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The Archaean bedrock of the Karelia Province in Finland is mostly formed of 
granitoids whose ages vary from c. 3.50 to 2.66 Ga. Neoarchaean rocks dominate, 
since Paleoarchaean and Mesoarchaean granitoids (>2.9 Ga) are only locally pre-
sent in the western and northern parts of the province. The granitoid rocks can be 
classified, based on their major and trace element compositions and age, into four 
main groups, which are the TTG (tonalite-trondhjemite-granodiorite), sanukitoid, 
QQ (quartz diorite-quartz monzodiorite) and GGM (granodiorite-granite-mon-
zogranite) groups. Most ages obtained from TTGs are between 2.83–2.72 Ga, and 
they seem to define two age groups separated by a c. 20 Ma time gap. TTGs are 
2.83–2.78 Ga in the older group and 2.76–2.72 Ga in the younger group. Sanuki-
toids have been dated at 2.74–2.72 Ga, QQs at c. 2.70 Ga and GGMs at 2.73–2.66 
Ga. Based on REE, the TTGs fall into two major groups: low-HREE (heavy rare 
earth elements) and high-HREE TTGs, which obviously originated at differing 
crustal depths. Sanukitoids are interpreted in terms of melting of subcontinental 
metasomatized mantle. The GGM group probably represents partial melting of 
pre-existing TTG crust.

Migmatized amphibolites are found as layers and inclusions in TTGs. Their 
composition generally varies from basaltic to andesitic. Basaltic amphibolites 
(SiO2 < 52 wt%) fall into two main groups on the basis of their trace element con-
tents. Rocks of the first group have flat or LREE-depleted trace element patterns, 
resembling here the present mid-ocean ridge basalts, and have chondritic Nb/La 
ratios, low Zr/Y ratios and high Ni and Cr. Rocks of the second group are enriched 
in LILE and LREE. They have subchondritic Nb/La ratios and higher Zr/Y ratios 
than the first group of basaltic amphibolites. Compatible elements, especially Ni 
but also Cr, are lower in the LREE-enriched group than in the first group. The sec-
ond group of LREE-enriched amphibolites could partly represent metamorphosed 
dykes with assimilated and/or diffused crustal signatures from their TTG country 
rocks. 

The two largest Archaean greenstone belts are the Suomussalmi-Kuhmo-
Tipasjärvi belt and the Ilomantsi belt. The latter is predominantly younger than 
the other greenstone belts in Finland. In the Ilomantsi greenstone belt, volcanic 
rocks and related dykes are 2.76–2.72 Ga, whereas in other belts they are mostly 
2.84–2.80 Ga, and some are even older. The Kuhmo mafic and ultramafic volcanic 
rocks show an affinity to oceanic plateau basalts, and seem to derive from a slightly  
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depleted primitive mantle-type source. Ilomantsi komatiites have highly fractionated,  
LREE-enriched patterns that indicate extensive interaction with the associated fel-
sic volcanics, and both the komatiites and the felsic volcanics bear arc signatures.

Metamorphism of the TTG complexes took place under upper amphibolite 
and granulite facies conditions at 2.70–2.60 Ga. The pressures of the regional 
metamorphism were mostly c. 6.5–7.5 kbar, and corresponding temperatures c. 
650–740  oC. Medium pressure granulites, equilibrated at c. 9–11 kbar and 800–
850 oC, are only found in the Iisalmi complex. The Siurua complex contains mafic 
granulites that were metamorphosed at c. 6 kbar and 750 oC. In greenstone belts, 
the metamorphic pressures and temperatures that are given by thermobarometry 
increase from inner to outer parts. P and T were c. 3–4 kbar and 550–590 oC in the 
inner parts of the Ilomantsi greenstone belt and c. 5 kbar and 630 oC in the outer 
parts. A similar increase in metamorphic temperatures was also observed in the 
Kuhmo belt. The Kuhmo and Oijärvi belts record extremely high pressures of up 
to 10–13 kbar, and in one locality near the eastern boundary of the Kuhmo belt 
even 16–17 kbar at 650–690 oC.

Neoarchaean accretion of exotic terranes at c. 2.83–2.75 Ga and subsequent 
collisional crustal stacking at around 2.73–2.68 Ga may have been the mechanism 
that generated the present structure of the Karelia Province, although it was again 
strongly reworked during the Svecofennian orogeny.
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INTRODUCTION

There is no generally accepted geodynamic 
framework for the Archaean eon, as exists for the 
modern Earth via plate tectonics and the Wilson 
cycle (Benn et al. 2006). Nevertheless, it is com-
monly held that plate tectonics has been operat-
ing in some form at least since the Neoarchaean 
(e.g. deWit 1998, Condie & Benn 2006). Howev-
er, there is considerable controversy concerning 
many of the fundamental aspects of  Archaean 
plate tectonics, including serious doubts about 
the applicability of  the concept at all (Hamilton 
1998, 2011). Some views emphasize the likeli-
hood of a much faster convection and ocean 
floor spreading rate in the Archaean than pres-
ently, while others suggest that plate velocities 
have been fairly similar throughout geological 
time (Blichert-Toft & Albarede 1994, Kröner & 
Layer 1994, Blake et al. 2004, van Hunen & van 
den Berg 2004, Strik et al. 2003, Korenaga 2006). 
Some recent simulations indicate that only af-
ter the development of  the post-perovskite layer 
above the core-mantle boundary, after sufficient 
cooling of  the early Earth, could the core have 
been able to release enough heat to the upper 
mantle to enable the rapid motion of plates. The 
earliest this event could probably have occurred 
was in the early Palaeoproterozoic (Tateno et al. 
2009, Hirose 2010).

However, it is generally thought that the Ar-
chaean mantle was hotter than today, and the crit-
ical petrological evidence for this was komatiites 
and their much higher abundance in the Archae-
an than in the younger geological environments. 
Komatiites have been related to mantle plumes 
and reported to record very high mantle tempera-
tures and melting pressures. On the other hand, it 
has also been argued that komatiites were, simi-
larly to modern boninites, produced by hydrous 
melting at relatively shallow mantle depths in a 
subduction environment. This alternative inter-
pretation predicts that the Archaean mantle was 
only slightly hotter than the present one (Grove & 
Parman 2004, Condie & Benn 2006). 

Complete ophiolite sequences that would com-
pletely verify the existence of Phanerozoic-style 
oceanic crust are rare in Archaean areas. A Ne-
oarchaean, 2.51 Ga ophiolite complex has been 
described from the North China craton (Kusky et 
al. 2001, 2004), and greenstone occurrences that 
share many – although not all - characteristics of 
modern ophiolites have also been found in oth-
er Archaean cratons, including the Belomorian 
province of the Fennoscandian shield (Kusky & 
Polat 1999, Corcoran et al. 2004, Puchtel 2004, 

Shchipansky et al. 2004). Archaean oceanic crust 
could have been thicker than Proterozoic and 
Phanerozoic oceanic crust, resembling that of 
modern oceanic plateaux. This would explain 
the rareness of complete modern MORB-type 
ophiolites, as in this case only the upper basal-
tic, pillow lava-dominated sections of the oceanic 
crust were likely to be accreted or obducted and 
thus preserved in the rock record (Kusky & Polat 
1999). Şengör & Natal’in (2004) pointed out that 
in many Phanerozoic accretionary orogens, as in 
the western Altaids, evidence of closed oceans also 
only occurs in the form of separated fragments of 
variably complete ophiolitic sequences, without a 
single example of well-preserved major ophiolite 
nappe such as those in Oman or Newfoundland. 
Moreover, as the Altaids cover about as much 
of the Earth’s land area as the Archaean crust, 
the rarity of indisputable Archaean ophiolite se-
quences already appears a less forceful argument 
against modern-style plate tectonism. Dilek & Po-
lat (2008) and Dilek & Furnes (2011) also argued 
that the structure of the Archaean oceanic crust 
differed from that of the modern one; for example 
the Archaean sheeted dyke systems could be rare 
because spreading rates and magma supply were 
necessarily not in such a balance that is needed for 
their generation.

Tonalite-trondhjemite-granodiorite (TTG) 
gneisses are the major constituent of the Archae-
an crust, and more widespread in the Archaean 
than in younger regions (Condie & Benn 2006). 
The petrogenesis of HREE-depleted Archaean 
TTGs have been interpreted in terms of a process 
that begins with tectonic thickening and subduc-
tion of oceanic crust, followed by progressive 
metamorphism and partial melting of the basaltic 
rocks, producing TTG melts that for the most part 
were in equilibrium with anhydrous, eclogitic resi-
dues (Rapp et al. 2003). Foley et al. (2002) argued 
that even the earliest continental crust formed by 
melting of amphibolites in subduction zone envi-
ronments rather than by the melting of eclogite 
or magnesium-rich amphibolites in lower parts of 
thick oceanic crust. Nair and Chacko (2008) pro-
posed a model where oceanic plateaux served as 
the nuclei for Archaean cratons, and that TTGs 
originated in intraoceanic subduction systems 
where thinner oceanic lithosphere subducted be-
neath the thick oceanic plateaux. 

On the basis of isotopic age distribution and 
εNd data, the most important Archaean crust-
forming event was at c. 2.70 Ga, when obviously 
large volumes of continental crust were formed 
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worldwide. In some theories, this flare-up in crust 
formation was related to a large-scale mantle 
overturn event, which gave rise to a large number 
of plumes (Condie 1998, 2000, Condie & Benn 
2006). The period 2.75–2.65 Ga was also a period 
when the pre-existing continental crust was inten-
sively reworked in various Archaean provinces, as 
in the Kola and Karelia Provinces in the Fennos-
candian and Superior Province in the Canadian 
Shield. 

Archaean rocks cover roughly one-third of the 
Precambrian region in the Fennoscandian Shield. 
Most of these rocks are Neoarchaean (2.8–2.5 
Ga). Mesoarchaean (3.2–2.8 Ga) juvenile or re-
worked formations are essential constituents of 

the bedrock only locally, and Palaeoarchaean 
rocks (3.6–3.2 Ga) are, overall, rare. The Neoar-
chaean 2.75–2.65 Ga event was very strong, in-
cluding juvenile TTG magmatism, sedimentation, 
metamorphism and crustal melting producing 
granites. This article provides a review of previous 
studies and presents new data on the geochemis-
try, age determinations, metamorphism and pal-
aeomagnetism of the Finnish part of the Archae-
an Karelia Province, and discusses the magmatic 
and tectonic processes that could explain its pre-
sent constitution and structure, with an emphasis 
on the Neoarchaean evolution. All ages referred 
to are U-Pb zircon ages, unless otherwise stated. 

GEOLOGICAL SETTING 

The Archaean of Fennoscandia is traditionally 
divided into Norrbotten, Murmansk, Kola, Be-
lomorian and Karelia Provinces (Fig. 1, Slabunov 
et al. 2006, Hölttä et al. 2008). Lobach-Zhuchen-
ko et al. (2005) and Slabunov et al. (2006) subdi-
vided the Karelia Province into three terranes: the 
Vodlozero, the Central Karelia and the Western 
Karelia (Fig. 1), which they observed with sev-
eral singular lithological, structural and age char-
acters. We have adopted this provincial division, 
but instead of the term terrane will use subprov-
ince to reflect the uncertainty about the nature of 
the unit contacts. By definition, a tectonostrati-
graphic terrane should be a fault-bounded crustal 
block whose geological history differs from that 
of  the surrounding areas (Jones et al. 1983, Jones 
1990). The Karelia subprovinces clearly differ for 
their geological histories, but there is as yet little 
evidence that they are all bounded by major ac-
cretionary faults. 

Important distinctive characteristics of the 
Karelia subprovinces include that, on the basis 
of existing age determinations, Mesoarchaean 
3.2–2.8 Ga volcanic rocks and granitoids are 
common in the Vodlozero subprovince, and are 
also found in the Western Karelia subprovince, 

whereas granitoids and greenstones in the Cen-
tral Karelia subprovince are Neoarchaean, ≤ 2.8 
Ga, although they may locally contain recycled 
Mesoarchaean crustal material (Vaasjoki et al. 
1993). The Belomorian province east of the Kare-
lia Province largely consists of 2.93–2.72 Ga TTG 
gneisses, greenstones and paragneisses, but locally 
of occurrences of ophiolite-like rocks and eclog-
ites that have not been discovered elsewhere in 
the Archaean parts of the Fennoscandian Shield 
(Shchipansky et al. 2004, Volodichev et al. 2004). 
Reflection seismic studies suggest that the Belo-
morian province comprises a stack of eastward-
plunging subhorizontal nappes and thrusts, which 
is separated from the underlying Karelia Province 
by a major detachment zone (Mints et al. 2004). 

Hölttä et al. (2012) divided the Finnish part of 
the Karelia Province into nine large complexes 
(Ilomantsi, Lentua, Kuopio, Iisalmi, Rautavaara, 
Manamansalo, Kalpio, Siurua and Ranua) that 
were possibly not all separately developed tec-
tonostratigraphic terranes, but nevertheless have 
many distinguishable geological features such as 
differences in age and lithologies when compared 
with their neighbouring complexes.

Geochemistry of granitoids and migmatitic amphibolites

Figure 2 presents a lithological map of the Finn-
ish part of  the Karelia Province, showing that 
most of  the area (c. 80%) consists of  TTGs. The 
rest is mainly comprised of  supracrustal rocks in 
greenstone belts and sedimentary gneisses, and 

migmatitic amphibolites in enclaves in the gneiss-
ic granitoids. On the basis of  field observations, 
the gneissic granitoids include both true orthog-
neisses and TTG migmatites with amphibolite 
and paragneiss mesosomes. 
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Fig. 1. A generalised geological map of the Archaean (a) of the Fennoscandian shield (b, inset), modified after Slabunov et 
al. (2006) and Hölttä et al. (2008).
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Granitoids

Archaean granitoids in the Karelia Province 
can be divided into four main groups on the 
basis of  their field and petrographic characters, 
major and trace element compositions and age. 
These are the TTG (tonalite-trondhjemite-gran-
odiorite), sanukitoid, QQ (quartz diorite-quartz 
monzodiorite) and the GGM (granodiorite-
granite-monzogranite) groups (Käpyaho et al. 
2006, Mikkola et al. 2011a). For this work, 125 
samples from granitoids representing various 
complexes were analysed for their major and 
trace elements (Appendix 1). Of these samples,  
107 were TTGs and 29 from the QQ rocks. The 
dataset used in this work also includes Archaean 
rocks from the Rock Geochemical Database of 
Finland, where the analytical methods applied in 
this work are described (Rasilainen et al. 2007). 

TTGs
TTGs represent the majority of  the Archaean 
bedrock in Finland, and understanding of  their 
origin is thus crucial. It is well recognized that 
Archaean TTGs share many geochemical fea-
tures with adakites, i.e. silica-rich volcanic and 
plutonic rocks at volcanic arcs that are strongly 
depleted in Y and heavy rare earth elements, low 
in high-field-strength elements (HFSE) and high 
in their Sr/Y and La/Yb ratios (Defant & Drum-
mond 1990). The chemical criteria for adakites are 
listed in the original paper by Defant and Drum-
mond (1990), and later, for example, in Richards 
and Kerrich (2007), who use the following criti-
cal composition to define adakite: SiO2 ≥ 56 wt%, 
Al2O3 ≥ 15 wt%, MgO < 3 wt%, Mg number ~ 50, 
Na2O ≥ wt 3.5 %, K2O ≤ 3 wt%, K2O/Na2O ~ 0.42, 
Rb ≤ 65 ppm, Sr ≥ 400 ppm, Y ≤ 18 ppm, Yb ≤ 1.9 
ppm, Ni ≥ 20 ppm, Cr ≥ 30 ppm, Sr/Y ≥ 20 and 
LaN/YbN ≥ 20. Martin and Moyen (2003) divided 
the adakites into the low silica (<60 wt% SiO2) 
and high silica (HSA, >60 wt% SiO2) groups, re-
lating the HSA group to slab melting with some 
interaction with mantle-wedge peridotite and the 
LSA group to melting of  wedge peridotites be-
forehand metasomatised by slab melts.

Most TTGs in the Karelia Province fulfil the 
adakite criteria, apart from the Cr and Ni con-
tents, which are normally below the detection 
limits of the XRF analysis used, 30 and 20 ppm, 
respectively. Mg contents are also normally low, 
in most of the TTGs in the range of 0.35–0.45, 
which means that they have gained minor com-
ponents from mantle peridotites (Halla 2005, 
Lobach-Zhuchenko et al. 2005, 2008). Halla et al. 
(2009) divided the TTGs into two major groups, 

low-HREE (heavy rare earth elements) and high-
HREE TTGs, which obviously originated at dif-
ferent lithospheric depths. Here we follow the 
proposal of Halla et al. (2009), but instead of the 
HREE content – which depends, besides melting 
pressure, on the source composition and post-
melting fractionation – we use the (La/Yb)N ratio, 
as low-HREE rocks generally have high (La/Yb)N  
ratios. We further divide the low-HREE group 
into Eu-positive and Eu-negative subgroups. Our 
dataset demonstrates that the two TTG groups 
are not separated in compositional space but rath-
er represent end members between which there is 
full compositional continuity.

Moyen (2011) studied a large set of analyses 
from rocks generally regarded as TTGs, ultimately 
dividing these rocks into four groups: the potassic 
group and the high-, medium- and low-pressure 
groups of ‘proper’ juvenile TTGs. The high-pres-
sure group, equivalent to the low HREE group, 
has TTGs with high Al2O3, Na2O, Sr and low Y, 
Yb, Nb and Ta. The TTGs of the low-pressure 
group, equivalent to the high-HREE group, show 
opposite values in these respects. The potassic 
group rocks that show enrichment in K and LIL 
elements are thought by Moyen (2011) to have 
formed by melting of pre-existing crustal rocks. 
If  the criteria for true TTGs include K2O/Na2O < 
0.5 (Martin et al. 2005), c. 20% of our samples col-
lected in the field as TTG suite rocks would actui-
ally belong to the potassic or transitional TTGs, 
as these types of rocks were referred to by Cham-
pion and Smithies (2007). On the other hand, this 
is a definitional problem, because in granodiorites 
the K2O/Na2O ratio is typically 0.5–1, and rocks 
whose K2O/Na2O is < 0.5 are tonalites and trond-
hjemites, i.e. TTs rather than TTGs. 

The rocks in the low-HREE group are trond-
hjemitic and tonalitic when classified using nor-
mative compositions and the QAPF diagram in 
Streckeisen (1973) or the Ab-An-Or diagram in 
O’Connor (1965, Fig. 3). In the Eu-negative sub-
group, SiO2 is generally 62–74 wt%, mg# 30–55 
and Al2O3 15–17 wt%. Most of the samples have 
fractionated REE patterns with low HREE and 
high Sr/Y (median 81). They also have high LaN/
YbN ratios of 20–120 with a median of 49, show-
ing negative Eu anomalies (Fig. 5) and low abun-
dances of compatible elements. 

SiO2 in the Eu-positive, low-HREE TTGs typi-
cally varies from 68–76 wt%, and they often have 
low abundances of FeO and MgO, which is re-
flected in their near-white to light grey colour in 
outcrops and samples. Mg# is generally 28–55 and 
Al2O3 14.5–17.5 wt%. These TTGs are associated 
with negative magnetic anomalies on airborne 



27

Geological Survey of Finland, Special Paper 54 
The Archaean of the Karelia Province in Finland

Fig. 2. A generalised geological map of the Finnish part of the Karelia Province. The inset shows the location of the map area 
in Finland. Basemap © National Land Survey of Finland, licence no 13/MML/12.
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Fig. 3. A normative Ab-An-Or diagram (O’Connor 1965) for TTGs and QQs. Open triangles = low-HREE TTGs, black tri-
angles = low-HREE, Eu-positive TTGs, crosses = high-HREE TTGs, grey dots = QQs, black dots = orthopyroxene-bearing 
QQs (enderbites).
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Fig. 4. Al2O3 vs. SiO2 in TTGs and QQs. Symbols are as in Fig. 3.
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Fig. 5. Trace element patterns of TTGs: a, b = high HREE group, c, d = low HREE group, e, f  = Eu-positive group. Diagrams 
represent 255 analyses where the K2O/Na2O ratio is < 0.5, taken from the Rock Geochemical Database of Finland (Rasilainen 
et al. 2007). Normalising factors for a, c and e are from Boynton (1984) and for b, d and f  from Thompson (1982). The shaded 
area is for all data.
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magnetic maps, and especially in the northern  
part of the Karelia Province in Finland they cov-
er large areas (Fig. 2). Most samples show, apart 
from positive Eu anomalies, strongly fractionated 
REE patterns with HREE mostly below the detec-
tion limits, low Y, Sc and Nb, high Sr/Y, LaN/YbN 
and Zr/Sm ratios and low abundances of com-
patible elements (Figs. 5–7). In outcrops, part of 
these rocks show diatexitic migmatite structures 
and seem to represent almost complete fusion of 
amphibolites, but there are also many occurrenc-
es of this group that appear to be homogeneous  
orthogneisses. 

The high-HREE group is normatively grano-
dioritic and tonalitic. SiO2 is c. 60–72 wt%, mg# 
generally 30–55 and Al2O3 15–17 wt%. Al2O3/SiO2 

is generally lower in samples of this than the other 
TTG groups (Fig. 4). Rocks in this group have low 
Sr/Y ratios (median 22) and higher abundances of 
compatible elements and HREE than the other 
TTGs. The LaN/YbN is < 20 with a median of 10. 
On average, the high-HREE group has higher Nb 
contents (c. 5–15 ppm) than the low HREE group 
(c. 1–8 ppm).

Sanukitoids
Sanukitoid granitoids (most commonly grano-di-
orites) with low silica, high K, Ba, Sr and elevated 
Mg, Cr and Ni contents are relatively common in 
the Western and Central Karelia subprovinces. As 
a group they postdate the TTGs, being generally 
2.74–2.72 Ga (Fig. 21). These sanukitoids resem-
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ble in several aspects Mesozoic mantle-derived 
high Ba-Sr granitoids in Scotland (Fowler et al. 
2008, Halla et al. 2009). They have been related to 
melting of subcontinental metasomatized man-
tle, possibly induced by late- or postorogenic slab 
breakoff (Lobach-Zhuchenko et al. 2005, 2008, 
Halla 2005, Halla et al. 2009, Heilimo et al. 2010, 
2012). However, given that most of these sanuki-
toids emplaced shortly before the main phases of 
metamorphism and deformation (2.71–2.64 Ga), 
they should rather be classified as late orogenic. 
The geochemical data for Karelian sanukitoids 
are found in Heilimo et al. (2010), U-Pb zircon 
ages in Heilimo et al. (2011) and Hf, Nd, Pb and 
O isotope geochemistry in Heilimo et al. (2013).

QQ
Another important group of non-TTG grani-
toids comprises rocks whose normative composi-
tion is mostly quartz dioritic and quartz monzo-
nitic, but locally also dioritic and monzodioritic. 
Rocks belonging to this QQ group are especially 
found in the Western Karelia subprovince. Most 
QQ intrusions are located west of  the sanukitoids 
described above, but whether there is a genetic 
link between the sanukitoid and QQ groups is 
not yet clear. The QQs include the enderbites in 
the Iisalmi complex (Hölttä 1997), the Ranua di-
orite in the Ranua complex (Mutanen & Huhma 
2003) and some smaller plutons in Ranua and in 
the northern part of  the Lentua complex (Mik-
kola 2008, Mikkola et al. 2011a). The QQs have 
zircon U-Pb ages close to 2.70 Ga apart from the 
2.68 Ga Rokanmäki intrusion (Paavola 1999) in 
the Rautavaara complex . εNd values at 2.7 Ga are 

positive, for example +0.2 and +1 in the two ana-
lyzed enderbites of  the Iisalmi complex (Hölttä et 
al. 2000) and +0.8 in the Ranua diorite (Mutanen 
& Huhma 2003). Many compositional features 
in these rocks also fulfil the definition of adak-
ites, as SiO2 is in most analysed samples 52–62 
wt%, Al2O3 a high 15.4–20.1 wt%, MgO 2.5–4.0 
wt%, mg# 44–54, Na2O 3.3–5.4 wt%, K2O 0.8–
1.8 wt%, Rb 13–52 ppm, Sr 630–1170 ppm, Sr/Y 
21–80, Ba 200–800 ppm, Y < 18 ppm and Yb < 
1.9 ppm. Furthermore, Cr in most samples is > 
30 ppm and Ni >20 ppm, except for values of  10–
28 ppm and 6–13 ppm, respectively, in the Ranua 
diorite. However, the QQs have only moderately 
fractionated REE patterns with LaN/YbN ratios 
of  6–15, and the enderbites in the Iisalmi area, as 
well as the Naimakangas quartz diorites (located  
in the Iisalmi complex north of  the enderbites) 
and some diorites in Ranua, have a typically flat 
HREE (Fig. 8). This type of  REE pattern is a 
distinctive feature of  the enderbites and was not 
observed in any other Archaean igneous rocks, 
apart from 2.74 Ga alkaline rocks in Suomus-
salmi, which have a similar REE distribution but 
generally higher REE abundances (Mikkola et al. 
2011b). The enderbites have lower Rb, U and Th 
contents than the other quartz diorites, probably 
because of  the loss in these elements during the 
granulite facies metamorphism that they under-
went at 2.7–2.6 Ga (Mänttäri & Hölttä 2002). 
The Ranua diorite has syenogabbro and alkali 
gabbro inclusions that have higher P2O5 and REE 
contents than the enclosing diorites (Fig. 9). Al-
though mafic, the gabbroic inclusions do not con-
tain more Cr and Ni than the host diorite.

0.0 0.5 1.0 1.5 2.0

0
1

2
3

4

0.0 0.5 1.0 1.5 2.0

0
1

2
3

4
Eu/Eu*

Sm/ZrN

K2O/Na2O <0.5 K2O/Na2O >0.5a b
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GGM
Granodiorite-granite-monzogranite (GGM) suite  
rocks dated to 2.73–2.66 Ga are the youngest 
Neoarchaean rocks occurring in large volumes in 
the Western Karelia subprovince (Käpyaho et al. 
2006). They are relatively weakly deformed, red-
dish and medium- to coarse-grained rocks. The 
diagrams in Figures 9–10 illustrate some of the 
prime geochemical characteristics of  the GGM 
granites. Analyses for the plots are taken from 
the Rock Geochemical Database of  Finland (Ra-
silainen et al. 2007), and they are also presented 
in Appendix 1. Most of  these data are for gran-
ites, which are peraluminous and metaluminous, 
and according to the classification by Frost et 
al. (2001) mostly magnesian, calc-alkalic and 
alkali-calcic (Fig. 9). In the classification schema 
by Patiño Douce (1999) based on the major ele-

ments, these granites have compositions that cor-
respond to the experimental dehydration melting 
products of  felsic pelites and greywackes, and 
some may have reacted with basaltic rocks (Figs. 
9d–f, 10). Many of the granites have highly frac-
tionated, HREE-depleted patterns with negative 
or no Eu anomalies, but some are less fraction-
ated with relatively high HREE. In Figure 11, 
the GGMs are classified on the basis of  their 
REE distributions into five groups: high-HREE 
GGMs with a low Gd/YbN ratio, medium-HREE 
GGMs, low-HREE GGMs, low-HREE GGMs 
without an Eu anomaly and low-HREE GGMs 
with a positive Eu/Eu*. At least part of  the gran-
ites could represent the melting products of  sedi-
mentary gneisses. On the other hand, according 
to experimental studies, dehydration melting of 
sodic TTG gneisses can also produce granitic to 
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granodioritic melts (Patiño Douce 2004, Watkins 
et al. 2007). Skjerlie et al. (1993) have shown ex-
perimentally that when interlayered, the melt 
productivity of  tonalite and pelite increases via 
the interchange of  components that lower the re-
quired melting temperatures. Anatectic granites 
therefore tend to contain material from two or 
more different source rocks, which is reflected in 
their isotopic and chemical compositions (Skjer-
lie et al. 1993). This could also be the case with 
the Archaean GGMs, which could represent the 
melting products of  TTGs and paragneisses, and 
mixing of  the derived melts with contemporane-
ous mafic magmas. The range in εNd (2700 Ma) 
values of  the CGMs is c. -1.5 to +1.0, indicat-
ing that some of them might represent the melt-
ing of  juvenile 2.72–2.78 TTGs, whereas others 
could originate from older material. However, in 
the Suomussalmi area, the average δ18O values 
of  zircon from GGMs are normally only slight-
ly higher (6.42  ±  0.10) than that of  the TTGs, 
6.10 ± 0.19. This means that at least in Suomus-
salmi the GGMs do not necessarily have a signifi-
cant sedimentary input in their source but rather 
represent melting products of  TTGs (Mikkola et 
al. 2012). However, in the Suomussalmi area the 
abundance of  exposed sedimentary gneisses is 
also low, while in other areas they may have had 
a more significant contribution to GGM genesis.

Amphibolites in gneissic complexes

Amphibolites are a ubiquitous component of 
nearly all of  the studied migmatitic TTG com-
plexes, in which they can typically be found as 
layers and inclusions whose widths vary from a 
few tens of  centimetres to tens of  metres. Nor-
mally, the gneiss-associated amphibolites are all 
migmatized, the volume of felsic neosome rang-
ing in the exposures from < 10% up to c. 90% 
(Fig. 12). Extensively melted and deformed am-
phibolites closely resemble strongly deformed, 
plutonic TTGs with amphibolite rafts, making 
their distinction difficult. In metatexitic amphi-
bolites, palaeosomes have mostly amphibolite 
facies mineral assemblages, typically hornblende-
plagioclase-quartz, often with retrograde epidote. 
In granulite facies areas, amphibolites often have 
coexisting orthopyroxene and clinopyroxene. 
Garnet-bearing two-pyroxene mafic and interme-
diate granulites, which are common in the Iisalmi 
complex, represent high-temperature-medium 
pressure equivalents of  the common hornblende 
amphibolites. 

