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Whole-rock geochemistry of some tonalite and high Mg/Fe
gabbro, diorite, and granodiorite plutons (sanukitoid suites) in
the Kuhmo district, eastern Finland

Asko KiryaHO
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Abstract
New whole-rock geochemical analyses (major and trace elements) of three tonalite plu-

tons and high Mg/Fe granodiorites and diorites, termed sanukitoid suites, are presented
from Neoarchaean Kuhmo district, eastern Finland. The 2.83 Ga and 2.78 Ga tonalites dis-
play only moderate fractionation of LREE/HREE thus demanding only minor or no residual
garnet in their respective source regions. However, the more prominent HREE depletion in
the 2.75 Ga tonalites requires more significant garnet residue. The relatively wide compo-
sitional variation in the tonalites implies that Archaean TTG (tonalite-trondhjemite-grano-
diorite) magmatism was derived in general from sources that exhibited considerable min-
eralogical heterogeneity. The ~2.70 — 2.74 Ga high-Mg/Fe granodiorites and diorites are
characterised by strong fractionation of LREE/HREE, relatively high Ba and Sr; and elevat-
ed abundances of Cr and Ni as well systematic depletions in P and Ti, which are all typical
features of Archaean sanukitoid suites. Some of the granodiorite plutons contain composi-
tionally intermediate high-K enclaves, which share these geochemical characteristics, imply-
ing a contribution of mafic-intermediate LILE- and LREE- enriched source for the magma.
The geochemical characteristics of the studied plutonic rocks demonstrate the role of con-
trasting sources for the tonalites and sanukitoid suites in the Kuhmo district.

Key words: plutonic rocks, tonalite, granodiorites, diorites, geochemistry, trace
elements, Neoarchaean, Kuhmo, Finland
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|. Introduction

Most of the bedrock of the Neoarchacan Kuhmo dis-  Kipyaho et al., 2006). Based on geochemical analy-

trict, in eastern Finland, belongs to a classical Archae-
an tonalite-trondhjemite-granodiorite (TTG) as-
sociation. During the last few decades the pluton-
ic rocks in the area have been the subject of various
geochemical, geochronological, and structural stud-
ies (e.g. Martin, 1989; Hypponen, 1983; Vaasjoki
et al.,, 1999; Luukkonen, 1992; Luukkonen, 2001;

sis of granitoid rocks from the Kuhmo district, Mar-
tin (1987) proposed a general mechanism for the for-
mation of TTG magmas, through melting of hydrat-
ed basaltic rocks (amphibolites) at pressures high
enough to stabilise garnet; retention of garnet in the
source region then accounts for some of the charac-

teristic geochemical properties of the TTG granitoid
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series. This petrogenetic model for Archacan TTGs is
also supported by experimental petrology (e.g. Rapp
& Watson, 1995), although the tectonic setting in
which such melting occurs, and its geodynamic sig-
nificance remain controversial; some researchers ad-
vocate partial melting of the subducted oceanic slab
(e.g. Martin, 1999; Foley et al., 2002), whereas others
favour partial melting of over-thickened crust under
eclogite facies conditions (e.g. Rapp et al., 2003).
Comparisons have often been made between the
genesis of TTGs and modern adakites (e.g. Martin,
1999). Adakites are rocks formed in a supra-subduc-
tion zone environment where the young and hot sub-
ducting oceanic slab melts, leaving a garnet and am-
phibole-bearing residue. However, during the ascent
of the magma, interaction with the overlying mantle
wedge is expected to produce elevated Mg/Fe, Ni, and
Cr abundances, which is seldom observed in Archae-
an TTGs (Smithies, 2000). However, enrichments in
these elements are typical of a distinct class of Archae-
an high Mg/Fe plutonic rocks suites, which have been
described from several Archacan cratons. High Mg/
Fe monzodiorites and trachyandesites from the Supe-
rior Province, Canada, were demonstrated to have a
mantle origin and were termed sanukitoids by Shirey
and Hanson (1984) (see also Stevenson et al., 1999).
The name sanukitoid is derived from sanukites (Tat-
sumi & Ishizaka, 1982), which refers to high-Mg an-
desites within a Miocene volcanic sequence in Japan.
The sanukitoid suite covers a compositional range
from diorite to granodiorites and is characterised by
high Mg-numbers [Mg* / (Mg** + Fe_)x100 = {43 —
62}, with Fe_ as Fe*; Stern & Hanson (1991)], en-
richments in LILE, elevated contents of PO, and Cr,
and fractionated rare earth element (REE) patterns,
albeit with no pronounced Eu anomalies (Shirey &
Hanson, 1984). The geochemical data presented by
Querré (1985) for the Arola granodiorite pluton
from the Kuhmo district (described as the Koivule-
hto granodiorite in Hyppdnen, 1983) demonstrat-
ed all of these characteristics. Querré (1985) attrib-
uted these features to parental magma interaction
with komatiites, whereas Moyen et al. (2001) pro-

