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|ABSTRACT |

The earliest Svecofennian magmatism in southern Finland has been dated to 1.90-1.88Ga. As an example of
this, the Orijérvi (ca. 1.89Ga) and Enklinge (ca. 1.88Ga) volcanic centres comprise bimodal plutonic batholiths
surrounded by volcanic rocks of comparable ages and chemical compositions. The rock types range from gabbros
to granites and indicate a subduction-related continental margin setting. The zircons from the Orijirvi granodiorite
define an age of 1892+4Ma whereas the Enklinge granodiorite yields an age of 1882+6Ma. Several inherited ages
of 2.25-1.95Ga as well as younger metamorphic ages of 1.86-1.80Ga were found in the Enklinge granodiorite.
The initial €y, values of the mafic rocks from both locations fall in the range +1.1 to +2.9, whereas the felsic rocks
exhibit initial €y, values of -0.4 to +1.2. The magmatic zircons from the Orijdrvi and Enklinge granodiorites show
average initial €, values of -1.1 (at 1892Ma) and zero (at 1882Ma), respectively, both with a spread of about 7
€-units. The initial €, values for the inherited zircons from Enklinge range from +3.5 to +7.6 with increasing age.
The Sm-Nd data indicate that the mafic rocks were derived from a “mildly depleted” mantle source while the felsic
rocks show some crustal contribution. Also, the variation in €, values indicates minor mixing between mildly
depleted mantle-derived magmas and crustal sources. U-Pb ages and Hf isotopes for inherited zircons from the
Enklinge granodiorite suggest the presence of juvenile Svecofennian “proto-crust” at depth.

KEYWORDS

INTRODUCTION

Major crust-forming processes occurred in connection
with the amalgamation of the supercontinent Columbia
a.k.a. Nuna during Paleoproterozoic time (e.g. Rogers and
Santosh, 2002). One of its components, the Svecofennian

Fennoscandian shield. Svecofennian orogeny. Lu-Hf. U-Ph. Sm-Nd. Geochemistry.

Orogen (SO) in the Fennoscandian shield (Fig. 1A), was
mainly formed between ca. 1.96 and 1.77Ga through
accretionary  (Gorbatschev and Bogdanova, 1993;
Hermansson et al., 2008; Stephens and Andersson, 2015)
or combined accretionary and collisional (Lahtinen, 1994;
Lahtinen et al., 2005) processes. The orogen also forms
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FIGURE 1. A) Geological overview of the Fennoscandian shield and proposed terrane distribution, modified after Koistinen et al. (2001). The
thick white dashed lines represent the borders of the Svecofennian orogen and Transscandinavian igneous belt, whereas the narrow-dashed
lines represent proposed terrane boundaries within the Svecofennian orogen. CS=Central Svecofennia, SS=Southern Svecofennia, S=Savo arc,
SD=Skellefte District, KN=Knaften arc, BB=Bothian Basin, L=Ljusdal lithotectonic unit, BS=Bergslagen lithotectonic unit, SL=Smaland Lithotectonic
unit, TIB=Transscandinavian Igneous Belt, 0JB=0skarshamn-Jonkoping Belt. Area of map B) is indicated by a black rectangle. B) General geological
map of southern Finland, modified after Kallioperé-Bedrock of Finland 1:200,000. CFGC=Central Finland Granitoid Complex. The white thicker
dashed line represents proposed border between Central and Southern Svecofennia (CS and SS, respectively), whereas the white narrower lines

represent proposed borders of the other major lithotectonic units. Study areas indicated by black rectangles (2A=Orijarvi, 2B=Enklinge).

a part of the Great Proterozoic Accretionary Orogens,
which in places have experienced the longest duration of
subduction in the Earth’s history, up to 900Ma (Condie,
2013). The SO covers large areas in Finland and Sweden,
and smaller areas in Norway and Russia. Much of it is
covered by Paleozoic sediments in the South and southeast
(Fig. 1A).

