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U-Th-Pb zircon geochronology on igneous rocks in the Toija
and Salittu Formations, Orijirvi area, southwestern Finland:
Constraints on the age of volcanism and metamorphism
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Abstract

Zircons from a felsic volcanic rock in the Toija Formation and a synvolcanic gabbro intru-
sion in the Salittu Formation within the Orijarvi area were dated by U-Th-Pb SIMS in or-
der to provide depositional constraints on these formations. Zircon crystals from the felsic
rock preserve a two-stage crystallisation history with zoned core domains and homoge-
neous rim domains. Inner domains yield a 1878 + 4 Ma concordia age, interpreted to de-
termine the crystallisation of this rock. Rims yield a 1815 + 3 Ma concordia age interpret-
ed to determine the regional metamorphism. Small rounded zircon grains from the Salit-
tu gabbro, located within the Jyly shear zone, yield a concordia age of 1792 £ 5 Ma.We in-
terpret the grain textures to suggest that they recrystallised from inherited zircon seeds
during the heat and fluid flow into the shear zone. Although no direct ages for the Salit-
tu Formation have been recovered, field relationships imply that it was deposited between
1878 — 1875 Ma.
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|. Introduction

The Orijirvi area (Fig. 1) can be regarded as a key
study area for understanding the crustal growth of the
Svecofennian Orogen in southern Finland because the
area consists of well-preserved volcanic rocks meta-
morphosed at lower temperatures compared to its
migmatitic surroundings (Eskola, 1914; Ploegsma &
Westra, 1990; Skyttd et al., 2005; Skyttid et al., 2006).
Viisinen & Minttiri (2002) performed geological
mapping of the area and divided it into four forma-

tions, which from oldest to youngest were named,

the Orijirvi, Kisko, Toija and Salittu Formations. Ac-
cording to their model, the Orijirvi and Kisko For-
mations represent growth of the volcanic arc where-
as the Toija and Salittu Formations represent rifting
of the arc. This scenario was based on field relation-
ships and geochemical compositions of the volcan-
ic rocks and has only partly been verified by abso-
lute ages since only volcanic rocks of the Orijirvi and
Kisko Formations have been dated by U-Pb on zir-
con (1895.3 + 2.4 Ma and 1878.2 + 3.4 Ma, respec-
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Fig. I. (A) Main geological units, modified after Korsman et al. (1997). B = Bergslagen; CS = central Svecofennia;
HB = Hame belt; K = Kemid; L = Loimaa; O = Orijdrvi; S = Sottunga; SS = southern Svecofennia; Su = Sulkava; T =
Torsholma; UB = Uusimaa belt; A = Ava. (B) Geological map of the Orijirvi area, modified after Skytti et al. (2006).
JSZ = Jyly shear zone; Kurkelanj. = Kurkelanjarvi. Previous and present dating locations: G = Orijirvi granodiorite
(Huhma, 1986;Viisinen et al., 2002); K = Kisko dacite (Viisanen & Manttiri, 2002); O = Orijarvi rhyolite (Vdisanen
& Manttari, 2002); S = Salittu gabbro (this study); T = Toija felsic volcanite (this study).
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tively). In addition, zircon crystals from the synvol-
canic Orijdrvi granodiorite yielded an age of c. 1900
Ma (1891 + 13 Ma in Huhma, 1986; 1898 + 9 Ma in
Viisidnen et al., 2002).

The Toija and Salittu Formations remain, howev-
er, undated and therefore their stratigraphic positions
are unverified. Of particular interest is the age of the
Salittu Formation as it consists of EMORB-type tho-
leiitic basalts and picrites. Kihkénen (2005) point-
ed out that the Salittu Formation could be in tecton-
ic contact with the other members of the stratigraphy
and therefore predate them. This is possible as the
area is known to contain several generations of shear
zones that may have juxtaposed rocks of different
ages (Ploegsma, 1989; Skytti et al., 2006; Viisinen
& Skyttd, 2007). The tectonostratigraphic position
of the Salittu Formation is evidently of crucial impor-
tance in the tectonic modelling of the Svecofennian
Orogen in this region. The interested reader may find
additional details on the local geology in Viisinen &
Minttiri (2002).

