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Intra-orogenic Svecofennian magmatism in SW Finland
constrained by LA-MC-ICP-MS zircon dating and geochemistry

MARKKU VAISANEN', OLAV EKLUND?, YANN LAHAYE?, HUGH O’BRIEN?, SOREN FROJDO?,
KARIN HOGDAHL* and MARJAANA LAMMI'

Viisidnen, M., Eklund, O., Lahaye, Y., O’Brien, H., Fr6jdo, S., Hogdahl, K. & Lammi, M., 2012: Intra-orogenic
Svecofennian magmatism in SW Finland constrained by LA-MC-ICP-MS zircon dating and geochemistry. GFF, Vol. 134
(Pt. 2, June), pp. 99-114. © Geologiska Foreningen. doi: 10.1080/11035897.2012.680606.

Abstract: We have studied plutonic rocks from the Korpo and Rauma areas of south-western Finland
which can be categorized as intra-orogenic, i.e. they were intruded during a proposed extensional period
between the two main Svecofennian orogenic cycles: the Fennian and Svecobaltic orogenies. The diorite
from Rauma yielded an age of 1865 = 9 Ma and the diorite from Korpo an age of 1852 = 4 Ma.
The adjacent garnet-bearing Korpo granite was 1849 = 8 Ma in age. Zircons from the granite also
included inherited Archaean and older Palaeoproterozic zircons, as well as metamorphic c. 1820 Ma rims.
The diorites are high-K to shoshonitic, mantle-derived magmas, rich in Fe, P, F and light rare earth
elements. The Korpo granites show typical features of crustal-derived melts and form hybrids with the
diorites in contact zones. Both the mantle-derived and crustal-derived intra-orogenic magmatism are
considered to have had a causal effect on the subsequent late Svecofennian (Svecobaltic) thermal evolution
in southern Finland which culminated in granulite facies metamorphism and large-scale crustal melting.
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Introduction

A new tectonic model for the Palacoproterozoic evolution of the
Fennoscandian Shield was presented by Lahtinen et al. (2005).
In the model they divided the Svecofennian orogenic evolution
in southern Finland into the accretionary Fennian orogeny at
1.92-1.87 Ga, followed by an intra-orogenic extensional period
prior to the Svecobaltic continent—continent collision at 1.84—
1.79 Ga. This model contradicted the continuous single-stage
orogenic model of Gorbatschev & Bogdanova (1993). The
proposed intervening intra-orogenic period is challenging to
study in the southern Svecofennian terrane of Finland (Fig. 1)
because of the extensive tectono-metamorphic events that
occurred during the subsequent Svecobaltic stage, i.e. major
crustal shortening leading to upright to overturned folding and
granulite facies metamorphism with major crustal melting and
production of anatectic granites and migmatites (e.g. Ehlers et al.
1993; Korsman et al. 1999). In fact, there are different opinions
regarding the existence, magnitude and time constraints of the
proposed extensional period and Hermansson et al. (2008) and

Saalmann et al. (2009) rather suggested a model of retreating
subduction with switching between contractional and exten-
sional periods (c.f. Lahtinen et al. 2005; Cagnard et al. 2007;
Nironen & Kurhila 2008; Skyttd & Ménttiri 2008; Torvela et al.
2008; Kukkonen & Lauri 2009; Pajunen et al. 2008; Nironen &
Minttéri 2012).

Suominen (1991) obtained c. 1.86 Ga ages from garnet- and
pyroxene-bearing intrusive rocks from Aland, south-west
Finland, and considered them to be expressions of intraorogenic
magmatism. Van Duin (1992) dated charnockites in the Turku
granulite area and interpreted them to be mantle-derived and
c. 1.86—1.82 Ga in age, thus adding more examples to this age
group. Later, when single grains were studied with the secondary
ion mass spectrometer (SIMS) technique at Nordsim, at least the
ages of charnockites from the Turku area turned out to be the
result of mixed zircon populations, and they were reinterpreted to
be synorogenic 1.87 Ga rocks metamorphosed during the late
orogenic high heat flow event at c. 1.82 Ga (Viisidnen et al. 2002).
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Fig. 1. A. General geological map of the Fennoscandian Shield, modified after Hogdahl & Sjostrom (2001). B, Bergslagen, LjD, Ljusdal Domain.
B. General geological map of southern Finland, modified after Korsman et al. (1997) with study areas indicated by rectangles C and D, enlarged
beneath. “1.88 Ga” and “1.85—1.81 Ga” refer to the dominant ages of metamorphism in the respective areas. CS, Central Svecofennia; Jy, Jyskeld
gabbro; Ke, Kemio; PG, Pernio granite; Pi, Pirkanmaa; SS, Southern Svecofennia; Tu, Turku; Uki, Uusikaupunki; Vk, Vistankvarn granite; WU,
West Uusimaa; *, intra-orogenic quartzites (Lahtinen & Nironen 2010). C. Geological map of the Olkiluoto-Rauma area, modified after Suominen &
Torssonen (1993). O-1, O-2 and O-3 indicate Olkiluoto samples Olki-1, Olki-2 and Olki-3, respectively. D. Geological map of the Korpo-Nagu area,
modified after Suominen (1987). D, Dimanskdr (site for the granite dating); G, Galtby (site for the diorite dating); R, Rauma (site for the diorite

dating). The extent of the diorites off-shore is shown with dashed lines.

