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ABSTRACT

We characterise the geochemistry, zircon Lu-Hf composition, age and the structure of the Uuniméki gabbro
(UGB) in south-western Finland to improve the understanding of i) the early Svecofennian (1.92-1.89 Ga) crustal
evolution of the central Fennoscandian Shield, ii) the potential role of rift-related magmatism for the build-up of
the Paleoproterozoic accretionary orogens and iii) evaluate, which geological features provide the primary
control over the localization of an orogenic gold mineralisation. The zircon U-Pb geochronology defines an age of
1891 + 5 Ma for the UGB, which is slightly older than most mafic intrusions in south-western Finland. The
obtained chondritic initial zircon eyf values with E-MORB type geochemical affinity suggest a sub continental
lithospheric mantle source for the UGB. The overall geochemistry indicates that the UGB magma as well as other
E-MORB type rocks in the Pirkanmaa and Hame belts were formed in a rift-related environment in a fore-arc
region at 1.89 Ga, predated by arc-type magmatism at ~1.90 Ga and back-arc magmatism at ~1.92 Ga in the
Tampere belt. Slab retreat due to roll-back is suggested to cause the extension and related magmatism in the fore-
arc region. Moreover, the timing and compositional and isotopic changes of early-orogenic magmatism are
broadly compatible with intervals of extension and contraction, i.e., a tectonic switching model, and may provide
a perspective to rapid build-up of Paleoproterozoic crust. Structural characterisation provides a framework
where gold mineralisations are preferentially located within the high-strain north-eastern domain of the UGB,
within fracture networks adjoining the high-strain zones. Our results indicate that neither the geochemical
composition nor age of the intermediate-mafic intrusive host rocks play a major role in controlling the formation
of gold mineralisation. By contrast, the localization of orogenic gold is controlled by localised structures (shear
zones, fractures), and the variation in lithological composition of the intrusive host may contribute to the style of
the mineralisation.

1. Introduction

and source characteristics of the magmas but also to provide insight into
the evolution of the mantle and the crust. Unfortunately, within Pre-

Rocks geochemically similar to mid-ocean ridge basalt (N-MORB) or
enriched mid-ocean ridge basalt (E-MORB) are particularly useful in
studying past geotectonic settings (e.g., Pearce and Cann, 1973; Wilson,
1989). The MORB signatures indicate major contributions from upper
mantle and formation under extensional tectonic regimes within envi-
ronments such as mid ocean ridge or back-arc spreading centres (e.g.,
Xia & Li, 2019). Moreover, geochemical and isotopic signatures among
the MORB-rocks are useful not only to trace the petrogenetic features
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cambrian accretionary orogens the MORB type rocks are scarce by their
volume (e.g., Cawood et al., 2009; Kemp et al., 2009), which is the case
also for the Paleoproterozoic Svecofennian bedrock in central Fenno-
scandia, where mafic bodies have generally been attributed to
1.90-1.88 Ga early arc accretion (e.g., Kahkonen, 2005; Peltonen,
2005). However, a few identified occurrences of MORB-rocks in south-
western Finland (e.g., Lahtinen, 1996; Sipila & Kujala, 2014; Lahtinen
et al., 2017) allow us to evaluate the potential role of rift-related
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magmatism for the build-up of the Svecofennian Orogen. However, only
relative age relationships for the above mentioned MORB-type rocks
have been determined (Lahtinen et al., 2017). Consequently, constraints
particularly on their absolute ages, but also further geochemical char-
acterization are required for their utilization in crustal modelling.

Another motivation for this study relates to understanding which
geological features contribute to the formation of orogenic gold deposits
in intrusive rocks: deformation zones and associated structures (such as
tension veins) are known to provide primary control over the localiza-
tion of mineralisations (Groves et al., 1998; Goldfarb and Groves, 2015).
Furthermore, specific temporal periods of crustal evolution (Goldfarb
etal., 2001) and geochemical composition of source rocks are associated
with orogenic gold (Groves et al., 1998). By contrast, less is known about
the role of variations within the age, lithology and geochemical
composition of the (intrusive) host rocks for generation of orogenic gold
deposits within the spatial and temporal scale of a tectonic province
such as the Svecofennian crust of southern Finland.

We approach the above-mentioned issues through studying the gold-
hosting Uunimaki gabbro (UGB; Karkkdinen et al., 2016) showing E-
MORSB affinity, located in southern Finland (Fig. 1). We report here the
modal compositions, whole rock geochemical compositions, zircon U-Pb
ages and zircon Hf isotopes from the UGB and compare the data with the
adjacent gold-hosting Jokisivu and Palokallio diorites/gabbros. Subse-
quently, we compare the composition of the UGB further with selected
mafic igneous formations with E-MORB affinities in SW Finland to
evaluate their geodynamic setting. Finally, we use field-mapping-based
structural analysis of the UGB, together with the improved UGB char-
acterization (geochemistry, isotopes, age), to address the question of the
primary geological control over formation of gold mineralisations in
intrusive rocks. A large number of gold mineralisations in southwestern
Finland (Karkkainen et al., 2016; Tiainen et al., 2017) are available for
comparison with the results of this study. These mineralisations occur
frequently in the ~1.90-1.88 Ga intrusive rocks of intermediate-mafic
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compositions (Eilu, 2012; Eilu et al., 2016) and many are inferred to
have a structural control (Saalmann et al., 2009; Saalmann et al., 2010;
Mertanen & Karell, 2011; Mertanen & Karell, 2012).

The results of this investigation broaden the known age range of
mafic intrusions of SW Finland and the versatility of geochemical sig-
natures of Au-hosting intrusions. The geochemical results indicate that
the UGB magmas were not formed in a subduction zone setting. Instead,
we suggest a rift-related setting within a fore-arc region at 1.89 Ga for E-
MORSB type rocks in the Pirkanmaa and Hame belts. This was preceded
by evolved arc-type magmatism at 1.90-1.89 Ga and E-MORB-type
back-arc magmatism at ~1.92-1.90 Ga in the Tampere belt. The timing
and compositional and isotopic variability/changes of early-orogenic
magmatism are broadly compatible with intervals of extension and
contraction, i.e., tectonic switching model (Collins, 2002a, b), and may
provide a perspective to rapid build-up of Paleoproterozoic crust. Pre-
viously, the tectonic switching model have been adapted to south-
central Sweden (Hermansson et al., 2008; Stephens and Andersson,
2015) and to southern Finland at 1.86-1.78 Ga (Saalmann et al., 2009).
This study extends the model of Saalmann et al. (2009) to 1.92-1.86 Ga
and provides new geochemical and isotopical perspectives and new age
constraints to the model. Moreover, the results indicate that the role of
structural evolution in controlling the localization of orogenic gold
overrides that of the host rock age or geochemical composition.

2. Geological background
2.1. Svecofennian orogen

The Paleoproterozoic Svecofennian orogen in the central Fenno-
scandian Shield represents the northern part of the East European
Craton (Gorbatschev & Bogdanova, 1993) and is separated from the
Archean Karelian Province by a NW-SE striking suture zone (Fig. 1la;
Koistinen, 1981; Lahtinen et al., 2015). The Svecofennian orogen is
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Fig. 1. a) Geological overview of the Fennoscandian Shield, modified after Koistinen et al. (2001). CS = Central Svecofennia, SS = Southern Svecofennia, SB = Savo
belt, PoB = Pohjanmaa belt, Kn = Knaften-Barsele arc, B-SD = Bothnia-Skellefte lithotectonic unit, LJ = Ljusdal lithotectonic unit, BS = Bergslagen lithotectonic unit.
b) Lithological map of southern Finland, modified after Bedrock of Finland — DigiKP. The study area is indicated by a black rectangle. CFGC = Central Finland
Granitoid Complex, LSGM = Late Svecofennian granite-migmatite zone, Fs = Forssa suite, Ls = Loimaa suite, Ns = Nuutajarvi suite, E = Pirkanmaa belt E-MORB,
NSZ = Nuutajarvi shear zone, SSZ = Somero shear zone. North is up in both maps; coordinates are in EUREF-FIN-TM35FIN in map b).
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characterised by igneous rocks with ages at 1.96-1.80 Ga (e.g.,
Wasstrom, 1993; Nironen, 1997; Lahtinen et al., 2009a; Stephens and
Andersson, 2015; Nironen, 2017) and is suggested to consist of several
terranes and lithotectonic units in Finland and Sweden. In Finland at
least three stacked terranes are recognised, which were accreted to the
Archean craton during the Svecofennian orogeny: the Savo belt, Central
Svecofennia and Southern Svecofennia (e.g., Korsman et al., 1997). The
northern part of Central Svecofennia is characterised by the granitoid-
dominated Central Finland granitoid complex (Nironen, 2005),
whereas the southern part can be divided into the medium-
metamorphic-grade volcano/sedimentary Tampere belt and high-
grade sedimentary Pirkanmaa belt (Kahkonen, 2005). Southern Sveco-
fennia is divided to two E-W trending volcanic belts, the Hame belt in
the north and Uusimaa belt in the south, which are separated by the late
Svecofennian granite-migmatite zone (Fig. 1b; Ehlers et al., 1993;
Korsman et al., 1997; Kahkonen, 2005 and references therein; Lahtinen
et al., 2009a).

There is a wide agreement of an accretionary nature of the Sveco-
fennian orogen (e.g., Gadl & Gorbatschev, 1987; Lahtinen et al., 2005,
2009a; Hermansson et al., 2008; Saalmann et al., 2009; Nironen, 2017)
and two main tectonic models have been presented for the Svecofennian
orogen. The first model involves combined accretionary and collisional
processes with collision of arc complexes and microcontinents against
the Archean continent (Nironen, 1997; Lahtinen et al., 2005; Korja et al.,
2006). The model includes several orogenies, involving microcontinent
accretion, continental extension, continental collision and orogenic
collapse prior to crustal stabilization (Lahtinen et al., 2005, 2009a;
Nironen, 2017). A refined model includes buckling of an originally
linear orogen into a curved orocline (Lahtinen et al., 2014, 2017). The
second model emphasises accretionary processes in single active conti-
nental margin (Rutland, et al., 2004; Williams et al., 2008) and accretion
of several island arcs (Bogdanova et al., 2015) or subduction beneath an
active continental margin in combination with hinge retreat and
advance resulting in tectonic switching between contractional and
extensional tectonics (Hermansson et al., 2008; Saalmann et al., 2009;
Stephens & Andersson, 2015). Chopin et al., (2020) combined the oro-
cline buckling model within a single continental margin to account for
the tectonic evolution of the central part of the Svecofennian orogen. It
must be noted that majority of the models do not spatially nor tempo-
rally cover the whole Svecofennian orogen and evidence for both main
tectonic models are found regionally and locally. Therefore, the question
of the tectonic evolution remains open.