posed that the Arola granodiorite may be considered

as a sanukitoid intrusion. Furthermore, Kipyaho et
al. (2000) reiterated the sanukitoid affinity of the plu-
ton.

In this paper, new whole-rock major and trace el-
ement geochemical data are presented for 59 samples
of plutonic rocks from the Kuhmo district. The pur-
pose of the study is to characterise the time-integrat-
ed evolution of the plutonism, to demonstrate con-
trasting sources of the TTGs and sanukitoid suites,
compare and contrast their compositions to modern
adakites and, finally, to discuss the petrogenetic im-

plications.

2. Geological background

The bedrock of the Kuhmo district has been previ-
ously mapped and described at regional scale (Hyp-
poénen, 1983; Luukkonen, 1988; Luukkonen, 2001),
as well as in numerous papers dealing with both
greenstone belt volcanism (e.g., Jahn et al., 1980;
Taipale, 1983; Querré 1985; Luukkonen 1988; Pa-
punen et al., 1998; Gruau et al., 1992; Halkoaho et
al., 2000) and granitoid rocks (e.g., Martin, 1985;
Martin et al., 1983a, b; Halliday et al., 1988; Mar-
tin, 1987; Martin, 1989; Luukkonen, 1985, Vaasjoki
et al., 1999). An overview of regional rock units and
proposed relationships is given by Sorjonen-Ward &
Luukkonen (2005)

The most distinct feature in the bedrock of the
Kuhmo district is the linear, over 200 km long, NS-
trending Tipasjirvi-Kuhmo-Suomussalmi greenstone
belt (Figs. 1 and 2), for which a volcanic island-arc
setting (Taipale 1983, 1988; Piirainen, 1988), and
continental rift origin (Martin et al., 1984; Luukko-
nen, 1992, 2001) have been proposed. The belt con-
sists of mafic, ultramafic and felsic metavolcanic rocks
as well as chemical and clastic metasedimentary rocks
(Piirainen, 1988; Luukkonen, 1988). Conventional
U-Pb zircon ages of felsic volcanic rocks vary from ca
2.95 Ga to 2.79 Ga (Hypponen, 1983; Luukkonen et
al., 2002; Vaasjoki et al. 1999).

Granitoid rocks, which include discrete plu-
tons, as well as somewhat gneissose bodies and com-

plex migmatites, surround the Tipasjirvi-Kuhmo-
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[T Plagioclase porphyric tonalites
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Fig. |. Generalised bedrock map of the Kuhmo district showing the sampling locations. The map is modified after

Korsman et al. (1997).

Suomussalmi greenstone belt (Fig. 1). The western
side of the greenstone belt is characterised by meta-
texitic and diatexitic migmatites with mainly biotite-
plagioclase gneiss mesosomes and leucotonalite-gran-
odiorite leucosomes, leucocratic granodiorites and
granites. In contrast, migmatites with mafic meso-
somes and gneissic tonalite plutons are dominant to
the east of the greenstone belt. A conventional mul-
tigrain U-Pb zircon age of 2843 + 18 Ma from a ma-
fic migmatite mesosome at Lylyvaara (Luukkonen,
1985) and 2830 + 2 Ma for the unmigmatised but
gneissic Haasiavaara tonalite (Vaasjoki et al., 1999;
Horneman, 1990) represent the oldest reported plu-
tonic activity in the district. Subsequently, tonalitic
crust was generated at 2.78 Ga and 2.75 Ga (Vaas-
joki et al., 1999; Kipyaho et al., 2006). The ages of

