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A B S T R A C T

The Palaeoproterozoic Svecofennian orogen in the Fennoscandian shield is an arc accretionary orogen that was 
formed at c. 1.92-1.86Ga. Arc accretion, magmatism and the subsequent continent-continent collision thickened 
the crust up to c. 70km, forming one of the thickest Palaeoproterozic orogens. At the end stage of accretion-
ary tectonics, voluminous synorogenic magmatism occurred in southwestern Finland leading to the intrusion of 
intermediate to felsic plutonic rocks. Ion microprobe single zircon dating of one diorite sample yielded an age 
of 1872±3Ma (εNd=+2.2) and the trondhjemite sample an age of 1867±4Ma (εNd=+2.6). Inherited 2667-1965Ma 
cores and 1842±5Ma metamorphic rims were also found in zircons from the trondhjemite.
The dioritic magmatism is mantle-derived and is slightly enriched by subduction-related processes. The felsic 
magmatism shows elevated Sr/Y and La/Yb ratios, which are typical for adakite- and TTG-like magmas. Their 
low Mg#, Ni and Cr contents argue against slab-melting and mantle-wedge contamination. We infer that the felsic 
magmatism was generated through crustal melting of the lower part of the previously generated volcanic-arc type 
crust. Based on published melting experiments and the Sr and Y contents of the felsic rocks we suggest that the 
melts were generated at a minimum pressure of 10kbar, with evidence of a 15kbar pressure for the highest Sr/Y 
trondhjemites. It is proposed that arc accretion combined with magmatic intrusions thickened the crust so that 
melting of the lower crust yielded adakite- and TTG-like compositions. The mafic magmatism is considered to be 
the heat source.
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INTRODUCTION

Adakites have recently been widely discussed because 
of their specific composition that reflects their source re-
gion and indirectly gives hints of their tectonic setting. 
Adakitic magmas were originally regarded to have formed 
by melting of subducted oceanic slabs, and contaminated 
by mantle-wedge peridotite during ascent, forming a minor 
part of modern volcanic arc rocks (Defant and Drummond, 
1990). Recently, however, it has been shown that magmas 
with the characteristically high Sr/Y and La/Yb ratios, the 
most common geochemical discriminants for adakites, can 
be produced in many different ways, where slab melting 
is only one of them. Therefore, some authors warn against 
the uncritical use of such geochemical signatures for adak-
ites, especially if used in a petrogenetic or tectonic sense 
(e.g., Richards and Kerrich, 2007; Moyen, 2009). If strictly 
adhering to the definitions of adakites (Defant and Drum-
mond, 1990; Martin, 1999; Martin et al., 2005; Richards 
and Kerrich, 2007), at least the high-silica adakites (HSA) 
show evidence of slab melting (Martin et al., 2005). Adak-
itic compositions can in most cases be regarded as evidence 
of high pressure melting of garnet-bearing mafic sources, 
where garnet remains in the residue (low HREE and Y in 
the melt) and plagioclase goes into the melt (high Sr). Me-
dium pressure melting of garnet-bearing pelitic rocks may 
also lead to high La/Yb, but in those cases other geochemi-
cal features would not be adakitic (Moyen, 2009). In addi-
tion, crustal assimilation and fractionation processes can in 
some cases produce adakitic compositions (e.g., Macpher-
son et al., 2006). It is seldom that all samples and elements 
of the studied rocks match the adakitic definitions, but in-
stead show some deviation. Such rocks are often referred 
to as adakite-like rocks (e.g., Richards and Kerrich, 2007).

Archaean tonalite-trondhjemite-granodiorite (TTG; Jahn 
et al., 1981) series rocks share many characteristics with 
modern adakites. Therefore, it has been argued that 
Archaean high-Al TTG series rocks are analogues of modern 
adakites, and were formed in a similar tectonic setting, i.e. 
through melting of subducted oceanic crust (Martin, 1999). 
In fact, most major and trace element characteristics of 
adakites and TTGs are strikingly similar, indicating a simi-
lar origin (Martin et al., 2005). However, in detail, TTGs 
often have a higher silica content and a lower magnesium 
number (Mg#) and Sr, Ni and Cr contents. This has been 
interpreted by some authors to show that TTGs never in-
teracted with mantle wedge peridotite and therefore cannot 
be slab melts (e.g., Smithies, 2000; Kamber et al., 2002; 
Condie, 2005).

Palaeoproterozoic adakites have been very rarely de-
scribed, at least using the term adakite. In fact, we have 
found only two examples in the literature: 1.85Ga crustally 
derived adakites from Australia (Shepard et al., 2001) and 

2.17-2.13Ga adakites from Brazil (Martins et al., 2009). In 
spite of being abundant in the earliest Earth history, TTGs 
are found throughout geological time (Condie, 2005). One 
problem with TTGs seems to be that no consensus has been 
reached on how to exactly define them (c.f., Smithies, 2000; 
Condie, 2005; Martin et al., 2005). As a result, rocks with 
closely similar compositions have been classified as TTG, 
adakite, or just using rock names such as quartz-diorite, 
tonalite, trondhjemite or granodiorite. Recently, however, 
TTGs have also been classified in more detail (e.g., Halla 
et al., 2009). When TTGs are found in rocks younger than 
Archaean, they are sometimes referred to as TTG-like (e.g. 
Zhang et al., 2009).

In this article we describe and discuss the origin of 
synorogenic plutonic rocks from the Palaeoproterozoic 
Svecofennian orogen in southwestern Finland, which have 
compositions that straddle those described as adakites and 
TTGs, to place constraints on the geodynamic process 
leading to the formation of these rocks. Apart from whole 
rock chemical analyses, we present single zircon U-Pb ion 
microprobe age determinations and Sm-Nd isotopes on 
one diorite and one trondhjemite sample. The main geo-
chemical constraints defining adakites and TTGs (in brack-
ets) are adopted from Defant and Drummond (1990) and 
Martin et al. (2005): SiO2 (wt. %) >56 (>64); Mg# ~51 
(~43); Ni (ppm) ~24 (~14); Cr (ppm) ~36 (~29); Sr (ppm) 
>400 (>400); Y (ppm) ≤ 18 (<15); Yb (ppm) ≤ 1.9 (<1.6); 
Sr/Y >40 (>40); La/Yb >20 and (La/Yb)N >10. Other cri-
teria are explained in the figures and text. We use here the 
terms adakite- and TTG-like only as compositional terms, 
without any primary reference to age or tectonic setting.

GEOLOGICAL FRAMEWORK

The Palaeoproterozoic Svecofennian orogen (Fig. 1) 
is traditionally classified as an arc-accretionary orogen 
(Windley, 1995) in which several volcanic arc complexes 
(terranes) have been successively accreted to the Archaean 
Karelian craton in the present northeast to form the Sve-
cofennian domain (Gaál and Gorbatschev, 1987; Lahtinen, 
1994; Nironen, 1997; Korsman et al., 1999; Vaasjoki et al., 
2003; Mansfeld et al., 2005). This concept has been chal-
lenged by Rutland et al. (2004) and Williams et al. (2008) 
who interpret the Svecofennian domain as a marginal basin 
sequence intruded by igneous complexes.

Present models (e.g., Lahtinen et al., 2005; Korja et 
al., 2006) subdivide the Svecofennian orogeny in south-
ern Finland into four major stages: i) formation and ac-
cretion of arc terranes at 1.92-1.87Ga, ii) extension of ac-
creted terranes at 1.86-1.84Ga, iii) continental collision at 
1.84-1.79Ga, iv) and finally a gravitational collapse of the 
thickened orogen at 1.79-1.77Ga. These processes partly 
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overlapped in time in different parts of the Domain (Korja 
et al., 2006). The accreted terranes probably include older 
unexposed c. 2.1-1.93Ga crustal fragments, as indicated 
by weakly depleted to chondritic initial εNd and εHf values 
(Patchett et al., 1987; Huhma, 1986; Valbracht et al., 1994; 
Lahtinen and Huhma, 1997; Rämö et al., 2001; Andersen 
et al., 2009), as well as detrital zircons in metasediments 
and inherited zircons in igneous rocks (e.g., Claesson et al., 
1993; Lahtinen et al., 2002, 2009; Ehlers et al., 2004; An-
dersson et al., 2006b; Bergman et al., 2008). In addition, 
the volcanic rocks commonly have continental margin or 
rifting type lithological associations and geochemical af-
finities (e.g., Baker et al., 1988; Allen et al., 1996; Kähkönen, 
2005; Weihed et al., 2005), indicating the existence of hidden 
older crust beneath or adjacent to the present one. Recent 
palaeotectonic models emphasize the importance of post-
accretional continent-continent collisions with Sarmatia and 
possibly also with Amazonia (Lahtinen et al., 2005; Bogdano-
va et al., 2008; Johansson, 2009), as well as continued conver-
gence at an active continental margin in the SW (Andersson et 
al., 2004b, 2007; Rutanen and Andersson, 2009).

The southern Svecofennian arc complex (Fig. 1B) in 
southern Finland is a terrane that includes two volcanic 
belts; the Uusimaa belt and the Häme belt, where volcanic 
rocks have been dated at 1.90-1.88Ga (Kähkönen, 2005 
and references therein). These volcanic belts are closely 
associated with sedimentary rocks that were deposited in 
basins formed by extension of the volcanic arcs. Tholeiitic 
mafic and ultramafic volcanic rocks were also extruded in 
these extensional basins (Ehlers et al., 1986; Väisänen and 

Mänttäri, 2002; Ogenhall, 2007; Väisänen and Westerlund, 
2007). Synvolcanic plutonic complexes are known to exist 
below volcanic piles at least in the Orijärvi (Colley and 
Westra, 1987; Väisänen et al., 2002) and Enklinge areas 
(Ehlers et al., 2004), but outside these two volcanic centres 
their areal extent is uncertain. Volcanism and plutonism of 
similar ages are also common in the Bergslagen area, south-
central Sweden (Lundström et al., 1998; Andersson et al., 
2006b; Hermansson et al., 2008; Stephens et al., 2009). As 
a consequence of convergence the southern Svecofennian 
arc complex was accreted to the central Svecofennian arc 
complex (Fig. 1B) at c. 1.87Ga. This is also the approxi-
mate age of most synorogenic plutonism (Väisänen et al., 
2002), which may therefore also be referred to as synac-
cretional plutonism. These rocks, the topic of this investi-
gation, have the same field appearance as the synvolcanic 
intrusions, but differ in that the synorogenic intrusions 
crosscut the early deformation structures (Van Duin, 1992; 
Ehlers et al., 1993; Nironen, 1999; Väisänen and Hölttä, 
1999; Skyttä et al., 2006; Hermansson et al., 2007). The 
volcanic, synvolcanic and synorogenic magmatism have 
collectively been referred to as the early Svecofennian 
magmatism (e.g., Gaál and Gorbatschev, 1987).

The continent-continent collision with Sarmatia, that 
took place at 1.84-1.79Ga in southern Finland, had severe 
effects in the southern Svecofennian arc complex. Rocks 
deformed and metamorphosed during arc-accretion were 
reworked and metamorphosed once again, but now at 
higher temperatures which caused crustal anatexis leading 
to the formation of the late-Svecofennian migmatites and 

Väisänen et al.
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FIGURE 1



M .  V Ä I S Ä N E N  e t  a l . 

G e o l o g i c a  A c t a ,  1 0 ( 4 ) ,  3 5 1 - 3 7 1  ( 2 0 1 2 )
D O I :  1 0 . 1 3 4 4 / 1 0 5 . 0 0 0 0 0 1 7 6 1

Palaeoproterozoic adakite- and TTG-like magmatism

354

granites (Huhma, 1986; Suominen, 1991; Ehlers et al., 
1993; Jurvanen et al., 2005; Kurhila et al., 2005, 2010; 
Skyttä and Mänttäri, 2008). Upright folding refolded 
the previously gently dipping structures during dextral 
transpressional tectonics that subsequently led to the for-
mation of steep shear zones (Ehlers et al., 1993; Cagnard 
et al., 2007; Väisänen and Skyttä, 2007; Torvela and 
Ehlers, 2010). The age of metamorphism is constrained 
by zircons from a leucosome intruding an upright F3 fold 
hinge which yielded an age of 1824±5Ma (Väisänen et 
al., 2002), and the highest metamorphic conditions esti-
mated for the migmatites are c. 6kbar at 800ºC (van Duin, 
1992; Väisänen and Hölttä, 1999; Johannes et al., 2003). 
Chardon et al. (2009) have therefore classified this part of 
the Svecofennian orogen as an ultra-hot orogen. A similar 
evolution also took place in central Sweden (e.g., Hög-
dahl et al., 2008, 2009).

Because of the high-grade late Svecofennian overprint 
as well as inheritance in the zircon populations, the previ-
ously published U-Pb thermal ionization mass spectrome-
try (TIMS) zircon ages from the early Svecofennian grani-
toids have sometimes turned out to be mixed ages. It is 
only recently that a difference in age, structural character, 
and composition between the synvolcanic and synorogenic 
plutonic rocks have been identified. The distinction has 
been made possible by the recent advances in single zir-
con ion microprobe age determinations that have revealed 
the presence of inherited and metamorphic zircon domains 
(Väisänen et al., 2002; Ehlers at al., 2004; Andersson et 
al., 2006b).

SAMPLE AREAS

Fieldwork and sampling were performed along a rough-
ly north-south, c. 120km-long transect across the east-west 
trending orogen in SW Finland. Altogether, sixty-two sam-
ples were collected for geochemical analyses (Table I, Elec-
tronic appendix available at www.geologica-acta.com), and 
two samples for U-Pb zircon dating (Table II) and Sm-Nd 
isotopic analysis (Table 1). The study area is divided into 
three main subareas (Fig. 1B).

