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ABSTRACT

Adakitic plutonic rocks, or ‘adakitoids’, representing melts fractionated 
below plagioclase stability depths in the lower crust to upper mantle, cov-
er a substantial fraction of the Finnish bedrock. Only some supracrustal 
sub-areas lack adakitic plutonic rock outcrops. In this study, I provide a 
summary of adakitoids in the Finnish Precambrian: their areal, chemical 
and physical variations and their evolution. The samples are considered 
on a regional to local area scale in five separate sections. It is shown that  
adakitoids constitute a distinct chemically defined rock group, which over-
laps groups defined by ‘traditional’ mineralogical and chemical methods.

A very effective high-resolution tool for studying adakitoid chemistry is 
found to be the incompatible–compatible diagram (‘Pearce–Peate spec-
trum’) combined with normalization by geometric means of all Finnish 
plutonic rocks samples (AFP) from the Rock Geochemical Database of Fin-
land (RGDB) maintained by the Geological Survey of Finland (GTK). The 
characteristics of adakitoids are considered by comparing their chemical 
spectra with those of granite and gabbro samples from the same database. 
The most distinct features of adakitoids are their relatively high Sr, Eu and 
ratios of LREE/HREE (light/heavy rare earth elements) and compatible 
elements/HREE. Moreover, their AFP-normalized spectra have relative 
maxima at Ba, K, Na2O, Ti, Li, CaO, V, Mn, Fe, Co and Mg. 

The adakitic plutonic rocks vary from granodiorites to tonalites and gab-
bros. The Proterozoic adakitoids are denser than Archaean adakitoids, 
reflecting their more mafic (sanukitoid) composition. However, their 
magnetic properties are alike. In Proterozoic sub-areas, the main char-
acteristics of adakitoids and the average of all-plutonic rocks clearly dif-
fer, with the exception of two ‘oceanic’ sub-areas, whose spectral peaks 
coincide with those of the adakitoids, although with somewhat differ-
ent trends. However, in Archaean sub-areas, the averages of all-plutonic 
rocks and adakitoids significantly correlate, which refers to similar evolu-
tionary conditions and processes for both adakitoids and crust as a whole. 

In this study, the Proterozoic adakitoids are generally connected with 
‘modern type’ plate tectonic processes, while Archaean crust and adaki-
toids (TTGs) are primarily connected with collision, stacking and over-/
underthrusting of inferred pre-existing microplates. However, in the  
Archaean Ilomantsi sub-area in eastern Finland, evolution related to 
‘modern’, plate tectonic subduction is preferred. The chemical and  
mineralogical differences between adakitoids, sanukitoids and TTGs are 
obscure and overlapping. Therefore, straightforward association of these 
rock types with certain tectonothermal processes using tectonomagmatic 
geochemical discriminant diagrams must be carried out with care.

The relative contents of pyroxenes, garnet and amphiboles in the restite 
of adakitic melts are evaluated by using the content ratios of trace ele-
ments, whose partition coefficients for presumed basaltic source rocks 



differ substantially. The dominant restite minerals are interpreted to 
be clinopyroxene and orthopyroxene for both Proterozoic and Archaean 
adakitoids, while garnet and amphiboles also characterize the restites 
of Archaean adakitoids. The rapakivi granites correlate strongly nega-
tively with adakitoids, thus giving indications of the characteristics of 
the complementary restitic material of the adakitoids. However, due to 
their complex uplift history, the rapakivis cannot be directly considered 
as adakitoid restites.

Proterozoic adakitic magma series are considered in a local-scale study 
on a collision zone in central Finland. In this zone, even the most mafic 
adakitoids are characterized by a distinctly fractionated spectrum with 
relatively high contents of incompatibles and low values for compati-
bles when compared to non-adakitic, tholeitic magma series. Exam-
ples of low-SiO2, Proterozoic post-collisional adakitoids cross-cutting 
Archaean crust close to the Archaean–Proterozoic border are also ex-
amined. Their homogeneous zircons and relatively high εNd values refer  
to local-scale underthrusting/subduction-related genesis and minor  
crustal contamination.

The isotopic ages from Archaean adakitoid zircons considered here 
range from ca. 2620 to 3000 Ma, the magmatic ages bracketing more 
tightly between ca. 2690–2740 Ma. The high contents of older inherited 
and younger, overprinted zircons reflect their complex and multistage 
history. 

The adakitoids can all be classified as representing plagioclase instabil-
ity depth melts. They form a continuity from ‘true’, subduction-related  
adakites to TTGs and sanukitoids, their chemical and mineralogical  
differences being obscure. As such, they provide a very valuable and  
informative window into magmatic processes existing at upper mantle/ 
lower crustal depths. Their potential for economic mineralizations,  
especially REE, Au and Cu, remains to be considered. Moreover, the 
characteristics of crust between their present location and source depth 
can be studied by analysing their xenoliths and chemical contamination 
on their way up to the present surface. Thus, their profound and com-
prehensive study will provide valuable information on the evolution of 
our Precambrian crust.
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INTRODUCTION

When studying the Tertiary lavas on Adak Is-
land in the Aleutian arc, Kay (1978) concluded 
that these lavas represent products of slab melt-
ing. Similar magmatic rocks, called adakites, 
have since been identified and studied by sev-
eral authors. For example, Drummond & Defant 
(1990) and Defant & Drummond (1990) inter-
preted adakites as products of partial melting of 
a young (<20–30 Ma), gently dipping subducted 
slab. Defant & Drummond (1990) and Thorkel-
son & Breitsprecher (2005) summarized adakites 
as high-silica (SiO2 >56%), high-alumina (Al2O3 
> 15%), plagioclase- and amphibole-bearing la-
vas with Na2O > 3.5%, high Sr (>400 ppm), low 
Y (<18 ppm), high Sr/Y (>40), low Yb (<1.9) and 
high La/Yb (>20). 

 Martin et al. (2005) considered the charac-
teristics of adakites, Archaean TTGs (tonalite–
trondhjemite–granodiorites) and sanukitoids, 
all of which they linked to slab melting and 
interaction with peridotitic mantle. Either slab 
melts have been contaminated with mantle 
components (late Archaean TTGs and high-sil-
ica adakites) or mantle melts have been meta-
somatized by slab melts (sanukitoids and low-
silica adakitoids).

In his review paper on adakites, Moyen 
(2009) summarized that rocks with a high Sr/Y 
and La/Yb signature can be achieved by vari-
ous processes: 1) by melting of a high Sr/Y and 
La/Yb (enriched) source, 2) by deep melting, 
with abundant residual garnet, 3) by fractional 
crystallization or AFC, or 4) by interactions of 
felsic melts with the mantle, causing selective 
enrichment in LREE (light rare earth elements) 

and Sr over HREE (heavy rare earth elements). 
He concluded that the classical model of ‘slab 
melting’ provides the best explanation for the 
genesis of high-silica adakites, while the low-
silica adakites are products of garnet-present 
melting of an adakite-metasomatized mantle. 
Moreover, he noted that the ‘continental’, high-
potassium adakites correspond to a diversity of 
petrogenetic processes, and most of them are 
different from both low- and high-silica adak-
ites. He concluded that Archaean adakites show 
a bimodal composition range, with some very 
high Sr/Y examples reflecting deep melting 
(>2.0 GPa) of a basaltic source, while lower Sr/Y 
rocks are formed by shallower (1.0 GPa) melting 
of similar sources. The Archaean TTGs are rela-
tively heterogeneous, which refers to a diversity 
of sources and processes in their genesis. 

The main geochemical features of adakites 
summarized by Castillo (2006) are presented in 
Table 1. He pointed out that there are numerous 
examples of adakitic rocks that are not directly 
related to slab melting in subduction processes. 
Moreover, the volume of adakite produced by 
slab melting is probably less than that of adakitic 
rocks produced by other possible processes. He 
also noted that slab melting is not the most ef-
fective mechanism to produce large volumes of 
Archaean TTGs. For example, in the Fiskenæsset 
region, southern West Greenland, Hua Huang et 
al. (2013) interpreted ca. 2.95–2.79 Ga metamor-
phosed TTGs to be generated by partial melting 
of hydrous basalts (amphibolites) at the base of 
a thickened magmatic arc, leaving a rutile-bear-
ing eclogite residue.
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Early Cretaceous Sr-rich silicic magmatism 
in the Kitakami area of the Honshu Arc in NE 
Japan has been studied by Tsuchiya & Kani-
sawa (1994). In the area, the high-Sr rocks (Sr 
> ca. 500 ppm, SiO2 > 60 wt%, Sr/Y > ca. 40) are 
characterized by high Na2O, Al2O3, Ga, P, Ba and 
Sr, while K2O, Mn, total FeO, MgO, Rb, Pb and 
Y are lower than in low-Sr samples (Sr/Y < ca. 
40). Moreover, the Kitakami high-Sr rocks are 
characterized by positive magnetic anomalies. 
They concluded that if basaltic rocks are par-
tially melted at low pressures (0.8 to 1.6 GPa; i.e. 
depths of between ca. 30–60 km), partial melts 
have relatively low Sr/Y ratios because plagio-
clase in the restite phase retains Sr but not Y. 
However, if melting occurs at higher pressures, 
above ca. 1.5–1.6 GPa, leaving eclogite or horn-
blende eclogite restite, the resulting magmas 
can have high Sr/Y because Y is strongly par-
titioned in garnet but Sr is not. Thus, they pro-
posed that the Kitakami low-Sr melts are de-
rived from lower pressures and crustal depths, 
while the high-Sr magmas are derived from 
partial melting of subducting oceanic slab and 
sediments at depths of ca. 70–80 kilometres, 
possibly mixed with magma derived from over-
lying mantle wedge.

The economic potential of adakites was evalu-
ated by Mungall (2002), who noted that adakitic 
magmas can be highly oxidized and potentially 
fertile for Au and Cu. He commented that the 
very existence of large Au and Cu deposits may 
indicate slab melting or the release of super-
critical fluids in the source regions of the parent 
magma. For example, potassium and SiO2 rich, 
altered adakites control the largest porphyry Cu 
deposit in Qulong, China (Hu et al. 2015). 

However, Richards & Kerrich (2007) con-
cluded that there appears to be no obvious role 
for adakitic magmas or slab melts in the gen-
esis of either alkalic-type Au deposits or Au-rich 
porphyry Cu deposits. Moreover, they criticize 
the incomplete number of samples and analy-
sis of lavas reported by Kay (1978) and Defant 
& Drummond (1990). Richards & Kerrich (2007) 
emphasized the variable roles of melts and fluids 
from subducting slab, sedimentary wedge, man-
tle wedge and lower crust in producing adakitic 
magma. Garrison & Davidson (2003) also empha-
sized that basaltic magmas derived from mantle 
wedge could produce adakitic characteristics. 
In addition, discerning between slab and lower 
crustal melting using simple geochemical crite-
ria (such as the Sr/Y ratio) is not unambiguous.

Table 1. Main geochemical features of adakites (Castillo 2006).

Characteristics Possible features related to subducted slab melting
High SiO2
(≥56 wt%) High-P melting of eclogite/garnet amphibolite 

High Al2O3
(≥15 wt%) At ca. 70 wt% SiO2; high P partial melting of eclogite or amphibolite 

Low MgO
(<3 wt%) 

Low Ni and Cr; if primary melt, not derived from a mantle peridotite 

High Sr
(>300 ppm) 

Melting of plagioclase or absence of plagioclase in the residue 

No Eu anomaly Either minor plagioclase residue or source basalt depleted in Eu 
Low Y  
(<15 ppm) 

Indicative of garnet (to a lesser extent, of hornblende or clinopyroxene) as a residual 
phase 

High Sr/Y (>20) Higher than that produced by normal crystal fractionation; indicative of garnet and 
amphibole as a residual phase

Low Yb 
(<1.9 ppm) 

Meaning low HREE; indicative of garnet as a residual phase 

High La/Yb
(>20) 

LREE enriched relative to HREE; indicative of garnet as a residual phase 

Low HFSEs
(Nb, Ta) As in most arc lavas; Ti phase or hornblende in the source 

Low 87Sr/86Sri
 (<0.704) 

low 206Pb/204Pb, K/La, Rb/La, Ba/La and high initial 143Nd/144Nd; normal-MORB  
signature 
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Svecofennian calc-alkaline and adakite-like 
1.90–1.86 Ga magmatism in SW Finland has been 
reported by Väisänen et al. (2006). They connect-
ed the compositional differences with variations 
in the depth and site of melting along a subduc-
tion zone. The older, calc-alkaline magmatism 
is related to melting of the mantle wedge, while 
younger adakite-like magmatism requires deep-
er melting of subducting slab contaminated by 
mantle wedge. Mattila (2004) studied six dome-
shaped synorogenic plutons in south-eastern 
Finland and north-western Russia. The strongly 
fractionated REE geochemistry and associated 
Ta–Nb depletion of the synorogenic rocks of the 
study areas indicate that the sources for these 
units have been formed in volcanic arc environ-
ments. Based on Sm–Nd isotopic data, two dif-
ferent arc settings were established: a juvenile 
island arc, with positive εNd (1.88 Ga) values, 
and an active margin, with mainly negative εNd 
(1.88 Ga) values. Mattila (2004) concluded that 
the LREE-enriched and HREE-depleted trace 
element geochemistries of the investigated sy-
norogenic granitoids, together with high Sr-
concentrations, indicate that these granitoids are 
‘adakites’, formed by partial melting of subduct-
ing hydrous garnet-amphibolite. This is further 
supported by the relatively high Mg numbers and 
Ni and Cr concentrations, which indicate inter-
action between ascending adakitic magmas and 
the overlying mantle wedge.

 Svetov et al. (2004) investigated ca. 3.0 Ga 
adakitic rocks found in the basalt–andesite–
dacite–rhyolite (BADR) island-arc association of 
the Upper Archaean Vedlozero–Segozero green-
stone belt in the Fennoscandian shield. They 
straightforwardly concluded that these rocks in-
dicate convergent (interplate) ocean–continent 
transition zones and subduction-related tecton-
ics in these ancient systems. 

When considering granitoid magmatism re-
lated to Neoarchaean plate tectonics in Kare-
lian and Kola cratons, Halla et al. (2009) divided 
granitoids into three groups: groups 1–2 com-
prising high and low HREE (heavy rare earth 
elements) TTGs related to low- and high-angle 
(-pressure) subduction and group 3 consisting 
of high Ba–Sr sanukitoids related to melting of 
an enriched mantle source, probably as a result 
of a slab breakoff following a continental colli-
sion or attempted subduction of a thick oceanic 
plateau or TTG protocontinent.

Heilimo et al. (2010) also divided Archaean 
TTGs into low-HREE and high-HREE groups. 
The composition of the low-HREE TTG group 
(high SiO2 and low Mg) indicates that their pa-
rental melts have been produced from eclogite 
in the garnet stability field under high-pressure 
conditions. The other group of high-HREE TTGs 
(lower SiO2 and elevated Mg) was possibly de-
rived from a garnet-free low-pressure source 
with a possible mantle contribution. Moreover, 
there is no comprehensive geochemical classifi-
cation separating the sanukitoid series from the 
TTG series. 

Scaillet & Prouteau (2001 and references 
therein) emphasized that Archaean TTGs have 
been less contaminated by mantle interaction 
than typical Cenozoic adakites. They proposed 
relatively high T, low P, and possibly higher H2O 
melts from gently dipping slabs as a source for 
Archaean TTG-type magmatism having adakitic 
characteristics. Smithies (2000) noted that the 
relatively low magnesium content of Archaean 
TTGs might be due to gently dipping under-
thrusting of oceanic plateaus, thus avoiding a 
significant ínfluence from the underlying peri-
dotitic mantle. Condie (2005) also agreed that 
adakites are probably slab melts. However, he 
concluded that TTGs may be produced by par-
tial melting of hydrous mafic rocks in the lower 
crust in arc systems or in the Archaean, perhaps 
in the root zones of oceanic plateaus. He con-
nected depletion in heavy REE and low Nb/Ta 
ratios in high-Al TTGs with garnet and low-Mg 
amphibole in the restite, whereas moderate to 
high Sr values allow little, if any, plagioclase in 
the restite. Thus, the melting has occurred in the 
hornblende eclogite stability field at a depth be-
tween ca. 40–80 km and temperatures between 
700 and 800 ºC. 

Kröner et al. (2011) studied ancient, ca. 3.65 to 
3.53 Ga tonalitic gneisses of the gneiss complex 
in Swaziland and a 3.53 Ga felsic metavolcanic 
sample of the Theespruit formation, the oldest 
unit of the Barberton greenstone belt, South Af-
rica. They challenged the popular view that early 
Archaean TTGs and greenstones are principally 
of juvenile origin and formed in primitive arc or 
oceanic environments. Instead, they suggested 
extensive recycling of even the earliest-formed 
granitoid crust and mixing with juvenile mate-
rial to produce successive generations of TTGs 
and associated felsic volcanic rocks. Moyen 
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(2011) also commented that crustal recycling 
was already a rather prominent process in the 
Archaean.

When considering the geochemical and pe-
trophysical characteristics of Archaean plutonic 
rocks of adakitic affinity in Finland, Ruotoisten-
mäki (2012) noted that adakitic plutonic rocks 
appear to represent a continuous compositional 
series, from TTGs with variable Na2O/K2O and 
low Ba+Sr to sanukitoids with low Na2O/K2O and 
increasing Ba+Sr. He contrasted the relatively 
wide distribution and large volume of Archae-
an adakitic (TTG) rocks compared to those that 
are unequivocally interpreted as resulting from 
Archaean subduction processes, and concluded 
that processes such as crustal thickening by tec-
tonic stacking and/or underplating by anoma-
lously hot upper mantle could plausibly gener-
ate plagioclase-rich Archaean adakitic melts, 
leaving restites rich in compatible elements and 
HREE. It must also be emphasized that Finnish 
bedrock commonly shows metamorphic pres-
sures from ca. 3 to 6 kbar (the maximum locally 
reaching 11–12 kbar); i.e. erosion and/or tectonic 
uplift up to ca. 10 (– …38) kilometres (e.g. Hölttä 
& Paavola 2000, Korsman et al. 1999 and refer-
ences therein), thus resulting in significant up-
lift of primary sources of adakitoids and erosion 
of their inferred supracrustal counterparts. 

From the considerations above, it becomes 
clear that the genetic link of adakites and adakit-
ic rocks, including TTGs and sanukitoids, to slab 
melting is ambiguous. Castillo (2006) noted that 
the adakite studies have generated confusion 
because the definition of adakite combines com-
positional criteria with genetic interpretation. 
Moyen (2011) emphasized the loose definition 
of the term TTG in the literature. Therefore, in 
this study, the terms ‘adakitic’ or ‘adakitoid’ are 
used to refer to plutonic rocks having adakitic 
characteristics and apparently lower crust/upper 
mantle fractionation depths. 

The classification of rock types is commonly 
based on their texture and mineralogy defined 
visually (e.g. Streckeisen 1976). However, more 
extensive and tedious classification by chemi-
cal analysis must be used to confirm rock-type 
characteristics in more detail and accuracy (Cox 
et al. 1979, Frost et al. 2001, de La Roche et al. 
1980). Thus, it is evident that the number of 
known outcrops of this special adakitic rock 

group has so far been very sparse in Finland, and 
the definition of adakitic rocks must be made by 
chemical analysis of samples taken from out-
crops. In this study, instead of visually sampling 
in the field, I selected plutonic rock samples 
from the very large Rock Geochemical Database 
of Finland (RGDB; Rasilainen et al. 2007) ful-
filling the chemical definition of adakitic rocks 
above (Defant & Drummond 1990, Thorkelson 
& Breitsprecher 2005). This approach manifolds 
the number of the known adakitic plutonic rocks 
in Finland, making it possible to reliably analyse 
their characteristics using statistical methods.

This report provides a primary summary of 
adakitic plutonic rocks in Finnish Precambrian, 
their areal, chemical, isotopic (age) and physical 
variations and their evolution. The samples are 
considered on a regional to local sample scale in 
5 separate sections. It is shown that adakitoids 
constitute a distinct new chemically defined rock 
group overlapping those groups defined by ‘tra-
ditional’ mineralogical and chemical methods.

In the first section, I consider the regional 
features of all Finnish adakitic rock samples 
from the Rock Geochemical Database of Finland 
and compare them with granitic and gabbroic 
samples from the same database. The samples 
cover both Archaean and Proterozoic domains in 
Finland with variable sampling density. The fel-
sic granitic and mafic gabbroic rocks are chosen 
for comparison to emphasize and detect features 
that are only characteristic of adakitoids. In ad-
dition, in this section, Finnish adakitoids are 
also compared with selected examples of adak-
ites, TTGs and sanukitoids adopted from the lit-
erature. Moreover, the mineralogy of their frac-
tionation restites is considered. 

In the second section, I consider in more de-
tail plutonic RGDB rock samples from four Ar-
chaean and four Proterozoic sub-areas in south-
ern and central Finland and demonstrate the 
differences between ‘non-adakitic’ and adakitic 
plutonic rocks (including TTGs and sanukitoids). 
Moreover, the correlations between the chemis-
try of the sub-areas (i.e. of adakitoids and ‘non-
adakitic’ crustal averages) are examined. 

In the third section, I consider in detail the 
chemical and isotopic characteristics of eight 
adakitic samples selected from the four Archae-
an sub-areas studied in the previous section. 
Their characteristics are also compared with 
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Proterozoic adakitoids from southern Finland, 
with chemistry adopted from the literature.

In the fourth section, I consider the character-
istics of a high-Al, high-Sr, high magnetite and 
LREE-enriched mafic rock series on a Protero-
zoic collision zone in southern Finland having 
adakitic characteristics when normalized to a 
common value of SiO2 = 60% using a ‘regression 
curve normalization’ method introduced here. 
The most mafic samples of these rocks possibly 
approach the primary source rock characteristics 
of the adakitoids. This rock group is compared 
with a more felsic, but (still) less fractionated 
tonalitic plutonic rock series sampled on the 
same profile.

In the fifth section, I introduce high-Al, high-
Sr, post-collisional adakitic intrusives located in 
Archaean crust close to a Proterozoic-Archaean 
collision zone in central Finland. This section is 
based on updated lithogeochemical and isotopic 
studies by Ruotoistenmäki et al. (2001). 

In the last section, a summary of previous 
sections is provided. 

This report mainly concentrates on data from 
southern to central Finland, south of ca. 67°N. 
Northern sub-areas in Lapland are only briefly 
considered.

1 ADAKITIC PLUTONIC ROCKS IN FINLAND; GENERAL CHARACTERISTICS

This section considers the regional features of 
Finnish adakitoids and compares them with 
granites and gabbros. In this section, a sample 
is ‘loosely’ classified as an adakitoid if it fulfills 
at least 6 of 8 criteria defined above by Defant 
& Drummond (1990; ‘75% adakitoids’). Thus, 
for example, some degree of alteration and con-
tamination of the sampled rocks is allowed. The 
samples cover both Archaean and Proterozoic 
domains in Finland with variable sampling den-
sity. Plutonic rocks were selected for the study 
because it is assumed that they correspond more 
closely to (present) upper crustal compositions 
compared to supracrustal igneous rocks that may 
have been more susceptible to alteration pro-
cesses. When considering the tectonic settings 
of Andean rocks, Wilson (1989) noted a close 
spatial association between calc-alkalic volcanic 

and plutonic rocks. She concluded that the plu-
tonic roots represent high-level (<10 km) magma 
chambers. These ideas can be applied also in this 
work, since in the deeply eroded Finnish bed-
rock we often only see the plutonic root zones of 
the former volcanic rocks. The granitic and gab-
broic plutonic rocks were chosen for comparison 
to emphasize and detect features that are only 
characteristic of adakitoids. As a special granite 
group, the characteristics of anorogenic Finnish 
rapakivi samples, carrying signatures from the 
lower and upper crust (Rämö & Haapala 2005), 
are also considered. Moreover, I compare Finn-
ish adakitoids with selected examples of adak-
ites, TTGs and sanukitoids adopted from the lit-
erature. The restite mineralogy of fractionation 
of adakitic rocks is also considered.

1.1 Samples and standards used in this study

The data used in this study are from the Rock 
Geochemical Database of Finland (RGDB) by Ra-
silainen et al. (2007). The data and descriptions 
are freely available on the web pages of the Geo-
logical Survey of Finland (GTK): http://hakku.
gtk.fi/en/locations/search / Rock geochemical 
data of Finland.

The sampling strategy has been based on a 
stratified procedure described in Rasilainen et al. 
(2007), where the number of samples per area 

depends on the lithological variation seen on  
geological maps. The sample spacing of litho-
geochemical primary data used in this study 
varies between ca. 0–10 km, the majority (ca. 
80%) of samples being closer than 6 km (Ruo-
toistenmäki 2016). The analytical methods have 
been explained in detail in Sandström (1996) and  
Rasilainen et al. (2007).

The elements, standards, units and analyti-
cal methods used in this study are presented in  

http://hakku.gtk.fi/en/locations/search
http://hakku.gtk.fi/en/locations/search
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Table 2. Elements, standards, measurement units and analytical methods used in this study. Values of C1 chon-
drite are from Anders & Grevesse (1989) and Kerrich & Wyman (1996). AFP gmean = geometric mean of all 
Finnish plutonic rock samples. AFP nbdat = number of samples used for calculation the AFP gmean. The samples 
were analysed in the chemical laboratory of the Geological Survey of Finland (Rasilainen et al. 2007). Note that 
for some elements analysed by various methods, the C1 value is the same but AFP varies.

Element Method Unit
AFP 
gmean

AFP 
nbdat

C1 
Chondrite Element Method Unit

AFP 
gmean

AFP 
nbdat

C1 
Chondrite

Al ICPAES [ppm] 9622.43 3051 8679.70 Nd ICPMS [ppm] 23.37 3052 0.45

Al2O3 XRF [%] 14.75 3059 1.64 Ni ICPAES [ppm] 11.10 2627 11000.00

Ba ICPAES [ppm] 89.70 2983 2.34 P ICPAES [ppm] 407.52 3053 1221.98

Ba XRF [ppm] 577.90 3044 2.34 P2O5 XRF [%] 0.14 2825 0.28

Ca ICPAES [ppm] 3165.02 3058 9219.63 Pb XRF [ppm] 30.08 2982 2.47

CaO XRF [%] 2.56 3059 1.29 Pr ICPMS [ppm] 6.86 2965 0.09

Ce ICPMS [ppm] 54.30 3054 0.60 Rb XRF [ppm] 90.16 2970 2.30

Co ICPAES [ppm] 6.60 2921 502.00 Rb ICPMS [ppm] 79.45 3030 2.30

Co ICPMS [ppm] 9.64 2634 502.00 Sc ICPMS [ppm] 10.14 2542 5.82

Cr ICPAES [ppm] 19.22 2404 2660.00 Sc ICPAES [ppm] 2.88 2951 5.82

Dy ICPMS [ppm] 2.89 2891 0.24 SiO2 XRF [%] 65.28 3059 22.80

Er ICPMS [ppm] 1.54 2841 0.16 Sm ICPMS [ppm] 4.44 3003 0.15

Eu ICPMS [ppm] 0.88 3021 0.06 Sr XRF [ppm] 283.44 3051 7.80

Fe ICPAES [ppm] 20946.00 3056 190443.40 Sr ICPAES [ppm] 12.32 3033 7.80

FeO XRF [%] 3.10 3059 24.50 Ta ICPMS [ppm] 0.51 2931 0.01

Ga XRF [ppm] 25.16 3037 10.00 Tb ICPMS [ppm] 0.55 2986 0.04

Gd ICPMS [ppm] 3.94 3003 0.20 Th ICPMS [ppm] 6.39 3013 0.03

Hf ICPMS [ppm] 3.86 3047 0.10 Th ICPAES [ppm] 15.51 2272 0.03

Ho ICPMS [ppm] 0.54 2912 0.06 Ti ICPAES [ppm] 1228.55 3058 437.64

K ICPAES [ppm] 4686.19 3055 556.21 Ti ICPMS [ppm] 2179.01 3055 437.64

K2O XRF [%] 2.55 3053 0.07 TiO2 XRF [%] 0.38 3054 0.07

La ICPMS [ppm] 28.01 3043 0.24 Tm ICPMS [ppm] 0.20 2958 0.02

La ICPAES [ppm] 24.66 2957 0.24 U ICPMS [ppm] 1.52 2981 0.01

Li ICPAES [ppm] 19.41 2872 1.50 V XRF [ppm] 54.63 2940 56.50

Lu ICPMS [ppm] 0.19 2968 0.02 V ICPMS [ppm] 36.60 2915 56.50

Mg ICPAES [ppm] 4745.62 3058 98910.04 V ICPAES [ppm] 25.02 2972 56.50

MgO XRF [%] 1.13 2946 16.40 Y XRF [ppm] 16.57 2909 1.56

Mn ICPAES [ppm] 258.64 3031 1990.36 Y ICPMS [ppm] 14.72 3056 1.56

MnO XRF [%] 0.06 2990 0.26 Y ICPAES [ppm] 6.73 3047 1.56

Na ICPAES [ppm] 772.78 3049 5000.07 Yb ICPMS [ppm] 1.36 2910 0.16

Na2O XRF [%] 3.56 3036 0.67 Zr ICPMS [ppm] 141.36 3051 3.94

Nb ICPMS [ppm] 7.29 3045 0.25 Zr XRF [ppm] 157.87 3041 3.94

Analytical methods:

XRF: X-ray fluorescence spectrometry using pressed powder pellets.

ICPAES: Inductively coupled plasma atomic emission spectrometry after aqua regia digestion. 

ICPMS: Inductively coupled plasma mass spectrometry after hydrofluoric acid-perchloric acid dissolution and lithium metaborate/
sodium perborate fusion. 

For detailed descriptions of the analytical methods, see Sandström (1996) and Rasilainen et al. (2007). 
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Table 2. The element concentrations are nor-
malized by C1 chondrite (Anders & Grevesse 
1989, Kerrich & Wyman 1996) and the geometric 
mean of all Finnish plutonic rocks (AFP), includ-
ing 1275 samples from Archaean plus 1784 from 
Proterozoic domains, i.e. 3059 samples from the 
RGDB. 

 From Table 2, it can be seen that the contents 
of some elements (e.g. vanadium) can vary sig-
nificantly, depending on the method of analysis 
used. This may be due to the location of the ele-
ment in various minerals, for example in sili-
cates, sulphides or oxides (e.g. Sandström 1996). 
In the following, it will be seen that the trends, 
variations and peak locations of elements of both 
Archaean and Proterozoic sub-area samples in 
corresponding rock groups have many similari-
ties, despite the large age differences. Such age-
independent systematic characteristics support 
the reliability of the used methods. In this study, 
the main emphasis is on considering the gen-
eral trends and amplitude variations of various 
rock groups. Thus, many interesting details will 

be less considered, but still presented as indica-
tions for further studies. 

In this study, the geometric means (gmean) 
of concentrations have generally been used, be-
cause it was observed that for almost all elements 
within the Finnish plutonic sample set, the dis-
tribution of concentrations is positively skewed, 
i.e. with a long ‘tail’ at the maximum end of the 
distribution curve (Ruotoistenmäki 2016). In 
such cases, the arithmetic mean (amean) would 
be biased towards high values. For example, for 
TiO2 in Figure 1, amean is 0.54% and gmean 
0.38%. This fact has often been neglected in the 
literature when reporting statistics from analy-
sis for large numbers of samples. If the distribu-
tion curve approaches normal (e.g. Al2O3 in Fig. 
1; amean 15.0%, gmean 14.7%) or is negatively 
skewed (tail on the minimum side, such as that 
of SiO2; amean 65.9%, gmean 65.3%), both the 
arithmetic and geometric averages approach 
each other. When there are multiple peaks (e.g. 
K2O; amean 3.2, gmean 2.5; and SiO2), the ge-
ometric average is also a less reliable estimate 

Fig. 1. Examples of the distribution of K2O (multiple peaks), TiO2 (skewed to maxima), Al2O3 (almost ‘nor-
mal’ distribution) and SiO2 (multiple peaks, skewed to minima). For comparison, the corresponding frequencies  
(y-axis) and element prc contents (x-axis) have been scaled to vary between 0–100.
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and, for instance, visually selected peak (modal) 
values should be used.

In Figure 2, two data groups (A.Adak and 
P.Adak) have been normalized by AFP and C1 
chondrite. In the diagrams, concentrations 
normalized by AFP vary around unity, where-
as chondrite-normalized concentrations vary 
from ca. 0.001 to close to 1000. Therefore, the 
chondrite-normalized spectra on a logarithmic 
scale appear very similar, and almost identical, 
while on a linear scale for the AFP-normalized 
spectra, the differences in trends, amplitudes 

and signs of peaks are distinct. For example, 
the high Sr peaks and sharp step from HREE to 
compatibles Lu → Ca are difficult to detect in the 
C1-normalized spectrum. Moreover, the differ-
ences in trends LREE → HREE are very difficult 
to distinguish in the C1-normalized spectrum. 
These diagrams clearly demonstrate that, when 
considering and comparing crustal rocks of Fin-
land, the best standard is AFP because of its 
high resolution compared to C1. The data of the  
diagrams in Figure 2 will be considered in more  
detail later in the text.

Fig. 2. Example of the normalization of Archaean and Proterozoic adakitic sample groups (A.Adak and P.Adak) by 
(a) the geometric means of all Finnish plutonic rock samples (AFP), and (b) C1 chondrite. Note the much better 
resolution of peaks and trends (slopes) on linear scale AFP-normalized diagrams compared to logarithmic scale 
C1-normalized diagrams. The location of REE has been marked by black triangles on the x-axis.
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In the diagrams in Figure 2, the rock groups 
are chemically compared by using the incom-
patible → compatible sequence (‘PP spectrum’) 
defined by Pearce & Parkinson (1993) and Pearce 
& Peate (1995), who studied the various com-
ponents of subduction-related arc magmas. In 
this study, the AFP-normalized PP spectrum is 
generally used for the comparison of various 
rock groups because of their high resolution, as 
demonstrated above. It must be emphasized that 
normalization by AFP does not refer to any ge-
netic link between AFP and normalized data. The 
linear scale of AFP normalization simply ‘mag-
nify visible’ the relative differences and charac-
teristics of the various data analysed here.