In order to test the proposed tectonostratigraphy
of Viisinen & Minttiri (2002), we sampled extru-
sive volcanic and intrusive synvolcanic rocks from the
Toija and Salittu Formations and separated zircons
from them. The zircons were dated by the ion mi-
croprobe (SIMS) at the Nordsim laboratory, Swedish
Museum of Natural History.

2. Geological setting

The bedrock in the Orijirvi area belongs to the Uusi-
maa belt, a volcanic belt in southern Finland that
mainly consists of bimodal volcanics and sediments.
Plutonic rocks of synvolcanic, synorogenic, late-oro-
genic, post-orogenic and anorogenic stages are com-
mon (e.g. Nironen, 2005). The Uusimaa belt and
the Hime belt, which is another volcano-sedimen-
tary sequence to the north of the Uusimaa belt, to-
gether form a terrane called southern Svecofennia
(Kidhkénen, 2005), although Korja et al. (20006) re-
gard the Uusimaa and Hime belts as separate (sus-
pect) terranes. All existing age determinations of vol-

canic and synvolcanic plutonic rocks within southern

Svecofennia are bracketed between ~ 1.90 — 1.88 Ga
(Patchett & Kouvo, 1986; Vaasjoki, 1994; Reinikai-
nen, 2001; Viisinen & Minttiri, 2002; Viisidnen et
al., 2002; Ehlers et al., 2004; Skytti et al., 2005, Tor-
vela et al., 2008). It is proposed that southern Sve-
cofennia is separated from the central Svecofennia
terrane, lying to the north, by a suture zone (Lahti-
nen, 1996; Rimé et al., 2001; Fig. 1).

The tectonic setting of volcanism in southern Sve-
cofennia and its proposed extension in the Bergslagen
area in south-central Sweden is still controversial. In
Sweden, the tectonic setting is well-constrained to a
back-arc basin (e.g. Allen et al., 1996; Kumpulainen
et al.,, 1996) but in Finland, volcanic arc, back-arc
rifting and rifting of older continental margin settings
have been proposed (e.g. Lindroos & Ehlers, 1994;
Kihkonen, 2005; Weihed et al., 2005). A combina-
tion of these settings was proposed by Viisinen &
Minteiri (2002) and Viisinen & Westerlund (2007).
Older underlying continental crust below these units
is supported by initial €, values close to zero in some
magmatic rocks both in Sweden (Valbracht et al.,
1994) and in Finland (Huhma, 1986; Lahtinen &
Huhma, 1997). In addition, recent ion microprobe
zircon results include Archaean and 2.1 — 1.92 Ga in-
herited zircons in younger intrusive rocks, indicating
crustal sources of these ages (Viisinen et al., 2002;
Ehlers et al., 2004; Andersson et al., 2006b).

After volcanism, plate tectonic movements caused
the collision of southern Svecofennia with central Sve-
cofennia at 1.88 — 1.86 Ga followed by an extension-
al period at 1.86 — 1.84 Ga. A new collisional event
took place after c. 1.84 Ga followed again by sever-
al extensional periods (Lahtinen et al., 2005). Many
of these events were associated with magmatism of
both mantle and crustal origin. The original volcanic
and volcano-sedimentary formations were subject to
multistage deformation and metamorphism, result-
ing in a complex mosaic of the Svecofennian Orogen
(e.g. Ehlers et al., 1993; Nironen, 1997; Korsman et
al., 1999; Korja & Heikkinen, 2005; Lahtinen et al.,
2005). Because of deformation partitioning, part of
the Orijirvi area escaped the most severe overprint-