The oldest recognised magmatism in the SO is related
to subduction which formed almost juvenile volcanic
arcs in a continental margin setting (1.96-1.88Ga; e.g.
Kidhkonen, 2005; Stephens et al., 2009 and references
therein). The volcanic arcs in the SO are mainly composed
of extrusive igneous rocks, but magma chambers or
subvolcanic intrusions are also present. Such magma
chambers have long been recognised in Sweden (Stephens
et al., 2009 and references therein) but only occasionally
considered in Finland (Colley and Westra, 1987; Ehlers
and Lindroos, 1990; Viisdnen and Manttiri, 2002; Talikka
and Manttdri, 2005). It has been recognised that some
parts of the SO have initial &, values close to zero and
depleted mantle model ages older than 2.1Ga, indicating
an older contribution to the source region (e.g. Huhma,
1986; Patchett et al., 1987; Andersson, 1997; Lahtinen
and Huhma, 1997). Single zircon U-Pb dating has also
revealed inherited older zircons in the oldest plutonic
rocks (e.g. Ehlers et al., 2004). These findings have evoked
models where ca. 2.2-2.0Ga small continental fragments,
microcratons or pieces of Svecofennian “proto-crust”
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are hidden under the present crust (Lahtinen et al., 2005;
Andersson et al., 2011). However, no direct observations
of these microcratons have been made.

In this study, we present whole rock geochemical, U-Pb,
Sm-Nd, and Lu-Hf isotope data from two 1.90-1.88Ga
magmatic centres in southern Finland: the Orijarvi and
Enklinge areas. They comprise plutonic centres surrounded
by extrusive volcanic rocks of corresponding ages and
chemical compositions. The focus here is on the plutonic
and dyke rocks since they have not been previously studied
as extensively as their extrusive counterparts. Our aim is
to study the magma source/s and the nature of the oldest
magmatic rocks of central Fennoscandia. In addition, we
evaluate the existence of the proposed proto-crust below the
central Fennoscandian bedrock in the light of new Lu-Hf
isotope data.

REGIONAL GEOLOGICAL SETTING

The Svecofennian orogen in Finland and Sweden is
composed of several large units defined as terranes or
lithotectonic units. The oldest volcanic arc-type igneous
rocks are found in northern Sweden (1.96-1.92Ga
Knaften arc; Wasstrom, 1993, 2005) and the youngest in
southern Sweden (1.83-1.82Ga Oskarshamn-Jonkoping
Belt; Mansfeld ef al., 2005). In the central part, three
main terranes are recognised in Finland: the Savo arc (S),
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Central Svecofennia (CS) and Southern Svecofennia (SS,
Fig. 1A) (Korsman ef al., 1997; Kédhkonen, 2005).

The Savo arc exposes the oldest Svecofennian
igneous rocks in Finland (ca. 1.92Ga; Lahtinen, 1994;
Vaasjoki et al., 2003) and it is considered an equivalent
to the Knaften arc (KN) in Sweden with roughly similar
ages (Wasstrom, 1993; Eliasson et al., 2001; Guitreau
et al., 2014). The ages of the volcanic arc-related
igneous rocks in central and southern Svecofennia fall
between 1.90 and 1.88Ga (e.g. Kdhkonen, 2005). A few
slightly older (1.91Ga; Johansson and Stephens, 2017)
and younger (1.85Ga; e.g. Stephens and Andersson,
2015) rocks also occur. It is traditionally considered
that southern Svecofennia and the Bergslagen area (BS)
in South-central Sweden belong to the same unit (e.g.
Valbracht et al., 1994; Nironen, 1997; Lahtinen et al.,
2005), although the presence of large intervening shear
zones such as the Singd shear zone along the coast in
East-central Sweden and the South Finland shear zone
makes such correlations somewhat problematic (cf.
Torvela and Ehlers, 2010; Bogdanova ef al., 2015).

Southern Svecofennia

Southern Svecofennia comprises two parallel
volcanic-sedimentary belts: the Hidme and Uusimaa
belts (Fig. 1B; Kdhkonen, 2005 and references therein).
The zircon ages in volcanic rocks in both belts are ca.
1.90-1.88Ga (e.g. Viisdnen and Maénttéri, 2002; Ehlers
et al., 2004; Skyttd et al., 2005; Viisdnen and Kirkland,
2008; Saalmann et al., 2009). Both belts show arc-type
geochemical affinities, and the Hdme belt is apparently
less mature than the bulk of the Uusimaa belt (Lahtinen,
1996; Kahkonen, 2005).

