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The Orijdrvi area within the Uusimaa Belt is a key area in resolving the stratig-
raphy and tectonic setting of the Southern Svecofennian Arc Complex in southern
Finland. Based on field relationships, geochemistry and radiometric age deter-
minations, the area can be divided into four formations. The bimodal Orijarvi
formation, lowermost in stratigraphy, is exposed in an antiform containing the
synvolcanic Orijédrvi granodiorite in its core. Basalts have high LILE/HFSE ra-
tios with pronounced negative Nb-Ta anomalies. The basalts in the lower part
of the Orijédrvi formation are geochemically less evolved than the basalts and
basaltic andesites at higher levels. A rhyolite from a low stratigraphic level in
the Orijédrvi formation yielded a U-Pb zircon age of 1895.3+2.4 Ma. The Kisko
formation stratigraphically overlies the Orijdrvi formation and the compositions
of the volcanic rocks range from basalts to rhyolites. These mafic and interme-
diate rocks also show high LILE/HFSE ratios but the total element abundances
are higher and show a more pronounced LREE enrichment, compared to the Ori-
jéarvi formation, indicating an evolved magma system. A dacite from the upper
part of the Kisko formation yielded a U-Pb zircon age of 1878.2+3.4 Ma. The
Salittu formation probably overlies the Kisko formation. It mainly comprises
picrites and tholeiitic pillow lavas with mica gneisses and minor marbles as in-
tercalations. It differs from the underlying formations showing higher Mg, Ti
and Zr contents and higher LILE/HFSE ratios. The major and trace element com-
positions indicate an oceanic affinity. The Toija formation evidently underlies
the Salittu formation and comprises mafic pillow lavas, rhyolites, marbles, and
one picritic horizon. The geochemical characteristics are transitional between
the Salittu and Orijéarvi/Kisko formations. All the formations contain both con-
cordant and crosscutting intrusive rocks, some of which are comagmatic with
the volcanic rocks.
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In tectonomagmatic discrimination diagrams the Orijdrvi and Kisko forma-
tions plot in the island arc field and the Salittu formation plots in the E-MORB
field. High LILE/HFSE ratios, typical of subduction-related volcanic rocks, char-
acterize the Orijérvi and Kisko formations, whereas such a subduction compo-
nent is less prominent in the Toija formation and is missing in the Salittu for-
mation. Geochemistry and age relationships suggest that the Orijédrvi formation
was formed during the initial stages of volcanic arc evolution in an extensional
tectonic regime, and the Kisko formation represents a mature stage of arc evo-
lution. Subsequent extension of the island arc is manifested by the ultramafic/
mafic Salittu formation with E-MORB-like chemistry, interpreted to indicate a
back-arc basin. The Toija formation might represent an initial stage of back-arc
rifting.
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INTRODUCTION

The Palaeoproterozoic Svecofennian volcanic and
sedimentary belts in Finland have been interpret-
ed as island arc systems reminiscent of modern
equivalents since Anna Hietanen’s (1975) origi-
nal idea. Today, geochemical, radiometric and oth-
er geological constraints indicate that the Finnish
part of the Svecofennian Orogen consists of two
main arc complexes, called the Central Svecofen-
nian Arc Complex (CSAC) and the Southern Sve-
cofennian Arc Complex (SSAC) by Viisédnen et
al. (2002). These may also include formations old-
er than the juvenile island arcs (e.g. Lahtinen
1994, 1996, Lahtinen & Huhma 1997, Nironen
1997, Korsman et al. 1999, Nironen et al. 2000).
These two arc complexes are separated by an in-
ferred suture zone (Lahtinen 1996, Nironen et al.
2000).

The Orijdrvi area in SW Finland (Fig. 1) is a key
area for studying the volcanic formations in the
SSAC because of its lower metamorphic grade and
degree of deformation compared to the surround-
ing areas (Schreurs & Westra 1986, Ploegsma &
Westra 1990). The area has been a target for ex-
ploration for ca. 300 years since the first iron mine

was opened in 17" century in Malmberget, near
Lake Mairjérvi. The Orijarvi Cu-(Zn) deposit was
discovered in 1757 starting a still ongoing geolog-
ical interest in the area. In 1914, Pentti Eskola pub-
lished his classical article on the petrology of ig-
neous and metamorphic rocks in the Orijérvi area.
That paper formed the basis for his well known
theory of mineral equilibria and metamorphic
facies (Eskola 1915), which still remains in meta-
morphic petrology. These two papers have direct-
ly or indirectly influenced most of the subsequent
geological investigation in this area. In particular,
the cordierite- and anthophyllite-bearing altered
volcanic rocks and their relationships to sulphide
mineralizations have gained repeated interest (e.g.
Tuominen & Mikkola 1950, Latvalahti 1979, Col-
ley & Westra 1987, Schumacher & Czank 1987,
Mikeld 1989, Schneiderman & Tracy 1991, Smith
et al. 1992, Rajavuori & Kriegsman 2000).

The emphasis of investigations on altered rocks
close to mineralizations and on regional rock units
without a clear stratigraphic control have ham-
pered the use of the published data for regional
interpretations. The other problem has been the



1.90-1.88 Ga and back-arc basin in the Orijdrvi area, SW Finland 187

CFGC 0

p b Turku
25 Km

+ _+|Rapakivi granitesg

DO
RN
(AP
(IO

N0
0
0
5
7,

Granodiorite [

Gabbro \:] Felsic volcanic rock

Granite

~Iron formation

Mafic-intemediate volcanic rock

Picrite

Road

Metapelite
\ Shear Zone (SZ)

Fig. 1. Geological map of the Orijirvi area, modified after Harme (1958), Koistinen (1992) and Ploegsma and
Westra (1990). B=Bergslagen, CFGC=Central Finland Granitoid Complex, CSAC=Central Svecofennian Arc
Complex, K=Kemio, N-K=Nagu-Korpo, M=Malmberget, OM=0rijirvi Mine, SSAC=Southern Svecofennian Arc
Complex. 1a) shows the main features of the bedrock in SW Finland, 1b) is a lithological map of the study area,

and Ic) outlines the four formations in the study area.

lack of essential trace elements that are needed for
interpretation of tectonic settings of different rock
types.

The purpose of this study is (i) to map the Ori-
jarvi area in sufficient detail in order to identify

all the main formations and interpret their age re-
lationships, (ii) to study major and trace element
geochemistry of the unaltered igneous rocks from
each formation, (iii) to date the volcanic rocks with
the conventional U-Pb method, and (iv) on the
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basis of obtained data to interpret the tectonic set-
ting of the volcanic rocks in the Orijirvi area and
to discuss the regional implications of the data.

