0.08 0.09 0.07 0.12 0.12 

Ba 561 480 273 585 345 519 
Sc 8.1 10.3 9.3 12.1 10.0 8.9 
Sr 163 180 172 183 182 160 
V 20 37 18 35 19 28 
Y 21 .9 14.7 10.5 34.9 39.1 29.7 
Zr 199 205 142 141 193 112 
Rb 18.4 18.9 33.0 19.6 26.0 26.0 
Ta 0.35 0.22 0.30 0.42 0.43 0.37 
Th 2.9 1.7 1.1 3.8 2.9 2.6 
U 0.46 0.65 0.39 1.41 0.20 0.20 
Hf 6.2 3.5 4.9 3.8 5.9 4.8 
La 18.7 13.0 8.9 13.5 17.3 16.1 
Ce 39.0 25.0 16.5 23.0 34.0 27.0 
Nd 21 .0 14.9 9.4 14.3 21.0 16.3 
Sm 4.4 3.3 1.9 4.4 6.1 5.1 
Eu 1.15 0.88 0.89 0.69 1.21 0.64 
Tb 0.54 0.37 0.27 0.54 0.71 0.50 
Yb 1.7 1.4 1.4 2.9 6.0 2.8 
Lu 0.20 0.16 0.16 0.36 0.72 0.35 

aA/ CNK 1.03 1.05 1.02 0.97 1.06 0.89 

(LafYb)CH 7.4 6.3 4.3 3.2 1.9 3.9 
bEu/ Eu* 0.83 0.85 1.44 0.50 0.66 0.42 

Q 33.56 35.42 31 .13 31 .68 36.69 30.63 

Or 8.57 6.86 8.27 6.62 7.98 8.98 
Ab 36.72 33.59 34.69 35.62 32.32 38.76 

An 12.72 13.37 15.59 15.94 13.01 11 .65 

C 0.39 0.72 0.41 1.00 

Di 0.53 3.31 

Hy 7.46 9.32 9.08 8.86 8.14 5.89 

11 0.55 0.53 0.63 0.59 0.59 0.55 

AfJ 0.05 0.19 0.21 0.16 0.28 0.23 

Note.- Major elements (w1%) and Ba,Sc,Sr,V,Y and Zr analyzed at the GSF Laboratory by ICP-AES; other trace 
elements and REE by neutron activation at the Technical Research Centre 01 Finland . FeO· : total Fe as FeO. 
8A/ CNK = Molecular ratio 01 AJ 20 3/ (CaO+Na20+K20). 
bEu/ Eu * = Observed Eu value/ value obtained by interpolation between Sm and Tb . 
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These groups are also discriminated by chon
drite-normalized REE curves (Fig. 4) where the 
low-Y group is characterized by higher La/Yb 
ratios and a weak or positive europium anom
aly. The high-Y group has lower La/Yb ratios 
and negative europium anomalies. Light REE ' s 
(LREE) are of the same order of magnitude in 
both groups and increase with increasing Si0

2 

content. These groups also plot separatelyon 
the FeO/MgO-Si0

2 
(Fig . 3) and MgO-FeO (not 

shown) diagrams where the high- Y group has a 
slightly tholeiitic character and the low-Y 
group is more calc-alkaline. The low-Y group 
is slightly corundum normative compared to 
the generally diopside-normative high-Y group 
(Table I) . 

The difference between these two groups is 
difficult to explain solely by alteration or meta
morphic processes although the scatter of 
MgO, CaO, K

2
0, Sr and Ba indicates some 

degree of element mobility. The higher Kp 
and Ba values and lower CaO values compared 
to Si0

2 
in some sampies (data not shown) in

dicate local destruction of plagioclase but the 
negative Eu anomaly and the higher CaO and 
Sr contents in high-Y group can not be ex
plained by metasomatic effects. Similarities in 
the abundances of the mobile components K

2
0, 

Rb and the LREE rules out the possibility of 
contamination being the reason for the differ
ence between the groups. The same elements 
are generally enriched in first forming melts, so 
the high-Y group can not be the residue of the 
low-Y group or vice versa. It is concluded that 
the observed di fference between these groups 
is mainly primary in nature . 

Variations in the chemical composition of 
granitoids can be caused by crystal fractiona
tion, contamination/assimilation , unmixing of 
liquids, magma mixing , restite unmixing or a 
combination of these. There is also the pos si
bility that different phases within the same 
body to have different origins. There are great 
differences in some element abundances and 
some elements have totally differing trends 
which can not be explained by magma mixing 

or restite unmixing, both of which should form 
linear trends in Harker diagrams. 

Hildreth (1981) considers diffusive differen
tiation in zoned magma chamber to be a impor
tant process, especially in high-silica rhyolites. 
For example, the rhyolitic Bishop Tuff is divid
ed to an early and late phase with a large com
positional gap in chemical composition. The 
mechanism proposed by Hildreth (1981) could 
partly explain the variation in the Rastinpää 
gneissic tonalite . The high -Y group resembles 
a roof zone phase and is enriched in Sm, heavy 
REE (HREE) , Sc , Mn , Y, Ta and Th and deplet
ed in Mg, AI, Ba and Eu. The main differences 
compared with enrichment factors of Hildreth 
(1981) are the lack of enrich ment of Na, Rb and 
U and depletion of P, Ca, Ti , V, Fe, Sr and Zr. 
Also the possible enrichment factors found 
he re are very low compared to those observed 
by Hildreth (1981) . The Bishop Tuff is a K-rich 
rhyolite and is therefore compositionally dif
ferent from the low-K Rastinpää tonalite. Ac
cording to Hildreth (1981) the size of the mag
ma chamber, magma composition and especial
Iy the composition and amount of volatiles 
changes the behaviour of elements in diffusion 
processes and their enrichment factors . His 
examples are eruptive rocks , but the same fea
tures are found also in some plutonic rocks, 
even though posteruptive changes in the com
position of unerupted magma are likely to be 
more significant. 

Crystal fractionation of plagioclase could 
explain to some extent the differences in the Eu 
anomaly and HREE, but at the same time Ca 
and Sr contents should also decrease . This is 
however, opposite to the observed trend. The 
difference in trends and totally separate groups 
defined by some elements means that crystal 
fractionation is a very i mprobable mechanism 
to account for the differences between these 
two groups. Normal crystal settling is also 
generally considered an inadequate mechanism 
in felsic magmas with high viscosities. On the 
other hand , according to Sparks et al. (1984) 
sidewall crystallization with convective frac-
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Fig. 3. Harker-type selected major element (%) and trace element (ppm) variation diagrams for 1.93-1.91 Ga Rastinpää gneissie 
tonalites and related rocks in the Rautalampi area. Oxide totals were recalculated 10 100 %. Data from thi s study. Solid line outlines 
the Rastinpää high-Y group and dotted line the low-Y group. Filled squares -Toholampi gneissic tonalites; open squares - other gneissic 
tonalites; open triangles - supracrustal gneisses; cross es - volcanogenic gneisses; asterixes - mobilized gneisses. 



22 Geol og ical Survey of Finland, Bulletin 378 

tionation (R ice 1981) can produce evolved 
magmas rapidly. 

The Rastinpää high- Y group shows a clear 
decreasing trend for Al , Ca and Sr and a strong 
increasing trend for K, Ba, Y and REE's , and 
somewhat weaker increasing trend for Na. 
These features cou ld be due to fractional crys
tallization of plagioclase (not necessarily crys
tal settling). Mag nesium, Sc and to some extent 
Fe have decreasing trends and reflects the pres
ence of a ferromagnesi um phase , but the strong 
increase in K nevertheless excludes biotite , 
leaving amphiboles and pyroxenes as possibil
ities. Vanadium shows very strong depletion at 
higher SiOz values (Fig. 3) and indicates the 
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possibility of a magnetite as a crystallizing 
phase. The incompatible trace e lements Ba, Y 
and Zr, with bulk distribution coefficients of 
the order of 0 . 1-0.3 (approximation from the 
distribution coefficients for pl ag ioclase , am
phibole and pyroxenes ; Han ski 1983) have 
been used to calculate the extent of possi ble 
fractional crystallization. Barium (400-200 
ppm) gives 54-63 %, Y (22-46 ppm) gives 56-
65 % and Zr (125-250 ppm) gi ves 54-63 % 

fractional crystallizatio n. Considering K as an 
incompatible trace element with a bulk di stri
bution coefficient of 0.3, we get 66 % fraction
al crystallisation (0.8 - 1.7 % K). Potassium and 
Ba are considered as mobile elements but their 
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Fig. 4. Chondrite normali zed rare-earth element patterns for 1.93- 1.9 1 Ga Rastinpää gneiss ie tonalites (A) and related rocks in the 
Rautalampi area (B) . Normalizing values are recommended chondrite values from Boynton ( 1984). Sampie numbers refer to sampies 
in Tables land 2. A: solid line - high-Y group; dashed line - low-Y group. B: so lid line - Toholampi type gneissic tonalites; dashed 
line - supracrustal gneisses; dotted li ne - mobi li zed gneiss. 



similar behaviour in these calculations with 
respect to the normally immobile elements Y 
and Zr indicates that K and Ba have acted as 
immobile elements in these sampIes. Taking 60 
% percent as the extent of fractional crystalli
sation, we obtain bulk distribution coefficients 
of 2.5 for V (48-12 ppm) and 1.5 for Sc (14-9 
ppm). The behaviour of V is critical to the 

oxygen fugacity , but the twofold increase in the 
bulk distribution coefficient compared to Sc 
indicates the presence of magnetite or at least 
amphibole as a possible crystallizing phase. 
The normal distribution coefficients for V are 

typically of the same order of magni tude or 
lower for pyroxenes and amphiboles compared 

to Sc. This favours the occurrence of magnet
ite. There is in fact a difference in magnetite 
content between rocks with high V contents and 

abundant accessory magnetite and rocks with 
low V abundances and lacking magnetite but 
the metamorphic nature of sam pIes should nev

ertheless be kept in mind. 
Plagioclase fractionation often produces a 

very distinct Eu anomaly because this element 

has a higher distribution coefficient for plagi
oclase than do other REE' s. The data in Figure 
4 do not show any evidence for this. The occur
rence of magnetite would indicate higher oxy
gen fugacities and the change in Eu 2+/Eu 3+ re

dox ratios could explain the behaviour of Eu as 

a mainly trivalent cation. 
The low- Y group shows a decreasing trend 

for Ti, AI and Mg and increasing trends in Ba 

and V contents . The other elements do not form 
any noticeable trends and the variation cannot 
be explained by fractional crystallisation. One 
interpretation is that the low- Y group rocks 
reflect side-wall crystal accumulation and 
trapped evolved magma where plagioclase and 
some ferromagnesium mineral have acted as 

cumulate phases . The positive Eu anomaly and 
low LREE contents of the sampIe from the 
margin (Fig. 4 , sampIe 62 in Table I ) as weil 
as the high variation in LREE compared to 

HREE would also favour a mixture of cumulate 
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and evolved magma. 
The Rastinpää gneissic tonalite is a strongly 

deformed and partly migmatized rock and the 
sampling density is low due to poor outcrop 

density. These features and the uncertainty of 
the actual distribution coefficients of minerals 
in magmas of these compositions hinder the 
interpretation of the data . Although there are 
uncertainties , the low-Y group is interpreted as 
resulting from side-wall accumulation (plagio
clase+ferromagnesium mineral) with trapped 
evolved magma (Sparks et al. 1984). Most of 
the migrated interstitial melt has either erupted 

or become concentrated in other parts of the 
magma chamber. There are indications that 
these gneissic tonalites have been silJ-like bod

ies , so that a f10w differentiation processes and 
enrichment of evolved melt in the middle of sill 
would also have been possible. The variation in 

chemical composition of the high- Y group is 
due to fractional crystalJization of plagioclase , 
the presence of ferromagnesium mineral, and to 
some extent also magnetite. 

Toholampi gneissie tonalite 

The sill-like Toholampi gneissic tonalite is 
situated near the pyroxene granitoid complex 
and it contains orthopyroxene, indicating that it 

has experienced granulite facies conditions. 
The variation in Kp, Na

2
0 and Ba values is 

due to orthopyroxene formation and local de
struction of plagioclase. Compositionally it 
resembles the Rastinpää gneissic tonalites but 
has somewhat higher Ti0

2 
and Sr values and 

lower MgO, Ta and Th values (Table 2). Yt
trium (Fig. 3) and zircon contents (not shown) 
show a decreasing trend from the high- Y to 
low- Y group. The high- Y sampIe is from the 

centre and it has only a weak positive Eu-anom
aly (Fig. 4) . The sampIe having a strong pos
itive Eu-anomaly and low Y content is from the 
margin of the si 11. These features are interpret
ed as side-wall crystallization combined with 

flow differentiation. 
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Other Rastinpää-type gneissie tonalites nificantly lower K
2
0, Rb , Ta and Th values 

(Tab le 2 and Fig. 3). According to Y and REE 
Variation ex ists in the chemical composition contents (Figs . 3 and 4) they belong to low Y-

of these gneissic tonalites especia lly in trace group . Some of them have a signi ficant positive 
element composition . They resemble Rastin- Eu-anomaly. 
pää and Toholampi types , but so me have sig-

Table 2. Selected major (anhydrous) and trace element data for gneissic tonalites and felsic gneisses from the 
Rautalampi area. 

Sampie R19 R304 R216 R236 R26 R28 R30 
Typea a a b b c c C 

Si02 71 .40 73.87 71 .85 72.27 74.08 74.13 74.51 
Ti02 0.33 0.35 0.35 0.36 0.27 0.30 0.27 
Al 20 3 14.48 13.02 14.10 13.60 13.32 13.34 13.19 
FeO* 4.01 4.31 3.97 4.02 3.63 3.41 3.12 
MnO 0.10 0.10 0.08 0.09 0.05 0.08 0.10 
MgO 0.62 0.59 1.01 1.05 0.50 0.60 0.49 
CaO 2.93 3.08 3.48 3.64 2.95 3.70 2.72 
Na20 4.49 3.46 3.95 4.02 4.35 3.69 4.00 
K20 1.55 1.13 1.11 0.86 0.83 0.73 1.58 
P20 5 0.09 0.09 0.10 0.09 0.02 0.02 0.02 

Ba 962 312 290 423 310 353 631 
Sc 12.0 6.3 12.1 10.3 7.1 8.8 3.9 
Sr 239 209 180 178 159 263 188 
V 21 16 37 38 14 20 12 
Y 29.1 16.1 13.7 12.9 15.4 13.2 18.6 
Zr 327 222 204 190 172 135 148 
Rb 17.7 6.1 24.0 6.5 17.8 4.3 12.9 
Ta 0.18 0.15 0.35 0.23 0.29 0.09 0.16 
Th 0.2 0.5 1.5 0.3 1.7 0.6 0.2 
U 0.13 0.25 0.26 0.39 0.24 0.34 
Hf 6.6 5.5 4.6 4.2 4.7 3.8 4.8 
La 15.1 16.0 14.7 12.0 12.2 13.4 12.3 
Ce 27.0 27.0 27.0 19.3 27.0 26.0 22.0 
Nd 17.0 14.6 12.4 9.4 14.2 15.4 12.7 
Sm 4.1 3.3 2.4 2.2 2.9 2.3 2.7 
Eu 1.50 1.45 0.86 0.85 1.03 1.08 0.87 
Tb 0.60 0.36 0.37 0.34 0.38 0.32 0.33 
Yb 2.5 1.7 1.7 1.8 1.7 1.7 2.4 
Lu 0.29 0.23 0.19 0.23 0.19 0.21 0.32 

bA/ CNK 1.01 1.04 1.00 0.98 0.99 0.98 0.99 
(La/yb)CH 4.1 6.3 5.8 4.5 4.8 5.3 3.5 
cEu/ Eu* 1.12 1.41 1.08 1.17 1.12 1.43 1.02 

Note.- Major elements (wt%) and Ba,Sc,Sr,V,Y and Zr analyzed at the GSF Laboratory by lCP-AES; other trace 
elements and REE by neutron activation at the Technical Research Centre of Finland. FeO· : total Fe as FeO. 
aa_ Toholampi gneissic tonalite; b- Toholampi-type gneissic tonalite; c- gneissic tonalite ; d- felsic gneiss of 
~ropable igneous origin; e- mobilized gneiss; f- supracrustal gneiss; g- volcanogenic felsic gneiss. 
A/CNK = Molecular ratio of Al 20 3/ (CaO+Na2O+K2O) . 

cEu/Eu* = Observed Eu value/ value obtained by interpolation between Sm and Tb. 



Supracrustal gneis ses 

Supracrustal gneisses are either volcanic 
(tuffaceous) and/or sedimentary in origin. They 
too have been subdivided into high- Y and low
Y groups (Fig. 3 and Table 2.) . In the low-Y 
group, Toholampi gneis ses have compositions 

Table 2 (continued). 

SampIe R238 R877 R8 
Typea d d d 

Si02 76.02 76.61 73.69 
Ti02 0.23 0.21 0.33 
A1 20 3 12.85 12.47 13.76 
FeO* 2.67 2.71 3.44 
MnO 0.05 0.07 0.07 
MgO 0.46 0.47 0.24 
CaO 3.29 2.73 2.49 
Na20 3.67 3.68 3.97 
K20 0.71 0.99 1.91 

P20S 0.05 0.06 0.10 

Ba 320 179 697 
Sc 7.9 7.6 9.1 
Sr 180 170 142 
V 14 20 23 
Y 20.2 14.6 18.0 
Zr 187 189 211 
Rb 1.4 7.9 25.0 
Ta 0.36 < 0.02 0.18 
Th 2.2 2.3 1.4 
U 0.56 0.35 0.30 
Hf 3.7 4.8 4.9 
La 14.0 18.2 16.9 

Ce 32.0 31 .2 33.0 
Nd 19.3 16.4 17.9 
Sm 3.4 3.7 3.5 
Eu 0.90 0.80 0.88 
Tb 0.51 0.40 0.39 
Yb 2.6 1.3 1.5 
Lu 0.31 0.19 0.18 

bAjCNK 1.00 1.03 1.05 

(LajYblcH 3.6 9.4 7.6 
CEujEu* 0.81 0.71 0.81 
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almost identical with those of gneissic tonal
ites, except for their lower MgO. Others are 
characterized by lower abundances of K

2
0, 

MgO and Rb and slightly hi gher CaO and Sr 
con tents. The high- Y group con tains rocks with 
both hi gh and low Kp val ues . Volcanogenic 
gneisses (felsic volcanics) are also low in Kp, 

R209 R423 R550 R29 
e f 9 9 

70.57 69.00 n.83 72.76 
0.48 0.51 0.24 0.25 

14.33 13.84 12.11 14.16 
4.84 6.61 0.69 2.79 
0.08 0.1 3 0.03 0.08 
1.03 1.29 0.53 0.54 
4.52 3.32 4.19 3.56 
3.63 3.66 3.95 5.28 
0.39 1.43 0.37 0.53 
0.13 0.21 0.06 0.05 

252 242 123 163 
14.0 18.6 7.7 9.7 

237 182 85 150 
36 16 2 9 

9.3 61 .5 34.4 43.0 
229 193 165 146 

2.0 24.4 2.0 1.5 
0.12 0.46 0.69 0.62 
0.1 2.2 2.7 3.0 
0.14 0.95 
4.2 5.0 5.1 5.3 
7.6 17.9 17.1 20.0 

15.0 33.0 30.0 36.0 
8.3 22.0 18.1 19.8 
1.5 6.1 4.5 6.2 
1.07 1.70 0.88 1.05 
0.27 1.03 0.78 0.82 
1.2 5.9 3.7 4.4 
0.14 0.71 0.47 0.50 

0.98 1.02 0.83 0.90 
4.3 2.0 3.1 3.1 
2.08 0.40 0.57 0.53 
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Ba and Rb and they are characterized by low 
La/Yb-ratios and negati ve Eu-anomal ies as are 
other high- Y group gneisses as weil (Fig. 4). 
Sorting, winnowing, welding, postemplace
ment crystallization and synvolcanic alteration 
all can affect the geochemical composition of 
volcanic rocks. Therefore, it is not clear if the 
low contents of K

2
0, Ba and Rb are primary 

features in the rocks interpreted as volcanogen
ic in origin. Other supracrustal gneisses with 
low K

2
0 and Rb are rich in plagioclase and they 

could be interpreted to have had an arkositic 
protolith, with loss of e.g. clays (K,Rb) during 
sorting and deposition. The rocks devoid of 
K

2
0, Rb and Th could have a lso lost these 

components to either a fluid phase or melt 
during granulite facies metamorphism (see be
low). 

Mobilized gneisses 

Mobilized gneisses have lower contents of 
Si0

2
, Kp, Rb, Th , U and Y than most other 

gneisses and are also characterized by very low 
REE contents and a very strong positive Eu
anomaly (Figs. 3-4 and Table 2.). Mineralogi
cally they differ from other felsic gneisses in 
having low contents of biotite and abundant 
orthopyroxene, wh ich favours a small degree of 
dehydration-melting induced by deformation to 
produce a limited amount of granitic melt and 
residual mobilized gneisses with abundant pla
gioclase and orthopyroxene. Dehydration with
out melting is more difficult to study and so it 
is possible that some sam pies low in Kp, Rb, 
Th, and U have lost a portion of these elements 
to the fluid phase. 

Särkilampi gneissie tonalite and related 
felsic gneisses 

The Särkilampi gneissie tonalite and geo
chemically related gneisses differ from the 
above described Rastinpää-ty pe gneissie tonal
ites in having lower Si02, Ti0

2
, FeO, Sc, Y, Zr, 

Ta, Th and U and higher A IP 3 and Sr values 

(Tab le 3). Nap, Kp, pps' Ba and Rb abun
dan ces f1uctuate but are rather similar. MgO , 
CaO and V contents are higher, but they follow 
a typical "differentiation trend" on Harker-di
agrams. These rocks have major element com
position comparable, except for their high CaO 
values , to the synkinematic tonalites of the 
schist belts (Fig. 5). Ba, Sc and Sr contents are 
also comparable, but the Särkilampi gneissie 
tona lite and related gneisses have slightly low
er Rb and anomalously low contents of La, Zr, 
Ta, Th and U compared to the synkinematic 
tonalites (data not shown). The REE abundanc
es are also low and the rocks are characterized 
by a moderate La/Yb-ratio (Fig. 6). 

Pyroxene granitoids 

Pyroxene quartz diorites and tonalites are 
lower in Si02 than the median contents of typ
ical tonalites in schist belts and on major ele
ment diagrams they form a " differentiation 
trend" (Fig. 5 and Table 3) . The exceptions are 
higher Ti02 and slightly lower MgO contents in 
pyroxene quartz diorites and tonalites. The Sr, 
Ba and La contents are high (Fig. 5) and Th 
contents are very low (Table 3). They have 
REE distribution (Fig. 6) with moderately neg
ative and positive Eu-anomalies (Table 3). The 
pyroxene quartz leuco monzodiorite has anom
alously high contents of Ba, Zr, Th, Y, U and 
LREE (Table 3). Also A1

2
0 3, CaO, Nap and Sr 

contents are high for such a K
2
0 rich rock. 

Other granitoids 

The Pukkiharju gneissie tonalite (sampie 
R547 in Table 3) has high Ti0

2
, FeO and Sc 

and low AI 20 3 and Sr contents, and thus resem
bles the Rastinpää-type gneissie tonalites ex
cept for its lower Si0

2 
contents. The other 

quartz diorites and tonalites can be divided into 
two groups , where one (eg. sampies R259 and 
R263), apart higher CaO contents , follows the 
typical synkinematic major element "differen
tiation trends" . The other group (eg. sampies 
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Fig. 5. Harker-lype selected major element (%) and trace element (ppm) vari ati on diagrams for 1.9 1- 1.88 Ga granitoids, gneissie 
tonalites and felsic gneisses from Rautalampi area and the area to the NW from Rautalampi . Oxide totals were recalculated to 100 %. 
Data from this study except for syntectonic granitoids (Nurmi 1984) and for granitoids fro m NW of Rautalampi (Pääjärvi , unpubli shed 
data). Solid line with R - main fi e ld of Rastinpää-type rocks; solid line without R - mai n fi eld of the median contents of syntectonic 
tonali tes; dashed line - main fie ld of lhe median contents of syntectonic granodiorites ; dotted line - main fi eld of the median contents 
of syntectonic granites; crosses - pyroxene quartz diori te/tonalite (ca. 1.890- 1.885 Ga) ; open squares - tonalites and granodiorites in 
the Rautalampi area ( 1.89- 1.88 Ga ?); asterixes - Särkilampi gneissie tonalites and related gneisses ( 1.9 1- 1.88 Ga ?); open triangles 
- granitoids fro m NW of Rautalampi ( 1.89- 1.88 Ga). 
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Table 3. Selected major (anhydrous) and trace element data for granitoids, gneissie tonalites and felsic gneisses 
from the Rautalampi area. 

Sampie R5 R872 R874 R3 R260 R261 R10 
Typea a a a b c d e 

Si02 56.28 60.07 56.65 63.34 62.61 55.67 63.91 
Ti02 1.05 0.88 1.10 0.38 0.94 1.35 0.69 
Al 20 3 18.14 17.24 18.02 18.35 15.66 16.40 16.42 
FeO* 7.75 7.26 7.69 5.74 5.90 8.64 5.34 
MnO 0.13 0.12 0.12 0.09 0.14 0.08 0.10 
MgO 3.53 2.79 3.46 0.24 2.33 4.62 2.50 
CaO 6.83 6.19 6.59 3.40 4.12 6.78 5.18 
Na20 4.25 3.37 4.18 5.41 3.31 2.90 3.85 
K20 1.66 1.78 1.85 2.94 4.58 2.89 1.78 
P20 5 0.38 0.30 0.34 0.11 0.41 0.67 0.23 

Ba 746 1055 1077 3080 893 878 651 
Sc 19.5 20.7 19.7 28.7 13.6 22.8 14.3 
Sr 1040 652 979 457 770 951 529 
V 161 136 157 5 116 212 105 
Y 17.0 26.1 22.6 40.4 23.2 21.4 14.2 
Zr 200 170 222 849 395 179 183 
Rb 43.0 57.4 53.7 32.0 122 117 54 
Ta 0.40 0.55 0.43 0.43 0.78 0.60 0.29 
Th 0.2 0.3 0.2 17.6 4.4 0.8 1.8 
U 0.15 0.47 0.20 1.70 1.24 1.08 0.14 
Hf 3.6 4.8 4.3 13.7 8.1 4.3 4.0 
La 25.0 23.2 24.4 202 44.0 31 .0 21 .0 
Ce 51.0 42.9 44.1 291 88.0 59.0 38.0 
Nd 28.0 24.6 27.5 123 51.0 37.0 18.6 
Sm 4.8 6.6 5.9 17.1 9.2 7.9 3.3 
Eu 1.69 1.38 1.35 2.80 1.65 1.92 1.15 
Tb 0.53 0.71 0.66 1.34 0.76 0.65 0.40 
Yb 1.5 2.0 1.7 2.9 2.2 1.8 1.2 
Lu 0.14 0.27 0.23 0.29 0.24 0.22 0.12 

bA/CNK 0.85 0.92 0.86 1.00 0.88 0.81 0.93 
(LafYblcH 11 .2 7.8 9.7 50.0 13.5 11 .6 11 .8 
CEujEu* 1.14 0.68 0.75 0.56 0.62 0.83 1.12 

Note.- Major elements (wt%) and Ba,Sc,Sr,V,Y and Zr analyzed at the GSF Laboratory by ICP-AES; other trace 
elements and REE by neutron activation at the Technical Research Gentre of Finland. FeO·; total Fe as FeO. 
aa_ Pyroxene quartz diorite j tonalite; b- Pyroxene quartz leuco monzodiorite; c- gneissic granodiorite; d- gneissic 
quartz diorite ; e- gneissic tonalite; f- Särkilampi gneissic tonalite; g- felsic gneiss of probable volcanic origin . 
bA/CNK = Molecular ratio of Al 20 3j(CaO+ Na20+ K20). 
CEujEu* = Observed Eu valuejvalue obtained by interpolation between Sm and Tb. 

R260 and R261) , which also includes granodi
orites is heterogenous and characterized by 
high K

2
0 , Ti0

2 
and La contents and in part, a 

tholeiitic character (Fig. 5). Granitoid sampIes 
collected from the N or NW of the Rautalampi 
area belong to the CFGC and for these, on ly 
major e lement and REE data are available. The 

granites resemble the reference granites, but 
the quartz diorites and gra nodiorites differ 
from typical synkinematic granitoids in having 
higher Ti0

2 
contents and higher FeO/MgO-ra

tio (Fig 5). The REE distribution is presented 
in Figure 6. 



Table 3 (continued) . 

Sampie 
Typea 

Si02 
Ti02 
AJ 20 3 
FeO· 
MnO 
MgO 
CaO 
Na20 
K20 
P20 S 

Ba 
Sc 
Sr 
V 
Y 
Zr 
Ab 
Ta 
Th 
U 
Hf 
La 
Ce 
Nd 
Sm 
Eu 
Tb 
Yb 
Lu 

bA/ CNK 

(LajYblcH 
cEu/ Eu· 

R259 
e 

61 .18 
0 .58 

15.49 
6 .67 
0 .10 
4.00 
6.50 
3 .26 
1.95 
0 .27 

684 
25.3 

734 
192 

15.9 
92 
22.0 

0 .21 
0 .6 
0.50 
2.3 

14.9 
23.0 
14.0 
3.4 
0 .71 
0.33 
1.4 
0 .22 

0.80 
14.1 
0 .69 

R263 
e 

63.17 
0 .39 

17.02 
5.23 
0.10 
2.70 
5.69 
3 .59 
1.99 
0.12 

532 
16.3 

735 
120 

10.7 
84 
29.0 

0.24 
1.6 
0.48 
2.2 

10.0 
16.5 
9.5 
2.5 
0.54 
0 .23 
1.0 
0 .15 

0 .92 
11 .1 
0 .73 

R547 
e 

68.38 
0 .82 

14.13 
5.89 
0 .16 
1.58 
3.41 
4.40 
0.97 
0 .26 

389 
18.4 

115 
38 
24.2 

149 
17.9 
0.44 
1.1 

4.0 
13.3 
24.0 
14.1 
3.3 
1.12 
0 .67 
2 .5 
0.35 

0.98 
3.6 
0 .95 
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R876 
f 

70.95 
0 .25 

15.88 
2.50 
0 .05 
1.07 
4.36 
3.78 
1.06 
0 .10 

383 
4.1 

660 
38 

6.0 
61 
45.1 

0 .14 
0 .5 
0 .27 
1.9 
4 .7 
7 .8 
4.0 
1.0 
0.35 
0.13 
0.4 
0 .05 

1.04 
7.9 
1.11 

R878 
f 

69.15 
0 .32 

16.98 
2.92 
0 .04 
0 .78 
4.40 
4.28 
1.00 
0.13 

437 
3 .5 

671 
36 

7.4 
96 
21 .0 

0 .13 
0.2 
0.13 
2.6 
5.9 

10.1 
5.6 
1.4 
0.43 
0 .16 
0.5 
0.07 

1.05 
8.0 
1.00 

R879 
f 

67.50 
0 .26 

16.85 
3 .74 
0.08 
1.92 
5.00 
3 .70 
0.83 
0 .12 

472 
9.9 

795 
78 

7 .7 
61 
14.2 
0.07 
0 .1 
0.14 
1.5 
7.1 

10 .8 
5.7 
1.3 
0 .50 
0 .16 
0 .5 
0.07 

1.05 
9.6 
1.17 

Al 

9 

69.45 
0 .24 

16.61 
2 .74 
0 .07 
1.38 
4.37 
3.74 
1.31 
0.09 

349 
5.5 

705 
53 

6 .3 
60 
28.0 

0 .23 
1.1 
0.30 
1.6 
6.8 

11 .9 
6 .1 
1.1 
0.38 
0.13 
0.6 
0 .07 

1.07 
7.6 
1.12 

Geoehemistry of mafie and intermediate volea nics, d ykes and xenoliths 

Pukkiharju vo leanies 

Compositionally the Pukkiharju mafie and 
intermediate volcanies are tholeiitie low-K 
basalts to basaltie andesites (Table 4, Figs . 7-
8). Potassium mobility is seen in the irregu lar 
behaviour of this element in Figure 8, where it 
does not follow the genera l differentiation 
trend of the more immobi le elements in Figure 
9 (e.g. Ti0

2 
and Zr). Althoug h seattered, the 

generally low K values in mafie samp ies indi-

eate a low-K eharaeter. An overall tho leiitie 
eharaeter is postu lated for these rocks (Fig. 8). 
The most mafie volcanies show rather primitive 
eompos itions , indieating on ly a small amount ( 
10%) of olivine erystallization from mant le 
derived melts for the least evo lved sampies 
(Lahti nen 1988) . The dedueed erystallization 
sequenee for the Pukkiharju voleanies is 
oli vi ne( +Cr-spinel)-el i nopyroxene-plagiocla
se, whieh differs from the normal o li vi ne-p la
gioe lase erysta ll ization order found In Mid-
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Fig. 6. Chondrite normalized rare-earth element patterns for 1.91 -1.88 Ga granitoids, gneissie tonalites and felsic gneisses from 
Rautalampi and the area to the NW. A: solid line (Pääjärvi, unpublished data) - quartz diorites and granodiorites from NW of 
Rautalampi (8 sampIes); dashed line - main field of 1.93-1.91 Ga gneissie tonalites and related rocks; dotted line with S - Särkilampi
type gneissie tonalites and related rocks (5 sampIes). B: SampIe numbers refer to sampIes in Table 3; dotted line - pyroxene quartz 
diorites and tonalites (5 sampIes). 

Ocean Ridge Basalts (MORB) (e.g. Perfit et al. 
1980). The crystallization of clinopyroxene 
before plagioclase indicates a relatively higher 
water content in the magma (e.g. Sakuyama 
1983) , due to the lower liquidus temperatures 
of plagioclase in water-rich magmas (Yoder 
1969). The REE distributions and MORB-nor
malized trace element patterns (Figs. 10-11) 
are compatible with a slightly LREE-enriched 
island arc tholeiite (lA T) ongl n (Pearce 
1982, (983 ). The Rb, Th and Ta va lues are 
below or near the detection limit and so the 
patterns concerning these elements in Figure 11 
are only indicative, but the behaviour of analyt-

ically more reliable Ba and Ce is nevertheless 
similar, suggesting that the pattern is , in gen
eral sense, correct. The low level of Zr-Yb in 
Figure II fa vours a rather high degree (30%) of 
mantle melti ng (Pearce 1982). All these fea
tures indicate the occurrence of adepleted 
mantle (DM) source for the melt, with an ad
ditional subduction component and to a rather 
immature, oceanic island arc origin with rather 
thin crust. Although the occurrence of thicker 
mature crust can not be excluded (especia lly in 
an extensional environment), the occurrence of 
DM-type mantle is inevitable. 



Toholampi volcanics 

The Toholampi volcanics are geochemically 
similar to the Pukkiharju volcanics (Figs. 8-
11) , but some differences are apparent. The 
Toholampi volcanics seem to have slight ly 
lower Si0

2 
values (Fig. 8) and higher CaO 

values (Fig. 9), which can be partly attributed 
to the occurrence of more calc-silicates (prima
rily carbonates) in the Toholampi sampies. 
Three sampies are deviant, with higher Ti0

2 

and Y values , indicating a difference either in 
parent magma or in crystallization history . 
Sampie R595 is a rather primitive basalt with 
118 ppm Ni and 10.5 % MgO (Table 4). AI
though, the REE distribution curve does show 
some scatter (Fig. 10) , it is rather simi lar to 
Pukkiharju volcanics , albeit at a lower level. In 
particu lar, the negative Ce-anomaly is consid
ered to be of analytical origin. The MORB
normalized trace element pattern also shows a 
pattern similar to that of the Pukkiharju volcan
ics , but the K and Tb abundances indicate high
er levels of these incompatible elements in the 
parent magma. Sampie R233 has small positive 
Eu (Fig. 10) and P and Ti (Fig . 11) anomal ies, 
but otherwise is comparable with Pukkiharju 
sampies . Sampie R240 differs from the Pukki
harju and other Toholampi sampies due to its 
medium-K nature (Fig. 8) and because of its 
higher Sr and lower V values (Fig. 9). The REE 
distribution curve show a higher La/Yb ratio 
(Fig . 10 and Table 4) and the MORB-normal
ized trace element pattern shows a distinctly 
"humped" form, with negative Ta, Zr, Hf and 
positive Sm anomalies (Fig . 11). 

Although there are some slight geochemical 
differences between Pukkiharju and main part 
of Toholampi volcanics , they are in a general 
sense similar to one another and therefore in
ferentially comparable in origin with the Puk
kiharju volcanics. Sampie R240 clearly differs 
geochemically and although a tholeiitic in 
character according to Figure 9, it has a trace 
element pattern more like that found in oceanic 
calc-alkaline basalts (Pearce 1983). The mantle 
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component has been of DM type as with the 
Pukkiharju vo lcanics , but the proportion of 
subduction component has probably been high
er. A noticeable feature is that this sampIe is 
from an association occurring between pyrox
ene gran itoid complex and the Toholampi 
gneissic tonalite and is thus from a stratigraph
ically different position to the other Toholampi 
volcanics. 

Xenoliths in gneissie tonalites 

One sampie was collected from the Toholam
pi gneissic tonalite and four sam pies from the 
Rastinpää gneissic tonalite. One corresponds to 
basaltic andesite, three are basaltic andesites 
near the boundary with basaltic trachyandesite 
and one is trachyandesitic in composition ac
cording to Figure 7 . They are medium-K rocks 
with both tholeiitic and calc-alkaline affinities 
(Fig . 8). They are geochemically scattered 
which is , at least partly , attributed to heterog
enous origins and possibly also due to interac
tion with the tonalite host. Tbey differ from the 
Pukkiharju and Toholampi volcanics in their 

higher Si02, Kp, pps' Sr and gene rally lower 
Ti0

2 
and V (Figs. 8-9), with the latter in par

ticularly showing a decreasing trend, which 
possibly reflects the crystallization of magnet
ite during their crystallization bistory. Sampies 
R586 and R592 show higher La/Yb ratios (Fig. 
10 and Table 4) and a lthough, scattered, a more 
convex " humped" trace element pattern (Fig . 
11) than the Pukkiharju and Toholampi volcan
ics. These xenoliths are more comparable with 
samp ie R240 than with the normal volcanics of 
the Rautalampi district. 

Dykes in gneissie tonalites 

There is littl e textural evidence of comin
gling and thus it is unclear whether or not these 
dykes are of similar age or distinctly younger 
than their hosts. The occurrence of a tonalite 
inclusion in one Rastinpää dyke indicates tbat 
the tonalite in this case was either totally or 
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Table 4 . Selected major (anhydrous) and trace element data for amphibolites (volcanics), mafic dykes and mafic 
inclusions in gneissic tonalites from the Rautalampi area. 

Sampie 
TypeS 
Locationb 

Si02 
Ti02 
Al 20 3 
FeO* 
MnO 
MgO 
GaO 
Na20 
K20 
P20 S 

Ba 
Co 
Cr 
Cu 
Ni 
Sc 
Sr 
V 
V 
Zn 
Zr 
Rb 
Ta 
Th 
Hf 
La 
Ce 
Sm 
Eu 
Tb 
Vb 
Lu 

R204 
a 
P 

51 .19 
0.66 

16.31 
9.95 
0.16 
8.64 

10.87 
1.84 
0.28 
0.10 

52 
45 

330 
66 
78 
45.0 

199 
272 

14.0 
89 
40 
< 6 

0.15 
0.3 
1.1 
4.3 
9.2 
1.8 
0.56 
0.33 
1.33 
0.20 

2.2 

R987 
a 
P 

51 .59 
0.72 

16.23 
10.44 
0.19 
7.00 

11 .16 
2.20 
0.40 
0.07 

123 
48 

110 
79 
48 
41 .3 

203 
283 

14.5 
96 
40 
< 6 

0.10 
0.4 
1.1 
4.4 
9.0 
2.0 
0.70 
0.35 
1.59 
0.22 

1.9 

R405 
a 
P 

55.16 
1.11 

14.37 
13.52 
0.27 
4.77 
6.36 
4.02 
0.30 
0.12 

56 
30 

< 10 
24 
11 
43.2 
96 

358 
26.8 

134 
79 
< 6 

0.31 
0.3 
2.3 
6.8 

15.9 
3.0 
1.00 
0.62 
2.8 
0.35 

1.5 

R595 
a 
T 

49.84 
0.53 

11 .11 
10.23 
0.21 

10.54 
15.50 

1.55 
0.44 
0.05 

111 
35 

335 
8 

118 
51.2 

149 
265 

9.2 
82 

<30 
<8 
< 0.10 

0.5 
0.6 
2.7 
4.7 
1.3 
0.52 
0.28 
0.93 
0.09 

2.0 

R233 
a 
T 

52.62 
1.56 

15.27 
13.16 
0.21 
4.37 
8 .81 
3.50 
0.27 
0.23 

70 
44 

50 
22 
41.4 

227 
396 

21 .9 
135 
65 
<8 

0.17 
< 0.2 

1.4 
5.6 

12.3 
2.9 
1.17 
0.61 
2.3 
0.23 

1.6 

R240 
a 
T 

48.23 
0.62 

18.29 
10.57 
0.17 
7.99 

11 .83 
1.65 
0.52 
0.13 

148 
50 

58 
55 
32.0 

641 
202 

13.8 
88 

< 30 
<7 

0 .1 2 
0.5 
0.8 
6.1 

11 .8 
2.2 
0.84 
0.35 
1.10 
0.14 

3.9 

R586 
b 
R 

59.46 
0.37 

17.81 
5.84 
0.16 
2.58 
7.17 
5.33 
1.13 
0.15 

461 
16 

< 10 
10 
15 
16.2 

544 
108 

14.3 
90 
60 
13 
0.21 
0.8 
1.5 
6.1 

12.0 
2.2 
0.67 
0.31 
1.46 
0.20 

2.8 

Note.- Major elements (wt%) and Ba,Co,Cr,Cu,Ni,Sc,Sr,V,V,Zn and Zr analyzed at the GSF Laboratory by ICP-AES; 
other trace elements and REE by neutron activation at the Technical Research Centre of Finland . FeO·: total Fe as 
FeO. 
aa_ amphibolite/metavolcanic; b- mafic inclusion in gneissic tonalite; c- mafic dyke in gneissic tonalite; d- dykes 
having WPB-affinity; e- younger mafic dyke. 
bp_ Pukkiharju ; R- Rastinpää; T- Toholampi; K- Konnekoski . 

almost totally erysta ll ized before the intrusion 
of the mafie magma . If the tonalite hosts were 
only partly erysta ll ine, there eould have been 
interaction of mafie magma with evo lved 
magma or late s tage magmatie fluids. This 

would have ehanged the eomposition of the 
mafie magma and led in partieular to an in
erease in the level of ineompatibl e e lements 
such as K, Rb, Ba and Th (Holden et al. 1991) . 
There are five dyke sampies from the Rastinpää 



Table 4 (continued) . 

