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The granitoids are divided into four main groups: synkinematic (1860—1930
Ma, most commonly 1870—1890 Ma), late-kinematic (1800—1850 Ma) and post-
kinematic (ca. 1800 Ma) Svecokarelian granitoids, and anorogenic rapakivi granites
(1540—1700 Ma). The synkinematic granitoids are the predominant component of
the Proterozoic crust in Finland. They occur as composite granodiorite and tonalite
plutons in schist belts, and form the large granitoid complex of central Finland,
in which granites are common. The granitoids show I-type characteristics, Andino-
type plate tectonics being the most viable mechanism to account for their genesis.
Newly mantle-derived material was the predominat source of the granitoids, following
fractional crystallization or more probably recycling within the crust. Subeconomic,
porphyry-type Mo, Cu, Mo-Cu, Cu-Au and Cu-W occurrences are associated with
late phases of the synkinematic granitoids. Minor higher temperature, vein-like
mineralization containing Cu, As, Mo, Zn, Pb, W and Sn is related to the complex
of central Finland.

The late-kinematic granites comprise diapiric intrusions and migmatizing granites
mainly in high-grade metamorphosed schist belts. These S-type granites were formed
after partial melting of Svecokarelian metasediments when metamorphism was at
its peak in the thickened crust. Some rare-element pegmatites are associated with
the granites.

The post-kinematic granitoids consist of small roundish composite stocks in south-
ern Finland, and of multiple granite intrusions up to batholithic size, which were
emplaced in the Presvecokarelian crust, in northern Finland. The geochemical and
isotope characteristics of the former suggest mantle source, whereas the latter derived
from the Archean crust. The late aplite granite phases of the granites in northern
Finland contain local Mo mineralization.

Rapakivi granites, which exhibit A-type characteristics, occur as large multiple
batholiths and stocks in southern Finland. Some of them are associated with gabbros,
anorthosites and olivine-tholeiite diabases. The anorogenic rocks are indicative of
the beginning of intracontinental rifting of the uplifted Svecokarelian crust. The
basaltic mantle magmas evidently initiated major remelting in the granulitic lower
crust, giving rise to rapakivi granite magmas. The late topaz-bearing phases of the
rapakivi granites, with their marked geochemical specialization and characteristic
petrographic features, contain greisen-type Sn-Be-W and Zn-Cu-Pb sulphide
mineralization.
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Introduction

Relatively few studies have been published in
recent years on the Proterozoic granitoids of Fin-
land, with the exception of the rapakivi granites
(e.g., Vorma 1971, 1972, 1975, 1976; Haapala
1977 a; Vaasjoki 1977). Geochemical and iso-
topic studies are still fragmentary, and the gran-
itoids have been classified mainly on a structural
and petrographic basis.

The known ore deposits related to granitoids,
which form the bulk of the Proterozoic bedrock
in Finland, are of only minor importance, and
relatively little explorational activity has been
aimed at these rocks. However, associated with
the granitoids are a number of small or low-grade
mineral deposits and showings that exhibit vari-
ous genetic types. Recent studies have shown that
the late phases of the rapakivi granite batholiths
are potential tin granites (Haapala, 1977 b), and
that porphyry-type occurrences containing Mo,
Cu, Au and W are associated with certain Sve-
cokarelian granitoids (Gaél and Isohanni 1979;
Nurmi et al. 1984). Moreover, rare-element peg-
matites are known to exist in many localities in
southern Finland (e.g., Volborth 1954; Aurola
1963; Haapala 1966; Lahti 1981).

The present paper has two aims. First, to ex-
amine the character of the granitoids, principal-
ly in the light of existing geological, geochemi-
cal and isotopic data, augmented by recent chem-
ical analyses. Special emphasis is laid on com-
parison with I-, S-, M- and A-type granites,
which had earlier been reported mainly from
Phanerozoic bedrock (Chappell and White 1974;
Loiselle and Wones 1979; White 1979). Petro-
genetic aspects of the granitoids and their role
in the evolution of the Proterozoic crust are dis-
cussed. The second aim is to summarize the me-
tallogenic features of the granitoids.

Classification of the granitoids

The bedrock of Finland comprises two major
geotectonic units: the Archean basement in the

northeast and the Proterozoic Svecokarelian
complex in the southwest (Fig. 1). The boundary
between these units in northern Finland is still
a matter of controversy; evidently, large parts of
the »Svecokarelian» schist belt are in fact Pre-
svecokarelian (e.g., Gaal et al. 1978). Granitoids
predominate in both the Svecokarelian and the
Archean complexes. The supracrustal rocks in the
Svecokarelian complex comprise a variety of
sedimentary and mafic to felsic volcanic rocks
that underwent low- to high-grade metamorphism
and polyphase deformation (Simonen 1980; Gaal
1982 a).

The Proterozoic granitoids consist of Sveco-
karelian granitoids and anorogenic (post-orogenic)
rapakivi granites. The Svecokarelian granitoids
have traditionally been classified on the basis of
their relationship to orogenic movements as syn-
kinematic (synorogenic, primorogenic) and late-
kinematic (late-orogenic, serorogenic) granitoids
(e.g., Eskola 1932; Saksela 1936; Wahl 1936; Es-
kola 1960). Sederholm (1932) reported a group
of discordant small granitoid stocks in southern
Finland, which are generally designated post-
kinematic. Simonen (1960) expanded the magma-
tectonic classification with petrographic and geo-
chemical data and introduced several subgroups
of synkinematic granitoids.

The radiometric zircon U-Pb ages of the
Proterozoic granitoids in Finland are presented
in Fig. 2. The synkinematic granitoids show ages
ranging from 1860 to over 1900 Ma, with a peak
value at 1870—1890 Ma. They are roughly coe-
val with the Svecokarelian metavolcanic and
mafic plutonic rocks (Aho 1979; Simonen 1980;
Neuvonen ef al. 1981). The few ages reported
from the late-kinematic granitoids range from
1800 to 1850 Ma (e.g., Vaasjoki 1981, p. 19;
Hopgood et al. 1983; Korsman et al. 1984). The
post-kinematic granitoids are grouped around
1800 Ma (Nykanen 1968; Vaasjoki 1977; Kors-
man ef al. 1984). In northern Finland, the
granites of the Nattanen type (Mikkola, 1941)
and the Vainospéa granite batholith fall into the
post-kinematic age group (Patchett ef al. 1981).
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Fig. 1. Main bedrock units in Finland (simplified from Simonen 1980).
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The rapakivi granite batholiths and associated
mafic plutonic rocks (gabbros, anorthosites and
diabases) intruded after the Svecokarelian
orogeny 1540—1700 Ma ago, with each pluton
having a characteristic age and a considerable
time span between the early and late phases
(Vaasjoki 1977).

Synkinematic granitoids
Geological and geochemical characteristics

Synkinematic granitoids predominate in the
Svecokarelian region. They occur in schist belts
as intrusions of varying size and form the grani-
toid complex of central Finland, which occupies
an area of more than 35,000 km? (Fig. 1).
Typically, the plutons in the schist belts are
roundish or elongated with a comformable mode
of occurrence although cross-cutting contacts are
not rare. The contacts with supracrustal rocks are
usually sharp, and in places the granitoids form
intrusive breccias. The texture of the granitoids
varies from gneissic to non-foliated, depending
on the time of emplacement in relation to re-
gional deformation. Diapiric emplacement of the
plutons is closely related to major regional com-
pression (Nironen 1985). Many of the plutons
have a non-foliated texture at their centres and
a foliation parallel to the contacts at their margins
(e.g., Varmaila stock, Harme and Seitsaari 1950;
Kéakovesi batholith, Nurmi ef al. 1984 Himeen-
kyr6 batholith, Gadl et al. 1981). This may be
a consequence of the deformation related to the
emplacement. Younger regional deformations are
visible as linear cross-cutting foliated or shear
zones. Some of the tonalitic plutons, with ages
slightly over 1900 Ma, are strongly deformed
(e.g., Korsman ef al. 1984).

Contact metamorphic phenomena have not
been studied in detail, but they seem to be weak
or absent. The metamorphic grade of the sur-
rounding supracrustal rocks varies from low to
high (Nurmi et al. 1984) but the metamorphism
is not generally reflected in the granitoids. The
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Fig. 2. Frequency histogram of the U-Pb zircon ages of the
Proterozoic granitoids in Finland. (Compiled by O. Kouvo,
pers. comm. 1979).

local alterations are related to autometasomatic
processes.

The prevailing rock types are granodiorite,
tonalite and trondhjemite. Charnockitic granitoids
occur in some areas (Parras 1958; Wahl 1963).
A composite structure is typical of many large
plutons, the margins being composed of gab-
bro, diorite and tonalite, and the centres of
granodiorite, trondhjemite and minor granite
(e.g., Rautio batholith, Nurmi 1983; Kikdvesi
batholith, Nurmi et a/. 1984). Multiple emplace-
ment of magmas is often evidenced by intrusive
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Fig. 3. Calc-alkali ratio — silica diagram of the Proterozoic
granitoids in Finland. Dots refer to Svecokarelian syn-
kinematic granitoids (143 analyses) crosses to late-kinematic
granites (37 analyses), and dashed line to rapakivi granites
(85 analyses). Data sources: synkinematic granitoids; older
data referenced in Simonen (1960), others from Marttila
(1976), Nurmi (1984) and the explanatory texts accompanying
the 1 : 100 000 geological maps of Finland (published by the
Geological Survey of Finland); late-kinematic granites, older
data referenced in Simonen (1960), others from Hérme (1965),
Korsman (1977), the explanatory texts of the geological maps
and unpublished data concerning the Renkajérvi granite (6
analyses); rapakivi granites, Vorma (1971, 1976), Haapala
(1977 a) and Bergman (1981). Field of modern calc-alkaline
andesites from Brown (1982).

breccias, sharp contacts or dykes, not only
between different rock types but also within the
prevailing granitoid phases. Plagioclase (oligo-
clase to andesine), K-feldspar (usually micro-
cline), quartz, biotite and hornblende are present
in varying amounts as major minerals. Typical
accessory minerals are sphene, apatite, zircon and
magnetite (Nurmi et al. 1984, Table 2).