GEOLOGICAL SETTING
Regional geology

The Orijérvi area belongs to a roughly east—-west
trending volcanic-sedimentary belt comprising fel-
sic and mafic volcanic and sedimentary rocks that
are intruded by 1.91-1.88 Ga synvolcanic, 1.88—
1.86 Ga synorogenic and 1.84-1.81 Ga late-oro-
genic igneous rocks (Huhma 1986, Suominen
1991, Ehlers et al. 1993, Viisdnen et al. 2000,
Viisdnen et al. 2002). In addition, ca. 1.80 Ga
post-orogenic and ca. 1.60 Ga anorogenic plutonic
rocks occur close to the belt (Vaasjoki 1977, Ek-
lund et al. 1998). This belt, called the Uusimaa
Belt, is bounded to the north and south by abun-
dant late-orogenic granites and migmatites. Anoth-
er volcanic belt, the Hiame Belt, is situated to the
north, but to the south the bedrock is hidden be-
neath the Gulf of Finland. These volcanic-sedi-
mentary systems form the SSAC (Fig. 1a). Com-
plex deformation and high metamorphic temper-
atures make it difficult to follow the lithological
units within the SSAC and hamper interpretations
of their age relationships. The Orijédrvi area makes
an exception to this, since a part of the area,
known as the Orijdrvi triangle, is only moderate-
ly strained and in places preserves primary depo-
sitional structures. Besides this, metamorphic tem-
peratures were not high enough for anatexis
(Ploegsma & Westra 1990). Therefore, the area
(Fig. 1b) is ideal for a study on the stratigraphy
and geochemistry of volcanic rocks of the SSAC.

Local geology

During the field work the lithology and field re-
lationships between different rock types were
emphasized. Basic structural observations, e.g.
mapping of depositional way-up structures and
bedding-cleavage relationships were also carried
out in order to identify the major fold structures
important for interpretations of stratigraphy. On

the basis of lithology, field relationships, geo-
chemistry and radiometric age determinations, the
area is subdivided into four formations: the Ori-
jarvi formation, the Kisko formation, the Salittu
formation, and the Toija formation (Figs. 1b and
1c).

The Orijdrvi formation (Orijarvi fm) is exposed
in an upright antiform containing the Orijédrvi
granodiorite (and its more mafic varieties) in its
core. Rocks surrounding the Orijdrvi granodior-
ite show intensive hydrothermal alteration and
host exhausted Cu-Zn-Pb  mineralizations
(Latvalahti 1979). Outside the alteration zones the
formation comprises alternating mafic and felsic
flows (Fig. 2a) and interlayers of marbles and iron
formations. Pillowed lavas and sedimentary inter-
calations, including a volcanic conglomerate, in-
dicate a subaqueous environment. The Orijdrvi fm
is interpreted to be the lowermost unit in the
stratigraphy, and according to Colley & Westra
(1987) and Viisdnen et al. (2002) the Orijdrvi
granodiorite is coeval with the volcanic rocks.
Mafic dykes and quartz porphyries are also includ-
ed in this formation.

The Kisko formation (Kisko fm), exposed in an
upright synform to the north of the Orijdrvi fm,
is inferred to lie stratigraphically above the lat-
ter. A zone of greywackes and andalusite- and
cordierite-bearing mica schists occurs between
these formations. Detrital zircons in these grey-
wackes are older than the under- and overlying
volcanic rocks (Claesson et al. 1993 and this
study). The rock types range from mafic to fel-
sic tuffs and flows including intermediate varie-
ties. They locally show primary sedimentary
structures such as graded bedding, load casts and
erosional bases that indicate a subaqueous envi-
ronment (Fig. 2b). In the upper part of the vol-
canic pile occur minor felsic fragmental flows
(Fig. 2c) and an ultramafic interlayer. The vol-
canic-sedimentary rocks are intruded by gabbros
and plagioclase porphyries that show both con-
cordant and discordant contact relationships to the
adjacent supracrustal rocks.

The Salittu formation (Salittu fm) overlies the
Kisko Fm from which it is conformably separat-
ed by, in places andalusite-bearing, metapelite
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(Fig. 2d). The Salittu fm comprises mainly ultra-
mafic and mafic lavas (Schreurs et al. 1986),
which are occasionally brecciated (Fig. 2e) and
pillowed (Fig. 2f and 2g) and have interbeds of
metapelite (in part slightly graphite bearing) and
minor marbles. The volcanic rocks are intruded by
gabbros and rare plagioclase-rich dykes (Fig. 2h).
To the north of the Salittu fm ultramafic-mafic
rocks are apparently overlain by garnet-cordierite
mica gneisses. The axial planes of later folds are
injected by garnet- and cordierite-bearing anatectic
leucosome.

The Toija formation (Toija fm) is situated west
of a prominent shear zone, the Kisko Shear Zone,
and is overlain by pillowed lavas of the Salittu fm.
It consists of mafic (pillowed) and felsic volcan-
ic rocks intercalated with marbles and K-feldspar-
and sillimanite-bearing metapelites intruded by
tonalites-diorites. An ultramafic horizon occurs
close to the contact to the Salittu fm, but field re-
lationships do not reveal whether it is a dyke or a
lava flow.

Structurally and metamorphically, the Orijdrvi
and Kisko formations resemble each other show-
ing early upright structures weakly refolded by
later deformations in temperatures below anatex-
is. The Salittu and Toija formations are dominat-
ed by early gently dipping structures (folds and
foliations) refolded by later upright folds, and
migmatites are common. The correlation of struc-
tures across the formations follows that present-
ed by Ploegsma and Westra (1990).

GEOCHEMISTRY

Igneous rocks from each formation described
above were sampled for major and trace element
analyses. The samples were analysed at Activa-
tion Laboratories Ltd., Ontario, Canada. Major
elements and Ba, Ni, Sr, Y, and Zr were analysed
by inductively coupled plasma emission (ICP),
REEs and Ce, Cr, Hf, Ta and Th by instrumental
neutron activation analysis (INAA), and Nb and
Rb by X-ray fluorescence (XRF). The results are
presented in Table 1 and the sample sites are
shown in Appendix 1.

189

Major elements

Major element geochemistry is presented in the
form of total alkali vs. silica plot (TAS; Fig. 3)
and major element oxides vs. silica (Harker) dia-
grams (Fig. 4). The purpose of using the TAS di-
agram is merely demonstrative since at least some
alkali/silica mobility may be suspected as indicat-
ed by the analyses that plot outside the igneous
spectrum of Hughes (1973; Fig. 5). However, be-
cause the collected samples were apparently the
freshest and least altered in the study area, the
TAS diagram (Fig. 3) approximately shows the
main igneous rock types. The classification of the
samples as tholeiitic vs. calc-alkaline depends on
the diagram used because AFM and FeO*/MgO
vs. Si0O, diagrams mostly give conflicting results
and they do not show clear trends; only the sam-
ples from the Salittu fm show a clear tholeiitic
trend (figures not shown). The volcanic rocks in
Fig. 3 are simplified to picrites (>12 % MgO; Le
Bas 2000), mafic volcanic rocks and felsic volcan-
ic rocks.