Sampie R592 R576 R589 
Typea b c c 
Locationb R K R 

Si02 53.08 43.09 48.15 
Ti02 0.61 1.78 0.84 
A1 20 3 18.51 18.45 10.83 
FeO* 9.67 15.14 10.66 
MnO 0.20 0 .26 0 .21 
MgO 5.59 5.79 15.33 
CaO 7.13 11 .32 10.94 
Na20 4.34 2.90 1.09 
K20 0.63 0 .67 1.78 
P20 S 0.24 0.60 0.17 

Ba 62 202 182 
Co 27 33 63 
Cr 55 < 10 1360 
Cu 25 37 26 
Ni 20 < 10 436 
Sc 30.1 37.8 39.0 
Sr 343 672 25 
V 238 329 225 
Y 16.1 35.9 14.7 
Zn 113 160 171 
Zr < 30 67 45 
Rb < 6 13 
Ta 0.14 0.22 
Th 1.1 <0.4 
Hf 1.1 1.6 
La 7.1 5.8 
Ce 14.7 11.9 
Sm 2.4 2.0 
Eu 0.81 0 .68 
Tb 0.39 0 .30 
Yb 1.7 1.52 
Lu 0.21 0 .20 

(La/YblcH 2.9 2.6 

gne issic tona li tes that vary between medi um-K 
basa lt to h igh-K (nearly very high-K) trac hyba
salt (Figs. 7-8). Two samp ies are ca lc-alka line 
(sam pies R589 and R593) and three are tholei
itic. Sam pIe R589 has high Cr (1360 ppm) , Ni 
(436 ppm) and MgO (15.3 %), but a lso high Kp 
(1.8 %, Table 4). The high K with high Ti cou ld 
ind icate the stabilization of biotite during inter-
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R593 R548 R590 R218 
c d d e 
R P R T 

48.79 56.26 52.65 52.45 
0 .57 2.00 2.04 0 .74 

12.21 15.88 15.53 19.17 
10.01 9 .34 10.12 7.44 
0.20 0.15 0 .15 0.18 

11 .97 3.83 4.95 5.91 
13.71 6.40 7.97 10.08 

1.93 2.91 3.19 3.41 
0.49 2.45 2.38 0.41 
0 .12 0.78 1.02 0.21 

55 898 707 163 
48 32 30 33 

773 52 120 
39 72 37 65 

152 27 62 18 
51 .3 20.2 24.0 35.7 

184 735 631 476 
245 149 165 250 

14.7 24.9 31 .5 14.7 
98 145 167 102 
30 220 200 48 

< 10 71 62 < 6 
< 0.11 1.1 1.25 0 .08 
<0.4 4.5 4.0 0 .2 

0 .7 5.7 5.8 0 .8 
3.2 41.0 50.0 7 .0 
6.8 83.0 95.0 15.3 
1.8 8.7 12.0 2 .2 
0 .57 2.02 2.60 0 .87 
0.37 0.83 0.98 0 .39 
1.3 1.7 2.4 1.5 
0 .14 0 .23 0 .26 0.16 

1.7 16.3 14.1 3.1 

action with evolved melt. Whether or not these 
features are due to a primitive melt 01' cumu late 
origin is unc lear, but the low Sr (25 ppm) fa
vo urs a cumu late origin . Altogether the hi gh K, 
combined with low T h and primitive nature is 
not characteristic of either DM or EM-type or
ig in and suggests a dist urbed geochemistry . 
The Tb minimum in the REE d istribution curve 
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is probably analytical in origin and is not con
sidered diagnostic (Fig. 10). The trace element 
pattern is scattered, but is rather similar to that 
of the volcanics (Fig. 11) . Sam pie R593 is also 
a primitive medium-K basalt (Table 4) and has 
a low La/Yb ratio (Fig. 10) . The trace element 
data show " humped" pattern (Fig. 11), but oth
erwise are comparable with most primitive vol
canics (sampie at 12% MgO in Fig. 9). The 
other three dyke sampies from Rastinpää show 
variable K and Ba, and it is not clear whether 
these features are of magmatic origin. These 
sampIes have, apart K and Ba, a similar geo
chemistry to that of the volcanics (Fig. 9) 

14 

12 
Na20 + ~O 

10 

5 
8 3 

52 

6 

4 
,A. 

,A.K 
43.1 ~. 

2 T. ~ 
°1 B 

which favours a comparable onglO. 
Dyke R576 (Table 4) from Konnekoski area 

is a medium-K tholeiitic basalt in composition 
(Figs. 7-8) and is characterized by high Ti0

2
, 

P20 S' Sr and Y (Fig. 9), thus resembling to 
so me degree the WPB-dykes discussed below. 
The low Zr contrasts with to the evolved nature 

indicated by low Ni « I 0 ppm) and high AIP3 
(18.5%) and indicates a different origin when 
compared with these WPB-dykes . The low 
Si02 and high AIP3 and Sr (Table 4) could 
suggest a cumulate origin (plagioclase), but 
petrographical studies do not support this idea . 
The lack of REE and more complete trace el-

T 

R 

<> ° °2 3 

O ~~~~~--~~----~~~~----~~~~~~~~---L~~ 

45 50 55 65 70 75 

Fig. 7. Total alkali sili ca (TAS) diagram (Le Bas el al. 1986) for mafic volcanics, inclusions and dykes in the Rautalampi area. B - basalt , 
0, - basaltic andesite, 0 , - Andesite, 0 , - dacite, R - rhyolite, S, - trachybasalt, S, - basallic trachyandesite, S, - trachyandesite and T 
- trachyte and trachydacite. Open squares - Pukkiharju volcanics; filled squares - Toholampi volcanics; crosses - mafic inclus ions in 
gneissie tona lites; open lriangles - mafic dykes in gneissie tonalites; asterixes - younger WPB-affinity dykes; open diamonds - mafic 
dykes in amphibolite associations. T - Toholampi and sampie R240, K - Konnekoski, 1 - loutenniemi. 



ement data prevents more detailed interpreta
tion , but a WP affinity can not be excluded. 
loutenniemi and Toholampi dykes are medium
K basalts near to trachybasalts in composition 
(Figs. 7-8) and the Toholampi dykes are tholei
itic and loutenniemi dyke calc-alkaline accord
ing to Figure 8. The lack of REE and more 
complete trace element data hinders interpreta
tion . They have geochemical similarities with 
the vo lcanics (Fi g. 9), but the higher Sr, AI

2
0

3 

(19 %) and low Zr in the other Toholampi dyke 
is comparable with sampie R240 from Toho
lampi. 

K,.O 
ULTAA·K 

VEAY HIGH·K 

6 

0 LOW·K 
0 . 

55 60 65 

FeO/ MgO 
5 0 

Tholelltlc 

0 

+ 
0 

.t.K 
X 

2 
eale·alkalln. 

-t T 

o L-~----------------~--~----~~--~ 
45 50 55 60 65 

SiO" 

Fig. 8. K,0-SiO, and FeOIMgO-SiO, diagrams for mafie vo1can
ies, inclusions and dykes in the Rautalampi area. Boundary lines 
for K,o-SiO, diagram are from Kähkönen ( 1989). The division 
belween lholeiilie and ea1c-alkaline fie lds on the FeOIMgO-SiO, 
diagram is from Miyash iro ( 1974). See Figure 7 for symbols. -
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Dykes having WPB-affinity 

These dykes are among the youngest rocks in 
the Rautalampi area and have crosscutting re
lationships with the volcanics. In the Pukkihar
ju area one dyke also cut pegmatite . They are 
high-K tholeiitic basa ltic trac hyandes ites in 
composition (Figs. 7-8) and are characterized 
by high Ti0

2
, P

2
0

S
' Sr and Zr (Fig. 9 and Table 

4). The REE di stribution shows a LREE en
riched pattern with a high La/Yb ratio (Fig. 10). 
The MORB-normalized trace element pattern 
(Fig. 11 ) shows an enriched pattern character
istic of WPB (Pearce 1983). There is a small 
negative Ta-anomaly which could indicate the 
occurrence of a small subduction component or 
crustal contamination. On the other hand these 
rocks are rather evo lved and the occurrence of 
a Ti-bearing phase during the crystallization 
hi story is possi ble . The low Sc and V could 
favour thi s (Table 4) . These rocks have an al
kali ne affinity , as seen in their high Ti0

2 
and 

P
2
0

S
' and they for instance plot in the alkali 

basalt fjeld in the Ti02-Zr/(Pps x 10000) di 
agram (not shown , Winchester and Floyd 
1976). Although, these dykes are evolved 
rocks, they show clear alkaline WPB affinity 
and point to an EM-type mantle . 

Dykes within the Toholampi amphibolite 
association 

The orthopyroxene-bearing dyke R218 (Ta
ble 4) is a low-K calc-alkaline basa ltic andes ite 
in composition (F igs. 7-8). The low-K nature is 
ques tionab le, due to the negati ve K-Rb ano m
aly in the trace e lement pattern (F ig. 11 ). The 
REE di stribution is comparable with that of the 
vo lcanics, but the trace e lement pattern is 
" humped" in nature and is thus more compara
ble with sam pie R240 . The other two more 
evolved sampies are also low-K rocks, but they 
show clear tholeiiti c affinitie s (Fi g. 8). In par
ti cul ar, the sam pie at SiOz 63.8 % in Fi gure 8, 
has a very low Kp va lue (0.1 %). They show 
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Fig. 10. Chondrite normalized rare-earth element patterns for Pukkihruju volcanies (upper left), Toholampi volcan ics (upper right), 
mafie inelusions and dykes in gneiss ie tonalites (Iower left) and younger mafie dykes (Iower right). Sampie numbers refer to Table 
4. Dotted line outlines the variation of Pukkiharju volcanies in upper ri ght and lower left figures. Lower right fi gure: solid line - WPB
affinity dykes; dashed li ne - dyke from amphibolite assoeiation. 
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Fig. 11. Mid-oeean ridge basalt-normalized traee element patterns for Pukkiharju voleanies (upper left), Toholampi vo\canies (upper 
right), mafie inclusions and dykes in gneissie tonalites (Iower left) and younger mafie dykes (Iower right) . SampIe numbers refer to 
Table 4. Normalizing values are from Pearee (1982). The dashed line in three ofthe figures is the Pukkiharju vo\canie average. Notiee 
that the Rb, Ta and Th values are often near deteetion limits in most primitive vo\canies. 

variab le geochemistry (Fig. 9), but the lack of 
other trace element data hinders interpretation. 

The low-K nature of these sampies could be due 

to loss of some mobile elements during gra n
ulite facies metamorphism , but more data is 
needed to verify this possibility. 

Geochemistry and origin of alte red rocks 

Cordierite-sillimanite gneisses and tona
litic gneiss in the Pukkiharju area 

Cordierite-sillimanite g nei sses a re found as
soc iated with mineralized zones a t the Pukki
harju Zn-Cu occurrence and they show enrich
ment of magnesium and potassium a nd deple
tion of sodium, calcium and strontium (Lahti 
nen 1988). Analyses of two sampies are given 

in Table 5 and their REE distribution in Figure 
12. The REE patterns and Ti0

2
, AI

2
0

3 
and Zr 

values are comparable with those for felsic 
g neis ses of probable volcanic origin (see sam
pies R550 and R29 in Table 2) and accordingly 
a s imilar protolith is assumed for these cordier
ite-s illimanite gneisses. Magnesium a nd K , 

especially in sam pie R305, show enrichment 



and Ca, Na and Sr show depletion when com
pared to proposed protoliths. Barium follows K 
and is also enriched, such that Ba-rich zones 
are found associated with mineralization and 
indicated by the presence of barium feldspar 
(hyalophane) in some sampies (Lahtinen and 
Johanson 1987). Iron shows rather strong var
iation in the Rautalampi felsic gneisses (Fig. 3) 
so that it is not clear whether it is enriched or 
not. The increase of iron due to sulphide pre
cipation is seen in sampie R165, but whether 
there has been a corresponding increase of Fe 
in the silicate phase is open . The same applies 
to elements like V and Sc. The chemical index 
of alteration (CIA) has been used to quantify 
the effects of weathering, especially feldspars 
(Nesbitt and Young 1982) . Fresh igneous felsic 
rocks have CIA values under 55 and often :s; 50 . 
Increases in CIA values (Table 5) reflect the 
destruction of plagioclase and sampie R 165 
show also slightly more negative Eu minimum 
when compared to sampies R550 and R29 in 
Table 2, which probably indicates slight deple
tion of Eu. The present mineralogy is due to 
regional metamorphism and previously these 
rocks have been rich in chlorite and sericitel 
muscovite. All these features are similar to 
those of hydrothermal alteration zones found 
in many volcanic-associated massive sulphide 
deposits (VMSD, e .g. FrankIin et al. 1981) and 
a similar origin is proposed for cordierite-sil
limanite gneisses in Pukkiharju Zn-Cu pros
pect. 

About 200-300 m away from the mineralized 
rocks (and possibly lower in the stratigraphy) 
is a tonalitic gneiss that is characterized by 
high Nap and low CaO, as can be seen from 
one representative sam pie (R540 in Table 5). 
Four other sam pies have been taken from this 
unit and they all show the same geochemical 
characteristics as sampie R540. The REE pat
tern (for sampie R540 in Fig. 12) and Si0

2
, 

Ti0
2

, A1
2
0

3
, Y and Zr values are comparable 

wi th those of the high-Y felsic gneisses and 
volcanics in the Rautalampi area and consan
guineous ori gin is proposed. Apart from en-
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richment of Na and depletion of Ca, there is a 
slight increase in Fe, possibly al so in Mg and 
depletion in Sr (data not shown). The CIA 
value of 50 does not indicate the presence of 
severe alteration and the increase in Na indi
cates "spilite" type alteration . A subvolcanic 
sill/dome origin is proposed, but a volcanic 
protolith is also possible . The slight enrichment 
of Na and Fe are comparable with background 
alteration (" spilitization") and lower conform
able alteration zones found associated with 
some VMSD (FrankIin et al. 198 I, Walford and 
Franklin 1982, Parry and Hutchinson 1981). 

Garnet±cordierite±orthoamphibole/ortho
pyroxene (GeO) rocks and gneisses 

GCO rocks and gneisses are found at several 
localities in the Rautalampi area. Eight profiles 
across these rocks have been sampled (130 
sampies) and five of these (Li , L4, L5 , L 7 and 
L8) will be discussed in more detail. So far , 
there are only XRF-analyses from the Outo
kumpu Co laboratories available for most of 
these sampies. The oxide sums are normally 
low (about 90%) indicating that the complex 
and coarse-grained mineralogy with, for exam
pie abundant gamet, ha ve caused analytical 
problems. Therefore , these analyses are not 
particularly accurate, but can be correlated 
with each other and give an approximation of 
chemical composition . Sulphur analyses are 
only indicative and variable , but tend overall to 
be too high, especially in lower values. Some 
representative data analyzed by other methods 
are shown in Table 5. Another problem with 
these rocks is also the possibility of mass and 
volume change. Variation in possible protolith 
compositions, lack of detailed trace element 
data for the main part of the data and analytical 
uncertainties makes it impossible to calculate 
the extent of these changes. Zirconium, Ti and 
AI are normally con sidered to be rather immo
bile during alteration as demonstrated above in 
the case of the cordierite-sillimanite gneisses, 
but AI show overlapping values with so me 
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Table 5. Selected major (anhydrous) and trace element data for tonalitic gneiss, cordierite-sillimanite gneisses, 
GCO rocks and gneisses, and garnet-bearing felsic gneisses and mica gneisses from the Rautalampi area. 

Sampie 
Type6 

Locationb 

Si02 
Ti02 
AJ20 3 
FeO* 
MnO 
MgO 
CaO 
Na20 
K20 
P20 S 
FeS2 

Ba 
Co 
Cu 
Ni 
Sc 
Sr 
V 
Y 
Zn 
Z1 
La 
Ce 
Sm 
Eu 
Tb 
Yb 
Lu 

CClA 

(LafYblcH 
dEu/Eu* 

R540 
a 
P 

74.78 
0.31 

12.21 
4.43 
0.09 
0 .58 
0.65 
6.17 
0.72 
0 .06 

<0.2 

256 
5 

<1 
1 

11.8 
65 

6 
41.4 
67 

168 
18.3 
36.0 

4.7 
1.10 
0.89 
4.5 
0.63 

50.0 
2.7 
0.67 

R219 
b 
P 

76.83 
0.27 

12.47 
3.02 
0 .03 
2.56 
1.43 
2.34 
1.00 
0.05 

< 0.2 

371 
6 

17 
16 
12.2 

132 
5 

39.5 
88 

187 
18.8 
40.0 

5.9 
1.49 
1.09 
5.1 
0.54 

62.2 
2.5 
0.73 

Rl65 
b 
P 

70.25 
0.33 

12.52 
3.54 
0.09 
7.58 
0.35 
0.43 
4.83 
0 .08 
3.1 

684 
12 
26 
17 
12.9 
32 
21 
41 .0 

136 
205 

21 .0 
42.0 

7.4 
1.08 
1.04 
4.7 
0.62 

65.8 
3.0 
0.45 

R305 
c 
Ll 

55.80 
1.03 

16.28 
11.27 
0 .20 

13.63 
0.46 
0.24 
0.66 
0.43 

<0.2 

227 
24 
38 
21 
27.9 
16 
82 
44.9 

157 
245 

16.2 
36.0 

7.4 
0 .53 
0 .96 
3.7 
0.48 

89.6 
2.9 
0 .22 

R327 
d 
l2 

69.97 
0.69 

12.13 
7.20 
0.17 
4.11 
2.34 
3.28 
0.00 
0.11 
4.0 

112 
18 

148 
22 
21 .1 

157 
75 
50.7 

1630 
308 

17.0 
37.0 

5.8 
1.40 
0 .96 
5.4 
0 .68 

55.6 
2.1 
0.70 

R332 
c 
l2 

55.86 
1.42 

13.92 
16.76 
0.24 
9 .89 
0.93 
0.32 
0.12 
0.54 

<0.2 

111 
33 
59 
11 
30.8 

9 
87 
55.7 

425 
117 

7.0 
19.0 
5.1 
0.45 
1.00 
5.7 
0.70 

85.6 
0.8 
0.25 

R341 
e 
l3 

52.80 
0.65 

17.60 
11 .98 
0.48 
9.76 
2.83 
3.69 
0 .06 
0.15 

<0.2 

68 
35 
17 

103 
45.3 

109 
313 

14.5 
170 
< 30 

3 .5 
6.8 
1.7 
0.75 
0 .33 
1.2 
0.15 

60.9 
2.0 
1.26 

Note.- Major elements (wt%) and Ba,Co,Cu,Ni ,Sc,Sr,V,Y and Z1 analyzed at the GSF Laboratory by ICP-AES; REE 
by neutron activation at the Technical Research Centre of Finland. FeO·: total Fe as FeO.Sulphur calculated as 
pyrite and Fe in pyrite is subtracted from total FeO. 
6 a_ tonalitic gneiss; b- cordierite-sillimanite gneiss; c- orthopyroxene/ orthoamphibole-cordierite rocks; d
orthopyroxene /orthoamphibole:!: cordierite gneiss; e- orthopyroxene /orthoamphibole-garnet:!: cordierite gneiss; f
gamet-bearing quartzfeldspar gneiss; g- hornblende-biotite gneiss (migmatite) ; h- garnet-pyroxene mica gneiss 
(migmatite) . 
bp_ Pukkiharju; T- Toholampi ; R- Rastinpää; 11-L6 refer to Fig. 2. 
cCIA = Molecular ratio of (AJ203/(AJ203+CaO+Na20+K20))*100 (Nesbit and Young 1982). 
dEu/ Eu* = Observed Eu value/ value obtained by interpolation between Sm and Tb . 

mafie voleanies and felsie gneisses. Normally 
however, fels ie gneisses and voleanies show 
AI

2
0

3 
va lues less than 14% and mafie voleanies 

values over 14%. T he Zr/TiOz ratio for felsie 

gneisses and vo leanies is mainly over 450 and 
for mafie vo leanies less than 150 (no rmally < 
100). Felsie miea g neisses also show often 

va lues near to 450, but normally they have 
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Table 5 (continued). 

Sampie R346 R368 R374 R402 R546 R563 R242 
Typea e e f e 9 f h 
Locationb L3 L4 L5 L6 R T T 

Si02 71 .66 54.88 67.72 72.26 62.07 76.04 66.46 
Ti0 2 0.27 0.48 0.56 0.48 0.51 0.26 0.71 
A1 20 3 14.03 14.53 14.12 11 .54 15.35 11 .68 14.56 
FeO* 4.62 16.49 7.58 7.88 7.57 5.39 6.08 
MnO 0.10 0.1 1 0.15 0.07 0.13 0.14 0.09 
MgO 3.97 8.95 1.95 5.37 3.91 2.08 2.98 
Cao 0.81 1.69 2.82 0.46 5.27 0.81 3.21 
Na20 3.62 1.56 3.20 1.75 2.83 3.16 3.24 
K20 0.91 0.73 1.71 0.19 2.11 0.39 2.48 
P20 S 0.01 0.58 0.19 < 0.01 0.25 0.05 0.19 
FeS2 < 0.2 < 0.2 0.5 < 0.2 < 0.2 < 0.2 < 0.2 

Ba 250 121 718 95 351 181 588 
Co 5 19 10 13 23 < 1 23 
Cu 28 15 55 17 31 38 38 
Ni 38 27 3 14 59 < 10 52 
Sc 15.0 36.7 21.1 15.8 17.7 6.9 17.5 
Sr 72 25 110 34 283 51 285 
V 29 193 22 35 125 5 124 
Y 40.4 34.6 54 .3 36.3 21.1 52.3 17.3 
Zn 1090 57 142 111 91 125 137 
ZI 139 79 191 210 11 9 233 218 
La 18.0 9.0 20.0 28.0 
Ce 33.0 23.0 38.0 51.0 
Sm 4.7 6.8 6. 1 8.2 
Eu 1.20 0.95 1.60 0.82 
Tb 0.72 1. 10 0.96 0.83 
Yb 4.4 2.9 5.8 3.8 
Lu 0.62 0.39 0.78 0.60 

cCIA 62.7 67.0 53.5 75.0 48.1 62.5 51.4 

(La/YblcH 2.8 2.1 2.3 4.9 
d Eu/ Eu* 0.78 0.42 0.80 0.47 

lower values (400-350) that further decrease should be kept in mind. Hornblende- bi oti te 
with more pelitic nature (Lahtinen 1988 and gneiss (migmatite) R546 (Table 5) is probably 
unpublished data by the author). Garnet-silli- of tuffaceous origin as is also seen in the low 
manite-bearing gneisses can show rather low CIA value. Garnet-pyroxene mica gneiss 
values, partly overlapping with mafic volcan- (migmatite) R242 also has a low CIA value. 

ics, but normally they have Zr values over 100 They have Zr/Ti0
2 

ratios 233 and 307 respec-
ppm, which is atypical for mafic volcanics of tively and thus differ clearly from mafic and 
the study area . The mica gneisses and garnet- felsic volcanics. 
sillimanite-bearing gneisses normally have low Although there are many uncertainties , as 
CIA values « 60) pointing to rather immature discussed above, an approach has been tried 
sediments, but the possibility of Ca enrichment using the Zr/Ti0

2 
ratio to discriminate the 

due to the common occurrence of carbonates possible protoliths of GCO rocks and gneisses. 
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100 from tuffaceous rocks with variable mixture of 

10 

La Ce SmEu Tb Yb Lu 

Fig. 12. Chondrite normalized rare-earth e lement patterns for 
tonalitic gne iss and cordierite-sillimanite gneisses from the Puk
kihmju area . Sam pie numbers refer to Table 5. Dashed line 
outlines the normal variation of high-Y group gneiss ie tonalites 
and volcanogenic gneisses. 

Both of these elements are considered to be 
rather immobile so that the use of this ratio 
should not be affected by mass and volume 
changes. Sam pies that have high Zr, rather low 
Ti02 and a Zr/Ti02 ratio over 450 are consid
ered to have had protoliths comparable with 
felsic volcanics. Sampies with low Zr, higher 
Ti0

2 
and a Zr/Ti0

2 
ratio less than 150 (normal

ly 100) are considered to have mafic volcanic 
protolith . Sampies with Zr/Ti0

2 
ratios between 

150-450 are considered to have had a sedimen
tary or tuffaceous origin with higher ratios 
indicating a more felsic source and lower ratios 
a more mafic source. A sedimentary origin 
with an exotic source can not be distinguished 

felsic and mafic material of local origin. Inter
mediate volcanics with Zr/Ti0

2 
ratios between 

150-450 and Si0
2 

values between 58-68 % are, 
based on the available data , generally absent 
from the Rautalampi area and thus the possi
bility of intermediate volcanic protoliths is ex
cluded. 

Toholampi area 

There are two sampling profiles in the Toho
lampi area (LI-L2 in Fig. 2). LI is considered 
in detail here and only a few references will be 
made to L2. The chemical variation seen in LI 
is shown in Figure 13. The southern part of the 
profile (A) is composed of cordierite-hyper
sthene/anthophyllite rocks of variable thick
ness (25 - 100 cm) . These rocks are normally 
devoid of or contain only minute amounts of 
plagioclase, as seen in the extremely low Ca 
and low Na and Sr values. Potassium shows 
variable but low values with only one high 
value reflected in the abundance of phlogopitic 
mica (1ater?) in this sampie. Zirconium , TiOz 
and the Zr/TiOz ratio f1uctuate indicating both 
mafic and sedimentary type protoliths. Low 
Si02 and elevated Al

2
0

3 
and Cr correlate with 

sampies having low Zr and Zr/Ti0
2 

corre
sponding with a mafic protolith. These sampies 
also have FeO and MgO peaks which is partly 
primary in origin , but the level is higher than 
that found normally in mafic volcanics , indi
cating later enrichment of Fe and Mg . Sampies 
that plot in the suggested sedimentary field 
have lower FeO and MgO , but these levels are 
also high for such silica-rich rocks. Part of the 
increase in Fe in these rocks is attributed to the 
increased sulphide content. 

The southernmost sam pie in Figure 13 is 
R305 in Table 5 and Figure 14. The REE dis 
tribution curve show similarities with felsic 
volcanics and gneisses but the extremely deep 
Eu minimum indicates severe depletion. High 
Zr and REE data could favour felsic origin, but 

the high TiOz and AIP3 favour a mixed or 



50 ,---------------------------,------, 

40 

30 

20 

10 

-0- 5i02/2 

-lI(-2'AI203 

-6- FeO 

~MgO 

+ CaO 

300,-----------------------------,----, 
-6- Zr 

250 
-0- Cr/1 0 

*5r 

200 

150 

100 

50 

L 11 ml 1 1 ttttttI 
A B C D E F 

Geological Survey of Finland, Bulletin 378 43 

2 

0 
10,000 

1,000 

100 

D AFB OO QFGN 
10 

11 IElI 1 
A B C D 

' 0 

+ Ti02 

-6- Na20 

-<)- K20 

+ 5/10 

-0- Zn 

*Zr/Ti02 

FV 

11 111 1111 

E F 

Fig. 13. Variation of selected elements in GCO rocks and gneisses and related rocks in profile LI (Fig. 2). AFB - amphibolite 
(metavolcanic); QFGN - quartz-feldspar gneiss. Capitals are referred in the text. 

sedimentary oflgln as does also the high P20 S 
(Table 5). The almost total loss of alkal ies is 
a lso reflected in the high CIA value . Chlorite 
has a CIA value near 100 and the original 
mineral composition was possibly dominated 
by chlorite+quartz. 

The amphibolite layer B (Fig. 13) is rich in 
Cr and MgO and show normal geochemistry 
with high CaO comparable with the mafic volcan
ics in the Rautalampi area. Cordierite±hyper
sthene/anthophyllite lithologies north of this 
(C in Fig. 13) contain plagioclase and locally 
abundant garnet. This is manifest in an in 
crease of CaO and especially Nap and Sr. The 
FeO contents show similar variation or even 

higher values, but MgO shows lower values, 
and these rocks are almost devoid of K

2
0 when 

compared to the southern part. Zr/Ti0
2 

ratios, 
as weil as high Cr in some sampIes, indicate 
mafic protolith but the rather high Zr values 
indicate either 10ss in mass or a tuffaceous/ 
sedimentary protolith for most sampIes. A con
spicuous feature is the very high level of Ti0

2
. 

One orthopyroxene/anthophyllite-bearing quartz
feldspar gneiss showed an only slightly a ltered 
composition as also did amphibolites at the 
northern end (0 and E in Fig. 13). Quartz
feldspar gneiss (F) in the northern end probably 
has a near primary composition. 

The highest sulphur values are found at the 
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La Ce SmEu Tb Yb Lu . La Ce Sm Eu Tb Yb Lu . 

*' R305 *R327 +R332 + R341 *' A346 + A368 +A374 *A402 

Fig. 14. Chondrite nonnalized rare-earth element patterns for GCO rocks and gneisses in the Rautalampi area. SampIe numbers refer 
to Table 5. Dashed line outlines the normal variation of high-Y group gneissic tonalites and volcanogenic gneisses. 

southern end (C) from sampies having an in
ferred sedimentary origin. Three sampies also 
show high Cu va lues (360-960 ppm, da ta not 
shown). Some Cu values in the order of 100-

200 ppm are found in the northern part of the 
profile. The normal variation of Zn in the mafic 

volcanics is 80- 130 ppm and felsic rocks 40-80 
ppm. Elevated Zn values often correlate with 
elevated Cu, but the highest value of 450 ppm 
is found in a sam pie devoid of Cu . Some high 
Ni values are also found (data not shown), but 
they correlate with high Cr and it is not clear 
if there are substantial amounts of Ni in the 

sulphide phase. 
Although there are differences between these 

profiles, these rocks have been found in ap
proximately the same position in several places 

indicating a general stratabound origin. The 

lack of complete sequences hampers the corre
lation of these profiles. L2 has only one sampie 
(R332 , Table 5) that is almost totally devo id of 
plagioclase. Low Zr, high Ti0

2 
and a Zr/Ti0

2 

ratio of 82 in this sampie indicate a mafic 
volcanic protolith, but the REE distribution is 
more indicative of a felsic origin (Fig. 14). The 
low LREE level could indicate depletion that 

possibly also affected Zr. This sampie has sim
ilarities with sampIe R305 from LI and has 
high CIA, deep Eu minimum, high PP5 and 
high Ti0

2
• 

Other sam pies from L2 contain abundant 
plagioclase and are similar to the northern part 
of LI. They are also characterized by higher 
FeO when compared with MgO and very low 
K

2
0. Late activity of K is seen in one sampie 

wherein phlogopitic mica overgrows gneissic 



banding. These sampies differ further in having 
higher Zr/Ti0

2 
ratios (normally 400-900) when 

compared to normal values « 200) found in the 
northern part of LI. Only when going north of 
sam pie 332 there is a comparable sampie (Zr/ 
Ti02 ratio of 120) SampIe R327 is a represent
ative for the high Zr/Ti0

2 
ratio sampies (Table 

5) and has a REE distribution comparable with 
that of felsic volcanics and gneisses (Fig . 14). 
The CIA value is rather low and indicates only 
slight alteration , consistent with the high Sr. 
This sampie is totally devoid of K and has high 
Zn and elevated Cu . The high Ti0

2 
compared 

to low Al
2
0 3 could indicate Ti enrichment, but 

a primary origin (tuffaceous) or increase due to 
mass loss should also be considered. Zinc val
ues are always anoma lous in L2 (200-1600 
ppm). Copper values are also elevated, but they 
are less than 150 ppm. The Ni values in sul
phide-rich sampies are < 20 ppm, indicating 
very low Ni values in sulphides. There are two 

amphibolite and one quartz-feldspar gneiss sam
pies from L2 and these show normal composi
tions without any distinct change in composition. 

Garnet-bearing quartz-feldspar gneisses are 
found as 10-20 m thick (at least) units within 
the main amphibolite association in Toholampi 
area (between sampies 216 and 236 in Fig. 2). 
These rocks have been found at several local
ities but it is uncertain whether they form a 
single stratabound horizon. SampIe R563 in 
Table 5 is from this association. The Si0

2
, 

Ti0
2

, A1
2
0

2
, Y and Zr values are comparable 

with high- Y felsic volcanics and gneisses in the 
Rautalampi area , the main differences being 
higher FeO , MgO and lower CaO and Sr. Cop
per and Zn also show elevated values. The low 
CaO, possibly also lower Na

2
0 , associated with 

the elevated CIA value could indicate either a 
sedimentary (weathering) or altered origin with 
a felsic protolith . The general geochemical 
similarity with felsic volcanics favours the lat
ter volcanic origin. 

Pukkiharju area 

There are five profiles (L3-L7 in Fig. 2) in 
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the Pukkiharju area and three of them (L4, L5 , 
L 7) are considered below in more detail. Pro
fi les L3-5 are probably from the same strata
bound horizon. The observed northern contact 
of L4 (A in Fig. 15) is composed of homoge
nous and banded amphibolites. Homogenous 
amphibolite (northernmost sampie in Fig. 15) 
has chemical composition comparable with 
metavolcanics. Banded amphibolite (next sam
pie) shows an increase in FeO and S depicting 
sulphide enrichment. Notice that there is no Zn 
enrichment associated with the sulphides. 
These two sampies have rather high Na

2
0 val

ues. A thin quartz-feldspar gneiss B (20 cm 
layer) has a composition comparable to that of 
felsic volcanics and gneisses, except its high Sr 
and Na20, wh ich could be due to alteration , 
particularly considering the high Na

2
0 value in 

garnet-anthophyllite gneisses occurring to the 
south. GCO gneis ses and rocks with low Si0

2
, 

Zr and high AIP3 values in Fig . 15 (C and E) 
are interpreted as having had mafic protoliths . 
These values and low Zr/Ti0

2 
ratios « I 00) are 

comparable with the thin amphibolite layer D. 
Sampies from proposed felsic protoliths have 
high Si0

2
, Zr and low AI

2
0 3 values with high 

Zr/Ti0 2 ratios. Ti0
2 

values in felsic protoliths 
vary from 0.14-0 .60%, but there is no correla
tion with FeO (2-11 %) and the sampie with the 
lowest Ti0

2 
has high FeO (9.6%). One sampIe 

(fifth from south in E) deviates from these gen
eral trends and has a Zr/Ti0

2 
ratio of 165 (sam

pie R368 in Table 5) . The disturbed REE di s
tribution (Fig. 14) and chemie al composi tion, 
especially high pps' indicate a mixed and sed
imentogenic protolith for this sampie. 

CaO is depleted and is normally < 1 %, but 
three sampies with a mafic protolith north of D 
have higher values . FeO and MgO are normally 
enriched, but the three above considered sam
pies show only sm all changes in these ele
ments . Although scattered there is a decrease in 
Na

2
0 from north to south followed by a con

corni ta nt increase in K
2
0 . Note also the high 

level of Na
2
0 in the three sampies with mafic 

protoliths occurring north of D. Two sam pies 
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Fig. 15. Variation of selected elements in GCO rocks and gneisses and related rocks in profi le L4 (Fig. 2). AFB - amphi boli te 
(metavolcanic); QFGN - quartz-feldspar gneiss. Capi tals are referred in the text. 

with very low Na
2
0 va lues have also ex tremely 

low CaO and Sr, wh ich is in accordance with 
th e ir pl ag ioc lase- free minera logy . Hi gh sul 
phur conte nt s are found in two sampI es in the 
north assoc iated with e leva ted Zn, but hi gh Zn 
va lues a re a lso found f ro m rocks devo id of 
sulphides . Sli ghtl y e levated Cu (70-80 ppm) is 
fo und from the two sulphide- bearing sam pIes , 
but other sa mpI es show onl y low Cu va lues 
(data not shown). 

L3 is loca ted 100 m SW of L4 and is quite 
co mparabl e w ith it. The northern contac t is a 
ba nded amphibolite wh ic h is foll owed with 
three sam pIe hav ing Zr/Ti0

2 
ratios (400-500) 

comparabl e with L4 sam pIes in s imil ar pos i
tions . These are foll owed by three sam pI es with 

low Zr/Ti0
2 

ra ti os. Sam pie R34 1 in Tabl e 5 is 
a representati ve sampI e of th ese rocks. Low 
CaO and Kp , s li ghtl y e levated FeO and MgO 
and cl early e nriched Nap are the main differ
e nces with respec t to comparabl e mafic vol can
ics . T he REE patte rn (Fig. 14) is, apart from its 
pos iti ve Eu anomaly, a lso comparabl e with that 
of the mafi c vo lcani cs . These roc ks are fo l
lowed by sa mpI es w ith hi gh Z r/T i0

2 
rati os 

(500- 1080) and th e situati on is thu s s imil ar 
with th at for L4 . Sam pI e R346 (Table 5 and Fi g. 
14) has high MgO and low CaO, but is other
wise co mparabl e w ith felsic vo lcani cs. Noti ce 
the hi gh Zn va lue assoc iated wi th low S « 
0 .1 %). Some othe r e levated Z n va lues are al so 
found but Cu va lues are low « 30 ppm) . Nickel 
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show some higher values associ ated with high 
Cr indicating a primary origin within a silicate 
phase. 

Profile L5 is situated about 200 m northeast 
from L4 and is di vided to two parts separated 
by 13 m section covered by overburden. The SE 
part of profile (A in Fig . 16) contains garnet
bearing quartz-feldspar gneisses that have 
abundant bioti te (10-15%) and locally also 
cummingtonite; these rocks could also be 
called biotite-plagioclase gneisses. They con
tain abundant CaO and elevated K

2
0 and their 

Zr/Ti0
2 

ratios plot in the sedimentary field. A 
representative sampie, R374 in Table 5 , has a 

composltlOn comparable with sa mpie R423 
(Table 2) and is probably of sed imentary ori 
gin. The REE di stribution curve is also compa
rable with those of the high- Y felsic volcanic 
and gneisses (Fig. 14). The occurrence of zir
con both as inclusions in biotite and as small 
rounded grains are also consistent with a sed
imentary origin . The slightly hi gher FeO and 
MgO and lower Sr in sam pie R374 could be 
ei ther pri mary in origin or represe nt sm all 
change in composition. An amphibolite layer 
(E in Fig. 16) has a near primary chemical 
composition, but the Na

2
0 level seems to be 

somewhat high for such a Cr-rich (220 ppm) 
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Different zones have been cons idered in the text. 

volcanic. Garnet-anthophyllite-bearing felsic 
gneiss NW of this amphibolite has low CaO and 
high Na

2
0 (Fi g . 16). The a mphibolite C differs 

from normal mafic volcanics in hav ing hi gh Sr. 

Garnet-bearing felsic gne iss exposed just be
fore the break in the profile has a Zr/Ti0

2 
ratio 

comparable with that of felsic vo lca ni cs and 
apart from it s hig h Kp, low Nap a nd poss ibly 
low CaO , it has a chemical composition in 
acco rd with a fel s ic volcanic origin. 

The rocks in the NW part of thi s profile have 

both felsic and tuffaceous/sedimentary proto-

liths . The one sam pie with a low Zr/Ti0
2 

ratio 
(122) has rather high Zr (118 ppm), favouring 
a sedimentary origin. FeO and MgO values, 

although scattered, show an increase when 
going to NW associated with a corresponding 

decrease in CaO. K
2
0 increases and Na

2
0 

shows fluctuating values while sulphur values 
are hi ghest in the SE part of the profile and 
lowest values in the NW part. Zinc does not 

follow this trend , but there are many low values 
in the NW part of the line . Copper and Ni are 
low everywhere. 

L5 seems to show the southern and L4 the 
northern contact of this association which thus 
appears to have a thickness of about 50-100 m. 
To see the possible change in enrichment and 
depletion of some elements the sampie values 
were divided by the assumed protolith values to 
obtain enrichment/depletion ratio R. Protolith 

composition was estimated by using the subdi
viding lithologi es into felsic vo lcanics and 

g neis ses, sedimentary rocks and mafic volcan
ics. Abundances of Ti0

2 
and Zr were used to 

find the mo st suitable unaltered sa mpie for 
co mpari son us ing data from thi s study and 
Lahtinen (1988, unpublished). Chromium val

ues were also used for sampies having mafic 
protoliths. This is a very crude method and it 

is further limited by analytical uncertainty. 
Thus these ratios are only indicative and while 
they may show poss ible trends, the absolute 
va lues are not acc urate . Ratios were ca lculated 
fo r L5 and L4 sampies. Moving averages of 
three sampies were used to smooth the sca tter 
seen in Figs. 15-16. The re sult is shown in Fig . 

17 , where the sampi e length is not taken in 
account and profiles L5 and L4 are combined. 

The results have been di v ided to five over
lapping zo nes. Zone I could be di vided into 
two parts where the four first sampies show R 
va lues nea r to predicted protoliths. RM gO 

shows increas ing values and RCaO rather con
stant va lues in Zone I . The K

2
0 increase in 

three sampi es is due to one sampie that has hi gh 
K

2
0 value and it is not clear whether thi s is 

di ag nostic for thi s part of Zone I o r not. Zones 
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Fig. 18. Variation of selected elements in GCO rocks and gneisses and related rocks in profile L7 (Fig. 2)_ AFB - amphibolite 
(metavolcanic). 