The large granitoid complex of central Finland
is made up of intrusions of different size, ranging
in composition from gabbro to granite, the lat-
ter being common. The granitoids often exhibit
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Fig. 4. Frequencey histogram of mol. Al/(Ca/2+ Na+K)

ratios of the Svecokarelian synkinematic and late-kinematic

granitoids in Finland. Data sources as in Fig. 3. N = number
of samples, X = mean, and s = standard deviation.

a coarse porphyritic texture and traces of poly-
phase deformation.

The level of emplacement of the synkinematic
granitoids varies. Shallow-level intrusions are
represented by porphyry stocks with breccia
structures. Although not universally true, the
complex of central Finland may exhibit a deeper-
seated level of emplacement than do the plutons
in schist belts. This is indicated by features such
as the rarity of supracrustal rocks, the coarse
grain size of the granitoids, the occurrence of
charnockitic rocks and the high-temperature
mineralization.

The available chemical analyses of the synkin-
ematic granitoids are plotted on a calc-alkali ra-
tio — silica diagram in Fig. 3. The granitoids
show a large variation in composition. Detailed
studies have shown that prevailing intrusive
phases are also geochemically zoned from more
mafic margins to more evolved centres in some
batholiths (e.g., Gadl et al. 1981; Nurmi and Iso-
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hanni 1984). The granitoids are calc-alkaline, al-
though tonalitic rocks show calcic affinities (Fig.
3). The mol. Al/(Ca/2+ Na+K) ratios of the
granitoids vary considerably (Fig. 4); the majority
of them, however, have values under 1.1, cor-
responding to the I-type granitoids in Phanerozoic
continental margins (Chappell and White 1974;
Takahashi ef a/. 1981). Many of the higher values
are due to high-Al tonalites (and trondhjemites)
exhibiting low K/Na ratios (Fig. 5). The Na,O
is high compared with the K,O (Fig. 6); the
Na/K ratios are similar to those in the I-type

granitoids of southeastern Australia (White and
Chappell 1983).

The rare-earth element (REE) contents of the
tonalites and trondhjemites seem to be systemat-
ically lower than those of granodiorites (Table
1). The REE patterns of both rock types, how-
ever, exhibit parallel trends (Fig. 7). The light
REE (LREE) show a distinctly fractionated pat-
tern, whereas the fractionation of the heavy
REE (HREE) is not so clear. If present, the euro-
pium anomalies are weak (Eu/Sm = 0.21—0.31),
except in the Uusikaupunki-Kalanti tonalite-
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Table 1. Rare earth element contents (in ppm) of selected Proterozoic granitoids in Finland. Analyses (except Arth et al.,
1978) performed with the neutron activation method at the Reactor Laboratory of the Technical Research Centre of Fin-
land. N = number of analyses. Major- and trace-element data and petrography of the granitoids are published in Vorma
(1976), Arth et al. (1978), Nurmi (1983, 1984) and Nurmi ef al. (1984).

Granitoid N La Ce Nd Sm Eu Tb Yb Lu (Ce/Yb)ey Eu/Sm
Synkinematic

tonalitic rocks:

Halsua 2 12 22, 11 2.1 0.57 0.26 0.89 0.12 6.3 0.27
Evijarvi 2 16 33 15 2.7 0.56 0.28 0.91 0.1 9.1 0.21
Kalanti'! 4 — 13 5.9 1.2 0.80 — 0.31 0.05 11 0.67
Varparanta 2 15 27 13 2.2 0.69 0.20 0.44 0.07 15 0.31
Synkinematic

granodiorites:

Vérmala 2 26 45 20 4.5 0.70 0.54 2.4 0.28 4.8 0.16
Kankaanpéa 2 28 48 20 4.6 1.1 0.41 1.6 0.18 77 0.24
Rautio? 2 25 45 16 3.5 0.84 0.62 1.2 0.14 9.8 0.24
Kakovesi 2 28 59 29 3.9 1.2 0.37 0.77 0.07 20 0.31
Evijarvi 2 36 71 33 4.1 P | 0.33 0.80 0.09 23 0.27
Late-kinematic

granite:

Renkajérvi 2 40 80 35 6.3 0.47 0.45 0.98 0.11 21 0.07
Post-kinematic

granitoid:

Luonteri

(tonalite,

granodiorite

and granite)? 10 227 462 186 25.1 5.50 1.53 1.93 0.17 61 0.22
Rapakivi granite:

Laitila,

main phases* 11 92 191 86 16.6 1.79 2.08 6.41 1.16 7.6 0.11
topaz-bearing

phases? 2 40 90 34 9.4 0.26 1.6 17.8 3.2 1.3 0.03

! Arth et al. (1978)
2 Nurmi (1983)
3 Nurmi ef al. (in preparation)

trondhjemite suite, with its distinct positive
anomaly (Eu/Sm = 0.67), and the Viarmaild
granodiorite, with its moderate negative anomaly
(Eu/Sm = 0.16).

The sparse data on the granitoids in the com-
plex of central Finland suggest that these rocks
have evolved further than those in the schist belts,
having, for example, a higher SiO,, K/Na and
Fe/Mg, and a lower Sr value (Front 1985).

Associated mineralization

Sulphide mineralization, typically containing

15

4 Vorma (1976)
5 Vorma (1976) and an unpublished analysis

Mo and Cu, is known to be associated with the
synkinematic granitoids in several localities (Fig.
8). Except for their small size, many of the oc-
currences have features in common with Phane-
rozoic porphyry deposits, and thus they have
been termed porphyry type (Gadl and Isohanni
1979; Nurmi et al. 1984).

Porphyry-type mineralization is found in two
geological settings. In the first they are associated
with late phases of granodiorite complexes. The
Mo-Cu occurrences of Luukkolansaari (Fig. 9)
and Susineva are related to the late porphyritic
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phases of composite granodiorite batholiths
(Nurmi and Isohanni 1984; Nurmi 1985). The
Cu-W-bearing tourmaline breccia at Ylojarvi is
genetically associated with the Hameenkyr6
granodiorite batholith as well but occurs in meta-
volcanic rocks just outside the pluton (Fig. 9).
The second type of occurrence is associated with
tonalite and trondhjemite intrusions, for example,
a 0.6 km X 2 km epizonal tonalite porphyry stock
at Kopsa (Cu-Au) (Gaal and Isokanni 1979); a
6 km X 7 km trondhjemite stock at Varparanta
(Mo) (Nurmi et. al. 1984); and a large tonalite
complex at Tienpdd (Cu) (Nironen and Csongradi
1984).

Five ore-element associations can be distin-
guished among the porphyry-type mineralizations
on the basis of the principal ore-metal contents:
Mo, Cu, Mo-Cu, Cu-Au and Cu-W. In addition
to molybdenite and chalcopyrite, the major ore
minerals present in certain mineralizations are ar-
senopyrite, magnetite, pyrrhotite and scheelite
(Inkinen 1984; Nurmi et al. 1984, Table 6). Ore
minerals occur most commonly as fracture fil-
lings, with or without quartz, forming stock-
works or breccias; disseminations are less im-
portant. The mineralized fractures and veinlets
are extensional or shear fractures in character.

The Cu-Au occurrence of Kopsa comprises a
stockwork of cross-cutting quartz veins and frac-

in Table 1.

tures with some disseminations (Gadl and Isohan-
ni 1979). Mineralization is present as two gently
dipping layers within the porphyry stock. The
chalcopyrite zone is roughly 50 m thick and forms
a gently curved basin 1,200 m long and 400 m
wide. In the Tienpai area, chalcopyrite is con-
centrated in an area of 250 m X 1,500 m in en ech-
elon tension gashes controlled by a dextral shear
zone (Nironen and Csongrdadi 1984). The Mo oc-
currence of Varparanta has a very complex ap-
pearance. Molybdenite was deposited together
with quartz in at least four stages during pro-
gressive deformation of a shear zone within the
trondhjemite stock (Nurmi et al/. 1984).
Breccia-type mineralization is exemplified by
Vinnolinneva and YI6jarvi. In the former, mo-
lybdenite occurs as pods and disseminations
together with some chalcopyrite in a 200 m X
1,600 m breccia zone within a quartz dioritic
stock (Fig. 9). The breccia matrix is predominant-
ly quartz, but tonalite porphyry, too, forms an
intrusive breccia. The Cu-W deposit of Y1ojarvi
resembles the Phanerozoic tourmaline breccia
pipes described from the porphyry-copper belt of
Chile (e.g., Sillitoe and Sawkins 1971). Mineral-
ization comprising arsenopyrite, chalcopyrite and
scheelite is located in a quartz-tourmaline brec-
cia and occurs as four parallel subvertical sheets
in metavolcanic rocks (Himmi et al. 1979). The
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main zone is about 1 km long, 80 m broad and
300 m deep.