The Orijdarvi formation

The volcanic rocks from the Orijdrvi fm plot in
medium-K basalt/basaltic andesite and dacite/rhy-
olite fields. Therefore, a marked bimodality is
demonstrated in the analyses since no samples plot
in andesite field. The TiO, contents in the mafic
rocks are lower (0.4-0.8 wt%) than in the other
formations, but the Al,O; contents are generally
slightly higher (Fig. 4). The samples with the high-
est Al,O; contents might have accumulated plagi-
oclase. The contents of Fe,0,;, CaO and P,O; are
not in general different from the other formations.
The K,O contents are lower than in the Kisko fm,
but are roughly the same as in the Salittu and Toija
formations. Sample ORM-17 from a low strati-
graphic level shows the highest MgO content (ca.
13 wt%, Table 1) and is actually a picrite. In all
plots of Fig. 4, the gabbro and the subvolcanic
mafic dyke plot among the mafic volcanic rocks
and the Orijirvi granodiorite plots close to the fel-
sic volcanic rocks.
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The Kisko formation

The main feature of the Kisko fm is its generally
high contents of alkalis and that the mafic-inter-
mediate volcanic rocks plot in medium- to high-
K fields (Fig. 4). In the TAS diagram (Fig. 3) the
analyses scatter from basalt to rhyolite with no
pronounced bimodality and some analyses plot in
trachytic fields. The TiO, contents are generally
higher than in the Orijidrvi fm but roughly the same
as in the other formations. Other major elements
are roughly like those in the Orijédrvi and the Toija
formations. The coarse-grained gabbro plots with-
in the basalt field among the Kisko fm volcanic
rocks. A picritic (16 wt% MgO) interlayer con-
taining felsic fragments was found high up in the
stratigraphy of the Kisko fm. Another specific fea-
ture is two plagioclase-porphyry samples that dis-
play very high P,O; values (0.76 and 1.12 wt%).
These are interpreted as volcanic dykes.

The Salittu formation

The Salittu fm is characterized by ultramafic pic-
ritic volcanic rocks that are intercalated with ma-

Fig. 3. Total alkali vs. silica (TAS) diagram. Fields af-
ter Le Maitre (1989): P=Picrobasalt, B=Basalt,
BA=Basaltic andesite, A=Andesite, D=Dacite,
BTA=Basaltic trachyandesite, TA=Trachyandesite,
T=Trachyte, R=Rhyolite.

fic pillow lavas. The picrites and mafic lavas both
plot in low- to medium-K fields (Fig. 4). The rocks
show higher TiO, and lower Al,O; contents than
the other formations and, consequently, low Al,O,/
TiO, ratios. The picrites have, naturally, high MgO
contents. Alkali contents in picrites are low, but
in basalts clearly higher. Low alkali and Al,O;
contents in the picrites suggest that these rocks
contained minor or no original plagioclase (see
Leybourne et al. 1997). As shown in Fig. 5, many
of the samples in this formation plot outside the
igneous spectrum suggesting alkali mobilisation,
maybe due to sea-floor hydrothermal alteration.
The gabbro sample does not plot among the vol-
canic rocks of this formation. A plagioclase-rich
dyke cutting the picrites shows low alkali and high
P,05(0.46 wt%) contents.

The Toija formation

Mafic volcanic rocks from the Toija fm are me-
dium-K basalts and basaltic andesites. In Fig. 5
both samples plot outside the igneous spectrum.
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Fig. 4. Major elements vs. silica (wt%) diagrams. Symbols as in Fig. 3. The fields in the SiO, vs. K,O diagram

after Middlemost (1985).
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1.90-1.88 Ga and back-arc basin in the Orijdrvi area, SW Finland
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1.90-1.88 Ga and back-arc basin in the Orijdrvi area, SW Finland

0
0 10 20 30 40 50 60 70 80 90 100
100K,0/K,0+Na,0

Fig. 5. Alkali alteration diagram after Hughes (1973).
Symbols as in Fig. 3.

The TiO, contents are intermediate between those
of the Orijdarvi and Salittu formations and the
Fe,O; contents are rather low. One of the analy-
ses shows Ca content higher than the other sug-
gesting mobility of calcium. Other major elements
plot within the same fields as the other formations.
The felsic volcanic rocks in this formation con-
tain slightly lower TiO,, MgO and slightly high-
er Na,O and Al,O, compared to felsic rocks in the
other formations. The picritic intercalation or
dyke, close to the contact to the Salittu fm in the
northern part of the Toija fm, shows low SiO, (ca.
42 wt%) and high MgO (ca. 20 wt%) content.

Minor and trace elements

Minor and trace elements are presented in the form
of various trace element plots, including N-
MORB-normalized multielement diagrams and
chondrite-normalized REE diagrams. Some ele-
ments, in particular Nb and Ta in the Orijédrvi fm,
are close to or below the detection limit in many
of the samples. This hampers their use in detailed
discussion. However, that information is still use-
ful in a more general discussion since even when
an analysis is below the detection limit, it indi-
cates a very low element content. Therefore, in the
analyses where the contents of Nb or Ta are be-
low the detection limits, we have used the detec-
tion limit values in diagrams. The abbreviations
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used in the text are high field strength element
(HFSE), large ion lithophile element (LILE), rare
earth element (REE), light rare earth element
(LREE), and heavy rare earth element (HREE).

The Orijdrvi formation

Four mafic samples (ORM-8, ORM-17, ORM-20,
ORM-21, Table 1) from the lower part of the Ori-
jarvi fm show the highest contents of Ni (60-393
ppm) and Cr (270-1200 ppm), and low Zr, Y and
Ti values. Combined with the highest MgO con-
tents in this formation (Figs. 4 and 6), these rocks
resemble island arc tholeiites (e.g. Stern et al.
1995a). The samples highest in Ni and Cr can be
regarded as primitive arc magmas (see Smith et
al. 1997). The Ni and Cr contents decrease up-
wards in the volcanic pile suggesting that the mag-
mas get more evolved.

Based on the N-MORB-normalized multiele-
ment diagram (Fig. 7a) it is evident that K, Rb,
Ba, Th, and to a minor extent Ce (LILEs) are
strongly enriched over the HFSEs Nb, Zr, Hf, and
Ti which plot below the typical N-MORB com-
position. Niobium and occasionally Zr show mi-
nor negative troughs (except one sample). These
kinds of patterns are typical for subduction-relat-
ed volcanic rocks and are often taken to indicate
a subduction component (e.g. Pearce 1983, Pearce
1996, Macdonald et al. 2000). Chondrite-normal-
ized REE diagram patterns (Fig. 7b) show a gen-
tle negative slope with La values 15 to 50 times
chondrite and Yb values 4 to 10 times chondrite.

The Kisko formation

The Ni and Cr contents of the Kisko fm are gen-
erally low, < 35 ppm Ni and < 119 Cr, except one
sample with 116 ppm Ni and 462 ppm Cr (Fig.
6). The multielement diagram patterns (Fig. 7c)
resemble those of the Orijirvi fm, but the overall
element abundances are generally higher, especial-
ly for the LILEs. Normalized Zr and Hf contents
are elevated compared to the Ti contents. The REE
patterns (Fig. 7d) are also similar to those of the
Orijarvi fm, but the element abundances are high-
er. The La contents are 25 to 90 times chondrite
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Fig. 6. Selected minor and trace element (ppm) vs. silica

and Yb values 7 to 17 times chondrite. The nor-
malized diagrams show quite enriched trace ele-
ment patterns, and combined with major element
data, the formation displays an evolved or mature
volcanic arc with a pronounced subduction com-
ponent signature. The picritic interlayer (Figs. 8a
and 8b) shows high LILE/HFSE ratios.

