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A B S T R A C T

We have studied two gold deposits, Välimäki and Kultakallio, located in SW Finland, to understand the interplay 
between gold precipitation, fluid activity and structural evolution within the Paleoproterozoic Svecofennian 
orogen. The Välimäki deposit is hosted by paragneisses characterised by pervasive silicification and the occur
rence of foliation parallel quartz veins. The Kultakallio garnet-bearing gabbro shows two generations of quartz 
veins associated with arsenopyrite and graphite. Zircons from the leucosome within Välimäki yield an age of 
1887 ± 4 Ma interpreted as the first metamorphic event (M1) associated with partial melting. In contrast, 
monazites of the same sample give bimodal ages at 1817 ± 7 Ma and 1794 ± 5 Ma both reflecting hydrothermal 
activity. In-situ zircon dating in Kultakallio yielded three age peaks at 1885 ± 4 Ma, 1859 ± 5 Ma and 1805 ± 7 
Ma interpreted to represent magmatism, a secondary metamorphic event (M2) and hydrothermal activity, 
respectively. In-situ dating of Kultakallio titanites gives an age of 1786 ± 58 Ma and garnet an age of 1809 ± 470 
Ma, which reflect the timing of the fluid activity. Based on hydrothermal ages, gold mineralising events at (I) 
1815–1805 Ma and (II) 1795–1785 Ma are recognised in the study area. Stage I is related to the injection of 
foliation-parallel quartz veins and precipitation of arsenopyrite in which gold occurs as inclusions. Stage II is 
characterised by precipitation of gold associated with Te- and Bi-minerals, abundant graphite, remobilisation of 
pyrite and breakdown of arsenopyrite within the brittle-ductile transition zone. The NW-SE − oriented trans
pressional setting formed the NE-SW − oriented gold critical structures originally at 1.89–1.88 Ga (D2), which 
were later reactivated in the 1.83–1.78 Ga WNW-ESE transpressional setting (D3). The NW-SE trending crustal 
scale shear zones are suggested to act as first order structures whereas the NE-SW oriented strike-slip structures 
form the second order setting. In the target scale, foliation parallel and intersecting quartz veins and narrow 
shear zones represent the third order structures hosting the mineralisations. We suggest the driver for the fluid 
activity at ca. 1.80 Ga is lower crustal delamination during crustal extension in a tectonic switching cycle.

1. Introduction

Mineralisation is an output of diverse geological processes within a 
specific geological setting. To understand ore genesis, we must be able to 
recognise and characterise the processes leading to ore formation. One 
approach is to conduct integrated in-situ dating of several mineral spe
cies (e.g. zircon, monazite, titanite and garnet) which allows us to 
determine the relative and absolute timing(s) of processes related to the 
precipitation, emplacement and/or remobilisation of the ore (i.e. 

formation of the ore deposit). The strength of in-situ multimineral age 
determinations is not limited to the structural and mineralogical control 
of the dated minerals alone but also allows evaluation of the distinct 
response of the studied mineral species to the prevailing conditions (P, 
T, fluid activity and composition) during and after their crystallisation 
and potential (partial) recrystallisation. Such an approach is particularly 
important in complex Precambrian terrains where direct constraints 
over the geological evolution using e.g. stratigraphy or petrography is 
critically limited or non-existent.
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The Paleoproterozoic Svecofennian orogen in Finland (Fig. 1A) is 
characterised both by a complex and prolonged evolution (1.96–1.77 
Ga) and the presence of numerous structurally controlled gold occur
rences, the majority of which classify as orogenic gold deposits (e.g., Eilu 
et al., 2003; Eilu, 2012, Saalmann et al., 2009, 2010). In northern 
Finland (the Central Lapland Greenstone Belt), in-situ age determination 
has shown that the precipitation of gold during the Svecofennian evo
lution occurred in two separate events at 1.91–1.87 Ga and 1.82–1.77 
Ga (Molnár et al., 2018). In contrast, the few available contributions 
from the Häme belt in SW Finland indicate a more limited duration of 
gold mineralising event(s) at 1.83–1.78 Ga, when structural control was 
provided by specifically oriented shear zones and faults that formed in 
response to WNW-ESE crustal shortening (Saalmann, 2007 ; Saalmann 
et al., 2009, 2010). Moreover, at least two separate gold precipitating 
events, with poorly resolved timing have been recognised from the 
mineralogical association of gold in several deposits in SW Finland 
(Lehto and Kärkkäinen, 2006; Kärkkäinen et al., 2012, 2015, 2016). 
However, the Svecofennian orogen in SW Finland is composed of four E- 
W trending volcano-sedimentary belts, which are distinctive with 
respect to the lithological composition, timing and conditions of the 
metamorphic events, timing and volume of magmatism, and deforma
tion style (e.g., Lahtinen et al., 2005; Nironen, 2017; Hölttä and Heilimo, 
2017; Kara et al., 2021). For these reasons, the validity of the results by 
Saalmann et al. (2009) to the other supracrustal belts remains untested. 
This is true also for the gold deposits in Kullaa, the area of the present 
study, which is located in the western part of the high metamorphic 
grade Pirkanmaa belt that occurs to the north of the medium-grade 
Häme belt (Fig. 1B).

The purpose of this investigation is (i) to conduct a geochronological- 
structural characterisation of the Kullaa district and the contained gold 
mineralisation, (ii) further test whether the results by Saalmann et al. 
(2009) are more universally applicable beyond the Häme belt, and (iii) 

eventually propose models that explain the tectonic setting and 
geological controls of the fluid pulses that penetrated large volumes of 
the Svecofennian bedrock and resulted in the deposition of numerous 
orogenic gold deposits. The characterisation work involves determining 
ages of the gold precipitating fluid activity, the host-rock to the miner
alisation and the metamorphic peak. These will be used to elucidate the 
character and timing of the structures controlling the mineralisation. 
The principal methods used in this work are field mapping, subsequent 
analysis of field and geophysical data, and U-Pb age determinations on 
zircon, monazite, titanite and garnet.

2. Geological setting

2.1. Svecofennian orogen

The Fennoscandian shield, comprising roughly half of the East Eu
ropean Craton, hosts four main domains: the Archean (3.5–2.5 Ga), 
Svecofennian (1.95–1.79 Ga), Transscandinavian Igneous Belt (TIB; 
1.81–1.65 Ga) and Sveconorwegian (1140–960 Ma; e.g., Lahtinen et al., 
2023). The Paleoproterozoic Svecofennian orogen formed as a conse
quence of accretionary processes (e.g., Lahtinen et al., 2009). In Finland, 
the Svecofennian Province is further divided into the Southern Sveco
fennia and the Northern Svecofennia Subprovinces, which represent the 
main arc complexes (Kohonen et al. 2021; Fig. 1A). The Svecofennian 
rocks are separated from the Archean rocks in the NE by a NW-SE 
− trending complex suture zone. For more detailed description, see e. 
g., Gaál and Gorbatschev, (1987), Nironen (1997) and Lahtinen et al. 
(2005).

Four E-W trending volcano-sedimentary belts occur within the Sve
cofennian Province in SW Finland: Tampere, Pirkanmaa, Häme and 
Uusimaa belts of which the first two belong to the Northern Svecofennia 
Subprovince and the last two to the Southern Svecofennia Subprovince 

Fig. 1. A. Generalised overview of the Fennoscandian Shield with major Paleoproterozoic gold districts indicated, modified after Koistinen et al. (2001). SB = Savo 
belt, NS = Northern Svecofennia Subprovince, SS = Southern Svecofennia Subprovince CLGB = The Central Lapland Greenstone Belt, SK = Skellefte, LA = Lai
vakangas, S = Seinäjoki, PV = Pirkkala-Valkeakoski, H = Häme. B. Generalised lithological map of the study area and SW Finland with gold occurrences. Geological 
data modified after Bedrock of Finland – DigiKP (2024).
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(Fig. 1B). The medium-grade Tampere belt is situated north of the Pir
kanmaa belt and is characterised by volcanic rocks formed in a volcanic 
arc environment 1.91–1.89 Ga ago (Kähkönen, 2005; Kara et al., 2022). 
The Pirkanmaa belt is interpreted to represent the accretionary prism of 
the same complex, consisting mostly of migmatites and gneisses of tur
biditic origin together with 1.89–1.87 Ga plutonic rocks, predominantly 
granodioritic in composition (Lahtinen et al., 2009). The Pirkanmaa belt 
was subjected to complex deformation (Kilpeläinen, 1998) involving 
early thrusting and associated sub-horizontal folding, followed by 
extension and almost synchronous upright folding in a low-P, high-T 
− environment at upper amphibole facies (Hölttä and Heilimo, 2017), 
peaking at 1.88 Ga (Mouri et al., 1999). The internal structures of the 
Pirkanmaa belt in the area south of the Tampere belt are characterised 
by bedding-parallel foliations, which have been folded into E-trending 
upright folds with sub-horizontal axes. Faults within the Pirkanmaa belt 
occur as conjugate sets with respect to the E-trending axial planes and 
the thrust-type contact with the Tampere belt (Kilpeläinen, 1998). The 
border between the Pirkanmaa belt and Tampere belt in the north dis
plays both gradual and fault-controlled changes. Kilpeläinen (1998) and 
Nironen (1989) described thrust faulting with S-side-up − kinematics. 
The border between the Pirkanmaa and Häme belts is interpreted to 
represent the suture zone between the two crustal Subprovinces 
(Korsman et al., 1997; Kohonen et al. 2021). The Häme belt was mainly 
formed at 1.89–1.87 Ga and consists of volcanic and sedimentary rocks 
(Lahtinen, 1996; Kähkönen, 2005) that were metamorphosed at 
amphibolite facies (Hölttä and Heilimo, 2017) and intruded by 
1.89–1.87 Ga gabbros, diorites, granodiorites and tonalites (Suominen, 
1988; Kähkönen, 2005; Saalmann et al., 2010; Tiainen et al., 2013).