The Mo-Cu occurrences of Luukkolansaari
and Susineva have certain similarities. Molybde-
nite is present as small pods and disseminations
at the centres of the occurrences — in granite
dykes at Luukkolansaari (Nurmi 1985) and in a
granodiorite porphyry at Susineva (Nurmi and
Isohanni 1984). Predominantly chalcopyrite
mineralizations are spread in shear zones over
larger areas at Luukkolansaari (Fig. 9). In the Su-
sineva area, chalcopyrite, together with some mo-
lybdenite and gold, occurs in quartz veins and
as breccia-like disseminations in the granodiorite
surrounding the porphyry stock.

The Mo mineralization of Kivilompolo is

located in deformed quartz veins within a mig-
matite belt (Yletyinen 1967). The genetic connec-
tion with granitoids is not known.

The style and intensity of the wall-rock alter-
ation varies from one occurrence to another. The
most common alteration phenomena are: propy-
litization, silicification, biotitization, sericitiza-
tion and K-feldspathization (Inkinen 1984; Nur-
mi et al. 1984, Table 6). Minor prehnite veins are
common. Tourmalinization and albitization are
present in some occurrences. Alteration is usually
exhibited as vein-veinlet alteration and selective
alteration of particular minerals. Potassic alter-
ation is revealed by the association: secondary
quartz, biotite, K-feldspar and sericite. Biotite in
recrystallized form or as an alteration product of
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hornblende shows the broadest halos. Typical
propylitic minerals are epidote, chlorite, car-
bonate and albite as alteration products of
plagioclase and biotite. Wall-rock alteration is
usually marked only in the vicinity of fractures
and veins. As an exception, conspicuous parts of
the tonalite porphyry at Kopsa have undergone
strong potassic and propylitic alterations (Gaal
and Isohanni 1979; Nurmi 1985). Weak but
widespread propylitization and biotitization are
common around many occurrences. At Tienpida
and Susineva, propylitization forms envelopes
several hundreds of metres broad. The abundance
of secondary minerals varies but in places reaches
several percentages. The zoning in alteration pat-
terns is usually poorly developed. In the Susine-
va occurrence, however, potassic alteration and
ill-defined silicification are restricted to the
granodiorite porphyry. Propylitization, together
with sporadic albitization, predominates in the
surroundings (Inkinen 1984; Nurmi and Isohan-
ni 1984).

Lithogeochemical studies of the porphyry-type
occurrences indicate that relatively extensive
primary halos are associated with many of them
(Nurmi 1984). Although the halo patterns are
variable, they exhibit characteristic zoning
(from the periphery to the core): Zn(+Pb) —
(AutSb+As) —Cu(xS+Ag) —K(xRb*Rb/
Sr £ Si) — Mo. Outside the mineralized areas, the
host granitoids exhibit no geochemical speciali-
zation and cannot be distinguished from barren
granitoids either in bulk geochemistry or average
contents of ore metals. Even so, sporadic Cu as
well as Mo, As, K and Rb/Sr anomalies char-
acterize many of the host intrusions.

The main differences between the porphyry-
type occurrences described and Phanerozoic
porphyry deposits are the small size of the
former, their lack of pyritic and argillic halos and
the weakness of their wall-rock alteration. The
only deposit of economic importance so far dis-
covered is the exhausted Cu-W mine of Y16jirvi
(Himmii ef al. 1979). Generally, Cu contents seem
to be far too low (a few thousands ppm) from
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the economic point of view. The Au-, W- and
Mo-bearing occurrences are more interesting.
The average Au contents at Kopsa and Susineva
are about 0.5 ppm, corresponding to those in
Phanerozoic Cu-Au porphyry deposits (Sillitoe
1979). At Kopsa, the reserves have been estimated
at up to 25 million tonnes with 0.57 ppm Au, 4
ppm Ag and 0.18 % Cu (Gadl and Isohanni
1979). Molybdenum contents of from 0.1 to over
1 % are common in many showings (Nurmi et
al. 1984, Table 6). However, even the biggest
reserves measured are limited to a few tens of
thousands of tonnes.

Several minor showings containing variable
amounts of Cu, As, Mo, Pb, Zn, W and Sn are
known to be associated with the granitoid com-
plex of central Finland (Nurmi ef al. 1984). The
mineralization is typically composed of massive
but thin veins controlled by shear fractures. Al-
though the showings occur in granitoids, it is
often difficult to relate them genetically with any
particular intrusive phase. The ore mineral as-
semblages and wall-rock alteration patterns sug-
gest a higher temperature than in porphyry-type
mineralization. The Mo occurrence of Lahnanen
is unique (Fig. 9), disseminated molybdenite
being present in a hypersthene granodiorite stock
in bodies and dykes composed mainly of ortho-
clase (70 to 90 vol. %) and almandine garnet
(Nurmi ef al. 1984). Recently, sporadic wolfra-
mite and scheelite has also been met with (J. Ni-
kander pers. comm., 1984).

Late-kinematic granites

Geological and geochemical characteristics

The areal extent of the late-kinematic granites
is not yet known for sure, and hence they are not
distinguished from the synkinematic granitoids
in Fig. 1. Typically, the late-kinematic granites
are closely associated with high-grade metamor-
phosed Svecokarelian mica gneisses and schists.
They are especially widespread in the area south
of the granitoid complex of central Finland. The
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granites either occur as diapiric domical bodies
or form the neosome of migmatites common over
large areas of the schist belts (Simonen 1960;
Hiarme 1965; Korsman 1977; Korsman et al.
1984). Biotite-rich nebulitic remnants containing
garnet and/or cordierite are common, as is the
growth of K-feldspar porphyroblasts in the as-
sociated country rocks, thus demonstrating gran-
itization (Harme 1965). The granites cross-cut the
synkinematic granitoids.

The texture of the late-kinematic granites is
non-foliated or weakly foliated, and pegmatitic
varieties are common. The variation in compo-
sition is small, the rock type being monzogranite
or syenogranite. No mafic or intermediate rocks
are closely associated with the granites. The
major minerals are microcline, quartz, plagio-
clase (An,s ;) and biotite, which is present only
in small amounts (Simonen 1960). The accessory
minerals include almandine garnet, cordierite, sil-
limanite, muscovite, zircon, apatite, tourmaline
and opaques.

The granite complex of central Lapland (Fig.
1) is composed mainly of granites and migma-
tites, although its geology is poorly known. Re-
cent dating of the granites gave slightly lower ages
(ca. 1800 Ma) than those typical of late-kinematic
granites. Field evidence suggests that these gran-
ites may represent a remobilized Presvecokarelian
crust (Lauerma 1982).

Geochemically, the late-kinematic granites dif-
fer conspicuously from the synkinematic gran-
itoids. The silica contents show a limited range,
from 70 to 75 % (Fig. 3). Nevertheless, the calc-
alkali ratio fluctuates markedly and some of the
granites exhibit distinct alkaline affinities. The
K,O contents are high (Fig. 6), and the Na/K
ratios (Fig. 5) and CaO contents low compared
with the synkinematic granitoids. Although
variable, the average mol. Al/(Ca/2+ Na+K) ra-
tios are higher than those in the synkinematic
granitoids (Fig. 4).

The LREE contents of the late-kinematic two-
mica granite at Renkajarvi are slightly higher
than those in the synkinematic granodiorites

(Table 1, Fig. 7). The fractionation of the REE
is similar to the most fractionated granodiorites,
but the Eu minimum is marked.

Associated mineralization and rare-element
pegmatites

The late-kinematic granites are of minor me-
tallogenic importance, only a few U showings and
sparse molybdenite being known to occur in spa-
tial association with them.

Granite pegmatites are widespread throughout
the Svecokarelian complex. They are common,
especially in close association with the late-
kinematic granites, but they are also found in as-
sociation with the synkinematic granitoids. Peg-
matites obviously of different ages occur in
several areas, and it is often not possible to de-
cide to which granite, if any, the pegmatites are
genetically connected. In migmatite areas, many
of the pegmatite dykes and lenses (often tourma-
line-bearing) may be the result of partial melting
of greywackes and other felsic schists and
gneisses. It is well known that H,O, B, Li and
F reduce the solidus temperature of granite mag-
mas (e.g., Chorlton and Martin 1978; Stewart
1978; Manning 1982). Pegmatites enriched in
these components may represent either the first
partial melting of the metasedimentary and meta-
volcanic rocks enriched in these elements or the
last magmatic residue after crystallization of
granitic rocks (Stewart 1978). However, in several
areas, the pegmatites are so closely related in
space and time to the late-kinematic granites that
some kind of genetic connection must exist.

Pegmatites enriched in rare-element minerals
are concentrated in a few areas in the Svecoka-
relian region (Fig. 8, Table 2). Pegmatites con-
taining beryl, Nb-Ta oxides, Li-minerals, Mn-Fe
phosphates, tourmaline and other rare-element
minerals are found in Kemio (Pehrman 1945; Lof
and Hazebroek 1976), Tammela (Makinen 1913;
Aurola 1963), Erdjarvi (Volborth 1954; Lahti
1981), Seindjoki-Alavus (Haapala 1966, 1983)
and Kitee (Kallio and Alviola 1974). In the
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Table 2. Localities of rare-element pegmatites in Finland and
their most important elements.