The ages of the amphibolites are problematic 
to resolve, because they often appear to contain 

predominantly metamorphic zircon grains (e.g. 
Mutanen & Huhma 2003). Intermediate granu-
lites and amphibolites in the Iisalmi complex 
have been dated for their protoliths at c. 3.2 Ga 
(Paavola 1986, Mänttäri & Hölttä 2002, Lauri et 
al. 2011), but this complex is older overall than 
most other areas in the western part of the Kare-
lia Province.

In this work, 73 amphibolite samples were col-
lected from all Archaean gneissic complexes and 
were analysed for their major and trace element 
compositions. The data are presented in Appen-
dix 1. On the basis of major element composi-
tion, and using the TAS classification, the amphi-
bolites are mostly basalts and andesitic basalts. 
Some amphibolites are andesitic and some have 
a slightly alkaline character. In the Jensen cation 
plot, most compositions are in the field of high-
Mg tholeiites, and some even in the komatiitic ba-
salt field, the latter probably because of cumulus 
olivine. The Al2O3 contents vary mostly from c. 
13–16 wt%. In the komatiitic basalts, the Al2O3 
content is c. 10–12 wt%. MgO comprises c. 4–10 
wt% in basaltic rocks, c. 11–14 wt% in komatiitic 
basalts and c. 3–6 wt% in andesites. 

Basaltic amphibolites (SiO2 < 52 wt%) fall into 
two main groups on the basis of their trace ele-
ment contents. Samples of the first group have 
flat or LREE-depleted trace element patterns, 
resembling those of the present mid-ocean ridge 
basalts. Further characteristics of these samples 
are high (Nb/La)N ratios, low Zr/Y ratios and high 
Ni and Cr contents (Hölttä 1997, Nehring et al. 
2009). Samples of the second group are enriched 
in LILE and LREE (Fig. 13) and have lower Nb/
LaN ratios and higher Zr/Y ratios than those in 
the first group. Compatible elements, especially Ni 
but also Cr, are lower in the LREE-enriched than 
in the group of LREE-depleted samples (Fig. 14). 
Andesitic amphibolites (SiO2 c. 52–60 wt%) have 
similar flat to LREE-enriched trace element pat-
terns to the basalts (Fig. 15). However, unlike the 
basalts, the (La/Yb)N ratio normally increases and 
the abundance of compatible elements decreases 
as a function of increasing SiO2. Cr and Ni con-
tents are higher in the komatiitic basalts than 
in basaltic and andesitic amphibolites (Fig. 14). 
Some of the komatiitic basalts are also enriched 
in LREE (Fig. 13).

Condie (2005) used the high field strength ele-
ment (HFSE) ratios of Archaean basalts to dem-
onstrate their possible mantle source domains, as-
suming that their magmatectonic framework was 
broadly similar to that of young oceanic basalts. 
He noted that on the basis of the Nb/Th, Zr/Nb, 
Nb/Y and Zr/Y ratios, most non-arc-type Archae-
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a b
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e f

Fig. 12. Field photographs of migmatitic amphibolites of the Ranua complex. Map coordinates of the photograph sites 
(Finnish national grid, in KKJ zone 3/YKJ): a: 7274813, 3413614; b: 7271283, 3419703; c, d: 7265242, 3424052; e: 7280653, 
3412406; f: 7286789, 3422595.

an basalts from greenstone belts resemble oceanic 
plateau basalts, which are thought to originate 
from plumes variably comprising deep primitive 
and shallow depleted mantle. Figure 16 shows a 
plot of Nb/Y vs. Zr/Y for the basaltic amphibo-
lites in the Finnish part of the Karelia Province. 
Given the depletion of granulite facies rocks in  

U and Th, thorium-based ratios are probably use-
less for the high-grade migmatitic amphibolites. 
As Zr/Nb ratios in all samples of the amphibo-
lites are c. 10–30, they probably do not contain 
recycled oceanic lithospheric material. Most of 
the analysed amphibolites have LREE-depleted 
or flat REE patterns, relatively low Zr/Y ratios of 
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c. 1–2, and tendency to plot between the primi-
tive and deep depleted mantle compositions in 
the diagram in Figure 16. A smaller number of 
the amphibolites are LREE enriched, have Zr/Y 
ratios of c. 3–5 and define on the Nb/Y vs. Zr/Y 
diagram a trend towards enriched sources that 
could be the lithospheric mantle or the continen-
tal crust. In the field, some of the amphibolites 
show dyke-like relationships with the host TTGs 
(Fig. 12f), suggesting that amphibolites in the sec-
ond group could represent metamorphosed and 
deformed dykes that have chemically reacted with 
the TTG crust. This is supported by the higher 

LILE contents in these amphibolites compared 
with the first group of amphibolites, which could 
be restites of the plateau basalts after melting that 
produced the TTGs.

In terms of primitive mantle-normalized con-
tents, granulite facies rocks are depleted, and am-
phibolite facies rocks are enriched in U and Th, 
and there is less enrichment of Ba and especially 
Rb in granulite than in amphibolite facies rocks 
(Nehring et al. 2009). This probably reflects a 
higher degree of melting in granulite facies rocks 
compared with amphibolites (Nehring et al. 2009).

Greenstone belts

The Karelia Province includes at least sixteen, 
generally NNW-trending greenstone belts (Slabu-
nov et al. 2006). Case studies have proposed dis-
tinct formative settings for the individual belts, 
i.e. an oceanic plateau setting for the Kostomuk-
sha belt (Puchtel et al. 1998), an island arc setting 

for the Sumozero-Kenozero belt (Puchtel et al. 
1999) and a continental rift setting for the Suo-
mussalmi-Kuhmo-Tipasjärvi and Matkalahta 
belts (Luukkonen 1992, Papunen et al. 2009, 
Kozhevnikov et al. 2006). The Finnish part of 
the Karelia Province contains three major green-

DEP

1 2 5 10 20

0
.0

1
0

.0
5

0
.1

0
0

.5
0

1
.0

0
5

.0
0

NMORB

Arc

PM

EN

REC

DM

Oceanic Plateau
Basalt

PLUME SOURCES

NON-PLUME SOURCES

Zr/Y

Nb/Y

Fig. 16. Nb/Y vs. Zr/Y of basaltic amphibolites. Black circles = LREE depleted basalts, triangles = LREE enriched basalts, 
grey squares = komatiitic basalts. Abbreviations:  PM, primitive mantle; DM, shallow depleted mantle; ARC, arc-related ba-
salts; NMORB, normal ocean ridge basalt; DEP, deep depleted mantle; EN, enriched component; REC,  recycled  component.  



41

Geological Survey of Finland, Special Paper 54 
The Archaean of the Karelia Province in Finland

stone belts, the Suomussalmi-Kuhmo-Tipasjärvi 
belt, the Ilomantsi belt and the Oijärvi belt (Fig. 
2). We have new high-precision geochemical data 
for komatiitic and associated basaltic rocks from 
the two first named and largest of  the belts (Ap-
pendix 1). Komatiites are potentially particularly 
useful in constraining the geotectonic setting of 
magmatism, because they represent primitive 
magmas formed during large degree (>30%) 
melting of  the mantle. Consequently, komatiites 
tend to have low concentrations of  incompatible 
elements, and it is only interaction of the komati-
ites with lithospheric materials during magma 
ascent and emplacement (and post-emplacement 
alteration) that may result in marked decoupling 
of  compatible and incompatible elements.

Kuhmo greenstone belt

The Kuhmo greenstone belt forms the central 
part of  the c. 220-km-long Suomussalmi-Kuhmo-
Tipasjärvi greenstone belt (Fig. 2). The suprac-
rustal succession in the Kuhmo belt starts with 
rhyolitic-dacitic lavas and pyroclastics, whose 

depositional basement and original thickness is 
unknown. Felsic volcanic rocks occur in two age 
groups, 2.84–2.82 Ga and c. 2.80 Ga (Huhma et 
al. 2012a). The felsic volcanics are overlain by an 
up to one-kilometre-thick sequence of  tholeiitic 
pillow lavas and hyaloclastites, with sporadic lay-
ers of  Algoma-type BIF and hydrothermal Mg-
Fe precipitates in the middle part of  the sequence. 
The tholeitic strata are overlain by a sequence of 
komatiites (total thickness ~ 500 m), komatiitic 
basalts (~ 300 m), interlayered high-Cr basalts 
(~ 250 m) and komatiites, high-Cr basalts (~ 250 
m) and finally pyroclastic intermediate-mafic vol-
canics (Papunen et al. 1999, 2009).

The Kuhmo greenstone belt is bounded by 
TTGs, sanukitoids and GGM-suite plutons. 
Several previous studies have suggested that the 
Kuhmo greenstone succession was deposited on 
older continental crust represented by the TTGs 
(Martin et al. 1984, Luukkonen 1992, Papunen 
et al. 1999, 2009). However, no unconformity or 
superposition relationship between the TTGs and 
the greenstone belt supracrustals has ever been 
demonstrated. Nor is the concept of an old sialic 
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basement supported by the more recent isotope 
geochemical and age data (e.g. Käpyaho et al. 
2006, Huhma et al. 2012a). With the exception 
of one sample from the mesosome of a migma-
tite from Lylyvaara, c. 30 km east of the Kuhmo 
greenstone belt (2942  ±  6 Ma; Käpyaho et al. 
2007), all samples from the surrounding TTGs 
yield crystallisation ages younger than the vol-
canic rocks of the greenstone belt. Furthermore, 
Käpyaho et al. (2006) concluded, based on an 
extensive Sm-Nd isotope study, that the plutonic 
rocks in the Kuhmo area represent relatively juve-
nile material without a major input from signifi-
cantly older crust. Neither do the εNd from +1.2 
to +2.4 of intermediate and felsic volcanic rocks 
in Kuhmo (Huhma et al. 2012b) indicate that they 
would contain significant amounts of older crus-
tal material, as one could expect if  they originated 
in a narrow continental rift as suggested by Papu-
nen et al. (2009). However, Mesoarchaean, 2.94 
Ga felsic volcanic rocks with negative εNd values 
exist in the Suomussalmi belt north of the Kuhmo 
belt (Huhma et al. 2012a, b). This difference sug-
gests that the Suomussalmi and Kuhmo belts may 
represent separate volcanic belts that were juxta-
posed just during the Neoarchaean terminal ac-
cretional/collisional events.

Ilomantsi greenstone belt

The supracrustal sequence in the Ilomantsi 
greenstone belt is dominated by sedimentary 
rocks intercalated with less abundant komati-
ites, tholeiites, low-Ti tholeiites, andesites, dac-
ites and banded iron formations. The lowermost 
unit starts with mafic pillow lavas, but predomi-
nantly consists of  felsic pyroclastic and epiclastic 
sedimentary rocks. The depositional environment 
was dominated by two distinct but overlapping 
felsic volcanic complexes, probably locally suba-
erial, but that nevertheless developed within 
mostly relatively deep, turbidite-dominated ba-
sins (Sorjonen-Ward 1993). Thin tholeiitic inter-
calations and komatiitic sheet flows occur in the 
upper part of  the succession, typically associated 
with banded iron formations. The komatiites are 
generally massive recrystallized in structure, and 
only locally preserve such relict features as cumu-
lus textures or flow top breccias (O´Brien et al. 
1993). No primary silicate minerals are preserved 
in the komatiites, as they have been pervasively 
altered and recrystallised to tremolite-chlorite-
serpentine rocks or chlorite-talc-rich schists. Lo-
cally, the komatiites are demonstrably intercalated  
with felsic volcanic rocks.

Vaasjoki et al. (1993) reported a TIMS U-Pb 

age of 2754 ± 6 Ma on zircon from a plagioclase-
phyric andesite that represents the stratigraphi-
cally lowermost units of the Ilomantsi green-
stone belt. The majority of detrital zircon grains 
in the nearby metasediments are of the same age 
(Huhma et al. 2012a). Previous studies on the Ilo-
mantsi belt have documented a close relationship 
between volcanism, sedimentation, deformation 
and pluton emplacement (Sorjonen-Ward 1993) 
implying rapid c. 2.75 Ga crustal growth in the 
region. All exposed contacts between supracrus-
tal rocks and granitoids have been interpreted to 
be intrusive (Sorjonen-Ward & Luukkonen 2005), 
and the granitoids cannot therefore represent the 
basement to the Ilomantsi greenstone belt, nor a 
dominant source of the material in the supracrus-
tal sequences.

Chemical composition of komatiites in Kuhmo and 
Ilomantsi

Komatiitic rocks from Kuhmo and Ilomantsi show 
generally similar major element compositions (Ap-
pendix 1), but differ significantly in terms of their 
trace element concentrations. Both suites have 
the characteristics of the aluminium-undepleted, 
Munro-type komatiites, having average Al2O3/
TiO2 ratios of c. 18.9 (Kuhmo) and 17.4 (Ilomant-
si), but there is considerable scatter, particularly in 
the Ilomantsi data. Komatiites and komatiitic ba-
salts of the Kovero greenstone belt, which flanks 
the Ilomantsi belt in the SW, have high Al2O3/TiO2 
ratios, reflecting their low TiO2 content at a given 
Al2O3 and MgO level (Figs. 17–18). In both the Il-
omantsi and Kuhmo lavas, Ni, Co and Cr increase 
as a function of MgO and Mg# in a way that is 
indicative of low-pressure fractionation of olivine 
and chromite being the main factor controlling 
compositional variation. This is consistent with 
the relatively differentiated nature of the lavas, as 
chromite is usually undersaturated in komatiites 
with > c. 25% MgO (Barnes & Roeder 2001). Ko-
vero komatiites seem to differ from the Ilomantsi 
and Kuhmo komatiites, having overall higher Cr/
MgO ratios (Fig. 18).

Komatiites from the Kuhmo and Ilomantsi 
belts show distinct variation in their incompat-
ible trace element concentrations. The Kuhmo 
komatiites and komatiitic basalts have generally 
flat primitive mantle normalised patterns show-
ing only moderate depletion in LREE (Fig. 19), 
as is common for Al-undepleted komatiites. In 
contrast, Ilomantsi komatiites have highly frac-
tionated patterns with high LREE/HREE ratios 
and distinct negative Nb-Ta and Ti-anomalies. 
The close similarity in trace element patterns 
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between the komatiites and associated rhyolites 
and dacites (O’Brien et al. 1993) is a clear indi-
cation of extensive interaction of the komatiites 
with the felsic volcanics. Interestingly, the komati-
itic basalts from Ilomantsi show less fractionat-
ed incompatible trace element patterns than the 
komatiites, which is inconsistent with derivation 
of the basalts from the komatiites by crystal frac-
tionation. A likely explanation is that the komati-
itic basalts evolved from the komatiitic magma 
already prior to the eruption, within transient 
storage chamber(s) at depth. During subsequent 
eruptions the komatiites assimilated more felsic 
volcanics than the komatiitic basalts, possibly due 
to their higher eruption temperatures. 

Owing to post-eruption alteration, obviously 
in multiple episodes, the Kuhmo and Ilomantsi 
komatiites are disturbed to various degrees in 
their isotope systems. For example, in a Sm-Nd 
isotope study by Gruau et al. (1992), it has been 
shown that the Kuhmo komatiites produce a Sm-
Nd isochron yielding an age of c. 1.9 Ga, indica-
tive of resetting of the Sm-Nd isotope system of 
these Archaean rocks during Proterozoic meta-
morphism. We have also conducted Sm-Nd stud-
ies for both Kuhmo and Ilomantsi komatiites, for 
most part on samples that we believe represented 
the least altered materials (Huhma et al. 2012b). 
The results are nevertheless broadly similar to 
those of Gruau et al. (1992). Therefore, Sm-Nd 
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isotope analyses for these rocks are unlikely to 
provide any precise information on their mantle 
source domains. 

Condie (2005) has shown that using ratios of 
highly immobile elements such as Nb/Th, Zr/Nb, 
Zr/Y and Nb/Y it is possible to characterise at least 
some isotopically distinct mantle domains, as they 
are inferred for young oceanic basalts.. In terms 
of Nb/Y and Zr/Y ratios, Kuhmo komatiites plot 
close to the demarcation line between plume and 
non-plume source compositions (Fig. 20c). Most 
samples cluster between primitive mantle (PM) 
and shallow depleted mantle (DM) compositions, 
and there are many plottings towards the deep 
depleted plume component (DEP). In the Zr/Nb 
vs. Nb/Th plot (Fig. 20d), the Kuhmo komatiites 
also plot close to the oceanic plateau basalts, but 
at somewhat higher Zr/Y values, probably indicat-
ing minor pre-eruption fractionation of chromite 
(cf. sita). Overall, the Kuhmo komatiites show an 

affinity to oceanic plateau basalts derived from 
a slightly depleted primitive mantle (PM)-type 
source, with a minor deep plume signature. Im-
portantly, these komatiites clearly have not been 
derived from a depleted MORB-type source, and 
there is also little indication of enriched and recy-
cled mantle components in their source, or input 
from continental crust during their ascent and 
eruption.

Radiometric age determinations

U-Pb 
During the past decades, a large number of  ther-
mal ionisation mass spectrometry (TIMS) U-Pb 
age determinations on zircon from Archaean 
rocks have been carried out at the Isotope Lab-
oratory of  the Geological Survey of  Finland 
(GTK). Recently, the secondary ion mass spec-
trometer (SIMS) of  the Nordsim laboratory and 
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multiple-collector inductively coupled plasma 
mass spectrometer (LA-MC-ICPMS) of  GTK 
have also been used in the age determination of 
Archaean rocks. Figures 21–22 present most of 
the zircon age data available from plutonic and 
volcanic rocks in the Finnish part of  the Kare-
lia Province. It is evident from the diagrams that 
TTGs age mostly between 2.83–2.72 Ga, and 
within this range cluster in two groups separat-
ed by a c. 20 Ma time gap; in the older group, 
TTGs are 2.83–2.78 Ga, and in the younger 
group 2.76–2.72 Ga. The >2.78 Ga TTGs occur 
almost exclusively outside the Ilomantsi complex 
(Fig. 21). In the Ilomantsi greenstone belt, vol-
canic rocks and related dykes are 2.76–2.72 Ga. 
From the Ilomantsi complex there have thus far 
been only two observations of  Mesoarchaean 
rocks (Huhma et al. 2012a), which is consist-
ent with observations from the Central Karelia 
subprovince in Russia (Lobach-Zhuchenko et 
al. 2005, Bibikova et al. 2005, Slabunov et al. 
2006), suggesting that most of  the Central Ka-
relia crust is relatively young, c. 2.76–2.72 Ga. 
However, some porphyritic dykes that intruded 
into mafic volcanic rocks have older, c. 3.0 Ga 
zircon populations (Vaasjoki et al. 1993). Two 
datings for felsic volcanic rocks from the Kovero 
greenstone belt SW of  Ilomantsi give ages of  

c. 2.88 Ga (Huhma et al. 2012a). These results in-
dicate that the Ilomantsi greenstone belt is not a 
completely juvenile Neoarchaean formation, but 
includes at least some reworked Mesoarchaean 
material. Volcanic rocks in the other greenstone 
belts are dated mostly at 2.84–2.80 Ga (Huhma 
et al. 2012a). Mesoarchaean c. 2.95 Ga ages are 
yielded by some volcanic rocks and TTGs in the 
northern part of  the Lentua complex and by 
some TTGs in the Siurua complex. In the West-
ern Karelia subprovince, rocks whose zircon ages 
are > 3.0 Ga seem to exist only in the Iisalmi and 
Siurua complexes (Hölttä et al. 2000, Mutanen 
& Huhma 2003, Lauri et al. 2011). The GGM 
suite rocks, mostly of  c. 2.73–2.66 Ga, occur all 
over the studied area. The youngest Neoarchae-
an zircon ages are from granulites in the Rauta-
vaara and Siurua complexes and leucosomes of 
migmatites giving ages of  c. 2.65–2.63 Ga and 
c. 2.71–2.65 Ga, respectively. These ages have 
been interpreted to date the high-grade meta-
morphism of  lower and mid-crust (Mutanen & 
Huhma 2003, Mänttäri & Hölttä 2002, Käpyaho 
et al. 2007, Lauri et al. 2011). 

Sm-Nd
The TIMS/SIMS/LAMS U-Pb zircon age de-
termination localities do not yet evenly cover 

Fig. 21. Histogram showing the distribution of the U-Pb ages on zircon of various Archaean lithologies in the Finnish part 
of the Karelia Province.
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Fig. 22. Sites for the U-Pb age determination samples (Ma). The base map is from Fig. 2.
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the Archaean area of  Finland (Fig. 22), and 
some relatively large areas remain untouched. 
Hence, some surprises may arise with future 
gap filling, remembering, for example, the 
small area of  the 3.5 Ga Siurua gneisses. Sm-
Nd analyses have been carried out from most of 
the samples used for the U-Pb analyses on zir-
con. For this work, many additional TTG sam-
ples were analysed to improve the regional cover 
of  the Sm-Nd data. These samples were partly 
from our own sample sets and partly from the 
Rock Geochemical Database of  Finland (Rasi-
lainen et al. 2007). Whole rock chemistry was 
used to select samples with the least obvious 
metamorphic alteration. The analytical data are 
presented by Huhma et al. (2012b). Figure 23 
shows the distribution of  the TDM model ages on 
a geological map of  the study area. 

The various geochemical groups of  TTGs ob-
served in this work do not correlate with Sm-Nd 
model ages or εNd values in any simple way. The 
diagrams in Figure 24 show the REE patterns 
and the Sm-Nd (TDM) model ages of  a large num-
ber of  the analysed TTGs. Even in the youngest 
age group, where the model ages are < 2.8 Ga and 
εNd +0.9 - +2.4, and which thus by and large rep-
resents juvenile Neoarchaean materials, all geo-
chemical types are represented, and the same pat-
tern also holds true in the oldest model age group. 
The granodioritic 3.5 Ga Siurua gneiss has a high 
REE content, strongly fractionated REE pattern 
(sample A1602 in Fig. 24d) and negative εNd(2.7 
Ga) of  –10.8, in contrast to the 2.96 Ga Isokum-
pu granulite facies orthogneiss, which belongs to 
the HREE-depleted and Eu-positive group (sam-
ple A1603 in Fig. 24d and Mutanen & Huhma 
2003). With a few exceptions, model ages that are 
around or older than 3.0 Ga are from the Siurua 

complex and from the northern parts of  the Len-
tua complex, indicating that rocks in these areas 
include a greater Mesoarchaean component than 
elsewhere in the Finnish Archaean.

SIMS ages on detrital zircon in paragneisses
Kontinen et al. (2007) concluded in their study 
on the Nurmes paragneisses that the deposition 
of  the protolith wackes took place at c. 2.70 Ga, 
which is in the range observed in U-Pb ages of  the 
youngest dated detrital zircon grains. Nearly 50% 
of the grains were dated at 2.75–2.70 Ga. The 
whole rock compositions of  the Nurmes para- 
gneisses suggest that the source terrains mainly 
comprised TTGs and sanukitoid-type plutonic 
and mafic volcanic rocks. Huhma et al. (2000) an-
alysed zircon from metasediments in the Kalpio 
complex (Hölttä et al. 2012) and found that most 
zircon grains are c. 2.73 Ga and the others from 
2.8 to > 3.0 Ga. Huhma et al. (2012a) analysed 
detrital zircon in metasediments from five other 
localities in the Karelia Province, and the results 
were similar to those from the previous studies. 
Most of  these samples predominantly contain c. 
2.73–2.75 Ga zircon grains, which suggests that 
the Neoarchaean intrusions of  this age produced 
most of  the sedimentary detritus. Mesoarchaean 
3.2-2.8 Ga zircon grains were rare in all para-
gneiss and also other metasedimentary samples. 

According to Bibikova et al. (2005), zircon from 
sanukitoids has higher Th/U ratios (>0.5) than 
zircon in TTGs (<0.5). Given that most 2.75–2.72 
Ga zircon grains from paragneisses have Th/U ra-
tios > 0.5 (Fig. 25), sanukitoids indeed may have 
been one of their main sources, although it has to 
be noted that high Th/U in zircon is not restricted 
to sanukitoids, but is also found in samples of the 
other main rock groups.

Lower crustal xenoliths

Mantle and lower crustal xenoliths recovered 
from c. 500- to 600-Ma-old kimberlites near the 
southern boundary of  the Lentua complex pro-
vide pertinent information on the petrology and 
physical properties of  the lower crust of  the Ar-
chaean Karelia Province (Hölttä et al. 2000, Pel-
tonen et al. 2006). The lower crustal xenoliths are 
almost exclusively from mafic granulites. Mineral 
thermobarometry, together with isotopic, pet-
rological and seismic velocity constraints, imply 
that the lower crustal xenoliths are derived from 
the weakly reflective, high-Vp layer at the base of 
the crust (40–58 km depth; Hölttä et al. 2000, Pel-
tonen et al. 2006). Single grain zircon U–Pb dates 

and Nd model ages (TDM) from the xenoliths im-
ply that the bottom high velocity layer is a hybrid 
layer consisting of  both Archaean and Protero-
zoic mafic granulites. Many of the studied xeno-
liths record only Proterozoic zircon ages (2.5–1.7 
Ga) and Nd model ages (2.3–1.9 Ga), implying 
that the lower crust contains a significant juve-
nile Palaeoproterozoic component (Hölttä et al. 
2000, Peltonen et al. 2006). Only a small fraction 
of zircon grains separated from the xenoliths give 
Archaean ages typically in the range of  2.7–2.6 
Ga. Mesoarchaean zircon grains are almost ab-
sent. The oldest zircon ages, up to c. 3.5 Ga, and 
Nd TDM model ages of  c. 3.7 Ga of the xenoliths 
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Fig. 23. Distribution of the TDM model ages (Ma). The geological base map is from Fig. 2.

are similar to those from the oldest gneisses in 
the Siurua complex. Based on these data, the 
lowermost crust probably originated as Archaean  

mafic gneisses, but was repeatedly intruded by 
Proterozoic mafic magmas 2.5–1.80 Ga ago.
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Fig. 24. REE patterns of the samples used for Sm-Nd analyses. The numbers next to the curves are for the model ages and the 
insets in the upper right corner of the boxes show the SiO2 content of the sample.
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Fig. 25. Th/U ratios in zircons of the paragneisses, based on analyses by Huhma et al. (2012a). The sample A1243 is from a 
metasediment which was metamorphosed in granulite facies.

Metamorphism

Amphibolites and paragneisses in TTG complexes

Ubiquitous evidence of  melting and migmati-
sation of felsic but also mafic rocks within the 
Western Karelia Province implies it was mostly 
metamorphosed in upper amphibolite and gran-
ulite facies conditions. Partial melting was of-
ten extensive, leading to the intense migmatisa-
tion that characterizes so many localities. Lower 
grade rocks are found in the inner parts of  the 
Kuhmo-Suomussalmi and Ilomantsi greenstone 
belts that often show mid- or low amphibolite fa-
cies mineral assemblages, well preserved primary 
structures and only a little or no migmatisation. 
Because of  the dominance of  the mineralogically 
monotonous gneissic TTG rocks, suitable min-
eral assemblages - especially garnet-bearing par-
agenesis - for the study of pressure-temperature 
evolution are not common. 

For this work, samples were taken from gar-
net-bearing amphibolites and paragneisses that 
sometimes have a garnet-hornblende-plagio-
clase-quartz or garnet-biotite-plagioclase-quartz 
mineral assemblage. Figures 26 and 27 show the 
localities for which pressures and temperatures 
have been obtained, using Thermocalc (Powell 
et al. 1998) and TWQ (Berman 1988, 1991) av-
erage PT calculations and grt-bt-pl-qtz thermo-
barometry (Wu et al. 2004). Low P/T granulite 
facies rocks occur sporadically in all complexes, 
but medium-pressure granulites, metamorphosed 
at c. 9–11 kbar and 800–850 oC, are only found 

in the Iisalmi complex (Hölttä & Paavola 2000). 
The Siurua complex comprises mafic granulites 
with hbl-cpx-opx-pl-qtz±grt assemblages, for 
which maximum metamorphic pressures and 
temperatures of  c. 6 kbar and 750 oC have been 
calculated (Lalli 2002). Compared with the mafic 
pyroxene granulites of  the Iisalmi area, garnet is 
rare in the Siurua mafic granulites, which is also 
an indication of  lower pressures. The granulite 
occurrences of  the Taivalkoski area lack garnet-
bearing rocks that would allow reliable PT deter-
minations. 

Sanukitoid suite granodiorites in the SE part of 
the Lentua complex locally contain orthopyrox-
ene, but it is not clear whether the mineral assem-
blages in these rocks were metamorphic or mag-
matic (Halla & Heilimo 2009). Amphibolites and 
paragneisses near these charno-enderbites were 
metamorphosed in upper amphibolite and granu-
lite facies at c. 6.5–7.5 kbar and 670–750 oC. Pres-
sures obtained for amphibolites elsewhere in the 
southern part of the Lentua complex are slightly 
lower, 4.7–5.5 kbar (Fig. 26). 

Metamorphic pressures obtained for the Nur-
mes paragneisses and for the amphibolites around 
are mostly c. 6.5–7.5 kbar, and corresponding 
temperatures c. 650–740  oC. Many samples give 
lower temperatures of c. 600  oC, but they prob-
ably record post-peak cooling or Proterozoic met-
amorphism of the Archaean bedrock, because 
these rocks are normally migmatised, indicating 
high metamorphic temperatures. 
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Fig. 26. Metamorphic pressures and temperatures: blue dots = calculated using the garnet-biotite-plagioclase-quartz ther-
mobarometer by Wu et al. (2004); green dots = calculated using the Thermocalc average PT method for garnet-hornblende-
plagioclase-quartz assemblage. The inset shows the area of Fig. 26b. The geological base map is from Fig. 2.
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Greenstone belts

Garnet bearing samples form supracrustal rocks 
in the Ilmomantsi belt that typically have the as-
semblage grt-bt-pl-qtz±ms, occasionally with an-
dalusite and staurolite or more often their mus-
covite-filled pseudomorphs. Grt-bt thermometry 
for these samples indicates in most cases crystal-
lization at c. 550–590 oC, similarly to the results 
of  O’Brien et al. (1993) and Männikkö (1988), 
and these temperatures are in accordance with 
the observed mineral associations. In the NW 
part of  the Ilomantsi greenstone belt, sillimanite 
is also present in pelitic rocks, and temperatures 
from grt-bt thermometry are also higher than in 
the SE, being c. 600–625 oC. Pressures indicated 
by the grt-bt-pl-qtz barometer are c. 3.5–5.5 kbar 
in the central parts of  the greenstone belt but >6 
kbar in the NW in the sillimanite-bearing meta-
sediments. The lower pressures are of  the same 
order as those obtained by Männikkö (1988) us-
ing sphalerite barometry for samples from the Ko-
vero greenstone belt SW of Ilomantsi. Garnets in 
the Ilomantsi belt samples are often zoned, with 
cores richer in Mg than rims, indicating a pres-
sure decrease during garnet growth.

