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Whole-rock and isotope geochemistry of six ∼1.8 Ga post-kinematic intrusions,
emplaced along the ∼1.9 Ga Southern Svecofennian Arc Complex (SSAC) and in the
SW part of the Karelian Domain in Finland, was studied. The intrusive age [U–Pb sec-
ondary ion mass spectrometer (SIMS)] of one of these, the Petravaara Pluton, was
determined as 1811 ± 6 Ma.

Basic-intermediate rocks are alkali-rich (K2O + Na2O > 4 wt.%) and typically sho-
shonitic, strongly enriched in large ion lithophile elements and light rare earth elements,
but relatively depleted in high field strength elements and heavy rare earth elements.
The enrichment is much higher than can be accounted for by crustal contamination and
requires previously melt-depleted mantle sources, subjected to variable metasomatism
by carbonate-rich fluids and sediment-derived melts. These sources are inferred to con-
sist of phlogopite ± amphibole-bearing peridotites from depths below the spinel–garnet
transition, as shown by the high Ce/Yb ratios. 87Sr/86Sr(1.8 Ga) ratios in the range
0.7027–0.7031 and ‘mildly depleted’ eNd(1.8 Ga) values (+0.1 to +1.4), with TDM values
<2.1 Ga, suggest that mantle enrichment was associated with the previous Sveco-
fennian subduction–accretion process, when enriched sub-Svecofennian mantle sections
developed, dominantly characterized by 147Sm/144Nd ratios of 0.14–0.17.

The associated granitoids are diversified. One group is marginally peraluminous,
transitional between I (volcanic-arc) and S (syn-collisional) types, and was derived
from mixed igneous and sedimentary, but juvenile Svecofennian source rocks, as sup-
ported by near-chondritic eNd(1.8 Ga) and somewhat elevated 87Sr/86Sr(1.8 Ga). The
other group is transitional between I and A (within-plate) types in character and had
dominantly igneous protoliths. The whole-rock geochemistry and isotopes suggest that
the compositional variation between ∼50 and 70 wt.% SiO2 may be explained by
hybridization between strongly enriched mantle-derived magmas and anatectic granitic
magmas from the juvenile Svecofennian crust. One intrusion in the east contains a sig-
nificant portion of Archaean, mostly igneous protolithic material (eNd(1.8 Ga) = –2.8
and eHf(t) for zircons between +2.8 and −11.9, with an average of −4.9).

The ∼1.8 Ga post-kinematic intrusions were emplaced within the SSAC subsequent
to the continental collision with the Volgo-Sarmatia craton from the SE, during a shift
from contraction to extension, that is, in a post-collisional setting.

Keywords: geochemistry; shoshonitic; mantle metasomatism; Nd-Sr-Hf and U–Pb
isotopes; Svecofennian; Fennoscandian Shield
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Introduction
Approximately 20 small (1–15 km in diameter/length), P-, F-, Ba-, Sr-, and light rare earth
element (LREE)-enriched, often bi- or polymodal basic-intermediate-acid 1815–1760 Ma
post-kinematic intrusive complexes and dikes/dike swarms have intruded the southeastern
part of the Fennoscandian Shield. They occur in a ca. 600 km long E–W-trending belt,
extending from southwestern Finland to Lake Ladoga in Russian Karelia (Figure 1;
Andersson et al. 2006a and references therein). The surrounding bedrock comprises the
essentially juvenile (<2.1 Ga; Lahtinen and Huhma 1997) Southern Svecofennian Arc
Complex (SSAC; Korsman et al. 1997; Väisänen et al. 2002), which consists of pre- to
late-orogenic, 1.90–1.81 Ga supracrustal and plutonic sequences (e.g. Kähkönen 2005;
Nironen 2005), except in the easternmost part (Karelian Domain), where ca. 2.0 Ga supracrus-
tals cover the Archaean craton (e.g. Laajoki 2005; Sorjonen-Ward and Luukkonen 2005).

We use the non-genetic term post-kinematic, in the sense that these intrusions post-
date most of the ductile, pervasive deformation phases in southern Finland and tend to be
younger than the predominantly 1.85–1.815 thousand million year-old, late Svecofennian
granite intrusions that intruded the same area (e.g. Ehlers et al. 1993; Nironen 2005; Niro-
nen and Kurhila 2008; Skyttä and Mänttäri 2008). They crosscut earlier structures but are
often emplaced in connection with brittle-ductile, transpressional shear zones (e.g. Bergman
1986; Branigan 1987; Hubbard and Branigan 1987; Eklund et al. 1998; Nironen 2005;
Torvela et al. 2008), suggesting that they do not post-date all tectonic activity (i.e. they are
not strictly post-tectonic). Traditionally, these intrusions have been labelled ‘post-oro-
genic’ (e.g. Simonen 1980; Nironen 2005), because they typically lack superimposed
structures. However, as they were emplaced during a shift from ductile to brittle tectonics
immediately after the end of the major, late Svecofennian contractional orogeny at ca.
1.80 Ga, we consider this label inadequate.

Following collision, a gradual change from convergence to (trans)tension results in a
shift from orogenic thickening to large lateral movements and escape along mega-shear
zones, termed ‘post-collisional’ (e.g. Liégeois 1998; Bonin 2004). During a post-collisional
tectonic phase in an orogeny, potassic magmas of high-K calc-alkaline and shoshonitic
composition are typically emplaced (Liégeois et al. 1998; Bonin 2004). This last phase of
an orogeny is followed by a gradual shift to post-orogenic and anorogenic settings and the
stabilization of a new craton (Bonin et al. 1998; Bonin 2004).

The present contribution adds new geochemical and isotopic data on several of these
intrusions, to complement previous studies (e.g. Eklund et al. 1998; Väisänen et al. 2000;
Andersson et al. 2006a and references therein) and to refine the understanding of their ori-
gin and evolution. We also discuss the palaeogeodynamic environment that was prevalent
at the time in this part of the Svecofennian orogen.

Regional geology
Archaean rocks (3.5–2.5 Ga; Mutanen and Huhma 2003 and references therein) form a
cratonic nucleus in the northeastern part of the Fennoscandian Shield, in NE Finland and
NW Russia (Figure 1). The craton was subjected to rifting in its interior and along the
margins 2.45–1.95 thousand million years ago (Gaál and Gorbatschev 1987; Huhma et al.
1990; Peltonen et al. 1996). The Svecofennian Domain mainly formed at (2.1–)1.95–
1.86 Ga from juvenile sources in volcanic arcs and intervening sedimentary basins, which
were accreted to the Archaean cratonic nucleus from the present southerly direction (Gaál
and Gorbatschev 1987; Nironen 1997). According to recent geodynamic models, the
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1624 H. Rutanen et al.

Figure 1. (a) Geological overview of the Fennoscandian Shield (modified after Högdahl and
Sjöström 2001). The Palaeoproterozoic Arc Complexes under concern in Finland (e.g. after Korsman
et al. 1997; Väisänen et al. 2002): A, Archaean Karelian Domain covered by Palaeoproterozoic
supracrustals; B, Primitive Arc Complex; C, Central Svecofennian Arc Complex; and D,
Southern Svecofennian Arc Complex. The positions of the studied intrusions are numbered: 1, Turku;

D
ow

nl
oa

de
d 

by
 [

T
ur

ku
 U

ni
ve

rs
ity

] 
at

 0
6:

59
 2

5 
Se

pt
em

be
r 

20
12

 



International Geology Review 1625

accretion involved both juvenile arcs and ‘microcontinents’ containing older crustal frag-
ments that assembled during successive accretional episodes between 1.91 and 1.87 Ga
(Lahtinen 1994; Korsman et al. 1999; Väisänen et al. 2002; Ehlers et al. 2004; Lahtinen et
al. 2005; Korja et al. 2006).

According to Lahtinen et al. (2005), the arc accretion was followed by extension in
southern Finland at ca. 1.86–1.84 Ga, whereas Nironen et al. (2006), Nironen and Kurhila
(2008), and Skyttä and Mänttäri (2008) argued that extension continued during metamor-
phism and granite emplacement until 1.83–1.82 Ga. Extension was followed by conver-
gence, with the main crustal shortening at ca. 1.82 Ga (Väisänen et al. 2002; Levin et al.
2005; Skyttä and Mänttäri 2008). This is interpreted as being related to continental colli-
sion, where Volgo-Sarmatia hit Fennoscandia obliquely from the SSE (e.g. Pesonen et al.
2003; Lahtinen et al. 2005; Bogdanova et al. 2008). The collision resulted in NW–SE com-
pressional tectonics, NW-directed thrusting, and, at a later stage, partitioning of strain into
around E–W dextral, transpressional shear zones and NNE–SSW reverse, E-side up shear
zones (Ehlers et al. 1993; Skyttä et al. 2006; Väisänen and Skyttä 2007; Torvela et al. 2008).

The continental collision occurred simultaneously with high-T and low-P metamor-
phism and crustal melting in southern Finland and southcentral Sweden, including I- and
S-type granitoid magmatism in Sweden, lasting until ca. 1.75 Ga (Huhma 1986; Ehlers
et al. 1993; Claesson and Lundqvist 1995; Romer and Öhlander 1995; Öhlander and
Romer 1996; Andersson and Öhlander 2004; Kurhila et al. 2005; Figure 1). Simultane-
ously in the west and southwest, subduction along the active Svecofennian continental
margin created the voluminous Transscandinavian Igneous Belt (TIB) (e.g. Nyström
1982; Andersson 1991; Åhäll and Larson 2000; Andersson et al. 2004c; Rutanen and
Andersson 2009).

According to Torvela et al. (2008) transpressional, ductile deformation along the
South Finland shear zone had commenced already at ca. 1.85 Ga and was reactivated
within a ductile regime at ca. 1.83 and ca. 1.79 Ga. Ehlers et al. (1993) and Väisänen and
Skyttä (2007) suggested that the main ductile deformation was localized into transpres-
sional shear zones in SW Finland at ca. 1.81–1.79 Ga. After ca. 1.79 Ga, the crust in
southern Finland entered the brittle regime (Torvela et al. 2008).

Based on geophysical data, Korja and Heikkinen (2005, 2008) suggested that the colli-
sional period was followed by a gravitational collapse of a thickened crust at ca. 1.80–1.77 Ga
in southern Finland. In contrast, Cagnard et al. (2007) found no evidence for orogenic col-
lapse, but proposed a compressional lateral flow of hot, ductile crust and exhumation by
erosion. Based on thermal modelling, Kukkonen and Lauri (2009) proposed that collision
and thickening of the crust at ca. 1.87–1.86 Ga generated the heat required for metamor-
phism, anatexis, and formation of the late-orogenic granitic magmas in southern Finland.

The post-kinematic intrusions penetrated the SSAC and the SW Karelian Domain
shortly after the major regional thermomagmatic peak. However, at least locally, their
intrusion took place during the last pulses of high heat flow (Vaasjoki and Sakko 1988;
Väisänen et al. 2000; Mouri et al. 2005; Andersson et al. 2006b; Baltybaev et al. 2006;
Väisänen and Kirkland 2008).

Figure 1. 2, Renko; 3, Parkkila; 4, Luonteri; 5, Pirilä; and 6, Petravaara. The rock types and the
coordinates are given in Table 1. (b) All Svecofennian 1.8 Ga post-collisional intrusions and dikes
in southern Finland and Russian Karelia in a simplified geological map (modified after Eklund et al.
1998; Koistinen et al. 2001; Konopelko and Eklund 2003). The circled diagonal crosses mark the
intrusions studied in this article.
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1626 H. Rutanen et al.

In the north, in Proterozoic terranes underlain by Archaean basement, crustal rework-
ing also occurred at 1.85–1.76 Ga, including metamorphism and extensive granitoid mag-
matism, for example, in northern Finland (Huhma 1986; Vaasjoki 2001; Nironen 2005;
Ahtonen et al. 2007; Heilimo et al. 2009) and northernmost Sweden (e.g. Öhlander et al.
1987, 1999; Bergman et al. 2001), but the connection to the tectonic processes in the south
remains unknown.

1.8 Ga post-kinematic intrusions in southern Finland and Russian Karelia
Post-kinematic intrusions of 1.8 Ga in the western part of the SSAC comprise the
1797 ± 4 Ma Åva (Patchett and Kouvo 1986) and the 1785 ± 3 Ma Seglinge (Vaasjoki
1996) ring complexes, as well as the hypabyssal 1788 ± 11 Ma Mosshaga (Welin et al.
1983) and the 1770 ± 2 Ma Lemland (Suominen 1991) intrusions. These intrusions consist
of coarse-grained porphyritic granites and monzonites. The intrusions are rounded or oval
in form and from 4 to 15 km in diameter. The contacts with older rocks are sharp and con-
tact metamorphism or chilled contacts have not been observed. The last phases of the
intrusions are fine- and even-grained granites, aplites, granite pegmatites, and lampro-
phyres (Bergman 1986; Hubbard and Branigan 1987; Eklund 1993; Figure 1). A set of
radial lamprophyre dikes is present in the Åva area (Kaitaro 1953; Andersson et al.
2006a). Recent zircon secondary ion mass spectrometer (SIMS) geochronology of the
bimodal Åva ring complex gave intrusion ages from ca. 1790 to 1760 million years and
1801 ± 10 million years for the associated lamprophyre dikes (Eklund and Shebanov
2005). Additionally, at Naantali in SW Finland, ca. 1.80 Ga carbonatite dikes have
recently been documented (Woodard and Hetherington, submitted; Figure 1).