The Salittu formation

The Ni and Cr contents of the volcanic rocks of
the Salittu fm are usually higher than in the other
formations. In picrites, of course, they are strongly
elevated (400-950 ppm Ni and 900-1600 ppm Cer,
Fig. 6). The high Mg contents together with the
high Ni and Cr contents suggest that the rocks may
represent primary magmas (e.g. Macdonald et al.
2000). The multielement diagrams (Figs. 8a and

(wt%) diagrams. Symbols as in Fig. 3.

8c) show slightly elevated LILE and HFSE con-
tents close to (in picrites, Fig. 8a) or slightly high-
er (in basalts, Fig. 8c) than in MORB. The dia-
grams do not show any negative Nb (Ta), Zr, or
Ti anomalies, i.e. there is no evident subduction
component. Many samples display elevated Rb
and Ba contents. The REE patterns show slight
enrichments in LREE (Figs. 8b and 8d).

The Toija formation

The multielement diagram patterns for the pillow
basalts of the Toija fm show features that are tran-
sitional between the Orijarvi/Kisko fms and the
Salittu fm (Fig. 7e). LILEs are enriched in a sim-
ilar way as in the Orijarvi/Kisko fms, but HFSEs
mostly follow the MORB pattern thus resembling
the patterns of the Salittu basalts. Slight negative
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Fig. 7. N-MORB-normalized multielement and chondrite-normalized REE diagrams of the mafic volcanic rocks
from the Orijarvi, Kisko and Toija formations. Normalizing values from Sun and McDonough (1989), element
order from Pearce (1983). In a) the contents of Ta and Nb based on the detection limit values of (0.3 and 2 ppm,
respectively) are displayed with open circles. Other symbols as in Fig. 3.
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(1983). Symbols as in Fig. 3.

Nb and Ti anomalies indicate a subduction com-
ponent. The REE patterns (Fig. 7f) show elevat-
ed LREE contents similar to the pattern of the
Kisko fm. The picritic layer (or dyke) resembles
the picrites of the overlying Salittu fm (Figs. 8a
and 8b).

Felsic volcanic rocks

The main feature of the felsic volcanic rocks (rhy-
olites and dacites, Fig. 3) is their high LILE/HFSE
ratios as demonstrated by high Th (and Ce) and

low Ti (and P) values in multielement normalized
patterns (Fig. 9). The Orijirvi fm in general has
slightly lower overall contents of the elements
compared to the Kisko fm. The Toija fm shows
the highest LILE contents, high Zr and very pro-
nounced negative Ti and Y anomalies. The char-
acteristic feature of the Toija fm is the strong
LREE enrichment together with extremely deplet-
ed HREEs (Lu under detection limit) creating a
strongly negative slope. The Toija fm also shows
a slight positive Eu anomaly, contrary to the fel-
sic volcanic rocks from the other formations.
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bols as in Fig. 3.

Intrusive rocks

All the four formations contain rocks with intru-
sive field relationships to adjacent rocks or show
other plutonic features. Some of them were sam-
pled for geochemistry.

The geochemical composition of the Orijédrvi
granodiorite, dated at 1898+9 Ma by ion micro-
probe (Viisidnen et al. 2002), is similar to the com-
position of the felsic volcanic rocks in the Orijirvi
fm, trace element composition in particular. When
the data are plotted together in a multielement di-
agram, they nicely overlap each other (Fig. 10).
Therefore, the granodiorite and felsic volcanic
rocks are regarded comagmatic.

The gabbroic mafic part of the intrusion (sam-
ple 178MV95) shows the closest similarities with
the more evolved volcanic rocks of the Orijdrvi
fm and less evolved rocks of the Kisko fm. There-
fore, the least differentiated volcanic rocks at the
lowest stratigraphic levels are derived from a mag-
ma chamber that is not exposed or sampled in the
study area. The mafic dyke, interpreted to be syn-
volcanic (Latvalahti 1979, sample 268MV95), has
a chemical composition roughly similar to both the
volcanic rocks and the gabbro supporting the syn-
volcanic origin. The chemical composition of the
gabbro dyke in the Kisko fm (sample 275MV95)
cannot be distinguished from the gabbro of the

Orijdarvi fm described above. These three mafic
intrusive rocks have similar patterns in multiele-
ment and REE diagrams (Fig. 11) and, conse-
quently, a mutual genesis is indicated.

The gabbro from the Salittu fm (sample
233MV96) is different in chemical composition
compared to the other intrusive rocks. The multi-
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the Orijirvi granodiorite (line with crosses) compared
with the felsic volcanic rocks from the Orijdrvi forma-
tion (grey shade).
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Fig. 11. N-MORB-normalized multielement and chondrite-normalized REE diagrams of intrusive rocks from the
Orijdrvi area. Normalizing values from Sun and McDonough (1989), element order from Pearce (1983). Sym-

bols as in Fig. 3.

element diagram (Fig. 11) shows lower Sr/K and
higher Rb/Ba ratios, and the abundances of Th, Ce,
Nb, Ta, Zr and Hf are low. Niobium and Ti show
negative and Sm positive anomalies. The REE di-
agram (Fig. 11) shows a moderate negative slope
with a weak positive Eu anomaly. The important
point is that the gabbro also is geochemically dif-
ferent compared to the surrounding volcanic rocks
of the Salittu fm. It displays a high LILE/HFSE
ratio and negative troughs of Zr and Ti that are
typical of subduction-related rocks.

The plagioclase-rich mafic dyke in the Salittu
fm cross-cuts the volcanic rocks but has been fold-
ed. The dyke is enriched in incompatible elements,
especially in Sr (2260 ppm) and REEs (Fig. 11),
but the total alkalis are low (1.0 wt%, Fig. 3).
Therefore, the dyke is not of shoshonitic or oce-
anic-island basalt type.

The plagioclase-porphyry samples from the
Kisko Fm are strongly enriched in LILE (and P,
for major elements, see Fig. 4) and show high REE
abundances. In this respect, they slightly resem-
ble the enriched dyke in the Salittu fm.

All the intrusive rocks plot in the volcanic arc
field in the Rb vs. Y+Nb diagram (Fig. 12). Al-
though independent field evidence and age data
are required to definitely correlate the intrusive
rocks with a synvolcanic or synorogenic stage,
geochemical composition of these rocks indicates
a volcanic rather than synorogenic stage.

U-PB AGE DETERMINATIONS

In order to constrain the time brackets for the vol-
canic activity in the study area, two felsic volcanic
rock samples from the Orijdrvi and Kisko forma-
tions were collected for U-Pb age determinations.
From the Salittu fm, we did not find suitable vol-
canic rock types for U-Pb age determination and
the Toija fm was not sampled. The sampling lo-
calities are shown in Appendix 1.
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Fig. 12. Y+Nb vs. Rb diagram after Pearce et al. (1984).
ORG=O0cean Ridge Granites, Syn-COLG=Syn-Colli-
sional Granites; VAG=Volcanic Arc Granites;
WPG=Within Plate Granites. Symbols as in Fig. 3.
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Analytical methods

The decomposition of zircons and titanites, and
extraction of U and Pb for conventional isotopic
age determinations follows principally the proce-
dure described by Krogh (1973). 23U-2%Pb-spiked
and non-spiked isotopic ratios were measured us-
ing a VG Sector 54 thermal ionization multicol-
lector mass spectrometer. The measured lead and
uranium isotopic ratios were normalized to the
accepted ratios of the SRM 981 and U500 stand-
ards. The U-Pb age calculations were done using
the PbDat-program (Ludwig 1991) and the fitting
of the discordia lines using the Isoplot/Ex program
(Ludwig 1998).