ing tectonometamorphism and, therefore, makes
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an excellent locality to study the early Svecofenni-
an crustal growth in southern Finland (Ploegsma &
Westra, 1990; Skytti et al., 2006). However, due to
the complexity of the orogenic processes, different
parts of the area are now in dissimilar tectonostrati-
graphic positions. The Orijirvi and Kisko Forma-
tions are non-migmatitic with co-existing andalusite
and cordierite in pelitic rocks (Eskola, 1914; Ploegs-
ma & Westra, 1990). The Toija Formation is locat-
ed on the western side of the prominent Kisko shear
zone. K-feldspar and sillimanite co-exist in pelites
and leucosomes are also present, implying that meta-
morphic temperatures were high enough for melting
in this formation. The rocks of the Salittu Formation
occur principally to the north of the Toija Forma-
tion, on the western side of the Kisko shear zone and
on the eastern side of the Jyly shear zone. The Salittu
Formation contains pelitic rocks which are strongly
migmatitic granulite facies garnet-cordierite gneiss-
es. A small piece of the Salittu Formation also exists
above the Kisko Formation, within a low-grade do-
main (Fig. 1b).

3. Samples

Two samples were collected for dating purposes, one
from the Toija Formation and another from the Salit-

tu Formation.

3.1. Toija Formation (felsic volcanic rock:
26M)V06)

The Toija Formation consists of bimodal volcanic
rocks, generally rhyolites and pillow-basalts with in-
tercalations of marbles and pelitic sedimentary rocks.
At the inferred upper part of the formation, a few
hundred metres from the contact with the overlying
Salittu Formation, picritic rocks occur together with
felsic volcanic rocks. The sample for geochronology
is collected from a layered felsic volcanic rock. Geo-
chemical analysis of a similar sample collected from
the same outcrop is published in Viisinen & Mint-
tiri (2002, sample TOS-2). Proximal to the sample
location a picritic rock outcrops (sample TOM-1 in

Viisinen & Minttiri, 2002). The contact between

the felsic and ultramafic rock is unexposed.

3.2. Sdlittu Formation (gabbro: 1 9MJV05)

The Salittu Formation consists mainly of tholeiitic
pillow-basalts and picritic volcanic rocks. Sedimen-
tary units include pelites, some of which are graph-
ite-bearing and intercalated marbles. The forma-
tion also contains gabbroic rocks and occasional ma-
fic dykes crosscutting the picritic lavas (Viisinen &
Minttiri, 2002). There is a complete absence of felsic
volcanic rocks within the Salittu Formation. A gab-
bro which has a chemical composition very similar
to that of the volcanic rocks from the Salittu Forma-
tion (data in Viisinen & Minttiri, 2002) was select-
ed for geochronology. Using the Th-Hf-Ta diagram
of Wood (1980), the gabbro plots in the EMORB-
field. Basaltic and picritic volcanic rocks also from
the same formation plot in the same field. N-MORB
normalised multielement diagram display no nega-
tive Nb-Ta anomalies as would be expected for more
evolved magmas. These features, among with other
geochemical similarities, suggest that the gabbro is a
synvolcanic intrusion. Synvolcanic plutonism is com-
mon in southern Svecofennia in Finland (Viisinen
et al., 2002; Ehlers et al., 2004; Peltonen, 2005) and
in Bergslagen in Sweden (Allen et al., 1996; Anders-
son et al., 2006b). The sampled gabbro is a deformed
and elongated, sill-like intrusion that is surrounded
by sulphide- and graphite-bearing migmatitic mica
gneisses, picrites and basalts. They are folded but
not intensively sheared. Granites and pegmatites are
also common. The locality is, in broad sense, within
the N-S oriented Jyly shear zone system and, in de-
tail, between the Jyly II and III fault zone strands of
Viisinen & Skyttd (2007). Geochemical analysis of
the gabbro is presented in the Appendix.