Post-kinematic rocks included in this study comprise intrusions in the Turku (SW Finland)
and Renko areas (central southern Finland), as well as the Parkkila, Luonteri, Pirilä, and
Petravaara intrusions in SE Finland (described in detail below). At least two additional post-
kinematic intrusions are found in SE Finland (Figure 1): (i) the Halpanen carbonatite dike
(1792 ± 1 Ma, Pb–Pb zircon; Puustinen and Karhu 1999; Rukhlov and Bell 2010) and
(ii) the Eräjärvi granite dike (1792 ± 5 Ma, U–Pb zircon; Nykänen 1988; Rämö et al. 2005).

The ca. 1.8 Ga post-kinematic intrusions in the easternmost SSAC, in Russian Karelia
(Figure 1), vary significantly in their composition, with mafic rocks dominating in some
intrusions whereas granites dominate in others (Ivanikov et al. 1995). With the exception
of the 1781 ± 20 Ma (SIMS U–Pb zircon, Woodard et al., submitted) Kalto lamprophyre
dikes swarm (e.g. Ivashchenko and Lavrov 1993; Eklund et al. 1998), the intrusions are
rounded and some demonstrate a well-developed ring structure, for example, the relatively
large (16 km long and 6 km across) polymodal ultramafic to mesosyenitic, 1802 ± 17 Ma
Vuoksi intrusion (Konopelko and Ivanikov 1996). The 1801 ± 4 Ma ultramafic to leucosy-
enitic Elisenvaara intrusive complex is composed of small stocks, pipe-like bodies, and
dikes (Andersson et al. 2006a). The polymodal, approximately 13 × 5 km Ojajärvi intru-
sion comprises, for example, meladiorite, syenite, monzonite, granodiorite, and granite
(Konopelko 1997) and has an age of ca. 1800 million years (e.g. Ivanikov et al. 1996),
whereas the hypabyssal monzonitic Ostrov intrusion (Konopelko 1997) yielded an age of
1789 ± 3 million years (U–Pb zircon; pers. comm. O. Levchenkov 2008).

Intrusions of this study
We sampled six 1815–1794 Ma intrusions for geochemistry from an approximately
500 km E–W transect along the SSAC and the SW Karelian Domain in southern Finland
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International Geology Review 1627

(Figure 1, Table 1) to add constraints on the tectonic setting of the post-kinematic magma-
tism. All ages cited below in this chapter refer to U–Pb zircon ages.

Turku
Five post-kinematic, monzodioritic, 1815 ± 2 Ma intrusions, which are closely associated
with 1814 ± 3 Ma garnet-bearing peraluminous S-type granites, have been described from
the Turku area in SW Finland (Figure 1; Table 1; Väisänen et al. 2000). The monzodior-
ites form dikes rather than plutonic bodies and range from 1.0 to 6.5 km in length and 0.1
to 1.0 km in width. Country-rock xenoliths and partly assimilated fragments occur within
the monzodiorites near the contacts. The associated pink S-type granites may be up to
10 km long. Enclaves of mafic rocks in the granite and granitic fragments in the monzodi-
orites, as well as hybrid-like mixtures, attest to mingling of the magmas. Both the monzo-
dioritic and granitic bodies are emplaced in a WSW–ENE direction, parallel to the
regional structural grain. The main minerals of the monzodiorites are plagioclase, horn-
blende, biotite, titanite, apatite, Fe-Ti oxides (magnetite and ilmenite), and quartz,
whereas the accessories are zircon and sulphides. Apatite is partly cumulus-enriched
(Figure 2a; Table 1). Detailed description of the Turku intrusions and their field relation-
ships can be found in Väisänen and Hölttä (1999) and Väisänen et al. (2000).

Renko
The 1812 ± 2 Ma (Vaasjoki 1995) Renko intrusion in central southern Finland (Figure 1)
is composed of almost undeformed quartz-monzodiorite (sample #2a) and appears as a
3 × 1 km large positive anomaly on the aeromagnetic map. The country rock is composed
of the late-orogenic Svecofennian granite. According to Lahtinen (1996), the surrounding
granites show signs of mingling with the quartz-monzodiorite. Granite (sample #2b) and
granite pegmatite dikes, a few centimetres to a couple of metres wide, were observed to
sharply cut the monzonite and may represent back-veining of anatectic country-rock mag-
mas (Figure 2b). The microcline phenocrystic granite dike (sample #2b) consists of plagi-
oclase, quartz, and biotite, as well as accessory zircon, apatite, oxides, chlorite, and
myrmekite.

The quartz-monzodiorite consists of plagioclase, dark brown pleochroic biotite,
weakly undulating quartz, and K-feldspar (Figure 2c). Green hornblende was documented
by Vaasjoki (1995), but was not found in the sample of this study (sample #2a; Table 1).
The accessory minerals occur in relatively large amounts, including apatite, titanite, zir-
con, chlorite, sulphides, and oxides that consist mainly of magnetite. The abundance of
magnetite correlates with the positive magnetic anomaly (Vaasjoki 1995; Lahtinen 1996).

Parkkila
More than 10 bodies of fine- to medium-grained, massive granodiorite and quartz-monzo-
diorite have been mapped in the Parkkila area of SE Finland (Figure 1; Simonen and
Niemelä 1980). Sporadic K-feldspar phenocrysts occur, as well as biotite phenocrysts, in
some relatively coarse varieties. Occasional thin granitic veins cut the intrusion. The
larger bodies are a few kilometres long and some hundreds of metres wide (Simonen and
Niemelä 1980). An age of 1794 ± 5 million years has been obtained from one of these
(Simonen 1982). The Parkkila intrusions have entrained partly dissolved xenoliths of
country-rock mica-gneiss and granite.
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1628 H. Rutanen et al.

Figure 2. Photomicrographs (in plane-polarized light; mineral abbreviations as in Table 1) and
field photographs: (a) Turku monzodiorite (sample #1a in Tables 1–3) with abundant apatite,
amphibole (hornblende), and biotite. (b) Granite dikes, cross-cutting (back-veining) into the Renko
quartz-monzodiorite intrusion. (c) Renko monzodiorite (sample #2a) with major amounts of titanite,
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The principal minerals in the granodiorite are plagioclase, quartz, K-feldspar, biotite,
and green hornblende. Titanite and apatite are abundant. Accessory minerals are oxides,
sulphides, zircon, muscovite, and allanite (Table 1; Simonen 1982).

Luonteri
The 1802 ± 22 Ma Luonteri intrusion (Korsman et al. 1984), approximately 20 km east of
Parkkila, is a semi-circular (2.0 × 2.5 km) polymodal complex (Figure 1). The rock types
are determined on petrographical grounds as quartz-diorite, quartz-monzodiorite, granodi-
orites, and granites (Table 1), whereas geochemically all tend to be monzodioritic/monzonitic
to monzogranitic in character (cf. Figure 4; Rutanen 2001). The rocks are essentially unfo-
liated, but sporadically the feldspars show flow foliation. Granodiorite is found as ghost-
like enclaves within the mafic rock types (Figure 2d), suggesting magma mingling processes,
whereas the granite cuts all the other rock types (Pitkänen 1985).

The principal minerals of the rocks are quartz, K-feldspar, plagioclase, biotite, and
green hornblende (Table 1). Apatite and titanite occur abundantly (Figure 2e), as well as
magnetite in such amounts that the intrusion shows a positive anomaly on aeromagnetic
maps. Zircon is a common accessory mineral, and fluorite is found in those rocks that have
a relatively high content of K-feldspar (Korsman and Lehijärvi 1973). Pyrite, allanite, and
molybdenite occur occasionally (Pitkänen 1985).

The Luonteri granodiorites and quartz-diorites also intrude the country rocks.
Pegmatitic and aplitic dikes cut the main intrusion (Korsman and Lehijärvi 1973; Pitkänen
1985). The country-rock schists and metaigneous rocks have been deformed before and
during the Luonteri intrusion (Korsman and Lehijärvi 1973). The schistosity of these sur-
rounding gneisses is conformable with the contacts and dips gently towards the centre of
the intrusion (Pitkänen 1985).

Pirilä
The 1815 ± 7 Ma Pirilä intrusion (Vaasjoki and Sakko 1988) is a semi-circular
(1.0 × 1.5 km) undeformed granite intrusion in SE Finland, approximately 50 km north of
Luonteri (Figure 1). The rock is even-grained, light grey, and locally a bit reddish. The
principal minerals are quartz, K-feldspar, biotite, and plagioclase, and the accessories
include monazite, muscovite, apatite, fluorite, zircon, allanite, and opaques (Table 1 and
Figure 2f). The country rock consists of K-feldspar-sillimanite-metapelite and garnet-
diopside-amphibolite with pillow structures (Korsman 1973).

Petravaara
The 1811 ± 6 Ma (SIMS; see below) undeformed Petravaara granite intrusion is located in
SE Finland (Figure 1; Nykänen 1968). The intrusion is approximately 1.5 km in diameter
and cuts andalusite–mica-schists. It was emplaced within the part of the Karelian Domain

Figure 2. apatite, and biotite. (d) Ghost-like mingling structures in the Luonteri intrusion.
(e) Luonteri quartz-diorite (sample #4a) with major amounts of titanite, apatite, and biotite. (f) Pirilä
granite (sample #5) with biotite and fluorite. (g) Small mafic enclaves in the Petravaara granite, in
support of the former presence of coeval mafic magmas.
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where Palaeoproterozoic 2.06–1.97 Ga metasedimentary rocks cover the Archaean base-
ment (Kohonen 1995; Laajoki 2005; Sorjonen-Ward 2006). The intrusion age, its unde-
formed nature, and the fact that it cuts the presumably Svecofennian structural pattern of
the country rocks clearly puts it into the post-kinematic group. The principal minerals are
plagioclase, quartz, biotite, and microcline. The accessories are muscovite, apatite, zircon,
allanite, monazite, and myrmekite, as well as oxides. Occasionally small mafic enclaves
are found, suggesting the presence of coeval, mafic magma (Figure 2g). Additionally,
small xenoliths of the country rock can be found.

Analytical techniques
Samples for whole-rock geochemistry were selected to reflect the petrographical variation
in each intrusion. Geochemical (Table 2) analyses of samples #1a, #1b, #2b, #3, #4a, #4c,
and #4f were performed at Acme Analytical Laboratories Ltd., Canada. The major ele-
ments and Sc were determined by inductively coupled plasma optical emission spectrom-
etry (ICP-OES) and the other trace elements by ICP-MS, except carbon and sulphur,
which were analysed by Leco (combustion + infrared spectroscopy) and fluorine by a spe-
cific ion electrode method. The whole-rock geochemistry of samples #4b, #4d, #4e, #4g,
#5, and #6 were analysed at Activation Laboratories Ltd., Canada. The major elements
were determined by fusion ICP-OES. Sc and Be analyses were determined by ICP-MS
and the other trace elements, except Cl, by fusion ICP-MS. Cl was determined by INAA.
Sample #2a was analysed at the same laboratory but by ICP-MS for all the trace elements.
A case hardened mild steel swingmill was used for grinding the samples. A swingmill may
introduce some contamination for Fe, Cr, Ni, and Cu (cf. e.g. Johnson et al. 1999), which
may have had a small impact on the concentration of these elements, especially in the
more felsic samples. However, relatively large batches were ground, which should have
minimized these effects.

Nine of the samples were analysed for Sr and Nd isotopes (Table 3). The analyses were
made in the Laboratory for Isotope Geology at the Museum of Natural History in Stockholm,
Sweden. Sm and Nd concentrations were determined by isotope dilution, using a mixed
147Sm–150Nd spike. Sm, Nd and Sr were loaded on double Re filaments and analysed as
metal ions on a Finnigan MAT 261 thermal ionization MS. The Nd and Sr isotopic composi-
tions were measured in multidynamic, and Sm in static mode. The Nd compositions were
corrected for spike, Sm-interference, and fractionation using 146Nd/144Nd = 0.7219.
Sm-interference was monitored by measurements at mass 149. The Nd samples were meas-
ured during three sessions over about 1 year. Measured 143Nd/144Nd ratios of the LaJolla
Nd-standard were 0.511852 ± 9 and 0.511847 ± 8 (2sm) during the first analytical session,
0.511849 ± 7 during the second session, and 0.511857 ± 15 and 0.511847 ± 6 during the
third session. The differences are thus small and the values sufficiently close to the preferred
value of 0.511854. The same holds true for the analysed standard sample BCR-2, with a
value of 0.512638 ± 20 (2sm; Table 3), overlapping the preferred value of 0.512639
(Mahoney et al. 2003). No corrections of the measured values were thus necessary.