Locality Elements

Kemio Be; Ta, Li, P, ¥, B
Tammela—Somero B, Be, Li, Ta, Nb, Cs
Erdjarvi B, Be, Nb, Ta, Li, P, Cs, Sn

Seindjoki—Alavus B, Be, Sn, Nb, Ta, Li, P

Kaustinen—Ullava Li, Be
Kitee—Tohmajarvi B, Be, Li, P, Nb, T, Sn
Kajaani Be, Nb, Ta

Kangasala REE, Nb

Kaustinen-Ullava area, pegmatite dykes contain-
ing an abundance of spodumene are found in
greywacke schists. These pegmatites may repre-
sent significant reserves of Li: several dykes up
to 25 m wide and several hundred metres long
show an average of 1—1.2 % Li,O. In the Ka-
jaani area, pegmatites containing beryl and
Nb-Ta oxides are closely associated with the late-
kinematic granite batholith, which is about 1850
Ma old (Alviola 1977). The pegmatites of Kan-
gasala are enclosed in a late-kinematic granite
and contain allanite and a number of other REE
minerals (Vorma ef al. 1966). The pegmatites of
the Erdjarvi and Kitee areas have radiometric
U—Pb ages of about 1780—1800 Ma, being
roughly coeval with the late-kinematic granites.
The pegmatites of the Seindjoki area have recent-
ly been studied in detail because of their high cas-
siterite content. These pegmatites as well as many
of the pegmatites of the Perdseindjoki-Alavus
area are characterized by marked tectonization,
which is not typical of the late-kinematic granites
(Haapala 1983).

Post-kinematic granitoids

Geological and geochemical characteristics

The granitoids of the post-kinematic group
show only slightly lower ages than the late-kine-
matic granites, but have different geological and
geochemical characteristics. The post-kinematic
granitoids can be further divided into,two sub-
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groups, i.e., the granitoids in southern and in
northern Finland (Fig. 1). The former are em-
placed in Svecokarelian bedrock, whereas the lat-
ter are located within the Archean crust.

Post-kinematic granitoids have been met with
at Ava, Lemland, Mosshaga and Seglinge in
southwestern Finland (Vaasjoki 1977), and Pet-
ravaara (Nykdnen 1968), Luonteri (Hirvensalo)
(Korsman and Lehijarvi 1973) and Parkkila (Si-
monen 1982) in southeastern Finland. The in-
trusions are small, being only up to a few kilo-
metres in diameter, and exhibit a composite
character. Well-developed ring structures with
ring and radial lamprophyre and granitic dykes
occur in the Ava stock (Kaitaro 1953; Ehlers and
Bergman 1984). The rock types in the post-
kinematic intrusions vary from quartz monzo-
diorite and tonalite to quartz monzonite, grano-
diorite and granite. The texture is non-foliated
or shows igneous foliation, and the stocks have
sharp or breccia contacts with the surrounding
rocks, including the late-kinematic granites. The
characteristic petrographic features are the
abundance (up to several vol. %) of sphene, apa-
tite and magnetite, and the presence of fluorite
and allanite in certain intrusive phases. Biotite
may be relatively abundant in less evolved phases,
which may contain also ferro-hastingsitic horn-
blende (Nurmi ef a/. in preparation). The K-feld-
spar is either orthoclase or microcline.

Geochemically, these granitoids differ marked-
ly from other Svecokarelian granitoids in, for
example, their high FeO, Fe/Mg, K,O, TiO,,
P,Os, Sr, Sr/Rb, Ba, Zn and F (Pitkdnen 1985;
Nurmi ef al. in preparation). The high FeO,
TiO,, P,Os, Sr and Ba also distinguish them
from the rapakivi granites. The LREE contents
of the Luonteri stock are very high (La over 700
times the chondritic values), the REE pattern is
extremely fractionated ((Ce/Yb)y = 61), and it
exhibits no Eu anomalies (Table 1, Fig. 7). There
are no major differences in the REE contents and
patterns between the main intrusive phases
(tonalite, granodiorite and granite), although the
YREE decreases towards the more evolved rocks.
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In northern Finland, the granites of the Nat-
tanen type (Tepasto, Pomovaara, Riestovaara
and Nattanen) and the Vainospéé granite batho-
lith are included in the post-kinematic age group
(Patchett et al. 1981). Most, if not all, of them
are emplaced in Presvecokarelian bedrock. Ex-
cept for the generally foliated Vainospaé granite,
they occur as multiple batholiths and roundish
stocks with sharp contacts and a non-foliated tex-
ture. No mafic or intermediate rocks are known
to be associated with the plutons. However, gran-
ite is present in many texturally and evidently also
geochemically variable intrusive phases.

The major minerals are plagioclase (oligoclase
to albite), quartz and microcline. Chloritized
biotite and muscovite occur as minor consti-
tuents, and sphene, apatite, zircon, allanite, mag-
netite and, occasionally, fluorite are present as
accessory minerals (Mikkola 1928, 1941; Meri-
ldinen 1976). Too few chemical analyses of the
granites have yet been made to allow compari-
sons.

Associated mineralization

The post-kinematic granitoids seem to have po-
tential for Mo deposits. In southern Finland, mo-
lybdenite has been found only as sparse dissemi-
nations in pegmatites associated with granitoids,
in the granite of the Ava stock (V. Suominen,
pers. comm. 1980) and in the granodiorite of the
Luonteri stock (O. Kouvo, pers. comm. 1982).

More interesting showings are associated with the
granites of the Nattanen type. Predominantly
molybdenite mineralization has been met with in
late-stage aplite granite from Tepasto. In the
Juvoaivi stock, on the Soviet side of the border,
molybdenite is known to occur in a breccia
formed by a quartz-muscovite rock associated
with an aplite granite dyke and abundant quartz
veins (Dubrovsky 1965; see also Mikkola 1941).

At Tepasto, molybdenite is present together
with some chalcopyrite as small disseminated ro-
settes throughout an aplite granite (Haapala
1983). The aplite granite occurs as a subhori-
zontal plate, some 200 m thick, obviously sit-
uated in the upper part of the stock and brec-
ciating other granite varieties. The aplite granite
is characterized by high Rb and Ga, and low Ba,
Sr and Zr. These features are similar to those in
late-stage rapakivi granites, demonstrating ad-
vanced fractionation and superimposed altera-
tion.

Rapakivi granites

Geological and geochemical characteristics

There are four large rapakivi granite batholiths
(the Wiborg, Laitila, Vehmaa and Aland mas-
sifs) and several smaller satellitic batholiths and
stocks (e.g., the Suomenniemi, Ahvenisto and
Kokar massifs, and the Eurajoki and Kokemaki
stocks) in southern Finland (Fig. 10). The group
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of rapakivi granites also includes a few smaller
granitic intrusions (the Onas, Bodom and Obbnés
massifs) on the southern coast of Finland that
do not show the typical rapakivi texture but have
the same age and chemical characteristics as the
ordinary rapakivi granites (e.g. Vaasjoki 1977;
Tornroos 1984).

The rapakivi granite batholiths may be quite
extensive (e.g., the Wiborg massif, which covers
about 18,000 km?, and the Laitila massif, which
covers about 1,400 km?), but the gravimetric
data indicate that they are in fact large subhori-
zontal sheets (laccoliths) with roots 18—20 km
deep (Lauren 1970). The massifs are epizonal
multiple intrusions with sharp contacts against
the migmatitic and metamorphic country rocks.
Emplacement of the magmas produced thermo-
metamorphic aureoles around the massifs (Vor-
ma 1972). Volcanic equivalents (quartz porphy-
ries, felsite porphyries) and porphyry dykes are
found locally (Wahl 1925, 1947; Vorma 1975,
1976; Tornroos 1984). Also associated with the
Wiborg and Ahvenisto massifs are minor an-
orthositic bodies; the olivine-tholeiite diabase
dykes northwest of the Wiborg massif and in a
roof pendant are of about the same age as the

Fig. 11. Rubidium—Ba—Sr diagram
showing the trends of the Wiborg (tri-
angles) and Laitila (crosses) rapakivi
massifs, and fields of certain Sveco-
karelian synkinematic granitoids in
Finland (dots) and the Renkajéarvi late-
kinematic granite (shaded area). Data
sources: Wiborg massif, Vorma (1971)
and unpublished data; Laitila massif,
Vorma (1976), Haapala (1977) and un-
published data; synkinematic gran-
itoids, median contents of 42 gran-
itoids from Nurmi (1984); and late-
kinematic Renkajérvi granite, 35 un-
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rapakivi granite (Laitakari 1969; Vorma 1975;
Laitakari 1985).