Previous studies on the Kuhmo-Suomussalmi 
greenstone belt have resulted in evidence of a 
decrease in metamorphic grade from outer to in-
ner parts of the belt. According to Tuisku (1988), 
geothermometry suggests metamorphic tempera-
tures as low as 500 oC for the inner and up to 660 
oC for the outer parts of the belt. Pressures ob-
tained using the sphalerite barometer applied to 
sphalerite inclusions in pyrite are mostly between 
6–7 kbar but range in some cases as high as c. 13 
kbar (Tuisku 1988). 

An interesting observation was made for a 
patch of garnet-bearing amphibolites east of the 
Kuhmo greenstone belt. Noting the standard  
tholeiite basaltic whole-rock composition of these 
amphibolites, it is very surprising that they do not 
comprise any matrix plagioclase, but only minor 
albite and oligoclase inclusions in garnet (Fig. 
28). The observed ranges of the anorthite content 
in the plagioclase inclusions in two microana-
lysed samples are An10–An30 and An1–An20, 
indicating that some of the inclusions are almost 
pure albite. The garnet hosts are rich in grossular 
(Xgrs 0.25–0.35, Xgrs = Ca/(Fe+Mn+Mg+Ca)) 
and spessartine (Xsps 0.10–0.12) but Mg-poor 
(Xprp 0.05–0.09), which indicates that the meta-

Fig. 27. Metamorphic pressures and temperatures in the Iisalmi and Rautavaara complexes, calculated using the TWQ pro-
gram, after Hölttä et al. (2000) and Mänttäri and Hölttä (2002) (red dots). Blue dots as in Fig. 26a. Purple and green colours 
show the zones where the Proterozoic retrogression is pervasive, in purple areas kyanite is the only Al2SiO5 polymorph in 
peraluminous rocks and in green areas all three Al silicates are found, sometimes coexisting.
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Fig. 28. Albite inclusions in garnet in amphibolite east of the Kuhmo greenstone belt.
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morphic temperatures were not very high dur-
ing garnet crystallization. These rocks often 
contain epidote, sometimes only as inclusions in 
garnet but occasionally also in the matrix. The 
P-T pseudosection in Figure 29, calculated for 
a typical amphibolite composition in the area, 
shows the upper stability field of plagioclase 
in the PT space and compositional isopleths 
of plagioclase in grt-hbl-ep-pl-qtz and grt-hbl-
pl-qtz assemblages (calculations using Ther-
mocalc 3.33 software by Powell et al. (1998); 
http://www.metamorph.geo.uni-mainz.de/ 
thermocalc/. The pseudosection indicates that 
plagioclase is not stable at pressures above 13–15 
kbar at temperatures of 600–650 °C, and that its 
composition would change to albitic before de-
composition with increasing pressure. If  an al-
bitic composition An1 of plagioclase is used in 
the average P calculation, the Thermocalc gives 
average pressures of c. 16–17 kbar at 600–700 °C. 

In the Oijärvi greenstone belt, garnet amphi-
bolites were found in one locality, and relatively 
high average pressures of c. 9.5 kbar were also 
recorded for these rocks using the grt-hbl-pl-qtz 
barometer. 

Fig. 29. A pseudosection showing the stability fields of gar-
net, epidote and plagioclase in a NCFMASHTO system of 
the composition (mol.%): SiO2 52.350, Al2O3 9.138, CaO 
12.598, MgO 11.619, FeO 10.640, Na2O 2.676, TiO2 0.653 
and O 0.326.

http://www.metamorph.geo.uni-mainz.de/thermocalc/
http://www.metamorph.geo.uni-mainz.de/thermocalc/
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Age of Archaean metamorphism

Because the bulk of  TTGs and volcanic rocks 
in the greenstone belts are from juvenile Neoar-
chaean additions to the crust, it is not a surprise 
that signs of  Mesoarchaean metamorphic events 
are difficult to distinguish in the preserved small 
enclaves of  Mesoarchaean rocks. Mänttäri and 
Hölttä (2002) interpreted a c. 3.1 Ga zircon pop-
ulation to be metamorphic in the 3.2 Ga rocks of 
the Iisalmi complex. Käpyaho et al. (2007) found 
an obviously metamorphic zircon population of 
2.84–2.81 Ga in a palaeosome of a 2.94 Ga mig-
matite in the Lentua complex. However, most of 
the observed high-grade metamorphism and de-
formation appears Neoarchaean in age.

To more precisely constrain the age of high-
grade metamorphism, zircon grains and grain do-
mains from leucosomes of migmatites and from 
granulites have been dated. The ion probe U-Pb 
data available on zircon from the leucosomes ap-
pear to indicate partial melting over a broad time 
interval from 2.72–2.67 Ga (Käpyaho et al. 2007).  
Titanite from amphibolite facies rocks also yields 
broadly similar U-Pb ages. Zircon grains from 
leucosomes in the Iisalmi granulites give ages 
from 2.71–2.65 Ga. Metamorphic monazite and 
zircon from granulite mesosomes have been dated 
at 2.64 Ga and 2.68–2.61 Ga, respectively (Hölttä 
et al. 2000, Mänttäri & Hölttä 2002). In the Siu-
rua complex, a TIMS U-Pb age on metamorphic 
zircon from a mafic granulite is 2.65 Ga and in 
the Siurua and Ranua complexes leucosomes of 
migmatitic amphibolites have been dated at 2.68–
2.62 Ga (Mutanen & Huhma 2003, Lauri et al. 
2011). These age data indicate that migmatisation 
was a long-lasting event, and mostly coeval with 
GGM magmatism. The lower crust, represented 
by the medium-pressure granulites in the Iisalmi 
complex, retained higher temperatures for a long-
er time, which supported relatively late crystal-
lization of zircon. The youngest Sm-Nd garnet-
whole rock ages in the Iisalmi complex granulites 
are <2.5 Ga, which indicates that cooling to the 
closure temperatures of the Sm-Nd system lasted 
until the Proterozoic era (Hölttä et al. 2000).

Proterozoic metamorphism

The Archaean bedrock in the western part of  the 
Karelia Province underwent a strong reheating 

during the Palaeoproterozoic Svecofennian orog-
eny. Evidence of  this includes, for example, that 
biotite and hornblende sampled from Archaean 
rocks have K-Ar ages typically in the rage 1.8–1.9 
Ga. Archaean K-Ar mineral ages are only pre-
sent in samples from the Iisalmi and Taivalkoski 
granulites and the Ilomantsi complex (Kontinen 
et al. 1992, O’Brien et al. 1993). The heating of 
the Archaean crust has been explained by its bur-
ial under a massive overthrust nappe complex ca. 
1.9 Ga ago (Kontinen et al. 1992). 

Numerous ductile shear zones were developed 
in the Archaean bedrock during the Svecofenn-
ian orogeny. The widths of these shear zones vary 
from tens of metres to several kilometres (Ko-
honen et al. 1991). In many places the Protero-
zoic shearing was associated with high hydrous 
fluid flows and related chemical alteration, which 
is reflected, for instance, in alkali-deficient com-
positions and kyanite- and cordierite-bearing as-
semblages in originally TTG rocks (Pajunen & 
Poutiainen 1999). In the eastern part of the Iis-
almi complex (Fig. 27), almost all Archaean rocks 
were ductilely deformed during the Svecofennian 
orogeny. This is well demonstrated, for example, 
by the all-encompassing penetrative deforma-
tion of the 2.3–2.1 Ga dolerite dykes common 
in the Rautavaara area. Many of the dykes show 
shear folds, schistosity and strong lineations dip-
ping mostly to the SW. The foliations and linea-
tions seen in the dykes are also equally strongly 
seen in the surrounding Archaean country rocks. 
In the Rautavaara complex, Archaean granulite 
facies mineral assemblages were decomposed in 
the Proterozoic metamorphism that took place at 
c. 550–650 oC and 5–6 kbar (Mänttäri & Hölttä 
2002). Similar temperatures and pressures for 
the Proterozoic metamorphic overprint have also 
been reported in the Lentua complex (Pajunen 
& Poutiainen 1999). Deformation microstruc-
tures in the Koitere sanukitoid granodiorites in 
the Ilomantsi complex indicate temperatures of 
400–500  oC during Proterozoic metamorphism 
(Halla & Heilimo 2009). In the Rautavaara com-
plex, Proterozoic metamorphic zones can even be 
seen; in retrogressed peraluminous rocks next to 
the east of the granulites of the Iisalmi complex, 
kyanite is the only Al2SiO5 mineral, whereas far-
ther to the east compositionally similar rocks also 
contain andalusite and sillimanite (Fig. 27).

Palaeomagnetism

Several palaeomagnetic studies on Archaean 
rocks have been carried out in the Karelia Prov-

ince, but only in a few cases has stable Archaean 
remanent magnetization unaffected by Protero-
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zoic overprinting been revealed. The main use of 
palaeomagnetic data in Archaean geology has 
been in reconstructing the past positions and 
movement of  the craton at different times and 
comparing its position with other similar-aged 
cratons. Continental reconstructions have been 
made particularly with the Superior Province 
because of  the considerable geological similarity 
between these two cratonic masses. This section 
reviews the palaeomagnetic data from Archaean 
rocks in Finland and NW Russia and present 
models of  the Archaean plate configurations of 
the Karelia and the Superior Provinces. 

The 2913 ± 30 Ma Shilos metabasalts located 
NW of Lake Onega in NW Russia, with pre-
served remanent magnetization estimated at 2800 
Ma (Arestova et al. 2000 and references therein), 
are the oldest rocks from the Karelia Province for 
which palaeomagnetic data are presently avail-
able. Another case of old remanence is from the 
NW of Lake Onega, where the 2890 Ma Semch 
River gabbro-diorite is interpreted to preserve 
its primary magnetic remanence (Gooskova & 
Krasnova 1985). However, in both cases the age 
of remanence is defined based on comparison to 
the APWP (Elming et al. 1993). Therefore, due to 
poor age constraints, the data are not used in ei-
ther case for continental reconstructions.

 The most reliable Neoarchaean palaeomag-
netic data from the Karelia Province are obtained 
from the granulite facies enderbites in the Var-
paisjärvi area in the Iisalmi complex (Neuvonen 
et al. 1981, 1997, Mertanen et al. 2006a) and from 
the orthopyroxene-bearing sanukitoids of the 

Koitere area in the Lentua complex (Mertanen 
& Korhonen 2008, 2011). Younger, well-defined 
Neoarchaean data come from the Shalskiy gab-
bronorite dyke and granulite-grade gneisses in the 
Vodlozero subprovince in NW Russia (Krasnova 
& Gooskova 1990, Mertanen et al. 2006b). Com-
mon to all these cases is that they are generally 
well-preserved from the 1.9–1.8 Ga Svecofennian 
overprinting, they show high magnetic anomalies 
compared to surrounding TTG gneisses and their 
remanence has high stability, the directions of re-
manence clearly differing from the known Prote-
rozoic remanences. 

The Koitere sanukitoids and the Varpaisjärvi 
enderbites show a steep characteristic remanence 
component, but in Lieksa the inclination is nega-
tive and in Varpaisjärvi positive (Mertanen et al. 
2006a, Mertanen & Korhonen 2011). It is inter-
preted that the steep remanence directions record 
the long-lasting Neoarchaean metamorphic event 
at different times, during which the polarity of 
the Earth’s magnetic field has reversed at least 
once. The remanence of the Koitere sanukitoids 
is regarded as ca. 2.7 Ga (207Pb/206Pb monazite 
age of 2685 Ma, Halla 2002) and the Varpaisjär-
vi granulites as ca. 2.6 Ga (Sm-Nd garnet-whole 
rock ages 2590-2480, Hölttä et al. 2000). Based on 
data from Koitere and Varpaisjärvi, the Karelia 
Province moved from a high polar palaeolatitude 
of 83° to the palaeolatitude of c. 68°, respectively. 
The overall data from Koitere and Varpaisjärvi 
thus imply that at c. 2.7–2.6 Ga the Karelia Prov-
ince was located at high palaeolatitudes.

DISCUSSION

Adakitic features of TTGs

The mutual compositional similarity of  TTGs 
and modern adakites has been the basis to sug-
gest petrogenetic kinship between the two rock 
suites (Martin 1999, Martin et al. 2005). Adak-
ites are spatially related to subduction, and the 
most likely source of  their parental magmas has 
been the basaltic part of  a subducted oceanic 
slab. They seem to be related to an environment 
where the subduction zone is abnormally hot, al-
lowing the subducting slab to melt (Moyen 2009). 
Numerical and petrologic models suggest that 
partial melting of  a subducting slab is possible at 
60–80 km depth, but only when the subducting 
oceanic crust is very young (< 5 Ma) and there-

fore hot, or as a consequence of  heating under 
abnormally high stresses in the subduction shear 
zone (Defant & Drummond 1990, 1993, Pea-
cock et al. 1994). However, according to Guts-
cher et al. (2000), most of  the known Pliocene-
Quaternary adakite occurrences are related to 
the subduction of 10–45 Ma lithosphere, which, 
according to numerical models, should not pro-
duce melt under normal subduction zone thermal 
gradients. Gutscher et al. (2000) addressed this by 
flat subduction that can produce the temperature 
and pressure conditions necessary for the fusion 
of moderately old oceanic crust. Variation in the 
subduction angle has been proposed as a criti-
cal factor also controlling the variation observed 
in geochemical features of  the Archaean TTGs. 
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Smithies et al. (2003) proposed that Archaean 
subduction was predominantly flat and that the 
subduction regimes thus lacked well-developed 
mantle wedges that would produce melts or inter-
act with possible slab-derived melts, in the latter 
case increasing the compatible element content 
and Mg contents of  the slab melts. 

Recently, the usage of the terms adakite, and 
especially adakite-like, has been expanded to en-
compass a wide range of rocks that exhibit the 
high Sr/Y and La/Yb ratios but not necessarily 
the other criteria of the original adakite defini-
tion. This loose usage has led Moyen (2009) to 
recommend that separate, more precise terms 
should be used to describe these “adakitic” rocks, 
and the term adakite should be reserved only for 
the high-silica adakites that closely correspond 
to the rocks originally described as adakites by 
Defant & Drummond (1990). Halla et al. (2009) 
argued that the term adakite should only be used 
for unmistakable slab melts and therefore not for 
such rocks as the TTGs in the Karelia Province. 
Smithies (2000) also argued that despite the many 
compositional similarities, most Archaean TTGs 
actually differ from Cenozoic adakites, especially 
in that they have on average lower Mg# and high-
er SiO2 contents, suggesting that, unlike adakitic 
melts, the TTG melts did not interact with mantle 
peridotite.

High Sr/Y and La/Yb ratios can have several 
causes, such as high Sr/Y sources, garnet-present 
melting and interactions with the mantle (Moyen 
2009). Melts with an adakitic geochemical signa-
ture can also be generated by normal crystal frac-
tionation processes from andesitic parental melts, 
and slab melting is not mandatory for adakite 
petrogenesis, but adakites or adakite like rocks 
can instead originate in various geodynamic set-
tings (Castillo et al. 1999, Castillo 2006, Richards 
& Kerrich 2007, Petrone & Ferrari 2008). 

The thickness of Archaean oceanic crust has 
been estimated at between c. 15 and 45 km (Bickle 
1986, Abbott et al. 1994, Ohta et al. 1996), i.e. 
significantly thicker than typical modern oceanic 
crust, which is c. 7 km (e.g. Hoffman & Ranalli 
1988). Where it was warm and buoyant, it perhaps 
did not subduct at all, and probably not at a steep 
angle (Abbott & Hoffmann 1984, Hoffman & 
Ranalli 1988, Abbott et al. 1994). Björnerud and 
Austrheim (2004) argued that one likely conse-
quence of the higher geothermal gradient during 
the Archaean was that ocean crust became thor-
oughly dehydrated at shallower depths than oc-
curs today. The residual, dehydrated crust would 
thus have been very strong and too buoyant to 
sink into the mantle. 

Modelling by van Hunen et al. (2004) suggests 
that if  mantle temperatures were indeed higher 
during the Archaean than presently, even flat sub-
duction was an unlikely process. If  this was the 
case, the obvious lack of interaction with mantle 
in many TTGs must be explained in some other 
way. Halla et al. (2009) attributed the low-HREE 
TTG group to high-pressure partial melting (>20 
kbar) of a garnet-bearing basaltic source with 
little evidence of subsequent mantle contamina-
tion. The high-HREE group was generated by 
significantly lower pressure melting (c. 10 kbar) 
of a garnet-poor basaltic crust and shows interac-
tion with the mantle by its higher Mg#, Cr and 
Ni contents. Halla et al. (2009) proposed that the 
high-HREE TTGs were produced in an incipient, 
hot subduction zone underneath a thick oceanic 
plateau/protocrust. For the low-HREE TTGs, 
they saw a non-subduction setting as probable, 
proposing that these rocks were generated by deep 
melting in the lower parts of thick domains of ba-
saltic oceanic crust. 

TTG melts and PTX relations of their protoliths

There is a general agreement that the Archaean 
TTG suite rocks were formed by partial melting 
from a compositionally basaltic-gabbroic source. 
The process was evidently fluid-absent partial 
melting of  amphibolites at temperatures of  900–
1100 oC and over a large pressure range from 10 
to 25 kbar. The composition of products from 
partial melting is controlled by pressure and tem-
perature, the composition of the source, water 
availability during the process and the degree of 
melting. The composition of the partial melts is 
further modified, for instance, by magma mixing, 
fractional crystallization and wall rock contami-
nation on their way from the loci of  melting to 
the crystallization sites (Rapp et al. 1991, Martin 
1995, Martin & Moyen 2002, Foley et al. 2002, 
Rapp et al. 2003, Moyen & Stevens 2006, Moyen 
2011).

During the fusion process, pressure and tem-
perature control the assortment and abundance 
of the residual minerals, such as garnet and pla-
gioclase, and consequently the major and trace el-
ement content of the TTG melts. For example, the 
heavy REE is controlled by residual garnet, which 
is stable in mafic rocks at pressures above c. 9–12 
kbar and increases in abundance with increasing 
pressure. Sr is controlled by plagioclase, which is 
stable below c. 15–20 kbar. Nb and Ta depend 
on the presence of residual rutile, which is stable 
above c. 16–18 kbar (Foley et al. 2002, Moyen & 
Stevens 2006, Moyen 2011). 
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In the low-HREE TTG group with positive Eu 
anomalies, Sr and Sr/Y ratios are high and Nb 
low. Positive Eu could be explained by plagioclase 
accumulation, but as TTGs in this group are no 
more enriched in Al2O3, CaO or Na2O than the 
other low-HREE TTGs, it is more probable that 
they represent melting with residual rutile and 
garnet. In dacitic and rhyolitic melts, the garnet-
melt partition coefficients are higher for Sm (2.66) 
and Gd (10.5) than for Eu (1.5) (Rollinson 1993). 
Thus, high pressure melting with abundant garnet 
in the residue would obviously lead to melts that 
are HREE poor and show a positive Eu/Eu* ra-
tio, which is also predicted by experimental work 
(e.g. Springer & Seck 1997). 

The melting temperature strongly depends on 
the starting composition, and the solidus tem-
peratures for arc basalts, tholeiitic basalts and 
komatiitic basalts are thus very different (Moyen 
& Stevens 2006). The trace element composition 
of melts principally depends on their protolith 
concentrations, but through control of the min-
eral composition of the restite, the major element 
content of the protolith also affects the trace el-
ement composition of the coexisting melt. Ac-
cording to Nair & Chacko (2008), the increase 
in residual garnet from 5 to 15 wt% changes the 
La/Yb ratio in the melt fraction from c. 12 to c. 
24. Variation in the La/Yb ratio of the melts may 
be considerable, even under constant P and T, if  
there is enough compositional variation in the 
source. Figure 30 shows simplified pseudosections 
with melting curves and breakdown curves of am-
phibole, orthopyroxene, garnet and rutile for two 
compositionally deviating samples analysed from 
amphibolite intercalations in TTGs, representing 
tholeiitic and komatiitic basalts with 1 wt.% H2O. 
The pseudosections were constructed using the 
Perple_X 6.6.6 software (Connolly 1990, 2005, 
Connolly & Petrini 2002, http://www.perplex.
ethz.ch/). The composition has a strong influ-
ence on the melting temperature but also on the 
mineral stability fields. In Na2O and Al2O3-poor 
komatiitic basalt, plagioclase decomposes at pres-
sures that are c. 7–10 kbar lower than in the case 
of basaltic composition (Fig. 30). This means that 
in >800oC temperatures komatiitic basalt can pro-
duce melts with elevated Sr at pressures that are 
far below the c. 19–21 kbar range that is broadly 
the upper stability limit of plagioclase in tholeiitic 
basalts in these temperatures. Also in komatiitic 
basalt rutile is present at several kbar lower pres-
sures than in tholeiitic basalt, and consequently 
komatiitic basalt can produce Nb and Ta depleted 
melts at lower pressures than tholeiitic basalt.

According to the model calculations also the 

abundance of garnet is strongly dependent on 
the composition so that at above c. 10 kbar the 
komatiitic basalt produces roughly twice as much 
garnet as the tholeiitic basalt (Fig. 30). Conse-
quently in TTG melts the La/Yb ratio may signifi-
cantly differ only on the basis of the composition 
of the protolith. 

Sanukitoids and quartz diorites are partly too 
Mg-rich to represent melts from crustal sources. 
The high Sr content and low LaN/YbN ratio in-
dicate that the quartz diorites originated from a 
hot and shallow mantle environment, where the 
temperature was so high that plagioclase was not 
stable, and the pressure so low that little garnet 
was present in the residue. Figure 31 shows the 
proportion of residual garnet during the dehydra-
tion melting of amphibolite, and the correspond-
ing La/Yb ratios in the derived melts, according 
to the experimental work of Nair and Chacko 
(2008). The garnet mode in the residue in the case 
of QQs and high-HREE TTGs would have been 
5–15 wt%, and much higher in low-HREE TTGs. 
This could reflect higher pressures of melting in 
the case of the low-HREE TTGs, but could also 
indicate a compositionally different source, which 
would promote a higher garnet mode in the resi-
due.

In the Archaean Earth, low pressure TTGs 
could have formed, for example, at the base of 
thick oceanic plateaus (deWit and Hart 1993, 
Moyen & Stevens 2006). In the greenstone belts, 
most sequences of mafic volcanic rocks of pla-
teau basalt signatures are not compositionally 
homogeneous, but typically comprise a variety of 
compositionally differing tholeiitic and komatiitic 
basalts and komatiites. In addition, many green-
stone belts also contain calc alkaline basalts and 
andesites-dacites. Modern oceanic plateaux, such 
as the Kerguelen Plateau, consist of intermedi-
ate, felsic and alkaline volcanic rocks, as well as 
sediments (Frey et al. 2000). It is evident from the 
above discussion that melting of such heteroge-
neous packages would produce melts that would 
also be compositionally heterogeneous and show 
variable trace element patterns, even in cases 
where the melting depth was not very high or 
highly variable. 

Greenstone belts

A picture emerging from previous research sug-
gests that the Karelia Province was a collage of 
TTG and greenstone complexes that originated 
in various geodynamic settings related to sub-
duction, collision, continental rifting and man-
tle plumes (Bibikova et al. 2003, Samsonov et al. 



59

Geological Survey of Finland, Special Paper 54 
The Archaean of the Karelia Province in Finland

pl out

melt in

opx out

amph out
grt in grt in

rt in

rt in

opx
out

amph
out

600 700 800 900
0.5

1.5

1.0

2.0

2.5

P
[G

P
a
]

o
T C

0.5

1.5

1.0

2.0

2.5

P
[G

P
a
]

o
T C

650 750 850550 700 800 900650 750 850550

pl out

rt in
opx out

grt in

melt in

o
p
x o

u
t

pl out

grt in

am
p
h
 o

u
t

melt in

rt i
n

bt amph grt cpx qtz rt

bt amph grt 
cpx qtz rt H2O

bt opx amph
grt cpx qtz rt

bt opx amph
grt cpx qtz ilm

bt amph grt 
cpx qtz ilm

bt amph grt 
cpx ta rt

bt opx amph pl
grt cpx qtz ilm

bt opx amph pl grt cpx ilm

bt opx amph pl cpx ilm

bt opx grt 
cpx qtz rt H2O

bt opx melt 
grt cpx qtz rt

bt opx melt 
grt cpx rt

bt opx amph 
pl cpx ilm melt

600

bt amph pl cpx 
ilm qtz H2O 

bt amph pl grt 
cpx ilm qtz H2O 

bt pl grt cpx
ilm qtz H2O 

bt grt cpx 
ilm qtz 
H2O 

bt grt 
cpx qtz 
rt H2O 

bt
 g

rt
 c

px
 la

w
 q

tz
 r
t H

2O
 

bt grt cpx 
law qtz rt

bt melt pl grt cpx ilm qtz 

bt melt grt 
cpx ilm qtz 

bt grt cpx qtz ilm rt melt 

bt melt grt cpx qtz rt 

bt opx melt pl 

grt cpx ilm qtz 

bt opx melt pl 
cpx ilm qtz 

bt melt pl grt cpx qtz rt 

opx melt pl 
cpx ilm qtz 

 Fig. 30. NCKFMASHTi pseudosections for Fe-rich basaltic 
granulite (psh69b) and komatiitic basalt (psh183) and lower 
and upper stability limits of various minerals in these two 
whole-rock compositions. The solution models used in cal-
culations were: biotite (TCC), amphibole (GlTrTsPg), garnet 
(HP), orthopyroxene (HP), clinopyroxene (HP), plagioclase 
(h), ilmenite (WPH), melt (HP). For the original references see 
http://www.perplex.ethz.ch/PerpleX_solution_model_glos-
sary.html.

Compositions used (in wt.%) are:

 psh69b   psh183
SiO2 59.63 47.30
TiO2   1.00   0.35
Al2O3 13.53 11.50
FeO   9.68   8.54
MgO   2.65 14.20

 psh69b   psh183 
CaO   5.49 11.70
Na2O   3.45   1.16
K2O   1.97   0.92
H2O   1.00   1.00
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2005, Slabunov et al. 2006, Papunen et al. 2009). 
The greenstone belts have also been interpreted as 
composite terranes comprising magmatic prod-
ucts from various geodynamic settings involving 
plumes and arc magmatism (Puchtel et al. 1998, 
1999). Archaean greenstone belts can be divided 
into autochthonous to parautochthonous and 
allochthonous based on their relationship with 
the underlying basement rocks (Polat & Kerrich 
2000, 2006). According to Thurston (2002), evi-
dence from the Superior Province suggests that 
many, if  not all, greenstone sequences were in 
autochthonous or parautochthonous units fed 
from mantle plumes either in continental rift or 
continental platform settings. Allochthonous 
models favour the assembly of  greenstone belts 
by horizontal tectonic transport and accretion of 
various types of  oceanic crust in a plate-tectonic 
geodynamic regime (e.g. Puchtel et al. 1998, 1999, 
Percival et al. 2004, Percival et al. 2006, Polat & 
Kerrich 2006). The presence of  such features as 
fold and thrust complexes, orogen-parallel strike-
slip faults and tectonically juxtaposed terranes 
from different tectonic settings, as well as subduc-
tion zone geochemical signatures in part of  the 
plutonics and volcanics in the greenstone belts, 

supports the concept that the accretion of alloch-
thonous terranes was elemental in the growth of 
many greenstone belts (Polat & Kerrich 2006). 

Many komatiite-bearing sequences in Archae-
an greenstone belts have been interpreted as piec-
es of dismembered Archaean oceanic plateaux 
(Kusky & Kidd 1992, Abbott & Mooney 1995, 
Puchtel et al. 1998). Many greenstone belts are 
characterized by assemblages that suggest rough-
ly coeval plume-type komatiite-tholeiitic basaltic 
and arc-type calc alkaline volcanism. This situa-
tion has been explained in the Karelia Province in 
terms of a subduction setting where the arc-type 
plutonic volcanic rocks formed at the margins of 
plume-generated thick basalt plateaux that were 
not able to subduct because of their buoyant na-
ture (Puchtel et al. 1998, 1999). Interlayering of 
komatiites with subduction-related volcanics has 
been explained by the interaction of plume and 
subduction related magmas in such a subduction 
regime (Grove & Parman 2004). 

Grove and Parman (2004) proposed that Ar-
chaean komatiites could have been formed by 
hydrous melting in a subduction environment, 
which would easily explain the close spatial and 
temporal association of many komatiites and is-
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land arc type volcanic rocks. This idea, which is 
supported by the experimental work of Barr et al. 
(2009), is still disputable, however. For example, 
based on their work on komatiites in Ontario and 
Barberton, Arndt et al. (2004) and Stiegler et al. 
(2010) saw little evidence for the hypothesis of hy-
drous melting. 

The Kuhmo greenstone belt – an oceanic plateau? 