The relationship between the two volcanic belts is
ambiguous (c¢f- Kdhkdonen. 2005). Korja et al. (2006)
regarded the Hime and Uusimaa belts as separate terranes,
whereas Viisdnen and Maénttdri (2002) suggested that
the belts belonged to the same arc system but were
rifted apart. The rift basin was filled with felsic volcanic
rocks, tholeiitic mafic/ultramafic lavas with E-MORB
affinity (ca. 1.88-1.87Ga), sedimentary carbonates (now
marbles) and detrital sediments (now mica gneisses; e.g.
Nironen ef al., 2016 and references therein).

The Hidme belt includes several mafic/ultramafic
plutonic rocks, which often show layered structures.
The largest of these is the Hyvinkdé layered intrusion,
which Peltonen (2005) regarded as synplutonic to the
volcanic rocks of the area (see also Eerola, 2002). The
interpretation is supported by the U-Pb zircon ages of
the gabbro (1880+5Ma, Patchett and Kouvo, 1986) and
the plagioclase-phyric mafic volcanic rock (1880+3Ma,
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Suominen, 1988). Such synvolcanic plutonism is
described for central Svecofennia as well (e.g. Talikka and
Ménttéri, 2005), and it is widespread in the Bergslagen
area in Sweden (Lundstrom ef al., 1998; Andersson et al.,
2006b; Hermansson et al., 2008; Stephens et al., 2009).

The volcanic rocks in the Uusimaa belt show
continental margin and rifting type lithological
associations and geochemical affinities (K&hkonen,
2005; Weihed et al., 2005). The belt has indications of
an older, ca. 2.1-1.91Ga contribution to the magmatism
as indicated by initial gy values around zero (Huhma,
1986; Patchett and Kouvo, 1986; Lahtinen and Huhma,
1997; this study) as well as detrital zircons of that age
in metasediments and inherited zircons in igneous rocks
(e.g. Claesson et al., 1993; Lahtinen ef al., 2002; Ehlers
et al.,2004; Bergman et al., 2008; Lahtinen and Nironen,
2010).

Enklinge and Orijarvi are both well-preserved non-
migmatitic mega-enclaves surrounded by higher-grade
and more deformed areas. Therefore, Enklinge and
Orijarvi make excellent targets to study the earliest
events in southern Svecofennia (Ehlers and Lindroos,
1990; Ploegsma and Westra, 1990; Skyttd et al., 2006).
The Orijarvi area is situated in the middle of the Uusimaa
belt and is a type example of it (e.g. Kéhkonen, 2005).
The Enklinge area, however, is situated in the archipelago
to the West of the continuous Hame and Uusimaa belts,
and it remains unclear whether it is part of any of them.

Study areas
Orijérvi area

The bedrock in the Orijérvi area (Fig. 2A) in the
middle of the Uusimaa belt mainly consists of apparently
bimodal volcanic rocks with sedimentary intercalations
(Eskola, 1914; Viisdnen and Ménttédri, 2002; Kdhkonen,
2005; Skyttd et al., 2005). The volcanic rocks are divided
into four formations (fms.): the lowermost Orijarvi
Formation (Fm.) is a volcanic arc-type bimodal unit with
marble and iron formation intercalations as well as Cu-
Zn-Pb mineralizations (Eskola, 1914; Latvalahti, 1979;
Viisdnen and Ménttdri, 2002). The overlying Kisko Fm.
is geochemically more evolved, and volcanic rocks range
from basalts to rhyolites. The arc rifting started with the
Toija Fm. which once again comprises bimodal volcanic
rocks. The rifting continued with the Salittu Fm., which
mainly consists of E-MORB type basalts and picrites.
Age results of the volcanic rocks fall between 1895+3Ma
(Orijarvi Fm.) and 1878+4Ma (for both the Kisko and
Toija fms.; Vdisdnen and Maénttéri, 2002; Vidisdnen and
Kirkland, 2008), with the uppermost Salittu Fm. being
undated.
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FIGURE 2. Detailed geological map of the A) Orijarvi and B) Enklinge study areas with age determinations, isotope and geochemical sampling sites
indicated. Figures are modified after Kalliopera-Bedrock of Finland 1:200,000 (both), Skytta et al. (2006) (Orijarvi) and Ehlers and Lindroos (1990)

(Enklinge). For U-Pb ages, see text for references.