porphyritic granodiorite from Arola and a quartz di-
orite/granodiorite dike of sanukitoid affinity cross-
cutting the greenstone belt have U-Pb zircon ages of
2734 + 2 Ma and 2739 + 7 Ma, respectively (Hyp-
ponen, 1983). The ages of the late leucogranites and
leucocratic granodiorites in the Kuhmo district and
adjacent areas vary between 2.70 Ga and 2.68 Ga,
and most of them appear to represent recycled pre-
existing crust (Luukkonen, 1988; Lauri et al., 2006;
Kipyaho et al., 2006). The first plutonic episodes af-
ter the Archaean cratonisation were rift-related ano-
rogenic magmatism at 2435 + 12 Ma (Luukkonen,
1988) followed by several Palacoproterozoic dolerite
dyke swarms and mafic layered intrusions (Huhma et

al., 1990; Vuollo, 1994).
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Fig. 2. Detailed map showing Viitavaara and Arola
granodiorite intrusions. Map is modified after Kors-
man et al. (1997).

3. Sampling, field relations and previ-
ous studies

The tonalites and high Mg/Fe granitoid rocks (sanuki-
toid suite) of this study are separated into seven plu-
tons based on their field relations and geochemical
and U-Pb age data. A summary of the main petro-
graphical features and ages is presented in Table 1.
The tonalites comprise the Haasiavaara tonalite, the
Viitavaara tonalite, and the Purnu tonalite. The Haa-
siavaara tonalite is described and geochemically char-
acterised by Horneman (1990). The gneissic Purnu
tonalite was studied by Martin (1987), who referred

to this gneissic rock type as the “Kuusamonkyli grey
gneisses”.

Rocks belonging to the sanukitoid suites are sam-
pled from four separate plutons; Arola granodior-
ite, Siikalahti granodiorite, Loso diorite, and Kaar-
tojirvet gabbro (Figs. 1 and 2). Detailed description,
major element and some trace element geochemis-
try for the Arola granodiorite is presented by Quer-
1é (1985) and the Kaartojirvet gabbro is described by
Luukkonen (1988). The Loso pluton was mapped by
Kontinen & Meriliinen (2004) and dated by A. Kon-

tinen (pers. comm., 2006).

4. Analytical methods

Whole-rock samples (1 — 4 kg) were crushed using a
manganese-steel jaw crusher and were pulverised in a
carbon steel bowl. The major elements (Si, Ti, Al Fe,
Mn, Mg, Ca, Na, K, and P) and some of the trace el-
ements (Ba, Sr, S, Cl, Cr, Ni, Cu, Zn, Ga, As, Mo, Sn,
Sb, Pb, and Bi) were determined by the X-ray fluores-
cence (XRF) method on pressed powder pellets. Oth-
er trace elements (Ce, Dy, Er, Eu, Gd, Ho, La, Lu,
Nd, Pr, Sm, Tb, Tm, Yb, Sc, Y, U, Th, Co, Hf, Nb,
Rb, Ta, V, and Zr) were analysed using an inductively
coupled plasma mass spectrometer (ICP-MS). Total
C was determined in some samples by using Leco™
C-analyser. The analyses were performed in the geo-
chemical laboratory of the Geological Survey of Fin-
land at Espoo, except for the Loso pluton, which was
analysed by Rautaruukki Steel Oy by XRF on pressed
pellets and REE was determined by INAA at VI'T in
Espoo. Results are given in Table 2.

5. Whole rock geochemistry

5. 1. Tonalites
5.1.1. Haasiavaara tonalite

The samples of the Haasiavaara tonalite have SiO,
contents from 65.6 to 69.9 wt. % and rather high
contents of CaO (Fig. 3). All the samples are metalu-
minous (Table 2). Mg# varies from 38.5 to 46.8 and
the REE patterns are moderately fractionated; (La/
Yb),, varies between 9.9 and 12.6 and minor negative
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Eu anomalies are present (Fig. 4a). The mantle-nor-
malised spider diagrams exhibit gently sloping curves

with negative Ta, Nb, B, and Ti anomalies (Fig. 5a).