2.2. Kullaa area

The study area is located within the Pomarkku block, which is the 
western continuation of the Pirkanmaa belt located between the Sata
kunta sandstone basin and the Central Finland Granitoid Complex 
(Fig. 1B and 2). The Pomarkku block is dominated by plutonic units with 
granodioritic to dioritic compositions (Fig. 2). Migmatised supracrustal 
sedimentary units, typical for the Pirkanmaa belt, along with minor 
mafic to intermediate volcanic units are present. The metamorphic 
grade is typically upper amphibolite facies (Hölttä and Heilimo, 2017), 
while the timing of the peak metamorphism is unknown. Earlier studies 
with structural emphasis (Pietikäinen, 1994; Pajunen et al., 2008) 
focused on the regional structural evolution with no previous studies 
concerning the gold-critical structures.

The Pomarkku block is bordered by the crustal-scale Kynsikangas 
shear zone (KySZ) in the SW and the Kankaanpää shear zone (KaSZ) in 
the NE (Pietikäinen, 1994; Pajunen et al., 2008; Fig. 2). Reimers et al. 
(2018) concluded that deformation within the KySZ was partitioned into 
two different deformation regimes: i) A NW-SE oriented transpressional 
ductile regime that formed the map-scale structures in the KySZ and ii) 
regime related to more brittle E-W compression, which caused localised 
thrusting of the central KySZ segment upon its eastern segment. Struc
tures along the SW margin of Pomarkku block were affected by the drag 
of shearing from the KySZ during NW-SE − oriented transpressional 
regime (Reimers et al., 2018). The KaSZ along the NE margin of the 
Pomarkku block displays lineations plunging gently towards NE and 
oblique dextral-reverse kinematics (Pajunen et al., 2008). The internal 
structures of the Pomarkku block are characterized by E-W trending 
foliations and axial planes, and north-verging folds in the northern part 
of the block shifting to NE-SW trends and vertical to subvertical axial 
planes in the southern part of the study area.

2.3. Overview of Paleoproterozoic orogenic gold mineralisation in the 
Fennoscandian shield

2.3.1. Major gold districts
Several Paleoproterozoic gold districts are recognised in the 

Fennoscandian shield of which the most notable are the Central Lapland 
Greenstone Belt (CLGB), Skellefte, Laivakangas, Seinäjoki, Pirkkala- 
Valkeakoski and Häme Au-districts (Fig. 1A). At least two major epi
sodes of hydrothermal activity and gold precipitation are suggested 
within the CLGB (Molnár et al., 2018). This includes an early-stage re
fractory gold mineralisation taking place between 1916 and 1870 Ma 
(Molnár et al., 2018), which is associated with structurally controlled 
fluid flow along N-S oriented strike-slip faults (Hölttä et al., 2007; 
Molnár et al., 2018). The late-stage mineralisation with free gold in N-S 
and NW-SE oriented carbonate-quartz veins is characterised by sul
phides and Bi-minerals and is dated between 1820 and 1770 Ma 
(Mänttäri, 1995; Hölttä et al., 2007; Molnár et al., 2018, 2019). The late- 
stage mineralisation is similar to the gold deposits south of the well- 
known Skellefte VMS district in which refractory and free gold is hos
ted by arsenopyrite-bearing quartz veins (Eilu et al., 2003; Bark and 
Weihed, 2007). The majority of the deposits in the area are structurally 
associated with ~ N-S striking, steeply dipping shear zones that were 
active roughly around 1.8 Ga during E-W shortening (Bark and Weihed, 
2012).

Neither the age of the mineralisations nor the structural evolution of 
the deposits in Laivakangas, Seinäjoki and Pirkkala-Valkeakoski Au- 
districts have been studied in detail, but they share similarities with the 
aforementioned deposits. The Laivakangas Au district is characterised 
by deposits of Au-only and Au with atypical (Cu, Co, Ni) metal associ
ation and both deposit styles are hosted by shear zones (Eilu, 2012; 
Hector et al., 2023). Two gold precipitating events are identified in the 
deposits: an older As-Au mineralising event is suggested to occur near 
peak metamorphism and a younger Cu-Au + sulphide event during the 
retrograde stage (Hector et al., 2023). The Seinäjoki Au district hosts 
several small gold occurrences, which differ from the gold mineralisa
tions elsewhere due to their high antimony content, in some cases 
making Sb a major commodity (Eilu et al., 2003; Isomaa et al., 2010). 
Free gold is situated in narrow E-W to NW-SE oriented quartz +/- 
tourmaline veins (Akkerman, 2015). Several structurally controlled gold 
deposits occur within the Pirkkala-Valkeakoski Au district in which gold 
is hosted by en echelon quartz veins within narrow shear zones (Eilu, 
2012).

Saalmann et al., (2009) attributed the formation of the Jokisivu and 
Satulinmäki mineralisations, in the Häme gold district, to WNW-ESE 
oriented sub-horizontal shortening and dextral shearing in brittle- 
ductile boundary conditions that prevailed at 1.83–1.79 Ga. The con
trolling structures are WSW-ENE to SW-NE dextral shear zones and NW- 
SE oriented faults. Similar steep to sub-vertical NW-SE trending high- 
strain zones controlled the fluid flow in the Uunimäki deposit but the 
gold precipitated in the 4th order fracture network occurring along the 
boundary of the high and low-strain domains (Kara et al., 2021). The 
WSW-ENE structures are also recognised in the Uunimäki area, but these 
are interpreted as channels that facilitated the fluid ascent from depth.

2.3.2. Kullaa gold occurrences
The Kullaa area hosts four known gold targets: Välimäki, Kultakallio, 

Saarijärvi and Silmusuo, with the first two selected for closer study 
(Fig. 2). The Välimäki target is hosted by migmatised paragneisses and 
hornblende gneisses characterised by pervasive silicification and 
occurrence of thin quartz veins parallel to the foliation. Two quartz vein 
types can be detected in the area: i) folded and foliation parallel barren 
veins associated with leucosomes and ii) arsenopyrite bearing thin 
foliation parallel veins (Kärkkäinen et al., 2012). The gold-bearing 
quartz veins are hosted by narrow (a few centimetres to a few meters 
wide) shear zones and their alteration halos are characterised by the 
presence of garnet, quartz veins, biotite, arsenopyrite and pyrite. In 
addition to the quartz veins, gold is present in shear related sulphide and 
biotite veins (Lehto & Kärkkäinen, 2006; Kärkkäinen et al., 2012). 
Likewise, two generations of quartz veins have been detected from the 
Kultakallio garnet-bearing gabbro or gabbroic diorite. The older gen
eration veins are sub-parallel with the host-rock fabric whereas the 
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Fig. 2. Lithological map of the study area with gold targets, main shear zones and figure locations indicated. Aeromagnetic low-altitude grayscale map as a 
background ©Geological Survey of Finland. KySZ = Kynsikangas Shear Zone, KaSZ = Kankaanpää Shear Zone. Modified after Bedrock of Finland – DigiKP (2024).
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Fig. 3. Form line map of the study area with tilt derivate (TDR) processed aeromagnetic map ©Geological Survey of Finland on the background. Subdivision into 
structural domains presented with lower hemisphere stereographic projections from each structural domain displaying planar (foliation) and linear (lineation and 
fold axis) features along with statistical β axis. Black line indicates the location of cross sections A-A’ and B-B’ from the study area and the corners of the detailed form 
line map (Fig. 4A) have been marked. Locations of illustrated shearing observations have been marked.
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younger veins cut all the previous structures. Gold occurs in both vein 
types (Kärkkäinen et al., 2016). Gold usually is in native form in both 
locations and is associated with arsenopyrite-pyrite ± chalcopyrite and 
locally also with Bi- and Te-minerals (Kärkkäinen et al., 2012). Precip
itation of gold has been suggested to occur in two phases or during a 
single phase with a relatively long time span in the whole Kullaa area 
(Kärkkäinen et al., 2012, 2016). The early phase comprises Ag-bearing 
gold which occurs as inclusions in arsenopyrite, whereas the late 
phase of gold is usually related to Te-Bi minerals or mobilised fault-fill 
pyrite, ilmenite and chalcopyrite (Kärkkäinen et al., 2012). Garnet is 
usually absent in gold mineralised and quartz- or arsenopyrite-rich 
zones but instead borders these zones (Kärkkäinen et al., 2016).

Both the Välimäki and Kultakallio targets have been previously 
drilled by the Geological Survey of Finland (GTK). Data from a total of 
14 unoriented drill holes from the Välimäki prospect indicate that gold 
mineralisation is associated with thin quartz veins, located in narrow, 
foliation-parallel shear zones (Fig. 6A; Lehto & Kärkkäinen, 2006). 
These gold-critical zones are narrow and scattered in nature with the 
highest gold contents at 12.7 ppm (R309, 15.00–16.00 m) and 13.9 ppm 
(R309, 21.00–22.00 m) (Lehto & Kärkkäinen, 2006). In the Kultakallio 
prospect, eight drill holes (R318–R325) totalling at 517.50 m were 
drilled during previous studies (Kärkkäinen et al., 2016). The Kultakallio 
drillholes (Fig. 6D) display shearing with mylonitic fabric, and breccia 
zones occurring parallel to the core in the SSE-plunging holes R318 and 
319 (Kärkkäinen et al., 2016).