The Orijarvi batholith is a composite pluton, where
mafic and felsic rocks apparently alternate. Magma
mingling between felsic and mafic components is also
common (Fig. 3A; B). Mafic rocks are more common in the
core, and felsic rocks dominate at the fringes of the pluton.
However, a complex structural evolution (Ploegsma and
Westra, 1990; Skytté et al., 2006) might have disrupted the
original order of rock types within the pluton. The mafic
plutonic rocks show locally a layered structure (Sarapéi
et al., 2005).

The U-Pb zircon age of the Orijarvi granodiorite (outer
border of the batholith) has been determined to 1891+13Ma
(Huhma, 1986) and 1898+9Ma (Viisdnen et al., 2002; cf.
this study). Within errors, this is the same as the age of the
felsic volcanic rock from the lowest stratigraphic level, and
the Orijarvi batholith is regarded as a magma chamber that
fed the surrounding volcanic rocks (Colley and Westra,
1987; Viisdnen and Ménttdri, 2002).

Enklinge area

The well-preserved Enklinge volcanic-plutonic
centre in the Aland archipelago in SW Finland consists
of subaqueous felsic and mafic volcanic rocks with
sedimentary intercalations (Fig. 2B; Sederholm, 1934;
Rancken, 1953; Ehlers, 1976). The bedrock was divided
into upper and lower strata (Ehlers and Lindroos, 1990).
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The lower strata consist of felsic schists, graywackes
and the lower rhyolitic series which are capped by thin
marble layers. The upper strata are composed of mafic
and intermediate volcanics, including pillow lavas and
lava flows. The upper series of rhyolites is on top of the
stratigraphy.

The lower volcanic rocks are intruded and surrounded
by syntectonic granodiorite-tonalite and related dacitic
quartz porphyric dykes (Ehlers and Lindroos, 1990). Both
granodiorite and dacitic dykes contain mafic enclaves, up
to 50% of the volume of the bedrock in the northern side of
Enklinge (Fig. 3C; D; Impola, 2004). Most of the dykes are
bordered by basalts indicating coeval bimodal magmatism.
Chemically, the dykes and the surrounding granodiorite are
identical but they both differ slightly from the extrusive
rhyolites (Ehlers and Lindroos, 1990).

The upper rhyolite and syntectonic granodiorite have
been dated to 1885+6Ma and 1882+15Ma, respectively
(Suominen, 1987; Ehlers et al., 2004;). Ehlers et al. (2004)
also determined ages for three similar gneissic granodiorites
a few kilometres North of Enklinge, from Sottunga (30km
South from Enklinge) and from Kokar (50km SE from
Enklinge), and obtained identical ages of 1884+5Ma for
all of them. This supports the coeval nature of the Enklinge
rhyolite and surrounding granodiorite, although they are
different in geochemistry.
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ANALYTICAL METHODS

A total of 75 whole rock samples were studied, of
which 34 were from Orijédrvi and 41 from Enklinge. The
data include plutonic, dyke and volcanic rock samples.
Analyses were done by Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES) and by
Inductively Coupled Plasma-Mass Spectrometry (ICP-
MS) at three different laboratories.

Two granodiorite samples, one from each study area,
were selected for U-Pb spot analyses on zircon in order
to determine their crystallization ages, and to perform
Lu-Hf analyses on the same zircon grains. The Orijarvi
granodiorite U-Pb dating analyses were performed using
a Nu Plasma AttoM single collector ICP-MS, whereas the
Enklinge granodiorite zircon U-Pb dating analyses were
performed using a Nu Plasma HR multicollector ICP-MS,
both at the Geological Survey of Finland in Espoo. With
the latter instrument, in-situ zircon Lu-Hf isotope analyses
were performed on the same or adjacent domains of the
grains on which the U-Pb dating was done.

