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Secular change of tectonic setting in the Archean
Takanen greenstone belt, northeastern Karelia
Province, Fennoscandian Shield
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Abstract

The target of this study is the Takanen greenstone belt (TGB), a small 11-km-long and
east-west oriented supracrustal belt in the northern Lentua complex of the Western
Karelia Subprovince (eastern Finland). We present a new geological interpretation of
the TGB based on lithology, geochemistry, stratigraphy, and two new zircon U-Pb age
determinations and Lu-Hf-in-zircon data.

The TGB forms a >800-m-thick synclinal sequence composed of intercalated mafic-
komatiitic and felsic-intermediate volcanic and volcaniclastic rocks (lavas, tuffs, and
tuffites ) crosscut by granitoid dykes, and metamorphosed in lower amphibolite facies
with few primary volcanic textures visible. The felsic-intermediate rocks are calc-alkaline
and split into strongly and weakly REE-fractionated groups. The mafic-ultramafic rocks
are tholeiitic with flat REE-patterns, but some samples show LREE-enrichment. Massive
Fe-sulfide layers (<1 m) are associated with volcaniclastic rocks. Komatiites are
Al-undepleted and comprise differentiated (peridotite-gabbro) and undifferentiated
(dunite/serpentinite) cumulates and thin undifferentiated flows. Channel-facies
komatiitic cumulates are found stratigraphically above Fe-sulfide-rich units and have
potential for komatiite-hosted Ni-deposits.

Our new isotope data from two felsic-intermediate volcanic rock samples shows that
the TGBs stratigraphically lowermost and uppermost units are 2.96 Ga and 2.71 Ga old,
respectively. Based on Hf isotope data, the older 2.96 Ga sample contains reworked
crustal material, possibly originating from ~3.2 Ga crust. In contrast, the 2.71 Ga
sample is isotopically juvenile (near-chondritic), indicating an episode of juvenile crust
formation in the northern Lentua Complex. No unconformity is found between the
stratigraphically upper and lower parts of the TGB, but the ~250 Ma age difference (and
geochemical indicators) suggests they may have formed in different tectonic settings.
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The lower part of TGB stratigraphy is correlated with the ~2.94 Ga Luoma Formation in
the nearby Suomussalmi greenstone belt. The 2.71 Ga volcanic unit does not have a
known equivalent in greenstone belts in Finland, but a corollary is found in Russia, and
a tentative correlation to a possible 2.75-2.70 Ga arc-system in Takanen-Khedozero-
Bolshozero-Illomantsi is suggested.
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1. Introduction

Archean greenstone belts are metamorphosed
assemblages of volcanic and sedimentary rocks
formed in various tectonic and depositional settings.
They are typically found as thin curvilinear belts
squeezed between (and intruded by) granitoid
plutons and gneisses that dominate most Archean
(Thurston 2002, 2015). Archean
greenstone belts bear detailed information of
Archean
processes and are important proxies of Archean
tectonics and formation of the early crust
(Bleeker 2002; Slabunov et al. 2006; Holttd et
al. 2014). Single-grain zircon U-Pb and Lu-Hf

isotope determinations are of prime importance

complexes

igneous, sedimentary, and tectonic

in constraining the age and source of volcanic
rocks in Archean greenstone belts (Andersen
2012; Lehtonen et al. 2017). Combined with
lithostratigraphic characterization these methods
enable stratigraphic correlation of greenstone
belt sequences and may provide fundamental
information Archean crustal evolution. Archean
greenstone belts are also important targets for Ni
and Au exploration (Thurston 2015).

The Karelia Province (Fig. 1) is characterized by
Meso- to Neo-Archean greenstone belts surround-
ed by tonalite-trondhjemite-granodiorite (TTG)
complexes. Greenstone belts in Karelia are typically
highly deformed and record complex histories of

mantle plume, subduction, and collision events.
Most of them have been interpreted as accreted
oceanic plateaus and arc-systems with either
unknown, tectonic, or intrusive contacts with
surrounding Archean granitoid-gneiss complex
(Slabunov et al. 2006; Holttd et al. 2014, and
references therein). However, a few (Suomussalmi,
Matkalahti) show some evidence for autochthonous
deposition on older TTG basement (Kozhevnikov
et al. 2006; Papunen et al. 2009).

This contribution brings new observations
related to the topics above from the Takanen
greenstone belt (TGB), which is a small 11-km-
long belt in eastern Finland, dominated by
supracrustal volcanic and volcaniclastic rocks
ranging from komatiitic to felsic compositions
(Figs. 1, 2, 3). Based on lithological association,
the TGB has been considered Archean (Iljina
et al. 2006), possibly representing the northern
extension of the ~2.94 Ga rift-related Suomussalmi
greenstone belt (Papunen et al. 2009; Karampelas
2022). We present an up-to-date review of the
lichology, geochemistry, and stratigraphy of the
TGB, with new zircon U-Pb ages and initial Hf
isotopic compositions of two key stratigraphic
units (base and top). Based on our results we suggest
correlations to other Archean greenstone belts and
constrain the depositional environment of the TGB.
This paper stems from the unpublished M.Sc. thesis
of the second author (Karampelas 2022).
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Figure 1. Simplified geological map of the northeastern
Fennoscandian Shield showing the location of Archean
greenstone belts (after Guo et al. 2020). Dotted line
around Takanen greenstone belt (Tk) presents the extent
of Fig. 2. Thick dotted lines show subprovince boundaries
(WKS = Western Karelia Subprovince); Lentua, Pudasjarvi,
and llomantsi complexes labeled (Holtta et al. 2012b).
Inset shows the geological provinces of the northeastern
Fennoscandian Shield.

2. Geological background

The TGB is located in the Karelia Province of the
Archean domain of the Fennoscandian Shield
(Fig. 1). The Karelia Province is dominated by
tonalite-trondhjemite-granodiorite (TTG) gneisses

and greenstone belts, the latter having originated
in various tectonic settings showing either arc-
type, oceanic plateau, or continental rift affinities
(Slabunov et al. 2006; Holttd et al. 2014). The
province is divided into three subprovinces (or
terranes, s./) with distinct geological histories
(Slabunov et al. 2006; Holttd et al. 2012a). The
Western Karelia Subprovince (WKS; Fig. 1) (Holttd
et al. 2012a) is a typical granite-greenstone terrane,
mostly Meso- to Neoarchean in age, but locally,
Paleoarchean crust exists. Based on the lithology
and age of igneous suites, the WKS is further
subdivided into several complexes separated by
Paleoproterozoic shear zones and supracrustal belts
(Holttd et al. 2012b).