The basic-ultrabasic volcanics in the Kuhmo 
greenstone belt consist of  komatiites and their 
evolved counterparts, i.e. komatiitic basalts. The 
komatiite-basalt sequence is completely devoid 
of  epiclastic and chemical interflow sediments, 
and it lacks geochemical evidence of  contamina-
tion by any significantly older continental materi-
al. These data suggest an eruptive setting far from 
continental land masses and hydrothermal vents 
at oceanic ridges and argues against the origin of 
the Kuhmo greenstone belt within a continental 
rift zone, as has been proposed, for instance, by 
Papunen et al. (2009). Immobile trace element 
(Zr, Y, Nb, Th) systematics are also inconsistent 
with the formation in a back-arc setting, but rath-
er suggest an oceanic plateau setting and magma 
derivation from a mantle plume. The Al-undeplet-
ed nature and the trace element characters of  the 
komatiites indicate that they were derived from 
a source more similar to primitive upper mantle 
rather than that of  depleted MORBs. Further-
more, there is negligible geochemical evidence for 
the involvement of  crust or enriched or recycled 
mantle sources (EM1, EM2, HIMU). Condie 
(2005) stressed the clustering of  non-arc-related 
Archaean basalts, in terms of HFSE ratios, close 
to the primitive mantle values, and suggested on 
this basis that Archaean mantle plumes had their 
main source in the “primitive mantle”. Our find-
ings support this conclusion, indicating that the 
late Archaean mantle was less fractionated, or 
better stirred, than either the early Archaean and 
post-Archaean mantle.

The U-Pb zircon data (Huhma et al. 2012a) 
and the Sm-Nd data (Huhma et al. 2012b) on 
the Kuhmo volcanic rocks provide no evidence 
for their deposition on a significantly older base-
ment in the Kuhmo region. Felsic volcanic rocks 
in the central part of the Kuhmo belt formed 2.80 
Ga ago, giving the minimum age for the mafic-
ultramafic magmatism (Huhma et al. 2012a). We 
conclude that the Kuhmo komatiites represent 
fissure-controlled eruptions onto a pre-existing 
rhyolitic-dacitic-tholeiitic oceanic plateau. 

The Ilomantsi greenstone belt – a volcanic arc 
within an attenuated continental margin?

Komatiites within the Ilomantsi greenstone belt, 
which is located c. 150 km SSE of the Kuhmo 
belt, were emplaced within a volcano-sedimen-
tary basin. Magmatism was dominated by felsic 
volcanism in two major pulses and coeval grani-
toid plutons. The komatiites were emplaced as 
thin but extensive sheet flows, and probably also 
as sills beneath the felsic volcanic edifices. The 
komatiites and dacites-rhyolites occur intercalat-
ed, suggesting that ultrabasic and felsic volcan-
ism was coeval. Both the komatiites and the felsic 
volcanic rocks have distinctly low Nb/Th, sug-
gesting that the komatiites contain a significant 
component assimilated from the felsic volcanic 
rocks. Alternatively, the komatiites could have in-
herited their arc-signature from a subduction-en-
riched mantle wedge. However, we consider this 
model less likely, because the samples enriched in 
lithophile-incompatible elements are depleted in 
PGE, which is best explained by the segregation 
of a sulphide melt from the magma in response 
to contamination by sulphidic metasediments 
during emplacement. There is evidence of  a sig-
nificantly older cryptic granitoid basement in the 
region in the form of inherited c. 3.0 Ga zircon 
grains in plutonic and subvolcanic felsic rocks 
and old TDM ages of  metasedimentary units in 
the Ilomantsi belt (Vaasjoki et al. 1993, Huhma 
et al. 2012a, b). We suggest that the Ilomantsi 
volcanic rocks represent arc magmatism within 
an attenuated continental margin where older 
basement rocks were assimilated by younger arc  
magmatism.

Supercontinent reconstruction

Several similarities in their geological evolutions 
can be cited in support of  the concept that the 
Archaean Superior, Hearne and Karelia Prov-
inces were parts of  the Neoarchaean-Palaeopro-
terozoic supercontinent Superia (Bleeker & Ernst 
2006).

Comparison of palaeomagnetic data from the 
Karelia Province with similar-aged poles from the 
Superior Province (Mertanen & Korhonen 2011, 
and references therein) shows that Superior was 
also located at relatively high palaeolatitudes at 
2.68–2.60 Ma (Fig. 32a,b). However, the Karelia 
and Superior Provinces were significantly separat-
ed, as there is a c. 30° difference between the lati-
tudes both at 2.68 Ga and 2.60 Ga. Taking into 
account the maximum errors of the poles from 
both cratons, the latitudinal distances become 
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shorter, and it may be possible that they were even 
joined at that time. The relative palaeopositions 
of the two cratons cannot be resolved unequivo-
cally, especially at 2.68 Ga, due to the nearly po-
lar position of the Karelia Province, which allows 
its rotation in several directions with respect to  
Superior. 

The steeply inclined remanence of the Varpais-
järvi and Lieksa rocks differs distinctly from the 
2.50 Ga remanence of the Shalskiy gabbronorite 
dyke dated at 2510  ±  1.6 Ma in the Vodlozero 
subprovince (Bleeker et al. 2008). The Shalskiy 
dyke, as well as the Shalskiy basement gneisses 
and Vodla River gneisses ca. 50 km east of the 
Shalskiy dyke, has a shallow southwards point-
ing remanence direction (Krasnova & Gooskova 
1990, Mertanen et al. 2006b) which is interpreted 
to be 2.50 Ga. This remanence direction positions 
the Karelia Province at a low equatorial palaeo-
latitude. The data thus suggest substantial move-
ment of the Karelia Province between the time of 
cooling at c. 2.60 Ga after the high grade meta-
morphism and subsequent rifting and minor re-
working of the craton at c. 2.50 Ga. 

 Palaeomagnetic reconstruction between Kare-
lia and Superior Provinces at 2.50 Ga is presented 
in Figure 32c. Compared with the 2.6 Ga configu-
ration, the palaeopositions between Karelia and 
Superior are now completely different. The Supe-
rior province had drifted across the equator to the 
latitude of approximately 20° and rotated clock-
wise by about 45°, so that at 2.50 Ga both prov-
inces were located near the equator, and the Ka-
relia Province along the southern margin of the 
Superior Province. This reconstruction is in close 
agreement with the Superia model of Bleeker and 
Ernst (2006), who suggested that the provinces 
were together at 2.50 Ga. 

Tectonic evolution of the Karelia Province

If  the Karelia province was indeed once a part of 
the supercontinent Superia, then many of the ob-
servations and models presented for the evolution 
of the Superior and Hearne Provinces must also 
be applicable to the Karelia Province. Several ma-
jor characteristics in the crustal architecture and 
composition of the Superior province have long 
been considered to provide strong support for the 
operation of modern-style plate tectonics during 
the Neoarchaean (e.g. Goodwin 1968, Langford 
& Morin 1976, Card 1990). Tectonic build-up of 
the province, mostly between 2.72–2.68 Ga, is in-
terpreted in terms of accretionary growth process 
that involved collisions of  many microcontinen-
tal blocks and juvenile volcanic arcs (Percival et 
al. 2006). 

Accretionary-type orogeny is often considered 
one of the main processes behind growth of con-
tinental crust with time (Şengör & Natal’in 1996, 
Cawood et al. 2003, Brown 2009). It may also be 
applicable to Archaean granite–greenstone ter-
ranes, as these are often characterized by linear 
belt structures in which early accretion of forma-
tions from various oceanic tectonic environments 
and microcontinents is followed by arc-type mag-
matism (e.g. Kusky & Polat 1999, Bibikova et al. 
2003, Samsonov et al. 2005). Neoarchaean accre-
tion of exotic terranes at c. 2.83–2.75 Ga, culmi-
nating in a subsequent major collisional event/
orogeny at around 2.73–2.67 Ga, may have been 
the mechanism that generated the basic struc-
ture of the Karelia Province, and which was then 
strongly reworked during the Svecofennian oroge-
ny. The subduction events enriched the lithospher-
ic mantle in LIL elements. At c. 2.76 Ga, a new 
volcanic arc began to form above a subduction 
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zone at the margin of the Western Karelia Prov-
ince, represented now by the Ilomantsi plutonic-
volcanic complex. A subsequent slab breakoff or 
some other subduction-related process at c. 2.72 
Ga led to melting of the enriched wedge mantle, 
producing voluminous sanukitoids and also small 
amounts of TTGs (Lobach-Zhuchenko et al. 
2008, Halla et al. 2009, Heilimo et al. 2010, 2011). 

Kontinen et al. (2007) interpreted SHRIMP and 
TIMS U-Pb age determinations on zircon grains 
from the paragneiss mesosomes and crosscut-
ting granitoid plutons to constrain the deposition 
of protolith wackes to c. 2.70 Ga. Some caution 
should be taken with this interpretation, as the 
newly obtained precise age of  2715 ± 2 Ma for the 
Loso sanukitoid intrusion (Huhma et al. 2012a), 
which crosscuts the local Nurmes type paragneiss-
es, suggests that metamorphic effects may have 
influenced the youngest ages obtained for detrital 
zircon grains in the paragneisses. Deposition more 
likely took place in a short (10 Ma or less) period 
just before 2715 Ma, and it is possible that dep-
osition of the Nurmes sediments and sanukitoid 
plutonism were partly overlapping events. Trace el-
ement and U–Pb data suggest that the source com-
prised mainly 2.75–2.70 Ga TTG and/or sanuki-
toid-type plutonic and mafic volcanic rocks. The 
close similarity of  the paragneiss and sanukitoid 
compositions is an important clue to the timing 
and tectonic setting of the deposition. It is clear 
that TTG-dominated crust, presently character-
izing the Western Karelia subprovince, was not 
the dominant source of the Nurmes sediments. The 
presence of MORB-type volcanic intercalations in 
Nurmes wackes suggests that they were deposited 
in a back arc or intra-arc setting (Kontinen et al. 
2007). The exotic nature of the Nurmes sediments 
as overthrust must be considered as a serious  
option.

After the intrusion of the last juvenile grani-
toids, the QQ quartz diorites at 2.70 Ga, the crust 
was deformed and metamorphosed. The related 
process could have been collisional stacking af-
ter closure of ocean basins, which thickened the 
crust between 2.71–2.64 Ga. Vibroseismic images 
of the crust, as well as tectonic observations from 
the exposed bedrock, indicate ductile thrusting 
and related crustal stacking with tectonic trans-
portation from southeast to northwest (Kontinen 
& Paavola 2006, Korja et al. 2006, Sorjonen-Ward 
2006). A similar seismic structure characterised 
by gently dipping, often listric reflections, is also 
common in other Neoarchaean cratons, and it is 
interpreted to result from horizontal compression 
(van der Velden et al. 2006). Fragments of Meso-
archaean (micro)continental fragments, such as 

the Siurua and Iisalmi complexes, are present as 
slices in the thickened Neoarchaean crust. Reflect-
ing heat production by radioactive decay in the 
thickened, predominantly felsic-granitoid crust, a 
Barrovian-type medium P/T metamorphic frame-
work was developed. The middle and lower parts 
of the crust were partially melted, producing mig-
matites and the GGM suite intrusions (Mänttäri 
& Hölttä 2002, Käpyaho et al. 2007, Lauri et al. 
2011). 

The thickness of the Neoarchaean crust in the 
Iisalmi complex was at least c. 40 km on the basis 
of c. 10–11 kbar pressures from the granulites that 
represent lower crust and bear evidence of long-
term residence at high-temperatures (Mänttäri & 
Hölttä 2002). The significance of the amphibolite 
facies high-pressure rocks from the other areas is 
more problematic to interpret as these rocks re-
cord a geothermal gradient that is lower than the 
normal continental gradient. Apart from Kuhmo 
garnet-amphibolites, other examples of Archaean 
high P/T rocks in the Fennoscandian Shield are 
the eclogites in the Belomorian Province which 
were metamorphosed at c. 700–800 oC and c. 14–
17 kbar, possibly even at pressures exceeding 20 
kbar (Volodichev et al. 2004, Mints et al. 20101, 
Shchipansky et al. 2012), i.e. in an eclogite–high-
pressure granulite (E-HPG)-type environment, 
which is consistent with subduction of crustal 
rocks into the mantle depths (Brown 2007). In 
Kuhmo the rocks metamorphosed under high 
pressure only seem to occur in a restricted area 
surrounded by amphibolite facies rocks that were 
metamorphosed at c. 6–7 kbar. Therefore, their 
exhumation might be explained by similar sub-
duction-related tectonic processes that exhume 
high-pressure rocks at present convergent margins 
(Beaumont et al. 1996, 1999, Agard et al. 2009).

The Ilomantsi greenstone belts shows low 
pressure metamorphism at 3.5–5.5 kbar and 
550–600  oC, which indicates a gradient that is 
warmer than the normal continental geotherm. 
These rocks are juxtaposed with migmatites that 
normally show pressures of c. 6–8 kbar, and in 
the Kuhmo amphibolite even 15–16 kbar, which 
represents the amphibole-epidote eclogite facies 
in the classification of Brown (2009). The dual-
ity of thermal environments is typical for modern 
plate tectonics, where the belts representing differ-
ent gradients are juxtaposed by plate tectonic pro-
cesses (Brown 2009). Although the metamorphic 
structure in the Karelia Province is not quite simi-
lar to that in modern subduction-related orogenic 
belts, the significant differences in the metamor-
phic gradient between adjacent domains is easy to 
explain by subductional/collisional processes that 
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assembled rocks representing various geodynamic 
settings.

One major problem is that we do not currently 
have a clear conception of the extent to which the 
present crustal structure is due to Archaean accre-
tion/thickening or to Palaeoproterozoic orogenic 
events. Nevertheless, at least the western and east-
ern parts of the Karelia Province were strongly 
reworked in the Palaeoproterozoic Svecofennian 
and Lapland–Kola orogenies, when it was com-
pressionally thickened and subjected to medium 
P/T type amphibolite facies metamorphism at 
1.9–1.8 Ga (Kontinen et al. 1992, Daly et al. 2001, 
2006, Bibikova et al. 2001). One manifestation of 
the Palaeoproterozoic reworking is the anomaly 
patterns on airborne magnetic maps, such as in 
Fig. 33. The general E–W strike of foliation and 
magnetic banding in the northern part of the 
Lentua complex suddenly changes to a roughly 
N–S direction in the Siurua and Ranua com-
plexes when crossing over the Palaeoproterozoic 

Kainuu schist belt, which forms the boundary 
between the eastern and western complexes (Fig. 
33). A Palaeoproterozoic rotation component is 
implied, as the same happens with the strikes of 
the Palaeoproterozoic dyke swarms contained 
in the two terranes (Vuollo & Huhma 2005). In 
the pristine Superior Province, Palaeoproterozoic 
dolerites tend to occur in radiating swarms where 
the strikes of individual dykes remain much the 
same over hundreds of kilometres (Ernst & Bu-
chan 2001). In marked contrast, dolerite dykes in 
the Western Karelia subprovince often abruptly 
change their strikes from one domain to another, 
reflecting block movements after their emplace-
ments mostly between 2.45–1.95 Ga. Tectonic 
transport to the N–NE during the Svecofenn-
ian orogeny at 1.9–1.8 Ga and related ductile to 
brittle Proterozoic deformation involving uplifts 
and rotations of rigid blocks largely caused the 
present framework of linear structures in the Ar-
chaean bedrock. 

Fig. 33. Airborne magnetic map of the northern part of the Karelia Province in Finland. Dashed lines are for the general 
strike of foliation.
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CONCLUSIONS

1. The Western Karelia Province mostly consists 
of  Neoarchaean gneissic granitoids, while Pal-
aeoarchaean and Mesoarchaean granitoids (>2.9 
Ga) are only locally present. The granitoid rocks 
are classified into four main groups, which are the 
TTG (tonalite-trondhjemite-granodiorite), sa-
nukitoid, QQ (quartz diorite-quartz monzodior-
ite) and GGM (granodiorite-granite-monzogran-
ite) groups. Most ages obtained from TTGs are 
between 2.83–2.72 Ga, and they seem to define 
two age groups separated by a c. 20 Ma time gap. 
TTGs are 2.83–2.78 Ga in the older group and 
2.76–2.72 Ga in the younger group. Sanukitoids 
have been dated at 2.74–2.72 Ga, QQs at c. 2.70 Ga 
and GGMs at 2.73–2.66 Ga. Based on REE, the 
TTGs fall into two major compositional groups, 
low-HREE TTGs and high-HREE TTGs, which 
obviously originated at different crustal depths, 
but the composition of the protolith has a signifi-
cant effect on the REE patterns. Sanukitoids are 
interpreted as products of  melting of  subconti-
nental metasomatized mantle. The GGM group 
represents partial melting of  pre-existing TTG 
crust that also caused high-grade metamorphism 
and migmatisation.

2. Existing isotope data on volcanic rocks of  the 
Kuhmo greenstone belt do not provide much evi-
dence for their deposition on significantly older 
basement in intracratonic environment. The 
composition of the komatiites in Kuhmo indi-
cates that they were derived from primitive upper 
mantle, representing fissure-controlled eruptions 
onto a pre-existing oceanic plateau. The volcanic 
rocks in the Ilomantsi greenstone belt represent 
arc magmatism within an attenuated continental 
margin where older basement rocks were assimi-
lated by younger arc magmatism. Metamorphic 
evolution of the greenstone belts differs from that 
of  the surrounding migmatites, indicating late-
tectonic juxtaposition of greenstone belts and 
TTG migmatites. 

3. Neoarchaean accretion of exotic terranes at 
c. 2.83–2.75 Ga and subsequent crustal stacking 
at around 2.73–2.68 Ga is a possible mechanism 
that largely generated the present structure of  the 
Karelia Province, although it was again strongly 
reworked during the Svecofennian orogeny.
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Appendix 1. Chemical analyses of  granitoids, amphibolites and volcanic rocks of the greenstone belts. Missing or zero values are below detection limits or not analyzed.  Analyses NA1-13 are from Paavola (2003), A1602 and A1611 from Mutanen & Huhma (2003) and A1661 from Lauri et al. (2006).

TTGs and QQs.

Map  
coordinates

wt.% ppm

Sample Northing 
(KKJ)

Easting 
(KKJ)

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Sum of 
oxides

S Cl Cu Zn Ga Sr Ba Pb Ce Co Cr Dy Er Eu Gd Hf Ho La Lu Nb Nd Ni Pr Rb Sc Sm Ta Tb Th Tm U V Y Yb Zr

XRF ICP-MS
low-HREE TTGs, Eu-negative
27-PSH-04 7295076 3409888 65.20 0.60 16.20 3.79 0.05 1.36 3.03 4.54 3.81 0.27 98.84 277 161 0 73 27 1074 2591 34 123 7.41 12.20 1.87 0.88 1.39 4.69 5.10 0.36 67.60 0.12 4.88 46.50 5.52 13.10 73.40 5.07 6.82 0.23 0.53 8.10 0.10 0.47 52.90 9.61 0.69 214.00

47-PSH-04 7288134 3429931 72.00 0.34 14.20 2.30 0.04 0.81 1.87 3.85 4.10 0.09 99.60 140 35 28 272 827 52 85.3 4.39 13.3 1.71 0.75 0.79 3.02 3.98 0.27 61.5 0.11 9.22 31.7 9.16 9.13 172 3.41 4.29 0.83 0.39 31.0 0.15 2.95 26.0 9.27 0.75 126

70.1-PSH-04 7335466 3437280 69.20 0.35 15.80 2.79 0.06 1.04 3.07 5.00 1.92 0.10 99.32 58 26 472 461 17.20 6.63 8.28 0.91 0.52 0.52 1.63 2.74 0.18 6.65 0.00 1.61 7.74 5.76 1.68 130.00 5.30 1.56 0.00 0.20 1.36 0.00 0.00 38.00 4.78 0.40 82.10

33-PSH-04 7251572 3443602 71.00 0.32 15.40 2.65 0.06 1.04 1.74 5.14 1.91 0.09 99.35 70 49 24 345 538 22.20 4.87 5.23 1.22 0.40 0.56 1.76 2.80 0.17 10.30 0.00 2.21 10.30 0.00 2.67 45.90 4.02 1.85 0.00 0.20 1.96 0.00 0.61 29.00 4.64 0.35 94.90

N93001872 7336660 3444840 70.60 0.28 15.50 2.61 0.05 1.02 2.75 4.98 1.83 0.11 99.73 59 414 409 34.7 5.8 1.29 0.67 0.64 2.05 1.69 0.2 18.4 0.1 4.02 17.2 4.49 82 4.92 2.49 0.41 0.28 2.97 0.1 0.81 33.5 7.24 0.58 64.4

99-PSH-04 7332874 3458005 64.50 0.65 16.00 4.24 0.08 2.73 2.02 5.10 3.45 0.30 99.07 95 23 741 1374 203 10.30 7.04 4.05 1.31 3.24 11.20 4.14 0.57 115.00 0.18 5.68 102.00 8.37 26.90 83.80 7.99 14.60 0.32 1.14 8.87 0.17 1.04 67.00 16.10 0.98 169.00

96-PSH-04 7326669 3469776 64.80 0.65 16.30 4.18 0.06 2.02 4.29 4.98 1.57 0.21 99.07 100 68 24 896 988 54.60 12.10 9.02 1.72 0.82 1.38 3.67 3.48 0.32 27.80 0.10 2.86 27.00 7.47 6.15 28.30 7.88 4.62 0.00 0.41 0.65 0.12 0.23 81.70 7.60 0.68 135.00

145-PSH-04 7314783 3474729 68.10 0.41 16.00 3.33 0.06 1.52 2.85 5.56 1.35 0.12 99.29 60 79 24 497 804 45.50 7.72 5.96 1.15 0.50 0.79 2.21 2.08 0.13 25.90 0.00 1.95 19.40 0.00 5.23 27.70 8.03 2.78 0.00 0.25 1.53 0.00 0.00 51.40 4.75 0.15 83.30

102.1-PSH-04 7300662 3477529 71.00 0.26 15.70 1.87 0.03 0.65 2.44 5.20 2.14 0.10 99.39 76 32 27 533 781 45.30 3.92 0.00 0.86 0.29 0.63 1.65 3.09 0.17 27.30 0.00 2.72 16.50 0.00 4.65 63.00 2.68 2.04 0.00 0.19 5.92 0.00 0.34 18.30 4.69 0.32 122.00

101-PSH-04 7304590 3478318 71.00 0.26 15.80 1.85 0.04 0.69 2.55 5.30 1.85 0.10 99.44 45 25 525 676 38.50 3.67 6.02 0.97 0.35 0.42 1.63 2.82 0.15 15.00 0.00 2.85 9.31 5.28 2.97 67.10 2.99 1.74 0.26 0.18 6.32 0.00 0.71 19.10 4.56 0.34 107.00

A1602 7267090 3480520 70.30 0.45 15.60 2.33 0.02 0.92 3.17 4.48 1.83 0.03 99.13 170 52 22 311 503 32 213 5.6 1.9 0.6 1.35 6.77 6.9 0.27 123 0.1 5.2 75.8 8 22.2 57 3.6 10 0.2 0.59 46 0.1 2 32 7.5 0.55 294

113-PSH-04 7270043 3484343 71.00 0.27 15.60 1.97 0.03 0.67 2.62 4.93 2.18 0.10 99.37 120 44 24 483 773 33 41.60 3.98 0.00 0.98 0.50 0.64 1.69 2.88 0.17 22.80 0.00 2.87 14.30 0.00 4.19 53.40 2.93 2.28 0.00 0.23 5.16 0.00 0.37 21.90 4.92 0.44 115.00

119-PSH-04 7273941 3484649 71.20 0.25 15.70 1.85 0.03 0.63 2.55 5.04 2.02 0.09 99.36 77 40 23 490 853 31 32.90 3.37 0.00 0.93 0.49 0.50 1.83 2.94 0.17 17.00 0.00 2.48 12.40 0.00 3.29 51.70 2.95 1.77 0.00 0.21 4.65 0.00 0.43 20.30 6.04 0.54 119.00

135.1-PSH-04 7300169 3487254 68.40 0.38 16.70 2.69 0.05 0.94 3.46 5.24 1.31 0.15 99.31 91 61 22 652 572 64.70 5.71 6.93 1.54 0.66 0.84 2.80 3.49 0.28 27.40 0.11 3.94 20.40 5.98 5.59 57.30 3.57 3.43 0.31 0.33 6.85 0.10 2.29 34.40 8.51 0.74 145.00

103-PSH-04 7286222 3488817 70.30 0.28 16.10 2.07 0.04 0.79 2.92 5.11 1.69 0.08 99.40 69 47 27 584 619 53.00 4.30 5.59 1.17 0.59 0.71 2.17 3.40 0.23 29.20 0.11 2.47 19.10 0.00 5.41 51.30 2.93 2.47 0.00 0.25 8.03 0.00 0.50 23.80 6.59 0.53 123.00

162-PSH-04 7215005 3491679 64.80 0.54 16.70 4.32 0.07 2.55 3.68 4.52 2.20 0.28 99.64 118 70 27 587 700 120 10.6 24.7 2.20 0.83 1.19 4.62 4.22 0.36 65.0 0.11 3.55 43.8 20.1 12.4 68.1 7.97 6.11 0.2 0.54 11.4 0.10 0.31 62.8 9.23 0.67 170

N94002795 7174620 3492960 70.80 0.39 16.20 1.83 0.02 0.63 2.86 5.79 1.11 0.07 99.70 160 34 602 638 85 5.4 0.96 0.31 0.81 3.34 5.35 0.13 42.6 0.1 1.83 34.9 9.35 29.7 1.34 4.89 0.2 0.34 12.4 0.1 0.4 25.1 3.81 0.21 224

170.2-PSH-04 7166515 3495778 70.60 0.34 15.00 2.70 0.05 0.64 2.09 4.29 3.48 0.12 99.31 152 53 29 217 675 41 96.30 4.76 8.87 2.60 1.23 0.68 3.84 6.76 0.47 55.40 0.20 19.00 30.30 6.37 9.06 176.00 5.64 4.39 1.09 0.50 21.60 0.18 4.07 15.00 13.90 1.10 237.00

171.1-PSH-04 7170924 3495952 68.60 0.45 16.00 3.09 0.05 1.18 3.49 4.83 1.50 0.12 99.30 289 62 26 378 511 52.70 7.78 7.97 1.35 0.50 0.72 2.32 4.46 0.24 29.10 0.00 4.02 19.70 11.40 5.20 49.20 5.58 2.62 0.00 0.29 6.16 0.00 0.32 39.60 6.83 0.62 171.00

115-PSH-04 7266784 3496539 72.30 0.24 15.10 1.72 0.03 0.52 2.39 4.71 2.35 0.08 99.42 121 36 23 363 660 34.00 3.12 0.00 1.13 0.34 0.58 1.52 2.85 0.14 20.50 0.00 3.18 13.80 0.00 3.88 68.30 2.79 1.90 0.00 0.27 7.14 0.00 0.38 16.90 4.32 0.29 97.20

90-PSH-04 7331415 3502859 69.70 0.27 16.00 1.92 0.03 0.72 2.60 4.61 3.49 0.09 99.43 165 125 27 27 405 1044 90.50 4.26 0.00 1.33 0.54 0.60 3.02 3.14 0.22 48.00 0.00 2.51 33.90 5.42 9.50 80.70 3.34 4.33 0.00 0.31 19.90 0.00 0.33 24.70 4.93 0.39 113.00

91.1-PSH-04 7327823 3504736 73.40 0.22 14.70 1.48 0.02 0.62 2.86 5.07 1.03 0.10 99.49 84 22 23 417 334 61.40 2.93 6.44 0.78 0.49 0.62 2.02 1.72 0.14 39.40 0.00 1.99 22.00 0.00 6.50 25.20 2.96 2.54 0.00 0.22 4.75 0.00 0.00 12.90 3.74 0.19 59.70

182-PSH-04 7086928 3505776 68.30 0.44 15.50 3.36 0.06 1.87 2.96 4.88 1.77 0.13 99.25 266 145 25 64 25 357 296 52.00 10.10 12.10 1.30 0.51 0.65 2.29 2.91 0.22 28.10 0.00 4.59 19.70 18.90 5.60 72.70 6.91 2.68 0.34 0.28 9.67 0.00 1.26 50.10 5.86 0.39 113.00

155-PSH-04 7197685 3508558 70.30 0.19 17.10 1.15 0.01 0.54 3.52 5.86 0.91 0.07 99.64 71 25 21 1079 456 50.2 3.07 16.4 0.24 0.15 0.46 1.12 1.98 0.1 28.5 0.1 0.55 16.5 4.79 22.3 0.71 1.46 0.2 0.1 2.28 0.1 0.2 14.6 1.25 0.15 91.7

183.1-PSH-04 7086291 3510075 69.40 0.32 16.50 2.33 0.04 0.87 3.51 5.24 1.07 0.11 99.39 61 0 60 25 567 372 0 31.40 4.19 0.00 0.89 0.31 0.57 1.75 3.35 0.14 15.20 0.00 2.16 13.00 0.00 3.44 49.40 2.96 2.01 0.00 0.17 2.11 0.00 0.31 28.10 4.27 0.34 115.00

177-PSH-04 7148157 3510818 65.50 0.62 16.40 4.29 0.06 1.97 3.80 4.45 1.81 0.17 99.07 276 0 87 28 461 477 0 34.40 11.80 13.30 0.78 0.41 0.54 1.67 3.06 0.16 17.50 0.00 3.48 13.70 18.40 3.73 66.80 7.63 2.06 0.00 0.22 1.45 0.00 0.00 73.70 4.60 0.36 108.00

140-PSH-04 7294281 3510825 73.30 0.24 14.60 1.67 0.02 0.66 2.85 4.64 1.37 0.06 99.42 202 0 25 22 365 436 0 105 3.61 6.96 0.71 0.18 0.71 2.05 3.76 0.10 64.90 0.00 2.18 31.30 0.00 10.20 41.90 2.05 3.31 0.00 0.25 15.50 0.00 0.29 17.40 2.77 0.27 141.00

175.1-PSH-04 7160836 3517091 67.80 0.48 15.90 3.55 0.05 1.52 3.21 4.88 1.77 0.20 99.35 124 224 50 28 326 343 117 8.37 13.8 2.37 0.98 0.87 4.37 5.69 0.42 62.1 0.13 9.55 38.5 17.4 11.5 119 8.49 5.42 0.23 0.54 12.0 0.12 0.69 44.9 11.1 0.83 226