At the time, this seriously threw into question the existence of
mantle-derived intra-orogenic magmatism. Lately, however, an
increasing number of single zircon age data has revealed that
magmatism with ages within the intra-orogenic interval was quite
common (Ehlers et al. 2004; Kurhila et al. 2005, 2010; Ménttari
etal. 2006, 2007; Pajunen et al. 2008; Skyttd & Minttiri 2008). In
addition, detrital single zircon age data suggest that sedimentary
basins opened at that time, indicating an extensional period
(Lahtinen et al. 2002; Bergman et al. 2008). Recently, Lahtinen &
Nironen (2010) described weathered paleosols that formed during
the same time frame. This strongly supports the idea of two
orogenic cycles separated by uplift and erosion during an intra-
orogenic period.

In this contribution we present laser-ablation, single zircon age
data and whole-rock geochemical data from the plutonic mafic
and felsic rocks in the Korpo and Rauma areas, south-western
Finland. We suggest that these examples provide evidence for
both mantle- and crustal-derived magmatism during an intra-
orogenic period within the Palaeoproterozoic Svecofennian
orogeny in southern Finland.

Geological background

The Palaeoproterozoic Svecofennian orogen in southern Finland
consists of two terranes: Central Svecofennia (CS) and Southern
Svecofennia (SS). The position of the boundary between these
terranes is not known in detail, but runs approximately E-W c.
120km north of the south coast, probably along the
southern margin of the Pirkanmaa migmatite belt (Fig. 1). The
main difference between these terranes is the age of the orogenic
events. In CS, the major tectono-metamorphic activities and
magmatism took place at c. 1.88 Ga (Nironen 1989; Kilpeldinen
1998; Mouri et al. 1999; Rutland et al. 2004; Lahtinen et al. 2009)
and ceased shortly after c. 1.87 Ga when post-kinematic magmas
were intruded (Kilpeldinen 1998; Nironen et al. 2000). In SS, the
accretionary Fennian stage culminated at c. 1.87 Ga when SS
collided with CS, the crust was thickened and synorogenic
magmas were intruded (e.g. Nironen 2005). However, the
peak tectono-metamorphic events took place later, mainly
related to the 1.83-1.81Ga event (Vaasjoki & Sakko 1988;
Ehlers et al. 1993; Korsman et al. 1999; Viisdnen et al. 2002;
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Mouri et al. 2005; Skyttd & Ménttéri 2008; Minttéri et al. 2010),
now described as the Svecobaltic continent—continent collision
(Lahtinen et al. 2005). The latter event strongly reworked and
melted the crust and consequently obliterated most primary field
evidence of the earlier events.

Our study area is located in south-western Finland within SS
(Fig. 1). The 1.90-1.87 Ga bedrock was refolded, high grade
metamorphosed and melted (c. 700-800°C at 4-6kbar;
Van Duin 1992; Viisdnen & Holttd 1999; Johannes et al.
2003) at c. 1.83—1.81 Ga in a dextral transpressional tectonic
setting (Ehlers et al. 1993; Levin et al. 2005; Stalfors & Ehlers
2006). Recent single zircon datings suggest that high-grade
metamorphism started, at least in some places, even earlier at c.
1.85-1.84 Ga (Skyttd & Manttiri 2008; Torvela et al. 2008;
Kurhila et al. 2010; Viisdnen et al. 2012). This part of the
Svecofennian orogen has been described as an ultra-hot orogen
(Chardon et al. 2009).

In Sweden, the possible terrane boundaries are defined along
crustal scale shear zones (Hogdahl & Sjostrom 2001; Korja &
Heikkinen 2005; Hogdahl et al. 2009; Ogenhall 2010). This
might also be the case in Finland, for instance along the south
Finland Shear Zone (Torvela & Ehlers 2010).

Study locations

Sampling was done in two study areas in south-west Finland: the
Rauma area, that includes the study targets Olkiluoto and
Rauma, and the Korpo area (Fig. 1). GPS-coordinates of the
sampling sites are shown in Tables 1 and 2.

The Rauma samples are from an E-W trending, approximately
2-3 X 20km intrusion that according to the geological
map consists of granodiorites and quartz diorites (Suominen &
Torssonen 1993). Anatectic granites are also very common in the
area. The samples were collected from the city area where the rocks
apparently are more mafic than shown on the geological map and
will be called diorites in this study. The diorites consist of
plagioclase, biotite, hornblende, apatite and quartz, titanite and
opaques are accessories. The plagioclase is sericitized. The rock is
folded, migmatized and displays a steep E—W trending tectonic
foliation.