Reported 87Rb/86Sr ratios (Table 3) were calculated from measured 87Sr/86Sr and the
Rb and Sr whole-rock analyses in Table 2. Precisions for Rb and Sr were reported by
Acme Analytical Laboratories and Activation Laboratories at approximately ±5% (2s) or
better. The Sr isotope ratios were corrected for Rb-interference and normalized to 86Sr/
88Sr = 0.1194. Two measurements of the SRM 987 Sr standard during a first session of
sample analyses yielded 0.710231 ± 10 and 710229 ± 11 (2sm) and during a second session
0.710243 ± 19 (2sm), which was within error overlap with the preferred value (0.710240;
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Gladney et al. 1990). One analysis of the BCR-2 standard yielded a value of
0.704982 ± 11 (2sm; Table 3), falling in between the two reported preferred values of
0.704958 (Raczek et al. 2003) and 0.705024 (Mahoney et al. 2003). No corrections of the
measured samples were considered necessary.

Zircons were recovered from the Petravaara granite (sample #6 in Tables 1–3), after
sample crushing, by heavy liquid (methylene iodide, CH2I2; D = 3.32) and magnetic sepa-
ration, before handpicking. Crystals were mounted in epoxy and subjected to CL/BSE
imaging using a JEOL JSM 5900LV scanning electron microscope at the Geological Sur-
vey of Finland (GTK) in Espoo. U–Pb analyses were made at the Nordsim facility at the
Swedish Museum of Natural History using a Cameca IMS 1270 high-spatial resolution
SIMS. The spot-diameter for the 9 nA primary O2

− ion beam was approximately 25 μm.
Oxygen flooding in the sample chamber was used to increase the production of Pb+ ions.
Three counting blocks, each including four cycles of the Zr, Pb, Th, and U species of
interest, were measured from each spot. The mass resolution (M/�M) was 5400 (10%).
The raw data were calibrated against a zircon standard 91500 (Wiedenbeck et al. 1995)
and corrected for modern common lead (T = 0; Stacey and Kramers 1975). The procedure
followed essentially those reported in Whitehouse et al. (1999) and Whitehouse and Kamber
(2005). The age calculation was done using Isoplot/Excel v. 3.05 (Ludwig 2003).

Lu-Hf isotope analyses were performed on zircon grains selected among those ana-
lysed by SIMS from the Petravaara sample (#6). A Nu Plasma HR multicollector (MC)-
ICP-MS in the SIGL facility (Finland Isotope Geosciences Laboratory) at the Geological
Survey of Finland (GTK) was used, with a technique similar to that of Rosa et al. (2009),
except for the utilization of a New Wave UP193 Nd:YAG laser microprobe in the present
case. Samples were ablated in He gas (gas flow = 1.0 L/min) in the standard laminar flow
ablation cell provided by New Wave. The He aerosol was mixed with Ar (gas
flow = 0.7 L/min) in a teflon mixing cell prior to entry into the plasma. The gas mixture
was optimized daily for maximum sensitivity. All analyses were made in static ablation
mode using the following parameters: beam diameter 45 μm, pulse frequency 10 Hz, and
beam energy density 1 J/cm2. Each ablation was preceded by a 30s on-mass background
measurement. The MC-ICP-MS was equipped with 9 Faraday detectors and amplifiers
with 1011 Ω resistors. During the ablation, the data were collected in static mode (173Yb,
175Lu, 176Hf-Yb-Lu, 177Hf, 178Hf, 179Hf). The total Hf signal obtained for zircons with
normal Hf concentration was 1.0–2.0 V. Under these conditions, 120 s of ablation are
needed to obtain an internal precision of ≤ ±0.000040 (1sm). Isotopic ratios were meas-
ured using the Nu Plasma analysis software and recalculated off-line using an Excel
spreadsheet. The raw data were filtered at 2s in three passes and corrected for mass dis-
crimination using an exponential law. The mass discrimination factor for Hf was deter-
mined assuming 179Hf/177Hf = 0.7325 (Patchett et al. 1981). It has been noted before that
the Yb interference correction is crucial for precise and accurate 176Hf/177Hf obtained by
laser ablation (LA) analysis (e.g. Woodhead et al. 2004; Kemp et al. 2009). However, in
the present study the moderate Yb/Hf ratios of the studied zircons, below 0.06, propagate
into shifts in 176Hf/177Hf similar to the analytical uncertainty (cf. Kemp et al. 2009). A
range of Yb isotope ratios are reported in the literature (e.g. Chu et al. 2002; Segal et al.
2003; Vervoort et al. 2004) and we have used the 176Yb/173Yb value of 0.796218 from
Chu et al. (2002) for the correction of the 176Yb interference on 176Hf. The 176Lu/175Lu
value of 0.02656 has also been used for the correction of the 176Lu interference on 176Hf
(Scherer et al. 2001; Vervoort et al. 2004). A value for the decay constant of 176Lu of
1.867 × 10−11 a−1 has been used in all calculations (Scherer et al. 2001, 2007; Söderlund et al.
2004). For the calculation of eHf values we used present-day chondritic 176Hf/177Hf = 0.282785
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and 176Lu/177Hf = 0.0336 (Bouvier et al. 2008). Monte Carlo simulation was applied for
the propagation of errors to the initial ratios. Standards/reference zircons 91500 and GJ-1
were run as unknowns at frequent intervals. Multiple LA-MC-ICP-MS analyses, using the
same instrumental parameters of the reference zircon 91500 and GJ-1, over a period of 1
year yielded a 176Hf/177Hf of 0.28231 ± 12 (2s, n = 112) and 0.28204 ± 10 (2s, n = 45),
respectively, which are within error to results obtained by solution MC-ICP-MS analyses
(0.282306 ± 8 for 91500; Woodhead and Hergt 2005, and 0.281998 ± 7 for GJ-1; Gerdes
and Zeh 2006).

Major elements
Table 2 reports the whole-rock geochemical data of 14 samples, including calculated nor-
mative mineral contents (Standard Igneous Norm) using the SINCLAS software of Verma
et al. (2002). In addition to the data reported here, plotted data from the presently studied
intrusions are from Hackman (1931), Nykänen (1968), Pitkänen (1985), Eklund et al.
(1998), Väisänen et al. (2000), and Nironen (2005 and references therein). The Harker
diagrams (Figure 3) show a wide variation in composition of the rocks; from the most
basic at 43–53 wt.% SiO2 and Mg# of 46–40 to the most silicic granites at 71–74 wt.%
SiO2, with Mg# of 21–18. For comparison, rocks from the other ca. 1.8 Ga post-kinematic
intrusions in SW Finland and Russian Karelia and the late-orogenic granites of southern
Finland are included in Figure 3.

The basic-intermediate rocks (<61 wt.% SiO2) range in composition from monzo-
gabbro/alkali gabbro to monzonite (Figure 4) and are found in the Turku, Renko, Parkkila,
and Luonteri intrusions. They are evolved rocks with <6 wt.% MgO, and TiO2, Fe2O3

t,
and P2O5 ranging up and above 3, 15, and 3 wt.%, respectively (Figure 3). CaO is typi-
cally between 4 and 9 wt.% and K2O up to 4 wt.% for the most basic rocks.

The granitoids can be grouped into three compositional sub-groups: (i) the most silicic
(>71 wt.% SiO2), alkali-rich (syeno-)granites, consisting of most of the Turku granites,
the Pirilä granite, and the Renko granitic dike; (ii) those with SiO2 close to 65 wt.%, and
quartz monzonitic to tonalitic in compositions, comprising most granitoids from Luonteri
and one from Petravaara; and (iii) a group intermediate between the other two, around
70 wt.% SiO2, with granodioritic to (monzo-)granitic in compositions, including the most
silicic rocks at Luonteri, one sample from Turku, and two from Petravaara (Figure 4).

All the granites are peraluminous, whereas the basic and intermediate rocks are meta-
luminous and hornblende-dominated (Figure 5). Samples #1b and #2b classify as muscovite-
dominated leucogranites, whereas the rest of the peraluminous samples plot as biotite-
granites, according to the classification of Debon and Le Fort (1983).

Generally, the rocks plot in the shoshonitic fields in the K2O-Na2O and the K2O-
SiO2 diagrams (Figure 6), except some of the Turku and Petravaara rocks that plot in the
calc-alkaline and high-K calc-alkaline fields. According to the alkali-lime classification,
a majority of the mafic rocks, as well as most felsic rocks, are alkali-calcic, whereas
most of the intermediate rocks are calc-alkalic (Figure 7). Among the mafic rocks of the
individual intrusions, Luonteri, Renko, and Parkkila are more coherently shoshonitic
and alkali-calcic in composition (Figure 7) and are typically monzonitoid in R1–R2
space (Figure 4). In contrast, the intrusive bodies of the Turku complex show a much
wider compositional spread, from undersaturated, alkalic, syenogabbroic compositions
among the most mafic rocks towards more distinctly calc-alkaline for the intermediate
representatives.
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Trace elements
Selected trace elements are plotted in Harker diagrams in Figure 8. Some of the mafic-
intermediate rocks of the Parkkila and Luonteri intrusions are strongly enriched, for
example, in Ba (>3500 ppm), Sr (>3000 ppm), Nb (>50 ppm), Zr (>700 ppm), F
(>6000 ppm), Ce (>500 ppm), and Nd (>200 ppm), whereas mafic-intermediate rocks
from all intrusions are fairly high in Eu (>4 ppm). The Turku monzodiorites have slightly
more primitive compositions, compared to the other samples, being higher in Ni, Cr, and
V. The Petravaara granite shows similarities with the Luonteri granites, but is higher in Ni,
Cr, and Th. The Pirilä syenogranite is markedly high in Rb, Th, Pb, LREE, and Cr.

In the discrimination diagram by Whalen et al. (1987; Figure 9), the Renko granitic dike
and most of the Turku granites plot as fractionated felsic I/S/M-granites together with many
late-orogenic Svecofennian granites of southern Finland. The latter extends into the A-type
field, where also the Pirilä and the remainder of the Turku granites are found. The Petravaara

Figure 3. SiO2 variation diagrams of major elements. Straight lines, to highlight the mixing trends,
have been added: unbroken lines for Turku and broken lines for Luonteri. In addition to the data
reported here, plotted data from these studied intrusions are from Hackman (1931), Nykänen (1968),
Pitkänen (1985), Eklund et al. (1998), Väisänen et al. (2000), and Nironen (2005 and references
therein). The reference data of the late-orogenic granitoids in southern Finland and 1.8 Ga post-colli-
sional rocks from southern Finland and Russian Karelia are collected from Rutanen et al. (1997 and
references therein), Eklund et al. (1998), Nironen (2005), Andersson et al. (2006a), Stålfors and Ehlers
(2006), and the Rock Geochemical Database of Finland (see in the reference list). Some of these anal-
yses were also received from the late-Matti Vaasjoki (Geological Survey of Finland) in 2003.
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and Luonteri granitoids plot within the A-type field, but at lower (K2O + Na2O)/CaO values,
overlapping with other post-collisional and TIB granites. In the Rb versus Y + Nb diagram
(Figure 10), the Renko and Turku anatectic granites plot in or close to the syn-collisional
field, whereas the other granitoids plot in the volcanic-arc/post-collisional field, except the
Pirilä granite with higher Rb, placing it on the border to the syn-collisional field.

Despite the considerable differences between the intrusions, the mafic-intermediate
rocks, together with other ca. 1.8 Ga, post-kinematic rocks in southern Finland and Russian
Karelia (Konopelko 1997; Eklund et al. 1998; Väisänen et al. 2000; Andersson et al.
2006a), show elevated abundances of, in particular, K2O, P2O5, Pb, Ba, Sr, Zr, Hf, LREE-
middle REE (MREE), and F, and, to a relatively lesser extent, for example, TiO2, Cs, Rb,

Figure 4. (a) R1–R2 diagram after De la Roche et al. (1980). R1 = 4Si–11(Na + K)–2(Fe + Ti),
R2 = 6Ca + 2Mg + Al. (b) TAS classification diagram, after Middlemost (1994). The feldspathoid-
bearing rocks come from the post-collisional Vuoksi intrusion in Russian Karelia. AG = alkalic gab-
bro, SG = subalkalic gabbro. Symbols as in Figure 3.
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Figure 5. (a) A/NK (molecular Al2O3/(Na2O + K2O)) versus A/CNK (molecular Al2O3/
(CaO + Na2O + K2O)) diagram, after Maniar and Piccoli (1989). (b) SiO2-A/CNK diagram demon-
strating the variation in Al2O3 saturation with silica. A/CNK > 1.1 suggests an S-type granite com-
position after Chappell and White (1974) and Clarke (1992). Symbols as in Figure 3.
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Th, U, and Nb relative to MORB, but significant negative relative anomalies for Nb, Ta,
Y, and heavy rare earth elements (HREE) (Figures 3, 8, and 11a–c). In detail, Luonteri and
Parkkila intrusions are the most enriched. Parkkila is more enriched in Sr and less
enriched in Rb, Zr, and Hf compared with the Luonteri rocks. The Turku and Renko intru-
sions are geochemically similar, but Renko is somewhat richer in Cs and Rb.