The Uusikaupunki area (Uki)

This area was extensively studied by Hietanen 
(1943), who was the first to describe the trondhjemites 
and diorites/gabbros of the area. Arth et al. (1978) pro-
vided geochemical, Rb-Sr and oxygen isotopic analy-
ses, and modelled the petrogenesis of the magmatic 
suite. Patchett and Kouvo (1986) performed U-Pb 
zircon age determinations and Sm-Nd isotope analy-
ses on the same rock types. Their conventional TIMS 
dating on the trondhjemite samples yielded a range of 
ages between c. 1.89 and 1.96Ga. Their preferred in-
terpretation was that the trondhjemites had crystallized 
prior to 1.90Ga, making them the oldest plutonic rocks 
in southern Finland. Their two diorite samples yielded 
TIMS ages of 1872±11Ma and 1874±2Ma. Selonen and 
Ehlers (1998) studied the structural setting of the trond-
hjemites and concluded that these were intruded as 
subhorizontal sheets, contained D2 structures and were 
refolded by F3 into steeper dips. In the descriptions 
cited above, the diorites are defined as hornblende-
plagioclase-biotite rocks, tonalites as plagioclase-
quartz-biotite±hornblende rocks and trondhjemites also 
as plagioclase-quartz-biotite rocks. In some varieties 
there are bigger quartz megacrysts, called drop-quartz 
trondhjemites by Hietanen (1943). Suominen et al. 
(2006), however, showed that the distinction between 
the trondhjemites and the tonalites was mainly based 
on estimates of colour and biotite content, where trond-
hjemites are lighter coloured. Modally, however, only 
small parts of the rocks are trondhjemites sensu stricto, 
since most of them contain too much biotite and oc-
casionally even K-feldspar and pyroxene, which clas-
sifies them as tonalites and granodiorites. For consist-
ency, however, we use the same rock names as Arth et 
al. (1978), Patchett and Kouvo (1986) and Suominen et 
al. (1994) because our sampling was guided by theirs, 
and because of geochemical differences between trond-
hjemites and tonalites as subdivided by them (Arth et 
al., 1978 and this study; see also Fig. 6). No mafic en-
claves were encountered in the trondhjemites in this 
study, but mafic inclusions are described in Suominen 
et al. (2006).

Table 1. Sm-Nd isotope data from the Uusikaupunki area, southwestern Finland 
Sample Rock type Locality Sm 

(ppm)1
Nd

(ppm)1

147Sm/
144Nd 1

143Nd/144Nd  2m
2

(measured)
Nd

3

(present)
Nd

3

(initial)
TCHUR

4

(Ga)
TDM 

5

(Ga)
12-MJV-06 Trondhjemite Uusikaupunki 1.30 6.62 0.1184 0.511812 ± 13 - 16.1 + 2.6 (1867) 1.61 1.97
28-MJV-05 Diorite Uusikaupunki 9.38 52.1 0.1088 0.511667 ±   8 - 18.9 + 2.2 (1872) 1.68 2.00
1Sm and Nd contents and 147Sm/144Nd ratio from isotope dilution analysis with combined 147Sm-150Nd tracer. Estimated analytical uncertainty of 147Sm/144Nd ratio is ±0.5 % 
2 143Nd/144Nd ratios calculated from ID run, corrected for Sm interference and normalized to 146Nd/144Nd = 0.7219. Two runs of the La Jolla Nd-standard during the measurement periods 
gave a 143Nd/144Nd ratio of 0.511857 ± 15 (2m) and 0.511847 ± 6 (2m), respectively. Error given as 2 standard deviations of the mean from the mass spectrometer run in the last digits. 
3 Present-day and initial Nd values (at the given age), according to Jacobsen and Wasserburg (1984): present-day chondritic 147Sm/144Nd ratio 0.1967, present-day chondritic  
143Nd/144Nd ratio 0.512638 
4Model age calculated relative to the chondritic uniform reservoir (CHUR) of Jacobsen and Wasserburg (1984) 
5Model age calculated relative to the depleted mantle curve (DM) of DePaolo (1981)

Sm-Nd isotope data from the Uusikaupunki area, southwestern FinlandTABLE 1
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As the compositions of the rocks in this area show strong 
resemblance to rocks today described as TTGs (Arth et al., 
1978), this is a key area in the present study. Twenty-seven 
samples were selected from the Uki area for geochemical 
analysis. Because the age of the trondhjemites is enigmatic 
(c.f., Patchett and Kouvo, 1986), one trondhjemite sample 
(type drop-quartz trondhjemite) was subjected to ion mi-
croprobe dating as well as one dioritic sample.

The north Turku area (N-Turku)

Located south of Uki and north of the town of Turku, 
this area contains relatively well-dated c. 1.87Ga intru-
sions that cut the earlier structures and are interpreted as 
synorogenic. Rock types are tonalites, trondhjemites and 
quartz diorites with some granodiorites. All the rocks were 
recystallised in granulite facies (van Duin, 1992; Nironen, 
1999; Väisänen et al., 2002). Mafic enclaves are common 
in the felsic rocks (Fig. 2). Geochemical analyses in van 
Duin (1992) include high Sr and low Y rocks, indicating 
TTG-like signatures. Part of the rock suite is pyroxene-
bearing, and was interpreted as a separate younger mag-
matic phase by Hietanen (1947) and van Duin (1992). The 
latter author interpreted a TIMS age of c. 1.84Ga as the 
time of magmatism. However, later investigations regard 
pyroxene and part of the zircons to be metamorphic and 
related to later post-magmatic processes and the intrusion 
age of these rocks is now regarded to be close to 1.87Ga 
(Väisänen et al., 2002; Helenius et al., 2004). Here, we 
include the pyroxene-bearing granitoids in the synorogenic 
group. Altogether, twenty-one samples were analysed for 
geochemistry.

The south Turku area (S-Turku)

From this area, located south of the town of Turku, no 
previous age or geochemical data are available. The field 
relationships, such as the intrusions cross-cutting early 
structural features indicate that these intrusions belong to 
the synorogenic group. Rock types are tonalites, quartz 
diorites and granodiorites; mafic enclaves are common in 
these rocks. Fourteen samples were analysed for geochem-
istry.

ANALYTICAL METHODS

U-Pb secondary ion mass spectrometer (SIMS) 
analyses 

Zircons were imaged by back-scattered electrons (BSE) 
with a Cambridge Instruments Stereoscan 360 electron 
microscope at Åbo Akademi University, Turku, Finland. 
Measurement of Pb/Pb isotope ratios and U, Th, and Pb 
concentrations were performed on the Cameca IMS 1270 

ion microprobe of the NORDSIM facility at the Swedish 
Museum of Natural History following methods described 
by Whitehouse et al. (1999) and Whitehouse and Kamber 
(2005). A flat-bottomed spot with a diameter less than 20μm 
was achieved using a 150μm aperture inserted into the de-
focused primary beam. The resulting primary ion current 
(O2

−) was typically c. 4nA. Measurements were taken over 
12 cycles through the respective mass stations measured in 
peak skipping mode. U/Pb ratio calibration was based on 
analyses of the standard zircon 91500 (Wiedenbeck et al., 
1995) and used a best-fit power law relationship of U2O/U 
versus U/Pb. The common Pb correction is assumed to rep-
resent present day surface contamination and is effectively 
corrected using the present-day terrestrial average Pb-
isotopic composition of Stacey and Kramers (1975) i.e., 
207Pb/206Pb=0.83, which has been shown to be appropriate 
for this laboratory (Kirkland et al., 2008). The data were 
calculated and plotted using the Isoplot program (Ludwig, 
2003). The analyses were performed during the same ses-
sions as those published in Väisänen and Kirkland (2008), 
where a more detailed method description is found.

Sm-Nd analyses

Whole-rock powders of the investigated rocks have 
been analysed for their Sm and Nd contents and Nd isotope 
compositions at the Laboratory for Isotope Geology of the 
Swedish Museum of Natural History. For the analyses, 
150-200mg of rock powder was mixed with an appropriate 
amount of mixed 147Sm-150Nd tracer, and dissolved in HF 
and HNO3 (concentrated 10:1 mixture) in teflon capsules 
in an oven at 205°C for a few days. After evaporation, the 
samples were redissolved, first in 5ml 6M HCl at 205°C 
overnight, and then in 1ml 2.5M HCl at 60°C overnight. 
After centrifuging to obtain a clear solution, REE as a 
group was separated from the solution using standard cati-
on exchange procedures with HCl and HNO3 as media. The 

Fig. 2

Väisänen et al.

Mafic enclaves in tonalite, N-Turku area. Width of the pho-
tograph is 50cm.
FIGURE 2
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REE fractions were evaporated and redissolved in 0.05M 
HNO3, and Sm and Nd separated from each other with HCl 
using the Ln-spec method (Pin and Zalduegui, 1997). 

Samarium was analyzed in static mode, and neodym-
ium in multi-dynamic mode on a Finnigan MAT261 mass 
spectrometer, with corrections for isobaric interferences and 
fractionation as reported in the footnotes to Table 1. Results 
of repeated runs of the La Jolla Nd-standard are also report-
ed there. Sm and Nd concentrations, and Nd isotope compo-
sitions, were computed from the spiked analyses. T-CHUR 
Nd model ages have been calculated according to Jacobsen 
and Wasserburg (1984) and T-DM model ages according to 
the Depleted Mantle curve of De Paolo (1981).

Major and trace element analyses

Fifty samples were analysed at Acme Analytical Lab-
oratories Ltd. (Acme) in Vancouver, Canada. The sam-
ples were pulverised in a mild steel swingmill and after 
the LiBO2 fusion and HNO3 dilution, the major elements, 
Cr, and Sc were analysed by inductively coupled plasma-
emission spectrometry (ICP-ES). The other trace elements 
were analysed by inductively coupled plasma-mass spec-
trometry (ICP-MS). The analytical precision is 1-5% for 
the major oxides and ±10 % for the other elements. 

Nine samples were analysed at Activation Laboratories 
Ltd. (Actlabs), Ancaster, Canada. The samples were pul-
verised in a mild steel swingmill. After the lithium metabo-
rate/tetraborate fusion, the major elements were analysed 
by ICP-ES and the trace elements by ICP-MS. The relative 
standard deviations from replicate analyses are ≤3% for 
major elements and ≤5% for trace elements.

Three samples were analysed at the Geological Survey 
of Finland. The samples were pulverised in a carbon steel 
grinding vessel. The major elements, Ba, Cr, Cu, Ni, Pb, 
Rb, Sr, V, Zn, and Zr were analysed by X-ray fluorescence 
(XRF) on pressed powder pellets. The other elements were 
analysed by inductively coupled plasma-mass spectrometry 
(ICP-MS) after hydrofluoric-perchloric acid dissolution. 
The geochemical analyses were plotted using the GCDkit 
software (Janoušek et al., 2006).

RESULTS

U-Pb zircon and Sm-Nd whole rock analyses

Uusikaupunki trondhjemite (12MJV06)

The zircon crystals from the trondhjemite sample are 
very heterogeneous in shape with both elongate prismat-
ic (100-200µm in length) and stubby or rounded crystals 

(c. 40-15µm). From the backscattered electron (BSE) 
images it is evident that most zircons have cracks and 
metamict areas. Internal (growth) zoning is common. 
Most zircons also have a homogeneous BSE-bright 
outer rim (without zoning) that occasionally clearly 
crosscuts the inner zoning. In some cases, homogeneous 
patches also overprint the inner domains. The rims are of-
ten affected by metamictization (Fig. 3A-D).

Twenty-five spots on eighteen different zircons 
were analysed (Appendix, Table II). Most spots were 
obtained from the prismatic zircons and the inner zoned 
regions. Few spots were aimed at the outer rims. Be-
cause of cracks, metamict domains and narrowness 
of the outer rims, it was difficult to find large enough 
intact areas to place the spots. This has caused many 
analyses to hit cracks, metamict domains or epoxy, 
leading to discordancy. Some analyses might be mix-
tures of core and rim domains. Some core domains 
of the zircons contained inherited cores of Archaean 
age (2667Ma, slightly discordant) as well as early Pa-
laeoproterozoic 207Pb/206Pb ages (concordant 2165 and 
1965Ma, as well as discordant 2073Ma 207Pb/206Pb ages; 
Fig. 4A). Twelve of the analyses from the prismatic crys-
tals and the zoned inner domains yielded a weighted 
average 207Pb/206Pb age of 1867.5±3.1Ma mean square 
weighted deviation, MSWD=1.12) and a concordia age 
of 1866.5±3.8Ma, MSWD=9.4; Fig. 4B). Therefore, 
we consider that 1867±4Ma is the best estimate for the 
crystallisation age of the trondhjemite magma. Three 
analyses obtained from the homogeneous BSE-bright 
rims and patches yielded an upper intercept age of 
1842±5Ma (MSWD=0.041; Fig. 4C). This age is based 
on only three analyses, two of which are discordant. 
However, one of the three analyses is concordant with 
a 207Pb/206Pb 2σ age of 1843±8Ma (n2394-18c in Table 1). 
We interpret this age to reflect metamorphic zircon growth 
at c. 1.85-1.84Ga.

Whole rock Sm-Nd isotopic analysis of the same 
sample yielded an initial (at 1867Ma) εNd value of +2.6 
(Table 1), indicating a mildly depleted mantle source or 
a juvenile crustal source for the magma.

Uusikaupunki diorite (28MJV05)

The zircon crystals from the diorite sample are of vari-
able shape and size, but most are euhedral to subhedral in 
shape and 100-300µm in length. Broken crystals of this 
size indicate that even bigger crystals existed. The most 
striking feature is that all the zircons are internally quite 
homogeneous and (growth) zoning, or separate core do-
mains, are not obvious in the BSE images. Some crystals 
show a very narrow metamict outer rim. Cracks are com-
mon (Fig. 3E-F). 



G e o l o g i c a  A c t a ,  1 0 ( 4 ) ,  3 5 1 - 3 7 1  ( 2 0 1 2 )
D O I :  1 0 . 1 3 4 4 / 1 0 5 . 0 0 0 0 0 1 7 6 1

M .  V Ä I S Ä N E N  e t  a l . Palaeoproterozoic adakite- and TTG-like magmatism

357

Forty-one spots in forty-one different zircon crys-
tals were analysed (Appendix, Table II). All error el-
lipses plot concordant or near concordant and form a 
cluster at c. 1.87Ga. Excluding three discordant analyses, 
a concordia age of 1872±3Ma (MSWD=1.5) is obtained 
(Fig. 4D). We interpret this to date the crystallisation of the 
diorite magma.