Location of samples

Figure 3 presents a simplified map of the bedrock 
of Finland, modified af ter Korsman et al. (1997). 
The subdivision of sub-areas has been partly 
adopted from Nironen et al. (2002), Lehtinen et 
al. (2005) and Vaasjoki et al. (2005). However, 
some of their sub-area borders are poorly de-
fined and, therefore, I have used GTK regional 
scale geophysical maps and data to define and 
combine the borders of some regional- and lo-
cal-scale sub-areas. The term ‘sub-area’ is used 
in this study instead of terms such as ‘terrain’, 
‘block’, ‘belt’, ‘domain’ and ‘complex’, which 
have been used variably and often non-system-
atically for defining geologically solid units in 
Finland. The sub-area division is the same that 
I used in the Lithogeochemical Atlas of Finland 
(Ruotoistenmäki 2016), where the statistics on 
the chemistry of each sub-area and rock types 
are described.

 In the following, the terms ‘Archaean’ and 
‘Proterozoic’ are associated with rocks sampled 
in the Archaean or Proterozoic sub-areas in Fig-
ure 3. It must be noted that in some cases on the 
Archaean side, the zircon age of the rock sam-
ple may be Proterozoic, although the primary 
material can contain a significant component of 
recirculated/remelted Archaean crust (e.g. Huh-
ma 1986). Moreover, the Archaean–Proterozoic 
border is dependent on the current erosion level 
in collision areas characterized by over- and un-
derthrusting tectonics, as demonstrated in the 
seismic cross-section in Figure 67. 

Figure 4 depicts the distribution of all 3059 
plutonic rock samples in the database (RGDB), 
and Figure 5 to Figure 6 illustrate the distribu-
tions of the granitic and gabbroic samples used 
in this study. The names of rock types are based 
on those given in the rock geochemistry data-
base by Rasilainen et al. (2007). It must be em-
phasized that in some cases, the rock types are 
based on field observations. Therefore, the maps 
and diagrams must be considered as a statisti-
cal entity where some individual details can be 
erratic.

The symbols emphasized with red dots on the 
maps refer to adakitic samples. In the follow-
ing, the adakitic granite and gabbro samples are 
omitted from the corresponding diagrams of all 
gabbros and granites and included in the dia-
grams of adakitoids whose areal distribution is 
given in Figure 4. In this section, a sample is (if 
not otherwise mentioned) classified ‘loosely’ as 
an ‘adakitoid’ if it fulfills at least 6 of 8 crite-
ria defined above by Defant & Drummond (1990) 
and Thorkelson & Breitsprecher (2005), i.e. 
‘75% adakitoids’, thus including samples pos-
sibly modified by contamination, alteration and 
metamorphic processes. 

From the maps, it can be seen that, when ex-
cluding some Archaean supracrustal sub-areas 
(green and grey in Fig. 3), the coverage of plu-
tonic rocks in Finland is relatively large and 
relatively homogeneous in most sub-areas. The 
gabbros are sparser compared to granitic rocks 
and they are clustered in groups that are more 
distinct. The areal distribution and quantity of 
plutonic rocks having adakitic characteristics is 
surprisingly large in Figure 4. In Archaean ar-
eas, the number of adakitoids (6/8 criteria ful-
filled = ‘75% adakitoids’) is 540/1275 samples 
(42%) and that of 8/8 adakitoids (‘100% adaki-
toids’) is 178/1275 samples (14%). Correspond-
ingly, in Proterozoic areas, the number of ‘75% 
adakitoids’ is 323/1784 samples (18%) and that 
of ‘100% adakitoids’ is 106/1784 samples (6%). 
Thus, the relative number of adakitic samples 
(/ TTGs / sanukites) in Archaean areas is more 
than twice that in Proterozoic areas. Käpyaho 
et al. (2006) noted that the Finnish part of the 
western Karelian Province mostly (∼80%) con-
sists of migmatized and unmigmatized, ∼2.90–
2.745 Ga TTG gneisses. However, as given above, 
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the adakitic samples cover ‘only’ 14–42% of all 
plutonic samples collected from Archaean sub-
areas, which is not consistent with their very 
high percentage of coverage value, or their TTGs 
do not fulfil the definition of adakitoids given 
above.

During this work, I also tested the distribution 
of sanukitoids in the database. Sanukitoids have 
been interpreted as derivatives from melting 
of enriched mantle wedge above the subduct-
ing slab, thus having a genesis that is close to 
that proposed for adakitoids. Halla (2005) de-
fined sanukitoids as primitive rocks, with SiO2 
55–60%, Mg numbers > 0.6, Ni > 100 ppm, Cr 

> 200 ppm, K2O > 1%, Sr and Ba > 500 ppm and 
Rb/Sr < 0.1. Moreover, sanukitoids are strongly 
LREE enriched with minor negative Eu anoma-
lies. Surprisingly, while adakitoids are so com-
mon, less than ten samples out of 3059 plutonic 
rock samples had sanukitoid characteristics as 
defined above (only one fulfilling all sanukitoid 
criteria). However, more ‘sanukitic adakitoids’ 
were obtained, when using slightly broader sa-
nukitoid criteria adopted from Heilimo et al. 
(2010): SiO2 = 55–70%, Na2O/K2O = 0.5–3, MgO 
= 1.5–9%, Mg number = 45–65, K2O = 1.5–5.0%, 
Ba+Sr > 1400 ppm and (Gd/Er)N = 2–6; see  
Figure 31 and Figure 32.
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Fig. 3. Bedrock of Finland modified after Korsman et al. (1997). The major trends have been emphasized by 
combining the map with the hillshaded magnetic high-altitude map of GTK, Finland (for details, see e.g.  
Korhonen 2005 and Hautaniemi et al. 2005). The white line gives the approximate border of Archaean (A) and 
Proterozoic (P) sub-areas in Finland. The sub-areas are the same as used in the Lithogeochemical Atlas of Fin-
land (Ruotoistenmäki 2016): LBZ = Ladoga–Bothnian bay zone. Rpk = rapakivi sub-areas in southern Finland. 
USM = Uusimaa sub-area, SMB = southern Finland migmatite sub-area, CFG = central Finland granitoid sub-
area, EF = eastern Finland sub-area, IL = Ilomantsi sub-area (southernmost part of EF bordered by the dotted 
line), IC = Iisalmi sub-area, PDJ = Pudasjärvi sub-area. The white-black squares border the local-scale study 
area of Padasjoki-Kaipola considered in section 4.  The thick yellow-black lines show the location of the FIRE 
seismic reflection profile considered in the same section. The red square borders the Iisalmi-Lapinlahti area 
considered in section 5. 
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Fig. 4. Location of all the plutonic rock samples in the database (RGDB). Red dots refer to adakitic samples. The 
lithological borderlines are from Figure 3. On the map, a sample is classified ‘loosely’ as ‘adakitic’ if it fulfills 
at least 6 of 8 criteria defined above by Defant & Drummond (1990) and Thorkelson & Breitsprecher (2005), i.e. 
‘75% adakitoid’.
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Fig. 5. Location of the granitic samples studied in this work. Red dots refer to adakitic ‘granites’. The lithological 
borderlines are from Figure 3.
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Fig. 6. Location of the gabbroic samples studied in this work. Red dots refer to adakitic ‘gabbros’. The lithological 
borderlines are from Figure 3.
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1.2 Petrophysical characteristics of the samples

Figure 7 presents a statistical summary of the 
densities (D) [kg/m3] and magnetic suscepti-
bilities (K) [SI*106] of all plutonic rock samples 
(AFP) and separately Archaean and Proterozo-
ic plutonic area samples (AFP-Arch and AFP-
Prot). The statistical parameters in the figure are 
trendsetting because the distributions are not 
normal. For example, the given arithmetic aver-
ages are not reliable estimations for expectation 
values and the modal (most common), peak val-
ues from the distribution curves are more plau-
sible. The major characteristics of these rocks are 
the significantly higher density of Proterozoic 
plutonic rocks (average ca. 2653, mode 2685 kg/
m3) compared to Archaean plutonic rocks (aver-
age ca. 2574, mode 2629 kg/m3). This refers to 
higher amounts of mafic minerals in Protero-
zoic plutonic rocks. This is also supported by the 
higher susceptibilities of paramagnetic values of 
Proterozoic samples (ca. 220*10-6 SI) compared 
to Archaean (ca. 150*10-6 SI). The high ferri-
magnetic peak of Archaean samples (around ca. 
15 000*10-6 SI) refers to a higher relative con-
tent of magnetite in these samples and thus the 
evolutionary environment favouring oxide pre-
cipitation (magnetite) before iron-containing 
mafic silicates (e.g. Puranen 1989). In summary, 
Proterozoic sub-area samples are more mafic 
but magnetite poor, while Archaean samples are 
more felsic but magnetite rich. 

Figure 8 depicts the cumulative frequencies 
of densities and susceptibilities of granitic, gab-
broic and adakitic samples. From the diagrams, 
it can be seen that Proterozoic granites (446 
samples) are clearly denser (gmean ca. 2640 
kg/m3) than Archaean granites (336 samples, 
gmean ca. 2620 kg/m3), but mainly paramag-
netic (susceptibility below ca. 1000*10-6 SI, mode 
ca. 160*10-6 SI), while the majority of Archaean 
granites are strongly ferrimagnetic (susceptibil-

ity above ca. 1000*10-6 SI, modes at ca. 90*10-6  
and 16 000*10-6 SI). As in all plutonic rocks 
above, iron is also mainly in silicates in Prote-
rozoic granites, while Archaean samples contain 
less iron in silicates but more magnetite. The ra-
pakivi granite samples are the densest granites 
(gmean ca. 2654 kg/m3, 147 samples) and con-
tain both para- and ferrimagnetic components 
(main peaks at ca. 160*10-6 and 1600*10-6SI).

The Archaean gabbros (74 samples) are gen-
erally denser (bimodal gmean ca. 2970 kg/m3) 
than Proterozoic gabbros (gmean ca. 2950 kg/
m3, 137 samples). Their magnetic distributions 
are practically identical, mainly ferrimagnet-
ic (gmeans of both ca. 2000*10-6; modes at ca. 
1000*10-6 SI and 630*10-6 SI, respectively).

Proterozoic adakitoids are ca. 30 kg/m3 denser 
(gmean ca. 2720 kg/m3, 323 samples) than Ar-
chaean adakitoids (gmean ca. 2690 kg/m3, 540 
samples). Their magnetic distributions are al-
most identical, having both paramagnetic and 
ferrimagnetic components (modes at ca. 250*10-

6, 180*106 and 20 000*10-6, 9000*10-6 SI). The 
higher density and slightly higher paramagnetic 
values of Proterozoic adakitoids refer to their 
more mafic average composition.

From Figure 8, it can be summarized that 
the densities of samples from Proterozoic and 
Archaean sub-areas clearly differ for gabbros, 
granites and adakitic rocks. The high-density 
group of Archaean gabbros is interesting, be-
cause Archaean granites and adakitoids are 
clearly less dense. The susceptibilities of gab-
bros and adakitoids are almost identical, but 
those of granites (granitoids) differ significant-
ly, referring to variable amounts of magnetite, 
pyrrhotite and mafic minerals. In particular, the 
high magnetite content of Archaean granites is 
significant.
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 1.3 Chemical characteristics of the samples

In this report, various geochemical and petro-
physical diagrams are considered to distin-
guish and emphasize the main characteristics 
of the samples, thus also testing their resolu-
tion ability. It must be emphasized that con-
clusions based solely on geochemical tecton-
omagmatic discrimination diagrams must be 
made with care. For example, Wang and Glower 
(1992) have demonstrated that even relatively 
young (Jurassic) continental rift basalts very of-
ten plot erratically in MORB and arc basalt fields 
in tectonomagmatic geochemical discriminant 
diagrams. Condie (2005) also noted that care is 
needed when using geochemical data on mobile 
elements in studying rock genesis, sources and 
evolution. In this section, the following dia-
grams are utilized:

R1-R2 diagrams

The R1-R2 diagrams by de La Roche et al. (1980), 
Batchelor & Bowden (1985) and Rollinson (1993) 
in Figure 9 and Figure 10 can be used for rapid, 
preliminary lithological and tectonomagmatic 
classification based on the geochemistry of ma-
jor elements. The wide scatter of granitic and 
gabbroic samples in the diagrams demonstrates 
the statistical character of this study. Some 
sample names given by field geologists clearly 
differ from those in the diagram, perhaps repre-
senting strongly fractionated or altered samples 
from large gabbroic or granitic outcrops. Thus, 
in general, ‘granites’ represent more felsic and 
‘gabbros’ more mafic plutonic rock entities in 
the following diagrams (names given without 
quotation marks). 

Fig. 9. Classification of samples from Proterozoic areas in the R1-R2 diagram (De La Roche et al. 1980). The tec-
tonomagmatic fields have been adopted from Batchelor & Bowden (1985) and rock-type boundaries have been 
modified according to Rollinson (1993). Gb: ‘Gabbroic’ samples (blue), Adk: Adakitoids (yellow), Gr: ‘Granitic’ 
samples (red), Rpk: rapakivi granites (purple). The names of rock types are based on those given in the rock 
geochemistry database by Rasilainen et al. (2007). The enveloping curves of rock groups have been manually 
drawn by rejecting the most distinct outliers. The cross (x) in the ‘syn-collision’ field refers to the granodioritic, 
geometric mean of all Finnish plutonic rock samples (AFP; Table 2). 
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In the diagrams in Figure 9 and Figure 10, the 
Proterozoic and Archaean granites are classi-
fied as syn-collisional to late-orogenic monzo- 
and syenogranites, some samples being quartz 
monzonites and granodiorites. The scattering of 
Archaean samples is narrower and granodioritic 
samples are sparser. The Proterozoic rapakivi 
samples, representing samples evolved in pro-
cesses in both lower and upper crust (Rämö & 
Haapala 2005) plot very tightly in syenogranitic, 
monzogranitic, granodioritic, ‘late-orogenic, 
syn-collisional’ fields. 

The Proterozoic gabbros in Figure 9 are mainly 
located in gabbro–monzogabbro–gabbronorite 
fields. Tectonomagmatically, they are in pre-

plate collision, or mantle fractionate fields. The 
Archaean gabbros in Figure 10 are less varied, 
mainly concentrating on olivine gabbro–gab-
bronorite fields, and are of the pre-plate colli-
sion or mantle fractionate type. 

The Proterozoic adakitoids range in the 
diagram in Figure 9 from pre- to syn- and 
post-collisonal fields, the majority being syn- 
collisional tonalites. Their rock types vary from 
granodiorites to tonalites, diorites and gab-
bros. The Archaean adakitoids in Figure 10 are 
more widely scattered, having a more signifi-
cant granodioritic–monzogranitic–syenogra-
nitic sample group with syn- and late orogenic 
characteristics.

Fig. 10. Classification of samples from Archaean areas in the R1-R2 diagram (De La Roche et al. 1980). For an 
explanation of the fields and rock names in the diagram, see the caption of Figure 9.
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Na2O+K2O vs SiO2 diagram

A simpler, but more illustrative classification 
method in Figure 11 depicts the Na2O+K2O vs SiO2 
diagram by Cox et al. (1979), modified for plu-
tonic rocks by Wilson (1989). In the diagrams, 
the Proterozoic adakitoid samples are mainly in 
sub-alkaline diorite, quartz-diorite and gran-
ite fields. In addition, the Archaean samples are 
located in the diorite–granite fields. Moreover, 
there is a more alkaline sample group compared 
to Proterozoic adakitoids. The gabbroic samples 
of both groups are mainly in gabbro fields, some 
being dioritic. The Proterozoic gabbros have a 
significant alkaline group compared to Archaean 
samples, which are mainly sub-alkaline. The Ar-
chaean granite samples mainly plot in the gran-
ite field, while some Proterozoic ‘granites’ are 
in the quartz-diorite field. Both granite groups 
are more alkaline compared to the gabbros and 

adakitoids above. The Proterozoic rapakivi sam-
ples are tightly located in a narrow granite– 
alkali-granite field. 

FeO/(FeO+MgO) vs SiO2 diagram

The FeO/(FeO+MgO) vs SiO2 diagram by Frost 
et al. (2001) extrapolated to ultramafic SiO2 
contents is given in Figure 12. They used this 
diagram to distinguish ferroan, ‘anorogenic’ 
(A-type) granites (granitoids) from magnesian 
plutonic rocks. In the diagrams, the majority of 
Archaean and Proterozoic adakitoid samples are 
magnesian. The distributions of both Archaean 
and Proterozoic gabbros are identical, the ma-
jority of samples being low-Fe-type magnesian 
with fewer samples on the ferroan side. The ma-
jority of granite samples, especially the rapakivi 
samples, are ferroan A-type.
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Fig. 11. Classification of samples in the Na2O+K2O vs SiO2 diagram by Cox et al. (1979) modified for plutonic rocks 
by Wilson (1989). The enveloping border lines, representing the alkaline/sub-alkaline boundary zone, have been 
adopted from Rickwood (1989). 
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Fig. 12. Classification of samples in the FeO/(FeO+MgO) vs SiO2 diagram by Frost et al. (2001). 
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A/CNK vs SiO2 diagram

The A/CNK (=Mol Al2O3 / (Na2O+K2O+CaO)) vs 
SiO2 diagram by Chappell & White (1974) is given 
in Figure 13. They used this diagram to distin-
guish ‘sedimentary’ (S-type) granitoids from 
‘true’ igneous (I-type) plutonic rocks. Chappell 
& White (1974) defined S-types as resulting from 
the partial melting of metasedimentary source 
rocks during anatexis or ultrametamorphism. 
I-types are derived from source rocks of igne-
ous composition that have not gone through the 
surface weathering process, or from the crystal 
fractionation of magmas. Herzberg (1995) not-
ed that that granites sensu stricto have not been 
formed by the fractional crystallization of basalt 
or andesite, but rather by partial melting of pre-
existing crustal rocks such as metapelites, which 
means that they should normally be of the S-
type. 

In the diagrams, the Archaean and Proterozoic 
adakitoid and gabbroic samples are distinctly of 
the I-type. The lack of S-type adakitoids is sig-
nificant, referring to the absence of sedimentary 
wedge material (if they are subduction related), 
or the signature of sedimentary material may 
have been lost during the remelting and frac-
tionation processes. The Archaean granites are 
mainly I-type, while a significant number of 
Proterozoic granite samples are also of the S-
type, thus reflecting circulation and anatexis of 
sedimentary material, possibly related to plate 
tectonic processes. 

The rapakivi samples are more tightly of the 
I-type, with the exception of a small but distinct 

group of some high SiO2 (>70%) samples being 
S-type. These samples possibly refer to a crustal 
contamination component during their multi-
stage fractionation and ascent processes.

K2O+Na2O-CaO vs SiO2 diagram

The K2O+Na2O-CaO vs SiO2 diagram by Frost et 
al. (2001) extrapolated to ultramafic SiO2 con-
tents is given in Figure 14. Using this diagram, 
they classified plutonic rocks into alkalic, alkali-
calcic, calc-alkalic and calcic sub-types based on 
their composition. In the diagrams, the Prote-
rozoic adakitoids are concentrated in calcic and 
calc-alkalic fields, while Archaean adakitoids 
are more widely distributed between alkalic and 
calcic fields. Wilson (1989) stated that at the 
present time, magmas of the calc-alkaline se-
ries are restricted in their occurrence to subduc-
tion-related tectonic settings. Consequently, she 
noted that the recognition of calc-alkaline char-
acteristics in the geochemistry of ancient vol-
canic sequencies may be an important petroge-
netic indicator. The distributions of Proterozoic 
gabbros are more calc-alkalic compared to Ar-
chaean gabbros, which are more calcic. The dis-
tributions of Archaean and Proterozoic granites 
are similar, both belonging to calc-alkalic and 
alkali-calcic classes. However, there is a signifi-
cant low-SiO2 group (SiO2 < 70%) in Protero-
zoic granites. The rapakivi samples are mainly 
alkali-calcic, with a few high-SiO2 samples  
being calc-alkalic. 
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Fig. 13. Classification of samples in the A/CNK vs SiO2 diagram by Chappell & White (1974).
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Fig. 14. Classification of samples in the K2O+Na2O-CaO vs SiO2 diagram by Frost et al. (2001).
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Nb/Ta vs Zr/Sm diagram

The Nb/Ta vs Zr/Sm diagram shown in Figure 
15 can be used for studying the fractionation 
processes of plutonic rocks, such as the tecton-
omagmatic evolution of early continental crust 
(Foley et al. 2002). The diagram presents the 
Nb/Ta vs Zr/Sm ratios of oceanic island basalts 
(OIB), mid-ocean ridge basalts (MORB), island-
arc basalts (IAB) and continental rocks (TTG, 
adakites and continental crust). In the diagram, 
the adakite group is characterized by decreasing 
Nb/Ta and increasing Zr/Sm ratios. 

Foley et al. (2002) concluded that the coupled 
low Nb/Ta and high Zr/Sm of the early conti-
nental crust is due to partial melting of low-
magnesium amphibolite and not partial melting 
of eclogite. On the contrary, Rapp et al. (2003) 
inferred that partial melting of hydrous basalt 
in eclogite facies produces granitoid liquids with 

major and trace element compositions equiva-
lent to Archaean TTG, including the low Nb/Ta 
and high Zr/Sm ratios of ‘average’ Archaean 
TTG. Moreover, they proposed that TTG mag-
matism may have taken place beneath granite-
greenstone complexes developing along Archae-
an intraoceanic island arcs by imbricate thrust 
stacking and tectonic accretion. According to 
Xiong (2006), model melts with TTG trace ele-
ment characteristics are in equilibrium with ru-
tile-bearing anhydrous and hydrous (amphibole 
bearing) eclogitic residues, but not rutile-free, 
amphibole-dominated residues. Rutile appears 
to be a necessary residual phase to account for 
the characteristic negative Nb–Ta anomaly in 
the TTG.

The data groups used in this study are strongly 
overlapping in this diagram, and I only use geo-
metric averages of the sample groups to exam-
ine their general differences and characteristics.  

Fig. 15. Classification of the rock groups using the geometric means of the sample elements in the Nb/Ta vs Zr/
Sm diagram by Foley et al. (2002) (inset upper left). The location of the borders of the diagram has been marked 
with a red square in the inset. The intersection of the dashed lines represents the trace element signature of 
primitive mantle. AFP = all Finnish plutonic rock samples considered in this study. ArchAdk = Archaean adaki-
toids, ArchGbr = Archaean gabbros, ArchGran = Archaean granites, ProtAdk = Proterozoic adakitoids, ProtGbr = 
Proterozoic gabbros, ProtGran = Proterozoic granites, ProtRpk = Proterozoic rapakivi granites. 
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In the diagram in Figure 15, the averages of Ar-
chaean and Proterozoic adakitic samples are 
in both the high Nb/Ta and high Zr/Sm adak-
ite group. They are also very close to each other 
compared to granites and gabbros, which could 
indicate similarities in the adakitoid source con-
ditions, independent of age differences. The 
high Zr/Sm ratio is connected with clinopyrox-
ene in the restite based on experimental studies 
by Rapp et al. (2003). Their highest Nb/Ta ratios 
do not directly support either of the models de-
scribed above.

The Proterozoic and Archaean gabbros and 
granites have symmetric trend differences in 
the diagram. The Archaean gabbros and granites 
have clearly lower Nb/Ta and higher Zr/Sm than 
their Proterozoic counterparts. When consider-
ing the order of elements in the PP diagram, in 
Figure 2, for example, it can be noted that Ta 
is ‘more incompatible’ than Nb and Zr ‘more 

incompatible’ than Sm. Thus, trends in Figure 
15 indicate that Archaean granites and gabbros 
are more enriched in incompatibles (lower Nb/
Ta and higher Zr/Sm) than the corresponding 
Proterozoic rocks. These differences may indi-
cate higher pressure and/or temperature envi-
ronments in the evolution of Archaean plutonic 
rocks. Moreover, granites are more enriched 
than gabbros (higher Zr/Sm), as can be expected. 

The averages of Proterozoic granites and ra-
pakivi granites are relatively close to each other 
in the diagram. The average of all Finnish plu-
tonic rocks (AFP) is roughly in the middle of 
the continental crust field, as can be expected 
(which emphasizes the usability of AFP for the 
normalization standard). However, it is also in 
the middle of the adakite group by Foley et al. 
(2002), which clearly shows that this diagram 
alone cannot be used for the discrimination of 
adakitoid samples. 

1.4 Comparison of chemical ‘spectra’ of the samples

REE spectra

Figure 16 and Figure 17 present C1 chondrite- 
and AFP-normalized REE patterns for the 
adakitic, granitic and gabbroic samples consid-
ered in this study. In the diagrams, the chon-
drite-normalized REE spectra of adakitic sam-
ples are steepest, i.e. the LREE/HREE (or La/
Yb) ratio is clearly highest, referring to a high 
degree of fractionation. Their Eu anomalies are 
similar to gabbros: flat in chondrite-normalized 
and positive in AFP-normalized spectra, refer-
ring to a higher plagioclase content (e.g. Wilson 
1989) and thus fractionation depths greater than 
plagioclase stability depths of ca. 30–60–... km 
(see e.g.  Table 1 and Fig. 97). In the C1-normal-
ized diagram in Figure 16, the slope of Archaean 
adakitoids is steepest, being very close to that 
of Karelian sanukitoids described by Heilimo et 
al. (2010); see also Figure 18, demonstrating the 
significantly higher La/Yb ratios in Archaean 
sub-areas of eastern and northern Finland. 

The slope of gabbros is gentler in chondrite-
normalized spectra and positive in AFP spectra, 
referring to their mafic mantle source. Their 
Eu values are flat in chondrite-normalized and 
positive in AFP-normalized spectra, referring to 
lower crust/upper mantle source depths.

The slopes of granites are dipping in chon-
drite-normalized and flat in AFP-normalized 
diagrams. In AFP-normalized diagrams, they 
are characterized by relative Eu minima, refer-
ring to mid-crustal fractionation depths, where 
plagioclase is stable. In both diagrams, the ra-
pakivi granite samples are characterized by an 
exceptionally high REE content. In the AFP-
normalized diagram, their slope is positive, with 
increasing HREE values, similar to gabbroic 
samples. In chondrite-normalized diagrams, 
this feature is more weakly shown by a slightly 
gentler slope of rapakivi and gabbro samples. 
The rapakivi granites also have Eu minima in 
both diagrams, which refer to plagioclase in 
restite and thus upper/mid-crustal fractionation 
depths, where plagioclase is stable (e.g. Rollin-
son 1993, Martin & Moyen 2002), or the restitic 
source of rapakivi magma is primarily depleted 
of plagioclase.

Thus, in AFP-normalized spectra, adakitoids 
have features of granitic and gabbroic rocks: a 
steep slope resembling granites, but high Eu 
values resembling gabbros. Rapakivis have the 
opposite features: low Eu values resembling 
granites, but HREE>LREE like gabbros. 
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Fig. 16. Chondrite-normalized REE patterns for the granitic, gabbroic and adakitic samples considered in this 
study. The shaded grey area indicates the distribution of Neoarchaean late to post-tectonic sanukitoid intrusions 
sampled in the Karelian Province, Finland, by Heilimo et al. (2010). The analytical methods / units are ICPMS / 
ppm (Table 2).
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Fig. 17. AFP-normalized REE patterns for the granitic, gabbroic and adakitic samples considered in this study. 
The analytical methods / units are ICPMS / ppm (Table 2).
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Fig. 18. La/Yb ratios of Finnish adakitoids referring to the degree of REE fractionation. Note the significant-
ly higher ratios in Archaean sub-areas of eastern and northern Finland. The analytical methods / units are  
ICPMS / ppm (Table 2).

Corner point coordinates in WGS-85:
Lower left KKJ: 6600000 3100000 / WGS-84: N 59.32° E 020.00°
Upper right KKJ:7700000 3700000 / WGS-84: N 69.30° E 032.07°
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Pearce–Peate (PP) spectra

In Figure 19 to Figure 21, rock groups are chemi-
cally compared using the incompatible → com-
patible sequence defined by Pearce & Peate 
(1995; ‘PP spectra’). In the diagrams, the geo-
metric means of the elements are normalized by 
the geometric means of all Finnish plutonic rock 
samples (AFP) and by C1 chondrite (Anders & 
Grevesse 1989, Kerrich & Wyman 1996). For the 
values of AFP and C1, see Table 2. In this report, 
linear-scale AFP-normalized data are preferred 
because they more clearly emphasize the dif-
ferences between the rock groups, as is demon-
strated in the diagrams in Figure 2 and diagrams 
below. The variations in the data are demon-
strated in the diagrams by vertical red lines be-
tween the first and third quartiles of cumulative 
distributions of normalized values. It must be 
noted that the amplitude scale in the diagrams is 
very variable, especially because of the constant 
sum effect due to varying values of SiO2; see e.g. 
Wilson (1989) and Rollinson (1993). Thus, in the 
following, the main emphasis is not on absolute 
values, but on the relative amplitudes and trends 
of chemical variations.

The red lines in the diagrams demonstrate that 
the variations of the elements in rock groups are 
relatively large. However, when considering the 
Proterozoic and Archaean AFP-normalized lines 
of the same rock types, it can be seen that they 
generally have similar trends and peak loca-
tions, even though their evolution histories are 
in most cases separated by an age gap of sev-
eral hundred Ma, and up to greater than one Ga. 
Thus, it can be concluded that the variations in 
the lines reflect the true general characteristics 
of rock groups.

Adakitoids: AFP-normalized spectra

The PP spectra of Proterozoic and Archaean 
adakitic rock groups are presented in Figure 19. 
A significant feature of both AFP-normalized 

spectra is the relative enrichment of light REE 
(LREE) compared to heavy REE (HREE). The 
group ratios of AFP-normalized data (LREEave/
HREEave) (↓ see box below) are ca. 2.0 and 1.3 
for Archaean and Proterozoic adakitoids; i.e. the 
REE spectrum of Archaean adakitoids is clearly 
steeper. There are also relative Eu and Sr maxi-
ma in the diagrams, which, in combination with 
low values of HREE, suggest deeper (greater 
than ca. 30–60–… km) fractionation depths in 
the lower crust/upper mantle, below the plagio-
clase stability field (i.e. increased plagioclase in 
the melt phase), and with ± garnet ± clinopyrox-
ene ± orthopyroxene ± hornblende in the restite 
(e.g. Martin & Moyen 2002, Rollinson 1993 and 
references therein). It is interesting to note that 
although the LREE/HREE is steeper for Archaean 
adakitoids, the relative amplitudes of Eu and Sr 
maxima are clearly higher for Proterozoic adak-
itoids (see also Fig. 96). These characteristics 
could refer to a more plagioclase-rich source for 
Proterozoic adakitoids; they are less fractionated 
(gentler REE), but still more plagioclase in melt. 
As noted above in section 1.2., the higher den-
sity and slightly higher paramagnetic values of 
Proterozoic adakitoids refer to their more mafic 
average composition.

A very significant and characteristic feature of 
the AFP-normalized PP spectra of adakitoids is 
also the rapid increase in compatible elements 
compared to HREE (= Compatiblesave/HREEave; 
see box below↓). In the diagrams in Figure 19, 
these ratios are ca. 1.9 for both Archaean and 
Proterozoic adakitoids. In connection with the 
apparently great fractionation depth concluded 
above, this trend can be connected to a primarily 
mafic (basaltic) source and/or contamination by 
melts from upper mantle/mantle wedge at the 
lower crust–upper mantle boundary.

It must be emphasized that this HREE → com-
patibles (Lu → Ca) step cannot be detected in C1- 
or MORB-normalized spectra, as demonstrated 
in Figure 2.

 

LREEave/HREEave =
Average [LaICPMS, LaICPAES, CeICPMS] / Average[HoICPMS, ErICPMS, TmICPMS, YbICPMS, LuICPMS]

Compatiblesave/HREEave =
Average [CaICPAES, CaOXRF, AlICPAES, Al2O3 XRF, GaXRF, VXRF, VICPMS, VICPAES, ScICPMS, ScICPAES, MnICPAES, 
MnOXRF, FeICPAES, FeOXRF, CoICPAES, CoICPMS, MgICPAES, MgOXRF, CrICPAES, NiICPAES,] / Average[HoICPMS, 
ErICPMS, TmICPMS, YbICPMS, LuICPMS]
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It must also be noted that low Rb, Th and U re-
fer to a low degree of crustal contamination of 
adakitoids during their ascent into their present 
location (e.g. Wilson 1989). Moreover, the min-
ima of these mobile elements in both Archaean 
and Proterozoic adakitoids indicate that they 
have been mobilized before the main fractiona-
tion of adakitic melts. When considering the 
geochemistry of granulites in Lewisian amphib-
olite-facies gneisses from north-west Scotland, 
Weaver & Tarney (1981) concluded that the de-
pletion of K, Rb, Th and U (in granulites), but not 
other incompatible trace elements, cannot be 
explained by magmatic processes but as a result 
of granulite-facies metamorphism, with these 
elements being removed by an active fluid phase. 
Martin et al. (2005 and references therein) at-
tributed the extreme Rb depletion observed in 
adakites from Mexico to the presence of meta-
somatic amphibole in a peridotitic source. Thus, 
(at least) two-stage fractionation of adakitoids 
can be proposed: 1) removal of the fluid phase 
and 2) magmatic fractionation.