5.1.2.Viitavaara tonalite

Viitavaara tonalite comprises two types, which are
here termed type I and type II (Fig. 2; Table 2). The
SiO, contents of the type I and II Viitavaara tonalites
vary from 58.3 to 65.4 wt. % and from 57.3 to 69.3
wt. %, respectively (Table 2; Fig. 3). All the samples
are metaluminous. The Mg# is < 48.4 and the sam-
ples are generally rich in Fe. In the type II samples,
REE levels are higher and negative Eu anomalies are

more pronounced than in the type I samples (Fig.
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4b). The REE patterns are invariably weakly fraction-
ated; (La/Yb)  varies from 6.1 to 17.4. The gently de-
scending trends on spider diagrams display negative
Ta, Nb, B and Ti anomalies, and two samples show

negative Th and U anomalies (Fig. 5b).

5.1.3. Purnu tonalite

The SiO, content of Purnu tonalite samples varies
from 67.1 to 71.1 wt. % (Fig. 3). Samples are peralu-
minous or metaluminous, the Mg# varies from 38.0
to 50.1, and the REE patterns are more depleted in
HREE compared to the Viitavaara and Haasiavaara
tonalites (Fig. 4c). The (La/Yb), varies from 18.8. to

73.9. The mantle-normalised spider diagrams show
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negative Ba, U, Ta, Nb, B, and Ti anomalies and a
positive Th anomaly (Fig. 5¢).

5.2. High Mg/Fe rocks (sanukitoid suites)

High Mg/Fe rocks show approximately linear trends
on the TiO,, P,O,, and MgO vs. SiO, diagrams (Fig.
3). The SiO, content varies from 53.7 to 67.4 wt. %
in the Loso pluton, whereas the Arola and Siikalah-
ti plutons are more felsic. The Mg# varies from 45.3
to 56.3 in the Arola granodiorite, from 44.3 to 62.2
in the Loso diorite, and from 46.3 to 54.7 in the Si-
ikalahti granodiorite. All these high Mg/Fe rocks have
generally higher contents of Cr and Ni than the to-
nalites of the same area (Fig. 3). In addition, these
rocks are enriched in Ba and Sr and weakly enriched
in light rare earth elements (LREE) (Fig. 4d, ¢). In
the mantle-normalised spider diagrams the majority
of the samples show positive Ba, Sr, and Nd anom-
alies and negative Ta, Nb, B, and Ti anomalies (Fig.
5d, e, f). Both negative and positive U anomalies are
present.

Two fine-grained dark-coloured enclaves of the
high Mg/Fe granodiorites were analysed: AAK-02-
53B from the Arola granodiorite and AAK-02-177B
from the Siikalahti granodiorite. According to total
alkali silica (TAS) classification (after LeMaitre et al.,
2002) these samples correspond to latite and shos-
honite in composition, respectively. Their REE pat-
terns are similar to high Mg/Fe rocks and samples are
enriched in Ba, St, Ni, and Cr, as well (Fig. 4d, ¢; Ta-
ble 2).

6. Petrogenetic constraints

6.1. Garnet and/or plagioclase residue?

Fractionation of the LREE from the heavy rare earth
clements (HREE) may be a consequence of preferen-
tial retention of the latter in pyroxene, olivine, or gar-
net. However, of these minerals, only garnet is able to
produce significant fractionation between these ele-
ments (e.g., Rollinson, 1993). The HREE and Y are
strongly partitioned into garnet during partial melt-

ing and therefore the melt is depleted in these ele-

ments if garnet remains in the residue. Negative Eu
anomalies in REE patterns are predominantly due
to feldspar fractionation and similarly, the Sr budg-
et is largely controlled by plagioclase (e.g., Rollinson,
1993). Therefore, the Sr/Y vs Y. and (La/Yb) vs. Yb
-digrams (Fig. 6a, b) are commonly used for demon-
strating the influence of residual garnet and plagiocla-
se during partial melting (e.g. Drummond & Defant,
1990; Defant & Drummond, 1990; Martin, 1999).
Accordingly, in the following chapters the petroge-
netic constraints on the Kuhmo tonalites and sanuki-

toid suites are evaluated using these diagrams.