TTGs of the Lentua complex (Fig. 1) form
three age groups: 2.95 Ga, 2.83-2.78 Ga, and
2.76-2.73 Ga (Vaasjoki et al. 1999; Kipyaho et al.
2006, 2007; Lauri et al. 2006; Mikkola et al. 2011;
Holetd et al. 2021). Rocks of the oldest age group
are found in the northern parts of the complex in
the vicinity of the Suomussalmi greenstone belt
(Fig. 2). Based on inherited zircons and Sm-Nd
model ages, a Paleoarchean crustal component
within the northern parts of the Lentua complex
has been proposed (Lauri et al. 2011; Mikkola et
al. 2011; Holeed et al. 2021). Four major Archean
greenstone belts are found within the Lentua
complex (Fig. 1): The Suomussalmi, Kuhmo,
Tipasjirvi, and Kostomuksha belts (Holttd et
al. 2014). Of these, the oldest volcanic rocks
(~2.94 Ga) have only been described from the
basal Luoma Formation of the Suomussalmi belt
(Huhma et al. 2012a; Lehtonen et al. 2017). Most
of the volcanic rocks fall into the age groups of
2.84-2.82 Ga and 2.80-2.79 Ga (Puchtel et al.
1998; Huhma et al. 2012a; Lehtonen & Kipyaho
2016; Lehtonen et al. 2016, 2017; Slabunov et
al. 2021) and are coeval with the majority of the
TTG gneisses (e.g., Mikkola et al. 2011; Holetd
et al. 2021). The Suomussalmi belt shows trace-
element characteristics and negative initial €,
values indicative of crustal contamination of
mantle-plume sourced magmas in a continental rift
setting (Papunen et al. 2009; Huhma et al. 2012a,
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b; Lehtonen et al. 2017). In contrast, the Kuhmo,
Tipasjirvi and Koshtamuksha belts all show juvenile
or depleted mantle isotopic compositions and
have been interpreted as accreted oceanic plateaus
(Puchtel et al. 1998; Kozhevnikov et al. 2006; Huhma
etal. 2012b; Maieretal 2013; Holttd etal. 2014).
The Ilomantsi greenstone belt located in the
Central Karelia Subprovince (Fig. 1) is, compared
to the greenstone belts of the Lentua complex,
distinctly younger as the majority of the volcanic

units are aged 2.75 Ga (Vaasjoki et al. 1993;
Huhma et al. 2012a). Similar results have been
obtained from the Khedozero-Bolshozero belt
(Fig. 1) with volcanic rocks providing ages between
2.71-2.70 Ga (Myskova et al. 2020). Both belts are
dominated by metasediments and felsic volcanic
rocks with arc signatures and have been considered
as continental margin subduction systems
(Sorjonen-Ward 1993; Holetd et al. 2014; Myskova
et al. 2020).
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Figure 2. a) Simplified lithological map of the northern Lentua complex (Bedrock of Finland - DigiKP). b) Total magnetic
intensity map illustrating the positive magnetic anomaly (dotted black outline) connecting the 2.44 Ga mafic-ultramafic
Koillismaa and Narankavaara layered intrusions (Alapieti 1982; Karinen 2010; Jarvinen 2022). c) Bouguer anomaly
map illustrating the location of the Takanen greenstone belt partly on top of the “feeder dyke” anomaly (dotted white
outline; Takanen and the 2.44 Ga intrusions outlined in white); Figure ¢ by H. Salmirinne.
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Overall, the depositional basement of the
Karelian greenstone belts is not clear (Holttd et
al. 2014). In many cases the volcanic rocks are
older than the surrounding TTG (e.g., Kuhmo,
Koshtomuksha) or the contact with surrounding
rocks is intrusive or tectonic; no unconformities
identified. The -2.94 Ga
Formation of the Suomussalmi belt (Fig. 1) may
have been deposited autochthonously on >3.0 Ga
TTG substrate (Martin et al. 1984; Luukkonen
1992; Papunen etal. 2009; Lehtonen etal. 2017).

Based on age and composition, granitoids
of the WKS can be divided into four groups:
1) TTGs, 2) sanukitoids, 3) quartz diorite—quartz
monzodiorite (QQ), and 4) granodiorite-granite-
monzogranite (GGM) (Kipyaho et al. 20006;
Mikkola et al. 2011). Plutonic activity was
dominated by TTGs until 2.75 Ga; that is, during
and after the cessation of volcanic activity in the

have been Luoma

Lentua complex at 2.79 Ga. A limited number of
TTGs yield ages down to 2.72-2.71 Ga (Mikkola
etal. 2011, 2012). TTG magmatism was followed
by the -2.72 Ga granitoids of the sanukitoid
suite (Heilimo et al. 2010), originating from a
lithospheric mantle enriched in LILE during
subduction. Sanukitoids were in turn followed by
the ~2.70 Ga QQ intrusions from a less enriched
and isotopically more juvenile source (Minttiri
& Holttd 2002; Mikkola et al. 2012). The last
voluminous magmatic event in the WKS was the
emplacement of 2.7 Ga anatectic leucogranitoids
(GGM) as small intrusions and dykes. The GGM
are coeval with the main migmatisation event of the
TTG gneisses (Kdpyaho et al. 2006, 2007; Mikkola
etal. 2011, 2012). Overall, the varying histories of
the individual subprovinces and complexes within
the Karelia Province reflect complex tectonic—
magmatic processes of Archean crustal formation
and accretion preceding the final amalgamation of
the continent corresponding to the present Karelia
Province at about 2.7 Ga (Lauri et al. 2011; Holttd
etal.2012a,2014,2021).

3. Earlier work in the Takanen
greenstone belt

The Takanen greenstone belt is 11 km long and
2-3 km wide (Figs. 2a, 3a). The belt is completely
covered by glacial deposits and the eponymous
lake Takanen. The Paleoproterozoic Kuusamo
schist belt is located 30 km to the north and the
Archean Suomussalmi greenstone belt 15 km to the
south (Fig. 2a). The TGB neighbors the 2.44 Ga
mafic-ultramafic Nirinkivaara intrusion (Fig. 2)
(Alapieti 1982; Jarvinen 2022), which together with
the tectonically fragmented Koillismaa intrusion
further west, and a large-scale linear positive
magnetic and gravity anomaly (“feeder dyke”) that
connects the two intrusions, forms the Koillismaa—
Nirinkidvaara layered igneous complex (KLIC)
(Alapieti 1982; Karinen 2010). The TGB is located
on top of the feeder dyke anomaly (Fig. 2¢). It has
been hypothesized that the anomaly represents a
long-lived trans-crustal structure and a pathway
for mantle-sourced magmas both in the Archean
(TGB) and Proterozoic (KLIC) (e.g., Jirvinen 2022;
Karampelas 2022).

Sporadic mineral exploration has been
conducted in the TGB since the late 1980’s (Fig. 3a)
(Vanhanen 1990; Iljina 2003; Vesanto 2003).
Based on drill core observations, the belt consists
of interlayered komatiites and mafic to felsic
schists and gneisses interpreted as volcanogenic.
Magnetic anomalies are associated with komatiitic
cumulates (Fig. 3a), and conductivity anomalies
with stratiform barren Fe-sulfide layers (<1 m thick)
continuous along strike and associated with both
felsic and mafic volcaniclastic rocks. No mineral
deposits have yet been found (see Rasilainen et al.
2012).

The belt is surrounded by Archean TTG
rocks. In 2003, the Geological Survey of Finland
(GTK) probed the “feeder dyke” anomaly by drill-
ing a 1.2-km-deep drill hole collared in the TGB
(R339 in Fig. 3¢) (Iljina et al. 2006). Notably, the
hole intersects the contact between the lowermost
~500 m of the TGB (felsic volcanic rock) and the
underlying Archean TTG rocks, as described later.
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4. Methods & Materials

4.1 Whole-rock samples

All of our petrographic observations are based
on drill core logging and samples derived from
them. A total of 32 drill holes, mostly 50-150 m
in length, have been drilled into the TGB (Fig. 3).
All whole-rock geochemical samples used in this
study come from previous projects (Vanhanen
1990; Iljina 2003; Vesanto 2003; Iljina et al. 20006).
Results include 202 X-ray fluorescence (XRF), 154
inductively coupled mass spectrometry (ICP-
MS), and 362 precious metal (Au, Pd, Pt) whole-
rock analyses. Note that the deepest drill hole
(R339) has been extensively sampled which may
cause some bias in the dataset (42 of the 202 XRF
analyses are from R339). In addition to the drill core
samples, analyses of 48 “top-of-bedrock” samples
taken during basal till sampling are included in
the geochemical data set (Fig. 3a; Iljina 2003).
Petrography has been determined with polarized-
light microscopy from 223 thin sections.
Whole-rock

the Geological Survey of Finland geochemical

analyses were performed at
laboratories. Analysis method codes (in parentheses)
are described in Rasilainen et al. (2007). Major
elements and some trace elements were analyzed
by XRF from pressed powder pellets (method
175X). The (REE) and
selected trace elements were analyzed by ICP-
MS after total dissolution (methods 308M/P).
Precious metals (Au, Pd, Pt) were analyzed by
graphite furnace atomic absorption spectrometry
(GFAAS) after preparation by either Pb fire-
assay (methods 704/705U) or Hg-precipitation
(methods 519/521U). Detection limits for
REE are 0.1-0.5 ppm and for precious metals
1-10 ppb. The analytical data are attached as an
Electronic Appendix (attachment S1). Whole-

rare-earth elements

rock geochemical results have been normalized to
volatile-free 100 wt.%, and Mg# has been calculated
as molar Mg/(Mg+Fe_).