Figure 11 shows a combination of multi-element diagrams and REE patterns for the
post-collisional rocks, to detect spatial variations in elemental characteristics. All the rocks
show high abundances of the large ion lithophile elements (LILE) and LREE (e.g. high LaN/
YbN, from 41 to 218; Table 2), combined with low relative abundances of high field strength
elements (HFSE) and particularly low contents of the HREE. Such patterns are characteristic
for arc rocks (e.g. Rollinson 1993; Pearce 1996a). In detail, however, enrichment levels vary
both locally and regionally. In general, the concentrations of essentially all elements in the
mafic rocks, except the HREEs, are much higher than for tholeiitic to calc-alkaline island
(oceanic) arc rocks and, in many cases, significantly higher than for continental andesitic

Figure 6. (a) The Svecofennian 1.8 Ga post-collisional rocks in southern Finland in a K2O versus
Na2O diagram after Turner et al. (1996). (b) The samples demonstrate shoshonitic and high-K calc-
alkaline trends in a K2O versus SiO2 variation diagram after Rickwood (1989). Symbols as in Figure 3.

Figure 7. Alkali-lime index diagram, following Peacock (1931) and, for example, Brown (1982).
Symbols as in Figure 3.

D
ow

nl
oa

de
d 

by
 [

T
ur

ku
 U

ni
ve

rs
ity

] 
at

 0
6:

59
 2

5 
Se

pt
em

be
r 

20
12

 



International Geology Review 1641

arcs, but overlapping with shoshonitic rocks from various settings. Compared to astheno-
sphere-derived ocean island basalt (OIB) rocks, LILE and LREE are strongly enriched,
whereas HFSE and HREE are similar (including Nb and Ta). The mafic samples show no
Eu anomalies, and the granitoid rocks none or only minor ones.

Figure 8. Selected SiO2 versus trace element variation diagrams. The concentrations of the ele-
ments are in ppm. Straight lines, to highlight the mixing trends, have been added: unbroken lines for
Turku and broken lines for Luonteri. Cum. Bt = cumulated biotite; Ti = titanite; Zr = zircon. Data
collection and symbols as in Figure 3.
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In the Th/Yb versus Ta/Yb diagram (Figure 12), the Turku rocks are distinctly more
calc-alkaline compared to the other complexes that are shoshonitic. However, the post-
kinematic rocks fall in the field defined for active continental-margin magmatism, apart
from two samples from Turku with anomalously elevated Ta contents that fall in the field
of enriched OIB-type mantle.

In the Th-Ta-Hf diagram (Figure 13), most samples plot within the field of calc-alkaline
volcanic-arc basalts (in the section for most enriched continental-arc compositions),
whereas two Turku samples stray off to more relative Ta enrichment in the field for
enriched mid-ocean ridge basalts (E-MORB) and within-plate basalts.

Figure 9. I-, S-, M-, and A-type granite discrimination diagram (≥60 wt.% SiO2) after Whalen
et al. (1987) with the addition of Transscandinavian Igneous Belt granites (as light grey squares;
data from Andersson 1997). Other symbols as in Figure 3.

Figure 10. Tectonic settings of granitoids, after Pearce (1996b). Symbols as in Figure 9.
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In Figure 14, the post-kinematic rocks can be separated from within-plate and MOR
basalts by their distinctly high La/Nb ratios. In fact, most samples have La/Nb ratios
significantly higher than those of crustal compositions, as well as higher than continental
and oceanic arcs. A few samples trend towards higher Ba/La ratios.

Figure 11. Multi-element diagrams for (a) the Luonteri rocks, (b) other mafic rocks, and (c) other
granites of the studied intrusions, normalized to primitive mantle (Sun and McDonough 1989).
N-MORB, E-MORB, and ocean island basalts from Sun and McDonough (1989), and upper and
lower crust from Taylor and McLennan (1985). IACA-IAT = field between average composition of
calc-alkaline island-arc basalts and island-arc tholeiites (after Sun 1980), Andesitic Arcs = field
between average composition of most depleted and most enriched andesitic arc rocks, calculated from
the data in the file ‘Av-Andesite2.xls’ in http://www.geokem.com/earths_average_composition.html,
by Dr Bernard M. Gunn, 2004. Durbachite data from Bowes and Košler (1993) and Janoušek et al.
(2000), shoshonites from Central Iberia from López-Moro and López-Plaza (2004), Mariana shos-
honites from Sun et al. (1998) and Sun and Stern (2001), and Tibet shoshonites from Turner et al.
(1996) and Zhang et al. (2008). (d–f) REE diagrams of the same data as in (a–c). Normalization after
Sun and McDonough (1989). Symbols as in Figure 3.
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1644 H. Rutanen et al.

Figure 12. A Th/Yb versus Ta/Yb diagram shows calc-alkaline active continental margin (continental
arc) setting for the mafic (<60 wt.% SiO2) Svecofennian 1.8 Ga post-collisional rocks in southern
Finland. CA = calc-alkaline, TH = tholeiitic. The arrows indicate effects of (i) the influence of subduction
components (S), (ii) crustal contamination (C), (iii) within-plate enrichment (W), and (iv) fractional
crystallization (F) (the diagram after Pearce 1983 and Wilson 1989). Symbols as in Figure 3.

Figure 13. Th-Ta-Hf diagram for mafic rocks (<60 wt.% SiO2). A = N-MORB, B = E-MORB and
within-plate tholeiites, C = alkaline within-plate basalts, D = volcanic-arc/destructive plate-margin
basalts (D1 = primitive arc tholeiites, D2 = calc-alkaline), MM = N-MORB mantle source,
LC = lower crust, UC = upper crust, SZ = subduction zone component (after Wood et al. 1979;
Wood 1980; Pearce 1996a). Almost all samples plot inside or close to the field of calc-alkaline volcanic-
arc rocks. The arrows mark the directions of the trends for mantle source regions. The mafic rocks of
the present study show indications of being strongly influenced by subduction zone enrichment,
except a few of the Turku rocks that show within-plate signals. Symbols as in Figure 3.
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Nd isotopes
Nine samples were selected for Nd and Sr isotopic data characterization (Table 3). The Sm and
Nd contents show large differences, from 3.8 to 35 ppm Sm and from 26 to 280 ppm Nd.

The 147Sm/144Nd values are all low, even for the most mafic rocks, ranging from
approximately 0.07 to 0.09, that is, far from the chondritic value of 0.1967 (Jacobsen and
Wasserburg 1984). The measured 143Nd/144Nd ratios are correspondingly low and range
between 0.511002 and 0.511393 (cf. chondritic uniform reservoir, CHUR: 0.512638;
Wasserburg et al. 1981).

The initial eNd(t) values have been calculated at the reported age for each intrusion:
1815 million years for Turku monzodiorite and 1814 million years for the granite
(Väisänen et al. 2000), 1812 million years for Renko (Vaasjoki 1995), 1794 million years
for Parkkila (Simonen 1982), 1802 million years for Luonteri (Korsman et al. 1984), 1815
million years for Pirilä (Vaasjoki and Sakko 1988), and 1811 million years for Petravaara
(this study). Except for the considerably more enriched isotopic signature of the
Petravaara granite at −2.8, the initial eNd(t) values range from chondritic to mildly
depleted (0–1.4), where the Renko quartz-monzodiorite has the highest value. The present
data confirm the previous few data available from some of these intrusions (Patchett and
Kouvo 1986; Lahtinen and Huhma 1997; Nironen and Rämö 2005).

Sr isotopes
The Sr isotopic data of the nine selected samples are reported in Table 3. Because of the
strong variation in major element geochemistry of the samples, the contents of both Rb
and Sr in these plutonic rocks vary from approximately 40 to 300 ppm Rb and from

Figure 14. La/Nb versus Ba/La diagram for mafic rocks (<60 wt.% SiO2). High La/Nb distinguishes
arc basalts from those of other sources (e.g. Hawkesworth et al. 1995). UC = upper crust; LC = lower
crust, ECAA = evolved continental andesitic arcs, PCAA = primitive continental andesitic arcs,
VAB = volcanic arc basalts (oceanic), OIB = ocean island basalts. The reference data from Taylor
and McLennan (1985), Sun and McDonough (1989), Hawkesworth et al. (1991, 1995), Condie (1993),
and the file ‘Av-Andesite2.xls’ in http://www.geokem.com/earths_average_composition.html, by
Dr Bernard M. Gunn (2004). Symbols as in Figure 3.
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approximately 160 to 5800 ppm Sr (Table 2). The more mafic samples have the lowest Rb
contents and conversely the highest Sr contents.

The 87Rb/86Sr values are thus low for mafic rocks and higher for the felsic samples.
The values range from 0.035 to 3.90, where the latter value was obtained for the S-type
granite in the Turku area (sample #1b).

The measured 87Sr/86Sr values fall in the range 0.7040–0.8078, which, when recalcu-
lated to the intrusive age of each rock type (cf. Chapter 8), results in initial 87Sr/86Sr(t) val-
ues between the unrealistically low 0.6977 (sample #5) and 0.7062. All except two
samples (#2a and #5) have values higher than that estimated for the uniform reservoir at
1.80 Ga (0.7024; McCulloch and Chappell 1982; Faure 2001; Figure 15), resulting in posi-
tive eSr(t) values (Table 2), whereas only sample #5 is below that of the depleted mantle
(87Sr/86Sr(1.80 Ga) = 0.7014 and eSr(1.80 Ga) = −14; Taylor and McLennan 1985; Figure 15).
Errors in the initial ratios for samples with high Rb/Sr are relatively high and should be
viewed with caution.

Figure 15. eNd(t)–87Sr/86Sr(t) diagram for post-collisional rocks in southern Finland and Russian
Karelia, and for possible contaminants and sources. All values recalculated to 1.80 Ga. Symbols as
in Figure 3. CHUR = chondritic uniform reservoir. DM (depleted mantle) has eNd(1.80 Ga) of +3.9
(DePaolo 1981) and 87Sr/86Sr(1.80 Ga) of 0.7014 (Taylor and McLennan 1985), and UR (uniform
reservoir) has 87Sr/86Sr(1.80 Ga) of 0.7024 (McCulloch and Chappell 1982; Faure 2001). The 1.85–
1.76 Ga mafic TIB rocks define a field with the isotopic composition of a ‘mildly depleted mantle’
(MDM); the data for the 1.91–1.85 Ga felsic metaigneous crust are from the central and southern
Svecofennian Domain in Finland and Sweden; the Svecofennian metasedimentary rocks are from
the central and southern Svecofennian Domain in Sweden; additional 1.8 Ga post-collisional rocks
from the SSAC are subdivided into rocks from the westernmost SSAC (W) and from Russian Kare-
lia in the eastern SSAC (E). Explanation of the grey mixing line and the evolution arrows in the text.
The reference data are collected from Martin et al. (1983), Wilson et al. (1986), Valbracht (1991),
O’Brien et al. (1993), Valbracht et al. (1994), Claesson and Lundqvist (1995), Billström and Wei-
hed (1996), Andersson (1997), Kononova et al. (1999, 2000), Rämö et al. (2001), Andersson et al.
(2002, 2006a, 2007), Högdahl et al. (2008), Rutanen and Andersson (2009 and references therein),
Woodard and Huhma (in review).
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U–Pb zircon SIMS geochronology of the Petravaara granite
Light brown, transparent, mostly short prismatic, and relatively crack-free zircons, with
fairly well-developed crystal forms were chosen from the 75–150 μm size fraction of sam-
ple #6. The crystals showed concentric oscillatory zoning in BSE and CL images (Figure 16a).
A few CL images indicated lighter cores with darker rims; however, no significant age dif-
ferences could be detected. Some crystals showed very thin metamict rims. Inclusions of
apatite, pyrite, and quartz were observed.

Altogether, 50 crystals were analysed. Th/U ratios were all relatively high (0.25–
0.93; Table 4), suggesting that the zircons crystallized from a magma. A weighted aver-
age 207Pb/206Pb age of all the analysed spots yielded an age of 1809 ± 8 million years
(MSWD = 1.8). However, many of the analyses are normally or reversely discordant
and have suffered recent or ancient Pb loss, or result from analytical artefacts. Addition-
ally, some spots have hit cracks resulting in discordancy or large errors. At least one zir-
con, showing an older 207Pb/206Pb age (1877 Ma; n2167-50 in Table 4), is possibly
inherited. Omitting these from the age calculation and using 36 concordant or near con-
cordant analytical spots resulted in a weighted average 207Pb/206Pb age of
1810.6 ± 6.5 million years (2s, MSWD = 1.2; Figure 16b) and a concordia age of
1810.9 ± 6.0 million years (95% confidence interval, MSWD = 1.4 of concordance and
equivalence; Figure 16c); 1811 ± 6 million years is thus considered as the best estimate
for the crystallization age of the Petravaara granite.

Hf isotopes in zircon from the Petravaara granite
Forty-five analyses of Lu–Hf isotopes (Table 5) were performed in the same set of crystals
that was previously analysed by SIMS (Figure 16a). For the concordant spots, initial eHf val-
ues were calculated for each analysis from the individual concordia ages (Table 4). For dis-
cordant points deemed to have crystallized from the Petravaara magma, the initial ratios
were calculated at 1811 million years; that is, the concordia age determined from the SIMS
data (Figure 16). For the few grains that appear to be older than the intrusion age, the 207Pb/
206Pb ages were used for calculating the initial eHf. The eHf values show a range of
almost 15 e-units, from −11.9 to +2.8 (±2sm from 2.1 to 5.3, with the average of 3.3; Table 5,
Figure 17), that is, from Archaean crust to ‘mildly depleted’ mantle values.