6.1.1. Haasiavaara tonalite

The Haasiavara samples display generally low Sr/Y
and (La/Yb) associated with moderate Y and Yb
contents (Fig. 6). This indicates that garnet was not
a significant equilibrium phase in the source dur-
ing partial melting. Some samples show negative Eu
anomalies, indicating that plagioclase fractionation
could have occurred or that plagioclase has remained

in the residue.

6.1.2 Viitavaara tonalite

Some of the Viitavaara samples have moderate Y and
Yb contents, and show linear behaviour in the St/
Y vs. Y and (La/Yb) vs. Yb —digrams (Fig. 6a, b).
This feature could be related to variable amounts of
partial melting or, more probably, fractional crystal-
lisation of plagioclase, which is also suggested by the
negative Eu anomalies. Samples generally show low
St/Y and (La/Yb), which may be attributed to low
abundance of garnet in the residue.

The St/Y vs. Y behavior of type II tonalite is rath-
er similar to that in the low-Al TTD (tonalite-trond-
hjemite-dacite) group reported by Drummond et al.
(1996). They concluded that the high Y associated
with low Sr/Y is a consequence of plagioclase and py-
roxene extraction during partial melting and/or dif-
ferentiation at low pressures. This suggests that the
source for the Viitavaara tonalite could have been at

a shallow crustal level, above the stability regime of
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Haasiavaara tonalite
(2.83 Ga)

Purnu tonalite

Sample / C1 chondrite

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

@,
AAK-02-177B

—o— Loso diorite (2.71 Ga) ™\
| —e— Kaartojarvet gabbro (2.72 Gz

—o— Siikalahti granodiorite (2.68 Ga?]

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Viitavaara tonalite

N Arola granodiorite
' (2.73 Ga)

b Enclave /

AAK-02-57B

)

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 4. Cl chondrite-normalised REE patterns for a) Haasiavaara tonalite, b) Viitavaara tonalite (types | and Il), c) Pur-
nu tonalite, d) Arola granodiorite, e) Loso diorite, Siikalahti granodiorite, and Kaartojarvet gabbro. Cl chondrite-

normalising values after Sun & McDonough (1989).

garnet. Negative Eu anomalies suggests either resid-
ual retention or fractionation of plagioclase, which is
also consistent with the low Al and Sr observed in the

Viitavaara samples.

6.1.3. Purnu tonalite

The Purnu tonalites exhibit more depleted HREE
and Y (Fig. 7a, b) than the Haasiavaara and Viitavaara
tonalites. As modelled by Martin (1987), similar de-

pletion of HREE could be achieved by partial melt-
ing of tholeiitic amphibolite leaving 25 % garnet res-
idue. The Purnu rtonalites have higher ALLO,/(CaO
+ K O + Na,O) than the Viitavaara and Haasiavaara
suites and the average REE pattern of the Purnu to-
nalite overlaps with the high-Al TTD trend (Fig. 7a)
reported in Drummond et al. (1996). These high-Al
TTDs were attributed to partial melting of a basal-
tic source leaving garnet, clinopyroxene, and amphi-

bolite residue.
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Fig. 5. Primordial mantle-normalised values for a) Haasiavaara tonalite, b) Viitavaara tonalite, c) Purnu tonalite, d)
Arola granodiorite, €) Loso diorite, and f) Siikalahti granodiorite. The term d.l. denotes the detection limit. Primi-

tive mantle values are after Sun & McDonough (1989).

6.1.4. High Mg/Fe rocks (sanukitoid suites)

Sanukitoid suites and the two mafic enclaves from
the Kuhmo district show weak negative Eu anomalies
(Figs. 4 d,e). As concluded earlier, this feature is most
probably related to plagioclase fractionation or reten-
tion in the source region. Sanukitoid suites from the
Kuhmo district are also more enriched in LREE than
the tonalites and have St/Y vs. Y and (La/Yb)  vs. Yb
—distributions comparable with modern adakites and
other Archaean sanukitoids, based on data reported
in the literature (Fig. 6) (see Rapp et al., 2003 and

references therein).