4.2 U-Pb and Lu-Hf isotope analyses
4.2.1 Sample selection and preparation

Three whole-rock samples comprising 2-3 m of
halved drill core were collected for zircon separation
and isotope analysis (samples A2609, A2610, and
A2611 in Table 1). Sampling locations are marked
with stars in Fig. 3b and 3e. Separation of sample
A2609 did not produce zircon and it is dismissed.

Zircon grains for U-Pb dating were selected
by hand-picking after crushing and milling, heavy
liquid and magnetic separation. Zircons were
mounted in epoxy resin, sectioned approximately
in half, and polished. Back-scattered electron (BSE)
and cathodoluminescence (CL) images were used to
target the analysis spots.

4.2.2 U-Pb LA-ICPMS analyses

Single-grain zircon U-Pb dating analyses were
performed at the Geological Survey of Finland in
Espoo by using a Nu Plasma AttoM single collector
LA-ICP-MS connected to a Photon Machine
Excite laser ablation system. Detailed description
of the applied method can be found in Molndr
et al. (2018) and is also attached in Appendix
S1. Calibration standard GJ-1 (609 + 1 Ma;
Belousova et al. 2006) and in-house standards
A382 (1877 +2Ma) and A1772 (2711 + 1 Ma;
Huhma et al. 2012a) were run at the beginning
and end of each analytical session, and at regular
intervals during sessions. Plotting of the U-Pb
isotopic data and age calculations were performed
using the Isoplot/Ex 4.15 program (Ludwig 2003).
All ages were calculated with 26 errors and without
decay constants errors. All errors in the figures are at
the 2 level.

4.2.3 Lu-Hf LA-ICPMS analyses

Single-grain zircon Lu-Hf isotope analyses were
performed at the Geological Survey of Finland in
Espoo by using a Nu Plasma HR multi-collector
ICP-MS and a Photon Machine Analyte G2 laser
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microprobe over or adjacent to the U-Pb analysis
spots. Detailed description of the applied method
can be found in Heilimo et al. (2023) and is also
attached in Appendix S1. For the calculation of
g, values we used present-day

76Hf/"77Hf = 0.282785 and

chondritic
176Lu/'"Hf=0.0336

(Bouvier et al. 2008). The standard/reference zircon
GJ-1 was run as unknown at frequent intervals.
The observed external reproducibility on the GJ-1
reference zircon gives a 2c-uncertainty estimate
of + 1.6 &-units on single spot analysis.
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5. Results

5.1 Lithology and stratigraphy of
the Takanen greenstone belt

Lithology and stratigraphy of the belt is summarized
in Fig. 3. The Archean TTGs underneath the
southern contact are strongly foliated and folded
heterogeneous grey biotite tonalite gneisses (Fig. 5a)
crosscut by several granitoid dykes (GGM?)
and locally migmatized (Iljina et al. 2006). The
TGB is mostly composed of fine grained (meta)
volcanic and volcaniclastic schists and gneisses
metamorphosed at lower (epidote)-amphibolite
facies. Due to rarity of the preserved primary
textures, the rocks have been classified based on their
whole-rock composition into two suites (see next
section). First, a mafic-ultramafic tholeiitic suite
composed of komatiites and komatiitic-tholeiitic
basalts, and second, a felsic-intermediate calc-
alkaline suite composed of volcaniclastic rocks.
The structure of the belt is poorly constrained
but based on unit correlations and oriented drill
core samples (n=6) we interpreted it as a syncline,
with the southern limb dipping 45-75° north and
the northern limb dipping ~75° south (Fig. 3b). The
stratigraphic sequence of the TGB is estimated to
be at least 800 m thick. Based on the age data (this
study), the TGB consists of stratigraphically lower
part (<2.96 Ga, most of the belt) and an upper part
in the center of the syncline (-2.70 Ga, hatched
section in Fig. 3b). Lithologically, both parts are
similar, being composed of interlayered sequences
of the aforementioned rock types. Proportions and
occurrence styles of komatiitic and tholeiitic rocks
differ, however, with thick continuous sequences
restricted to the lower part of the belt (Fig. 3).

Stratigraphically lower part (<2.96 Ga)

The lowermost unit of the TGB is intersected
along the southern border of the TGB (Fig. 3b
and 3e). It consists of strongly foliated plagioclase-
quartz-biotite gneiss, locally with plagioclase
porphyroclasts and phenocrysts (Figs. 5b—d), and
is homogeneous compared to the underlying TTGs

(Fig. 5a). We interpreted this unit as a felsic volcanic
rock. No exact lithological contact, unconformity,
or fault was observed in drill core. Instead, there is
a textural gradation from the strongly gneissose
heterogeneous TTGs (e.g., cm-scale augen) to the
weakly gneissose and homogeneous felsic volcanic
rock of the TGB. A change to more homogeneous
geochemical and petrophysical ~characteristics
can be seen in drill hole R339 at a depth of 495 m
(Fig. 4). We concur with Iljina et al. (2006) and
interpret this as the basal contact of the TGB.
One-meter-thick Fe-sulfide
layer is found at the upper contact of the basal
felsic volcanic unit (Fig. 3e, 4). This is followed by
2200 m interval of tholeiitic- and minor komatiitic
basalt (Fig. 3e). The basalts

amphibole, plagioclase, biotite, and minor epidote

semi-massive

are composed of

(Fig. 5e); komatiitic basalts are richer in amphibole.
In drill core, the rocks are dark green to grey,
foliated, and range from coherent homogeneous
5-100 m intervals to banded on the cm-dm scale.
Homogeneous basalts are clearly lavas; thin quartz-
feldspar veinlets are common, and few brecciated
sections with similar white infill may represent
inter-pillow material but no obvious pillow
structures were observed. Compositional banding
may indicate volcaniclastic tuffs/tuffites or thin
flows (Figs. 5f, g). The basalt sequence is followed by
a unit of intermediate volcanic rocks which have the
same mineral assemblage as the basalts but are richer
in biotite and also contain quartz. Correlations
between profiles in Fig. 3b and 3e are not exact, and
from this point upwards stratigraphy of the belt is
less well constrained.

Above the basalt-rich section, the stratigraphy
of the belt is dominated by fine-grained felsic-
intermediate  plagioclase-quartz-biotite  schists
and gneisses intercalated with 1-20 m thick units
of mafic-ultramafic lavas and tuffs. Contacts
are sharp or diffuse and no major tectonic
contacts or unconformities are identified. The
felsic-intermediate grey, foliated,

and sometimes complexly folded, and -either

schists are

homogeneous or thinly banded on the cm-scale.