It is also interesting to note the relatively high 
AFP-normalized KICPAES peaks compared to low-
er K2OXRF only being characteristic of adakitoids, 
while the opposite is observed for granites in the 
diagrams in Figure 21 (and both low for gabbros 
in Fig. 20). The high KICPAES values could be at-
tributed to the high content of biotite (soluble 
in agua regia) relative to potassium feldspar 
(less-/non-soluble; for details, see Tarvainen et 
al. 1996). 

In contrast to potassium, in Archaean adaki-
toids, NaICPAES is distinctly lower than Na2OXRF. 
In adakitoids, high Na2O can be attributed to in-
creased Na plagioclase (albite). The minima of 
NaICPAES and scandium in the Archaean adaki-
toid spectrum can be interpreted to refer to am-
phiboles (Na and Sc) and garnet (Sc) in restite 
of Archaean adakites (Rollinson 1993, p. 108:  
Mineral/melt partition coefficients for basaltic 
liquids). 
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Fig. 19. Characteristics of Proterozoic and Archaean adakitoids arranged in the incompatible → compatible order 
according to Pearce and Peate (1995). The black line connects values normalized by AFP (geometric averages of 
all Finnish plutonic rock samples; Table 2). The vertical red lines denote the first and third quartiles of cumula-
tive distributions of AFP-normalized values. The grey bars indicate the values of geometric means normalized 
by C1 chondrite. The locations of REE are emphasized by triangles on the x-axis and by darker grey bars. In the 
diagram, the locations of some elements considered more closely in the text are also emphasized. The black lines 
below the x-axis indicate the locations of some element groups considered in this report. It must be emphasized 
that SiO2 does not belong to ‘compatibles’ but is separately shown here only for comparison.
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Gabbros: AFP-normalized spectra

In the PP diagrams of gabbros in Figure 20, the 
AFP-normalized trends are opposite to those 
of adakitoids, increasing from incompatibles to 
compatibles, as can be expected for mafic rocks. 
In particular, the slopes of REE of the gabbroic 
samples are opposite to that of adakitoids: The 
LREEave/HREEave ratios of AFP-normalized data 
are ca. 0.3 and 0.4 for Archaean and Proterozoic 
gabbros, respectively.

 The compatiblesave/HREEave ratio is even larg-
er than that of adakitoids, being ca. 2.8 and 2.2 

for Archaean and Proterozoic gabbros, respec-
tively, reflecting the high portion of mafic min-
erals (mantle component) in these rocks. Opaque 
minerals (sulphides and oxides) may also af-
fect the high level of incompatible elements 
in gabbros. Moreover, like adakitoids, gabbros 
also have relative Eu and Sr maxima referring 
to lower crust/upper mantle genesis, below the 
plagioclase stability depth. The increased AFP-
normalized NaICPAES relative to Na2OXRF in gab-
bros can be associated with high contents of am-
phiboles relative to Na plagioclase (albite).

Fig. 20. Pearce–Peate diagrams of Proterozoic and Archaean gabbros. Note that the vertical scale is larger than 
that of adakitoids in Figure 19 and granites in Figure 21.
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Granites: AFP-normalized spectra

The PP diagrams of granitic samples are pre-
sented in Figure 21 and Figure 22. In the AFP-
normalized diagrams, ‘normal’ granites fol-
low a descending trend from incompatibles to 
compatibles. The LREEave/HREEave ratios of Ar-
chaean and Proterozoic granites are much lower 
than those of the adakitoids, being ca. 1.4 and 
1.1, respectively. However, the ratio of rapakivi 
granites in Figure 22 is exceptional, being ca. 
0.7, i.e. clearly increasing from LREE to HREE. 
In all granite diagrams, the relative proportion 

of compatibles is low, compatiblesave/HREEave 
ratios being ca. 0.6, 0.5 and 0.2 for Archaean, 
and Proterozoic granites and rapakivi granites, 
respectively. 

All granites have relative Eu minima and low 
Sr, referring to stable plagioclase in the restite 
and thus shallower, mid- to upper crustal frac-
tionation depths compared to those of adakitoids 
and gabbros. In addition, the peaks in Rb, Th and 
U of the granites (opposite to adakitoids) refer to 
upper crustal source material and fluid enriched 
magma. 

Fig. 21. Pearce–Peate diagrams of Proterozoic and Archaean granites. 
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Fig. 22. Pearce–Peate diagrams of Proterozoic rapakivi granites. Note that the vertical scale is larger than that 
of ‘normal’ granites above.
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It is interesting to note that there is a strong 
negative correlation between the AFP-normal-
ized PP diagrams of rapakivi and adakitoid sam-
ples in both trends and the sign of the peaks, 
as demonstrated in Figure 23. In principle, the 
chemical characteristics of the rapakivis are 
similar to what one could expect for the com-
plementary, deeply located source restite of 
adakitoids, which is not in contradiction with 

the primary source of rapakivis attributed to the 
lower crust–upper mantle border zone (Rämö & 
Haapala 2005). However, due to the significant 
age difference and multistage evolution of rapa-
kivis (e.g. Rämö 1991 and Rämö & Haapala 2005), 
the connection with rapakivis and adakitoids is 
not straightforward and needs more profound 
consideration.

Fig. 23. Relationship between the AFP-normalized Pearce–Peate diagrams of Proterozoic adakitoids (P.Adak) 
and rapakivi granites (P.Rpk). The complementary characteristics of the diagrams are evident. Note the differ-
ent vertical scales of the diagrams. 

1.5 Determination of the restites of adakitic melts

The determination of primary source and restite 
material from rock samples representing melt 
fractions is generally difficult. One way to evalu-
ate the restitic material is to analyse phenocrysts 
(Chappell et al. 1987, Thorkelson & Breitspre-
cher 2005), or enclaves/xenoliths representing 
restite fragments in outcrops (e.g. White et al. 
1999, Peltonen et al. 2006). A common way to 
evaluate the mineralogy of restitic material is 
also to analyse the relative contents and ratios 
of certain key elements of rock samples (e.g. De-
fant & Drummond 1990, Castillo 2006; Table 1). 
The uncertainty of these methods is increased, 
for example, by multi-stage fractionation and 

magma contamination during uplift and by large 
variations in partition coefficients.

In this study, the major restite minerals are 
assumed to be those represented by Peltonen et 
al. (2006; Table 3). They investigated the origin 
of the lower crust of the Karelian craton from 
mafic garnet granulite xenoliths recovered from 
Neoproterozoic kimberlites located in Archaean 
central Finland. In their samples, orthopyrox-
ene only occurs in high-plagioclase xenoliths  
(plg ≥ ca. 50%; Table 3), which relates to their 
origin at shallower depths, within the plagio-
clase stability field. However, the low plagioclase 
samples are rich in ‘restitic’ minerals (garnet  
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clinopyroxene and amphibole), recording their 
higher P–T origin.

In the following, I estimate the mineralogy of 
adakitoid restite using partition coefficients for 
basaltic and basaltic andesite liquids approxi-
mating (coarsely) ‘primary’ source material for 
adakitic melts. Their partition values have been 
summarized by Rollinson (1993). A basaltic, gar-
net-bearing source for adakite TTG-like rocks 
has been proposed by Drummond & Defandt 
(1990), Smithies et al. (2003) and Väisänen et al. 
(2012), among others. For simplicity, I assume 
that clinopyroxene, orthopyroxene, garnet and 
amphibole represent the most probable sinks for 
the compatible elements in restite (Peltonen et 
al. 2006; Table 3, Rollinson 1993, Martin & Moy-
en 2002, Martin et al. 2005).

Table 4 presents the relative ratios for the co-
efficient pairs used here. If the ratio of normal-
ized elements is less than one (decreases) in the 
table, the denominator dominates in the restitic 
mineral, and vice versa. For example, if orthopy-
roxene dominates in the restite, Zr more likely 
remains in the restitic mineral (orthopyroxene) 

phase and the ratio Nd/Zr decreases (<1) in res-
tite. Furthermore, Nd is then relatively enriched 
in the mobile adakitic melt phase and the Nd/Zr 
ratio of adakitoid samples should become rela-
tively enriched in Nd. It must be emphasized that 
the estimated values of partition coefficients can 
vary over a wide range and thus their relative ef-
fect on the content of elements in the melt and 
remaining restite fraction can only roughly be 
evaluated. Therefore, the inferred restite miner-
al distributions presented in the following must 
be taken as preliminary estimates. Because no 
‘standard’ element ratios are known for adakitic 
samples, I compare the ratios of each sample 
against the averages of all adakitic samples.

By this principle, the possible enrichment of 
elements in the adakitic melts is evaluated us-
ing the element ratios of each adakitoid sample 
normalized by the geometric means of all adaki-
toid samples. Thus, using elements analysed 
by ICPMS (see Table 2), the relative enrich-
ment/depletion of sample element ratios are as  
follows:

Table 3. Examples of mineral modes based on point counting of low and high plagioclase xenoliths samples from 
Peltonen et al. (2006). Note that mafic, low plagioclase samples are high in ‘restitic’ minerals (garnet clinopy-
roxene and amphibole), in contrast to high plagioclase (+ orthopyroxene) samples representing the felsic ‘melt 
phase’.

Type Rock Minerals

Low-Plg Mafic garnet granulite, coarse grained Grt26 Cpx21 Am37 Plg9 Op7 (Ap)

Low-Plg Mafic garnet granulite, cumulate texture Grt19 Cpx25 Am47 Plg5 Op4 (Ap, Zr)

High-Plg Felsic granulite (monzodiorite), recrystallised igneous 
texture

Opx4 Am2 Plg63 Bt6 Qtz4 Kfs19 Op2

High-Plg Felsic granulite (tonalite), recrystallised igneous 
texture

Opx4 Am12 Plg50 Bt1 Qtz32 (Ap, Op, Cpx, Zr)

Grt: garnet; Cpx: clinopyroxene; Opx: orthopyroxene; Am: amphibole (hornblende); Plg: plagioclase; Op: opaques; 
Qtz: quartz; Ap: apatite; Bt: biotite; Zr: zircon; Kfs: potassium feldspar.

Table 4. Simplified ratios of mineral/melt partition coefficients for basaltic and basaltic andesite liquids using 
coefficients summarized by Rollinson (1993 and references therein). <1 means that the ratio decreases in restite 
minerals (increases in the adakitic melt); >1 means that ratio increases in restite minerals (decreases in adakitic 
melt).

Restite mineral: Orthopyroxene Clinopyroxene Hornblende Garnet

Nd/Zr <1 >1 <1 <1

La/Ce >1 (*) <1 <1 <1

Er/Lu <1 >1 >1 <1

(*) = Evaluated for andesitic liquids (only available)
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Orthopyroxene: Nd/Zr >1, La/Ce <1, Er/Lu >1 
Clinopyroxene: Nd/Zr <1, La/Ce >1, Er/Lu <1
Hornblende:      Nd/Zr >1, La/Ce >1, Er/Lu <1
Garnet:              Nd/Zr >1, La/Ce >1, Er/Lu >1

Or, in a simplified form, demonstrating the un-
ambiguity of the combinations:
Orthopyroxene: (1,0,1)
Clinopyroxene: (0,1,0)
Hornblende: (1,1,0)
Garnet: (1,1,1)

These combinations allow evaluation of the dis-
tributions of all these restite minerals in the 
study area. Using three element ratio combi-
nations for each mineral, the reliability of the 
method is increased. In Figure 24 and Figure 25, 
the locations of minerals calculated to dominate 

in the restites of adakitoids are given. Using the 
ratios above, ca. 46% of adakitoids did not ful-
fil all the conditions above and thus their restite 
mineralogy was not estimated. The method was 
also tested using AFP-normalized element ra-
tios, which gave very similar results to normali-
zation by the geometric mean of adakitoids used 
here. It must be emphasized that these minerals 
are assumed to dominate in restitic rocks deep 
in the lower crust/upper mantle, not in outcrops. 

On the maps in Figure 24, the dominating 
mineral in the restites is clinopyroxene, exist-
ing in both Archaean and Proterozoic sub-areas. 
Orthopyroxene exists relatively evenly in south-
ern and central Finland, referring to ‘shallower’ 
depths, where some plagioclase may also ex-
ist (see Table 3 above), but less in the north. In 
Figure 25, clusters of amphibole and garnet in 

Fig. 24. Distributions of adakitoids having restite dominated by (a) orthopyroxene or (b) clinopyroxene on the 
basis of their trace element ratios. The borders of sub-areas have been adopted from Figure 3: A = Archaean,  
P = Proterozoic.
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restite dominate almost solely in the Archaean 
sub-areas of eastern Finland, with only a few 
samples in Proterozoic sub-areas of southern 
and central Finland. The garnet-rich restites of 
Archaean adakitoids refer to higher P–T frac-
tionation environments compared to Proterozoic 
adakitoids (e.g. Obata & Thompson 1981). 

It must be emphasized that on the maps in 
Figure 24 and Figure 25, restites were relatively 

rigorously calculated using all element pair ratios 
for all restite minerals (the number of equations 
is larger than number of unknowns = ‘overde-
termined system’). It is, however, also possible 
to use only two selected element pairs for the 
calculation of restite minerals, which results in a 
larger distribution of interpreted restite miner-
als. However, I prefer the more reliable results 
presented in Figure 24 and Figure 25.

Fig. 25. Distributions of adakitoids having restite dominated by (a) garnet or (b) amphibole on the basis of their 
trace element ratios.
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1.6 Comparison with known adakites, adakitoids, sanukitoids and TTGs

In the following, the chemical spectra of Finn-
ish adakitoids are compared with some adak-
ites, TTGs and sanukitoids adopted from the 
literature. It must be emphasized that the data 
from the literature are not as numerous as those 
from the GTK database. Moreover, the analytical 
methods and accuracy are not unambiguous in 
each case. The standards used for normalization 
are indicated on the y-axis of the spectra and 
their values are given Table 2. 

In Figure 26, the C1-chondrite-normalized 
geometric average of all Finnish adakitoids 
studied above is compared with the correspond-
ing spider diagram of Solander Island adakites 
(New Zealand) and Panama compiled by Reay 
& Parkinson (1997). From the diagram, it ap-
pears that the main trends of Finnish adakitoids 
correspond relatively well with much young-
er, ‘modern’ adakitoids, the deviations being 
of same magnitude as those between Solander 
and Panama data. However, the strong damp-
ing effect of the logarithmic vertical scale must 
be noted when comparing the spectra of various 
rock groups, as is demonstrated by the spectra in 

Figure 2 and Figure 16 to Figure 17. 
In the following, the comparison is made in 

more detail using the AFP-normalized Pearce–
Peate spectra of available elements. To minimize 
the effect of altered or in other ways assimilated 
samples in these comparisons, only those Finn-
ish adakitoids that fulfil all eight criteria (‘100% 
adakitoids’) defined above for adakites by Defant 
& Drummond (1990) and Thorkelson & Breit-
sprecher (2005) are used in the diagrams.

Figure 27 presents the Pearce–Peate spectra of 
adakites from the Neoarchaean active continen-
tal margin of the Shimoga schist belt, Western 
Dharwar Craton, India (Naqvi & Rana Prathap 
2007) and from Solander Island, New Zealand 
(Reay & Parkinson 1997). The adakites from the 
Shimoga schist belt mainly consist of quartz, 
plagioclase and minor amphiboles and are inter-
layered with the turbidites. The authors classify 
them as high SiO2 and low Mg#, Ni and Cr type 
adakites. These adakites show compositional 
similarities with Meso- and Neoarchaean to-
nalite–trondhjemite–granodiorites (TTGs) ex –
perimentally generated by the partial melting  

Fig. 26. Chondrite-normalized spider diagram of Solander Island adakites (New Zealand; shaded) and Panama  
(between solid, thin lines) adopted from Reay & Parkinson (1997). The red and blue lines represent the  
chondrite-normalized geometric averages of all Finnish adakitic plutonic rocks.
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of hydrous basalts similar to adakitic glass veins 
found in peridotite xenoliths of the Kamchatka 
arc. 

The subduction-related, island arc Pleisto-
cene volcano of Solander Island in New Zealand 
is composed of adakites formed by the partial 
fusion of young oceanic crust under eclogitic fa-
cies conditions. Comparison with other adakite 
localities suggests that the presently subducting 
oceanic crust in the nearby trench may be <25 
Ma old. See also Figure 26, in which the chon-
drite-normalized Finnish adakitic plutonic rocks 
are compared with the corresponding spider di-

agram of Solander Island adakites and Panama 
compiled by Reay & Parkinson (1997).

The spectrum of adakites from the Shimoga 
schist belt, India, in Figure 27a is relatively flat 
with a slight peak in Eu and increased compati-
bles. Moreover, the level of LREE is roughly the 
same as that of HREE, thus not correlating very 
well with Finnish adakitoids. However, the spec-
trum of Solander Island adakites in Figure 27b 
is very close to that of Finnish adakitoids, with 
LREE > HREE and high Sr, Eu and compatibles/
HREE, as is also suggested by the similarity in 
the diagrams in Figure 26 above.

Fig. 27. AFP-normalized gmeans of adakites from (a) the Neoarchaean active continental margin of Shimoga 
schist belt, Western Dharwar Craton, India (Naqvi & Rana Prathap 2007; 18 samples, blue bars, right vertical 
axis) and from (b) Solander Island, New Zealand (Reay & Parkinson 1997; 9 samples, blue bars, right vertical 
axis). The red line indicates the variations in the AFP-normalized geometric means of all ‘100% adakitic’ Finnish 
plutonic rock samples (left vertical axis).
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Figure 28 depicts the AFP-normalized Pearce–
Peate spectra of late Mesozoic adakitic granitoids 
from the north-western Jiaodong Peninsula, 
east China (Hou et al. 2007). They represent two 
suites of granitoids, the Early Cretaceous (130–
126 Ma) Guojialing suite (Fig. 28a) and the Late 
Jurassic (158 ± 3 Ma) Linglong suite (Fig. 28b) 
in the northwestern Jiaodong Peninsula, eastern 
China. The Guojialing suite includes at least five 
plutonic bodies of both granodiorite and monzo-
granite. The rocks are composed of plagioclase, 
alkali feldspar, quartz, Mg-rich amphibole and 
Mg-rich biotite. The Linglong suite is a monzo-
granite comprising alkali feldspar, plagioclase, 
quartz and Fe-rich biotite. The authors conclude 
that the Guojialing suite was formed by the re-
action of delaminated eclogitic crust-derived 
melt with the upwelling asthenospheric man-
tle, whereas the Linglong suite was derived by 
partial melting of Neoarchaean metamorphic 
lower-crustal rocks at depths greater than 50 
km with eclogite residue. The petrogenesis of 
these two adakitic granitoids suggests intensive 
lower-crustal delamination during Early Creta-
ceous times, following a crustal thickening pro-
cess from the late stage of the Early Jurassic to 
the early stage of the Late Jurassic, with a crus-
tal thickness of less than 32 km to over 50 km,  
respectively. 

Thus, these rocks are not directly connected 
to subduction, but to remelting and fractiona-

tion processes below thickened crust in contact 
zones of lower crust/upper mantle. To consider 
the possible similarities, in Figure 28 are plot-
ted Pearce–Peate spectra of these Chinese suites 
together with Finnish Proterozoic and Archae-
an adakitoids. In the diagrams, both Chinese 
adakitic granitoids agree relatively well with 
Finnish adakitoids, the apparent correlation be-
ing slightly better with Archaean adakitoids. 

Deep seismic soundings have demonstrated 
that in Finland, the Proterozoic crust is locally 
exceptionally thick, being close to 60 km (e.g. 
Luosto et al. 1984, Kukkonen & Lahtinen 2006, 
Fig. 82). Moreover, delamination-remelting of 
central Finnish lower crust with restite con-
taining garnet-clinopyroxene has been inter-
preted by Kukkonen et al. (2008), among others. 
Thus, similar lower crust/upper mantle melting 
and fractionation processes also appear possi-
ble in Finnish bedrock evolution. For example, 
Väisänen et al. (2006) considered Svecofennian 
calc-alkaline and adakite-like 1.90–1.86 Ga mag-
matism in SW Finland. They interpreted a felsic 
trondhjemite sample, dated at ca. 1867 ± 4 Ma  
(εNd =+2.6), characterized by inherited zircons 
with 2667–1965 Ma cores and 1842 ± 5 Ma  
metamorphic rims to be generated through 
crustal melting of the lower part of the previ-
ously generated thickened crust at a minimum 
pressure of 10 kbar (≧ ca. 35 km).
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Fig. 28. AFP-normalized Pearce–Peate spectra of gmeans of adakitic (a) Early Cretaceous Guojialing suite  
(3 samples, green bars, right vertical axis) and (b) Late Mesozoic Linglong suite (7 samples, green bars, right 
vertical axis) located in the north-western Jiaodong Peninsula, eastern China (Hou et al. 2007). The red lines 
indicate the spectrum of Finnish Archaean AFP-normalized ‘100% adakitic’ plutonic rocks (178 samples: left 
vertical axis). Correspondingly, the blue lines indicate the spectrum of Finnish Proterozoic adakitic plutonic 
rocks (106 samples).
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Figure 29 presents the AFP-normalized 
Pearce–Peate spectra of TTGs and sanukitoids, 
adopted from Martin et al. (2005; Fig. 29a), and 
sanukitoids from Halla (2005; Fig. 29b), com-
pared with Finnish AFP-normalized ‘100% 
adakitic’ plutonic rocks. Martin et al. (2005) 
considered the chemical composition of primi-
tive Archaean TTG magmas evolved from ca. 4.0 
to 2.5 Ga. Over this period of time, Mg#, Ni, and 
Cr contents increased. The authors interpreted 
these changes in terms of changes in the de-
gree to which the TTG magmas interacted with 
mantle peridotite. In the Early Archaean, it ap-
pears that these interactions were very rare or 
absent, leading to the conclusion that subduc-
tion was typically flat and lacked the develop-
ment of a mantle wedge. In contrast, the lower 
heat production by ~2.5 Ga resulted in sanuki-
toid melts due to slab melting at greater depths, 
where plagioclase was no longer stable and the 
development of a thick mantle wedge ensured 
interaction between the slab melts and mantle 
peridotite. Thus, TTG compositions differ from 
the Late Archaean sanukitoids, which resulted 
from melting of mantle peridotite modified by 
reaction with slab melts. 

The changes observed from Early Archaean 
TTG to Late Archaean sanukitoids reflect change 
in both the nature and efficiency of interaction 
between slab-melt and mantle-wedge perido-
tite. The changes in the degree and style of these 
interactions are a direct consequence of the 
cooling of the Earth, which modified the thermal 
and dynamic parameters at the subducted slab–
mantle wedge interface. Therefore, in principle, 
in the PP spectra of Finnish Proterozoic adaki-
toids, the compatibles/HREE ratio should be 
higher due to mantle contamination than that of 
the Archaean adakitoids. In the spectra in Fig-
ure 19 (and, later in Fig. 96), it appears that the 
compatibles/HREE ratios of Proterozoic adaki-
toids are slightly higher, thus supporting the 
conclusions by Martin et al. (2005). Moreover, in 
the petrophysics summary in Figure 8, the den-
sity of Proterozoic adakitoids is clearly higher 

than that of Archaean adakitoids, which sup-
ports the more mafic component in Proterozoic 
adakitic rocks.

Halla (2005) examined Nilsiä and Koitere 
intrusion sanukitoids in eastern Finland, hav-
ing similar geochemical signatures to high-Mg 
sanukitoid series from other parts of the Ka-
relian domain and Archaean sanukitoid suites 
from Canada. They generally have low SiO2 con-
tents and high Mg numbers. They are enriched 
in K2O, P2O5, Sr, Ba, Cr and LREE (Heilimo et al. 
2010). Their Nd-depleted mantle model ages are 
2768–3035 Ma. The geochemical and isotopic 
data suggest that they originated from a mantle 
wedge source enriched in LILE, U, Th and Pb by 
recycling of continental material in subduction-
related slab dehydration processes shortly be-
fore melting. A considerable amount of crustal 
lead was contributed from subducting sediments 
into the overlying mantle wedge. Consequently, 
crustal lead isotope signatures overprinted the 
isotopic composition of mantle-wedge lead. 

From the spectra in Figure 29, it can be seen 
that, in general, the TTGs and sanukitoids from 
Halla (2005) and Martin et al. (2005) correlate 
well with Finnish adakitoids: high Sr, Eu, LREE/
HREE and compatibles/HREE. However, in all 
those spectra, the V, Cr and MgO (in TTGs) ap-
pear to be higher than in Finnish adakitoids, 
thus reflecting a relatively higher mantle com-
ponent in the melt. From the TTG diagrams in 
Figure 29a, it can be seen that there is no age 
group distinctly closest to Finnish adakitoids.

Using correlation analysis, I found eight 
of 284 adakitic plutonic rock samples (‘100% 
adakitoids’) whose element chemistry correlates 
significantly (correlation coefficient above 0.9) 
with the corresponding average chemistry of sa-
nukitoids studied by Halla (2005; Fig. 30) and 25 
samples having a correlation coefficient above 
0.8. In the diagrams in Figure 30, the averages 
of adakitoids with a sanukitoid signature and 
Halla’s sanukitoids are almost identical, with 
the exception of Cr and Ni, possibly reflecting a 
higher mantle component in the sanukitoids. 
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Fig. 29. (a): AFP-normalized Pearce–Peate spectra of gmeans of TTGs (right vertical axis: TTG age over 3.5 Ga, 
number of samples (n) = 108; TTG, age between 3.0–3.5 Ga, n = 320; TTG below 3.0 Ga, n = 666) and their aver-
age (TTG mean) adopted from Martin et al. (2005). In (b) are presented the AFP-normalized geometric means 
of sanukitoids adopted from Halla (2005; green bars, right vertical axis, 11 samples) and Martin et al. (2005; 
blue bars, right vertical axis, 31 samples). The red lines indicate the course of Finnish AFP-normalized ‘100% 
adakitic’ plutonic rocks (178 samples: left vertical axis).
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Fig. 30. Spectra of AFP-normalized adakitic plutonic rocks correlating (R > 0.9) with AFP-normalized sanuki-
toids adopted from Halla (2005). Red line: ‘Halla sanukitoids’. Blue line: geometric mean of eight ‘sanukitic’ 
adakitoids from the GTK database (grey lines). 

1.7 Relationship between adakitoids, TTGs and sanukitoids

As mentioned in the previous chapter, some 
adakitoids correlate with sanukitoids, although 
they do not fulfil all the criteria given, for ex-
ample, by Halla (2005): SiO2 = 55–60%, Mg 
numbers > 0.6, Ni > 100ppm, Cr > 200 ppm, K2O 
> 1%, Sr and Ba > 500 ppm and Rb/Sr ratios < 
0.1. However, more sanukitoids were observed 
from the GTK database when using the broader 
definition given by Heilimo et al. (2010): SiO2 = 
55–70%, Na2O/K2O = 0.5–3, MgO = 1.5–9%, Mg 
number = 45–65, K2O = 1.5–5.0%, Ba+Sr > 1400 
ppm and (Gd/Er)N = 2–6.

In the Na2O/K2O vs. Ba + Sr diagram in Fig-
ure 31, adopted from Halla et al. (2009), blue 
dots represent adakitic RGDB samples fulfill-
ing all 8 criteria defined by Defant & Drummond 
(1990) and Thorkelson & Breitsprecher (2005), 
i.e. ‘100% adakitoids’. Correspondingly, the red 
dots represent sanukitoid samples fulfilling the 
criteria of Heilimo et al. (2010) given above. 

In the diagram, the adakitic samples form a 
continuity from high Na2O/K2O TTGs to high 
Ba+Sr sanukitoids, referring to a mixed and 
complex origin for the adakitoids and sanuki-
toids. Moreover, the division of their primary 
source from a primitive basaltic source to en-
riched mantle fields in the diagram is arbitrary 
and difficult to define unambiguously. It can also 
be noted that not all sanukitoid samples overlap 
adakitoids; i.e. they do not all fulfil the criteria 
given for adakitic rocks above. Correspondingly, 
not all adakitic samples in the sanukitoid field 
fulfil the criteria by Heilimo et al. (2010). Also 
note the relatively high Ba+Sr values of all sam-
ples, excluding the TTGs with low Ba+Sr values.

On the map in Figure 32, rock samples with a 
sanukitoid and adakitic composition from RGDB 
are presented. It is interesting to note the large 
number of Proterozoic sanukitoid samples de-
fined by the criteria of Heilimo et al. (2010), 
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Fig. 31. Na2O/K2O vs. Ba+Sr plot for discriminating the high Ba+Sr sanukitoid group from the TTG groups. The 
hypothetical source end members are enriched mantle (high Ba+Sr, low Na2O/K2O) and a basaltic unenriched 
source (low Ba+Sr, high Na2O/K2O). Adopted from Halla et al. (2009). 

concentrated in the Uusimaa sub-area (USM), 
Central Finland granitoid sub-area (CFG) and 
Ladoga–Bothnian Bay zone (LBZ). The USM and 
CFG sub-areas have been interpreted as island 
arcs and LBZ as primitive arc + back-arc basin 
(Ruotoistenmäki 1996, Nironen 1997, Lahti-

nen et al. 2005). In Archaean sub-areas, most 
sanukitoids are concentrated in the southern 
part of the Iisalmi sub-area (IC) and Ilomantsi  
sub-area (IL). Hölttä et al. (2012b) indicated 
sanukitoid arc type tectonic settings in the Ilo-
mantsi area.
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Fig. 32. Areal distribution of all Finnish ‘100%’ compositionally sanukitoid samples (red dots) defined by the 
criteria of Heilimo et al. (2010) and ‘100%’ adakitic samples (blue dots) fulfilling all 8 criteria defined by De-
fant & Drummond (1990) and Thorkelson & Breitsprecher (2005). Note that not all ‘sanukitic’ samples are also 
‘adakitic’. LBZ = Ladoga–Bothnian Bay zone. Rpk = rapakivi sub-areas in southern Finland. USM = Uusimaa 
sub-area, SMB = southern Finland migmatite sub-area, CFG = central Finland granitoid sub-area, EF = eastern 
Finland sub-area, IL = Ilomantsi sub-area (southernmost part of EF bordered by the dashed line), IC = Iisalmi 
sub-area, PDJ = Pudasjärvi sub-area. 
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1.8 Summary: Characteristics of Finnish adakitic plutonic rocks

Based on the references and considerations pre-
sented above, adakitic plutonic rocks, or adaki-
toids, can be summarized as derivatives from 
melts fractionated below the plagioclase stability 
depth, i.e. depths greater than ca. 30–60–… km  
(ca. 0.8 to 1.6 Gpa – …). Chemically, they are 
characterized by SiO2 > 56%, Al2O3 > 15%, Na2O 
> 3.5%, Sr > 400 ppm, Y < 18 ppm, Sr/Y > 40, Yb 
< 1.9 and La/Yb > 20. When defining an adaki-
toid more widely, i.e. if it fulfills at least 6 of 8 
criteria defined above, the number of adakit-
ic plutonic rock samples in RGDB is 323 out of 
1784 Proterozoic area samples (18%) and 540 of 
1275 Archaean area samples (42%). Thus, their 
number and areal distribution is relatively large, 
especially in Archaean sub-areas. Only some su-
pracrustal sub-areas lack adakitic plutonic rock 
samples. The comparison of adakitoids with Ar-
chaean and Proterozoic gabbros and granites 
(including rapakivis) emphasizes features only 
distinctive for adakitoids.

 The Proterozoic adakitoids are denser than 
Archaean adakitoids, but their magnetic distri-
butions are very similar to all Finnish pluton-
ics, having both paramagnetic and ferromag-
netic characteristics. Adakitoids are heavier than 
granites and lighter, less magnetic than gabbros. 
The susceptibility distributions of adakitoids are 
higher than Proterozoic granites, but below Ar-
chaean granite distributions.

In lithological tectonomagmatic R1-R2 dia-
grams, Proterozoic adakitoids range from syn- 
to post-collisional granodiorite–tonalite–di-
orite fields, while Archaean adakitoids have a 
wider lithological range also including a signifi-
cant late- to post-collisional monzonitic–mon-
zodioritic group. Overall, adakitoids fall between 
granite and gabbro fields. The Proterozoic and 
Archaean granites (‘granitoids’) range from 
syn- to late-orogenic granoriorites to monzo- 
and syenogranites. Gabbros vary from noritic to 
monzogabbros.

The capability to distinguish Archaean and 
Proterozoic rock groups in [Na2O+K2O vs SiO2], 
[FeO/(FeO+MgO) vs SiO2], [K2O+Na2O-CaO vs 
SiO2] and A/CNK diagrams is relatively poor. In 
the [Nb/Ta vs Zr/Sm] diagram, there are system-
atic differences between the averages of the rock 
groups: Archaean and Proterozoic adakitoids are 
very close to each other, having the highest Nb/

Ta and Zr/Sm ratios, both above Finnish plutonic 
rock averages. Proterozoic gabbros and granites 
have higher Nb/Ta and lower Zr/Sm ratios com-
pared to corresponding Archaean rocks. Moreo-
ver, granites of both groups have a higher Zr/Sm 
ratio compared to gabbros. 

In AFP-normalized Pearce–Peate diagrams, 
adakitoids are characterized by a high LREE/
HREE ratio; i.e. a steep slope of lanthanides. 
Their Sr and Eu peaks are relatively high, re-
flecting increased plagioclase in the melt phase 
and deep lower crust/upper mantle fractionation 
depth. Moreover, their compatibles/HREE ra-
tio is high, which can be associated with a high 
mafic component in the source material. 