Olkiluoto, 10km N of Rauma city, is the location of a
nuclear power plant and the Finnish nuclear waste disposal site.
The bedrock of Olkiluoto has been mapped and studied in
considerable detail, including dating (e.g. Mattila et al. 2008). We
collected samples from rocks that had previously been described
as tonalitic gneisses and dated by the U-Pb single zircon SIMS
method. Their concordia ages and the original sample numbers are
1863 = 6 Ma (A1819), 1856 = 5 Ma (A1880) and 1851 = 5 Ma
(A1879; Minttiri et al. 2006, 2007). The corresponding samples
collected for geochemical analyses are Olki-1, Olki-2 and Olki-3,
respectively (Table 2). The rocks occur as narrow dyke-like
intrusions, tens to hundreds of metres wide. They consist of
varying amounts of plagioclase, biotite, hornblende and quartz,
with accessory apatite and monazite/zircon. The full petrographic
descriptions of the samples are given in Mainttéri et al. (2006,
2007). Geochemically, they are more basic than their previous
rock names implied and will also be called diorites in this study.

The Korpo diorites occur in the northern part of the island of
Korpo covering an area of c. 5 X 10 km. They comprise several
E—-W trending intrusions which show distinct anomalies on
aeromagnetic maps. The diorites consist of plagioclase,
hornblende, biotite, apatite, K-feldspar, some quartz, titanite,
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opaques and zircon. The diorites are surrounded by pink,
porphyritic granites which are the main rock types of the area
(Suominen 1987). The granites consist of K-feldspar, quartz,
plagioclase, garnet and biotite, with some accessory zircon.
The plagioclase is sericitized and the garnet has clorite-filled
cracks. The diorites are folded and display a steep E-W trending
tectonic foliation. The largest of these bodies forms a folded
structure with a subhorizontal contact to the granite in the fold
hinge indicating that the intrusion originally was a subhorizontal
sheet (e.g. Ehlers et al. 1993; Figs. 1D and 2A) with an estimated
thickness of c. 500 m. The diorites and granites also form hybrids
where they are in contact (Fig. 2B). Granites dominate at the
island of Nagu, east of Korpo, but many small mafic “inclusions”
are shown on the geological map (Edelman 1973). One of these
shows quite a strong positive anomaly on the aeromagnetic map,
much larger than the exposed mafic body, indicating a larger
volume of mafic rocks at depth below the granite.

Analytical methods

Zircons for the U—Pb analyses were separated using a shaking
table, hand magnet, heavy liquids, Franz magnetic separator and
hand picking. The grains were mounted on an epoxy disc. The disc
was ground down to remove a half thickness of the grains to
expose grain interiors, then polished. The zircons were imaged
with back-scattered electrons (BSE) at Topanalytica Ltd., Turku,
Finland.

U-Pb isotope analyses were done utilizing the Nu Plasma high
resolution multicollector inductively coupled plasma mass
spectrometer (ICP-MS) together with a New Wave UP193
neodymium-doped yttrium aluminium garnet (Nd:YAG) laser
microprobe at the Geological Survey of Finland, Espoo. Samples
were ablated in He gas (gas flow = 0.2—-0.3 I/min) using a low
volume teardrop-shaped (<2.5 cm’® ) laser ablation cell (Horst-
wood et al. 2003). The He aerosol was mixed with Ar (gas
flow = 1.2 I/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.
Ablation conditions were beam diameter 25 pwm, pulse frequency
10Hz and beam energy density 1.4J/cm”. A single U-Pb
measurement included 30s of on-mass background measure-
ment, followed by 60 s of ablation with a stationary beam. Masses
204, 206 and 207 were measured in secondary electron
multipliers, and mass 238 in the extra high mass Faraday
collector. The geometry of the collector block does not allow
simultaneous measurement of “°*Pb and ***Th. Ion counts were
converted and reported as volts by the Nu Plasma time-resolved
analysis software. >>°U was calculated from the signal at mass
238 using a natural 238U/23U = 137.88. Mass number 204 was
used as a monitor for common 2**Pb. In an ICP-MS analysis,
20%Hg originates mainly from the He supply. The observed
background counting rate on mass 204 was c. 1200
(c. 1.3x 107> V), and had been stable at that level during the
year prior to the measurements. The contribution of ***Hg from
the plasma was eliminated by on-mass background measurement
prior to each analysis. Age-related common lead (Stacey &
Kramers 1975) correction was used if the analysis showed
common Pb contents above the detection limit. Signal strengths
onmass 206 were typically > 10"V, depending on the U content
and age of the zircon. Two calibration standards were run in
duplicate at the beginning and end of each analytical session, and
at regular intervals during sessions. Raw data were corrected for
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Fig. 2. A. Subhorizontal wavy contact between Korpo diorite (Dr, below) and granite (Gr, on top) observed on a subvertical cliff at the shoreline on
the island of Dimanskir. Contact is indicated by an arrow. The width of the view is c. 2m. B. Diorite and granite mixture forming a hybrid.