3. Methods

A full description of the methods used is available in the online 
supplementary material Electronic Appendix A and only the most rele
vant information is summarised here. The bedrock mapping was focused 
on observing those linear and planar features that have specific rele
vance to the deformation zones, fold geometries and apparent strain 
variations. Two targets were selected for age determinations: Kultakallio 
and Välimäki. A standard mineral separation procedure was conducted 
on the Välimäki granitic leucosome sample and zircons and monazites 
were recovered. Five polished thin sections were prepared from Kulta
kallio gabbro. The thin sections were imaged by a Hitachi SU3900 Low 
Vacuum Scanning Electron Microscope (LV-SEM), and the dateable 
minerals were identified using AZtec Software by Oxford Instruments. 
The epoxy mount was imagined by a JEOL TM JSM-7100F Field Emis
sion Scanning Electron Microscope (FE-SEM). SEM-imaging was con
ducted at the Geological Survey of Finland (GTK). This was followed by 
the zircon, monazite, titanite and garnet U-Pb isotope age de
terminations using a Nu Plasma AttoM LA-SC-ICP-MS at GTK. The dated 
garnet grain was mapped on the polished thin section off-cutt by a 
Bruker M4 Tornado micro-XRF at the University of Turku.

4. Results

4.1. Lithology and regional structure

The study area is dominated by granodioritic to dioritic plutonic 
rocks, gneissic sedimentary rocks including migmatites, and minor in
termediate to mafic volcanic rocks (Fig. 2). Pegmatitic dikes are asso
ciated with localised shearing or domains with a higher degree of 
migmatisation, which shows variation across the study area: in para
gneisses the amount of partial melting is controlled by the composition 
of the protolith whereas in plutonic units present within the southern 
parts of the study area, the amount of partial melts increases with 
increasing strain (Fig. 2).

The study area is enveloped by the NW-trending shear zones KySZ 
and KaSZ, and the intervening volume is characterised by approximately 
orthogonal ENE-WSW structural trends, which are defined by variably 
dipping foliations and sub-horizontal to gently plunging mineral linea
tions and fold axes. Folding is synchronous or post-dates the 

metamorphic peak as shown by the folded leucosomes in para- and 
orthogneisses (Fig. 5A and B). Based on the variation in the character 
and orientation of the structural elements, the study area was divided 
into seven structural domains I – VII (Fig. 3).

Domains I & II: The northernmost Domains (I and II) are charac
terised by ENE-WSW trending planar structures, sub-horizontal mineral 
lineations and folds axes (Fig. 3). Domain I is homogeneous both lith
ologically and structurally; the dominant plutonic units display an 
intense, penetrative ENE-WSW trending L- to LS-tectonic fabric, where 
the lineations are sub-horizontal. The measured foliations in Domain I 
show steep SSE dips (dominant) and gentle northerly dips that are 
associated with open folds that have upright to steeply S-dipping axial 
surfaces and ENE and WSW sub-horizontally plunging fold axes.

In comparison with Domain I, the intensities of the linear and planar 
fabric in Domain II are less and more intense, respectively, with the 
highest apparent flattening strains observed in banded gneisses. The 
foliation in Domain II shows gentle to moderate SSE dips reflecting the 
structural position along the south-dipping limb of NNE-verging asym
metric folds or along the southern, gentler limb of folds in Domain I. The 
statistical fold axis in Domain II plunges sub-horizontally ENE and is 
hence sub-parallel with the observed mineral lineations. Domain II 
displays more minor shear bands across all the lithologies, whereas these 
features were predominantly localised into the banded gneisses in 
Domain I.

Field observations indicate that the proportion of partial melts in
creases towards the southern parts of the study area (Fig. 2), which also 
correlates with the increasing number of shearing observations from 
Domain I to Domain V. Partial melts are spatially associated with 
localised deformation in various localities in the study area (e.g. 
Fig. 5C). The melt-interconnectivity is affected by the lithology of the 
host-rock as compositional heterogeneity and homogeneity in the par
agneisses and plutonic units, respectively, have resulted in lower and 
higher degrees of melt connectivity.

Domains III & IV represent large-scale fold structures with fold 
closures appearing at the map level (Figs. 3 and 4). Domain III delineates 
a gently ENE-plunging synform and a minor parallel antiform with axes 
that are typically parallel to the observed mineral lineations but may 
vary as e.g. within the vicinity of the KaSZ (Fig. 5D). The foliations have 
overall gentle dips and their poles cluster on a narrow belt-shaped girdle 
on the lower hemisphere projections, indicating that the observed folds 
are strictly cylindrical in character (Fig. 3). Domain IV is characterised 
by NE-SW structural trends, comprising a dominantly sub-vertical, and 
secondarily sub-horizontal foliation and sub-horizontally NE and SW- 
plunging mineral lineations. Foliation data are compatible with 
approximately upright folds with sub-horizontal, curvilinear fold axes 
(statistical axis plunges gently WSW), with a recognisable WSW- 
plunging antiform in the central part of the domain. Towards the 
southern margin of Domain IV which hosts the Kultakallio gold occur
rence, the structures become dominantly sub-vertical and NE-SW 
trending.

Domain V hosts three of the known gold occurrences in the area. It is 
characterised by a linear NE-trending belt of positive magnetic anoma
lies (Fig. 4A) that truncate the ENE-WSW trends in the northern Do
mains. Domain V is bounded by two vertical strike-slip zones with 
apparent right lateral kinematics (Fig. 5E) that appear as continuous 
linear negative anomalies in aeromagnetic data (Fig. 4A). Structurally, 
Domain V displays the highest intensity and complexity within the study 
area. NE-SW trends containing SE-dipping foliation with variable dips 
are dominant (Fig. 3), whereas the linear features display more scatter, 
including a maxima with NE plunges and significant scatter towards N, E 
and SSW. Likely the scatter can be attributed to the complex internal 
structures and vertical flow of material. Contrasting to Domains I-III, the 
axial surfaces of folds in Domain V (and southern parts of Domain IV) are 
strictly vertical. Furthermore, two NE-SW − oriented oblique slip zones, 
occurring in-between the right-lateral strike-slip zones, are interpreted 
based on the plunge of the lineations and continuations on the 
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geophysical map (Fig. 4A) as well as the fluctuations in the strike of the 
foliation. A few E-W − trending discontinuities are present in the mag
netic layers within the vicinity of the Silmusuo and Saarijärvi prospects 
(Figs. 3 and 4A), which may represent normal faulting, localised along 
releasing linkage structures between subparallel strike-slip and oblique- 
slip zones (Fig. 4A).

Domains VI & VII: Correlation of the structural data (although 
limited) with the signatures on the aeromagnetic maps point towards the 
presence of a gently NE-plunging anticline in Domain VI. For Domain 
VII, only a few structural observations were made, and hence pre- 
existing observations were used. Subsequent analysis revealed the 

presence of steeply to moderately east-dipping and steeply north- 
dipping foliations, the intersections of which define a moderately east- 
plunging statistical folds axis that is parallel with the orientation- 
maxima of the available mineral lineation data. The steeper plunge of 
the linear fabric is attributed to the close proximity to the KaSZ imme
diately west of this domain. Shear zones in Domains VI and VII are rare, 
and one of the few observed local shear zones shows N-S trends and 
normal kinematics (Fig. 5F) that deviate from the common regional 
trends.

Fig. 4. A. A detailed form line map of the study area with aeromagnetic map ©Geological Survey of Finland. Black line indicates the positioning of cross sections A-A’ 
and B-B’ from the study area. B. Cross-sections A-A’ and B-B’.
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4.2. Structure and characteristics of the mineral occurrences

The four known gold prospects within the Pomarkku block occur 
within a distinct linear NE-SW trending magnetic anomaly (or its close 
vicinity), which is here attributed to a shear zone. The shear zone 
truncates the regionally dominant ENE-trending foliations, which in 
turn represent the folded intrusive and supracrustal rocks with pene
trative LS-tectonic fabrics. However, the structural settings of the indi
vidual occurrences are mutually contrasting: The Kultakallio target is 
associated with a local NE-high-strain zone but located outside the 
major NE-SW deformation zone, comprises moderately dipping planar 
structures and sub-horizontal linear fabrics, which are characteristic for 
Domains I, II and IV. The planar structures within the Välimäki prospect 
are vertical whereas the linear features have gentle plunges. The 

Silmusuo prospect has moderately dipping planar, and steeply plunging 
linear features, respectively. The Saarijärvi target is located along the 
eastern continuity of the fault zone which hosts the Silmusuo prospect, 
and, based on pre-existing data, is dominated by planar structures with 
60–70 degree dips towards NNW.