The AFP-normalized LREE/HREE ratio of 
granites is also high, but clearly less than that 
of adakitoids. Their compatibles/HREE ratio is 
opposite to that of adakitoids, i.e. the values of 
compatibles are strikingly low. In addition, their 
Sr and Eu values are at relative minima. All these 
features reflect upper to mid-crustal fractiona-
tion of a relatively felsic magma source, where 
stable plagioclase remains in restite. The spec-
trum of rapakivi ‘granites’ differs significantly 
from that of other granites. In particular, the 
slope of the AFP-normalized REE curve is posi-
tive, i.e. HREE > LREE. Moreover, the spectrum 
of rapakivis is almost complementary to that of 
adakitoids, having characteristics of the pre-
sumed complementary restite of adakitic melts. 

The AFP-normalized lanthanide trends of 
gabbros are opposite to those of granites and 
adakitoids, i.e. HREE > LREE, their Sr and Eu 
values are high and compatibles rise strongly. 
All these refer to upper mantle/lower crust pro-
cesses and a high component of mantle material 
in the source. 

As a whole, it can be noted that adakitoids 
have characteristics of both felsic and mafic rock 
groups, but a clearly different evolutionary his-
tory from both of them.

Because adakitoids are evidently melts frac-
tionated at great depths, the possible restitic 
minerals affecting the REE curves, in particular, 
were tested by selecting pairs of elements hav-
ing estimations of partition coefficients for or-
thopyroxenes, clinopyroxenes, amphiboles and 
garnets. By studying the ratios of these elements, 
it was observed that the dominating mineral in 
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the restites appears to be clinopyroxene existing 
evenly in both Archaean and Proterozoic sub-
areas. Orthopyroxene appears to exist relatively 
evenly in southern and central Finland, but less 
in the north. However, clusters of amphibole 
and especially garnet in restite dominate almost 
solely in the Archaean sub-areas of eastern Fin-
land, referring to a higher pressure and/or tem-
perature environment for Archaean adakitoid 
evolution.

The chemical spectrum of adakitoids is wide, 
forming a continuity from TTGs to sanukitoids, 
thus referring to a mixed and complex origin of 
their primary source from a basaltic source to 
enriched mantle. As a whole, all these classes 
can primarily be classified as ‘plagioclase insta-
bility depth melts’.

2 CHARACTERISTICS OF ADAKITIC PLUTONIC ROCKS IN SELECTED PROTEROZOIC 
AND ARCHAEAN SUB-AREAS

In the previous section, I introduced areal, chem-
ical and physical variations of Finnish adakitoids 
on a regional scale covering all Archaean and 
Proterozoic sub-areas of Finland. The following 

sections present examples of Finnish adakitoid 
characteristics and their evolution on a more  
local, up to sample scale.

2.1 Sub-areas and sample descriptions

This section considers adakitic plutonic rock 
samples collected from four Proterozoic and 
four Archaean sub-areas indicated on the map 
in Figure 33:

Proterozoic:
 1. Uusimaa sub-area (USM)
 2. Southern Finland migmatite sub-area  
  (SMB)
 3. Central Finland granitoid sub-area (CFG)
 4. Ladoga–Bothnian Bay zone (LBZ)
Archaean:
 1. Pudasjärvi sub-area (PDJ)
 2. Iisalmi sub-area (IC)
 3. Eastern Finland sub-area (EF)
 4. Ilomantsi sub-area (IL)

The selected Proterozoic sub-areas represent 
examples of proposed plate tectonic marine and 
island arc sub-areas (e.g. Ruotoistenmäki 1996, 
Nironen 1997), while the Archaean blocks are 
examples of more or less ‘exotic’ TTG-dominat-
ed sub-areas, separated by tectonic and litho-
logical discontinuities, whose evolution is more 
undefined (e.g. Ruotoistenmäki 1996, Hölttä et 
al. 2012a, 2012b).

In this chapter, the plutonic rock samples are 
also selected from the Rock Geochemical Data-
base of Finland. The elements, standards, units 
and analytical methods are presented in Ta-
ble 2. In this section, a sample is classified as 
an ‘adakitoid’ if it fulfills all eight criteria de-
fined above for adakites by Defant & Drummond 
(1990) and Thorkelson & Breitsprecher (2005), 
i.e. ‘100%’ adakitoid/adakitic plutonic rock.

In the following, I summarize and compare 
the data on these sub-areas using selected dia-
grams presented in the previous section. Litho-
logical classifications are provided for all plu-
tonic rock samples, including adakitoids, and 
separately for adakitoids alone. Thus, the ‘all-
plutonic’ rock samples represent a rough esti-
mate of the crustal composition in the selected 
sub-areas. For detailed statistics, the areal and 
lithological variations, classification and cor-
relations of the RGDB chemistry of the sub- 
areas are given in the Lithogeochemical Atlas of  
Finland (Ruotoistenmäki 2016).



58

Geological Survey of Finland
Tapio Ruotoistenmäki

Fig. 33. Location of the sub-areas considered in this section. The black dots depict the location of “100%” 
adakitoids. For details, see Figure 3. The samples surrounded by a thin circle will be considered in next section  
(Fig. 50). 
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Uusimaa sub-area (USM)

This sub-area consists of two separate ‘belts’, 
named the ‘Uusimaa’ and ‘Häme’ belts by 
Nironen et al. (2002). They characterized the 
Uusimaa Belt by sedimentary-dominated rocks 
containing mica schists and gneisses interlay-
ered with carbonate rocks and felsic sedimen-
tary rocks. The volcanic rocks in area are mafic-
intermediate to bimodal. The supracrustal rocks 
are cross-cut and migmatized by 1.88 Ga and 
1.84–1.82 Ga granitoids. The Häme Belt con-
tains volcanic rocks, granitoids and migmatized 
sedimentary rocks. The volcanics include older, 
intermediate and younger mafic-intermediate 
rocks. The granitoids occur as two age groups, 
1.88 Ga and 1.84–1.82 Ga, that are cross-cut and 
migmatized by the supracrustal rocks (Nironen 
et al. 2002).

The total number of plutonic rock samples 
from the sub-area is 281, of which 14 samples 
(ca. 5%) are classified as “100%” adakitoids. In 
the diagrams in Figure 34, the plutonic rocks 
from this sub-area range from granodiorites–
granites to gabbros, with adakitoids mainly 
being sub-alkaline, quartz-diorites–granodi-
orites. There is a distinct alkali granite group 
in the area, which may be connected with the 

1.85–1.82–1.79 Ga leucogranites (e.g. Kurhila 
et al. 2005). In tectonomagmatic classification, 
plutonic rocks range from pre- to late-orogenic, 
while adakitoids are in pre- to post-collision 
uplift fields. 

In the Pearce–Peate spectrum of this sub-
area in Figure 35, a characteristic feature is a 
strong negative correlation between all samples 
and adakitoid samples. The all-sample spectrum 
is flat: LREE/HREE is ca. 1.0 and compatibles/
HREE ≤ 1.0 (see the note “Elements used for ra-
tios” above). However, the slope of the adaki-
toid REE spectrum is steep (LREE/HREE ca. 1.51) 
and compatibles are emphasized compared to 
HREE (compatibles/HREE ca. 1.9), referring to 
significant fractionation and a mafic signature 
in the adakitic samples. The opposing maxima 
and minima at, for example, Rb, Th, Sr and Eu, 
as well as the different REE slopes, indicate a 
middle to upper crust component for average 
‘all-plutonic rocks’ and lower crust/upper man-
tle fractionation depths for adakitoids (also see 
the rapakivi spectra in Fig. 22 and Fig. 23). As 
shown on the maps in Figure 24 and Figure 25, 
the dominant restite minerals of adakitoids ap-
pear to be pyroxenes and five samples referring 
to garnet in the USM sub-area.
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Fig. 35. Pearce–Peate spectra of samples from the Proterozoic Uusimaa sub-area. The black and red lines indi-
cate the AFP-normalized data for all samples and for adakitic samples, respectively (left vertical axis). The grey 
bars show chondrite normalized values for all samples (right vertical axis). The black triangles and darker grey 
bars indicate the locations of REE.

Southern Finland migmatite sub-area (SMB)

This sub-area has been named the ‘Pirkanmaa 
Belt’ in Nironen et al. (2002), mainly consist-
ing of migmatitic, turbiditic mica gneisses, with 
black schists and graphite-bearing schists as 
interlayers. They reported mafic and ultramafic 
plutonic rocks and 1.88 Ga granitoids cross-cut-
ting the supracrustal rocks.

The total number of plutonic rock samples 
from this sub-area is 168, of which only six 
samples (ca. 3.5%) are classified as “100%” 
adakitoids. In the diagrams in Figure 36, the 
plutonic rocks from this sub-area range from 
mainly sub-alkaline granodiorites–granites to 
diorites and gabbros, adakitoids mainly being 
sub-alkaline, quartz-diorites–granodiorites–
tonalites. In tectonomagmatic classification, 
the majority of the group of all-plutonic rocks 
of this sub-area, including adakitoids, are in the 
pre-collisional field. 

A striking feature of the Pearce–Peate spec-
trum for this sub-area in Figure 37 is that the 
main peaks of ‘all-plutonic rocks’ are opposite 
to those of the Uusimaa sub-area above, re-
flecting their distinct differences. Moreover, al-
though the proportion of pure adakitoids is only 

3.5% in this area, their peaks coincide strikingly 
well with those of all-plutonic rocks, although 
the general trends are opposite. The LREE/HREE 
ratio of this sub-area is 0.72 for all-plutonic 
rocks and 1.27 for adakitoids, reflecting a higher 
degree of fractionation of the adakitoids. The 
corresponding compatibles/HREE ratios are 1.28 
and 2.13, which both reflect a relatively high pro-
portion of the mafic component in the samples. 

Ruotoistenmäki (1996) interpreted a marine 
origin for SMB. This can explain the number of 
common peaks in the Pearce–Peate diagrams of 
all-plutonic rocks and adakitoids: ‘All-plutonic  
rocks’ are related to the collision and compres-
sion of rocks dominated by marine volcanic and 
sedimentary material and mafic sea floor of 
SMB between the Uusimaa sub-area and cen-
tral Finland granitoid sub-area considered be-
low. Correspondingly, adakitoids can be related 
to subduction/underthrusting and the high P–T 
fractionates of these rocks + mantle component 
below CFG. For more details, see also section 4., 
as well as Figure 82 and Figure 83.

On the maps in Figure 24 and Figure 25, the 
major restite minerals of adakitoids in SMB and 
close to its southern border appear to be pyrox-
enes and minor garnet.
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Central Finland granitoid sub-area (CFG)

This sub-area consists of 1.89–1.88 Ga synkin-
ematic tonalites, granodiorites and granites, and 
1.88–1.87 Ga post-kinematic quartz monzonites 
and granites. In addition, there are minor areas 
of subvolcanic intermediate rocks, mafic igne-
ous rocks and remnants of supracrustal belts 
(Nironen et al. 2002).

The total number of plutonic rock samples 
from CFG is 583, of which 22 samples (ca. 3.8%) 
are adakitic. In the diagrams in Figure 38, the 
plutonic rocks from this sub-area range from 
granites–diorites to gabbros, adakitoids being 
mainly sub-alkaline granodiorites–tonalites–
diorites. In tectonomagmatic classification, 
adakitic plutonic rocks are pre-collisional, while 
all-plutonic rocks range from pre- to late-oro-
genic fields. 

The Pearce–Peate spectra of this sub-area in 
Figure 39 appear to be halfway between those of 
the USM and SMB. The main peaks of all samples 
appear to correlate with those of the adakitoids, 
as in the southern Finland migmatite sub-area. 
The trend of all-plutonic rocks is flat/gently 
increasing (LREE/HREE ca. 0.79; HREE slight-
ly emphasized) and the relative proportion of 

compatibles is low (compatibles/HREE ca. 0.85), 
as in the USM sub-area above. The content of 
lanthanides is relatively high, ca. 1.2–1.4 times 
the Finnish average (AFP).

The peaks in the adakitoid spectrum are sharp 
and relatively high, the REE slope of the spec-
trum is steep (LREE/HREE ca. 1.6) and compati-
bles are enhanced (compatibles/HREE ca. 1.55). 
From the Pearce–Peate spectra and lithological 
diagrams, it can thus be concluded that the sam-
ple group of all-plutonic rocks consists of rela-
tively mixed plutonic rocks, the majority result-
ing, however, from processes in the mid-/upper 
crust (e.g. flat REE slope, low Eu values). The 
steeply sloping REE, high Sr, Eu and compatibles 
of adakitoids reflect processes concentrated in 
the depths of the lower crust/upper mantle and 
apparently less crustal contamination. Ruotois-
tenmäki (1996) interpreted CFG as an island arc 
having ‘continental’, plutonic characteristics. 
In that model, the adakitoids can be connected 
with magmas related to SMB subduction/under-
thrusting below CFG (see Figure 82 and Figure 
83 and comments on SMB above). This sub-area 
is characterized by a significant proportion of 
plutonic rocks having a sanukitoid composition, 
as demonstrated on the map in Figure 32.

Fig. 37. Pearce–Peate spectra of samples from the Proterozoic southern Finland migmatite sub-area. The black 
and red lines indicate the AFP-normalized data for all samples and for adakitic samples, respectively (left verti-
cal axis). For details, see Figure 35.
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On the maps in Figure 24 and Figure 25, the 
major restite minerals of adakitoids appear in 
this sub-area to be pyroxenes and minor amounts 
of amphibole, which refer to the subduction of a 
relatively hot and shallow, gently dipping plate 
(e.g. Herzberg 1995, Martin & Moyen 2002).

Ladoga–Bothnian Bay zone (LBZ)

This sub-area ‘Savo Belt’ is characterized in 
Nironen et al. (2002) by mica gneisses hav-
ing volcanics, graphite schists, black schists 
and carbonate rocks as interlayers. The volcanic 
rocks consist of two groups: a 1.92 Ga bimod-
al group, and 1.89–1.88 Ga mafic-intermediate 
group. Moreover, they document 1.92 Ga gneissic 
tonalites and 1.89–1.88 Ga granitoids in the sub-
area. The area is cut by numerous shear zones.

The total number of plutonic rock samples 
from LBZ is 177, of which 18 samples (ca. 10%) are 
adakitoids. Thus, this zone is the ‘most adakit-
ic’, having the highest percentage of adakitic 
samples of the Proterozoic sub-areas considered 
here. In Figure 40, the plutonic rocks range from 
granodiorites–granites–monzogranites to gab-
bros and the adakitoids are mainly sub-alkaline 
granodiorites–diorites–monzodiorites. In this 

sub-area, monzonitic adakitoids are more com-
mon when compared, for example, to CFG above. 
In tectonomagmatic classification, adakitic plu-
tonic rocks fall between pre- and post-colli-
sional fields, the post-collisional characteristics 
being dominant. The all-plutonic rocks range 
from pre- to syn- and post-collisional classes. 

A striking feature of the Pearce–Peate spec-
trum of this sub-area in Figure 41 is that the 
spectra of both all-plutonic rocks and adakitoids 
are very similar to those of the SMB. This is also 
demonstrated in Table 6 below, which presents 
the correlations of the AFP-normalized Pearce–
Peate spectra of all sub-areas considered here. 
In LBZ, the peaks of the all-plutonic rock spec-
trum also correlate with those of the adakitoids, 
although the REE trends are opposite. The LREE/
HREE ratio of this sub-area is 0.82 for all-plu-
tonic rocks and 1.32 for adakitoids, reflecting the 
high degree of fractionation of the adakitoids. 
The corresponding compatibles/HREE ratios are 
1.1 and 1.74, which both reflect a relatively high 
content of mafic components in the samples. 
Thus, it can be concluded that the fractionation 
processes of adakitic plutonic rocks in LBZ took 
place deep in the lower crust/upper mantle, as 
also in SMB. This is also supported by the high 

Fig. 39. Pearce–Peate spectra of samples from the central Finland granitoid sub-area. The black and red lines 
indicate the AFP-normalized data for all samples and for adakitic samples, respectively (left vertical axis). For 
details, see Figure 35.
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quantity of mafic rocks in the sub-area. Ruotois-
tenmäki (1996), as well as Nironen (1997) and 
Lahtinen et al. (2005), interpreted LBZ, like SMB 
above, as a marine basin, which thus refers to a 
similar, common oceanic plate-dominated ori-
gin for both all-plutonic rocks and adakitoids in 
LBZ. The ‘all-plutonic’ rocks are related to sea-
floor and primitive island arc collision/accretion 
against Archaean crust. Correspondingly, adaki-
toids are related to subduction/underthrusting. 
See also section 5 and the tectonic model dis-
played in Figure 94 and Figure 95. The major 
restite minerals of adakitoids in LBZ are mainly 
clinopyroxene and orthopyroxene on the maps 
in Figure 24 and Figure 25. 

Pudasjärvi sub-area (PDJ)

This sub-area has been named by Nironen et al. 
(2002) as the ‘Pudasjärvi Complex’, consisting 
of Archaean gneisses and granitoids, as well as 
amphibolites that are presumably remnants of 
Archaean greenstone belts. Proterozoic granites 
and diabase dykes have intruded the gneisses. 
Mänttäri (2012) reports ages from ca. 2640 Ma 
to 2877 Ma from adakitic samples from Pudas-

järvi area (Fig. 58 to Fig. 59). Mutanen & Huhma 
(2003) documented ca. 3.5 Ga zircon ages from 
gneisses in this sub-area.

 The total number of plutonic rock samples 
from this sub-area is 98, of which 18 samples 
(ca. 19%) are adakitic. Thus, there is a significant 
number of adakitic samples compared to any of 
the Proterozoic sub-areas. In the diagrams in 
Figure 42, the plutonic rocks are mainly fel-
sic, granitic-granodioritic with a distinct, high 
SiO2 alkali-granite group. The adakitoids range 
from sub-alkaline granites to diorites. In tec-
tonomagmatic classification, all-plutonic rocks 
are syn- to late-orogenic, while adakitoids are 
pre- to syn-collisional.

The Pearce–Peate spectra of this sub-area are 
presented in Figure 43. Because of high num-
ber of adakitic samples, their general trends 
are similar, with the correlation being relatively 
high (0.59 in Table 6). The LREE/HREE ratios 
of the all-plutonic rock samples and adakitoids 
are high (1.55 and 2.26, as well as compatibles/
HREE rations (ca. 1.53 and 2.14, respectively). 
In the restite maps in Figure 24 and Figure 25, 
clinopyroxene, garnet and amphibole all appear 
to be equally represented in this sub-area. In  

Fig. 41. Pearce–Peate spectra of samples from the Proterozoic Ladoga–Bothnian Bay zone sub-area. The black 
and red lines indicate the AFP-normalized data for all samples and for adakitic samples, respectively (left verti-
cal axis). For details, see Figure 35.
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particular, garnet reflects higher P–T condi-
tions in the fractionation environment com-
pared to the Proterozoic sub-areas above. This is 
also supported by the steep REE curve and high 
amounts of compatibles in the Pearce–Peate 
spectrum of adakitoids.

Iisalmi sub-area (IC)

This sub-area consists of 3.2–2.6 Ga tonalitic 
gneisses and amphibolitic migmatites meta-
morphosed at granulite grade in large areas 
(Nironen et al. 2002; ‘Iisalmi Complex’). Nironen 
et al. (2002) also documented paragneisses and 
a carbonatite complex in the area. The gneisses 
have been locally deformed by Proterozoic over-
printing and intruded by Proterozoic granites 
and diabase dykes (Ruotoistenmäki et al. 2001, 
Nironen et al. 2002).

In section 5., I consider ca. 1880–1860 Ma 
syn- to late-/post-collisional Proterozoic intru-
sives cross-cutting this sub-area, some of which 
are also adakitic. However, the majority of those 
samples show negative εNd values referring to 
primary Archaean source material. Those sam-
ples are not connected to the data used in this 
section.

The total number of plutonic rock samples 
from this sub-area is 123, of which 11 samples 
(ca. 9%) are classified as adakitoids. Thus, there 
is also a relatively high number of adakitic sam-
ples compared to those in the Proterozoic sub-
areas above. From Figure 44, it can be seen that 
the plutonic rocks range from granites–grano-
diorites to gabbros, the samples mainly being 
sub-alkaline. The adakitoids range from slightly 
sub-alkaline granites to monzodiorites. In tec-
tonomagmatic classification, the majority of 
plutonic rocks, including adakitoids, are syn- to 
post-collisional. 

The peaks of the Pearce–Peate spectra of 
all-plutonic rocks and adakitoids of this sub-
area in Figure 45 are very coincident, as can 
be seen from the high correlation (0.73) in Ta-
ble 6, reflecting a similar evolutionary history. 
The LREE/HREE ratio of the all-plutonic rock 
spectrum is ca. 1.0, while that of adakitoids is 
ca. 2.3, which is very high compared to the Pro-
terozoic adakitoids above. In addition, the rela-
tive maxima of compatibles in this sub-area are 
higher than in previous Proterozoic sub-areas, 
the compatibles/HREE ratios being ca. 1.36 and 
2.16 for all-plutonic rocks and adakitic plutonic  
rocks, respectively. It can be concluded that the 

Fig. 43. Pearce–Peate spectra of samples from from the Archaean Pudasjärvi sub-area. The black and red lines 
indicate the AFP-normalized data for all samples and for adakitic samples, respectively (left vertical axis). For 
details, see Figure 35. 
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adakitic (TTG) signature is dominant in this 
sub-area as a whole. The AFP-normalized LREE 
values of adakitoids (above 1.2) are exceptionally 
high in this area, i.e. clearly above the average 
for Finnish plutonic rocks.

On the maps in Figure 24 and Figure 25, the 
major restite minerals of adakitoids appear to 
be pyroxenes and, in southern part, garnet and 
amphibole. In particular, garnet reflects higher 
P–T conditions in the fractionation environment 
compared to the Proterozoic sub-areas above. 
This is also supported by the steep REE curve 
and high contentof compatibles in the Pearce–
Peate spectrum of adakitoids.

For tectonic analysis of this sub-area, see also 
section 5., as well as Figure 94 and Figure 95.

Eastern Finland sub-area (EF)

This sub-area mainly consists of 2.85–2.69 Ga 
granitoids and migmatites (Nironen et al. 2002; 
‘Eastern Finland Complex’). In addition, there 
are paragneiss-dominated areas intruded by 
Proterozoic granites and diabase dykes. Pro-
terozoic deformation and alteration have lo-
cally caused strong overprinting, especially in 

the western part of the complex. In this sub- 
area, I also include the ‘Kuhmo greenstone belt’ 
(Nironen et al. 2002), consisting of 2.97 Ga maf-
ic and intermediate volcanics and 2.79 Ga mafic 
volcanics with ultramafic parts. Iron formations 
and mica schist interlayers are found in the cen-
tral parts of the greenstone belt area. 

The total number of plutonic rock samples 
from this sub-area is 317, of which 66 samples 
(ca. 21%) are classified as adakitoids. Thus, this 
sub-area also has a significantly higher propor-
tion of adakitic samples compared to those in 
Proterozoic sub-areas above. In the diagrams in 
Figure 46, the all-plutonic rocks from this sub-
area are bimodal: mainly granitic-granodioritic, 
with a smaller group of gabbroic samples. The 
adakitoids range from sub-alkaline granites to 
monzodiorites. In tectonomagmatic classifica-
tion, all-plutonic rocks including adakitoids are 
in pre-, syn- to post-collisional fields. 

In this sub-area, the Pearce–Peate spectra 
of all-plutonic rocks and adakitoids in Figure 
47 correlate very strongly (correlation 0.87 in  
Table 6), the trends and peaks of adakitoids  
being more emphasized. The LREE/HREE ratios 
of the all-plutonic rock samples and adakitoids 

Fig. 45. Pearce–Peate spectra of samples from the Archaean Iisalmi sub-area. The black and red lines indicate 
the AFP-normalized data for all samples and for adakitic samples, respectively (left vertical axis). For details, 
see Figure 35.
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are 1.55 and 2.33 and those of compatibles/HREE 
1.5 and 2.42, respectively. These values refer to a 
significant component of adakitic/TTG material 
fractionated at great depths in the lower crust/
upper mantle.

The major restite minerals of adakitoids in 
this sub-area on the maps in Figure 24 and Fig-
ure 25 appear to be pyroxenes, garnet and am-
phiboles. Garnet refers to higher P–T conditions 
in the fractionation environment compared to 
Proterozoic sub-areas.

Ilomantsi sub-area (IL)

This sub-area, named in Nironen et al. (2002) as 
the ‘Ilomantsi greenstone belt’, is part of a larg-
er belt that extends to Russia. In the area, they 
documented ca. 2.75–2.70 Ga sedimentary rocks, 
iron formations and mafic volcanics. Hölttä et  
al. (2012b) noted arc-type tectonic settings  
characterized by calc-alkaline volcanic rocks, 
crustal signatures in the geochemistry of ultra-
mafic rocks and high abundances of volcaniclas-
tic greywackes. Thus, this sub-area may be re-
lated to ‘modern type’ plate tectonic processes.

The total number of plutonic rock samples 
from this sub-area is 104, of which 41 samples 

(ca. 39%) are classified as adakitoids. Thus, there 
is a very significant number of adakitic samples 
in this zone compared to all other Proterozoic 
or Archaean sub-areas. In the diagrams in Fig-
ure 48, the plutonic rocks are strikingly felsic, 
mainly granitic-granodioritic, monzodioritic. 
The adakitoids range from alkaline granites to 
monzodiorites. In tectonomagmatic classifica-
tion, all-plutonic rocks are in syn- to post-col-
lisional fields, while adakitoids are mainly late 
to post-collisional. 

In this sub-area, the Pearce–Peate spectra of 
all-plutonic rocks and adakitoids in Figure 49 
are almost identical (correlation 0.87 in Table 
6), as can be expected because of the high num-
ber of adakitic samples. The LREE/HREE ratios 
of the all-plutonic rock samples and adakitoids 
are 1.6 and 2.0 and those of compatibles/HREE 
1.5 and 2.1, respectively. These values for adaki-
toids are lower than for the other Archaean sub-
areas above, referring to a lower degree of frac-
tionation and mantle contribution. It must also 
be noted that although the rocks of this sub-
area are strikingly felsic, granitic–granodioritic, 
their PP spectra differ strongly from the spectra 
of granites in Figure 21. In particular, the steep 
slope of REE and relative amount of compatibles  

Fig. 47. Pearce–Peate spectra of samples from the Archaean Eastern Finland sub-area. The black and red lines 
indicate the AFP-normalized data for all samples and for adakitic samples, respectively (left vertical axis). For 
details, see Figure 35.
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is much more significant in the Ilomantsi area. 
In this sub-area, the major restite minerals of 
adakitoids on the maps in Figure 24 and Fig-
ure 25 appear to be mainly amphiboles and to 

a lesser degree pyroxenes and garnet, reflect-
ing shallower fractionation depths compared to 
the other Archaean sub-areas considered in this 
section. 

2.2 LREE/HREE and compatibles/HREE ratios of the sub-areas and correlations of their  
Pearce–Peate spectra

Table 5 summarises the LREE/HREE and com-
patibles/HREE ratios of the sub-areas. From the 
table, it can be seen that these ratios are clearly 
higher in most Archaean sub-areas for adakitic 
samples and all-plutonic samples correspond-
ingly. The highest LREE/HREE ratios of adakitic 
samples from CFG and EF refer to a deep frac-
tionation depth (compatibles in restite). The 
highest compatibles/HREE ratios in adakitoids 
of SMB and EF refer to a high mafic component 
due to the mantle contribution (underplating?) 
of the sources (see Fig. 67). The relatively low 
ratios in Proterozoic sub-areas, as well as in IL, 
refer to a shallower fractionation depth and less 
significant mantle contribution (shallower/gen-
tler ~ ‘hotter’/younger subduction’?).

Table 6 presents the correlations of the AFP-
normalized Pearce–Peate spectra of all sub-ar-
eas considered above. From the table, it can be 
seen that all adakitoid spectra of Archaean and 
Proterozoic sub-areas correlate strongly with 
each other. However, the correlation of all-plu-
tonic rocks between these sub-areas is generally 
low. Moreover, majority of the Archaean sample 
groups correlate with each other and with adak-
itoids, as can be expected because of the large 
number of adakitic samples in these groups, 
i.e. Archaean sub-areas are characteristically 
adakitic (TTGs) as a whole. However, the cor-
relation between adakitoids and the all-plutonic 
rock group for Proterozoic samples is gener-
ally low. In particular, the correlation between  

Fig. 49. Pearce–Peate spectra of samples from the Archaean Ilomantsi sub-area. The black and red lines indicate 
the AFP-normalized data for all samples and for adakitic samples, respectively (left vertical axis). For details, 
see Figure 35.
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Table 5. Summary of LREE/HREE and compatibles/HREE ratios of the sub-areas.

ALL Data: USM SMB CFG LBZ
LREE/HREE 1.0 0.72 0.79 0.82
Compatibles/HREE 1.0 1.28 0.85 1.1
Adakitoids: USM Adak SMB Adak CFG Adak LBZ Adak
LREE/HREE 1.5 1.27 1.6 1.32
Compatibles/HREE 1.9 2.13 1.55 1.74

ALL Data: IC EF IL PDJ
LREE/HREE 1.0 1.55 1.57 1.55
Compatibles/HREE 1.36 1.74 1.5 1.53
Adakitoids: IC Adak EF Adak IL Adak PDJ Adak
LREE/HREE 2.3 2.33 2.0 2.26
Compatibles/HREE 2.16 2.42 2.1 2.14

adakitoids and all samples of the USM is very 
low or even negative, referring to similarities 
between the Uusimaa sub-area, characterized by 
numerous post-tectonic leucogranites, and the 
anorogenic/post-tectonic rapakivi samples con-
sidered above (see Fig. 23 and Fig. 35). 

It is interesting to note that the all-plutonic 
samples from SMB correlate strongly with Pro-
terozoic adakitoids and with all-plutonic sam-
ples from LBZ. Characteristic of these sub-areas 
is a significant oceanic signature in bedrock, e.g. 
volcanism (pillow lavas), black schists, turbid-
itic mica gneisses, carbonatic rocks and graph-
ite-bearing schists (Nironen et al. 2002, Ruo-
toistenmäki 1996). As commented above, the 
high correlation of LBZ, SMB and adakitoids may 
refer to a similar, although not simultaneous,  

marine plate-dominated origin (collision and 
subduction/stacking related under-/overthrust-
ing). The significant correlation between CFG 
and LBZ can be explained by their island-arc 
characteristics: Ruotoistenmäki (1996) inter-
preted CFG as an island arc and LBZ as domi-
nantly oceanic, with remnants of island arc (e.g. 
Nironen 1997, Lahtinen et al. 2005).

It must also be emphasized that, exceptional-
ly, Proterozoic sub-areas LBZ and SMB also cor-
relate significantly with the all-plutonic samples 
of the Archaean sub-area IC. This is possibly due 
to effect of Proterozoic overprinting and partial 
underthrusting of LBZ below IC, as noted in an 
evolution model by Ruotoistenmäki (1996; see 
section 5., as well as Fig. 94 and Fig. 95.)

Table 6. Correlation matrix of the Pearce–Peate spectra of all-plutonic and adakitoid samples of separate sub-
areas. Correlations above 0.5 have been emphasized by bolding. 
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The correlations in Table 6 suggest that adak-
itoids/TTGs of all sub-areas are quite similar, 
even across the Archaean–Proterozoic border. 
The similarity of all-plutonic samples and adak-
itoids/TTGs of Archaean sub-areas indicates 
that they have had a relatively similar history, 
i.e. more profound ‘adakite-type’, high P–T 
fractionation evolution/’homogenisation’. The 
relative homogenization in Archaean sub-areas 
may be connected with the very long history of 
Archaean adakitoids, up to 400 Ma (Fig. 66). 

However, the main phase in the evolution of 
Finnish Proterozoic (Svecofennian) sub-areas 
is much shorter (less than ca. 100 Ma), refer-
ring to rapid processes, apparently related to 
Proterozoic plate tectonic evolution, as modelled 
in Ruotoistenmäki (1996), Nironen (1997) and 
Lahtinen et al. (2005). 

In the following, a more detail study of eight 
adakitic samples from the Archaean sub-areas 
considered in this section is presented.

3 CHEMICAL AND ISOTOPIC CHARACTERISTICS OF EIGHT ADAKITIC SAMPLES  
FROM FOUR ARCHAEAN SUB-AREAS AND THEIR COMPARISON WITH  

PROTEROZOIC ADAKITOIDS

This section considers eight adakitic (TTG/sa-
nukitoid) plutonic rock samples selected from 
four major Archaean sub-areas considered 
above in section 2.: Pudasjärvi, East-Finland, 
Iisalmi and Ilomantsi sub-areas (Fig. 50). The 
plutonic rock samples used in this study are, as 
in previous sections, from the Rock Geochemi-
cal Database of Finland (RGDB; Rasilainen et al. 
2007). In this study, they fulfil all adakitoid cri-
teria (“100%” adakitoids) defined above by De-
fant & Drummond (1990) and Thorkelson & Bre-
itsprecher (2005). The purpose of this section is 
to consider the similarity and evolution of these 
Archaean rocks, commonly classified simply as 
‘TTGs’. The location of samples is indicated on 
the map in Figure 50. The division and descrip-
tions of Finnish bedrock sub-areas are given 
above in section 2. For detailed statistics, areal 
and lithological variations, classification and 
correlations of sub-area chemistry, see Ruotois-
tenmäki (2016). From each sub-area, two sam-
ples are selected (northern and southern). Rock 
type names are adopted from RGDB; also see the 
chemical rock-type classifications in Figure 51 
and Figure 52: 

Pudasjärvi sub-area (PDJ)
Sample 93001908 (isotope lab code = A1966): 
Homogeneous, ‘granitic’ granodiorite 
Sample 94003693 (A1965): Gneissic tonalite

East-Finland sub-area (EF)
Sample 95001782 (A1962): Homogeneous  
granodiorite

Sample 94002667 (A1960): Banded, deformed  
gneissic tonalite
 
Iisalmi sub-area (IC)
Sample 94003640 (A1959): Tonalitic, tectonized  
gneiss
Sample 93003031 (A1958): Homogeneous  
tonalite

Ilomantsi sub-area (IL)
Sample 94002572 (A1964): Sheared, granite /  
granitic gneiss
Sample 90010130 (A1963): Sheared granodiorite

As noted above, the number of adakitic plutonic 
rock samples is 18 of 98 samples (18%) from the 
Pudasjärvi sub-area, 66 of 317 samples (21%) 
from the East Finland sub-area, 11 of 123 sam-
ples (9%) from the Iisalmi sub-area and 41 of 
104 samples (39%) from the Ilomantsi sub-area. 
Thus, with the exception of the Iisalmi sub-ar-
ea, the Archaean sub-areas are characterized by 
abundant adakitic rocks. The plutonic rock sam-
ples from the Ilomantsi sub-area range from 
granites to diorites. Granitic and granodioritic 
rocks also dominate in the Pudasjärvi area, while 
in the East Finland and Iisalmi sub-areas, the 
relative proportion of more mafic rocks is high-
er. The adakitic samples are mainly sub-alkaline 
with the exception of the Ilomantsi area, where 
the samples are more alkaline. Moreover, all 
adakitic rocks in the sub-areas are characterized 
by a steep (fractionated) REE pattern, high Eu 
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and Sr, and increased abundances of compatible 
elements.