Whole rock Sm-Nd isotopic analysis of the same sample 
yielded an initial (at 1872Ma) εNd value of +2.2 (Table 2), 
again indicating a mildly depleted mantle source or a juve-
nile crustal source for the magma.

Geochemistry

Major elements

The silica content of all samples ranges between c. 56 
and 72 wt% (Appendix, Table I; Fig. 5). The Uki samples 
are distributed in two principal compositonal groups: i) 
diorites with SiO2 ≤61wt%, and ii) and a suite of tonal-
ites/granodiorites/trondhjemites ranging in composition 
from 63 to 72% SiO2. Using the normative An-Ab-Or 
diagram of Barker (1979), all the samples previously re-
ferred to as trondhjemites plot in the proper field while 
some of the other samples show slight deviations from 
their previous names (Fig. 6). The N-Turku and the S-

Turku samples have intermediate SiO2 contents. All sam-
ples have silica contents above 56 wt%, consistent with 
definitions of adakite (Martin et al., 2005), and except 
the diorites all samples have SiO2 contents >60wt% as 
defined for high-silica adakite. Compositions >64wt% 
SiO2 have been suggested to apply for TTG rocks (Martin 
et al., 2005), and most of the tonalite-trondhjemite sam-
ples fulfil this criterion (Fig. 5). With a few exceptions, 
the samples show variable but high contents of Al2O3 and 
Na2O, typical of adakites (Fig. 7). Apart from the Uki di-
orites, MgO contents are below the 4wt% characteristic 
for HSA (c.f., Martin et al., 2005). TiO2 contents are also 
low, as expected for adakites (Appendix, Table I). K2O/
Na2O ratios of the present samples overlap the compo-
sitional fields of high-silica adakites, and those of the 
tonalite-trondjemites are typical for TTGs (c.f., Condie, 
2005; Moyen, 2009), except for two outlier samples. The 
magnesium numbers (Mg#) are systematically high, ≥55, 
only in the Uki diorite samples. The Uki tonalites have 
moderate values (38-48) and the trondhjemites show low 
values (32-42). The N-Turku and the S-Turku samples has the 
largest Mg# range (30-55), generally below the average adakitic 
value of ~51, except for some of the N-Turku samples (Fig. 7F), 
in which the tonalite-trondhjemites overlap the Mg# reported for 
HSA (Martin et al., 2005). Most of the tonalite and trondhjemite 
samples are calc-alkaline, whereas most of the diorite samples 
from Uki plot in the high-K calc-alkaline field (Fig. 7D).

Fig. 3.
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Back-scattered electron (BSE) images of selected zircons. 3A-3D are from the Uusikaupunki trondhjemite and 3E-3F are from the 
Uusikaupunki diorite. The trondhjemite zircons show narrow homogeneous rims, partly metamict, on zoned inner domains. Rims are thickest on 
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207Pb/206Pb ages shown in Appendix,Table II.
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Trace elements

The most commonly used trace elements that effec-
tively discriminate adakites and TTGs from the mantle 
wedge-derived volcanic arc magmatic rocks are Sr, Y, La 
and Yb and their ratios because of their sensitivity to pres-
sure during magmatic processes (e.g., Martin et al., 2005). 
Sr contents are high (>400ppm, Fig. 8A) in most samples, 
apart from the S-Turku samples where about half of the 
samples have Sr<400ppm. Y and Yb contents on the other 
hand are low (generally <18 and 1.9ppm, respectively; 
Fig.8B, D), contributing to high Sr/Y and La/Yb ratios 
(Fig. 8E-F). It is noteworthy that some of the N-Turku and 
S-Turku samples that plot below the cut-off value of 40 
in the Sr/Y diagram, plot above the cut-off value of 20 in 
the La/Yb diagram, however. These ratios form the basis 
for the most commonly used Sr/Y vs Y and La/Yb vs Yb 

discrimination diagrams to differentiate adakites and TTGs 
from other volcanic arc magmas (Fig. 9). The present sam-
ples in general plot within the adakite/TTG fields with a 
few exceptions from the N-Turku and S-Turku areas. The 
Uki diorites form a separate group that plots transitional 
into the volcanic arc field (Fig. 9).

In accordance with the high Mg#, the Uki diorites as 
well as some of the N-Turku samples have high contents 
of Ni and Cr, fulfilling the adakitic criteria. The Uki tron-
dhjemites and tonalites and most of the S-Turku samples 
have low contents of Ni and Cr (Fig. 8G-H), lower than in 
adakites in general.

 
In the chondrite normalized REE diagrams (Fig. 10) 

most trondhjemites show positive Eu anomalies, while the 
tonalites show no anomalies. Both have low heavy rare 

Fig. 4.

1880

1860

1840

1820

1800

0.109

0.111

0.113

0.115

2.5 2.7 2.9 3.1 3.3 3.5 3.7

238
U/

206
Pb

2
0
7
P

b
/2

0
6
P

b

data-point error ellipses are 2�

Upper intercept at
1841.9 ± 5.4 Ma

95% confidence
MSWD = 0.041, n=3

Uusikaupunki Trondhjemite
zircon rimsC

Concordia Age =

95% confidence
1872.1 ± 2.4 Ma

MSWD (of concordance) = 1.5
Probability (of concordance) = 0.22
n=38/41

1910

1890

1870

1850

1830

1810
0.110

0.112

0.114

0.116

0.118

2.5 2.7 2.9 3.1 3.3

238
U/

206
Pb

2
0
7
P

b
/2

0
6
P

b

data-point error ellipses are 2�

Uusikaupunki DioriteD

2600

2400

2200

2000

1800

1600
0.09

0.11

0.13

0.15

0.17

0.19

1.5 2.5 3.5 4.5 5.5

U/ Pb
238 206

2
0
7
P

b
/2

0
6
P

b

data-point error ellipses are 2�

2667 Ma

2165 Ma

1965 Ma

2073 Ma

Uusikaupunki Trondhjemite

all zircons
A

(B) (C)
238

U/
206

Pb

Concordia Age =
95% confidence

1866.5 ± 3.8 Ma1940

1900

1860

1820

0.109

0.111

0.113

0.115

0.117

0.119

2.75 2.85 2.95 3.05 3.15 3.25

2
0
7
P

b
/2

0
6
P

b

data-point error ellipses are 2�

Uusikaupunki Trondhjemite

MSWD (of concordance) = 9.4, n=12
Probability (of concordance) = 0.002

B zoned and prismatic zircons

Weighted average =

95% confidence

n=12

1867.5 ± 3.1 Ma

MSWD = 1.12, probability = 0.34

Väisänen et al.

Tera-Wasserburg concordia diagrams for the ion microprobe analyses on zircons from the samples A-C) Uusikaupunki trondhjemite and 
D) Uusikaupunki diorite. A) shows all analyses performed on the trondhjemite sample. The four oldest 207Pb/206Pb ages are shown by the side of the 
error ellipses. The majority of analyses form a cluster between 1900 and 1800Ma. The cluster is zoomed in B and C. In the diorite sample (D) the 
discordant analyses excluded from the age calculation are shown with dashed lines.

FIGURE 4



G e o l o g i c a  A c t a ,  1 0 ( 4 ) ,  3 5 1 - 3 7 1  ( 2 0 1 2 )
D O I :  1 0 . 1 3 4 4 / 1 0 5 . 0 0 0 0 0 1 7 6 1

M .  V Ä I S Ä N E N  e t  a l . Palaeoproterozoic adakite- and TTG-like magmatism

359

earth element (HREE) and high, light rare earth elements 
(LREE) contents, and thus high, LREE/HREE ratios. The 
N-Turku and S-Turku samples show similar, but more 
variable characteristics, and have both positive and slight-
ly negative Eu anomalies. The diorites have the highest 
HREE contents and lowest LREE/HREE ratios. 

In the primitive mantle-normalized multi-element dia-
grams (Fig. 10), the diorites show negative or no Sr anoma-
lies as well as negative Zr and Ti anomalies. HREE con-
tents in diorites are higher than in all the other groups. The 
Uki trondhjemites show positive Sr and Zr anomalies, a 
very small negative or no Ti anomaly, and very low HREE 
contents. The tonalites show both positive and negative 
Sr and Zr anomalies and slightly negative Ti anomalies. 
HREE contents are low, but higher than in the trondhjemites. 
The samples from N-Turku resemble the tonalite samples 
in their slightly positive Sr and negative Ti anomalies. 
Samples from S-Turku show the most scatter and display 
positive, no and negative anomalies for Sr and Ti, and a 
weak positive or no Zr anomaly. All the samples show pro-
nounced negative Nb anomalies (also Ta, not shown). 

DISCUSSION

Age constraints

Recent findings have called into question whether the so-
called early Svecofennian plutonism actually is a homoge-
neous suite of rocks, or rather should be subdivided into at 
least two different magma generations: an older preorogenic 

(i.e., synvolcanic) stage and a younger synorogenic one. The 
idea of two magma generations is supported by recent sin-
gle zircon ion microprobe datings, (Väisänen et al., 2002, 
Vaasjoki et al., 2003; Ehlers et al., 2004; Högdahl et al., 
2008). The synorogenic magmatism from southern Finland 
has ages between c. 1875Ma and 1860Ma, peaking at about 
1.87Ga (Patchett and Kouvo, 1986; Suominen, 1991; van 
Duin, 1992; Nironen, 1999; Väisänen et al., 2002; Skyttä et 
al., 2006; Pajunen et al., 2008), i.e., c. 10-40 million years 
younger than the preorogenic plutons, which formed syn-
volcanic magma chambers, and are dated at 1896±3Ma in 
Orivesi (Talikka and Mänttäri, 2005), 1898±9Ma in Orijärvi 
(Väisänen et al., 2002) and 1884±5Ma in Enklinge (Ehlers 
et al., 2004; Fig. 1B). Similar preorogenic ages have been 
obtained from volcanic and plutonic rocks in the Bergslagen 
area, south-central Sweden (e.g., Andersson et al., 2006b; 
Stephens et al., 2009).

The Uki diorite yielded a well-defined age of 
1872±3Ma, overlapping the previous age determinations 
within error on the same rock type (Patchett and Kouvo, 
1986) and confirming that these were not mixed ages. This 
may be related to the homogeneous zircon morphology, 
with absence of older cores and younger rims in the diorite 
sample, which is in strong contrast to the zircons in the 
trondhjemite sample. Our preferred interpretation is that 
the mantle-derived diorite magma was not strongly con-
taminated by older crustal material during ascent. Alterna-
tively, if any crustal contamination took place, xenocrystic 
zircons were totally consumed in the hot mafic magma.

The previously reported heterogeneous zircon TIMS 
ages of the Uki trondhjemites (older than 1.90Ga; Patchett 
and Kouvo, 1986) most probably resulted from mixtures 
of age populations in the zircon fractions as shown by the 
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 Total alkali vs. SiO2 (TAS, in wt%) diagram after Middlemost 
(1994) with added SiO2 division lines for adakites, high-silica adakites 
(HSA) and tonalites-trondhjemites-granodiorites (TTG) after Martin et 
al. (2005).

FIGURE 5

Normative An-Ab-Or diagram (Barker, 1979) to discrimi-
nate trondhjemites from other granitoids. Norms calculated by SIN-
CLAS (Verma et al., 2002). The Uki diorites were omitted for clarity. 
Symbols as in Figure 5.
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Selected major elements, K2O/Na2O and Mg# vs. SiO2 diagrams. Defining values (dashed lines) for high-silica adakites are: A) Al2O3 ≥ 
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Fig. 8.
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present results. A number of SIMS spots in crystal domains 
with igneous zoning yielded an intrusion age of 1867Ma 
for the trondhjemite magma, while inherited core domains 
gave late Archaean and early Palaeoproterozoic ages, and 
metamorphic rims an age of c. 1.84Ga. The crystalliza-
tion age clearly puts the trondhjemites into the c. 1.87Ga 
synorogenic age group. The inherited Archaean and early 
Palaeoproterozoic ages can be interpreted in three ways, 
i) the 1867Ma trondhjemite magma was generated from 
crust comprising rocks of such ages or ii) it was generated 
from crust with sediment intercalations which contained 
older detrital zircons of such ages or iii) the ascending 
trondhjemite magma assimilated crustal material contain-
ing such detrital zircons. 

However, the positive initial εNd values between +1.7 
and +2.6 (Patchett and Kouvo, 1986; this study) exclude 
a major Archaean influence on these rocks, and show that 
the trondhjemite magma was dominated by mantle or juve-
nile crustal components. Svecofennian metasediments are 
known to contain c. 30% Archaean and 70% Palaeoproter-
ozoic detrital zircons having ages similar to those obtained 
here (e.g. Claesson et al., 1993; Andersson et al., 2006b; 
Bergman et al., 2008; Lahtinen et al., 2009). εNd (1.87Ga) 
values of the Svecofennian metasediments are signifi-
cantly lower than those of the trondhjemites, essentially in 
the range -1.5 to -7 (e.g., Claesson, 1987; Huhma, 1987; 
Patchett et al., 1987; Claesson and Lundqvist, 1995; 
Andersson et al., 2002), which exclude the metasedi-
ments as the sole source. In contrast, the εNd values of the 
trondhjemites fall in the upper part of the range for 1.91-
1.86Ga felsic Svecofennian metaigneous rocks (c.f. e.g., 
compilations in Andersson et al., 2002; Rutanen et al., 
2011), with T-DM ages around 2.0Ga. The Nd isotopes 
thus allow a derivation of the trondhjemites from such 
juvenile crustal lithologies. The presence of juvenile 2.1-
1.91Ga Svecofennian crust has been inferred from sev-
eral lines of evidence (e.g., Lahtinen and Huhma, 1997; 
Andersen et al., 2009). In addition, at least some of the 
inherited zircons could come from sedimentary intercala-
tions, containing Archaean components. 