2-5 show low RCaO values with lowest values 
in Zone 3. RK

2
0 values are seattered and low 

in these zones , but hi gh values are found in the 
middle of Zone 3. RNa

2
0 values are also var

iable , but are normally low in Zones 2-4. Zone 
2 is enriched in FeO over MgO and differs thus 
from Zones 3-5. The thiekness of Zone 3 is not 
known, but L5 and L4 may partly overlap (Fig. 
17) indicating a thiekness of 10-15 m. Zone 3 
shows nearly constant RFeO values with in
creasing RMgO values. Zone 4 shows the high
est RFeO and RMgO values with slightly in
ereasing RCaO values. Zone 5 is characterized 
by high RNa

2
0 with increasing RCaO . Sulphur 

deereases from Zone I to Zone 2. Zones 2-4 

show low values , but the northwestern end of 
Zone 5 is enriched in S . RZn (not shown) shows 
enriched values in Zones 1 and 4-5. Zones 2-
3 are normally depleted in Zn, but in the middle 
of Zone 3 is an enriched horizon (subzone) 
associated with enriched RK

2
0 . Notice that this 

subzone is devoid of sulphides and also that 
some high Zn values in Zone 4 occur in sampIes 
devoid of sulphides (see Fig . 16). 

Profile L7 (Fig. 2) can be followed for 200 
m to the east (L6) . One sampie in L 7 had a 
mafic protolith and one had a sedimentary pro
tolith , while others clearly show a felsic origin. 
Variation between sampIes is small. They show 
low CaO and Kp and high FeO and MgO (Fig. 
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18). Na
2
0 values are variable, but normally 

they are enriched when compared to possible 
protoliths . Sulphur values are normally low and 
increase towards both ends as also does Zn. 
Enrichment/depletion values have been calcu
lated as above for this line also (data not 
shown) and they show rather eonstant ratios 
with high RFeO, RMgO, RNap and low RCaO 
and RK

2
0. This assoeiation is not directly eom

parable with the zones in Figure 17, but the 
level of RFeO, RMgO, RCaO and RKp and 
also the higher level of RMgO when eompared 
to RFeO are comparable with Zones 3-4. The 
main exeeption is clearly enriehed nature of 
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ure 17. This association has similarities with 
the Na-rich sampies in Zone 4 . 

Profile L6 is eomparable with L 7 and shows 
similar eharaeteristics and seems to be a eon
tinuation of this assoeiation towards the east. 
The Na

2
0 values are normally high (data not 

shown) but one sampIe, whieh has the hi ghest 
MgO also has a lower Na

2
0 value. The ehem

ieal eomposition of thi s sampie (R402) is 
shown in Table 5 and its REE pattern in Fi gure 
14. It is s li ghtly enriched in LREE, but other
wise it has a ehemieal eomposition eompatible 
with felsic protolith. 
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Konnekoski area 

Profile L8 (Fig. 2) is a nearly 10m thick 
association of garnet-orthopyroxene-cordierite 
gneiss layers alternating with amphibolite and 
quartz-feldspar gneiss layers. High Ti02 with 
elevated Zr indicate a sedimentary or mixed 
protolith for most sampies (Fig . 19). Sampies 
that plot in the mafic volcanic field according 
to their Zr/TiOz ratio have both elevated Si02 
and AIP3 and are more Iikely to be of sedi
mentary or tuffaceous origin than direct vol
canic origin. One sampIe with a high Zr/Ti02 
ratio also has high Si02 and low AI

2
0 3 wh ich 

is in accordance with a felsic protolith. The 
difference between this and Pukkihalju occur
rences is the generally high CaO level (normal
Iy 2-4%) and the predominance of FeO over 
MgO . Uncertainty concerning the composition 
of the probable protolith makes comparison 
di fficult. FeO values (normally 10-15 %) are 
probably higher than in sedimentary rocks , but 
the MgO values (normally 2-5%) are not ex
ceptionally high. Na20 values are about the 
same level or slightly higher, but Kp values 
are clearly lower than those found in sedimen
tary rocks (normally 2-3 %). Four sam pies 
show high PP5 (0.3-0.7 %), also indicating 
sedimentary origin. Sulphur shows sporadic 
higher values with elevated Cu ( 140-200 ppm). 
These features differ from the Pukkiharju area , 
but are somewhat similar to the LI plagioclase
bearing sampIes (Fig . 12), the main difference 
being the very low Zn va1ues in L8 compared 
to more elevated Zn values in LI. 

Origin of garnet±cordierite±orthoamphibole/ 
orthopyroxene (GCO) rocks and gneisses in 
the Rautalampi area 

Eskola ( 1914) was the fir st to undertake de
tailed studies on cordierite-anthophyllite rocks. 
He considered those in the Orijärvi area to rep
resent Fe-Mg metasomatism caused by nearby 
granite. A metasomatic origin was also fa
voured by Simonen (1948) and Kano (1963) . 
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Tuominen and Mikkola (1950) proposed a 
model where clay-rich material flowed to fold 
hinges with depletion of alkalies and calcium 
associated with subsequent metamorphism . A 
partial melting origin wherein cordierite-or
thoamphi bole/orthopyroxene assemblages are 
thought to have formed as restites of certain 
metasedimentary and metavolcanic rocks after 
extraction of a granitic melt has been also pro
posed (e.g. Savolahti 1966, Grant 1968 , Hoffer 
and Grant 1980). Marttila (l976a) considered 
the cordierite-garnet-anthophyllite rocks in Pie
lavesi area to represent mafic volcanics that 
have lost certain elements (Na and Ca) during 
expulsion of a fluid phase from an anatectic 
melt as a result of filter-pressing activity dur
ing shear movements. Sulphurization during 
metamorphism is also one possible mechanism 
for changing the chemical composition of a 
silicate phase to more magnesium-rich and 
hence make the crystallization of cordierite and 
antophyllite possible (Bachinski 1976). lso
chemical metamorphism of hydrothermally al
tered rocks , first proposed by Vallance (1967) 
is however now the generally accepted model 
for most cordierite-anthophyllite rocks associ
ated with VMSD (e.g. Franklin et al. 1981) . 
Many VMSD have a distinct and discordant 
alteration pipe associated with stringer ore. In 
Cu-Zn type VMSD the alteration pipe is often 
composed of an inner zone enriched in Mg
chlorite and surrounded by a sericite-rich zone 
(Franklin et al. 1981) . Chlorite+quartz is a 
typical mineral pair in the inner zone, but it is 
unstable at higher metamorphic grades (>590 
°C, P H20=2.07 kb) and the pair cordier
ite+anthophyllite can then form instead (Flem
ing and Fawcett 1976). One example of this 
type of cordierite-anthophyllite rock is found at 
the Millenbach deposit where the regional 
chlorite-dominated mineralogy become trans
formed to cordierite-anthophyllite rocks within 
the thermal aureole of granites (Knuckey et al. 
1982) . The occurrences of cordierite-antho
phyllite rocks associated with VMSD in Fin
land are also interpreted to have originated as 
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hydrothermally altered volcanic rocks (Latva-
1ahti 1979, He1ovuori 1979, Tre10ar et al. .I 981, 
Puustjärvi 1981, Makkonen 1981 and Smith et 
al. 1992) . Cordierite-hypersthene rocks in the 
West Uusimaa Complex are similar to cordier
ite-anthophyllite rocks in the Orijärvi area and 
thus represent higher grade variants of similar 
rocks (Schreurs and Westra 1985). 

A sedimentary origin for cordierite-antho
phyllite rocks has also been postulated (e.g. 
Kamineni 1979, Reinhardt 1987). Interlayered 
calcareous, aluminous and magnesian rocks of 
the Rosebud Syncline in Queensland, Australia 
has been interpreted as metamorphosed carbon
ate-evaporite-pelite sequence wherein mag ne
si an cordierite-anthophyllite rocks are derived 
from evaporitic magnesian clay minerals (Re
inhardt 1987). Weathering of mafic volcanic 
material and redeposition during warm saline 
conditions can also favour the development of 
chlorite-rich assemblages that can be further 
metamorphosed to cordierite-orthoamphibole, 
cordierite-orthopyroxene and cordierite-phlogo
pite gneisses (Moore and Waters 1990). Hydro
thermally altered rocks can also form detritus 
that is transported to some distance either as a 
fine suspension in a brine or as a sediment 
gravity f10w (Goetz and Froese 1982). 

VMSD Cu-Zn deposits show variable types 
of alteration in which the pipe alteration asso
ciated with stringer ore is the most prominent 
feature. A lower semi-conformable alteration 
zone is also a very prominent feature in some 
VMSD (Franklin et al. 1981). Walford and 
Franklin (1982) describe an alteration pipe 
from Anderson Lake mine that extends to such 
a lower semi-conformable alteration zone. This 
alteration zone includes a lower temperature 
distal part where Fe was added and Na lost, and 
an intermediate temperature zone , where Fe 
and Mg were added and Na lost. A higher tem
perature zone with enrichment of Mg and Na 
occurs at the interseetion with the alteration 
pipe. Parry and Hutchinson (1981) describe 
similar changes that have overprinted earlier 
regional Na-metasomatism (spilite). Lagerblad 

and Gorbatschev (1985) describe also exten
sive alteration in Bergslagen, where Na and Mg 
are enriched and ore-related elements are de
pleted. Strata-bound exhalati ve occurrences of 
cordierite-anthophyllite rocks associated with 
Cu-Zn deposits have been reviewed by Beeson 
(1988). They often occur in association with 
siliceous chemica1 sediments and are interpret
ed to have formed due to hydrothermal altera
tion of tuffaceous material on the sea floor , or 
by the chemical precipitation of Mg-rich, Ca
poor minerals. These rocks are considered as 
stratigraphical marker horizons for Cu-Zn min
eralization. 

The GCO rocks and gneisses in Pukkiharju 
area (L3-7) reflect a stratabound nature and can 
occur as distinct layers with amphibolite lay
ers. These amphibolites show geochemical 
similarities with mafic volcanics and have a 
composition close to their expected pri mary 
composition. Some of these may be of sill-like 
origin, but the occurrence of heterogeneous and 
banded variants indicates a volcanic origin for 
at least some of these rocks. SampIes from ho
mogeneous amphibolites have been taken from 
their central parts since the occurrence of gar
net-rich margins in some amphibolites indi
cates that a change in composition may have 
taken place near the margins. GCO rocks and 
gneisses in the Pukkiharju area show high FeO 
and MgO and low CaO. Zirconium , Ti0

2
, Si0

2
, 

AI
2
0

3 
levels and Zr/Ti0

2 
ratios are mostly co m

parable with both felsic and mafic volcanic 
rocks. Felsic protoliths dominate over mafic 
and only a few rocks of mixed or sedimentary 
protolith are found . Titanium is generally con
sidered immobile, but small enrichments of Ti 
have been reported, for example, in some sam
pies at the Anderson Lake alteration pipe (Wal
ford and FrankIin 1982). On the other hand , 
so me sampIes of this study have low Ti with 
high Fe, Mg and extremely low CaO, indicating 
its relative immobility at least in these sampies. 
It is often considered that REE behave as im
mobile elements, but exceptions are also found 
(e.g. Humpris 1984). In this case however, REE 
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Fig. 20. Hypothetical model for the evolution of alteration zones associated with the Pukkiharju Zn-Cu mineralization. Note that no 
massive sulphide ore body has been found yet. 

patterns are comparable with those of inferred 
protoliths and indicate relatively immobile 
behaviour of REE. The main exceptions are the 
low Eu abundances accompanying low Ca and 
Na values, that reveal the leaching of Eu during 
feldspar destruction. 

The chemical composition of GCO rocks and 
gneisses in Pukkiharju area favour an altered 
volcanic origin. The sm all proportion of rocks 
with mixed or sedimentary protoliths do not 
favour a redeposited origin. Low K could indi
cate a partly restitic origin for these rocks , with 
loss of granitic melt during metamorphism. The 
similar level of REE's and especially LREE do 
not favour the loss of felsic melt , which is 
normally enriched in LREE. Sampie R368 (Fig. 
14) inferred to be of sedimentary or mixed or
igin has lower abundances of LREE, but at the 
same time it has high K when compared to other 
sampies. Potassium is normally also enriched 
in the first forming melts and so the LREE 
depleted nature in this sam pie is more probably 
of primary origin. Although some loss , gain or 
redistribution of mobile elements such as K and 

Rb is probable during metamorphism, their 
generally low K nature is considered to be 
premetamorphic in origin . 

Crosscutting feeder and associated alteration 
pipe relationships at Pukkiharju can be reori
ented into a stratabound position by the partial 
transposition of a feeder zone into the plane of 
gneissosity (Friesen et aL 1982). The absence 
of sulphides , apart from at the margins , and 
distinct layering do not suggest pipe geometry 
and an origin comparable with lower semi-con
formable alteration zone is proposed instead. 
Profiles L3-5 seem to be from the same associ
ation, which is 50- 100 m in thickness. Profiles 
L6-7 are not directly comparable with L3 -5 and 
lack of outcrops hinders the interpretation. 
These two associations may represent the same 
folded horizon along strike or alternatively , the 
same association with L6-7 higher in the 
stratigraphy. In the latter case the thickness of 
this association would be about 400 m. Over
lapping zoning has been noticed in the vertical 
direction , but the lack of full sequences pre
cluded the study of horizontal differences. A 
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hypothetical model for the origin of GCO rocks 
and gneisses in Pukkiharju area and their rela
tion to cordierite-sillimanite gneisses and min
eralized zone is shown in Fig. 20 and proposed 
stages are discussed below. At present, no 
massive ore has been found but Lahtinen 
(1989) proposed a tentati ve model where the 
subvertical alteration zone has been transposed 
into subparallel position with detachment from 
massive orebody . 

During the first stage, there was a loss of Ca 
and K, accompanied by an increase in Na and 
slight enrichment of Mg and Fe. The fluid in
volved would probably have been modified sea 
water. A convective cell would have formed at 
this stage either due to magmatic activity (fel
sie sills) or due to high heat f10w from deeper 
magma chambers. This alteration was confined 
to permeable zones , possibly to pyroclastic and 
tuffaceous rocks , and massive lavas and stocks 
would show only slight alteration effects. Cal
cium was deposited as carbonates in porous 
volcanics near to the discharge vent and on the 
sea bottom. Continuous redeposition of volcan
ic material and volcanic activity has formed 
rocks with thin to massive carbonate layers 
now seen as calc-silicate rocks and impure 
carbonate rocks. Carbonate cement in volcanic 
rocks would have formed an impermeable zone 
"cap rock" and fluid flow would be confined to 
discharge vent. Tncrease in temperature and flu
id-rock interactions modified the fluid, now 
confined to the low alteration zone, and more 
severe destruction of plagioclase and biotite 
occurred . Sodium is not depleted in the mar
gins, but there is an increased loss of Ca and 
increase in Mg and Fe. Continuous leaching in 
the inner zone locally caused total destruction 
of plagioclase and biotite , as recorded by ex
tremely low Ca, Na and K values and high Mg 
and Fe. Chlorite+quartz would have been the 
major alteration minerals, presently seen as a 
cordieri te+an thophy 11 i te/hypersthene assem
blage . Garnet occurs in some sam pIes with 
higher Fe/Mg ratios. Sulphur, Zn and Cu also 
seem to have been leached also during this 

stage, but some higher Zn in silicate phases are 
locally found. The pipe alteration and sulphide 
precipation in the discharge vent has produced 
sulphides and chlorite-sericite alteration seen 
now as cordierite-sillimanite gneisses. More 
severe chlorite-type alteration is either yet not 
found or was inhibited due to the carbonate
rich environment. This proposed hypothetical 
model is based on models proposed for Cu-Zn 
type YMSD (Franklin et al. 1981 , Walford and 
Franklin 1982). Lack of complete trace element 
data makes it impossible to perform mass bal
ance calculations and to take into account the 
possible mass and volume changes. 

GCO rocks and gneisses in the Toholampi 
area (Ll-2) differ from those in Pukkiharju 
area. Although they also occur as distinct lay
ers and form a stratabound association, they 
differ in general occurrence of sulphides and 
high abundances of rocks with inferred sedi
mentary protoliths. This association can be 
divided to two groups. Cordierite+hypersthene/ 
anthophyllite rocks (group I) are almost devoid 
of plagioclase and have high Mg, Fe and low 
Ca, Na, Sr. Potassium shows variable, but rath
er high values. Both mafic and sedimentary 
protoliths have been found . Sedimentary proto
liths show high Ti and Al, but high Zr and REE 
patterns are more compatible with a felsic or
igin. La/Yb ratios of felsic volcanics (sam pIes 
R550 and R29 in Table 2) are 3.1 and only 
slightly higher than those found in typical 
mafic volcanics (1.5-2.2). Mixing of mafic 
volcanic material with felsic material would 
only slightly depress REE abundances, but 
would not change the pattern to any great ex
tent. High Ti and Zr accounts for mass loss, if 
these sampIes are considered to have mixed 
sedimentary origin. Titanium can be also a mo
bile element, but high AI would require it to 
have been mobile at the same time. The occur
rence of zircons as both small inclusions and as 
coarser grains, as weil as also elevated P in 
some sampIes , favour a sedimentary origin. 
Clear coarse grai ned zircons mayaIso be 
younger zircons crystallized during granulite 



facies metamorphism . Although, there is so me 
uncertainty concerning the origin of these 
rocks, a mixed sedimentary origin is proposed. 

Gneisses that contain substantial amounts of 
plagioclase (group 2) show elevated CaO, 
Na20 and variable but normally low K

2
0 , while 

FeO values are high and always enriched over 
MgO; this is also seen in the abundant occur
rence of garnet. All three protolith types are 
found. Felsic protoliths often have elevated 
Ti0

2 
(>0.5 %), suggesting a tuffaceous origin. 

Sulphur normally shows higher values when 
compared with Pukkiharju association . High S 
associated with high Cu and Zn are found, but 
Zn is also high in some sampIes having low 
sulphide abundances. These two profiles occur 
about 2 km apart, but the lack of complete 
seetions hinders interpretation. Profile L2 , 
which occurs to the northwest contains more 
rocks with felsic tuffaceous protoliths and 
rocks devoid of plagioclase are lacking. The 
highest sulphide abundances in LI occur in 
plagioclase-free rocks of sedimentary origin 
(group I) while in L2 they are in plagioclase
bearing rocks of felsic tuffaceous origin (group 
2). Sulphide-rich (S 2.3-3.4 %, Cu 360-960 
ppm, Zn 110-220 ppm) group I sampies in LI 
show high Cu/Zn ratios of (2 .3-6.7). Group 2 
sampies in LI with elevated S (0.3-1 %, Cu 75-
230 ppm , Zn 160-240 ppm) show lower Cu/Zn 
ratios (0.5-0.9 , normally 0 .7-0 .9). Sulphide
bearing (S 0.7-2.1 %, Cu 43- 117 ppm , Zn 200-
970 ppm) group 2 sampies in L2 show low Cu/ 
Zn values (0.1-0.6 , normally 0.1-0 .2) . LI sam
pIes have higher Cu/Zn ratios than those found 
in L2, a difference also expressed with respect 
to group 2 sampIes. A substantial amount of Zn 
(40-120 ppm) is found in fel sic and mafic rocks 
where it occurs in a silicate phase. The above 
differences are mainly due to differences in the 
sulphide phase so that the subtraction of Zn 
bound in silicates would not change the overall 
picture. A pyrrhoti te-sphalerite vein has been 
found from a similar association 1.5 km east
southeast from LI (Marttila 1976b, unpub-
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lished report). The vein-like nature probably 
indicates tectonic mobilization of sulphides . 
Another occurrence with disseminated sphaler
ite in a probably similar association has been 
found about 5 km east -eastsouth from LI 
(ibid.) . 

The proposed model for the origin of GCO 
rocks and gneisses in the Toholampi area (LI-
2) is a stratabound horizon distal to discharge 
vent. Continuous sedimentation of detritus 
composed of hydrothermally altered felsic and 
mafic rocks associated with precipitation of 
Fe- and Mg-rich minerals and sulphides from 
brine, alternating with high er rates of sedimen
tation of volcanic tuffaceous material , could 
account for the differences between LI and L2. 
Less alte red rocks with more obvious felsic or 
mafic volcanic protoliths may have been al
tered during the flow of hydrothermal fluid on 
the sea bottom. Amphibolites that have near 
primary compositions are either lavas or dyke 
rocks. In this model LI would have been nearer 
to the discharge vent than L2. High Ti and Zr 
in some sampies of sedimentogenic or mixed 
volcanic origin indicate mass loss either due to 
mass 10ss in the source area (altered rocks) or 
due to sedimentary processes. 

The Konnekoski association mainly contains 
sampIes with sedimentary protoliths and has 
similarities with plagioclase-bearing group 2 
sampIes in the Toholampi area. The main dif
ferences are the low Zn values (normally < 60 
ppm) combined with low S (normally < 0.2%) . 
Three sampIes (S 0.2-0.5%) show elevated Cu 
(140-200 ppm) associated with low Zn (34-49 
ppm). The predominance of Fe over Mg is re
f1ected in the abundant occurrence of garnet. 
High Ca with high Fe, and al so high P in some 
sampies, could indicate a mixed exhalative
sedimentary origin , possibly associated with 
detritus enriched in altered material. Low Zn 
values are enigmatic and an altered origin is 
also possible. More data are needed to verify 
these possibilities , but overall a sedimentary 
origin is proposed. 
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GEOCHEMISTRY OF GRANITOIDS AND FELSIC GNEISSES 
IN REFERENCE AREAS 

Kettuperä gneiss 

The Kettuperä tonalitic to granodioritic 
gneiss (metavolcanic) is heterogeneous lithol
ogy with large variations in composition (Fig. 
21 and Table 6). The relatively high Ti0

2 
and 

low Al
2
0 3 and Sr contents , as weil as the high 

FeO/MgO ratio are closer to the Rastinpää
type than to typical synkinematic tonalites. 
The main differences with respect to the 
Rastinpää-type are however, lower FeO, MgO, 

CaO, Sc, V and higher Nap, Y, Zr , Ta, Th and 
U contents. The LREE abundances are also 
higher (Figs. 4 and 22). The felsic variants of 
the Keuuperä gneiss have the same chemical 
composition as the fe lsic volcanics surrounding 
Pyhäsalmi orebody (Mäki 1986, Table I), al
though the latter have somewhat lower levels of 
Zr and LREE. 

Kangasjärvi gneissie granodiorite 

The Kangasjärvi gneissic granodiorite is my
lonitic and shows variable K

2
0 abundances 

(Fig. 21 and Table 6). The original composition 
was probably tonalitic/trondhjemitic. The chem
ical composition resembles the Rastinpää 

high-Y group having only slightly higher Ta, 
Th and U contents. The REE level is also slight
Iy higher and the negative Eu-anomaly weaker 
than in the Rastinpää high-Y group (Figs. 4 and 
22). 

Leväniemi gneiss and some orthogneisses in the Pielavesi area 

The Leväniemi gneiss is characterized by 
low contents of K

2
0 , but otherwise it resembles 

the Rastinpää high-Y group expect for slightly 
higher Na

2
0 , Sc and possibly Ta contents (Fig. 

21 and Table 6) . The REE distri bution is char
acterized by a low La/Yb ratio and a strong 
negative Eu-anomaly (Fig. 22). Four analyses 
from orthogneiss domes in the Pielavesi area 
(sampies 1,2,4,6 in Appendix 1, Ekdahl 1993) 
have been also included in this study. Three 

sampies have geochemical compositions com
parable with Rastinpää gneissic tonalites. Sam
pIes 4 and 6 are comparable with high-Y group 
and sampIe 2 with low-Y group. One orthog
neiss (sampIe I) differs from other sampIes in 
having lower Ti0

2
, FeO and higher Na

2
0 and 

AIP3. High Sr (380 ppm) and Zr (580 ppm) are 
also significant features that indicate differenc
es in origin. 

Venetpalo area 

There are only two sampIes from this area. 
The gneissic granodiorite (sampIe V95 in Table 
6) is geochemically similar to the Rastinpää 
high-Y group and Kangasjärvi gneissic tonal-

i tes (Figs. 21-22). Plagioclase porphyritic 
gneiss differs from these in chemical composi
tion and resembles typical synkinematic tonal
ites, having only slightly higher contents of 
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Fig. 2 1. Harker-type selected major element (%) and trace element (ppm) variation di agrams for gne issic tonalites/granodiorites and 
gneisses in reference areas. Oxide totals were recalculated to 100 %. Data from thi s study except for syntectonic granitoids ( urmi 
1984) and for orthogneisses in the Pielavesi area (sampies 1,2,4,6 in Appendix I, Ekdahl 1993). Solid line with R - main fie ld of 
Rastin pää-type gneissic tonalites and related rocks; solid line without R - main field of the median contents of syntectonic tonalites; 
dashed line - main fi eld of the median contents of syntectonic granodiorites; crosses - Kangasjärvi gneiss ic granodiorite ; asteri xes -
orthogneisses in the Pielavesi area and Leväniemi gneiss (L); open squares - Kettuperä gne iss (volcanic); oblique crosses - Venetpalo 
area; di amonds - Saunakangas tonalite/granodiorite; fill ed triangles - Veteli granodiorite. 
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Table 6. Selected major (anhydrous) and trace element data for gneissic tonalites and gneisses from reference 
areas. 

Sampie K246 R249 L3 l23 P66 P69 V94 
Typea a a b b c c d 

Si02 72.81 76.29 75.02 75.77 76.53 67.04 67.22 
Ti02 0.32 0.25 0.31 0.30 0.18 0.76 0.53 
AJ20 3 13.30 12.17 12.86 12.59 13.25 15.09 16.39 
FeO* 3.83 3.05 3.60 2.35 1.81 5.97 4.93 
MnO 0.07 0.05 0.05 0.03 0.03 0.12 0.09 
MgO 0.74 0.51 0.58 0.44 0.30 1.43 1.46 
GaO 3.56 1.80 2.99 3.59 1.41 3.31 3.80 
Na20 3.92 3.92 4.31 4.59 5.50 5.05 2.87 
K20 1.35 1.89 0.23 0.28 0.97 0.98 2.54 
P20 5 0.10 0.07 0.05 0.06 0.02 0.25 0.17 

Ba 461 304 161 511 448 242 608 
Sc 12.6 10.0 13.0 11 .3 3.5 11 .9 8 .8 
Sr 310 98 93 152 124 197 491 
V 26 16 7 35 62 
Y 31.4 29.1 33.9 42.4 16.0 
Z1 159 144 207 185 210 476 191 
Rb 18.4 27.0 15.0 20.0 98.0 
Ta 0.58 0.61 0.42 0.58 1.24 1.32 0.71 
Th 2.8 3.3 0.8 1.2 7.6 3.7 8.2 
U 1.22 1.34 0.29 0.64 2.70 1.69 1.69 
Hf 3.7 3.3 7.5 9.3 3.8 
La 27.0 19.2 11.9 14.6 46.0 31.0 40.0 
Ce 51 .0 36.0 24.6 32.0 78.0 63.0 53.0 
Nd 27.0 22.0 20.4 19.0 36.0 34.0 26.0 
Sm 5.6 4.7 4.5 6.2 6.9 6.4 3.6 
Eu 1.15 1.05 0.80 0.95 1.22 1.85 0.91 
Tb 0.73 0.72 0.61 0.76 0.78 0.99 0.34 
Yb 3.6 3.6 3.5 3.3 3.2 4.4 1.2 
Lu 0.45 0.43 0.52 0.43 0.36 0.50 0.18 

bAjCNK 0.92 1.03 1.00 0.87 1.05 0.98 1.14 
(La/yb)CH 5.1 3.6 2.3 3.0 9.7 4.8 22.5 
cEu/ Eu* 0.65 0.68 0.56 0.48 0.57 0.87 0.84 

Note.- Major elements (wt%) and Ba,Sc,Sr,V,Y and Z1 analyzed at the GSF Laboratory by lCP-AES; other trace 
elements and REE by neutron activation at the Technical Research Centre of Finland. FeO": total Fe as FeO. 
aa_ Kangasjärvi gneissic granodiorite; b- Leväniemi gneiss; c- Kettuperä gneiss (volcanic) ; d- Venetpalo porphyritic 
felsic gneiss; e- Venetpalo gneissic granodiorite ; f- Saunakangas tonalite/ granodiorite ; g- Veteli granodiorite; h-
Veteli microgranitoid enclave. 
bA/ CNK = Molecular ratio of AJ 20 3/(CaO+Na2O+K2O) . 
cEu/ Eu* = Observed Eu value/ value obtained by interpolation between Sm and Tb. 

FeO, Ti02 and Rb. It has hi gher LREE abun
dances and a hi ghe r La/Yb ratio than the gne is-

sie granodiorite (F ig. 22). 

Veteli granodiorite 

The Vete li granodi orite is rich in K20 and Rb co mpared to the Rasti npää-type gne iss ic tonal -



Table 6 (continued) . 

Sampie V95 $667 S668 
Typea e f f 

Si02 72.47 68.53 70.82 
Ti02 0.34 0.64 0.54 
AJ 20 3 14.22 15.46 14.74 
FeO* 3.29 4.55 4.00 
MnO 0.08 0.07 0.07 
MgO 0.90 1.09 0.91 
CaO 2.98 3.61 2.46 
Na20 4.11 4.52 5.16 
K20 1.55 1.34 1.13 

P20 5 0.06 0.19 0.17 

Ba 633 310 206 
Sc 10.9 5.9 5.9 
Sr 210 232 151 
V 39 35 22 
V 22.1 33.7 42.4 
Zr 135 437 324 
Rb 29.0 41 .0 
Ta 0.56 3.10 
Th 4.7 7.7 
U 0.84 2.60 
Hf 3.8 10.8 
La 21 .0 80.0 
Ce 30.0 120.0 
Nd 14.8 43.0 
Sm 3.6 7.0 
Eu 0.76 1.68 
Tb 0.44 0.86 
Vb 2.5 3.5 
Lu 0.33 0.40 

bAj CNK 1.03 1.00 1.04 
(LafYb}CH 5.7 15.4 
CEu j Eu* 0.67 0.77 

ites. Also Ta and U contents are higher and 
FeO , CaO and Sc contents are lower, and com
parable with the Kettuperä gneiss (Fig. 21 and 
Table 6). The REE pattern has a lower level but 
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Ve90 Ve91 Ve92 Ve93 
9 9 9 h 

73.63 71 .90 72.46 60.16 
0.27 0.32 0.37 0.91 

14.03 14.45 14.50 16.31 
2.25 2.85 2.81 6.90 
0.07 0.06 0.05 0.15 
0.66 1.14 0.81 2.83 
1.88 2.06 2.01 4.63 
4.42 4.38 4.63 4.57 
2.73 2.79 2.29 3.27 
0.06 0.05 0.07 0.27 

461 450 414 561 
4.5 6.2 5.8 16.3 

153 109 187 302 
17 31 27 134 
16.5 17.9 21.1 17.7 

185 199 248 129 
49.0 44.0 43.0 61 .0 

0.87 0.81 0.88 0.56 
4.0 3.7 3.5 2.3 
1.68 1.66 1.69 1.21 
5.2 5.0 5.7 3.3 

22.0 23.0 24.0 17.5 
35.0 39.0 40.0 30.0 
13.6 19.7 22.0 14.0 
3.2 3.3 4.0 3.9 
0.70 0.70 0.84 1.17 
0.37 0.36 0.45 0.48 
1.7 1.5 2.1 1.5 
0.23 0.22 0.28 0.17 

1.03 1.03 1.05 0.83 
8 .7 10.3 7.7 7.9 
0.71 0.69 0.68 0.95 

otherwise its form is comparab1e to the pattern 
for the Kettuperä gneiss (Fig. 22). The micro
granitoid enclave corresponds compositional1y 
to high K andesite (Table 6) . 

Saunakangas tonali te/granod ior ite 

Only two sampI es from the Saunakangas to
nalite/g ranodiorite have been analyzed (T able 
6). They are lower in Ba and hi gher in Ta, Th 
and U than the Kettuperä gnei ss, but otherwise 

they follow the Kettuperä trend (Fig. 21). Sau
nakangas has also hi gher leve ls of LREE and 
a higher La/Yb ratio than the Kettuperä gneiss 
(F ig. 22). 
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Fig. 22. Chondrite normalized rare-earth element patterns of gneissie tonalites/granodiorites and gneisses in reference areas. SampIe 
numbers refer to sampies in Table 6. 

ORIGIN OF TUE 1.93-1.91 GA GNEISSIC TONALITES 
AND OTUER GRANITOIDS 

The main sites of terrestrial magmatism are 
at destructive plate margins and in continental 
within-plate environment. The main contribu
tion to primitive island arc magmatism comes 
from the depleted mantle derived melts, com
bined with subduction related components de
ri ved from subducted sedi ments and a l tered 
MORB (e.g. Perfit et aI. 1980, Gill 1981 , 
Hawkesworth et al. 199 J). The proportion of 
subduction component present and especially 
its trace e lement composition is difficult to 
eva luate and is probably best estimated in sit
uations where the mantle is highly depleted in 

certain trace elements (Hawkesworth and El
lam 1989). The evolution to more mature island 
arcs and thicker crust produces more silica-rich 
rocks and the calc-alkaline to shoshonitic 
trends due to differences in fractional crystal
lization trends and/or melting/assimilation of 
pre-existing rocks (eg. GiB 1981). In continen
tal margin settings the melting of pre-existing 
crust, including possibly older and partly LIL
depleted granulite, produces more evolved 
rocks with mixed components. The mantle 
component can also be heterogenous and the 
contribution of enriched subcontinental lithos-



pheric mantle (EM) to the genesis of destruc
tive margin rocks is important, especially when 
magmatism migrates inland to areas under con
tinental crust. The lithospheric mantle compo
nent, which was most likely produced in so me 
past subduction episode, is also postulated to 
occur in some island arc suites (Hawkesworth 
et al. 1991). For example a mixed origin is 
proposed for Tecuya rhyolites with assimila
tion of continental crust by MORB-related 
magmas and subcontinental lithosphere-de
rived melts during mid-oceanic ridge-induced 
magmatism along a continental margin (Shar
ma et al. 1991). 

In a continental within-plate environment 
the possible mafic components include melts 
froff, depleted mantle, subcontinental lithos
pheric mantle, sublithospheric mantle or com
binations of these (see e.g. Zindler and Hart 
1986, Carlson 1991 and Zartman et al. 1991) . 
At the same time there can be fusion within the 
crust of accreted island arc protoliths, conti
nental-crust protoliths, depleted granulite pro
tolith and also remelting of refractory crust. 

Different granitoid types have been distin
guished on the basis of composition and geo
tectonic occurrence (see Pitcher 1987 , 1993, 
Leake 1990 for review), and geochemical and 
petrological characteristics (e.g. Chappell and 
White 1974, Pearce et al. 1984a, Brown et al. 
1984, Whalen et al. 1987 , Castro et al. 1991) . 
The importance of depleted mantle , subconti
nental lithospheric mantle , melting of different 
sources in different crust-types, fractional crys
tallization, assimilationlcontamination and mix
ing of diversity of magmas in granitoid genesis 
have been discussed in numerous studies (e.g. 
De Paolo 1981, Rogers and Hawkesworth 1989, 
Holden et al. 1991 , Zorpi et al. 1991 and ref
erences above). Experimental petrological 
studies do not favour the generation of signif
icant quantities of granitic or trondhjemitic 
magmas by partial melting of mant1e (summa
rized by Wyllie 1984), so the mantle signatures 
found in many granitoids are attributed to crys
tal fractionation of basic mantle-derived mag-
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mas , melting of newly mantle derived source or 
mixing between mantle derived melts with 
crustal source. On the other hand, there is a 
need for crustal deri ved component to account 
for all the geochemical and isotopic signatures 
found in granitoids, especially with respect to 
evolved granitoids. There is also an apparent 
space problem, in the case of voluminous great 
granite batholiths that do not appear to have 
incorporated crustal material from either upper, 
middle or lower crust (Leake 1990). 

The origin of granitoids has been attributed 
to differentiation , partial melting, restite un
mixing, magma mixing , unmixing of liquids 
and metasomatic processes . Fractional crystal
lization (not necessarily crystal settling) has 
played a role in the chemical variation of many 
zoned granitoid plutons. Also in some situa
tions when there is only minor amount of silicic 
rocks combined with a great proportion of 
mafic and intermediate rocks , crystallization
differentiation can explain the origin of silicic 
rocks. In most cases there is a chemical gap 
between basaltic melts and silicic melts , which 
militates against the possibility that granitoid 
melts are derived directly from basaltic melts 
by fractional crystallization. White and Chap
pell (1977) proposed the restite unmixing mod
el to explain chemical variation in certain gran
itoid suites. According to their model, the lin
ear trend on Harker variation diagrams is the 
result of mechanical separation , or unmixing of 
Si0

2
-poor restite and Si0

2
-rich melt fractions. 

Also crucial to their model is the abundant oc
currence of mafic enclaves, which are more 
abundant in the mafic members of granitoid 
suites. In many cases the mafic enclaves of 
granitoids are microgranitoid enclaves and are 
considered to represent the mingling of mafic 
and silicic magmas (e.g. Reid et al. 1983, Fur
man and Spera 1985 , Castro et al. 1991). Mix
ing should also cause linear variation in major 
and trace element Harker diagrams, although 
the patterns can be complicated by the mixing 
of more than two components. The mlxmg 
model implies the presence of silicic magma 
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that has originated by melting . Unmixing of 
liquids (e.g. Hildreth 1981) can produce great 
chemical variation during magma evolution, 
but silicic magmas originate by partial melting. 
Silicate liquid immiscibility is also one possi
ble mechanism (Roedder 1979). Alkali metas
omatism has also been invoked for trond
hjemite genesis (Drummond et a1. 1986). A 
melting model with different source materials 
is the most common explanation for the origin 
of granitoid magmas . However, situations are 
normally complex and involve multi-staged 
models, including melting/crystallization with 
assimilation, homogenization and storage, vol
atile transport, magma mixing , and magma un
mixing. 

Granitoid sources vary from primitive mafic 
underplates producing Ca-rich metaluminous 
tonalites to mature sediments producing K-rich 
peraluminous S-type granitoids . Apart from 
some S-type granites , mafic magmatism is 
normally associated with granitoid magmatism 
and different types of hybrid rocks are not 
uncommon. It is not always clear whether this 
is due to mechanical mixing and/or true magma 
mixing but comingling and possibly also mag
ma mixing are ubiquitous features and they are 
therefore briefly considered here. The inhibi
tion of mixing of mafic and silicic magmas by 
chilling of the mafic magma has been predicted 
by thermal physical modelling (Sparks and 
Marshall 1986). According to such studies, it is 
only in situations where the proportion of mafic 
magma is large that complete hybridization is 
possible or else where mixing involves two 
evolved magmas. The importance of the mixing 
ratio is seen in the Abu volcano group , where 
in the mafic-dominated mixture , basalt and 
dacite magmas mixed in the liquid state while 
in the silicic-dominated mixture , the basalt 
magma was quenched (Koyaguchi 1986). On 
the other hand , clear chemical and isotopic 
evidence for chemical modification of mafic 
enclaves and mass transfer between mafic en-

claves and felsic magmas has been presented 
(Bloomfield and Arculus 1989, Eberz and Ni
cholls 1990, Holden et a1. 1991 , Zorpi et a1. 
1991). The main exchange processes postulated 
between mafic and felsic components are the 
mechanical transfer of crystals (mainly from 
felsic to mafic) and mass transfer of alkal i 
metals, alkali earths and transition metals. The 
degree of hybridization of mafic and felsic 
components is induced by convective stirring 
of the magma chamber and physical disintegra
tion of the mafic component. This is also seen 
in the results of Rutter and Wyllie (1989), 
where the assimilation of mafic rocks by gran
ite melt is very slow in the absence of convec
tive heat transfer and/or mechanical disaggre
gation of mafic inclusions. The stabilization of 
biotite during interaction between granitic and 
basic magmas can result in basic material con
taining more Kp than coexisting felsic melt 
(Johnston and Wyllie 1988). The general oc
currence of biotite-rich small mafic patches in 
granitoids could be partly explained this way. 
Therefore, there is apparently good evidence 
for mixing/assimilation occurring between 
mafic and felsic rocks. At the same time there 
are many occurrences where only mingling has 
taken place without great chemical modifica
tion of components . 

Mixing has been invoked to explain the gene
sis of calc-alkaline rocks (e .g. Koyaguchi 
1986), and by depressing the FeO/MgO ratio of 
these rocks. The tholeiitic parental liquid can 
possibly also evolve to calc-alkaline liquid li ne 
of descent by reacting with ultramafic wall 
rock , in combination with crystal fractionation 
due to falling temperatures in subduction-relat
ed magmatic arcs (Keleman 1990). Experimen
tal systems of tonalite-peridotite at 15 kb also 
shows how tonalitic melts with added perido
tite have lower FeO/MgO-ratios and Ca/ 
(Mg+Fe)-ratios c10se to natural calc-alkaline 
compositions (Carrol and Wyllie 1989). 
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Petrogenesis of Rastinpää-type gneissie tonalites 

As considered before, the restricted range of 
Si0

2 
and the nonlinear chemical variation of 

some elements in Rastinpää gneissic tonalites 
are not consistent with simple restite unmixing 
or magma mixing as probable mechanism for 
the origin of these tonalites, while basa lt 
fractionation is inappropriate on geological 
grounds since there are few rocks of interme
diate composition and gabbroic intrusions of 
similar age are lacking. Barker (1979) present
ed a summary of models for the genesis of high
AI

2
0 3 and low-AIP3 trondhjemitic-tonalitic 

liquids by differentiation and partial melting of 
a mafic parent. Partial melting is considered a 
realistic model with a possible source being 
either amphibolitic or gabbroic in order to pro
duce low-AIP3 tonalitic liquid. The composi
tion of the source is constrained as being ap
proximately basaltic to basalt-andesitic. Potas
sium is strongly enriched in the first forming 
melts and, therefore the low-K

2
0 nature of 

Rastinpää gneissic tonalite excludes the possi
bility of a more intermediate and K

2
0-rich 

source . 
Tonalitic composition can be produced by 

hydrous partial fusion of basalts at pressures 
less than 10 kb (Green and Ringwood 1968, 
Holloway and Burnham 1972, Heiz 1973,1976, 
Spulber and Rutherford 1983). Partial melting 
of basaltic material at high pressure (> 20 kb) 
can also produce melts of broadly tonalitic 
chemistry (e.g. Green and Ringwood 1968 , 
Stern and Wyllie 1978). High pressure crystal
lization experiments (hydrous and anhydrous) 
nevertheless indicate that high silica composi
tions can not be the direct partial melts of ba
saltic source compositions at high pressures 
(Green and Ringwood, 1968, Stern et al.,1975). 
These experimental studies show that both low 
pressure gabbroic or amphibolitic and high 
press ure eclogitic assemb lages are potential 
source candidates for magmas of tonalite com
position. 