The Sm-Nd analyses were performed on nine samples,
of which four were from Orijarvi and five from Enklinge,
by a Finnigan MAT261 multicollector mass spectrometer
at the Department of Geosciences, Swedish Museum of
Natural History.

The full description of the analytical methods used in
this study and the whole rock geochemical data (Table 1),
U-Pb isotopic data (Table II), Sm-Nd isotopic data (Table
IIT) and Lu-Hf isotopic data (Table IV) are provided in the
ELECTRONIC APPENDIX.

RESULTS
Whole rock geochemistry
Major elements

The compositions of the Orijarvi and Enklinge samples
range from gabbroic to granitic in the Total Alkali vs.
Silica (TAS) diagram (Fig. 4A). The classification of the
samples (mafic-felsic) was done merely based on silica
content of the rocks using 65wt.% of SiO, as a threshold
value. The plutonic-dyke-volcanic-cumulate division was
defined according to field observations. On the K,O vs.
SiO, diagram (Fig. 5) the mafic rocks from Orijérvi are
calc-alkaline but those from Enklinge fall both in the
calc-alkaline and tholeiitic fields. One high-K and one
shoshonitic outlier can also be found within the Enklinge
mafic rocks. The majority of the rocks follow a similar
chemical evolution in the major elements in both study
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areas and the only slight difference can be found in the P,0O;
contents; most of the Orijarvi mafic rocks are enriched in
P,O; compared to the Enklinge ones (Fig. 5). The felsic
rocks follow similar trends as the mafic rocks in most of
the major element diagrams; only Na,O content shows a
drop towards lower values between mafic and felsic rocks,
and K,O content shows a large spread between 0.24 and
7.7wt.%.

Two subgroups can be distinguished as separate from
this ‘main trend’ based on major element compositions:
Orijérvi (six samples) and Enklinge (five samples). The
five acumulations of Enklinge are characterized by ferro-
magnesian minerals and resulting high MgO and Mg#
values, slightly elevated Fe,O; and correspondingly low
Na, 0, Al,O,4 and P,0O; contents (Fig. 5). Orijédrvi contains
five samples of layered intrusions and one separate gabbro
(65-MAV-02). The rocks from the Orijérvi layered intrusion
are poor in silica (SiO, 39-54wt.%). Four of the samples,
taken from the gabbroic and the hornblende-rich parts, are
enriched in TiO, and Fe, O, but rather depleted in MgO. One
of these samples (45-MAV-02; gabbro) shows anomalously
high P,O; content. The sample taken from the plagioclase
part (TKJ-13-10-4; anorthosite) shows high Al,O; and
Na,O contents but is depleted in MgO and Fe,O;. The

FIGURE 3. Field photos from the study areas. A) Magma mingling
and mixing from the Orijarvi batholith. A few mafic enclaves, one
of them indicated by a black arrow, show incipient magma mixing
between mafic and felsic endmembers resulting in intermediate
composition and a blurred boundary between the enclave and the
felsic magma. B) Detailed photo from a mafic enclave from Orijarvi.
The felsic magma has scavenged two small mafic fragments (black
arrows) from the parent enclave on the left. On the left side of the
pen there is an enclave with an intermediate composition similar to
the one in Fig. 3A. C) Mafic and felsic magma mingling and mixing
in the northern part of Enklinge. Black arrows indicate two enclaves
with incipient magma mixing. D) The classical mafic enclave from
Enklinge, first described by Sederholm (1934) and also found on
the front cover of Lithos Vol. 116 (Eklund et al., 2010). The outline
of the enclave is resorbed by the surrounding felsic magma and a
few feldspar phenocrysts are enclosed in the enclave (black arrows),
suggesting coeval mafic and felsic magmas.
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FIGURE 4. A) Total Alkalis vs. Silica (TAS) classification diagram (Middlemost, 1985) of the studied rocks. B) Log Zr/Ti vs. log Nb/Y classification

diagram (Winchester and Floyd, 1977, modified by Pearce, 1996).