The younger 1842±5Ma rims on the c. 1.87Ga trond-
hjemite zircons are interpreted as metamorphic. This is 
one of the oldest ages reported for late-Svecofennian 
metamorphism in southern Svecofennian arc complex so 
far. Torvela et al. (2008) also reported 1850±12Ma meta-
morphic rims on older magmatic zircons, but that age was 
based only on one single spot. Furthermore, their sampling 
site is to the south of the South Finland shear zone, which 
is interpreted as a terrane boundary and the southern bor-
der of the high grade southern Svecofennian arc complex 
(Torvela and Ehlers, 2010). Previously, the peak meta-
morphism and the age of the crustally derived granites 
were constrained between c. 1.83 and 1.81Ga (Korsman 

et al., 1984; Huhma, 1986; Suominen, 1991; Väisänen 
et al., 2002; Jurvanen et al., 2005; Mouri et al., 2005; 
Skyttä and Mänttäri, 2008; Väisänen and Kirkland, 2008). 
The 1842±5Ma age indicates that metamorphic tempera-
tures were high enough to crystallize new zircon at that 
time, supported also by the generation of crustally derived 
anatectic granites of similar ages (1.85-1.84Ga; Romer and 
Öhlander, 1995; Kurhila et al., 2005, 2010; Hermansson et al., 
2007; Skyttä and Mänttäri, 2008; Nironen and Kurhila, 2008).

Source region of magmatism

Uki

In spite of overlapping Nd isotopic data, several lines 
of evidence in the geochemical data suggest that the ma-
fic and felsic magmatism in the Uki area have different 
sources. The first argument comes from the major element 
data where the gap in silica contents (Fig. 5) is inconsistent 
with fractionation of mafic magma leading to tonalites and 
trondhjemites (Arth et al., 1978), as such a process would 
be expected to generate more intermediate compositions. 
Secondly, the geochemical trends are also inconsistent 
with fractionation. For example, the K2O contents are the 
same or higher in the diorites compared to the tonalites and 
trondhjemites, which would require the removal of K-feld-
spar or biotite during fractionation, which finds no support 
petrographically (Fig. 7D). Furthermore, the combination of 
trends for Al2O3, Na2O, and Sr are contradictory with respect 
to plagioclase fractionation, while the strongly decreasing 
trends for Y and HREE would require the removal of garnet 
or zircon which is also not corroborated by petrography.

The relatively high MgO, Mg#, Ni and Cr contents 
(Figs. 7, 8) in the diorite samples suggest that they are 
derived from a mantle source, or that they are slab melts. 
However, the idea of slab melts contaminated by interac-
tion with mantle wedge peridotites, leading to low-silica 
adakites (c.f. Martin et al., 2005), is not supported by other 
data for the diorites. The Y and Yb contents of the diorites 
are among the highest of all the data in the present set, 
and their moderate Sr/Y and La/Yb ratios mainly depend 
on their high La and Sr contents (Fig. 8A, D). This makes 
them plot on the boundary between the adakites/TTGs 
and volcanic arc magmas (Fig. 9), and below the typical 
values for low-silica adakites. A garnet-bearing source 
is therefore not supported, and the diorites are ambigu-
ous adakites. Therefore, a source in the uppermost, spi-
nel lherzolitic portion of the mantle is more likely. The 
relatively high K2O and LREE contents of the diorites 
suggest that the mantle portion was enriched during 
previous subduction, supported by the negative anoma-
lies for Nb, Zr and Ti (Fig. 10), typical for subduction-
related magmatism (e.g., Pearce, 1996). However, the 
enrichment is not at all as pronounced as that in the post-
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collisional, high-K and shoshonitic c. 1.8Ga magmatism, 
which later intruded into the same region (Andersson et al., 
2006a; Rutanen et al., 2011 and references therein).

The tonalites and trondhjemites in the Uki area have 
most of the characteristics defined for adakite- and 
TTG-like magmas. They plot in the appropriate fields 
in the Sr/Y vs Y and La/Yb vs Yb diagrams (Fig. 9). 
Furthermore, in many cases they have positive Eu and 
Sr anomalies (Fig. 10), suggesting that no plagioclase 
remained in the source and that some accumulation of 
plagioclase instead occurred. The typically low HREE 
contents lead to high La/Yb ratios (Fig. 8F), indicat-
ing that garnet remained in their source (c.f., the low-
HREE TTG of Halla et al., 2009). However, the MgO, 
Mg#, Ni and Cr contents are consistently lower than 
is typical for slab-derived adakites. We interpret this 
to mean that these melts never interacted with man-
tle wedge peridotites, in accordance with Smithies 
(2000) and Condie (2005). In addition, the tonalites 
show rather high K2O/Na2O ratios. The trondhjemites 
have exceptionally high Na2O contents, making their 
K2O/Na2O ratios very low. Most samples plot in the 
TTG field as defined by Moyen (2009; Fig. 7E). All com-
bined, these geochemical characteristics are typical for 
crustally derived high-silica adakite/TTG-like rocks, 
inferred to be derived from the mafic lower crust (c.f., 
Muir et al., 1995; Smithies, 2000; Huang et al., 2009; 
Moyen, 2009). The tonalites consistently show inter-
mediate compositional characteristics, between those 
of the trondhjemites and diorites, but plot closer to the 
trondhjemites. This, and the common occurrence of ma-
fic magmatic enclaves, strongly suggest that they carry 
a component of mafic admixture from the diorites. The 
rather high contents of the large ion lithophile element 
(LILE), as well as the negative Nb and Ti anomalies 
visible in the multi-element diagrams (Fig. 10) point 
towards a subduction component. This is natural as the 
Svecofennian crust was formed from juvenile sources 
in volcanic arc/continental margin settings 200-10 mil-
lion years earlier (Huhma, 1986; Patchett and Kouvo, 
1986; Lahtinen and Huhma, 1997; Ehlers et al., 2004; 
Kähkönen, 2005; Andersson et al., 2006b; Andersen et 
al., 2009). Remelting of this source would be expected 
to produce arc-type signatures and readily account for 
the positive εNd values between +1.7 and +2.6. Higher 
values would be expected if the source was completely 
juvenile and lower values if the source was older.

N-Turku

The composition of samples from the N-Turku area 
is highly variable. In terms of MgO, Mg#, Ni and Cr 
many of the N-Turku samples plot in between the man-
tle-derived mafic Uusikaupunki diorites and the more 

felsic crustal-derived granitoids (Figs. 7, 8). In most 
diagrams presented here many of the samples seem to 
be true adakites. In the Sr/Y vs Y and (La/Yb vs Yb)N 
discrimination diagrams (Fig. 9) a few of the samples 
plot outside the proper adakite/TTG field, in the tran-
sitional field or in the volcanic arc field, together with 
the Uusikaupunki diorites. In contrast, some samples 
have high Sr/Y and La/Yb ratios, resembling the Uki 
granitoids. The REE and multi-element diagrams show 
the same; a few of the analyses have positive Eu and 
Sr anomalies and very low HREE contents, but most 
are similar to the tonalites from the Uki area (Fig. 10). 
Intrusions in the N-Turku area thus seem to comprise 
rocks ranging from mantle to crustal in signature. How-
ever, only one sample has such a low SiO2 content as 
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the Uki diorites, and the MgO contents are systemati-
cally lower. We suggest that the high Mg, Ni and Cr 
rocks are hybrids between mantle-derived and crustal 
melts. The N-Turku felsic granitoids contain abundant 
mafic enclaves which might represent the mafic mem-
ber, the mafic member (Fig. 2). A published ion micro-
probe zircon dating of a hornblende tonalite (sample 
110-MAV-02 in Appendix, Table I) yielded a crystalli-
sation age of c. 1.87Ga, but the zircons contained inher-
ited cores of Archaean and older Palaeoproterozoic age 
(Väisänen et al., 2002), strikingly similar to the zircons 
in the trondhjemite sample in this study, thus verify-
ing a crustally derived source component. The process 
here resembles the one referred to as MASH (melting, 
assimilation, storage, homogenization) by Hildreth and 
Moorbath (1988). 

S-Turku

Similar to the N-Turku samples, the S-Turku rocks 
show a wide range both in major and minor element con-
tents. One of the samples plots in the volcanic arc field in 
the Sr/Y vs Y and La/Yb vs Yb diagrams, while the other 
thirteen samples plot in the adakite/TTG field (Fig. 9). Half 
of the analyses show quite low Sr/Y ratios, the lowest of 
all the samples in this study. This depends mainly on the 
low Sr contents as the Y contents are systematically below 
18ppm. Many of these rocks also tend to show negative 
Sr anomalies, in contrast to those in the N-Turku area 
(Fig. 10). In the La/Yb vs Yb diagram, all but one plot 
within the adakite/TTG-field. The relatively low Sr con-
tents as well as the negative Sr and Eu anomalies suggest 
that plagioclase either remained in the source or, alterna-
tively, was fractionated from the magma before emplace-
ment. However, except for these discrepancies the S-Turku 
samples show similar intermediate compositions to the N-
Turku samples, making our interpretation the same, i.e., 
they are crustal melts but some bear signatures of the man-
tle through mixing processes.

Depth of melting

The position of nearly all the samples and, in partic-
ular, the Uki trondhjemites and tonalites, in the adakitic 
and TTG-fields in Figure 9 supports deep melting, where 
plagioclase was unstable and entered the melt phase to-
gether with Sr, while garnet was stable retaining Yb and 
Y. In many cases, crustal melting at pressures higher than 
15kbar is suggested for reaching adakitic Sr/Y (and La/Yb) 
ratios, assuming constant contents of Sr and REE in the 
mafic crustal source lithologies (Moyen, 2009). However, 
Moyen (2009) showed that not only the pressure, but also 
the source composition has a drastic effect on the ratios 
of these elements in a magma. For example, high Sr/Y in 
the source leads to still higher ratios in the magma even at 

moderate pressures. This effect is accentuated if the source 
contains an aluminious metasedimentary component. 
Melting of peraluminous sources may leave garnet in the 
residue at pressures as low as 5-6kbars, which can lead to 
adakitic Sr/Y ratios, but other geochemical characteristics 
of such rocks are not adakitic. It has been shown that gar-
net may be a stable residual phase during melting of am-
phibolitic sources from c. 10kbar and upwards (e.g., Wolf 
and Willie, 1994; Skjerlie & Johnston, 1996). This can be 
regarded as the lower pressure limit for adakite formation 
from amphibolitic sources.

The range of ages of the inherited zircons in the 
c. 1.87Ga intrusions (Väisänen et al., 2002 and this 
study), clearly indicates that mafic meta-igneous rocks 
in the crust cannot be the only source for the synoro-
genic magmatism, but that a sedimentary source must 
be involved. This seriously questions the deep melting 
region as a source for these rocks. However, based on the 
high εNd values discussed above, the sedimentary compo-
nent cannot be very large. Therefore, it is highly improb-
able that garnet crystallizing at shallow depths contributed 
to the elevated Sr/Y ratios. In addition, other geochemical 
features of the rocks in this study do not favour sedimen-
tary protoliths (e.g., the low K2O/Na2O; Fig. 7). In contrast, 
it is fully possible that the source, i.e., a volcanic arc-type 
crust, already possessed relatively high Sr/Y, leading to 
even higher ratios by melting at moderate pressures, i.e., 
in the middle crust. 

Most of the the Uki trondhjemites and tonalites have 
Sr/Y ratios exceeding 100. These high ratios cannot be 
explained by source compositions alone and indicate deep 
melting in the presence of garnet. If a normal crustal Sr/Y 
ratio of 15 (Taylor and McLennan, 1985) is assumed in the 
source, a ratio of >300 requires 15kbar pressures (Moyen, 
2009). Two trondhjemite samples are close to and five 
samples are much above that value (Fig. 8E). Therefore, 
even accepting a high Sr/Y source, high pressures are re-
quired, i.e., pressures of the lower crust, at least for those 
rocks with the highest ratios. Samples from N-Turku show 
a wide scatter of Sr/Y, but in this area many of the rocks 
probably are hybrids between mantle- and crustal-derived 
magmas as previously discussed. The lowest Sr/Y values 
are encountered in the S-Turku samples, which might in-
dicate the shallowest melting region or lowest Sr/Y in the 
source. A component of hybridization with low Sr/Y mafic 
rocks is most probably included also here.

Tectonic setting

The Svecofennian orogen, which constitutes a major 
part of the Fennoscandian Shield, is considered to have 
formed through successive episodic pulses in several phas-
es. The first one was the accretionary Fennian orogeny at 
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c. 1.92-1.87Ga, during which the first volcanic arcs col-
lided with the Archaean craton and then against each other 
(Lahtinen et al., 2005). According to Lahtinen et al. (2005) 
an intervening extensional period, at c. 1.86-1.84Ga, was 
followed by a continent-continent collision between Fen-
noscandia and the Volgo-Sarmatian crustal block from the 
SE at 1.84–1.79Ga, which reworked the crust in south-
ern Finland and central Sweden (Svecobaltic orogeny). 
All in all, these two main orogenic cycles, complemented 
by magmatic additions from the mantle (Lahtinen et al., 
2009b), created an orogen that is one of the thickest in the 
Palaeoproterozoic (Windley, 1995). Even today it is c. 
60km thick in the central parts and 50km thick in southern 
Finland and central Sweden. Prior to exhumation and ero-
sion, the Svecofennian orogen was c. 70km thick (Korja et 
al., 1993). Based on the present thick crust in the central 
Svecofennian arc complex, an area that more or less es-
caped the Svecobaltic stage, it is assumed that the great 
thickness of the Svecofennian crust was reached already 
during its accretional stage by c. 1.87Ga, at least in the cen-
tral Svecofennian arc complex (e.g., Nironen et al., 2000).