In this study, these Archaean samples are also 
compared with Palaeoproterozoic sample data 
from Väisänen et al. (2012). They presented de-
tailed isotopic and chemical data on intermedi-

ate to felsic plutonic rocks connected with vo-
luminous synorogenic magmatism related to 
Svecofennian accretionary tectonics in south-
western Finland. They document an ion micro-
probe single zircon dating of a diorite sample 
yielding an age of 1872 ± 3 Ma (εNd = +2.2) and a 

Fig. 50. Location of the samples considered in this study (+). Black dots (•) refer to all Finnish “100%” adakitic 
plutonic rocks selected from the Rock Geochemical Database of Finland (RGDB). A: Archaean, P: Proterozoic, 
PDJ: Pudasjärvi sub-area, EF: East Finland sub-area, IC: Iisalmi sub-area and IL: Ilomantsi sub-area. The white 
line approximates the course of the Archaean–Proterozoic border zone. The blue line depicts the FIRE1 seismic 
reflection profile considered later in the text. Modified from Ruotoistenmäki (2012). See also Figure 4, depicting 
the areal distribution of all Finnish plutonic rock samples and of ‘adakitoids’ fulfilling at least 6 of 8 criteria 
defined above by Defant & Drummond (1990) and Thorkelson & Breitsprecher (2005), i.e. ‘75% adakitoids’. 
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trondhjemite sample with an age of 1867 ± 4 Ma 
(εNd = +2.6). The dioritic magmas are interpreted 
to be mantle-derived and slightly enriched by 
subduction-related processes. The felsic (trond-
hjemitic) magmas show elevated Sr/Y and La/Yb 
ratios, which are typical for adakite- and TTG-
like magmas. The felsic magmatism is inferred 
to be generated through crustal melting of the 
lower part of the previously generated volcanic-

arc type crust at a minimum pressure of 10 kbar 
(ca. 37 km), with evidence of a 15 kbar (ca. 55 
km) pressure for trondhjemites with the highest 
Sr/Y ratio. Väisänen et al. (2012) proposed that 
arc accretion combined with magmatic intru-
sions thickened the crust so that melting of the 
lower crust yielded adakite- and TTG-like com-
positions. The mafic magmatism is considered 
to be the heat source. 

3.1 Chemical characteristics of the samples

In the following, geochemical variation between 
adakitic samples is considered using various ma-
jor and trace element diagrams, some of which 
are adopted from the literature, while others 
have been generated for the present study. The 
samples are from the Rock Geochemical Data-
base of Finland (RGDB; Rasilainen et al. 2007). 
For details, see Table 2 above. Their areal dis-
tribution is given on the map in Figure 50. In 
each of the following diagrams, the symbols in 
the legends are arranged in the order: 1) Pudas-
järvi sub-area (boxes), 2) East Finland sub-area 
(circles), 3) Iisalmi sub-area (triangles) and 4) 
Ilomantsi sub-area (diamonds). From each sub-

area, two samples are considered, the red sym-
bol representing the northernmost sample. The 
diagrams also show the corresponding geomet-
ric means of Proterozoic adakitic plutonic rock 
samples (P.Adk, ‘+’), Archaean adakitic plutonic 
rocks (A.Adk, ‘X’) and all-plutonic rock samples 
(AFP, ‘O’).

Chemical classification of rock types

Figure 51 and Figure 52 present the distribu-
tions of the samples on the total alkali vs. SiO2 
(TAS) diagram by Middlemost (1994) and the 
R1-R2 diagram by de la Roche et al. (1980). In 

Fig. 51. Total alkali vs. SiO2 (TAS) diagram after Middlemost (1994) with added SiO2 division lines (dashed) for 
adakites, high-silica adakites (HSA) and tonalites–trondhjemites–granodiorites (TTG) adopted from Martin 
et al. (2005) and Väisänen et al. (2012). Boxes = Pudasjärvi sub-area, circles = East Finland sub-area, triangles 
= Iisalmi sub-area, diamonds = Ilomantsi sub-area (samples overlapping in this diagram). The diagram also 
gives the corresponding geometric means for Proterozoic adakitic plutonic rock samples (P.Adk, ‘+’), Archaean 
adakitic plutonic rocks (A.Adk, ‘X’) and all Finnish plutonic rock samples (AFP, ‘O’).
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both diagrams, the majority of samples plot in 
granodiorite fields. The tonalitic, southern Iisal-
mi sample (93003031) has the lowest SiO2 value, 
below 65%, while all other samples have clearly 
higher SiO2 values, above 68%, which is higher 
than that of A.Adk, P.Adk and AFP. In the R1-R2 
diagram, the majority of samples plot in syn- to 
post-collision tectonomagmatic fields. The rela-
tively random (non-systematic) scatter of data 
in these diagrams indicates that their resolu-
tions are inadequate for clearly discriminating 
the adakitic samples from, for instance, AFP.

Major and trace elements

Figure 53 and Figure 54 illustrate the variations 
of selected major and trace elements and their 
ratios vs. SiO2 of the samples. The diagrams 
also show the approximate enveloping curves of 
Proterozoic adakitic tonalitic and trondhjemitic 
samples from Väisänen et al. (2012), which they 
interpreted to indicate melting at pressures of 
10–15 kbar (~30–50 km) in thickened Protero-
zoic crust in SW Finland. These diagrams are 
summarized in Figure 55. 

Fig. 52. Classification of samples in the R1-R2 diagram (de la Roche et al. 1980). The tectonomagmatic fields 
have been adopted from Batchelor & Bowden (1985) and rock-type boundaries have been modified according to 
Rollinson (1993).

Table 7. Major lithogeochemical groups of the samples.
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The Sr/Y and La/Yb ratios in Figure 54 and 
summarized in Figure 55 are used as indicators 
of restite mineralogy related to the fractionation 
depth. The high Sr is related to the melting of 
plagioclase or absence of plagioclase in the resi-
due, while low Y, high Sr/Y and low Yb indicate 
garnet and amphibole in the residue. Moreover, 
high La/Yb indicates LREE enrichment relative 
to HREE and garnet in the residue (e.g. Castillo 
2006; Table 1).

Based on their chemistry, I divided the sam-
ples in 2+1 major groups (Table 7 and Fig. 55):

The high-Na-Al, low-K group (A) is characterized 
by:
High Al2O3, Na2O, high SiO2; low FeO, K2O, K2O/
Na2O and MgO, but relatively high Mg#. The high 
La/Yb (steep REE) and high Sr/Y ratios refer to a 
high degree of fractionation and relatively high 
plagioclase content, indicating a lower crust/up-
per mantle fractionation depth. In the diagrams 
in Figure 53 and Figure 54, these samples are 
close to the Proterozoic high-SiO2, adakitic Uki 
trondhjemites reported by Väisänen et al. (2012; 
green field in the diagrams). In the K2O vs SiO2 
diagram, they plot on the tholeitic–calc-alkaline 
border. The SiO2 content of these samples varies 
between ca. 68.9–70.2 wt%. In the TAS diagram 
in Figure 51 and R1-R2 diagram in Figure 52, 
these samples represent syn- to post-collisional 
granitic–granodioritic rocks. 

The high-K-Mg ‘Ilomantsi’ group (B) is character-
ized by:
High K2O, K2O/Na2O, MgO and Mg#; lower Al2O3, 
Na2O, SiO2 and La/Yb (~ gentler REE ≈ less frac-
tionated) and lower Sr/Y (~ lower plagioclase ≈ 
shallower fractionation depth). In the diagrams 
in Figure 53 and Figure 54, these samples are 
closer to Proterozoic, more mafic ‘Uki tonalites’ 

(yellow field in the diagrams) considered by 
Väisänen et al. (2012). The SiO2 content of these 
samples varies between ca. 68.6–68.7 wt%. In 
the K2O vs SiO2 diagram, they plot in the middle 
of the high-K calc-alkaline field. Wilson (1989) 
stated that at the present time, magmas of the 
calc-alkaline series are restricted in their occur-
rence to subduction-related tectonic settings. 
Consequently, she continues, the recognition of 
calc-alkaline characteristics in the geochemis-
try of ancient volcanic sequencies may be an im-
portant petrogenetic indicator. Moreover, calc-
alkaline magmas are typical of mature arcs and 
active continental margins. These conclusions, 
however, are probably oversimplications, if ap-
plied to AFP gmean and Archaean and Protero-
zoic adakitoid averages also located in the calc-
alkaline field in Figure 53. In the TAS diagram in 
Figure 51 and R1-R2 diagram in Figure 52, these 
samples are classified as late-orogenic granodi-
oritic–monzonitic rocks.

The high-Fe-Mg group/sample (C) is character-
ized by:
The highest Al2O3, FeO and MgO contents, and 
lowest SiO2 (62.5 wt%). The K2O content (calc-
alkaline), K2O/Na2O, Na2O and Mg# values are 
‘intermediate’. The La/Yb ratio is low (~ gentler 
REE ≈ less fractionated) as also Sr/Y (~ lower plg 
≈ shallower fractionation depth). The trace el-
ement distribution of this sample is similar to 
that of the High-K-Mg ‘Ilomantsi´ group (B) 
above. It must be noted that because of the con-
stant sum effect (e.g. Wilson 1989, Rollinson 
1993), the relative abundances of other elements 
increases when SiO2 is low. In the TAS diagram 
in Figure 51 and the R1-R2 diagram in Figure 52, 
this sample represents a post-collision, tonalitic 
rock.
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Fig. 53. Selected major elements, K2O/Na2O and Mg# vs. SiO2 diagrams for the samples. The yellow and green 
fields approximate enveloping curves of Proterozoic tonalitic (‘Uki tonalite’, yellow) and trondhjemitic (green) 
samples considered by Väisänen et al. (2012).
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Fig. 54. Selected trace elements and trace element ratios vs. SiO2 diagrams for the samples. The yellow and green 
fields approximate enveloping curves of Proterozoic tonalitic (‘Uki tonalite’, yellow) and trondhjemitic (green) 
samples considered by Väisänen et al. (2012).
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Fig. 55. Summary of the diagrams in Figure 53 and Figure 54. For comparison, the values and their derivatives 
have been normalized by the geometric averages of all Finnish plutonic rock samples (AFP; Ruotoistenmäki 
2012; Table 2). (A) High-Na-Al group; (B) high-K-Mg group; (C) high Fe-Mg group sample. Analytical methods 
and units are the same as in Figure 53 and Figure 54. FeO and MgO are given separately, besides Mg#.
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Na2O/K2O vs. Ba + Sr diagram

Halla et al. (2009) used the Na2O/K2O vs. Ba + 
Sr diagram in Figure 56 to discriminate more 
juvenile TTGs from sanukitoids, extracted from 
a more enriched mantle source. This diagram 
was also applied in Ruotoistenmäki (2012) to 
analyse the characteristics of all adakitic sam-
ples from the sub-areas considered in this study 
(smaller symbols in Fig. 56; see also Fig. 31 in 
section 1.7.). In the diagram, the majority of Ilo-
mantsi area samples (smaller diamonds), as well 
as many of Iisalmi area samples (smaller trian-
gles), are sanukitic, Pudasjärvi samples (smaller 
boxes) mainly plot as TTGs, and East Finland 
area samples (smaller circles) form a continuum 
from TTGs to sanukitoids. 

The samples analysed in this study (larger 
symbols) have a relatively wide distribution in 

this diagram: The samples of group (A) East 
Finland (larger circles) plot inside the TTG field, 
but the Pudasjärvi samples (larger squares) and 
northern Iisalmi sample (larger red triangle) 
have both TTG and sanukitoid characteristics. 
The high-K-Mg ‘Ilomantsi’ group (B) samples 
(larger diamonds) and southern Iisalmi high Fe-
Mg sample (group C; larger blue triangle) locate 
in the sanukitoid, enriched mantle field. Thus, 
this diagram also supports classification of the 
samples into two main ‘adakitic’ groups: (A ≈ 
’TTGs’) and (B+C ≈ ‘Sanukitoids’).

Kovalenko et al. (2005) reported high K2O, Ba, 
Sr, and high εNd sanukitoid rocks from Russian 
Karelia, close to the Ilomantsi area. They in-
terpreted these rocks as products of melting of 
metasomatized mantle by subduction or under-
plating processes between ca. 2.7–2.74 Ga. 

 

Fig. 56. Na2O/K2O vs. Ba + Sr plot for discriminating the high-Ba-Sr sanukitoid group from the TTG group. 
Adopted from Halla et al. (2009). The hypothetical source end members are enriched mantle (high Ba + Sr, low 
Na2O/K2O) and unenriched primitive basalt (low Ba + Sr, high Na2O/K2O). The distribution of all Pudasjärvi, East 
Finland, Iisalmi and Ilomantsi adakitoids have been adopted from Ruotoistenmäki (2012; smaller symbols). 
Boxes: Pudasjärvi samples; circles: East Finland; triangles: Iisalmi; diamonds: Ilomantsi area symbols.
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REE spectra

Figure 57 is a plot of the REE patterns of the 
samples normalized against C1 chondrite (Table 
2) and the geometric means of all Finnish plu-
tonic rock samples (AFP; Table 2). The diagrams 
also show the normalized La(ICPMS)/Yb(ICPMS) ra-
tios (= chondrite normalized: (LaICPMS/LaC1)/
(YbICPMS/YbC1) and AFP-normalized (LaICPMS/
LaAFP)/(YbICPMS/YbAFP)), reflecting the steepness 

of the curves and hence an approximation of the 
degree of REE fractionation. 

In the diagrams in Figure 57, the slope of 
group ‘A’ (high-Na-Al, low-K) is markedly 
steeper than that of Neoarchaean late to post-
tectonic sanukitoid intrusions sampled from 
the Karelian province, Finland, by Heilimo et al. 
(2010), indicated by the yellow field in the C1-
normalized spectra. The averages of Archaean 
and Proterozoic adakitoids (A.ADK, P.ADK) are 

Fig. 57. Summary of REE diagrams normalized against C1 chondrite (Anders & Grevesse 1989, Kerrich & Wyman 
1996) and geometric means of all Finnish plutonic rock samples (AFP; Table 2). (A): High-Na, low-K group; (B): 
High-K-Mg group; (C): High-Fe-Mg group. The diagrams also show the normalized La(ICPMS)/Yb(ICPMS) ratios 
reflecting the steepness ~ degree of REE fractionation. AVG: ratio averages of samples. The shaded yellow area 
shows the compositional range of Neoarchaean late to post-tectonic sanukitoid intrusions sampled from the 
Karelian province, Finland by Heilimo et al. (2010). 
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in the sanukitoid field, while the slope of AFP is 
clearly gentler. The relative Eu maxima in the 
AFP-normalized spectra indicate an increased 
plagioclase content relative to AFP (e.g. Rollin-
son 1993).

The ‘Ilomantsi’ group ‘B’ (high-K-Mg) sam-
ples coincide closely with the sanukitoid field. 
This is in agreement with the comments on the 
Na2O/K2O vs. Ba + Sr plot given in Figure 56.  
The LREE level of the northern Ilomantsi sample 
94002572 is increased.

It is interesting to note from Figure 57 that 
the most mafic, high Fe-Mg, low SiO2 sample 
‘C’ (high-Fe-Mg) is significantly enriched in 
REE relative to C1 and AFP. In particular, the in-
compatile LREEs are high, being up to twice the 
Finnish average (AFP). The slope of this group is 
close to that of the sanukitoid field. The poten-
tial of this rock (type) for economic REE miner-
alizations may be worth consideration.

3.2 Isotopic studies on the samples

The secondary-ion mass spectrometry (SIMS) 
U-Pb age analysis of the zircons from the sam-
ples considered here have been analysed and 
reported by Mänttäri (2012). This report gives a 
detailed description of analytical methods, ana-
lysed zircons, concordia plots, summary tables 
and error estimates of the data. Therefore, in 
this section, I mainly consider the age results 
without more profound methodological study. 

In the following, I provide graphical sum-
maries of 207Pb/206Pb isotopic age distributions 
for each sample, and ages (‘magmatic ages’ ≈ 
proposed magmatic crystallization ages) esti-
mated from averages of the most common, ‘sta-
ble’ age groups in these diagrams. For compari-
son, (‘magmatic’) ages calculated by Mänttäri 
(2012) are also given. It should be noted that in 
the following, the term ‘inherited zircons’ may 
refer to primary source material (e.g. a juvenile 

mantle component mixed with older zircons in 
sedimentary material), or to contamination by 
crust during magma ascent to the present level 
of depth.

In the report by Mänttäri (2012), the εNd values 
of samples summarized by Hannu Huhma (GTK; 
unpublished note; Huhma 2009, Huhma et al. 
2012), indicating their magmatic source history, 
are also given. The model ages applied in the 
calculation of εNd values are 2700 Ma.

93001908 granodiorite, Pudasjärvi sub-area

The number of analyses from this sample is 
9. The 207Pb/206Pb age distribution is relatively 
continuous from ca. 2712 to 2731 Ma, the range 
being 19 Ma (Fig. 58). Three values, interpret-
ed here as the main magmatic age, concentrate 
around ca. 2727 Ma. The slightly older 2731 Ma 

Fig. 58. Distribution of 207Pb/206Pb isotopic ages for sample 93001908 (A1966) granodiorite, from the Pudasjärvi 
sub-area. The ages are adopted from Mänttäri (2012). Horizontal axis: number of samples.
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value probably represents the early stages of this 
magmatic main stage. The ca. 12 Ma age group 
from 2712–2724 Ma refers to the continuity of 
tectonomagmatic processes (pressure and/or 
temperature). The age estimated from the whole 
group of 9 analyses is ca. 2722 ± 7 Ma. The εNd 
(T=2700 Ma) value is +2.1, indicating derivation 
from juvenile (ca. 2730 Ma?) source material 
with a relatively short crustal residence time.

Mänttäri (2012) reported a concordia age of 
2722 ± 4 Ma for this sample (9 zircon domains), 
which agrees well with the age calculated from 
the whole data group above.

 94003693 gneissic tonalite, Pudasjärvi sub-area

The number of analyses from this sample is 31. 
The 207Pb/206Pb ages vary between ca. 2640–
2877 Ma (Fig. 59). The most homogeneous 
group varies between ca. 2697–2713 Ma, the 
magmatic age estimated from the average being 
ca. 2705 ±7 Ma; 13 analyses. There is also a less 
distinct group of inherited zircons between ca. 
2776–2877 Ma. The lower age group varies be-
tween 2640–2691 Ma, representing overprinting 
by later processes. The εNd (T=2700 Ma) value of 
+1.6 indicates derivations from juvenile source 
material with a relatively short crustal residence 

time, which is in contradiction with the observed 
large number of old inherited zircon ages. 

Mänttäri (2012) gives a concordia age 2706 ± 4 
Ma for this sample (15 accepted analyses), which 
agrees well with the average age given above.

95001782 granodiorite, East Finland sub-area

The number of analyses is 26. In Figure 60, there 
is a distinct and homogeneous age group be-
tween ca. 2961–3003 Ma, the magmatic age es-
timated from the average being ca. 2981 ± 11 Ma; 
20 analyses. Thus, it appears, that there was a 
significant, ca. 40 Ma(?) continuity of heat puls-
es tectonizing/remelting pre-existing, ca. 3 Ga 
old Archaean crust. Two less distinct groups of 
younger overprinting ages vary from ca. 2686–
2708 Ma and ca. 2900–2931 Ma. The relatively 
low εNd (T = 2700 Ma) value of -4.6 refers to a 
recycled component of older Archaean crust (or 
may be due to a too small model age).

Mänttäri (2012) gives a concordia age of 
2980 ± 6 Ma (19 analyses) for this sample. The 
oldest measured age was 3003 ± 2 Ma (Pb–Pb 
age). Both ages agree with ages above. Zircon 
cores are mostly zoned with thin metamorphic 
rims.

Fig. 59. Distribution of 207Pb/206Pb isotopic ages of sample 94003693 (A1965) tonalite, Pudasjärvi sub-area. Ages 
are adopted from Mänttäri (2012). Horizontal axis: Number of samples.
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94002667 tonalite, East Finland sub-area

The number of analyses from this sample is 28. 
In Figure 61, there are two homogeneous age 
groups representing the main magmatic peri-
ods: ca. 2774–2803 Ma (2787 ± 9 Ma; 7 analyses) 
and 2820–2853 Ma (2835 ± 10 Ma; 16 analyses). 
Four inherited ages are between ca. 2903–2954 
Ma. The εNd (T = 2700 Ma) value of -1.5 indicates 

derivation from a source (ca. 2853 Ma?) with a 
relatively short crustal residence time, which is 
in contrast to the inherited ages (contamination 
by older crustal material?). The young age of ca. 
2630 Ma is uncertain.

Mänttäri (2012) gives a concordia age of 
2836 ± 5 Ma for this sample (16 analyses), which 
agrees with the older age given above.

Fig. 60. Distribution of 207Pb/206Pb isotopic ages of sample 95001782 (A1962) granodiorite, East Finland sub-
area. Ages are adopted from Mänttäri (2012). Horizontal axis: Number of samples.

Fig. 61. Distribution of 207Pb/206Pb isotopic ages of sample 94002667 (A1960) tonalite, East Finland sub-area. 
Ages are adopted from Mänttäri (2012). Horizontal axis: Number of samples.
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94003640 gneiss, Iisalmi sub-area

The number of analyses from this sample is 29. 
The complicated history of the Iisalmi sub-area 
is evident from the complex distribution curve 
of ages in Figure 62. From the diagram, two 
more homogeneous groups can be detected: ca. 
2742–2761 Ma (2750 ± 8 Ma; 8 analyses) and 
2884–2889 Ma (2889 ± 5 Ma; 6 analyses). The 
overprinting groups between ca. 2784–2871 Ma 
and 2613–2732 Ma are more scattered, reflecting 
continuous and complex tectonomagmatic pro-
cesses in the Iisalmi sub-area. The εNd (T = 2700 
Ma) value is +0.8, which refers to derivation 
from juvenile source material with a relatively 
short crustal residence time. However, the com-
plex age distribution refers to a mixture of var-
ied-age Archaean source material.

Mänttäri (2012) gives a concordia age of 
2742 ± 7 Ma (7 analyses) and several older cores 
for this sample. This age is difficult to perceive 
in the diagram in Figure 62.

93003031 tonalite, Iisalmi sub-area

The number of analyses from this sample is 
18. The age distribution curve in Figure 63 has 
one relatively homogeneous group between ca. 
2688–2697 Ma (2693 ± 3 Ma; 9 analyses). Using 
all older points between ca. 2672–2702 Ma, the 
magmatic age would be ca. 2691 ± 8 Ma; 14 anal-
yses. All younger ages, including the ca. 2645–
2651 Ma (2647 ± 3 Ma; 3 samples) age group, 
can be connected with overprinting processes. 
This sample, further to east from the A–P border 
in Figure 50, is clearly more homogeneous and 
younger compared to the westernmost sample 
94003640 in Figure 62. The εNd (T = 2700 Ma) 

value of +1.1 implicates juvenile source material 
(ca. 2.7 Ga) with a relatively short crustal resi-
dence time, which is in agreement with the age 
distribution curve in Figure 63.

Mänttäri (2012) gives a concordia age 2696 ± 4 
Ma for this sample (7 analyses), which agrees 
well with the average age given above.

Fig. 62. Distribution of 207Pb/206Pb ages of sample 94003640 (A1959) gneiss, Iisalmi sub-area. Ages are adopted 
from Mänttäri (2012). Horizontal axis: Number of samples.
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94002572 granite, Ilomantsi sub-area

The number of analyses from this sample is 21. 
The wide, ca. 180 Ma and multistage age distri-
bution curve in Figure 64 indicates a complex 
history in the Ilomantsi area. The magmatic 
age estimated from the oldest ages between ca. 
2822–2837 Ma is ca. 2829 ± 6 Ma, 4 analyses, 
continuing in three successive points between 
2791–2805 Ma. The younger group between 
ca. 2663–2752 Ma (2699 ± 30 Ma; 14 analyses) 
represents a ca. 90 Ma more or less continuous 

series of magmatic processes (varying pressure 
and/or temperature). The εNd (T = 2700 Ma) value 
is -0.3, which indicates derivation from juvenile 
source material (ca. 2837 Ma?) with a relatively 
short crustal residence time, which is difficult to 
relate to the wide age distribution of the sample.

Mänttäri (2012) gives a concordia ages of ca. 
2832± 10 Ma (4 analyses) and 2728 ± 12 Ma (4 
analyses) for this sample, of which the older 
age agrees well with the older average age given 
above.

Fig. 63. Distribution of 207Pb/206Pb ages of sample 93003031 (A1958) tonalite, Iisalmi sub-area. Ages are 
from Mänttäri (2012). Horizontal axis: Number of samples.

Fig. 64. Distribution of 207Pb/206Pb ages of sample 94002572 (A1964) granite, Ilomantsi sub-area. Ages are from 
Mänttäri (2012). Horizontal axis: Number of samples.
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90010130 granodiorite, Ilomantsi sub-area

The number of analyses from this sample is 14. 
In the diagram in Figure 65, the ages vary con-
tinuously between ca. 2719–2740 Ma, the range 
being 21 Ma. Two oldest ages define an age of 
ca. 2740 Ma. Two younger homogeneous three-
point clusters are at ca. 2727 Ma and 2732 Ma, 
which are close to the approximate average of 
all ages in this group (2730 ± 6 Ma; 14 analyses). 

Note the significant age differences between 
this sample and the granitic Ilomantsi sample 
94002572 considered above (ca. 2829 ± 6 Ma and 
2699 ± 30 Ma; Fig. 64). The εNd (T = 2700 Ma) 

value is -0.2, referring to juvenile source mate-
rial (ca. 2740 Ma?) with a relatively short crustal 
residence time.

Mänttäri (2012) gives a concordia age of 
2730 ± 3 Ma for this sample (13 analyses), which 
agrees well with the average age given above.

Fig. 65. Distribution of 207Pb/206Pb ages of sample 90010130 (A1963) granodiorite, Ilomantsi sub-area. Ages are 
from Mänttäri (2012). Horizontal axis: Number of samples.

3.3 Discussion

This study considers eight ‘adakitic’ TTG sam-
ples from four major Archaean sub-areas in 
central Finland: Pudasjärvi, East Finland, Iis-
almi and Ilomantsi sub-areas, selected from 178 
Archaean adakitic/TTG samples from the GTK 
lithogeochemical database studied by Ruotois-
tenmäki (2012). All samples fulfil the chemical 
characteristics defined for adakitoids by Defant 
& Drummond (1990) and Thorkelson & Breit-
sprecher (2005). 

Chemical classification  

The majority of the adakitic samples considered 
in this study are classified in the R1-R2 diagram 
in Figure 52 as syn- to post-collisional granodi-
orites, with the exception of the low SiO2, south-

ern Iisalmi tonalitic sample. In the Na2O/K2O vs. 
Ba + Sr plot in Figure 56, the East Finland sam-
ples are in the TTG field. The Pudasjärvi samples 
and northern Iisalmi sample have both TTG-like 
and sanukitoid characteristics. However, the 
Ilomantsi samples and southern Iisalmi sample 
are clearly in the sanukitoid field.

Based on their major and trace elements, the 
samples are divided here into 2+1 major groups: 

1)  The ‘TTG-type’ Pudasjärvi, East Finland and 
N-Iisalmi high-Na-Al, low-K group (A), is 
also characterized by high La/Yb and Sr/Y 
ratios. The slopes of chondrite- and AFP-
normalized REE curves of this group (Fig. 
57) are clearly steeper than those of samples 
in groups (B) and (C). The major and trace 
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chemistry of this group has chemical cha-
racteristics closer to Proterozoic adakitic Uki 
felsic trondhjemites reported by Väisänen et 
al. (2012), which they interpret to be gene-
rated through crustal melting of the lower 
part of thickened volcanic-arc-type crust. 
The southern Pudasjärvi sample (94003693 
gneissic tonalite) is also characterized by 
inherited zircons referring to older, recycled 
components (Fig. 59).

2a) The sanukitoid Ilomantsi group (B) is cha-
racterized by high K, Mg, and lower La/Yb 
and Sr/Y ratios. The slopes of the chondrite-
normalized REE curve of this group (Fig. 57) 
coincide closely with sanukitoids described 
by Heilimo et al. (2010). This is in agreement 
with the observations in the Na2O/K2O vs. Ba 
+ Sr plot in Figure 56, in which Ilomantsi 
samples are located in the sanukitoid field. 

2b) The sanukitoid, most mafic, southern Iisal-
mi, Fe- and Mg-rich sample is characteri-
zed by La/Yb and Sr/Y ratios similar to group 
(B). The slope of the chondrite-normalized 
REE curve of this sample (Fig. 57 ) coinci-
des with sanukitoids described by Heilimo et 
al. (2010) and group (B), but the REE level is 
clearly higher. This sample can be classified 
as a mafic member of group (B). It is inter-
esting to note that although most mafic, this 
sample is significantly enriched in REE rela-
tive to chondrite and AFP. The incompatile 
LREEs are especially emphasized. 

The differences in element contents in these 
groups indicate variations in the primary source 
composition, degrees of source fractionation and 
contamination of the adakitic melts. The high 
Al2O3, Na2O and highest La/Yb and Sr/Y contents 
of group (A) adakitoids are interpreted here as 
being due to the relatively higher plagioclase 
content in samples and fractionation at deep-
er levels compared to groups (B) and (C). The 
high K2O values in group (B) can be explained 
by phlogopite-enriched source material (e.g. 
Heilimo et al. 2010). For example, when consid-
ering Pliocene high-potassium magmas from 
the Sierra Nevada Mountains, Elkins-Tanton & 
Grove (2003) proposed that subduction-derived 
fluids drive a reaction that consumes garnet + 

orthopyroxene to create clinopyroxene + phlo-
gopite, and that the high-potassium Sierran 
magmas are created by melting of phlogopite-
clinopyroxene metasomatized peridotite.

The lower La/Tb, Sr/Y and high FeO and MgO 
(compatibles) values in groups (B) and (C) re-
fer to less fractionated (mafic) source material. 
Martin et al. (2005) connected sanukitoids and 
low-silica adakitoids with mantle melts meta-
somatized by slab melts. Halla et al. (2009) also 
connected high Ba-Sr sanukitoids to melting of 
an enriched mantle source, probably as a result 
of a slab breakoff following a continental colli-
sion or attempted subduction of a thick oceanic 
plateau or TTG protocontinent.

From Figure 53, it is evident that, with the ex-
ception of N Iisalmi and S Pudasjärvi samples, 
the Mg# value of all samples are high, within 
44–68, thus implying interaction with mantle 
material (e.g. Heilimo et al. 2010). The SiO2 con-
tent of all samples (with exception of the S Iis-
almi sample) is higher than averages of Protero-
zoic and Archaean adakitoids (P.ADK and A.ADK) 
and all Finnish plutonic rock samples (AFP). 

The major elements of these samples corre-
late only poorly with the Proterozoic ‘Uki’ sam-
ples from Väisänen et al. (2012). However, the 
averages of all Proterozoic and Archaean adaki-
toids (P.ADK and A.ADK) correlate more closely 
with the ‘Uki tonalite’ in Figure 53 and Figure 54 
(yellow field). The data for all Finnish plutonic 
rock samples (AFP) do not show any systematic 
similarities with these groups.

Isotope ages

The age results of analysed samples are summa-
rized in diagrams in Figure 66. In the diagrams, 
the ages distribute within a wide, overlapping 
and continuous range from ca. 2620 to 3000 Ma, 
reflecting long-lasting, multistage magmatic 
and tectonic crustal processes in the evolution 
of Finnish Archaean crust. The scattered oldest 
ages in the distribution curves indicate ‘con-
tamination’ by older, inherited sedimentary and 
crustal material during magma generation and 
uplift to crustal levels. Moreover, the ‘tails’ of 
the youngest ages demonstrate the overprinting 
of the later chemical and tectonic processes on 
the samples.
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The interpreted magmatic/emplacement ages 
of the samples vary from ca. 2.69 Ga to ca. 2.98 
Ga, the majority (6 of 8) nevertheless being 
tightly bracketed between ca. 2.75–2.69 Ga. It 
is interesting to note that these ages agree with 
worldwide Archaean crust formation ages, noted 
by Condie (2005), Rino et al. (2004) and Rey et 
al. (2003), among others, who explain the ca. 
2.75–2.65 Ga global, geodynamic event by the 
combination of a thermal anomaly from a man-
tle plume blanketed by greenstone crust cover. 