The hammer is ~ 60 cm long. Dr, diorite; Gr, granite; Hy, hybrid.

background, laser-induced elemental fractionation, mass dis-
crimination and drift in ion counter gains and reduced to U-Pb
isotope ratios by calibration to concordant reference zircons of
known age, using protocols adapted from Andersen et al. (2004)
and Jackson et al. (2004). Standard zircons GJ-01 (609 £ 1 Ma;
Belousova et al. 2006) and an in-house standard A382 (Patchett &
Kouvo 1986; 1877 = 2 Ma by SIMS and from recent concordant
analysis by thermal ionization mass spectrometer (TIMS)) were
used for calibration. The calculations were done off-line, using an
interactive spreadsheet program written in Microsoft Excel/VBA
by T. Andersen (Rosa et al. 2009). To minimize the effects of
laser-induced elemental fractionation, the depth-to-diameter
ratio of the ablation pit was kept low, and isotopically
homogeneous segments of the time-resolved traces were
calibrated against the corresponding time interval for each mass
in the reference zircon. To compensate for drift in instrument
sensitivity and Faraday versus electron multiplier gain during an
analytical session, a correlation of signal versus time was
assumed for the reference zircons. A description of the algorithms
used is provided in Rosa et al. (2009).

The isotope data were calculated and plotted using the Isoplot
software (Ludwig 2003). The results of the analyses are shown
in Table 1.

Twenty-two whole-rock samples were analysed at Acme
Analytical Laboratories Ltd. (Acme) in Vancouver, Canada.
The samples were pulverized in a mild steel swingmill and after
LiBO, fusion and HNOj dilution, the major elements and Cr were
analysed by ICP-ES. The other trace elements were analysed by
ICP-MS. F was analysed by assay method. The geochemical data
were plotted using the GCDKkit software (Janousek et al. 2006).
The results of the analyses are shown in Table 2.

Results

U—-Pb zircon dating

The zircon crystals from the Rauma diorite sample (from Rauma
city) are of variable shape and size, but the majority are euhedral
to subhedral in shape and 100-300 wm in length, with the
longest crystals being up to 500 pm in length. All the zircons are
internally quite homogeneous and zoning is only occasionally
observed. Separate core domains are not obvious in the BSE
images either. Some crystals show narrow metamict alteration

areas along outer rims and cracks, which are common in nearly
all crystals (Fig. 3A, B). Thirty-two spots, each from a different
zircon crystal, were analysed. The measurements yielded a
concordia age of 1865 = 9 Ma (mean square weighted deviation
(MSWD) = 0.26; Fig. 4A).

The zircons from the Korpo diorite sample (from Galtby) are
clearly of two different morphologies: rounded (Fig. 3C) and
prismatic (Fig. 3D). The rounded zircons are in general 100—
200 pm in diameter and commonly show internal zonation. The
prismatic zircons, including stubby crystals, are 100—400 pm in
length and form the majority of the zircons. Many of these also
show zoning. Twenty-nine spots, each on a different zircon
crystal, were analysed. The analyses revealed no age differences
between the different zircon types. Omitting two analyses with
large errors, the sample yielded a concordia age of 1852 = 4 Ma
(MSWD = 0.78; Fig. 4B).

The Korpo granite sample (from Dimanskér) has a variety of
zircon morphologies including small rounded (<100 pm) and
prismatic 100—200 pwm long crystals. The majority of the zircons
are metamict and altered to some extent. Many crystals show
inner domains, occasionally zoned and outer rims separated by
metamict areas (Figs. 3E, F). Twenty-eight spots on sixteen
different zircon crystals were analysed. The analyses revealed,
based on 2*’Pb/?*°Pb ages, one Archaean, c. 2.6 Ga core age and
one older Palaeoproterozoic, c. 1.91 Ga age, which probably also
was inherited. Four analyses were discordant (one reversely) and
two showed unrealistically young ages of unknown reason
(Fig.4C; Table 1). The remaining 16 concordant analyses yielded
aconcordia age of 1849 = 8 Ma (MSWD = 13; Fig. 4D). Only a
few rim domains were wide enough to be analysed by a 25 pm
laser spot. Five analyses were done at the rim domains, one of
which was discordant. They yielded a concordia age of
1827 = 14 Ma (n=4; MSWD = 10.7) or, including the
discordant analysis, an upper intercept age of 1822 * 16 Ma
(n=5; MSWD = 0.17) and a weighted average **’Pb’ 206py, age
of 1822 + 12 Ma (n = 5; MSWD = 0.15; Fig. 4E).