A1581 Orijérvi

Zircons recovered from the rhyolite sample A1581
from the Orijdarvi formation are mainly light
brown, translucent, and prismatic with length to
width ratios of ca. 2 to 3. Occasionally these zir-
cons contain brown inclusions and more turbid
inner domains. All the four analysed zircon frac-
tions (Table 2) plot well on the same discordia line
giving an upper intercept age of 1895.3+2.4 Ma
and a lower intercept age of 178+32

(MSWD=0.86; n=4; Fig. 13). The upper intercept
age is considered to constrain the time of the vol-
canism in low stratigraphic levels in the Orijirvi
area.

A1582 Orijarvi

For U-Pb dating, a small amount of zircons and
large amount of dark brown titanites were recov-
ered from the dacite sample A1582 from the Kisko
formation. Compared to zircons from the rhyolite
sample, zircon population from the dacite seems
to be more heterogeneous. The colour of typical
zircons varies from almost colourless to brown-
ish, and inclusions are common. In addition, one
broken crystal with a darker brown inner domain
was detected.

Five analysed zircon fractions (Table 2) define
a discordia line which intercepts the concordia
curve at 1878.2+3.4 Ma and 218+57 Ma
(MSWD=1.4; n=5; Fig. 13). The upper intercept
age determines the age of the volcanism in high
stratigraphic levels in the Orijérvi area.

The titanite fraction gives a concordant age of
1798+3 Ma.
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Table 2. Conventional U-Pb zircon and titanite analyses from Orijirvi volcanic rocks. Samples A1581 Orijdrvi

rhyolite and A1582 Orijdrvi dacite.

Sample information Sample U Pb 205Pb/2Pb 205Pb/>Pb ISOTOPIC RATIOS*)**) APPARENT AGES (Maz2 sigma)
Analysed mineral / fraction weight/mg ppm measured radiogenic 2°Pb/?¥U 207Pb/?3U 207Pb/?°Pb 20°Pb/>3¥U 2V7Pb/>*U 207Pb/?°Pb
A1581 zircons

A) d>4.2, prismatic, abraded 19h 0.40 514 179 2259 0.12 0.3207 5.115 0.1157 1793 1839  1891x2
B) d:4.0-4.2, prismatic 0.29 777 246 782 0.13 0.2763 4365 0.1146 1573 1706 18742
C) d>4.2, prismatic, abraded 25h 0.42 764 275 1549 0.12 0.3272  5.217 0.1156 1825 1855  1890+2
D) d: 4.0-4.2, prismatic, abraded 20h  0.44 1019 359 1888 0.13 0.3196 5.094 0.1156 1788 1835 18892
A1582 zircons

A) d>4.2, prismatic, abraded 16h 0.64 520 180 1485 0.10 0.3195 5.044 0.1145 1787 1827  1872+2
B) d>4.2, prismatic 0.41 629 210 1036 0.11 0.3026 4.764 0.1142 1704 1779 1867+2
C) d: 4.0-4.2, prismatic, abraded 19h  0.47 738 249 1236 0.10 0.3090 4.864 0.1142 1736 1796  1867+2
D) d:4.0-4.2, prismatic 0.45 901 292 1104 0.10 0.2954 4.633 0.1138 1669 1755 1860+2
E) d>4.2, prismatic, abraded 24h 0.17 1014 356 2107 0.11 0.3260 5.150 0.1146 1819 1844  1873+3
A1582 titanite

F) dark brown, abraded 1/2 h 2.54 153 55 769 0.09 0.3222  4.882  0.1099 1801 1799  1798+3

*) Isotopic ratios corrected for fractionation, blank (50 pg), and age-related common lead (Stacey & Kramers 1975: 20Pb/2%Pb=+0.1; 2"Pb/

204Pb+0.1; 28Pb/2**Pb=0.2).

##) 2sigma errors for Pb/U and >"Pb/>*Pb ratios are less than or equal to 0.60% and 0.14%, respectively. Error correlation for 27Pb/>5U vs.

200Pb/238U ratios is 0.97.
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Fig. 14. Nb/Yb vs. Th/Yb diagram after Pearce (1983)
and Stern et al. (1995b). For the samples with Nb un-
der the detection limit (2 ppm), a Nb value of 2 ppm
was used. Symbols as in Fig. 3.

DISCUSSION
Genesis of the igneous rocks

Field investigations, geochemistry and radiomet-
ric age data reveal the existence of four different
formations, which apparently do not share a com-

mon origin, age and place of formation. Therefore,
it is convenient first to discuss the genesis of the
rocks separately for each formation.

The Orijdrvi formation

The volcanic rocks of the lowermost (i.e. oldest)
Orijdrvi fm show a pronounced bimodal silica dis-
tribution. The mafic rocks are characterized by
low Ti, Zr, Hf, Nb, Ta, and Y contents while e.g.
Th is enriched with respect to N-type MORB.
Moderate to high Ni and Cr contents at the low-
est stratigraphic levels are also noticed. These
geochemical features make these rocks similar to
those found in modern subduction-related environ-
ments, and the basalts at the lowest levels resem-
ble basalts of oceanic arc systems. This is dem-
onstrated in the Nb/Yb vs. Th/Yb diagram (Fig.
14) where all the igneous rocks of the Orijarvi fm
plot above the MORB-array indicating a subduc-
tion-related enrichment process. An interpretation
that volcanism started in an oceanic arc setting but
evolved into a continental arc volcanism is only
tentative since the Nb contents are below the de-
tection limit in most mafic samples of the Orijarvi
fm. In the Hf-Nb-Th diagram these rocks, includ-
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Fig. 15. Hf-Nb-Th diagram after Wood (1980). For the
samples with Nb under the detection limit (2 ppm), a
Nb value of 2 ppm was used. Symbols as in Fig. 3.

ing the felsic ones, plot within the arc field (Fig.
15). The problem with this scenario is the bimo-
dality of volcanism, i.e. where were the felsic
rocks derived from? In general, felsic volcanic
rocks in arc settings can be attributed to differen-
tiation of mafic rocks, melting of pre-existing crust
or a mixture of these. Unfortunately, these ques-
tions need isotope data to be answered and this is
outside the scope of this study. However, Huhma
(1986) studied the Orijdrvi granodiorite and ob-
tained an ey, (1.89 Ga) value of —0.7. Because it
is argued in this study that the volcanic rocks are
comagmatic with the intrusive rocks, also the fel-
sic volcanic rocks should show &, values close to
zero. Negative €y, values at 1.89 Ga indicate in-
corporation of an older crustal component, either
Archaean or older Proterozoic (perhaps ca. 2.0 Ga,
see Lahtinen & Huhma 1997), but they do not dis-
criminate between melting of the underlying crust
and sediment subduction (cf. Huhma 1986, Niro-
nen 1997). Although Viisinen et al. (2002) did not
find older zircons from the Orijirvi granodiorite
in an ion microprobe study, we suggest that the
mafic volcanic rocks were generated from juve-

Nb/16
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nile mantle sources and the felsic rocks, at least
partly, were generated from an older crustal com-
ponent.