The high εNd values of most samples from 
ca. -0.2 to +1.6 refer to their juvenile, relatively 
‘uncontaminated’ source material. However, in 
each Archaean sub-area considered here, there 
are also samples characterized by old ages re-
lated to inherited zircons (Fig. 66). Thus, it must 
be concluded that inherited, older assimilated 
crustal and/or recirculated sedimentary mate-
rial is common in the adakitic Archaean rocks 
in Finland.

The ca. 40 Ma systematic age range of the old-
est northern East Finland sample zircons (Fig. 
60) refers to a significant and long-lasting heat 
input tectonizing/remelting pre-existing, ca. 3 
Ga Archaean crust.

Tectonic model

Figure 67 is a greyscale image of the migrated 
section of the FIRE 1 seismic reflection profile 
across the Proterozoic–Archaean boundary in 
East Finland (blue line in Fig. 50). A few major 
reflection surfaces are also emphasized in the 
section. Kontinen & Paavola (2006) noted that 
the FIRE 1 profile area comprises a thrust stack 
of dominantly 2.85–2.70 Ga high-grade, gran-
ite–migmatite gneiss units, accreted in a con-
tinent–continent-type collisional orogeny. They 
conclude that these intense stacked tectonic 
characteristics along the profile are chiefly of 
Archaean origin, less affected by later Svecofen-
nian orogenic overprinting.

Peltonen et al. (2006) noted that the zircon 
ages of East Finland kimberlite xenoliths vary 
over a wide range, from ca. 3.6 Ga to 1.7 Ga. The 
main age group indicates Svecofennian over-
printing, between ca. 1.9–1.8 Ga, and only a 
small peak correlates with the Archaean crustal 
ages, around ca. 2.7 Ga. They note, however, that 
the oldest grains preferentially tend to recrystal-
lize in each later event, which explains their low  

proportion in the Archaean protoliths. Thus, 

Fig. 66. Summary of the distributions of 207Pb/206Pb ages adopted from from Mänttäri (2012). The average of all 
U-Pb ages is ca. 2782 ± 102 Ma and the range varies between ca. 2613–3000 Ma. 
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based on lower crustal xenoliths, Kontinen & 
Paavola (2006) interpret the less reflective lower 
part of the profile, between ca. 20–40–60 km 
(between the dashed and dotted lines in Fig. 67) 
to be due to conductive heating of the lower crust 
during the 1.9–1.8 Ga Svecofennian thrust burial 
associated with metamorphic dehydration/re-
crystallization and related homogenization. 

In the East Finland area, in spite of the pro-
found Svecofennian overprinting in the lower 
crust, there is no notable adakitic Svecofenn-
ian magmatism, which should be characteristic 
for magmas fractionated at lower crust/upper 
mantle depths. On the contrary, ca. 2.85–2.65 
Ga plutonic rock samples dominate in the area 
(Hölttä et al. (2012b). Only in the western Iisal-
mi sub-area, close to the Archaean–Proterozoic 
boundary, Ruotoistenmäki et al. (2001) docu-
mented adakitic plutons having Svecofennian/
Proterozoic ages (ca. 1860–1880 Ma; see section 
5. below). Therefore, it is more plausible that 
the very extensive and profound seismic ho-
mogenization of the lower crust is mainly due 
to Archaean underplating processes connected 
with the large-scale adakitic (/TTG/sanukitoid) 
magmatism. The Svecofennian overprinting has 
reset the U-Pb ‘clocks’ in kimberlite xenoliths, 
but caused only minor melting and magmatism 
as a whole. Moreover, as is evident from Figure 
58 to Figure 66, the metamorphic overprinting 
ages distribute between ca. 2.7–2.6 Ga and no 
notable Proterozoic/Svecofennian ages below ca. 
2.5 Ga exist in these samples. 

A significant feature in the eastern part of the 
seismic profile between ca. 0–2500 CPM (from 
east to west) in Figure 67 is the abrupt thinning 
of upper crust from ca. 40 km to 20–25 km and 
the deep, highly reflective upper mantle (darker 
zone between the dashed and dotted lines in Fig. 
67b). These features can be best explained by 
collision-related crustal thickening, crustal de-
lamination allowing hot mantle upwelling and 
mixing of crustal and mantle material, i.e. by a 
stacking/thickening/mantle underplating mod-
el for the genesis of adakitic rock melts in the 
eastern East Finland sub-area. Rapp et al. (2003) 
interpreted that the evolution of Archaean TTGs 
took place beneath granite-greenstone com-
plexes developing along Archaean intraoceanic 
island arcs by imbricate thrust-stacking and 
tectonic accretion. 

Compared to present-day plate tectonic pro-
cesses, the heat flow from the Earth’s mantle and 
core was higher in the Archaean and early Pro-
terozoic eons, the convective flows were faster 
and the plates were generally smaller and mov-
ing more rapidly (e.g. Bickle 1978, Nisbet 1987). 
A combination of these models can be general-
ized to explain high-Na, low-K TTG group ‘A’ 
(Pudasjärvi, East Finland, Iisalmi North) sam-
ples characterized by steep REE: chaotic stacking 
processes involving more or less exotic Archaean 
microplates and contamination by older crustal 
material. These sub-areas also lack substan-
tial traces of ‘modern type’ subduction-related 
magmatism and sedimentary rock associations 
(eroded/migmatized?).

The oldest, ca. 3–2.98 Ga northern East Fin-
land sample (Fig. 60) is also characterized by the 
lowest εNd value of -4.6, as well as zoned zircons 
with metamorphic rims (Mänttäri 2012) and the 
steepest REE curves (highest La/Yb). There-
fore, it can be associated with a ca. 40 Ma last-
ing series of complex recycling/stacking/colli-
sion processes of the type envisaged by Kröner 
et al. (2011), who suggested extensive recycling 
of even the earliest-formed granitoid crust and 
mixing with juvenile material to produce suc-
cessive generations of TTGs and associated felsic 
volcanic rocks. 

 When considering granitoid magmatism of 
Neoarchaean plate tectonics in the Karelian and 
Kola cratons, Halla et al. (2009) related high- 
and low-HREE TTGs to low- and high-angle 
(-pressure) subduction. Moreover, they con-
nected high Ba-Sr sanukitoids to melting of an 
enriched mantle source, probably as a result of 
1. slab breakoff following a continental colli-
sion or 2. attempted subduction of a thick oce-
anic plateau or 3. TTG protocontinent. However, 
the ‘modern’ plate tectonic model is not easy to 
apply in explaining the evolution of Pudasjärvi, 
East Finland and Iisalmi areas lacking notable 
signatures of ‘modern’ plate tectonic rock as-
sociations. Thus, based on the notes above, and 
following the guidelines presented by Rapp et al. 
(2003), a generalized model for the evolution of 
Finnish Archaean sub-area blocks can be pro-
posed, encapsulating boundary conditions for 
the majority of TTG samples considered here: 
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(1) Periodic, ca. 3.1–2.8–2.7 Ga increased mantle 
plume activity, acting as thermal and mag-
matic source and driving force => 

(2) Fast-moving, local-scale microplates having 
a ca. 3.1–2.9 Ga crustal greenstone-domina-
ted ‘kernel’ (e.g. the ca. 2.79–2.97 Ga Kuhmo 
greenstones considered by Sorjonen-Ward & 
Luukkonen 2005) => 

(3) ‘Pack ice tectonics’, i.e. collision, under- and 
overthrusting (~ local scale ‘subduction’ and 
‘obduction’), stacking, folding and overtur-
ning resulting in significant crustal thicke-
ning. 

(4) High P–T partial melting and fractionation 
=> 

(5) Plagioclase-rich melts and garnet+amphi-
bole+clinopyroxene in restites (+ orthopyro-
xene in lesser amounts => 

(6) Plagioclase-rich high-LREE, low-HREE 
adakitoids, sanukitoids and TTGs enriched 
by incompatible elements and contaminated 
by crustal and sedimentary material.

···
–  Later overprinting by Post-Archaean Sveco-

fennian re-homogenization of lower crust 
and upper mantle.

The ‘modern’ model of island arc – subduct-
ing marine plate tectonic evolution can best be 
applied to the sanukitic high-K-Mg Ilomant-
si group and (on a more local scale) the mafic 
high-Fe-Mg Iisalmi samples. They are charac-
terized by gentler REE, more likely related to 
fractionated mixtures of melts from gently dip-
ping subducting/underthrusting plate, mantle 
wedge and sedimentary wedge during modern, 

Fig. 67. (a): Greyscale image of the migrated section of the FIRE 1 reflection profile. The course of the profile is 
given in Figure 50. The overlay in (b) emphasizes some regional features in the profile. Solid line: example of 
a thrust zone through the whole upper crust. Dashed line: approximate course of the upper crust base = upper 
border of the altered high velocity zone. Dotted line: approximate base of the ‘mixed’ crust–mantle alteration 
zone (even below 60 km). The Proterozoic–Archaean border (P+A) outcropping at a common midpoint (CMP) of 
ca. 9600 has been marked with a larger cross (+). Note that at that point, the Archaean crust dips west, below 
the Proterozoic crust. However, at deeper levels, the Proterozoic crust appears to dip deeply below the Archaean 
crust. Adopted and modified from Kukkonen & Lahtinen (2006) and Kontinen & Paavola (2006).
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‘Andean type’ subduction, as noted by Ruotois-
tenmäki (2012). O’Brien et al. (1993) and Hölttä 
et al. (2012a) also noted that calc-alkaline vol-
canic rocks, crustal signatures in the geochem-
istry of ultramafic rocks and high abundances 
of volcaniclastic greywackes in the Ilomantsi 
sub-area are consistent with arc-type tectonic 
settings, and hence may be more plausibly in-
terpreted in terms of ‘modern type’ subduction 
processes.

Conclusions
• The Finnish Archaean adakitic samples con-

sidered here are classified into two main lit-
hogeochemical groups: 1) the ‘TTG-type’ 
high Na-Al, low K, high La/Yb (LREE/HREE) 
and high Sr/Y group and 2) the sanukitoid 
group characterized by high K and Mg, and 
lower La/Yb and Sr/Y ratios. This group also 
contains the sanukitic, mafic Iisalmi sample, 
characterized by the highest Al2O3, FeO, MgO 
and very high REE, the lowest SiO2 and lower 
La/Yb and Sr/Y ratios.

• The majority of U–Pb zircon ages of all samp-
les distribute within a very wide range from 
ca. 2613–3000 Ma, reflecting long-lasting 
multistage magmatic and tectonic crustal 
processes in the evolution of Fennoscandian 
Archaean crust. The TTG East Finland group 
is the oldest (ca. 2770–3000 Ma), but other-
wise, the ages of TTG and sanukitic groups 
are overlapping.

• The homogeneous age distributions and high 
εNd values of northern Pudasjärvi, southern 
Iisalmi and southern Ilomantsi samples refer 
to their relatively juvenile ‘uncontaminated’ 
source material.

• In each sub-area considered here, there are 
also samples related to a wide age distribution 
and containing inherited zircons, which refer 
to older components in the sample sources in 
spite of their relatively high εNd values (from 
ca. -0.2 to +1.6, one sample -4.6).

• The tectonic evolution of the TTG group 
is connected here with collision-related 
stacking and crustal thickening proces-
ses and high P–T lower crust/upper mantle 
melting, mixing and fractionation processes 
resulting in seismically homogeneous, high 
velocity, poorly reflecting zones in the lo-

wer crust. The restites are interpreted to be  
strongly depleted of plagioclase and enriched 
by garnet, amphiboles and clinopyroxene but 
minor orthopyroxene. These sub-areas lack 
notable subduction-related magmatic and 
supracrustal associations. 

• The sanukitic Ilomantsi group, also charac-
terized by island arc-type rock associations, 
is more likely due to ‘modern type’ gently 
dipping subduction-related processes. In this 
model, the restites of this sub-area contain 
more plagioclase and orthopyroxene and less 
garnet, amphiboles and clinopyroxene due 
to shallower fractionation depths. Basically, 
the Ilomantsi ‘sanukitoids’ (defined chemi-
cally in Fig. 56) appear to be ‘adakites’, i.e. 
subducting plate fractionation melts conta-
minated by various amounts of material from 
overlying sedimentary wedge, mantle wedge 
and crustal material.

• The sanukitic REE-enriched, but most mafic, 
southern Iisalmi sample probably represents 
poorly fractionated melts from enriched 
mantle, thus closely approximating the defi-
nition by Halla et al. (2009), who connected 
high-Ba-Sr sanukitoids to melting of an en-
riched mantle source. 

• Later stage Archaean tectonomagmatic pro-
cesses caused heating, partial re-melting and 
mixing (underplating) in the crust–mant-
le boundary, shown as a 2.6–2.7 Ga ‘tail’ 
of younger ages in age distribution curves. 
These processes and later, Svecofennian 
overprinting reheated the high-velocity zo-
nes below the crust, causing the Proterozoic 
zircon ages of the kimberlite xenolith samp-
les. The minor Svecofennian magmatism in 
Finnish Archaean sub-areas demonstrates 
the relatively low degree of Proterozoic lower 
crust melting.

• The high-Na-Al, low-K group samples are 
closer to the Proterozoic adakitic Uusikau-
punki (Uki) trondhjemites and the high-K-
Mg ‘Ilomantsi’ group samples approximate 
Proterozoic, more mafic ‘Uki tonalites’ con-
sidered by Väisänen et al. (2012). As a whole, 
however, the correlation between all these 
Archaean samples and the Proterozoic adaki-
tic samples used for comparison is relatively 
poor. 
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 4 CHARACTERISTICS OF ADAKITIC PLUTONIC ROCK SERIES IN  
A PROTEROZOIC COLLISION ZONE, SOUTHERN FINLAND

This section considers high-Al, high-Sr, high-
Eu, high magnetite and LREE-enriched mafic-
intermediate plutonic rock series in a Proterozo-
ic collision (accretion) zone in southern Finland 
(white-black squares in Fig. 3), having adakitic 
characteristics when normalized to a common 
value of SiO2. The samples were collected from 

a ca. 60 km long and 20 km wide profile cross-
cutting a distinct lithological and geophysical 
discontinuity. The characteristics of this adakitic 
group are compared with a more felsic tholeitic 
plutonic rock series sampled on the same pro-
file. This study is based on notes in Ruotoisten-
mäki (1999).

4.1 Introduction

When studying the volcanic rocks overlying sed-
imentary rocks in the Proterozoic Tampere schist 
belt, between the southern Finland gneiss-mig-
matite belt (SMB, Fig. 3) and the central Fin-
land granitoid sub-area (CFG), Simonen (1953) 
noticed that they resemble a volcanic island arc 
association. However, it was not until much lat-
er that Hietanen (1975) applied the concept of 
plate tectonics in explaining the generation of 
the potassium-poor magmas of the Proterozoic 
Svecofennian crust in Finland. 

The BABEL deep crustal seismic reflection 
profiles under the Bothnian Bay indicated a 
gently dipping reflector penetrating from low-
er crust into the upper mantle (Babel Working 
Group 1993 and references therein). This reflec-
tor has been interpreted as a remnant of an early 
Proterozoic subducting plate dipping N–NE be-
low Archaean crust at ca. 65°N below the NW 
continuation of the Ladoga–Bothnian Bay zone 
(LBZ) in Figure 3. The CFG and SMB sub-areas 
have also been traversed by the deep seismic re-
fraction profiles SVEKA (e.g. Luosto et al. 1984) 
and Fennia (Heikkinen et al. 1995), and also 

more recently by detailed deep seismic reflection 
profiles FIRE1 and FIRE2 (Kukkonen & Lahtinen 
2006; Fig. 82).

The Proterozoic (ca. 1.93–1.88 Ga) evolution 
in this area has been modelled by two-stage col-
lision tectonics (Ruotoistenmäki 1996):
1. NE–E-directed collision of CFG, interpreted 

as an island arc, and LBZ, interpreted as 
a marine basin + primitive arc, against the  
Archaean craton in East Finland and

2. N–NE-directed collision of USM, also inter-
preted as an island arc, and SMB, interpreted 
as a marine basin, against CFG.

Similar type plate tectonic models have been 
presented later by Nironen (1997) and Lahtinen 
et al. (2005), among others. These models also 
define the USM–SMB–CFG plate boundaries as 
resulting from the amalgamation of more or 
less exotic ‘terranes’, analogous to the evolution 
of the west coast of North America (e.g. How-
ell 1985, Gore & Sugar 1985, Howell 1995). The 
SMB–CFG discontinuity is evident from maps in 
Figure 68 to Figure 70.

4.2 General geology of the study area

The bedrock of the central CFG, SMB and USM 
has been considered in numerous papers. Si-
monen (1953) provided a comprehensive de-
scription and analysis of the Tampere schist belt 
area between the SMB and CFG. Kähkönen (1989, 
2005) attributed the volcanic rocks in the area to 
plate convergence involving mature island arcs 
or active continental margins. In Kähkönen & 
Leveinen (1994), the turbiditic metagraywack-
es-mudstones in the area are interpreted to be 
more typical of a submarine basin depositional 

environment. The USM bordering the gneiss-
migmatite sub-area in the south was interpret-
ed to represent a partly subaerial, mature arc by 
Hakkarainen (1994). For details of the multi-
stage deformation and metamorphic history of 
SMB, see also Rutland et al. (2004). 

Nironen (1989) and Nironen et al. (2000) de-
scribed synkinematic 1.9–1.87 Ga granitoids in 
central Finland. They noted that the tonalitic 
plutons possibly originated through mixing and 
mingling between crustal and mantle-derived 
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magma, or magma derived by partial melting 
of subducted oceanic slab. A revised lithologi-
cal map of the CFG area (Nironen 2003) indi-
cates that the predominant rocks there are felsic 
granites and granodiorites, while mafic rocks 
are relatively sparse. The age distribution of the 
rocks varies from ca. 1.9 Ga to 1.89–1.88 Ga for 
synkinematic plutons to ca. 1.88–1.87 Ga for 
postkinematic rocks. The proportion of postkin-
ematic rocks, which are almost coeval with syn-

kinematic rocks, is relatively high. Elliott (2001) 
interpreted the source magma of the post-
kinematic plutons to be a combination of Fe- 
enriched mantle-derived protolith, with assimi-
lated crustal material.

The synkinematic magmatism in the CFG area 
is connected by Nironen et al. (2000) to par-
tial melting of intermediate composition K-rich 
rocks in the lower crust, with magmatic addition 
from the mantle, leaving a granulite residue. 

Fig. 68. Lithological map of the study area, generalized from Laitakari (1971, 1973). The map is superimposed 
upon an oblique-illuminated low-altitude aeromagnetic map (in greytones; the magnetic map is presented in 
Fig. 69). The southern half of the map consists of the Padasjoki map sheet (2143) and the northern half of the 
Kaipola map sheet (2144). The location of the map area is shown by white-black squares in Figure 3.

Corner point coordinates in WGS-85:
Lower left KKJ: 6800000 2540000 / WGS-84: N 61.30° E 024.74°
Upper right KKJ: 6860000 2580000 / WGS-84: N 61.83° E 025.49°
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In their model, the following post-kinematic 
magmatism resulted from partial melting of the 
residue and continuing input from the mantle. 
Thus, their models approach the adakitoid gen-
eration model connected with crustal thicken-
ing and underplating as proposed for Archaean 
adakitoids above (sections 2 and 3). Also, the sa-
nukitoid character of CFG, noted above (Fig. 32), 
suggests an increased mantle component. 

Figure 68 presents a generalized bedrock map 
of the study area, linking the southern part in 
SMB to the northern part located in CFG. The 
map has been superimposed with a greyscale 
low-altitude aeromagnetic map to emphasize 

the local scale trends in the area. From the map, 
it can be seen that the southern part (south from 
ca. x = 6835000) is dominated by schists and 
gneisses intruded by diabase dykes, granodi-
orites and minor mafic and granitic intrusions. 
A common feature in the granodiorites is that 
they contain inclusions and xenoliths of gneiss-
es, mafic rocks and amphibolites. In contrast to 
the southern Padasjoki map sheet area, granites, 
granodiorites and mafic plutonic rocks charac-
terize the northern Kaipola sheet. The quartzites 
and mafic metavolcanic rocks are more abun-
dant in the north.

4.3 Geophysical and petrophysical characteristics of the study area; Location of the samples

The local-scale magnetic anomalies of the study 
area and the location of samples considered here 
are shown on the magnetic map in Figure 69. 
On the map, the difference between the south-
ern and northern areas is distinct with respect 
to both the anomaly level and patterning, the 
regional and local anomaly levels in the north-
ern area being higher. The magnetic trends also 
refer to complex folding of the southern schists 
and regional dextral shear subparallel to the 
E–W contact with the CFG, due to oblique com-
pression from NW–SE (white arrows in Fig. 69). 
The long linear, mainly NW–SE-trending mag-
netic anomalies in the southern area are due to 
diabase dykes, as described by Laitakari (1969), 
which are associated with the intrusion of the 
anorogenic rapakivi granites in southern Fin-
land (Fig. 3).

 In Figure 70, the aeromagnetic low-altitude 
map (in greytones obliquely illuminated from 
NE and NW) has been superimposed on the elec-
tromagnetic in-phase map (in colours). In this 
map, pyrrhotite- and graphite-bearing elec-
trically conductive schists are shown by high 
magnetic and electromagnetic (EM) in-phase 
anomalies (red). Magnetite-bearing poorly con-
ductive rocks are shown by high magnetic and 
low EM in-phase anomalies (blue). For the prin-
ciples underlying this method, see e.g. Peltonie-
mi (1982 and references therein). From the map, 
it can be seen that the southern part of the area 
is dominated by folded, conductive magnetic 
zones due to pyrrhotite- and graphite-bearing 
schists, while in the northern part, the magnetic 

anomalies are mainly due to magnetite-bearing 
intrusives. 

The petrophysics laboratory at GTK has meas-
ured the density, susceptibility and remanence 
of rock samples collected from the study area by 
Laitakari (1971, 1973). For detailed study, 94 of 
1766 plutonic rock samples were selected and 
collected from GTK archives. The location of the 
selected samples is indicated in Figure 69. The 
sampling area covered a 20 km wide and 60 km 
long north–south trending zone crossing the 
contact area between southern SMB and CFG 
sub-areas. The selection of samples was first-
ly based on their petrophysical characteristics 
(mainly susceptibility, remanence and density), 
the purpose being to obtain a representative 
group of petrophysical types of plutonic rock 
samples in the area.

Figure 71 depicts the diagrams used for sam-
ple selection. In the diagrams are given the vari-
ations in density, susceptibility and Q-values for 
all samples in a south–north direction through 
the study area. The analytical procedures of the 
GTK petrophysics laboratory have been described 
in Puranen (1989, 1991) and Korhonen et al. 
(1993). From the diagrams, it is evident that the 
distributions of the selected samples effectively 
represent the general variations of all samples. 
The representativeness of samples is discussed 
later in the text. From the diagrams it appears 
that a distinct high-density, high-magnetic and 
low-remanence ‘high-Al’ group characterizes 
the northern part of the profile.
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Fig. 69. Aeromagnetic low-altitude map of the study area. Data from the Geological Survey of Finland (Hauta-
niemi et al. 2005). The location of samples described and explained later in text is indicated with red (‘high-
Al’ samples) and blue (‘low-Al’ samples) dots. The white arrows indicate inferred compression and shearing  
directions. 

The density–susceptibility relationships of 
all 1766 plutonic samples in the zone are giv-
en in scatter diagrams in Figure 72. The peaks 
shown in the diagrams can be used for study-
ing characteristic density–susceptibility pairs 
of the samples in the study area. The peaks and 
their values are given in Table 8. In the table, 
the density value of the main paramagnetic peak 
(1) in Padasjoki is clearly higher compared to the 
Kaipola area. The other paramagnetic peaks (2 
and 3 in the Padasjoki area and 2, 5 and 7 in the 

Kaipola area) are less pronounced. In the Kaipola 
area, there are also distinct, ferrimagnetic, lower 
density, ‘felsic’ peaks (3 and 4) and high densi-
ty–susceptibility, ‘mafic’ peaks (6, 8–11), which 
indicate a more complicated magmatism com-
pared to that in the Padasjoki area.

Table 8 also gives estimates (weight %) of iron 
in silicates and the magnetite content (wFe and 
wM) calculated using formulas given by Puranen 
(1989). He concluded that paramagnetic sus-
ceptibilities are mainly due to iron in silicates, 
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Fig. 70. Aeromagnetic low-altitude map of the study area (in greytones) combined with an electromagnetic in-
phase map (in colours). Data from the Geological Survey of Finland (Hautaniemi et al. 2005). Red: conductive 
rocks, blue: more resistive rocks. The N–S-trending stripes are noise due to levelling variations of the electro-
magnetic data. 

while ferrimagnetic susceptibilities are normally 
caused by magnetite. Thus, the contents of iron 
or magnetite can be evaluated using the suscep-
tibility/density ratios (mass susceptibilities) of 
paramagnetic or ferrimagnetic samples, respec-
tively. From the table, it can be seen that the iron 
contents obtained from the paramagnetic peaks 

(1–2) of the southern, Padasjoki area are clearly 
higher compared to those from the Kaipola area. 
The (seemingly) high iron content, close to 8%, 
obtained from some paramagnetic peaks is ap-
parently due to the presence of some magnetite 
in the samples.
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Fig. 71. Variations in density (a), susceptibility (b) and Q-values (c ≡ ratio of remanent to induced magnetization) 
for all-plutonic rock samples along a south–north traverse through the study area (small dots). The samples 
studied in more detail are indicated with larger black (‘high-Al’ samples) and white (‘low-Al’ samples) dots.
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It is evident from considerations above that 
the petrophysical properties of plutonic rock 
samples from northern and southern parts of 
the study area differ significantly. This corre-
lates with distinct differences in their mineral-
ogy and chemistry and thus their evolutionary 
history. Ruotoistenmäki (1992) attributed the 
difference in magnetic characteristics to a more 

reducing environment in the southern part of 
the area compared to the northern part, result-
ing in preferential incorporation of iron into sil-
icates instead of iron oxides. These conclusions 
have later been supported by Peltonen (1995), 
Lahtinen (1994) and Lahtinen & Korhonen 
(1996), among others.

Map 2143 (Padasjoki) Paramagn. 
peaks

Ferrimagn. 
peaks

Map 2144 (Kaipola) Paramagn. 
peaks

Ferrimagn. 
peaks

Peak No Density 
[kg/m ]

Susc. 
[SI 10 ]

wFe [wt%] wM [wt%] Peak No Density 
[kg/m ]

Susc. 
[SI 10 ]

wFe [wt%] wM [wt%]

1 2675 267 3.49 … 1 2633 205 2.73 …
2 2900 679 8.19 

(+Mt?)
… 2 2858 627 7.68 (+Mt?) …

3 2583 35 0.48 … 3 2628 8055 … 0.46
4 2726 16160 … 0.89
5 2595 12 0.16 …
6 3036 78640 … 3.89
7 2994 774 9.05 (+Mt?) …
8 2835 26813 … 1.42
9 3161 87389 … 4.15

10 3212 14852 … 0.69
11 3150 4015 … 0.19

3 6 3 6
* *

Fig. 72. Density–susceptibility diagrams for all available plutonic rock samples from the study area from the 
Geological Survey of Finland petrophysical database. The numbers of the peaks in the diagrams refer to suscep-
tibility–density values given in Table 8 below. 

Table 8. Characteristic density–susceptibility relationships of the samples from the study area. wFe and wM 
are estimates of iron and magnetite contents calculated from para- and ferrimagnetic peaks using formulas by 
Puranen (1989). Possible magnetite involvement in paramagnetic samples has been marked by (+Mt?).
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4.4 Chemical classification of the samples

Alkali index vs Al2O3 

Chemical analysis of the samples has been con-
ducted in the laboratory of GTK. The elements, 
units and analytical methods, as well as the rock 
types of some selected samples, are given in Ta-
ble 10. For detailed descriptions of the analytical 
methods, see e.g. Sandström (1996) and Rasi-
lainen et al. (2007).

In the alkali-index diagram in Figure 73, a 
significant feature is the sharp increase in the 
alkali index (AI) as a function of Al2O3. Using 
this diagram, the samples have been classified 
as high- and low-aluminium (high-Al and low-
Al). Middlemost (1975) used this diagram for 
differentiating basaltic rocks into tholeitic and 
calc-alkaline classes. He concluded that basalts 
from active continental margins usually con-
tain more aluminium, sodium and potassium 
and less titanium dioxide than flood basalts, 
designating them as high-aluminium basalts. 
Garrison & Davidson (2003) noted that enrich-

ment of Al2O3 in the melt can be attributed to 
the absence of plagioclase in residue: fractiona-
tion in pressure-temperature fields where pla-
gioclase is unstable. Therefore, when studying 
these rock groups in detail, it can be possible to 
obtain indications of their fractionation depths, 
pressures and temperatures and furthermore, 
the distribution and characteristics of crustal 
magma sources.

It must be emphasized that, in reality, the 
border between high-Al and low-Al groups is 
not sharp, as suggested by the borderline in the 
diagram, but probably indefinite and the groups 
are overlapping. Moreover, the chemical varia-
tion of the samples can be due to variation in 
the primary magma sources, fractionation, con-
tamination, mixing and metamorphic processes. 
Thus, when considering these groups, statisti-
cal methods are applied to define the general 
characteristics of the samples and differences  
between groups.

Fig. 73. Alkali index vs Al2O3 diagram of plutonic rock samples selected for this study. The diagram has been 
adopted from Middlemost (1975), who primarily used it for the classification of basaltic rocks.
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Reliability of the sample size

The reliability of the sample size and classifi-
cation of samples was tested and confirmed by 
the approximation algorithm of hypergeomet-
ric distribution by Cochran (1963). Using this 
method, it is calculated that the ratio (25 high-
Al samples) / (69 low-Al samples) = 27% can 
be obtained to a 95% confidence level using 
94 samples out of a total 1766 samples having 
this high-Al / low-Al sample number ratio. This 

means that the 94 samples taken are sufficient 
to give a satisfactory overview of the character-
istics of the study area.

Table 9 lists density and susceptibility statis-
tics for all-plutonic rock samples in the south–
north profile through the study area with those 
samples selected for detailed study (shown in 
Fig. 71). The close agreement of the averages, 
standard deviations, medians and modes further 
supports the representativeness of the chosen 
sample population.

Table 9. Comparison of statistics for the density (D) and susceptibility (K) of all-plutonic rock samples from 
the south–north profile across the study area with the samples to be studied in more detail (see also Fig. 71). 

D [kg/m3] K [SI *106]

All Selected All Selected

Number of samples 1766 94 1759 94

Minimum 2087 2540 0 20

Maximum 3222 2986 304000 51400

Range 1135 446 304050 51380

Average 2684 2697 2470 3520
Stdev 116 97 12027 9326
Median 2658 2677 290 350
Mode 2606 2676 140 230

Lithological classification of the samples

In Figure 74 and Figure 75 are given the clas-
sification of the samples according to diagrams 
by Cox et al. (1979) and de la Roche et al. (1980) 
based on the chemical content. The Cox diagram 
indicates that the high-Al samples are generally 
alkaline, more mafic and gabbroic–syenitic in 
composition, while the low-Al samples are sub-
alkaline, more felsic and mainly dioritic–gra-
nitic, although with some gabbroic samples. In 
the Roche diagram in Figure 75, the composi-
tion of low-Al samples varies from syn- to post 

collisional diorites–monzogranites, the average 
being granodioritic, syn-collisional. The high-
Al samples are mainly post-collisional monzo-
nites–monzodiorites–gabbros, the average be-
ing post-collisional, monzodioritic.

Table 10 presents the mineralogical classifi-
cation of some selected samples using the clas-
sification by Streckeisen (1976). The table also 
shows their rock type classifications in the Cox 
and Roche diagrams. The wide variation of rock-
type names in the table emphasizes the uncer-
tainty of various diagrams in defining reliable 
type names for plutonic rocks.
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Fig. 74. Classification of samples in the Na2O+K2O vs SiO2 diagram by Cox et al. (1979) modified for plutonic 
rocks by Wilson (1989). The alkaline/sub-alkaline boundary zone (which is not precisely located) has been 
adopted from Rickwood (1989).

Fig. 75. Classification of Proterozoic area samples in the R1-R2 diagram (de la Roche et al. 1980). The tectono-
magmatic fields have been adopted from Batchelor & Bowden (1985) and rock-type boundaries have been  
modified according to Rollinson (1993). Compare to diagrams in Figure 9 and Figure 10.
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 4.5 Normalization along the regression curve.

Figure 76 displays the relative variations of ma-
jor elements in samples as functions of SiO2. 
Corresponding variations of REE are illustrated 
in Figure 77. In the diagrams, the elements are 
presented in the incompatible–compatible or-
der by Pearce & Parkinson (1993) and Pearce & 
Peate (1995) (see e.g. Fig. 2). When consider-
ing the regression curves of high-Al and low-
Al samples in the diagrams at a common SiO2 
value (e.g. 60%), it can be noted that the more 

mafic high-Al sample group has higher contents 
of incompatible elements and lower contents of 
compatible elements. Moreover, there is signifi-
cant exception to the trend in Eu, which is clear-
ly higher in most high-Al samples. In order to 
compare the relative variations of these groups, 
I normalized their element values to a common 
SiO2 value using the ‘normalization along the 
regression curve’ method depicted in Figure 78.
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Fig. 76. Variation of major elements as functions of SiO2. The red and blue lines are second order regression 
curves fitted to high-Al and low-Al samples respectively.
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Fig. 77. Variations of REE as functions of SiO2. 