Geochemistry

Major elements. — The mafic rocks from Rauma, Olkiluoto and
Korpo show quite variable geochemical characteristics. The
SiO, contents range between 47 and 60 wt% and compositions



Downloaded by [87.95.38.48] at 11:00 06 September 2012

106 Viiisiinen et al.: Intra-orogenic Svecofennian magmatism in SW Finland

1867 Ma (18)

GFF 134 (2012)

1859 Ma (3)

1854 Ma (30)

alae  13.6KU

1776 Ma (5x)

1847 Ma (14)

@132 15.8KY

Fig. 3. BSE images of selected zircons. A, B are from the Rauma diorite, C, D are from the Korpo diorite and E, F are from the Korpo granite. The
spot sizes (25 wm) are indicated by circles. Ages refer to 2°’Pb/2’Pb ages followed by the analysis code (in brackets). Refer to Table 1 for more

details. Ages indicated by * were not used in the age calculations.

straddle the fields of diorites, gabbros, monzogabbros and
monzodiorites in the total alkali versus SiO, (TAS) diagram
(Fig. 5). For simplicity, we call all these rocks diorites in
accordance with field descriptions used during sampling.
Compared to synorogenic magmas, most of the diorites show
elevated Fe,03, P,O5 and TiO, contents (Fig. 6A—C) and plot
in the high-K calc-alkaline and shoshonitic fields in the K,O
versus SiO, diagram (Fig. 6D). Also, the K,O/Na,O ratios
>(.5 point towards a shoshonitic affinity (Turner et al. 1996;
Fig. 6E). Apart from the three slightly peraluminous samples,
the rocks are metaluminious (Fig. 6F). Compared to the
synorogenic 1872 = 3 Ma Uusikaupunki diorite and the post-
collisional 1815 = 2 Ma Turku monzodiorite, the compositions
show more similarities with the post-collisional rocks apart
from the fact that at corresponding SiO, concentrations the
Fe,O5, P,Os and TiO, contents are even higher in the post-
collisional magmas. The synorogenic rocks have lower contents
regarding these elements but are higher in SiO, and MgO (Fig.
6G). The diorite samples show lower Mg contents than the 1.97
synorogenic rocks. The Korpo samples have the lowest Mg
contents of the group similar to the 1.815 Ga post-collisional
rocks (Fig. 6H).

The Korpo granite is a garnet-bearing, peraluminous rock
which is high in SiO, and K,O and with high K,O/Na,O ratios
but low concentrations of Fe,O3;, MgO and TiO, (Fig. 6).
Geochemically the granite is similar to those described as “late
Svecofennian granites of southern Finland”, i.e. products of
crustal melting (e.g. Huhma 1986; Suominen 1991; Ehlers et al.
1993; Lahtinen 1996; Johannes et al. 2003).

Those samples that, based on field evidence, were interpreted
as hybrids between the Korpo diorite and granite generally plot
between the diorite and granite samples in almost all cases in
Figs. 6 and 7.

Trace elements. — Selected trace element diagrams (Fig. 7) in
most cases show the same relationships as the major element
diagrams, i.e. the compositions of the diorites are heterogenous
but in many aspects intermediate between those of the older
synorogenic rocks and the younger post-collisional rocks at the
same SiO; level. This is true at least for Ba (c. 500—1000 ppm;
Fig. 7A), F (c. 1000-2000 ppm; Fig. 7B) and Zr (c. 200-
400 ppm; Fig. 7C), but Sr contents (c. 500—1500 ppm) are
clearly higher in the post-collisional rocks (Fig. 7D), and are
even higher in other post-collisional intrusions in southern
Finland (Rutanen et al. 2011). Contents of Nb and Rb are on the
same levels as the post-collisional rocks (Fig. 7E,F).

The chondrite-normalized rare earth element diagrams and the
primitive mantle-normalized multi-element diagrams (Fig. 8)
show the fractionated nature of the magmas and high
concentrations of the light rare earth elements (LREEs) and
large ion lithophile elements (LILEs). However, concentrations
of these elements are even higher in the post-collisional rocks.
The Korpo diorite has negative anomalies for Eu and Sr,
probably because of plagioclase fractionation, and all diorites
except one Korpo sample have negative Nb and Ti anomalies in
the multi-element diagrams.

The most striking trace element feature of the granites is their
low HREE and Y contents. These are also partly seen in the
hybrids.

Discussion

Age data

The Svecofennian accretionary stage ceased at c. 1.87 Ga. It was
followed by uplift resulting in weathering and erosion of the
uppermost parts of the crust formed during the Fennian orogeny
as shown by the lateritic sediments associated with mature
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Fig. 4. A Concordia diagrams for the LA-MC-ICP-MS analyses on zircons from the Rauma diorite, B the Korpo diorite and C—E the Korpo granite.
In the Korpo diorite sample (B) the two analyses excluded from the age calculation are shown with dashed lines. C shows all analyses done on the
granite sample. The two oldest (inherited) and two younger concordant °’Pb/>°°Pb ages, which were not used in the age calculations, are reported
next to the error ellipses. The data clusters in C are enlarged in D and E.

quartzites. The youngest material in these sediments is derived
from the underlying Fennian bedrock (Lahtinen & Nironen
2010; Nironen 2011; Nironen & Minttéri 2012). This indicates
that the Svecofennian orogen consists of separate phases
interrupted by an intra-orogenic stage as previously suggested
by Lahtinen et al. (2002, 2005) and Bergman et al. (2008).