4. Analytical methods

Zircons were extracted from the samples by crush-
ing, sieving, shaking table, hand magnet, Franz iso-
dynamic separator, heavy liquid (methylene iodide)
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and hand picking. About 100 grains per sample were
mounted in epoxy resin and polished to approximate-
ly half grain thickness to reveal their interiors. Grains
were imaged by BSE with a Cambridge Instruments
Stereoscan 360 electron microscope at Abo Akademi
University, Turku, Finland to determine their inter-
nal structure. Measurement of Pb/U, Pb/Pb isotope
ratios and U, Th, and Pb concentrations were per-
formed on a Cameca IMS 1270 ion microprobe at
the Swedish Museum of Natural History following
methods described by Whitehouse et al. (1999) and
Whitehouse & Kamber (2005). A flat-bottomed spot
with homogeneous primary beam density and a di-
ameter less than 20 pm was achieved using a 150-pm
aperture inserted into the defocused primary beam.
The resulting primary beam ion current density (O,)
was typically c. 4 nA. Sample changing effects were
minimised by optimising the energy offset to max-
imum transmission in the £15 ¢V energy window
at the start of each automated analysis. Automated
beam centring in the field aperture and mass calibra-
tion, of the isotopic peaks, was also performed pri-
or to data collection. Measurements were taken over
12 cycles through the respective mass stations meas-
ured in peak skipping mode. U/Pb ratio calibration
was based on analyses of the standard zircon 91500
(Wiedenbeck et al., 1995) and used a best-fit power
law relationship between U,O/U versus U/Pb. Com-
mon Pb correction is assumed to represent present
day surface contamination and is effectively corrected
using the terrestrial average Pb-isotopic composition
of Stacey and Kramers (1975) i.e. *’Pb/**Pb=0.83,
which has been shown as appropriate for this labora-
tory (Kirkland et al., 2008).

5. Results

5.1. Toija Formation (felsic volcanic rock:
26MJV06)

The zircon crystals separated from sample 26MJV06
are generally euhedral but heterogeneous in size and
colour. Small stubby crystals (40 — 100 pm long)
and elongate prismatic (100 — 300 pm long) grains,
which vary between transparent to turbid, occur (Fig.

2a-2d). A few small rounded zircons are also present.
BSE-images indicate that the zircons experienced two
growth stages. The core domains usually reveal well-
developed (growth) zoning (Fig 2a), which is espe-
cially prevalent among the stubby crystals. Many zir-
cons reveal a thin, homogeneous, light coloured rims.
Some rims were of sufficient size to site an ion micro-
probe analysis (Fig. 2b-2c¢). In a few cases, the rim do-
mains penetrate into the interior of the crystals along
transgressive zones that crosscut the oscillatory zon-
ing in the cores thus leaving only patches of the origi-
nal zircon (Fig. 2b). The rim domains are often meta-
mict, in contrast to the inner domains that only show
alteration features along cracks. Fractures are wide-
spread in most crystals making it difficult to find a
suitable homogeneous area for analysis.

Forty-one spots on thirty-three zircon crystals
were analysed (Table 1). The majority of spots were
aimed at zoned prismatic zircons and the inner do-
mains of apparently multiple growth stage crystals.
A small number of analyses were carried out on the
rim regions. The analysed data show a wide scatter of
ages, many of which are discordant and/or with large
errors (Fig. 3a). This is due to the prevalence of frac-
tures: many spots overlapped cracks, metamict do-
mains and some are partly on the mounting epoxy,
while trying to analyse the narrow rim regions. Fur-
thermore, some analyses are inadvertent mixtures.
Those analytical positions on fractures, metamict do-
mains and touching epoxy have increased common
Pb (f*°Pb%, see Table 1) resulting in larger com-
mon Pb corrected 2’Pb/*Pb age errors. Some indi-
cation of greater Pb loss is also suggested from the an-
alytical locations touching fractures, though the tim-
ing of this Pb loss is not constrained. However, us-
ing only concordant data which forms clusters at the
20 level, two distinctly different populations can be
readily distinguished. Zoned crystals and inner do-
mains yield a well defined concordant age of 1878.2
+ 3.5 Ma (Fig. 3b, hereafter referred to as 1878 =
4 Ma). This is interpreted to reflect the crystallisa-
tion age of this felsic volcanic rock. Analyses on rims
yield a concordant age of 1814.8 + 2.9 Ma (Fig. 3c,
hereafter referred to as 1815 + 3 Ma) which is inter-
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Fig. 2. SEM backscatter electrons (BSE) images of selected zircons demonstrating the morphological varieties in
the dated crystals. 2a—2d are from the Toija felsic volcanic rock and 2e-2i are from the Salittu gabbro. Ellipses indi-
cate analysed regions and the text refers to the 2’Pb/2%Pb age. For errors and other analytical results, see Table I.
Not all the shown dates were used in the concordia age calculations because of discordance promoted by Pb loss
along fractures or grain margin.These are indicated by a *. Zircon 40 in 2i was not analysed but is shown to dem-
onstrate the rounded, ovoid shape. Scale bar (white line) in each figure is 20 pm.