4.2.1. Välimäki
The Välimäki prospect is located close to the intersection of the 

larger ENE-trending dextral strike-slip and NE-trending reverse dips-slip 
shear zones that have been interpreted from the aeromagnetic signa
tures (Fig. 4A) and field observations. At the Välimäki outcrops, the 
observed main foliation is vertical and trends NE-SW (Fig. 6A), and 
mineral lineations have gentle plunges that are in agreement with the 
strike-slip character of the major shear zones in the area. Pelitic 

Fig. 5. Field photos from the study area. A. Folding in strongly migmatised paragneiss (Domain V). B. Folding in foliated and moderately migmatised orthogneiss 
with granodioritic protolith (Domain II). C. A shear zone displaying sub-vertical and moderately dipping foliation on the S and N side of the slip plane. Foliation 
deflection indicates sinistral and NNW-block-down (inset) kinematics. View towards ENE (Domain I), D. Asymmetrical folding of tonalite in the proximity of the 
KaSZ, vergence towards SW. Hinge lines marked by straight dashed line (Domain III), E. Clockwise rotation of more competent leucosome rich layers in a paragneiss 
host rock. Dextral shear sense, with antithetic shear band boudins with quartz filling in the N-S oriented shear bands (Domain V), F. A steeply east-dipping normal 
fault which caused the reorientation of the sub-horizontal foliation of the tonalitic protolith towards parallelism with the ductile shear zone. View towards N (Domain 
VI). A hammer (length of 60 cm), a compass (width of 7 cm) or geologist (height of 182 cm) for scale.

J. Kara et al.                                                                                                                                                                                                                                     Precambrian Research 425 (2025) 107828 

8 



sequences display crenulation of the main foliation (Fig. 7B) and tight 
folding of leucosomes with axial plane parallel to the main foliation 
(Fig. 6B). Quartz veins are present as parallel to the foliation (Fig. 6B), 
but part of the quartz veins occur also as cross-cutting features in which 
the veins are folded with axial plane parallel to the main foliation. The 
presence of quartz veins along the shear fabrics (Fig. 6B and 7A) is 

indicative of pronounced fluid flow associated with the shearing pro
cesses. Within the mineralised zone part of the quartz veins are arse
nopyrite bearing (Fig. 6C). The lithology within Välimäki and its vicinity 
consists of paragneisses (Fig. 6A) with both pelitic and psammitic 
compositions and stromatic textures as a common feature. Garnet por
phyroblasts are very common as a layer-bound or a pervasive feature in 

Fig. 6. Detailed lithological maps and structural interpretation of the Välimäki (A) and Kultakallio (D) prospects, including schematic cross-sections A-A’ with 
projected high-grade gold drill hole intersections (data from Lehto and Kärkkäinen, 2006; Kärkkäinen et al., 2016) and lower hemisphere stereographic projections 
illustrating orientation distribution of the dominant foliation (grain shape fabrics; great circles) and mineral lineation (red dots). The existing drilling sites (collars) 
and observation sites indicated. B. Field example of a rusty and quartz vein-bearing biotite paragneiss from Välimäki. C. Arsenopyrite bearing quartz vein, which is 
cut by pyrite bearing shear seams. Photo of a drill core (40 mm thick) from Välimäki (adapted and modified after Kärkkäinen et al., 2012). E. Field example of the 
foliated, garnet and quartz vein-bearing Kultakallio gabbro, which is cut by a younger generation quartz vein. Qz = quartz, Apy = arsenopyrite, Py = pyrite. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

J. Kara et al.                                                                                                                                                                                                                                     Precambrian Research 425 (2025) 107828 

9 



the Välimäki prospect, the latter indicating hydrothermal alteration in 
the area.

4.2.2. Kultakallio
The Kultakallio area is significantly more restricted in the number of 

outcrops with respect to Välimäki. Three foliation measurements show 
mutually sub-parallel attitudes with moderate dips towards the SSE, and 
one lineation measurement taken from the gabbro intrusion has a sub- 
horizontal SW plunge (Fig. 6D). One strike-slip type shear zone with 
parallel quartz and sulphide veins was observed in the gabbro outcrop.

Mineralogically, the gabbro can be classified as hornblende gabbro 

and it consists of plagioclase (labradorite-andesine), hornblende (pri
mary and secondary), biotite (secondary), quartz (mostly secondary), 
garnet (almandine; secondary) and varying amounts of ilmenite, apatite, 
sulphides and graphite (Fig. 6E, 7C-F). In places quartz is abundant due 
to later silicification and quartz veining of the rock. Garnets are present 
in large amounts, indicating strong hydrothermal alteration in the area. 
Two generations of quartz veins are present in the gabbro: i) veins of the 
older generation are 5–10 mm in thickness, they occur parallel with the 
foliation and are locally folded, ii) veins of the younger generation 
(10–150 mm thick) are sub-vertical and trend NNW, hence sharply 
crosscutting the main fabric of the gabbro (Fig. 6E). Gold occurs in both 

Fig. 7. Photomicrographs of Välimäki and Kultakallio. A. Static recrystallization of quartz from Välimäki. B. Crenulation folding visible in the biotite grains, quartz 
grains display static recrystallization. View towards SW. C. Typical ore minerals of Välimäki and remobilisation of sulphides along a fault plane, reflected light (photo 
adapted and modified after Kärkkäinen et al., 2012). D. Unaltered Kultakallio gabbro (JKKA-2022–1.1) in plane polarised light, E. cross-polarised light. F. Typical ore 
minerals of Kultakallio (JKKA-2022–1.4) and remobilisation of sulphides, reflected light. G. Slice of sheared and graphite bearing gabbro (JKKA-2022–1.2) within 
quartz vein in plane polarised light, H. Graphite flakes bordering quartz vein in Kultakallio (JKKA-2022–1.2), reflected light. I. Strongly silicified Kultakallio gabbro 
within a shear zone with graphite and broken arsenopyrite (JKKA-2022–1.5), reflected light. Qz = quartz, Bt = biotite, Pl = plagioclase, Hbl = hornblende, Ilm =
ilmenite, Ap = apatite, Gr = graphite, Py = pyrite, Cpy = chalcopyrite, Apy = arsenopyrite.
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types of quartz veins (Kärkkäinen et al., 2016). Sulphides are present as 
disseminations in gabbro and paragneiss, whereas the high-grade in
tersections of gold occur nearly exclusively within the gabbro. Graphite 
is an abundant phase within the sheared and altered parts of the gabbro 
(Fig. 7E and F).

4.3. U-Pb age data

4.3.1. Välimäki
Zircon
Zircons and monazites were separated from the Välimäki foliation- 

parallel granitic leucosome veins, which represent partial melts of the 
local paragneisses. The shapes of the zircon grains vary from elongated, 
doubly-terminated to stubby, equant crystals shapes (Fig. 8A). Many of 
the grains are subrounded and their typical lengths are 100–200 μm with 
few grains exceeding lengths of 250 μm. Grain widths ranges between 
50–100 μm. Most of the grains are metamict to some degree and this 
alongside fracturing was the dominant decisive factor for selecting 
suitable grains for the U-Pb analysis. Detrital cores are present in mul
tiple grains as well as BSE-dark inclusions.

In all, 43 spots were analysed on 35 grains and two main age pop
ulations were found. The most homogeneous population is defined by 16 
analyses on rims and homogeneous grains/domains (Fig. 8A), and these 
show a concordia age of 1887 ± 4 Ma (n = 15, MSWD = 0.0085) and an 
almost identical weighted average 207Pb/206Pb age of 1887 ± 4 Ma (n =
16, MSWD = 0.44; Fig. 9A and B). This population shows very low Th/U 
ratios between 0.002 and 0.053. The second population consists of an
alyses on cores and heterogeneous grains and these yielded 207Pb/206Pb 
ages between 2858 and 1899 Ma. These are considered as inherited. Th/ 
U ratios are variable for these analyses ranging from very low values of 
0.003 to 1.178 with an average value of 0.232. Also, three younger ages 
are found showing 207Pb/206Pb ages between 1873 and 1864 Ma. The 
spots of these analyses are located on similar domains as for the first 
group. These analyses show low Th/U ratios around 0.004.

Monazite
The monazite grains were separated from the same leucosome 

sample as the zircons. The diameters of the rounded grains range be
tween 100–350 µm (Fig. 10B). The internal texture is rather homoge
neous, but a faint growth zoning is present revealing possible core-rim 
relations and irregular zonation patterns can be detected by the subtle 
change of brightness on the BSE images. Fracturing is present but not as 
commonly as in the zircon grains. Unknown inclusions can be found in 
several grains, but on average the monazites are homogenous.

In all, 23 spots were analysed on 19 grains. The results are quite 
homogenous, but two age populations are possible to detect without a 
clear textural association. The older population is defined by eight an
alyses which yield a concordia age of 1816 ± 8 Ma (n = 4, MSWD =

0.0105) and slightly younger weighted average 207Pb/206Pb age of 1813 
± 7 Ma (n = 8, MSWD = 0.19; Fig. 9C and D). These analyses occur 
usually in grain interiors. The younger population consists of 15 ana
lyses, and they show a concordia age of 1794 ± 4 Ma (n = 12, MSWD =
0.096) and a similar weighted average 207Pb/206Pb age of 1794 ± 5 Ma 
(n = 15, MSWD = 0.091). The younger ages are usually from the rim 
part of the grains, but young cores/inner parts are also present. Using all 
the analyses, it is not possible to calculate a concordia age but a 
weighted average 207Pb/206Pb yields an age of 1801 ± 4 Ma.

4.3.2. Kultakallio
Five thin sections were prepared for in-situ age determinations from 

the Kultakallio gabbro: an unaltered gabbro (JKKA-2022–1.1), an 
intersection between an older generation sub-conforming quartz vein 
and a younger cross-cutting quartz vein with surrounding gabbro (JKKA- 
2022–1.2), a garnet-bearing altered gabbro (JKKA-2022–1.3), an 
arsenopyrite-bearing gabbro (JKKA-2022–1.4) and a sheared 
arsenopyrite-bearing gabbro (JKKA-2022–1.5).