An unfortunate complicating factor in pre-

dicting parent magma composition is that the 
existing plutons are the "residues" of magma 
chambers and posteruptive changes in compo
sition of the unerupted magma can be extensive. 
There is some evidence for crysta lli zation-dif
ferentiation and the possibility of different 
magma batches in the genesis of low-K and 
low-Al

2
0 3 tonalites in Rautalampi area . Also 

the occurrence of comagmatic volcanics is very 
probable. Although there are variations in the 
chemical compositions of these rocks, they are 
still consistently of low-K and low-Al

2
0 3 type 

with broadly similar chemical characteristics. 
The major e lement composition of the least 
fractionated high- Y sampIes of Rastinpää 
gneissic tonalite is here compared to recalculat
ed fluid free analysis of experimentally pro
duced high Si0

2 
residual liquid (10% melting) 

from D08 oceanic tholeiite with gabbroic res
idue (Spulber and Rutherford 1983); Si0

2 
71-

71 , Ti0
2 

0.35 -0.8 , AI
2
0 3 14.5-15 , FeO 4-4.7, 

MnO 0.09-0 .06, MgO 1.0-0.9 , CaO 4-3.4 , Nap 
3.5-3.6, Kp 0.8-0.4 and Pps 0.1-0.45 respec
tively. There are differences in Ti0

2
, Kp and 

P
2
0

S 
contents, but otherwise the chemistries are 

in excellent agreement. K
2
0 contents are criti

ca ll y dependent on to percentage of melting and 
also upon small differences in source rock com
position (D08 0.06 % K

2
0) . The silica enrich

ment during partial melting of a tholeiitic basalt 
at P nu id < 2 kb is controlIed by the crystallization 
of Fe-Ti oxides, which depend on the f02 and 
fluid phase (Spulber and Rutherford 1983). 
Thus , small differences in starting composi
tion s, f

02
' fluid compositions and pressures 

could explain the variation in K20, Ti02 and 
possibly P20 S. The presence of apatite in the 
basalt melt experiments by HeIz (1976) indi
cates that the occurrence of apatite in the melt 
residue controls the concentration of P

2
0

S 
in the 

melt. At higher water pressures the residual 
assemblage is amphibolitic, which can also 
produce Si0

2 
enriched melts at low degrees of 

basalt melting (Holloway and Burnham 1972). 

- - - - -- - -
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Table 7. Compositions of pa re nt basalts and calculated model melt compositions. 

Typea MORB lAT 
Residuec 0 a b c 0 a b c 
Melt-% 10 18 30 10 18 30 

K20 0.20 1.10 0.66 0.49 0.43 2.38 1.42 1.06 
Ti02 1.40 0.55 0 .55 0 .52 0.84 0 .33 0 .33 0.31 
Rb 2 14 11 7 4 .7 32 25 16 
Ba 20 79 60 48 60 237 179 143 
Zr 90 369 116 101 40 164 51 45 
Ta 0 .29 0.75 0 .57 0.47 0.10 0.26 0 .20 0.16 
Th 0.26 2.12 1.06 0.72 0.37 3.02 1.51 1.02 
Sr 121 89 180 247 231 170 344 472 
Y 33 55 19 18 17 29 10 9 
Sc 41 12 7 7 40 11 6 7 
La 3 .72 10.6 6 .8 5.8 2.48 7 .05 4.5 3.9 
Ce 11.0 30.5 14.3 12.8 6 .94 19.2 9.0 8.1 
Sm 3.26 7.4 1.3 1.2 1.89 4.3 0 .73 0.72 
Eu 1.21 1.1 0.52 0.54 0 .71 0 .65 0 .31 0.31 
Tb 0 .76 1.4 0.21 0.20 0.45 0.79 0 .12 0 .12 
Yb 3 .22 6.1 1.1 1.0 1.95 3.7 0.64 0.63 

Note.- K20 and Ti02 in % and others in ppm . 
a MORB- Mid-Ocean Ridge basalts (Pearce 1982); lAT- lsland Arc Basalts (Pearce 1982); RT- Median contents of 
most primitive tholeiitic volcanics from the Rautalampi area. 
b The distribution coefficients are approximated from the data for andesitic and dacitic rocks (Hanski 1983). 
c 0- the composition of parent basalts cited above ; a- gabbroic residue at 1 kb (45 % pi, 35 % cpx, 15 % 01 and 5 
% il) ; b- amphibolitic residue at 5 kb (65 % af, 20 % cpx , 12 % pi and 3 % mt); c- amphibolitic residue at 5 kb (77 
% af, 20 % cpx and 3 % mt) . Data for a from Spulber and Rutherford (1983) and for band c from Holloway and 
Burnham (1972) . 

The ir ex perime nts o n o li vin e tho le iite pro
duced , at 4 .9 kb (fH20 abo ut 0.6) and 875 oe ,1 8 

pe r cent of me lt wi th a broadl y s imil ar major 
e le me nt co mpos iti o n to that observed in the 
Ras tinpää type gne iss ic tona lites. The main 
di ffe re nces are the s li ghtl y lower leve l of FeO 
and M gO . Fro m these ex perime nta l studi es it 
is c lear th at a small deg ree (abo ut 10- 15 %) of 
parti a l me lting of tholeiite ca n produce melt s 
w ith majo r e le ment compos it io ns co mparabl e 
to the low- K

2
0 and low-AI P 3 to na lites in Rau

ta lam pi area. 

A n a tte mpt was made to matc h mathemati ca l 
me lting models with the trace e lement compo
s it io n of these to na li tes. T he mode ls consid 
ered be low produce tona lite me lt by 10 an d 18 
per cent me ltin g of a basa lti c sou rce wi th dif
fe re nt trace e le men t compos iti o ns. To be con

s istent wi th the ex perime nta l da ta c ited above, 

the res idua l mine ral assembl ages a re as fo l
lows: ga bbroic: 45 per cent pl agioc lase; 35 pe r 
cent c linopyroxene; 15 per cent o liv ine; 5 per 

cent ilmenite; amphibo liti c: 65 per cent am ph i
bo le; 20 per cent c linopyroxene; 12 per ce nt 
pl ag ioc lase; 3 per cent mag netite . Me lting un
der equi librium conditi ons is assu med , and cal

cul a ti o ns fo ll ow the s impl e batc h me lting equ a
ti o n (Sh aw 197 0). Three basa lti c thole iites with 
di ffe re nt trace e lements, as we il as variabl e 
K20 and Ti0 2 charac te ri sti cs have been stud 
ied : average M ORB , average IAT and the av

e rage of the mos t primiti ve th o le ii tic vo lcani cs 
in Pukk iharju area . T he major e le me nt co mpo
s it ions of these types a re broadl y s imil a r and 
compara ble. T he mode llin g is hi ghl y de pe nde nt 
upon the d ist ributi o n coeffic ie nts se lected , 
whi c h a re subjec t to considerabl e uncerta in ty. 

Thi s is parti c ul arly c ruc ia l in presen t s itua ti o n, 

2 



Table 7 (continued). 

Typea RT 
Residuec 0 a b c 
Melt-% 10 18 30 

K20 0.34 1.88 1.12 0 .84 
Ti0 2 0 .63 0 .25 0 .25 0 .24 
Rb 5 34 27 17 
Ba 100 395 298 239 
Zr 40 164 51 45 
Ta 0. 10 0.26 0 .20 0 .16 
Th 0.36 2.94 1.47 0 .99 
Sr 195 143 290 400 
V 12 20 7 7 
Sc 46 13 7 8 
La 3 .8 10.8 6.9 6.0 
Ce 7 .6 21.0 9.9 8 .8 
Sm 1.7 3 .8 0 .65 0 .65 
Eu 0.59 0.54 0.26 0.26 
Tb 0.32 0 .56 0 .09 0 .08 
Vb 1.28 2.4 0.42 0 .41 

when the possible melts are of high-silica and 
low-K nature. Most of the published distribu
tion coefficients for high silica rocks are from 
high-K rhyolites and rhyodacites, which are not 
appropriate in this situation. Therefore, the cal
culated distribution coefficients determined 
from andesitic and dacitic melts are used in
stead (Table 7). Many of these distri bution co
efficients are, especially in the case of ilmenite, 
still very poorly calibrated. 

The results of the model calculations are 
shown in Table 7 and the REE model1ing re
sults in Figure 23 As a comparison , an amphi
bolitic residue with 30 % of melt has been also 
calculated. The most meaningful results are of 
elements with low bulk distribution coeffi
eients « 0.2) and the shape of the REE-pat
terns. The level of Rb , Ba, Zr and Th in the 
Rastinpää high- Y group are in good agreement 
with gabbroic residue in island are tholeiite or 
the Rautalampi volcanic-type source and ex
clude MORB as a possible source. Strontium 
has a similar trend. The levels of Ti0

2
, Ta and 

to some extent Sc are strongly controlled by the 
amount of ilmenite and by the distribution co-

Geological Survey of Finland, Bulletin 378 65 

Distribution coefficientsb 

pi cpx 01 af mt iI 

0.2 0 .0 0.0 0 .2 0 .0 0.0 
0 .0 0.5 0.0 4.0 8.0 50 
0.1 0.0 0 .0 0.0 0 .0 0 .0 
0.3 0 .1 0 .0 0 .2 0 .0 0 .0 
0. 1 0 .3 0 .0 1.0 0.2 0 .2 
0 .0 0.2 0 .0 0.5 1.0 5.0 
0 .0 0.0 0 .0 0 .1 0 .5 0.5 
3 .0 0 .2 0 .0 0 .3 0.0 0 .0 
0 .0 1.5 0 .0 2 .5 0.5 0 .5 
0 .0 10 0 .5 8 5 5 
0 .20 0.45 0 .0 0 .50 0 .24 0 .65 
0.17 0.51 0.0 0 .90 0 .28 0 .60 
0 .07 0.95 0 .0 4.0 0 .40 0.34 
1.9 0.68 0.0 3.4 0 .31 0 .20 
0 .05 1.4 0 .0 6.1 0.37 0.1 8 
0.03 1.3 0 .0 4.9 0.22 0 .27 

efficients for ilmenite, which can all vary con
siderably. Also the possib le variance in distri
bution coefficients of Y and Sc for c1inopyrox
ene and amphibole hinders the use of these 
elements. The tonalitic model melt with a gab
broic residue in the Rautalampi-type vo lcanic 
source yields a REE pattern characterized by 
modest LREE enrichment and a significant 
negative Eu anomaly. The level is somewhat 
lower, but otherwise the essential features are 
in excellent agreement with the REE patterns of 
the Rastinpää high- Y group tonalites. The am
phibolitic residue is not favoured , because of 
the different level and pattern of the REE. The 
amphibolitic model would also indicate lower 
levels of Zr, Th and Y than what was observed. 

These results demonstrate that a basaltic 
source with gabbroic residue produced in ex
perimental studies is capable of producing to 
nahtic melt with major element compositions, 
REE pattern s and trace element compositions 
that correspond closely to the Rastinpää high
Y group. The best approximation to such a 
basaltic source is a low-K island are tholeiite 
(K

2
0 about 0.2 %) with moderate LREE enrich-
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Fig. 23. Chondrilc normalizcd rarc-carlh clcmcnl pallerns 01' 
parem basalts (MORB, JA T, RT) and calculalcd model melt 
wmposilions; MORB-a. LA T-a and RT-a refcr 10 gabbroic rcsi
due and, MOR.B-b, IA T-b and RT-b refcrloamphibolilic residue. 
See Tablc 7 ror data sources andiexi ror explanation. R37 rcrers 
10 Tablc I. 

ment. In this modelling the most mafic sampies 

01' Rastinpää high-Y group have be assumed to 

represent the parent melt. This assumption is 

based on the fact that more marie parents com

parable to these rocks are laeking. The Rastin

pää low- Y group has bcen interpreted as aeeu

mulateel rocks with trappeel inter-crystalline 

melt and so their possible parent magma is very 

elifficult to evaluate. There is c\'idence for ae

cumulation of plagioclase anel ferromagncsium 

minerals, but otherwise most 01' the lracc ele

ments are at about the same level than in the 

high- Y group: this woulel indicate similar 

source_ 

The gneisses of volcanogenie ongln resem

ble the Rastinpää high-Y group and are prob

ably cogenetie with them. The other high si li ca 

(> 70 %) gneissie tonalites in the Rautalampi 

area are difficult to interpret due to sma ll 

number of sampies. Compared to the Rastinpää 

high- Y group they have somewhat higher Sr 

and lower abundances of K lO, Ba, Y, Rb , Ta 

and Th at equivalent SiO
l 

values and often have 

higher La/Yb ratio with a weak positive Eu 

anomaly. As eonsidered earl ier the lower abun

dance of some elements may be due to their 

migration with a vapour phase or a small degree 

of melting during granulite facies metamor

phism, as in the case of mobilized gneisses . 

Similarities in LREE abundances do not sup

port the idea 01' melt extraction and many of 

these sampies show no indication of granulite 

facies mineralogy. High le vel differentiation, 

possibly f10w differentiation as discussed ear

lier with respect to the Rastinpää and Toholam

pi gneissie tonalites, may be responsible for 

so me of these differences. The variations con

sidered above could also be exp la ined by the 

presence of a sma ll amount 01' amphibole in the 

residue (about 10 %), which would depress the 

level of Tb and Yb as seen in Figure 23, as weil 

as trends in other elements (Tab le 7). Garnet is 

not ab le to account for this since there is no 

change in Tb/Yb ratio. At the same time, small 

changes in F
02 

would drastically decrease the 

distribution coefficient for Eu. Thus , it is pos

si ble to produce mclls of low- Y nature from the 

same basaltic source at higher fll 20 anel 1'02' The 

heterogenous nature can therefore be attributed 

to either 01' both differentiation and release 01' 

vapour phase. 

On the whole the Rastinpää-type gneissic 

tonalites and related rocks in thc Rautalampi 

area consistently reflect a rather primitive is

land are origin. This also e\'ident in Figure 25, 

where they clearly plot out of the modcrn calc

alkaline andesite field and within the more 

ca lcic siele, indicating more primitive source 

(Brown 1981). The Ta-Th and Rb-Sr diagrams 

(Figs. 26 alld 28) could be interpreted as indi -



cating differences in melt percentage and 

source composition , while the Rb-Sr diagram 
also reflects differences in residue (amount of 
plagioclase in residue)(see Table 7). The 
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Rastinpää-type gneissie tonalites and related 
rocks are considered to be the result of a small 

degree of melting of is land are low-K tholeiitic 
basalts with a mainly gabbroic residue. 

Petrogenesis of other gneissie tonalites and granitoids in the Rautalampi area 

The Pukkiharju gneissie tonalite (sampie 
R547 in Table 3) has lower Si0

2 
compared to 

the Rastinpää-type tonalites , but it otherwise 
resembles them and is probably cogenetic . 
Younger gne issie tonalites (1 .89-1.88 Ga ?) are 

of the high-AlP, type and are characterized by 
high Sr. They have higher CaO-contents (Fig. 

5) than normal synkinematic tonalites , indicat

ing a slightly more primitive source, but oth
erwise they are similar. Sampies R259 and 
R263 have low Tb/Yb-ratios and REE patterns 
compatible with an amphibole-rich residue af
ter 20-30 percent melting of island are basalt 
source (compare Figs. 6 and 23). This would 
also explain the low abundances of Zr, Th and 

Ta, but is at variance with the high K
2
0 and Sr. 

Altogether, it seems plausible that the source 
for these rocks wou Id have been more calc

alkali ne in nature, with higher abundances of 
K

2
0, Sr and probably also of LREE, compared 

to the source of the Rastinpää-type tonalites 
(see also Figs. 26 and 28). 

The Särkilampi gneissi e tonalites and related 
gne isses of probable volcanic origin are low in 

total REE and especially in Yb, and the Tb/Yb
ratio is moderate. The low contents of Ta, Th, 
U and Zr at such high Si0

2 
levels excludes the 

possibility of these rocks being the products of 
fractional crystallization of a mafic parent. The 
fractional crystallization of zircon could ex
plain some of these features, but the zircon 
saturation level exceeds 100 ppm Zr in most 
situations (Watson and Harrison 1983). Low 

degree melting of garnet amphibolite would be 
in accordance with the observed REE pattern 
(compare Figs . 6 and 23) and low abundances 
of Sc, Y, Zr and Hf. The low contents of Th and 
U indicate a source that has been depleted in 

these elements. The most probable SOUlTe is a 
tholeiitic to calc-alkaline island are basalt, 
which has lost Th, U and possibly also some of 
K

2
0, Rb and Ta to a vapour phase during gran

ulite facies metamorphism. The calcic nature 
seen in Fig. 25 is perhaps slight ly modified due 

to the possible KzO loss in the source. The Ta
Th and Rb-Sr relations mayaiso have been 

modified (Figs. 26 and 28) but the high Sr
contents favour the interpretation of a plagi
oclase-free residue with a Sr-rich source. 

Only a few sampIes from the margin of the 
pyroxene granitoid complex have been ana
Iyzed, so it is impossible to study the relation
ship between different pyroxene gran itoid 

types and the pyroxene granitoid complex as a 
whole. The pyroxene quartz diorites a nd tonal
ites show enrichment in LREE and high con

tents of Ba, Sr and KzO as weil as an anoma
lously low Th/V-ratio (about I) at SiO

l 
values 

of 56-60% (Table 3 and Fig. 5). These features 
exc lude the possibility of a direct low-K island 
are basalt source and points to a more evolved 

LIL-element enriched origi n through differen
tiation or melting. The Th-Ta-relations suggest 

a within-plate origin (Fig. 26), but the rather 
low FeO/MgO-ratio in these rocks does not 
suggest a strong tholeiitic character (Fig. 5). 
The low Th-values could be attributed to a 

source depleted in Th , but the high Rb , KzO and 
REE-distribution contradicts this interpreta
tion. The high Zr and medium TiOz (Table 3) 
compared to Th-Ta-relations, slightly alkalic 

nature of some sampies (Fig . 26) and high Sr
contents (Fig. 28) also suggest a wi thi n plate 
origin. Such an origin for these rocks could be 
envi saged through melting or differentiation of 
within plate basalts combined with later differ-
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entiation and contamination. The pyroxene 
quartz leuco monzodiorite has very high abun
dances of Ba, Zr and LREE's (Table 3), as well 
as high Th-contents. The high Zr is consistent 
with a fluorine-bearing magma and possibly 
also with a within plate component. 

The gneissic quartz diorites and granodior
ites in the Rautalampi area are heterogeneous 
and the mafic rocks « 60 %) have high Kp 
contents and high FeO/MgO-ratios (Fig. 5). 
The more siliceous lithologies are of the syn
kinematic type. Sampie R261 has high contents 
of TiOz' pps' Ba, Sr, Zr and Rb (Table 3). 
These and the Th-Ta-relation (Fig. 26), slightly 

alkalic nature (Fig. 25) and Rb-Sr relationships 
are compatible with a within plate character. 
The REE-distribution is similar to that of the 
pyroxene granitoids (Fig. 6). Quartz diorites 
and granodiorites to the N and NW of Rauta
lampi have normally higher FeO/MgO-ratios 
and are more mafic than the median contents of 
synkinematic tonalites and granodiorites (Fig. 
5). The REE data indicates cogenetic origin for 
the quartz diorites, granodiorites and possibly 
also for granites. The REE-distribution (Fig. 6) 
is similar to that of the pyroxene granitoids, but 
there are no trace element data available to 
verify the similarity. 

Petrogenesis of reference areas 

The Kangasjärvi gneissic granodiorite, the 
Leväniemi gneiss and most of the other ortho
gneisses in the Pielavesi area, and the Venet
palo gneissic granodiorite all have the same 
geochemical characteristics as the Rastinpää
type gneissic tonalites at Rautalampi. They are 
therefore considered to have had the same or
igin by melting of a 10w-KzO island arc tholei
itic basalt source. The low KzO-contents (0.2-
0.3 %) of the Leväniemi gneiss and possibly 
also low Th (Table 6) are nevertheless enigmat
ic. The occurrence of these sampies strati
graphically below and rather near the mineral
ized zone could indicate the existence of the 
lower conformable alteration zone with Na-al
teration as proposed for Pukkiharju Zn-Cu
mineralization (t his study). Altogether, it is not 
clear whether these sampies are from plutonic 
or homogeni zed supracrustal rocks. The Venet
palo plagioclase porphyritic gneiss re sembles 
synkinematic granodiorites and tonalites in 
having rather high Kp and Rb (Table 4) but the 
higher Ca indicates a more primitive source 
(e .g. Fig. 25). This and the REE-distribution 
(Fig. 22) and Th-Ta-relation (F ig. 26) rather 
indicate a calc-alkaline origin through melting 
or differentiation. The Kettuperä gneiss is of 
low-Alz0 3 

type with low Sr abundances (Fig. 

28). These features, together with the high REE 
and low Tb/Yb ratio (Fig. 22) point to a gabb
roic residue with possibly a small amount of 
amphibole. The high abundances of Zr, Ta , Th, 
U, LREE and Th-Ta-relation (Fig. 26) in the 
most mafic sampie also indicate a mafic source 
with a more enriched nature compared to nor
mal island arc tholeiite. Only two sampies of 
Saunakangas tonalite/granodiorite have been 
analyzed, which hinders interpretation , al
though they do to some extent follow the Ket
tuperä trend in having higher Zr, Ta, Th , U and 
LREE (Table 6). In particular the high Ta con
tent (Table 4) should be verified with more 
sam pies. The low Sr-contents (Fig. 28), Eu
minimum and low Tb/Yb-ratio compared to the 
level of these elements indicate a ga bbroic res
idue. 

The Veteli granodiorite has abundant micro
granitoid enclaves, which could indicate mag
ma mixing. The low Tb/Yb-ratio (Fig. 22) ex
cludes the presence of garnet while low Sr 
contents (Fig. 28) and the negative Eu anomaly 
indicates the occurrence of plagioclase in the 
source residue. The Th-Ta-relations (Fig. 26) 
and REE-distribution as weil as Kp and Rb
abundances (Table 6) at high SiO z (72-74 %) 

favours an evolved island arc sOUl'ce and a low 
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degree of melting with gabbroie residue (small and Rb, thus chan ging its eomposition. Alto-
amount of amphibole is also permissible). The gether, these features are eharaeteristie of eale-
mierogranitoid enclave has probably interaeted alkaline andesite. 
with the surrounding magma and gained K

2
0 

Petrogenesis of synkinematic granitoids 

Published median contents of different gran
itoid phases in the Sveeofennian (Nurmi 1984) 
and also the original data from the same gran
itoids (available from the Geologieal Survey of 
Finland) have been used as referenee analyses. 
The Ta-values of granitoids from Mäntylä, Sil
vola and Kaartila are excluded due to apparent 
eontamination , dedueed from their high W-val
ues . Limited REE data are a lso available (Nur
mi and Haapala 1986). The loeations of sam
pling sites are shown in Fi gure I. The tonalites 
(tonal ites and trondhjemites), granodiorites and 
granites are eonsidered separately and the main 
fields of the median con tents of different gran
itoid phases are shown in Figures 5 and 21. The 
tonalites have greater similarity than granodior
ites and form a rather homogenous group (Nur
mi 1984). In the Harke r variation diagrams, the 
median contents of most tonali tes show hi gh
AI

2
0 3 (not shown) and high-Sr eharaeteristies 

with median Si0
2 

contents of 65-70 % (Fig. 21). 
Exceptions are the hi gh-Si0

2 
Aulanko tonalite 

porphyry and the Kaartila tonalite-monzogran
ite and these are not ineluded in the main fields . 
These and other deviat ion s from the "typieal 
synkinematie trends", as weil as the nature of 
individual granitoids are diseussed briefly be
low. Also ineluded are the available data for 
mafie rocks assoe iated with the granito ids. 

The Käköves i pluton is eomposed of horn
blende tonalite and younger granodiorite, 
whieh are eonsidered as separate phases (N urmi 
et al. 1984, Heinonen 1987). The pluton in
trudes garnet-eordi erite gneisses , mafi e meta
voleanies and sillimanite quartzites (ibid .). The 
main differenees between these two phases are 
the lower level of AI

2
0

3 
and Sr in tonalite with 

a eompositional gap between it and the grano-

diorite (Heinonen 1987). These phases are het
erogeneous and partly overlap, as ean be seen 
in the Harker-diagrams (see Fig. 14 in Heinon
en 1987). The high AlP3 contents of the gran
odiorite phase are reflected in the high A/CNK 
values 0.1-1.3) eompared to the tonalite 
(mostly 0.8- 1.1 ). The high A/CNK values for 
the granodiorite are eharaeteristie of S-type 

"'" '1.- _-- ----
---- '" 
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~ . Halsua - Evijärvi * Varpa ranta ---- Värmälä 

* Kankaanpää -+- Raut io 6 .... Käkövesi 

Fig. 24. Chondrite normal ized rare-earth element patterns of 
syn tecton ic tonalites (dashed lines) and granodiorites (solid 
lines). Data from Nurmi and Haapala 1986. 
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granites , but the high Sr contents (800-1200 
ppm) and a

2
0-K

2
0 relations are more typical 

of [- type intrusions. The surrounding metaba
salts have hi gh abundances of Kp (0.8-1.9 %), 

pps (0.32-0.45 %), Rb (22-91 ppm), Ba (260-
500 ppm) , Sr (270-650 ppm), La (22-29 ppm) , 

Zr (110-150 ppm), Ta (0.34-0.77 ppm) and Th 

(3.9-8.4 ppm) (see also Fig. 27). Thus they 
have calc-alkaline to shoshonitic chemical 
characteristic which indicates a mature arc 
environment. The high Tb/Yb-ratio in the REE 
data for the granodiorite indicates the occur
rence of garnet in the res idue (Fig. 24). The 
tonalites are rather mafic rocks (Si0

2 
56-64 %) 

and therefore they would require a hi gher de

gree of melting, if a partial melting model is 
invoked. On the other hand the tonalites also 
re se mble andesites and a cogenetic origin with 
these is also poss ible . Both granitoids plot in or 
near calc-alkaline field s in Fi g ures 25 and 26 
and in the hi g h Rb and Sr part of Fig. 28. The 
heteroge neou s nature of the geochemi ca l data 
points to a complex hi story for the pluton , with 

a mixed source combined with varying degrees 

of assimilation and differentiation. The geo
chemical data in general indicate a mature arc 
environment with a genetic link to calc-alka
line/sho honitic rock s. 

The Silvol a and Kaartil a stocks are surround
ed by migmatitic cordierite g nei sses, diopside 

a mphibolite , quartz feldspar g ne iss, garnet 
g nei ss a nd metaconglomerate inte rc a lations 
(Kuusola 1982, Nironen 1989a). According to 
Nironen ( 1989a) the Silvola stock is homoge
nou s and composed of tonalites ( 1886±5 Ma, 
U -Pb zi rcon ), trondhj e m ites and g ran odiori tes , 
a nd it was e mpl aced as a diapir during loca l 0 2 
deformation. Geochemica ll y it is calcic indi
cating a mo re primitive o ri g in co mpa red to 
modern ca lc -a lka line arcs an d it plots wi thin 

the S-field in Fig. 25 . The low- K ( K
2
0 0.9-1.2) 

and hi g h Alp, ( 16 .8- 17.4 % ) nature of the 
most mafic tonalite samp ies (Si0

2 
64-66 % ) 

indicates a low degree of me lting of a basaltic 
source wi th a mphibo liti c residue. The FeO 
(3.4-3 .8 % ), MgO (1.4-1.6 % ), CaO (4.9-5.4 % ) 

and Na
2
0 (3.6-4.2 %) contents in the most 

mafic sampies are consistent with the experi
mental data for basalt melting cited previou Iy 
(p. 63). The Sr (500-600 ppm), Rb (25-35 

ppm)(see Fig. 28), La (14- 17 ppm) , Ba (500-
600 ppm) , and Th (2.2-3.2 ppm) contents, as 

weil as major elements favour a LREE enriched 
low-K island arc tholeiitic to calc-alkaline ba

sa ltic source. 
The Kaartila pluton is generally heterogene

ous, except near the centre, with moda l compo
s ition s ra ngin g from monzogra nite to tonc.lite 
(Nironen 1989a) . The pluton is calcic in nature 

and concentric, having higher values of K
2
0 , 

Ba, Rb and Th in the centre. The heterogeneity 

of the pluton and abundant mica gneiss and 
amphibolite xenoliths, as weil as relict acces
sory ga rnets indicate a mixed crustal so urce 
consisting of metagreywackes and amphibo
lites ( ironen 1989a). The high Si0

2 
(7 1-77 %) 

and low Alp, (11.7-13.8 %) and Sr (140-240 
ppm ) along with high Th (7- 19 ppm) and La 

(42- 11 3 ppm ) contents favour a sma ll degree of 
melting . The low Rb (25-50 ppm ) in the tonal

ites (KP 1.2- 1.4 %) and also abundances of 
other elements (e.g. high La and Th ) are s imilar 
to the Kettuperä and Saunakangas trends and 
sugges t a low de g ree of melting of slightly 
evolved is land arc rocks with a gabbroic res i

due. The more evolved rocks are du e to ass im
il a tion of mica- rich country rocks and/or frac
tion a l crystallization. 

The Varpara nta pluton is a domal struc ture 
surrounded by mi g matitic co rdi e rite g ne isses 
a nd di ops ide a mphibolites of volca nic origin 
(Nurmi et al. 1984, Nironen 1989a). The pluton 
is composed mainl y of tonalit e, but trond 
hjemite, magnetite-rich trondhj em ite a nd 
quartz diorite ba nded to nalite are also present. 

According to Nironen ( 1989a) wa ll rock xeno
lith s occu r mainly near the contac ts and be
tween the domes. Microgranitoid enc laves oc
cur mainly in the ce ntre of the eastern dome and 
diorite fragments occ ur irregularly throughoLlt 
the pluton, mainly between the two domes. He 
interpreted the quartz di o rite as th e frac ti o na ted 



produet of a dioritie/gabbroie magma and eon

sidered that the tonalites were generated by 

mixing with quartz diorite and trondhjemite 

magma, or alternatively that the trondhjemites 

were the produet of fraetional erystallization of 

a tonalitie magma. The elevated K
2
0 eontents 

of some tonalite sampies (see Fig. 41 in Niro

nen 1989a) as also higher Th eontents indieate 

sma ll sea le eontamination. The major element 

eompositions of the tonalites, exeluding the 

higher MgO, are eonsistent with a low degree 

(a bout 20 %) of melting of basa ltie so uree with 

amphibolitie to eelogitie residue. The low 

HREE abundanees and high Tb/Yb-ratios fa

vour the existenee of garnet in the residue (Fig. 

24). The low Rb (25-40 ppm) and La (9-15 

ppm) in most mafie tonalites and the Th-Ta 

relation (Ta 0.61 ppm and Th 2.8 ppm in Fig. 

26) indieate a rather primitive souree. The most 

probable eandidate is therefore a low-K tholei

itie to eale-alkaline island are basalt. The high

e r MgO eontents with respeet to experimental 

results eould indieate interaetion with mafie 

roeks as diseussed previously (p . 62). The di

ori te/gabbro samp ies are basaltie and the quartz 

diorite sampie is basaltie andesite in eomposi

tion. The Th-Ta relation (Fig. 27), high P
2
0

S 

(0.3-0.5 %), La (19-36 ppm), Zr (130-260 

ppm), Sr (400-800 ppm) and Ba (230-370 ppm) 

eontents indieate within-plate affinities for 

these roeks. The Ti0
2 

eontents (1.3- 1.4 %) of 

diorite/gabbro are somewhat lower than those 

normally found in WPB but on the other hand 

these sampIes are rieh in MgO (11-12 %), sug

gesting a rather primitive origin. 

There is only one unpublished field report 

deseri bi ng the Mäntsälä pluton (N i ronen 1982) , 

whieh is mostly granodioritie exeept for a gra

nitie eentral part , and trondhjemite at its north

ern eontaet. The pluton euts supraerustal roeks 

and eontains sehist xenoliths. The geoehcmis

try 01' major and traee elements indieates the 

presenee of two different magma patehes; a 

trondhjemitie and granodioritie to granitie 

(data not given). The more silieeous granodior

itcs (Si0
2 

> 68 %) are the result 01' mixing 01' 
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trondhjemitie magma with granodioritie mag

ma 01' assimilation of the surrounding sehists. 

The high eontents of K
2
0 (3.5-4.5 %), Ba (800-

1000 ppm) , Rb (80-110 ppm) , and Th (normally 

6-13 ppm) and Ta (0.6-1.3 ppm) in granodiorite 

are best explained by invoking a erustal souree 

or assimilation. The high abundanees of Na
2
0 

(3 .5-4.1 %) and CaO (2.8-1.9 %) a nd rather low 

A/CNK (0.96- 1.05) at Si0
2 

65-68 % in g rano

diorite suggest a souree that was immature and 

close to an original igneous protolith in eom

position , if the se hist xenoliths are eonsidered 

as restites. The major element and traee ele

ment data a re eonsistent with the interpretation 

that the trondhjemite magma might have orig

inated throu g h melting of a basaltie souree 

leaving an amphibolitie to eelogitie residu e. 

The Th-Ta relation and low Kp ( 1.5 %), La (9-

11 ppm) and Rb (25-33 ppm) eontents at sial 

66-68 %, for the two most mafie trondhj emites, 

as weIl as the low ThlU-ratio ( 1.6-2.0) indieate 

a rather primitive island are basalt to basaltie 

andes ite so uree. The high eontents of Sr ( 1000-

800 ppm) in these two sampies a lso favour pla

gioelase-free amphibolitie to eelogitie souree 

with hi g h initial Sr-eontents. 

The Aulanko granod iorite is surrounded by 

mafie-intermediate metavoleanies and late

o rogeni e mieroeline granites (Simonen 1948). 

The eharaeteristie features of the granodiorite 

are the oeeurrenee 01' idiomorphie hornblende 

and the rounded mafie inelusions with hypidi

omorphie textures. The higher and rather ir

regular eontents 01' Rb (190-220 ppm, normally 

85-120 ppm) and Ta ( 1.6-4.5 ppm , normally 

0 .3-0.8 ppm) in some sampies indieate au

tometasomatie proeesses within late-magmatie 

liquids 01' the effeet of the late-orogenie miero

eline granite~ whieh are enriehed in these ele

ments (normally Rb 200-330 ppm and Ta 1-3 

ppm) . On Harker diagrams (not shown) sam

pies with high Rb have lower Ba and in so me 

sampies also lower Sr, bUl otherwise lhey 1'01-

low normal trends. The La (10-13 ppm), Rb 

(80-90 ppm) , Sr (600-750 ppm), Ta (0.3-0.5 

ppm) and Th (4-5 ppm) eontents of the most 
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mafic sampies (Si0
2 

61-63 %) suggest an origin 
by melting of calc-alka line basaltic to basaltic 
andesitic rocks, at least for these samp Ies. The 
median granodiorite contents plot in the calc
alkali ne fields in Figures 25, 26 and 28. The 
low Th/U-ratio (1.4-2.4) a lso favours an island 
arc environment. The occurrence of mafic igne
ous enclaves and the scatter of data shows that 
ming ling and mixing and/or contamination 
between different melts has occurred. The 
marginal variant of the Au lanko granodiorite is 
trondhjemite porphyry , which has Rb, Th and 
U contents (Nurmi 1984) comparable to those 
of the granodiorite. Simonen (1948) interpreted 
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this rock as a metasomatic product of the 
Aulanko granodiorite caused by albitization. 
The equ ivalent leve l of Nap and higher level 
of Rb than in the granodiorite is however op
posite that wh ich would be expected in sodium 
metasomatism (e .g. Drummond et al. 1986). 
Altogether, except for the low K

2
0, the trond

hjemite porphyry resembles granite rather than 
typica l trondhjemites (see point at 75 % Si0

2 
in 

Fig. 25 and point at Rb 140 ppm in Fig. 28). 
The Hämeenkyrö pluton and the Värmälä 

plu ton intrude the Tampere schist belt (TSB) 
and were studied in detail by Nironen (l989a). 
Both plutons are surrounded by rocks of vol-
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Fig. 25. Calc-alka li -SiO, diagram. Oullined area wilh solid lines - modern calc-alkaline andesites (Brown 1982); fi eld R - Rastinpää
type gnei ss ic tonalites and rel ated rocks; field S - Särkilampi gneissie tonalites and related rocks. A: filled squares - syntectonic 
tonalites; open squares - synteclonic granodiorites ; oblique crosses - syntectonic granües; open triangles - granitoids frol11 W of 
Rautalampi ; open diamonds - tonalites and granodiorites frol11 Raulalampi area; crosses - pyroxene quartz diorites and lonaliles. B: 
crosses - Kangasjärvi gneissic granodiorite; asterixes - orlhogneisses from Pielavesi area and Leväniel11i gne iss; open squares -
Ketluperä gne iss (volcanic); oblique crosses - Venetpalo area; open diamoncls - Saunakangas tonalile/granodiorile ; filled triangles -
Veleli granodiorile. Data sources as in Figures 5 and 21. 



canic origin, with intercalations of metatur
bidites. The Hämeenkyrö pluton is composed 
of multiply intruded rocks, wh ich range from 
tonalite to monzogranite in modal composition 
(Front 1981). The main intrusi ve phases are 
distinguished by major element ratios as mar
ginal tonalite, prevailing granodiorite (I 885±2 
Ma, U-Pb zircon) and granite (Nironen 1989a). 
Mafic enclaves of both xenolithic and micro
granitoid origin are present, but neither magma 
mixing and mingling nor partial melting can 
explain all the chemical characteristics found 
in Hämeenkyrö pluton. According to Nironen 
(l989a), the i njection of separate, already dif
ferentiated magma batches and mixing and 
mingling with a basic magma could explain the 
chemical characteristics and compositional 
gaps. The Th (6-16 ppm) , Ta (0.6-1.0 ppm), La 
(20-32 ppm) and Rb (70-140 ppm) contents 
indicate crustal and mixed sources for the rocks 
in the Hämeenkyrö pluton. The tonalites and 
granodiorites are rather mafic rocks with Si0

2 

values of 53-61 % (see Fig. 11 , Nironen 1989a) 
so that they could represent high-K andesitic 
magma batches cogenetic with the TSB vo\can
ics. The low AI

2
0

3 
and Sr contents deviate from 

those of normal synkinematic granodiorite 
trends. 

The Värmälä pluton is mostly granodioritic 
(l878±3 Ma , U-Pb zircon) with a granitic 
margin (Nironen 1989a). The central part con
sists of porphyritic quartz monzodiorite to 
monzogranite while the southern contact is 
with aseparate pluton with qllartz dioritic to 
dioritic composition. Both mafic xenoliths and 
microgranitoid enclaves are found. Nironen 
(1989a) proposed a model where the diorite 
was intruded first. A stratified magma chamber 
formed deeper in the crust and the f1uorine
bearing granite ascended to its final level of 
emplacement before the granodiorite. The 
quartz monzodioritic cumulus-type magma was 
generated at the bottom and sides of the magma 
chamber and was the last to intrude. The sep
arate diorite-quartz diorite plllton (Si0

2 
54-58 

%) resembles mature arc basaltic andesites, in 
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having high Kp (1.4-5.0 %), La (17-32 ppm), 
Ba (300-600 ppm) and Rb (62-120 ppm) and 
seen also in the Ta-Th-diagram (Fig. 27). The 
high-K (3.4-5.5 %) and high-SiP (67-75 %) 
nature of the Värmälä pluton, and the absence 
of intermediate composition favour a partial 
melting origin for these rocks. The Rb (80-120 
ppm) contents and Ta-Th relation (Ta 1.0 ppm 
and Th 9.1 ppm in Fig. 26) furthermore indicate 
a crustal source. The Eu-minimum (Fig. 24) 
shows that plagioclase has been a crystallisi ng 
phase (see Nironen 1989a) in these sampIes or 
that the residue contained plagioclase. 