The texture and mineralogy of the different ra-
pakivi varieties in the various massifs have been
described by Wahl (1925), Savolahti (1956), Si-
monen and Vorma (1969) and Vorma (1971,
1976). The granites of the earliest and main in-
trusive phases usually contain hornblende and
biotite as dark constituents, often also fayalite
and its alteration products. The K-feldspar is
typically perthitic orthoclase, and the plagioclase
andesine or oligoclase. The accessory minerals
include fluorite, zircon, apatite, ilmenite, mag-
netite, allanite and anatase. In the various com-
mon biotite granites, alkali feldspar is more or-
dered, monazite occurs instead of allanite, and
there are very few opaques. The latest intrusive
phases are represented by microcline-albite gran-
ites with topaz as a characteristic minor consti-
tuent, and monazite, ilmenite, cassiterite and co-
lumbite as typical accessories (Haapala 1974,
1977 a). Also associated with these late-stage
granites are topaz-bearing quartz-porphyry
dykes.

The geochemistry of the rapakivi granites has
been discussed in several papers (e.g., Sahama

Ba

Synkinematic
granites and
granodiorites

Synkinematic
tonalites and
trondhjemites

published analyses.
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1945; Vorma 1976; Haapala 1977 a). The major
element contents are fairly similar to those in the
late-kinematic granites (Figs. 3, 5 and 6); the
rapakivi granites are characterized by alkaline af-
finities, high K/Na and variable mol. Al/(Ca/2 +
Na + K) ratios. In contrast to the late-kinematic
granites, the major and trace-element contents
show a marked variation between the different
rapakivi varieties. The generalized evolutionary
trend, hornblende-biotite-fayalite granites —
normal rapakivi granites — biotite granites —
topaz-bearing granites, is marked by decreasing
Al O,, FeO, MgO, CaO, TiO, and Mn and in-
creasing SiO,. By using the Harker and Niggli
variation diagrams and the albite-orthoclase-
quartz diagrams, Vorma (1976) has shown that
the compositional trends and mean compositions
of the various rapakivi massifs differ clearly from
each other. The geochemical evolution can be
visualized particularly well in the trace-element
diagrams of Ba-Sr-Rb and Zr-Ti (Figs. 11 and 12).

Rapakivi granites are typically enriched in trace
elements such as F, Rb, Li, Zr, Hf, Th, U and
REE (except Eu). The REE contents of the main
phases of the Laitila massif are distinctly higher
than those of the synkinematic and late-kinematic
granites (Table 1, Fig. 7); the REE patterns show
moderate fractionation ((Ce/Yb)y = 7.6) and a
distinct Eu minimum (Eu/Sm = 0.11). Topaz-
bearing late-stage phases have a lower LREE,
very low (Ce/Yb)y and very deep Eu minimum.

There are differences in radiometric U-Pb
zircon ages between individual massifs and even

between intrusive phases within the same massif
(Vaasjoki 1977). The main parts of the plutons
were emplaced as follows: the Wiborg massif
1700—1650 Ma ago, the Aland massif 1670 Ma
ago, the Vehmaa massif 1590 Ma ago, and the
Laitila massif 1570 Ma ago. The granites of the
latest intrusive phases (some of them tin-bearing)
give lower ages: 1640 Ma in the Wiborg massif,
1620 Ma in the Aland massif, and 1540—1500
Ma in the Laitila massif.

Late-stage granites and associated mineralization

In several areas tin and polymetallic minerali-
zation are associated with the latest intrusive
phases of the rapakivi granite batholiths and
stocks, including all the large plutons (Haapala
and Ojanperd 1972; Haapala 1977 a, 1977 b;
Bergman 1981). These granites show the petro-
graphic and geochemical pecularities typical of
tin-bearing granites, and they differ markedly
from normal rapakivi granites and other barren
granites.

In texture, the late-stage granites are equigran-
ular or porphyritic with angular megacrysts of
microcline perthite and quartz in a fine-grained
ground mass. They do not contain ovoidal
K-feldspar megacrysts typical of normal rapaki-
vi granites. The major minerals, quartz, micro-
cline and albite, occur in approximately equal
amounts. The only dark constituent of these gra-
nites is 1—5 vol. % F-rich siderophyllite or
lithian siderophyllite (protolithionite). Other very
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Fig. 12. Zirconium—Ti diagram
showing the trend of the Laitila rapa-
kivi massif (crosses) and fields of cer-
tain Svecokarelian syn-kinematic gran-
itoids in Finland (dots) and late-
kinematic Renkajarvi granite (shaded
area). Data sources: Laitila massif,
Vorma (1976) and Haapala (1977);
synkinematic granitoids, Ti from Nur-
mi (1984), Zr unpublished data; late-
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typical minor constituents are topaz and fluorite.
Characteristic accessories are monazite, bastnae-
site, ilmenite, cassiterite, columbite and thorite.
The topaz-bearing late-stage granites are pe-
raluminous rocks characterized by extremely low
TiO,, MgO, Ba, Sr and Zr, and high F, Li, Ga,
Rb, Sn and Nb (Figs. 11 and 12; Haapala 1974,
1977 a, 1983). They have undergone marked sub-
solidus reactions, as demonstrated by the pres-
ence of various exsolution and replacement tex-
tures (Haapala 1977 b). The alkali feldspar is
typically vein and patch perthite. Rims of water-
clear albite produced either by exsolution or,
less probably, by metasomatic albitization occur
between the alkali feldspar grains or between the
alkali feldspar and turbid albite. The turbid albite
contains very small secondary inclusions of fluo-
rite, topaz, sericite and quartz produced by reac-
tions between the anorthite molecule of the plagio-
clase and fluorine-bearing postmagmatic fluids
(e.g., CaAl,Si,O4+4HF = CaF, + ALF,SiO, +
SiO,+2H,0). The topaz is partly a primary
mineral and partly clearly secondary. Other post-
magmatic replacement reactions occurring in the
autometamorphosed and greisenized granites are
muscovitization and silicification of feldspars, al-
bitization of K-feldspar, K-feldspathization of
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plagioclase, and muscovitization and chloritiza-
tion of dark mica.

At least in the Eurajoki and Kymi areas (Figs.
10 and 13), the ore mineralization is related to
cupolas of topaz-bearing granite. In the Eurajoki
stock, cassiterite is found (1) as an accessory
mineral in the topaz-bearing granite, (2) in peg-
matite veins and pockets, and (3) in greisen veins.
The composition of the cassiterite varies, depend-
ing on the type of occurrence (Haapala 1974,
1977 a). In both Eurajoki and the other areas,
the greisen and quartz veins represent the most
important type of mineralization, but all the oc-
currences found so far have been subeconomic.

The greisen and quartz veins that contain the
ore minerals may occur in the topaz-bearing gran-
ites or in surrounding rocks no more than a few
hundred metres from the contact (Fig. 13). The
element association of the mineralization varies.
Veins with Sn-Be-W-Zn-Pb-Cu mineralization
are found in the Eurajoki and Kymi areas (Haa-
pala 1977 b), whereas the recently discovered
greisen bodies in the Ahvenisto massif (Fig. 10)
are enriched in Sn (Peuraniemi ef a/. 1983). The
beryllium minerals found in the greisen and
quartz veins in the Eurajoki and Kymi areas are
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beryl, genthelvite and bertrandite (Haapala and
Ojanperd, 1972).

Studies of fluid inclusions in the minerals of
the greisen veins in the Eurajoki area show that
the cassiterite crystallized from fluids at salinities
of 3 to 17 wt % NaCl equivalents and at mini-
mum temperatures of 260° to 390°C, and the be-
ryl from fluids at salinities of 11° to 17 wt %
NaCl equivalents and at minimum temperatures
of 360° to 410°C (Haapala and Kinnunen 1979).

Discussion

Chappell and White (1974) utilized a range of
geochemical parameters to define specific granite
types. Their classification of orogenic calc-alka-
line granitoids into I- and S-types (Table 3) was
later extended to include the M-type and anoro-
genic A-type (White 1979; Loiselle and Wones
1979). The granite types reflect differences in the
genesis of the magmas. The I-type magmas were
formed after partial remelting of mantle-derived
material (White and Chappell 1977, 1983),
whereas the M-type magmas, having a chemical
and isotopic composition like that of the volcanic
rocks of the island arcs, and occurring in close
association with them, are related directly to par-
tial melting of the oceanic slab or mantle (White
1979; Pitcher 1983). The S-type granites origi-
nated from sedimentary source rock in the crust.
The A-type granites are characterized by alkaline
affinities: low CaO, Al,O;, Ba, Sr, Eu and tran-
sition metals (except Zn), and high SiO,, Fe/Mg,
K/Na, F, Ga, Sn, Zr, Nb, Ta, Y and REE (ex-
cept Eu) (Loiselle and Wones 1979; Collins et al.
1982). The genesis of the A-type magmas has
been related to partial melting of a felsic granu-
lite, being a residue of previous orogenic gran-
itoid magmas and enriched in refractory minerals
(Collins et al. 1982; see also Loiselle and Wones
1979).

The granite types differ markedly in their po-
tential for mineral deposits. Porphyry Cu, Mo
and Au deposits occur in I-type granites, whereas

Sn and W mineralizations are related to S-type
granitoids (Chappell and White 1974; Beckinsale
1979; Ruitenberg and Fyffe 1982). M-type gran-
itoids have a potential for porphyry Cu-Au de-
posits (Pitcher 1983). In addition to the variable
source of the magmas determining the initial con-
centrations of ore-forming elements (e.g., Plimer
1980; Ishihara 1981), another major reason for
these differences may be the different oxygen
fugacity of the magmas. This has a profound ef-
fect on the behaviour of S (Burnham and Ohmo-
to, 1980) and ore metals (e.g., Ishihara 1978; Sil-
litoe 1979). The metallogeny of A-type granites
is less well known. Plimer (1983) suggests that
Sn-W skarns, Mo-Bi veins, Sn greisens and por-
phyry Sn deposits are related to these granites,
whereas Pitcher (1983) mentions columbite, cas-
siterite and fluorite mineralization in the same
context.