Zircon
The zircons from the gabbro are quite evenly distributed on the thin 

sections. The only exception is the sample from a quartz vein in the 
gabbro (sample 1.2) in which the zircons only occur in the gabbro. The 
zircon grains are mostly elongated with lengths between 15 and 200 µm. 
The textures vary from euhedral to anhedral with a majority showing 
slightly rounded subhedral morphology. The grains occur as inclusions 
and on the borders of other minerals. The BSE scans reveal possible cores 
and rims and faint oscillatory zonation on the grains but otherwise the 
grains are seemingly homogeneous. All the samples provided similar 
zircon U-Pb results and therefore the results are combined and addressed 
together.

In all, 112 analyses were conducted on 108 grains and four age 
populations can be identified. No explicit pattern of ages based on zircon 
texture or mineralogical association were detected. Therefore, the di
vision into the age population is based on the age data and Th/U ratios 
only. The largest population shows a concordia age of 1884 ± 3 Ma (n =
35, MSWD = 0.41) and a weighted average 207Pb/206Pb age of 1885 ± 4 
Ma (n = 44, MSWD = 0.098; Fig. 9E and F). Th/U ratios vary between 
0.1 and 0.54 with an average value of 0.33. The younger population 
shows a concordia age of 1856 ± 5 Ma (n = 24, MSWD = 1.05) and a 
slightly older weighted average 207Pb/206Pb age of 1859 ± 5 Ma (n =
37, MSWD = 0.099). The average Th/U ratio for this population is 0.22. 
The youngest population shows a range of 207Pb/206Pb ages between 
1840 and 1799 Ma with a gradual decrease in ages from 1840 Ma to 
1813 Ma and a flattening trend at younger ages. A weighted average 
207Pb/206Pb age of 1808 ± 6 Ma (n = 18, MSWD = 0.26) was calculated 
for the ages between 1799 and 1813 Ma. Alternatively, a weighted 
average 207Pb/206Pb age of 1815 ± 5 Ma can be calculated for the whole 

Fig. 8. Characteristic zircon (A) and monazite (B) BSE-images from Välimäki with 207Pb/206Pb spot ages.
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Fig. 9. U-Pb data for the analysed zircons and monazites from Välimäki and Kultakallio. Red colour indicates inherited grain/domain, black colour crystallisation 
from melt, purple metamorphic crystallisation and green hydrothermal origin. The dashed error ellipsoids represent analyses omitted from the concordia age 
calculation due to discordancy. Analyses interpreted as inherited are not shown in 207Pb/206Pb diagrams. Zr = zircon, Mz = monazite. All the U-Pb results, and the 
Th/U ratios are provided in Electronic Appendix B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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population. Majority of the spots in the youngest group are located on 
the zircon rims and this population shows the lowest Th/U ratios with an 
average value of 0.11. The oldest population consists of presumably 
inherited grains and domains yielding 207Pb/206Pb ages between 1991 
and 1900 Ma.

Titanite and garnet
Titanites are common in the sheared, altered and sulphide-bearing 

Kultakallio samples JKKA-2022–1.4 and 1.5 but they were not detec
ted from the least altered samples JKKA-2022–1.1 and 1.2. Two types of 
titanites were observed: i) exsolution intergrowth in biotite (Fig. 10B), 
which are interpreted to represent the by-product of chloritisation of Ti- 
bearing biotite (Janeczek, 1994) and ii) anhedral, roundish grains in 
contact with and near sulphides, ilmenites and graphite flakes 
(Fig. 10A). Several titanites were analysed of both populations. How
ever, the intergrowths were too thin for proper dating by LA-ICP-MS.

The garnets in Kultakallio show variable sizes between 0.5 to 7 mm. 
They are subhedral and usually rounded to subrounded. The garnets 
have numerous inclusions including zircon, ilmenite, pyrrhotite, biotite, 
plagioclase and quartz. Due to abundant inclusions the garnets show 
spongy textures resembling those of the hydrothermal origin (e.g., Sun 
et al., 2020). One garnet grain was selected for U-Pb dating. The mapped 
garnet shows no elemental zonation except for Y, which shows a high Y 

core, lower Y mantle and high Y outer rim (Fig. 10D).
In all, 45 spots were analysed on the titanites of sample JKKA- 

2022–1.5. Twenty-eight analyses yield a lower intercept age of 1786 ±
58 Ma (MSWD = 4.1) in the Tera-Wasserburg diagram with data-defined 
initial common 207Pb/206Pb composition of 0.865 (Fig. 11A). Titanites 
representing the exsolution of biotite were too thin for laser ablation and 
thus these analyses are scattered around the diagram (grey ellipses) and 
were omitted from age calculations.

Eight spots, placed on the outer rim, were analysed on a single garnet 
grain of sample JKKA-2022–1.3. These yield a lower intercept age of 
1809 ± 470 Ma (MSWD = 0.0078) in the Tera-Wasserburg diagram with 
data-defined initial common 207Pb/206Pb composition of 0.85 
(Fig. 11B). Large errors are due to low U content of the garnet and small 
number of analyses.

5. Discussion

5.1. Age constraints

We suggest that the zircon U-Pb age of 1887 ± 3 Ma shown by the 
low Th/U zircon rims and homogeneous domains from the Välimäki 
leucosome represents the age of the melt-bearing phase, which can be 

Fig. 10. A. Breakdown of a gold-bearing arsenopyrite during CO2-rich fluid pulse indicated by quartz veins and graphite penetrating into cracks in arsenopyrite. 
Titanites are associated with graphite and occur in contact with sulphide and graphite (reflected light; JKKA-2022–1.5). B. BSE-image of the exsolution type titanites 
(JKKA-2022–1.5). C. Titanite replacing arsenopyrite in centre of the figure (reflected light; JKKA-2022–1.5). D. μXRF elemental maps of the dated garnet (μXRF 
analysis made from the counterpart of the thin section; JKKA-2022–1.3). The mapped element is labelled in the bottom left corner. The maps show relative con
centrations and are illustrated with lighter colours corresponding to high concentrations and darker colours corresponding to lower concentrations. Apy = arse
nopyrite, Ttn = titanite, Qzt = Quartz, Bt = biotite, Ilm = ilmenite, Gr = graphite.
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correlated to the age of the first metamorphic event (M1) in the area. 
This is in line with previous studies dating the peak metamorphism in 
the Pirkanmaa belt at ca. 1.88 Ga (Mouri et al., 1999; Rutland et al., 
2004; Lahtinen et al., 2009) and in the Vaasa migmatitic complex situ
ated north of the study area (Chopin et al., 2020). Two younger meta
morphic events at ~ 1.86 Ga and ~ 1.83 Ga have been identified within 
the Olkiluoto domain located about 50 km west from the Kullaa area 
(Fig. 1) by zircon U-Pb (1.86 Ga; Mänttäri et al., 2006; Engström et al., 
2022) and garnet Lu-Hf ages (1.83 Ga; Engström et al., 2025). Based on 
the above ages, Engström et al., (2022, 2025) correlated the Olkiluoto 
area to the Häme belt and Ljusdal domain in Central Sweden (Fig. 1A) 
rather than to the Pirkanmaa belt. This is supported by the result of this 
investigation, highlighting the difference between the Häme and Pir
kanmaa belts and the distinct metamorphic evolution of the two belts.

A crystallisation age of 1885 ± 4 Ma is suggested for the Kultakallio 
gabbro. This is supported by several details: i) 1885 Ma population is the 
largest and most homogenous age group, ii) the 1885 Ma age group 
shows the highest Th/U ratios, although they are rather low in general, 
which probably reflects coeval precipitation of apatite (Fig. 7C), iii) 
1885 Ma can be linked to the major 1.89–1.87 Ga magmatic event in 
southern Finland (e.g., Suominen, 1988; Kähkönen, 2005; Saalmann 
et al., 2010; Tiainen et al., 2013; Kara et al., 2020) and iv) the gabbro 
shows similar foliation patterns compared to the surrounding supra
crustal rocks supporting pre to syntectonic crystallisation. The 1885 Ma 
age is also similar to the 1884 ± 4 Ma quartz diorite, the host rock of the 
Jokisivu gold deposit in the Häme belt (Saalmann et al., 2010; Fig. 1B). 
Moreover, similar ages have been obtained for numerous other mafic 
plutonic mafic rocks showing continental arc affinities from SW Finland 
(e.g., Kähkönen, 2005; Kara et al., 2018, 2020).

The ca. 1860 Ma zircon population in Kultakallio can be interpreted 
in two ways: (i) the age represents an independent geological event or 
(ii) the population is a mixed age between the crystallisation and the 
young population (see discussion below). We prefer the first alternative 
since the age data are homogeneous and well-constrained (Fig. 9F). 
Moreover, there is growing evidence of metamorphism at ca. 1.86 Ga in 
southern Finland (Väisänen et al., 2021; Vehkamäki et al., 2021; 
Engström et al., 2022) and in central Sweden (Hermansson et al., 2007; 
2008; Högdahl et al., 2012). The extent or conditions of this meta
morphic event are not well established, but Kara et al. (2021) speculated 
that the driver for the metamorphism was crustal extension combined 
with arclogite delamination (Kara et al., 2020), which led to upwelling 

of the upper mantle and increasing heat flux from the mantle to the 
crust. Evidence for the mantle derived magmatism in southern Finland 
(e.g., Väisänen et al., 2012; Kara et al., 2020; Johnson et al., 2024) as 
well as an extensional tectonic regime during this period (Bergman 
et al., 2008; Lahtinen and Nironen, 2010) is robust so we suggest that the 
ca. 1860 Ma zircon population represents a secondary metamorphic 
event (M2) in the area. This thermal event is not that prominent in the 
Välimäki zircon data but there are three analyses showing 207Pb/206Pb 
ages between 1873 and 1864 Ma, which can be interpreted as belonging 
to this event.