193.1-PSH-04 7080204 3519163 61.70 0.77 15.90 6.35 0.10 3.03 4.21 3.86 2.53 0.44 98.90 1435 274 92 111 29 376 474 0 124 19.00 0.00 3.99 2.19 1.88 8.34 4.37 0.75 59.20 0.29 7.11 60.80 11.20 14.90 86.30 17.90 9.89 0.62 0.94 15.10 0.33 1.20 142.00 23.30 1.90 150.00

N94003664 7122480 3538130 72.10 0.27 15.20 2.13 0.05 0.84 1.99 5.58 1.49 0.11 99.76 30 451 643 78.7 4.6 2.75 1.21 0.76 4.12 3.77 0.5 41.6 0.1 4.19 30.4 8.48 42.4 4.99 4.68 0.24 0.56 10.2 0.14 1.39 22.9 12.4 0.68 129

PSH$-2006-41.1 7268633 3550618 67.60 0.47 16.50 3.46 0.05 1.21 3.93 4.65 1.27 0.17 99.31 70 69 23 222 398 66.5 8.45 1.54 0.71 0.81 3.25 4.61 0.31 38.4 6.75 23.1 6.83 53.2 5.62 3.73 0.47 0.39 17.9 1.19 39.7 7.98 0.72 197

N94003728 7214700 3556940 57.90 0.80 17.10 7.31 0.08 7.69 0.72 4.00 1.69 0.30 97.59 67 34 69 113 213 12 40 7.25 3.12 3.22 13.7 4.13 1.23 99.2 0.37 6.64 108 28 27 71.8 28.4 18.9 0.28 1.71 5.56 0.38 2.03 85.8 35.3 2.48 171

A1661 7282484 3557732 64.60 0.71 16.30 4.93 0.07 1.87 4.64 4.44 1.66 0.19 99.41 67 200 30 66 24 516 830 21 105 31.00 2.43 1.28 1.27 3.88 0.00 0.41 61.10 0.14 3.00 36.00 24.00 10.80 41.00 9.77 5.00 0.51 5.11 0.15 0.22 73.00 11.80 0.81 270.00

PSH$-2006-57 7310511 3576510 73.30 0.25 14.20 2.20 0.04 0.72 3.06 4.27 1.29 0.07 99.41 306 34 21 372 397 59.8 3.92 0.80 0.41 0.53 2.18 4.32 0.16 36.6 2.95 21.9 28 6.51 39.4 3.83 2.91 0.2 0.24 14.8 0 0.66 16.7 3.70 0.30 155

N95001741 7305143 3577816 68.70 0.44 15.90 2.96 0.04 1.17 3.17 4.72 2.15 0.13 99.38 160 61 382 961 71 8.1 33 1.09 0.38 0.7 2.74 3.26 0.18 42.9 0.1 4.81 22.5 6.78 69.2 3.68 3.1 0.21 0.32 11.8 0.1 0.45 38.1 4.44 0.3 167

N95001765 7278218 3605233 70.70 0.37 15.60 2.38 0.04 1.02 3.21 4.49 1.83 0.12 99.76 42 570 560 88 36.3 5.2 1.09 0.54 0.45 1.56 3.02 0.21 18.8 0.1 2.67 12.4 3.88 68.2 4.16 1.96 0.22 0.22 7.29 0.1 14.1 27.4 5.39 0.5 133

N94003163 7042789 3608691 65.20 0.56 17.30 4.01 0.06 1.58 2.79 5.64 2.26 0.21 99.61 81 33 702 741 72.7 9.4 1.69 0.97 0.99 3.37 4.8 0.35 38.9 0.14 6.27 29.1 8.44 72 6.17 4.5 0.37 0.41 8.34 0.14 1.24 39.2 11 0.98 173

N95001798 7250790 3612308 72.60 0.24 15.00 1.97 0.04 0.54 2.53 5.43 1.25 0.08 99.68 67 327 315 43.7 3.8 0.82 0.38 0.51 1.69 3.61 0.15 25.3 0.1 3.27 13.3 4.11 48.7 2.98 2.11 0.2 0.22 7.69 0.1 0.8 15.8 4.6 0.37 163

N95001676 7339208 3621792 70.30 0.27 15.40 2.59 0.05 0.86 2.37 4.82 2.75 0.10 99.51 130 32 631 1417 68.8 4 0.86 0.42 0.68 1.98 2.41 0.16 36.5 0.1 3.84 23.5 7.27 63 2.25 2.84 0.24 0.25 6.62 0.1 1.03 21.9 4.62 0.47 103

N95001760 7267858 3624201 67.90 0.51 15.80 3.85 0.07 1.30 3.60 5.04 1.59 0.19 99.85 85 279 322 31 77 9.2 33 1.64 0.69 0.82 3.08 4.16 0.31 48.8 0.11 6.17 25.5 7.78 85.1 6.97 3.38 0.62 0.35 8.46 0.1 1.8 44.1 9.33 0.63 196

N94003175 7059053 3633080 64.90 0.58 17.00 4.00 0.06 1.70 4.77 4.86 1.68 0.20 99.75 76 660 826 81 10.7 2.91 1.11 1.5 4.95 4.5 0.46 37.7 0.16 4.77 37.4 9.99 48.8 7.93 6.5 0.43 0.54 4.35 0.16 0.65 64 13.8 1.07 181

PSH-03-80.2 7054221 3635795 63.60 0.89 16.70 4.45 0.06 1.35 3.93 4.89 2.51 0.49 98.88 75 29 70 24 675 1608 175 9.13 3.44 1.12 2.54 8.64 8.07 0.50 82.4 0.14 11.4 68.6 0 18.8 63.5 6.51 11.3 0.55 0.93 23.4 0.14 1.98 72.2 15.9 1.01 385

PSH-03-61.1 7046618 3651298 70.20 0.38 15.20 2.78 0.04 1.21 3.06 4.59 1.70 0.13 99.29 74 61 28 413 481 80.0 8.33 0.64 0.31 0.95 2.28 3.66 0.14 38.7 3.18 26.7 0 7.92 69.7 4.04 3.55 0.2 0.24 7.46 0.37 40.5 3.57 0.32 147

PSH-03-95.1 7025498 3653737 67.70 0.45 15.70 3.18 0.04 1.43 3.62 5.00 1.83 0.15 99.11 79 80 69 29 627 526 42.5 7.70 0.86 0.40 0.81 2.23 2.79 0.14 21.0 1.89 18.4 0 4.84 58.2 4.22 2.70 0.2 0.23 3.91 0.26 48.5 4.91 0.36 107

PSH-03-49 7043528 3661417 70.50 0.25 15.60 1.81 0.02 0.84 3.03 4.61 2.55 0.13 99.34 162 44 24 685 1507 40.7 4.65 1.71 0.88 1.08 3.60 2.11 0.30 21.3 1.86 20.6 0 4.92 48.7 7.51 4.06 0.2 0.39 0.84 0.10 0.20 26.7 8.11 0.53 74

PSH-03-17 7025513 3667774 64.50 0.52 15.60 4.11 0.07 2.28 3.92 4.40 3.04 0.25 98.70 100 86 27 830 1416 32 93.9 10.6 42 2.41 1.03 1.61 5.16 4.18 0.43 49.9 0.16 4.13 40.7 20 11.0 76.3 9.23 6.24 0.20 0.58 6.59 0.11 0.37 75.2 12.3 0.95 164

PSH-03-9 7028671 3680461 63.50 0.52 16.50 4.35 0.08 2.41 4.37 4.77 2.15 0.30 98.96 455 84 25 914 1433 44 90.5 11.9 40 3.51 1.30 1.75 5.86 4.76 0.52 41.4 0.20 3.58 41.3 0 10.5 51.3 13.5 7.07 0.2 0.70 6.32 0.18 0.52 76.7 14.8 1.35 163

PSH-03-7.1 7027237 3683425 64.20 0.58 16.00 4.28 0.07 2.17 4.15 4.66 2.63 0.29 99.02 224 99 32 954 1752 37 95.9 11.9 40 2.56 0.96 1.64 5.09 4.46 0.42 47.3 0.12 3.41 38.7 23 10.6 55.1 10.5 6.13 0.2 0.56 7.41 0.16 0.26 79.4 11.8 0.98 163

N93002484 7012294 3707655 74.10 0.13 14.30 1.49 0.02 0.42 1.13 4.52 3.54 0.07 99.72 26 126 369 67 100 3 3.28 0.83 0.46 6.71 4.69 0.43 48.2 0.1 6.14 39.7 11.2 109 4.6 8.31 0.4 0.85 36.1 0.1 5.18 13 12.3 0.59 165

PSH$-2006-72.1 7235260 3566345 66.50 0.59 15.50 4.01 0.06 2.24 3.76 4.39 1.78 0.21 99.04 714 286 32 65 26 654 1246 87.6 13.9 73 1.95 0.96 1.22 4.19 4.35 0.40 49.5 0.14 6.39 34.2 28 9.71 54.4 8.40 4.63 0.36 0.49 13.8 0.13 0.66 66.3 9.81 0.87 159

PSH$-2006-66 7245197 3544603 70.70 0.37 15.70 2.07 0.03 1.27 3.95 5.10 0.23 0.11 99.52 79 30 23 460 123 34.6 7.91 0.76 0.24 0.59 1.62 2.71 0.12 16.3 2.47 13.3 3.52 4.91 6.69 1.74 0.2 0.20 6.36 0 0.25 39.8 2.56 0.17 93.4

PSH$-2006-67 7276204 3572480 70.20 0.48 15.40 2.80 0.04 1.09 3.53 4.38 1.36 0.13 99.41 142 68 21 396 604 62.9 7.53 1.17 0.50 0.98 2.55 3.97 0.22 36.6 3.45 20.8 6.21 39.2 4.73 2.76 0.20 0.32 3.00 0 0.45 39.8 6.11 0.46 151

PSH$-2006-63 7286307 3588739 70.50 0.33 15.60 2.36 0.04 0.81 3.35 4.89 1.41 0.13 99.42 212 65 23 278 352 94.2 5.29 1.00 0.35 0.69 3.13 4.35 0.16 57.2 4.61 32.0 10.2 52.3 3.04 3.89 0.26 0.35 18.1 0 0.75 23.2 4.40 0.47 174

PSH$-2006-59 7291022 3575518 70.90 0.35 15.30 2.56 0.03 0.79 2.60 5.06 1.66 0.11 99.37 200 50 25 323 454 58.3 4.63 0.78 0.33 0.54 1.83 4.75 0.13 25.2 3.31 15.3 37 4.57 62.0 5.69 2.19 0.2 0.21 14.9 0 0.75 29.3 3.21 0.16 190

PSH$-2006-77 7299037 3561654 69.60 0.47 15.40 2.77 0.05 1.10 1.97 4.11 3.75 0.11 99.34 175 59 20 271 1219 59.6 7.60 0.81 0.32 0.75 2.05 4.57 0.11 36.6 6.69 20.1 6.18 115 4.67 2.25 0.34 0.21 13.1 0 1.26 32.2 3.45 0.29 183

PSH$-2006-35 7303241 3571417 69.20 0.44 15.80 2.81 0.05 1.13 3.13 4.96 1.66 0.14 99.31 138 121 74 24 459 688 55.2 7.62 1.18 0.59 0.68 2.27 3.55 0.21 31.9 3.05 20.2 5.99 58.8 5.18 3.05 0.23 0.25 9.94 0 0.25 40.0 5.57 0.43 138

PSH$-2006-55 7316147 3572392 70.10 0.45 15.20 2.73 0.04 1.05 2.94 4.34 2.40 0.09 99.34 88 67 26 373 943 49.0 7.87 32 0.91 0.37 0.6 1.72 2.84 0.14 29.5 3.44 15.7 4.66 65.7 4.69 1.87 0.2 0.24 3.79 0 0.40 41.9 3.60 0.36 106

low HREE TTGs, Eu-positive 

49.1-PSH-04 7286461 3393302 71.80 0.24 15.40 2.12 0.02 0.55 2.80 4.91 1.60 0.06 99.49 0 126 0 28 24 548 423 0 15.40 3.27 5.02 0.17 0.00 0.48 0.50 3.52 0.00 9.22 0.00 1.80 5.09 0.00 1.56 36.80 1.99 0.83 0.00 0.00 0.86 0.00 0.00 22.50 1.58 0.15 144.00

25-PSH-04 7295535 3408151 70.70 0.29 15.80 2.02 0.02 0.74 3.21 5.01 1.45 0.09 99.34 0 86 0 37 21 564 448 0 20.60 4.55 6.36 0.30 0.23 0.52 0.67 2.75 0.00 12.40 0.00 2.31 6.81 0.00 1.98 46.60 2.36 0.95 0.00 0.10 1.03 0.00 0.20 25.80 1.49 0.15 99.00

22.2-PSH-04 7288098 3408396 70.50 0.23 16.60 1.48 0.02 0.76 2.84 5.24 1.73 0.07 99.48 0 88 0 27 25 499 887 0 13.40 3.27 0.00 0.19 0.00 0.54 0.27 2.19 0.00 9.75 0.00 1.00 4.38 0.00 1.23 41.40 1.58 0.56 0.00 0.00 0.00 0.00 0.27 16.50 1.14 0.15 80.60

4.4-PSH-04 7268811 3421259 73.70 0.17 14.70 1.27 0.02 0.55 2.81 5.34 0.89 0.02 99.47 0 77 0 22 0 457 570 0 8.67 1.89 0.00 0.00 0.00 0.27 0.52 2.41 0.00 5.36 0.00 0.80 3.52 0.00 0.97 17.70 1.18 0.50 0.00 0.00 0.00 0.00 0.00 9.92 0.54 0.15 83.20

42-PSH-04 7304441 3430880 71.60 0.27 15.20 1.87 0.02 0.60 2.17 4.44 3.05 0.10 99.31 0 81 0 33 22 469 1783 0 63.40 3.55 10.40 0.42 0.21 0.81 1.42 5.00 0.00 39.50 0.00 1.60 19.50 5.94 6.24 58.40 2.35 2.27 0.00 0.15 5.28 0.00 0.28 21.00 1.66 0.23 186.00

A1603 7279400 3476550 73.30 0.14 14.80 1.28 0.02 0.44 2.61 4.17 2.79 0.04 99.59 14 22 15 449 970 17.2 2.4 0.29 0.15 0.35 0.66 1.7 0.1 11.4 0.1 0.7 5.83 5 1.7 59 1.8 0.69 14 1.5 0.15 66

N93001430 7246350 3479710 64.60 0.52 17.60 4.22 0.06 1.60 4.96 4.85 1.08 0.15 99.64 180 230 30 57 555 384 17.6 10.7 0.75 0.34 0.59 1.38 1.83 0.16 9.16 0.1 1.33 8.24 2.06 11.3 8.02 1.42 0.16 60.2 4.33 0.31 73.8

160.1-PSH-04 7195644 3493400 76.40 0.18 12.70 1.62 0.04 0.62 1.55 4.12 2.26 0.02 99.50 0 100 0 39 22 131 434 0 19.90 2.96 7.01 0.60 0.31 0.53 0.83 2.12 0.10 11.90 0.00 3.63 5.90 0.00 1.89 56.10 1.76 0.93 0.00 0.12 0.56 0.00 0.00 11.20 3.06 0.15 67.40

180-PSH-04 7083277 3497879 72.90 0.31 14.40 2.30 0.04 0.82 3.48 4.06 0.99 0.06 99.36 132 162 0 29 22 408 371 0 31.10 5.73 7.29 0.13 0.00 0.62 0.76 2.87 0.00 19.00 0.00 1.63 9.21 6.41 2.74 32.40 2.26 0.89 0.00 0.00 1.47 0.00 0.00 28.00 1.53 0.15 114.00

157-PSH-04 7198968 3503463 72.20 0.24 15.70 1.49 0.02 0.60 3.01 5.57 0.63 0.05 99.52 0 190 0 33 20 650 476 0 20.70 3.41 12.10 0.00 0.00 0.47 0.59 4.17 0.00 11.10 0.00 0.70 7.49 0.00 2.10 14.40 0.87 1.02 0.00 0.00 0.00 0.00 0.00 15.90 0.93 0.15 155.00

PSH-03-78.1 7039815 3636685 72.30 0.29 14.70 2.14 0.03 0.88 3.05 4.64 1.41 0.08 99.51 123 47 24 183 277 22.7 6.93 0.67 0.32 0.57 1.24 2.64 0.11 12.5 4.78 7.65 0 2.12 69.4 2.52 1.27 0.70 0.14 0.98 0.34 30.7 3.16 0.17 124

PSH-03-113.1 7021518 3654963 70.70 0.29 15.30 2.43 0.04 0.91 2.83 5.07 1.74 0.06 99.36 105 123 56 24 282 400 19.6 6.06 0.42 0.23 0.52 0.99 2.75 11.3 4.45 7.28 0 1.99 87.8 4.11 1.07 0.36 0.10 1.51 0.55 30.2 2.44 0.15 108

PSH$-2006-74.2 7230285 3555279 71.00 0.29 15.20 2.08 0.04 1.29 3.59 4.97 1.00 0.08 99.54 0 180 0 43 21 431 311 0 12.5 7.9 0 0.25 0.2 0.36 0.46 2.79 8.21 2.37 3.72 28 1.13 32.5 0.96 0.55 0.34 41.1 2.07 0.30 107

PSH$-2006-72.3 7235270 3566333 68.00 0.34 17.00 2.48 0.03 0.94 3.85 5.27 1.24 0.12 99.27 322 49 22 690 856 17.4 5.13 0.98 0.49 0.71 1.75 3.05 0.21 9.27 1.65 7.75 2.00 34.5 4.38 1.61 0.22 0.88 0 25.1 5.32 0.48 128

PSH$-2006-47 7260179 3542391 70.50 0.32 15.80 2.32 0.04 0.70 2.99 4.83 1.87 0.09 99.45 0 0 0 54 24 404 930 0 20.8 5.19 0 0.41 0.26 0.73 0.91 2.44 12.6 1.72 7.47 0 2.12 44.4 3.7 1.04 0.12 0.23 26.3 2.24 0.24 107

PSH$-2006-65.1 7260301 3542182 70.60 0.28 16.10 1.84 0.03 0.77 3.40 4.93 1.46 0.08 99.49 0 0 0 47 24 494 537 0 19.5 4.05 0 0.32 0.17 0.55 0.98 2.43 11.9 1.84 7.62 0 1.93 36.3 3.91 1.01 0.1 0.5 0.36 19.7 1.99 0.16 89.6

PSH$-2006-71 7263785 3591919 72.20 0.25 15.20 1.62 0.03 0.57 2.05 5.41 2.02 0.08 99.43 0 0 0 35 0 419 660 0 24.4 3.61 0 0.34 0.15 0.51 0.95 3.51 11.3 2.21 8 0 2.1 67.4 2.84 1.24 0.14 6.91 0.69 15.8 2.07 0.15 129

PSH$-2006-69 7267268 3596120 73.30 0.24 15.10 1.45 0.02 0.61 2.99 4.76 1.07 0.02 99.56 0 112 0 39 0 499 777 0 10.2 3.85 0 0.61 0.3 4.53 6.36 1.51 3.61 0 1 37.5 1.36 0.5 1.89 0.74 15.1 1.13 0.15 150

PSH$-2006-70 7267943 3593479 72.60 0.22 15.20 1.77 0.02 0.58 2.90 3.93 2.06 0.07 99.36 0 0 0 57 23 359 1714 32 12.1 3.11 0 0.26 0.54 0.68 3.95 6.58 3.22 4.7 0 1.21 92.1 2.33 0.74 2.08 0.32 13 1.61 0.26 141

PSH$-2006-62 7285425 3581572 69.60 0.26 17.10 1.69 0.03 0.67 3.19 5.00 1.88 0.10 99.52 0 77 0 44 24 420 517 0 21 3.2 0 0.61 0.26 0.66 1.39 4.57 0.13 12.6 4.46 7.82 0 2.09 65.2 3.72 1.37 0.29 0.19 3.56 1.14 13.1 3.62 0.26 203

PSH$-2006-26 7286396 3549314 73.80 0.12 14.50 1.11 0.02 0.26 1.97 3.69 3.99 0.03 99.49 0 167 0 28 21 281 1334 0 11.7 1.54 0 0.15 0.72 0.32 1.86 8.02 0.74 3.48 0 1 45.6 0.95 0.33 0.52 7 0.7 0.15 48.7

PSH$-2006-27 7286655 3548799 74.50 0.11 14.40 0.93 0.02 0.21 1.93 3.93 3.44 99.46 0 0 0 29 0 287 1371 0 13.8 1.88 0 0.35 0.48 0.65 2.44 7.82 1.27 5.07 0 1.41 70.9 1.27 0.78 1.3 0.2 6.89 1.7 0.15 77.9

PSH$-2006-61.1 7286873 3579654 72.50 0.27 15.00 1.73 0.02 0.76 2.60 4.57 2.05 0.03 99.53 104 135 48 25 271 553 34 49.3 4.17 31 0.46 0.26 0.48 1.03 6.88 29.7 3.57 15.7 4.87 60.5 3.41 1.44 0.13 21.5 1.29 17.4 1.70 0.15 279

PSH$-2006-29 7290673 3550903 68.10 0.56 16.10 3.29 0.03 1.35 3.86 4.44 1.46 0.14 99.33 0 102 0 84 27 457 629 0 40 8.58 38 0.67 0.18 0.86 1.42 3.14 0.12 23.1 2.78 14.7 0 3.77 38.1 3.08 1.59 0.16 0.57 48 3.22 0.25 113

PSH$-2006-50 7294387 3537983 69.30 0.33 16.70 2.08 0.02 0.72 3.64 5.16 1.38 0.14 99.47 0 210 0 38 26 742 678 0 25.8 4.95 0 0.48 0.2 0.62 1.62 5.01 0.11 14.7 1.93 10.5 0 2.96 15 2.98 1.57 0.18 0.22 23.9 2.95 0.23 205

PSH$-2006-32 7295276 3569495 69.90 0.14 17.40 0.91 0.01 0.30 2.93 5.53 2.43 0.03 99.58 0 72 0 28 28 412 795 54 54.1 1.44 0 0.34 0.68 1.35 3 32.4 1.32 16.2 0 5.04 39.6 1.32 1.81 0.14 11.3 0.35 5.98 1.38 0.15 105

PSH$-2006-51 7295342 3533520 71.70 0.34 14.90 2.46 0.04 0.74 3.42 4.65 1.21 0.04 99.50 0 85 0 72 23 278 300 0 20.8 5.1 0 0.39 0.15 0.58 0.93 3.91 12.3 3.62 7.49 0 2.03 23.2 4.91 0.93 0.12 0.26 29.5 2.34 0.21 158

PSH$-2006-49.1 7295700 3541314 64.70 0.14 20.60 1.03 0.02 0.56 4.60 6.37 1.42 0.05 99.49 0 84 0 0 23 883 1301 0 13 2.16 0 0.29 0.15 1.32 0.39 1.63 9.01 0.77 3.94 0 1.22 21.6 0.94 0.34 13.4 1.06 0.18 71.5

PSH$-2006-33.1 7297528 3571879 70.50 0.31 15.90 1.87 0.03 0.86 2.68 5.45 1.74 0.10 99.44 0 111 0 52 28 541 613 0 22.6 5.01 0 0.3 0.48 0.82 3.47 12.7 1.68 7.67 0 2.36 44.4 3.02 1.27 0.26 25.3 1.58 0.15 110

PSH$-2006-81 7303346 3563601 68.90 0.28 17.50 1.25 0.02 0.70 2.28 5.01 3.45 0.02 99.41 0 126 0 35 25 417 1735 54 57.4 3.03 0 0.29 1.14 1.46 4.50 36.7 2.38 16.5 0 5.63 65.7 1.69 1.75 0.15 10.1 0.31 16.7 1.38 0.15 163

PSH$-2006-34 7304422 3568974 73.20 0.18 15.50 1.21 0.02 0.19 3.14 5.00 1.06 99.50 0 84 0 30 24 455 342 32 26.4 1.63 0 0.13 0.63 0.63 4.3 17.3 1.56 8.05 0 2.39 22.5 0.97 0.7 3.1 0.21 22.6 0.93 0.15 167

PSH-03-57 7049503 3662258 72.10 0.38 14.50 2.05 0.04 0.83 2.94 4.52 1.96 0.07 99.39 159 130 35 25 285 753 26.3 6.23 0.82 0.74 0.69 1.38 3.51 0.17 15.6 0.12 4.49 9.07 0 2.56 39.2 2.74 1.40 0.27 0.17 0.98 0.32 35.9 5.47 0.68 157

high-HREE TTGs

30-PSH-04 7251640 3455324 68.20 0.52 15.30 4.47 0.08 1.73 2.87 4.48 1.96 0.12 99.73 63 85 23 242 489 32.9 10.4 13.5 2.05 1.35 0.64 2.53 3.64 0.43 15.1 0.19 5.07 14.7 13.8 3.73 55.5 8.77 2.65 0.63 0.42 6.02 0.17 0.93 59.6 12.4 1.21 130

159-PSH-04 7193494 3494215 73.30 0.41 13.60 3.26 0.05 0.62 3.21 4.13 1.00 0.07 99.66 218 47 21 200 222 45.3 5.21 13.4 2.64 1.71 0.99 3.19 4.78 0.58 25.0 0.24 5.68 16.3 4.60 43.7 9.46 2.85 0.30 0.47 2.69 0.26 0.46 22.0 16.1 1.82 210

161-PSH-04 7199563 3495132 67.50 0.56 15.40 4.25 0.09 1.41 3.73 4.19 1.88 0.16 99.17 0 211 0 72 29 259 403 0 46.60 9.29 13.00 3.47 2.26 0.79 4.28 4.72 0.81 24.40 0.32 6.52 18.90 9.38 5.02 49.20 9.84 3.59 0.31 0.59 2.11 0.35 0.00 45.10 22.00 2.14 193.00

147-PSH-04 7189686 3505754 65.50 0.81 15.20 5.89 0.08 1.95 4.77 4.61 0.59 0.22 99.62 223 174 22 77 23 471 350 72.9 12.0 8.16 4.02 2.11 1.37 5.62 6.49 0.73 31.9 0.27 5.36 36.0 6.86 8.87 6.31 14.4 6.14 0.24 0.78 1.04 0.28 0.28 80.4 20.9 1.87 280

N93002713 7088720 3569860 60.10 0.58 16.70 6.00 0.13 4.46 2.74 4.12 3.30 0.31 98.44 210 190 89 34 374 580 76.1 17.9 135 5.26 3.01 1.16 6.36 4.36 0.97 36.6 0.42 10 37.6 42 9.31 76.4 14.3 7.52 0.93 0.93 12.7 0.44 2.99 99.2 30.9 2.8 174

N95001753 7319762 3579539 69.00 0.71 13.90 4.66 0.08 1.83 3.07 3.39 2.54 0.23 99.41 130 110 67 158 424 85.9 9.1 66 5.44 2.97 1.35 6.84 7.92 1.07 43.7 0.42 11.6 38.6 9.9 85.7 11.9 7 1.05 1.04 13.6 0.39 2.39 67.8 31.9 2.83 346

N94002606 7103485 3619776 66.90 0.47 15.90 4.33 0.08 1.64 4.17 4.49 1.62 0.14 99.74 170 70 337 574 35 11.6 2.6 1.43 0.9 3.33 3 0.54 17.5 0.17 5.28 17 4.36 48.7 10.6 3.5 0.24 0.49 2.73 0.19 0.2 53.6 15.6 1.21 125

N94003191 7074206 3631667 65.40 0.66 15.60 5.50 0.11 1.95 4.64 4.23 1.42 0.29 99.80 170 140 27 67 234 184 77.4 12.1 12 7.51 1.93 11.4 6.38 2.57 38.4 1.21 15.7 40.4 10.2 58.6 16.8 10.2 2.94 1.95 16.7 1.2 6.01 71.4 86 8.04 259

PSH-03-83.1 7052044 3632456 71.20 0.18 15.30 1.78 0.04 0.89 2.76 4.68 2.52 0.06 99.40 159 27 533 805 42.2 4.71 1.39 0.73 0.45 1.83 1.17 0.25 20.8 0.14 2.94 16.1 0 4.34 62.0 2.95 2.53 0.2 0.31 5.48 0.13 17.3 8.79 0.83 91

PSH-03-80.1 7054221 3635795 63.90 0.51 16.30 4.99 0.07 2.58 3.76 4.12 2.67 0.13 99.04 83 84 28 513 786 47.3 16.5 57 2.38 1.04 1.01 3.91 3.27 0.44 22.3 0.17 4.97 22.2 26 5.13 79.8 12.5 3.98 0.44 0.46 2.75 0.17 0.41 86.3 13.4 1.12 124

N93002466 7029555 3641442 68.50 0.44 15.50 4.31 0.09 1.18 4.13 3.81 1.66 0.15 99.77 68 220 400 36.9 9 3.85 2.31 0.79 4.02 6.15 0.73 18.9 0.32 5.4 17.1 4.41 68.9 12.9 3.67 0.47 0.64 4.86 0.3 1.44 38.3 22.7 2.03 278

PSH-03-70 7026737 3642943 69.50 0.25 16.00 2.44 0.05 1.32 3.02 4.88 1.86 0.07 99.39 68 62 23 337 297 16.9 6.60 1.16 0.79 0.42 1.79 2.79 0.29 8.74 0.13 2.38 7.44 33 1.88 93.9 4.69 1.74 0.43 0.28 3.33 0.10 0.76 19.7 8.01 0.77 116

PSH-03-68.1 7031234 3644757 68.70 0.48 15.50 3.39 0.05 1.18 4.00 4.49 1.38 0.11 99.28 152 59 24 295 270 22.4 8.18 2.16 1.12 0.75 2.63 3.17 0.43 10.8 0.13 4.55 10.6 0 2.50 52.2 7.24 2.38 0.31 0.34 1.98 0.18 0.55 46.2 11.9 1.14 167

PSH-03-69.1 7030508 3649199 66.90 0.49 15.30 4.45 0.09 1.70 4.26 3.96 1.86 0.15 99.16 75 79 24 290 286 35.5 11.2 2.44 1.36 0.75 3.47 3.29 0.48 16.7 0.19 4.45 14.8 0 3.82 86.5 13.1 2.93 0.35 0.47 6.63 0.18 1.03 64.9 14.3 1.39 146