preted to correspond to the timing of a metamorphic
overprint. The Th/U ratios of those analyses used for
calculations in the BSE homogenous rims are low-
er, generally 0.01 — 0.1, compared to the Th/U ratios
in the older domains which average 0.2 — 0.5 (Table
1). Low Th/U ratios are typical for metamorphic zir-
con (e.g. Hoskin & Black, 2000) although exceptions
have been reported (see discussion in Whitehouse &
Kamber, 2005).

5.2. Sdlittu Formation (gabbro:19MJV05)

Only a small population of zircon grains were recov-

ered from the gabbro (c. 100 crystals). The zircons are

all small, 50 — 100 pm in length and subhedral or an-
hedral in shape (Fig. 2e-2i). Most crystals have round-
ed shapes and some are completely ovoid or spherical
(Figs 2h and 2i). In BSE-images the crystals are domi-
nantly homogeneous and reveal no zoning but a weak
patch-like texture can be observed in some crystals. A
small sub-population of crystals contains small turbid
inner cores. In general these domains were too small
to position an analytical spot on, although one larg-
er region of this texture was of sufficient size and was
analysed (spot 14a in Table 1; Fig. 2e).

Nine spots on nine different zircons were analysed
(Table 1). All nine analyses fall on concordia and clus-

ter with a concordia age of 1794.7 + 4.4 Ma. The old-
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Fig. 3. Tera-Wasserburg concordia diagrams for SIMS analyses from the Orijarvi area with 26 error ellipses. a), b)
and c) are from the Toija felsic volcanic rock (26MJV06) and d) is from the Salittu gabbro (19MJV05). Ages are pre-
sented at 26 level. Analyses/spots used in calculations in diagrams b) and c) are shown in bold and italics, respec-

tively, in Table |.

est of the spots was positioned on an inner domain
of grain 14a. It yields a concordant age of 1813 + 13
Ma. This inner domain has somewhat higher Th con-
centration and consequently, higher Th/U ratio com-
pared to the other analyses (Table 1). Because there
is only one analysis on the inner domains, the signif-
icance of the 1813 Ma age is ambiguous. It may be a
mixture of older inherited age and younger metamor-
phic age. Therefore, we do not use this age in calcula-
tions. The eight other analyses yield a concordant age
of 1792.2 + 4.7 Ma (Fig. 3d, hereafter referred to as
1792 + 5 Ma). On the basis of the reasons discussed

below, we interpret this to reflect the timing of meta-

morphic event.

6. Discussion and conclusions

6.1. Age of volcanism
Viisinen & Minttiri (2002) interpreted the Toija

Formation to reflect the beginning of arc rifting and
opening of a back-arc or intra-arc basin. Consequent-
ly, the Toija Formation was inferred to be younger
than the Orijirvi and Kisko Formations that belong
to the volcanic arc. The 1878 + 4 Ma crystallisation
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Fig. 4. Schematic stratigraphic profile of the different formations in the Orijarvi area, shown prior to deformation

events.

mation at 1877 + 3 Ma (granodiorite) and 1876 =
4 Ma (intermediate dyke). These ages, referred to as
1875 Ma magmatism in Skyttd et al. (2006), give the
minimum age for volcanism in the area.

In summary, the bimodal volcanism in the Or-
ijirvi area started at c. 1895 Ma. This volcanic arc
grew until c. 1878 Ma when rifting commenced.
During the rifting stage, bimodal volcanic rocks and
marbles were deposited. The rifting intensified and
opened channels to dominantly ultramafic and ma-
fic EMORB-type volcanism at c. 1878 — 1875 Ma
(Viisinen & Minteiri, 2002 and this study). A sche-
matic cartoon of the stratigraphy is shown in Fig. 4.