2.2. The Hame, Pirkanmaa and Tampere belts

The bedrock of the Hame belt in SW Finland was mainly formed at
1.88-1.87 Ga (Lahtinen et al., 2005). It consists of volcanic and sedi-
mentary rocks (Lahtinen, 1996; Kahkonen, 2005) that have meta-
morphosed in amphibolite facies (Holtta & Heilimo, 2017). The
supracrustal rocks are intruded by 1.88-1.87 Ga gabbros, diorites,
granodiorites and tonalites (Suominen, 1988; Nironen, 1999; Kahkonen,
2005; Saalmann et al., 2010; Tiainen et al., 2013; Makitie et al., 2016)
and late- to post-tectonic (1.85-1.79 Ga) granites, migmatites and peg-
matites (Nironen et al., 2016, 2017a). The supracrustal and plutonic
rocks cover approximately equal area at present erosion surface
(Bedrock map of Finland — DigiKP; Nironen et al., 2017a). The volcanic
rocks of the Hame belt were divided into four main suites by Sipila &
Kujala (2014): the Forssa, Loimaa, Nuutajarvi and Renkajarvi suites. The
calc-alkaline Forssa volcanic suite ranges from basaltic to rhyolitic, an-
desites being the most common. The calc-alkaline Loimaa suite consists
mostly of amphibolites and hornblende-gneisses and the protolith
compositions are less constrained due to stronger metamorphic over-
print compared to the Forssa suite. The Nuutajarvi suite differs litho-
logically from other units in Hame belt, consisting mostly of sedimentary
and calc-alkaline felsic volcanic rocks. Rocks of the Renkajarvi suite
have an E-MORB-affinity and consist of mafic and intermediate volcanic
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rocks (Lahtinen, 1996; Sipila & Kujala, 2014). The volcanic rocks are
often associated with plutonic rocks, which might represent magma
chambers to the former (Suominen, 1988; Peltonen, 2005; Sipila &
Kujala, 2014).

The Pirkanmaa belt is dominated by migmatised psammitic supra-
crustal rocks of turbiditic origin deposited at 1.92-1.89 Ga (Huhma
et al., 1991; Kahkonen, 2005; Lahtinen et al., 2009b). The supracrustal
rocks are intruded by small ultramafic to mafic plutonic bodies with arc
or transitional MORB affinities, which were interpreted as synorogenic
conduits of tholeiitic arc-type magmas (Peltonen, 1995, 2005). It also
includes minor ultramafic (picritic) to mafic volcanic rocks with MORB
to WPL affinities (Peltonen, 1995; Lahtinen, 1996; Kahkonen, 2005) and
various synorogenic granitoids (Nironen & Bateman, 1989) and minor
black shales (Lahtinen et al., 2017). The granitoids comprise 1.89-1.87
Ga tonalites, quartz diorites and granodiorites (Nironen, 1989; Nironen
& Bateman, 1989; Kilpelainen, 1998; Nironen, 2005). Local meta-
morphism is characterised by high temperature and low pressure and is
dated at ~1.88 Ga (Mouri et al., 1999; Rutland et al., 2004; Lahtinen
et al., 2009b). The medium-grade Tampere belt is situated north of the
Pirkanmaa belt and is characterised by volcanic rocks formed in volcanic
arc environment 1.91-1.89 Ga ago (Kahkonen, 2005). It has been
interpreted that the Pirkanmaa belt is a mid-crustal expression of a fore-
arc and an accretionary prism/subduction complex to the Tampere belt
volcanic arc complex (Lahtinen, 1996; Kahkonen, 2005; Lahtinen et al.,
2009Db).

Mafic rocks with MORB signature are rare in southern Finland. The
Renkajarvi volcanic suite, located in the NE part of the Hame Belt, is
mainly composed of mafic volcanic rocks stratigraphically on top of the
sedimentary rocks (Sipila & Kujala, 2014). The picritic lavas in Vam-
mala within the Pirkanmaa belt occur as intercalations in sedimentary
rocks and are spatially associated by small tholeiitic igneous bodies
(Peltonen 1995). Peltonen (1995, 2005) considered that the mafic
bodies are related to 1.90-1.87 Ga early arc accretion and are younger
than the picritic lavas so the two types are not related. The Pirkanmaa
belt comprises also other volcanic rocks with E-MORB affinities (Sipila &
Kujala, 2014; Lahtinen et al., 2017), which are geochemically rather
diverse and spatially dispersed. These volcanics show pillow structures
in places. The Haveri Au-Cu deposit is located in northern edge of the
arc-type Tampere belt and consists of mafic metalavas with E-MORB
affinities (Eilu, 2012). Kahkonen (1999; 2005) considered that Haveri is
the lowermost unit in the Tampere belt formed in submarine conditions
in an extension-related setting based on the tholeiitic pillow lavas and
depositional structures in sedimentary rocks. A back-arc setting was
suggested by Strauss (2004) but poorly defined age, in addition to the
fact that rocks predating the Haveri have not been found, make these
interpretations unclear. There are E-MORB type basalts and picrites also
in the Orijarvi (Vaisanen & Manttari 2002, Nironen 2017b) and
transitional-MORB type rocks in Turku and Pargas areas (Vaisanen &
Westerlund, 2007), but these are regarded to belong to another volcanic
arc system, the Uusimaa belt. So far, no absolute age determination on
the (E-)MORB-type rocks/formations exists and the ages are based only
on field relations.

Major E-W trending shear zones (SZs), the Nuutajérvi SZ and the
Somero SZ may act as dividing boundaries between the Pirkanmaa,
Hame and Uusimaa belts, respectively (Fig. 1; Nironen et al., 2017a), but
terrane boundaries are difficult to define (Kahkonen, 2005; Sipila et al.,
2011). These shear zones were developed after the peak metamorphism
(Nironen, 1999; Lahtinen et al., 2005; Saalmann et al., 2010). The
shearing was localized into E-W, NE-SW and NW-SE trending shear
zones throughout the Hame belt, and N-S trending shear zones further in
the west (Nironen, 1999; Vaisanen & Skytta, 2007; Pitkala, 2019).

Comparison of the Pirkanmaa and Hame belts and the intervening
Loimaa area shows (Fig. 1) that the similar relationships between the
intrusive events and main deformation stages prevailed: the maximum
age of the earliest deformation is constrained at around 1.89 Ga in the
Pirkanmaa belt using correlation of depositional ages and penetrative
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deformation fabrics (Nironen, 1989; Kilpelainen, 1998). The age of the
main deformation (D2 by Kilpeldinen, 1998) is constrained by the vol-
uminous syn-tectonic intrusives at 1885-1880 Ma (Nironen, 1989; Kil-
pelainen, 1998, Saalmann et al., 2010). More localized structural
overprint was associated with intrusion of (porphyritic) granitoids at
1.87 Ga (Nironen, 1999; Kilpelainen, 1998). Contrasting to the Pirkan-
maa belt, which lacks distinct post-1.87 Ga deformation, localized
deformation characterised by folds and particularly shear zones and
faults has been documented within the Loimaa and Hame areas (Nir-
onen, 1999; Saalmann et al., 2010).

The orogenic gold mineralisations in southern Finland are spatially
associated with quartz veins (e.g., Eilu, 2012) and local alteration such
as sulfidisation (Karkkainen & Tiainen, 2016). The quartz veins trend to
sub-vertical fault or shear systems attributed to the WNW-ESE crustal
shortening during the late stages (1.83-1.78 Ga) of orogenic evolution at
or after the transition to the brittle tectonic regime (Saalmann, 2007,
Saalmann et al., 2009, 2010). Regionally, the gold occurrences are
distributed along a NW-SE trend, whereas in the local scale, gold is
controlled by WNW-ESE- and WSW-ENE, SW-NE to WSW-ENE and NW-
SE, second- or third-order shear zones and faults, which represent
branches from regional-scale NW-SE-trending shears (Saalmann et al.,
2009).

2.3. The Uunimaki area

The Uunimaki prospect is located in the north-western part of the
Hame belt, where the bedrock consists of mica gneisses, mafic volcanic
rocks, granitoids and mafic plutonic rocks (Fig. 2; Karkkainen et al.,
2016). The gold-hosting Uunimaéki gabbro (Fig. 2a, b; UGB) is exposed as
a 1000 x 700 m oval-shaped intrusion located close to the termination
of the ENE-WSW trending transpressional Kankaanranta shear zone
(Fig. 3a; Leskela, 2019). In the east, the Kankaaranta shear zone is
possibly linked to the E-W trending Nuutajarvi shear zone (Fig. 1). The
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UGB shows local alteration characterized by albitisation, sulfidisation,
chloritisation, sericitisation and the formation of epidote, quartz veins
and carbonate veins (Fig. 4a; Karkkainen & Tiainen, 2016).

Gold was discovered by the GTK in 2008 in connection with evalu-
ation of gold potential in mafic intrusions intersected by fault and shear
zones (Karkkainen et al., 2016). The discovery was followed by
geophysical (Huotari-Halkosaari et al., 2016) and basal till geochemistry
surveys, a drilling campaign (with 36 drill holes and a total of 3425 m
drilled; Karkkainen et al., 2016) and ore mineralogy studies (Karkkainen
et al., 2015) conducted by GTK. Gold-rich (>1 ppm) sections were
discovered in 27 of the holes (Karkkainen et al., 2016). The highest
concentrations of gold/m were found in holes R8 (15.0 ppm), R23 (35.2
ppm) and R25 (38.4 ppm; Fig. 3b). Most of the drilling was done in NW
Uunimaki and the holes were drilled towards the SW with an azimuth of
225 and a plunge of 45 (Fig. 3b).