PSH$-2006-43 7270819 3549555 65.00 0.59 17.00 4.19 0.08 1.59 3.93 4.74 1.90 0.16 99.17 90 574 103 28 406 516 34 38.6 9.94 30 2.28 0.93 0.75 2.80 4.61 0.41 20.3 0.11 6.29 16.2 4.09 55.9 8.93 2.83 0.55 0.45 5.24 0.15 0.49 62.0 10.8 0.94 195

PSH$-2006-38 7283040 3555974 66.80 0.55 16.10 3.87 0.06 1.55 4.40 4.45 1.29 0.18 99.25 307 88 78 24 423 426 39.3 9.87 36 1.50 0.82 0.93 2.49 5.10 0.30 21.7 0.13 5.42 16.9 4.32 29.5 7.90 2.34 1.61 0.35 0.72 0.33 67.2 8.15 0.90 211

PSH$-2006-80.1 7301635 3562090 67.10 0.55 14.30 4.92 0.06 3.41 3.08 2.45 3.17 0.11 99.16 183 62 25 272 942 49.9 14.8 92 2.12 1.17 0.67 3.06 4.46 0.48 30.2 0.2 9.28 18.8 43 5.59 139 12.0 3.23 0.95 0.45 19.8 0.17 3.90 76.8 12.6 1.22 177

PSH-03-105.1 7032731 3634137 71.60 0.34 15.10 2.55 0.04 0.82 2.82 4.86 1.19 0.09 99.42 70 69 25 285 302 27.7 5.23 1.22 0.56 0.53 1.95 3.98 0.22 16.3 0.11 3.40 11.5 0 3.01 54.3 4.03 1.97 0.47 0.24 3.79 0.10 0.85 27.6 7.28 0.68 167

QQs

NA1 7089800 3500800 63.20 0.71 15.90 5.21 0.09 2.77 3.61 4.73 1.66 0.23 98.11 24 109 22 695 821 59.7 43 2.18 1.12 1.16 3.55 0.41 27.8 0.18 28 7.35 44 12.2 4.58 0.47 1.18 0.18 0.33 116 13.1 1.2 205

NA2 7091100 3500220 59.20 0.66 17.10 5.99 0.11 2.76 5.37 4.81 1.08 0.21 97.29 100 107 23 687 732 37.6 42 2.86 1.44 1.27 3.86 0.56 15.7 0.18 23.3 5.4 22 16.1 4.88 0.57 0.22 135 15.3 1.31 174

NA3 7090650 3501600 61.80 0.72 16.80 4.87 0.08 2.63 4.15 5.29 1.33 0.25 97.92 92 25 660 783 45.3 40 2.47 1.14 1.25 4.06 0.47 18.4 0.15 27.8 6.6 43 11.4 5.11 0.52 0.16 127 13.4 1.05 174

NA4 7092530 3502340 57.00 0.84 18.30 6.39 0.11 2.97 6.48 5.42 0.42 0.29 98.22 200 80 86 25 904 189 35.8 37 3.14 1.58 1.47 4.79 0.56 14 0.21 27.2 5.55 14 14.6 5.71 0.61 0.21 161 17.1 1.43 169

NA5 7093450 3503600 57.40 0.83 17.60 6.41 0.10 3.00 5.70 4.84 1.07 0.30 97.24 25 107 32 838 597 49.4 34 2.96 1.5 1.34 4.47 0.55 20.7 0.18 30.1 7 24 14.1 5.82 0.6 0.21 163 16.5 1.36 179

NA6 7095400 3505600 51.80 0.84 20.10 6.61 0.10 3.68 8.06 5.29 0.36 0.40 97.24 240 90 98 32 1203 204 33.8 52 3.19 1.54 1.64 5.07 0.57 12.5 0.18 25.5 25 5.4 16.8 5.57 0.61 0.21 160 16.5 1.26 105

NA7 7095750 3505600 60.10 0.77 16.30 5.88 0.13 3.22 5.09 3.87 1.92 0.24 97.53 113 22 633 479 55.5 55 3.39 1.66 1.47 5.57 0.66 22.3 0.22 35.9 8.11 122 14.8 6.56 0.71 0.24 0.54 141 18.5 1.46 164

NA8 7094120 3507200 62.00 0.72 16.90 4.93 0.08 2.48 5.14 4.82 0.94 0.22 98.23 190 81 29 798 599 50.8 43 3.02 1.45 1.28 5.17 0.56 20.8 0.19 32 21 7.29 52 11.7 6.04 0.64 0.66 0.22 131 16.2 1.32 204

NA9 7093480 3507600 54.80 0.81 18.50 7.00 0.11 3.47 6.52 5.02 0.79 0.31 97.32 160 117 28 909 500 61.4 43 3.31 1.49 1.52 5.05 0.58 27 0.2 34.6 8.4 43 16.7 5.92 0.68 1.17 0.2 159 16.6 1.35 179

NA10 7092680 3508380 59.50 0.78 17.80 5.54 0.10 2.77 5.53 4.99 0.85 0.28 98.13 180 140 23 88 31 874 642 48.8 34 3.38 1.52 1.4 5.32 0.6 19.3 0.17 32.6 7.16 52 12.3 6.54 0.68 0.19 130 16.8 1.26 213

NA11 7090940 3508250 51.80 0.99 19.10 7.06 0.13 3.95 7.13 5.30 0.82 0.29 96.56 130 190 106 33 1034 344 51.4 71 3.97 1.82 1.72 6.01 0.72 19 0.24 34.6 24 7.75 22 18.1 7.06 0.77 0.79 0.28 0.22 193 20.3 1.72 174

NA12 7097810 3513450 51.80 0.96 19.30 7.37 0.13 4.00 5.98 5.51 1.29 0.33 96.67 100 137 31 808 401 40 44 3.5 1.59 1.67 5.2 0.62 15.4 0.2 28.8 22 6.15 51 18.1 6.1 0.65 0.22 173 17.7 1.45 194

NA13 7097280 3514100 58.30 0.75 17.80 6.14 0.10 2.90 5.54 4.91 1.17 0.25 97.86 70 28 90 30 784 510 36.7 35 1.93 1.01 1.16 3.07 0.34 16.4 0.11 19.2 4.63 30 11.7 3.71 0.41 1.48 0.14 0.38 148 10.2 0.85 93

35-PSH-04 7283902 3417477 54.20 0.77 15.50 8.08 0.13 6.03 7.14 4.30 1.84 0.22 98.22 66 168 22 115 28 763 446 56.5 26.5 85.7 5.08 2.58 1.79 8.43 2.75 1.04 20.1 0.38 9.43 40.0 71.1 8.39 54.3 25.1 8.48 0.64 1.05 1.06 0.40 0.54 157 28.4 2.45 99.2

N93001846 7248480 3463070 57.00 0.89 16.40 7.36 0.14 5.49 5.31 4.55 1.77 0.24 99.15 86 108 360 572 64.5 18.2 195 6.09 3.38 1.84 7.91 5.24 1.12 28 0.52 16.8 40.2 58 9.29 44.9 24 8.38 2.45 1.09 3.9 0.5 2.88 145 33.8 3.61 212

94-PSH-04 7320457 3470936 61.00 0.62 17.70 5.28 0.09 2.67 4.92 5.41 1.21 0.21 99.10 83 99 27 677 614 34.3 11.9 13 1.76 1.15 1.16 3.7 2.26 0.36 15.1 0.16 2.71 20.9 7.53 4.5 27.9 11.7 4.05 0.46 0.65 0.15 98.9 10.3 0.83 97.6

146-PSH-04 7321528 3475274 57.90 0.77 16.90 6.87 0.12 3.80 6.51 4.32 1.32 0.32 98.82 222 23 98 27 924 645 48.1 20.2 27.5 2.31 1.26 1.33 4.24 1.57 0.47 22.7 0.15 3.47 24.8 13.3 5.97 26.2 17.9 4.53 0.5 1.52 0.18 0.29 141 13.3 1.1 59.4

93-PSH-04 7322356 3476703 54.40 0.92 18.80 7.48 0.13 3.39 7.43 4.92 0.88 0.37 98.72 161 152 121 32 1104 564 61.5 17.5 9.86 3.66 2.02 1.83 6.34 3.81 0.65 25.5 0.22 3.71 38.1 6.88 8.23 15.8 17.9 7.12 0.83 0.69 0.26 139 18.7 1.73 150

A1611 7322230 3476750 56.00 0.77 18.10 7.73 0.13 2.98 6.92 4.73 0.90 0.34 98.60 210 11 105 23 1047 665 62.8 15 30 3.76 1.87 1.75 5.98 3.2 0.67 27.3 0.23 4.3 36.2 6 8.58 14 16 6.65 0.2 0.72 0.6 0.26 0.2 126 20 1.63 142

N94003658 7129400 3501150 57.80 0.79 17.10 7.67 0.11 3.36 6.79 4.91 1.13 0.19 99.85 270 59 374 317 33 8.6 51 3.99 2.4 1.33 4.84 3.28 0.81 13.3 0.34 5.65 21 36 4.63 28.7 21.2 4.61 0.48 0.68 0.85 0.35 0.64 130 22.9 2.36 126

N93002622 7095070 3512530 62.60 0.62 16.00 5.09 0.09 2.47 5.07 4.80 1.15 0.19 98.08 74 579 509 47.2 11.8 47 2.15 1.22 1.02 3.38 3.38 0.39 20.2 0.15 3.45 22.2 34 5.59 29.7 11.4 3.69 0.22 0.46 2.02 0.18 0.2 87.4 12.8 1.19 150

PSH-92-79 7058550 3520870 60.73 0.79 18.04 4.98 0.07 2.50 5.74 5.14 0.78 0.33 99.09 70 294 8 109 28 1045 755 43.7 23 2.28 1.16 1.54 4.81 0.41 19.5 0.15 2 26.8 17 6.1 2 12 4.74 0.54 0.08 0.14 0.03 111 13 1.07 144

N93002664 7042270 3533520 58.40 0.79 17.20 6.32 0.09 3.17 6.11 4.75 1.29 0.31 98.43 310 540 25 89 771 591 67.1 14.6 69 3.12 1.59 1.56 5.05 3.84 0.58 28 0.18 4.11 35.9 31 8.86 27.2 15.4 6.67 0.2 0.68 0.5 0.21 0.2 109 16.8 1.34 159

PSH-92-12 7032300 3540750 56.22 0.76 18.66 6.47 0.10 3.60 6.81 5.04 0.98 0.31 98.95 390 245 21 126 27 808 560 63.7 47 4.86 2.66 2.02 7.17 0.89 23.9 0.32 2 40.5 25 9.18 3 20 8.37 0.96 0.2 0.31 0.08 148 28 2.11 158

PSH-92-9.1 7031920 3541290 58.29 0.67 17.78 6.01 0.09 3.50 6.48 4.80 0.97 0.29 98.88 390 262 25 100 35 778 594 47.5 58 3.76 1.89 1.5 6.79 0.75 17.8 0.28 5 31.3 26 7.01 3 21 7.2 0.82 0.11 0.27 0.07 148 25 1.75 235

PSH-92-9.2 7031920 3541290 58.37 0.75 17.75 5.80 0.09 3.33 6.06 4.80 1.09 0.28 98.32 250 422 92 30 761 537 38 58 4 2.23 1.33 5.79 0.72 15.2 0.25 3 24.7 20 5.29 13 16 5.8 0.69 0.08 0.24 0.1 136 20 1.62 197

PSH-92-3.4 7029400 3542000 61.66 0.65 17.37 4.98 0.09 2.76 5.53 4.79 1.04 0.27 99.14 90 234 5 92 27 797 591 43.1 56 2.95 1.47 1.21 4.87 0.54 16.9 0.19 4 26.9 18 6.14 14 13 5.94 0.64 0.04 0.18 0.03 115 17 1.14 144

PSH-92-5.8 7031000 3542850 57.21 0.81 18.69 6.21 0.09 3.15 6.27 4.76 1.39 0.30 98.87 1210 256 11 109 31 766 885 51.8 45 3.97 1.98 1.63 6.13 0.7 20.8 0.24 2 33.7 23 7.62 27 22 7.29 0.81 0.17 0.29 0.22 134 20 1.82 248

N94002593 7106131 3658934 56.90 1.04 18.00 7.98 0.10 2.61 5.50 4.32 2.56 0.29 99.30 400 230 22 140 33 604 583 61.5 19.4 2.93 1.1 1.44 5.01 3.85 0.5 30 0.12 5.31 31.6 7.82 113 10.8 6.1 0.29 0.61 4.07 0.16 0.44 131 13.7 0.92 168

Gabbroic inclusions in the Ranua quartz diorite

144.1-PSH-04 7312710 3474626 48,70 1,33 17,60 10,20 0,16 5,23 8,25 4,57 1,19 0,65 97,88 156 189 28 148 26 1168 632 152 28,2 21,8 5,54 2,42 2,73 10,6 4,63 0,94 68,8 0,32 4,87 75,4 13,3 18,1 26,6 24,6 12,6 1,23 2,42 0,36 0,31 205 26,5 2,01 186

144.2-PSH-04 7312710 3474626 44,70 1,71 15,70 12,99 0,21 6,97 9,80 3,33 0,88 0,70 96,99 443 146 32 181 31 703 330 117 36,6 30,2 6,73 3,12 3,28 12,5 5,66 1,23 50,1 0,41 5,44 70 16,3 15,3 22,8 33,4 14,2 1,47 2,73 0,42 0,32 272 33,6 2,73 241

Amphibolites

Sample Northing 
(KKJ)

Easting 
(KKJ)

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Sum of 
oxides

S Cl Cu Zn Ga As Sr Ba Pb Ce Co Cr Dy Er Eu Gd Hf Ho La Lu Nb Nd Ni Pr Rb Sc Sm Ta Tb Th Tm U V Y Yb

XRF ICP-MS
Basalts

134.2-PSH-04 7278375 3476541 50.40 1.09 14.70 11.62 0.21 6.65 9.63 3.30 0.73 0.08 98.41 540 189 53 133 25 105 121 11.1 46.2 118 3.42 2.36 0.77 3.52 1.78 0.84 5.41 0.37 2.65 7.69 111 1.49 4.97 37.7 2.50 0.33 0.57 1.25 0.33 1.38 284 22.7 2.16

148.1-PSH-04 7192031 3504475 47.00 0.96 17.50 11.79 0.16 6.05 5.79 3.79 2.37 0.13 95.54 282 198 39 360 1070 61.3 32.1 182 4.14 1.97 1.47 5.37 1.76 0.72 30.9 0.26 6.12 29.6 58.4 7.17 56.7 19.7 5.67 0.41 0.77 0.82 0.27 0.35 168 21.0 1.72

150.2-PSH-04 7193373 3519647 50.60 1.02 14.70 11.23 0.26 6.32 9.63 2.71 0.96 0.14 97.57 261 161 25 139 103 21.3 42.4 204 3.42 2.06 0.87 3.78 1.61 0.76 9.22 0.30 4.84 11.8 84.9 2.68 39.1 40.1 3.12 0.36 0.57 1.64 0.31 0.88 293 20.3 2.14

166.1-PSH-04 7257589 3495545 51.90 0.43 15.20 11.05 0.23 6.90 8.49 2.62 0.69 0.15 97.65 114 190 28 82 640 14.0 39.1 171 2.92 1.91 0.55 2.30 0.56 0.64 6.01 0.30 5.78 7.93 60.1 1.69 17.5 45.3 2.28 0.41 0.44 0.82 0.31 0.54 172 18.9 2.00

175.3-PSH-04 7160836 3517091 51.90 1.77 12.90 12.48 0.17 4.81 9.07 2.98 1.27 0.20 97.56 913 733 295 82 30 338 258 37.5 43.0 25.4 5.55 3.36 1.27 5.97 3.51 1.13 17.3 0.47 7.16 20.4 42.4 4.70 23.6 37.5 4.53 0.38 0.95 3.43 0.46 0.37 295 31.9 2.91

178.1-PSH-04 7145042 3508646 49.30 1.44 13.50 12.08 0.19 6.91 8.99 3.37 0.89 0.15 96.82 650 543 86 99 257 101 27.4 46.5 90.2 4.09 2.24 1.17 4.84 2.37 0.83 11.9 0.27 8.88 16.0 88.0 3.67 13.5 36.6 3.67 0.48 0.66 1.33 0.32 0.24 284 21.5 1.82

190-PSH-04 7096414 3517642 51.90 1.26 13.30 13.25 0.24 4.88 7.79 3.15 1.19 0.14 97.12 258 195 86 153 25 214 241 16.0 48.1 41.2 4.41 2.79 1.08 4.09 2.28 0.97 7.71 0.42 4.91 10.2 67.5 2.12 48.8 41.8 3.21 0.35 0.72 2.80 0.41 0.60 350 27.4 2.69

21-PSH-04 7280410 3419488 51.50 0.56 13.60 9.10 0.17 6.91 11.50 2.88 0.47 0.04 96.73 3499 60 203 90 26 888 103 11.1 47.9 341 2.31 1.57 0.92 1.99 1.04 0.58 6.37 0.27 2.30 5.83 121 1.37 14.2 34.3 1.68 0.40 1.10 0.23 2.43 188 15.6 1.55

22.1-PSH-04 7288098 3408396 47.60 1.40 14.00 12.36 0.19 6.54 9.69 3.31 1.07 0.11 96.27 410 142 24 90 28 148 117 15.6 48.8 127 5.06 3.15 1.20 4.62 2.56 1.06 6.76 0.43 3.99 11.5 88.6 2.24 18.5 40.7 3.70 0.23 0.78 1.09 0.45 0.55 350 29.1 2.82

5-2-VJ-86 7033040 3548300 49.38 0.52 17.06 9.25 0.17 6.48 10.66 3.02 0.26 0.05 96.85 660 79 69 104 25 304 85 17 14.3 18 1.84 0.92 0.54 2.18 0.37 5.86 0.19 2 7.88 37 1.81 1 42 1.94 0.3 0.05 0.13 0.01 203 12 1.17

70.2-PSH-04 7335466 3437280 49.10 0.92 13.90 10.85 0.21 8.01 8.20 0.80 3.47 0.11 95.58 121 20 169 22 414 496 13.3 47.2 146 3.96 2.60 0.84 3.75 2.00 0.86 6.05 0.39 3.50 9.19 122 1.81 259 43.4 2.65 0.29 0.59 3.29 0.35 0.88 261 22.3 2.29

8.1-PSH-04 7265242 3424052 47.60 1.11 15.70 10.11 0.13 7.18 8.93 3.33 1.68 0.30 96.07 856 171 74 134 30 239 310 15.9 43.8 75.0 2.60 1.60 0.93 3.02 1.66 0.56 6.91 0.17 3.28 11.5 88.5 2.21 52.5 30.9 2.96 0.20 0.46 0.63 0.19 0.36 252 13.7 1.22

PSH$-2006-64 3548904 7270375 51.80 0.76 14.40 10.62 0.18 7.20 9.54 3.09 0.80 0.06 98.44 580 198 33 136 21 213 159 18.4 43.4 328 3 1.81 0.77 2.75 1.31 0.61 10.9 0.27 2.66 8.66 106 2.02 5.21 37.1 2.02 0.28 0.45 0.75 0.24 0.29 228 15.4 1.58

PSH-03-30 7047328 3641329 47.60 0.87 17.70 9.26 0.15 6.27 9.16 3.56 1.44 0.26 96.27 1251 66 60 176 27 556 394 36.9 31.9 51 3.45 2.17 1.40 4.75 2.46 0.75 16.9 0.31 2.68 22.0 20 4.94 37.5 22.2 4.54 0.67 1.75 0.30 0.26 207 20.9 1.81

PSH-03-35.1 7036978 3654061 52.00 0.88 13.40 9.76 0.19 7.32 9.31 2.85 0.62 0.07 96.40 76 128 20 334 79 11.2 42.7 241 3.45 2.14 0.86 3.25 1.50 0.70 4.80 0.33 2.78 8.87 149 1.74 14.9 40.6 2.60 0.56 0.52 0.30 0.33 236 19.5 2.12

PSH-03-44 7040779 3664210 50.20 0.95 13.10 11.10 0.21 6.86 10.14 2.93 0.59 0.07 96.14 238 558 58 128 24 151 107 19.4 52.0 102 3.73 2.46 0.95 3.54 1.51 0.82 8.37 0.34 2.1 10.8 74 2.46 5.11 56.7 2.45 0.56 0.34 334 22.0 2.31

PSH-90-13.2 7027700 3532860 43.32 0.71 13.66 18.29 0.55 6.05 10.88 2.38 0.42 0.09 96.35 5840 431 582 143 27 75 87 13 15.6 170 3.69 2.41 0.87 3.06 0.75 7.53 0.36 3 8.82 93 2.03 6 0 2.41 0.54 n.d. 0.33 n.d. 264 18 2.5

PSH-90-27.1 7029780 3546860 50.54 0.50 15.49 8.57 0.16 6.70 10.82 3.11 0.29 0.06 96.24 300 82 26 89 25 264 89 17 16.7 27 1.98 1.31 0.65 2.58 0.51 7.06 0.16 3 9.61 45 2.19  0 1.9 0.39 n.d. 0.16 n.d. 187 13 1.35

PSH-90-3.2 7038000 3535550 47.14 1.00 15.16 11.72 0.21 7.15 10.30 2.71 0.60 0.08 96.07 1750 125 181 113 16 123 99 17 13.6 150 4.17 2.71 0.88 3.88 0.86 5.49 0.37 1 7.9 129 1.83 3 45 2.87 0.61 0.25 0.35 0 319 23 2.28

PSH-90-37.7 7028450 3547310 48.69 0.54 14.82 9.23 0.19 6.80 10.50 3.20 0.28 0.06 94.31 140 244 0 127 18 215 126 17 15.2 51 2.38 1.44 0.71 2.26 0.5 6.54 0.2 4 8.78 50 2.11 4 0 1.91 0.4 n.d. 0.2 n.d. 224 11 1.43

130-PSH-04 7336033 3436865 48.40 0.96 13.60 11.62 0.23 8.45 7.94 1.95 2.81 0.06 96.01 137 55 144 197 282 8.95 50.3 191 3.46 2.16 0.71 2.78 1.47 0.77 4.19 0.35 2.12 6.74 172 1.28 219 42.5 2.16 0.55 0.31 282 21.5 2.40

181-PSH-04 7088104 3501008 46.10 0.69 13.70 11.09 0.20 9.99 12.05 1.88 0.45 0.05 96.20 295 87 55 109 23 161 81 7.44 49.5 335 2.30 1.59 0.67 1.91 1.05 0.58 3.70 0.20 1.50 4.80 169 0.93 6.53 51.3 1.40 0.42 0.23 270 14.4 1.64

184-PSH-04 7082241 3528086 49.60 0.97 15.80 10.49 0.37 4.46 13.27 1.78 0.33 0.06 97.13 5682 452 94 102 25 104 60 6.27 58.7 197 3.23 2.55 0.71 3.17 1.06 0.72 2.28 0.39 2.04 6.33 167 1.06 3.23 47.4 2.10 0.53 0.36 297 21.9 2.35

185.1-PSH-04 7081555 3527826 48.20 1.05 14.60 12.43 0.20 7.77 10.28 2.51 0.18 0.07 97.29 83 28 78 22 334 40 5.76 50.5 161 3.35 2.16 0.73 3.16 1.35 0.77 1.67 0.34 1.74 6.23 114 0.94 2.20 42.6 2.20 0.55 0.32 276 21.0 2.17

191.1-PSH-04 7072092 3518919 45.70 1.04 14.20 12.89 0.22 8.44 12.07 1.74 0.30 0.06 96.66 1009 504 77 121 144 54 10.1 57.7 212 3.92 2.71 0.82 3.52 1.23 0.82 3.48 0.40 1.90 7.73 167 1.49 1.90 49.4 2.68 0.57 0.39 318 24.1 2.42

191.2-PSH-04 7072092 3518919 49.80 1.11 16.20 10.76 0.30 4.90 11.91 3.06 0.30 0.07 98.41 1402 110 93 103 23 106 60 5.91 55.8 171 3.74 2.48 0.76 2.94 1.72 0.80 1.74 0.37 1.90 5.98 145 1.02 2.40 45.6 2.05 0.56 0.32 293 23.4 2.61

192-PSH-04 7074043 3511060 46.30 0.97 14.20 12.65 0.21 8.14 11.91 2.32 0.25 0.07 97.01 1664 180 146 106 97 38 6.85 51.9 215 3.45 2.29 0.73 2.64 1.38 0.76 2.13 0.35 1.65 5.97 141 1.08 0.81 43.1 2.00 0.50 0.30 276 21.0 2.30

20-PSH-04 7282728 3423895 48.70 0.87 13.80 11.94 0.21 7.84 9.38 2.52 0.51 0.06 95.83 90 58 97 169 149 6.31 49.9 150 3.12 2.32 0.69 2.65 1.54 0.70 2.19 0.35 1.86 5.61 126 0.97 18.2 45.1 1.85 0.47 0.34 279 20.1 2.05

49.2-PSH-04 7286461 3393302 47.60 0.81 14.20 11.13 0.18 7.89 9.66 3.19 0.76 0.05 95.47 95 32 93 21 103 77 8.72 50.0 209 3.35 2.06 0.76 2.44 1.56 0.74 3.88 0.32 1.69 7.04 143 1.30 12.2 41.7 1.83 0.52 0.33 253 18.3 2.00

5-PSH-04 7275650 3413629 46.10 0.64 15.80 9.89 0.16 9.53 10.49 2.43 1.21 0.03 96.28 215 44 79 22 95 77 5.37 49.4 279 1.86 1.31 0.52 1.57 0.65 0.43 2.37 0.17 1.22 4.06 212 0.79 33.4 30.9 1.05 0.29 0.18 181 11.4 1.23

7-1-VJ-86 7037700 3533200 48.35 0.87 16.09 11.41 0.20 7.19 10.95 2.56 0.13 0.07 97.82 1070 566 117 93 16 79 49 13 7.19 277 3.3 2.24 0.75 3 0.74 2.65 0.4 2 5.51 158 1.06 1 41 2.11 0.52 0.39 0.34 0.16 274 18 2.16

PSH$-2006-45 7263765 3559160 49.50 1.15 14.90 11.52 0.22 7.57 10.10 2.21 0.52 0.08 97.77 270 161 77 125 20 106 89 8.2 52.6 250 3.74 2.42 0.87 3.61 1.47 0.8 2.76 0.35 2.53 7.04 146 1.45 8.83 42.2 2.2 0.21 0.56 0.34 313 21.8 2.55

PSH$-2006-83.2 7256767 3491568 50.70 1.21 16.10 10.99 0.17 6.54 9.74 2.35 0.47 0.11 98.37 892 106 81 111 344 386 12.3 44.9 231 4.13 2.80 0.93 3.98 1.95 0.95 4.85 0.37 2.90 8.59 102 1.75 3.97 40.4 2.49 0.65 0.40 0.27 309 23.8 2.49

PSH-03-51.1 7042512 3663804 49.50 0.94 14.30 11.76 0.24 5.86 12.91 1.17 0.20 0.05 96.92 1645 65 111 21 110 70 7.33 57.7 219 4.47 2.65 0.79 3.36 1.46 0.95 3.03 0.40 1.81 6.31 145 1.07 1.92 58.2 2.06 0.60 0.42 333 27.8 2.86

PSH-03-97.5 7033349 3653109 49.30 1.37 14.40 12.18 0.22 6.62 8.82 2.44 1.03 0.11 96.49 1331 241 80 119 27 114 190 14.2 53.3 0.019 5.65 3.30 1.27 4.69 3.14 1.15 6.32 0.48 3.61 11.4 123 2.15 41.7 49.3 3.59 0.27 0.83 0.54 0.45 0.29 362 33.7 3.12

PSH-90-12.1 7023550 3537100 48.29 0.91 15.91 10.44 0.26 5.12 12.09 3.10 0.43 0.08 96.63 1770 134 133 105 19 128 92 19 7.68 254 3.64 2.61 0.82 3.54 0.82 3.1 0.37 3 6.72 156 1.24 5 50 2.13 0.55 0.19 0.31 0.11 294 22 2.08

PSH-90-44.1 7049200 3516250 45.89 0.76 14.38 11.62 0.24 7.31 13.43 2.10 0.21 0.04 95.98 610 92 38 100 19 94 35 11 5.86 288 3.11 2.14 0.72 2.88 0.72 1.97 0.31 3 4.91 143 1 1 0 1.87 0.55 n.d. 0.35 n.d. 274 20 1.89

PSH-90-5.4 7040520 3535940 47.77 1.64 14.07 12.97 0.25 6.01 10.98 2.63 0.30 0.15 96.77 1150 148 81 155 26 117 89 20 22.9 191 7.26 5.28 1.71 6.79 1.52 8.1 0.72 5 16.6 77 3.5  50 5.29 1.26 0.07 0.74 0.03 399 44 4.58

PSH-90-66.1 7061150 3526600 45.41 0.85 13.88 11.01 0.20 8.17 11.88 2.20 0.67 0.06 94.33 500 171 44 115 15 76 76 12 11 378 3.64 2.41 0.83 3.54 0.88 4.19 0.35 1 8.11 157 1.47 4 0 2.25 0.53 n.d. 0.38 n.d. 304 19 2.47

PSH-90-66.4 7061150 3526600 45.18 0.61 13.92 10.68 0.27 8.85 13.47 1.30 0.07 0.04 94.39 430 52 53 83 12 68 29 11 3.21 437 3.24 2.28 0.54 2.21 0.8 0.8 0.34 3 3.6 135 0.64 4 54 1.53 0.47 0 0.38 0.02 255 20 2.52

PSH-90-90 7041030 3544450 47.78 1.09 16.28 10.19 0.23 5.89 11.67 2.81 0.12 0.07 96.13 1830 303 117 110 21 107 51 15 4.43 329 3.69 2.55 0.73 3.31 0.82 1.3 0.37 1 5.1 212 0.83 3 54 1.89 0.55 0.38 0 371 21 2.26