The Kisko formation

Many ancient and modern volcanic arcs show an
evolution from early primitive, often tholeiitic
volcanism to later more evolved, often calc-alka-
line volcanism (e.g. Leybourne et al. 1997). Evo-
lution in geochemistry was also observed in this
study. The volcanic rocks of the Kisko fm are en-
riched in alkalis and LILEs, some individual sam-
ples even plot in the high-K and shoshonitic fields
in the K,O vs. SiO, diagram (Fig. 4). The silica
contents do not show a bimodal distribution as in
the underlying Orijédrvi fm, because andesitic rocks
are present. The patterns in the N-MORB-normal-
ized multielement diagrams resemble those of the
Orijdrvi fm, apart from higher element abundanc-
es. In the Nb/Yb vs. Th/Yb (Fig. 14), Hf-Nb-Th
(Fig. 15), and Nb/Y vs. Th/Nb (Fig. 16) diagrams,
analyses from the Kisko fm plot together with
samples from the Orijdrvi fm indicating a subduc-
tion-related setting and volcanic arc affinities.
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Fig. 16. Nb/Y vs. Th/Nb diagram after Stern et al.
(1995b). For the samples with Nb under the detection
limit (2 ppm), a Nb value of 2 ppm was used. Symbols
as in Fig. 3.



206 Markku Viisidnen and Irmeli Minttéri

Compared to the Orijirvi fm, the chemical com-
position of the rocks from the Kisko fm manifests
a thicker crust and possibly crustal contamination
as indicated by higher Rb/Ba ratios (Figs. 7a and
8a). Therefore, they can be regarded as mature
volcanic arc rocks.

The phosphorus-rich plagioclase-porphyritic
dykes are strongly enriched in LILEs and LREE:s.
They might represent a later stage of still more
evolved magmatism. Related volcanic rocks were,
however, not found.

The Salittu formation

Major element contents of basalts and picrites in
the Salittu fm are different from the arc-type Ori-
jarvi and Kisko formations in their higher Ti and
Mg contents and lower Al and alkali contents.
Further, lower Th and higher Zr contents than in
the underlying arc-related formations are charac-
teristic. These features resemble those of ocean-
floor- or within-plate-related rather than arc-relat-
ed volcanic rocks. Ocean-floor affinities are dis-
played in the diagrams that use incompatible trace-
element ratios. In the Hf-Nb-Th diagram the Salit-
tu samples plot in the E-MORB field whereas the
samples from the other formations plot in the arc
field (Fig. 15). The Th/Nb ratio is a useful incom-
patible element ratio because Th is highly enriched
in continental crust and the melts passing through
such a crust should show elevated Th/Nb ratios if
contaminated (Stern et al. 1995b). In the Nb/Y vs.
Th/Nb diagram (Fig. 16) the Salittu basalts and
picrites plot within the E-MORB field (Th/Nb <
0.1), with the exception of few samples that by
field evidence are suspected to be contaminated.
This indicates that most of the samples from the
E-MORB-type Salittu formation do not show crus-
tal contamination and the chemical compositions
of the rocks reflect enriched mantle composition.
This is also evident in the Nb/Yb vs. Th/Yb dia-
gram (Fig. 14) where these samples plot within the
MORB-array showing mantle enrichment with no
obvious subduction-related contribution. The &y,
(1.89 Ga) value of +3.1 (Huhma 1986) from a
Salittu picrite (then called peridotite) points to a
juvenile source. Pearce and Peate (1995) suggest

that during arc rifting, new, fertile mantle can in-
vade the mantle wedge causing enrichment only
a short time before eruption. This process might
explain the voluminous ultramafic (picritic) vol-
canism in the Salittu formation and the &y, value
of +3.1 in spite of the enriched mantle-type source.
Gabbro and mafic dyke from this formation
have chemical compositions not comparable to
surrounding volcanic rocks. Therefore, they are
not regarded to represent original magma cham-
bers of the basalts in the Salittu fm. The gabbro
sample more resembles the intrusive rocks from
the Orijarvi and Kisko formations. This suggests
that a new stage of arc-type magmatism succeed-
ed the E-MORB-type oceanic magmatism. The
dyke is highly enriched in Sr and REEs, but de-
pleted in alkalis, which is problematic to interpret.
We propose that its chemical composition reflects
contamination by some unknown material.

The Toija formation

The geochemical character of the pillow basalts
in this bimodal formation is transitional between
the arc-type Orijirvi and Kisko formations and the
E-MORB-type Salittu fm as can be seen in many
of the major element plots (Fig. 4). The patterns
in the N-MORB-normalized diagram (Fig. 7) show
a similarity to basalts of the Salittu fm, but the
small Nb and Ti troughs and elevated Th values
give a subduction signature that separates the Toija
rocks from the Salittu rocks.

Felsic volcanic rocks of this formation are ex-
ceptional in their very low HREE contents and
positive Eu anomalies not seen in felsic rocks from
the other formations. This indicates a different
source than e.g. for the rhyolites in the Orijarvi
fm, which show pronounced negative Eu anoma-
lies (Fig. 9). The low HREE contents might indi-
cate a deeper source of melting with garnet in the
residue.

Age data

The U-Pb zircon age determinations presented
here bracket the time span of volcanic activity in
the Orijarvi area. The age of the rhyolite,
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1895.3+2.4 Ma, from the Orijirvi formation is
within errors the same as the 1898+9 Ma ion mi-
croprobe age for the Orijdrvi granodiorite in the
core of the antiform (Viisédnen et al. 2002). This
supports the field observations that the Orijarvi fm
is lowermost in stratigraphy and the idea that the
granodiorite is comagmatic with the felsic volcan-
ic rocks, which is supported by similar geochem-
istry. In the inferred continuation of the SSAC, the
Bergslagen area in Sweden, volcanic rocks and
coeval synvolcanic plutonic rocks are common
(Allen et al. 1996).

The large uncertainties in the SIMS age and the
possibility that the granodiorite has intruded old-
er volcanic formations below the present surface,
make it possible that volcanism started earlier than
1895 Ma. From Viholanniemi in southeastern Fin-
land, Vaasjoki and Sakko (1988) dated a metarhy-
olite at 1906+4 Ma. It is, however, unclear if the
locality is situated within the SSAC or the CSAC.
Three other age determinations on volcanic rocks,
1887+14 Ma from Pellinki in the Uusimaa Belt
(Patchett & Kouvo 1986), 188811 Ma from
Kemi6 in the Uusimaa Belt (Reinikainen 2001)
and 1888+11 Ma from Valijédrvi in the Hime Belt
(Vaasjoki 1994) have too large errors to precise-
ly date their eruption ages. The oldest rhyolite in
Bergslagen (Uto, Sweden) is dated at 1904+4 Ma
(Lundstrom et al. 1998). Therefore, we conclude
that volcanism in the SSAC, at least in the Ori-
jarvi area, started at ca. 1895 Ma or earlier as in-
dicated by the two slightly older ages outside this
study area. Some of the intrusive rocks were co-
genetic with the volcanic rocks. In the Tampere
area within the CSAC the oldest dated volcanic
rock has an age of 1904+4 Ma (K&hkonen et al.
1989, Kidhkonen 1999).