6.2. Age of metamorphism

The 1815 + 3 Ma rims on the magmatic zircons from
the Toija Formation are morphologically different to
the zoned inner domains that they crosscut. The c.
1815 Ma domains are irregular, inward-penetrating,
and have patchy reaction zones; their inner contact
follows primary growth zones within core regions of
the zircon. In addition, Th/U ratios in the rims are in

most cases lower compared to those of the inner do-

mains. There is no apparent record of the parent iso-
tope compositions in the recrystallised rim domains,
which implies complete re-equilibration of the iso-
tope systems by a coupled dissolution—reprecipita-
tion process (Geisler et al., 2007). This is consistent
with descriptions of solid-state metamorphic recrys-
tallisation of zircon (Hoskin & Black, 2000; Rayner
et al., 2005). This is compatible with previous inves-
tigations on late Svecofennian metamorphism. 20 km
to the east of the present location, within the West
Uusimaa granulite area, Mouri et al. (2005) dated
monazites from high-grade gneisses by U-Pb TIMS.
The leucosome monazites yielded concordant ages of
1819 + 2 Ma, 1818 + 2 Ma and 1816 + 2 Ma, while
the mesosome monazites yielded an age of 1832 + 2
Ma. The results were interpreted to indicate that con-
tinuous high temperature metamorphism prevailed
between 1830 — 1815 Ma. The leucosome monazite
ages are identical within error to the metamorphic
zircon ages obtained in this study.

The 1792 + 5 Ma age obtained from the Salittu
gabbro is not straightforward to interpret. We inter-
pret that this age is related to metamorphism. There

are several pieces of evidence that support this argu-
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ment: (i) The field relationships indicate that the gab-
bro was intruded in the very carly stages of the Sve-
cofennian Orogeny, as it was deformed in all defor-
mation events that affected the supracrustal rocks that
it intrudes. This suggests an intrusion age older than
c. 1875 Ma for the gabbro. Typically rocks within the
1.81 — 1.79 Ga age bracket are classified as post-col-
lisional or post-orogenic in the Svecofennian Orog-
eny and invariably show crosscutting field relation-
ships to their host rocks (e.g. Hopgood et al., 1983,
Ehlers et al., 2004; Eklund & Shebanov, 2005; Niro-
nen, 2005). (ii) Geochemical compositions of post-
orogenic intrusions in Finland show mantle charac-
teristics that are highly enriched in Sr, Ba, B, LILEs
and LREEs and have a strong negative Nb-Ta anom-
aly (Eklund et al., 1998; Andersson et al., 2006a and
references therein). The composition of the Salittu
gabbro is different having an EMORB-type chemis-
try, similar to the volcanic rocks in the Salittu Forma-
tion (Viisinen & Mincttiri, 2002), which prompts a
synvolcanic interpretation for the intrusion. (iii) BSE
images of the zircons show rather homogenous tex-
tures similar to those described for metamorphic zir-
cons (e.g. Hoskin & Black, 2000). Metamorphical-
ly recrystallised zircon grains typically contain fea-
tureless (homogeneous) domains and, in other are-
as, fading of internal structures similar to some of
the textures we observe (Fig. 2e-2i; e.g. Geisler et al.,
2007).

The textural features of the zircon grains, with-
in the Salittu gabbro, indicate a metamorphic origin.
However, it is difficult to differentiate between sub-
solidus nucleation of neocrystals or metamorphic re-
crystallisation of older grains. The rounded external
morphology of some of the crystals resembles me-
chanically abraded detrital zircons, perhaps indicating
that the zircons originally were xenocrysts entrained
into the gabbro from the surrounding sedimentary
rocks. On the other hand, rounded zircon shapes can
be produced during metamorphism through volume
reduction of crystals if in contact with Zr-undersat-
urated intergranular fluid or melt (Hoskin & Black,
2000). In either case the age of such zircon reflects

metamorphic processes.