Several vein generations occur including multiple quartz and silicate
veins, sulfide-silicate and sulfide veins but usually their relations are
somewhat unclear (Fig. 4b and c; Karkkainen et al., 2016). The gold is
associated with silicates and sulfides; thin pyrrhotite vein networks,
sporadic pyrrhotite-hornblende veins and pure quartz veins with native
gold have the highest gold concentrations (Fig. 4b-e). Gold occurs as
complex grains with Bi, Bi-sulfide, Bi-Te minerals and arsenopyrite as
well as native gold grains (Fig. 4f-h; Karkkdinen et al., 2015). Chalco-
pyrite is present as well, but it is considered to be of primary magmatic
origin (Karkkainen et al., 2015). The gold mineralisation within the UGB
is interpreted to be related to a complex network of fracture and shear
zones, formed in a semi-ductile environment, where NW-SE-trending
ones have been the gold mineralisation controlling structures (Fig. 3b;
Karkkainen et al., 2016). Gold within this structural network shows
distinct zoning with highest concentrations into the seemingly unaltered
gabbro with only thin pyrrhotite veins and narrow hornblende rich
bands (Fig. 4b and c), whereas the spatially adjoining sheared and
fractured parts of the gabbro, representing most intense mechanical and

Fig. 2. Field photos of Uunimaki rock types. a) Undeformed Uuniméki gabbro (TALE-2017-17.1), b) deformed gabbro crosscut by rusty quartz veins, c) foliation
parallel quartz veins in Uunimaki quartz diorite and d) local paragneiss showing two leucosomes generations.
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Fig. 3. a) An overview of the gold mineralisations,
structural trends (as shown by the aeromagnetic data)
and the gabbroic bodies within the area of investiga-
tion. Aeromagnetic data from GTK. b) Structural
interpretation of the Uuniméki gabbro, including a
schematic cross-section with projected high-grade
gold drill hole intersections and lower hemisphere
stereographic projections illustrating orientation dis-
tribution of the dominant foliation (grain shape fab-
rics) and mineral lineation. The existing drilling sites
(collars), as well as samples taken in this study area

indicated. North is up in both maps; coordinates are in
EUREF-FIN-TM35FIN.
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chemical alteration, and NW trending granite pegmatite dykes display
sulfidic alteration but no gold mineralisation (Fig. 4a).

3. Materials and methods

The materials for this study consist of field observation data which,
supported by aeromagnetic maps and petrographic observations, we
used to generate revised lithological and structural maps of the UGB and

Drill hole: unspecified, Au-rich
Uuniméki Gabbro

Localised E-W foliation
Foliation with dip direction

230 Lineation with plunge

Major shear zone

its immediate surroundings. We collected a total of fifteen samples, eight
from the UGB and seven from the adjacent Uunimaki quartz diorite and
analysed the samples for whole rock geochemistry (Figs. 2 and 3b). Most
samples are homogeneous, reflecting the primary magmatic character of
the rocks, whereas a few are expected to be altered as they were
collected near contacts with other rock types or close to shear zones.
Single-grain zircon U-Pb age determination and zircon Lu-Hf analysis
were conducted on sample (TALE-2017-17.1) representing fresh and
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Fig. 4. Macro and microphotographs showing alteration and mineralisation styles of the UMG. a) Non-mineralised section of shear brecciated UMG showing a
network of light sericite-epidote-carbonate veins and altered host rock (drillhole R314); b) Au-mineralised gabbro with sulfide veins (pyrrhotite + arsenopyrite,
chalcopyrite), which are cross-cut by younger sericite veins. Pyrrhotite and chalcopyrite are partly remobilised into sericite veins (drillhole R25); c) several gen-
erations of sulfide veins (pyrrhotite + arsenopyrite), which are cross-cut by thin younger sericite vein (drillhole R25); d) microphotograph of 10 mm thick Au-
mineralised silicate-sulfide vein (pyrrhotite-hornblende-clinopyroxene). The vein is rimmed by hornblende and pyrrhotite, shows clinopyroxene rich core and
contains native gold and bismuth, several Bi and Te minerals and arsenopyrite (drillhole R314); e) microphotograph of slightly Au-mineralised pyrrhotite-chalco-
pyrite vein (drillhole R314); f) native gold grains in a quart vein (drillhole R314); g) a complex grain of Au, Bi-Te minerals and arsenopyrite (drillhole R314); h) a
complex Au grain showing variable Au content between 73 and 95 %). Abbreviations: Po = pyrrhotite, Cpy = Chalcopyrite, Aspy = arsenopyrite, Cpx = clino-
pyroxene, Hbl = hornblende, Qz = quartz. The photos are modified after Karkkainen et al., (2015) and Karkkdinen et al., (2016).
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homogeneous variety of the UGB. The analytical methods are described
in Electronic Appendix A.

For comparative studies we collected and analysed five samples from
the Jokisivu diorite, hosting an active Au-mine and twelve previously
published samples from the Palokallio gold prospect (Voipio, 2008). For
wider regional comparisons aiming at clarifying the geotectonic envi-
ronment of the studied rocks, we additionally used previously published
E-MORB-type mafic rocks from SW Finland (Peltonen 1995; Strauss,
2004; Sipila and Kujala, 2014; Lahtinen et al., 2017).

4. Results
4.1. Petrography of the Uunimdaki area

4.1.1. Gabbro

The Uunimaki gabbro (UGB) is dark-grey, medium-grained and
equigranular rock (Fig. 2a and 5a), though finer-grained varieties were
observed on some outcrops. The gabbro is crosscut by quartz veins
(Fig. 2b), hornblende-rich mafic veins, quartz-feldspar veins, carbonate
veins (Fig. 4a-d) and, rarely, pegmatite dykes. Magmatic layering is
visible on some outcrops, and the gabbro contains cumulus-textured
peridotitic enclaves, visible on outcrops and drill cores (Karkkainen
et al., 2016).

The UGB is a hornblende gabbro comprising plagioclase, hornblende
and biotite as primary minerals (Fig. 5), with pyroxene observed in some
drill cores (Fig. 4d; Karkkainen et al. 2016). Accessory minerals include
ilmenite and rare pyrrhotite. Zircons are not common but are present as
inclusions in a few biotite grains (Fig. 5). Plagioclase compositions
determined from five thin sections gave anorthite content of Anss-Angg
(labradorite; optical method). Minor alteration of the intact gabbro can
be seen by sericitisation of plagioclase and chloritisation on the edges of
biotite and amphibole (Fig. 5), whereas the sheared parts show strong
alteration (Fig. 4a; Karkkainen & Tiainen, 2016).

4.1.2. Quartz diorite

The Uunimaéki quartz diorite has > 5% modal quartz and is therefore
classified as quartz diorite. This rock is medium-grained, equigranular,
and the colour ranges from grey and brownish-grey. The primary min-
erals are plagioclase, biotite and quartz. K-feldspar is also locally pre-
sent. Hornblende are present as accessory minerals, with some opaque
minerals. The quartz diorites are typically well-foliated and commonly
have small mafic microgranitoid enclaves (MGEs) elongated parallel to
the foliation. Quartz veins are locally present parallel to the main foli-
ation, with rare aplite and pegmatite veins crosscutting the dominant
structural features. The quartz diorite outcrops near the UGB frequently
display high-strain fabrics and are intruded by quartz veins (Fig. 2c).

The composition of the plagioclase in the quartz diorites varies be-
tween Angs and Ans (andesine; optical method). Biotites are elongated
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and have apatite and zircon inclusions. K-feldspar grains, when present,
are often clearly coarser than the rest of the grains, making the rock
locally porphyritic.

4.1.3. Paragneisses

The primary minerals of the paragneisses are biotite, quartz and
plagioclase and the grain size is ~2-5 mm. The fraction of leucosome
varies from none to > 50% depending mostly on the composition. Two
leucosome generations was observed: one that was folded with the
paragneiss, and a later one intruded into the axial plane of the folding
(Fig. 2d).

A sample from a ten of metres wide migmatitic paragneiss inclusion
within the quartz diorite intrusion contains a metamorphic mineral
paragenesis biotite-cordierite-garnet. Sillimanite needles occur as in-
clusions in cordierite. These indicate the upper-amphibolite to lower-
granulite facies metamorphism (e.g., Young et al., 1989).

4.2. The structural framework of the Uunimaki area

The UGB is structurally characterized by strain localization into
spaced NW-SE trending high-strain zones, which transect low-strain
rocks displaying weak to moderate, typically NW-SE trending grain
shape fabrics (Fig. 3b). The high-strain zones occur predominantly
within the north-eastern part of the UGB, and they have a parallel
orientation with the Helmela shear zone occurring along the north-
eastern contact of the UGB. The high-strain zones are associated with
development of linear topographic depressions, increased foliation in-
tensity and decreased grain size of the gabbro, as well as the change of
the rock colour from dark grey to pale brown or greenish as response to
hydrothermal alteration (Fig. 3a, b). Foliations within the low- and high-
strain zones are steep to sub-vertical and dip dominantly towards NE.
Mineral lineations within the high-strain zones plunge gently-
moderately towards NW and are indicative of strike- to oblique-slip
movement. By contrast, lineations within the low-strain rocks plunge
moderately-steeply down-dip, towards NE-NNE (Fig. 2b). More local-
ized deformation fabrics are present as sub-vertically dipping planar
fabrics which trend ENE-WSW, parallel with the Kankaanranta shear
zone. Further, a discrete N-S trending topographic depression associated
with steeply east-dipping foliation occurs within the western part of the
UGB. Foliation trends within the quartz diorites surrounding the UGB
are sub-parallel with the dominant NW-SE trends of the UGB in the
south-east, whereas towards the Kankaanranta SZ in the north they
display dominantly ENE-WSW orientations. Contact relations between
the UGB, the hosting supracrustal rocks or the Uunimaki diorite are not
exposed.