Possible ~ pyroclastic types contain aggerate
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Figure 4. Drill core log of hole R339 (see Fig. 3e), with petrophysical (a-c), whole-rock geochemical (d-g) and lithological
data plotted (modified from lljina et al. 2006). Contact between the underlying heterogeneous Archean TTG rocks and the
homogeneous basal 2.96 Ga felsic volcanic unit of the Takanen greenstone beltis located at ~495 m.

plagioclase-quartz clasts up to 3-10 mm size
(Fig. 5i). Banded finer grained schists show shear
bands but also locally suggest relict bedding or
lamina (Fig. 5g). Strongly deformed types show

gneissose fabrics (Fig. 5h). Textural variation in
the felsic-intermediate schists probably reflects
both primary depositional features and strain
partitioning during deformation.
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Figure 5. Photomicrographs photos of main rock types in the Takanen greenstone belt (TGB). In parentheses, drill
hole id and sample depth; parallel-polarized = PP, Cross-polarized = XP. Abbreviated mineral names are quartz (Qz),
plagioclase (PI), biotite (Bt), amphibole (Am), epidote (Epi). a) Archean TTGs in drill hole R339 are strongly foliated and
folded heterogeneous tonalitic gneisses with 1-5 cm Qz-Pl lenses and 0.5-2 cm fragments surrounded by Bt-rich seams
(sample R339 689.60 m, XP). Lowermost felsic volcanic unit (b-d): b) fine to mid grained PI-Qz-Bt gneiss with up to
10 mm plagioclase porphyroclasts (secondary muscovite in fractures); U-Pb dating sample A2611 (2.96 Ga) from this
interval (R339 277.75 m, XP). ¢c) homogeneous PI-Qz-Bt gneiss (R318 79.9 m, XP). d) PI-Qz-Bt gneiss with sericited PI
porphyroblasts or relict phenocrysts (R323 50.40 m, left PP, right XP). e) Lower-left is typical homogeneous tholeiitic
(meta)basalt with assemblage Am-PI-(Bt-Epi) (R318 35.20 m, XP). Upper-right is LREE-enriched basalt with same
assemblage (R321 123.35m, XP). f) Thin komatiitic flow (20 wt.% MgO) with banded texture showing alternating Am and
Am-Pl-rich layers (R319 89.30 m, XP). g) Thinly intercalated mafic-felsic schists with mm-cm scale compositional layering
(primary bedding in tuffites?). Dashed line separates alternating PI-Bt-Qz and Am-PI-(Bt-Qz) -rich layers (R319 108.10 m,
upper-left PP, lower-left XP). h) Sheared PI-Qz-Bt gneiss (R322 28.30 m, PP). Felsic-intermediate volcanic/volcaniclastic
rocks of the uppermost part of TGB stratigraphy (i-j): i) PI-Qz-Bt schist showing a 5 mm PI-Qz-Bt clast (possible relict
pyroclast?) (R332 98.40 m, XP). j) weakly banded lepidoblastic PI-Qz-Bt schist; U-Pb dating sample A2610 (2.71 Ga) from
this interval (R332 39.50 m, XP). k) Grano-/lepidoblastic PI-Qz-Bt gneiss with sieve-textured garnet porphyroblasts (R326
21.00 m, PP). ) Serpentinite with relict olivine-(chromite) adcumulate texture, secondary magnetite on grain boundaries
(R32530.95m, PP).
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Komatiites

Komatiites are found as thin flows and thick
cumulate bodies. The komatiitic interlayers within
the lowermost basalt sequence (Fig. 3b) appear
as relatively thin (<5 m; Fig. 5f) discontinuous
lenses as they are not intersected in all drill
holes (e.g., in R339). Magnetic anomalies are
commonly associated with thick (at least 2050 m)
homogeneous serpentinite bodies, interpreted
as komatiitic lava channel cumulates (Fig. 3a).
In the western end of the belt, better preserved
komatiitic cumulates are found and two flow-units
can be identified (Figs. 3¢, d). The lower unit is a
60-80 m thick upwards-fractionated cumulate
series composed of harzburgite, olivine pyroxenite,
and gabbro. It likely represents a ponded flow
or a sill. The upper flow-unit is a 20-m-thick
undifferentiated dunite (channel facies olivine
adcumulate) with a sharp contact to the underlying
pyroxenite. The dunite contains pseudomorphs
after olivine and trace amounts of disseminated
cumulus chromite (Fig. 51). Dip of both units
is shallow and becomes subhorizontal in the
western end of the belt (Fig. 3¢). Footwall rocks
of these cumulate bodies vary from basalt to felsic
volcaniclastic rocks, and both sharp and hybridized
(partly molten) contacts are observed suggesting an
upwards younging direction.

Stratigraphically uppermostpart (2.71 Ga)

Towards the north and northwest textures be-
come lepidoblastic and equigranular (0.1-1 mm)
(Fig. 5j); some drill holes also contain garnet por-
phyroblasts (Fig. 5k). More equilibrated lepido-
blastic textures and garnet imply an increasing
metamorphic gradient towards the north (garnet
in R326 and R332-334 in Fig. 3a). The strati-
graphically uppermost part of the TGB (cross-
hatched section in Fig. 3b) is composed of fine
grained weakly layered lepidoblastic plagioclase-
biotite-quartz schists of andesitic-dacitic composi-
tion, locally with possible relict pyroclasts
(Figs. 5i, j), and with 0.5-5 m interlayers of ba-
salt and komatiite. A felsic-intermediate layer
bounded by mafic units above and below is

interpreted as pyroclastic and was sampled for
zircon U-Pb dating (sample A2610 in Table 1;
Fig. 5j). Although lithologically similar to the
underlying stratigraphy, this uppermost felsic-
intermediate unit has a very distinct trace-
element and isotopic composition (nextsections).

Sulfide layers

Several massive to semi-massive Fe-sulfide layers
are found in the TGB. Three thickest layers are
0.5-1 m thick (Figs. 3b, e¢) with several thinner
layers also found. The layers are associated with
felsic and less often mafic volcaniclastic rocks,
typically at unit contacts but also within units.
The lowermost sulfide layer is found along
the contact between the lowermost felsic and
mafic volcanic units (Figs. 3b, e). The irregular
layers are composed of compact pyrrhotite and
minor pyrite with trace chalcopyrite, and with
abundant felsic lithic clasts (breccia?) supported
by sulfide matrix, such that the total sulfide
volume is about 30-60 vol.%. In the eastern
end of the belt, pegmatitic granites crosscut supra-
crustal rocks of the TGB, with massive hydro-
thermal (or remobilized?) sulfide veins cutting and
brecciating other rock types (Vanhanen 1990).
Disseminated sulfides are also found in all rock types
in Takanen typically in minor amounts, but can
locally be up to 1 wt.% S. All sulfide occurrences
regardless of texture and host rock association are
metal-poor except for Fe (Vanhanen 1990; Iljina et
al. 2000).

Dykes

In addition to supracrustal rocks, the TGB is

crosscut by locally abundant and generally 1-10 m

thick granitoid dykes (see Vanhanen 1990). Three

typesare observed:

1) Dark
(1-3 mm) granodiorites typically forming thin
(<1 m) and undeformed dykes;

2) Pale medium grained feldspar-phyric (2-5 mm)

colored fine-grained feldspar-phyric

granite-granodiorites typically forming 1-2-
meter-thick weakly deformed dykes; and
3) White or reddish quartz-rich granite pegmatites.
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Figure 6. Whole-rock geochemical compositions of samples from the Takanen belt on variation diagrams. a-i) MgO on the
X-axisvs. Si0,, TiO,, AI203, Ca0,Na,0,K,0, FeOmand Ni, and Cron the Y-axis. j) Jensen cation diagram, k) TAS diagram. Age
determination samples marked with yellow (A2611) and black (A2610) stars. Note that most other geochemical diagrams
inthis paper use the same colors/symbols.
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The granitoid dykes have not been dated, but at
least some likely represent the -2.7 Ga GGM
magmatism (Kipyaho etal. 2006; Lauri et al. 2006).
Few diabase dykes are found and are assumed to be
Proterozoic. Few lamproite and lamprophyre dykes
are found crosscutting the TTG’s and the lowermost
part of the TGB (Iljina et al. 2006).