Discussion
Geochemistry
Basic-intermediate rocks. The basic-intermediate rocks of this study exhibit low Mg#,
below 46, and MgO below 5.4 wt.%. In fact, the evolutionary level varies only between
Mg# 46 and 36 (Figure 3). This, and the accompanying low contents of Cr and Ni (<125
and <50 ppm, respectively), strongly suggests that the compositions do not represent
primary mantle magmas, but have been modified by pre-emplacement fractionation of oli-
vine and/or pyroxenes, and possibly spinel (cf. e.g. Tatsumi and Eggins 1995; Leat et al.
2002; Kelemen et al. 2007; Zhang et al. 2008). Sc contents <20 ppm further emphasize
the role of previous clinopyroxene extraction.

Contamination of more primitive basaltic magmas by average Earth’s upper crust, or by
local granites in Turku and Renko, cannot explain the high concentrations of many elements
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in the mafic-intermediate rocks, as in most cases granites have lower concentrations
(Figure 11). The Pirilä or Petravaara granitoids are also not appropriate as contaminants;
Sr, P, and Ti are very low; and Cs, Rb, Ba, Th, U relations are not consistent with such a
model. The insignificant role of crustal contamination for the enriched compositions of
these rocks is further emphasized in plots of Th/Ta and P2O5/TiO2 versus Ce/Yb (Figure
18). Here we have included data from Svecofennian upper crustal rocks in southern Fin-
land. At corresponding Ce/Yb ratios, the Th/Ta ratios (Figure 18a) of the mafic-intermedi-
ate rocks are distinctly lower than in upper crustal rocks in the area. This precludes crustal
contamination as a major cause for the compositional variation. The P2O5/TiO2 ratios also
tend to be higher than in most crustal rocks (Figure 18b). Furthermore, the La/Nb ratios
are significantly higher than in crustal rocks (Figure 14).

Figure 17. eHf versus time diagram for the Petravaara intrusion, modified from Andersen et al.
(2009) and Kurhila et al. (2010). Chondritic uniform reservoir (CHUR) and depleted mantle (DM)
growth curves follow those in Andersen et al. (2009), with CHUR from Bouvier et al. (2008) and
DM modified from Griffin et al. (2000). Ranges of variation are shown for Archaean granites, early
Svecofennian mafic rocks (ESM), early Svecofennian felsic rocks (ESF), late-orogenic Svecofen-
nian granites (LSG; Puruvesi granite, near Petravaara, is plotted separately), ca. 1.8 Ga granites in
the Archaean Karelian domain, Transscandinavian Igneous Belt rocks (TIB) in Sweden, and anoro-
genic rapakivi granites in Finland (Patchett et al. 1981; Vervoort and Patchett 1996; Andersson et al.
2008; Andersen et al. 2009; Kurhila et al. 2010; Lauri et al., in review). The data from Patchett et al.
(1981), Vervoort and Patchett (1996), and Kurhila et al. (2010) are recalculated after Scherer et
al. (2001, 2007), Söderlund et al. (2004), and Bouvier et al. (2008). The arrows represent the evolu-
tion of juvenile Svecofennian crust and a possible evolution trend for ‘mildly depleted’ Fennoscan-
dian lithospheric mantle (from Andersen et al. 2009). The error bar in the left corner of the figure
shows the average ±2sm for the eHf(t) values of Petravaara (cf. Table 5). Discussion in the text.

Figure 16. (a) BSE and CL images, including 207Pb/206Pb ages and eHf values, of two selected
zircon crystals (analyses n2167-30 and n2167-40 in Tables 4 and 5) from the Petravaara granite.
The analytical spots are circled. (b) Pb–Pb weighted age diagram and (c) Tera-Wasserburg (1972)
U-Pb concordia diagram for zircons from the Petravaara granite. The grey bars and ellipses are the
analyses excluded from the age calculations. MSWD = mean squares of weighted deviates.
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A diagram of Rb/Ba versus Ti/Y (Figure 19) effectively separates the post-kinematic
mafic-intermediate rocks from other Svecofennian rocks. The former have in general very
low Rb/Ba ratios, mostly below 0.07, whereas among the crustal rocks only approximately
5% fall below the line defined in Figure 19. At Ti/Y ratios below 300, elevated Rb/Ba
ratios are noted for the post-kinematic rocks, indicating increasing crustal influence. Like-
wise, Turner et al. (1996) showed with the same elemental ratios that crustal contamina-
tion was insignificant in shoshonites from the Tibetan plateau.

The strongly enriched trace element patterns, except Ti, Y, and the HREE, are remi-
niscent of patterns for calc-alkaline, continental-arc rocks, although even more enriched
(Figure 11), which is typical for shoshonitic rocks (e.g. Arnaud et al. 1992; Sun and Stern
2001). According to Morrison (1980), shoshonitic rocks are characterized by
Na2O + K2O > 5 wt.%, Al2O3 between 14 and 19 wt.%, TiO2 < 1.3 wt.% and can be

Figure 18. (a) Th/Ta and (b) P2O5/TiO2 versus Ce/Yb diagrams that highlight the differences in
between the mafic post-collisional rocks and their relation to the crustal rocks of the SSAC. 1 = upper
crust; 2 = primitive continental andesitic arcs; 3 = evolved continental andesitic arcs; 4 = N-MORB;
5 = E-MORB; 6 = ocean island basalts; data from Sun and McDonough (1989), Condie (1993), and the
file ‘Av-Andesite2.xls’ in http://www.geokem.com/earths_average_composition.html, by Dr Bernard
M. Gunn (2004). Symbols as in Figure 3, with the additional SSAC reference data in colours (data
from the Rock Geochemical Database of Finland, online database; see in the reference list). Of the
elsewhere reported post-collisional rocks from southern Finland and Russian Karelia, only mafic-
intermediate rocks (<60 wt.% SiO2) are included.
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separated from calc-alkaline rocks by higher K2O/Na2O and K2O/SiO2, features that
define post-kinematic rocks in southern Finland as shoshonitic, except for their much
higher TiO2 (Table 2). However, TiO2 contents >1.3 wt.% is not uncommon among rocks
classified as shoshonitic, especially in Tibet (e.g. Turner et al. 1996; Carr 1998; Duchesne
et al. 1998; Williams et al. 2004; Zhang et al. 2008). The character and level of enrich-
ment are roughly similar in the studied plutons, irrespective of geographical position and
evolutionary level, although differing in significant details. Although these rocks are
evolved (Mg# < 46), with low contents of Ni and Cr, and pre-emplacement fractionation
of at least olivine and pyroxene must have caused increases in the abundance of incompat-
ible elements, this is not enough to explain the extreme enrichment (cf. e.g. Wenzel et al.
1997; Becker et al. 1999; Gerdes et al. 2000; Sun and Stern 2001). Furthermore, the
LREE/HREE is not correlated with Mg# (Figure 20). This calls for the presence of
strongly enriched mantle sources for these magmas (cf. e.g. Tatsumi and Eggins 1995;
Turner et al. 1996; Leat et al. 2002; Zhang et al. 2008). Local variations in the type of
source enrichment and degree of melting explain the compositional differences between
the plutons. The slab-derived component to the sources of the shoshonitic rocks in the east
(Parkkila and Luonteri) appears to have contributed a higher relative input of bulk sedi-
mentary material (melts), compared with those in the west (Turku and Renko), which on
the contrary partly seem to have experienced higher input of carbonatitic fluids as indi-
cated by trace element ratios (Figure 18).

Apart from the Renko intrusion, the Nd and Sr isotopic composition of the ca. 1.8 Ga
post-kinematic, mafic-intermediate rocks in southern Finland falls within a field defined
by initial 87Sr/86Sr of 0.7024–0.7033 and eNd(t) of 0–1 (Figure 15; Patchett and Kouvo
1986; Nironen and Rämö 2005; Andersson et al. 2006a; this study). This also includes the
1.79 Ga carbonatites at Halpanen (Torppa and Karhu 2007). The eNd(t) values of the ca.
1.80 Ga carbonatites at Naantali show slightly more enriched values, between −0.8 and
+0.4, whereas the initial 87Sr/86Sr is on 0.7028–0.7032 (Woodard and Huhma, in review).

Figure 19. Mafic-intermediate post-collisional rocks show distinctly low Rb/Ba and high Ti/Y
ratios, with insignificant overlaps with the Svecofennian crust. In contrast, the granitoid rocks of
Turku, Renko, and Pirilä fall within the Svecofennian crustal field. The Luonteri granitoids and the
Petravaara granite plot close to the border between the Svecofennian crust and the post-collisional
mafic rocks, as does one of the Turku granitoid samples. Symbols as in Figures 3 and 18.
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The coeval post-kinematic, shoshonitic rocks in Russian Karelia also show more enriched
compositions: essentially within the ranges 0.7033–0.7035 for initial 87Sr/86Sr and 0 to −0.8
for eNd(t) (Kononova et al. 2000; Andersson et al. 2006a; Woodard and Huhma, in
review).

The LREE enrichment is unrelated to the degree of fractionation as is demonstrated by
the equally high, or higher, Ce/Yb ratios in more primitive members of the ca. 1.8 Ga
post-kinematic suites in Russian Karelia and SW Finland (Figure 20). Here, a clear dis-
tinction is observed where the rocks from SW Finland (including Turku and Renko) are
much less enriched compared to SE Finland (including Luonteri and Parkkila) and Rus-
sian Karelia. This difference is observed also in the isotopic diagram (Figure 15), where
Luonteri and Parkkila are slightly more enriched, compared to Renko and Turku. This
shows that these magmas cannot have been derived from a ‘normal depleted’ mantle (eNd
approximately +3.9 at 1.80 Ga; after DePaolo 1981). Based on the pronounced LILE and
LREE enrichment, but depletion in HREE, depleted mantle sources strongly overprinted
by mantle metasomatism are indicated (cf. Eklund et al. 1998; Väisänen et al. 2000;
Andersson et al. 2006a). The abundances of many elements are too high, higher than in
any crustal rocks, to be accounted for by crustal contamination (Figures 8 and 11), and
thus crustal influence would rather result in lowering the contents of these elements (cf.
e.g. Hegner et al. 1998; Miller et al. 1999; Wenzel et al. 2000; Guo et al. 2004). Concern-
ing the isotopes, the high abundances of Sr and Nd in these rocks would effectively mask
contamination by Svecofennian crustal material with substantially lower contents. Moreo-
ver, the isotopic composition of the Svecofennian, juvenile metaigneous crust partly over-
laps that of these enriched, mantle-derived rocks (Figure 15).

The roughly coeval, calc-alkaline to marginally shoshonitic mafic rocks in the TIB
further west (Figure 1) show a similar, but less strong enrichment of LILE and LREE, and
depletion in HFSE and HREE, compatible with metasomatic enrichment of a previously
depleted mantle (e.g. Andersson et al. 2004a, 2007 and references therein). The relatively

Figure 20. Ce/Yb versus Mg# for mafic rocks (<60 wt.% SiO2). Symbols as in Figure 3, with the
addition of those in the legend. Reference data collected from Rutanen et al. (1997 and references
therein), Eklund et al. (1998), and Andersson et al. (2006a). Rocks from SE Finland and Russian
Karelia have Ce/Yb > 200, while those from SW Finland are <200.
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lesser enrichment of the TIB sources is noticeable also in the isotopic composition, and
these rocks roughly define a ‘mildly depleted mantle’ field of initial eNd approximately
+0.7 to +2 and 87Sr/86Sr 0.7020–0.7033 (Wilson et al. 1986; Andersson 1997; Claeson
and Andersson 2000; Andersson et al. 2004a, 2007; Wikström and Andersson 2004;
Rutanen and Andersson 2009), slightly above that of the southern Finland shoshonitic
intrusions (Figure 15). The Renko monzodiorite is isotopically overlapping the TIB rocks
(Table 3; cf. Nironen and Rämö 2005). With few exceptions, there is thus a progressive
increase in the degree of mantle source enrichment going eastwards across the Svecofen-
nian Domain at 1.8 Ga, reflected in both geochemical and isotopic compositions (Andersson
et al. 2006a).

Direct observations of mantle rocks with such an enrichment have been made, for
example, by Beccaluva et al. (2004), who reported amphibole-phlogopite-bearing harz-
burgitic mantle xenoliths with strongly enriched Nd and Sr isotopic signatures inherited
by subduction-related metasomatism. Thus, fluids/melts from a subducting slab percolate
and enrich the overlying depleted mantle wedge, for example, in Ba, more radiogenic Sr,
and less radiogenic Nd (cf. e.g. Menzies et al. 1987; Griffin et al. 1988; Fitton et al. 1991;
Thirlwall et al. 1996; Becker et al. 2000; Xu et al. 2003). A large increase in 87Sr/86Sr
accompanied by a relatively smaller decrease in eNd has been interpreted to indicate that
H2O from subducted oceanic crust dominated in the fluids causing a relatively stronger
enrichment in LILE than LREE (e.g. Hawkesworth et al. 1991, 1994; Thirlwall et al.
1996; You et al. 1996; Becker et al. 2000).