The monazites from the Välimäki area appear as clusters in the thin 
sections, which is strong evidence of hydrothermal origin (Schandl and 
Gorton, 2004). The monazites reveal two age populations at 1813 ± 7 
Ma and 1794 ± 5 Ma. Although some uncertainty remains in sub- 
division of the age data into two populations, we consider this option 
interesting and plausible as several fluid pulses are known to have 
occurred within the area as indicated by the presence of several quartz 
vein populations. Moreover, the enhanced BSE-images taken after the 
monazite dating reveal concentric zonation in many grains (Fig. 8B), 
which might suggest two-stage precipitation of monazites in 1813 and 
1794 Ma. This is in line with the titanite U-Pb data showing the age of 
1786 ± 58 Ma being the youngest age of all the dated minerals. The 
large error reflects the heterogeneity of the titanites but also their syn
chronous precipitation with hydrothermal fluid activity and their 
replacement of ilmenite and arsenopyrite. Thus, they are expected to 
represent late hydrothermal activity within the study area.

The youngest zircon population in Kultakallio is very similar to the 
monazite age in Välimäki and the zircon age of 1808 ± 6 Ma overlaps 
within errors the older monazite age of 1813 ± 7 Ma. The age and low 
Th/U ratio of 0.11 suggest hydrothermal origin for these zircon domains 
(e.g., Hoskin, 2005; Zhai et al., 2022) or alteration and re-equilibration 
by hydrothermal fluids (e.g., Geisler et al., 2007; Park et al., 2016). The 
garnet U-Pb age of 1809 ± 470 Ma shows huge errors due to the low U 
content making the age imprecise. However, the face value age of 1809 
Ma is reasonable and agrees with the young zircon and monazite ages. 
The spongy texture, multiple inclusions and homogenous elemental 
distribution support the hydrothermal origin for the garnets (e.g., Sun 
et al., 2020). This suggests that the garnets are related to hydrothermal 
alteration of the gabbro during fluid activity at 1.8 Ga. The titanite ages 
are roughly similar and the younger monazite populations are similar 
within error to the apatite U-Pb and Lu-Hf ages of 1778 ± 16 Ma and 

Fig. 11. A. Tera-Wasserburg concordia diagrams for the Kultakallio titanites (A) and garnet (B). Isochrons and pooled lower intercept ages are shown as calculated in 
Isoplot 4.15 (Ludwig, 2012). The data are uncorrected for common Pb (see Electronic Appendix A). The analyses illustrated with dashed ellipses were omitted from 
the calculation.
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1782 ± 19 Ma, respectively, obtained from Olkiluoto area (Engström 
et al., 2025). The four dated apatite grains occurred as inclusions in 
garnet rims and were classified as metamorphic. Based on the locking 
temperatures of Lu-Hf and U-Pb systems this would indicate tempera
tures over 650 ◦C (Glorie et al., 2024; Chew and Spikings, 2021) at 1.78 
Ga, which is in conflict with our results. We prefer an alternative 
interpretation, also addressed by Engström et al. (2025), that the apa
tites are metamorphic but isotopes systems were reset during hydro
thermal activity.

During partial melting and subsequent crystallisation, zircons 
precipitated, and zircon rims grew on detrital cores which were pre
served up to the temperatures of 750–800 ̊C. The 1887 Ma zircons are 
therefore formed during partial melting and melt crystallisation, a 
feature absent in the 1.86 and 1.80 Ga events in the study area. The 
monazite ages are prominently 80 Myr younger than the zircon ages in 
Välimäki. This could be attributed to the lower closure temperature of 
the monazite (e.g., Parrish, 1990; Cherniak and Watson 2001; Cherniak 
et al., 2004) or lower preferred growth temperature (Kelsey et al., 2008). 
However, many studies have remarked the reactiveness of monazites to 
changing conditions in fluid-rich environment as well as complexity of 
monazite growth and (re-)precipitation processes (e.g., Hermann and 
Rubatto 2003; Fitzsimons et al., 2005; Högdahl et al., 2012; Mottram 
and Cottle, 2024). Therefore, an alternative explanation is addressed. An 
age difference this big suggests that the monazites were not crystallised 
during the metamorphic peak at 1887 Ma or the monazites were 
precipitated but they were completely reset afterwards. The U-Pb-Th 
compositions in all the monazite analyses are very similar, suggesting 

that none of them were grown during the 1887 Ma metamorphism and 
they are related to the hydrothermal activity at ca. 1.80 Ga. On the 
contrary, the zircon grains in Välimäki display no 1.80 Ga ages, indi
cating that the hydrothermal event at 1.80 Ga was not strong enough to 
overprint the zircon grains. Thin rims can be detected on the Välimäki 
zircons, but their age remains unknown. Similar results during meta
morphism and subsequent hydrothermal activity have been recognised 
in the Ljusdal Domain in central Sweden by Högdahl et al. (2012) where 
zircon yielded 1.87–1.86 Ga ages and monazites displayed double peaks 
at 1.87–1.86 and 1.82–1.80 Ga. The formation of the monazite in the 
Ljusdal Domain was also correlated to subsolidus conditions and late- 
orogenic, shear zone − controlled, hydrothermal activity (Högdahl 
et al., 2012). In addition, fluid activity and fluid composition can greatly 
affect zircon precipitation (e.g., Park et al., 2016) and zircon formation 
in temperatures as low as 300◦ C have been detected (Zhai et al., 2022), 
which can explain the post 1.88 Ga zircon occurrence in Kultakallio. The 
occurrence of hydrothermal garnet and graphite in Kultakallio could 
indicate a stronger hydrothermal activity or different fluid composition 
in Kultakallio and thus explain the (re-)crystallisation of zircon at 1.80 
Ga.

In all, we suggest that the 1.885 Ga event represents the peak 
metamorphism, partial melting and magmatism, the 1.86 Ga event 
represents a secondary metamorphism whereas the 1.81–1.78 Ga events 
comprise merely hydrothermal activities in the study area.

Fig. 12. A. A simplified form line map of the study area hosting the high strain structures. Arrows denote WNW-ESE shortening direction at 1.83–1.80 Ga. B. Strain 
ellipse depicting the progressive deformation and formation of structures.

J. Kara et al.                                                                                                                                                                                                                                     Precambrian Research 425 (2025) 107828 

15 



5.2. Structural evolution

Melt-formation was either synchronous or pre-dates the first major 
deformation event (D2) responsible for the map-scale folding, as sug
gested by the presence of both foliation-parallel (Fig. 6B) and folded 
leucosomes (Fig. 5A and 6B). Thus, generation of high-strain zones 
(reverse faults/thrusts) along the axial surfaces (Fig. 12A and B) are 
interpreted to have formed synchronously with melt-formation. For 
these reasons, the mapped NE trending dextral high-strain zone(s) are 
likely 1.89–1.88 Ga in origin, with later reactivation(s) that are 
responsible for the mineralisation. The proposed timing of the folds with 
(E)NE-(W)SW trending axial surfaces correlates with the regional 1.88 
Ga D2 event (Saalmann et al., 2009, 2010; Lahtinen et al., 2023). The 
general NE-SW structural trend suggests NW-SE principal stress orien
tation during the D2 event, taken that the bounding NNW-trending KySZ 
did not contribute to strain localisation at 1.88 Ga. The later, post-D2 
timing of the KySZ is supported by the distinct sinistral deflection of 
the planar and linear fabrics within the Pomarkku block into the KySZ 
trend (Figs. 2-4). Pajunen et al. (2008) suggest that the Pomarkku block 
underwent clockwise rotation during the NW-SE transpressional event, 
supported by the left-lateral kinematics of the KySZ and oblique dextral 
kinematics of the KaSZ. The clockwise rotation of the Pomarkku block is 
a viable explanation for the formation of semi-crustal-scale apparent 
right-lateral features in the NE-trending gold critical zone (Fig. 12A), 
acting as a hinge-zone between two separate, mechanically rigid 
plutonic units to the north NW and SE.

North of the present study area, Lahtinen et al. (2014; 2023) sug
gested that a NW-SE principal stress orientation at 1.875 and 1.865 Ga 
was responsible for buckling of a pre-existing linear orogenic belt, and 
subsequent formation of the coupled Bothnian oroclines. The above 
model of buckling is in concert with the NW-SE main shortening di
rection along the KySZ (Reimers et al., 2018). Furthermore, the inter
preted SW-directed flow of the Central Finland Granitoid Complex 
during the buckling of the orogen is a plausible interpretation for the 
thrust-type kinematics observed along the KaSZ, which occurs along the 
eastern margin of the Pomarkku Block. Thus, a NW-SE − oriented stress 
regime would be suitable not only to the formation of the NE-SW 
− oriented structures during D2, but also the formation of the KySZ 
and KaSZ during the DOROCLINE event. This suggests a prolonged or 
pulsating NW-SE-oriented stress regime during 1.89–1.865 Ga.

An extensional period between 1.865 and ~ 1.84 is widely recog
nised in SW Finland and Central Sweden (Bergman et al., 2008; Lahtinen 
and Nironen, 2010). Clear extensional features were not identified 
except the normal faulting interpreted between subparallel strike-slip 
and oblique-slip zones (Fig. 12A). Therefore, if present, the strain is 
suggested to localise into pre-existing structures during extensional 
events.