The volcanic arcs in southern Finland, the Uusimaa 
and Häme belts that form the southern Svecofennian arc 
complex, were formed between c. 1.90 and 1.88Ga and 
accreted and collided against the central Svecofennian arc 
complex at c. 1.87Ga (Väisänen et al., 2002). On the ba-
sis of published and new (this study) single zircon age de-
terminations, it is shown that the c. 1.87Ga magmatism is 
more widespread than previously thought, since many of 
these rocks appear to contain zircon populations of varia-
ble ages that in conventional geochronology yielded mixed 
ages. This magmatism comprises both mantle (mafic) and 
crustal (felsic) components, and their magmatic hybrids. 
The mantle part (diorites) shows elevated LILE and REE 
contents (compared to oceanic arc magmas), but has sub-
duction-related signatures. A similar c. 1.87Ga mafic-felsic 
rock association with mantle-derived high-potassium ma-
fic rocks and high Sr/Y felsic crustal melts has been de-
scribed from Puutsaari in the eastern part of the southern 
Svecofennian arc complex in Russian Karelia (Konopelko 
and Eklund, 2003). There, rocks are coeval and mingle and 
mix with each other forming hybrids. Adakite-like rocks 
have also been described from the same region (Mattila, 
2003). Early Svecofennian metamorphism and anatexis at 
1.87-1.86Ga have also been reported in Sweden (Anders-
son et al., 2004a, 2006b; Hermansson et al., 2008; Högdahl 
et al., 2008).

Because arc accretion had thickened the crust, prob-
ably assisted by magmatism from ongoing subduction, 
newly formed crustal melts obtained adakite- and TTG-
like compositions by melting of garnet-bearing basaltic 
sources. Crustal melting took place during the final stage 
of arc accretion and crustal thickening or immediately after 

that, before subsequent extension thinned the crust. Since 
the crustal melts are associated with coeval mantle-derived 
mafic magmatism, it is plausible that the mafic magmatism 
provided the heat source for crustal melting (c.f., Andersson, 
1991; Konopelko and Eklund, 2003).

Adakite-like crust-derived magmatism is not widely 
described from the Palaeoproterozoic Era. It is probably a 
common magma type in the Svecofennian orogen, where 
tectonic movements and magmatism thickened the crust to 
one of the thickest in the Palaeoproterozoic Era, similar 
to present-day Tibet (e.g., Chung et al., 2003; Hou et al., 
2004). It is likely that similar magma types occur in many 
Paleoproterozoic orogens that were subjected to thicken-
ing, either through arc accretion, magmatism or continen-
tal collision, provided that an appropriate heat source was 
available.

SUMMARY AND CONCLUSIONS

The recent single zircon age data suggest that the 
synorogenic magmatism in southern Finland occurred 
between c. 1875Ma and 1860Ma with most of the ages 
around 1.87Ga. Both mafic (1872±3Ma diorite) and fel-
sic (1867±4Ma trondhjemite) magmatism dated in the 
present study belong to the 1.87Ga synorogenic magmatic 
group. Within analytical uncertainty, they are coeval, but 
combined with previously published ages also allow the 
interpretation that part of the mafic magmatism occurred 
slightly earlier than the felsic magmatism. The onset of the 
late-Svecofennian metamorphism is now extended back to 
c. 1.84Ga, as shown by zircon rims in the trondhjemite. 
The trondhjemite also contained inherited Archaean and 
Palaeoproterozoic zircons.

All evidences indicate that the c. 1.87Ga magmatism in 
SW Finland stems from two principally different sources: one 
in the mantle and the other in the mafic lower crust. The man-
tle component is represented by the mafic-intermediate Uki 
diorites that were derived from a mantle wedge source that 
was slighly enriched during a preceding subduction event. 
The crustal sources mostly consisted of juvenile (<2.1Ga) 
mafic arc crust, which by melting yielded typical adakite/
TTG-like magmas. Intrusion of the mantle-derived magmas 
into the arc crust may have been the engine in the generation 
of the crustal melts. Most of the intermediate compositions 
represent mixtures between these two end members. 

The crustal part of the synorogenic magmatism is ex-
pressed by the most felsic rocks among the trondhjemites 
and tonalites, while most tonalites, granodiorites and 
quartz diorites represent hybrids with the mantle-derived 
magmas. The Sr/Y and La/Yb ratios are adakite- and TTG-
like, indicating that the crustal melts were derived from the 
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lower, mafic part of the thick Svecofennian arc crust. The 
Uki trondhjemites show the highest ratios, indicating the 
deepest source (pressure >15kbar). By the same reasoning 
the N-Turku rocks might have been derived from a slightly 
shallower melting region and the S-Turku rocks have the 
shallowest crustal source, with only half of the analysed 
rocks showing adakite/TTG-like Sr/Y ratios.

It is proposed that the arc accretion at c. 1.92-1.87Ga, 
combined with magmatic underplating into the lower crust, 
thickened the crust so that melting of the lower crust yield-
ed adakite- and TTG-like compositions.
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Table I. Geochemical analyses from plutonic rocks from southwestern Finland
Sample 29-MJV-05 7-MJV-06 8-MJV-06 9-MJV-06 12-MJV-06 17-MJV-06 18-MJV-06 14-MJV-07
Sample area Uki Uki Uki Uki Uki Uki Uki Uki
N-coordinatea 6760730 6757382 6760936 6757319 6760538 6755771 6759462 6762618
E-coordinatea 3198231 3188554 3188212 3201716 3196381 3203586 3195227 3199695
Rock typeb Trond Trond Trond Trond Trond Trond Trond Trond
Laboratory Acme Acme Acme Acme Acme Acme Acme Acme
SiO2 71.64 68.9 67.8 69.94 69.98 70.86 70.7 68.29
TiO2 0.22 0.34 0.42 0.34 0.26 0.27 0.22 0.37
Al2O3 15.62 16.46 16.59 15.82 16.3 15.67 16.03 16.47
Fe2O3 1.62 2.92 3.52 2.93 2.26 2.64 2.02 2.98
FeO 1.46 2.63 3.17 2.64 2.03 2.38 1.82 2.68
MnO 0.02 0.03 0.03 0.02 0.02 0.02 0.02 0.03
MgO 0.59 0.77 0.98 0.91 0.63 0.68 0.48 0.98
CaO 2.04 2.91 2.84 2.11 2.21 2.23 1.89 2.61
Na2O 5.64 5.11 5.02 5.17 5.9 5.23 5.7 5.13
K2O 1.46 1.41 1.62 1.66 1.62 1.6 2.07 1.97
P2O5 0.07 0.07 0.09 0.09 0.06 0.08 0.08 0.108
Mg#c 42 34 36 38 36 34 32 39
Sc 2 4 4 5 2 3 2 3
Ba 264.4 228.7 324.8 132 386.6 169.9 452.4 470
Cs 1.2 4 4.4 3.3 1.6 3.9 1.8 3.4
Ga 21.5 21.5 20.4 21.3 23.6 20.4 21.7 22.3
Hf 3 4.3 4.4 3.6 3.5 4.2 3.3 3.9
Nb 1.6 4.5 3.8 4.9 1.4 5.3 1.4 4.3
Rb 34.7 50.3 62.8 64.5 40.3 78.5 52.1 64
Sr 923.3 676.2 606 658.8 987.3 361.1 960.6 645
Ta <.1 0.5 0.3 0.4 0.1 0.6 0.2 0.2
Th 3.2 0.7 3.8 2.7 1.8 5.1 1.9 3.6
U 1.4 1 2.4 2.8 1.5 3.3 1.3 1.4
V 18 31 31 28 22 15 19 27
Zr 101.6 144.3 158.4 111.9 113.1 135.3 105.4 139.5
Y 2.5 2.4 8 2.3 2.7 2.6 2.6 3.7
La 12.9 4.8 20.1 9.9 9.3 14 9.2 17.1
Ce 24.5 8.6 36.6 18.1 18.6 25.5 17.6 31.5
Pr 3.63 1.08 4.08 1.99 2.15 2.78 2.12 3.54
Nd 10.7 3.7 15 6.6 7.2 9.6 8.6 12.9
Sm 1.9 0.7 2.5 1.1 1.5 1.6 1.5 2.16
Eu 0.71 0.51 0.71 0.58 0.46 0.45 0.4 0.7
Gd 1.04 0.46 2.08 0.64 0.97 1.02 1.11 1.35
Tb 0.15 0.11 0.37 0.11 0.14 0.16 0.12 0.19
Dy 0.65 0.4 1.49 0.48 0.6 0.6 0.64 0.79
Ho 0.09 0.09 0.25 0.08 <.05 0.06 0.07 0.13
Er 0.3 0.24 0.63 0.18 0.23 0.15 0.2 0.33
Tm <.05 0.07 0.1 <.05 <.05 <.05 <.05 0.05
Yb 0.3 0.33 0.53 0.23 0.13 0.09 0.2 0.28
Lu 0.04 0.02 0.12 0.03 0.02 0.02 0.03 0.04
Cu 28.7 7.7 7.3 5.1 12.1 3.3 3.4 6
Pb 1.5 4 2.3 4.9 3.7 2 3.2 4.4
Zn 45 46 54 82 39 51 45 54
Cr 6.7 13.7 <6.8 <6.8 13.7 6.8 <6.8 <13.7
Ni 5 4.4 3.1 3.6 3.5 3.2 1.5 7.2
La/Yb 43 14.5 37.9 43 71.5 155.6 46 61.1
(La/Yb)N

d 30.8 10.4 27.2 30.9 51.3 111.6 33 43.8
Sr/Y 369 282 76 286 366 139 369 174

 Geochemical analyses from plutonic rocks in southwestern FinlandTABLE I
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Sample 15-MJV-07 16-MJV-07 14-MJV-06 15-MJV-06 1-MJV-07 5-MJV-07 11-MJV-07 12-MJV-07
Sample area Uki Uki Uki Uki Uki Uki Uki Uki
N-coordinatea 6754069 6750815 6778973 6770031 6805958 6787427 6771224 6771547
E-coordinatea 3195439 3194941 3191229 3191569 3209255 3204396 3199318 3193640
Rock typeb Trond Trond Ton Ton Ton Ton Ton Ton
Laboratory Acme Acme Acme Acme Acme Acme Acme Acme
SiO2 71.72 72.15 65.24 66.38 67.8 69.25 67.15 63.5
TiO2 0.18 0.19 0.6 0.43 0.59 0.44 0.56 0.61
Al2O3 15.48 15.41 16.29 16.57 15.16 15.38 15.76 15.96
Fe2O3 1.82 1.79 4.58 3.86 4.54 3.49 4.09 4.55
FeO 1.64 1.61 4.12 3.47 4.09 3.14 3.68 4.09
MnO 0.02 0.02 0.07 0.05 0.05 0.04 0.05 0.06
MgO 0.57 0.45 1.99 1.83 1.38 1.3 1.43 1.79
CaO 1.92 1.93 3.75 3.52 2.08 2.76 3.28 3.48
Na2O 5.68 5.5 4.24 4.31 4.15 4.31 4.39 3.88
K2O 1.8 2.25 1.91 1.92 2.63 1.91 1.93 2.39
P2O5 0.048 0.052 0.4 0.14 0.259 0.161 0.211 0.313
Mg#c 38 33 46 48 38 42 41 44
Sc 3 2 6 6 9 6 6 7
Ba 344 395 440.1 560.5 296 443 567 532
Cs 2.4 4.2 3.6 7.2 5.9 4.3 7.7 9
Ga 22 21.4 21.9 22.9 18 20.6 21.8 21.9
Hf 2.1 2.4 4.3 4.3 6.7 3.4 4.1 4
Nb 1.9 1.7 8.3 6 21.5 6.5 8 10.2
Rb 48.7 54.2 69.6 80.9 120 99.2 77.3 78.3
Sr 912.4 885.3 1322.7 799.4 417 495 882.6 905.6
Ta 0.1 0.2 0.5 0.3 1 0.4 0.5 0.5
Th 1.6 0.3 5.8 5.8 7.5 4.9 4.5 4.8
U 0.5 0.6 4.1 4 4.1 2 1.8 2.3
V 20 14 67 57 50 49 59 94
Zr 74.8 81.4 153.9 146 310.6 132.1 154.1 159.6
Y 1.1 0.7 11.7 6.2 13.9 6.7 7.8 10.4
La 9.9 3.7 45.6 21.6 65.7 25 29.7 39.6
Ce 18.8 6.9 107.8 45.1 128.4 47.1 60.5 82.7
Pr 1.99 0.82 13.88 5.38 14.56 5.16 7.11 9.99
Nd 6.8 3.6 53.6 19.3 53.5 18.9 27.5 36.2
Sm 0.96 0.53 8.3 3 7.17 3.05 4.55 5.53
Eu 0.43 0.45 2.09 0.86 1.56 0.77 1.28 1.65
Gd 0.6 0.33 5.35 1.88 4.43 2.01 2.96 3.89
Tb 0.07 0.04 0.65 0.25 0.63 0.3 0.39 0.51
Dy 0.25 0.13 2.38 1.31 2.88 1.5 1.74 2.29
Ho 0.03 0.03 0.34 0.19 0.48 0.24 0.26 0.41
Er 0.08 <0.03 0.81 0.51 1.21 0.6 0.65 0.98
Tm 0.02 <0.01 0.14 0.08 0.19 0.08 0.09 0.16
Yb 0.09 0.08 0.69 0.45 1.09 0.52 0.59 0.77
Lu 0.02 0.01 0.1 0.06 0.2 0.09 0.08 0.17
Cu 6.2 4 26.1 15.7 10.8 25.1 15.4 13.7
Pb 2.3 2.1 4.4 4.8 7.8 4.7 4.3 4.8
Zn 49 41 57 56 91 64 71 79
Cr <13.7 <13.7 13.7 38.5 <13.7 27.4 13.7 <13.7
Ni 4.3 3.8 8.1 23.7 7.4 12.8 12.2 20.9
La/Yb 110 46.3 66.1 48 60.3 48.1 50.3 51.4
(La/Yb)N