contents, high Mg# value and very low Na,O, TiO, and
P,Os contents compared to the other mafic rocks from
Orijarvi (Fig. 5). One rhyolite sample from Orijérvi (23-
MJV-06) is hydrothermally altered, which can be seen
in high silica (85wt.% Si0O,), very low alkalis (0.8wt.%
Na,O and 0.4wt.% K,0) and low mobile trace element
concentrations (below), so it was excluded from the
major element examination but included in the trace
element diagrams. The mafic rocks from both study areas
are metaluminous except one peraluminious sample
from Enklinge. The felsic rocks are metaluminous to
peraluminious with Alumina Saturation Index (ASI, molar
A/CNK: (AL,O;/CaO+Na,0+K,0)) between 0.95 and 1.18

(Fig. 5).
Trace elements

The log Zr/Ti vs. log Nb/Y classification diagram
(Winchester and Floyd, 1977, modified by Pearce,
1996) was used to study the degree of alteration of the
samples (Fig. 4B). All the samples form a rather tight and
continuous trend from basalts to rhyolites, as in the TAS
diagram (Fig. 4A), which supports their unaltered nature.
The altered rhyolite sample from Orijérvi plots in the
same group as its plutonic counterparts.

The Orijarvi mafic rocks tend to show higher Ba, Sr
and Th concentrations compared to those from Enklinge
(Fig. 6). Although the trace element data from the mafic
rocks from both localities are a little scattered, the majority
exhibit similar trace element characteristics in the multi-
element diagram showing elevated (relative enrichment)
Rb, Ba, Th, U, K and Pb concentrations and distinct
negative anomalies (relative depletion) of Nb, Ta and
P (Fig. 7). This trend is shared with mafic dykes and
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volcanics. All the mafic rocks are enriched in LREEs and
depleted in HREEs but the rocks from Orijérvi generally
show higher LREE concentrations, whereas the Enklinge
mafics exhibit flatter REE spectra with higher HREE
(Fig. 7). The samples PENK-25 (gabbro), PENK-46
(gabbro), 6-JPI-00 (gabbro dyke) and 12-JPI-00 (gabbro)
from Enklinge show a flat, almost MORB-like REE
pattern with a relative HREE enrichment. The gabbro
sample 31-MJV-06 from Orijarvi differs from the other
mafic rocks by its anomalously low HREE concentration.
The majority of the mafic samples have AN Eu/Eu* ratio
under 1.3.

The trace element data on all the felsic rocks from
both localities show large variation in certain Large
Ion Lithophile Elements (LILEs) such as Rb, Ba, Sr,
Th and Zr. The Orijarvi felsic rocks exhibit lower Cr
concentrations than those from Enklinge (Fig. 6). In the
multi-element diagram, the felsic plutonic rocks from
both localities show very similar trace element patterns
with Rb, Ba, Th, U, K and Pb enrichment and depletion
of High Field Strength Elements (HFSE) such as Nb and
Ta (Fig. 7). The felsic plutonic rocks from both localities
are enriched in LREEs and relatively depleted in HREE:s.
The rocks show mostly negative Eu anomalies and Eu/
Eu* ratios under 1.15, except one tonalite sample from
Enklinge (21-JPI-00) and two granodiorite samples from
Orijérvi (37.2-MAV-02 and 50-MAV-02) which exhibit
more positive Eu peaks. The two felsic dykes from
Enklinge show very similar characteristics as the felsic
plutonics. The two felsic volcanic rocks from Enklinge
exhibit slightly different trace element compositions
compared to the other felsic rocks from Enklinge with
higher HFSE and REE concentrations but low Cr and
Pb concentration (Figs. 6 and 7). The rhyolite sample
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from Orijarvi (23-MJV-06) shows a similar composition
in HFSEs compared to the other felsic rocks but it is
depleted in LILEs due to hydrothermal alteration.

The mafic cumulates from Enklinge also stand out in
the trace element data. They show very low LILE values as

1.90-1.88Ga arc magmatism of central Fennoscandia

well as low Th, Sr, Zr and Nb concentrations but very high
Cr and Ni concentrations. In the multi-element diagram,
the cumulate group has similar pattern as the other mafic
rocks but their REE pattern is fairly flat (Fig. 7). The
Enklinge cumulates also show small Eu anomalies, with
Eu/Eu* ratios varying from 0.8 to 1.52.
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FIGURE 6. Selected trace element diagrams. All values in ppm. Symbols as in Figure 4.