The amount of Th, Ba, and unradiogenic Nd would increase, if the metasomatizing
agents were enriched in melts or CO2 from subducted sediments (e.g. Thirlwall et al.
1996; Turner et al. 1996; Becker et al. 2000; Sun and Stern 2001), as would be the case for
a deeply subducted slab in a continental-arc setting (e.g. Pearce 1982; Hoogewerff et al.
1997). This is indicated in Figure 15 by a steep enrichment trend at low relative Sr/Nd that
includes all the post-kinematic rocks in southern Finland and Russian Karelia. In contrast,
many mafic rocks of the TIB in the west tend to show enrichment trends at slightly higher
relative Sr/Nd (Rutanen and Andersson 2009 and references therein), suggesting higher
H2O/CO2 in their mantle sources. Mantle carbonates and carbonate-rich mantle xenoliths
are typically enriched in Ba, Sr, and LREE (e.g. Ionov 1998), and melts generated from
carbonated lherzolitic mantle are strongly enriched in LREE (Blundy and Dalton 2000).
Moreover, carbonatitic melts in the mantle are able to dissolve and transport substantial
amounts of P (Green and Wallace 1988; Baker and Wyllie 1992; Rudnick et al. 1993;
Wyllie 1995). The combination of strong P, Ba, Sr, and LREE enrichment (Figures 8, 11,
and 18) in the mafic-intermediate rocks therefore suggests an origin in a carbonate-
enriched mantle. Additional strong support for this comes from the existence of coeval
carbonatites, the ca. 1.79 Ga Halpanen carbonatite in SE Finland (close to Luonteri and
Parkkila), and the ca. 1.80 Ga Naantali carbonatitic dikes (close to Turku) in SW Finland,
with isotopic compositions (Torppa and Karhu 2007; Woodard and Huhma, in review)
overlapping those of the other post-kinematic rocks.

The generally very high Ce/Yb (mostly >100; Figures 18 and 20) favours a deep ori-
gin, within the garnet-bearing mantle (cf. e.g. Turner et al. 1996; Doe 2002; Guo et al.
2004; Zhang et al. 2008). The high abundances of alkali and LIL elements in these rocks
suggest that their mantle source lithologies comprised significant amounts of phlogopite
and/or amphibole (e.g. Foley 1992; Foley et al. 1996; Ionov et al. 1997; Williams et al.
2004). Variations in the alkali ratios, for example, K2O/Na2O (Figure 6a), may partly
derive from variations in the phlogopite/amphibole ratios in the mantle source regions of
the primary magmas such that K2O-richer rocks at Luonteri and Parkkila derive from
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deeper, phlogopite-dominated sources, whereas the Na2O-richer Turku magmas should be
generated at shallower levels, relatively richer in amphibole (cf. e.g. Wilkinson and Le
Maitre 1987; Wilson 1989; Cocherie et al. 1994; Bonin 2004).

Between ∼43 and 50 wt.% SiO2, the mafic rocks of the Turku intrusions show an evo-
lution with decreasing TiO2, Fe2O3

t, MgO, CaO, and P2O5, whereas K2O, Na2O, and
Al2O3 increase (Figure 3). For Al2O3, P2O5, and Na2O, a distinct inflection is present at
∼50 wt.% SiO2, indicating a change in petrogenetic evolution. A straight extrapolation of
the trend below 50 wt.% SiO2 to higher SiO2 values does not extend towards a reasonable
felsic end-member. This rules out mixing with a crustal magma and assimilation of upper
crustal rocks as explanations for the <50 wt.% SiO2 part of the chemical spectrum.
Instead, fractionation of dominantly amphibole/clinopyroxene, Fe-Ti oxides, and apatite
can account for this evolution. The essentially constant Mg# can be explained by the co-
precipitation of ferromagnesian silicates and Fe-Ti oxides. The trace elements are in gen-
eral agreement with this, but the lack of increase in Ba and Rb suggests that biotite also
played a role. Further, the slight decrease in REE, Y, and Sr, as well as no significant
increase in Th and Nb, supports an important role for apatite and minor titanite. In con-
trast, the strong increase in Al2O3 and Na2O preclude significant fractionation of plagi-
oclase.

Above the inflection point, at ∼50 wt.% SiO2, either an Al2O3- and Na2O-containing
phase starts to precipitate in the Turku suite or some other process was in operation. If pla-
gioclase joined the fractionating assemblage, together with amphibole that might have
substituted clinopyroxene because of an increasing volatile content in the crystallizing
magma (indicated petrographically), this would potentially explain the change in the trend
and further chemical evolution towards silicic compositions. However, prominent frac-
tionation of plagioclase at 50 wt.% SiO2 would be expected to show up as more signific-
ant changes in evolution for most major elements, most notably Na2O and CaO, which is
not observed. Moreover, fractionation of amphibole and plagioclase up to 70 wt.% SiO2 is
negated by the strongly increasing Na2O. An interesting feature of the evolution >50 wt.%
SiO2 is that the major element trends here follow a straight line between 50 and ∼70 wt.%
SiO2, where the silicic end of the range is represented by a K2O-poor, Na2O-rich composi-
tion similar to a sample of melted wall rock that has mingled and mixed with the mafic
rock (Väisänen et al. 2000). Such types of calcic/calc-alkaline, tonalitic/granodioritic
granitoids are present within the suite of late-orogenic migmatite-related granitoids of
southern Finland (Figures 6a and 7) and may thus represent a crustal magma end-member
with which the mafic Turku magmas has mixed. Gerdes et al. (2000) observed mixing
trends between enriched mantle melts and a felsic crustal end-member granodiorite
closely similar to that predicted here. This model appears to be contradicted by elevated
contents of, for example, Ba, Rb, Zr, and Nb in the intermediate rocks (Figure 8), and low
contents of Rb, Y, and REE in the felsic rock. However, these intermediate rocks may
contain cumulus biotite, zircon, and titanite. The trace element composition of the felsic
end-member thus diverges in some details from that of the melted wall rock sample. This
may be related to a better homogenization of biotite and accessory minerals in the actual
felsic end-member compared with melted wall rock sample.

Within the suites of mafic-intermediate Luonteri and Parkkila rocks there are no rocks
with <50 wt.% SiO2 and Mg# > 41 (Table 2). Intermediate rocks follow linear trends towards
a felsic end-member at ∼70 wt.% SiO2, compatible with a magma-mixing origin (Figures 3
and 8). In particular, mafic-intermediate rocks between 50 and 60 wt.% SiO2 also obey this
linearity and should therefore contain a minor portion of crustal melt admixture. Discrepan-
cies can be noted for Zr and Nb, which appear to indicate accessory mineral cumulation.
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The composition of the most mafic Luonteri and Parkkila rocks correspond to highly
fractionated magmas (cf. Figure 20), originally derived by small degrees of melting of a
strongly metasomatized, garnet-bearing mantle, slightly deeper and more enriched in bulk
sedimentary components compared to SW Finland (cf. Figure 18). The fractionation did
not affect the Ce/Yb ratio much. The mantle source contained abundant phlogopite, more
than in SW Finland, as evidenced by the higher alkali and fluorine contents (Figures 3 and 8).
These strongly enriched mantle magmas fractionated and mixed with K2O-rich, crustal
melts to generate the final spectrum of compositions.

Lahtinen (1996) suggested that the negative Nb anomaly in the Renko monzodiorite
was the result of fractionation of titanite ± titanomagnetite, rather than a subduction-influenced
source. However, the Nb anomaly in the Renko monzodiorite is not more pronounced than
in the other post-kinematic intrusions or in shoshonitic rocks worldwide, which have been
related to strongly enriched mantle sources (Figure 11). This does not, however, rule out a
minor superimposed effect of titanite and Fe-Ti oxide fractionation, as was indicated for
the Turku monzodiorites above.

Granitoid rocks. The granitoids associated with the mafic-intermediate rocks are of highly
variable character. Those present along the margins of the Turku monzodiorites show
intermingling features with the monzodiorites, which together with the geochronology
show that these rocks are coeval (Väisänen et al. 2000). They are thus slightly younger
than the 1.85–1.82 Ga, late-orogenic Svecofennian granites (Kurhila et al. 2005 and refer-
ences therein), but are geochemically indistinguishable from them (Figures 3–10, 19, and
below in 22). As their A/CNK index is mostly below 1.1 (Figure 5), they do not qualify as
S-type granites s.s. (e.g. Chappell and White 1974; Clarke 1992). Thus their slightly pera-
luminous, calc-alkaline to alkali-calcic, high-silica (>71 wt.%) geochemistry suggests der-
ivation from mainly, but not exclusively, metasedimentary sources.

The relatively high Rb in the Turku granites and the late-orogenic granites, combined
with low Y + Nb, makes them plot transitional between the volcanic-arc and syn-
collisional granite fields (Figure 10); the latter being typical for S-type granites (e.g.
Pearce et al. 1984). This corroborates the hypothesis that these rocks are derived from
mixed sources: metasedimentary and metaigneous. Many authors have emphasized
mainly metasedimentary sources in the genesis of the late-orogenic Svecofennian gran-
ites (e.g. Nurmi and Haapala 1986; Lahtinen 1996). The heterogeneity in geochemistry
for the Turku granites, and for the late-orogenic granites in general, is most probably
related to variations in source lithology and composition, as these granites are generally
locally derived (cf. Andersson 1991; Zuber and Öhlander 1991; Nironen 2005; Stålfors
and Ehlers 2006; Nironen and Kurhila 2008), some of them, for example, containing
garnet, others not. Moreover, ca. 1.89–1.87 Ga inherited zircons were found in the
Turku granite, suggesting the presence of metaigneous source components of this age
(Väisänen et al. 2000). Most of the late-orogenic and Turku granites plot in the field of
fractionated I- and S-type granites, but partly plot transitional into the A-type granite
field, at relatively high alkalinity (Figure 9). The increased alkalinity in some granites
may be related to variations in source lithologies, including metaigneous protoliths with
elevated HFSE contents. Thus, the granites associated with the Turku monzodioritic
plutons were formed by melting of the heterogeneous country rocks in response to the
heat advected from the mafic intrusions, and the two magma types were occasionally
mingled and mixed.
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The analysed granitic dike that cuts the monzodiorites of the Renko intrusions has all the
geochemical characteristics discussed above for the Turku and the late-orogenic Svecofennian
granites in general and is thus formed from similar crustal sources. Lahtinen (1996)
reported that monzodiorite and granite show signs of mingling along the contacts of the
pluton, giving evidence of a corresponding situation as in the Turku area. We therefore
interpret the granitic dikes in the Renko monzodiorites as back-veins of local crustal
melts, generated by the heat from the mafic Renko intrusion.

The Turku and Renko granites are distinct from the mafic rocks and compositionally
overlap the plotted SSAC rocks (Figure 19). The isotopic data from the Renko and Turku
granites (Table 3) show near-chondritic initial eNd values, but somewhat elevated initial
87Sr/86Sr values (Figure 15). These data are not compatible with entirely metasedimentary
protoliths, as Svecofennian metasedimentary rocks normally contain ∼30% Archaean
detritus (e.g. Claesson et al. 1993; Lahtinen et al. 2002, 2010; Rutland et al. 2004; Sultan
et al. 2005; Bergman et al. 2008) and plot at negative eNd values. Instead, these granites
must be derived from more juvenile lithologies, presumably with somewhat elevated Rb/Sr
ratios. Seawater alteration, weathering, and diagenetic recrystallization of juvenile sedi-
ments, for instance, can mobilize and enrich Rb and deplete Sr in these sources, which will
enhance the 87Sr/86Sr, but does not necessarily fractionate Sm and Nd (e.g. McCulloch
and Chappell 1982; Staudigel et al. 1995). Such protoliths may be represented by Sve-
cofennian metasedimentary rocks with no, or only a very small, Archaean component; or
alternatively, juvenile metaigneous crust. In fact, the Turku and Renko granites plot within
the same field of Figure 15 as the 1.91–1.85 Ga Svecofennian metaigneous crust.
Although this does not preclude metasedimentary source components for these granites, it
shows that juvenile, metaigneous rocks may be a major component. Similar conclusions
were reached for the late-orogenic Svecofennian granites in Sweden and Finland (Patchett
et al. 1987; Andersson 1991; Claesson and Lundqvist 1995; Kurhila et al. 2010). Mixing
of magmas in the source region of similar leucocratic granite batholiths, from metasedi-
mentary and metaigneous protoliths, has recently been documented by Reichardt et al.
(2010).

The Pirilä granite is in many respects similar to the late-orogenic granites, but is more
enriched in Rb, Nb, Th, Pb, and LREE (Figure 8). As it contains abundant fluorite, it is
also rich in F (not analysed). Although it is alkali-calcic (Figure 7) and marginally peralu-
minous (Figure 5), its elevated HFSE content (Figure 11c) makes it plot distinctly within
the A-type field in Figure 9, whereas it plots at the border between three fields in Figure 10.
This transitional character may be related to a combination of dominantly metaigneous
sources and a highly fractionated, F-rich magma. The Pirilä granite shows geochemical
similarities with the 1826 ± 11 Ma Karjaa granite further west, but displays higher Rb,
LREE, Th, and lower Zr and Hf. The Karjaa granite shows predominantly A-type charac-
ter, and it was derived from ca. 1.88 Ga metaigneous sources (Jurvanen et al. 2005). Sim-
ilarly, Roberts and Clemens (1993) and Årebäck et al. (2008) advocated intermediate,
metaluminous lower-middle crustal lithologies as the main source for the genesis of high-
K, calc-alkaline to alkali-calcic granitoid rocks. Heilimo et al. (2009) summarized earlier
works by, for example, Patchett et al. (1981), Kouvo et al. (1983), and Huhma (1986) by
suggesting lower crustal TTG sources for the similar Nattanen granites in northern Finland.
A dominantly metaigneous source is also supported for the Pirilä granite by the near-
chondritic initial eNd value (Table 3; cf. Lahtinen and Huhma 1997). The initial 87Sr/86Sr
value is very low, unreal, and has suffered disturbance after crystallization (Figure 15).