The well-defined 1852 * 4 Ma age of the Korpo diorite is c. 20
million years (m.y.) younger than the synorogenic diorites of
south-west Finland (Patchett & Kouvo 1986; Viisdnen et al.
2012), but the rock intruded prior to the Svecobaltic continent—
continent collision stage, which demonstrates that the mafic
magmatism described in this study belongs to the proposed
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Fig. 5. TAS diagram after Middlemost (1994). The field delimited by a
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Uusikaupunki diorites (Viisdnen et al. 2012) and the one by a dashed
line indicates those of the post-collisional 1815 =2 Ma Turku
monzodiorites (Viisidnen et al. 2000).

intra-orogenic stage. Combined with similar age data from
Olkiluoto (1863—1851 Ma), it is evident that the intra-orogenic
stage comprises both mantle- and crustal-derived magmatism.

Within errors, the 1863 = 6 Ma intrusion in Olkiluoto
(Minttéri et al. 2006) and the 1865 £ 9 Ma intrusion in Rauma
(this study) may be synorogenic. However, from a geochemical
point of view (Figs. 6, 7), these rocks are more similar to those in
Korpo. Therefore, we suggest that the geochemical transition
from synorogenic to intra-orogenic magma types took place
around 1.865 Ga.

Recent single zircon age data indicate that there was no long-
lasting gap in mantle-derived magmatism in the Svecofennian
orogen in southern Finland. The synorogenic c. 1.87 Ga stage
was closely followed by c. 1.86—1.84 Ga mafic magmatism
(Minttéri et al. 2006, 2007; Pajunen et al. 2008; this study) that
basically defines the intra-orogenic stage. Considering that
single zircon dating methods have been used only for about 10
years, it is probable that future studies will discover more rocks
within this time-span (e.g. Nevalainen et al. 2011). Pajunen et al.
(2008) presented a SIMS age of 1838 = 4 Ma for the Jyskeld
gabbro (Fig. 1B). To date, that is the lowest obtained age for
mafic magmatism in southern Finland before the so-called post-
collisional magmatic stage that started at 1815 £ 2 Ma (Rutanen
et al. 2011 and references therein).

The Korpo diorite is associated with a large volume of
anatectic granites. The contact relationships and occurrence of
hybrids indicate simultaneous mafic and felsic magmatism (Fig.
2). The 1849 £ 8 Ma age of the granite is, within errors, coeval
with that of the diorite, and consistent with the idea that the
mafic magmas provided heat for crustal melting that produced
the granites. Within the same zone of granites, but farther east, a
similar granite occurs in form of the flat-lying Pernid granite
sheet (Selonen et al. 1996; Fig. 1B). The single zircon ages
obtained for the Perni6 granite are 1835 = 12 Ma (Kurhila et al.
2005) and 1853 £ 18 Ma (Kurhila et al. 2010), which indicates
that the Korpo granite may represent a western variety of the
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Pernio granite. Situated even further to the east, the Vistankvarn
granite (Fig. 1B), dated by Skyttdi & Mainttdri (2008) at
1843 £ 3 Ma (concordia age) and 1846 = 6 Ma (upper intercept
age), also intruded within the same time frame.

From this discussion it is apparent that between c. 1.865 and
1.84 Ga, considerable volumes of magma were intruded into the
middle crust during the intra-orogenic stage. At the present
surface, the mafic rocks are subordinate, whereas the granites are
one of the main rock types in this part of the Svecofennian orogen.

The rim domains of the zircons from the Korpo granite yielded
a concordia age of 1827 = 14 Ma, an upper intercept age of
1822 = 16 Ma and a weighted average age of 1822 = 12 Ma.
This age most likely reflects a metamorphic overprint since it is
in accordance with well-defined metamorphic ages within the
nearby areas. The age has rather large errors, but combined with
the more precise 1824 = 5 Ma zircon age from the Turku area
(Viisédnen et al. 2002), the 1824 = 5 Ma monazite age from the
Kemio area (Levin et al. 2005), the 1830—1815 Ma monazite
ages from the West Uusimaa area (Mouri et al. 2005) and the
1815 = 3 Ma zircon age from the Orijirvi area (Vidisdnen &
Kirkland 2008), the data presented in this study suggest that the
age of peak metamorphism spans over c. 1.83—1.81 Ga also in
the Korpo area. They also verify that the intra-orogenic
magmatism in Korpo pre-dated the regional high-grade
metamorphism. Similar age relationships have also been found
in the Ljusdal Domain in central Sweden, where magmatism and
related contact metamorphism occurred at ¢. 1.86—1.84 Ga and
peak metamorphism at 1.83—1.82 Ga (Hogdahl et al. 2012).

Geochemical data

The compositions of the intra-orogenic 1865—1852 Ma mafic
magmatic rocks are in most cases intermediate between the
earlier synorogenic and the later post-collisional magmatism.
Concentrations of many elements are, however, closer to those
of the post-collisional rocks. This suggests that they derive from
the same or similar source regions and conditions. The varying,
but in general, moderate Mg contents (Fig. 6H) and Ni contents
(Fig. 7G) suggest that the magmas are not primary melts, but
fractionated olivine during ascent. The negative Sr and Eu
anomalies in the Korpo trace element patterns indicate
plagioclase fractionation.