The concept of granite types has been devel-
oped in Phanerozoic regions, particularly in
southeastern Australia, but a few studies of Pre-
cambrian bedrock indicate that the classifications
may be extended to Proterozoic granitoids (e.g.,
Wilson 1980; Nystrom 1982).

Synkinematic granitoids

The Svecokarelian synkinematic granitoids of
Finland exhibit I-type characteristics. They are
calc-alkaline and vary widely in composition (Fig.
3). The ratios of Na/K are high (Fig. 6) and those
of mol. Al/(Ca/2+ Na +K) typically below 1.1
(Fig. 4). Hornblende, sphene and magnetite are
commonly present, the latter indicating that the
synkinematic granitoids also fulfil Ishihara’s
(1977) criteria for the magnetite series. Further,
some of the granitoids contain porphyry-type
mineralization.

A detailed discussion of REE geochemistry is
not relevant here and would not, in any case,
offer an unambiguous tool to aid petrogenetic in-
terpretations. The REE contents and patterns are
broadly similar to those in many calc-alkaline
granitoids elsewhere (see e.g. Cullers and Graf
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Table 3. Characteristics of I- and S-type granites (Chappell and White 1974; Beckinsale 1979).

I-type S-type
Variation in composition large restricted, with high SiO,
Mol. Al/(Ca/2+ Na+K) < 1.1 > 1.1
Na/K high low
87Sr/%Sr < 0.708 > 0.708
650 6—10 > 10
f(O,) in magma high low
Fe¥t/Rett high low
Typical minerals magnetite, sphene ilmenite, muscovite
hornblende monazite, garnet, cordierite
Associated mineralization porphyry-type Sn, W
Cu, Mo, Au

1984). The HREE depleted patterns may be
attributed to the presence of minerals such as
garnet, hornblende, pyroxene and plagioclase in
the residue (e.g. Barker et al. 1976; Condie and
McCrink 1982) or fractionation of, say, horn-
blende and plagioclase during crystallization
(e.g., Arth et al. 1978; Frey ef al. 1978; Condie
and McCrink 1982). Several minor minerals
present either in the residue or as crystallizing
phases obviously have an important effect on the
REE patterns of felsic magmas (Fourcade and
Allegre 1981; Miller and Mittlefehldt 1982). The
minor Eu anomalies in the granitoids do not
necessarily exclude the role of plagioclase, be-
cause hornblende could have the opposite effect
on the Eu, and thus prevent the development of
a net anomaly in the melt. Moreover, in high
oxygen fugacity magmas, the Eu can occur as
Eu®* and behave like the rest of the REE (Cul-
lers and Graf 1984).

Viscosity being high in the granitoid magmas,
complete separation of the minerals is impossible,
contrary to what is assumed in most fractional
crystallization models. Furthermore, the small
proportion of potential parent basic-intermediate
magmas and recognizable cumulates in relation
to the voluminous silicic magmas argues against
direct fractional crystallization models (e.g.,
Saunders et al. 1980). Hence many authors
favour partial melting as the principal mechanism
producing voluminous granitic magmas (White
and Chappell 1977; Green 1980; Barker et al.

1981; Pitcher 1983; Othman ef al. 1984). How-
ever, the Proterozoic tonalites of the Uusikau-
punki-Kalanti area and northern New Mexico are
very closely related to basic and intermediate
rocks, including cumulus amphibolite and horn-
blendite (Arth et al. 1978; Condie and McCrink
1982). It is probable from field geology and
petrogenetic modelling that these tonalites re-
present fractional crystallization products of
tholeiitic basaltic magmas.

Fractional crystallization certainly operates to
some degree during solidification of all granitoids.
In the large granodiorite phase of the Rautio
batholith this is indicated by geochemical zoning
with more evolved rocks towards the centre (Nur-
mi 1983; Nurmi and Isohanni 1984). The REE
contents decrease and the Eu minimum becomes
more distinct in late-stage phases as a result of
crystallization of hornblende, plagioclase and ac-
cessory minerals. Their fractionation occurred
either in situ or during the ascent of the crystal
mush.

Synkinematic tonalitic rocks have proved to
be a more homogeneous group geochemically
than granodiorites and granites (Nurmi 1984).
This may indicate the more homogeneous source
of the tonalites, which are possibly partial melts
of a mafic source rock or differentiation products
of basaltic magmas. On the other hand, the syn-
kinematic granodiorites and granites may have
originated from a more heterogeneous crustal
source with variable hybriditization with mantle
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magmas. Besides magmatic rocks, recrystallized
sedimentary rocks have been mapped as synki-
nematic granitoids in some areas.

The most primitive Svecokarelian granitoids
are tonalites and trondhjemites with ey, values
similar to early basalts and synkinematic gabbros
(+2to +3), whereas the majority of the synki-
nematic granitoids have slighly lower e, values
(—0.5to + 1.5) (Patchett et al. 1984). In this re-
spect, the primitive tonalites resemble the M-type
granites.

Initial ¥’Sr/%Sr determinations of the synkine-
matic granitoids are sparse but the available
values are all low: 0.7021 from the Kalanti gabbro-
trondhjemite suite (Arth ez al. 1978), and 0.7030
from the granodiorites in Hameenkyré (Aro
1983) and Sottunga (Welin et al. 1983). Initial Hf
isotope studies of the synkinematic plutonic rocks
(four gabbros and a charnockitic granite) gave
near chondritic values (Patchett ez al. 1981). The
roughly identical age of the Svecokarelian meta-
volcanic rocks, mafic plutonic rocks and synki-
nematic granitoids, and the close association of
the last two in many plutons (e.g., Arth et al.
1978; Nurmi 1983) indicate that the rocks are
cogenetic. Lead-isotopic studies of galenas from
several Svecokarelian mineralizations do not
show involvement of Archean Pb either (Vaas-
joki 1981).

Recent Nd-isotope data demonstrate that the
Svecokarelian crust in Finland does not have a
major Archean component but that a new crust
was generated during the Proterozoic (Patchett
et al. 1984). However, a model with a minor
Archean component (< 15 %) in the granitoids
is favoured to explain their e, values, which are
lower than in coeval mafic rocks (Patchett et al.
1984).

Analogous Nd-isotope characteristics prevail in
the 1700—1900 Ma old Ketilidian crust of South
Greenland (Patchett and Bridgwater 1984). Since
the ey, = 0 value appeared to be well-homog-
enized in the granitoids and no relicts of Archean
crust have been identified from these areas, it is
suggested that Archean material was added in the

form of sediments transported to the orogenic
zone on subducting ocean crust (Patchett and
Bridgwater 1984; Patchett ef al. 1984). In con-
trast the Phanerozoic Australian I-type granites
have low and variable ey, values (from +0.4 to
—~8.9), which are attributed to the incorporation
of mantle-derived crustal material very different
in age (McCulloch and Chappell 1982).

An Andino-type plate-tectonic model with sub-
duction from the southwest beneath the Archean
basement was first proposed to explain the gen-
esis of the Svecokarelian crust by Hietanen
(1975). Her view has since been endorsed by Bar-
ker ef al. (1981), Gaal (1982 a) and others. More
complex models with several subduction zones
have been proposed by Gaal (1982 b) and Bowes
et al. (1984). Although there are problems in pa-
leogeographical reconstructions of the plates, an
Andino-type plate-tectonic model seems to be the
most viable mechanism for Svecokarelian crust
building. In addition to the I-type granites with
porphyry-type mineralization, the massive sul-
phide deposits and their metavolcanic host rocks
have many features in common with those in
Phanerozoic continental margin environments
(Rickard and Zweifel 1975; Rickard 1978; Lund-
berg 1980; Mikeld 1980). The very short time
span (some ten million years) within which the
synkinematic igneous rocks formed the bulk of
the extensive Proterozoic crust in Finland indi-
cates that the process must have been more
vigorous than that operating in present-day mag-
matic arcs. This may be due to the relatively small
plates and the Earth’s high heat production in
the Proterozoic, resulting in more rapid plate
movements than in modern times (Brown 1982).

Late-kinematic granites

The late-kinematic granites exhibit features
typical of S-type granites. They have high and
restricted silica contents, low CaO and Na,O,
and high K,O (Figs. 3 and 6). The average mol.
Al/(Ca/2 + Na+ K) ratios are higher than in the
synkinematic granitoids but exhibit a wide varia-
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tion. No Sr-, Hf- or Nd-isotope determinations
are available. However, the intimate association
of the granites with mica gneisses and schists, the
abundant nebulitic remnants composed of gar-
netiferous mica gneisses in some varieties and the
common occurrence of accessory minerals such
as garnet, cordierite, sillimanite and muscovite,
which are typical of peraluminous granites (Clarke
1981), all suggest that the magmas derived from
metasedimentary rocks.