d 78.9 33.2 47.4 34.4 43.2 34.5 36.1 36.9
Sr/Y 829 1265 113 129 30 74 113 87
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Sample 13-MJV-07 28-MJV-05 10-MJV-06 19-MJV-06 13-MJV-06 20-MJV-06 6-MJV-07 7-MJV-07
Sample area Uki Uki Uki Uki Uki Uki Uki Uki
N-coordinatea 6766670 6758277 6758482 6757178 6776573 6757918 6784705 6784398
E-coordinatea 3199053 3197083 3200453 3197354 3197454 3197405 3204216 3204195
Rock typeb Ton Dr Dr Dr Dr Dr Dr Dr
Laboratory Acme Acme Acme Acme Acme Acme Acme Acme
SiO2 67.07 57.27 56.34 57.78 60.11 57.22 57.49 60.01
TiO2 0.46 0.87 0.91 0.82 0.69 0.88 0.86 0.77
Al2O3 15.5 15.8 16.54 15.84 15.11 16.38 14.4 14.72
Fe2O3 3.91 7.44 7.63 7.08 6.1 7.36 8.03 6.53
FeO 3.52 6.69 6.87 6.37 5.49 6.62 7.23 5.88
MnO 0.05 0.1 0.09 0.09 0.08 0.1 0.12 0.08
MgO 1.73 5.17 4.67 4.78 4.01 4.61 5.85 4.78
CaO 2.95 6.51 5.87 5.72 5.1 6.15 5.98 5.13
Na2O 4.21 3.85 3.81 4.12 3.98 3.79 2.95 3.83
K2O 1.55 1.7 2.15 1.4 3.18 2.09 2.21 2.57
P2O5 0.13 0.43 0.33 0.33 0.47 0.39 0.496 0.458
Mg#c 47 58 55 57 57 55 59 59
Sc 7 16 15 15 11 16 20 14
Ba 305 369.6 433.9 284.1 692.7 448.2 402 449
Cs 5.7 4.5 2.3 4.8 5.7 2.8 3.6 4.3
Ga 20.6 20.8 22.1 20.4 20 20.1 18.9 17.8
Hf 3.6 2.7 3.8 6.8 5.6 4.7 3.7 4.1
Nb 4.8 7.2 8.1 7.6 11.5 8.1 19.3 15.2
Rb 65.1 44 56.4 35 97.4 54.8 142.3 117.6
Sr 691.9 915.6 796.5 741.6 1229 899.9 827.3 843.3
Ta 0.2 0.4 0.4 0.5 0.8 0.4 0.9 0.7
Th 4.7 5.7 7.7 4.7 13.9 6.4 10.6 7.3
U 1.7 2.9 2.8 3.2 4.3 3.3 4.1 2.6
V 48 150 140 159 105 133 150 109
Zr 116 90.9 124.4 227.5 194.4 155.6 148.4 155.3
Y 5.8 19.7 15.5 17.4 16.5 18.4 25.4 17.9
La 17.7 54.6 35.7 42.5 45.5 43.9 53.2 42.9
Ce 35.6 109.9 81.4 98.8 108.7 102.9 124.8 97.2
Pr 4.22 13.64 10.21 12.86 14.14 13.37 16.86 12.52
Nd 16.7 54.9 41.9 51.7 55.1 55 70.2 52.1
Sm 2.95 9.6 7 8.8 9.2 9.2 12.65 9.08
Eu 0.82 2.64 1.88 1.78 2.16 2.42 2.97 2
Gd 2.11 5.97 4.99 6.16 6.56 6.36 8.3 6.12
Tb 0.26 0.83 0.68 0.8 0.86 0.88 1.13 0.77
Dy 1.21 3.62 2.78 3.44 3.4 3.76 5.25 3.84
Ho 0.2 0.63 0.47 0.56 0.54 0.53 0.86 0.61
Er 0.54 1.67 1.28 1.4 1.26 1.38 2.3 1.57
Tm 0.07 0.15 0.21 0.23 0.25 0.21 0.36 0.23
Yb 0.49 1.45 1.09 1.27 1.1 1.34 2.1 1.47
Lu 0.08 0.19 0.23 0.23 0.19 0.24 0.3 0.22
Cu 5.1 51.3 41.6 42.1 45.8 41.2 46.6 51.6
Pb 3.5 1 2.7 1.9 4.1 3.9 14.5 5.2
Zn 62 38 55 46 47 57 89 65
Cr 34.2 143.7 143.7 116.3 140.8 130 328.4 218.9
Ni 18.3 87 54.2 43.9 43.9 52.9 66.1 69.6
La/Yb 36.1 37.7 32.8 33.5 41.4 32.8 25.3 29.2
(La/Yb)N

d 25.9 27 23.5 24 29.7 23.5 18.2 20.9
Sr/Y 119 46 51 43 74 49 33 47
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Sample 8-MJV-07 9-MJV-07 10-MJV-07 1-EMH-01 2-EMH-01 3A-EMH-01 3D-EMH-01 4-EMH-01
Sample area Uki Uki Uki N-Turku N-Turku N-Turku N-Turku N-Turku
N-coordinatea 6782966 6779431 6777185 6703544 6718937 6723270 6723270 6723172
E-coordinatea 3198702 3203796 3206809 3234043 3246011 3233356 3233356 3231862
Rock typeb Dr Dr Dr Charn Charn Ton Ton Charn
Laboratory Acme Acme Acme ActLab ActLab ActLab ActLab ActLab
SiO2 61.08 59.43 60.69 69.5 63.94 64.92 65.8 62.96
TiO2 0.96 0.8 0.76 0.32 0.65 0.773 0.696 0.782
Al2O3 15.02 15.78 15.35 16.95 17.36 15.41 15.93 15.54
Fe2O3 6.64 6.49 6.3 1.29 4.81 5.76 5.01 5.8
FeO 5.97 5.84 5.67 1.16 4.33 5.18 4.51 5.22
MnO 0.08 0.09 0.08 0.014 0.046 0.065 0.061 0.069
MgO 4.25 4.21 4.17 0.79 1.88 2.84 2.19 2.99
CaO 4.7 5.33 5 3.78 3.17 3.9 4.04 4.84
Na2O 2.84 4.07 3.75 5.02 5.3 3.42 3.7 4.32
K2O 2.6 2.11 2.16 1.79 1.98 2.05 1.88 1.8
P2O5 0.494 0.48 0.473 0.1 0.16 0.21 0.18 0.19
Mg#c 56 56 57 55 44 49 46 51
Sc 11 13 13 2 6 11 10 12
Ba 686 623 562 399 361 745 442 441
Cs 9.4 6.2 6.6 0.1 2.3 10.2 24.6 2.4
Ga 17.3 19.6 18.5 21 24 21 22 23
Hf 3.6 4.8 4.1 2.7 0.9 5.2 4.2 4.3
Nb 17.7 10.8 12.3 5.2 6.9 8 9.7 8.1
Rb 140.9 99.3 126.9 31 91 118 117 74
Sr 997.9 1192 1084 591 719 521 564 627
Ta 0.7 0.5 0.7 0.25 0.36 0.36 0.61 0.34
Th 6.3 5.6 7.7 0.53 0.14 5.47 7.79 1.44
U 2.4 2.5 3.6 0.46 0.37 2.03 3.18 0.3
V 92 115 110 16 57 86 71 87
Zr 147.6 189.2 164.2 102 28 196 152 160
Y 15.8 16.8 17.1 2.6 2.9 12.6 12 12.7
La 19.6 54.4 53 12.6 7.19 29.9 34 24.9
Ce 47.8 116.1 112.4 20.5 13.7 62.8 65.2 49.9
Pr 7.15 14.38 14.12 1.86 1.47 6.97 7.11 5.83
Nd 33.9 58.2 58 6.33 5.49 25.9 25 22.6
Sm 7.16 9.36 9.66 1.09 1.19 4.89 4.18 4.11
Eu 2.02 2.51 2.32 1.01 0.848 1.68 1.41 1.43
Gd 5.11 6.24 6.31 0.79 1.04 4.23 3.73 3.92
Tb 0.68 0.78 0.79 0.11 0.15 0.5 0.49 0.53
Dy 3.23 3.56 3.62 0.57 0.7 2.61 2.43 2.54
Ho 0.54 0.55 0.56 0.1 0.11 0.5 0.46 0.48
Er 1.41 1.46 1.5 0.25 0.24 1.3 1.26 1.31
Tm 0.22 0.2 0.23 0.03 0.018 0.153 0.158 0.166
Yb 1.33 1.27 1.35 0.25 0.17 1.04 0.96 1.02
Lu 0.19 0.19 0.2 0.041 0.022 0.166 0.15 0.157
Cu 26 17.4 20.2 <10 24 31 37
Pb 7.4 3.5 3.5 14 9 10 8 6
Zn 80 63 69 <30 85 73 65 63
Cr 164.2 130 136.8 <20 36 81 61 86
Ni 58 53.3 53.6 <20 <20 38 36 57
La/Yb 14.7 42.8 39.3 50.4 42.3 28.8 35.4 24.4
(La/Yb)N

d 10.6 30.7 28.2 36.2 30.3 20.6 25.4 17.5
Sr/Y 63 71 63 227 248 41 47 49
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Sample 5AH-EMH-01 5B-EMH-01 6-EMH-01 110-MAV-02 111-MAV-02 112-MAV-02 113-MAV-02
Sample area N-Turku N-Turku N-Turku N-Turku N-Turku N-Turku N-Turku
N-coordinatea 6721759 6721759 6715821 6727993 6727774 6745983 6747935
E-coordinatea 3228286 3228286 3226119 3238739 3236642 3260889 3266247
Rock typeb Charn Charn Charn Ton Ton Grdr Ton
Laboratory ActLab ActLab ActLab ActLab Acme Acme Acme
SiO2 63.03 63.68 65.34 67.26 66.05 67.46 61.28
TiO2 0.459 0.79 0.528 0.451 0.51 0.39 0.68
Al2O3 15.87 15.73 15.87 16 15.96 15.23 15.67
Fe2O3 6.69 5.91 3.87 3.59 4.14 3.37 6.49
FeO 6.02 5.32 3.48 3.23 3.73 3.03 5.84
MnO 0.103 0.073 0.045 0.052 0.06 0.05 0.1
MgO 3.26 3.04 2.46 1.46 1.79 1.39 2.87
CaO 4.68 4.48 3.9 3.15 3.39 3.08 5.12
Na2O 4.08 3.8 5.13 4.41 4.6 3.98 3.98
K2O 1.37 1.78 1.75 2.98 2.46 3.49 2.68
P2O5 0.22 0.22 0.23 0.13 0.14 0.1 0.16
Mg#c 49 50 56 45 46 45 47
Sc 13 13 8 6 7 6 13
Ba 221 363 365 488 634 780 576
Cs 1.7 3.4 2.1 6.4 6.5 2.9 19
Ga 21 23 22 21 20.9 20.6 21.6
Hf 2.4 5.2 4.1 5.1 4.9 4.2 5
Nb 6.3 9 5 8.3 8.7 6.9 9.5
Rb 53 95 73 145 110.9 130.7 148.2
Sr 580 594 1220 450 701.6 423.5 493.1
Ta 0.24 0.65 0.26 0.62 0.6 0.5 0.6
Th 0.72 2.71 3.11 12.5 7.4 8 7.8
U 0.35 0.55 1.87 5.65 1.7 2.5 3
V 57 88 69 44 48 49 101
Zr 87 189 160 173 182.7 137.8 190.9
Y 8.8 9 10.8 14 11.3 11.2 20.4
La 28.7 32.4 28 31.5 30.7 22.1 24.4
Ce 56.6 64.7 59 58.5 67.7 45.3 55.6
Pr 5.87 7.16 6.66 6.13 7.25 4.79 6.47
Nd 22.1 25.6 27.1 21.6 24.9 17.1 25.4
Sm 4.03 4.02 5.37 3.59 4.2 3 4.7
Eu 1.65 1.65 1.76 0.87 1.14 0.75 1.13
Gd 2.91 3.31 4.02 3.38 2.81 2.17 3.92
Tb 0.36 0.38 0.5 0.47 0.41 0.32 0.6
Dy 1.91 1.86 2.43 2.47 2.27 1.92 3.31
Ho 0.34 0.35 0.4 0.51 0.36 0.35 0.63
Er 0.86 0.95 0.98 1.51 0.95 0.99 1.87
Tm 0.114 0.12 0.126 0.217 0.15 0.16 0.29
Yb 0.77 0.74 0.85 1.35 1 1.02 1.72
Lu 0.111 0.114 0.124 0.213 0.15 0.16 0.29
Cu 40 30 15 5.1 29.8 32.3
Pb 9 7 10 20 4.2 2.6 4.5
Zn 115 74 44 44 51 35 45
Cr 71 91 68 36 27.37 7 88.95
Ni 46 54 40 33 19.7 8.7 19.7
La/Yb 37.3 43.8 32.9 23.3 30.7 21.7 14.2
(La/Yb)N