5.2 Geochemistry

Whole-rock geochemical variations in the Takanen
greenstone belt are illustrated in Figs. 6 and 7.
Samples have a bi-modal distribution (Fig. 6j),
consisting of a komatiitic-tholeiitic mafic-ultra-
mafic suite and a calc-alkaline felsic-intermediate
suite.

Calc-alkaline suite and TTGs

Felsic-intermediate volcaniclastic rocks making
up the calc-alkaline suite are, based on their major
element compositions, sub-alkaline andesites-
dacites-rhyolites (Figs. 6, k). Primary division of
the calc-alkaline suite into two groups is based on
the distinct REE patterns between the two groups
(Fig. 7e).

The older, lower group (n=31) encompasses the
southern and northern parts of the belt (Fig. 3b),
and shows strongly LREE-enriched trace element
patterns with Eu/Eu* of 0.6-1.0 (Figs. 7d, ¢).
Samples of the lower group are geochemically
similar to the Archean TTGs (Fig. 6). Both are
LREE-enriched, with similar flacHREE and
slightly HREE-enriched subgroups (Fig. 7d). The
older volcaniclastic and TTG samples show average
values for (La/Yb) of 16 and 24 and for St/Y of
26 and 32, respectively. These are transitional values
between the Archean TTG and calc-alkaline magma
series as defined by Condie (2014).

The younger, uppermost group (n=2), present
only in the center of the syncline (cross-hatched
in Fig. 3b), plots as andesite-dacite in Fig. 6k and
shows higher contents of Ni (140 ppm) and Cr
(420 ppm) compared to the calc-alkaline samples
of the lower group (40 ppm Ni and 80 ppm Ci).
The younger group (n=2) shows very weakly

fractionated REE-patterns with average (La/Yb)
of 2, Eu/Eu* of 1.1-1.2, and total REE abundances
similar to tholeiitic samples (Figs. 7e, 8). Average
St/Y is 14. These values suggest island arc or plateau
afhnity (Condie 2014).

Mafic-ultramafic rocks

The mafic-ultramafic rocks show flac or weakly
LREE-depleted patterns with REE-abundances
approximately 1-5 times relative to primitive
mantle (PM, Fig. 7a). Tholeiitic basalts (Fig. 7¢)
have 0.5-1 times REE-abundance (n=30) of
MORB (not shown). They show positive anomalies
for the fluid-mobile elements Rb, Ba, K, Sr, and
weak negative anomalies (Eu/Eu*=0.75-1.05). An
exception is a group of tholeiitic-komatiitic basalt
samples with LREE-enriched patterns (n=11) and
positive Rb, Ba, K, Sr, Th, U anomalies suggesting
crustal contamination (Fig. 7b).

Komatiites are characterized by high MgO
(>18 wt.%), Ni (500-2500 ppm) and Cr (1200—
4000 ppm) (Fig. 6). They plot as Al-undepleted
komatiites in Fig. 8. Thicker serpentinite bodies
contain 40-46 wt.% MgO and fall on olivine
control lines in various diagrams (not shown)
indicating the rocks are almost pure olivine
cumulates. MgO-poorer cumulates (20-35 wt.%
MgO) plot between olivine-pyroxene control
lines suggesting that they represent olivine-
clinopyroxene cumulates, also corroborated by
relatively high CaO contents of these samples
(Fig. 6d). Komatiitic basalts contain less Al,O, and
more MgO and Cr compared to tholeiitic basalts,
reflecting differences in modal plagioclase and
clinopyroxene (now amphibole). No fresh olivine
has been observed in komatiitic cumulates in the
TGB, however, the most primitive low-porosity
dunite sample has a whole-rock Mg# of 90 which
should approximate the average Fo contents of
cumulus olivine in the sample (e.g., Arndt et al.
2008).

Base-metal contents of mafic-ultramafic rocks
are low with Cu and Zn both <200 ppm. Highest
Ni values of 2500 ppm are associated with olivine
cumulates. Pd and Pt are generally below 10 ppb



122 Jarvinen, Karampelas, Ramo, Halkoaho, Tormanen, Mikkola and Lahaye

3.50

o
&
3.251 o
El
3.00 o
: Lowermost unit
2.754 : 2.96 Ga

2.50- o Die
= 2.251 : W

<

S 2.001

= 1.751
1.501
1.254

1.004

o Uppermost unit
0.751 ; 271 Ga
0.50

0 5 10 15 20 25 30 35 40 45 50

ALO,TiO,
Figure 8. Whole-rock samples from the Takanen green-
stone belt on a (Gd/Yb), vs. Al,0,/TiO, diagram. Komatiitic
samples plot as Al-undepleted komatiites (Arndt et al.
2008). Normalization values from McDonough & Sun
(1995). Colors and symbols as in Fig. 6. Units with zircon
U-Pb samples marked with stars.

Sample A2610 (2.70 Ga)

(highest 25 ppb). Au is generally below 10 ppb but
about twenty samples show slightly anomalous
values of 25-120 ppb (see S1).

5.3 Isotope analyses
5.3.1 U-Pb results

Results of single-grain zircon U-Pb isotope analyses
of two dated samples (Table 1) can be found in
Appendix S1 and are summarized in Fig. 10.
Sample A2611 is from the upper parts of the
stratigraphically lowermost felsic volcanic unit
of the TGB (Figs. 3e, 4). Its zircon population is
characterized by zoned and partly metamict zircon
grains, some of which display core-rim structures
(Figs. 9¢c, d). A total of 61 spot analyses from

43 zircon grains were made. Some results plot above

2638+26 M4

Cc

Figure 9. Backscattered electron images of selected zircon grains from (a-b) sample A2610 and (c-d) sample A2611; see Table 1.
Laser ablation spot locations for U-Pb and Lu-Hf isotope analyses indicated with white circles and labeled with obtained 2°’Pb/2°Pb

ages and 1o-errors.
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the concordia (Fig. 10a). This is attributed to matrix
effects in the partially metamict zircon, resulting
in fractionation of U during sample ablation and
analysis. Although lead isotopes are unaffected by
these effects, and thus the *"Pb/?*Pb ages for the
zircons could be considered trustworthy (see A1772
in Huhma et al. 2012a), we excluded all analyses
(n=9) with concordancy >105%. Additionally, one
analysis with high common lead was discarded.
The remaining 51 analyses display ’Pb/**Pb ages
ranging from 2.70 to 3.00 Ga, and form three
distinct groups: 3.00-2.92 Ga, -2.83 Ga, and
2.76-2.70 Ga (Fig. 10a). Weighted average for the
oldest group is 2958 + 8 Ma and for the youngest
group 2726 + 19 Ma (Fig. 10b). Ages from grain
rims fall in all three groups, but are more abundant
in the two younger groups, in which 5 out of 7 and
2 out of 2 analyses are from rims. Average Th/U for
the oldest group is 0.59 and for the youngest group
0.07 (excluding one outlier at 1.81), values which
are characteristic for magmatic and metamorphic
zircons, respectively (Rubatto & Hermann 2017).
Based on the clearly differing age groups, zircon
morphology, and U/Th ratios, we interpret the
oldest age (2.96 Ga) as the igneous crystallization
age of the felsic volcanic unit, and the two younger
ages as resetting of the U-Pb system and/or
overgrowths caused by younger thermal events.