The Luonteri granitoids are calc-alkaline (Figure 7) and compositionally divided into
two groups: quartz-monzonites and granodiorites/granites (Figure 4b). The former group
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is essentially metaluminous, whereas the latter is variably peraluminous (Figure 5). The
quartz-monzonites fall compositionally intermediate between the quartz-diorites/monzo-
diorites and the granites for all major and trace elements, and the granites show geochem-
ical characteristics close to or overlapping with those of the late-orogenic granites
(Figures 3, 5, 7, and 8). These geochemical features indicate that the Luonteri rocks form a
magmatic mixing suite between the highly evolved, mantle-derived monzodioritic mag-
mas and crustally derived, high-silica (>70 wt.% SiO2) granitic magmas. Such a model
was also proposed for the intermediate rocks at Kårtorp in the TIB of southern Sweden
which are similar in age and composition (Andersson 1989, 1997; Andersen et al. 2009).
This model is supported by the gradual transitions between rock types and ghost-like min-
gling structures (Figure 2d; cf. Pitkänen 1985). Plutonic mixing between highly evolved,
lamprophyric/shoshonitic mafic and granitic magmas has been proposed for a number of
cases showing continuous straight line trends in elemental bi-variate plots (e.g. Janoušek
et al. 2000, 2004; Chen et al. 2002; Christofides et al. 2007). Some of the crustal magmas
at Luonteri have remained liquid longer than the intermediate rocks of the main intrusion
and form granitic back-veins. The Luonteri granites show roughly overlapping geochem-
istry with the late-orogenic granites of southern Finland, or they are slightly displaced
along the mixing trend towards the monzodiorites (e.g. Figures 3, 5, 7, and 8). The over-
lapping isotopic data of the Luonteri monzodiorite and quartz-monzonite (Figure 15) can-
not be used uncritically to infer a common source in a ‘mildly depleted’ mantle. In fact,
the isotopic composition of the juvenile, metaigneous Svecofennian crust overlaps that of
such a ‘mildly depleted’ mantle source, which makes mantle and crustal sources equally
likely.

The Petravaara intrusion is emplaced within crust underlain by Archaean basement
(e.g. Laajoki 2005; Sorjonen-Ward and Luukkonen 2005; cf. Korja and Heikkinen 2008),
which is reflected in its substantially low initial eNd (−2.8, Table 3; Figure 21), as well as a
range in eHf zircon values to as low as −12, with an average of −4.9 (Table 5; Figure 17).
Nearby analysed metasediments show similar eNd values (eNd(1.9 Ga) between −3.4 and −2.9;
Huhma 1987). The Archaean component has, however, not resulted in a complementary
increase in the initial 87Sr/86Sr value of the Petravaara magma and thus appears unrelated
to upper crustal juvenile, Svecofennian metasedimentary rocks (Figure 15). In contrast, a
larger Archaean component is indicated within the nearby and coeval (1797 ± 19 Ma;
Nykänen 1983), more silicic Puruvesi monzogranite with an initial eNd(1.80 Ga) of −6.9
(Figure 21; Huhma 1986) and initial eHf(t) <–15 in some zircon cores, combined with
actual inherited Archaean zircons (Figure 17; Kurhila et al. 2010).

The geochemistry of the Petravaara sample #6 (Tables 1–3) is alkali-calcic, on the bor-
der between met- and peraluminous, and close to that of the Luonteri quartz-monzonites
(Figures 5 and 7), indicating a similar petrogenesis. Referring to the model for the
Luonteri rocks above, this would imply an origin by mixing of magmas derived from a
strongly enriched mantle and mainly metaigneous, low Rb/Sr crustal sources with a signi-
ficant Archaean component. The crustal component most likely consists of mixed
Archaean and Svecofennian contributions, in proportions not possible to constrain
because of the isotopic overlap between the Svecofennian crust and the enriched mantle
(Figure 15).

Assuming an entirely Archaean metaigneous source component, with a similar iso-
topic composition as that of the Archaean tonalites north of Petravaara (O’Brien et al.
1993) and in northern Finland (Martin et al. 1983), and a magma composition similar to
that of late-orogenic Svecofennian granites in southern Finland (Nironen 2005; Stålfors
and Ehlers 2006; Rock Geochemical Database of Finland), which are partly derived from
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Figure 21. eNd versus time diagram. Symbols as in Figure 3. Evolution field for the Archaean
crust as compiled in Andersson et al. (2002). Evolutionary field (the arrows with broken lines, with
147Sm/144Nd in the range 0.14–0.17) for a proposed ‘mildly depleted’ Svecofennian lithospheric
mantle. DM = depleted mantle (DePaolo 1981); CHUR = chondritic uniform reservoir; ESF = early
Svecofennian felsic crust in southern Finland (Huhma 1986; Patchett and Kouvo 1986; Lahtinen
and Huhma 1997; Rämö et al. 2001; Väisänen et al. 2008, 2009); ESB = early Svecofennian basic
rocks in southern Finland (Huhma 1986, 1987; Patchett and Kouvo 1986; Makkonen 1996; Vaas-
joki and 1 1999; Rämö et al. 2001; Väisänen et al. 2008, 2009); Sed = early Svecofennian metased-
imentary rocks in southern Finland (Miller et al. 1986; Huhma 1987; Lahtinen et al. 2002);
1 = post-kinematic granitoids in the Palaeoproterozoic part of the Karelian Domain (Huhma 1986;
Ruotoistenmäki et al. 2001; Nironen 2005); 2 = late-orogenic Puruvesi granite in the Palaeoproter-
ozoic part of the Karelian Domain (Huhma 1986); 3 = elsewhere reported analyses of 1.8 Ga post-
collisional rocks in the SSAC, of which the black bar demonstrates mafic (Nironen and Rämö 2005;
Andersson et al. 2006a), the darker grey carbonatite (Torppa and Karhu 2007; Woodard and
Huhma, in review), and the white bar felsic (Patchett and Kouvo 1986; Lahtinen and Huhma 1997;
Rämö et al. 2005; Andersson et al. 2006a) analyses from the Finnish part of the SSAC, whereas the
lighter grey bar marks rocks in the easternmost SSAC, in Russian Karelia (Kononova et al. 1999,
2000; Andersson et al. 2006a). The rest of the black (mafic rocks) and white (felsic rocks) bars and
smaller circles (single analyses) comprise ca 1.88–1.84 Ga intrusives in the Ljusdal Batholith and
the Transition Belt in central Sweden (LjB and TrB, respectively; Högdahl et al. 2008); ca. 1.85 Ga
TIB-0 basites (Andersson 1997 (recalculated according to data in Andersen et al. 2009); Claeson
and Andersson 2000); TIB-0 granitoids (Andersson 1997 (recalculated according to data in
Andersen et al. 2009); Claeson and Andersson 2000; Wikström and Andersson 2004); 1.85–
1.82 Ga late-orogenic granites in southern Finland (Huhma 1986; Rämö and Nironen 2001; Rämö
et al. 2004; Kurhila et al. 2005, 2010); ca. 1.80 Ga TIB-1 mafic intrusive rocks of south-central and
southern Sweden (Andersson 1997 (recalculated according to data in Andersen et al. 2009); Wik-
ström and Andersson 2004; Andersson et al. 2007; Rutanen and Andersson 2009); ca. 1.80 Ga TIB-
1 granitoids in southern Sweden (Wilson et al. 1986; Patchett et al. 1987; Andersson 1997 (recalcu-
lated according to data in Andersen et al. 2009); Mansfeld 2004; Wikström and Andersson 2004);
ca. 1.79 Ga late-orogenic granitoids in Bergslagen in south-central Sweden (Patchett et al. 1987;
Vervoort and Patchett 1996; H. Rutanen, unpublished data); 1.79 Ga Revsund granitoids in north-
central Sweden (Wilson et al. 1985; Patchett et al. 1987; Claesson and Lundqvist 1995; Andersson
et al. 2002); ca. 1.7 Ga mafic TIB-2&3 rocks (Wilson et al. 1985; Nyström 1999; Claeson 2001);
ca. 1.7 Ga TIB-2&3 felsic rocks (Wilson et al. 1985; Patchett et al. 1987; Heim et al. 1996; Lun-
dqvist and Persson 1999; Nyström 1999; Appelquist et al., submitted); rapakivi-related anorogenic
rocks in SE Finland (Rämö 1991), SW Finland (Rämö 1991; Fröjdö et al. 1996; Eklund et al. 2005)
and Russian Karelia (Neymark et al. 1994). Discussion in the text.

Late-
orogenic
Finland Late-orogenic

BergslagenεNd(t)
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metaigneous sources, the composition of an Archaean-derived crustal granitic magma may be
approximated by ∼30 ppm Nd, eNd(1.81 Ga) = –10.4, ∼100 ppm Sr, 87Sr/86Sr(1.81 Ga) = 0.7094.
Magmas from an enriched mantle component may be approximated by: ∼220 ppm Nd,
eNd(1.81 Ga) = +0.5, ∼2200 ppm Sr, 87Sr/86Sr(1.81 Ga) = 0.7028, based on Table 3 and
data in Eklund et al. (1998) and Andersson et al. (2006a). When using these end-members,
the composition of the Petravaara granite fall on a mixing curve at ∼70–75% crustal magma
and ∼30–25% magma from the enriched mantle (Figure 15).

The presence of numerous small mafic enclaves in the Petravaara granite (Figure 2g)
supports the presence of coeval contrasting magmas. A minor contribution by local sedi-
ments is suggested by numerous small rusty enclaves of the host rock. Two older analyses
of rocks from the Petravaara intrusion (Hackman 1931; Nykänen 1968) deviate signifi-
cantly from the presently analysed sample, being much lower in K2O (Figure 7). One of
the rocks in the older analyses is also strongly enriched in Na2O (Figure 3). Whether these
analyses are reliable or not is difficult to judge, but compositionally they do fall within the
field reported for the late-orogenic Svecofennian granites of southern Finland. They may
thus record a large compositional variation within this small intrusion that is due to
strongly variable crustal components.

The large range in initial eHf of the magmatic Petravaara zircons (–11.9 to +2.8, Table 5;
Figure 17) suggests a heterogeneous mixture of magmas. The range from Archaean crust
to mildly depleted mantle values supports a mixture between these sources. A significant
contribution from juvenile Svecofennian crust is also allowed by the Hf data, whereas an
input from a strongly depleted mantle source appears not to be present. Hf isotopic data
from the nearby ca. 1.80 Ga Puruvesi monzogranite show a similar range in eHf values, but
with a higher proportion of inherited old crystals (Kurhila et al. 2010), whereas initial eHf
multi-grain zircon analyses from the post-kinematic Åva and Parkkila intrusions, more to
the west (Figure 1), show more depleted values (Patchett et al.1981; Figure 17).

In the Hf-Rb-Ta diagram (Figure 22), the Luonteri, Petravaara, Pirilä, and one of the
Turku samples, combined with other post-collisional granites from southern Finland and
Russian Karelia, and TIB granites, define an area mostly within the field of volcanic-arc
granites, but straddling into the late- and post-collisional and within-plate fields. This field
is contrasted with a field at higher relative Rb and lower Ta, where the late-orogenic Sveco-
fennian granites plot, including most of the Turku ‘S-granites’ and the Renko granitic
dike. We suggest that this difference (divided with the broken curve in Figure 22) is
related to a larger source contribution to the late-orogenic granites by mica-rich metasedi-
mentary rocks, whereas the post-collisional and TIB granites were derived from meta-
igneous sources.