114

Geological Survey of Finland
Tapio Ruotoistenmäki

Figure 78 displays the Fe2O3 values of the 
samples as functions of SiO2. From the dia-
gram and diagrams above, it is apparent that the 
high-Al and low-Al samples define two relative-
ly distinct series. Moreover, it can be seen that 
the distributions of SiO2 contents of the sample 
groups are wide, overlapping, and the Fe2O3 con-
tent correlates strongly with the SiO2 content. 
The average SiO2 content of low-Al samples is 
higher and Fe2O3 average value lower than those 
of the high-Al samples. However, when consid-

ering the second order polynomial trend lines 
(red and blue lines in the figure), it can be seen 
that at a common point, say SiO2 = 60%, the po-
sition of the trend line for the low-Al samples 
is clearly higher. Thus, a simple comparison of 
sample averages, or their normalization values 
using any fixed constants would be misleading. 
Therefore, a method defined here as ‘normali-
zation along the regression curve’ is used, the 
principle of which is shown in the diagram:

Fig. 78. Fe2O3 (XRF) vs SiO2: Principle of ‘normalization along the regression curve’. The solid lines are 2nd degree 
regression curves fitted to the data. The sample groups are the same as in the alkali index diagram, in Figure 73. 

Consider two arbitrary sample points in Fig-
ure 78: H1 (high-Al samples) and L1 (low-Al 
samples), where the Fe2O3 value of H1 is higher 
than that of L1. In the regression curve nor-
malization, the points are moved colinearly with 
the corresponding regression curves (along the 
dashed arrows) to a common SiO2 value, where 
both groups are overlapping (60% in the figure). 
We thus obtain new values H2 and L2, which 
represent the normalized values of the original 
points. From the diagram it can now be seen 
that Fe2O3(L2) is clearly higher than Fe2O3(H2), 
where H2 is actually the poorest in Fe2O3 of all 
samples after normalization. Thus, although 
the primary average Fe2O3 content is lower in 
the original low-Al samples, it can be concluded 

that in reality they are more iron rich compared 
to high-Al samples.

The advantage of this method is that it is reli-
able to apply: If there is a good first- or second-
degree trend between the parameters, we can 
expect the Fe2O3 values of H2 and L2 to be good 
estimates of the parameter values at any given 
(common) SiO2 value. If the correlation between 
parameters is poor; i.e. the data are scattered 
randomly around a horizontal line, the meth-
od gives the original values, i.e. Fe2O3(H2) ≈ 
Fe2O3(H1) and/or Fe2O3(L2) ≈ Fe2O3(L1). Degrees 
of trend higher than two are generally difficult 
to observe and are not considered here. 

When considering, for example, the plots of 
incompatible K2O and of more compatible MgO 



115

Adakitic plutonic rocks in the Finnish Precambrian: Evolution and areal, chemical, physical and age variations

values of high- and low-Al samples against SiO2 
in Figure 76, it can be seen that the scatter of the 
more mobile element K2O is greater than that 
for MgO, increasing at high SiO2 values of more 
evolved, felsic rocks. This refers to the possibil-
ity of alteration, remobilization and contamina-
tion of these rocks during metamorphic, tectonic 
and magmatic processes. In Table 11, the aver-
ages of K2O and MgO for high- and low-Al sam-
ples are compared. In addition, the table gives 
corresponding regression curve values at the 
point SiO2 = 60%. The average values in the table 

would indicate that the low-aluminium samples 
are more enriched in incompatible elements, 
that is, having more mobile K2O and depletion 
in MgO. However, the regression curves in Fig-
ure 76 and normalized values in Table 11 show 
that the ratios are actually the opposite, with 
the more mafic high-Al samples being enriched 
in potassium and depleted in magnesium com-
pared to the low-Al samples. Thus, the trends 
in Figure 76 suggest a more enriched primary 
source composition at low SiO2 values of the 
high-Al samples compared to low-Al samples.

High-Al: K O Low-Al: K O High-Al: MgO Low-Al: MgO

Calculated averages 3.1 3.72 2.89 1.94
Regression curve 
values at SiO  = 60% 4 3.15 1.6 3.3

2 2

2

Table 11. Comparison of averages and regression curve values at SiO2 = 60% of K2O and MgO for high-Al and 
low-Al samples.

Assuming that the high-Al adakitic samples 
in Figure 76 are close to ‘co-magmatic’, an es-
timate for the primary composition of their pro-
posed basaltic source can be evaluated by study-
ing their regression curve values at SiO2 ≈ 50%. 
At this SiO2 value, the major element contents 
are estimated to be: K2O ≈ 1.8%, P2O5 ≈ 0.4%, 
Na2O ≈ 3%, TiO2 ≈ 1.1%, CaO ≈ 7.3%, Al2O3 ≈ 18%, 
MnO ≈ 0.15% and MgO ≈ 5.2%, Fe2O3 ≈ 9.5%. 

It must be noted that the samples have been 
affected by contamination and alteration pro-
cesses and the calculated values are thus only 
uncertain estimates. However, these values are 
very close (only Fe2O3 and K2O emphasized) to 
values for the average chemical composition of 
basalts determined from 3594 chemical analyses 
of basaltic rocks given in https://www.sandatlas.
org/basalt/.

https://www.sandatlas.org/basalt/
https://www.sandatlas.org/basalt/
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Fig. 79. The distributions of density and susceptibility of high- and low-Al samples as functions of SiO2.

Petrophysics of the samples normalized to SiO2 
= 60%

The distribution of density and susceptibility of 
high- and low-Al samples as functions of SiO2 
are given in Figure 79. In the diagrams, the 
densities are relatively tightly scattered, while 
susceptibilities have very wide variations due 
to separate groups of para- and ferrimagnetic 
samples, as is evident from Figure 72. From Fig-
ure 79 it can be seen that at value of SiO2 = 60%, 

the regression-normalized density of low-Al 
samples (ca. 2735 kg/m3) is significantly higher 
than that of the high-Al samples (ca. 2693 kg/
m3). However, the susceptibility of the low-Al 
samples is mainly paramagnetic, with a regres-
sion value at 854*10-6 SI units at SiO2 = 60%, 
while the (more scattered) high-Al samples are 
generally ferrimagnetic or highly paramagnetic, 
the regression curve value being 1679*10-6 SI 
units at SiO2 = 60%. 
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Chemical variations of the samples normalized 
to SiO2 = 60%

Figure 80 presents the Pearce–Peate spectra of 
high- and low-Al samples using AFP-normal-
ized (see Table 2) regression curve values at to 
SiO2 = 60%. From the figure, it can be seen that 
the spectra of high- and low-Al data differ sig-
nificantly: the low-Al spectrum is relatively flat 
with a LREE/HREE ratio of ca. 1.24, while that 
of high-Al group is clearly higher, 1.91, reflect-
ing a higher degree of fractionation. However, 
the compatibles/HREE ratio of high-Al samples 
is lower, ca. 1.52, while that of low-Al samples is 
much higher, ca. 2.48, which refers to the more 
mafic primary material of the low-Al samples, 
now being a more felsic rock group, however.

The peaks of the primarily more mafic high-
Al samples (average SiO2 of original samples ca. 

56%) are higher at Ba, LREE, Sr (apparently re-
lated to plagioclase), Zr, Eu (apparently related 
to plagioclase), Al2O3 and Ga (replacing Al). The 
low-Al samples (average SiO2 of original sam-
ples ca. 66.6%) contain higher TiO2, HREE, and 
other compatibles, except Al2O3 and Ga. Eu is 
also slightly increased in low-Al samples, pos-
sibly referring to deeper crustal fractionation 
depths.

The observed trends in Figure 76 to Figure 77 
and in the Pearce–Peate spectrum in Figure 80 
strongly indicate that the two groups cannot be-
long to the same fractionation series, but must 
have had a different evolutionary history. It is 
unlikely that felsic low-Al rocks could be direct 
derivatives of more mafic rocks when losing 
incompatibles in the process, nor could mafic 
high-Al rocks be derived from felsic rocks with 
an increase in incompatibles.

Fig. 80. AFP-normalized Pearce–Peate spectra of high-Al and low-Al samples at SiO2 = 60%.
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4.6 Sources of high- and low-Al rocks

As can be seen from Figure 68 and Figure 69, 
the Padasjoki–Kaipola profile studied here 
crosses the border of the SMB and CFG in Fig-
ure 3. When comparing the spectra of this pro-
file in Figure 80 with those of SMB and CFG in 
Figure 37 and Figure 39, it can be seen that the 
peaks of SMB correlate with those in Figure 80. 
Moreover, the high-Al samples have a steep REE 
slope and increased compatibles, as generally 
for all adakitoids studied above, and can thus be 
considered as adakitoids, as also demonstrated 
in Table 12 below. However, the low-Al samples 
have element maxima coinciding with those of 
the high-Al samples and their level of compati-
bles is very high, but the REE spectrum is rela-
tively flat. Thus, as with SMB ‘all-plutonic rock’ 
samples, the genesis of low-Al samples can also 
be connected with a collision-related marine 
environment with a high basaltic component, 
while high-Al samples are more close to ‘true’ 
adakites evolved in subduction/underthrusting-
related processes.

The adakitic characteristics of high-Al and 
low-Al groups are evaluated in Table 12, which 
compares their compositions normalized to SiO2 

= 60% with adakite characteristics as defined 
above. It must be emphasized that many sam-
ples originally have SiO2 well below 56%, as is 
evident from Figure 74. In Table 12, the param-
eter averages of the normalized high-Al samples 
are all clearly adakitic, while three of those of 
the low-Al samples are not (the remaining four 
being very close to the threshold value). The 
maps in Figure 24 and Figure 25 indicate that 
the major restitic minerals of adakitoids below 

this profile are pyroxenes and possibly minor 
garnet in SMB.

Mungall (2002) noted that the adakitic mag-
mas may be highly oxidized and potentially fer-
tile for Au and Cu. This is in agreement with ob-
servations in the study area, where the contact 
zone between the migmatite sub-area and the 
central Finland granitoid sub-area has been ob-
served to be prospective for Au (e.g. Eilu et al. 
2003). Moreover, from Figure 79 it can be seen 
that the high-Al samples are strongly ferrimag-
netic, containing magnetite (iron in oxides), 
while low-Al samples are mainly paramagnetic, 
the magnetic mineral being mainly pyrrhotite 
(iron in sulphides or silicates).

When considering the northernmost segment 
of active volcanism in the Andean arc, resulting 
from subduction of the Nazca plate beneath South 
America, Garrison & Davidson (2003) concluded, 
that basaltic magmas derived from the mantle 
wedge could also produce adakitic characteris-
tics. However, in contrast to ‘high-Mg’ adak-
ites, which carry a possible mantle signature 
(see e.g. Scaillet & Prouteau 2001), it can be seen 
from Figure 76 that the relative MgO content of 
adakitic high-Al samples is less than that of the 
more felsic low-Al sample group. This suggests 
a relatively small mantle wedge component in 
the melt, i.e. a low angle of subduction. In Table 
13, some sample parameters are compared with 
the average of 140 Cenozoic adakite samples by 
Drummond et al. (1996). From the table, it can 
be seen that the MgO and Ni abundances of the 
high-Al samples in particular are significantly 
lower than in ‘modern’ adakites.

SiO  [%] Al O  [%] Na O [%] Sr [ppm] Y [ppm] Yb [ppm] Sr/Y La/Yb

AveHighAl
60

AveLowAl
60 15.9 3.03 403 20.5 1.85 19.7 22.6

Adakite > 56 > 15 > 3.5 > 400 < 18 < 1.9 > 40 > 20

2 2 3 2

19 4.15 740 16.3 1.39 45.5 45.9

Table 12. Comparison of averages of high-Al and low-Al samples ‘regression curve normalized’ to SiO2 = 60%, 
with adakite compositions defined by Defant & Drummond (1990) and Thorkelson & Breitsprecher (2005). The 
(clear) ‘hits’ have been emphasized with bolded numbers.
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Table 13. Comparison of averages of high-Al and low-Al samples normalized to SiO2 = 60% with Cenozoic adak-
ites by Drummond et al. (1996).

SiO2
[%]

TiO2 
[%]

Al2O3
[%]

FeO
[%]

MnO
[%]

MgO
[%]

CaO
[%]

Na2O
[%]

K2O
[%]

Ni
[ppm]

Cr
[ppm]

Sr
[ppm]

Ave 
HighAl

60 0.63 19.0 4.75 0.09 1.56 4.12 4.15 4 21.8 72.7 740

Ave
LowAl

60 0.85 15.9 6.56 0.11 3.29 4.3 3.03 3.15 36 157 403

Ceno-
zoic
Adakite

63.8 0.61 17.4 4.21 0.08 2.47 5.23 4.4 1.52 39 54 869

The mantle affinity of the samples can also 
be evaluated by comparing their characteristics 
with sanukitoid plutonic rocks, which are con-
sidered to represent melting of enriched mantle 
wedge above the subducting slab (e.g. Stern & 
Hanson 1991). Table 14 compares the composi-
tion of high-Al and low-Al samples normalized 
to SiO2 = 60% with sanukitoid characteristics 

defined above by Halla (2005). In the table, the 
normalized averages of high- and low-Al sam-
ples have only minor sanukitoid characteristics. 

In Figure 81, the characteristics of samples in 
the Sr/Y vs Y diagram are compared to those in 
the Kitakami area of the “modern” Honsu Arc, 
in NE Japan, studied by Tsuchiya & Kanisawa 
(1994). In the diagram, the majority of high-Al 

Table 14. Comparison of averages of high-Al and low-Al samples normalized to SiO2 = 60% with sanukitoids by 
Halla (2005). Mg# is calculated from normalized values.

Mg# SiO2 Ni [ppm] Cr [ppm] K2O [%] Sr [ppm] Ba [ppm] Rb/Sr
AveHighAl 0.37 60.00 21.8 72.7 4.0 740. 1821. 0.13
AveLowAl 0.47 60.00 36. 157. 3.15 403. 987. 0.26
Sanukitoid > 0.6 55 - 60 > 100 > 200 > 1 > 500 > 500 < 0.1

Fig. 81. Sr/Y vs Y diagram of Padasjoki-Kaipola samples compared to low-Sr and high-Sr fields in the Kitakami 
area, NE Japan (Tsuchiya & Kanisawa 1994).
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samples plot in the Kitakami high-Sr field and 
the low-Al samples correlate with the Kitakami 
low-Sr samples.

As mentioned above, the Kitakami high-Sr 
rocks are characterized by higher Na, Al, Ga, P, 
Ba and Sr, while K, Mn, Fe, Mg and Y are lower 
than in low-Sr samples. Moreover, the Kitakami 
high-Sr rocks correlate with positive magnetic 
anomaly belts, as do the high-Al (‘high-Sr’) 
rocks in the study area. Thus, the regression 
curve normalized high-Al and low-Al samples 

from the present study area show many simi-
larities with Kitakami high-Sr and low-Sr sam-
ples, except for potassium, which is higher in 
the high-Al samples. In their model, Tsuchiya 
& Kanisawa (1994) propose that the Kitakami 
high-Sr series magmas are derived from partial 
melting of subducting oceanic slab and sedi-
ments at depths of ca. 70-80 km, mixing with 
magma derived from overlying mantle wedge. 
This ‘adakitic’ model is also applied to the high-
Al rocks of the present study area.

4.7 Evolutionary model: Subduction, collision and magma mixing 

As noted above, the comparison with Kitakami 
area magmatism above clearly indicates that 
the high-Al rock samples in particular share 
many distinct petrophysical and geochemi-
cal characteristics with modern subduction-
related adakitic magmas. Figure 82 presents a 
combination of the sections of the reflection 
seismic profiles FIRE1 and FIRE2 (Kukkonen 
& Lahtinen 2006), for which profile lines are 
shown in Figure 3. The sections show that the 
migmatite sub-area (SMB) dips northwards 
beneath the central Finland granitoid sub-ar-
ea (CFG), referring to underthrusting from the 
SMB beneath the CFG having arc characteristics 
(Ruotoistenmäki 1996, Nironen 1997). There-
fore, a qualitative model is given below where 

seafloor, marine sediments, descending slab 
and, to a lesser extent, mantle wedge and con-
tinental lower crust are assumed to contribute 
to the final magma characteristics.

The plan view in Figure 83a gives the relative 
location of plates at ca. 1900 Ma, when Uusimaa 
and central Finland granitoids (USM and CFG) 
were island arcs in the ‘SMB’ sea (a precur-
sor for the SMB, being part of the ‘Svecofenn-
ian sea’ in Ruotoistenmäki 1996). In SMB, the 
magmatism has mainly been of the tholeitic, 
low-Al type (Fig. 73 and Fig. 74), generated in 
a marine environment and in lesser amounts in 
subduction zones and oceanic islands (USM and 
CFG). Adakitic rocks dominate oceanic islands 
and underthrusting subduction zones. During 

Fig. 82. Sections showing reflectors of deep seismic reflection profiles FIRE1 and FIRE2 across contact zones 
from USM to CFG (Kukkonen & Lahtinen 2006). The arrows indicate dipping surfaces and fault displacement 
sense below SMB and CFG. The location of the sections is indicated in Figure 3. The discontinuity between SMB 
and CFG is approximately between X = 140–150 km.
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this stage, tholeitic, low-Al magmatism, char-
acterized by relatively low Eu, Sr, high HREE, Y 
and Yb, is assumed to dominate over ‘enriched’ 
adakitic, high-Al magma generation (see Fig. 
80).

The collision/accretion at ca. 1885 Ma in Fig-
ure 83b was relatively rapid, resulting in thick-
ening and shortening of both the SMB and USM. 
The high-Al, adakitic type magmatism culmi-
nated, representing rocks fractionated from a 
combination of hydrous, enriched melts from 
the subducting slab and sedimentary wedge. 
They are characterized by enrichment of incom-
patibles and LREE, but relatively low contents of 
compatibles, referring to minor mantle wedge 
components and thus relatively gentle subduc-
tion. The characteristics of low-Al magmas refer 
to a combination of marine and collision-related 

rocks and sedimentary wedge material thrusted, 
stacked and folded against CFG, as is also evident 
from the maps in Figure 69 and Figure 70. This 
model has been later completed in more detail 
by Nironen (1997) and Lahtinen et al. (2005), 
among others.

 After Ruotoistenmäki (1996), the opening 
of the ‘SMB’ sea in Figure 83 was modelled to 
have taken place at ca. 1.96 Ga, implying rela-
tively young (less than ca. 30 Ma), hot and gen-
tly dipping subducting slab(s) during the closing 
stage at ca. 1.93 – 1.9 – ca. 1.88 Ga, which is in 
agreement with models by Drummond & De-
fant (1990). According to Wyllie (1984), in the 
case of warm, gently dipping subducting oceanic 
crust, dehydration of serpentine and amphibole 
approximates greenschist and eclogite facies 
boundaries between 50–100 km, correspond-

Fig. 83. Schematic evolution model of the study area modified after Ruotoistenmäki (1996): a) a marine Island 
arc stage and b) a cross-section during the collision stage. The yellow rectangle in (b) represents the area con-
sidered in this paper. E = present erosion level. The remains of the underthrusting/subducting plate are assumed 
to have been assimilated or delaminated in the mantle during later processes.
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ing to the onset of slab melting at a depth of less 
than ca. 100 km. In this warm slab scenario, the 
addition of mantle and crustal melts would be 
minimal compared to the cooler, more steeply 
dipping slab situations. This appears to be the 
case in this study, as is indicated by the relatively 
low MgO, Mg# and low Ni and Cr (Fig. 80) of the 
high-Al samples. As concluded above, the major 
restite minerals of adakitoids in these areas on 
the maps in Figure 24 and Figure 25 are pyrox-
enes, but with minor garnet and amphiboles.

The low-Al rocks are here interpreted as 
mainly oceanic rock material intruded/fraction-
ated at shallower depths (less than ca. 30–50 
km), mainly during the primary stages of is-
land arc and back-arc basin evolution. The low 
magnetite content of the low-Al magmas of the 
southern Finland gneiss-migmatite sub-area 
(SMB) can be attributed to an overall reducing 
environment characterized by marine turbiditic 
sediments including sulphides and black schists, 
thus favouring the crystallization of Fe-silicates 
instead of Fe-oxides (Ruotoistenmäki 1992, 
Lahtinen 1994, Peltonen 1995). The high con-
tent of Fe-silicates is reflected by the increase 
in high-density paramagnetic samples in the 
southern part of the survey area. According to 
Wilson (1989), magnetite suppression in reduc-
ing environments is characteristically associated 
with the tholeitic trend. In contrast, under oxi-
dizing conditions, magnetite crystallizes from 
the outset, rapidly depleting residual liquids in 
iron (calc-alkaline trend). It must be noted that 
the existence of sulphides and black schists re-
fers to a relatively closed basin environment 
with sedimentation of biogenic material, and 
also a lack of oxygen.

Kerrich & Wyman (1996) emphasized that 
high water contents suppress plagioclase frac-
tionation, which leads to high Al contents and 
delays Fe and Ti enrichment. McIntyre (1980, 
and references therein) noted that where excess 
aluminium occurs in micaeous rocks, musco-
vite is formed in preference to biotite and iron is 
available to form magnetite over a broader oxy-
gen fugacity and temperature field. In the Ki-
takami mountains, Tsuchiya & Kanisawa (1994) 
concluded that slab-derived magma shows high 
oxidation states due to the influence of a highly 
oxidized source.

For a given temperature and H2O content, 
oxidized conditions favour a higher crystal/
melt ratio than reduced conditions (Scaillet et al. 
1997). Flood basalts showing varying degrees of 
iron enrichment may be related to the oxidation 
state of magma from which they derived (Mid-
dlemost 1975 and references therein). The frac-
tionation of non-alkalic basaltic magma that has 
formed in a low oxidation state would probably 
result in iron enrichment (tholeitic trend). This 
rock group corresponds to the Fe-rich low-Al 
samples having both tholeitic and sub-alkaline 
characteristics (Fig. 73 and Fig. 74). 

The compositions of the low-Al samples are 
in pre-, syn- and late-orogenic fields in the R1-
R2 diagram in Figure 75, while high-Al samples 
dominate in the post-collisional field. These 
characteristics also support the model above: 
a primary oceanic stage dominated by low-Al, 
tholeitic magmas continuing to subduction-re-
lated high-Al magmatism generated at greater 
depths and thus emplacing during late- to post-
collisional processes.

4.8 Summary 

The Padasjoki-Kaipola area between the south-
ern Finland migmatite sub-area and the central 
Finland granitoid sub-area represents a sig-
nificant boundary zone between oceanic (SMB) 
and island arc (CFG) environments. Besides the 
lithological contrasts between marine, meta-
sediments-dominated terrain in the south and a 
more ‘continental’, island arc-type area domi-
nated by plutonic rocks in the north, the zone is 
characterized by prominent north-dipping seis-
mic reflectors, suggesting that the sedimentary 

marine area was thrusted against and beneath 
the northern, island arc sub-area. Moreover, 
there is a petrophysical zonation from felsic, 
relatively dense, iron-rich, magnetite-poor 
rocks in the south to more mafic, magnetite-
rich, but relatively less dense rocks in the north. 
A further significant contrast between the rocks 
is the relative enrichment (at SiO2 = 60%) in 
incompatibles and light REE in the more maf-
ic (high-Al) rocks compared to the more felsic 
(low-Al) rocks, which makes it improbable that 
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they could represent direct derivatives of one 
another, or be from the same source.

The adakitic characteristics of the mafic 
high-Al rocks and regional scale seismic inter-
pretations suggest that the primary fractiona-
tion depth of the high-Al rocks is in subduc-
tion related environment at depths greater than 
ca. 30–60 km, such that mainly pyroxenes (± 
garnet ± hornblende?) were retained in restite. 
Thus, there is a significant subducting slab and 
minor sedimentary wedge, mantle wedge and 
lower crust component in the rocks. In contrast, 

the more felsic low-Al rocks have geochemical 
characteristics more consistent with plagioclase 
as a restitic phase and shallower, (lower) crustal 
fractionation depths. The above evolution model 
for the high-Al (-Sr) rocks shows close similari-
ties to that presented for the Kitakami high-Sr 
rocks in the Honsu Arc of NE Japan by Tsuchiya 
& Kanisawa (1994).

Using the ‘normalization along the regression 
curve’ method, the primary source rocks of the 
high-Al adakitic rocks can be estimated to be 
iron- and potassium-rich basalts.

5 CHARACTERISTICS OF PROTEROZOIC LATE TO POST-COLLISIONAL INTRUSIVES IN 
THE ARCHAEAN IISALMI–LAPINLAHTI AREA, CENTRAL FINLAND

In this section, based on the study by Ruotois-
tenmäki et al. (2001), I consider post-collisional 
adakitic intrusives in the Archaean crust close to 
the Proterozoic–Archaean collision zone in cen-
tral Finland (red square in Fig. 3). As in section 
4  above, the most mafic samples of these rocks 
have adakitic characteristics. The geological 
and isotopic descriptions given here are mainly 
by Jorma Paavola & Irmeli Mänttäri (Geological 
Survey of Finland), respectively.

The generalized lithological map of the study 
area is presented in Figure 84. The area is pre-
dominantly composed of Archaean amphibolite-
banded tonalitic-trondhjemitic-granodioritic 
migmatites. The zircon U–Pb ages of the mig-
matite components vary from 3.2 Ga of the pal-
aeosome to 2.63 Ga of the late metamorphism 
(Mänttäri et al. 1998, Hölttä et al. 2000). Despite 
a strong Palaeoproterozoic overprint ca. 1.9–1.8 
Ga ago (Kontinen et al. 1992), the study area is 
characterized by well-preserved Archaean gran-
ulite facies sub-areas with fresh mineral par-
ageneses (Paavola 1984, Hölttä & Paavola 2000). 
The area is cut by numerous Palaeoproterozoic 
fractures, some of them bordering the granulite 
sub-areas (Fig. 85). 

In addition to numerous 2.3–2.1 Ga old diabase 
dykes (Hölttä et al. 2000, Toivola et al. 1991), a 

significant amount of later Palaeoproterozoic 
magmatism is also characteristic of the Archae-
an craton margin. The magmatism consists of 
intrusions of varying size, chemical composi-
tion varying from basic to acid. The very vari-
able bimodal appearance of gabbros and diorites 
together with younger granites and granodior-
ites is most characteristic of the area (Paavola 
1987, 1990 2001, Lukkarinen 2000, Äikäs 2000). 
Microtonalite dykes (Huhma 1981, Rautiainen 
2000) are also found. According to the exist-
ing zircon datings, the age of the Palaeoprote-
rozoic magmatism is around 1.90–1.85 Ga (e.g. 
Paavola 1988). A comprehensive description of 
a geotraverse crossing the area is given in Kors-
man et al. (1999). The area is characterized by an 
exceptionally thick crust of ca. 55–60 km (Grad 
& Luosto 1987, Kukkonen & Lahtinen 2006; Fig. 
67, Fig. 95).

The location of the samples considered in this 
study is indicated in the lithological map in Fig-
ure 84 and the low-altitude magnetic map in 
Figure 85. The area is characterized by roundish 
magnetic anomalies, sometimes cut by numer-
ous younger fractures, such as the fault anomaly 
between samples 1 and 11 (Fig. 85).
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Fig. 84. A generalized lithological map of the Iisalmi–Lapinlahti area and location of the samples described  
below. The red dots and squares indicate the location of the samples Sa 1–11. The blue dots refer to samples Sb 
1–16 (numbers not shown on the map), collected from the Kaarakkala intrusion in a separate study. The location 
of the map area is shown on the map in Figure 3 (red square). Adopted (cut) from Korsman et al. (1997). 

Corner point coordinates in WGS-85:
Lower left KKJ: 7040000 3500000 / WGS-84: N 63.46° E 027.00°
Upper right KKJ:7100000 3540000 / WGS-84: N 64.00° E 027.81°

4
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Fig. 85. A detailed low-altitude magnetic map of the Iisalmi–Lapinlahti area and location of the samples  
described below. The red dots and squares indicate the location of the samples Sa 1–11. The blue dots refer to 
samples Sb 1–16 (numbers not shown on the map), collected from the Kaarakkala intrusion in a separate study. 
The map is compiled from low-altitude magnetic data of the Geological Survey of Finland (Hautaniemi et al. 
2005). The location of the map area is shown on the map in Figure 3 (red square). Adopted from Ruotoistenmäki 
et al. (2001).
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5.1 Sampling (by Jorma Paavola, in Ruotoistenmäki et al. 2001)

The Palomäki quartz diorite (samples Sa 1–3) is 
a homogeneous and massive intrusion covering 
a large area commonly containing fine-grained 
dark fragments. The main minerals are plagio-
clase, quartz, biotite and hornblende. Epidote, 
titanite, apatite and opaques are conspicuously 
abundant. The Ohenmäki granite (sample Sa 11) 
cuts the Palomäki quartz diorite.

Sample Sa 4 is from homogeneous, grey and 
massive Palosvuori granite–granodiorite. The 
mineral composition is quartz, plagioclase, po-
tassium feldspar and biotite. Epidote, titanite, 
carbonate, chlorite and opaques are the main 
accessory minerals.

The Ryhälänmäki granite (samples Sa 5–6) is 
reddish, massive and generally homogeneous, 
but includes dioritic and quartz dioritic xeno-
liths in certain areas. The granite is reddish or 
reddish grey and mainly medium grained. It is 
massive or very weakly foliated. The main min-
erals are quartz, plagioclase, potassium feldspar 
and biotite. Hornblende is rare. Varying amounts 
of epidote, muscovite, chlorite, titanite, apatite 
and opaque occur.

The Kaarakkala (leuco-) gabbroic ring intru-
sion (samples Sb 1–16; blue dots on the map, 
not numbered) causes a strong zonal mag-
netic anomaly (Fig. 85). Excluding the contact 
zones, it is undeformed and fresh. The rock is 

quite homogeneous but compositional banding 
is common. The main minerals are plagioclase, 
hornblende and biotite. Quartz is occasionally 
present. Titanite, apatite and magnetite are rel-
atively abundant. The most basic inner part of 
the intrusion is nearly hornblenditic. Red me-
dium-grained homogeneous leucogranite cross-
cuts the intrusion. It follows conformly the ring 
structure being an essential part of the ap-
pearance of the Kaarakkala intrusion. The Nie-
minen sample (Sa 7) represents the granite. The  
Ahvenlampi sample (Sa 8) is from a typical, 
homogeneous leucogabbroic zone of the main 
Kaarakkala intrusion.

Palosenmäki granite–granodiorite is a round-
ish intrusion causing a negative smooth anom-
aly on the magnetic map (Fig. 85). The rock is 
relatively coarse grained, reddish white and ho-
mogeneous, consisting of plagioclase, quartz, 
potassium feldspar and biotite. Plagioclase is 
distinguished in the texture as larger, subhedral 
and zoned crystals. The Pirttimäki sample (Sa 9) 
is from the southern border zone of the intru-
sion, representing an anomalous, porphyric con-
tact type, while the Hallamäki sample (Sa 10) is 
the most typical representative of the intrusion.

The Kiikkerinvuori granite (sample Sa 11) is 
reddish, massive and homogeneous. It is a part 
of the Ohenmäki multistage granitic intrusion.

5.2 Petrophysical characteristics of the Sa samples 

During this study, several sub-samples were 
collected from each sampling site for petro-
physical studies. Figure 86 provides a sum-
mary of the density–susceptibility variations 
of the sample groups Sa 1–3 and Sa 4–11 (the 
Kaarakkala samples Sb 1–16 are not included). 
In the diagram, the Palomäki samples 1–3 have 
a distinctly higher, ‘mafic’ density compared 

to all other groups, which have densities char-
acteristic of felsic intrusives. The susceptibility  
varies from ferri- to paramagnetic (above and 
below of ca. 1000 Si*106) in both groups. From 
the diagram, it can be seen that the sub-samples 
of each sampling site are very homogeneous. 
However, the variations between sample groups 
are large and distinct.

5.3 Geochemical characteristics of the samples

Figure 87 presents the classification of all sam-
ples in the diagram of Cox et al. (1979). The 
Palomäki (Sa 1–3) and Sb samples (1–16) from 
Kaarakkala are close to each other in the low-
SiO2 alkaline gabbroic fields. The other Sa sam-

ples (Sa 4–11) plot in the sub-alkaline granite 
field. 

In the diagram by de La Roche et al. (1980) 
and Batchelor & Bowden (1985) in Figure 88, 
samples Sa 1–3 and Sb 1–16 are monzonites and 
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Fig. 86. Density–susceptibility variations of the samples Sa 1–11. Measured in the petrophysical laboratory of 
GTK. Adopted from Ruotoistenmäki et al. (2001).

Fig. 87. Classification of the rocks in the diagram of Cox et al. (1979). See Figure 11 for details. The samples 
were analysed in the geochemical laboratory of GTK. See Table 2 for details. Adopted from Ruotoistenmäki et al. 
(2001).
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syeno-gabbros, some being in the ‘post-collison 
uplift’ field. Samples Sa 4–11 mainly cluster in 
the syn-collisional granodiorites and monzo- 
to syeno-granites. However, it is evident from 
tectonic and isotopic consideration above that 

Sa samples 4–11 also are late to post-collisional. 
Their geochemical characteristics were possibly 
contaminated during their ascent through the 
Archaean crust, which is evident from their iso-
topic and chemical compositions. 

5.4 Pearce–Peate spectra of the samples 

In Figure 89, the Pearce–Peate spectra of the 
Iisalmi–Lapinlahti area samples are compared 
with Finnish AFP-normalized ‘100% adakitic’ 
plutonic rocks. From the diagrams, it is evident 
that the mafic samples from Palomäki (Sa 1–3) 
and Kaarakkala (Sb 1–16) correlate significantly 
with the Finnish adakitic plutonic rocks. Their 
Sr, Eu, LREE/HREE ratio and compatible levels 
are as high as those of the adakitoids. In par-
ticular, the Kaarakkala samples are distinctly 
‘adakitic’, or even ‘sanukitoid’ due to the high 
values of compatibles. However, the spectrum of 
granitic–quartz-dioritic samples Sa 4–11 is flat 
and does not show any adakitic characteristics. 