The Plikala pluton, which also intrudes the 
TSB, was considered by Kähkönen (1989) as a 
hypabyssal porphyry and is an elongate body 
(I x 12 km2) with modal compositions ranging 
from trondhjemite through granodiorite to 
monzogranite (Nurmi et al. 1984). All the three 
phases distinguished by Nurmi et al. (1984) 
have about the same levels and variation in 
Si0

2 
contents (trondhjemite 65-72 %, granodi

orite 67-74 % and monzogranite 65-74 %). All 
phases have same coincident trends for Ti0

2
, 

A1
2
0

3
, FeO, MgO and P

2
0

S 
on Harker diagrams 

(not shown). In the K
2
0-diagram, the trond

hjemites and granodiorites form three groups; 
trondhjemite with increasing trend (0 .5-1.0 %), 

granodiorite with increasing trend (3-4.5 %) 

and trondhjemite-granodiorite grollp with in
termediate values (1-3 %) at the same Si0

2 

levels . The same grouping, though not so evi
dent, is seen in the CaO, Na

2
0, Sr, Ba and Rb 

diagrams. These features cannot be explained 
by differentiation, although differentiation is 
indeed seen in the groups, but could indicate 
mixing of a low-K trondhjemite melt with a 
high-K granodiorite melt. The low Kp (0.5-
1.0 %) and Rb (l0-20 ppm) contents compared 
to high Sr (600-800 ppm) contents of the most 
mafic trondhjemites points to a low-K source 
rocks with amphibolitic to eclogitic residues, if 
a partial melting model is invoked. On the other 
hand the high La (19-36 ppm) , Zr (190-230 
ppm), Th (6-8 ppm) and Ta (1.0-1.2 ppm) con
tents favour an evolved SOUlTe. The rather high 
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Fig. 26. Th-Ta diagram for granitoids, gneiss ic tonalites and related rocks. Outlined areas are calculated model melt compos itions for 
10 % melting with gabbroic residue and 30 % melling with amphibolitic res idue (see Table 7 for MORB and IAT) of di fferent basalts 
(starting compositions from Pearce 1982). 1- Island Arc Basa lts; C - Calc-alkaline Basalts; M - Mid-Ocean Ridge Basa lts; W - Within 
Plate Basalts. Bulk di stribution coeffi c ients forTh 0.05 and forTa 0. 1 and 0.4. Dashed outlined area - Rastinpää-type gneiss ie tonalites 
and related rocks and Särkilampi-type gneiss ic tonalites and re lated rocks; fill ed squares - median compos itions of syntectonic 
tonalites; open squares - median composition of syntcctonic granodiorites; oblique crosses - median composition of syntectonic 
granites; open diamonds - tonalites and granodiorites in the Rautalampi area; crosses - pyroxene quartz diorites and tonalites; open 
c ircles - Kangasjärvi gnei ssic granodiorite; open triangles - Leväniemi gne iss; in verted open triangles - Ketluperä gne iss; open crosscs 
- Venetpalo area; stars - VetcJi granodiorite. Data from thi s study except for syntectonic granitoids (unpubli shed data ava ilable from 
the Geologica l Survey of Finland). 

MgO (1.2-2.7 %) and low CaO (2.1 -2.5 %) 

contents , as weil as the high A/CNK-values 
(1.15-1.30), are not compatible with the exper

imental data for basalt melting. Other poss ible 
mechanisms for producing the low-K trond
hjemites are low pressure liquid differentiation 

or Na-metasomatism . The internal structure of 
the pluton is not known a nd there is no pub
lished mineralogical evide nce for these differ
ent processes, so that the ori g in of the va riation 
in geochemistry remains debatable. The trond
hjemite and granodiorite plot in the calc-alka

line fields in Figures 25 and 26 , and both have 

very similar Th (6.9 and 7.0 ppm) and Ta (0.87 

a nd 0.82 ppm) median contents . These features 
would indicate an origin cogenetic with high
K calc-alkaline rocks. 

The Majajärvi pluton near Kankaanpää was 

briefly described by Nurmi et al. ( 1984) . The 
extent of this mostly granodioritic body is not 
known , but it does have migmatitic contacts 
with the surroundin g mica g ne isses , mica 
schi sts and metavolcanics. Small a mphibolite 
enclaves and mica-rich xenolith s are present. 
To the SE occurs a heterogeneou s assemblage 

of gabbros , diorites, tonalites and amphibolites 
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Fig. 27. Th-Ta di agram for mafi c rocks. Average basalt compositions from Pearce ( 1982).1 - Island Are Basalts; C - Calc-alkaline 
Basalts; S - Shoshoniti c Basalts; M - Mid-Ocean Ridge Basalts; W - Within Plate Basalts. Crosses - Käkövesi mafi c volcanics: till ed 
squares - Viitasaari gabbros; open squares - Mäntylä diorites ; asteri xes - Rautio diorites; open triangles - Varparanta gabbros and 
diorites; open diamonds - Jyväskylä diorites ; oblique crosses - Värmälä diorite; in verted open triangles - Kankaanpää gabbros and 
diorites ; open circ les - Sydänmaa gabbro and diorite. Unpubli shed data avail able from the Geological Survey 01' Finland . 

(ibid.). The gabbro-tonalite group has Kp 0.5-
2 % at SiOz values of 49-56 % and moderate La 
( 12-20 ppm ), Zr (80-140 ppm), Sr (500-350 

ppm) , Rb ( 10-90 ppm) and Ba (200-600 ppm) 
contents . These features , as weil as Th-Ta re
lations (Fig . 27) indicate a mature calc-alkaline 
na ture for these basaltic to basaltic a ndes itic 
rocks. The granodiorite is a rather heterogene
ou s intrusion and different trends with respect 

to TiOz' Sr and Th on Harker-diagrams (not 
shown) indicate that it is not comagmatic with 
the gabbro-tona lite group. A partial melting 
origin is mos t probable and the heterogeneous 
nature is attributed to either a heterogeneous 
source 01' some combination of contamination 
and assimilation . The La (19-42 ppm) , Sr (700-

1000 ppm ), Zr (200-240 ppm), Rb (60-90 ppm) 

and Ba (600-1400) contents at 60-67 % SiOz 
sugges t an evolved source and according to the 
REE-curve an amphibolitic residue (Fig. 24) . 
Poss ible source rocks include cru stal calc-alka
line rocks and/or rather immature sediments, 
since they plot in or near calc-alkaline fields in 
Figures 25 and 26 . 

Two small granitoids intrusions occur in the 

Luhanka area (Sydänmaa and Hernemäki), 
which are briefly described in the unpublished 
field report by ironen (1981 ) and in Kallio 
(1986). The concentric Sydänmaa intrusion is 
composed of an inner zone of diorite with en
clave of gabbro and plagioclase porphyry, and 
an outer granodiorite with enclaves of gabbro, 
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Fig. 28. Rb-Sr diagram for granitoids, gneissic tonalites and related rocks. Symbols are as in Figure 26 except for open hourglass -
Saunakangas tonalite. The main fields shown are for Rastinpää-type (R) and Särkilampi-type (S) gneissic tonalites and related rocks. 
Data sources as in Figures 5 and 2 1. 

plagioclase porphyry and miea-rieh material. In 
the western part of the intrusion quartz diorite 
is slightly foliated. The diorite , gabbro and 
plagioclase porphyrite are geoehemieally sim
ilar and show enriehed eharaeteristies (K

2
0/ 

Nap= I, Rb 40-60 ppm , Ba 500-800 ppm , Sr 
700-1000 ppm , PPs 0.4-0.9 % and La 20-30 
ppm) . These features and the generally low 
Si0

2 
« 50%), high Ti0

2 
(1.9-2.2 %) and mod

erate Zr (130-150 ppm) are eonsistent with a 
eontaminated WPB ori g in (see Fi g. 27 for Ta
Th relation). This eontamination is either due 
to the presenee of a subduetion eomponent or 
assimilation during aseent. The outer granodi
orite truneates the diorite and eontains feldspar 
megaerysts of probable late-magmatie origin 
(Nironen 1981; Kallio 1986). The high K

2
0 

(3.8-4.5 %), Ba (900-1300 ppm) , La (42-87 
ppm) , Rb (100-200 ppm , med. 140 ppm), Sr 
(600-800 ppm, med. 670 ppm), Th (11-25 ppm, 
med. 17 ppm), Ta (1.0-1.6 ppm, med. 1.3 ppm) 
and Zr (240-360 ppm) at 62-68 % Si0

2 
indieate 

an evolved erustal souree (see Figs . 26 and 28). 
The quartz diorite is more mafie (Si0

2 
54-62 

%) and of high-K eale-alkaline nature, and it 
forms "differentiation trends" with granodior
ite in Harker diagrams (not shown). The quartz 
diorite eould represent either a magma bateh 
eogenetie with the granodiorite 01' the souree 
material type for the granodiorite (lower in the 
erust) . 

The unzoned feld spar megaerystie Herne
mäki monzogranite is foliated and eontains 
abundant large sehist xenoliths . The Si0

2 
eon-



tents (67-72 %) of the Hernemäki pluton partly 
overlap with the Sydänmaa granodiorite, but 
the lower AIP3 and Sr, and markedly greater 
FeO/MgO ratio in the Hernemäki monzogranite 
indicates that they are not comagmatic (data 
not shown). The high La (44-91 ppm), Rb (170-
250 ppm), Th (11-17 ppm) and Ta (1.6-2.2 
ppm) indicates an evolved crustal origin and 
the high Zr (360-500 ppm) possibly to a f1uo
rine-bearing magma. The occurrence of garnet 
(Kallio 1986) and schist xenoliths in the mon
zogranite could indicate anatectic melting of 
the schists or strong assimilation . The rather 
homogenous nature of the monzogranite how
ever favour meIting somewhat lower in the 
crust. The low Sr-contents (180-220 ppm) re
f1ect a Sr-poor source or else retention of pla
gioclase in the residue. The low A/CNK-values 
(0 .98-1.05) points out to immature sediments 
with igneous characteristics, if the schist xeno
liths are considered as restites. 

The Palokka plutonic complex near Jyväsky
lä is part of the CFGC and apart from granitoids 
contains only small inclusions of supracrustal 
rocks (Nurmi et al. 1984). The age relations of 
the plutonic complex are as folIows: diorite, 
quartz diorite, porphyritic monzogranite, equi
granular monzogranite, microcline granite (sy
enogranite) and biotite granite. The diorite is 
rather heterogeneous geochemically and is 
probably partly altered and/or contaminated; 
this is seen especially in the great variation in 
Ba (200-3000 ppm) at SiO z 47-58 %. Apart 
from one sampIe, the Si0

2 
variation is from 52 

to 58 % and FeO/MgO ratios are from 3.5 to 6, 
which thus c1assifies these rocks as tholeiitic 
basaltic andesites. The high La (20-30 ppm), 
Ba (normally 800-1000 ppm), Kp (normally 
1.5-2.0 %), Rb (50-80 ppm) , Sr (400-700 ppm), 
moderate Ti0

2 
(0.8-1.6 % ) and especially Th

Ta relations (Fig. 27) indicate a within-plate 
origin for these rocks . The quartz diorites (SiOz 
54-60 %) are geochemically similar to the di
orites and coincide in Harker diagrams (not 
shown) and therefore same origin is proposed 
for them both. The tendency towards high er 
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Th-contents in Fig . 27 can be attributed to 
either fractionation or contamination . 

The porphyritic monzogranite (SiOz 69-72 
%), equigranular monzogranite (Si0

2 
64-69 

%), syenogranite (SiOz 77-80 %) and biotite 
granite (Si0

2 
69-76 %) are geochemically 

heterogeneous and form different groups in 
Harker diagrams (not shown). They differ 
from diorites and quartz diorites, and are not 
directly comagmatic with them. Although the 
equigranular monzogranite is heterogenous, it 
has major and trace element characteristics 
(normally La 40-50 ppm, Ba 1000-1600 ppm) 
that indicate a high-K calc-alkaline origin 
through melting or differentiation. The por
phyritic monzogranite could represent a small
er degree melting of the same source. The mi
crocline granite has variable contents of Ba 
(13-200 ppm), Rb (120-200 ppm) , Sr« 60 
ppm) , La (5-35 ppm) , Th (4.4-29 ppm) and Ta 
(0.1-2.9 ppm) at Si0

2 
77-80 % and Kp 3.2-4.9 

%. The biotite granite is more homogenous 
with Ba (600-1000 ppm) , Rb (200-270 ppm) , 
Sr (180-310 ppm) , La (14-60 ppm), Th (12-32 
ppm) and Ta (1.0-1.8 ppm) contents at Si02 

69-73 % and K
2
0 4.4-5.3 %. They both have 

crustal signatut·es but the genetic relation be
tween the two phases is unclear. 

The Mäntylä plutonic complex at Viitasaari 
is also part of the CFGC and is composed of 
metagabbro , gabbro pegmatoid, monzodiorite, 
quartz diorite, hypersthene granodiorite (Lah
nanen pluton), hypersthene granodiorite (Hir
vivuori pluton), hypersthene monzogranite 
(Saunamäki and Saarilampi plutons), fine
grained monzogranite, coarse-porphyritic 
monzogranite and equigranular monzogranite 
(Nurmi et al. 1984 and Nurmi 1984). The U
Pb zircon ages are 1885± I Ma for the quartz 
diorite, 1882±2 Ma for a gabbro pegmatoid 
and 1886±6 Ma for hypersthene granite (Niro
nen and Front 1992). The metagabbro occurs 
as inclusions in the granitoids and is heteroge
neous and locally banded, with amphibole- and 
pyroxene-rich layers alternating with plagi
oclase-rich layers. This heterogenous nature is 
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also seen in the geochemistry and hinders the 
interpretation of the origin. The low abundanc
es of Zr (30-80 ppm) and rat her high contents 
of KzO (0.7-1.6 %), Ba (400-700 ppm) , Rb (17-
60 ppm) and La (10-22 ppm) at 44-52 % SiO z 
compared to the Ta-Th relation (Fig. 27) are 

difficult to interpret. The porphyritic monzodi
orite truncates the meta -gabbro (Nurmi et al. 
1984) and geochemically it resembles high-K 
calc-alkaline andesites, with Ti0

2 
(0.8-1.0 %), 

Kp (2.0-2.6 %), Rb (50-75 ppm), Ba (750-850 
ppm), Zr (120-160 ppm), Sr (700-750 ppm), La 
(20-27 ppm) and Th (1.0-2.3 ppm) at 57-62 
Si0

2
. The metagabbro and porphyritic monzo

diorite are geochemically similar and are prob

ably cogenetic if not comagmatic. According to 
the Ta-Th relation (Fig. 27) these rocks cou Id 
indicate the mixing of within-plate magma with 

crustal deri ved rocks were the gabbros are 
mainly cumulate rocks. 

The Mäntylä hypersthene-bearing quartz di
orite contains abundant hornblende gneiss in
clusions and according to Nurmi et al. 1984 
(see also Nironen and Front 1992) it is older 
than the other bypersthene granitoids. The ge
ochemical variation indicates differentiation 
within the intrusion and also alteration or as

similation/contamination , which is seen in tbe 
scatter of Rb and Th. The normal variations of 

selected elements over a range of Si0
2 

from 56 
% to 67 % are as folIows: Ti0

2 
1.1-0.4 %, Kp 

0.6-2.1 %, Ba 400-900 ppm , Rb 18-60 ppm, Sr 
500-350 ppm, La 13-24 ppm , Ta (0.3-0.6 ppm , 
due to possible contamination these are the 
maximum values), Th 0.4-2.0 ppm and Zr 90-
200 ppm. It deviates from the typical synkine
matic tonalites having higher FeO and FeOI 
MgO-ratio, and lower MgO and Sr contents. 

The two hyperstbene granodiorite plutons in 
the Mäntylä pllltonic complex are geochemical 
Iy similar, except for the different median con
tents of Th (Lahnanen 1.3 ppm and Hirvivuori 
3.8 ppm) . They differ from typical synkinemat
ic granodiorites (points at 72.3 % and at 72.7 % 
Si0

2 
in Fig. 25) in being strongly tholeiitic and 

also in baving higher CaO. The monzogranites 

are , except for the coarse-porphyritic mon

zogranite and equigranlilar monzogranite, also 
tholeiitic in character and have slightly higher 
CaO and lower KzO contents compared to other 

synkinematic granites . The internal geocbemi
cal variation of within and between different 
intrusions has not been studied. The median 

contents of Rb (55 ppm and 73 ppm) and Sr 
(260 ppm and 250 ppm) as weil as the Th con
tents and high SiOz (see above) in granodiorites 
are consistent with an interpretation involving 
a small degree of melting with a gabbroic res

idue. Tbe source rocks are probably evolved 
calc-alkal i ne rocks. N ironen and Front (1992) 
considered that the most evolved rocks includ
ing hypersthene granites , biotite granite and 
monzogranite are possibly comagmatic but that 
other lithologies represent different source 
materials. A generally deep source area with 

dry conditions was also postulated. 
The areal extent of tbe Tienpää tonalite com

plex near Halsua in the NW-corner of the 
CFGC, is poorly known (Nurmi et al. 1984). 
The complex comprises hornblende tonalite, 

porphyritic tonalite, equigranular tonalite, to
nalite porphyry and K-feldspar-bearing tonal
ite. The tonalites are geochemically rather sim
ilar with some gradation from a slightly more 

mafic hornblende tonalite to tonalite porphyry , 

as reflected in the median contents of major and 
so me trace elements (see Appendix in Nurmi 
1984). The tonalites are medium-K (except for 
the K-feldspar-bearing tonalites) calc-alkaline 
rocks with median SiO z values from 62 to 67 %. 
The A/CNK-values (normally 1.05-1.15) 
would indicate S-type affinities, but high Sr
contents (normally 400-600 ppm) and Nap

K
2
0-relations are typical I-type characteristics. 

The abundances of Rb (normally 30-50 ppm), 
Ba (normally 400-700 ppm), Th (normally 1.4-
4.5 ppm), Ta (normally 0.3-0.6 ppm), La (12-
17 ppm) and Zr (normally 130-160 ppm) are 
also consistent witb an I-type interpretation. 

The major element data and Th-Ta-relations 
(Fig. 26) indicate a calc-alkaline island arc 

origin either as intrusions cogenetic with calc-



alkaline andesitic-dacitic volcanics or as the 

melting products of calc-alkaline basalts. For 
the partial melting alternative the high AI - and 
Sr-nature of these rocks and the REE-curve 
(Fig. 24) would favour an amphibolitic residue. 

The geochemistry of the Rautio pluton was 

studied in detail by Nurmi (1983). According to 

hirn the pluton can be divided geochemically 
into two plutonic suites, both of which include 
rocks ranging in composition from horn blen
dites to granodiorites . The hornblendites have 

been interpreted as cumulates and the diorites 
as continental margin type high -K andesites 
(see Fig . 27) . The granodiorites originated 
from partial melting of igneous rocks (Nurmi 

1983). The high contents of Kp (3.3-3 .8 %), 

Rb (110- 140 ppm), Th (11-13 ppm) and high 

Th/U-ratio (normally 4.2) at 68-72 % SiO z in 
granodiorites (see Table 3 in Nurmi 1983) in
dicates an evolved crustal source. The REE 

data for two granodiorite sampies shows a Eu
minimum (Fig. 24), probably due to plagioclase 

fractionation, since the high abundances of Sr 
(500-600 ppm) do not favour high amounts of 
plagioclase in the source residue . 

The syntectonic Kalliokangas and Aukeane
va tonalite plutons of the Bothnia schist belt 
intruded turbiditic metagreywackes and me
tapelites during the third local deformation 
phase and they contain abundant micagneiss 

enclaves (Vaarma 1990). K-feldspar phenoc
rystic granodiorite occurs in the eastern margin 

of the Kalliokangas pluton. According to Vaar
ma (1990) these rocks are geochemically of 
calc-alkaline I- type and indicate a mature is
land arc origin. The lack of mafic and interme
diate intrusive rocks favours the partial melting 
model. The most mafic sampies in both intru 
sions (excluding sampie 5 in Tab le 6, Vaarma 

1990) have about comparable KzO abundances 
(1.7 %), as weil as Sr (360-380 ppm), La (16-
15 ppm) , Rb (58-46 ppm), and Th (3.4-3 .0 
ppm) at 67 % SiO z' The most probable candi
dates for source rocks would be a calc-alkaline 
island arc setting. On the other hand the high 
median Ta abundance (1.28 ppm) compared to 
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Th (4 .0 ppm) suggests a source enriched in 
"within-plate component" (Fig. 26) . The mica 
gneiss enclaves could indicate either melting of 
sedimentary source or assimilation of country 
rocks. The distinct I-type characteristics, as 
reflected in the low A/CNK-values of most 

mafic sampies « 1.05) would require the pres

ence of sedimentary rocks rich in volcanic 
material, if these mi ca gneiss enclaves are in
terpreted as restitic. The REE patterns (Fig. 24) 

indicate a plagioclase-bearing amphibolite res
idue (see also point at Rb 62 ppm and Sr 360 
ppm in Fig. 28). The K-fe ldspar phenocrystic 

granodiorite has higher KzO (2.5-3 . 1 % ), La 
(31-39 ppm) and Th (6.2-7.6 ppm), somewhat 

lower Sr (240-280 ppm) and similar Rb (47-76 
ppm) contents compared to the tonal i te. Vaar
ma (1990) considered that these rocks were a11 
comagmatic through differentiation . 

The Kopsa tonalite porphyry clearly intrudes 

and truncates the surrounding metagreywackes , 
mica schists and metavolcanics (Nurmi et al. 
1984). The tonalite has higher CaO and lower 

Sr compared to the normal fields for synkine
matic tonalites. The median Th/U-ratio of 2.4 
is rather low and this, compared with the Th
Ta-relation (Th 3.9 ppm and Ta 0.4 ppm, Fig. 
26) and combined with the high CaO could 
indicate an origin cogenetic with island arc 
tholeiitic to calc-alkaline basalts either through 
differentiation 01' melting. The low abundances 

of Sr (point Rb 65 ppm and Sr 290 ppm in Fig. 
28) favour the presence of plagioclase early in 
the crystallisation history or in the source res

idue. 
There are no published descriptions availa

ble for the Äitsaari and Salosaari plutons at 
Ruokolahti and so their internal variations and 
relationships to surrounding rocks are not 

known. The median contents of the Äitsaari 
trondhjemite always plots in the main fields for 
synkinematic tonalites and therefore an origin 
through melting of island arc mafic rocks is 
proposed. The Salosaari tonalite has high Kp 
(2.2-3.3 %) and plots in the granodiorite field 
on the Kp-SiOz-diagram (Fig. 21) . The MgO 
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contents (3.4-3.9%) are also high at Si02 values 
of 61-65 % as also are La abundances (23-40 
ppm). The high MgO values could indicate 
interaction with mafic rocks. The Salosaari 
tonalite clearly plots inside the modern calc
alkaline andesite field in Figure 25 (point at 
65.2 % Si0

2
). This and the high median Rb (79 

ppm) and Sr (780 ppm) would indicate a more 
evolved source. The scatter in Th , Ta and U 
values i ndicate a heterogeneous nature and 
probable interaction between different mag
mas/assimilation. 

IMPLICA TIONS FOR THE EVOLUTION OF SVECOFENNIAN SCHIST BEL TS 
AND GRANITOIDS 

When analysing the crustal evolution of 
Svecofennian as a whole, and the petrogenesis 
of different rock types it is essential to have age 
constraints concerning emplacement, deforma
tion and metamorphism for each intrusi ve com
plex and event, as weil as the origin and evo
lution of associated supracrustal rocks and how 
they correlate with each other. Here , by con-

centrating on presently available geochemical 
and isotopical data, I will attempt to correlate 
them w i th the di fferent S vecofennian schist 
belts and < 2.1 Ga evolution of cover sequences 
and magmatism in Archean craton and ulti 
mately , summarize all these developments 
within a comprehensive plate tectonic model 
(p. 95). 

Savo schist belt (SSB) 

The SSB is a diverse and complex associa
tion of rocks occurring near the paleosuture and 
i ncludes rocks of different age and origin. The 
SSB is here considered to include rocks from 
Vihanti to Virtasalmi occurring west of the 
proposed paleosuture but the possibility still 
exists that some rocks of the SSB are compa
rable with rocks east of it (see Ekdahl 1993). 
The rocks ha ve been subdivided into different 
age groups, namely 1.93-1.91, 1.91-1.89, 1.89-
1.88, 1.88-1.85, 1.85-1.81 and < 1.81 Ga ac
cording to available zircon U-Pb data. In some 
cases ages overlap and therefore other distin
guishing criteria are also used. This classifica
ti on is however partly subjective and should be 
considered as such . The po s i ble occurrence of 
inherited zircons is a further complicating fac
tor. The rocks with poss ible ages in excess of 
1.93 Ga are considered in the 1.93-1.91 Ga 
g roup. The supracrustal associations of Pie
lavesi area are discussed here within the 1.93-

1.91 Ga group and only briefly noted in con
junction with rocks of other age groups. 

1.93-1.91 Ga group 

Vihanti area 

The basalt-rhyolite cycle of volcanics in the 
Vihanti area (Rauhamäki et al. 1980) cut by the 
Alpua gabbro 190 I ± 12 Ma (Vaasjoki and Sak
ko 1988) is i nterpreted to be long to this age 
group. The Lampinsaari ore complex consist of 
mica gneiss with amphibolite intercalation 
followed by a felsic volcanic-sedimentary unit 
with abundant dolomites and calc-silicate 
rocks. The ore deposit consists principally of 
pyrite ore , disseminated copper ore, zinc ore 
and lead-zinc ore underlain by uranite-apatite 
minera lization (Rauhamäki et al. 1980) . 
Migmatitic mica gneisses that are found both 
below and above these rocks are characterized 



by abundant hornblende-bearing variants inter
preted as the occurrence of weathering prod
ucts of volcanics (ibid.). 

Yenetpalo area 

The gneissie granodiorite of this study is 
comparable with oligoclase dome gneiss of 
Hautala (1968) and has geochemical character
istics comparable with those of the Rastinpää 
high- Y group gneis sie tonalite at Rautalampi 
and the Kangasjärvi gneissie granodiorite. The 
Sm-Nd data favours an origin comparable with 
that proposed for the Kangasjärvi gneissie 
granodiorite (Lahtinen and Huhma in prep.). 
The supracrustal association, which includes 
altered rocks and sulphide mineralizations, is 
associated with l.93-1.91 Ga group orthog
neisses suggesting an age and origin compara
ble with that of 1.93-l.91 Ga group rocks in 
other parts of the SSB. The plagioclase porphy
ritic gneiss resembles synkinematic tonalites in 
composition but high Ca nevertheless indicates 
a rather primitive source. The proposed age is 

about 1.90-1.88 Ga. 

Pyhäsalmi area 

Yolcanics in the Pyhäsalmi area can be di
vided into two main units , namely the Pyhäsal
mi and Kuusaanjärvi formations (Kousa 1990) . 
The Pyhäsalmi bimodal volcanics of island are 
affinity are notable for hosting the YMSD-type 
Pyhäsalmi Zn-Cu deposit. They are low-K tho
leiitic basalts and basaltic andesites, and low
K calc-alkaline rhyolites (Mäki 1986, Kousa 
1990). AU-Pb age of 1921±2 Ma for zircon 
from rhyolite at Riitavuori (Kousa, Marttila 
and Yaasjoki in press.) is comparable with the 
age of 1930± 15 Ma obtained for the Kettuperä 
gneiss (Helovuori 1979) which has been con
sidered as basement to the volcanics (Helo
vuori 1979 and Martti1a 1993) . This rock has 
been interpreted as a subvolcanic sill or even 
volcanic unit in this study and it is geochem
ically comparable with, if not, cogenetic with 
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felsic volcanics . A cogenetic origin was pro
posed also by Ward (l988a) and Kousa (1990), 
and this is verified by Sm-Nd data that show a 
positive E Nd -value about +3 for both the Ket
tuperä gneiss and the Riitavuori rhyolite, 
which thus precl udes a remobilized Archean 
basement origin for the Kettuperä gneiss 
(Lahtinen and Huhma in prep.). The chemical 
composition of the Pyhäsalmi-type mafic vol
canics show variable Kp (Table 2 in Mäki 
1986 and Table 1 in Marttila 1993) and it is not 
clear whether or not this is due to alteration or 
to a different origin. The main difference com
pared to the Rautalampi mafic volcanics is the 
lower TiOz and possible higher Ba at similar 
MgO values. The lack of more detailed trace 
element data from the Pyhäsalmi mafic volcan
ics hinders the interpretation but the low TiOz 
could indicate either a higher degree of mantle 
melting or a more depleted mantle compared to 
that in the Rautalampi area. The higher K and 
Ba level on the other hand could indicate a 
greater subduction component. This would fa
vour a more depleted mantle component asso
ciated with higher proportion of subduction 
component compared to the Rautalampi area. 
The Kuusaanjärvi formation is included in 
1.89-l.88 Ga group and will be discussed be
low (p. 89). 

Kangasjärvi area 

The Kangasjärvi gneissie granodiorite/tonal
ite is geochemical similar to the Rastinpää 
high-Y group gneissie tonaJites and hence sim
ilar age and origin is proposed. It underlies 
volcanics, altered rocks and a YMSD-type Zn
Cu deposit but the nature of the contact is 
unknown (Rehtijärvi 1984). The footwall vol
canics of this Zn-Cu deposit comprise interme
diate calc-alkaline rocks followed by tholeiitic 
basalts and calc-alkaline felsic volcanics im
plying that volcanism was not bi modal in char
acter (Rasilai nen 1991). Although this seems to 
apply to the association as a whole, the upper
most vo1canics are more or less bimodal and 



82 Geological Survey of Finland. Bulletin 378 

could possibly be correlated with the bimodal 

volcanics at Pyhäsalmi. 

Pielavesi area 

The Pielavesi area has been extensively stud
ied for decades, particularly because of the 
abundant mineralization in the district (see ref
erences in Ekdahl 1993). Ekdahl also divided 
the supracrustal associations in the area into 
different suites and presented new ideas on the 
evolution of the SSB as whole. The character 

of rock suites, especially their geochemistry, 

are considered here , while their implications 
for crustal evolution and plate tectonics are 
considered later in the text. Not all of the rock 
units and suites belong to the 1.93-1.91 Ga 
group but are still considered here in order to 
evaluate their relations to this group. They are 
also briefly considered later in their interpreted 

groups. 
The Kirkkosaari, Joutsenniemi and Levänie

mi domes in the Pielave i area have been con

sidered to represent depo itional basement for 
the supracrustal associations divided to four 
different suites (Ekdahl 1993), namely the Sa
lonsaari , Savijärvi, Säviä and Koivujoki Suites . 

The Salonsaari Suite (up to 1000 m) is the 
lowermost supracrustal unit recognized with 

mafic Salo Metavolcanite unit (10-50 m) at the 
base, followed by graphitic schist that passes 
into migmatitic mica gneisses. The upper part 
of the Salonsaari Suite is characterized by 
abundant graphite- and carbonate-bearing hori
zons. The Salo Metavolcanite consists of mas 
sive lava with sporadic pillow-like features. 

The upper part has features suggesting a pyro
clastic or epiclastic origin. The Savijärvi Suite 

overlies migmatitic gneisses and quartz diorites 
of the Salonsaari Suite with a gradual increase 
in the ab undance of carbonate, calc-silicate a nd 
graphitic lithologies . The Savijärvi Suite com
prises felsic metavolcanics with narrow mafic 
un i ts , carbonaceous and calc-si I icate rocks , 
cherts, uranium- and phosphorus-bearing hori

zons, black schists and the Kalliokylä conglom-

erate, which possibly represents rapid sy nde
formational erosion and deposition prior to or 
initiating the Säviä Suite volcanism. The felsic 

volcanics locally show primary porphyritic and 

pyroclastic features but normally they are gra
dational into calc-silicate rocks. 

The Säviä Suite, included within the main 

sequence of volcanic rocks occurring through
out the Pyhäsalmi-Pielavesi area, is character
ized by mafic, intermediate and felsic meta
volcanics and garnet-cordierite-anthophyllite 

gneisses (Ekdahl 1993). These are considered 
as hydrothermal alteration products of volcan

ics and host the Säviä Cu-Zn deposit. Uralite
porphyritic lavas with locally occurring pillow 
structures and metatuffs are the most important 
types of mafic volcanics. Intermediate meta
tuffs and metatuffites are the most volumetri
cally significant unit within the Säviä Suite. 

They show rapid variation in composition, usu
ally manifest as distinct banding. Felsic pyro

clastic layers normally alternate with more 
mafic units and do not form individual felsic 
volcanic units. The uppermost Koivujoki Suite 
consists of mica-hornblende gneisses, meta
arkosites, mafic metavolcanics and the Kota
järvi Metalava and associated metagabbros. 

The mica-hornblende gneisses differ from the 

underlying migmatitic gneisses in being less 
intensely deformed and containing more bi
otite and hornblende. Mafic metavolcanic in
tercalations are typical in the upper part with, 
local graphite-bearing layers. Feldspathic 
graywackes rich in K-feldspar are relatively 
abundant locally. The Kotajärvi Metalava, or 
Kotajärvi Diorite of Salli (1983) , varies horn 

50-100 m in thickness and contain also gabb
roic variants. 

Ekdahl (1993) summarized the evolution of 
Pielavesi area as folIows. Low-K tholeiites in 
a submarine setting (Sa lo Metavolcanite) were 
deposited on a basement consisting of orthog
neisses and paragneisses (> 1.93 Ga) followed 
by thick graywacke sequences (migmatitic 
mica gneisses of the Salonsaari Suite). This 

was gradually replaced by a shallow marine 



association (Savijärvi Suite) and followed by 
extensive bi modal volcanism and Kuroko-type 
ore formation (Säviä Suite) preceded by local 
Kalliokylä conglomerate indicating deposition
al break prior the eruption of Säviä Suite. A 
later phase of flysch-type sedimentation (Koi
vujoki Suite) with the associated Kotajärvi 
Metalava occurs above Säviä Suite. 

Orthogneisses in the basement domes con
tain abundant mafic inclusions and are grano
dioritic to tonalitic in composition and resem
ble the Rastinpää gneissic tonalite (Ekdahl 
1993). Paragneisses were probably deri ved 
from hornblende- and mica gneisses and am
phibolites but due to intense deformation the 
distinction between ortho- and paragneisses is 
sometimes difficult. The contact between the 
gneiss domes and the overlying Salo Metavol
canite appear to be concordant and sometimes 
gradational with alternating layers of gneiss 
and metavolcanite. According to Ekdahl this is 
due to either isoclinal folding or the presence 
of subvolcanic dykes. On the other hand , these 
relationships could be interpreted as apophyses 
intruding the supracrustal association if a sill 
origin is favoured (see Fig. 6c in Ekdahl 1993). 
The contact zone is intensely deformed and 
brecciated , reflecting the competence contrast 
between gneissic tonalite and supracrustal 
rocks. 

The U-Pb age of 1925±5 Ma for the Kirkko
saari orthogneiss (Ekdahl 1993) places this 
rock within the 1.93-1.91 Ga group of gneissic 
tonalites. Orthogneiss sampies from Sikoniemi 
(sampie 4 in Appendix 1 in Ekdahl 1993) and 
Leväniemi (sampie 6 ibid.) are geochemically 
comparable with the high- Y group Rastinpää 
gneissic tonalite and orthogneiss from Kyl
mälahti (sampie 2) is comparable with low-Y 
group Rastinpää gneissic tonalites. The Sm-Nd 
data from the gneissic tonalites in Pielavesi 
area have positive cNd values (+1.9 - +4.4), 
precluding their origin as remobilized Archean 
basement (Lahtinen and Huhma in prep .). An 
orthogneiss sampie from Salonsaari (sampie 1 
in Appendix I in Ekdahl 1993) has different 
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geochemical characteristics, with high Zr and 
Al z0 3 

and indicates a different origin; this unit 
should be studied in more detail. The compo
sitions of two paragneisses are also included in 
the study by Ekdahl (sampies 3 and 5 in Appen
dix I, 1993) and they both show low Kp/Nap 
ratios (0.5 and 0.1) combined with very low 
values of eIA index (46.0 and 49.5). This in
dicates compositions close to that of the igne
ous protoliths without any noticeable effects 
due to weathering. One mica gneiss (parag
neiss) form Kirkkosaari has also been dated and 
gave a result 2234±69 Ma (Ekdahl 1993). The 
roundish type zircons and high error are con
sistent with sedimentary origin involving detri
tal mixing of Archean and early Proterozoic 
zircon populations as noted in other metased
iments (Huhma et al. 1991). The Sm-Nd data is 
consistent with this interpretation (Lahtinen 
and Huhma in prep.). Unfortunately there are 
no published chemical analyses of this rock. 
The Saarela granodiorite, included also in the 
' basement' , has discordant U-Pb data with old
er zircons at about 2.1 Ga and younger zircons 
slightly older than 1.9 Ga (Ekdahl 1993). This 
could be interpreted as a 1.93 Ga age magmatic 
granodiorite/tonalite having assimilated sedi
ments with mixed zircon populations. Ekdahl 
(1993) correlated the paleosomes wi th the Sa
lonsaari Suite. The Laajamäki quartz diorite 
(I 923±4 Ma), also in Pielavesi area intrudes a 
supracrustal formation (Vaasjoki and Sakko 
1988) which, according to the Appended Map 
1 in Ekdahl (1993), belongs to the Salonsaari 
Suite. 

The supracrustal formations in Pielavesi area 
are briefly considered here , concentrating par
ticularly on the geochemistry. Sampie numbers 
used in this context are from Appendix I in 
Ekdahl (1993). He proposed in general a plate 
margin rather than intraplate origin for the 
volcanics in Salonsaari Suite. Metalava sam
pies 7 and 8 are medium-high K tholeiites and 
are characterized by low Si0

2 
(43-47%), high 

Ti0
2 

(1.4-1.5%), pps (0.32-0 .35 %), Sr (364-
736 ppm), Zr (79-104 ppm), Ba (283-170 ppm) 
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and Ce (45-42 ppm). These features differ from 
normal oceanic island arc tholeiites. The low 
Nb (4-5 ppm) combined with high Ti is prob

lematic as combined with above shown charac
teristics indicate either the presence of subduc
tion component or contamination. The third 
metalava sampie 10 has low Ti0

2 
(0 .59 %) and 

Zr (37 ppm) possibly indicating a slightly dif
ferent origin . All the sampies of Salonsaari 

Suite show clear negative Nb-anomaly (data 
not shown) and meta lava sampie 10 and 
metatuffite 9 geochemically resemble the me
dium-K tholeiite from Toholampi. 

Mafic tuffite sampie 15 from the Savijärvi 
Suite is a medium-K tholeiitic basalt in compo
sition with high Ti0

2 
(2.09%), pps (0.3 I %), Y 

(42 ppm) , Zr (220 ppm), Nb (15 ppm), Ba (212 
ppm) and Ce (51 ppm). In particularly the Ba
Nb-Ce relation compared with the high Zr, Ti 

and Y is consistent with a WPB origin . Mafic 
tuffite 16 has low Zr (30 ppm) and Nb (2 ppm) 
at intermediate Ti0

2 
(0.93 %) indicating island 

arc affinity. Intermediate tuffites 18 and 19 
show great differences in their geochemistry, 
notably in Kp (1.66% and 0.35 %) and Zr (154 
and 42 ppm). Felsic tuffites show also variable 
geochemistry. Ekdahl (1993) proposed general 
island arc affinities for the Savijärvi Suite and 
variations in composition were attributed to 

mixed volcano-sedimentary origin with possi
ble phosphorous addition. This mixed origin 
hinders the interpretation of tuffites but the 
general WPB-affinity, also noted by Ekdahl, of 
sampie 15 cannot be explained by such an or
igin and records an episode of WPB magma
tism. 

Ekdahl (1993) interpreted the Säviä Suite 
mafic and intermediate volcanism, with two 
exceptional sampies, to indicate an overall 
plate margin setting . Mafic metavolcanic sam
pie 23 and metatuffite sampie 25 have Ba-Nb
Ce-P-Zr-Ti -Y relations compatible with E
MORB , marginal basin or WPB origins but an 
E-MORB origin can be excluded on geological 
grounds. Sam pies 26, 27, 28 , 30, 3 I , 33 and 35 
have geochemistry eomparable with low-K tho-

leiitic basalts and basaltic andesites in the 
Rautalampi area and a si milar origin is there
fore proposed. Sampies 32, 34, 36 and 37 are 

high-K tholeiitic basaltie andesites and their 
geochem ical si m i lari ty i ndicates a cogenetic, 
possibly also eomagmatic, origin. They are 
characterized by high Rb (52-72 ppm) , Sr (707-
839 ppm) and Ba (606-847 ppm) . Compared to 
their enriched nature they have rather high Nb 
(8-10 ppm) and no distinct negati ve Nb-anom
aly is observed . The mantle eomponent has 
probably been of EM-type. Sampie 24 is more 

mafie in composition but has a similar high-K 
tholeiitic nature and its origin is probably of 

similar to that of the above eonsidered sampies. 
Sampies 39 and sampie 41 are very high-K 
trachytes in composition . These sampies have 

many geoehemical features , such as rather high 
Rb, Sr, Ba and Nb, in common with the above 

high-K sampies. The high-K tholeiitic basaltic 
andesites and the very high-K trachytes are 
probably not comagmatic although their similar 
geochemistry does suggest a cogenetic origin. 

Sam pie 42 is geochemically comparable with 
the high- Y group felsic volcanies and gneissic 
tonalites in Rautalampi area and is also compa
rable with the high-Y orthogneisses in Pielave

si area. Sampies 45-47 are calc-alkaline felsic 
voleanics with variable Kp (1 .9-4.6%) and 
high Rb , Sr (two sam pies) and Ba compared to 
sampie 42. Sampie 44 is also calc-alkaline with 

elevated Kp (2.8 %) but has low Ti0
2 

(0 .17%) 

and Zr (87 ppm), possibly indicating different 
origin. 

Ekdahl (1993) divided the Koivujoki Suite 
into tholeiitic more mafic group containing 
gabbros and to a more felsic group including 

the Kotajärvi Metalava, and other mafic meta
volcanics exhi bi ti ng calc-alkaline charaeter. 
Gabbros are, at least partly , cumulate rocks as 
evident from the high Ti0

2 
(3.63 %) and pps 

(1.97 %) in sampie 48. An interesting feature is 
the geochemical similarity between gabbro 
sampie 50 and high-K basaltic andesite sampie 
32 from the Säviä Suite. The Kotajärvi Meta

lavas have alkali ne affinities and are traehy-



andesites in composition (Ekdahl 1993) . Their 
enriched nature is seen in high values of P

2
0

S 

(normally 0.4-0.8 %), Sr (normally 900-1800 
ppm), Zr (180-230 ppm) and Ba (1200-1600 
ppm). Niobium values are low (3-9 ppm), ex
cept in sampie 55 (26 ppm) , and a pronounced 
negative Nb-anomaly either indicates the pres
ence of subduction component or crystalliza
tion of a Ti-bearing phase. Although the crys
tallization history of these rocks, especially 
that of gabbros, is unknown and should be stud
ied further , the high levels of P , Rb , Sr, Zr, Ba 
and Ce favour an EM-type mantle origin. 