Sample A2610 is from the stratigraphically
uppermost felsic-intermediate volcanic unit of
the TGB (Fig. 3b). Zircon grains do not display
clear oscillatory zoning (Figs. 9a,b). Total of
62 spots from 50 grains were analyzed. One grain
was excluded as obvious contamination (dated
0.67 Ga), and two analyses were excluded based
on high common lead content. The remaining 58
analyses show Th/U between 0.17-0.75 (average
0.38) and define a concordia age of 2706 + 4 Ma
(Fig. 10c). We interpret this (2.71 Ga) as the
igneous crystallization age of the rock.

5.3.2 Lu-Hf results

A total of 21 zircon grains from the two dated
samples were measured for their Lu-Hf isotope
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composition. Results can be found in Appendix
S1. Figure 1la-b displays the initial Hf isotope
compositions of the samples expressed as weighted
mean ¢ values calculated assuming + 1.6 &-units
as the external 26 reproducibility based on the
GJ-1 reference zircon results. The weighted
average of the initial & value for sample A2611 is
-4.4 + 1.0 (20) at 2.95 Ga, and for sample A2610
it is 1.0 £ 0.8 (20) at 2.70 Ga. These are robust
values and probably deliver reasonable initial
isotope compositions for the two intermediate/
silicic magmatic events. All analyzed zircon grains
from the upper sample A2610 are from the core
parts of the grain, have escaped post-emplacement

data point error symbols are 20

resetting by subsequent thermal events, and define
a near-chondritic initial Hf isotope composition for
this magmatic event. In contrast, U-Pb systematics
of 4 of the 13 spots analyzed from zircon grains in
sample A2611 have been reset close to 2.75 Ga
(Fig. 10a—b), but their Lu-Hf isotope system has
remained closed as they plot along the 7°Hf/"’Hf
evolution paths of crystals that have not been reset
(Fig. 11¢). This highlights the importance of the
Lu-Hf isotope system as a proxy of source
components in systems in which the U-Pb system
has not remained closed (cf. Andersen 2012; Pokki
et al. 2013).
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6. Discussion

6.1 U-Pb age and Hf-isotope
systematics and comparisons

The 2.96 Ga crystallization age obtained for the
stratigraphically lowermost felsic volcanic unit of
the Takanen greenstone belt (TGB; sample A2611)
is similar to the oldest ~2.94 Ga ages obtained from
the Suomussalmi greenstone belt (Lehtonen et al.
2017) and enforces the interpretation of the TGB as
its direct continuation. Oldest TTG gneisses of the
Lentua complex display similar ages (Fig. 2a). The
existence of >2.95 Ga granitoid crust in northern
parts of the Lentua complex is well established based
on igneous crystallization ages, inherited zircons
(<3.2 Ga), and T, ages of >3.0 Ga (Mikkola et
al. 2011, Holttd et al. 2021). Our Lu-Hf data from
A2611 provides further evidence for existence
of, and contribution from, pre-existing (~3.2 Ga)
Mesoarchean crust (Fig. 11c). The youngest age
group of sample A2611 (2.73 Ga) is likely linked
to a metamorphic episode with growth of new
low Th/U zircon, which in-turn may be associated
with the 2.71 Ga silicic magmatism found at the
stratigraphic top of the TGB (sample A2610 below)
as both events yield U-Pb ages overlapping within
error (Fig. 10a). It would appear that the Lu-Hf
isotope system is robust and remained closed in
A2611, even when the U-Pb isotope system of some
zircon rims has been resetat ~2.7 Ga (Fig. 11c).

The 2.71 Ga crystallization age obtained from
the stratigraphically uppermost felsic-intermediate
volcanic unit of the TGB (sample A2610) has not
previously been reported from volcanic rocks in
the Western Karelia Subprovince (WKS); however,
plutonic rocks of the same age are common both in
Lentua and adjacent complexes (Holetd & Minttiri
2002, Lauri et al. 2011, Mikkola et al. 2011; Holttid
etal. 2021). Metasedimentary units with maximum
depositional ages of ~2.7 Ga are found south of the
TGB (Kontinen et al. 2007; Huhma et al. 2012a)
and could be sourced from 2.71 Ga volcanics such
as in the TGB. The near-chondritic Lu-Hf data
(eHf +1.0) suggests a clearly more juvenile source

for the 2.71 Ga succession than for the 2.96 Ga one
(Fig. 11¢). Also, the relatively high contents of Ni
and Cr (Figs. 6h, i) indicate mantle-aflinity for the
2.71 Gaunit. Compared to the previously described
2.72-2.70 Ga granitoid magmatism interpreted
as being sourced from mantle (sanukitoids, QQs;
Heilimo et al. 2010, Mikkola et al. 2011), the
2.71 Ga unit shows very weakly fractionated
REE with (La/Yb) of 2 compared to 6-15 of the
granitoids. Thus, the 2.71 Ga unit in the TGB thus
provides a compositionally juvenile addition to this
last major crust forming event in the WKS.

Volcanic rocks of the 2.70-2.75 Ga age group
are more abundant in the Central Karelia Province
(CKS). The Khedozero-Bolshozero greenstone belt
(Fig. 1) bears similarities to the younger 2.71 Ga
part of the TGB: (1) U-Pb age of 2.71-2.70 Ga; (2)
similar lithological association comprising basalt,
andesite, dacite, rhyolite (so-called BADR-suite)
but missing komatiitic rocks; (3) near-chondritic
initial &, of 0.3-2.6 but with strongly fractionated
LREE (Myskova et al. 2020). Volcanic rocks in the
Khedozero-Bolshozero belt are LREE-enriched
and have been suggested as extrusive equivalents of
sanukitoids (Myskova etal. 2020).

6.2 Depositional setting

The TGB is composed primarily of rocks of the
BADR-suite (basalt-andesite-dacite-rhyolite) with
komatiites and komatiitic basalts. The BADR-
with-komatiites—association is common in Archean
greenstone belts in northern Fennoscandia and
is commonly attributed to a plume-tectonic
geodynamic model, whereby the BADR-suite is
related to a subduction or collisional setting in a
continental margin or island-arc and the komatiitic
rocks to mantle-plume input (Holttd et al. 2014;
Vrevskii 2019; Myskova et al. 2020; Slabunov et al.
2021).

Rocks of the Takanen greenstone belt have
been deformed and overprinted by at least one
metamorphic event and only broad interpretations
regarding their depositional setting are suggested.
Plume-input is inferred from presence of komatiitic
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flows in both older and younger parts of the TGB
(Fig. 3b). No platform, pelagic, or fluvial-alluvial
metasediments  (pelites, blackschist, carbonate-
rocks, quartzites, conglomerates) are identified.
The calc-alkaline succession in the TGB does
not contain coarse volcanic breccias or lavas
(i.e., proximal volcanic facies), and thus likely
represents fine-grained distal ash fall deposits and
resedimented volcaniclastic deposits likely mixed
with epiclastic material, that s, poorly differentiated
sediments, e.g., metatuffites or
metagraywackes (cf. Slabunov et al. 2021).
Komatiites and tholeiitic basalts with (uncertain)
pillow structures indicate sub-aqueous deposition.

immature

Barren massive Fe-sulfide layers have not been
described from other Finnish greenstone belts but
are known elsewhere (e.g., Kohler & Anhaeusser
2002; Polito et al. 2007). The Fe-sulfide layers in
the TGB may represent magmatic-hydrothermal
exhalative chemical sediments (i.e., sulfide-facies
banded iron formation; Pirajno & Yu 2021), and
thus they may indicate the position of the paleo-
seafloor during inter-eruptive volcanic hiatuses.