Fig. 5. Photomicrographs (plane-polarized on left and cross-polarized on right) of the Uuniméki gabbro showing zircon enclosures with pleochroic halos in biotite in
the age sample TALE-2017-17.1. Abbreviations: hbl = hornblende; plag = plagioclase; bt = biotite.
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4.3. Geochemistry

4.3.1. Major elements

SiO9 content of the UGB samples vary between 48 and 52 wt% and
they are classified as gabbros in the total alkali vs. silica -diagram (TAS;
Fig. 6a). Two of the gabbro samples (TALE-2017-182.2 and IJPI-
2017-159.2), collected near the ENE-WSW Kankaanranta shear zone,
show slightly higher SiO5 and alkali contents indicating alteration. In
the immobile trace element classification diagram (Fig. 6b), the samples
form tight cluster and are classified as basalts. The UGB is metal-
uminious (Fig. 6¢) and plots in the tholeiitic field in the TAS diagram
(Fig. 6a). The UGB shows MgO content of 4-6 wt% and Fe;Os is abun-
dant (>11 wt%; Harker diagrams for selected major elements are shown
in Electronic Appendix C). CaO and Al,O3 contents are rather high and
uniform (>8.4 wt% and > 16.8 wt%, respectively). K20, NayO and P,Os5
contents are low (<1.3 wt%, <3.2 wt% and < 0.29 wt%, respectively)
but TiO, is rather high (>1.3 wt%).

SiO5 contents of the quartz diorites range between 56 and 65 wt%
and four of the samples are classified as diorites, two as granodiorites
and one as monzonite in the TAS-diagram (Fig. 6a). However, the dio-
ritic samples contain quartz, the two granodioritic samples are regarded
to have gained extra silica in an alteration process and the monzonite
sample and one dioritic samples are also considered altered. In the
immobile trace element classification diagram, the samples straddle
between trachyandesite and andesite fields with one alkali basalt outlier
(Fig. 6b). The quartz diorites are both metaluminious and peraluminious

Precambrian Research 364 (2021) 106364

(Fig. 6¢). MgO and Fe,O3 contents are rather low (<4.5 wt% and < 8.6
wt%, respectively). Four samples show Al,O3 contents of 15-18 wt%,
but one sample (TALE-2017-12.1) shows as high as 19.7 wt%. CaO
content ranges between 4.6 and 6.2 wt%. NayO contents for four sam-
ples vary between 3 and 4 wt%, except that one outlier (IJPI-
2017-159.1) is only 1.3 wt%. KoO contents of the samples range be-
tween 1.6 and 2.5 wt-%. TiO, and P,Os contents are rather low (<0.3 wt
% and < 1.2 wt%, respectively).

The samples from Jokisivu plot neatly into the gabbroic diorite field,
while the Palokallio samples are more scattered and plot into the
gabbroic diorite, diorite, monzodiorite and monzonite fields (Fig. 6). In
term of major elements, the Jokisivu and Palokallio samples fill the gap
between the UGB and the Uunimaki quartz diorite samples forming a
linear trend between the two groups.

4.3.2. Trace elements

The UGB shows homogeneous trace elements content (Harker dia-
grams for selected trace elements are shown in Electronic Appendix C)
except the two altered samples (TALE-2017-182.2 and IJPI-
2017-159.2). The large ion lithophile element (LILE) contents are low,
especially Th, but Sr is high in all samples. Cr and Ni contents are rather
low. The UGB is slightly enriched in high field strength elements (HFSE)
with Nb content of 8-12 ppm and Y content of 19-26 ppm. There is some
variation in the Zr content, which varies between 59 and 125 ppm. F
content ranges between 257 and 432 ppm, except for the altered sample
1JPI-2017-159.2, which has F content of 627 ppm. The UGB samples
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Fig. 6. Geochemical classification diagrams: a) total alkali vs. silica diagram (TAS; Middlemost, 1994), b) Zr/Ti vs. Nb/Y classification diagram (Pearce, 1996), c)
Alumina saturation diagram (A/CNK vs. A/NK; Shand, 1943). Data for comparison are from Palokallio diorites (Voipio, 2008), Vammala picrites (Peltonen, 1995;
Lahtinen et al., 2017), Renkajarvi suite (Sipila and Kujala, 2014), Pirkanmaa belt (PB) (Sipild and Kujala, 2014; Lahtinen et al., 2017) and Haveri E-MORBs
(Strauss, 2004).
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lack negative Nb-Ta anomaly but slight Zr-Hf anomaly can be observed
in the multielement diagram (Fig. 7a). The REE-pattern of the UGB is
gently sloping (Fig. 7b) with slight enrichment in LREE (Lay/Yby =
3.4-4.8; Lay/Smy = 1.6-2.4; Gdn/Yby = 1.5-1.9). There are no Eu
anomalies in the samples (Eu/Eu* = 0.89-1.14), but some variation in
the total REE-content of the samples is visible (REE,; = 71.4-103.4).

The quartz diorites are slightly enriched in the LILE elements with Rb
contents of 48-128 ppm and Ba contents of 390-532 ppm. Sr contents
are between 315 and 422 ppm. There is considerable variation in Ni and
Cr contents, as these range between 3 and 42 ppm and 6 and 106 ppm,
respectively. Two samples have anomalously low Ni and Cr contents
(TALE-2017-12.1 and 1JPI-2017-159.1), and sample TALE-2017-14.1
has anomalously high Ni and Cr contents. Nb content is between 10.9
and 17.4 ppm, except in sample TALE-2017-14.1, which has 42.9 ppm
of Nb. Zr and Y contents are 167-241 ppm and 15-32 ppm, respectively.
The samples show F contents between 442 and 485 ppm, except in
sample TALE-2017-14.1, where it is 820 ppm. There is a weak negative
Ta-Nb-anomaly and a significant negative Ti-anomaly in the samples.
On the other hand, a very slight positive Zr-Hf-anomaly can be observed.
The REE-slope of the quartz diorites and granodiorites is steeper than in
the UGBs. The sample TALE-2017-12.1 is clearly anomalous as it is
enriched in the HREE, so it is not included in the REE-calculations. The
granodiorites and quartz diorites are enriched in LREE, but not in HREE
(Lan/Yby = 4.8-12.6; Lan/Smy = 1.8-4.0; Gdn/Yby = 1.4-2.0). There is
no Eu anomaly.

In general, the Jokisivu and Palokallio samples show similar trace
element characteristics to the quartz diorites. They show slight negative
Ta-Nb anomaly and their Ti, Y and Yb values are below MORB. The REE-
characteristics are similar to quartz diorites expect that the Palokallio
samples show negative Eu-anomaly. The complete major and trace
element data are available in Electronic Appendix B.

4.4. U-Pb zircon data

The UGB zircons are mostly elongated prismatic grains with length of
50-200 um but only 15-55 pm in width (Fig. 8). This morphology is
typical for zircon crystals in gabbros (Corfu et al., 2003). Their colour
ranges from completely transparent to light brown. The inner structures
of the zircon grains are very homogenous; few crystals show oscillatory
zoning or cores and there are no visible inclusions. Cracks are common
hampering to find large enough intact domains for spot analyses.

34 analyses were performed from 32 grains. Three different age
populations were found from the analyses. a) An older population
containing two zircons yielded 2°7Pb/2%6Pb ages of 1920 and 1917 Ma,
but their U-Pb ages are between 1878 and 1826 Ma. b) The largest
population contains 23 zircons and yielded a concordia age of 1891 + 5
Ma. The 27Pb/2%Pb age and an upper intercept age of the same zircons

Sample/N-MORB
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is 1895 + 6 Ma (not shown). Five of these analyses show U-Pb ages
between 1979 and 1902 Ma and plot slightly above concordia curve.
One of the analyses show high 2%*Pb. ¢) The youngest population con-
sists of nine zircons and yielded 2°’Pb/2%°Pb ages between 1877 and
1835 Ma. All the analysed zircons show U/Th ratios between 0.37 and
0.55 and no textural differences can be recognized between the zircon
populations. The concordia and 2°”Pb/2%°Pb weighted age diagrams are
shown in Fig. 9. Full list of the U-Pb analyses are in Electronic Appendix
D.

4.5. Lu-Hf zircon data

In general, the UGB zircon Hf isotopic compositions show chondritic
values with a rather narrow range of five e-units. A total of 16 analyses
were performed on 16 grains and they exhibit initial 1”®Hf/}””Hf values
between 0.28149 and 0.28163 corresponding to initial ey values be-
tween —3.0 and 1.8 with an average value of —0.6 at 1892 Ma. The
zircon Lu-Hf isotope data is compared to other relevant data of Fenno-
scandian shield in Fig. 10 and full list of the Lu-Hf analyses are in
Electronic Appendix E.

5. Discussion
5.1. Age of the Uunimdaki gabbro

The main zircon population yielded a concordia age of 1891 + 5 Ma,
which is the best estimate for the crystallisation age of the UGB. A
weighted average 2°7Pb/2%Pb age and an upper intercept age of the
same grains yield slightly older, ~1895 Ma ages, but within errors they
are similar. The origin of the older ~1.92 Ga zircons is unclear, but
zircons with similar ages have been previously described in the Sveco-
fennian domain (Huhma et al., 1991; Claesson et al., 1993; Lahtinen &
Huhma, 1997; Rutland et al., 2004; Lahtinen et al., 2009b) and are
therefore possibly inherited. They can also represent much older
inherited grains which are isotopically incompletely reset during the
1.89 Ga event. The younger population of zircons, ~1.86 Ga and 1.84
Ga, could be interpreted to represent a later metamorphic or Pb-loss
event. Approximately 1.87-1.86 Ga magmatism occurs in the region
(Nironen, 1999; Kara et al., 2020) and younger magmatism is common
further to the south, which potentially caused thermal effects on the
studied rocks (e.g. Korsman et al., 1999). However, there is no difference
in zircon morphology and Th/U ratios between the different age groups,
which calls for an alternative explanation. The youngest zircons are high
in common Pb (Electronic Appendix C), suggesting that these zircons did
not remain isotopically closed system. Corfu (2013) showed that in
single zircon analysis, with quite large error ellipsis, Pb-loss can
apparently propagate along the concordia curve towards younger U-Pb
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Fig. 8. Representative BSE-images of the zircons (TALE-2017-17.1). 207pp, /206ph ages (in red, smaller spot) and initial ey values (in green, larger spot) indicated.
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Fig. 9. U-Pb data for the analysed zircons. Analyses with high 2°*Pb indicated
by dashed line/ellipse.

ages if the event that caused the zircon crystal lattice rupture is not very
much younger. Even though the gabbro sample selected for zircon
separation was intact, the UGB was affected by shearing, faulting and
fluid activity in many places, and these potentially affected the zircons.
According to Saalmann et al. (2009, 2010) this late tectonic/fluid ac-
tivity took place between 1.82 and 1.79 Ga. The Pb-loss model is sup-
ported also by the fact that the analyses show gradual decrease in
207pp,/206p} ages.