The trace element ratios of Zr/Hf are higher than the chondritic
value of 36 (Fig. 9). This has been interpreted as a sign of
carbonate metasomatism within the mantle (Dupuy et al. 1992).
The enriched compositions of the post-collisional rocks have
been interpreted similarly and subduction-induced carbonate
metasomatism has been proposed (Eklund et al. 1998; Andersson
et al. 2006a; Woodard 2010). The same model can be applied to
the intra-orogenic magmas in this study, and it is likely that
source enrichments of LREEs, LILEs, F and P,Os are related to
similar processes. The negative Nb, Zr and Ti anomalies in the
primitive mantle-normalized multi-element diagrams (Fig. 8)
also indicate a subduction component from an earlier subduction
history (cf. Rutanen et al. 2011 and references therein).

Compositions of anatectic granites in southern Finland vary as
a function of their sources. The granites are typically of S-type
and derived from metasedimentary rocks (Lahtinen 1996;
Johannes et al. 2003). In contrast, Kurhila et al. (2010)
interpreted that the Pernio granite (Fig. 1) was derived from an
older metaigneous source. The same also probably pertains to
the Korpo granite, as the A/CNK index below 1.1 is too low for
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Fig. 6. Selected major elements versus SiO,, major element ratios versus SiO, and A/NK versus A/CNK diagrams. The field for post-collisional
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D are according to Peccerillo & Taylor (1976). Symbols are as in Fig. 5.
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an S-type granite (Fig. 6F; Chappell & White 2001) and as low
HREE contents are a common feature of the synorogenic felsic
intrusive rocks in south-west Finland (Viisdnen et al. 2012).
On the other hand, the inherited 2.6 Ga zircons point to at least
some sedimentary component in the source. Taken together, the
evidence points to a mixed source (cf. Kurhila et al. 2011).

Thermal implications

SS was characterized by high heat flow during the late
(Svecobaltic) stage of the Svecofennian orogeny. Peak
metamorphism is generally regarded to have taken place between
c. 1.83 and 1.81 Ga (Korsman et al. 1999; Viisédnen et al. 2002;
Mouri et al. 2005; Andersson et al. 2006b; Hogdahl et al. 2008;
Minttéri et al. 2010; this study), but locally as late as c. 1.795 Ga
(Andersson et al. 2006b; Baltybaev et al. 2006; Viisdnen &
Kirkland 2008). However, recent data indicate that the high grade
metamorphism actually started earlier based on the metamorphic
zircons dated at c. 1.85-1.84Ga (Torvela et al. 2008;
Hogdahl et al. 2012; Viisdnen et al. 2012). The increasing
number of anatectic granites of the same age interval also
indicates that high heat flow began already at c. 1.85Ga
(Kurhila et al. 2005; Skyttd & Minttédri 2008; Kurhila et al. 2010).

It is noteworthy that the 1.86—1.84 Ga magmatism is common
also in central Sweden (Hogdahl et al. 2008).

The heat source for the high grade late Svecofennian
metamorphism has been the subject of much speculation.
Korsman (1977) stated that heat was provided by crustal
thickening. This idea was expanded by Kukkonen & Lauri (2009)
who proposed that crustal thickening and magmatism atc. 1.87—
1.86 Ga were followed by radioactive decay that provided heat for
later metamorphism. Schreurs & Westra (1986) proposed that,
based on the existence of a gravity anomaly within the West
Uusimaa area, a large amount of mafic magma was intruded into
the middle crust beneath the area where granulite facies
metamorphism occurred and that magmatism, assisted by CO,
fluxing, provided the heat for metamorphism. In the Turku area,
charnockites were considered as a heat source by Van Duin
(1992), and Viisédnen et al. (2000) proposed that shoshonitic
mantle-derived intrusions in the Turku granulite area were a heat
source for metamorphism. The latest models from the West
Uusimaa granulite area emphasize the role of extensional
tectonism (Nironen et al. 2006; Skyttd & Minttéri 2008). None of
these models can unequivocally account for the long duration
of metamorphism, from c. 1.85 to c. 1.795 Ga, i.e. spanning
c. 20-70 m.y. after the accretionary stage.
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It is now evident that 1.865-1.84 Ga mantle-derived
magmatism was quite common in southern Finland, and that
there were no long-term gaps in mantle-derived magmatism and
heat input. This suggests that the mafic magmatism might have
been an important heat source. As the structures and the
associated magmatic intrusions prior to the continent-continent
collision were subhorizontal (e.g. Ehlers et al. 1993; Selonen &
Ehlers 1998; Skyttd et al. 2006; Skyttd & Minttiri 2008), the
Rauma and Korpo diorites also probably intruded as
subhorizontal sheets with thicknesses in excess of 500m.
These must have had a wide-spread and substantial thermal
impact as directly indicated by the large amount of basically
coeval anatectic granites around the Korpo diorite bodies. The
geological map of the Rauma area also shows large amounts of
granites in the area (Suominen & Torssonen 1993), as would be
expected by the model if expanded into this area.