The greywackes and shales all exhibit similar
REE patterns, regardless of some variation in age
(Nance and Taylor 1976). Model calculations
show that about 40 % melting of such greywackes
under upper amphibolite or granulite facies con-
ditions, leaving a residue composed of minerals
such as plagioclase, hornblende, biotite, garnet,
quartz, apatite and zircon, will produce REE pat-
terns similar to those in the Renkajérvi granite
(Fig. 7), albeit with slightly lower LREE contents
and a weaker Eu minimum (Hanson 1980). How-
ever, reduction in the extent of melting will lead
to higher LREE in the melt and a greater
abundance of biotite in the residue. More plagio-
clase in the residue will evidently produce a more
pronounced Eu minimum in the melt.

The late-kinematic granites usually have com-
positions near the »granite minimum» and very
low contents of components such as CaO, MgO
and TiO, (Simonen 1960). Experimental studies
suggest that such granites represent relatively low-
temperature and H,O-rich magmas (Clemens
and Wall 1981). The magmas, enriched in water,
caused advanced metasomatic changes in the sur-
rounding rocks (Harme 1965). The very high
K,O contents and consequently the low mol.
Al/(Ca/2+Na+K) ratios in certain granite
samples may be attributed to secondary K-feld-
spar.

No volcanic rocks are known to be related to
the late-kinematic granites, and evidently the
volatile-rich magmas generally had little oppor-
tunity to rise markedly from their source area as
diapiric plutons (c¢f. Harris et al. 1970; Hyndman
1981). On the other hand, the Renkajirvi two-
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mica granite, which is homogeneous and rarely
includes any enclaves, has ascended from its
source. It has K/Na ratios like those of the
Australian S-type granites and mol. Al/(Ca/2 +
Na + K) ratios uniformly over 1.1.

The formation of the late-kinematic granites
marks the peak of Svecokarelian metamorphism
between 1810 and 1850 Ma ago under high tem-
perature — low pressure conditions (Korsman
1977; Korsman et al. 1984). The end of this stage
has been recorded by U-Pb dating of the sphenes
and monazites in the synkinematic granitoids
(Aho 1979; Simonen 1980).

Gaal (1982 a) demonstrates that the tectonic
style changed during the Svecokarelian orogeny.
The early stages were characterized by tight to
isoclinal folding with different attitudes and
thrusting. In the synkinematic migmatite complex
of southern Finland, the major phases of tectonic
and metamorphic activity and multiple neosome
development have been found to have had a span
of less than 20 Ma (Hopgood ef al. 1983). At the
late-Svecokarelian stage (after 1850 Ma), the
crust was sufficiently consolidated to allow a
uniform regional stress field to generate large
open upright folds with consistent NNE trends
(Gaal 1982 a).

Late-kinematic metamorphism, tectonics and
granites are all typical of Hercynian orogenic
belts (c¢f. Pitcher 1982), and the late-kinematic
stage of the Svecokarelian orogeny has been re-
garded as of Hercyno type (Wilson 1982; see also
Zwart 1967). It was evidently a consequence of
thrusting inducing transverse shortening and
thickening of the crust.

Post-kinematic granitoids

The post-kinematic granitoids of southern Fin-
land exhibit unique characteristics and cannot be
included unequivocally in any of the granite
types. They have many features in common with
rapakivi granites, for example, high K/Na,
Fe/Mg, Zr, and F, but then they also have high
FeO, TiO,, P,Os, Sr and Sr/Rb. The extreme
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REE contents and patterns of the Luonteri stock
(Table 1, Fig. 7) are similar to those of kimber-
lites (Mitchell and Brunfelt, 1974) and lampro-
phyres (Bachinski and Scott 1979; Paul and Potts
1981). Lamprophyres have been related genetically
to magmas formed after a small degree of partial
melting of undepleted mantle peridotite possibly
followed by fractional crystallization or volatile
transport (Bachinski and Scott 1979; Jahn ef al.
1979; Paul and Potts 1981).

In southern Finland lamprophyres are intimately
related with the Ava stock (Kaitaro 1953; Ehlers
and Bergman 1984). Post-kinematic lamprophyres
occur also in many other areas in the Svecokare-
lian comples (e.g., Huhma 1981; Neuvonen
et al. 1981; Laukkanen 1985). Elsewhere, too,
lamprophyres are often associated with post-
orogenic granitoids and mafic plutonic stocks
(e.g. Bowes and McArthur 1976; Rock 1977;
Jahn et al. 1979). Because many of the chemical
characteristics of typical lamprophyres are also
present in the post-kinematic granitoids (e.g.,
high TiO,, P,Os, Sr, LREE and Ce/Yb), some
kind of genetic connection is suggested between
these rock types. Their source was probably in
the mantle but variable crustal contamination
was evidently involved in the evolution of the
granitoid magmas. The initial 8’Sr/*Sr ratio of
the Mosshaga stock is 0.7032 and the initial e,
values of the Parkkila and Ava intrusion are
+3.9 and +1.2, respectively, also implying
mantle source (Patchett ef al. 1981; Welin et al.
1983).

Analogously, Thompson et al. (1984) postu-
late that certain syenites and their volcanic equi-
valents in southern Europe are fractionation re-
siduums of minettes. The genesis of the ultrapo-
tassic lamprophyres is related to post-collisional
deep mantle magmatism.

The post-kinematic rocks are obviously related
to deep faulting of the crust at the waning stage
of the Svecokarelian orogeny and during the up-
lift of the crust. Faulting was also active in the
Presvecokarelian basement area as evidenced by
shear zones in eastern Finland (Bowes ef al.

1984). In northern Finland, faulting possibly
contributed to the formation of the post-kine-
matic granites. No mafic or intermediate rocks
are exposed in association with these granites.
However, quartz diorites, monzodiorites and
lamprophyres are present in the Litsa-Araguba
granite complex in the Kola Peninsula. The rocks
are post-kinematic in age and occur in the same
structural zone as the granites of the Nattanen
type in eastern Lapland (Pushkarev et al. 1975;
Vetrin et al. 1975). This suggests that the mantle
magmas participated, at least as a heat source,
in the formation of the granites. Yet, Archean
granitoids were the major source of granites in
northern Finland, as evidenced by all four iso-
topic systems: Sr, Nd, Hf and Pb (Patchett ez al.
1981; Kouvo ef al. 1983).

Rapakivi granites

The rapakivi granites of southern Finland are
well-known examples of the world-wide group of
anorogenic (or post-orogenic) Proterozoic gran-
ites characterized by the presence of varieties with
rapakivi texture. Other representatives of this
granite group are found in the Ukraine, Soviet
Karelia, Sweden, southern Greenland, Labrador,
Wisconsin, Missouri, Venezuela and Brazil (Buk-
harev et al. 1973; Gulson and Krogh 1975; Emslie
1978; Gaudette ef al. 1978; Welin and Lundqvist
1984). In several areas, anorthosites and gabbros
are closely associated with rapakivi granites,
whose age varies between 1700 and 1300 Ma,
usually being about 1500 Ma.

The rapakivi granites exhibit characteristics of
A-type granites. They have alkaline affinities
(Fig. 3) and are peraluminous to metaluminous
with higher SiO,, K/Na (Fig. 5), Fe/Mg, Rb
(Fig. 11), F, Li, Zr (Fig. 12), Hf, Th and U than
orogenic granitoids. The CaO, P,0O; and Sr
(Fig. 11) are low. The late phases are also high
in Ga, Nb and Sn and extremely low in MgO,
TiO,, Ba, Sr and Zr (Figs. 11 and 12). Greisen-
type Sn-Be-W and Zn-Cu-Pb sulphide minerali-
zation is associated with certain late topaz-
bearing phases.
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The REE contents and patterns in the main
phases of the Laitila massif (Table 1, Fig. 7) are
in good agreement with those of anorogenic gran-
ites in North America (Anderson 1983) and of
A-type granites in southeastern Australia (Col-
lins ef al. 1982). The high REE contents in rapa-
kivi granite magmas may be due to high F and
alkali contents, because these elements can form
stable high-coordination complexes with the REE
in silicic melts (Collins et al. 1982). The ability
of Zr to form complexes with alkalis may explain
the increased solubility of zircon with the in-
creasing alkaline affinities of granitic magmas
(Watson 1979) and thus the high Zr, Hf and
HREE contents in rapakivi granites. Zircon tends
to remain in the residue during the formation of
calc-alkaline granitoids.

Both magmatic and metasomatic processes
contributed to the development of the petrograph-
ic and geochemical pecularities of the late-stage
granites. The occurrence of primary topaz in the
granites indicates that the late-stage granite mag-
mas were highly enriched in F. The high Nb and
Ta contents of the cassiterite occurring as an ac-
cessory mineral in the topaz-bearing granites
points strongly to the primary magmatic origin
of that cassiterite, reflecting the elevated Sn con-
tent of the magma (Haapala 1977 a). Obvious-
ly, several other trace elements were also enriched
in the volatile-rich residual magma. The experi-
mental studies by Kovalenko (1973) and Manning
(1982) show that the addition of fluorine lowers
the viscosity and crystallization temperature, and
shifts the isobaric minimum towards albite-richer
compositions in the granite—H,O system. Thus,
the somewhat increased Na/K ratio in the topaz-
bearing granites may be due to the high F con-
tents of the late-stage magmas. But certain re-
placement reactions (e.g., the growth of second-
ary topaz and quartz, the replacement reactions
along fractures) clearly indicate metasomatism.
Certain ion-exchange reactions can obviously
take place between the postmagmatic fluids and
the minerals of the granite without the develop-
ment of ordinary replacement textures. The
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anomalously high Rb content and low Ba con-
tent (both mobile elements) of the K-feldspar and
granite (Fig. 11) could be attributed to postmag-
matic fluid-rock interactions alone. On the other
hand, the same evolutionary trend (hornblende-
biotite-fayalite granite — normal rapakivi gran-
ites — biotite granite — topaz-bearing granite)
is also indicated by the immobile elements Zr and
Ti (Fig. 12), demonstrating the ability of frac-
tional crystallization to operate in these low-
viscosity granite magmas.