The age relationship between the UGB and the quartz diorite is
ambiguous since no direct cross-cutting relations were observed. The
quartz diorite contains elongated MGEs, which are very common in
igneous rocks (e.g., Paterson et al., 2004), but the source of the MGE:s is
unknown. A younger age is supported by the migmatitic paragneiss in-
clusion in the quartz diorite and the different geochemical features be-
tween the quartz diorite and the UGB (below). Therefore, we suggest
that the quartz diorite is contemporaneous with the Jokisivu diorite
(1884 + 4 Ma; Saalman et al., 2010) and Nuutajarvi diorite (1881 + 4
Ma; Kara et al., 2020) in the Pirkanmaa belt showing similar
geochemical features. These intrusions are related to the regional up-
right folding (Kilpeldinen et al., 1998; Saalman et al., 2010) and are
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coeval with the peak metamorphism in the Pirkanmaa belt (Mouri et al.,
1999). Moreover, the contrasting foliation patterns between the UGB
and the quartz diorite (Section 4.2) likely reflect contrasting ages for
these intrusive units.

The 1891 Ma of the UGB makes it the oldest dated igneous rock in the
Hame belt. The Jokisivu diorite, hosting a gold deposit, is 5-10 Ma
younger (Saalmann et al., 2010), although the ages overlap within er-
rors. The older, pre-tectonic age for the UGB is supported by the spaced
and localized deformation fabrics, whereas more penetrative foliations
are characteristic for many of the syn-tectonic intrusions (Kilpelainen,
1998). In general, the age determinations for synorogenic magmatism
fall between ~1.88 and 1.87 Ga in the Hame belt (Patchett and Kouvo,
1986; Suominen, 1988; Nironen, 1999; Nironen, 2005; Saalmann et al.,
2010; Makitie et al., 2016). By contrast, > 1.89 Ga igneous ages domi-
nate in the Pirkanmaa and Tampere belts (Kahkonen 2005; Lahtinen
et al., 2017), which are considered to have coeval depositional and
tectonic evolution (Lahtinen, 1994; Kilpeldinen, 1998; Kahkonen,
2005). The extension-related submarine Haveri formation lavas are
interpreted to have erupted at 1.92-1.90 Ga (Kahkonen, 2005; Lahtinen
et al., 2009b). However, the age is poorly defined and is based on
stratigraphic relations (Kahkonen, 1999; Kahkonen, 2005) and whole
rock Pb isotopes (Vaasjoki and Huhma, 1999). The following arc-type
volcanism in the Tampere belt is bracketed between 1.90 and 1.89 Ga
(Kahkonen, 2005), the Koskuenjarvi rhyolite being the oldest dated unit
at 1904 + 4 Ma (Kahkonen et al., 1989). Similar ~1.89 Ga ages have
been interpreted for the tholeiitic small plutons within the Pirkanmaa
belt (Peltonen, 2005). Moreover, the sedimentary rocks in both belts
show maximum depositional ages between 1.92 and 1.89 Ga (Kahkonen,
2005; Lahtinen et al., 2009b; Lahtinen et al., 2017). These suggest that
the UGB correlates to magmatism in the Pirkanmaa and Tampere belts
rather than bulk of the Hame belt. Moreover, Lahtinen et al., (2017)
considered that the stratigraphically lowermost sediments in the Hame
belt within the Renkajarvi suite could be correlated to the Pirkanmaa
belt sediments.

5.2. Petrogenesis of the Uunimaki magmatic rocks

All the analysed samples, even the altered ones, show low LOI con-
tents (0.2-2.2 wt%) suggesting only weak post-magmatic alteration. The
incompatible LILE and Ce, elements which are known to be mobile
under medium-grade metamorphic conditions (e.g., Polat et al., 2002),
record coherent compositions and correlate with immobile elements
such as Zr (see Pearce and Cann, 1973) and the samples show Ce/Ce*
ratios between 0.9 and 1.1 indicating limited LREE mobility.
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trend for the Skellefte area magmatism.

Petrographic studies confirm the primary nature of the samples (Fig. 5)
and therefore trace elements, especially immobile elements, can be used
for petrogenetic interpretations and to study the tectonic setting of the
rocks.

The low MgO and Ni contents indicate that the tholeiitic parental
magma for the UGB underwent fractional crystallisation of Mg-rich
phases such as olivine and that the crystallising magma was rather
evolved. The UGB shows clinopyroxene fractionation trends during the
magma genesis based on correlation between MgO and Fe,05" and CaO/
Aly03, Cr and V (Fig. 11a, b and c¢) and low Sc concentration. The small
positive and negative Eu-anomalies (Eu/Eu* = 0.9-1.1) in separate
samples suggest only minor fractionation/accumulation of plagioclase
(Fig. 7). The negative correlation between mg# and V, TiO, and Fey037
(not shown) indicate late-stage Fe-Ti-oxide crystallisation in the magma
and possible minor hornblende accumulation. Based on major elements
the quartz diorites and the Palokallio and Jokisivu samples show similar
but more evolved trends as the UGB. However, the trace element char-
acteristics, e.g, negative Nb-Ta and Ti anomalies and positive Zr-Hf
anomaly (Fig. 7) and Cr vs. V diagram (Fig. 11c) suggest that the UGB
and the diorites have a different source and petrogenesis.

The role of crustal contamination during the UGB magma evolution
is considered minor. Except slight LILE enrichment, this is suggested by
the overall major and trace element characteristics, such as positive Nb-
Ta anomaly and negative Zr-Hf anomaly (e.g., Rudnick and Gao, 2003;
Fig. 7). Moreover, the narrow range of SiO; and the lack of correlation
between SiO, and certain trace element ratios, which are used to trace
crustal contamination, such as Nb/La, support this interpretation
(Fig. 11d). The chondritic-like initial ey¢ values might indicate crustal
contribution but the rather small variation of 4.8 ey units supports a
single source (Fig. 10). Considering the difficulty for the Hf isotopes to
homogenise at a small scale (e.g. Griffin et al., 2002; Andersen et al.,
2009), it is doubtful that this kind of Hf isotope homogeneity can be
obtained by contamination of a mantle-derived magma by continental

Age (Ga)

Fig. 10. epf (1 vs. Age (Ga) diagram showing data from this study relevant reference data from the Svecofennian bedrock. CHUR = chondritic uniform reservoir
(Bouvier et al., 2008); DM = depleted mantle (Griffin et al., 2000); Hf evolution trend for Svecofennian lithospheric mantle eyd(1.90)=+4.5 + 2.5 and
176Lu/Y77Hf~0.0315 (Andersen et al., 2009, modified by Andersson et al. 2011); Hf evolution trend for the Svecofennian crust eu{1.90)=+2 + 3 and
1761,u/177Hf~0.015 (Andersen et al., 2009); blue dots (Barsele and Knaften arcs and Skelleftea district; Guitreau et al., 2014); Early Svecofennian mafic arc rocks
(Patchett et al., 1982; Andersson et al., 2011; Kara et al., 2020); Early Svecofennian felsic arc rocks (Andersen et al., 2009; Heinonen et al., 2010; Andersson et al.,
2011; Kara et al., 2018; Kara et al., 2020); yellow and purple dots (1.86 Ga mafic rocks; Kara et al., 2020). The grey line represents an approximation for Hf-time
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crust or by mixing mantle-derived and anatectic melt. However, these
are the lowest ey values recorded from the early Svecofennian mafic
rocks and are similar to the Svecofennian felsic arc magmas. In general,
spatially extensive mildly depleted mantle source has been suggested for
central Fennoscandia during the Paleoproterozoicum (e.g., Lahtinen and
Huhma, 1997; Andersson et al., 2007; Rutanen et al., 2011; Kara et al.,
2018). This feature is possible to explain by a more fertile mantle source
for the UGB (below) containing unradiogenic Hf, i.e., older, recycled
zircon-bearing crustal material (“zircon effect”; e.g., Patchett et al.,
1984). The diorites show rather large spread in terms of LILE concen-
tration and part of the samples are peraluminious (Fig. 6), which suggest
some sedimentary assimilation during their genesis. The subduction
component (e.g., Pearce and Peate, 1995), however, is apparent (Fig. 7)
suggesting that the geochemical features reflect a subduction-related
source rather than extensive upper crustal contamination. A hybrid
nature is likely based on the MGEs.