The Orijérvi layered intrusion rocks show very low Rb,
Ba, Zr and Nb concentrations, relatively low Ni and Cr
concentrations but rather high Sr and P concentration, and
in part very high Pb, compared to the other mafic rocks from
both localities (Figs. 6 and 7). The REE concentrations are
generally low but the rocks are relatively enriched in the
LREEs, depleted in the HREESs, with Eu showing a positive
peak in the REE diagram (Fig. 7). Eu/Eu* ratios are higher
than in other samples, showing values between 1.36 and
3.51. The sample 65-MAV-02 from Orijérvi exhibits
similar trace element characteristics as the Orijarvi layered
intrusion rocks except it shows negative Eu anomaly.

U-Pb zircon analyses

The zircons from the Orijarvi granodiorite (29a-MJV-06)
range from euhedral to more rounded, subhedral grains
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(Fig. 8A; B) and their colour varies from transparent to
light brown. The grains are mainly elongated, 50-150pum in
length and 20-100pm in width. The inner structure of the
grains is mostly very homogeneous and few crystals show
any distinct oscillatory zoning. Cracks and metamict rims
are common. The BSE-images show a few cores (Fig. 8B)
but they were too small to be analysed with a 25pum spot size
so that possible xenocrystic cores were not verified. A total
of 12 analyses were performed on 12 grains. Nine of them
yielded a concordia age of 1892+4Ma (26; MSWD=0.42)
and 10 analyses showed an almost identical weighted
average 2’Pb/2%Pb age of 1892+5Ma (20; MSWD=0.81;
Fig. 9A).

The Enklinge granodiorite (3-MJV-06) shows a wide
range of zircon shapes but two main types are distinguished
based on the degree of metamictization: a group of
“euhedral” grains and a group of very heterogeneous
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grains. The euhedral grains are also quite metamictic
and have cracks, inclusions and inherited cores/domains
(Fig. 8C; D). They are only slightly elongated, about 100-
200um in length. The euhedral zircons show oscillatory
zoning and metamictization have advanced following
the growing pattern of the grain. The “heterogeneous”
group includes large, rounded, about 100-300pm-long
grains with a wide variety of shapes, which are full of
inclusions and almost completely metamicted. All the
42 U-PDb analyses were performed on the euhedral group
of zircons. Several different age populations were found
(Fig. 9B; C) out of which a group with a concordia

1.90-1.88Ga arc magmatism of central Fennoscandia

age of 1882+6Ma (20; MSWD=4.2; n=9/15) and a
207Pb/2%Ph age of 1880+4 (20; MSWD=0.89; n=15/15)
are regarded to represent the age of magma crystallisation
(Fig. 9C; D). The older zircons probably represent several
different inherited populations. The six oldest analyses
show 2Pb/?%Pb ages between 2247Ma and 2049Ma.
Two younger inherited populations yielded *’Pb/**Pb
ages of 1952+16Ma (20; MSWD=0.0063; n=3; Fig. 9C)
and 1988+13Ma (20; MSWD=0.32; n=4; Fig. 9C). The
youngest 14 zircons (younger than crystallisation) show a
continuous 2’Pb/?*Pb age trend between 1859 and 1802Ma.
Nine analyses yielded a concordia age of 1849+9Ma
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FIGURE 8. Back-Scattered Electron (BSE) images of representative
zircons from the Orijarvi granodiorite (A and B) and from the Enklinge
granodiorite (C and D). Black dashed circles represent U-Pb spots
(25pm) with 2°7Pb/?%Ph age; red dashed circles represent Lu-Hf
spots (50um) with initial gy(t) value. More detailed analysis data
available in ELECTRONIC APPENDIX (Tables Il and IV).

(95%; MSWD=0.78; n=9/14; Fig. 9E) and a weighted
average 2Pb/?%Pb age of 1848+6Ma (20; MSWD=1.14;
n=11/14) was obtained on 11 analyses. An upper intercept
age of 1850+=6Ma (MSWD=0.6) were obtained using 12
analyses. The 1.85Ga age may indicate metamorphic
resetting, although the younger zircons or zircon domains
do not stand out as texturally different from the magmatic
zircon. The three youngest analyses were omitted from
the age calculations due to discordancy and/or slightly
younger 2"Pb/?%Pb ages between 1818 and 1802Ma.