The REE contents of the late phases of the Lai-
tila massif (Table 1, Fig. 7) cannot be due merely
to fractional crystallization. The LREE are con-
siderably lower than in the main phases, principal-
ly because of fractionation of accessory phases
such as monazite, apatite and allanite. In con-
trast, the HREE are higher in the late phases.
This is unexpected, because zircon is almost
totally fractionated before the crystallization of
the late phases. The Zr contents drop from 250—
430 ppm in the main phases to < 40—150 ppm
in the late phases (Fig. 12). Zircon has very high
partition coefficients for the HREE in that they
progressively increase towards Lu (Nagasawa
1970). Thus, in the late phases, the behaviour of
the HREE patterns and contents should be the
exact opposite if only fractional crystallization
is involved.

However, the HREE are able to form stable
complexes in fluids enriched in F—, Cl— and
CO?%~ (Mineyev 1963; Kerrich and Fryer 1979;
Alderton et al. 1980). In the Kazakhstan massif,
the REE were obviously transported as alkali-
fluoride complexes (Mineyev 1963). Since the
LREE complexes are less stable than the HREE
complexes, the residual fluids were enriched in
HREE. Precipitation of the REE started when
the alkali content of the fluids began to decrease,
and the HREE were enriched in high-F rocks, as
in the Laitila massif. The deep Eu anomalies in
the late phases may be due partly to post-magma-
tic albitization of the plagioclase (¢f., Fowler and
Doig 1983). Alteration can also explain the very
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low Sr contents of the late phases (c¢f., Taylor
1965; Lawrence 1975).

Hafnium-isotope studies with e, values from
0to + 3.3 suggest mantle/lower crust genesis for
the rapakivi magmas (Patchett et al. 1981). As-
sociated gabbro-anorthosites and olivine-tholeiite
diabases evidently represent the mantle compo-
nent of this bimodal magmatism. As for volu-
minous granite magmas, the involvement of a sig-
nificant crustal component in their source seems
mandatory (e.g., Wyllie et al. 1976); the mantle
magmas probably initiated major partial melting

in the lower crust (e.g., Bridgwater ef al. 1974;
Emslie 1978). The source of the rapakivi granite
magmas may have been either calc-alkaline
igneous rocks (Anderson 1983) or preferably a
felsic granulite, the residue of previous orogenic
magmas, as supposed by Emslie (1980) and Col-
lins et al. (1982) in case of the rapakivi granites
in North America and the Australian A-type
granites, respectively. Vorma (1976) has con-
cluded that the rapakivi magmas were generated
by ultrametamorphism of the lower crust under
the conditions of intermediate to high-pressure

Table 4. Summary of the characteristics of Proterozoic granitoids in Finland.

Group and Mode of Granitoids! Cogenetic'! Characteristic
age (Ma) occurrence rocks minerals
Syn- composite granodiorite, metavolcanic biotite,
kinematic batholiths tonalite, & mafic to hornblende,
granitoids & stocks trondhjemite, intermed. sphene,
1860—1930 in schist granite, plutonic magnetite,
belts charnockite rocks hypersthene
granitoid granodiorite, mafic to biotite,
complex of granite, intermed. sphene,
central tonalite plutonic magnetite,
Finland charnockite rocks hypersthene
Late- plutons & monzo- — biotite,
kinematic migmatite- & syeno- garnet,
granites forming granite, cordierite,
1800—1850 bodies pegmatites sillimanite,
muscovite
Post- composite granite, quartz biotite,
kinematic stocks & granodiorite, monzodiorite sphene,
granitoids ring dykes tonalite, & -monzonite, apatite,
ca. 1800 in granitic lamprophyres hornblende,
S Finland dykes magnetite,
fluorite,
allanite
multiple granites in — biotite,
batholiths texturally sphene,
& stocks in variable magnetite,
N Finland forms fluorite,
allanite
Rapakivi multiple granites in gabbro, orthoclase,
granites batholiths texturally anorthosite, biotite,
1540—1700 & stocks in variable diabase, hornblende,
S Finland forms felsic fayalite,
volcanic fluorite,
& porphyritic allanite,
dyke rocks anatase,
monazite

! Plutonic rocks named according to the scheme recommended by the IUGS (Streckeisen 1974).
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granulite facies during the culmination stage of
the Svecokarelian orogeny and emplaced during
the distensional post-orogenic stage.
Neodymium-Sm studies of anorogenic granites
ca. 1400 Ma old in Wyoming and Colorado sug-
gest a heterogeneous Proterozoic crustal source
with a model age of 1800 Ma (DePaolo 1981;
Nelson and DePaolo 1982). The high $7Sr/%Sr
initial ratios of many rapakivi granites in North
America, Sweden and Soviet Karelia (Emslie
1978; Wilson 1980; Rub ef al. 1982; Anderson
1983) may imply a crustal source or post-magmatic

resetting of Sr isotopes (Welin and Lundqvist
1984).

The voluminous rapakivi granites and associated
mafic rocks obviously indicate post-orogenic
rifting of the consolidated and uplifted Svecoka-
relian crust ca. 1700 Ma ago. The diabase dykes
with glassy apophyses and amygdules demon-
strate that no significant erosion or thermal ac-
tivity has affected the crust since their intrusion
(Lindgvist and Laitakari 1980). The waning of
the principal uplift stage of the Svecokarelian
crust can be inferred from the K-Ar biotite ages,

Geochemical Associated Granite Genetic
characteristics mineralization type considerations
calc-alkaline (tonalites have cal- porphyry-type Mo, Cu, I-type subduction-related mantle
cic affinities); generally metalu- Mo-Cu, Cu-Au, Cu-W magmas acted as indirect
minous; variable SiO,, low assoc. with non- (heat) and direct sources,
K/Na; 87Sr/86Sr < 0.7030; specialized late phases granitoids represent newly
ena = 05 (Ce/Yb)eny = 5—23; mantle-derived material
Ce:45—71 ppm in granodiorites, but recycling in the crust
13—33 ppm in tonalites is evident
generally higher SiO,, Fe/Mg; Minor Cu, As, Mo, Zn I-type may represent deeper level
K/Na lower Sr Pb, W, Sn of the crust
alkaline affinities; high SiO,, rare-element pegmatites; S-type partial melting and graniti-
K/Na, Rb; low CaO, FeO, minor Mo, U zation of supracrustal
MgO, Ti, Sr, Zr, Eu rocks during
high-T low-P metamor-
phism in thickened crust
alkaline affinities; high K/Na, — — fractionation of alkalic
FeO, Fe/Mg, Ti, P, Sr, Sr/Rb, basic magmas with
Zn, F, LREE, Ce/Yb; variable crustal
ey = 1—4; 8’Sr/%6Sr = 0.7030 contamination; mantle
magmatism initiated
by deep faulting
87Sr/%Sr = 0.7088—0.7117; disseminated Mo (Cu) =3 remelting of Archean
ena = —8; ey = —(10—12); in leucogranites crust, possibly initiated by
207Pb/24Pby,, = 14.8—15.0 mantle magmas and deep
206Pb/204Pby,, = 14.6 faulting
alkaline affinities; metaluminous Sn, W, Be, Zn, Pb A-type remelting of granulitic

to peraluminous; high SiO,,
K/Na, Fe/Mg, Rb, Li, F,
Zr, Hf, REE (except Eu);
low P, Sr, Eu; ¢y =
0—3.3

granites

in greisen & quartz
veins assoc. with
specialized leuco-

lower crust, initiated

by mantle magmas related
to intracontinental

rifting




228  Pekka A. Nurmi and Ilmari Haapala

which are grouped around 1750 Ma in gneisses
and 1720 Ma in migmatite areas of eastern Fin-
land (Korsman et al. 1984). According to Pat-
chett and Bridgwater (1984), cooling from above
K-Ar and Rb-Sr biotite blocking temperatures
around 1700 Ma ago is a feature common to all
1700—1900 Ma old crust in the northern hemi-
sphere.

The Jotnian red sandstones and diabase dykes
occurring in a down-faulted block in spatial as-
sociation with the Laitila massif (Fig. 1) are
evidently indications of sedimentation and later
magmatic activity in a rift zone. The Jotnian
shales have been dated tentatively at 1300 to 1400
Ma by the K-Ar and Rb-Sr methods, and the
diabase dykes at 1260—1270 Ma (Simonen 1980;
Patchett ef al. 1981). A similar association of
anorogenic rapakivi granites — anorthosites and
continental sandstone — basalt sequence is
typical in North America, Greenland and the Uk-
raine (see Emslie 1978). Emslie (1978) suggests
that the rapakivi granites — anorthosites sig-
nalled the beginning of the activity in the mantle
that eventually matured into continental rifting.

Conclusions

Selected characteristics of the granitoids are
summarized in Table 4. Despite the gaps in ge-
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