Geodynamic inferences
The post-kinematic plutons intruded the essentially juvenile (<2.1 Ga) crust of southern
Finland at 1.82–1.76 Ga, during the shift from a transpressional to a (trans)tensional tec-
tonic regime (Lahtinen et al. 2005; Väisänen and Skyttä 2007). There is a tendency for
ages <1.79 thousand million years in southwesternmost Finland and ages >1.79 thousand
million years from Turku and eastwards. Furthermore, the oldest 1.815 Ga intrusions have
been emplaced deeper, when the surrounding crust was still hot, thus interacting in a duc-
tile way forming mingled zones with anatectic granites (Lahtinen 1996; Väisänen et al.
2000). In contrast, some of the youngest intrusions in SW Finland intruded under more
brittle conditions after exhumation to crustal levels <10 km (Eklund and Shebanov 2005).
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High-K calc-alkaline and shoshonitic rocks are found in a variety of tectonic environ-
ments, such as oceanic and continental arcs as well as post-collisional and intra-plate set-
tings (e.g. Morrison 1980; Leterrier et al. 1990; Müller et al. 1992; Sun and Stern 2001).
In collisional orogenies, they are often younger than calc-alkaline arc and syn-orogenic/
syn-collisional rocks (cf. Barragan et al. 1998; Liégeois 1998; Frost et al. 2001; Elburg
et al. 2002; Bonin 2004; Duggen et al. 2008). The post-kinematic mafic rocks in southern
Finland display strongly enriched subduction-type compositions. However, these rocks
clearly post-date active subduction and accretion in the area. The compositions suggest
that lithospheric mantle sources, strongly enriched by subduction-derived fluids and/or
melts during previous subduction episode/s (cf. e.g. Fitton et al. 1991; Feldstein and
Lange 1999; Hawkesworth et al. 1995; Canning et al. 1996; Wilson et al. 1997), were
tapped by these magmas, during a shift from collision to post-collisional transpression and
finally extension in the time frame 1.82–1.76 Ga.

The intrusions in this study fit into the characteristics of post-collisional magmatism
given by Bonin et al. (1998), Liégeois (1998), and Liégeois et al. (1998), which are
(a) high-K calc-alkaline to shoshonitic in composition, (b) at least partly related to lateral
escape tectonics after collision, and (c) derived from depleted mantle sources, enriched
during a previous subduction episode. The pre-enrichment source depletion is evidenced
by the depletion in the HREE relative to MORB. In addition, the compositions of the
1.8 Ga post-kinematic intrusions in southern Finland are overlapping with those of sho-
shonitic, volcanic, and plutonic rocks from elsewhere, typically those from post-collisional
settings, for example, in central Iberia (López-Moro and López-Plaza 2004) and particu-
larly those in Tibet (e.g. Guo et al. 2006; Zhang et al. 2008; Figure 11). The Tibetan sho-
shonites are normally considered to stem from strongly enriched lithospheric mantle
sources that were subjected to melting, after slab break-off and convective erosion of the
lower lithosphere (e.g. Turner et al. 1996; Miller et al. 1999; Mahéo et al. 2002; Williams
et al. 2004).

Figure 22. Tectonic settings of granitoids, modified after Harris et al. (1986). See in the text for the
explanation of the broken line. Symbols as in Figure 9.
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Roberts and Clemens (1993) suggested that post-collisional magmatism would be a
result of mantle upwelling and underplating of the lower crust by mafic magmas because
of decompression, after crustal thickening. The 1.8 Ga post-collisional rocks in southern
Finland and Russian Karelia have been proposed to be related to upwelling of hot astheno-
spheric material because of slab break-off (Väisänen et al. 2000; Eklund and Shebanov
2002), plume activity (Peltonen et al. 2000), or lithospheric unrooting (Kosunen 2004)
that caused melting of the strongly enriched lithospheric mantle. In fact, an origin partly as
a mixture between strongly enriched lithospheric and asthenospheric magmas is allowed
by the data, and larger asthenospheric components appear to be present in the Turku rocks
(Figures 12 and 13). However, the dominantly shoshonitic, rather than alkaline within-
plate, chemistry argue against a within-plate environment (cf. Pearce et al. 1990; Pearce
1996a). It is noteworthy, also, that no 1.8 Ga mafic rocks derived entirely from astheno-
spheric sources have been found in the Svecofennian Domain.

The absolute timing of the enrichment of the mantle sources for the studied mafic
rocks is not known, but the TDM ages are essentially <2.1 Ga (Table 3), and thus do not
lend support for a major Archaean influence (except for Petravaara). The mantle enrich-
ment most likely occurred during the preceding Svecofennian ((2.1−)1.95–1.86 Ga) arc
magmatism (cf. Andersson 1997; Andersson et al. 2006a), when systems of arcs and
microcontinents assembled together with underlying slab-enriched mantle sections and
accreted to the Archaean craton nucleus in the northeast. The carbonate-rich fluids and
melts that percolated the sub-Svecofennian mantle derived from subducted slabs carrying
sedimentary detritus. These sediments probably contained a minor component of
Archaean material, which is typical for Svecofennian sediments (e.g. Claesson et al. 1993;
Lahtinen et al. 2002; Andersson et al. 2004b, 2006b; Bergman et al. 2008). This is also
evident in their low eNd values, intermediate between those of Archaean and Svecofennian
metaigneous crust (Figure 15).

During the Svecofennian subduction, the metasomatizing agents added variable
amounts of low-radiogenic Nd to the previously depleted mantle, creating a geographi-
cally heterogeneous ‘mildly depleted mantle’ (cf. Andersson et al. 2007; Rutanen and
Andersson 2009; Figure 15). Analysed samples of enriched mantle have variable, but gen-
erally lower 147Sm/144Nd compared to DM and mostly also to CHUR (broadly in the
range 0.10–0.20; e.g. McDonough and McCulloch 1987; Voshage et al. 1987; Gorring
and Kay 2000; Schmidberger et al. 2001). Variably enriched (varying 147Sm/144Nd) areas
of lithospheric mantle are distributed beneath the Svecofennian Domain of the Fennoscan-
dian Shield. This affects to different degrees post-1.9 Ga mafic magmas extracted from it,
or interacting with it while passing through, as shown by their variable initial eNd
(cf. Andersson et al. 2004a; Söderlund et al. 2005). Even if individual enriched mantle
sections follow their own evolution with time, an average evolutionary slope (147Sm/
144Nd 0.14–0.17) in the eNd versus time diagram encompasses most of the initial composi-
tions of the younger mafic magmatism between 1.85 and 1.55 Ga (Figure 21), suggesting
that they derive from such a ‘mildly depleted mantle’. Furthermore, similar ‘mildly
depleted mantle’ evolutions have been postulated from observations of the Lu–Hf isotopic
system in Fennoscandian mafic rocks (Söderlund et al. 2005; Andersen et al. 2009).

Evidence for a widespread and important magmatic event at ca. 1.8 Ga comes from
kimberlites and related rocks. Abundant ages around 1.8 Ga in zircon xenocrysts and zir-
cons in lower crustal xenoliths from Palaeozoic kimberlites have shown that significant
portions of the mafic lower crust, at least in east-central Finland formed around this age
(Hölttä et al. 2000; Peltonen and Mänttäri 2001; Peltonen et al. 2006). This supports a
connection between the small 1.8 Ga middle to upper crustal post-kinematic intrusions
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and coeval widespread mafic underplating. These intrusions thus represent higher-level
magmatism from widespread layers of enriched mafic magmas underplating the
Svecofennian crust in southern Finland and Russian Karelia. In addition to the Petravaara
intrusion, the strongly enriched 1.80 Ga mafic Elisenvaara intrusion and Kalto lampro-
phyres in Russian Karelia (Andersson et al. 2006a) and 1.79–1.78 Ga lamprophyres
northwest of Petravaara (Woodard et al., submitted) provide evidence that layers
of enriched mafic magma underplated also the Archaean Karelian craton margin at
this time.

Recent interpretations of the deep seismic reflection profile FIRE 2A that traversed
southern Finland in the vicinity of the Renko intrusion (Nironen et al. 2006; Korja and
Heikkinen 2008) suggest the presence of a major layer of mafic lower crust, interpreted by
these authors to indicate a trapped body of oceanic crust. Alternatively, it may comprise
layers of mafic magma that underplated the crust at ca. 1.8 Ga.

Simultaneous with the continental collision in southern Finland, continental-margin
magmatism was active 1.85–1.75 Ga along the juvenile Svecofennian margin in the west
and southwest (in Sweden), creating the TIB (e.g. Andersson 1991; Åhäll and Larson
2000; Andersson et al. 2004a, 2007; Johansson et al. 2006). NE-directed convergence and
subduction resulted in NW-SE-trending lithologies and structures of the southeastermost
TIB and the adjoining high-grade Svecofennian crust (Gorbatschev 1980; Rutanen and
Andersson 2009). According to magnetic data, these NW-SE-trending structures are
deflected southwards in the southeast, close to the Volgo-Sarmatian craton (cf.
Bogdanova et al. 2006). As in southern Finland, a large number of major dextral,
transpressional shear zones developed within the southern and central Svecofennian
Domain of Sweden at ca. 1.80 Ga (Beunk and Page 2001; Högdahl and Sjöström 2001;
Persson and Sjöström 2003; Högdahl et al. 2009). Thus, this complicated palaeotectonic
scenario created a convergent stress field presumably as a result of a tectonic interplay
between continental collision in the southeast with Volgo-Sarmatia and continental-margin
convergence in the southwest (Rutanen and Andersson 2009) that resulted in dextral
transpressional tectonics across the southern Svecofennian Domain. The crustal-scale
shear zones, initiated by convergence and collision, may have facilitated magma transport
and emplacement of the 1.8 Ga post-kinematic intrusions during the post-collisional shift
to extension in southern Finland.

Conclusions

(1) The investigated six intrusive complexes in southern Finland, post-kinematic in
relation to most of the ductile, pervasive deformation, were emplaced between
1.82 and 1.79 Ga. The age of the easternmost, Petravaara body yielded a U–Pb
zircon (SIMS) age of 1811 ± 6 Ma.

(2) The composition ranges from monzogabbro/alkali gabbro to monzo- or syeno-
granite, but monzodioritic to quartz-monzonitic rocks dominate. The basic to
intermediate rocks are alkali-rich (K2O + Na2O > 4 wt.%), mainly alkali-calcic
and shoshonitic, with only a few high-K calc-alkaline compositions. They are
strongly enriched in LILE and LREE, but depleted in HREE, and are much less
enriched in HFSE relative to N-MORB. They resemble shoshonitic rocks world-
wide, in particular those of Tibet. The enriched geochemical character is coupled
with a near-chondritic to ‘mildly depleted’ isotopic composition, with initial eNd
between +0.1 and +1.4 and initial 87Sr/86Sr in the range 0.7027–0.7031, that is,
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somewhat more enriched than coeval calc-alkaline, continental-arc rocks located
further west in the TIB.

(3) The strongly LILE- and LREE-enriched character of the mafic-intermediate rocks
cannot be accounted for by crustal contamination, because of non-crustal trace
element signatures, as well as typically higher absolute abundances of elements
such as Ba, Sr, Ce, Sm, and P than in the crust. We suggest that previously
depleted mantle sources became strongly enriched by CO2 and/or melt percolation
from subducted sediments. Trace elements suggest more carbonated sources in the
west and more sediment-influenced sources in the east. Higher Ce/Yb and K2O/
Na2O ratios in the east indicate a deep, garnet-bearing source in which phlogopite
dominated over amphibole, whereas towards the west, more amphibole was
present in the source, probably closer to the spinel–garnet transition (i.e. shallower
depths). TDM ages <2.1 Ga suggest that the time of mantle enrichment was not
more than 300 Ma prior to the magmatism, during the earliest Svecofennian sub-
duction and arc magmatism. Attending subduction and accretion of the Svecofen-
nian crust, a juvenile, heterogeneously enriched mantle was established below the
continent. This sub-Svecofennian mantle (isotopically ‘mildly depleted’)
developed with time, largely overlapping the Nd isotopic evolution of the juvenile
Svecofennian crust, and acted as a source for many younger mafic rocks in the
Svecofennian Domain. Interaction of melts from both lithospheric and astheno-
spheric sources was also possible inasmuch as the trace element abundances of
these rocks are similar or exceed that of typical OIB.

(4) The associated granitoids are more diverse, ranging from calc-alkaline to alkali-
calcic and from metaluminous to slightly peraluminous. The granites in the Turku
and Renko intrusions are transitional between I- and S-type, volcanic-arc and col-
lisional in character, whereas those of Luonteri, Petravaara, and Pirilä fall between
I- and A-type, as well as between volcanic-arc and within-plate in character. The
former group distinctly overlaps compositions of the bulk of the late-orogenic
Svecofennian granites and shows relatively juvenile isotopic compositions similar
to those of the early Svecofennian granitoids. This, and the mixed geochemical
character, suggests that they had mixed sedimentary and igneous protoliths. The
other group was derived mainly from Svecofennian igneous protoliths. Isotopic
evidence strongly suggests mixed Archaean and juvenile sources for the
Petravaara intrusion.

(5) Geochemical trends within the mafic Turku intrusions are compatible with the
fractionation of mainly clinopyroxene/amphibole, Fe-Ti oxides and apatite, with
minor biotite and titanite up to ∼50 wt.% SiO2. Straight line trends between ∼50
and 70 wt.% SiO2 for essentially all elements suggest that rocks in this composi-
tional range represent mixtures between mafic magmas from strongly enriched
mantle and magmas derived from the juvenile Svecofennian crust. This holds
for both the Turku and Luonteri intrusions, although the end-members differ.
Some cumulation of biotite, zircon, and titanite accounts for the scatter in these
trends.

(6) The post-kinematic intrusions in southern Finland intruded the juvenile SSAC and
the Karelian Domain in the aftermath of the continental collision with the Volgo-
Sarmatian craton on the southeast, during a shift from contraction and transpres-
sional shearing to an extensional regime. The setting is thus post-collisional,
rather than post-orogenic, which is corroborated by the shoshonitic composition,
typical for post-collisional rocks.
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