WNW-ESE is identified as the crude shortening direction, which is 
suggested to have occurred partly during the later deformation event 
(D3) based on progressive deformation (Fig. 12B), reactivation and 
bending of the pre-existing NE-SW oriented structures (Fig. 12A). This is 
correlated with the regional D6 (Saalmann et al., 2009) or D4 (Lahtinen 
et al., 2023) event between 1.83 and 1.78 Ga. During the metamorphic 
event (M1), strain was distributed evenly throughout the study area due 
to higher T whereas strain was localised into narrow shear zones in the 
younger deformation event. The contrasting mechanical behaviour of 
this zone is most likely the consequence of the high proportion of the 
supracrustal units within the host-rocks (Fig. 2) and their more ductile 
flow with respect to the more rigid plutonic units, abundant in the 
northern parts of the study area, or the presence of a pre-existing 
structure underlying the gold-bearing high-strain zone at depth. D3 is 
not suggested to be a homogeneous deformation event lasting 50 Myr 
but rather a series of shorter contractional intervals wherein stress 
remained WNW-ESE directed.

Reimers et al. (2018) reported that the NW-SE striking KySZ displays 
a later brittle deformation overprint in an E-W compressional setting 

with east-block-up − kinematics. Observations of several conjugate 
fracture sets conforming to this E-W compressional regime were made in 
this investigation, congruent with the study by Reimers et al. (2018). 
These structures represent the latest notable deformation event within 
the study area. The age of the brittle deformation is unknown but motion 
along these brittle structures was not recognised, and these fractures are 
dominantly vacant of mineral fillings, an indicator of absence of vola
tiles during this event. The NW-SE oriented planar structures in the KySZ 
have most likely hosted the majority of movement due to their more 
favourable orientation with respect to the E-W oriented compressional 
regime.

5.3. Gold-critical structures and the age of the fluid activity

The KySZ and KaSZ very likely played a major role in fluid flow 
acting as fluid conduits for auriferous fluids from depth and as first order 
structures (Fig. 3) whereas the NE-SW oriented strike- and oblique-slip 
structures (Fig. 12A) form the second order structural setting. The 
Välimäki deposit is located within the area of influence of the dextral 
second-order strike-slip structures. The drill-core data show the presence 
of gold-critical vein arrays in narrow shear zones and as a foliation- 
parallel feature (Kärkkäinen et al., 2012). The shear-related veining 
most likely branches, forming the third order structures, from the strike- 
slip zone hosting both antithetic and synthetic kinematics and related 
orientations. In Kultakallio, the weak fold pattern visible in the 
geophysical data suggests that the prospect is sited at the fold hinge 
(Fig. 4). Drill hole data indicated parallel shearing, both mylonitic and 
breccia-type, with the foliation (Kärkkäinen et al., 2016). These struc
tures indicate reactivation of pre-existing structures during the 
1.83–1.78 Ga WNW-ESE transpressional regime and provided fluid 
conduits for the mineralisation. The competence contrast between the 
rigid Kultakallio gabbro and adjacent paragneiss units is interpreted to 
be liable for the formation of gold-bearing structures even though larger 
scale structures, present in other prospects, are mostly absent.

Quartz veining is interpreted to be the gold-critical structure in 
Välimäki and Kultakallio and these are sited in at least three distin
guishable settings/events: i) foliation-parallel, ii) younger, foliation- 
intersecting and − parallel and iii) shear-related and crosscutting 
veining. The first and third groups have rather well constrained struc
tural setting and timing, but the second group were emplaced during a 
wider time interval. The foliation-parallel veining is generally associated 
with partial melting and leucosome veins (Fig. 6B) and interpreted to be 
the oldest generation of veining, representing syn-tectonic emplacement 
during or slightly after the peak metamorphism at 1887 Ma. Folding of 
these veins with axial planes parallel to the main foliation supports the 
syntectonic formation environment (Fig. 6B). The quartz veins inter
secting the dominant foliation but folded with axial planes parallel to 
the main foliation are also present, indicating syn- to post-tectonic 
emplacement. The first generation veins are abundant in Välimäki but 
are not detected within Kultakallio gabbro although present in the sur
rounding paragneiss.

The second group is the least well-defined of the vein generations 
and includes also quartz veins that have intruded along the foliation but 
are younger than the first group of veins (Kärkkäinen et al., 2016). The 
width of the veins varies between a few millimetres to two centimetres. 
In Välimäki these occur as swarms of thin veins or are hosted by narrow 
foliation parallel shears (Kärkkäinen et al., 2012) whereas in Kultakallio 
these have brownish (“rusty”) tint, and they appear as foliation-parallel 
or gently intersecting clusters (Kärkkäinen et al., 2016). Thus, their 
distinction from the first generation veins can be ambiguous, however, 
in both locations the second group veins contain arsenopyrite (Fig. 6C 
and E; Kärkkäinen et al., 2012; 2016). Based on our young zircon, garnet 
and older monazite ages of ca. 1810 Ma we suggest that this occurred in 
1815–1805 Ma and is related to the D3 event at 1.83–1.78 Ga (D4: 
Lahtinen et al., 2023; D6: Saalmann et al., 2009). Saalmann et al. (2010)
correlates this to WNW-ESE dextral transpression, supporting our 
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interpretation. Moreover, the timing is in line with ages obtained from 
the Jokisivu gold mine. Saalmann et al., (2010) reported an age of 1802 
± 15 Ma from the low Th/U zircon rims from the quartz diorite host rock 
and a similar 1801 ± 18 Ma titanite age from the ore zone. Additionally, 
a cutting pegmatite dyke yielded a zircon age of 1807 ± 3 Ma and a 
monazite TIMS age of 1791 ± 2 Ma from the same location, which were 
regarded as the minimum age for the mineralisation.

The third generation of quartz veins contains shear-related veins that 
crosscut the foliation and veins systematically oriented at NW-SE with 
steep dips, displaying no folding patterns and crosscutting the older sets 
of quartz veins. The NW-SE − oriented veins are not hosted by shear 
zones and display linear shapes and are generally thinner, except in 
Kultakallio (Fig. 6E), than the older vein generations. The geometries 
and characteristics of this vein array support the formation above or 
within the brittle-ductile − transition zone. Shear zones host quartz veins 
in multiple orientations, e.g. N-S- and E-W − oriented antithetic sinistral 
veins and are most likely related to the same event as the foliation 
intersecting veins. Therefore, the stress regime is somewhat suitable for 
both (i) the WNW-ESE transpressional D3 event at 1.83–1.78 Ga or (ii) 
with the E-W compressional paleostress orientation during the brittle 
deformation of the KySZ (unknown age; Reimers et al., 2018). The 
orientation and relative timing are similar to those at the Satulinmäki 
deposit where slightly older NE-SW trending shear zones are cut by NW- 
SE trending faults (Saalmann et al., 2009). Based on this, and the sup
posedly volatile-free conditions during the brittle deformation we prefer 
the first alternative. We suggest that the younger ca. 1795 Ma monazite 
population and the titanite age of 1786 Ma represent the age frames of 
this quartz vein set. This means they belong to the D3 event within a 
WNW-ESE transpressional setting but the conditions reached the duc
tile–brittle boundary approximately at 1.80 Ga. Moreover, the relevance 
of NW-SE − oriented faults are identified also in Jokisivu (Saalmann 
et al., 2010) and Uunimäki deposits (Kara et al., 2021).

The age of magmatism and metamorphic peak at 1887 Ma naturally 
defines the maximum age for mineralisations not just at Kultakallio and 
Välimäki, but also in the whole Kullaa area. Temperature within the 
crust is suspected to remain above 600 ◦C until 1840–1830 Ma due to a 
secondary metamorphic peak at 1860 Ma (Fig. 13) inhibiting the 

precipitation of sulphides and gold (Tomkins et al., 2006). The occur
rence of arsenopyrite is restricted to altered zones, quartz and sulphide 
veins and shears suggesting an exclusively hydrothermal origin. 
Although the As-Au system can be linked to crustal depths over 12 km 
and thus rather high temperatures (Groves et al., 2020), precipitation of 
arsenopyrite (or gold) does not generally occur above 550 ◦C at 5kbar 
(Sharp et al., 1985; Pokrovski et al., 2002; Groves et al., 2020). There
fore, we infer that the arsenopyrite precipitation might have taken place 
at 1830 Ma at the earliest. Based on our age data we suggest two gold 
mineralising hydrothermal events at (I) ca. 1815–1805 Ma and (II) ca. 
1795–1785 Ma in the study area (Fig. 13). Stage I is related to the second 
group foliation-parallel and gently crosscutting quartz veins and is 
characterised by precipitation of abundant arsenopyrite. The gold oc
curs as inclusions within arsenopyrites and has up to 10 % of Ag 
(Kärkkäinen et al., 2012). In Kultakallio stage I is prominently related to 
sub-conformable quartz veins (Kärkkäinen et al., 2016). Moreover, 
abundant arsenopyrite suggests low fO2 and high As concentration of 
ore-forming fluids (e.g., Zhang and Zhu, 2021). Stage II is characterised 
by precipitation of native gold associated with Te- and Bi-minerals and 
abundant graphite (in Kultakallio; Fig. 10A). (Re-)Mobilisation of stage I 
Au is also likely during stage II (Kärkkäinen et al., 2012). Moreover, we 
suggest that the group three quartz-veins are related to stage II. This is 
based on the occurrence of narrow quartz-veins and graphite within 
broken and altered parts of arsenopyrites (Fig. 10A) and mobilisation of 
pyrite and chalcopyrite along small fault planes (Fig. 7C and F). Finally, 
zonation in gold grains and Ag-rich cores surrounded by Au-only rims 
also suggests two stage precipitation (Kärkkäinen et al., 2012).