In the older part of the TGB, a crustal
contamination signature is found in some tholeiitic-
komatiitic basalt samples (Fig. 7c) suggesting a
rift-setting  (similar to Suomussalmi; Papunen
et al. 2009). This interpretation is hampered by
the lack of low detection limit ICP-MS data for
most trace elements other than the REE (S1).
Furthermore, inferring crustal contamination
from metamorphosed extrusive rocks that may
have been contaminated during volcanic or
sedimentary processes (tuffites) is problematic. The
contaminated and non-contaminated metabasalts
in our sample set show similar lithologies and
(Fig. 5e)  suggesting
during igneous processes. Judging from the

textures contamination
relatively small amount and scattered stratigraphic
position of LREE-enriched basalt samples, crustal
contamination may have been a relatively small-
scale or localized process.

Trace-element characteristics of the younger
part of the TGB are similar with so called “hot
rhyolites” (group F/V'in Hart et al. 2004), with the
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Figure 12. Whole-rock Nb/Yb vs. Th/Yb diagram
illustrating subduction vs. mantle-plume signatures in
the Takanen belt (colors as in Fig. 6; age dating sample
A2611 marked with yellow star); comparisons from
Suomussalmi (Kiannaniemi locality) and Khedozero-
Bolshozero greenstone belts (Papunen et al. 2009;
Myskova et al. 2020). In this study, Nb analyses are only
available from drill hole R339 (Fig. 3e). Arrays and mantle
sources (N-MORB, PM, E-MORB, OIB) after Smithies et al.
(2018).

major difference that the samples from the TGB are
andesitic-dacitic and not rhyolitic (60 wt.% vs. 70
wt.% of SiO2). Petrogenesis of “hot rhyolites” has
been interpreted to occur in the shallow crust (<15
km deep) with heat for partial melting supplied by,
e.g., mafic-ultramafic intrusions in an extensional
setting (Hart et al. 2004). Such “hot rhyolites” are
considered highly prospective for VMS deposits.

Overall, for the older part of the TGB, the thinly
intercalated calc-alkaline and (partly contaminated)
tholeiitic-komatiitic rocks suggest a sub-aqueous
setting distal to an arc-type volcanic front, or a rift-
type setting with bi-modal magmatism, both with
plume-input. For the younger part of the TGB, the
juvenile isotope and geochemical characteristics
of the unit suggest an arc-type (back-arc rift) or
oceanic plateau setting, with the former favored as
the lithological association is dominated by calc-
alkaline felsic-intermediate volcaniclastic rocks
(BADR-suite).

The calc-alkaline and tholeiitic-komatiitic rocks
of TGB are thinly intercalated, a configuration
unlikely to be caused by post-depositional
tectonic juxtaposition. To explain the roughly
arc-type  and  plume-type
magmatism in the TGB, two other options are

co temporaneo us
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presented: (1) the previously mentioned plume-
tectonics model with coeval mantle plume and
(possibly episodic) subduction related magmatism
(Grove & Parman 2004; Moyen & Van Hunen
2012; Rehm et al. 2021); or (2) mantle-plume
AFC processes with tholeiitic basaltic magma
being contaminated with TTG crust (Barnes &
Kranendonk 2014; Vrevskii 2019). Discriminating
between subduction and plume-AFC models is
dependent on the timing of crustal contamination
relative to melt production (Smithies et al. 2018).
In subduction models, metasomatism of the
mantle wedge by mobile elements sourced from a
dehydrating plate occurs prior to melting, whereas
in plume-AFC—models contamination occurs
during assimilation of crustal material after primary
melts have already been produced. Nb/Yb vs. Th/
Yb plots may discriminate between these effects
(Smithies et al. 2018). This is illustrated for Takanen
in Fig. 12 where the analyzed samples plot within
the continental arc-array; however, only a few low-
detection limit Nb-Th analyses are available from
the TGB (all from R339; see S1), and thus the

results are provisional only.

6.3 Stratigraphic correlations and
implications

The contact between the lowermost 2.96 Ga felsic
volcanic unit of the TGB and the underlying TTGs
appears texturally gradational in the only drill core
transecting it (Fig. 4). As no tectonic contact is
observed, and the presence of >2.95 Ga TTG crust
in the northern Lentua complex has been routinely
inferred, we tentatively suggest that the basal
unit of the TGB may have been deposited (non-
conformably) on exhumed plutonic TTG basement.
However, the underlying TTG will need to be dated
to further test this hypothesis.

An age difference of approximately 250 My
and differing trace-element characteristics between
the lower (<2.96 Ga) and upper (2.71 Ga) parts
of the TGB stratigraphy (Figs. 7e, 8) indicate
that the belt is comprised rocks formed in at least
two individual events, likely in differing tectonic

settings, as has been previously inferred for the
nearby Suomussalmi belt composed of a ~2.94 Ga
and a 2.84-2.82 Ga component (Lehtonen et al.
2017). The upper and lower parts of the TGB are
either tectonically accreted or they are separated
by a depositional unconformity, obscured by
younger deformation and metamorphism. In the
latter case, the older and younger parts of the TGB
would be expected to be separated by an orogenic
cycle comprising burial, metamorphism, and
exhumation, followed by deposition of the 2.71 Ga
succession on the <2.96 Ga greenstone association.
The two 2.83 Ga zircon rims in sample A2611 (S1)
may record this older metamorphic event, if they are
not caused by partial resetting of U-Pb systematics
of older grains during the 2.7 Ga event. Note that
the stratigraphic thickness of the younger 2.71 Ga
unit of the TGB remains poorly constrained as the
current interpretation is based solely on the distinct
REE-pattern of this unit (Fig. 7e; see section 5.2).
Stratigraphic correlations between the Taka-
nen and the Suomussalmi greenstone belts are
suggested based on similar lithological associations
and U-Pb ages. The 2.96 Ga basal felsic volcanic
unit of the TGB can be correlated to the lowermost
stratigraphic unit in the Suomussalmi greenstone
belt, the Luoma Formation. Luoma is 50-1000 m
thick and consists of felsic and intermediate
rocks, tuffs, tuffites,
sedimentary interlayers, and minor komatiite flows

volcanic mafic lavas,
and serpentinites with an age of 2.94 Ga (Luuk-
konen et al. 2002; Papunen et al. 2009; Huhma
et al. 2012a; Lehtonen et al. 2017). The up to
100-m-thick differentiated and non-differentiated
komatiitic cumulates of the TGB are geochemically
and lithologically similar to the Kellojirvi
ultramafic cumulate complex and they may thus
correlate to the 2793+3 Ma Siivikko Formation
in the Kuhmo belt (Fig. 1) (Papunen et al. 2009;
Lehtonen et al. 2016). The Cr-basalts found at the
top of Siivikko (Halkoaho et al. 2000) are, however,
not found in Takanen.

For the 2.71 Ga upper part of the TGB, we
interpret it as part of a juvenile plume-influenced
arc-system. We suggest a correlation to the 2.71—
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Figure 13. Suggested correlation of the younger (2.71 Ga)
part of the Takanen greenstone belt with the 2.75-
2.70 Ga Kenozero-Bolshozero and llomantsi greenstone
belts illustrated on an aeromagnetic map (Korhonen et
al. 2002; see also Kulikov et al. 2017). Box in inset shows
area in geophysical map (cf. Fig. 1).