d 26.7 31.4 23.6 16.7 22 15.5 10.2
Sr/Y 66 66 113 32 62 38 24

ContinuedTABLE I
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Sample 114-MAV-02 131-MAV-02 124-APJ-03 262-APJ-03 299-MJV-03 21-MJV-06 1-MJV-08 2-MJV-08
Sample area N-Turku N-Turku N-Turku N-Turku N-Turku N-Turku N-Turku N-Turku
N-coordinatea 6742059 6733416 6746124 6722304 6732579 6748150 6721803 6724323
E-coordinatea 3261895 3256552 3219565 3216698 3246027 3245158 3228244 3235243
Rock typeb Ton Ton Ton Ton Ton Ton Charn Ton
Laboratory Acme Acme GTK GTK GTK Acme Acme Acme
SiO2 64.34 66.02 69.5 68.2 70.3 65.17 62.99 64.08
TiO2 0.61 0.53 0.44 0.44 0.33 0.46 0.88 0.71
Al2O3 14.77 15.19 15.9 15.5 15.7 16.44 14.97 15.86
Fe2O3 5.63 4.04 2.96 3.34 2.78 4.66 6.67 5.72
FeO 5.07 3.64 2.67 3 2.5 4.19 6 5.15
MnO 0.11 0.06 0.03 0.06 0.04 0.05 0.08 0.06
MgO 2.57 2.17 1.12 1.8 1.07 1.79 3.49 2.23
CaO 3.96 3.76 3.2 3.2 2.62 2.88 4.31 4.19
Na2O 3.07 4.69 4.86 5.21 4.78 5.13 3.43 3.94
K2O 3.62 2.21 1.52 1.73 1.94 2.31 1.8 1.59
P2O5 0.13 0.14 0.1 0.12 0.1 0.17 0.24 0.23
Mg#c 47 52 43 52 43 43 51 44
Sc 11 8 6.02 6.68 3.6 11 13 8
Ba 624 574 136 276 511 162.1 424 404
Cs 13.7 3.3 n.a n.a n.a 3.5 3.4 4.4
Ga 20.8 22.9 28 26 53 23.6 19.5 21.5
Hf 5.1 3.4 4.02 3.21 3.32 3.1 6 4.8
Nb 9.9 5.6 9.29 6.29 5.95 8.5 10.5 10.2
Rb 161.5 58.8 90 69.6 84.5 126.3 89.9 73.7
Sr 457.6 881.8 431 668 423 437.9 504.6 595.5
Ta 0.7 0.3 0.37 0.39 0.51 0.6 2.7 0.6
Th 10.9 5.6 1.23 1.39 5.77 20.7 7 3.1
U 3 2 0.73 0.7 3.28 2.6 1.8 2.2
V 90 63 38 62 34 61 100 75
Zr 180.5 134.1 171 141 141 101.2 208.8 174.1
Y 19.2 9.7 3.75 7.45 7.41 10.8 15.5 11.8
La 24.7 20.7 11.1 17.2 17.4 63.6 36.4 23.5
Ce 54.9 43.7 19.6 30.9 31.4 117.1 73.2 48.1
Pr 6.33 5 2.08 3.43 3.14 12.42 9.26 6.53
Nd 22.8 18.1 7.93 13.7 11.3 38 36.9 24.6
Sm 4.4 3.5 1.73 2.32 1.71 4.8 6.04 4.1
Eu 0.96 1.07 0.61 0.74 0.53 0.7 1.31 1.15
Gd 3.61 2.45 1.51 2.14 1.53 3.65 4.89 3.54
Tb 0.57 0.38 0.19 0.28 0.24 0.49 0.62 0.47
Dy 3.25 1.79 0.83 1.47 1.26 2.03 2.96 2.44
Ho 0.61 0.32 0.14 0.26 0.25 0.31 0.57 0.41
Er 1.79 0.86 0.23 0.66 0.67 0.66 1.56 1.2
Tm 0.27 0.13 0.1 0.1 0.1 0.1 0.22 0.18
Yb 1.78 0.79 0.25 0.53 0.72 0.46 1.48 1.06
Lu 0.27 0.12 0.1 0.1 0.1 0.08 0.21 0.16
Cu 14.1 24.4 4 108 25 5 47.3 14.4
Pb 13.2 1.5 21 15 30 4.2 2.2 1.8
Zn 164 45 67 49 49 96 51 64
Cr 47.9 54.74 10 66 28 47.9 123.2 54.7
Ni 20.5 29.9 21 41 20 27.6 72.4 28.1
La/Yb 13.9 26.2 44.4 32.5 24.2 138.3 24.6 22.2
(La/Yb)N

d 10 18.8 31.8 23.3 17.3 99.2 17.6 15.9
Sr/Y 24 91 115 90 57 41 33 50
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Sample 38-MJV-07 25-MJV-08 32-MJV-08 26-MJV-07 27-MJV-07 28-MJV-07 33.1-MJV-07 47-MJV-07
Sample area N-Turku S-Turku S-Turku S-Turku S-Turku S-Turku S-Turku S-Turku
N-coordinatea 6721183 6686410 6684545 6691986 6691739 6688922 6709189 6707133
E-coordinatea 3194461 3201310 3212685 3182516 3187404 3189018 3264711 3288519
Rock typeb Grdr Ton Ton Ton Ton Charn Grdr Ton
Laboratory Acme Acme Acme Acme Acme Acme Acme Acme
SiO2 69.89 63.31 64.38 66.57 66.51 67.31 69.5 71.56
TiO2 0.3 0.78 0.69 0.5 0.6 0.53 0.46 0.28
Al2O3 15.1 15.38 15.62 15.55 16.55 15.5 15.11 14.36
Fe2O3 2.68 6.49 5.9 4.23 4.15 3.68 3.85 2.49
FeO 2.41 5.84 5.31 3.81 3.73 3.31 3.46 2.24
MnO 0.03 0.08 0.07 0.06 0.04 0.04 0.02 0.03
MgO 0.76 2.76 2.86 1.71 1.41 1.61 1.15 0.53
CaO 2.32 3.18 4.14 3.49 3.65 3.44 2.87 1.94
Na2O 4.44 3.78 3.06 4.33 4.3 4.22 4.08 3.34
K2O 2.56 2.76 2.11 2.72 1.94 2.77 2.01 4.24
P2O5 0.089 0.17 0.2 0.126 0.128 0.13 0.105 0.087
Mg#c 36 46 49 44 40 46 37 30
Sc 4 10 12 7 6 7 6 3
Ba 437 241 596 536 496 571 190 793
Cs 1.8 1.6 5.8 6.4 2.5 2.2 2.9 2.3
Ga 20.2 22.9 19 21.4 24.2 21 24.3 17
Hf 3.6 6.3 6.9 4.6 6.7 3.8 6.2 5
Nb 4.9 27.3 12.1 9.3 8.6 8.3 13.8 7.8
Rb 82 155.3 158.9 100.3 96.6 82.6 131.7 134.2
Sr 692 233.2 393 547.9 546.6 556.4 297.5 220
Ta 0.3 0.9 0.7 0.7 0.8 0.4 1.3 0.3
Th 6 5 12.5 6.5 10.9 2 17.3 23.6
U 2.5 0.9 3.4 2.1 4.3 1.3 3.6 4.2
V 34 85 89 55 44 47 37 14
Zr 112.4 226.2 262.2 159.3 259.6 144.7 222.2 162.4
Y 10.6 13.1 17.9 9.4 10 6.7 7.5 6.2
La 15.6 31.3 30.8 23.3 35.5 18.9 48 37
Ce 30.7 61.9 64.4 43 64.6 36.1 88.9 69.7
Pr 3.7 7.33 7.79 4.96 7.16 4.16 9.78 7.87
Nd 13.6 29.2 28.1 19.3 26.8 15.8 34.5 24.8
Sm 2.67 4.7 4.98 3.19 4.24 2.6 4.63 4.16
Eu 0.68 0.86 1.19 0.89 1.05 0.83 0.87 0.73
Gd 2.37 4.27 4.07 2.68 3.33 2.04 2.96 2.78
Tb 0.38 0.55 0.61 0.37 0.46 0.29 0.41 0.37
Dy 2.18 2.57 3.3 1.8 2.17 1.28 1.76 1.35
Ho 0.37 0.45 0.6 0.31 0.35 0.24 0.25 0.25
Er 0.99 1.18 1.68 0.88 0.93 0.64 0.52 0.59
Tm 0.15 0.17 0.24 0.13 0.13 0.09 0.06 0.12
Yb 0.69 0.96 1.49 0.77 0.81 0.57 0.4 0.46
Lu 0.12 0.15 0.22 0.12 0.12 0.08 0.05 0.09
Cu 9.3 3.6 20.6 9.9 8.4 4.7 3.3 4.1
Pb 102.3 2.5 4.2 8 4 3.8 6.1 10.2
Zn 6386 109 53 57 71 51 75 42
Cr 13.7 89 130 34.2 <13.7 27.4 <13.7 <13.7
Ni 6.4 46.9 62 22.5 9.8 23.5 7.4 3.4
La/Yb 22.6 32.6 20.7 30.3 43.8 33.2 120 80.4
(La/Yb)N

d 16.2 23.4 14.83 21.7 31.4 23.8 86.1 57.7
Sr/Y 65 17.8 22 58 55 83 40 35
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Sample 48-MJV-07 34-MJV-07 35-MJV-07 36.1-MJV-07 37-MJV-07 PERKALA 10-MJV-08
Sample area S-Turku S-Turku S-Turku S-Turku S-Turku S-Turku S-Turku
N-coordinatea 6709163 6710101 6710342 6713461 6715115 6708833 6709224
E-coordinatea 3269961 3190861 3190980 3190204 3191364 3195538 3219184
Rock typeb Ton Ton Ton Ton Ton Ton Grdr
Laboratory Acme Acme Acme Acme Acme Acme Acme
SiO2 63.4 68.28 64.62 61.98 70.8 69.05 69.72
TiO2 0.78 0.54 0.99 1.25 0.3 0.33 0.32
Al2O3 16.53 15.53 16.23 18.06 15.58 14.7 15.37
Fe2O3 5.66 4.2 5.49 5.16 2.59 3.54 3.3
FeO 5.09 3.78 4.94 4.64 2.33 3.19 2.97
MnO 0.07 0.02 0.05 0.06 0.03 0.04 0.02
MgO 2.49 1.04 1.56 1.79 0.82 1.76 1.08
CaO 4 2.71 3.78 5.49 2.31 2.84 2.75
Na2O 3.3 4.04 3.81 3.52 4.72 4.13 4.64
K2O 2.25 2.62 2.22 1.84 2.17 2.75 1.6
P2O5 0.253 0.171 0.31 0.286 0.079 0.064 0.07
Mg#c 47 33 36 41 39 50 39
Sc 9 6 7 9 3 9 4
Ba 742 532 494 322 386 455 234
Cs 7.7 1.9 3.7 4.5 3.9 2.2 1.2
Ga 21 21.7 22.3 23.3 22 18.7 20
Hf 7.2 7.4 6.9 4.1 3.7 3.7 2.8
Nb 11.6 12 18.2 12.3 4.5 6.1 2.6
Rb 143.8 133.9 158.7 139.7 109.2 117.9 62.2
Sr 546.9 263.3 458.6 364.1 433.6 268.5 545.1
Ta 0.8 0.6 0.9 0.6 0.5 0.6 0.3
Th 14.7 11.4 11.4 4.7 7.3 8.2 1.6
U 2.5 3.1 2.8 4.3 3.2 1.8 0.9
V 63 45 58 110 27 45 33
Zr 277.8 283.5 295.1 146.6 127.4 124.9 94.1
Y 12.8 7.7 12.3 10.7 7.2 6 3
La 58.7 54.5 59.1 21.5 15 19 8.1
Ce 107.6 105.1 118.1 47.3 28.6 32.1 15.4
Pr 11.97 12.08 14.08 6.06 3.27 3.42 1.75
Nd 37 39.6 48.4 24.8 12.1 13.4 6.1
Sm 4.81 5.6 7.07 4.41 2.16 2.41 1.27
Eu 1.28 0.94 1.58 1.25 0.61 0.61 0.52
Gd 3.35 3.41 4.55 3.19 1.78 1.9 1.16
Tb 0.46 0.38 0.55 0.43 0.27 0.28 0.15
Dy 2.49 1.76 2.68 2.18 1.38 1.28 0.72
Ho 0.48 0.27 0.38 0.37 0.25 0.22 0.12
Er 1.2 0.65 1 1.13 0.73 0.6 0.27
Tm 0.2 0.09 0.15 0.14 0.11 0.09 0.05
Yb 1.05 0.54 0.86 0.75 0.56 0.54 0.28
Lu 0.16 0.08 0.13 0.13 0.1 0.08 0.03
Cu 17.8 5.6 10.1 5.1 2.4 9.2 3.1
Pb 4.6 4.2 5.5 3.5 3.8 4.6 1.6
Zn 90 91 99 75 55 62 51
Cr 47.9 20.5 13.7 <13.7 <13.7 102.6 27
Ni 21 6.5 11.8 5.5 6.7 15.7 17
La/Yb 55.9 100.9 68.7 28.7 26.8 35.2 28.9
(La/Yb)N

d 40.1 72.4 49.3 20.6 19.2 25.2 20.8
Sr/Y 43 34 37 34 60 45 182
aFinnish national KKJ coordinates; bTrond=trondhjemite, Ton=tonalite, Dr=diorite, Grdr=granodiorite, Charn=pyroxene-bearing;
cMg#=Magnesium number= Molecular Mg/(Mg+Fe2+)x100; dChondrite normalized values;  <value=Below given detection limit; 
n.a.=not analyzed. Major elements in wt% and other elements in ppm
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Sample 48-MJV-07 34-MJV-07 35-MJV-07 36.1-MJV-07 37-MJV-07 PERKALA 10-MJV-08
Sample area S-Turku S-Turku S-Turku S-Turku S-Turku S-Turku S-Turku
N-coordinatea 6709163 6710101 6710342 6713461 6715115 6708833 6709224
E-coordinatea 3269961 3190861 3190980 3190204 3191364 3195538 3219184
Rock typeb Ton Ton Ton Ton Ton Ton Grdr
Laboratory Acme Acme Acme Acme Acme Acme Acme
SiO2 63.4 68.28 64.62 61.98 70.8 69.05 69.72
TiO2 0.78 0.54 0.99 1.25 0.3 0.33 0.32
Al2O3 16.53 15.53 16.23 18.06 15.58 14.7 15.37
Fe2O3 5.66 4.2 5.49 5.16 2.59 3.54 3.3
FeO 5.09 3.78 4.94 4.64 2.33 3.19 2.97
MnO 0.07 0.02 0.05 0.06 0.03 0.04 0.02
MgO 2.49 1.04 1.56 1.79 0.82 1.76 1.08
CaO 4 2.71 3.78 5.49 2.31 2.84 2.75
Na2O 3.3 4.04 3.81 3.52 4.72 4.13 4.64
K2O 2.25 2.62 2.22 1.84 2.17 2.75 1.6
P2O5 0.253 0.171 0.31 0.286 0.079 0.064 0.07
Mg#c 47 33 36 41 39 50 39
Sc 9 6 7 9 3 9 4
Ba 742 532 494 322 386 455 234
Cs 7.7 1.9 3.7 4.5 3.9 2.2 1.2
Ga 21 21.7 22.3 23.3 22 18.7 20
Hf 7.2 7.4 6.9 4.1 3.7 3.7 2.8
Nb 11.6 12 18.2 12.3 4.5 6.1 2.6
Rb 143.8 133.9 158.7 139.7 109.2 117.9 62.2
Sr 546.9 263.3 458.6 364.1 433.6 268.5 545.1
Ta 0.8 0.6 0.9 0.6 0.5 0.6 0.3
Th 14.7 11.4 11.4 4.7 7.3 8.2 1.6
U 2.5 3.1 2.8 4.3 3.2 1.8 0.9
V 63 45 58 110 27 45 33
Zr 277.8 283.5 295.1 146.6 127.4 124.9 94.1
Y 12.8 7.7 12.3 10.7 7.2 6 3
La 58.7 54.5 59.1 21.5 15 19 8.1
Ce 107.6 105.1 118.1 47.3 28.6 32.1 15.4
Pr 11.97 12.08 14.08 6.06 3.27 3.42 1.75
Nd 37 39.6 48.4 24.8 12.1 13.4 6.1
Sm 4.81 5.6 7.07 4.41 2.16 2.41 1.27
Eu 1.28 0.94 1.58 1.25 0.61 0.61 0.52
Gd 3.35 3.41 4.55 3.19 1.78 1.9 1.16
Tb 0.46 0.38 0.55 0.43 0.27 0.28 0.15
Dy 2.49 1.76 2.68 2.18 1.38 1.28 0.72
Ho 0.48 0.27 0.38 0.37 0.25 0.22 0.12
Er 1.2 0.65 1 1.13 0.73 0.6 0.27
Tm 0.2 0.09 0.15 0.14 0.11 0.09 0.05
Yb 1.05 0.54 0.86 0.75 0.56 0.54 0.28
Lu 0.16 0.08 0.13 0.13 0.1 0.08 0.03
Cu 17.8 5.6 10.1 5.1 2.4 9.2 3.1
Pb 4.6 4.2 5.5 3.5 3.8 4.6 1.6
Zn 90 91 99 75 55 62 51
Cr 47.9 20.5 13.7 <13.7 <13.7 102.6 27
Ni 21 6.5 11.8 5.5 6.7 15.7 17
La/Yb 55.9 100.9 68.7 28.7 26.8 35.2 28.9
(La/Yb)N