The source and composition of the gold bearing fluids are still un
clear. Interestingly the sheared, altered and sulphide rich-parts of the 
Kultakallio gabbro contains graphite (Fig. 9), which suggest a hydro
thermal origin for the graphite, low fO2 and CO2-rich fluid for the stage 
II fluid pulses. Hydrothermal graphite has been identified in many 
orogenic gold deposits (e.g., Pitcairn et al., 2005; Hu et al., 2017) and Li 
et al., (2023) suggested that precipitation of hydrothermal graphite acts 
as a trigger for gold precipitation in meso-hypothermal gold deposits. 
Occurrence of graphite also suggests that the source of the fluid was the 
surrounding supracrustal rocks and fluids are metamorphic by origin 

Fig. 13. Compilation of the obtained age data, timing of the deformation and mineralisation events in the Kullaa area. The location of the individual text boxes 
indicates approximately their age. Brown colour indicates metamorphism, red magmatism and blue hydrothermal activity. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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rather than magmatic. However, many of the gold deposits in SW 
Finland are spatio-temporally associated with pegmatites (e.g., Eilu 
et al., 2003; Saalmann et al., 2009) and multiple pegmatite bodies occur 
in the study area as well. In addition, post-orogenic magmatism between 
1.815 and 1.760 Ga (peaking at 1.80 Ga) is a widespread in the Sveco
fennian Orogen (Teräs et al., 2024) and these intrusions roughly occur in 
the same regions as orogenic gold deposits. This might suggest a link 
between hydrothermal activity, pegmatites and post-orogenic magma
tism and thus the (partly) magmatic origin for the gold-bearing fluids 
cannot be fully ruled out.

5.4. Driver for the fluid activity

Results of age determinations addressing hydrothermal activity and 
gold precipitation within the Svecofennian crust (e.g., Saalmann et al., 
2009; Saalmann et al., 2010; Molnár et al., 2018; Cutts et al., 2024; Kara 
et al., 2024; Vehkamäki et al., 2024) suggests that a substantial fluid 
pulse at roughly 1.8 Ga was a shield-wide event. This late-Svecofennian 
event is recognised in gold deposits in the Pirkanmaa and Häme belts 
(Saalmann et al., 2010) and also in other localities in Finland and 
Sweden, e.g. in the Kolari area (Niiranen et al., 2007), Norbotten area 
(Billström et al., 2002), Skellefte (Bark and Weihed, 2012), CLGB 
(Molnár et al., 2018) and even in places in the Archean basement (Cutts 
et al., 2024). This makes it one of the major ore forming periods in the 
Fennoscandian Shield since most of the orogenic gold deposits (e.g., Eilu 
et al., 2003, Saalmann et al., 2009; Molnár et al., 2018) and LCT peg
matites were formed during this time (Alviola et al., 2001).

The cause of this fluid activity is still obscure. Saalmann et al., (2009)
suggested a model based on tectonic switching cycle (for further details 
see Collins, 2002) in which short contractional periods are followed by 
longer extensional events due to outboard migration of the subduction 
hinge in an active continental margin setting (Hermansson et al., 2008). 
In more detail, Saalmann et al., (2009) described transtension taking 
place between 1.86 and 1.83 Ga followed by transpression and crustal 
thickening during 1.83–1.80 Ga and finally slab break-off and upwelling 
of the asthenosphere occurred leading to post-tectonic magmatism and 
hydrothermal activity after 1.80 Ga. Another model involves orogenic/ 
gravitational collapse, which has been suggested by several authors to 
occur broadly after 1.80 Ga (e.g., Korja et al., 2006). This model is based 
on thickening of the crust due to collisional tectonics during 1.84–1.80 
Ga leading to subsequent gravitational collapse. Although, this model 
has not been directly correlated to gold mineralisation in Svecofennian 
orogen, the timing of the collapse and fluid activity matches. A similar 
model with post-collisional decompression and mantle delamination 
during the post-orogenic stage accounts for the prolonged hydrothermal 
activity and multiple mineralisations in the São Francisco craton, SE 
Brazil, which shows similar high T low P metamorphism as that in SW 
Finland (Gonçalves et al., 2019).

These two models have essential differences in their pre 1.80 Ga 
evolution but both models involve extensional tectonics associated with 
hydrothermal activity taking place broadly at 1.80 Ga and as such are 
difficult to distinguish from each other. Moreover, both models involve 
crustal thickening and granulite facies metamorphism in the Uusimaa 
belt between 1.83 and 1.80 Ga although the tectonic setting is different. 
The crucial difference in the models is the general cause for the meta
morphism since in the tectonic switching model it is related to extension, 
crustal thinning and heat from the asthenosphere whereas in the 
orogenic collapse model it is correlated with collisional tectonics and 
crustal thickening. Recently, Teräs et al. (2024) proposed a model – 
combining aspects of the two above mentioned models – for the post- 
orogenic magmatism during 1.815–1.76 Ga involving lower crustal 
eclogitisation, delamination coupled with slab breakoff and highlighting 
the effect of the subducting plate within the Transscandinavian Igneous 
Belt (TIB; Fig. 1A). These processes would provide also a possible source 
and engine for the fluid activity. We prefer the model by Saalmann et al, 
(2009) and Teräs et al., (2024) for the Svecofennian evolution between 

1.86 and 1.78 Ga, which better explains the multiple (high T-low P) 
metamorphic peaks identified in SW Finland and their likely association 
with extensional tectonics (e.g., Kara et al., 2020; 2021) as well as the 
necessity for available hydrous fluids.

6. Conclusions

• The 1.885 Ga event represents peak metamorphism, partial melting 
and magmatism, the 1.86 Ga event represents a secondary meta
morphism whereas the 1.815–1.78 Ga events comprise merely hy
drothermal activities in the study area.

• Two gold mineralising hydrothermal events at (I) ca. 1815–1805 Ma 
and (II) ca. 1795–1785 Ma are recognised in the study area. Stage I is 
related to the injection of foliation-parallel quartz veins and is 
characterised by the precipitation of abundant arsenopyrite in which 
gold occurs as inclusions. Stage II is characterised by precipitation of 
native gold associated with Te- and Bi-minerals, abundant graphite 
and (re)mobilisation of pyrite and breakdown of arsenopyrite and is 
suggested to take place within the brittle-ductile boundary.

• The NW-SE − oriented transpressional setting formed the NE-SW 
− oriented gold critical structures originally at 1.89–1.88 Ga and 
these were later reactivated in the 1.83–1.78 Ga WNW-ESE trans
pressional setting.

• The NW-SE trending crustal scale shear zones, bordering the study 
area, are suggested to have formed approximately at 1.87–1.86 Ga. 
These shear zones are suggested to play a major role in fluid flow and 
as first order structures whereas the NE-SW oriented strike-slip 
structures form the second order structural setting. At target scale, 
foliation parallel and intersecting quartz veins and narrow shear 
zones represent the third order structures hosting the 
mineralisations.

• The driver for the fluid activity approximately at 1.80 Ga is lower 
crustal/upper mantle delamination during crustal extension in a 
tectonic switching cycle.
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editing, Writing – original draft, Project administration, Investigation, 
Funding acquisition, Conceptualization. Hugh O’Brien: Writing – re
view & editing, Investigation. Kathryn Cutts: Writing – review & 
editing, Investigation. Paavo Nikkola: Writing – review & editing, 
Investigation.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

This study was funded by the Geological Survey of Finland through 
the collaborative TYTY-project and by J. Kara’s personal grant from the 
K.H. Renlund foundation. Arto Peltola is thanked for preparing the thin 
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Kärkkäinen, N., Huhta, P., Al-Ani, T., 2015. Uunimäen kultaesiintymän 
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Saalmann, K., Mänttäri, I., Peltonen, P., Whitehouse, M.J., Grönholm, P., Talikka, M., 
2010. Geochronology and structural relationships of mesothermal gold 
mineralisation in the Palaeoproterozoic Jokisivu prospect, southern Finland. Geol. 
Mag. 147, 551–569. https://doi.org/10.1017/S0016756809990628.

Schandl, E.S., Gorton, M.P., 2004. A textural and geochemical guide to the identification 
of hydrothermal monazite: criteria for selection of samples for dating epigenetic 
hydrothermal ore deposits. Econ. Geol. 99, 1027–1035. https://doi.org/10.2113/ 
gsecongeo.99.5.1027.

Sharp, Z.D., Essene, E.J., Kelly, W.C., 1985. A re-examination of the arsenopyrite 
geothermometer; pressure considerations and applications to natural assemblages. 
Can. Mineral. 23, 517–534.

Sun, Z., Wang, J., Wang, Y., Long, L., Hu, Q., Wang, M., Xie, H., 2020. Two generations of 
garnets and their relevance for the hydrothermal fluid evolution of the Hongyuntan 
deposit. NW China. Ore Geology Reviews 122, 103513. https://doi.org/10.1016/j. 
oregeorev.2020.103513.

Suominen, V., 1988. Radiometric ages on zircons from a cogenetic gabbro and 
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Vehkamäki, T., Väisänen, M., Kara, J., O’Brien, H., Hölttä, P., 2024. Sequential 
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