The contacts between the Salonsaari , Savi
järvi and Säviä Suites are often gradational and 
have been observed from dri lied sections. Sam
pies considered above are distributed over the 
study area and their precise stratigraphical 
positions within the different suites is un
known. Sampies 7 and 8 from the Salo Meta
volcanite in the Salonsaari Suite have compo
sitions that indicate either low degree melting 

of DM-type mantle or melting of an EM-type 
mantle accompanied by a subduction compo
nent. The possibility of crustal contamination 
cannot be excluded . Sampie 15 from the Savi
järvi Suite and sam pIes 23 and 25 from the 
Säviä Suite have geochemical composition 
more compatible with a marginal basin or WPB 
origin, probably in a continental environment, 
than normal IAT. Notice that sampie 15 from 
the Savijärvi Suite and sam pie 25 from the 
Säviä Suite are both from Kirkkosaari and are 
located within 10m of one other. The other 
Säviä Suite sampies can be divided into two 
geographical associations. The low-K tholeiitic 
basa lts and basaltic andesites are of IAT-type 
and are comparabJe with similar mafic volcan
ics in Rautalampi area. These sampies are 10-
cated west of Kirkkosaari as also is felsic 
metavolcanic sampie 42, which have been con
sidered as cogenetic with the gnei ssic tonalites 
in Pielavesi area. High-K basalt and basaltic 
andesites, very high-K trachyandesite , very 
high-K trachyte and three of four calc-alkaline 
felsic volcanics are all from the Pangansalo-
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Haapajärvi association to the east of Kirkko
saari. These rock types are not found , accord
ing to data given by Ekdahl (1993) , in the Säviä 

Suite west of Kirkkosaari, although the felsic 
volcanic 44 from Saarela is an exception to 
this . This sampie also has high Kp (2.8 %) but 

otherwise differs from the calc-alkaline felsic 
volcanics found in Pangansalo-Haapajärvi as
sociation. If the sam pies from this association 
are representative of the whoJe area, it indi 
cates different origin from the Säviä Suite 
proper. These geochemical differences , togeth
er with the occurrence of the Koivujoki Suite 
arkoses (rich in K-feldspar) nearby and the 
possible geochemical similarities with Koivu
joki Suite gabbros indicate that Pangansalo
Haapajärvi association should either be includ
ed within Koivujoki Suite or considered as 
distinct subgroup within the Säviä Suite. 

Based on the above considerations a slightly 
different scheme than that given by Ekdahl 
(1993) is proposed here . The orthogneisses of 
' basement domes ' are interpreted to represent 
tonalitic-granodioritic , possibly sill-like, intru
sions and subvolcanic sills that are related to 
the low-K felsic volcanics in the bimodal Säviä 
Suite. Although , this is considered reasonable 
for most of the gneissic tonalites in Pielavesi 
area, orthogneiss sam pie I from Salonsaari 
differs from other tonalites and should be stud
ied in more detail. The interpretation of the 
gneissic tonalites , at least most of them , as 
intrusive rocks complicates the interpretation 
of the stratigraphical sequence proposed by 

Ekdahl. On the other hand , if most of the rocks 
included into the Salonsaari and Sav ijärvi 
Suites occur below the Säviä Suite and have 
been intruded by 1.93 Ga tonalites, they have 
an inferred age > 1.93 Ga, while the Säviä Suite 
would have an age comparable with the Kirk
kosaari orthogneiss (1925±5 Ma). The V-Pb 
zircon age 1882±2 Ma from the Kotajärvi Di
orite (Salli 1983) , interpreted as metalava by 
Ekdahl (1993), poss ibly indicates a rather sim
ilar age for Koivujoki Suite. The Pangansa10-
Haapajärvi association within the Säviä Suite 
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differ from the norm al Säviä-type bi modal as 
sociati on and is correlated he re in a broad sense 
with the Koivujoki Suite . 

Rautal a mpi area 

Zircon U-Pb ages from the Ras tinpää gneis
s ic ton a lite 1922± 12 Ma (Ko rsman e t a1.l984) 
and To ho la mpi g nei ss ic to na lite 19 14±4 M a 
(P yö reä nsuo nvuo ri in Vaasj o ki a nd Sakko 
1988) impl y an age o f abo ut 1.92 Ga for coge
ne ti c fe ls ic vo lca ni cs. The age o f Ras tinpää 

gneiss ic to na lite is a lmos t exac tl y th e same as 
that of the in Kirkkosaa ri orthogne iss a nd Laa
jamäki quartz di o rite in Pi e laves i a rea, whil e 
the To ho lampi gne iss ic to nalite has a s li ghtly 
yo unge r age. More da ta a re needed ho wever to 

ve ri fy the ex istence of di ffe re nt mag mati c ep
ochs. The mafic inclus io ns in g ne iss ic to nalites 
and medium-K th o le iiti c basa lt assoc iated with 
mi gmati c ga rn e t-pyroxene g ne iss could poss i
bl y co rre la te with Salonsaat·i Suite metavo lcan

ics in Pi e laves i a rea. Ura nium - and ph os pho 
ru s- bea rin g hori zo ns a re not a t present fo und in 
Rauta la mpi a rea a nd thu s th e equi va le nts of 
Sav ij ä rvi Suite have been no t ye t ide ntifi ed 
fro m thi s reg io n . T he bi mo da l vo lca ni sm, 

VMSD-ty pe Pukkih arju Z n-C u pros pec t a nd 

assoc ia ted a lt e red roc ks d o however show 
litho log ica l and geoche mi ca l simil ariti es with 
the Säviä Suite bimoda l vo lcani cs. 

Virtasa lmi a rea 

The Virtasa lmi volca ni c be lt co mpri se pre
do minant amphibo lites with minor marbl e, ca lc
s ili ca tes o r g ne isses e nve loped by vo lumino us 

fin e-g ra in ed c las ti c me tasedime nts a nd the 
Hällinm äki C u de pos it is ge ne ti ca ll y re la ted to 
pre tec toni c a lte rati on of the amphi bo lites (Law
ri e 1992). The occurrence of both mass ive lava 
fl ows with loca l pill ow lava and sill s and/o r 

dy kes shows a n ig neous-vo lcani c de ri vati on fo r 
the Virtasa lmi amph ibo lites. Hi g hl y ves icul a r 
pillo w lavas poss ib ly sugges ts a re la ti ve ly shal
low wate r e nviro nment durin g e rupti o n of the 

lavas. Law ri e (1992) c la im ed th at a ll th e am
phibo lites a re WPB o r E- MORB vo lcani cs and 
a re not re lated to supra-s ubducti o n zo ne mag
mati sm, instead poss ibl y indi catin g ri fted-pas
s ive marg in e nviro nme nt. These volca ni cs are 

intruded by syntec to ni c granito ids and a re thu s 
o lde r tha n 1. 89 Ga. The ir geoche mi ca l compo
s i ti o n and assoc ia tion di ffe rs fro m the mafi c 
vo lcanics in Rauta la mpi a rea, but si mil a riti es 
ex is t w ith WPB -ty pe vo lca ni cs in Pi e laves i 
area. To the east of Virt asa lmi the Viho lanni e

mi meta rh yo lite has a z irco n U-Pb age o f 
1906±4 Ma (Vaasj oki a nd Sakko 1988) whil e 

the Saun akangas tro ndhj e mite-gra nodi o rite has 
an age o f 1903± 10 (Huhma 1986). T he refore, 
the Virtasa lmi a mphibo li tes are pro babl y o lde r 
than 1.90 Ga but whether they a re abo ut 1.9 1 
Ga, 1.92 Ga o r o lder is st ill un reso lved . 

Di sc uss io n 

The s i mi la ri ti es in occurre nce , geoc he mi stry 

and age of the g ne iss ic to na lites in Rauta lampi , 
Kangasj ä rvi, Pi e laves i, Pyhäsa lmi and Ve net
pa lo d istri c ts sugges t tha t th ey fo rm a cohe rent 
gro up with a co mmo n ori g in concentrated with

in the middle and northern pa rt of the SS B . 

These rocks a re assoc iated with VMS D-type 
Z n-Cu de pos its and minera li zati o n in is la nd arc 
th o le iiti c to ca lc-a lk a lin e basa lts a nd a ndes ites 
and low- K fe ls ic vo lcani cs (Huh ta la 1979, 
Mäk i 1986, Ras il a ine n 199 1, E kd ahl 1993 , thi s 
st udy). Th e geoc he mica l s imil a r ity o f th ese 

g ne iss ic to na lites to the surro un d in g fe ls ic 
vo lca ni c roc ks, the ir pro babl e occ urre nce as 
s ill - like intru s ions and sub vo lca ni c s ill s in su

prac rus ta l assoc ia ti o ns, lac k o f struc tura l di s

co rd ance a nd the fac t tha t they have su ffe red 
th e sa me defo rm ati o n events as surro undin g 
roc ks, favo urs a cogene ti c and possi bl y comag
mati c o ri g in fo r gne iss ic to nalite s and fe ls ic 

vo lcanics in thi s reg io n. T he geoche mi ca l data 
po int to a n o ri g in throug h 10- 15 % me ltin g of 
low -K is la nd a rc th o le iit e basa lts fo r the 
Ras t inpää, To ho la mpi , Kangasj ä rv i g ne iss ic 

to na lites and mos t of Pi e laves i orthogne isses 



and Venetpalo gneissic granodiorite. The Ket
tuperä gneiss , interpreted as subvolcanic sill or 
volcanic rock, indicates a more enriched proto
lith. The residue from these rocks would have 

been gabbroic to slightly amphibolitic in nature 

and rich in plagioclase as reflected in the low 
Sr contents of these rocks . This would indicate 
pressures less than 10-15 kb (eg. Carrol and 
Wyllie 1989) and possibly a crustal thickness 

less than 30 km. The lead isotopic composition 
of the massive sulphide occurrences in the 
1.93-1 .9 1 Ga group forms a homogenous 
group, that was interpreted to show a large 

mantle derived lead contribution (Vaasjoki 
1981). However, Vaasjoki and Sakko (1988) 

interpreted the same data to indicate that the 
lead was derived from the lower crust in Vihan
ti area. If the interpretation of a syngenetic 
origin for these ores is correct, the ore lead 

isotopic composition would equal the lead 
composition of the surrounding, mainly felsic 

volcanic host rocks (main carriers of Pb). Huh
ma (1986) calculated a tentative model based 
on the same data to show that about 1.5 % 

Archean crustal lead combined with mantle 
lead would produce the Pyhäsalmi type lead 

composition. There are slight but significant 
variations in ENd values for the Rastinpää gneis
s ic tonalite (+ 0.6 to +1.4 , 1922 Ma) and for the 

Kettuperä granite gneiss (+2.7 to +3 .2, 1930 
Ma) and for the Riitavuori metarhyolite (+3.4, 
1921 Ma)(Lahtinen and Huhma in prep .) and 
therefore it might be expected that differences 
in lead iso topic composition would occur, es
pecially s ince the Sm-Nd data would require a 
greater a mount of sediment input via subduc
tion for the Rastinpää gneissic tonalite . In con
trast, the Rautal ampi lead isotopic composition 

has slightly lower 2061204 and 2071204 values 
(Vaasjok i 1981 ) than the Pyhäsalmi mine con
sis tent with a slightly lower contribution of 
Archean crustal lead. 

The Rastinpää T DM ages of 2.2-2.3 Ga, when 
compared with the origin of the gneissic tonal
ite through melting of a low-K island arc tho
leiite source , and the lead isotopic composition 
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of the Pukkiha rju Zn-Cu-mineralisation (a 
composition the same as for felsic rocks of the 
1.93-1.91 Ga group in Rautalampi area has 
been assumed) gives an approximation for the 
age of the protolith as 2.0-2.1 Ga (Lahtinen and 

Huhma in prep.). The Kettuperä granite gneiss 

has T DM ages of 1.98-2.02 Ga and on the same 
basis the approximate protolith age is 1.93- 1.95 
Ga (ibid.). Thi s is very close to the intrusion 
age. As a whole the 1.93-1 .91 Ga group appears 
to have been generated within a rather imma
ture is land arc with mainly mafic crust, ranging 
in age from 1.95-2.1 Ga. At about 1.92 Ga a 
tensional event occurred that produced bi modal 

magmatism and associated volcanogenic mas

sive sulphide deposits in subsidence basins 
comparable to the setting of Kuroko deposits 
(Ohmoto and Takahashi 1983). 

1.91-1.89 Ga group 

There are three U-Pb zircon age determina
tions from the SSB belonging to this group; the 
Saunakangas trondhjemite-granodiorite 1903±10 
(Huhma 1986), Alpua gabbro 1901±12 and Vi
holanniemi metarhyolite 1906±4 Ma (Vaasjoki 
and Sakko 1988) . The Saunakangas trond
hjemite-granodiorite migmatizes earlier met
amorphosed pa leoso mes indicating that the 

Pieksä mäki block was strongly metamor
phosed before that date (Korsman et a l. 1988) . 

The ENd value of +3 .3 and T DM age of 1.93 
nevertheless indicate a very short crustal re s
idence time (Huhma 1986). The age data for 
Saunakangas does on the other hand have a 
rather high analytical error which could indi
cate the presence of xenocrystic zircons and 
hence a s lightly younger intrusive age. The 
present interpretation involving melting of 

evolved is land arc rocks during a collisional 
event, leaving a gabbroic res idue implies very 
rapid evolution from island arc rocks to accret
ed continenta l crust. There are no published 
geochemical data for the Alpua gabbro or Vi
holanniemi metarhyolite, although the Alpua 
gabbro is a syntectonic rock (Rauhamäki et al. 
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1980) and indicates that collision had com
menced prior 1.90 Ga. The Viholanniemi me
tarhyolite is the host rock for Viholanniemi 
base metal mineralization, which has a lead 
isotopic composition different from the Vihan
ti-Pyhäsalmi type in that it is intermediate be
tween it and the CFGC-type (Vaasjoki and 
Sakko 1988). The positive tNd (+3.4) and TDM 

age of 1936 Ma for the Viholanniemi metarhy
olite also indicate a very short crustal residence 
time (Lahtinen and Huhma in prep.). 

The age of the Särkilampi gneissic tonalite 
and related gneisses is problematic and the low 
zircon content probably prevents at least con
ventional zircon dating. An age older than 1.90 
Ga is inferred but a younger age is also pos si
ble. The geochemical data indicate melting of 
tholeiitic to calc-alkaline island arc mafic rocks 
depleted in Th, U and possibly Rb and Ta (p. 
67). Thus the source rocks have possibly suf
fered one melt or vapour phase segregation 
event. The proposed model involves melting of 
lower mafic crust depleted in Th and U in the 
same island arc system as the 1.93-1.91 Ga 
group, but at 1.91-1.90 Ga. The ages of other 
granitoids in Rautalampi are not known , but an 
age about 1.89 Ga is proposed. The within
plate signatures in some granitoids indicate a 
genetic link with the underplating stage dis
cussed below (p. 110). The more calc-alkaline 
granitoids are either linked to underplating 
with melting of island arc rocks or record the 
latest stages of subduction during collision and 
melting of island arc rocks. 

1.89-1.88 Ga group 

Most zircon data fall into this group and thus 
record the major crust forming event in Sve
cofennides. The Silvola tonalite (1886±5 Ma, 
Nironen 1989a), Tuusmäki tonalite (1888±15 
Ma, Korsman et al. 1984), Osikonmäki tonalite 
(l887±5 Ma, Vaasjoki and Kontoniemi 1991), 
Voinsalmi hypersthene granodiorite (1887± 11 
Ma, Patchett and Kouvo 1986), Vaaraslahti hy
persthene granite (I884±5 Ma, Salli 1983) , 

Haukimäki hypersthene granite (I887± 16 Ma, 
Korsman et al. 1984) and Käpylä granite 
(l887±4 Ma, Vaasjoki and Sakko 1988) have 
identical ages which point out to major event at 
1885 Ma. The Jusko quartz diorite (I 892± 15 
Ma, Helovuori 1979) has been also included in 
this group. The hypersthene granitoids in Kiu
ruvesi area are cut by ophitic gabbros and di
abases (J886±5 Ma, Marttila 1981). The Kota
järvi pyroxene diorite (I 882±2 Ma, Salli 1983), 
norite (I 880±3 Ma, Huhma 1986) from 
Laukunkangas Ni-Cu deposit and mafic pluton
ic rocks (l883±6 Ma, Gaal 1980) from Kotalah
ti Ni-Cu deposit show slightly younger ages. 

The Kotajärvi diorite has been later named as 
Kotajärvi Metalava (Ekdahl 1993) and it and 
the Koivujoki Suite in general is included in 
this age group . The Kotajärvi Metalava has an 
enriched alkalic high-K tholeiitic affinity asso
ciated possibly with a subduction component. It 
was evidently derived from mantle of EM-type 
as indicated by rather low t Nd value of -0.3 
(Lahtinen and Huhma in prep.) . A small 
amount of contamination can not be excluded. 
The low Nb in these rocks could be due to the 
presence of a subduction component or else 
crystallization of a Ti-bearing phase associated 
with contamination. The Pangansalo-Haapa
järvi association is also included in this age 
group. The high-K tholeiitic basaltic andesites 
and associated very high-K more felsic rocks 
indicate the occurrence of EM-type mantle 
derived melts, possibly related to a subduction 
component. However, the almost neglible neg
ative Nb-anomaly in these rocks compared to 
their relatively high-K could also be interpreted 
as evidence against the presence of a subduc
tion com ponen t. 

Two cycles of volcanic acti vity occur in the 
Vihanti area, where the younger phase was 
terminated by the emplacement of hypabyssal 
plagioclase porphyries of age 1878±17 Ma 
(Vaasjoki and Sakko 1988). The Pihtipudas 
area contain granitoids and metavolcanic rocks 
with a pooled age for granitoids and felsic 
volcanics of 1883±20 Ma (Aho 1979). In the 



Kuusaanjärvi formation, especially in its south
ern part, primary volcanic structures are ex
tremely weil preserved and ash-flow tuffs and 
possible ignimbrites are found locally (Kousa 
1990). These features and volcanic conglomer
ate intercalations could indicate that volcanism 

was, at least partly, subareal. Geochemically 
these rocks differ from the Pyhäsalmi forma
tion and show high-K calc-alkaline affinity 

with rocks variating from basaltic andesites to 
rhyolites but on the basis of the lithological 
similarities Kousa (1990) correlated them with 
the 1880 Ma Pihtipudas metavolcanics. These 

volcanic associations show somewhat younger 

ages of about 1882-1880 Ma compared to the 
bulk of the syntectonic granitoids, which have 
a modal age at 1886-1887 Ma. The ages of 
alkali ne WPB-affinity dykes in the Rautalampi 

area are unknown but intrusi ve relationships 
with pegmatite indicate that they are the young
est rocks in Rautalampi area. They are included 

here within the 1880 Ma group but a younger 
age is also possible. 

The emplacement of the Silvola and Kaartila 
plutons was consider synchronous with D

2 

(Nironen 1989a) and therefore it is proposed 
that the undated Kaartila pluton is of the same 
age as Silvola. The Silvola tonalite was inter
preted to represent melting of LREE enriched 

low-K island arc tholeiitic to calc-alkaline ba

salts (p. 70) possibly in the lower part (at the 
base) of tectonically thickened island arc crust. 
The Kaartila pluton indicates a smaller degree 
of melting of a rather similar source higher in 
the crust. The emplacement of the Varparanta 
stock is problematic, but it was probably syn
chronous with or later than D

2 
(see Nironen 

1989a for discussion and Gaal and Rauhamäki 

1971). The interpreted origin is through melt

ing of low-K tholeiitic to calc-alkaline island 
arc basalts and interaction with a mafic compo
nent at the base of thick crust (gamet in the 
residue , p. 71). The coeval gabbro and diorite 
are both geochemically of WPB type. The 
Laukunkangas Ni-Cu deposit (Grundsträm 
1980) occurs near the Varparanta stock and 
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contains strongly LREE-enriched norite with 
E Nd +0.2 (Huhma 1986) , a result which could be 
attributed either to derivation from DM com
bined with crustal assimilation or from subcon
tinental lithospheric mantle (EM). The gabbros 

and diorites of Varparanta pluton are also char
acterized by high La contents and their close 
association points to a common origin and 

probably to shared geochemical characteristics. 
If we consider crustal contamination as the 
cause of the low E Nd value, it would indicate 
that the majority of the LREE result from con

tamination , because the E Nd values for Sve
cofennian granitoids and sediments are -I - +3 

and -1 - 0, respecti vely (Huhma 1986 and 
Huhma 1987). The low Th « I ppm) and Rb 
(13-15 ppm) in the Varparanta gabbros ex
cludes contamination as a cause for high La and 

the same argument is applied to the Laukunkan
gas norite. Therefore, the Laukunkangas norite 
and Varparanta gabbro inclusions are interpret
ed to be of the same age and to have been 

derived from subcontinental lithospheric man
tle (EM). The Kotalahti Ni-Cu deposit occur in 

spatial association with Archean rocks (Gaal 
1980) , but is a similar deposit type and age, 
consistent with an origin similar to that of the 
Laukunkangas deposit. 

The hypersthene quartz diorites and tonalites 

in the Rautalampi area are considered to have 

been cogenetic with within-plate magmatism, 
either due to melting or crystallization com
bined with possible mixing and/or assimilation 
with crustal derived melts. The Voinsalmi hy

persthene granodiorite and Vaaraslahti hyper

sthene granite both have ENd -0.6 and T DM ages 
of about 2.2-2.3 Ga, and this data was interpret
ed as representing a mixture of depleted mantle 
and an Archean component (Patchett and Kou

vo 1986). On the other hand, it could indicate 
the occurrence of 2.0-2.1 Ga age crust (dis
cussed p. 87) and/or the effect of subcontinen
tal lithospheric mantle with heterogenous iso
topic compositions. The emplacement of these 
rocks has been interpreted as syn- or post-D

2 

(Korsman et al. 1984). The Käpylä biotite gran-
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ite, wh ich is not foliated and has a loca lly de

veloped rapak iv i-type texture (Vaasjo ki and 

Sakko 1988) is a lso included within thi s g roup. 

The Tuu s mäk i and O s ikonm ä ki tonalites in 

Rantasa lmi -S ulkava a rea were e mplaced coe

vally with th e o ther to nalites, but thi s preceded 

0 2 d efo rm a ti o n in Ra ntasa lmi -S ulka va area 

(T uu smäki to na lit e) and st resses the diffe re nce 

in tec to ni c history be tween Ra ntasa lmi -S ulk a

va area and a reas to th e N and NW ( Korsma n 

e t a l. 1984, 1988). 

1.88-1.85 Ga grou p 

Two syntec ton ic intru sive rocks in Vihanti 

a rea have ages of 1874± 13 a nd 1860± 13 Ma 

(Vaasjoki and Sakko 1988) and are c lear ly 

yo un ger th an othe r syn tec lo ni c g ra nitoids and 

a lso younger than the posttectonic Käpylä 

gra nit e in th e same area . The Kumiseva gabbro 

w ith aU-Pb zircon age of 1879±5 Ma, gabbro 

from Tyypekinlampi of age 1875±0.3 Ma and 

a gabbro pegmatoid dated at 1874±0.6 Ma a lso 

record a younger mafic magmatic event (Ek

dahl 1993). The Lammasaho granodio rit e 

1853± 12 Ma sets a minimum age const raint for 

the e nd of the tectonic ac ti vity in Lampaanjärvi 

block (Vaasjoki and Sakko 1988). The late 

tectonic Hiltula granodior ite ( 1850±7 Ma, 

Vaasjoki and Kontoniemi 1991) in the Ran

tasa lmi area a lso belong to this age group. 

1.85-1.79 Ga group 

Southern Finland is characterized by a ( 1.84-

1.82 Ga) melamorphic be lt with vo lu minous 

late-kinematic granites (Korsman et al. 1984, 

1988, Huhma 1986, Suominen 1991. Ehlers et 

al. 1993). The Ranlasalmi-Sulkava area fall 

within lhis region, and was partly thrust over 

older metamorphic complexcs during 0 1- 0 , de

formation. before the onset 01' this metal11or

phism (Korsman et al. 1988). However , at least 

0 , in this area is clearly youngcr than the 0 , 
event reeognized in areas and NW 01' Ran

tasalmi (ibid.). The melamorphisl11 has been 

attributed primarily to tectonicall y thickened 

c ru s t, although the hi gh geothe rm a l g radi e nl in 

g ra nulite facies Sulkava a rea would indi cate an 

additi o na l ex te rn a l heat so urce ( Ko rsman e t al. 

1984). Th e present meta mo rphic block struc 

ture was caused mainly by 0 , deformation 

( Kors man e t a l. 1984 , 1988) and thi s was c ut by 

the Piril ä- type g ranito id s (Kilpe lä ine n 1988) 

dated at 18 15±7 M a (Vaasjoki and Sakko 

1988). The occ urre nce of post-kinematic g ra n

itoids parallel to thi s metamorphic be lt s ug

gests so me gene li c relationship between these 

and the metamorphism. The ages and C Nd va lues 

of the A va ( 1797±4 Ma and +0.2, Patchett and 

Kouvo 1986), Parkk il a ( 1794±5 Ma a nd +0.3, 

ibid.) and Luonteri ( 1802±22 Ma, Hirvensa lo 

in Korsman e t a l. 1984) post-kinematic g ran i

toids are a ll close to eac h other. The Luonteri 

and Parkkila gra nitoids within th e SSB are 

c haracte ri zed by sig ni ficant enrichment in 

LREE (about 1000x chondrit ic) and high TiO, 

(1.2-2 .5 %), pp, (0 .5- 1.5 %), Ba (2000-6000 

ppm), Sr ( 1000-4000 ppm) and Zr (400-1 100 

ppm) (Nurmi 1984, Nurmi and Haapa la 1986 

a nd Nurm i, unpublished data). The avai lab le F

da ta from Luonteri (0.4-0.9 % ) a re high a nd , 

with othe r data , reveal an a lka li c s ignature to 

these rocks and a proposed origin by d ifferen

t iation with a lka li c basaltic magmas in an ex

tensional environment (Pitkänen 1985). Simi

lar rocks have been found near Renko, associ

ated with microcline granites and even greater 

amounts of this type 01' l11agmatism in the area 

are postulated (Lahtinen in prep.). The Sm-Nd 

data for Parkkila could be interpreted as due to 

crustal assimi lation, but as discussed before 

that would require that almost all of the LREE 

result from eontamination. The mafie roeks 

(about 53 0/(' SiO, ) share the same eharaeteris

tics and although so me amount 01' crustalmclt

ing and assimilation is very probable , it would 

more likely depres~ these extreme geochemieal 

charaeteristies. Therefore, a subcontinental 

lithospherie mantle (EM) origin is favoured 1'01' 
the basic magmas . The Puruvesi granite 

( 1797± 19 Ma) has c"d -6.9 and indicates a 
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strong Archean component (Huhma 1986) , but to this same event by crustal melting. 
according to its age relation it could be related 

Bothni an Schist Belt (BSB) 

Age data are available from the Rautio 
batholith ( 1883± I 0 Ma, Huhma 1986), Veteli 
granodiorite ( 1913 Ma Lonka pers. comm. , ref. 
in Ekdahl 1993) and Kalliokangas tonalite 
(1923±10 Ma, Vaarma 1990) intruding the 
BSB . The Ylivieska gabbro ( 1883 Ma, Patchett 

and Ko uvo 1986) and Rauha la base metal de
posit are a lso inc luded in the BSB. The galena 

lead isotopi c composition of the Rauhala de
posit conforms to the CFGC g roup and the s im
ilarity of lead iso topic data between the de pos it 
a nd adjacent quartz diorite (about 1880 Ma) 
indicates a com mo n source (Vaasjoki 1989). In 
the southern part of the BSB there are age de

termination s from plag ioclase porphyrite 
( 1886±3 Ma, Mäkitie and Lahti 1991 ), tonalite 
( 1882±9 Ma , ibid ) a nd quartz mo nzonite 

( 187 1± 1 Ma, Mäkitie 1990). 
The Rautio batholith was probably intruded 

a t a comparatively late orogenic stage and the 
associated diorites were interpreted as conti
nental margi n-type hig h-K andes ites , and gran
odiorites as crustal melts (N urmi 1983). T he 

very positive ENd +3.0 and +3.2 for granod ior
ites (Huhma 1986) indicate very short crustal 
res ide nce ti mes and very rapid developme nt of 
mature is land arc/continental maI'g in type c ru st 

from depleted mantle. The Ylivieska gabbro is 
also characterized by a positive ENd of + 2.6 
(Pa tch ett a nd Kouvo 1986). The Kopsa tonalite 

c lear ly truncates surro unding sch ists (Nurmi e t 
a l. 1984) and has probably a cogenetic origin 
with tho leiitic to calc-alkaline island arc ba

sa lts , e ither due to differentiation or me lting. In 
and near the Evijärvi area are the Tienpää to
nalite , belonging to the CFGC, a nd the Veteli 
g ranodiorite and Evijärvi tona lite , wh ich in
trude the BS B (see Fig. I ). The Tienpää tonalite 
has geochemical features indicating a close 
genetic lin k with calc-a lka line rocks. The Vet-

eli granodiorite intruded during D
2 

(Heikkilä 
granodiorite in Vaarma 1990) and has bee n 
considered to represent small degree melting of 
evolved is land arc rock s with a gabbroic resi
due . The Kalliokangas and Aukeanneva tonal
ite stocks intruded during D

3 
( ibid .) and a 

meltin g origin involving calc-a lka line is land 
arc rocks with a pl ag iocl ase- bearin g amphibo

lite res idue is pro posed . The Ta-Th re lation 

indicates a source e nriched in a within-plate 
component. The older age of the Kalliokangas 
tona lite is problematic because it was interpret
ed by Vaarma ( 1990) to have intruded later than 

the Veteli granodiorite (see above). The age is 
probably nevertheless a maximum age consid
ering the heteroge nou s nature of zircon popu
latio n (Vaasjoki 1994, pers. comm.). These 
features point out to an age of less than 1.91 

Ga. The positive ENd value of +3.9 with a T DM 

of 191 3 Ma for the Vete li granodiorite (Lahtin 
en and Huhma in prep. ) indicate very rapid 
growth from DM source to evo lved rocks. The 

s ma ll analytical e rror indicates a concordant 
age but the poss ibility of small component of 

inh e rited zircons exist and hence a s lightly 
younger age is also poss ible . 

The mafic volcanic s in the Evijärvi area 

occur as inte rca la tions wi thin turbiditi c meta
greywackes-peliles and have been divided to 
different associations with WPB-E-MORB, N
MORB - Iow-K IAT a nd transitional IAT to 

CAB geochemi cal features (Vaa rm a 1990). The 

slightly depleted LREE nature and high E Nd va l
ues (+2.9 - +4.5) of two basalt samp Ies suppo rt 
adepleted mantle origin (Huhm a 1986) and is 
in accordance with the interpretation by Vaar
ma ( 1990). This could ind icate a sl ig htly differ
ent source for Kalliokangas and Aukeanneva 
(partly WPB ) and Veteli (more ca lc-alkaline in 
nature). The main c urre ntly known characteris-
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tics of the BSB are the occurrence of volcanics 
with both marginal basin (back-are ?) affinities 
and island are affinities (Vaarma 1990). He 
proposed a general stratigraphie scheme with 
rocks of island are affinity being the youngest 
volcan ics but there is some field evidence to 
suggest the opposite as weil. Although some 
inconsistencies exist concerning the isotope 

data, an age ;:: 1.91 Ga is proposed for these 
volcanics. The plutons studied so far would 
indicate an increase in maturity and crustal 
thickness when progressing eastwards into the 
CFGC. The Sm-Nd data for the Rautio batho
Jith and Veteli granodiorite support very rapid 
development of mature island arc/continental 
margin type crust from depleted mantle. 

Tampere-Hämeenlinna area 

The geochemistry of sedimentogenic, volca
nogenic and plutonic rocks in the Tampere
Hämeenlinna area have studied by Lahtinen (in 
prep.) and only a brief summary will be given 
here. The well-preserved Tampere Schist Belt 
(TSB) has been actively examined since the 
time of Sederholm (1897) and includes numer
ous subsequent studies (see Kähkönen 1989 
and Nironen 1989a for references). The vol
canics are dominated by calc-alkaline medium
K and high-K intermediate rocks that vary 
from tholeiitic low-K to medium-K rocks to 
shoshonites with an overall similarities to 
mature island are or continental margin rocks 
(Kähkönen 1989). The age of these volcanics 
have been bracketed between 1904-1889 Ma 
(Kähkönen et al. 1989). The Haveri Ti-rich 
basalts may indicate initial island are stage 
(Mäkelä 1980) , or they represent E-MORB or 
marginal basin basalts (Kähkönen 1989) . The 
age and stratigraphical position of the Haveri 
Formation is still open, although the 1.99 Ga 
whole-rock Pb-Pb age implies an older age 
(Vaasjoki and Huhma 1987). The age data for 
the Hämeenkyrö granodiorite (1885±2 Ma, 
Nironen 1989a) , Värmälä granodiorite 
(1878±3 Ma , ibid.) and Varissaari gabbro 
(1885±5, Patchett and Kouvo 1986) show 
slightly younger and geologically reasonable 
ages for intrusives in the TSB. The Nokia 
batholith contains a heterogeneous zircon pop
ulation , indicating some inheritance (Nironen 
1989a). The age of plutonic elasts in the met
aconglomerates, high in the stratigraphy , are 

1890-1884 Ma (Nironen 1989a) , while an 
Archean granitoid cobble has been dated from 
the Ahvenlammi conglomerate (Kähkönen and 
Huhma 1993), low in the stratigraphy. This 
confirms the existence of Archean provenance, 
at least within the lowermost TSB sediments , as 
found in the detrital zircons (H uhma et al. 1991 
and Claesson et al. 1993). 

The geochemistry of the Hämeenkyrö, 
Värmälä , Pukala and Majajärvi plutons is char
acteristic of granites formed in mature island 
arc/continental margin environments. The ENd 

values of Hämeenkyrö granodiorite (+ 0 . 1, 
Patchett and Kouvo 1986) , Varissaari gabbro 
(+ 1.3, ibid.) and dacite at Ylöjärvi (- 0.7, 
Huhma 1987) could either indicate a substan
tial subducted Archean sediment component or 
the existence of older crust and/or EM. The 
available Nd-Sm data (ENd -I - 0, Huhma 1987) 
and detrital zircon data (Huhma et al. 1991, 
Claesson et al. 1993) from the TSB indicate a 
minor Archean and predominantly Proterozoic 
(1907 -2039 Ma) source for sediments. This 
would therefore require unrealistic amounts of 
sediment subductionin a two component model 
involving depleted mantle combined with a 
subduction component at 1.9 Ga. The preferred 
model therefore involves the presence of 2.0-
2. I aged crust and a combination of three com
ponents (mantle , subduction component and 
pre-existing crust of 2.0-2.1 Ga age) in differ
ent ratios in different rocks of the TSB. The 
geochemistry of volcanics indicates that the 
mantle component was not pure DM type and 



a more or less EM-type mantle under the TSB 
is proposed instead (Lahtinen in prep.). The 
Hämeenkyrö pluton intruded before the end of 
D

1 
while the Värmälä pluton was syntectonic 

with respect to D
1 

and both acted as rigid bod
ies during the late stage of D

1 
deformation 

(Nironen 1989a). The beginning of the colli
sional event can thus be constrained to between 
1885-1890 Ma. 

There are no age data for the two small gran
itoid intrusions in Luhanka area, which repre
sents the probable eastward continuation of the 
TSB. An age of 1892±3 Ma (KalI io 1986) has 
been obtained from feldspar porphyritic gran
odiorite south of these intrusions. The Sydän
maa intrusion includes quartz diorite of high-K 
calc-alkaline aspect , granodiorite of crustal 
origin and mafic rocks of WPB origin associ
ated with a subduction or assimilation compo
nent. The Hernemäki monzogranite probably 
originated probably at a higher crustal level and 
also has an evolved crustal origin (p. 77). 

The Mica gneiss-migmatite Belt (MB) be
tween the TSB and HSB is characterized by 
abundant metasedimentary rocks that in the 
northern part are comparable with sediments in 
the TSB (Lahtinen in prep.). Volcanics are nor
mally lacking in the northern part, but MORB-
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affini ty volcanics are found from the southern 
part. These and the spatially associated mafic/ 
ultramafic plutonic bodies probably mark a 
suture in the southern MB. Granitoid composi
tions record sediment assimilation and can be 
divided into high-K calc-alkaline types and to 
those having a within-plate component. Alka
line affinity WPB dykes are the youngest rocks 
in the MB (ibid.). 

The Hämeenlinna Schist Belt (HSB) is char
acterized by island arc type volcanics followed 
by mafic volcanics with gradually increasing 
within-plate affinity (Lahtinen in prep., see 
also Hakkarainen 1990). The grani toids nor
mally show calc-alkaline I-type characteristics 
with greater abundance of medium-K variants 
near the main Häme volcanic belt. The Aulanko 
granodiorite (l886±14 Ma, Patchett and Kouvo 
1986) in the HSB has been assigned an origin 
by melting of calc-alkaline basaltic to basaltic 
andesitic island are rocks (p. 72). The E Nd value 
of +1.9 (Patchett and Kouvo 1986) as weil as 
geochemistry indicates rather rapid recycling 
of juvenile material and different evolution his
tory and less mature crust under the HSB com
pared to the TSB. This is also seen in geochem
ical differences between island are-type vol
canics in the HSB and TSB (Lahtinen in prep.). 

Central Finland Granitoid Complex (CFGC) 

The CFGC is a poorly defined area of mainly 
plutonic rocks separated by minor schist belts. 
The plutons range compositionally from gabbro 
to the more voluminous granites (Front and 
Nurmi 1987). Mingling of mafic and felsic 
magmas is common and indicates that magma 
mixing was probably locally important (Lahtin
en in prep.). The geochemistry of evolved gran
itoids (> 60 % Si0

2
) in the CFGC reveals higher 

FeO/MgO and Kp/NazO ratios than the gran
itoids in schist belts , but otherwise they have 
typical I-type characteristics (Front and Nurmi 
1987). The same features were evident in gran
itoids to the Wand N of Rautalampi and from 

Mäntylä hypersthene granitoid complex (in
cluded in the study of Front and Nurmi 1987). 
The hypersthene granodiorites of the Mäntylä 
complex (1886±6 Ma, Nironen and Front 1992) 
have been considered to represent melting of 
evolved calc-alkaline rocks (p. 78). The gab
bros (l882±2 Ma, ibid.) and related rocks are 
difficult to interpret, but could have originated 
by mixing of within-plate magma with crustally 
derived rocks/melts. The granites of the Palok
ka plutonic complex indicate an evolved igne
ous source and the associated diorites and 
quartz diorites are of within-plate origin (p. 
77). The Lehesjärvi microcline granite (see 
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below) is the youngest phase (Nurmi et a!. 
1984) . 

The ag es and E Nd data from other granitoids 
in CFGC are as foliows ; Koppelojärvi granite 

(I 879± 14 Ma and -0.4, Patchett and Kouvo 
1986) , Keuruu granodiorite (1883±14 Ma and 
-0.2, Huhm a 1986), Kiukaanni e mi g ra nodiorite 

( 1883± 17 Ma and + 1.2, ibid. ), Hankaves i gran
ite ( 1886±10 Ma and + 0.7, ibid .) and Le hes
vuori g ra nite (l889±15 Ma and -0 .9, ibid ). 

There a re a lso age d a ta from the Mustajärvi 
s upracru s tal formation within the CFGC, 
namely felsic vo lca nics of ages 1907 ± 13 Ma 
a nd rhyolite dated at 1872± 12 M a, with asso
ciated g ranite and plagioc lase porphyrite hav

ing ages of 1893±6 Ma a nd 1883± 15 Ma re
spective ly (Vaasjoki and Lahti 1991 ). The 
ava il able age data do not show a ny clear age 
zo nation for granitoid s, but indi ca tes the ex ist

ence of tw o vo lcanic cyc les (ibid .). The Sm- d 
da ta of g ranito ids is not so homoge no us as age 
data, but do no t show any ev ide nce for Archean 
crust (Huhma 1986). The Sm-Nd data a nd ga
le na Pb iso topic data (Vaasjo ki 198 1) have 
been interpreted as represe ntin g a mixture of 
Archean a nd juvenile components (Huhma 

1986), but as discus sed above, this now seems 

unrea li s tic and the occurrence of ~ 2.0 Ga aged 

crust is proposed in stead (Lahtinen a nd Huhma 

in prep .). Lahtinen (in prep .) have s tudied the 
granitoids occurring to the N of the TSB. Some 

gneis sie granitoids are probably cogenetic with 
the volcanics and an age of about 1.90-1 .89 Ga 
is proposed. The hi g h- K calc-al kai i ne interme
diate granitoids are a bout 1885 Ma in age. The 
high-K g ranites show so me tholeiitic features 
and have an interpreted age of about 1880 Ma. 

An interestin g feature is the abunda nt occur
ren ce of ve ry hi gh- K gra nitoids of tholeiitic 

affinity forming a continuous belt north of the 
TSB, and coinciding with a pro min e nt regional 
magnetic anomaly (Lahtinen and Ko rhonen in 
prep .). Their origin is a ttributed to melting of 

WPB affinity rocks in the base of the crust. The 
Koppeloj ä rvi granite belongs to thi s group but 

also shows effec ts of crustal contamination. 
The U-Pb zircon age of 1879±14 Ma (patchett 

and Kou vo 1986) has hi g h analytical error and 
could indicate sma ll a mount of inherited zir

con. Thi s feature and th e di stinct post-tectonic 
na ture , includin g a contact a ureol e (Sjöblom 
1990) indicate a 1875- 1870 Ma age for th ese 
within-plate affinity granitoids a nd a re consist
ent with the presence of subcontine ntal lithos

ph eric ma ntl e beneath continental crust in the 
CFGC. 