2.70 Ga Kenoshero-Bolshozero belt (Myskova et
al. 2020) and further to the 2.88—-2.75 Ga Illomantsi
belt (Sorjonen-Ward 1993; Huhma et al. 2012a).
On the aeromagnetic map in Fig. 13, the Takanen—
Kenoshero-Bolshozero—Ilomantsi belts would form
a curvilinear 2.75-2.70 Ga orogenic margin that
roughly follows the boundary between the Western
and Central Karelia Subprovinces as proposed
by Holetd et al. (2012a) (cf. Fig. 1). We suggest
that the TGB marks the northwestern part of this
subprovince boundary.

A general correlation between the Archean
Karelia and Superior cratons has been suggested
based on similar ages and characters of Archean
TTGs and greenstone sequences (Stone 2005;
Strong et al. 2022, 2023; see also Ernst & Bleeker
2010). A model indicating rifting of the Archean
Superior proto-craton at 3.0-2.9 Ga followed by

collision and orogeny at 2.7 Ga has been suggested
(Strong et al. 2023). A similar model for the WKS
can be tentatively suggested based on our results,
with the lowest parts of both the Takanen and
Suomussalmi belts possibly representing rifting
of the Karelia craton at -2.95 Ga, followed by
collisional arc-magmatism at 2.75-2.70 Ga in a
craton-wide orogeny, represented, in part, by the
margin in Fig. 13. The older part of the Takanen
greenstone belt was deformed and the U-Pb system
partly overprinted by this ~2.7 Ga orogenic event.
The younger part would then have been deposited
unconformably on top of the older partof the belt.

6.4 Komatiite volcanology and
Ni-potential

Komatiite facies in the Takanen greenstone belt
varies from 1) thin flows (1-10 m) intercalated
with other rock types to 2) at least 80 m-thick
differentiated pooled flows or sills showing
differentiation from peridotite to gabbro, to 3)
undifferentiated dunitic cumulates interpreted as
bases of channelized flows (Fig. 51) (Gole & Barnes
2020). Dunitic channel-facies cumulates with
both high MgO and low Cr have been previously
interpreted as highly prospective (Barnes 1998;
Konnunaho 2016) but such rock compositions
have not been found in this study. The MgO vs. Cr
diagram in Fig. 14a indicates that all the Takanen
komatiitic cumulates contain both olivine and
chromite. The presence of chromite in a komatiitic
cumulate can be used as a general proxy for the
temperature of the original komatiitic magma.
Chromite saturation in komatiitic magma is
typically reached with decreasing temperature at
029, (Barnes 1998). Therefore,
the absence of chromite-free olivine cumulates
(Fig. 14a) suggests that the komatiitic cumulates in
Takanen were formed from a relatively evolved and

approximately Fo

cool (low-MgO and low-Fo) komatiitic magma.
Decrease in the magma temperature decreases the
capacity of komatiitic magma to assimilate sulfidic
footwall rocks (Lesher & Keays 2002).

Some komatiitic samples from relatively thin
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Figure 14. Whole-rock compositions of komatiites in
Takanen belt a) on a MgO vs Cr plot illustrating chromite-
systematics of cumulates (colors as in Fig. 6). High
MgO samples (>40wt.%) plot as olivine-chromite
cumulates and lower Mg0O samples (<35 wt.% MgO) as
olivine-pyroxene-chromite cumulates. Samples with red
markers likely approximate the komatiitic parental melt
composition in Takanen with c. 20 wt.% MgO. A fractional
crystallization curve of a komatiitic parental liquid with
~20 wt MgO0 shown in black, with trajectories in dashed
lines illustrating fractionation of olivine-only and olivine-
chromite cumulates (e.g., Barnes 1998). b) Mg# vs Ni plot
illustrating Ni-depletion in komatiitic cumulates (Ni values
range between 1500-2500 ppm at Mg# of about 90).

flow units have whole-rock compositions with ~20
wt.% MgO with melt-like incompatible element
content (Fig. 6) and flat PM-normative REE-
patterns (Fig. 7a). We interpret these samples

to approximate the parental komatiite melt
composition in Takanen. Similar relatively low-
MgO komatiitic parental melt has been suggested
for the Kellojirvi cumulate complex of the Kuhmo
belt (Papunen etal. 2009).

As noted by Guo et al. (2020), Archean
komatiites in Karelia appear to be relatively
MgO-poor (low-temperature) in comparison to
those in Canada and Western Australia, and this
might explain their lower economic endowment.
Nevertheless, in Takanen the komatiitic cumulates
appear stratigraphically above stratiform sulfide
layers (Fig. 3). 'This setting has potential for
assimilation of sulfidic footwall and formation
of Ni-sulfide deposits (Lesher & Keays 2002), as
exemplified by the Vaara deposit in the neighboring
Suomussalmi greenstone belt (Konnunaho et al.
2013). Some evidence of such processes is found
in the western parts of the TGB, where a thick
differentiated komatiitic cumulate unit shows a
1 m-thick hybridized footwall contact (drill hole
KUV-1 in Fig. 3¢; Vesanto 2003), however, both
units are unmineralized. One olivine adcumulate
sample in a neighboring drill hole was found to
contain minor pentlandite and nickeline (R324
16.65 m in Fig. 3¢; 43 wt.% MgO, 2300 ppm Ni,
1700 ppm S) and some Ni depletion is evident in
the Takanen komatiites (Fig. 14b). This should be

scrutinized in further contributions to Takanen
geology.

7. Conclusions

e The Archean Takanen greenstone belt
consists of an at least 800-m-thick succession
dominated by basaltic-komatiitic flows
and mafic-felsic volcaniclastic rocks, the
latter likely including both pyroclastic and
resedimented volcanogenic material. Massive
Fe-sulfide layers <1-m-thick are associated
with volcaniclastic units. The belt is intruded
by several sets of granitoid dykes.

* A felsic volcanic unit from the stratigraphic
base of the belt provides a crystallization age
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of 2.96 Ga. Based on the age and lithologic
context this unit is correlated with the
~2.94 Ga Luoma-group in the Suomussalmi
greenstone belt.

A felsic-intermediate volcanic unit from
the uppermost stratigraphic part of the belt
provides a crystallization age of 2.71 Ga.
Volcanic rocks of this age group have not
previously been reported from the Western
Karelia Subprovince. We tentatively suggest a
correlation to the 2.71-2.70 Ga Khedozero-
Bolshozero greenstone belt in the Central
Karelia Subprovince.

Hf-isotope compositions of analyzed zircons
suggest that the 2.96 Ga sample contains
material from an older source, possibly
~-3.2 Ga TTG crust. In contrast, the 2.7 Ga
sample has a near-chrondritic juvenile
isotopic composition.

Different ages, trace-element, and isotopic
between  the and
upper parts of the Takanen greenstone
belt stratigraphy suggest a secular change
in magma source and a different tectonic

compositions lower

setting for the lower and upper parts of the
Takanen greenstone belt stratigraphy. Despite
a ~-250 Ma age difference, no contact or
unconformity between the lower and upper
parts has been observed.

The 2.71 Ga sample indicates an episode of
juvenile crust formation at ~2.7 Ga in the
northern Lentua complex, similar to what has
been previously described from the southern
part of the Lentua complex as well as from
the neighboring Pudasjirvi and Ilomantsi
complexes.

Channelized komatiitic
found overlying volcaniclastic rocks which
host
configuration with high potential for
komatiite-hosted Ni-deposits. Ni-potential
may be downgraded by the relatively low

cumulates are

stratiform  Fe-sulfide horizons, a

inferred temperature (and thus decreased
assimilation potential) of the komatiitic

parental magma (~20 wt.% MgO and Fo, ).
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