The younger age at 1878 Ma from the upper
part of the Kisko fm confirms that volcanism last-
ed ca. 15 million years. However, as discussed
above, the Salittu fm overlies the Kisko fm indi-
cating a still younger period of volcanism. For
comparison, in central Sweden volcanism as
young as 1871+7 Ma (Doppe et al. 1995) and
1867+9 Ma (Welin 1987) has been dated. In south-
ern Finland, synorogenic intrusions dated at ca.
1.87 Ga (Van Duin 1992, Nironen 1999, Viisinen
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et al. 2002) set the minimum age for volcanism.
However, since the Salittu fm is interpreted to
have emplaced in a back-arc basin, coeval volcan-
ism in the evolving volcanic arc and back-arc ba-
sin is also possible. Therefore, the age of volcan-
ism in the Salittu fm is unclear, but as discussed
above, it cannot be much different from the age
of the Kisko fm.

Comparing the ages in the Tampere and Orijérvi
areas it is evident that volcanism is younger or
continued longer in the south. The youngest vol-
canism in the Tampere area is dated at 1889+5 Ma
(Kéhkonen et al. 1989) and by 1880 Ma the area
was already deformed, metamorphosed and intrud-
ed by synorogenic intrusions (Nironen 1989, Kil-
peldinen 1998, Mouri et al. 1999). At the same
time the volcanism was still active in the Orijarvi
area. Collision-related deformation and magma-
tism in one area and coeval pre-collisional volcan-
ism and sedimentation in an adjacent area cause
a problem in correlation. Lahtinen (1996) pro-
posed a suture zone north of the Hame Belt ap-
proximately along the Pirkanmaa Belt and con-
cluded that the Tampere Belt and the Hiame Belt
originally formed on different plates that later col-
lided and were stitched together. The idea of a
suture zone possibly accounts for the apparent di-
achronism between the two areas. This also means
that structures cannot be directly correlated be-
tween these areas. Viisédnen et al. (2002) suggest-
ed that collision of these two plates took place at
ca. 1.87 Ga.

Titanite from the Kisko fm yielded an age of
1798+3 Ma. Titanite ages close to ca. 1.8 Ga have
been reported from other areas in southern Fin-
land, 1764 Ma by Korsman et al. (1984), 1818 Ma
by Patchett and Kouvo (1986) and 1804 Ma by
Suominen (1991). This ca. 1.80 Ga age might in-
dicate a reheating of the crust or cooling down to
the blocking temperature of titanite at that time.
The latter explanation is preferred because high-
T/low-P granulite facies metamorphism in the ad-
jacent West Uusimaa area probably occurred only
marginally earlier at ca. 1.83—-1.81 Ga (Schreurs
& Westra 1986, Korsman et al. 1999).
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Tectonic setting of the Orijirvi area

The field evidence, geochemistry, age determina-
tions and previously published data are summa-
rized below in order to interpret the tectonic set-
ting of the volcanic formations in the Orijirvi area
and discuss its relationships with volcanic forma-
tions in other parts of the Svecofennian Orogen.

In the Orijdrvi fm, characterized by bimodal
volcanism, the geochemical composition of ma-
fic volcanic rocks at low stratigraphic levels ten-
tatively shows an oceanic-arc-type chemistry with
a distinct subduction component. Higher up in the
stratigraphy the volcanic rocks get more evolved.
This evolution is typical for volcanic rocks in oce-
anic arcs during thickening of the volcanic pile
(e.g. Macdonald et al. 2000). This interpretation
is, however, hampered by the bimodality of the
formation, since bimodal volcanism is often asso-
ciated with rifting where the silicic end member
is derived from melting of an older ensialic crust
(e.g. Wever & Storey 1992). In the study area the
€ng (1.89 Ga) value of —0.7 for the Orijirvi gran-
odiorite (Huhma 1986, see also Rdmo et al. 2001)
indicates contribution of an older crustal compo-
nent for the felsic synvolcanic magmatism. Other
features that might indicate extensional tectonics
and subsiding subaqueous basin(s) include (i)
limestones and iron formations and (ii) Cu-Zn-Pb
mineralizations. The obvious subduction compo-
nent in the mafic rocks, however, strongly points
to a subduction-related origin for the Orijarvi fm.
Therefore, we suggest that the Orijdrvi fm start-
ed to form in an oceanic volcanic arc setting where
a pre-arc component was incorporated through
subduction, either through sediment subduction or
subduction of rifted Archaean or older Palaeopro-
terozoic crustal blocks (see Lahtinen & Huhma
1997).

The Kisko formation shows evidence of thick-
er, evolved crust and “normal” volcanic arc-type
(e.g. Gill 1981) chemistry, with rock types rang-
ing from basalts to rhyolites. Field observations
suggest that it conformably overlies the Orijéarvi fm
with a break in volcanic activity manifested by
greywackes and mica schists. We therefore suggest
that the Kisko fm and the Orijdrvi fm are parts of

the same semicontinuously growing volcanic arc.

The Salittu fm is dominated by ultramafic and
mafic volcanic rocks with oceanic affinities, which
makes it different to the underlying formations.
Crustal contamination is indicated only in samples
close to formation boundaries. Ultramafic volcan-
ism, minor sedimentary intercalations and the lack
of contamination suggest crustal extension that
caused eruption of fertile, enriched mantle. The
nearly juvenile £y, (1.89 Ga) value of +3.1 (Huh-
ma 1986) for a picrite indicates a short crustal res-
idence time for the source. Field evidence suggest
that this formation was formed at the same time
or after the Kisko fm. Therefore, although not dat-
ed, the age of the Salittu formation is probably

1880 Ma. Considering that the volcanism took
place after the arc-type volcanism, we interpret this
extensional stage as a back-arc (or intra-arc) rift.

The mafic volcanism in the Toija fm is transi-
tional between the arc-type and the ocean-floor-
type volcanism. As in the Orijdvi fm, the litholo-
gy is bimodal with marble intercalations. Although
geographically adjacent, the two formations are
separated by the prominent Kisko Shear Zone
(Fig. 1) and they cannot be correlated since both
mafic and felsic volcanic rocks are geochemical-
ly different. A picritic flow or dyke occurs in the
upper part of the formation, suggesting that the
Toija fm conformably underlies the Salittu fm.
Considering the stratigraphical position and geo-
chemistry of mafic rocks in the Toija fm, a back-
arc basin setting is favoured. Therefore, we sug-
gest that rifting of the arc commenced with bimo-
dal volcanism in the Toija fm and further rifting
produced ultramafic and mafic volcanism in the
Salittu fm.

The data suggest that all four formations in the
Orijdrvi area are parts of the same volcanic arc
system. There is no evidence of exotic terranes in
the study area.

Regional tectonics

The tectonic setting of the Orijédrvi area resembles
a modern volcanic arc with back-arc basin, and
regional aspects are discussed below in the light
of this interpretation. The volcanic formations are
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compared both along and across the east—west
trending belt and possible correlations between the
different areas are made.