Other areas 

The Käkö ves i batholite indicates a mature 
are e nviron me nt with a genetic link to calc
alkaline/shoshonitic rock s, but the lack of age 

data for e mpl ace me nt, deformation and meta
mo rphi s m inhibit s further inte rpreta tion and 
corre lation. The same holds for Äitsaari tonal
ite wit h a proposed island are source and for the 
Salosaari to na lite, which had a sti ll more 
evo lved source. The Mäntsälä pluton is inter
preted to contain two different melts which 
have a lso mixed with each o th er , including a 
granodiorite melt with a crusta l source and 
trondhjemite with a rat her primitive is land are 

sou rce. Age and isotopic data are needed to 

verify these interpre tations a nd th ei r genetic 
s ig nifi cance. The so uthe rnmost vo lca ni c be lt s 

(KMB in Fig. I) a nd pluton s are considered 

only briefly here. The age data (see Suominen 
199 1 for mo re age data ) and E :-.Id data from th e 
Orijärvi granod iorite ( 189 1± 13 Ma and -0.7, 
Huhma 1986) , Mörskar granite ( 1881±9 Ma 
and +0.2 , Patchett and Kouvo 1986) , Skäldo 
gabbro ( 1885±7 Ma and +0.1. ibid.) and Svart
grund pluton (1891± 11 Ma and +0.4) indicate 
the ex istence of o lder crust in these areas and 

the low E Nd va lues of mafic rocks indicate eithe r 
strong crustal contam in ation or the presence of 

heterogenous mantle. T he ga lena lead isotopic 



compos itions from this belt (Vaasjoki 1981 ) 
can also be interpreted as representing crustal 
lead evo luti on. North of this belt is the Kalanti 

district, wh ich is characteri zed by E Nd values of 
+3 . 1 - +3.2 in diorites/gabbros (norma lly 

1872- 1892 Ma) and lower E Nd values of +1.7 -
+2.4 in trondhjemites ( 1892 Ma) with inherited 
zircon s (Patchett and Kou vo 1986). Thi s would 
indica te different crust compared to that to the 
south and thi s area could be probably correlat
ed with the HSB . The H yv inkää gabbro 

( 1880±5 Ma) also has an intermediate E Nd va lue 
of +2.6 (ibid.). 

The Forssa group volcanics to the south of 

the HSB are intermediate to felsic in composi
tion with calc-alkaline is land arc-affiniti es. 
Similar rocks have a lso been fo und from the 
HSB where they underli e th o le iitic Häme gro up 
vo lca nics (Hakkarainen 1990). The subaqu atic 

maficlinterm ediate to felsic volcanics in the 
Enklinge re gion also have an orogenic origin 
and are und erl a in by marbl es, greywackes and 

vo lcan iclastic sediments (Ehl e rs and Lindroos 
1990). The mafic vo lcan ics in the Nagu-Korpo 
area interl ayered with metased imental'y g neiss-
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es and show clear WPB-affinity , interpreted as 
indicating an initial rifting stage (Eh lers et al. 
1986). The Orijärvi area is characterized by 
bimodal volcanics but andesites are a lso locally 
present at Kisko (Hakkarainen and Väisänen 

1993) . In the Orijärvi domain volcanics are 

succeeded by lime sto nes, iron formations , 
pe lites and volcanic conglomerates. The mafic 
volcanics have an LlLE-enriched MORB s igna

ture consistent with an initial riftin g stage 
(ibid.). The Aijala-Orij ä rvi area also hosted the 
now exhausted Cu-Zn-Pb deposits (Latvalahti 
1979). These volcanic rift basin s with shallow

water type lithol og ies have been reactivated 

repeatedly as zone of inherent weakness and 
were a lso the locus for later 1.84-1.8 3 Ga gran
ite intrus ion (mainl y sheets) along subhori zo n
ta l du c tile shears during transpressional defor
mation (Ehl ers e t al. 1993). The occurrence of 

low-Ti metabasa lt s (a lso pillow-I avas) a nd 
me ta-a ndesites in th e Pellin ge area (La ital a 

1984) with ENd values from +0.9 to +2.4 at 1887 
± 14 Ma (Patchett and Kou vo 1986) i ndicates 
the occurrence of e i ther is land arc 0 1' low-Ti 

co ntin e ntal WPB type magmatism at this time. 

DISCUSSION AND SYNTHESIS: A PLATE TECTONIC MODEL 

The Svecofennian has been thought to re
semble convergent plate margins and different 

plate tectonic models (see Gmll and Gorbat
schev 1987 , Gaal 1990, Park 1985,1991 , Ek
dahl 1993 for references) have been app li ed , 
comme ncin g with pioneering work of Hi etanen 
( 1975). The sequentia l accret ion of two (Gaa l 
and Gorbatschev 1987) 01' more island arcs 

(Park et al. 1984, Park 1985) to the N 01' NE 
has been postulated, althoug h the timing of the 
latter model is not supported by age data from 
volca nic rocks (Vaasjoki and Sakko 1988) . 
Gaal (1990) revised the model of Gaa l and 
Gorbatschev (1987), based on the work by 
Ward (1987), to account for an earl ier subduc
tion stage to the west. A terrane co ll age model 

has been also app li ed (Pa rk 199 1). Ekdahl 

( 1993) revised the model of Gaal (1986) and 
proposed prolonged subduction with three suc
cessive even ts in aN-NE direction towards the 
cont inental margi n w ith back arc spread ing. A 
ve ry important conseq uence of the proposed 
multiple episodes is that magmatic , structura l 
and metamorphic overprinting at 1.89- 1.88 Ga 

destroyed older features and thus compli cates 

the correlation of older events. 
The Fennoscandian Shie ld has been divided 

into Archean and Svecofennian domains where 
the latter represe nt s Paleoproterozo ic crustal 
growth during the Svecofennian orogeny (Gaal 
and Gorbatschev 1987), formerly named as 

Svecokarelidi c orogeny (S imonen 1980b). The 
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Karelian formations deposited or situated on 
the Archean Karelian Province have been tra
ditionally divided into Sariolian, Jatulian and 
Kalevian units , with their formal lithostrati
graphie significance still being a matter of 
debate (e.g. Väyrynen 1939, Simonen 1980b 
and Laajoki 1986). Because no consensus about 
the definitions of these units has been reached , 
they are used here in a broad context. Karhu 
(1993) used the carbon isotopes to classi fy the 
Karelian formations into four distinct stages. 
Stage I includes sedimentary carbonates which 
were deposited before the I3C enrichment event 
(2.4-2.6 Ga) whereas stage II is poorly con
strained. Stage III is weil characterized by I3C 
enrichment in sedimentary carbonates depos
ited on the Archean craton at about 2.2 to 2.1 
Ga and correlates with Jatulian . Stage IV car
bon isotopes show a drop in the I3C values of 
sedimentary carbonates during the time inter
val 2.11-2.06 Ga. This drop sta rts from the 
uppermost Jatulian dolomite formations and 
continues throughout the lowermost Ludian 
formations. According to Karhu the boundary 
between Jatulian and Ludian , adopted from 
Sokolov (1980), coincides with an abrupt facies 
change from quartzite-dolomite (upper Jatu
lian) to graphitic shales and impure carbonates 
seen for example in the Kiihtelysvaara area 
(Pekkarinen 1979). 

The mass ive Kalevian graywackes e.g. in 
Höytiäinen Province of southeaste rn Finland 
form autochthonous units (Ward 1988b) and 

occur above or are coeval with the Ludian 
group. On the contrary, Gaal (1990) considers 
these greywackes to represent young fore-basi n 
fillings postdating 1.97 Ga ophiolites and older 
turbidites (upper Kalevian see below) . These 
autochthonous graywackes in Höytiäinen Prov
ince are named as lower Kalevian to differen
tiate them of the allochtonous thrust sheets and 
nappe complexes of the Savo Province 
(Koistinen 1981 and Ward 1987, 1988b) which 
are considered as upper Kalevian (Kontinen 
and Sorjonen-Ward 1991). These monotonous 
upper Kalevian mi ca schists occur above the 
Outokumpu Assemblage (Koistinen 1981), 
whose age is constrained by the Horsmanaho 
gabbro dated by U-Pb zircon at 1972±12 Ma 
(Huhma 1986). A similar stratigraphic se
quence is found in the Kainuu Schist Belt, in 
which the Jormua Ophiolite Complex has U-Pb 
zircon ages from metagabbro and metatrond
hjemite of 1960±12 Ma and 1954± 11 Ma re
spectively (Kontinen 1987) . There is a problem 
with the boundary between Svecofennian su
pracrustals and Kalevian sediments in that GaaI 
and Gorbatschev (1987) consider Kalevian 
rocks as constituents of the Svecofennian orog
eny. On the other hand Ekdahl (1993) proposes 
correlation of his Savijärvi Suite with the upper 
Jatulian. The Svecofennian has been divided to 
lower, middle and upper Svecofennian (Sirno
nen 1980b) and this is in a broad sense accepted 
here , although the main focus is on regiona l 
variations rather than correlations. 

2.5-2.1 Ga stage 

This s tage is only briefly discussed here (see 
e.g. Gaal and Gorbatschev 1987) and represents 
continental s tage (supercontinent ?), without 
any clear evidence for wide spread felsic mag
matism as is indirectly see n in the detrital zir
con data (Huhma et al. 1991, Claesson et al. 
1993, and Sorjonen-Ward et al. 1994). Layered 
mafic intrusions of about 2.5 Ga from the Kola 

Peninsula (Bayanova 1993) and of about 2.44 

Ga from Kemi-Koillismaa Belt in northeastern 
Finland (A lapi eti 1982) record the most volu
minous magmatism in the early Paleoprotero
zoic time. The g reenstone belts of northern 
Finland are probably early Paleoproterozo ic 
but a late Archean age has also been proposed 
(see e.g. discussion in Gaal 1990). Mafic s ill s 
and dykes, also known karjalites because of 

their distinctive mineralogy and chemistry 

3 



(Väyrynen 1938, Vuol1o 1994), are dated at 2.2 
Ga and are widespread throughout the eastern 
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and northern parts of the Fennoscandian Shield. 

2.1-2.06 Ga stage 

This stage is interpreted to represent the 
main rifting of continent (Fig . 29). The 2.1 Ga 
stage is exemplified by the widespread OCCUf

rence of tholeiitic dyke swarm s over the whole 
Archean part of Fennoscandian Shield area 
(Vuollo 1994). This stage is also exemp lified 
by intracratonic Höytiäinen Province compri s
ing sporadic tholeiitic volcanism associated 
with chemogenic and pelitic deposition fol
lowed by coarse clastics (Ward 1987). The 
tholeiitic volcanism has been divided to older 
and younger metabasites (Pekkarinen and 
Lukkarinen 1991). The older metabasi tes in the 
Kiihtelysvaara-Tohmajärvi district have a U
Pb zircon age of 2100-2120 Ma (ibid., Huhma 
1986) and the younger metabasites can possibly 
be correlated with 2062 Ma vo lcani sm at Kuo
pio and Siilinjärvi (Pekkarinen and Lukkarinen 
1991). The older metabasites at Kiihtelysvaara 
have continental WPB-affinity associated with 
crustal contamination (ibid.) but the contempo
raneous Tohmajärvi complex show less evi
dence for crustal contamination (Nykänen 
1992), possibly indicating the occurrence of 
rifting centre in small basin underlain by ex
tended crust in this area. The Oravaara basalt, 
dated at 2.10 Ga by the zircon U-Pb method 
(Huhma 1986) from Tohmajärvi has a LREE 
depleted character with E Nd +2.6 (Huhma 
1986), indicating depleted mantle origin and 
thus differs from the Kiihtelyvaara basalts, 
which have an LREE enriched nature (Pekka
rinen and Lukkarinen 1991). 

The Northern Ostrobothnia Schist Belt 
shows so me lithological similarities with the 
Höytiäinen Province but the lack of age data 
from the associated volcanics precludes relia
ble correlation at present. On the other hand the 
age of felsic volcanic elast (2093±35 Ma) from 
the Koiteli Conglomerate Formation strati-

graphically associated with Kiiminki Volcanic 
Formation indicate an age ::; 2.1 Ga for this 
vo lcanic unit and overlaying greywackes 
(Honkamo 1988, 1989), while simultaneously 
indicating the occurrence of felsic magmatism 
at 2.1 Ga. Honkamo (1989) proposed an 
evolved oceanic basalt origin for the Vepsä 
volcanics but a WPB-origin affected by a smal l 
amount of contamination is also possible (see 
Fig. 11 in Honkamo 1989). The high analytical 
detection limit for Rb, Ba, Th and Ta hampers 
the interpretation but an overall MORB-like 
affinity was proposed for the volcanics occur
ring above the Vepsä Formation (ib id .). AI
though there are problems with the ana lytical 
data, the sporadic high K and possibly also Rb 
and Ba values in these volcanics do not favo ur 
a MORB origin in purely oceanic environment, 
and is instead consistent with crustal contam
ination or the presence of subduction compo
nent. This possibility was also considered by 
Honkamo (1989). The model of a basin devel
oping in a cratonic or epicratonic rift environ
ment with deposition of a thick sequence of 
greywackes and conglomerates, at least partly 
on Archean basement, was favoured by Honka
mo (1989). 

The felsic volcanics from the Koi vusaari 
Formation in Siilinjärvi have aU-Pb zircon age 
of 2062±2 Ma (reference to Lukkarinen in prep. 
in Pekkarinen and Lukkarinen 1991). The Koi
vusaari Formation can be correlated with the 
mafic volcanic Vaivanen Formation at Kuopio 
(Lukkarinen 1990) which is underlain by arko
sites with conglomerates, quartzites , dolomites 
with skarn and black schist interbeds and over
lain by turbiditic greywackes (ibid. and Aumo 
1983). The mafic volcanics show normally 
MORB or WPB affinity but one alkalic member 
with high levels of LREE (alkaline WPB ?) 
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occurs In the Koivusaari Formation (Lukkari

nen J 990). The bimodaJ nature of volcanism 
favours a melting origin for the felsic volcan
ics, possibly from Archean basement, rather 
than fractionation. Lukkarinen (1990) proposed 
that the volcanic rocks in Kuopio and Siilin

järvi area erupted in subaqueous cratonic rift or 
rifted continental margin environment. Layered 
mafic intrusions in the Otanmäki area are dated 

at 2060 Ma (Talvitie and Paarma 1980) and also 
belong to this stage. 

In this model (Fig. 29) the cratonic environ
ment changed to continental margin environ
ment at about 2.10-2.06 Ga ago. Voluminous 
mafic magmatism at 2.1 Ga affected large areas 

of the Archean craton as exemplified by the 
abundant occurrence of Fe-tholeiitic dykes 
(Vuollo 1994). Coeval and cogenetic conti nen
tal floodbasalts have probably been also abun
dant although they are now uncommon at 
present erosion level. Minor felsic magmatism 
occurred also at this stage . SeveraJ rift basins 

(Ward 1987) formed at the same stage along the 

evolving continental margin. The upwelling of 
more depleted-like mantle produced MORB af
finity volcanism in marginal basins either on 
extensively thinned continental crust or in 
small ocean basins. One of these basins devel
oped into a wider ocean and marks the conti

nental break-up line. Extension along the con
tinental margin continued until at least 2.06 Ga 

with both mafic and felsic magmatism. The 
mafic magmatism was partly alkali ne in nature. 
The lower Kalevian greywackes , at least partly, 
belong to this stage as proposed by Ward 
(1987) for the Höytiäinen province. The 
Höytiäinen province and similar lower Kalevi

an basins seem to have a depositional history 

dating back to > 2.1 Ga with sedimentation 
possibly continuing until 1.91-1.89 Ga and thus 
geochemical data on metasediments and espe
cially ion microprobe single zircon age deter
mi nations are needed to resolve questions of 
timing, provenance and correlation . 

2.06-1.98 Ga stage 

This stage is the most hypothetical one in the 
present model since there are no dated igneous 
rocks from the Svecofennian or Karelian do

mains in Finland belonging to this age group. 
Detrital zircon ages from Finnish Svecofennian 
and upper Kalevian metasediments show that 
voluminous plutonic magmatism took place in 
this time interval either somewhere within the 

Fennoscandian Shield or within the provenance 
area supplying these sediments (Claesson et aJ. 
1993). The results of this study and Lahtinen 
and Huhma (in prep .) are used to advocate the 
widespread occurrence of primitive and mature 
crust of 2.1-1.95 Ga underlain by both DM and 
EM respectively in different parts of the Sve
cofennian throughout the main 1.93-1.88 Ga 
magmatic events. The tectonic , magmatic and 
accretionary history of the 2.06-1 .98 Ga stage 
is unknown and can have had many stages of 

subduction , collisions and rifting probably spa-

tially unrelated to their present position near to 
the Archean craton. According to Ward (1988b) 
the Höytiäinen province was not deformed 
compressively before the initiation of Savo 
province (upper Kalevian) deposition. This 
would exclude the possibility of collision tec
tonics during this time period and indicates that 

the Archean craton margi n records passi ve 

maI'gin sedimentation during this period with
out any evidence as yet for magmatic Of colli
sional activity. 

As noted before igneous rocks belonging to 
this age group have not been found from the 
Svecofennian although the occurrence of base
ment about 2.1-2.0 Ga age in many areas seem 
to be inevitable, based on the geochemical and 
isotopical data (this study, Lahtinen and Huh
ma in prep.). On the other hand, Ekdahl (1993) 
correlates the Salo Metavolcanite , Salonsaari 
Suite and Savijärvi Suite in the Pielavesi area 



with upper latulian, sensu Ekdahl, (2080-1970 
Ma) deposits of the Karelian domain, based on 
similarities between stratigraphic sequences. 
The "marine latulian association", especially 
the U-P horizon, is considered by Ekdahl 
(1993) as the key horizon and he correlates the 
U-P horizons in the Savijärvi Suite and the 
Lampinsaari U-P horizon with latulian U-P 
horizons, such as U-P enriched layers in the 
Petonen Formation that were deposited prior to 
the extrusion of the Vaivanen Formation vol
canics (possibly 2.06 Ga, Lukkarinen 1990). 
Ekdahl (1993) considers the U-P horizons in 
both Svecofennian and Karelian domains to 
represent a widespread shelf association in dif
ferent basins , thus constituting a useful strati
graphic marker horizon. Marine phosphate as
semblages characterized by volcanic sediments 
and bedded sulphides are also found associated 
with active tectonism near plate boundaries 
(Riggs 1986). Äikäs (1989) summarized the oc
currences of phosphorites and phosphatic rocks 
in Finland and indicated the occurrence of dif
ferent types and ages of deposition, thus mili
tating against time-stratigraphic correlations 
between deposits. The close association of 
many U-P horizons in Svecofennian domain 
with massive sulphide deposits is also notewor
thy (e.g. Ekdahl 1993). This is seen in Vihanti 
area where Lampinsaari phosphatic rocks are 
found to interfinger with and overlap with 
massive sulphide deposition (Rauhamäki et al. 
1980). These phosphatic rocks have been con-
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sidered as metamorphic derivatives of phos
phatic felsic tuffs (Rehtijärvi et al. 1979). The 
carbon isotopes from sedimentary carbonates 
in the Savijärvi Suite also show different values 
when compared with latulian and Ludian sed
imentary carbonates indicating different age 
and origin, providing that the secular change in 
carbon isotope compositions proposed by 
Karhu (1993) are valid. These data, combi ned 
with the 1.92-1.93 Ga age data for the Vihanti
Pyhäsalmi type massive sulphide deposits 
could therefore imply a similar age for U-P 
horizons associated with these deposits. 

The Salonsaari Suite , including the Salo 
Metavolcanite is thus interpreted here as older 
than 1.92- 1.93 Ga, although its exact age re
mains unknown. The occurrence of mica gneiss 
with conventional U-Pb zircon age 2234±69 
Ma lower in the proposed stratigraphy (Ekdahl 
1993) indicates that sediments probably had a 
mixed Archean and Paleoproterozoic source. 
There is therefore need for ion microprobe 
analyses from single zircons to reveal the max
imum age of deposition but a tentative age of 
about 1.98-1.93 Ga is proposed. The evolution 
of rocks in Svecofennian and Karelian domains 
are considered to have had separate histories 
during this 2.06-1.98 Ga stage, with the Kare
lian domain recording passive margin evolu
tion and the basement of S vecofennian rocks 
forming concurrently in a possibly exotic posi

tion. 

1.98-1.93 Ga stage 

This stage is exemplified by the 10rmua 
ophiolite (1960±12 Ma, Kontinen 1987) , Outo
kumpu ophiolite (Koistinen 1981 , Vuollo 
1994) with an age of 1972±18 Ma (Huhma 
1986) and the 1965± I 0 Ma tholei i tic dykes 
described by Vuollo et al. 1992. An age com
parable with the T2 dykes , of 1967±24 Ma , has 
also been obtained from albite diabase in the 
Nilsiä area (Paavola 1984). The T2 dykes occur 

within and near to the edge of the extended part 
of the Archean craton , intruding with Paleopro
terozoic quartzites in Koli area. The 10rmua 
ophiolite complex mafic rocks indicate a 
MORB origin in an incipient ocean, possibly at 
a passive margin 01' in an intracontinental rift 
environment (Kontinen 1987). The Outokumpu 
ophiolite hosts massive sulphide deposits and 
has geochemical affinities with supra-subduc-
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tion zone (SSZ) ophiolites (Vuollo 1994, see 

also Park 1984, 1988). The presence of alkaline 

rocks of shoshonite and shonkinite affinity in 

the Outokumpu assemblage also suggest an 

intra-oceanic island arc origin for this assem
blage (Park 1992). The T2 dykes have been 

interpreted as having similarities with island 

arc tholeiites and inferred connection with sub

duction (Vuollo et al. 1992). The geochemical 

data given by Vuollo et al. (1992) for T2 dykes 

show similar patterns 10 the 2.1 Ga TI dykes on 
MORB-normalized diagrams (Pearce 1982) 

(data not shown), although at lower level , in

dicating a difference in degree of partial melt

ing, as concluded by Vuollo et al. (1992). The 

si m i lari ties wi th the TI dyke patterns , high 

level of Rb and inclined trend from Ba to Yb , 

together with the lack of a negative Nb anomaly 

is nevertheless more consistent with a WPB 

origin than subduction related origin. Also , the 

lack of subduction related magmas , especially 

those of more intermediate and silicic compo
sitions also renders a subduction related origin 

less likely and instead a continental WPB ori

gin is proposed for the T2 dykes . 

Many ophiolites show island arc geochemi

cal characteristics and have been interpreted to 

have formed by sea-f1oor spreading above a 

subduction zone (e .g . Pearce et al. 1984b, EI

thon 1991 and Cawood and Suhr 1992). Fore

arc ophiolites are also considered to form the 

basement to so me intraoceanic arcs and these 

are thus by definition older than the initiation 

of subduction (Charvet and Ogawa 1994). 

Pearce et al. (1984b) indeed suggested that 

most SSZ ophiolites form in a pre-arc setting 

during the initial stages of subduction and later 
became basement to fore-arc basins. Cawood 

and Suhr ( 1992) proposed a model for Appala

chian SSZ ophiolites where ophiolite genera
tion occurs close to an irregularly shaped con

tinental margin and is synchronous with arc

continent collision , with emplacement closely 

following its genera tion. On the other hand 

ophiolitic e mplacement can occur before con

tinental eolli s ion as exemplified by the Spon-

tang ophiolites, which were emplaced about c. 

20 Ma before collision (SearIe et al. 1987). 

Ophiolite emplacement is considered to be re

lated to the subduetion of a thin and rifted 

continental margin below relatively thin ocean

ic lithosphere (Dewey et al. 1988, Coward 

1994). The SSZ Coast Range ophiolite was also 

accreted about 18-24 Ma after its generation 

(McLaughlin et al. 1988). Extremely oblique 

subduction can also produce a SSZ type ophi

olite beneath a spreading ridge , as in the 

forearc basin of the Andaman Sea (Hamirtun 

1979). The Mineoka ophiolite has been inter

preted as a forearc ophiolite with initial em

placement occurring during the early phases of 

arc-continent collision (Pickering and Taira 

1994). 

The Outokumpu and Jormua ophiolites cur

rently occur within and beneath upper Kalevian 

turbiditic mica schists and at least the Outo

kumpu assemblage is allochtonous , while hav

ing acted in part as the depositional substrate 
for the mica schists (e.g. Koistinen 1981, Ward 

1988b). The bulk of the allochthonous se

quence is upward facing in Savo province and 

the apparent tectonic translation direction has 

been towards NE and NNE (Ward 1987 , 1988b). 

Although the total amount of tectonic transla

tion is unknown the primary location of the 

ophiolite during generation was evidently some 

considerable distance southwest of its present 

position. If we consider the proposed SSZ na

ture we get at least 100 km displacement from 

the craton edge but this is probably a minimum 

estimate as the attenuated craton margin has 

probably been shortened during collision and 

later events (Kohonen et al. 1991 ) . Detrital 
zircon ages from metagreywackes constrains 

maximum depositional ages to about 1.94 Ga 

and 1.92 Ga (Claesson et al. 1993) for upper 

Kalevian sedimentation above Jormua and Ou

tokumpu ophiolites respectively. If the ophio

lites were indeed the depositional substrate for 

upper Kalevian sediments these data indicate a 

time lag about 20-50 Ma between the genera

tion of ophioliles and the onset of deposition of 



upper Kalevian sediments. Accordingly this is 

the minimum time difference between ophi

olitic generation and collision , and represents a 

somewhat longe r time interval than that pro

posed or documented for typical YOUllger SSZ 

ophiolites. On the other hand if the ophiolites 

were tectonically disrupted slices emp laced 

within upper Kal ev ian rocks the above consid

ered arguments are not necessa rily valid. The 

relation ships between upper Kalevian sedi

ments and the ophiolitic rocks as presentl y un

derstood nevertheless support a primary depo

sitional interpre ta tion. 

Three possible model s for ophiolite genera

tion during thi s s tage a re shown in Figure 29 . 

Models a and bare rather sim il ar, in which the 

Outok umpu ophiolite has been ge ne rated in a 

supra-subduction zo ne e nvironment e ither nea r 

a pre-ex isting is land arc Far from its present 

positi o n, assoc ia ted with the initiatio n of a new 

subduction episode (a), or in st igatin g th e for

mati o n of a n intraocea ni c is land arc near to th e 

Archean c raton (b) . These model s can be fur

the r divided into two a lte rn at ives, depending 

whether the Jormua ophiolite is correlated with 

the Outokumpu ophiolite o r w ith T2 dyke gen

eration . The T2 dykes record th e occurrence of 

rifting and mafic mag mati sm in the Archean 

c raton a t this tim e and th e poss ibility ex ist s that 

rifting has culminated in marginal basin devel

opment (Jormua) w ith formation of a small 

ocean (Ko ntine n 1987) . Although th e age de

terminations show overlapping ages the s li ght

ly o lde r age for the T2 dyke ( 1965 Ma) eom

pared to Jormua (1960 Ma) fits thi s model. The 

Sm-Nd isochron age of I 980±27 Ma or gabbro 

intrusion from the Suisaarian formation in the 

Onega region (Pukh tel et al. 1992) indicate the 

occurrence of coeva l and w idespread magma

tism further east within the craton. The slightly 

older age of Outokumpu ophiolite (1972 Ma) 

compared to Jormua and T2 dykes could indi

cate that its initiation near to the Archean cra

ton (model b) was caused by underined mantle 

process (mantle plume 'n, also manifest by 

further affecting coeval marie magmatism in 
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the eastern part of the Archean cra ton. Other 

possibilities in c lude the occurrence of thin 

oceanic lith osphere near to Arehean craton or 

marg inal bas in associated with th e generation 

of Outokumpu ophio lite . In these a lternatives 

th e Jo rmua ophiolite has been thrust into its to 

present pos ition durin g co llision . 

Alternative c cou ld also be referred to as a 

multi - rift model (Ta ma ki 1988) includin g all 

the 1.96-1.97 Ga mag matism . Thi s mode l has 

s imilari ties w ith previously considered mode ls 

(e .g. Park 1988 , Ekdah l 1993), but the ma in 

difference is the multi - rift nature. The multi

rift type includes complicated spreading sys 

tem s possibly assoc iated with oblique rifting 

(Ta maki 1988, Charvet and O gawa 1994). In 

this model th e Outokumpu ophiolite is a back

arc basin affected by subducti on processes an d 

later by is la nd are volcanism durin g termina

ti o n of subduetion . The Jormu a o phiolite and 

th e T2 dykes a re ins tead related to rifting with 

basin development in th e Archean c rato n. Al

though an e legant so luti o n for ex pl a ining co n

temporaneous mafie magmatism and ophi o lite 

ge nerat ion thi s mode l has so me major problems 

in that th e is land arc s ho uld have bee n aeere ted 

to the e raton margin before th e onset of subd ue

ti on a nd ex tension that produeed the multi-rift 

basins. Aceording to W ard ( 1988 b) th e re is no 

evidence for tectonic deformation in the 

Höytiäinen province prior the deposition and 

deformation of th e up per Kal evian of th e Savo 

province. The maximum depositional age of 

about 1.92 Ga for upper Kal evian sed ime nts in 

the Outokumpu area a lso plaees a maximum 

age eonstra in t upon co lli s ion. If the is land are 

system and the adjacent back-are basin was not 

related with magmatism in the Archean craton, 

then the model becomes simil ar to model b. 

Although model c can not be tota ll y discarded 

models a and bare favoured. 

There are no eomparable age data from the 

Svecofennian domain but the possibi lity exists 

that the Salonsaari Suite in the Pielavesi area 

(Ekdahl 1993) belongs to this stage. The WPB 

-affinity rocks in Savijärv i suite are also tenta-
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tively related to this age group and possibly 
indicate a rifting event. The volcanics of the 
Haveri Formation in the TSB and the volcanics 
in the BSB could also be included within either 
this stage or the 1.93-1.915 Ga stage. The ev
olution of the Svecofennian domain is rather 
undefined during this stage but a back-arc 

spreading initiating about 1.96-1.92 Ga aga is 
proposed. This separated (suture, p. 93) the 
area including the SSB, BSB, CFGC and TSB 
from the area including the HSB, KMB (Fig. I) 
and possibly also areas to the south e.g. crys
talline basement of Estonia (see also Lahtinen 
in prep.). 

1.93 -1.91 Ga stage 

The model for this stage is based on models 
a or b from the preceding 1.98-1.93 Ga stage. 
The Outokumpu ophiolite forms either the fore
arc basement for the island arc (model a) or is 
accreted into the accretionary prism (modd b) 
of the same island arc in the west. An alterna
tive model is the accretion of the Outokumpu 
ophiolite to the leading edge of the craton about 
10-20 Ma before the collision. According to 
Koistinen (1981) the ophiolite assemblage and 
mica schists were affected by tectonic juxtapo
sition during pre-D

J 
possibly indicating that the 

emplacement occurred either during pre-colli
sion time or during initiation of collision. All 
three possible settings for the Jormua ophiolite 
are feasible but a passive margin marginal 
basin setting is preferred. The position of the 
upper Kalevian sediments are somewhat prob
lematic . They were locally deposited directly 
on Archean basement (Gaal et al. 1975 , Ward 
1988b) and have been described as Svecofen
nian post-arc flysch (Park 1985), molasse from 
the Lapland granulite belt (Barbey et al. 1984) , 
pericontinental turbidites including Kalevian 
as whole (Laajoki 1986). Kontinen and Sorjo
nen-Ward (1991) interpreted based on geo
chemical and petrographical data that upper 
Kalevian rocks both in the Kainuu Schist Belt 
and Savo province are similar and show effec
tive mixing of detritus. They accumulated with
in a single large-scale depositional system as
sociated with continental rivers supplying ma
terial to large trailing margin deltas followed 
by downslope sedimentation. The low CIA
vaJues indicate immature sediment origin that 

is atypical for trailing edge sediments but 
Kontinen and Sorjonen-Ward (1991) proposed 
either rapid erosion or short distance to rapidly 
rising orogenic domain to explain this problem. 
They favoured the model of Barbey et al. 
(1984) and considered the upper Kalevian sed
iments to represent foredeep sediments related 
to uplift in Lapland and Kola Peninsula. How
ever, although SHRIMP zircon data from a 
Lapland granulite sampie reveal a similar age 
spectrum to that of Kalevian sediments, it is 
debatable whether the granulites were actually 
uplifted at 1.92 (Sorjonen-Ward et al. 1994). It 
is therefore possible that granulite protoliths 
and Kalevian share the same provenance, but 
less certain that the granulites were the source 
for the Kalevian. 

The upper Kalevian is probably not a single 
entity and possibly includes rocks with differ
ent histories. In this model the onset of volu
minous upper Kalevian sedimentation started 
ei ther about 1.93-1.92 Ga aga due to collision 
in so me remote hypothetical location or at 
about 1.91 Ga aga connected with collision 
from the west. One possibility for the hypothet
ical source area is the Osnitsk-Mikashevichi 
Belt, which has ages between 2.02 and 1.97 Ga 
(Shcherbak 1991) but the source area may not 
exist any more, at least not in its original po
SItion - it may have been totally destroyed, 
modified 01' tectonically transported to a far 
distant location. 

The apparent absence of sedi ments connect
ed with rifting at about 1.96 Ga in the Kainuu 
Schist Belt is problematic. Two possibilities 



exists if a parautochtonous setting is correct. 
Either the marginal-uplift was not associated 
with severe erosion or syn-rift sediments accu
mulated only near basin margins and have ei
ther not been observed or they have been 
thrusted and eroded during later events. The 
upper Kalevian sediments above the Outo
kumpu ophiolite have a maximum depositional 
age of 1.92-1.93 Ga. An intra-oceanic island 
arc origin with accretion at this time , either to 
the accretionary prism of the island arc in the 
west, or alternatively to the leading edge of the 
craton, explains the apparent absence of sedi
mentation during 1.97-1.92 Ga (Fig. 29). The 
same holds for a fore-arc basement origin 
where the base me nt (ophiolite) in the accre
tionary prism or fore-arc region was later trans
ferred to a position where it formed the sub
strate for sedimentation during initial collision 
at about 1.915-1.905 Ga. This could in princi
pie be due to tectonic erosion caused by sub
duction of a seamount according to the Cou
lomb wedge model (von Huene and Lallemand 
1990), accompanied by subsidence. Another 
possibility is the lack of an accretionary prism 
during Mariana-type subduction (Charvet and 
Ogawa 1994) before ocean closure at about 
1.92-1. 91 Ga, followed by a dramatic i ncrease 
in supply of sediment to the trench during de
velopment of the accretionary prism . 

Subduction took place to the west under the 
island arc with transition al crust. The mafic 
island arc basement was a collage of 1.94-2.0 
Ga aged volcanics underlain by DM type man
tle , at least under the SSB rocks (Fig. 29). At 
about 1.93 Ga aga typical island arc basalts and 
andesites were erupted in the SSB , as exempli
fied by mafic inclusions in gneissic tonalites in 
the Rautalampi area, andesites at Kangasjärvi 
and island arc affinity rocks in the Savijärvi 
Suite at Pielavesi. Shallow water conditions 
prevailed during this time with a lack of volu
minous sedimentation during the initiation of 
basin formation. The U-P horizons in the SSB 
belong to this stage and are likely to be spatial
Iy related to the initiation of hydrothermal ac-
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tivity during subsidence. This was followed by 
rapid subsidence about 1.92 Ga aga in an ex
tensional environment associated with bimodal 
magmatism. The felsic volcanics, hypabyssal 
sills and tonalitic sills have a cogenetic origin 
due to the melting of mafic island arc volcan
ics. This bimodal volcanism was accompanied 
by hydrothermal alteration and the formation of 
VMSD. Subsidence was not uniform in space 
and time, producing crustal blocks at different 
elevations. Some phosphatic deposition also 
coincided with sulphide mineralization, as seen 
in the Vihanti area. This scenario resembles the 
environments of formation of deep marine 
(2500 m) Kuroko deposits that are hosted by 
bimodal volcanics underlain by andesites and 
shallow water deposits (~ 500 m) , recording 
rapid subsidence (1-2 Ma) (Tani mura et al. 
1983, Gruber and Merrill 1983). The aborted 
rift model proposed for the Kuroko deposits 
(Cathless et al. 1983) is also considered valid 
for 1.92 Ga VMSD in the SSB. The more Pb
deficient nature compared to the Kuroko depos
its is due to the more immature nature of the 
SSB island arc, as reflected in low K values in 
both mafic and felsic rocks . The rifted and 
confined nature of basins associated with 
VMSD and related rocks are probably the rea
son for the preservation of these blocks during 

later events. 
Magmatic activity also took place in the W, 

affecting the present basement for the CFGC. 
The area was probably underlain by more 
evolved crust derived from 2.0-2.1 Ga aged 
crust with the development of EM type subcon
tinental lithospheric mantle (Lahtinen and 
Huhma in prep .). The evolution of the Tam
pere-Hämeenlinna area has been considered in 
detail by the author in another paper (Lahtinen 
in prep.) and is only briefly discussed here. The 
TSB and the northern part of the Mica gneiss
migmatite Belt (MB) south of it is considered 
to represent an incipient rift basin during this 
time period. The occurrence of blastoclastic 
subarkose associated with diopside gneiss and 
limestone at Kangasala (Matisto 1976) is ten-



106 Geological Survcy of Finland. Bulletin 378 

tati vely correlated wi th this stage. The southern 

terrain includin g the HSB and KMB (F ig . I) 

contain so me quartzi tes, as a t Tiirismaa a nd 

according to Neuvonen (1954) th e lowermost 

units in the HSB contain limes tones and quartz

ites. The metasedime nt s from the lowermost 

part of the HSB show geochemical evidence for 

strong weathering and a lon g recyc lin g hi story 

(Lahtinen In prep .) . Although no age data are 

available, at leas t the lowermost sedime nts in 

the HSB a re considered to belon g to thi s stage. 

It is proposed that at about 1.920- 1.915 Ga 

southward dipping subduction und er th e south

ern terrain commenced, a lthou gh there a re no 

age data to confirm thi s. [t may be that mag mat

ic activity s tarted so mewhat la te r, a t about 

1.91-1.90 Ga, but the occurrence of aU-Pb 

zi rco n age of [918± I 0 Ma from metavo lcanic 

in th e Tapa zone of northern Estonia (PeterseIl 

in prep .) could be included to this stage. 

1.910-1.905 Ga stage 

This stage is characterized by th e collision of 

the western arc with the Archea n craton and 

pa rtl y overlaps with the 1.93- 1.9 1 Ga s tage 

(Fig. 29). The initiation of collision probably 

commenced s li ghtly ear lier and co ntinued until 

1.90- 1.89 Ga, as discussed la te r. Arc-trench 

sys tems are often curved and collision is often 
oblique or inv o lves s trike s lip movemen ts 

(Cowa rd 1994). Obliqu e co lli s io n sta rtin g in th e 

N, associated w ith rotation and la ter co lli sion in 

the S is th e proposed model for th e co lli s ion 

betwee n western a rc and Archean cont ine nt. 
The coll is ion possibly started as thin-skinned 

thrust shee ts with associated co lli s io nal fore

deep sedimen ts. Early co lli sion-re lated sedi

ments can be subd ucted below the overthrus tin g 

pl ate during arc-co ntinent co lli s ion and thus th e 

earliest preserved sediments can postdate the 
onset of collision (Coward 1994). The ear li er 

foredeep sed iments can a lso bc thru sted later 

and form a componen t in late r foredeep sed i
me nta tion due to mi grating large-sca le ramp ing 

of ::>verthrust faults (Mo ln ar and Lyon-Caen 

1988). Flexural ex te nsion of th e upper parts of 

continental c ru st often form deep foredeep ba

sins (Bradle y a nd Kidd 199 1) preserved und e r 

late r thrusts during fore land propaga ti o n. The 

upper Ka lev ian rocks and possibly also some 

metased iments occurrin g in th e SSB are thus 

inte rpreted , a t leas t partly, to rep resent acc re
tion prism sediments thru sted on th e foreland 

and also as foredeep sediments preserved under 

th e propagating major thrusts . The late advance 

of the thrust be lt has driven th e foreland sub

s ide nce in front of it ( ibid .) and thu s the yo ung

est fore deep deposits should occur further to 

the eas t. The amount of crustal shortening is 

unknow n but sho rtenin g factors up to 50-80% 

are possible during mountain belt ge neration 
(Le Pichon e t a l. 1982, Coward 1994). This 

would indi ca te a 400-1000 km wide zo ne from 

the un stretched part of craton to the hinterland 

part of is land a rc during initi a l co lli sio t1. These 

are probably minimum values as late r ' mega 

shear' tectoni cs a lso lead to cru . tal shorten ing . 

During this stage or s li g htl y earlier a hinte r

la nd basin formed in the BSB and TSB infilIed 

with debris eroded f rom the mountain belts. 

The position of the TSB is e ither due to rotation 

and/o r ob lique rifting during thi s time o r ea rlier 

(1.9 I - I .98 Ga). Oblique co nverge nce ca n cause 

initial sp littin g and rifting ob lique to th e a rc 

trend (e.g. Sibuet et a l. 1987, l o li vet e t al 

1989). The age of Have ri Formation vo lcanics 

and th e MORB affinity volcanics in the BSB 

occupy in key positions in derining the exact 

timing. The Haveri Formation vo lcani cs show 

ev idence of an EM type mantle a nd crustal en

vironment (La htinen in prep., Lahtinen a nd 

Huhma in pre p .) and thus differs rrom th e vol

cani cs with MORS affinity in the BSB (Huhma 

1986 and Vaarma 1990). Howeve r, they could 

be co rrelated with vo lca nics w ith WPB affinity 

in th e BSB (Vaarma 1990), indi ca tin g the ini-



tial stage of rifting. Volcanics with MORB 

affinity have also been found in the Vammala 
area (Peltonen submitted) in the MB, and also 
from other areas from the southern part of the 
MB (Lahtinen in prep .). These are not pure 

MORB rocks but nevertheless relate to the in
itiation of ocean basin development in Figure 
29 and at present, probably mark a suture 
(ibid.). The collision started to affect the hin

terland basin in the BSB with adjacent thrust

ing about 1.91 Ga. The collision probably start
ed prior to 1.91 Ga according to the intrusion 
of the Veteli granodiorite (1913 Ma) during 0 2 
(Vaarma 1990) although the possi bi I ity exists 
that a small amount of inherited zircons is 
present in the Veteli granodiorite. An origin for 
the Veteli granodiorite by melting of evolved 

island arc rocks with OM affinity, and associ
ated calc-alkaline intermediate magmatism re
flect the latest phases of island arc magmatism 

at 1.91 Ga. The Saunakangas tonalite (1903± I 0 
Ma, Huhma 1986) in the Pieksämäki area mig
matizes paleosomes associated with 01-02 de
formation (Korsman et al. 1988) and thus indi
cates that collision in the southern part of the 

SSB started prior 1.90 Ga. The position of the 
Viholaniemi metavolcanic with age 1906±4 Ma 
(Vaasjoki and Sakko 1988) remains uncertain -
it could be either correlated with the youngest 

volcanic phase in the SSB island arc or with 
earliest phase of TSB volcanism. 