High temperature conditions prevailed in the West
Uusimaa area at 1815 Ma whereas Sm-Nd garnet ages
indicate that metamorphic temperatures had cooled
to around 650°C at c. 1.80 Ga (Mouri et al., 2005).
This indicates that either the 1792 Ma zircons crystal-
lised at rather low temperatures or high heat flow/flu-
id flow was localised. The fact that the gabbro is sit-
uated in the Jyly shear zone likely had a pronounced
influence on the zircon grains. The Jyly shear zone is
known to have grown sillimanite on its fault planes
(Ploegsma, 1989; Viisinen & Skyttd, 2007), there-
fore this zone was at high temperature and a suitable
conduit for fluid flow, which could have promoted
localised zircon growth or recrystallisation.

In summary, the peak metamorphism in the Ori-
jirvi area took place at 1815 + 3 Ma. The younger lo-
calised metamorphism at 1792 + 5 Ma probably took
place as a result of later hot fluid flow along the Jyly
shear zone. This implies that the shear zone was ac-

tive at this time.

6.3. Regional implications

The new age results from the Orijirvi area show that
volcanism and associated plutonism lasted about
twenty million years, and even longer if Bergslagen
in south-central Sweden is considered (Allen et al.,
1996). The earliest stage of arc volcanism at 1895
Ma is bimodal with marbles and iron formations. Al-
though controversial, some older hidden crust may
have been involved with the formation of the early
volcanism (Lahtinen & Huhma, 1997). The possible
hidden crust has been referred to as “proto-Svecofen-
nian” by Andersson et al. (2006b). The volcanic arcs
grew until about 1878 Ma when the tectonic regime
turned to rifting (Viisinen & Minteiri, 2002). Con-
sidering the short time span involved, the rifting stage
must have been intensive as manifested by nearly ju-
venile ultramafic volcanism that was erupted in the
Salittu Formation (initial €, value +3.1 at 1.89 Ga;
Huhma, 1986). The majority of supracrustal rocks
between the Uusimaa and Hime belts likely belong
to this stage, e.g. volcanic and sedimentary rocks in
the Turku area (Viisinen & Westerlund, 2007).
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The extensional period was, however, very short-
lived and swapped into contraction when southern
Svecofennia collided with central Svecofennia (arc-
accretion, e.g. Lahtinen, 1994; Korja & Heikkinen,
2005). This effectively prevented the Salittu Forma-
tion from widening into oceanic crust sensu stric-
7o (i.e. an ophiolite). The collision triggered new sy-
norogenic magmatism which in our study area has
been dated at c. 1875 Ma (Skytti et al., 2006). This
marks the minimum age of the synvolcanic stage and
the commencement of the synorogenic stage. In the
Turku area, the latter magmatism is slightly young-
er, at around 1870 Ma (Nironen, 1999; Viisinen et
al., 2002).

Our 1815 + 3 Ma and 1792 + 5 Ma age results
from the Orijdrvi area are the first U-Pb zircon ages
performed on the late Svecofennian metamorphism
in the West Uusimaa and adjacent areas. Previous c.
1830-1815 Ma U-Pb ages were obtained from mona-
zites (Mouti et al., 2005). These monazite ages coin-
cide with the 1824 + 5 Ma monazite age of metamor-
phism from Kemis, 50 km west of Orijdrvi (Levin et
al., 2005). Ages of crustally derived granites can also
be used to deduce the timing of heat flow. Nine ion-
microprobe ages on granites and pegmatites from the
West Uusimaa area (Skyttd & Minttiri, 2008) ap-
parently form three age groups. Five of the granites
are coeval, within error, with the 1815 + 3 Ma meta-
morphism reported here, three of the granites are co-
eval with the 1832 + 2 Ma mesosome monazites re-
ported by Mouri et al. (2005) and one of the gran-
ites is older at 1843 + 3 Ma. The oldest granite has so
far no proved metamorphic counterpart in the West
Uusimaa area although it was obviously derived from
crustal melting.