The above conclusions are also verified in Table 
15, in which the chemistry of Iisalmi–Lapinlahti 
area samples is compared with adakite para-
meters defined by Defant & Drummond (1990) 
and Thorkelson & Breitsprecher (2005). From 
the table, it can be seen that except for the SiO2 
content, samples Sa 1–3 and Sb 1–16 fulfil the 
adakitic criteria. Their low SiO2 content indi-
cates that they are similar to the adakitic high-
Al (high-Sr) samples in the Padasjoki–Kaipola 
area described above in section 4. Note in par-
ticular the very high Sr content compared to the 
Padasjoki–Kaipola samples in Table 12.

 

Fig. 88. Classification of the rocks in the R1-R2 diagram (de la Roche et al. 1980). See Figure 9 for details. Adopted 
from Ruotoistenmäki et al. (2001).
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Table 15. Comparison of the chemistry of Iisalmi–Lapinlahti area samples with adakite parameters defined by 
Defant & Drummond (1990) and Thorkelson & Breitsprecher (2005).

 
SiO2 
[%]

Al2O3  
[%]

Na2O 
[%]

Sr  
[ppm]

Y 
[ppm]

Yb 
[ppm] Sr/Y La/Yb

Sa 1–3 (Palomäki) 52.83 18.10 4.57 1703.67 16.83 1.28 101.21 61.43
Sb 1–16 (Kaarakkala) 48.28 18.94 4.03 2195.81 14.58 1.09 150.56 46.33
Sa 4–11 (Granites) 72.71 14.10 4.14 295.88 11.85 0.95 24.96 28.48
Adakite >56 >15 >3.5 >400 <18 <1.9 >40 >20

Fig. 89. Pearce–Peate spectra of samples from the Iisalmi–Lapinlahti area. The red lines indicate the course of 
Finnish AFP-normalized ‘100% adakitic’ plutonic rocks (178 samples: left vertical axis). (a) Sample groups Sa 
1–3 (Palomäki) and Sa 4–11 (granitic samples; bars, right vertical axis). (b) Sample group Sb 1–16 (Kaarakkala) 
bars, right vertical axis). Locations of REE are emphasized by horizontal grey bars above the x-axis.
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5.5 Isotopic studies on the samples (by Irmeli Mänttäri, in Ruotoistenmäki et al. 2001)

The U-Pb isotopic analysis of samples, sam-
pling of zircons and extraction of U and Pb for 
conventional isotopic age determination mainly 
followed the procedure by Krogh (1973). Zircon 
fractions were ≤0.65 mg in weight and the total 
procedural blank was ≤50 pg. 235U-208Pb-spiked 
and non-spiked isotopic ratios were measured 
using a VG Sector 54 thermal ionization mul-
ticollector mass spectrometer. The measured 
lead and uranium isotopic ratios were normal-
ized according to accepted ratios of SRM 981 and 
U500 standards. The U–Pb age calculations were 
performed using the PbDat program (Ludwig 
1991) and the fitting of the discordia lines us-
ing the Isoplot/Ex program (Ludwig 1998). For 
detailed isotopic data, see also Ruotoistenmäki 
et al. (2001). 

Sb group: Sample from Ahvenlampi, Kaarakkala 
intrusion

The zircons from these samples are mainly long 
prismatic, brownish and dull. They contain in-
clusions of an unknown dark mineral. Brown 

and more rounded zircons most probably repre-
sent inherited material. Six analysed zircon frac-
tions plot on a discordia line with intercept ages 
of 1864 ± 8 Ma and 76 ± 330 Ma (MSWD = 5.3; 
n = 6) (Fig. 90). The slightly high MSWD value 
indicates minor heterogeneity in zircon material 
and is mainly caused by zircon fractions F and B, 
which plot slightly on the older side of the other 
four data points. However, the 207Pb/206Pb ages 
of 1863 ± 1 and 1864 ± 1 Ma from the two nearly 
concordant fractions E and A independently de-
termine the emplacement age of the Ahvenlampi 
diorite.

Sa sample 3, Palomäki quartz diorite

Zircons from the Palomäki quartz diorite show 
extreme homogeneity. These morphologically 
typical magmatic zircons have long prisms and 
are translucent to transparent and light brown 
in colour. Four analysed zircon fractions plot 
well on the same discordia line (Fig. 91). The up-
per intercept age of 1861 ± 1 Ma determines the 
age for the Palomäki quartz diorite.

Fig. 90. U–Pb age data for Sb group samples from Ahvenlampi, Kaarakkala intrusion (diagram by Irmeli Mänt-
täri in Ruotoistenmäki et al. 2001). 
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Sa sample 4 Palosvuori, granite–granodiorite

In the Palosvuori sample, the amount of the zir-
con was quite small and the zircon grains were 
quite heterogeneous. However, some zircons 
contain dark mineral inclusions. Among the 
clearly magmatic type, there are brown and dull 
zircon grains and fragments with varying mor-
phologies. 

Four of the five analysed zircon fractions plot 
on the same line. The most discordant analysis 

point D plots on the older side of this discordia 
(Fig. 92). These highly discordant data points are 
normally not very reliable and can be rejected 
from the calculations. Although the slightly high 
MSWD value of 5.1 indicates some heterogeneity 
in the sample material, the upper intercept age 
of 1879 ± 11 Ma gives a good age estimate for the 
Palosvuori granite–granodiorite intrusion. This 
age, with the 207Pb/206Pb ages of 1874 and 1875 
Ma for the most concordant data points (A and 
E), indicates that the Palosvuori granite–grano-

Fig. 91. U–Pb age data for Sa sample 3, Palomäki quartz diorite (diagram by Irmeli Mänttäri in Ruotoistenmäki 
et al. 2001).

Fig. 92. U–Pb age data for Sa sample 4, Palosvuori quartz diorite (diagram by Irmeli Mänttäri in Ruotoistenmäki 
et al. 2001).
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diorite belongs into the 1.88 Ga age group and 
not into the 1.86 Ga group represented by the 
Palomäki quartz diorite and Kaarakkala intru-
sion. 

Sample Sa 11, Kiikkerinvuori granite

This sample yielded a very small amount of pris-
matic, brownish, dull zircon. Among these, there 
are also some irregularly shaped zircon grains. 
The five analysed zircon fractions were quite 
heterogeneous, as the MSWD value for the five-
point discordia line would be as high as 28 (Fig. 
93). A rough age approximation can be obtained 
using the discordia line from four data points. 
However, to reject data point C, an assumption 
that it contains clearly older zircon material is 
needed. Then, the discordia line plotted through 
data points A, B, D, and E gives an upper inter-
cept age of 1851 ± 20 Ma with the MSWD value of 
8.2. The high age error and MSWD value suggest 

that additional analysis should be conducted to 
ascertain whether Kiikkerinvuori granite be-
longs to either the syn-collisional ca. 1.88 Ga age 
group or the younger, ca. 1.86 Ga group.

Nd isotopes

Hannu Huhma (Geological Survey of Finland, 
unpublished report) has analysed the Nd iso-
tope compositions of samples Sa 3 (Palomäki), 
Sa 4 (Palosvuori) and Sa 11 (Kiikkerinvuori) and 
calculated their εNd values and model ages. The 
analytical procedures are described in Huh-
ma (1986). The initial εNd(T = 1900 Ma) val-
ues of the samples suggest that the Archaean 
crustal component is highest in Kiikkerinvuori  
(εNd -6.5), decreasing to Palosvuori (εNd -3.4) 
and Palomäki, (εNd -2.2). For Kaarakkala, Huh-
ma (2000, oral communication) reports an εNd 
value of -4.5, indicative of an Archaean compo-
nent in the samples.

Fig. 93. U–Pb age data for Sa sample 11, Kiikkerinvuori granite (diagram by Irmeli Mänttäri in Ruotoistenmäki 
et al. 2001).

5.6 Discussion and implications of tectonic evolution

In the Iisalmi–Lapinlahti area, the sample ages 
of Proterozoic intrusives cross-cutting Archaean 
bedrock vary from syn- to late-/post-collision-
al, around ca. 1880–1860 Ma. Their elemental 

and Nd isotopic compositions indicate that they 
have varied sources of origin. 

The Pearce–Peate spectra (Fig. 89) of granitic 
samples from Palosvuori (Sa 4; 1879 ± 11 Ma) and 
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Kiikkerinvuori (Sa 11; 1851 ± 20 Ma?) are flat and 
they are less enriched in incompatibles, LREE, 
Eu and Sr. Their zircons are heterogeneous and 
their εNd values are strongly negative, refer-
ring to strong Archaean crustal contamination. 
Therefore, it is interpreted that the majority of 
Sa 4–11 rocks are derivatives from (re-) melting 
of the Archaean middle/upper crust with possi-
bly a minor juvenile Proterozoic component.

In contrast, the younger Palomäki (Sa 1–3; 
1861 ± 1 Ma) and Kaarakkala (Sb 1–16; 1864 ± 8 
Ma) mafic samples have adakitic/sanukitic 
characteristics, being enriched in Sr, Eu, LREE 
and incompatible elements. The zircons from 
the Palomäki quartz diorite are homogeneous 
and the εNd value measured from the Palomäki 
is highest (εNd -2.2), referring to the smallest 
component of Archaean crustal contamination. 
From this, it can be concluded that they have a 
significant juvenile component, possibly from 
upper mantle below the Archaean crust. The zir-
cons from Kaarakkala are more heterogeneous, 
probably containing inherited material. Moreo-
ver, their εNd(T = 1900 Ma) value (-4.5) refers 
to a higher Archaean component in the samples. 

It is interesting to note that the Palomäki 
and Kaarakkala samples have similarities with 
the ca. 800 ma older, most mafic, sanukitic ca. 
2693 ± 3 Ma (εNd (T = 2700 Ma) ≈ +1.1) tonalite 
sample 93003031 from the same Iisalmi sub-ar-
ea considered in section 3 above. I noted: “…The 
sanukitic REE-enriched, but most mafic, south-
ern Iisalmi sample probably represents poorly 
fractionated melts from enriched mantle, thus 
closely approximating the definition by Halla et 
al. (2009), who connected high-Ba-Sr sanuki-
toids to melting of an enriched mantle source, 
attributed to slab breakoff following a continen-
tal collision or attempted subduction of a thick 
oceanic plateau or TTG protocontinent…”

The observed features of rocks from the Iisal-
mi–Lapinlahti area can be explained by a sche-
matic model shown in Figure 94 adopted from 
Ruotoistenmäki (1996), which depicts the col-
lision of Proterozoic Svecofennian crust against 
the Archaean craton. In the collision process, at 
ca. 1.9 Ga, the Proterozoic Ladoga–Bothnian Bay 
zone (LBZ), having oceanic island arc character-
istics, was thrusted against and below the Ar-
chaean (Iisalmi, IC) sub-area. It must be noted 
that because of the lack of large-scale collision-

related volcanism and plutonism, the process 
was more like local-scale ‘underthrusting’ than 
regional-scale ‘subduction’ (see also Fig. 67 and 
Lahtinen et al. 2005).

The felsic samples Sa 4–11, containing a high 
Archaean crustal component, are attributed here 
to middle/lower crustal-related melts having a 
plagioclase component in restites, as suggest-
ed by the low Sr and Eu and high incompatible  
element values. The ca. 1879 Ma Palosvuori 
(Sa 4) felsic magmatism, as well as the more  
heterogeneous Kiikkerinvuori granite (Sa 11), 
can be related to syn-/late-collisional mid-
crustal magmatism. 

The late to post-collisional adakitic mafic 
Palo mäki samples Sa 1–3 (1860 Ma) represent 
the most ‘pure’ slab (± mantle)-related melts 
with minor components from sedimentary 
wedge and minor, if any, Archaean crustal com-
ponents. 

The ca. 1863 Ma mafic Kaarakkala samples 
Sb 1–11 also represent late to post-collisional 
adakitoids/sanukitoids, but if they are slab melts 
they contain more ‘impurities’ from lower crust 
and mantle (± sedimentary?) wedges. 

This division of magmatism into pre- and 
syn-orogenic stages (ca. 1880 Ma and 1860 Ma) 
is similar to that considered by Väisänen et al. 
(2012), who discussed whether the so-called 
early Svecofennian plutonism should be subdi-
vided into at least two different magma genera-
tions: 1) an older pre-orogenic (i.e. syn-volcan-
ic) stage (ca. 1880–1890–... Ma) shown today as 
syn-volcanic magma chambers (plutonic rocks) 
and 2) a younger synorogenic one (ca. 1875–
1860). Their suggestion of two magma genera-
tions is supported by the ages given here.

It should be noted that the Proterozoic sam-
ples considered here are not included in the 
mainly Archaean Iisalmi sub-area samples con-
sidered above in Section 2.

In the collision and following extension/up-
lift processes, the Archaean Iisalmi–Lapinlahti 
crust was broken into blocks, some of which still 
contain well-preserved granulite facies mineral 
assemblages. The block margins are evident as 
fracture zones in the magnetic map in Figure 85 
above. The collision tectonics at the Archaean–
Proterozoic boundary have also been considered 
by Pietikäinen & Vaasjoki (1999), Nironen (1997) 
and Lahtinen et al. (2005), among others. The 
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thrust model is also supported by reflectors in 
the reflection seismic FIRE profile presented in 
Figure 95 (Kukkonen & Lahtinen 2006); see also 
Fig. 67. 

The area is characterized by local-scale gran-
ulitic blocks indicating ca. 15–20–38 km uplift 
due to erosion and extensional tectonics follow-
ing the Svecofennian collision (e.g. Kontinen et 
al. 1992, Hölttä & Paavola 2000, Korsman et al. 
1999). These processes and the relatively local-
scale underthrusting may explain the lack/re-
moval of island arc (adakitic) supracrustal vol-
canic rocks in the area. When considering the 

magnetic map in Figure 85 in more detail, it can 
be noted that there are even more roundish, rel-
atively ‘flat’ low-amplitude anomalies that can 
be related to the intrusives considered above. 
This also indicates that Proterozoic magmatism 
has been active in this Archaean sub-area. 

The increased mafic magma content in lower 
crust (underplating) raised the average density 
of the LBZ–IC zone in the area, making it pos-
sible to sustain the isostatic balance and a very 
thick crust, close to 60 km, as noted in section 
3 and demonstrated in the seismic sections in 
Figure 95 and Figure 67.

Fig. 94. A schematic model of the collision of Svecofennian crust against and under the Archaean craton and of 
the interconnected magmatic processes. Adopted and modified from Ruotoistenmäki (1996). LBZ = Proterozoic 
Ladoga–Bothnian Bay zone (~ marine + island arc association), IC = Archaean Iisalmi sub-area containing the 
Iisalmi–Lapinlahti area, E = present-day erosion level.
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Fig. 95. Reflection seismic profile FIRE (Kukkonen & Lahtinen 2006) across the Proterozoic–Archaean border. 
The red arrows depict a strong reflector dipping NE below the Iisalmi–Lapinlahti area, interpreted here as a 
thrust fault. The blue arrows depict the borders of an uplifted block in the Iisalmi–Lapinlahti area. The dashed 
lines refer to some inferred reflection surfaces. The vertical dashed line shows the location of the Proterozoic–
Archaean border (between LBZ and IC); see also the longer section of the profile in Figure 67 and its location in 
Figure 50.

 6 SUMMARY: CHARACTERISTICS, SOURCES AND EVOLUTION OF  
FINNISH ADAKITOIDS

In this study, I have considered the chemistry, 
petrophysics, geophysics and isotopic data of 
Finnish adakitic plutonic rocks from a regional 
scale, covering the whole of Finland, to more 
local lithological and tectonic sub-areas and 
down to the sample scale. The samples cover 
both Archaean and Proterozoic domains in Fin-
land with variable sampling density. Plutonic 
rocks are assumed to correspond more closely to 
(present) upper crustal compositions compared 

to supracrustal volcanic rocks, which may have 
been more susceptible to alteration processes 
and erosion. The most striking features of the 
adakitic plutonic rocks in Finland are their great 
number and wide areal distribution. Only some 
supracrustal sub-areas lack adakitic plutonic 
rock samples. The relative number of Archaean 
area adakitic samples is more than twice that of 
Proterozoic areas. 

6.1 Petrophysical characteristics of Finnish adakitoids

When allowing wider SiO2 variation (‘75%’ 
adakitoids), the rock types of adakitoids vary 
from granodiorites to gabbros (Fig. 9 and Fig. 

10). The distributions of magnetic susceptibili-
ties of both Archaean and Proterozoic adakitoids 
are alike (Fig. 8), close to that of the average of 



136

Geological Survey of Finland
Tapio Ruotoistenmäki

all Finnish plutonic rocks. However, the density 
of Proterozoic adakitoids is clearly higher than 
that of Archaean adakitoids. The slightly higher 
paramagnetic susceptibilities and higher den-
sities of Proterozoic adakitoids refer to a more 

mafic average composition and higher content 
of Fe-rich mafic minerals, and thus evolution in 
a more oxygen poor or more reducing environ-
ment favouring iron-rich silicates before mag-
netite, as noted by Ruotoistenmäki (1992).

6.2 Chemical characteristics of Finnish Adakitoids

Pearce–Peate spectra

The incompatible–compatible diagram of Pearce 
& Peate (1995) normalized by the geometric 
means of all Finnish plutonic rocks (AFP;  Fig. 19 
to Fig. 22) has been an effective and informative 
tool in studying the chemical characteristics and 
variations of the samples. A significant fact in 
the spectra of adakitoids in Figure 19 (summa-
rized in Fig. 96) is that their average chemistry 
is very similar for both Proterozoic and Archaean 
suites, though their age difference can be up to 
1 Ga. In AFP-normalized spectra, they both have 
high LREE/HREE and compatibles/HREE ratios, 
with relative maxima at Ba, K, Sr, Na2O, Eu, Ti, 
Li, CaO, Al2O3, V, Mn, Fe, Co and Mg. In par-
ticular, the relatively high values of Eu and Sr 
in both adakitoids and gabbros indicate deeper, 
lower crustal or upper mantle sources for the 
primary melts of these rocks, i.e. depths greater 

than ca. 30–60 km, below the plagioclase stabil-
ity depths.

It is interesting to note in the spectra in Figure 
96 that although the LREE/HREE ratio is steeper 
for Archaean adakitoids (see also Fig. 18), the 
relative amplitudes of Eu and Sr, and also the 
compatibles/HREE ratio are clearly higher for 
Proterozoic adakitoids. These characteristics re-
fer to a more mafic, plagioclase-rich source for 
Proterozoic adakitoids: they are less fraction-
ated (gentler REE curve), but their Eu and Sr 
peaks are higher. Moreover, the map in Figure 
32 indicates a high concentration of sanukitoids/
sanukitic rocks in Proterozoic sub-areas. The 
relative minima of Rb, Th and U in the AFP-nor-
malized adakitoid spectra in Figure 96 have been 
connected in section 1.4. with at least two-stage 
fractionation of adakitoids: 1) the removal of the 
fluid phase (with Rb, U and Th) and 2) magmatic 
fractionation.

Fig. 96. Comparison of the Pearce–Peate spectra of Proterozoic and Archaean adakitoids.
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The normalized Pearce–Peate diagram of Pro-
terozoic granites (Fig. 21) is characterized by flat 
REE, while Archaean granites have a steeper REE 
curve, reflecting stronger fractionation. Both 
granite groups also have relative Eu minima and 
higher Rb, Th and U, indicating shallower, mid- 
to upper crustal evolution/fractionation pro-
cesses at plagioclase stability depths. Compared 
to granites, the relatively high Eu and Sr peaks 
of adakitoids imply that they did not experience 
multistage uplift connected with notable ‘gran-
ite-like’ mid-crustal fractionation.

The exceptional HREE enrichment relative to 
LREE of rapakivi granite samples in the Pearce–
Peate diagram in Figure 22 refers to an evolu-
tionary history different from ‘normal’ granites 
and a deeper crustal primary source, possibly 
uplift and (partial) mid-crustal re-fractionation 
of primarily deep crustal restitic material. The 
distinct negative correlation between adaki-
toids and rapakivi samples refers to the oppo-
site type of primary upper mantle/lower crust 
processes, suggesting the need for further stud-
ies on the relationships between adakitic melts 
and primary rapakivi source material (restitic 
to adakitoids?). In addition, the LREE/HREE ra-
tios of gabbros in Figure 20 are also opposite to 

those for adakitoids, showing HREE enrichment 
relative to LREE and referring to a depleted, in-
compatible-poor mafic source for these rocks  
(enriched restite would be difficult to generate). 

 An estimate for the primary contents of the 
basaltic source of (Proterozoic) adakitoids can be 
obtained by studying the content of the adakit-
ic, most primitive, low-SiO2 high-Sr, high-Al 
magma series from the Proterozoic collision/ac-
cretion zone in the Padasjoki–Kaipola area, cen-
tral Finland (Fig. 76 to Fig. 77). At SiO2 ≈ 50%, 
the regression curve values for major elements 
are ca: K2O ≈ 1.8%, P2O5 ≈ 0.4%, Na2O ≈ 3%, TiO2 
≈ 1.1%, CaO ≈ 7.3%, Al2O3 ≈ 18%, MnO ≈ 0.15% 
and MgO ≈ 5.2%. In the Proterozoic collision 
zone in central Finland, the more mafic, high-
Al adakitic samples are relatively enriched in 
incompatibles compared to more felsic, low-Al, 
tholeitic samples. This demonstrates that they 
cannot be derivatives of each other or due to 
the same fractionation processes. The tholeitic 
‘low-Al’ samples are inferred to represent pre- 
to syn-collisional ‘marine associated’ samples, 
while adakitic ‘high-Al’ samples are related to 
deeper, late- to post-collisional subduction- 
derived magma fractionates.

6.3 Restites of adakitoids

The high LREE/HREE ratios of AFP-normalized 
adakitoids in Figure 19 and Figure 96 suggest 
fractionation and extraction of adakitic melt 
phase with ± garnet ± clinopyroxene ± orthopy-
roxene ± hornblende in the restite. The possible 
major mineralogy combinations of the restites 
left behind by adakitoid melts are estimated us-
ing ratios of trace elements whose partition co-
efficients are specific to pyroxenes, garnets or 
hornblende (section 1.5). These tests indicate 
that the main restitic minerals in the whole of 
Finland for adakitoids are clinopyroxene and, in 
southern–central Finland, also orthopyroxene 
(Fig. 24 and Fig. 25). In particular, in the Prote-
rozoic sub-areas, pyroxene-rich restites appear 
to dominate. However, amphibole and especially 
garnet-rich restites dominantly cluster in Ar-
chaean sub-areas, thus referring to higher pres-

sures and temperatures in their environment of 
fractionation.

In the P–T diagram in Figure 97, the garnet–
hornblende stability field, interpreted to exist in 
Archaean sub-areas, is characterized by pres-
sures from ca. 10 to 20 kbar (depths of ca. 40–80 
km) and temperatures from ca. 900–1000 °C. In 
the Proterozoic areas of southern Finland, where 
pyroxenes dominate, the restites, and amphi-
boles and garnet, are relatively absent and frac-
tionation pressures appear to have been from ca. 
5 kbar to ca. 10 kbar (ca. 30–50 km), with tem-
peratures being ca. 800–950 °C. Thus, it seems 
that Proterozoic adakitoids have been fraction-
ated at shallower depths and temperatures, 
where more plagioclase can exist together with 
pyroxenes in the restite, as also demonstrated by 
Herzberg (1995 and references therein).
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6.4 Origin and evolution of Finnish adakitoids

When considering the evolution of Proterozo-
ic adakitoids, it is interesting to note from the 
Pearce–Peate spectra of the southern Finland 
migmatite sub-area (SMB; Fig. 37) and Ladoga–
Bothnian Bay zone (LBZ; Fig. 41) that their main 
peaks for all-plutonic samples and adakitoids 
coincide strikingly well. This is also confirmed 
by their high mutual correlations in the corre-
lation matrix in Table 6. Characteristic of the 
SMB and LBZ sub-areas is a significant oceanic 
signature in bedrock, for example, black schists, 
marine volcanic rocks and mafic plutonic rocks. 
It is apparent that the high correlation of LBZ, 
SMB and adakitoids indicates a similar, although 
not simultaneous, marine plate-dominated ori-
gin. Thus, it appears that when subducting ma-
rine-type plates (SMB, LBZ), the main peaks of 
the element contents remain, but the relative 
content of incompatibles increases. 

In section 3, I consider eight Archaean adakitic 
plutonic rock samples selected from four major 
Archaean sub-areas, the Pudasjärvi, East Fin-
land, Iisalmi and Ilomantsi sub-areas, and com-
pare their chemistry with Proterozoic adakitoids. 
The Archaean sample ages in this section dis-
tribute within a wide, overlapping and continu-
ous range from ca. 2620 to 3000 Ma (Fig. 66), 
reflecting multistage magmatic and tectonic 
crustal processes in the evolution of Finnish Ar-
chaean crust. The magmatic/emplacement ages 
of the samples vary from ca. 2.69 Ga to ca. 2.98 
Ga, the majority (6 of 8) being tightly brack-
eted between ca. 2.75–2.69 Ga. The East Fin-
land group is the oldest, ca. 2770–3000 Ma. The 
northern Pudasjärvi sample, southern Iisalmi 
sample and southern Ilomantsi sample are char-
acterized by the most homogeneous (~ reliable) 
age distributions, with ages varying between ca. 

Fig. 97. A pressure–temperature (P–T) diagram simplified from Martin & Moyen (2002). Dashed line: solidus of 
tholeite with 5% water. The border lines A, G and P outline stability fields of amphiboles, garnet and plagioclase, 
respectively. The pale grey field is the P–T domain where slab melts can coexist with hornblende- and garnet-
bearing residue. The dots, indicating the stability locations of clinopyroxene (Cpx), orthopyroxene (Opx), garnet 
(Gt), amphibole (Afp) and plagioclase (Plg), have been adopted from diagrams by Obata & Thompson (1981). 



139

Adakitic plutonic rocks in the Finnish Precambrian: Evolution and areal, chemical, physical and age variations

2690–2740 Ma. The average of all U-Pb ages is 
ca. 2782 ± 102 Ma, approximating the East Fin-
land, Iisalmi and Ilomantsi sample ages.

The high εNd values of the samples from these 
sub-areas, varying from ca. -4.6 (one sample) 
to -1.5 and +2.1, refer to their juvenile, relatively 
‘uncontaminated’ source material. However, in 
each sub-area there are also samples character-
ized by old ages given by inherited zircons (Fig. 
66). Thus, it must be concluded that inherited, 
older assimilated crustal and/or recirculated 
sedimentary material is common in the source 
material of these adakitic Archaean rocks in Fin-
land. The overall chemistry of these Archaean 
sub-areas and Proterozoic adakitoids reported 
by Väisänen et al. (2012) differ significantly (Fig. 
53 and Fig. 54). 

The youngest Proterozoic, ca. 1.86 Ga intru-
sives cross-cutting the Archaean Iisalmi–Lapin-
lahti sub-area, described in section 5, are con-
nected with late- to post-collisional processes 
following the collision and thrusting of Protero-
zoic sub-areas against and under the Archaean 
crust, thus being close to ‘modern’ plate tectonic 
models. Most evident/probable adakitic samples 

related to Archaean plate-tectonic subduction 
are described from the Ilomantsi sub-area (sec-
tion 3), having island arc characteristics. How-
ever, in the Pudasjärvi, East Finland and Iisalmi 
sub-areas, the relationship with modern plate 
tectonics is more uncertain. The adakitic rocks 
in these sub-areas lack notable island arc/ma-
rine characteristics and their age span is much 
wider (up to 400 Ma) compared to Proterozoic 
Svecofennian rocks between ca. 1.8–1.9 Ga. Thus, 
their evolution is related here to more complex 
collision, stacking, underplating and re-melting 
of inferred, more or less ‘exotic’, fast moving 
(3.1–2.9–… Ga) ‘microplates’.

From the considerations in section 1.6, it  
becomes evident that adakitoids, TTGs and sa-
nukitoids form a continuity of magmas fraction-
ated at depths where plagioclase is more or less 
unstable. Their sources have inherited various 
amounts of material from subducting sea-floor, 
upper mantle (wedge), sedimentary wedge and 
lower crust. The chemical distinction between 
these rocks is more or less arbitrary (e.g. Fig. 30, 
Fig. 31 and Fig. 56).

6.5 Summary

In brief, the results of this study can be summa-
rized as follows:
1. The areal distribution of Finnish adakitic/

TTG/sanukitic plutonic rocks, which repre-
sent melts fractionated at lower crust/upper 
mantle depths, is very large, and their num-
ber is relatively high. Only some supracrustal 
sub-areas lack known adakitic plutonic rock 
samples.

2. A very effective tool for studying adakitoid 
chemistry is the incompatible–compatible 
diagram by Pearce & Peate (1995), combined 
with normalization by the geometric means 
of all Finnish plutonic rocks (AFP).

3. The characteristics of adakitoids are defin-
ed by comparing their Pearce–Peate spectra 
with those of (felsic) granite and (mafic) 
gabbro samples from the same database. The 
most distinctive features of adakitoids are 
their high Sr, Eu, and LREE/HREE and com-
patible element/HREE ratios. Their rock ty-
pes vary from granodiorites to tonalites and 
gabbroic rocks.

4. The Proterozoic adakitoids are denser than 
Archaean adakitoids, reflecting their more 
mafic composition. However, their magnetic 
properties are alike.

5. In Proterozoic sub-areas, the characteristics 
of average crustal plutonic rocks and adaki-
toids clearly differ with the exception of two 
‘marine’ sub-areas, whose spectral peaks 
coincide with those of adakitoids, although 
their trends (REE slopes) differ. 

6. In Archaean sub-areas, the average crustal 
plutonic rocks and adakitoids correlate sig-
nificantly, which refers to similar evolutio-
nary environments for both adakitoids and 
the crust as a whole.

7. Proterozoic adakitoids are here connected with 
‘modern type’ plate tectonic subduction-rela-
ted processes, while Archaean crust and ada-
kitoids (TTGs) are probably mainly connected 
with more complex collision and stacking 
processes of ancient local-scale ‘microp-
lates’. However, the Ilomantsi adakitoids  
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can be related to more ‘modern’ plate tecto-
nic-type processes.

8. Proterozoic sub-areas and the Archaean Ilo-
mantsi area are characterised by an increased 
sanukitic composition.

9. The major restite minerals of adakitic melts 
are clinopyroxene and orthopyroxene for 
both Proterozoic and Archaean adakitoids, 
while garnet and amphiboles also characteri-
ze the restites of Archaean adakitoids, reflec-
ting their higher P–T fractionation environ-
ment.

10. The rapakivi granites correlate strongly and 
negatively with adakitoids, thus giving indi-
cations of the characteristics of the comple-
mentary restitic material of the adakitoids. 
However, due to their complex uplift history, 
they cannot directly be considered as adaki-
toid restites.

11. Relatively mafic Proterozoic adakitoid mag-
ma series studied in a collision zone in cent-
ral Finland are characterized by a distinctly 
fractionated spectrum with a high content of 
incompatibles and relatively low values for 
compatibles compared with non-adakitic, 
more felsic tholeitic magma series. Thus, 
their magmatic evolutionary histories cannot 
be related.

12. Examples of low-SiO2 Proterozoic adakitoids 
also include the ca. 1.86 Ga post-/late-colli-
sional mafic intrusives cross-cutting the Ar-

chaean crust close to the Archaean–Protero-
zoic border. Their homogeneous zircons and 
relatively high εNd values imply low crustal 
contamination and underthrusting/subduc-
tion-related genesis

13. The isotopic ages from the Archaean adaki-
toid zircons considered here range from ca. 
2620 to 3000 Ma, with the magmatic ages 
bracketing more tightly between ca. 2690–
2740 Ma. The high content of older inherited 
and younger, overprinted zircons reflects 
their complex and multistage history. 

14. The potential of adakitoids for economic mi-
neralizations, e.g. Au, Cu, REE, needs to be 
considered. 

15. The adakitoids can all be classified as repre-
senting plagioclase instability depth melts. 
They form a continuity from ‘true’ subducti-
on-related adakites to TTGs and sanukitoids, 
their chemical and mineralogical differences 
being obscure. As such, they provide a very 
valuable and informative window into mag-
matic processes existing at upper mantle/
lower crustal depths. Moreover, the charac-
teristics of crust between their present-day 
location and source depth can be studied by 
analysing their contamination on their way 
up to the present surface. Thus, their pro-
found and comprehensive study will yield a 
large amount of valuable information on the 
evolution of our present-day crust.
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A.Adk Archaean adakitic plutonic rock samples
AFP All Finnish plutonic rocks (see Table 2)
CFG   Central Finland granitoid sub-area
EF   Eastern Finland sub-area
GTK Geological Survey of Finland
HREE Heavy rare earth elements
HSA High-silica adakites
IAB Island-arc basalts
IC   Iisalmi sub-area
IL   Ilomantsi sub-area
LBZ   Ladoga-Bothnian bay zone
LREE Light rare earth elements
MORB Mid-ocean ridge basalts
OIB Ocean island basalts
P.Adk Proterozoic adakitic plutonic rock samples
PDJ   Pudasjärvi sub-area 
RGDB Rock Geochemical Database of Finland
Rpk   rapakivi sub-areas in southern Finland
SMB   Southern Finland migmatite sub-area
TTG Tonalite–trondhjemite–granodiorite rock group
USM   Uusimaa sub-area
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