PSH-90-94.3 7067150 3529970 45.65 0.84 14.20 11.41 0.20 7.48 12.51 1.99 0.37 0.06 94.71 770 66 90 100 23 94 44 16 6.45 304 3.97 2.28 0.9 3.28 0.8 2.35 0.34 0.5 6.14 163 1.16 6 0 1.94 0.62 n.d. 0.43 n.d. 288 17 2.49

Komatiitic basalts

PSH-03-24.1 7029373 3630838 48.30 0.89 11.20 9.57 0.18 12.20 9.49 1.92 1.58 0.11 95.44 142 134 164 295 21.2 54.4 493 2.95 1.61 0.89 3.27 1.29 0.55 11.7 0.20 2.64 13.7 180 3.01 50.6 50.9 2.83 0.46 0.65 0.21 0.51 295 15.6 1.02

183.2-PSH-04 7086291 3510075 47.30 0.35 11.50 8.54 0.18 14.20 11.66 1.16 0.92 0.01 95.81 355 86 42 64 128 1.90 55.7 679 1.34 0.81 0.30 1.10 0.28 0.65 0.15 0.56 1.58 310 0.37 18.2 45.7 0.84 0.2 0.18 0.5 0.12 0.2 189 8.30 0.80

189.2-PSH-04 7096661 3532852 47.70 0.66 10.40 11.37 0.22 12.60 9.97 1.71 0.94 0.04 95.61 94 156 25 102 122 10.3 58.7 725 2.45 1.36 0.71 2.04 1.04 0.44 2.68 0.18 1.93 7.85 318 1.72 35.9 34.7 2.09 0.2 0.36 0.5 0.21 0.25 195 13.8 1.54

PSH$-2006-78 3561914 7301700 49.30 0.80 11.70 10.17 0.15 13.50 7.00 1.89 2.43 0.03 96.96 334 126 75 438 25.9 59.3 1079 3.4 2.03 0.72 4.06 1.84 0.74 10.7 0.27 4.91 16.4 390 3.76 98.8 35.5 3.38 0.56 0.61 1.61 0.26 0.48 210 18.4 1.93

PSH-03-28.1 7041034 3627235 48.40 0.39 11.10 11.15 0.24 10.70 10.01 1.70 1.13 0.01 94.83 93 168 20 82 123 24.3 50.0 1039 7.48 4.87 0.48 5.23 1.01 1.59 8.75 0.74 5.62 12.8 276 3.25 38.9 36.3 3.82 2.43 1.04 2.09 0.74 1.14 178 54.3 5.13

Andesitic basalts

170.3-PSH-04 7166515 3495778 52.60 1.07 13.60 11.22 0.19 5.54 8.57 3.44 0.84 0.08 97.15 488 340 91 195 27 126 85 226 12.6 40.6 101 3.73 2.61 0.83 3.73 1.78 0.91 5.40 0.39 3.95 8.61 71.2 1.66 16.9 38.8 2.55 0.49 0.66 2.30 0.40 1.77 277 24.3 2.62

171.2-PSH-04 7170924 3495952 55.90 0.94 14.60 9.22 0.16 5.43 7.65 3.18 0.68 0.07 97.84 1701 356 166 99 26 153 202 19.7 37.4 99.4 3.77 2.31 0.83 3.30 2.32 0.83 7.94 0.38 3.71 11.3 70.4 2.57 16.2 35.0 2.88 0.29 0.63 1.39 0.35 0.25 275 23.3 2.32

193.2-PSH-04 7080204 3519163 53.00 0.89 10.60 11.32 0.21 8.27 9.81 1.98 0.71 0.11 96.90 1240 358 51 126 178 61 25.9 52.7 383 2.47 1.41 0.93 3.60 2.29 0.45 12.3 0.14 4.02 13.8 196 3.33 7.81 26.3 2.79 0.21 0.47 1.48 0.18 0.84 179 12.8 0.98

3.1-PSH-04 7271283 3419703 54.80 0.63 15.70 8.53 0.15 5.57 7.17 4.63 1.12 0.16 98.46 138 113 24 159 142 35.4 24.5 110 4.87 2.75 1.25 5.16 2.94 0.95 14.5 0.41 5.38 20.9 90.4 4.86 29.0 22.6 4.50 0.35 0.84 0.5 0.39 0.2 140 26.4 2.54

4.3-PSH-04 7268811 3421259 53.50 0.96 15.00 9.85 0.17 4.36 7.92 3.65 1.42 0.15 96.98 6390 190 282 114 24 312 338 17.3 34.2 56.1 2.89 1.92 1.05 3.67 1.87 0.69 7.68 0.28 3.76 11.3 50.4 2.25 32.2 30.8 2.64 0.28 0.49 0.62 0.31 0.31 219 20.1 1.94

43.1-PSH-04 7309666 3435356 52.80 1.41 14.40 7.91 0.14 8.89 5.41 2.12 3.71 0.26 97.04 232 167 39 99 26 228 1083 77.1 34.9 143 3.55 1.89 1.86 5.72 3.98 0.70 37.0 0.21 13.6 36.4 158 9.24 91.6 21.5 6.11 0.81 0.76 10.7 0.24 2.26 161 17.6 1.33

77.2-PSH-04 7281986 3483078 52.60 1.21 13.60 12.32 0.22 6.02 8.41 3.00 0.81 0.11 98.31 120 288 30 174 30 149 101 18.7 43.7 99.4 5.29 2.82 1.01 4.50 2.26 1.06 9.60 0.48 3.85 11.2 69.4 2.38 13.4 43.6 2.93 0.24 0.79 1.42 0.45 0.84 325 29.7 2.77

91.2-PSH-04 7327823 3504736 53.70 1.19 13.90 11.03 0.17 5.38 7.68 1.73 2.17 0.08 97.03 163 122 24 432 384 9.46 38.7 66.4 4.32 2.84 0.95 3.54 2.18 0.91 3.99 0.46 3.02 7.91 69.5 1.60 68.0 37.2 2.86 0.2 0.69 0.5 0.39 0.2 272 24.9 2.82

PSH$-2006-37 3556349 7282311 56.70 0.98 16.70 7.29 0.14 4.13 6.74 4.47 1.40 0.25 98.80 76 143 115 27 461 317 52.2 24 0.011 4.03 2.29 1.33 4.98 3.47 0.82 22.3 0.37 8.73 28.6 7.16 43 16.7 5.23 0.3 0.81 0.74 0.31 1.06 133 22.4 2.34

PSH$-2006-72.2 3566346 7235244 53.60 0.94 15.50 9.54 0.14 5.09 8.75 3.97 0.82 0.12 98.48 906 288 62 97 28 504 326 32.5 36 0.018 3.96 2.46 1.33 5.41 2.3 0.86 12.9 0.35 4.46 21.3 0.007 4.66 12.5 32.8 4.45 0.27 0.81 1.93 0.33 0.73 228 21.4 2.06

PSH-90-65.1 7054360 3537500 57.06 1.15 14.33 8.23 0.18 3.31 8.34 3.13 1.73 0.36 97.82 200 92 0 112 22 110 629 21 41.5 34 6.21 3.39 1.42 5.97 1.2 19.2 0.49 9 23.4 13 5.43 40 0 5.29 0.97 n.d. 0.58 n.d. 181 37 3.85

PSH-90-72.1 7030680 3547110 53.90 0.61 14.42 9.53 0.18 5.82 9.18 2.23 0.45 0.08 96.40 1440 158 35 118 22 232 120 23 23.5 33 2.6 1.75 0.86 2.58 0.53 10.7 0.27 1 11.2 38 2.8  0 2.56 0.43 n.d. 0.27 n.d. 206 16 1.46

Rhyodacites and andesites 

179.1-PSH-04 7075136 3498485 64.30 0.76 15.70 5.71 0.10 2.87 3.12 3.44 2.59 0.12 98.71 4077 254 64 94 28 323 578 56.7 26.9 118 3.80 1.87 1.00 4.77 3.44 0.73 27.2 0.32 5.27 26.2 81.4 6.63 80.5 19.8 4.71 0.40 0.69 8.42 0.27 1.50 131 20.0 2.04

PSH$-2006-64.1 3548902 7270369 68.00 0.44 16.20 3.03 0.04 1.39 4.15 4.57 1.29 0.15 99.26 893 145 50 50 421 597 40.1 8.87 0.004 0.85 0.42 0.59 1.88 3.26 0.17 22.8 1.75 14.3 4.12 34.4 6.13 1.94 0.26 4.1 0.26 40.1 4.06 0.3

PSH$-2006-65.2 3542180 7260301 67.20 0.38 15.10 4.31 0.07 3.43 2.37 2.91 3.27 0.10 99.13 96 126 23 344 858 19.9 14.3 0.016 0.91 0.42 0.45 1.62 2.61 0.18 10.2 3.32 9.42 0.007 2.32 88.0 9.17 1.68 0.32 0.21 4.31 1.13 47.2 4.77 0.39

PSH-03-46.1 7040756 3663942 69.30 0.47 16.00 2.33 0.04 1.05 3.10 5.29 1.57 0.16 99.31 215 57 23 739 643 42.0 6.49 0.003 1.65 0.72 0.90 3.16 3.07 0.31 20.5 4.14 19.4 4.98 52.0 5.00 3.44 0.27 0.38 1.83 0.20 37.3 8.26 0.45

10.1-PSH-04 7257618 3429116 56.80 0.57 15.70 8.06 0.16 4.88 4.86 2.34 3.41 0.07 96.85 181 132 28 319 357 27.9 28.6 47.2 3.41 2.11 0.98 4.19 7.22 0.74 10.9 0.32 3.86 15.8 67.0 3.79 161 28.2 3.80 0.33 0.64 0.5 0.27 0.47 131 19.0 1.94

PSH-90-69.6 7030260 3547250 59.63 1.00 13.53 9.68 0.14 2.65 5.49 3.45 1.97 0.18 97.72 930 211 8 128 23 280 767 23 57.3 27 4.12 2.04 1.32 4.73 0.81 26.8 0.37 7 25.8 13 6.69 24 0 5.13 0.71 n.d. 0.31 n.d. 272 20 1.95

172-PSH-04 7177648 3492703 59.60 0.97 15.00 7.72 0.10 3.45 5.68 4.09 1.73 0.23 98.56 150 57 27 252 334 56.0 23.6 45.3 5.19 3.07 1.23 5.66 5.18 1.15 25.5 0.44 8.98 28.1 44.2 6.62 59.8 20.7 5.55 0.68 0.89 5.65 0.45 0.98 133 30.2 2.77

Metavolcanic rocks of the greenstone belts

Komatiites and komatiitic basalts

Ilomantsi, Hattu (reanalysed from O’Brien et al. 1993)

Sample Northing 
(KKJ)

Easting 
(KKJ)

SiO2 TiO2 Al2O3 FeO MgO MnO CaO Na2O K2O P2O5 Sum of 
oxides

As Ba Cl Cr Cu S V Zn Ba Ce Co Cu Dy Er Eu Ga Gd Hf Ho La Lu Nb Nd Pb Pr Rb Sc Sm Sr Ta Tb Th Ti Tm U

XRF ICP-MS
KJP-87-80.2 6997601 3717957 40.50 0.16 4.17 9.02 34.30 0.14 2.35 0.07 0.00 0.07 90.78 23 3448 20 335 94 88 0.3 2.28 101 17.4 0.49 0.37 0.14 3.98 0.51 0.28 0.08 0.97 0.05 0.49 1.78 5.75 0.36 0.29 18.4 0.42 47 0 0.06 0.12 845 0.03 0.03

HJO-86-30 6995360 3715648 43.90 0.23 4.23 8.94 35.00 0.14 1.86 0.07 0.02 0.15 94.54 20 3631 65 721 97 110 4.23 5.19 86.8 69.8 0.55 0.4 0.24 4.62 0.83 0.38 0.13 2.2 0.06 0.83 3.25 1.56 0.68 1.02 19.3 0.89 114 0 0.11 0.25 1264 0.05 0.08

HJO-86-32 6994985 3715775 42.90 0.28 4.07 9.34 33.50 0.12 1.00 0.07 0.02 0.11 91.41 85 3286 20 192 100 86 71.6 3.28 88.1 8.5 0.69 0.44 0.23 4.58 0.88 0.54 0.15 1.23 0.06 0.84 2.76 1.21 0.5 1.07 17.9 0.58 75.6 0 0.11 0.21 1603 0.05 0.07

KJP-87-80.1 6997601 3717957 43.10 0.44 7.60 7.93 26.80 0.16 6.52 0.07 0.04 0.21 92.87 32 2004 20 60 131 89 17.8 16.1 55.9 8.21 1.81 0.92 0.51 8.59 2 1.02 0.35 7.12 0.15 1.45 9.92 2.12 2.19 1.51 21.3 2.02 115 0 0.27 1.15 2424 0.12 0.1

KJP-87-99 6992144 3716279 47.00 0.43 7.04 15.91 11.90 0.38 9.80 1.25 0.22 0.15 94.08 805 142 2227 20.00 350 123 107.00 118 12.6 64.9 29.7 2.09 1.11 0.54 8.93 2.29 1.5 0.44 5.29 0.17 2.32 7.24 3.41 1.68 6.55 22.8 1.71 83.8 0.02 0.36 1.19 2365 0.16 0.35

L05092835 6989805 3717661 46.50 0.48 7.39 9.95 17.50 0.22 9.08 0.62 0.11 0.13 91.98 40 1662 0 160 96 28.7 7.61 1.7 2.68 1.39 0.83 10.9 2.56 1.43 0.52 2.56 0.22 1.94 6.84 2.1 1.21 2.1 29 2.35 67 0.42 0.93 2660 0.23 0.22

KJP-87-16 7003931 3712603 48.50 0.49 5.31 11.15 20.00 0.23 8.07 0.10 0.02 0.05 93.92 20 1279 21 61 105 147 5.3 22.5 85 60 1.65 0.75 0.6 9 2.36 1.44 0.27 9.97 0.1 3.82 11.8 3.35 2.9 0.42 16.6 2.22 62.9 0.14 0.3 1.66 2783 0.09 0.4

KJP-87-14.2 7003532 3712622 40.50 0.63 10.40 9.64 21.80 0.18 7.44 0.07 0.03 0.21 90.90 26 61 2327 20 60 133 180 4.65 29.6 86.7 0.98 1.64 1.07 0.53 15.9 2.52 1.85 0.33 15.3 0.15 4.24 14.2 1.5 3.59 0.85 25.9 2.65 27.4 0.08 0.34 2.05 3530 0.16 0.41

HJO-87-79.1 6988788 3717137 50.20 0.54 9.41 11.06 13.70 0.20 7.62 2.65 0.40 0.16 95.94 167 60 1429 20.00 98 164 131.00 172 13.6 53.5 2.29 2.67 1.58 1.06 15 3.14 1.7 0.56 5.97 0.23 2.46 9.39 2.32 1.9 12.3 26.4 2.66 186 0.06 0.42 1.74 3251 0.23 0.47

Ilomantsi, Kovero

12-TTU-06 6943898 3675060 40.60 0.10 3.29 10.17 37.80 0.16 0.61 0.07 0.00 92.79 29 3522 316 66 71 3.78 0.84 128 14 0.53 0.33 3.15 0.33 0.12 0.51 0.21 0.72 2.38 0.12 0.39 15.5 0.29 583

11-TTU-06 6943935 3675034 40.20 0.19 5.29 10.26 32.80 0.13 2.38 0.07 0.00 91.32 5943 2649 100 67 1.85 1.2 138 109 0.47 0.33 6.14 0.33 0.5 0.6 1 3.87 0.2 0.54 19.3 0.38 1.69 1100

9-TTU-06 6943932 3675037 45.40 0.20 5.61 8.52 27.30 0.15 6.73 0.07 0.00 93.99 4529 1423 92 57 1.92 1.67 95.7 32.2 0.86 0.63 0.14 6.09 0.61 0.19 0.58 0.6 1.72 2.21 0.32 0.2 18.3 0.68 17.5 0.14 1190

19-TTU-06 6943879 3675073 42.30 0.16 5.09 10.08 32.60 0.12 3.45 0.07 0.00 93.87 2520 1488 87 60 1.06 1.34 129 40.4 0.93 0.53 4.78 0.5 0.59 0.18 0.63 0.12 0.29 1.6 1.47 0.22 0.33 21 0.42 7.05 0.11 906

7-TTU-06 6943939 3675038 43.90 0.22 7.18 9.00 26.10 0.15 6.37 0.07 0.00 92.99 3440 1651 100 61 0.86 1.47 106 84.7 1.22 0.74  6.62 0.86 0.26 0.58 0.44 1.44 1.03 0.28 0.23 27.1 0.64 5.72 0.17 1300

10-TTU-06 6943926 3675037 38.90 0.19 5.62 10.89 32.40 0.13 2.98 0.07 0.00 91.19 23 5909 2151 110 64 6.04 4.49 127 86.7 0.53 0.35 6.04 0.51 0.5 0.13 2.58 0.54 2.39 2.57 0.5 0.5 19.2 0.63 6.28 1070

24-TTU-06 6943812 3675114 46.60 0.35 9.69 11.34 14.90 0.23 10.50 0.82 0.16 0.02 94.61 47 58 76 1912 20 60 186 107 41.5 3.58 66.6 7.59 1.49 1.03 0.27 9.51 1.38 0.68 0.34 1.72 0.2 0.61 3.01 1.93 0.53 12.2 46.5 1 54.2 0.27 2280 0.15 0.2

22-TTU-06 6943813 3675108 47.50 0.33 8.71 10.98 15.70 0.21 10.20 0.78 0.24 0.02 94.67 68 89 1872 20 60 186 113 58.8 3.03 72.3 25.3 1.54 0.96 0.29 8.8 1.18 0.68 0.32 1.6 0.14 0.67 2.52 1.97 0.43 24.2 42.6 0.85 48.1 0.21 2100 0.14 0.2

23-TTU-06 6943815 3675110 49.00 0.34 9.65 10.71 15.00 0.19 8.33 1.10 0.30 0.02 94.63 40 87 92 1308 50 60 185 93 76.8 2.96 68 55.8 1.57 1.12 0.22 8.71 1.21 0.75 0.34 1.59 0.18 0.64 2.41 3.25 0.48 34.8 43.3 0.85 78.3 0.25 2120 0.15 0.2

L05092828 6957665 3692097 51.40 0.57 11.50 9.36 9.97 0.18 8.56 3.79 0.21 0.03 95.57 94.6 613 61.3 1070 239 83.7 70.5 3.58 68.6 2.08 1.29 0.44 10.5 1.68 0.88 0.43 1.31 0.21 1.07 3.16 1.9 0.59 4 50.2 1.19 100 0.3 3320 0.19

25-TTU-06 6943815 3675118 47.40 0.39 10.30 11.97 13.50 0.30 10.30 1.12 0.10 0.02 95.40 32 77 1574 20 60 190 162 21 3.36 79.3 26.5 1.64 1.17 0.38 10.8 1.27 0.79 0.39 1.39 0.18 0.67 2.65 2.65 0.49 2.2 45.5 1.02 44.2 0.27 2370 0.17 0.2

Kuhmo

L03072898 7133098 3601208 41.10 0.23 4.73 9.30 30.60 0.21 5.66 0.00 0.01 0.02 91.86 23 7191 57 112 215 0 2.83 112 47.6 0.66 0.49 0.11 6.43 0.55 0.1 0.13 0.71 0.05 0.37 1.36 0.39 0.3 0.42 16.7 0.33 1.07 0.02 0.12 0.26 1200 0.05 0

10-PTP-03 7130564 3602049 41.40 0.16 3.08 7.16 36.70 0.13 1.85 0.00 0.01 0.02 90.51 25 3003 180 64 72 0 2.38 112 7.44 0.71 0.43 0.06 4.13 0.43 0.02 0.11 0.74 0.07 0.48 1.22 0 0.34 0.46 10.6 0.26 4.93 0.01 0.09 0.17 934 0.05 0

4-PTP-03 7127563 3601670 42.60 0.37 8.62 10.00 24.20 0.17 5.60 0.08 0.02 0.03 91.69 2558 94 100 150 98 3.07 2.71 92.5 81.3 1.37 0.95 0.27 8.41 1.15 0.41 0.31 0.74 0.12 0.72 2.4 5.17 0.38 1.12 30.9 0.63 15.7 0 0.21 0.01 2380 0.11 0

L03072900 7204190 3608706 45.80 0.39 14.20 9.03 12.40 0.18 11.10 1.49 0.22 0.04 94.85 65 190 935 112 190 171 76 39.5 2.91 78 110 1.36 0.88 0.35 11.9 1.16 0.18 0.26 0.79 0.14 0.79 2.6 2.95 0.45 6.69 39.8 0.68 156 0.03 0.19 0.06 2330 0.14 0

2A-PTP-03 7127610 3601579 45.70 0.36 7.18 9.14 21.50 0.17 8.24 0.11 0.01 0.03 92.44 293 26 81 2466 13 38 141 84 14 2.09 26.2 0 1.56 0.91 0.2 7.4 1.25 0.51 0.31 0.58 0.11 0.8 2.55 0.36 0.35 0.58 23 0.8 7.09 0.06 0.23 0.13 1829 0.14 0.03

2F-PTP-03 7127619 3601588 46.30 0.33 6.90 8.87 21.70 0.17 8.35 0.12 0.01 0.02 92.77 302 19 74 2505 6 45 139 79 1.94 1.69 68.6 12.8 1.12 0.76 0.21 8.16 1.04 0.34 0.27 0.52 0.12 0.95 1.97 0.88 0.32 0.38 26 0.58 7.69 0.02 0.18 0.1 1853 0.13 0.06

25-PTP-03 7133092 3601277 51.10 0.37 14.80 6.25 11.20 0.16 10.93 2.16 0.98 0.02 97.97 0 187 72 454 32 4 168 81 157 3.38 30.8 12.6 1.89 0.97 0.34 10.9 1.4 0.5 0.36 1.45 0.13 0.61 2.9 32.6 0.46 41 32.4 0.98 124 0.03 0.25 0.3 1733 0.13 0.1

53-PTP-03 7151046 3598464 43.80 0.35 7.30 10.15 22.60 0.22 7.11 0.05 0.02 0.02 91.62 15 22 94 2499 0 0 140 147 3.11 1.66 55.5 0 1.45 0.77 0.22 8.22 1.09 0.46 0.31 0.57 0.11 0.6 1.83 0 0.29 0.54 23.7 0.81 5.05 0.05 0.21 0.1 1824 0.12 0.38

2G-PTP-03 7127619 3601588 44.50 0.40 8.24 10.45 20.50 0.18 8.03 0.26 0.02 0.02 92.60 262 21 68 2612 15 107 178 97 1.06 2.52 124 15.9 1.51 0.93 0.21 8.75 1.33 0.54 0.35 1 0.18 0.77 2.58 0.94 0.45 0.19 30.4 0.94 6.6 0.02 0.23 0.06 2269 0.2 0.03

56-PTP-03 7123890 3603424 46.00 0.65 12.90 12.20 10.50 0.27 10.30 0.94 0.27 0.05 94.08 70 220 890 51 890 256 113 53.1 6.29 85.2 52.8 2.76 1.88 0.61 15.5 2.46 0.63 0.53 2.03 0.26 1.43 5.43 7.41 0.94 8.83 45.3 1.98 69.3 0.07 0.4 0.18 3990 0.25 0

2H-PTP-03 7127619 3601588 44.50 0.41 8.09 10.69 20.00 0.19 8.16 0.32 0.02 0.02 92.40 28 16 90 2545 7 9 158 93 1.4 2.49 74.8 5.68 1.74 1.05 0.34 9.46 1.41 0.68 0.36 0.85 0.13 0.82 2.11 1.89 0.46 0.18 33.2 0.86 7.33 0.04 0.23 0.1 2575 0.13 0.08

12-PTP-03 7129321 3600846 45.30 0.54 10.60 10.81 15.80 0.20 10.04 0.78 0.30 0.04 94.41 0 96 134 1487 16 7 208 193 81.5 3.77 59.8 0 2.45 1.37 0.39 10.6 2.29 0.59 0.53 1.36 0.22 1.12 3.71 2.89 0.58 9.29 32.9 1.34 20.4 0.09 0.33 0.13 2728 0.26 0.08

2I-PTP-03 7127619 3601588 45.10 0.48 9.54 11.71 16.60 0.20 8.60 1.32 0.05 0.03 93.63 11 24 136 2185 17 10 203 83 3.17 2.97 77.9 0 1.97 1.21 0.47 11.3 1.49 0.69 0.37 1.17 0.17 0.94 3.39 2.36 0.49 0.31 35.8 1.2 12.8 0.04 0.29 0.09 2860 0.17 0.06

2B2-PTP-03 7127619 3601588 44.10 0.37 7.95 9.62 22.40 0.21 6.80 0.20 0.04 0.02 91.71 0 26 78 2545 6 0 145 93 3.91 2.38 82.5 7.38 1.48 0.88 0.33 8.51 1.09 0.58 0.29 1.06 0.14 0.68 2.13 3.53 0.41 2.05 29.3 1.07 14 0.01 0.22 0.08 2051 0.14 0

2B1-PTP-03 7127619 3601588 48.70 0.57 11.60 10.88 12.60 0.20 7.86 3.02 0.07 0.03 95.53 1 27 160 668 18 47 225 66 8.59 2.87 65.6 7.94 2.13 1.56 0.49 12.6 1.87 0.77 0.46 0.97 0.2 0.99 2.99 7.83 0.56 0.31 45.3 1.16 72.1 0.1 0.31 0.07 3420 0.22 0.02

7D-PTP-03 7128010 3602258 43.00 0.47 8.33 10.85 21.50 0.17 6.98 0.07 0.01 0.04 91.42 1 20 58 1973 0 0 174 76 2.43 4.2 86.8 0 1.93 1.15 0.39 9.6 1.68 0.77 0.43 1.42 0.2 3.81 3.07 1.6 0.62 0.37 30.2 1.18 10.1 0.31 0.32 0.17 2875 0.17 0.07

2D-PTP-03 7127619 3601588 47.40 0.56 11.30 11.15 13.60 0.19 7.84 2.56 0.07 0.03 94.70 9 40 163 815 6 16 218 69 15 2.72 64.2 36.9 2.12 1.43 0.38 12.2 1.65 0.79 0.4 1.05 0.19 1.06 2.74 4.55 0.46 0.23 43.8 1.04 55 0.05 0.29 0.1 3462 0.21 0.08

2C-PTP-03 7127619 3601588 47.50 0.58 11.30 11.24 13.40 0.20 7.96 2.63 0.07 0.03 94.91 6 26 184 816 15 55 231 74 5.87 4.1 64.9 22.7 2.3 1.33 0.51 12.5 1.92 0.87 0.5 1.53 0.2 1.13 3.95 8.1 0.67 0.27 43.8 1.31 58.4 0.04 0.31 0.12 3578 0.21 0.05

13-PTP-03 7105965 3618236 47.20 0.62 12.00 10.30 12.10 0.23 11.20 1.73 0.18 0.05 95.61 57 140 1123 235 111 35.8 6.78 72.3 13 2.45 1.65 0.58 13.4 2.46 0.74 0.6 2.23 0.25 1.67 4.86 3.21 0.97 2.3 43.1 1.42 146 0.1 0.36 0.15 3940 0.27 0

7B-PTP-03 7128010 3602258 44.70 0.46 8.24 10.63 19.90 0.20 8.13 0.25 0.03 0.03 92.57 2 20 56 2195 4 0 168 104 3.87 3.8 83.7 0 2.26 1.35 0.38 10.9 1.72 0.93 0.4 1.8 0.16 0.83 3.29 3.09 0.62 0.66 34.1 1.25 8.6 0.03 0.3 0.12 1604 0.17 0.04

7F-PTP-03 7128010 3602258 44.60 0.44 7.96 10.39 19.90 0.20 8.17 0.22 0.02 0.03 91.93 2 20 45 1924 11 6 157 98 4.93 3.09 86.5 6.6 2.05 1.31 0.34 10.3 1.36 0.79 0.39 1.26 0.21 0.7 2.87 5.14 0.56 0.36 28.6 1.06 8.8 0.04 0.31 0.08 1860 0.22 0.08

7E-PTP-03 7128010 3602258 40.50 0.59 10.10 12.72 20.20 0.20 6.51 0.13 0.02 0.05 91.02 0 22 52 1632 116 86 217 108 14.4 6.48 91.1 99.9 2.06 1.44 0.46 11.8 1.9 0.74 0.45 2.91 0.23 1.35 4.57 2.89 0.93 0.24 33.7 1.41 7.17 0.11 0.35 0.15 3441 0.21 0.03

2E-PTP-03 7127619 3601588 47.40 0.58 11.10 11.41 12.80 0.19 8.61 2.74 0.10 0.02 94.95 6 30 216 1445 45 261 231 70 11 3.29 66.4 24.3 2.47 1.53 0.5 13.6 1.8 0.9 0.57 1.24 0.23 1.15 3.54 4.38 0.54 0.43 45.6 1.36 40.5 0.08 0.33 0.18 3645 0.21 0.04

48-PTP-03 7175646 3604213 44.00 0.75 12.30 12.40 13.80 0.20 7.41 1.80 0.04 0.06 92.76 46 1136 130 160 254 122 25.9 6.58 83.9 113 2.88 1.81 0.55 15.4 2.55 0.86 0.62 2.1 0.23 1.51 5.33 0.37 0.97 0.44 38.6 1.74 40.6 0.08 0.44 0.24 4650 0.26 0.04

7C-PTP-03 7128010 3602258 48.40 0.63 10.90 10.99 14.10 0.19 7.15 2.63 0.07 0.04 95.10 6 31 68 886 31 113 222 74 13.1 4.63 65.9 20.8 2.75 1.68 0.78 11.6 2.39 0.79 0.6 1.79 0.27 1.57 4.3 3.37 0.79 1.69 40.9 1.47 40.5 0.09 0.39 0.18 3775 0.26 0.07