d 40.1 72.4 49.3 20.6 19.2 25.2 20.8
Sr/Y 43 34 37 34 60 45 182
aFinnish national KKJ coordinates; bTrond=trondhjemite, Ton=tonalite, Dr=diorite, Grdr=granodiorite, Charn=pyroxene-bearing;
cMg#=Magnesium number= Molecular Mg/(Mg+Fe2+)x100; dChondrite normalized values;  <value=Below given detection limit; 
n.a.=not analyzed. Major elements in wt% and other elements in ppm
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Table II. U-Pb SIMS isotopic results from rocks of the Uusikaupunki area, SW Finland

Sample Uusikaupunki Trondhjemite (12MJV06; National coordinates N=6760530, E=3196380)

Sample/Spot Comment [U] [Th] [Pb] Th/U 1f206%
238U ± 207Pb ±    2 Disc. % 3Disc. % 207Pb ±1  

206Pb ±1  

ppm ppm ppm measured 206Pb % 206Pb % 2  lim. conv. 206Pb 238U

n2394-18a 682 145 266 0.21 0.03 3.020 1.48 0.1142 0.36 -1.5 1867.6 6.5 1843.8 23.7

n2394-18b 498 81 191 0.16 0.04 3.030 1.58 0.1144 0.33 -2.0 1870.5 5.9 1838.5 25.3

n2394-18d 305 20 114 0.06 0.04 3.038 1.58 0.1152 0.37 -3.0 1882.9 6.6 1834.4 25.3

n2394-42a 752 112 286 0.15 0.54 3.047 1.48 0.1146 0.64 -2.7 1874.3 11.5 1829.5 23.6
n2394-44a 828 31 306 0.04 1.23 3.042 1.50 0.1135 0.64 -1.5 1856.8 11.5 1832.1 24.0

n2394-45a 727 121 278 0.17 0.02 3.033 1.48 0.1140 0.23 -1.7 1864.4 4.2 1836.9 23.7

n2394-50a 800 155 314 0.19 0.21 2.979 1.47 0.1139 0.23 0.21 1862.6 4.1 1866.0 23.9

n2394-61b-2 338 71 127 0.21 0.11 3.116 1.59 0.1139 0.36 -0.68 -4.2 1861.9 6.5 1794.3 25.0

n2394-64a 561 103 215 0.18 0.01 3.055 1.47 0.1141 0.27 -2.5 1865.8 4.9 1825.3 23.5

n2394-76a-2 615 112 242 0.18 0.04 2.972 1.49 0.1143 0.24 0.04 1869.2 4.2 1869.9 24.2

n2394-87a 851 125 333 0.15 0.01 2.958 1.47 0.1147 0.27 0.16 1874.4 4.8 1877.1 24.0

n2394-118a 381 28 147 0.07 0.04 2.943 1.47 0.1140 0.29 1.3 1864.2 5.3 1885.7 24.1

n2394-49a 1742 60 496 0.03 2.77 3.949 1.49 0.1134 0.56 -20.6 -24.1 1855.3 10.1 1455.0 19.4

n2394-58a core 400 300 251 0.75 1.34 2.227 1.47 0.1816 0.39 -9.4 -12.4 2667.4 6.4 2390.7 29.5

n2394-58b rim 730 110 247 0.15 4.80 3.515 1.47 0.1282 0.61 -21.5 -25.0 2072.9 10.7 1613.9 21.1

n2394-61a 303 49 140 0.16 0.32 2.524 4.13 0.1168 1.71 2.5 15.0 1908.2 30.5 2151.3 76.1

n2394-75a core 1147 99 533 0.09 0.01 2.495 1.47 0.1351 0.15 0.44 2164.7 2.7 2172.7 27.2

n2394-76a 798 222 222 0.28 1.61 4.203 1.52 0.1132 0.84 -24.1 -28.5 1852.1 15.1 1375.8 18.8

n2394-85a 614 207 157 0.34 2.20 4.612 1.53 0.1134 0.53 -31.8 -35.0 1854.8 9.5 1265.0 17.6

n2394-85b 1820 41 758 0.02 0.38 2.690 1.49 0.1136 0.16 7.9 11.3 1857.5 2.8 2037.9 26.1

n2394-86a core 962 276 420 0.29 0.02 2.750 1.47 0.1206 0.18 2.1 1964.7 3.3 1999.5 25.4

n2394-117a 529 157 176 0.30 1.41 3.460 1.74 0.1151 1.19 -8.6 -14.7 1881.4 21.2 1636.4 25.2

n2394-18c rim 1276 19 472 0.01 0.08 3.020 1.51 0.1126 0.22 0.09 1842.5 4.0 1844.0 24.2

n2394-41a rim 1274 128 516 0.10 0.41 2.820 1.47 0.1126 0.28 3.8 7.2 1842.0 5.0 1956.7 24.9

n2394-61b rim 2203 62 730 0.03 0.41 3.379 1.50 0.1125 0.32 -7.4 -10.4 1840.3 5.8 1671.1 22.1

Sample Uusikaupunki Diorite (28MJV05; National coordinates N=678270, E=3197080)

n2811-1a 338 208 142 0.62 0.05 3.033 1.31 0.1145 0.59 -2.1 1871.4 10.7 1836.9 20.9

n2811-7a 244 137 105 0.56 0.02 2.980 1.30 0.1147 0.36 -0.59 1874.8 6.4 1865.2 21.1

n2811-9a 263 113 108 0.43 0.04 3.019 1.30 0.1151 0.41 -2.3 1881.4 7.3 1844.2 20.9

n2811-10a 367 192 154 0.52 0.02 3.025 1.30 0.1146 0.33 -2.0 1873.7 5.9 1841.4 20.9

n2811-11a 170 88 72 0.52 0.12 2.950 1.30 0.1142 0.74 0.91 1867.2 13.3 1882.0 21.3

n2811-16a 446 247 191 0.55 0.03 2.990 1.31 0.1143 0.28 -0.53 1868.7 5.1 1860.2 21.2

n2811-17a 690 241 287 0.35 0.02 2.927 1.30 0.1153 0.27 0.58 1884.9 4.8 1894.4 21.4

n2811-19a 394 210 165 0.53 0.02 3.038 1.30 0.1143 0.29 -2.1 1869.0 5.3 1834.3 20.8

n2811-20a 443 236 190 0.53 0.03 2.929 1.31 0.1147 0.36 1.2 1874.5 6.5 1893.3 21.6

n2811-24a 255 143 110 0.56 0.01 2.982 1.30 0.1143 0.35 -0.28 1868.7 6.3 1864.2 21.1

n2811-30a 188 94 80 0.50 0.03 2.968 1.30 0.1147 0.41 -0.20 1875.4 7.4 1872.1 21.2

U-Pb SIMS isotopic results from rocks of the Uusikaupunki area, SW FinlandTABLE II
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Sample/Spot Comment [U] [Th] [Pb] Th/U 1f206%
238U ± 207Pb ± 2Disc. % 3Disc. % 207Pb ±1  

206Pb ±1  

ppm ppm ppm measured 206Pb % 206Pb % 2  lim. conv. 206Pb 238U

n2811-31a 470 281 207 0.60 0.04 2.904 1.31 0.1152 0.34 1.5 1882.6 6.2 1907.6 21.6

n2811-33a 457 170 190 0.37 0.05 2.915 1.31 0.1143 0.36 2.0 1869.4 6.4 1901.3 21.5

n2811-34a 245 129 105 0.53 0.02 2.920 1.32 0.1141 0.49 2.0 1865.9 8.8 1898.7 21.7

n2811-35a 313 176 131 0.56 0.01 3.009 1.31 0.1140 0.45 -0.89 1864.0 8.0 1849.5 21.1

n2811-38a 260 107 106 0.41 0.04 3.029 1.30 0.1139 0.45 -1.4 1862.6 8.0 1839.1 20.9

n2811-42a 380 200 160 0.53 0.04 2.974 1.30 0.1149 0.40 -0.60 1878.3 7.2 1868.5 21.1

n2811-45a 330 169 137 0.51 0.03 3.063 1.30 0.1147 0.33 -0.32 -3.3 1874.8 6.0 1821.4 20.7

n2811-53a 221 118 95 0.53 0.04 2.931 1.30 0.1132 0.46 2.6 1850.8 8.2 1892.1 21.4

n2811-55a 362 224 155 0.62 0.03 2.995 1.30 0.1148 0.38 -1.2 1876.2 6.8 1857.1 21.0

n2811-57a 260 131 108 0.51 0.02 3.046 1.30 0.1151 0.37 -0.07 -3.1 1881.0 6.7 1830.0 20.8

n2811-58a 725 336 300 0.46 0.02 3.030 1.30 0.1150 0.22 -2.5 1879.6 4.0 1838.5 20.8

n2811-61a 135 69 57 0.51 0.07 2.970 1.30 0.1131 0.77 1.4 1849.1 13.9 1871.0 21.2

n2811-63a 749 348 312 0.46 0.03 2.982 1.31 0.1148 0.35 -0.79 1877.1 6.3 1864.2 21.2

n2811-68a 161 77 68 0.48 0.05 2.969 1.30 0.1145 0.54 -0.06 1872.4 9.7 1871.4 21.2

n2811-72a 209 120 89 0.58 0.04 3.015 1.30 0.1146 0.48 -1.7 1874.3 8.6 1846.5 20.9

n2811-73a 331 179 143 0.54 0.02 2.951 1.30 0.1140 0.33 1.0 1864.7 5.9 1881.1 21.3

n2811-76a 512 351 228 0.68 0.03 2.944 1.30 0.1144 0.27 0.95 1869.8 4.9 1885.2 21.3

n2811-82a 408 169 167 0.41 0.03 3.026 1.30 0.1145 0.30 -1.9 1872.3 5.4 1840.7 20.9

n2811-84a 342 160 147 0.47 0.02 2.918 1.31 0.1148 0.36 1.4 1876.3 6.5 1899.6 21.6

n2811-87a 230 93 98 0.40 0.02 2.910 1.30 0.1142 0.42 2.3 1867.2 7.5 1904.4 21.5

n2811-88a 308 176 131 0.57 0.02 3.007 1.30 0.1153 0.34 -2.0 1883.8 6.1 1850.5 21.0

n2811-92a 387 201 167 0.52 0.02 2.929 1.30 0.1146 0.30 1.3 1873.3 5.5 1893.7 21.4

n2811-89a 287 155 126 0.54 0.02 2.891 1.30 0.1143 0.38 2.9 1868.3 6.9 1915.1 21.6

n2811-93a 234 132 99 0.56 0.04 3.007 1.30 0.1144 0.50 -1.3 1871.1 9.0 1850.6 21.0

n2811-99a 224 130 95 0.58 0.04 3.018 1.30 0.1132 0.45 -0.43 1851.8 8.0 1844.9 20.9

n2811-102a 254 132 108 0.52 0.02 2.978 1.31 0.1137 0.52 0.47 1858.8 9.4 1866.4 21.2

n2811-95a 330 176 148 0.53 0.02 2.837 1.30 0.1144 0.33 1.5 4.7 1870.8 6.0 1946.3 22.0

n2811-69a 4469 1989 2003 0.45 0.00 2.760 1.30 0.1150 0.13 4.2 7.0 1879.3 2.4 1992.9 22.4

n2811-18a 338 206 138 0.61 0.37 3.158 1.30 0.1148 0.67 -2.4 -6.3 1876.3 12.0 1773.2 20.2

Trondhjemite sample: analyses used for calculating the age of the zoned and prismatic zircons are marked in bold, those used for the rim age are mark in italics.

Diorite sample: analyses exluded from calculation are marked in italics. 1f206% is percentage of common 206Pb in measured 206Pb, calculated from the 204Pb 

signal assuming a present-day Stacey and Kramers (1975) model. 2Disc. % 2  is the degree of discordance of the 207Pb/206Pb and 206Pb/238U ages at the 2  level 

estimated from the measured 204Pb.3Disc. % conv. is the discordance in conventional concordia space. Age calculations use the routines of Ludwig (2003) 

and follow the decay constant recommendations of Steiger and Jäger (1977).  

ContinuedTABLE II