Sm-Nd whole rock analyses

The mafic rocks from Enklinge have initial &y, values (at
1882Ma) from +1.9 to +2.9 whereas the felsic rocks exhibit
values of +1.1 and +1.2. The depleted mantle model (T,
ages for the Enklinge samples fall between 2.15 and 2.12Ga
except for the sample 5-MJV06 (gabbro dyke) which shows
a Tpy age of 2.0Ga. The two mafic samples from Orijarvi
have initial g, values (at 1892Ma) of +1.1 and +2.0. The
felsic rocks have values of -0.4 and +0.2. The Ty, ages
for the Orijérvi samples are 2.35 and 2.16Ga for the mafic
rocks and 2.21 and 2.16Ga for the felsic rocks. The Sm-Nd
isotopic data are compared to previously published Nd-data
from central Fennoscandian rocks in Figure 10.

Lu-Hf zircon analyses

In total, 37 analyses were performed on the Orijarvi
granodiorite zircons. They show variation in the initial
Hf/'""Hf values between 0.28144 and 0.28165
corresponding to g, values between -4.7 and +2.6 with an
average of -1.1 (at 1892Ma).
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A total of 21 Lu-Hf analyses were performed on
the Enklinge granodiorite zircons. Eleven analyses
were performed on zircons representing the age of
crystallization, five on inherited zircons or inherited
domains in zircons and five on zircons representing
the younger ages. The magmatic zircons yielded
initial ""*Hf/!”’Hf values between 0.28150 and 0.28171
corresponding to initial g, values between -3.0 and +4.4
with an average value of 0 (at 1882Ma). The individual
207pb/?%Pb age was used for the inherited and young
zircon grains (ages varying from 2247 to 1951Ma and
1859 and 1802Ma, respectively) for the calculation of
initial gy values. The inherited zircons exhibit initial
76H{/VHf values between 0.28156 and 0.28164,
corresponding to initial gy values between +3.5 and
+7.6. The initial "Hf/'"’Hf values for the young zircons
fall in the range 0.28150 to 0.28166, which translates
into initial &, of -4.1 to +1.6. The Lu-Hf isotopic data
are compared to previously published Hf-data from
central Fennoscandian rocks in Figure 11.

DISCUSSION
Whole rock geochemistry

The Enklinge and Orijérvi igneous rocks have formed in a
subduction-related volcanic arc environment (e.g. Colley and
Westra, 1987; Ehlers and Lindroos, 1990; Kéhkdnen, 2005).
The distinct subduction component can be seen in all the
samples with pronounced troughs at Nb and Ta, and peaks
at the subduction-mobile elements such as Ba, Th, U, Pb
and Sr in the multi-element diagrams (Fig. 7). This feature is
emphasised by fractionated REE pattern for the mafic rocks,
as well as the felsic ones (Fig. 7). On the Th/Yb vs. Nb/Yb
diagram all the mafic samples plot above the MORB-OIB
array (Pearce and Peate, 1995; Pearce, 2008) and show
Nb/YD ratios >1.0, suggesting an Active Continental Margin
(ACM) setting rather than oceanic arc type magmatism
(Fig. 12A). The same feature can be observed on the Th/Ta
vs. Yb diagram (Schandl and Gorton, 2002), which shows
ACM affinity for the felsic rocks (Fig. 12B). The wide
range of rocks with intermediate and felsic compositions
also support a continental setting as these form more
easily from pre-existing continental crust (e.g. Tatsumi and
Takahashi, 2006). However, part of the intermediate rocks is
supposed to result from magma mixing (Fig. 3). The Nb/Zr
vs. Nb/Ba diagram (Fig. 12C) indicates a SubContinental
Lithospheric Mantle (SCLM) source for the mafic magmas.

The Orijarvi and the Enklinge rocks, especially the
mafic ones, display some minor differences. The Enklinge
rocks are slightly more enriched in HREEs and Cr,
and depleted in LILEs, K,0O and P,0O;. This feature can
be explained in different ways, for example: 1) mantle
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