The 1792 + 5 Ma metamorphic age from the gab-
bro within the Jyly shear zone is the youngest zircon
age for metamorphism so far reported from southern
Finland. 1793 + 5 Ma zircon age has been obtained
from high-grade metasediment in Berslagen, south-
central Sweden (Andersson et al., 2006b). However,
similar U-Pb monazite ages for metamorphism from
mica gneisses in Sulkava, southeastern Finland, have

been reported by Vaasjoki & Sakko (1988) and Balty-

baev et al. (2006), who obtained ages of 1796 + 5 Ma
and 1794.7 + 4.6 Ma, respectively. Ages close to 1795
Ma are quite common in crustally derived plutonic
rocks in SW Finland. In addition to several post-oro-
genic intrusions dated in Suominen (1991), monazite
from the Oripai Granite in the Loimaa area has been
dated at 1794 + 10 Ma (Nironen, 1999), monazite
in the Torsholma pegmatite yielded an age of 1795 +
4 Ma and zircon in the Sottunga Granite, within the
South Finland shear zone, yielded an age of 1790 =
6 Ma (Ehlers et al., 2004). The 1790.6 + 7.5 Ma zir-
con cores in the Ava granite are also interpreted to in-
dicate the age of magma formation, although it was
emplaced later at c. 1762 Ma (Eklund & Shebanov,
2005). All these results imply an active tectonother-
mal regime at c. 1.80 — 1.79 Ga within the Svecofen-
nian Orogen in southern Finland.

It has previously been assumed that metamor-
phism was younger in southeastern Finland than else-
where in southern Finland (Korsman et al. 1999).
As the geochronology dataset for this large region
of Finland has developed it now seems more likely
that the whole belt, including Bergslagen in Sweden,
preserves evidence of long-lasting late Svecofennian
heat flow. These include 1.83 — 1.79 Ga metamor-
phic ages in Bergslagen in Sweden (Andersson et al.,
2006b and references therein). In southwestern Fin-
land there is zircon data on 1.85 Ga and 1.83 Ga met-
amorphism (Torvela et al., 2008), 1824 + 5 Ma and
1804 + 14 Ma leucosomes (Viisinen et al. 2002) and
c. 1830 Ma and younger monazite data from gran-
ites (Suominen, 1991; Nironen, 1999; Ehlers et al.,
2004). From the West Uusimaa area there are from
c. 1.85 Ga to 1813 + 4 Ma granites (Kurhila et al.,
2005; Skyttd & Minteiri, 2008) and from 1832 =+
2 Ma to 1792 + 5 Ma metamorphic ages (Mouri et
al., 2005 and this study). From southeastern Finland
ages on metamorphism and crustally derived gran-
ites ranges from c. 1840 Ma to 1795 Ma (Korsman et
al. 1984; Nykinen, 1988; Vaasjoki & Sakko, 1988).
Theses data, with apparent clusters at c. 1850 — 1840,
1830 — 1820, 1815 and 1795 Ma, suggest that high
heat flow events may have been episodic rather than

continuous, in accordance with the view of Kurhila et
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al. (2005) who stated that the heat flow took place in
separate pulses. Successive intrusion of mafic magmas
into mid-crustal levels could account for the episod-
ic heat pulses (Schreurs & Westra, 1986). Metamor-
phism at c. 1795 Ma was evidently more widespread
in the deeper crust and can now only be sporadically

detected at the present erosion level.
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Appendix |. Geochemical analysis of the
sample 19MJVO5 from the Salittu gabbro.

Element abundances of the Salittu gabbro are listed
below. The analysis was performed at Acmelab Ltd.,
Canada. Major elements were analysed by ICP and
trace elements by ICP-MS methods. Additional ana-
lytical information is available at www.acmelab.com.

Major elements: SiO, = 48.07; TiO, = 1.99; AL O,
= 13.51; Fe,0, = 15.29; MnO = 0.22; MgO = 6.56;
Ca0 =9.98; Na,0 = 3.22; KO = 0.4; P,O, = 0.21;

Trace elements: Ba = 82.5; Rb = 7.4; Sr = 271.6; Cs
=0.7;Zr=122.3; Hf = 3.8; Y = 25; Nb = 10.4; Ta =
0.7;U=0.4;Cr=41;Ni=47;Th=0.9; La = 12.2;
Ce = 30.1; Nd = 19.3; Sm = 5.1; Eu = 1.78; Tb =
0.93; Lu = 0.27; Er = 2.58; Yb = 2.34; Y = 25;
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