52-PTP-03 7151793 3598324 45.50 0.75 10.90 13.65 11.10 0.28 11.49 1.24 0.40 0.05 95.36 7 128 259 773 10 1 247 160 110 9.05 51.8 0 3.02 1.76 0.82 13.2 3.69 1.38 0.66 4.08 0.23 1.58 7.2 6.62 1.24 11.4 31.9 2.23 111 0.11 0.52 0.42 3794 0.31 0.57

47-PTP-03 7171190 3603261 48.70 0.66 13.00 10.80 11.10 0.18 6.87 3.03 0.09 0.05 94.48 38 694 65 270 247 94 18.7 13.4 76.7 61.5 3.05 1.7 0.63 14.4 2.5 0.73 0.66 6.02 0.25 2.27 8.01 1.36 1.78 1.2 47 1.77 112 0.14 0.42 1.39 4130 0.24 0.37

7A-PTP-03 7128010 3602258 48.50 0.66 11.90 10.52 12.20 0.18 7.41 3.27 0.06 0.04 94.74 1 27 66 938 83 76 220 70 8.72 5.96 66.7 88.4 2.62 1.74 0.6 14 2.31 1.09 0.55 2.18 0.29 1.75 5.19 7.44 0.9 0.43 44.4 1.52 83.3 0.14 0.42 0.18 4314 0.27 0.11

36-PTP-03 7137847 3600713 48.90 1.12 5.84 11.00 11.90 0.36 13.30 1.86 0.45 0.06 94.79 255 360 53 172 860 265 136 247 14.5 84.9 170 3.07 1.63 1.15 12.2 3.97 1.58 0.63 5.53 0.18 3.53 11.6 7.18 2.14 9.48 55.7 3.28 63.1 0.24 0.57 1.23 6780 0.22 0.35

Basalts

Ilomantsi, Hattu (reanalysed from O’Brien et al. 1993)

Sample Northing 
(KKJ)

Easting 
(KKJ)

SiO2 TiO2 Al2O3 FeO MgO MnO CaO Na2O K2O P2O5 Sum of 
oxides

As Ba Cl Cr Cu S V Zn Ba Ce Co Cu Dy Er Eu Ga Gd Hf Ho La Lu Nb Nd Pb Pr Rb Sc Sm Sr Ta Tb Th Ti Tm U

XRF ICP-MS
HJO-86-116 6990234 3717430 48.50 0.89 14.50 11.46 8.92 0.18 9.02 2.97 0.18 0.07 96.69 57 300 100 60 309 113 42.6 6.13 45.8 120 3.21 1.97 0.64 17.1 2.7 0.99 0.71 2.35 0.29 1.71 4.85 1.88 0.97 2.45 47.6 1.89 199 0 0.47 0.23 4885 0.28 0.04

HJO-86-117 6990137 3717484 49.50 0.95 14.20 11.75 8.95 0.19 9.15 2.41 0.15 0.07 97.32 54 183 107 87 306 128 27.5 6.28 48 101 3.56 2.21 0.7 17.3 2.79 1.12 0.77 2.38 0.32 1.58 5.66 1.14 1.01 1.11 45.6 2 101 0 0.51 0.27 5385 0.32 0.06

HJO-86-20 6991638 3717464 52.40 1.71 11.70 19.47 2.41 0.26 6.13 3.07 0.22 0.20 97.57 58 212 30 25 578 85 225 44.3 18.4 38.6 32.2 9.3 5.98 1.73 26.3 7.72 3.39 2.11 6.67 0.88 6.15 15.2 1.27 2.84 1.46 44.9 5.6 86.7 0.31 1.44 0.58 10750 0.87 0.17

HJO-86-21 6991432 3717334 50.50 2.01 12.40 18.57 3.78 0.24 5.62 4.34 0.19 0.13 97.78 39 142 30 20 173 299 117 32.5 10.2 56.8 9.07 5.94 3.74 1.27 21.8 5.13 2.19 1.28 3.46 0.57 3.45 9.87 0 1.75 3.09 52.7 3.29 70.8 0.14 0.89 0.39 12420 0.55 0.08

HJO-87-90 6992863 3716656 49.40 0.68 13.40 10.16 10.20 0.17 10.42 2.00 0.11 0.06 96.60 38 642 49 206 225 93 23.2 6.41 51.5 76.9 2.71 1.73 0.54 13.4 2.57 1.2 0.59 2.57 0.24 1.85 5.53 1.43 1.04 0.79 38.2 1.67 126 0.02 0.4 0.2 3877 0.24 0.08

KJP-87-13.1 7003524 3712682 51.90 0.80 13.20 7.20 6.53 0.18 11.96 3.71 0.14 0.06 95.68 60 463 37 247 254 75 56.1 8.43 41 45.4 3.01 1.82 0.69 14.3 2.51 1.21 0.67 3.35 0.27 2.16 6.42 1 1.25 1.42 39.7 2.03 370 0.04 0.46 0.25 5050 0.26 0.07

KJP-87-13.2 7003524 3712682 52.50 1.16 14.10 9.45 7.32 0.16 9.47 3.63 0.20 0.09 98.07 79 74 258 815 308 86 67 11.2 41.7 255 4.41 2.41 0.99 18 4.08 1.68 0.89 3.9 0.35 3.41 8.97 2.11 1.8 4.21 41.8 2.77 252 0.09 0.56 0.38 7029 0.38 0.08

KJP-87-38 6993925 3718179 49.90 0.83 13.70 9.11 9.96 0.14 10.59 2.51 0.46 0.06 97.26 94 594 85 188 261 91 75.5 7.95 44.3 89.1 3.16 1.96 0.72 15.5 2.78 1.24 0.63 3.09 0.31 2.11 6.55 2.33 1.24 20.4 42.2 1.93 178 0.07 0.47 0.25 4943 0.32 0.09

KJP-87-97 6991758 3717879 48.10 0.93 15.50 12.64 7.52 0.19 8.99 2.99 0.27 0.07 97.20 59 131 241 39 60 275 141 42.8 5.1 49.3 33.8 2.7 1.9 0.7 15 2.55 0.99 0.65 1.89 0.25 1.62 5 3.36 0.8 9.93 38.7 1.56 309 0 0.42 0.11 4959 0.26 0

L05092836 6993925 3718025 48.40 0.97 16.10 8.01 7.59 0.19 11.40 1.99 0.88 0.08 95.61 142 454 60 650 323 79 137 8.51 3.51 2.03 0.75 16.7 2.95 1.42 0.66 3.15 0.3 2.44 6.88 5.35 1.33 35.5 47.7 2.13 159 0.47 5420 0.29

L05092826 6972729 3723586 51.10 0.99 14.80 10.08 5.71 0.24 10.30 2.15 0.28 0.08 95.73 50 209 0 330 109 37.1 8.85 3.95 2.65 0.84 17.2 3.49 1.36 0.85 3.16 0.39 2.09 7.6 7.79 1.47 6.88 53 2.64 163 0.56 5770 0.39

PAN-86-11 6993835 3718183 51.80 0.88 14.20 8.13 7.99 0.17 11.36 2.50 0.52 0.07 97.62 148 443 57 1302 269 62 130 8.52 41.9 80.5 3.03 1.93 0.71 14.9 2.79 1.27 0.66 3.56 0.25 2.16 6.45 3.41 1.29 17.4 40.9 2.12 224 0 0.49 0.36 4976 0.28 0.12

PAN-86-17 6990733 3718027 51.80 1.02 13.80 10.97 7.10 0.15 9.67 2.35 0.28 0.08 97.22 93 64 149 117 452 302 112 77.6 7.34 44.2 120 3.6 2.26 0.8 18.5 2.83 1.46 0.75 2.73 0.35 2.07 6.3 2.18 1.11 6.13 47.5 2.03 120 0.08 0.53 0.3 6179 0.34 0.14

PAN-86-20 6992281 3717925 50.30 1.07 13.70 13.16 6.65 0.20 8.83 3.20 0.29 0.08 97.48 73 96 88 26 82 315 120 55.5 6.21 48.6 32.3 4.09 2.7 0.73 19.2 2.9 1.17 0.95 2.39 0.4 2.3 5.31 1.26 0.92 5.81 46.7 1.85 247 0.06 0.61 0.28 6474 0.38 0.08

PAN-86-23 6992196 3717388 51.20 1.27 13.90 14.71 5.97 0.19 6.65 3.84 0.22 0.12 98.07 73 88 30 275 1520 244 139 63.9 21.3 59 253 3.97 2.4 1.2 18.4 4.28 1.79 0.81 8.54 0.35 5.88 14.3 2.49 3.15 2.84 20 3.79 169 0.26 0.67 0.83 7748 0.3 0.22

PAN-86-33 6972844 3710939 49.00 0.74 15.00 9.12 4.98 0.21 15.58 2.52 0.37 0.05 97.57 102 60 374 39 957 231 75 98.8 7.45 48.7 40.4 2.75 1.75 0.64 18 2.58 1.21 0.57 3.42 0.24 1.85 5.92 3.41 1.14 10.8 39 1.97 417 0.05 0.43 0.19 4662 0.23 0.14

PAN-86-5 6993806 3713266 47.70 1.18 14.50 13.40 7.38 0.22 9.70 2.74 0.37 0.15 97.34 42 155 63 316 20 60 223 151 137 12.7 45.2 28.8 3.67 1.91 0.99 20.4 3.48 2.17 0.74 5.6 0.26 2.02 8.93 5.16 1.88 8 29.5 2.53 320 0.01 0.55 2.16 6843 0.26 0.5

PAN-86-6 6993806 3713256 49.10 1.15 14.00 12.47 7.84 0.19 9.54 2.58 0.27 0.14 97.28 62 147 81 278 35 64 219 145 133 16.2 44.2 38.3 3.48 1.9 1.14 18.8 4.35 1.74 0.7 7 0.23 1.83 11.8 4.28 2.36 6.16 27.3 3.48 359 0 0.58 2.15 6605 0.24 0.48

Ilomantsi, Kovero

1-TTU-06 6943963 3675029 51.00 1.66 16.20 12.33 5.54 0.13 6.65 4.38 0.34 0.14 98.36 91 176 153 37 60 411 71 82.6 11.3 50 47.7 6.42 3.96 1.24 20.6 5.69 2.94 1.38 4.32 0.6 4.93 10.7 2.77 1.94 15.2 50.7 3.7 147 0.32 0.98 0.73 10200 0.62 0.23

21-TTU-06 6943873 3675083 49.80 0.77 13.60 14.85 6.64 0.23 8.28 3.06 0.27 0.05 97.55 76 233 30 20 217 327 209 59.8 6.42 54.7 20.5 3.18 2.04 0.6 14.9 2.58 1.44 0.71 2.49 0.33 1.43 4.86 5.36 1.02 8.69 53.8 1.95 83.2 0.2 0.49 0.5 4590 0.31 0.2

2-TTU-06 6943950 3675033 50.30 1.60 15.90 11.34 7.40 0.12 5.60 4.47 0.24 0.13 97.10 68 102 148 611 510 410 85 54.9 15.8 51.2 614 5.24 3.61 1.04 18.2 4.83 2.49 1.2 6.4 0.55 4.52 11.3 3.38 2.31 11.8 46.1 3.35 110 0.27 0.84 0.72 9490 0.51 0.24

3-TTU-06 6943949 3675038 50.30 1.56 15.70 13.59 6.25 0.15 5.11 3.86 0.67 0.13 97.31 134 166 134 190 3652 402 196 130 15 51.9 216 5.5 3.4 1.18 20.4 4.83 2.45 1.15 5.98 0.51 4.05 11.4 2.37 2.25 28.6 45.2 3.73 106 0.22 0.86 0.65 9060 0.5 0.2

4-TTU-06 6943951 3675038 49.20 1.52 15.40 13.77 6.35 0.13 5.90 3.80 0.51 0.12 96.69 109 223 139 20 60 391 60 95.7 12.6 53 45.5 6.04 3.88 1.29 21.7 5.16 2.65 1.29 4.46 0.6 4.38 10.5 1.78 2.04 22.6 45 3.78 121 0.28 0.95 0.64 9060 0.53 0.2

5-TTU-06 6943943 3675036 49.50 1.58 15.00 12.87 6.10 0.15 7.64 3.53 0.79 0.12 97.28 231 270 138 33 95 402 73 231 13.3 51 45.5 5.87 3.8 1.18 18.5 5.63 2.51 1.29 4.6 0.6 4.44 10.6 2.51 2.01 37.4 47.6 3.99 176 0.26 0.96 0.64 9470 0.55 0.2

L05092832 6943625 3670167 47.20 0.94 14.50 11.79 8.09 0.21 9.49 2.62 0.20 0.07 95.11 64.5 255 45.1 162 299 100 37.1 6.74 3.47 2.12 0.61 15.5 2.77 1.01 0.72 2.49 0.31 2 5.88 3.35 1.09 3.38 39.2 2.14 102 0.51 5490 0.32

L05092833 6946736 3673527 47.60 0.54 13.70 9.99 9.69 0.19 10.80 1.66 0.46 0.04 94.67 107 762 183 892 229 78.5 80 3.85 2.09 1.37 0.41 12.6 1.79 0.62 0.44 1.38 0.21 1 3.21 1.31 0.59 17.5 37.9 1.31 98.5 0.32 3130 0.21

L05092827 6958504 3660662 50.80 0.88 15.20 8.97 6.31 0.22 10.30 3.27 0.30 0.08 96.33 104 300 211 5230 271 104 105 10 3.02 1.94 0.7 18.4 2.95 1.43 0.62 3.99 0.26 2.81 7.31 3.94 1.49 11.2 40.1 2.17 164 0.45 0.59 5230 0.27

L05092830 6945739 3676428 52.00 0.61 12.50 11.88 6.61 0.19 8.53 2.78 0.26 0.05 95.41 123 336 31 0 275 74.3 99.1 4.28 2.51 1.85 0.52 12.7 2.39 0.84 0.58 1.48 0.27 1.18 3.78 2.07 0.7 4.43 46.1 1.55 156 0.45 3420 0.25

11-PTP-03 7129344 3600704 50.20 0.67 13.60 10.83 5.62 0.22 11.15 3.06 0.21 0.04 95.60 0 56 214 2096 9 0 251 68 30.2 1.83 45 0 3.35 2.03 0.42 9.05 2.27 1.07 0.7 0.45 0.3 1.35 2.59 13.2 0.38 0.66 40.2 1.42 131 0.1 0.46 0.09 3334 0.33 0.09

Kuhmo

20-PTP-03 7127527 3601305 50.20 0.89 13.40 11.15 7.39 0.22 11.37 1.84 0.27 0.07 96.80 1 25 231 273 191 1313 268 138 25.1 10 38.6 154 4.26 2.41 0.89 16.3 3.77 1.63 0.8 4.44 0.31 2.37 8.17 23.8 1.26 2.09 38.2 2.42 87.7 0.14 0.62 0.88 4621 0.36 0.25

22-PTP-03 7129486 3600780 51.20 0.83 14.00 8.94 7.14 0.17 10.51 3.49 0.14 0.06 96.48 0 49 130 543 5 0 268 89 28.4 9.11 41.9 0 3.88 2.37 0.66 14 3.7 1.28 0.79 3.52 0.32 2.15 6.88 9.22 1.26 0.62 40.6 2.61 129 0.14 0.57 0.42 4136 0.35 0.18

27-PTP-03 7142159 3605087 45.30 0.61 17.70 9.63 9.60 0.15 10.03 2.07 0.66 0.04 95.79 0 95 121 245 24 69 181 80 77.1 4.59 43.9 12.6 2.32 1.52 0.53 14.6 2.27 1.07 0.56 1.91 0.25 1.26 4.39 3.66 0.64 30.5 23.8 1.49 115 0.1 0.35 0.15 3112 0.24 0.19

37-PTP-03 7141009 3603962 50.30 0.64 14.30 10.07 7.89 0.19 12.32 1.06 0.21 0.05 97.03 2 63 159 364 121 2393 261 94 36.7 5.32 38.6 100 3.56 1.99 0.58 13.8 2.57 1.08 0.63 2.32 0.33 1.27 4.54 1.94 0.84 2.54 43 1.77 74.8 0.08 0.47 0.57 3248 0.31 0.14

42-PTP-03 7147046 3598074 49.90 0.77 13.80 10.26 8.07 0.25 11.01 2.74 0.31 0.06 97.17 0 114 135 316 14 0 268 329 105 7.06 39.6 0 4.32 2.3 0.63 15.4 3.5 1.17 0.92 3.28 0.32 1.65 6.12 8.91 1.08 3.86 41.8 2.35 216 0.12 0.56 0.48 4051 0.34 0.21

75-PTP-03 7239736 3606637 49.80 0.72 16.10 7.77 9.80 0.15 7.51 2.86 0.05 0.05 94.81 39 1193 41 210 299 96 17 3.76 89.3 40.2 2.46 1.67 0.55 17.2 2.29 0.49 0.48 1.05 0.2 1.09 4.08 6.3 0.67 0.82 54.6 1.19 143 0.05 0.35 0.06 4300 0.21 0.01

88-PTP-03 7233958 3624564 53.40 1.00 14.70 7.17 8.92 0.11 7.04 3.87 0.27 0.09 96.57 0 131 169 351 68 29 168 69 118 16.8 34.1 59.7 2.87 1.29 0.99 16.9 3.96 0.94 0.54 7.72 0.11 3.54 10.1 1.33 2.12 10.4 16.3 2.83 367 0.22 0.5 0.83 4718 0.17 0.15

Andesites and dacites (reanalysed from O’Brien et al. 1993)

Ilomantsi, Hattu

Sample Northing 
(KKJ)

Easting 
(KKJ)

SiO2 TiO2 Al2O3 FeO MgO MnO CaO Na2O K2O P2O5 Sum of 
oxides

As Ba Cl Cr Cu S V Zn Ba Ce Co Cu Dy Er Eu Ga Gd Hf Ho La Lu Nb Nd Pb Pr Rb Sc Sm Sr Ta Tb Th Ti Tm U

XRF ICP-MS
HJO-86-101 6991270 3716009 68.10 0.40 15.70 3.57 1.17 0.06 3.03 4.74 2.18 0.15 99.10 987 34 2457 62 63 1034 29 6.83 39.2 1.41 0.71 0.56 20.5 2.34 3.24 0.28 15.5 0.13 4.48 14.2 18 3.65 50.6 5.97 2.69 657 0.36 0.29 7.86 2318 0.1 1.76

HJO-86-105 6991447 3716381 65.50 0.64 16.40 5.49 0.74 0.10 2.83 5.06 1.98 0.26 98.98 757 109 60 108 101 781 49.6 12.6 16.4 2 1.01 0.97 23.5 3.25 4.1 0.39 23.9 0.16 5.09 24.3 13.5 5.88 73.8 11.3 4.09 974 0.28 0.41 6.1 3678 0.13 1.15

HJO-86-107 6990879 3716638 65.80 0.72 15.10 7.26 2.76 0.08 1.17 2.94 1.78 0.08 97.68 424 211 66 4370 163 124 423 31.5 35.9 71.4 2.49 1.42 0.85 19.2 2.57 2.8 0.49 14.8 0.22 4.49 14.9 10.9 3.58 67.8 20.5 3 190 0.27 0.43 3.6 4181 0.2 1.12

HJO-86-121 6989430 3717788 67.60 0.57 15.40 4.73 1.74 0.06 2.94 4.04 1.86 0.10 99.05 437 115 37 1824 114 112 420 27.4 16.9 58.3 1.68 1.1 0.7 18.4 2.08 2.72 0.37 13.6 0.15 2.9 13.4 17.9 3.06 64 13.1 2.29 501 0.24 0.29 3.68 3046 0.14 1.01

HJO-86-22 6991366 3717206 62.30 1.04 11.10 14.00 1.03 0.17 3.99 4.05 0.11 0.36 98.15 40 176 141 39 84 27.5 30.6 13.8 8.05 14.3 9.38 2.33 28.6 12.5 6.32 3.16 10.1 1.36 9.59 27.8 0.17 5.06 2.84 32 9.44 75.4 0.55 2.31 1 7048 1.33 0.2

HJO-86-23 6991520 3717289 62.80 0.53 15.70 5.24 4.80 0.07 3.03 6.40 0.04 0.18 98.80 29 187 60 111 64 14.2 13.9 14.6 2.58 1.82 1.02 0.83 20 2.1 2.65 0.36 6.16 0.16 3.49 8.61 0 1.93 0.53 13 1.77 81.7 0.15 0.31 1.9 3166 0.16 0.18

HJO-86-28 6995272 3715712 66.40 0.28 15.60 2.99 1.75 0.06 2.06 5.98 3.74 0.16 99.03 2167 82 60 62 75 2300 29.9 8.09 30.5 1.49 0.76 0.55 23.2 2.26 3.28 0.26 13.4 0.11 5.45 14.7 20.1 3.53 77.7 7.15 2.83 1614 0.28 0.3 3.15 1713 0.1 1.47

HJO-87-122.2 6976030 3715460 65.40 0.62 16.80 4.44 2.12 0.07 3.88 4.20 1.43 0.17 99.14 473 63 34 106 91 107 467 16.7 5.88 8.53 1.3 0.67 0.73 22.3 1.7 3.23 0.26 7.51 0.09 5.35 9.43 18.6 2.04 61.6 6.54 1.92 600 0.24 0.27 4.41 3549 0.1 1.06

HJO-87-56 6988866 3716432 71.20 0.30 15.40 2.49 1.11 0.05 4.51 3.42 0.89 0.07 99.43 403 34 60 50 58 424 16.2 8.78 12 0.76 0.41 0.36 19.8 1.32 2.65 0.19 8.71 0.06 1.79 7.27 4.34 1.75 29 6.2 1.34 338 0.12 0.19 1.14 1797 0.05 0.36

HJO-87-79.2 6988788 3717136 55.40 0.73 12.80 8.19 9.67 0.15 5.39 5.33 0.30 0.14 98.10 121 849 60 190 95 123 18.4 50.2 3.22 3.02 1.89 0.94 14.7 3.35 2.04 0.64 8.68 0.26 2.96 12.2 3.88 2.64 9.01 34.7 2.89 410 0.13 0.52 1.63 4536 0.27 0.49

KJP-87-12.1 7003497 3712733 55.10 0.76 16.60 8.22 3.38 0.10 4.82 4.25 3.10 0.38 96.71 905 92 64 2967 153 111 962 82.2 23.1 63.5 3.65 1.83 2.02 22.1 6.45 4.64 0.74 37.9 0.25 6.32 40.8 10 10.1 123 17.5 7.62 791 0.27 0.84 7.72 4491 0.28 1.81

KJP-87-12.2 7003497 3712733 59.20 0.60 18.30 4.41 1.04 0.07 4.13 7.34 3.08 0.32 98.50 1107 70 100 68 111 1101 97.5 5.58 4.18 2.67 0.99 2.01 19.1 5.96 4.58 0.5 45.6 0.14 6.97 48 14.8 11.5 96.7 6.62 8.29 990 0.38 0.7 8.94 3394 0.13 2.07

KJP-87-14.1 7003532 3712642 65.70 0.55 16.90 3.32 0.94 0.04 2.76 5.90 2.91 0.25 99.27 1188 60 55 100 1206 70 5.4 31.6 1.57 0.61 1.37 23.6 4.09 4.09 0.25 33.4 0.05 5.67 35.8 13.1 8.51 88.5 3.77 5.99 814 0.32 0.46 5.06 3199 0.07 1.34

KJP-87-60 7006433 3711274 57.80 0.93 16.20 8.42 1.77 0.12 4.47 4.66 2.62 0.60 97.59 978 126 101 369 168 105 1050 99.6 25.1 94.8 4.37 1.9 2.2 20.5 7.25 4.86 0.75 46.6 0.27 8.05 49.3 22.3 12.1 86.1 19.2 8.83 1041 0.39 0.9 9.97 5674 0.3 1.77

L05092834 6994261 3711500 64.80 0.65 15.80 5.54 2.45 0.09 4.64 1.83 2.22 0.35 98.36 1000 98 0 128 94 903 77 3.66 1.61 1.81 20.10 6.27 3.75 0.63 35.9 0.23 4.88 39.60 10.40 9.87 86.60 14.10 7.29 690 0.30 0.80 5.14 3210 0.22 0.89

P403 6994026 3712609 66.30 0.69 14.20 6.87 3.23 0.07 2.80 2.64 1.82 0.09 98.72 64 436 209 220 57 2553 151 161 449 30.2 29.3 62.9 2.45 1.4 0.8 17.7 2.87 2.62 0.49 14.5 0.18 3.55 14.6 10.8 3.55 61.3 19.2 2.92 211 0.18 0.42 3.42 4052 0.21 0.94

P415 6993769 3713334 68.60 0.36 15.00 3.38 1.13 0.10 2.73 4.11 3.58 0.15 99.14 1319 30 54 1960 65 93 1453 64 7.97 82.1 2.15 1.01 0.92 21.7 3.71 4.21 0.4 33.5 0.15 4.95 26.6 37.5 6.97 102 7.36 4.48 452 0.26 0.46 9.56 2246 0.15 3.01

P535 6971469 3714088 62.50 0.86 16.20 7.61 3.97 0.08 1.24 1.55 3.35 0.12 97.48 367 334 27 2944 175 142 386 37.6 36.5 40.6 2.91 1.59 0.89 20.8 3.47 3.63 0.61 17.6 0.27 6.14 17.3 12.6 4.29 132 22.4 3.61 123 0.43 0.55 5.45 4999 0.25 1.68

PAN-86-1 6993748 3713319 71.90 0.37 14.90 3.72 0.59 0.12 0.69 3.77 2.91 0.16 99.12 667 2478 62 94 673 51.7 7.33 7.34 2.03 1 0.99 20.8 3.82 3.78 0.39 27.6 0.16 4.66 23.8 13 5.77 75.3 6.31 4.17 281 0.27 0.5 8.69 2140 0.11 2.54

PAN-86-14 6990288 3716005 63.20 0.67 19.20 4.16 0.47 0.07 4.23 4.68 2.11 0.24 99.03 1347 62 166 108 82 1348 75.6 8.9 4.44 2.52 1.12 1.06 24 3.85 3.55 0.43 37.7 0.16 5.31 31.5 14.2 8.02 56 11 5 1058 0.24 0.48 8.87 3875 0.14 1.25

PAN-86-2 6993787 3713277 66.60 0.44 16.50 3.94 1.59 0.06 3.88 3.74 2.18 0.18 99.11 824 34 673 77 80 814 60 9.28 20 1.92 0.98 1.01 22 3.66 3.24 0.36 30.8 0.13 3.42 26.4 19.6 6.78 66.1 8.12 4.32 748 0.18 0.44 7.27 2426 0.11 1.96

PAN-86-3 6993757 3713279 57.80 0.90 14.70 6.72 5.65 0.12 7.22 3.97 1.17 0.54 98.80 500 403 60 171 100 513 88.4 26.1 9.29 3.35 1.47 2.04 22.2 6.53 2.77 0.61 36.4 0.17 5.01 47.1 12.9 11.3 32.8 20.1 7.98 997 0.23 0.74 5.76 5627 0.19 1.37

PAN-86-4 6993816 3713276 61.90 0.72 15.60 6.01 3.45 0.11 5.26 5.30 0.56 0.17 99.07 264 148 60 137 87 261 33.5 25.3 22.9 2.08 1.07 1.04 21.1 3.1 2.77 0.4 13.9 0.15 2.68 15.7 7.72 3.79 13.6 14.2 3.42 383 0.09 0.42 4.23 4100 0.15 1.07

PAN-86-7 6993815 3713246 68.40 0.42 16.20 3.12 2.12 0.04 3.30 3.99 1.47 0.16 99.23 1143 56 60 71 81 1188 19 8.28 29.8 1.38 0.57 0.72 23.1 1.78 3.41 0.27 8.64 0.11 3.1 8.7 14.9 2.16 46.8 7.69 1.76 757 0.2 0.25 7.85 2475 0.1 1.98

PAN-86-8 6993866 3713254 74.90 0.06 14.80 0.87 0.10 0.04 1.35 5.79 1.60 0.01 99.52 873 675 30 56 928 10.2 0.57 13.1 0.86 0.29 0.45 24.5 1.4 2.5 0.13 5.43 0.03 5.69 5.73 11 1.26 39.8 1.04 1.44 348 0.46 0.18 1.95 425 0.02 1.94

Ilomantsi, Kovero

26-TTU-06 6943876 3675205 74.40 0.25 11.80 4.41 1.45 0.07 2.03 2.84 1.70 0.05 99.00 203 66 30 660 1078 35 43 209 39.5 21.6 665 1.15 0.95 0.34 14.7 1.47 4.15 0.28 18 0.23 4.61 13.9 9.75 4.16 48.3 4.18 2.07 54.9 0.52 0.23 13.4 1470 0.15 3.41

27-TTU-06 6943871 3675209 68.70 0.52 12.90 6.67 1.92 0.12 2.99 2.47 2.06 0.15 98.50 299 91 36 371 7341 63 68 307 68.3 45.3 345 3.84 2.28 0.92 18.5 5.05 4.62 0.75 32.9 0.34 5.57 26.8 12.6 7.43 56.9 9.11 4.61 99.7 0.42 0.68 8.64 3200 0.31 2.71

28-TTU-06 6943874 3675216 71.80 0.31 12.00 6.15 2.05 0.10 2.01 3.75 0.53 0.08 98.77 108 77 30 285 3467 38 165 113 28.4 47.8 302 2.95 1.67 0.67 15.4 3.22 5.67 0.52 15.5 0.26 7.72 13.7 18.7 3.24 14.8 6.34 2.77 67.8 0.56 0.51 13.6 1930 0.22 3.35

6-TTU-06 6943942 3675036 56.80 1.23 16.40 6.03 4.24 0.08 9.72 4.21 0.22 0.12 99.04 146 116 123 190 98 301 76 129 36.1 35.6 217 5.24 3.35 1.54 24.4 5.25 2.91 1.05 11.4 0.5 4.75 17.7 7.64 3.91 14.6 36.7 4.47 334 0.38 0.86 4.3 7360 0.46 1.23
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