Harley (1992) pointed out that crustal thickening alone cannot
explain the regional high grade metamorphism in Proterozoic
orogens. Some heat source, external to the crust, is also needed.
Accordingly, we agree with the model of Schreurs & Westra
(1986) in which it is the heat input from the mantle, in the form
of mafic magmas, which primarily was responsible for the high
heat flow in southern Finland. Crustal temperatures had reached
amphibolite facies temperatures already during the accretional
stage at c¢. 1.87 Ga and rose during and after the 1.86—1.84 Ga
intra-orogenic magmatic stage. Maximum high temperature—
low pressure granulite facies conditions were reached at
c. 1.83—1.81 Ga during the continental collision, i.e. c. 10—30
m.y. later than the youngest known intra-orogenic intrusions.
This indicates that evidence of mafic magmatism of that age
interval (or slightly older) remains to be found unless it is hidden
below the present erosional level. We acknowledge that
radioactive decay, as in the model of Kukkonen & Lauri
(2009), may have had an important role in the thermal budget of
the crust and it is possible that no additional mafic magma
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intrusions were needed to reach granulite facies temperatures
during peak metamorphism.

Tectonic setting

The tectonic setting of the intra-orogenic stage is a matter of
debate. In the tectonic model of Lahtinen et al. (2005), the time
interval 1.87—1.85 Ga was inferred to be a large-scale orogenic
collapse of the overthickened Fennian orogen while the crust
was still hot (c.f. Korja et al. 2009). The lithospheric thinning
would lead to upwelling of the asthenosphere, thinning of
the crust and rising temperatures in the lower and middle crust,
subsequently leading to formation of granites and migmatites.
Lahtinen & Nironen (2010) discussed the tectonic setting of the
intra-orogenic stage and also suggested back-arc spreading
related to an outboard subduction zone in the south-west or
intra-continental rifting as alternative reasons for extension.
On the other hand, Hermansson et al. (2008) and Saalmann et al.
(2009) consider that a retreating subduction zone caused
alternating compressional and extensional stages. Whatever
the ultimate drive for the tectonism was, the models imply
that some sort of extensional period prevailed as indicated by the
sedimentary basins filled with quartzites (Bergman et al. 2008;
Lahtinen & Nironen 2010; Nironen & Minttéri 2012).

The coeval sedimentation on the surface and plutonism at
deeper levels are anticipated in the model above. In south-east
Finland, where remnants of the intra-orogenic supracrustal rocks
are preserved (Fig. 1B), no contemporaneous intrusions are
encountered (Lahtinen & Nironen 2010). Our single zircon data
from south-west Finland unambiguously verify that, indeed,
voluminous mantle- and crust-derived intra-orogenic magmas
intruded into the middle crust, but there are no coeval sediments.
This indicates that these two areas (Fig. 1B) were at different
crustal levels at 1.87—-1.85 Ga. Korja et al. (2009) and Lahtinen
& Nironen (2010) suggested that, during the intra-orogenic
stage, the upper and middle crust were detached from each other:
rift basins formed in the uppermost crust while horizontal ductile
flow and vertical shortening combined with magmatic activity
took place in the middle and lower crust. This is what we see in
our examples; intra-orogenic magmas originally intruded as
subhorizontal sheets (e.g. Ehlers et al. 1993) that were only later
folded into steeper structures.

It remains unclear when the sedimentary and magmatic areas
were brought together to their present crustal level. Either they
were folded and/or thrusted during the Svecobaltic shortening at
1.84—1.81 Ga (Lahtinen & Nironen 2010) or moved to different
levels in later extensional faulting postdating the Svecobaltic
orogeny at 1.79-1.77 Ga (Viisdnen & Skyttd 2007). Combi-
nations of the two models are also possible.

Conclusions

1. A voluminous “intra-orogenic” magmatic event between c.
1865 and 1840 Ma is well recorded in Southern Svecofennia.
Consequently, there are no long-lasting time gaps in
magmatism during the Svecofennian orogeny in southern
Finland and, more importantly, no prompt termination of
mantle-derived magmatism at 1.87 Ga.

2. The intra-orogenic magmatism comprises both mantle and
crustal components. The mantle-derived intrusions formed
during a prolonged period and consist of high-K and
shoshonitic mafic magmas enriched in Fe, Ti, P and F, as well
as LILEs and LREEs. The enrichment level is intermediate
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between those of the older synorogenic and younger post-
collisional mafic magmas. The enrichment reflects previous
subduction-related mantle metasomatism. The crustal-
derived anatectic granites, accordingly, show a similarly
wide age range.

3. The intra-orogenic magmatism assisted by heat from
radioactive decay has been the main source of the high heat
flow at c. 1.85—1.81 Ga in the southern Svecofennian terrane
of Finland.
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