Since crustal contamination for the UGB is regarded to be minor,
several trace element ratios/diagrams indicate a mantle source similar
to E-MORB-type rocks, i.e., enriched/fertile source and that the mafic
magmas did not form by subduction (Pearce, 1996; Fig. 12a, b). LILE,
especially Ba, and LREE are slightly more enriched compared to the
average E-MORB but the pattern as well as the HFSE concentrations are
similar (Fig. 7). The REE pattern is quite fractionated (La/Yb = 5.1-7)
indicating that some residual garnet was left behind in the source. The
samples fall between the garnet and spinel-garnet stability fields sug-
gesting a small to moderate partial melting of garnet-spinel lherzolite of
a source more enriched than the primitive mantle (Fig. 12d). Ratios of
Zr/Ba (0.27-0.7; Menzies et al., 1991) and Nb/La vs. La/Yb diagram
(Fig. 12¢) show a mixed asthenospheric and lithospheric signature and a
possible source for this type of signature could be the sub-continental
lithospheric mantle (SCLM). This could also explain the small LILE
enrichment (Fig. 7) and chondritic egs values (Fig. 10) since the SCLM is
known to be chemically and isotopically heterogenous and can contain
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(a-c) and effect of crustal contamination (d).

older zircon-bearing material (Pearson and Nowell, 2002). Moreover,
lithospheric mantle is suggested to be present beneath the Central
Finland Granitoid Complex and the Tampere belt at 1.91 Ga or earlier
(Lahtinen & Huhma, 1997). According to the tectonic Zr-Nb-Th
discrimination diagram, the UGB plot in E-MORB/within-plate tholei-
itic field (Fig. 12e) indicating intra-continental environment. This
conclusion can be further developed by Th-Nb-Ti vs. Yb diagrams
(Fig. 12a, b), which points to a mature intra-oceanic, intra-continental
back-arc or rifted margin setting. The quartz diorites and the Palokallio
and Jokisivu samples do not plot neatly into the diagrams, but in
average they show affinity to calc-alkaline arc-type rocks (Figs. 7 and
12). Similar setting has been proposed by numerous researchers for the
~1.88 Ga synorogenic magmatism (e.g., Nironen & Bateman, 1989;
Lahtinen, 1996; Kahkonen, 2005).

5.3. Geodynamic environment of E-MORB-type mafic rocks in Hame,
Pirkanmaa and Tampere belts

Since the UGB is E-MORB-like and differs from the Jokisivu and
Palokallio diorites, we compare the UGB to the volcanic-plutonic rocks
in Renkajarvi, Vammala, the Pirkanmaa belt and Haveri with reported
E-MORB to MORB affinities (see Peltonen, 1995; Strauss, 2004; Sipila &
Kujala, 2014; Lahtinen et al., 2017). The UGB and the reference E-MORB
rocks have nearly identical major element concentrations, their trace
element compositions are similar and the multielement patterns have
significant overlap (Fig. 7). The Vammala picrites are an exception as
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they show strong olivine accumulation (Fig. 11). The differences are
only between single elements and the reference E-MORBs mostly show
higher Th, Ni and Cr concentrations and, consequently, the multi-
element pattern resembles the transitional basalts between the
volcanic-arc and E-MORB/within-plate (VAB/WPB; Fig. 12a, e) settings
as outlined by Pearce (1996). The subtle differences between the
compared E-MORB rocks are best explained by different source char-
acteristics and different level of partial melting. The Vammala picrites
and the Pirkanmaa belt E-MORBs show the most depleted source char-
acteristics in terms of several trace element ratios (e.g., Nb/La; Zr/Y;
LREE/HREE) and show affinities to depleted MORB-mantle (DMM) type
source (Fig. 12¢, d and e). The Renkajarvi and Haveri samples show
similarities to the UGB-type fertile SCLM source as also suggested by
Lahtinen and Huhma (1997) for the Haveri, but higher level of partial
melting is inferred (Fig. 12d).

The UGB and the Renkajarvi suite lie within the border zone between
the Hame and Pirkanmaa belts. This spatial connection with similar
geochemical features suggests a genetic link between the rocks. The
geochemical features described above are uncharacteristic for
subduction-induced magmatism (e.g., Pearce and Peate, 1995). Instead,
they point to a rift-related environment, which indicate extensional
tectonic regime (e.g., Xia & Li, 2019). Peltonen (1995) interpreted the
Vammala picrites to represent an oceanic formation and Sipila & Kujala
(2014) noted that the Renkajarvi suite most likely formed by rifting, as
opposed to other volcanic rocks in the Hame belt that have subduction-
related geochemical affinities. Excluding the Haveri formation, we
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suggest rifting in a previously formed (at ~1.92 Ga) fore-arc region for
the tectonic setting of the E-MORB type rocks of this study in which the
Tampere belt is the arc and the Pirkanmaa belt represents the fore-arc
region (Fig. 13). The Vammala picrites and the Pirkanmaa E-MORBs
are located slightly north off the UGB-Renkajarvi line but could repre-
sent a different rift of the same system. A more primitive geochemistry
might indicate that the Vammala and Pirkanmaa E-MORBs were formed
near the centre of a rift or represent more evolved rifting stage and thus
have stronger contribution from DMM. The SCLM type source is pro-
posed for the other E-MORB rocks. In this scenario the Haveri formation
represents a back-arc environment of the Tampere belt (Strauss, 2004).
This is plausible since the Tampere belt arc rocks show medium- to high-
K characteristics indicating an evolved arc or continental margin setting
(Kahkonen, 2005), suggesting that older > 1.91 Ga more primitive units,
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predating the Haveri formation, might exist. Lahtinen and Huhma
(1997) suggested that SCLM layer evolved beneath continental nucleus
(i.e., CFGC and the Tampere belt) surrounded by more juvenile island-
arc accretions before 1.91 Ga. The SCLM trapped part of the fluids and
small amounts of melts generating the enriched reservoir that was the
source for the Haveri metalavas. Similar SCLM enrichment scenario is
also consistent in the case of the UGB. Another explanation, based on
uncertainties regarding the age, is that Haveri simply is younger, coeval
with the UGB.

Rifting in a fore-arc region is favoured over a back-arc environment
for the UGB due to a few reasons. Firstly, the magmatic rocks in the
Hame belt are too young, ~1.88-1.87 Ga (Nironen, 1999; Kahkonen,
2005; Saalman et al., 2010; Makitie et al., 2016) for the Pirkanmaa belt
to be a back-arc for the Hame belt. Secondly, southward dipping
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continental lithospheric mantle.

subduction in north of the Tampere belt would be needed if the Pir-
kanmaa belt represents a back-arc environment of the Tampere belt and
there is no evidence of such a subduction (e.g., Kahkonen, 2005; Chopin
et al., 2020; Mints et al., 2020). Structural vergence, age constraints and
overall tectonic models all support for the N-NE dipping subduction
(Nironen et al., 2016; Hermansson et al., 2008; Chopin et al., 2020;
Mints et al., 2020). A double-plunging subduction, opening and closure
of a rift basin in the Pirkanmaa belt have also been suggested (e.g.,
Lahtinen et al., 2017; Nironen, 2017) but this is not entirely consistent
with the age data of the Tampere and Hame belts nor with voluminous
and rather long-lasting arc magmatism within both belts. Moreover, this
model would imply obduction of ophiolites during the closure of ocean
basin but, so far, indications of such formations have not been found. In
our model, the reason for the extension is suggested to be a slab roll-back
(Fig. 13; e.g., Wang et al., 2020). These would open a channel for mantle
upwelling (e.g., Sternai et al., 2014; Cassel et al., 2018), which would
cause rifting and the related magmatism within a fore-arc region.
Lahtinen et al., (2017) studied the stratigraphic evolution of SW
Finland and also identified the rift-related environment using WPB-
MORB volcanics, cherts and black shales as a “marker horizon”. They
were able to extend the rift-related rocks to the Pohjanmaa belt (Fig. 1)
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and suggested an age of ~1.91 Ga based on sedimentary relations (see
also Williams et al., 2008). This study now confirms the rift-related
environment broadly at ~1.9 Ga. The obtained UGB age of ~1.89 Ga
is considered as a minimum age for the rift-related magmatism. The
maximum age of ~1.92 Ga is bracketed using the maximum deposi-
tional ages on related sedimentary rocks in Haveri and the Pirkanmaa
belt (Kahkonen, 2005; Lahtinen et al., 2017). Whether the extensional
tectonic regime prevailed continuously between 1.92 and 1.89 Ga or
1.92-1.90 Ga and 1.89 Ga are separate events would need more age
determinations on structurally controlled samples. However, the rather
well-documented arc-type magmatism between 1.90 and 1.89 Ga in the
Tampere belt and the evidence of incipient rifting at ~1.89 Ga in the
central Tampere belt (Kahkonen, 2005 and references therein) suggest
that the different types of magmatism overlapped and might be related
to prolonged extensional event (Rutland et al., 2004; Magni, 2019). The
rift-related magmatism was shortly followed by crustal shortening,
which is recorded by regional upright folding (e.g., Kilpeldinen, 1998;
Saalmann et al., 2010; Chopin et al., 2020) and volcanic arc-type mag-
matism in the Hame and Pirkanmaa (and Pohjanmaa) belts at ~1.88 Ga.
Our model supports the tectonic model of Hermansson et al. (2008) and
Saalmann et al., (2009) with continuous subduction to N-NE beneath
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single continental margin with constant polarity. The tectonic switch-
ing, i.e., the cyclic changes extension and short-lived (~10 Ma)
contraction, results from hinge retreat and advance and is controlled by
arrival of, e.g., buoyant oceanic plateaus at the trench (Collins, 2002a,
2002b). We infer that the rift-related magmas are related to the upper
crustal extension while arc-type magmas can be related to either
extension or contraction. However, when the arc-type magmas (or
anatectic granites) are intruded into the axial planes of regional upright
folds during crustal shortening event they can used to date the
contractional phase. The dating of such events is therefore challenging
but the main deformation with upright folding is dated approximately at
1.88 Ga in the Pirkanmaa and Pohjanmaa belts (Kilpeldainen, 1998;
Rutland et al., 2004; Chopin et al., 2020) and between 1.88 and 1.87 Ga
in the Hame and Tampere belts (Nironen, 1989; Nironen, 1999; Saal-
mann et al., 2010). Older thrusting events might exist, but they are still
poorly constrained (Lahtinen et al., 2017). Based on the existing data,
previously inferred stratigraphic evolution (Lahtinen et al., 2017) and
the tectonic evolution (Kilpelainen, 1998; Saalmann et al., 2010; Lah-
tinen et al., 2017; Chopin et al., 2020) we suggest the following evolu-
tion for the early Svecofennian magmatism in central Fennoscandia:

1.92-1.90 Ga: rift-related magmatism in the northern part of Tam-
pere belt (Haveri) and possibly in the Pirkanmaa belt (crustal extension;
Fig. 13a).