The hinterland basin in the TSB , possibly 
associated with oblique rifting, was not affect

ed by collision due to this area being an exten
si on al environment. The stratigraphy of the 
main greywacke association above the lower 

volcanics in the TSB is rather weil constrained 
(e.g. Kähkönen and Leveinen in prep.). The age 
of deposition of the main metagreywacke asso-
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ciation in the TSB, from about 1.91 Ga to 1904 

Ma, is also weil constrained by the detrital zir
con data (Huhma et al. 1991, Claesson et al. 
1993) and age data from the overlying occur
ring metavolcanics (Kähkönen et al. 1989). The 
detrital zircons in sampie AI contain Paleopro

terozoic 1.91-2.0 I Ga (70 %) and late Archean 
2.71-2.75 Ga (23 %) population (Huhma et al. 

1991). Sampie A57, which is also from the TSB 
has a very similar Paleoproterozoic 1.92-2.04 

Ga (63 %) population but the Archean zircons 
(37 %) are normally older 2.92-3.44 Ga with 
only one zircon having an age of 2.77 Ga 
(Claesson et al. 1993). These sampies show 
differences in the source area during erosion, as 

also reflected in the change in geochemistry of 
basement related metasediments in the TSB and 
MB (Lahtinen in prep.). The recycled sediment 
nature with quartz depletion (ibid.) and the 
occurrence of Archean detritus in these base
ment related sediments show that the source 

was composed of a mixture of earlier sedimen
tary cover and volcanic and plutonic rocks 
formed during the 2.0-1 .91 Ga evolution of the 
island arc. The occurrence of an Archean cob

ble in the Ahvenlammi conglomerate in the 

lower part of the main metagreywacke associ
ation (Kähkönen and Huhma 1993) indicates 
either proximity to Archean source rocks or 

multiple transportation and reworking. 
Although no age data is available, continuing 

subduetion to the south is postulated, with 
so me island arc affinity volcanies from the 

HSB and KMB (Fig. I) possibly belonging to 

this stage. The same applies to so me rocks of 
the crystalline basement in Estonia which have 
similar Sm-Nd data to those of Svecofennian 
rocks (Puura and Huhma 1993). 

1.905-1.895 Ga stage 

During this main collision stage between the 
western island are and the Archean continent 
the tectonic style changed to thick-skinned de-

formation that also involved Archean rocks. In 
Figure 29 the thickening of are erust is also 
indicated , as crustal scale thrust sheets possibly 
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affeeted lithospherie mantle as weil (see e.g. 
Coward 1994). It is not elear if eoll is ion eon
tinued or eeased due to on set of subduetion in 

the south (see below) but the synteetonie Alpua 
gabbro (1901±12 Ma, Yaasjoki and Sakko 
1988) and the migmatizing Saunakangas tonal

ite in Pieksämäki area ( 1903± I 0 Ma, Huhma 
1986, Korsman et a l. 1988) belong to this 

stage. The diffieulty of eorrelating the Vi
holanniemi metarhyolite was eonsidered above 

but the s imilar and positive ENd values of +3.3 
and +3.4 for Saunakangas tonalite and Vi
holanniemi metarhyol i te i ndieate very short 

erustal residenee time and derivation from 
newly formed island are rocks (Lahtinen and 
Huhma in prep.) . The he terogenous ünkivesi 
granodiorite, eonsidered to be the youngest 

intrusion in the Iisalmi region, has an U-Pb 
zireon age 1908±16 Ma (d ue to heterogene ity 
?) and possi bly reeord the presenee of an older 
Arehean eomponent (Paavola 1988). The age 
of foliated quartz diorite from the boundary 
zo ne of Arehean eraton and the western are a t 
Maaninka is 1902 Ma (ibid) and is tentatively 

eorrelated with the previously eonsidered syn
eollisional intrusions. 

The TSB volcanies, exeluding the Haveri 
Formation voleanies, have ages ranging 1904 
Ma to 1889 Ma, whieh weil eorrelate with the 

inferred s tratigraphie sequenee (Kä hkönen et 
a l. 1989). The TSB voleanies show mature eon
tinental island are (CIA) or aetive eontinental 

margin affinities (Kähkönen 1989, Lahtinen in 
prep. ) and the Sm-Nd data indieate the oeeur
renee of EM type subeontinental lithospherie 

mantle beneath erust about 2.0 Ga in age 
(Lahtinen and Huhma in prep .). The main eol

lision stage in the NE was aeeompanied by 
reversa l of are polarity in the oblique rift basin 
and the onset of subduetion under the TSB at 
about 1905 Ma ago (Lahtinen in prep.). This 
subduetion event was a short-lived one (15-20 
Ma) and ended about 1.89 Ga ago, a diseussed 
below. The volcanism was aeeompanied by 
deposition of sediments having either a direet 
are origin or reeording mixing with o lder sed

iments (ibid.). The Hirsilä Sehi st Be lt just north 
of the TSB is ineluded in this stage . The CFGC 
eontains some small supraerustal formations 
and one rhyolite sampie from the Mustajärvi 
area gi ves an age 1907± 13 Ma (Vaasjoki and 

Lahti 1991 ) whieh is also tentatively eo rrelated 
with the TSB volcanism at thi s stage. Subdue

tion to the south probably eontinued during this 
stage although no eomparable age data from 
volcanies are available. üne gneissose granodi
orite from Aigersö has aU-Pb zireon age 
I 899±8 Ma (Suominen 1991). 

1.895-1.890 Ga stage 

There are no age data from the SSB for thi s 
stage and it is thus unelear whether the SSB 
underwent eompression or not during this time. 
üne possibility is that subduetion roll bac k 
(Dewey 1980) in the TSB area led to termina

tion of the eollision but thi s is highly speeula
tive. The 1895± 15 Ma age from the Lapinlahti 
gabbro in the Arehean Ii sa lmi block (Paavola 

1988) eould indieate the onset of magmatie un 
derplating at 1.89 Ga (see below), wh ic h also 
affeeted the margin of the Arehean eraton. 
Lahtinen ( in prep.) proposes a tentative model 

of ridge subduction under the HSB being re-

sponsible for the ear li est deformation phase in 
some volcanies noted by 10kela ( 1991) . This 
probably eommeneed about 1.895 Ga aga and 
reeords the initial stages of eollision. Subdue
ti on of the oeeanie ridge was assoeiated with 

rifting in the fore-are region produeing the 
main tholeiitie assoeiation (Häme g roup) pre
eeded by hydrothermal aetivity in rift basin 
sediments (Lahtinen in prep., see a lso Hakka
rainen 1990). As the rifting proeeeded mafie 
rocks showing no subduction eomponent and 
having eontinental WPB affinity were formed 

(Lahtinen in prep.) . The upper age limit of the 



main volcanic formation in the HSB is proba
bly constrained by the V-Pb zircon age 
1888±11 Ma (Vaasjoki 1994, pers. comm.) 
obtained from felsic volcanics that according 
to N euvonen (1954) occur above the mai n 
volcanic formation. Marginal basins on the 
active continental margin further south were 
formed showing intermediate MORB-WPB af
finities (Ehlers et al. 1986 and Hakkarainen 
and Väisänen 1993) during this stage or earlier. 
The VMSD and associated bimodal volcanism 
in the Orijärvi area are also included in to this 
stage. The age of the volcanism in the Orijärvi 
area is uncertain but is probably bracke ted by 
the intrusive Orijärvi granodiorite (l891±13 
Ma, Huhma 1986) and by detrital zircon data 
(Claesson et al. 1993) that indicate 1.93 Ga as 
maximum deposition age for the Orijärvi me
tagreywackes. The tholeiitic and komatiitic 
metavolcanics in the Rantasalmi area (Kousa 
1985) occur stratigraphically above iron for
mations and intermediate and felsic volcanics 
(Makkonen and Ekdahl 1988) and are tenta
tively correlated with these marginal basins. 

According to Lahtinen (in prep.) a tensional 

Geological Survey of Finland, Bulletin 378 109 

stage in the TSB at about 1.89 Ga produced the 
Veittijärvi-type conglomerates with plutonic 
elasts having similar age. The sediments of this 
stage reflect a direct are provenance wi th large 
variations in chemical composition, favouring 
the existence of isolated basins with local sed
iment sources (ibid.). The Vpper Volcanic Vnit 
at Ylöjärvi (Kähkönen 1989) , which overlies 
these sediments is correlated with this stage 
and the V-Pb zircon age of 1889 Ma (Kähkönen 
et al. 1989) indicates its approximate age. The 
locking of the subduction slab caused by down
warping, possibly due to onset of collision and 
subduction of an oceanic ridge beneath the 
HSB, is tentatively proposed as the reason for 
the cessation of subduction under the TSB 
about 1.89-1 .88 Ga. This changes the position 
of the TSB and CFGC from overriding plate to 
passive underthrusting plate subducting and 
colliding to the south. This is a one possible 
model for stabilizing the proposed northeast
ward-dipping subduction slab (BABEL Work
ing Group, 1990) into the continental mass and 
maintaining the major conductivity anomalies 
seen in the same areas by Korja et al. (1993). 

1.89-1.88 Ga stage 

This is the main collision stage between the 
TSB and CFGC in the N with the area to the S 
(including HSB and KMB in Fig. I). The col
lision also affected the SSB and adjacent 
Archean craton and its cover. The thick
skinned deformation style related with oblique 
collision associated with rotation changed to 
strike-slip and shear tectonics modifying and 
partly coinciding with previous structures. The 
thrust and fold belts in many mountain belts are 
crossed by such features (see discussion and 
references in Coward 1994) and similar over
printing of the earlier low-angle structures, 
affecting also Archean basement, by shear sys
tems in North Karelia is proposed by Koistinen 
(1981), Ward (1987) , Ward and Kohonen 
(1989) and Kohonen et al. (1991). Due to crus-

tal and lithospheric thickening the Raahe
Ladoga Zone (RLZ) changed from a zone of 
compressi ve deformation to an extensional en
vironment despite the collision in progress to 
the south. This model is similar to that pro
posed by England and Houseman (1989) for the 
Himalayan collision of India and Asia. 

The RLZ represents a major shear system 
initiated at about 1.89 Ga, and which was active 
for a long period of time. Other shear zones 
affecting the Fennoscandian Shield have also 
been described (e.g. Berthelsen and Marker 
1986, Ward et al. 1989, Kohonen et al. 1991 
and Kärki et al. 1993). Ductile shearing 
changed to brittle deformation during uplift as 
seen for example in the brittle Kinturi fault that 
cuts the Kumiseva gabbro, which has a V-Pb 
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zircon age of 1879±5 Ma (Ekdahl 1993). AI
though the RLZ part1y follows the proposed 
suture zone , it cuts across it in many places and 
affects also both the CFGC and the area under
lain by Archean basement. During this stage 
compressional , tensional and strike-slip tecton

ics operated, producing very complex tectonic 

histories differing from place to place. 
In this model the 1.89-1.88 Ga rocks in the 

SSB were produced by an intense underplating 
event subsequent to the accretion of the pre-
1.90 Ga island arc (SSB) and associated conti
nental crust (GFGC) to the Archean craton to 

form tectonically thickened mixed crust. The 
magmatic underp1ating commenced at about 
1.89 Ga and the remnants of this magmatism 
(Iayers of mafic rocks and possibly also dense 
resti tic products of i ntracrustal met ti ng) are 

seen as high velocity zones in the lower part of 
the very thick crust in this area (e.g. Luosto 
1991). The basic magmatism has been mainly 
within-plate type (p. 89) , originating from sub
continental lithospheric mantle (EM type ) and 

records the change from DM originated melts 

to EM originated melts , as a result of collision. 
This WPB magmatism affected the crust, gen
erating mainly tonalitic rocks from island arc 

material (of 2 .0-1.91 Ga age) and granodiorites 
and granites from more evolved crustal rocks 
by melting at the crust-mantle boundary. The 
tonali tes showi ng more pri m i ti ve origi n are 
confined to the SSB and granitoids from more 

mature crust characterize the CFGC. The tonal

ite dikes in the Archean Iisalmi block show a 
mixed age population with younger zircons of 
1924-1880 Ma age (Paavola 1988), possibly 
recording the effects of magmatic underplating 
in the marginal part of the Archean craton. The 
crust has been exceptionally thick beneath 

parts of the SSB according to inferred presence 
of residual garnet (p. 7 I) in source to the Var
paranta stock. Melting also occurred higher in 

the crust, as for example wi th the Kaarti la pi u
ton. Some of the granodiorites and granites 
having within-plate affinities were produced by 

melting of within-plate underplate. The pres-

ence of hypersthene could indicate melting of 

dry rocks or flooding by CO
2 

accompanied by 
within-plate magmatism. This model is very 
similar to the rifting model of Korsman et al. 
(1984) and can also account for the block struc
ture and high-T metamorphism linked , at least 

partly, with the hypersthene granitoids and 
high heat flow due to magmatic underplating. 

The Vaaraslahti hypersthene granite (l884±5 

Ma , Salli 1983) has a metamorphic contact 
aureole overprinting regional granulite facies 
metamorphism (Hölttä 1988) but the age of the 
proposed older metamorphic event is not pre

cisely constrained. The Ni-bearing intrusions 
in the RLZ belong to this stage anel are genet
ically relateel to the within-plate magmatism. 
The difference between Rantasalmi-Sulkava 

district and areas further to the north and north

west in the SSB is seen in a tectono-metamor
phic discordance recoreleel by the deformeel 
(D) and metamorphosed conglomerate at 
Haukivuori , wh ich contains clasts of 1885±6 

Ma age (Korsman et al. 1988) , inelica ting the 
occurrence of a younger collisional event (see 
discussion below). 

This magmatic underplating affected also 
partly the CFGC as discusseel above but the 
origin of younger 1.88 Ga volcanism in the 
northern part of the SSB and CFGC is open. 
They could be either volcanic rocks extrueled 
during the extensional event or connected with 
the terminal phase of subeluction further south 

under the TSB at 1.89-1.88 Ga ago if not the 

result of both processes. The Settijärvi Con
glomerate, correlated with conglomerates at 
Haukivuori (see above) , with plutonic clasts 
dated at 1888±7 Ma (Vaasjoki and Sakko 1988) 
unelerlies such younger volcanics (Isohanni et 

al. 1980) and indicates rapid erosion. One pos
sible model is the occurrence of small strike 
slip basins associated with the RLZ tectonics. 
Small strike-slip basins subside very rapidly 
with subsidence rates exceeding sediment sup
ply rates (Woodcock and Schubert 1994) and 
thus their preservation potential is probably 

good. The same interpretation is given to for 



other conglomerates in the SSB that occur high 
in the stratigraphy . 

The collision between the northern continen
tal island arc/active continental margin (TSB), 
which was the underthrusting plate, and the 
overriding southern active continental margin 
with its associated marginal basins (e .g. at 
Nagu-Korpo and Orijärvi within the KMB, Fig. 

I), started to influence the southern part of 
Finland at about l.89 Ga ago or slightly ear lier. 

This is seen in the early 1.89 Ga sill-like gran

itoids that were intruded along S I axial-plane 
schistosities (Ehlers et al. 1993). The 
Hämeenkyrö (1885 Ma) and Yärmälä plutons 

(1878 Ma) in the TSB are syntectonic with 
respect to D I (Nironen 1989a) and therefore 
possibly indicate slightly younger ages for the 

onset of collision related thrusting in the TSB 
compared to further south . The suture zone (p. 
93) is considered to have approximately coin

cided with the belt associated containing vol
canics of MORB affinity and sedimentary rocks 
characterized by 10w SISe ratios (Lahtinen and 
Lestinen in prep. ). The proposed suture , at least 
partly , corresponds to the Yammala Ni-belt. 

The intrusion of the Yammala ultramafic cumu
late-textured bodies coincided with the peak of 

regional metamorphism and deformation (Pel
tonen submitted) and have ages about 1.885 Ga 
or somewhat younger. Peltonen (submitted) 
interpreted these intrusions as representing 
middle crustal expressions of arc magmatism 
but the data can instead be interpreted to indi

cate assimilated DM derived melts , as has been 
proposed for similar intrusion further east in 
the same belt (Lahtinen in prep.). The suture in 
the southern part of the SSB between the Kiuru
vesi and Haukivesi complex and the Rantasal
mi-Sulkava area, as proposed by Korsman et al. 

(1988) could be the eastern continuation of this 
zone. The presence of such suture is also fa
voured by the geochemical and isotopic data 
that indicate that the TSB differs from the HSB 
in having a thicker and more mature crust 
(Lahtinen in prep.). The detrital zircon data 
from the TSB and upper Kalevian sediments 
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contain only 8-14% of zircons of the 2.0-2.1 Ga 

age, in contrast with a sampIe from Orijärvi 
that has 58 % of zircons in this age group. This 
indicates a different source area in the KMB , at 
least at Orijärvi , compared e.g. to the TSB thus 
fa vouri ng the occurrence of ocean between 
them. 

A shear zone between the TSB and the MB 
to the south was interpreted by Nironen 

(1989b) as a south dipping thrust , possibly 

related to southward subduction to the south. In 
this model (Fig. 29) it is interpreted as a reac
tivated trenchward dipping backstop or back

thrust that subsequently took part in the north
ward vergent thrusting. The continent-conti
nent collision was probably associated with 
crustal-scale thick-skinned thrust sheets and 
lithosphere thickening (e.g. Coward 1994). 
This collision was accompanied by local do

mains of extension or transpression associated 
with the intrusion of calc-alkaline I-type plu
tonic rocks possible. The Hämeenkyrö and 
Yärmälä intrusions show evidence for passive 
emplacement (Ni ronen 1989a) and tensional 
fractures , pull-apart basins or en echelon "P
shear" tensional bridges (e.g. Tikoff and Teys

sier 1992) are possible mechanisms. During 
crustal thiekening the lower crust becomes 
hotter and enables spreading to take place and 
if the initial Moho temperatures exceed 700°C 
extension may follow immediately after release 
of compression (Sonder et al. 1987). This is one 
possibility for the thinning of the thickened 

lithosphere predieted in the model (Fig. 29) but 
an alternative origin due to thinning of the 
lithospheric mantle as an inevitable response to 
orogenie lithospheric thickening is favoured 
(England and Houseman 1989, Turner et al. 
1992) . This model implies the rise of astheno
spheric-lithospheric thermal boundary higher , 
thus increasing the overall thermal budget of 
the orogen. Lithosphere thinning may produce 
inerease in horizontal buoyancy forces and the 
convergent deformation will terminate or be 
partitioned in regions of lower potential energy 
and/or strength (Turner et al. 1992). This can 
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either keep the crust in dynamic equilibrium or 
induce extensional collapse of the orogen 
(ibid.). The thick crust north of the TSB (Lu

asta 1991) and the absence of voluminous 
magmatic activity younger than 1.86 Ga in this 
area could indicate that no pronounced crustal 
thinning occurred during 1.88-1.86 Ga. This 

area could on the other hand mark the northern 

edge of crustal thinning that started about 1.88-
1.87 Ga aga and continued throughout the 1.85-
1.79 Ga stage. The above considered model 
could explain the high T-Iow P metamorphism, 
which requires very high heat f10w (Korsman et 

al. 1984, Hölttä 1986, van Duin 1992, Hölttä et 
al. 1993), the abundance of granitoids associ
ated with mafic rocks in the MB and the almost 
coeval occurrence of compressional and neutral 
to tensional tectonics. The mafic underplating 

connected with this lithospheric thinning prob
ably started at about 1.885-1.880 Ga ago. 

The metamorphism and deformation in the 
southern area can be di vided into older (1.89-
1.88 Ga) and younger (1.87-1.81 Ga, probably 

1.85-1.83 Ga) episodes (Korsman et al. 1988, 
Ehlers et al. 1993 and Hölttä et al. 1993). The 
age of the older metamorphic peak is probably 

about 1.88 Ga, and is bracketed by the de
formed tonalitic gneisses at 1.89 Ga cut by 
discordant dykes at 1.87 Ga (Ehlers et al. 
1993). Hence, the proposed model i mplies the 

initiation of collision at about 1.890-1.895 Ga, 

affecting first the rocks in the southern part, 
followed by progressi ve development of north
wards propagating thrust sheets. The associat
ed foredeep sediments should occur north of 
the TSB, but their absence can be attributed to 

later erosion. Possible candidates nevertheless 
include schist remnants in the CFGC and the 
weil preserved metasediments in the northern 

part of the BSB and the SSB e.g. Koivujoki 
Suite in Pielavesi (Ekdahl 1993). One meta

greywacke sampie from the Bothnian basin in 
Sweden shows maximum deposition age about 
1.88 Ga (Claesson et al. 1993) and is thus 
another potential candidate. 

1.88-1.86 Ga stage 

The northern part of the SSB was intruded by 
some gabbros and granitoids (Vaasjoki and 
Sakko 1988, Ekdahl 1993) that belong to this 
stage and record waning phase of prolonged 

magmatic underplating in the region surround
ing the RLZ. The titanite age of 1.86 Ga from 
the Mustikkamäki pyroxene quartz diorite 
show that cooling to 400-450 °C took place at 
this time in Pielavesi (Hölttä 1988). According 
to Vaasjoki and Sakko (1988) the magmatic 
and tectonic activity ceased in these areas 
about 1.86-1.85 Ga ago. 

Magmatic underplating was connected with 
lithospheric thinning beneath the outhern col

lision zone, as discussed above. High-K calc
alkaline magmas associated with continental 
WPB type mafic magmas, possibly affected 
further by a subduction component , were the 

main granitoid types in the TSB and areas to 

the north of it (southern CFGC) during the 
change from pure collision regime to a neutral 
or tensional stage during lithosphere thinning 

(Lahtinen in prep .). The upwelling of the ther
mal boundary and the high amount of mafic 

magmatic underplate and mafic intrusions 
higher in the crust faciliated melting of pre
existing evolved rocks , possibly in the middle 
crust, generating high-K granitoids of tholeiitic 
affinity that have an interpreted age about 1.88 
Ga. These and the very high-K granitoids of 
tholeiitic affinity north of the TSB (southern 
CFGC) coincide with a regional magnetic 
anomaly about 200 km long and 20-30 km wide 

that also has a continuation to the northwest 
(Korhonen 1992). These rocks normally con
tain magnetite but are not solely responsible for 
the regional anomaly and a deeper component 

is therefore also needed (Lahtinen and Korho-



nen in prep.). They are interpreted as the prod
ucts of melting of WPB affini ty underplate at 
the base of crust, in some cases associated with 
small amount of crustal contamination (Lahti
nen in prep.). One example of such an assim
ilated variant is the Koppelojärvi granite that 
has clear post-tectonic nature with contact au
reole (Sjöblom 1990). The U-Pb zircon age of 
1879±14 Ma (Patchett and Kouvo 1986) has 
high analytical error and given the presence of 
a crustal component could indicate a small con
tribution from inherited zircons. Considering 
its unequivocal post-tectonic nature an age 
about 1875-1870 Ma has been proposed . There
fore, the regional magnetic anomaly associated 
with abundant very high-K granites of anoro
genie/post-orogenie affinity is considered to 
represent a large scale linear feature at the 
margin of the zone of thinned lithosphere, with 
a large amount of subcontinental lithosphere 
(EM) derived mafic magmas at the base and 
probably also at higher levels of the crust. The 
1.87-1.86 Ga granitoids containing a substan
ti al Archean component in the Karelian domain 
(Huhma 1986) are also tentatively correlated 
with this stage. They possibly occur in area 
crossed by the eastern continuation of this belt 
and the RLZ magmatic underplating zone. 

Granitoid magmatism and volcanism also 
took place further north in the CFGC during 
this stage as exemplified by the rhyolite in the 
Mustajärvi area dated at 1872±12 Ma (Vaasjoki 
and Lahti 1991). WP affinity magmatism also 
occurred in the southern part of the TSB and in 
the MB during this stage. These include high
Ti granitoids, although calc-alkaline I-type 
granitoids, possibly representing melting of an 
igneous source, are also found (Lahtinen in 
prep.). These granitoids intruded a thick sedi-
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mentary sequence and consequently often show 
evidence of assimilation, while the overall re
ducing environment prevented magnetite crys
tallization (Lahtinen and Korhonen in prep.). 
Alkaline WPB affinity dykes are associated 
with so me younger granites, such as in the 
Kylmäkoski area (Lahtinen in prep.). 

The geochemistry of rocks south of the HSB 
have not been extensively studied and the ev
olution of this area in this respect remains 
open. The occurrence of gabbros and diorites 
dated at 1.88- 1.87 Ga with € 'd values of +2 - +3 
in the Kalanti district and Hyvinkää-Soukkio 
area (Patchett and Kouvo 1986, Huhma 1986) 
are interpreted as recording the existence of 
young lithospheric mantle formed from DM 
under previously rather thin and immature crust 
during 1.91-1. 89 Ga. The presence of about 
1.88 Ga aged granites in the Aland islands 
(Suominen 1991) are included to this stage. 
Pyroxene granodiorites occur as large plutons 
in the Turku district and the Kakskerta pyrox
ene granodiorite contains abimodal zircon 
population with at 1.88 Ga and 1.84 Ga possi
bly indicating primary crystallization at 1.88 
Ga, followed by new zircon growth during later 
high-grade metamorphism (ibid.). Pyroxene 
granodiorite at Houtskär and a garnet tonalite 
dyke at Brändö have similar ages at 1862 Ma 
(ibid.). These features indicate magmatic activ
ity between 1.88-1.86 Ga associated with the 
proposed lithospheric thinning. The titanite age 
of 1864±14 Ma from granodiorite with a 1.90 
Ga zircon age at Fög]ö indicates (ibid.) cooling 
down through 450-500 °C (Mattinson 1982) at 
1.86 Ga. This was possibly related to uplift and 
erosion and indicates that not all southern areas 
were heated over 500 °C during younger 1.85-
1.82 Ga event at the present crustal level. 

1.86-1.79 Ga stage 

This stage has been subdivided into 1.86-
1.83 and 1.83-1.79 Ga stages in Figure 29. The 
younger collisional event was first documented 

by Korsman et al. (1988) from the Rantasalmi
Sulkava area where rocks affected by younger 
metamorphie event were partly thrust over old-
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er metamorphic complexes. Ehlers et al. ( 1993) 
concluded that the late Svecofennian granite
migmatite (LSGM) zone is a distinct tectonic 
unit of crustal thickening showin g strong de
formation coupled with high-grade metamor

phism and intrusion of 1.84-1.83 Ga old granite 
sheets during transpressional deformation . 

They further implied that the zone is located in 
a former extensional basin acting as inherited 
zone of weakness. According to Hölttä et al. 
( 1993) older structures are deformed by the 

main regional folding F3 that is younger than 
1.87 Ga and indi cates, at least partly, a new or 

prolonged episode of thrusting. The vergence 
of F3 is towards NW and the fold limbs a re 
often strongly sheared dividing the region to 
folded and sheared domains. The deformation 
contimied in 03 shear zones possibly associat

ed with 1.83 Ga magmatism in extensional 
shear zones (ibid., see a lso Ehlers et al. 1993). 
Metamorphic grade reached locally granulite 

facies with later decompression reactions in 
pelitic rocks that are possibly associated with 
the intrusion of granites (Hölttä et al. 1993). 
The coeval mafic magmatism (diorite dyke) 
with potassium granites in Turku indicate man
tle activity (ibid.). A quartz monzonite of alka

line WPB affinity, possibly associated with 
microcline granite at Renko (Lahtinen in 
prep.), is dated at 1813±2 Ma (pers. comm. , M. 
Vaasjoki 1994) and thus has a younger age than 
the normal 1.83-1.84 Ga microcline granites. 

The model presented in Figure 29 tries to 
integrate the evidence presented above. The 
1.88-1.86 Ga lithospheric thinning stage was 
associated with uplift and erosion, as for exam
pie indicated by cooling ages such as the 1.86 
Ga titanite age referred to above. About 1.86-
1.85 Ga aga a further stage of intra-continental 
thrusting commenced, either due to a new col
Iision further away or continued collision after 
termination of lithospheric thinning. New crus
tal scale thrust sheets were formed that coincid
ed in part wi th older structures. The conti nuous 
high heat f10w from the mantle-crust boundary 

associated with high Moho temperatures, in 

combination w ith crustal thickening and highly 
radiogenic heat production within gran itoids 
promoted melting of the underthrust migmatitic 
mica gneisses to create potassium granites. The 
mafic magmatism at 1.82 - 1.81 Ga (see above) 
possibly relates to further heat addition by 

mantle underplating. The granites were possi

bly emplaced in sub-horizontal contemporane
ous mid-crustal shear zones, thrusts (Ehlers et 
al. 1993) and/or in extensional, reversed and 
strike-s lip faults (Hölttä et a l. 1993) . Hence, 
the generation of these granites and their em

placement are directly linked with thrusting 
and e ither coeval or later extensiona l shear. 
One potential explanation for this is the suck

ing of magmas due to these deep-seated shear 
zones (e.g. Pi tcher 1993). These gran ites have 
been classified as S-type granites (Nurmi and 

Haapala 1986). Lal1tinen (in prep.) studied the 
microcline granites in the Hämeenlinna area 
and proposed a S-type minimum melt origin 

associated with variable amount of restitic 

component to explain the geochemical varia
tion. Differences in the source components 
were also noted. The occurrence of restitic 
bands as noticed in garnet-rich ' Iayers ' and 

proposed source heterogeneity indicates that 
these rocks are not totally homogenizated at the 
accretion level. The rather high viscosities of 
these felsic magmas probably limit exchange 
between different pulses and homogenization 

would not be entirely achieved, even at the 
meter scale (Oeniel et al. 1987). 

The migmatites south of the HSB record 
granulite facies metamorphie conditions and 
show gains in CI , Fand Rb and loss of C, S, B, 

Cu, As, Te and Bi , indicating loss of fluid phase 
(Lahtinen in prep.). The S-type granites in the 
same area show similar depletion patterns and 
differ from the S-type granites in the MB met
amorphosed in upper amphibolite conditi ons. 
This indicates origin by melting of previously 
metamorphosed high-grade sedimentary rocks 
deeper in the crust because the migmatites at 
the present erosion level sti 11 contai n both melt 

and restite components and the proportion of 



granites implies an unrealistically too high 
degree of melting at these compositions. The 
proposed two-stage evolution allows genera
tion of a large volume of these S-type granites. 
The earlier metamorphism has generated large 
amounts of mainly subsolidus leucosomes 
(Hölttä et al. 1993) but the critical melt fraction 
has been exceeded only locally. Further burial 

of these migmatites associated with increase in 

temperature and an external fluid phase have 
melted the earlier leucosomes, accompanied by 
further melting of restite. There are also indi
cations of the role of a more igneous-like 
source. Oue to an increase in the total melt 
fraction and pumping by tectonic processes it 

is possible to separate high viscosity melts and 
emplace them at higher levels. The proposed 
external fluid phase could be derived from de
hydration of more weakly metamorphosed un

derthrust sedi ments (Le Fort 1981) and/or flu
ids expelled from the alkaline WPB-type melts. 
The migmatites considered above show high F 
values which could indicate a genetic link with 
fluids derived from mantle derived alkaline 

WPB melts (Lahtinen in prep.). This is a ten

tative model and should be tested. More data 
are also needed from other areas in the LSGM 
to establish whether these characteristics are 
widespread. 

The possible existence of 1.83 Ga alkaline 
WPB magmatism, possibly related to the later 
extensional phase, should also be established. 
Post-kinematic magmatism (1.80 Ga) occurring 

parallel to the northern contact of the LSGM in 
the SW-NE direction represents an alkali-ba
saltic magmatism in an extensional environ
ment (p. 90) and so the occurrence of conti n
uous mafic underplating from 1.83 Ga to 1.79 
Ga is possible . The zircon age (of 1813 Ma) 
from quartz monzonite at Renko (see above) 

indicate that this type of magmatism took also 
place somewhat earlier than previously docu
mented. The 1.80 Ga titanite age for a granitoid 
at Kökär with 1.88 Ga zircons (Suominen 1991) 
and 1.81 Ga titanite in a 1.89 Ga granitoid and 
similar zircon and titanite ages (1812 Ma and 
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1815 Ma respectively) from a gabbro pegma

toid in Kalanti area (Patchett and Kouvo 1986) 
show that cooling and possibly also erosion 
started about 1.81 Ga ago. The granulites in the 
Turku area had attained a depth corresponding 
to 2 kb by 1.72 Ga (Hölttä 1986). The 1.83-1.84 
Ga granites are deformed by shear zones (04), 
that were possibly extensional, and which ex
hibit mylonitic textures (Hölttä et al. 1993). 

Korja and Heikkinen (1993, see also Korja et 

al. 1993) proposed, based on deep seismic re
flection images, the existence of SE dipping 
extensional listric shear zones correlated with 
post-collisional collapse of the Svecokarelian 
orogeny. The listric normal faults related to the 

Moho detachment zone are YOUllger and cross 
cut the upper detachment zone of older listric 
faults (ibid.). They also advocated intrusion of 

the rapakivi granites (1.6-1.5 Ga) along the 
younger listric faults during subsequent exten
sional environment. The change in thickness of 
high velocity layer from values greater than 16 
km to values less than 12 km (Korja et al. 1993) 
and especially the 12 km contour has a marked 

SW-NE trend which is the same direction as 

seen in the LSGM. The abrupt transition be
tween granulite and amphibolite facies meta
morphic blocks in the LSGM (Korsman et al. 
1984, 1988, Hölttä 1986) was also attributed by 
Korja and Heikkinen (1993) to extensional 
deformation. On the other hand the occurrence 
of two different episodes of metamorphism at 

1.885 Ga and 1.83 Ga ago would doubtless 
produce a complex pattern of both thrusted and 

strike-slip boundaries that possibly also affect
ed rocks influenced by the younger metamor
phic event. Hölttä et al. (1993) describe a shear 
zone filled with potassium granite in the Turku 
area that possibly represents a metamorphic 
block boundary. Later extensional faults, pos
sibly of more than one generation, can either 

coincide or cross cut older structures resulting 
in a complex geometry. 

Granulite facies rocks are also widespread in 
Estonia , especially in the southern part (Puura 
et al. 1983) and they are at present considered 
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to be cogenetic with Svecofennides (Puura and 
Huhma 1993). The granulite facies rocks in 
Estonia were metamorphosed at slightly higher 
pressures than those in southern Finland (Hölt
tä and Klein 1991). Further south, in the early 
Proterozoic West Lithuanian granulite terrain, 
press ures up to 8 kb have been determined 
(Skridlaite 1993). The occurrence of weakly 
gneissose potassic granodiorite in southern 
Estonia dated at 1833±7 Ma by the V-Pb zircon 
method and the youngest reset zircon ages of 
about 1.85 Ga obtained from aluminiferous 
gneisses (Peterseil in prep.) indicate the exist
ence of this younger metamorphic event in 
Estonia as weil. The presence of two fine
grained gneisses (metavolcanics) with ages of 
I 827±7 Ma and 1828±8 Ma (PeterseIl in prep.) 
are in this context problematic. They were met
amorphosed in the amphibolite facies (ibid.) so 
that the resetting of zircon U-Pb systematics 
seems unlikely but can not be totally excluded. 
If the ages are true crystallization ages, two 
possible interpretations can be made. Either 

they are true volcanics or they are annealed 
mylonites derived from granitoids deep in the 
crust. The 1816±3 Ma U-Pb zircon age from 
undeformed granitoid in northern Latvia may 
indicate the lack of orogenic events in this area 
after 1.8 Ga (Mansfeld et al. 1993). 

The above considered features could be in
terpreted as recording the onset of extensional 
faulting about 1.81-1.80 Ga aga or possibly 
slightly earlier (1.83-1.82 Ga). The large-scale 
extensional faults in many cases dip in the same 
direction as the thrusts and may link with them 
at depth (e.g. Coward 1994) and so the exten
sional stage faults possibly partly follow the 
older structures. Although this event is corre
lated with 1.82 - 1.80 Ga alkali WPB magma
tism , extension continued apparently until 1.5 
Ga above a zone of major crustal thinning 10-
cated along the Gulf of Finland (Korja et al. 
1993). However, it is uncertain whether this 
represents a single prolonged episode or sever
al discrete events coinciding with and rework
ing older structures. 

Some cJosing remarks 

There are many crucial unresolved problems, 
such as wh ether the Jormua ophiolite is a 
parautochthonous rather than allochtonous 
unit, the nature and evolution of the CFGC 
basement and the pre-I.89 Ga evolution of the 
southern part of Svecofennian domains. More 
age data, including single zircon age determi
nations, are also needed to precisely date the 
proposed evolutionary stages. Although this 
model is simplistic and may even be inaccurate 
in some details , it serves to draw attention to 
the complex nature of Svecofennian evolution. 
The model advocates three different collisional 
stages (orogenies) during Svecofennian evolu
tion at 1.91-1.90 Ga, 1.89-1.88 Ga and 1.86-
1.84 Ga where the 1.86-1.84 Ga stage may be 
a direct continuation of the 1.89-1.88 Ga stage. 
The granitoids show successive geochemical 
evolutionary trends during the two earlier stag-

es. A small volume of granitoids were associ
ated with arc magmatism at 1.93-1.91 Ga and 
1.90-1.89 Ga respectively followed by more 
abundant synkinematic granitoids during initial 
collision at 1.90 Ga and 1.890-1.885 Ga respec
tively and the latest, voluminous phase is dur
ing post-collision stage at 1.885-1.880 and 
1.875-1.860 Ga respectively. The important 
feature is that the post-collisional stages asso
ciated with mafic underplating have been very 
important in crustal reworking and in produc
ing a vast amount of granitoids and mafic plu
tons from the mafic underplate accreted to the 
lower crust. The crustal scale thrusting has 
thickened the crust (see also Korja et al. 1993) 
and the later mafic underplating further in
creased crustal thickness and stabilized the 
crust, allowing the present thickness to be 
maintained. The 1.83-1.79 Ga and later exten-



sional processes ha ve thinned the crust south of 
the TSB to achieve the present crustal profiles 
(see Korja et al. 1993). 

The evolution of the Fennoscandian Shield 
as a whole is beyond scope of this study but two 
comments are made here. In the Norvijaur area 
north of Skellefte is a 1926 Ma aged polyphase 
deformed granitoid beneath an unconformity 
(Skiöld et al. 1993). The analytical data record 
a large error, possibly due to inherited zircon 
cores and geochemically the granitoid resemble 
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the 1.89 Ga Jörn granitoids in Skellefte area 
(ibid.). A very interesting feature is the occur
rence of a 1954±6 Ma granitoid in the Knaften 
area south of Skellefte (Wasström 1993). These 
granitoids show some subvolcanic features and 
contain abundant K-feldspar, being locally gra
nitic. They differ from the 1.93-1.91 gneissic 
tonalites of this study but could possibly be 
correlated with the evolved crust predicted in 
the model for 1.98-1.93 Ga stage (Fig. 29). 

CONCLUSIONS 

- The I. 93-1. 91 Ga gneissic tonalites and 
associated supracrustal rocks in the Rautalam
pi area formed within an immature 1.93-1.91 
Ga island arc. The tonalites represent low de
gree melting of low-K tholeiitic island arc 
basalts with gabbroic to amphibolitic residue 
remaining at the base of the primitive island 
arc crust. Tonalites are cogenetic and probably 
comagmatic with felsic volcanics and they 
were preceded by mafic and intermediate is
land arc volcanism. Aborted rifting at about 
1.92 Ga produced bimodal volcanism that is 
associated with VMSD type Zn-Cu mineraliza
tion and altered rocks. The garnet±cordier
ite±orthoamphibole/orthopyroxene rocks and 
gneisses at Rautalampi can be divided into two 
groups. That which occurs below the ore zone 
is characterized by a lack of sulphides and 
clearly had both felsic and mafic protoliths , 
and is considered to represent alte red rocks of 
lower semi-conformable alteration zone. The 
other group is characterized by the occurrence 
of sulphides and had mixed mafic-felsic to sed
imentary protoliths and represent the lateral 
continuation of the ore zone. 

- Similar features characterize the central 
and northern part of the SSB and an analogous 
origin for gneissic tonalites, volcanics, altered 
rocks and Zn-Cu mineralization in the Kangas
järvi , Pielavesi, Pyhäsalmi and Venetpalo are
as is proposed . 

- The 1.89-1.88 Ga granitoids in the SSB and 
adjacent areas in the CFGC are attributed to 
with magmatic underplating of EM type melts. 
The granitoids show diverse sources. Tonalites 
in the SSB represent melting of rather primitive 
island arc crust that was locally thick enough 
to stabilize garnet in the residue. Associated 
granitoids in the CFGC record a more evolved 
source. Pyroxene granitoids are genetically 
related to WPB magmas either due to differen
tiation or melting associated with crustal con
tamination. 

- A plate tectonic model is proposed for the 
2.1-1.79 Ga evolution of Svecofennian and 
Karelian domains. Three different collisional 
stages (orogenies) at 1.91-1.90 Ga, 1.89-1.88 
Ga and 1.86-1.84 Ga are discriminated and in
volved thin-skinned and crustal sc ale thrusting 
episodes . Lithospheric thickeni ng during these 
events was followed by upwelling of the ther
mal boundary leading to magmatic underplat
ing and high heat flow. The granitoids can be 
divided to early arc related , synkinematic col
lision-related and post-collision granitoids that 
have different ages in different areas. Post-col
lisional magmatism has been a major new crust 
forming process. The crustal thickening is due 
to both crustal scale thrusting and magmatic 
underplating that also eventually stabilized the 
crust at its present thickness. 
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