To the east of the Orijarvi area, no comprehen-
sive investigations of volcanic rocks have been
done. In southeastern Finland, Kousa (1985) and
Makkonen (1996) described basaltic and ultrama-
fic volcanic rocks with tholeiitic major element
trends. If those rocks can be correlated with the
Salittu fm of this study, it indicates that rifting and
formation of a back-arc basin was a large scale
event, probably extending all along the SSAC, and
corresponding to the area that Rimo et al. (2001)
describe as Terrane I within the Svecofennian
Orogen in Finland.

Towards the west, the Uusimaa Belt extends to
the Kemid island and Turku Archipelago. Lind-
roos and Ehlers (1994) described bimodal volcanic
rocks intercalated with marbles from Vestlax,
Kemi6 island. The chemistry of these volcanic
rocks cannot be directly compared with those of
the Orijdrvi volcanic rocks. The mafic/intermedi-
ate pillow lavas indicate a similarity with the la-
vas of the Toija fm grossly showing a MORB-type
chemistry. Therefore, a similar magma source is
indicated. Felsic rocks, however, more resemble
the felsic rocks from the Orijarvi fm with a sali-
ent negative Eu anomaly. Because mafic rocks
more sensitively reflect tectonic settings, we ten-
tatively correlate the Toija fm with the Vestlax
volcanic rocks. This suggests that the Vestlax
rocks formed during an initial back-arc rifting
stage. Continued rifting is indicated by the Nagu—
Korpo formation, northwest of Kemid, where ul-
tramafic flows are encountered. According to Eh-
lers et al. (1986), the geochemistry of that forma-
tion indicates a within-plate setting which predates
the arc-type volcanism. We, however, interpret
that the Toija and Salittu formations, possible an-
alogues, postdate the arc volcanism.

To the north and northwest of the Orijéarvi area
the geology is dominated by a late-orogenic gran-
ite, known as the Pernio granite (Selonen et al.
1996), and to the northeast and east supracrustal
rocks of the Uusimaa Belt continue as bimodal
volcanic rocks intercalated with ultramafic volcan-
ic rocks and marbles (Hirme 1958, Schreurs et al.
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1986). The presence of ultramafic rocks and mar-
bles suggest that back-arc basin extends towards
north to the Somero area, which is characterized
by arc-type volcanic rocks of the Hame Belt
(Hakkarainen 1994, Lahtinen 1996).

During the recent years it has been repeatedly
suggested that the Tampere Belt and the Hime
Belt are not parts of the same volcanic arc. On the
basis of Pb isotopes, Sundblad (1991) proposed a
terrane boundary between the Tampere Belt and
the Hame Belt. Differences in geochemical com-
position of igneous rocks in these belts and the
presence of MORB-type lavas in the Pirkanmaa
Belt (Peltonen 1995) also point to different set-
tings. Therefore, Lahtinen (1994, 1996) proposed
a suture zone between the two belts (Fig. 1a). Data
on Sm-Nd and Pb isotopes provide further evi-
dence for different terranes (Ramo et al. 2001). U-
Pb age data on synorogenic intrusions also sup-
port this (Viisdnen et al. 2002) and, finally, the
U-Pb age data on volcanic rocks in this study show
that volcanic activity was still going on in the
SSAC (Orijarvi) while the CSAC was already de-
formed and metamorphosed. It is, therefore, fea-
sible to consider the Hime Belt as belonging to
the same original arc system as the Uusimaa Belt,
including the Orijirvi area. The mature Kisko fm
has similarities with the volcanic rocks of the
Hiame Belt (Hakkarainen 1994, Lahtinen 1996),
and we tentatively correlate these formations with
each other. If correct, these belts were rifted apart
during back-arc (or intra-arc) basin opening and,
in this respect, the Hime Belt can be regarded as
a remnant arc. Rdmo et al. (2001) divide the south-
ernmost terrane into two isotopically different
domains and draw a line between the more juve-
nile northern part and the less juvenile southern
part. We propose that this line might roughly co-
incide with the arc and back-arc basin boundary.

The correlation between the geology of the
Bergslagen area in central Sweden and southwest-
ern Finland has often been debated. Lundstrom
and Papunen (1986) tentatively correlated the two
areas on the basis of lithology, ore deposits and
deformation but also pointed out the differences,
e.g. in ore types. Lundstrém (1987) emphasized
that stratigraphy in the Bergslagen area is domi-
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nated by felsic volcanic rocks. Mafic rocks occur
only in the easternmost part of the area, but in Fin-
land they are more common. He suggested that
lateral variations in rock types are responsible for
differences, not fundamentally different settings.
Sundblad (1991) studied Pb isotope compositions
of the ore deposits and proposed a clear correla-
tion between these areas. €y, data in Bergslagen
(Valbracht et al. 1991, Kumpulainen et al. 1996)
clearly show incorporation of older crustal mate-
rial and Allen at al. (1996) consider the Bergsla-
gen area as a continental back-arc basin. In Fin-
land, an isotopically older component is found in
the southernmost part of the SSAC (Rimo et al.
2001), but in this part of the belt there are mafic
volcanic rocks that according to geochemical com-
positions carry a pronounced subduction compo-
nent. Therefore, although at large the correlation
between these areas is justified, more detailed
data, especially on isotopes, is needed to get fur-
ther in the discussion.

CONCLUSIONS

On the basis of field observations, geochemistry,
radiometric age determinations and comparison of
the data with data from previous investigations the
following conclusions can be made:

e In the Orijdrvi area four different formations
with different geological characteristics are
identified. The rock types and their chemical
composition resemble modern arc and back-arc
basin equivalents.

e The bimodal Orijdrvi formation is the oldest
and includes the synvolcanic Orijdrvi granodi-
orite. The mafic volcanic rocks show a volcanic
arc-type chemistry with a pronounced subduc-
tion component. A rhyolite from this formation
was dated and yielded a U-Pb zircon age of
1895.3+2.4 Ma.

e The overlying Kisko formation shows an
evolved arc-type geochemistry. A dacite from
this formation was dated and yielded a U-Pb
zircon age of 1878.2+3.4 Ma.

e The Salittu formation, evidently overlying the
Kisko formation, contains tholeiitic basalts and

picrites that show E-MORB-type chemistry.
The formation is interpreted to have formed in
a back-arc or intra-arc setting.

e The Toija formation contains bimodal volcan-
ic rocks, metapelites and marbles that are in-
terpreted to have formed in an initial back-arc
rift.

e The volcanic rocks of the Orijédrvi area repre-
sent the early arc, evolved arc and back-arc ba-
sin resembling an ideal oceanic volcanic arc
system.

e To the east and west of the Orijidrvi area, no
volcanic units unequivocally similar to the arc-
type Orijirvi and Kisko formations are known
but, instead, the volcanic rocks in these areas
were evidently emplaced in a rift-related setting.

¢ To the north, the volcanic rocks of the Hime
Belt are tentatively correlated with the Kisko
formation and represent a rifted remnant arc.

e Correlation with the Bergslagen area in central
Sweden is plausible but needs more data in or-
der to be well constrained.
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Appendix 1. Localities for analyses. For lithology and other symbols, see Fig. 1.
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