1.90-1.89 Ga: arc-type magmatism in the Tampere belt (crustal
extension or contraction?; Fig. 13b).

1.89 Ga: rift-related magmatism within the Tampere belt fore-arc
region, i.e., in the Pirkanmaa belt, in the northern part of the Hame
belt and in the central Tampere belt (crustal extension; Fig. 13c).

1.89-1.87 Ga: arc-type magmatism in the Hime and Pirkanmaa belts
(crustal thickening, alternating extension and contraction?; Fig. 13d).

~1.86 Ga: high-Nb and adakite-like, i.e., within plate-, type mag-
matism in the SW Finland (crustal extension; Fig. 13e, Kara et al., 2020).

Similar magmatic (and depositional) ages and rift-related magma-
tism to some extent continue through the Pohjanmaa belt (Williams
et al., 2008; Lahtinen et al., 2017) to the Bothnia—Skellefte lithotectonic
unit in northern Sweden (Fig. 1) where continued retreating subduction,
extension, intra-arc basin development and sedimentation is suggested
for tectonic evolution at 1.93-1.90 Ga. This was followed by advancing
subduction-related magmatic activity at 1.88-1.87 Ga (Skytta et al.,
2020). Therefore, it is possible to continue the rift-related tectonic
setting and suggested tectono-magmatic evolution further to the NW of
our study area (see Lahtinen et al., 2017).

This model could explain the high temperature-low pressure (upper
amphibolite to granulite facies) metamorphism within the Pirkanmaa
belt at 1885-1880 Ma (Mouri et al., 1999; Lahtinen et al., 2017) by the
thermal effect of asthenosphere upwelling, the mantle-derived mag-
matism and possible magmatic underplating due to lithosphere
stretching (Fig. 13c; e.g., Collins, 2002a, 2002b). Chopin et al., (2020)
noted also that the metamorphic mineral assemblages developed during
the convergent episodes approximately at 1.89-1.88 Ga or 1.88-1.87 Ga
within the Pohjanmaa belt. These observations are broadly in line with
the model since Collins (2002a) suggested that peak metamorphic
mineral assemblages crystallise during thrusting soon after the exten-
sional event due to lithosphere cooling by isolating the crust from
asthenosphere. In addition, indications of early metamorphism at
~1.92-1.91 Ga in the Pirkanmaa and Pohjanmaa belt metasediments is
found in low Th/U zircon rims (Fig. 13a; Rutland et al., 2004; Williams
et al., 2008; Lahtinen et al., 2017). The ~1.86 Ga extensional event is
based on within-plate type gabbroic dykes and small intrusions in the
Pirkanmaa, Hame and Uusimaa belts (Nevalainen et al., 2014; Kara
et al.,, 2020) and opening of small rift-basins, now represented by
lateritic paleosols and mature quartzites at the time or slightly later
(Bergman et al., 2008; Lahtinen and Nironen, 2010). Recent identifi-
cations of ~1.86 Ga metamorphic event in southern Finland (Vaisanen
et al., 2021; Vehkamaki et al., 2021) might indicate lithospheric thin-
ning (i.e., extension; Collins, 2002b). However, the tectonic framework
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of this event is still poorly constrained (Torvela and Kurhila, 2020). Kara
et al., (2020) suggested that the 1.86 Ga magmatism in linked to lower
crustal delamination (Fig. 13e) but whether this delamination is the
consequence or the reason for the extension is ambiguous. Delamination
driven extension (cycle) in the absence of slab rollback is interpreted in
the Sevier-Laramide orogen in the western U.S. (Wells et al., 2012). Also,
other drivers for crustal extension have been proposed at ~1.86 Ga, such
as distributed thickening-induced lateral flow (Cagnard et al., 2007),
accretion followed by gravitational spreading (Nikkila et al., 2015) and
far-field plate motions and orogenic collapse (Lahtinen et al., 2005). We
consider that the lower crustal delamination (Kara et al., 2020) with or
without slab rollback would provide the most comprehensive model.
The above-mentioned occurrences suggest a north to south “zonation” of
the metamorphism at ~1.92 Ga, 1.89-1.88 Ga and ~1.86 Ga in SW
Finland coupled with extensional phases in the developing arc-system.
Unfortunately, the metamorphic events at ~1.92 Ga in the Pirkanmaa
belt (e.g., Rutland et al., 2004) and at ~1.86 Ga in the Hame and
Uusimaa belts (e.g., Vaisanen et al., 2021) are largely overprinted by
later regional metamorphism, 1.89-1.88 Ga event in the north and
1.83-1.82 Ga event in the south making their characterisation difficult.
Nevertheless, we suggest that the driver for the ~1.92 Ga, 1.89-1.88 Ga
and ~1.86 Ga metamorphisms is the lithosphere thinning coupled with
mantle-derived magmatism and lower crustal delamination (at 1.86 Ga)
due to extension rather than thrusting and crustal thickening. However,
during later regional metamorphism at 1.83-1.82 Ga in southern
Finland crustal thickening and radioactive heat production (Kukkonen
and Lauri, 2009) should be considered.

The fate of the active subduction is obscure after ~1.87 Ga, since
clear arc-type rocks are not found after that time in southern Finland (e.
g., Lahtinen and Nironen, 2010). Several possible explanations exist: (i)
subduction zone migration further to the SW (Saalmann et al., 2009), (ii)
continent—continent collision (Lahtinen et al., 2005), (iii) accretion of
another arc-system, i.e., the Uusimaa belt against the Hame, Pirkanmaa
and Tampere belts, relocating the subduction zone further to SW.
Whether the Uusimaa belt share the same geological history as the other
belts is obscure due to some older magmatic ages found within the
Uusimaa belt compared to the belts in the north (e.g., Vaisanen &
Manttari, 2002; Kara et al., 2018). Korja et al. (2006) regarded the Hame
and Uusimaa belts as separate terranes, whereas Vaisanen and Manttari
(2002) suggested that the belts belonged to the same arc system but
were rifted apart. The Uusimaa belt also contains E-MORB- (Vaisanen &
Manttari, 2002) to transitional MORB-type rocks (Vaisanen and West-
erlund, 2007) but whether these can be correlated to the same tectonic
switching cycle would need more age determinations. Another open
question is that whether the evolution of the Tampere, Pirkanmaa and
Hame belts can be correlated with the suggested cyclic geodynamic
evolution of the south-central Sweden (Hermansson et al., 2008) or are
these separate arcs? Considering these aspects, it is possible that the
Uusimaa belt was formed in the same arc system as the south-central
Sweden (Hermansson et al., 2008; Saalmann et al., 2009), which was
accreted against the Tampere, Pirkanmaa and Hame belts.

5.4. Implications for crust generation

The tectonic switching model generally involves formation of
repeated back-arc basins (Collins, 2002a, 2002b) and therefore our
model with extension in the previously formed fore-arc region is not
conventional. However, modern analogues of such settings can be
found, for example, from the Zagros belt in NE Iraq and SW Iran where
gabbros with composition similar to the UGB erupt and crosscut the 20
m.y.r. earlier formed fore-arc due to extension (Ao et al., 2016; Al
Humadi et al., 2019; Moghadam et al., 2020) as well as in the Banda arc
system in eastern Indonesia in which slab roll-back is suggested to drive
extension in the fore-arc environment (Pownall et al., 2016). Rift-related
environments within fore-arcs are also identified in the vast Central
Asian Orogenic Belt (e.g., Windley et al., 2007). Moreover, in the
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Devonian—Carboniferous New England Orogen, eastern Australia,
McKibbin et al., (2017) suggested a fore-arc-arc-back-arc setting,
broadly similar as described here, developed by tectonic switching
cycle. This setting also contains tholeiitic gabbro bodies similar to the
UGB with inferred fore-arc affinities (McKibbin et al., 2017). The New
England orogen is considered as outboard extension of the Lachlan
orogenic belt, which is the prime example of the model (Collins, 2002a,
b). These examples suggest that fore-arc environments can be in notable
position in the tectonic switching cycle.

At the present erosional level, the rift-related magmatic rocks
comprise < 5 % of the total area of the bedrock in SW Finland and
therefore, volumetrically their role can be considered minor. However,
the overall role of extensional tectonic regime can be considered
essential for the crust generation during an accretionary orogen (Collins,
2002a, b). Although the record is incomplete, zircon Hf isotope coupled
with whole rock Nd isotope data allow us to evaluate the additions of
mantle-derived material to the crust (Kemp et al., 2009) during the early
stages of the Svecofennian orogen and, more broadly, during different
tectonic cycles in accretionary Paleoproterozoic orogens. Two types of
mafic magmatism seem to prevail during the rifting: primitive magmas
and magmas with recycled crustal component. The Vammala picrites
and Pirkanmaa E-MORB are representatives for primitive magmas based
on depleted (g values and primitive geochemistry, whereas the UGB,
Haveri and Renkajarvi rocks show more extensive recycled crustal
component based on chondritic zircon .yf values (UGB), (ng values
(Haveri) and enriched geochemistry. Similar rocks from both groups
seem to continue to the Pohjanmaa belt (Lahtinen et al., 2017). The
primitive magmas represent almost completely juvenile additions to the
crust, whereas our approximation infers that the juvenile component is
approximately 85 % for the UGB-type enriched rocks (see Electronic
Appendix A for the details of the calculation). Therefore, the magmatic
influx to the crust was mostly juvenile during the rift-related magma-
tism. The zircon Hf isotope-time trends follow the extension-contraction
cycle to some extent by showing stronger crustal contribution during or
after the thickening events (e.g., ~1.88 Ga) in the arc magmatism (Kemp
etal., 2009; Fig. 11). The trend is most pronounced in the oldest juvenile
units, the Knaften and Barsele (and Savo, only Sm-Nd data) primitive
arcs (Lahtinen & Huhma, 1997; Guitreau et al., 2014; Fig. 1) and crustal
recycling gradually increases with time in the Skellefte district (Fig. 11).
During the extensional events the juvenile magmatism would be ex-
pected due to lithosphere thinning but the isotope trend is twofold as
mentioned above: some units like the Vammala picrites are very juvenile
while other, like the UGB, show some crustal contribution. This can be
explained by different mantle source characteristics (SCLM vs.
asthenosphere) and possibly by the distance to the active subduction
zone. The different source characteristics also applies to the later
extension-related 1.86 Ga mafic magmas, which show very different Hf-
isotope features depending on the source (Fig. 11; Kara et al., 2020). The
recycling processes are arguably more notable during the voluminous
bimodal magmatism within or after the shortening events, which is
recorded by low ¢yf values. Besides the recycling processes, this mag-
matism provides magmatic vertical accretion (e.g., Cawood et al., 2009).

Another, perhaps more important aspect, is the possible basaltic
underplating formed during the extensional phases of the Svecofennian
orogeny (Stephens and Andersson, 2015), which can be interred from
the seismic profiles from the Tampere and Pirkanmaa belts (Lahtinen
et al., 2009a). Similar pulses of mafic underplating are inferred from
Bergslagen (Stephens & Andersson, 2015) and the SW Svecofennian
domain in Sweden (Andersen, et al., 2009). These represent significant
fluxes from the mantle to the lower crust (e.g., Davidson and Arculus,
2006) but characterising the exact nature and age components of the
mafic underplating is difficult. Besides the crustal processes, formation
of the Proterozoic SCLM during extensional environments by ~10%
melt extraction has been suggested (Griffin, et al., 1999). As mentioned,
the SCLM was present beneath the Tampere belt at 1.92 Ga (Lahtinen
and Huhma, 1997) and beneath the Pirkanmaa belt at 1.89 Ga.
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The period around 1.9 Ga is recognised as one of the major juvenile
crustal growth episodes, which is linked to the supercontinent cycle (e.
g., Stein and Hofmann, 1994). The reason for the episodic nature of the
growth, however, remains debatable (e.g., Condie, 1998). Kemp et al.
(2009) suggested that crustal growth could be explained simply by
subduction and slab retreat, i.e., by alternating extensional and
contractional tectonic regimes using the Australian Tasmanides, as a
Phanerozoic example. Indeed, the early Svecofennian tectonic switching
cycle at 1.92-1.86 Ga (Hermansson et al., 2008) represents a period of
very rapid crust generation and substantial additions of juvenile mantle
material to the crust. The Svecofennian orogen covers an area of ~1
million km? (Lahtinen et al., 2009a) and roughly 50-70 % of it was
formed during the early 50 m.y. period. This with other almost coeval
Paleoproterozoic examples from the Trans-Hudson orogen in Canada (e.
g., Hollings and Ansdell, 2002), possibly the Usagaran belt in Tanzania
(Bahame et al., 2016) and Tapajos Gold Province in Brazil (Lamarao
et al., 2002) suggest that the tectonic switching might be significant
driver for the ancient crustal growth pulses.

5.5. Geological controls of gold the mineralisation

Gold within the UGB was precipitated into the north-eastern part of
the intrusion, which is characterised by the NW-NE trending high-strain
zones. However, only one of the four most significant Au-rich in-
tersections within the SW-plunging drillholes may be directly correlated
with high-strain zones recognised in this study (Fig. 3b; R25 at measured
depth, MD 46-48 m; 88-91 m; 97-106 m), whereas the three other (R8
at MD 7-15 m; 41-42 m, 52-53 m + R23 at MD 23.8-24.8 m + R314 at
MD 39.3-40.3 m; 64.5-65.5 m; 82.5-84.5 m) occur at the margin of the
high and low-strain domains. Consequently, the distribution of the Au-
rich drillhole intersections is in line with Karkkainen et al. (2016) in
that gold is not within the shear zone itself, which have acted as major
fluid channel, but in the small quartz and pyrrhotite veins in the wall
rock close to the sheared and altered zones. Placed within the context of
the structural interpretation presented in Fig. 3b, we attribute the pre-
cipitation of gold to deformation zones representing 3rd and 4th order
structures (based on zone length and inferred abutting relations; in line
with Saalmann et al., 2009): the Kankaanranta SZ is the 1st order
structure allowing the fluid flow from depth. The Helmeld SZ, inter-
connected to the Kankaanranta SZ, is the 2nd order structure, and
allowed further fluid transport to the UGB. The 3rd order structures are
represented by high-strain zones parallel to the Helmelad SZ, and these
host part, likely the minority, of the gold mineralisations. The majority
of mineralisations are located within the 4th order fracture networks
occurring outside the high-strain zones, but kinematically likely linked
to them.

The role of the Kankaanranta SZ as the main fluid pathway for gold-
bearing fluids for the Uuniméki mineralisation is supported by its
transpressional character, which suggests a correlation with the regional
1.83-1.79 Ga E-W shear zones of southern Finland (Vaisanen and Skytta,
2007). Moreover, the above timing is compatible with the 1.83-1.79 Ga
timing of late-orogenic and the late-orogenic WNW-ESE transpression
and gold-precipitating fluid movement in the western Hame belt
(Saalmann et al., 2009) and also indicates that the gold mineralisation in
the UGB is contemporaneous with the Jokisivu deposit (Saalmann et al.,
2010). Saalmann et al. (2009) highlighted the pronounced regional NW-
SE alignment of gold occurrences in southern Finland, and the UGB
mineralization apparently is one member within this system. As the
structural grain of the UGB mineralisation also trends NW-SE, we further
attribute the ore-forming fluid flow to the NW-SW orientation of the
Helmeld SZ and the parallel high-strain zones transecting the UGB,
which were dominantly subjected to opening-mode stresses during the
late-orogenic transpression.

The gold precipitated most likely in several stages, indicated by
several vein generations (Fig. 4a-e; Karkkdinen et al, 2016) and
occurrence of large and complex gold grains with variable chemical
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compositions (Fig. 4f-h; Karkkainen et al., 2015). The hydrothermal
processes have probably been active in semi-ductile environment at
mesozonal depths (6-12 km) indicated by breakdown of pyroxene and
magnetite to hornblende but also clinopyroxene crystallisation in Au-
and Bi-bearing metamorphosed quartz-carbonate vein (Fig. 4d;
Karkkainen et al., 2016), As-enrichment (Groves et al., 1998) and
deformation in conditions near the brittle-ductile-boundary (Leskela,
2019). However, the silicate-sulfide veins formed in a semi-ductile
environment are crosscut by sericite-rich veins and seams (Fig. 4b, d)
that developed mainly in a brittle environment (Karkkainen et al., 2016)
indicating that the fluid-activity continued in brittle environment. Also,
part of quartz veins was formed in brittle environment (Fig. 2b) of which
some contain native gold (Fig. 4f).

The hosting rocks for the Uunimaki, Palokallio and Jokisivu miner-
alisations have different geochemical signatures and different ages.
Consequently, it is the structure and not the geochemical features or the
age of the gold-hosting rocks, which provided the primary control over
gold precipitation within the western Hame belt. However, the hosting
intrusive rocks must have had a distinct mechanical contrast to the
surrounding country rock so that the required 3rd — 4th order structures
developed. The structural control for orogenic gold deposits has been
widely recognized (e.g. Goldfarb et al., 2005), and the control may be
simple such as the veining at dilational sites (Cox et al., 1995), or more
complex, including e.g. inheritance of gneissic banding (Blenkinsop and
Doyle, 2014) and other compressional structures (Upton and Craw,
2014), or host rock variation causing variation in the geometry of the
ore-hosting fault, and the ore grade (Bell et al., 2017). The required
mechanical contrast is evident for the diorites and gabbros hosting the
Jokisivu, Palokallio and Uunimaki deposits, but here we further claim
the variation in chemical composition between the sites may play a role
in the style of the mineralisation: gold in the Jokisivu and Palokallio
deposits is enriched in the quartz veins in the shear zones, whereas in
Uunimaki the gold is not within the shear zone itself, but in the small
quartz and pyrrhotite veins in the wall rock next to the high-strain zones.
We infer this relates to the more basic and iron rich composition of the
UGB which promotes sulphide precipitation during the fluid movement.
Consequently, the tectonic setting of the host-rock does not directly play
an important role in the gold precipitation, but the chemical composi-
tion, especially the iron composition, depends on the tectonic setting.
These observations can be applied more widely in orogenic gold
exploration in deformed Precambrian terrains. As a rule of thumb, the
following might be used as a proxy for gold: (i) mechanical contrast
between the host-rock and country-rocks, i.e., mafic intrusive vs.
metamorphosed supracrustal rocks, (ii) 3rd — 4th order structures
nearby the larger regional shear zones. Moreover, the chemical contrast
between the host-rock and country-rocks may define the character of
mineralisation.

6. Conclusions

e The 1891 + 5 Ma age of the Uunimaki gabbro makes it the oldest
dated plutonic rock in the Hame belt. The Au-bearing Jokisivu dio-
rite in the same area is ~10 Ma younger.

The E-MORB type geochemical affinity of the UGB points to rift-
related setting in contrast to the Au-bearing Jokisivu and Pal-
okallio diorites, which show arc-type signatures. It resembles the E-
MORB-type volcanic rocks in SW Finland, closest the Renkajarvi,
Haveri and Pirkanmaa belt volcanics.

Rifting in a fore-arc region within a north-dipping subduction system
is suggested for the tectonic environment. Slab retreat due to roll-
back is suggested to cause the extension and related magmatism.
Rapid crust generation, alternating rift-related and arc-type mag-
matism, extension-driven metamorphism and formation of the SCLM
is suggested during the tectonic switching cycle of the early Sveco-
fennian orogeny.
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The gold mineralisation in the Uunimaki gabbro was precipitated
into fracture networks within the immediate vicinity of the NW-SE
high-strain zones characterising the north-eastern high-strain
domain of the intrusion.

The ENE-WSW transpressional Kankaanranta shear zone, with
structural linkage to the UGB, was likely the primary pathway for
mineralising fluids.

e The geochemical details, the age of emplacement and the tectonic
setting have therefore not played a major role in gold precipitation in
the studied mafic rocks.
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