7. Discussion

7.1.Variable sources of TTGs of the Kuhmo
district

Debate concerning the origin of Archaean TTGs has
focussed mainly on whether garnet amphibolites or,

alternatively, hornblende eclogites could account for

the observed geochemical characteristics (e.g. Mar-
tin, 1999; Foley et. al., 2002; Rapp et al., 2003). Al-
though most Archaean TTGs are depleted in HREE,
which is consistent with partial melting of either of
those sources, there are also some Archaean tonalites
that do not require either garnet amphibolite nor ec-
logite residue. As shown in Figures 4b and 6a the type
11 Viitavaara tonalite samples lack significant LREE/
HREE fractionation and therefore do not necessari-
ly demand a complementary garnet-bearing residue.
In fact, some of the Viitavaara tonalites have Sr/Y vs.
Y and (La/Yb) vs. Yb —distributions similar to mid
ocean ridge basalts (MORB) (Fig. 6). Furthermore,
low-Al (high-Yb) TTDs presented in Drummond
et al. (1996) share similar geochemical characteris-
tics, but are slightly richer in HREE (Fig. 7). Similar
weakly fractionated REE patterns for Archaean tonal-
ites have previously been documented from the Supe-
rior Province in Canada (e.g., Feng & Kerrich, 1992,
Whalen et al., 2004).
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Fig. 6. a) Sr/Y vs.Y (ppm) and b) (La/Yb) vs.Yb diagrams illustrating the influence of garnet and plagioclase resi-
due in the plutonic suites from the Kuhmo district. Solid line denotes partial melts of the tholeiitic source (circled
x) after Martin (1987). Numbers in italics show the amount of partial melts. The fields for adakites and sanukitoids
are re-drawn after Rapp et al. (2003). MORB-field combines the E-MORB and N-MORB after Sun & McDonough
(1989). Symbols are like in Fig. 3.
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Fig 7. CI chondrite-normalised REE patterns for a) showing the average REE patterns of High-Al TTD and Low-Al
TTD suites after Drummond et al. (1996) and b) average REE behaviour of adakites after (Martin, 2005), compared
to tonalites from the Kuhmo district. C| chondrite normalising values after Sun & McDonough (1989).

If the REE patterns of the Viitavara tonalite (type
II) are compared to REE patterns of low SiO, adak-
ites and high SiO, adakites (after Martin et al., 2005),
it appears that LREE/HREE fractionation in both
these types of adakites is stronger than in the samples
of Viitavaara tonalite (Fig. 7b). In addition, Figure 6a
further indicates that Sr/Y vs. Y -distributions in most
samples of the Viitavaara tonalite are not consistent
with adakites (see also Fig. 3). The trace element be-
haviour of the Purnu tonalite, nevertheless, corre-
sponds rather well with the modern adakites (Figs.
6 and 7) (cf. Drummond et al., 1996). It thus seems
obvious that both garnet bearing and non-garnet am-
phibolitic residues may be acceptable sources for dif-
ferent tonalite plutons in the Kuhmo district, a fea-
ture which is also seen in the other Archaean cratons
(e.g., Condie, 2003; Whalen et al., 2004).

7.2. Sources of the Kuhmo sanukitoid suites
and comparison to TTGs

In general, sanukitoid suites are enriched in large ion
lithophile elements (LILE), LREE, Cr, and Ni with
respect to tonalites. In addition, on spider diagrams

normalised against primitive mantle, the sanukitoid

suites show deeper negative Nb-Ta, B, and Ti anom-
alies than TTGs (Fig. 5). On the basis of the Harker
diagrams and trace element distributions, it seems un-
likely that simple fractional crystallisation of a com-
mon parental magma could account for the differ-
ences between sanukitoid and tonalite suites, because
the elevated Mg#, Ni, and Cr contents of sanuki-
toid suites clearly call for a more mafic source. Quer-
ré (1985) considered that in the case of the Arola
granodiorite, these characteristics could be a result of
komatiite contamination of the parental TTG mag-
mas. This model, however, cannot easily explain the
elevated LREE and LILE. Instead, a mafic/interme-
diate source component enriched in LILE, HREE,
Cr and Ni in the Arola granodiorite is supported by
the presence of the latitic enclave. Correspondingly, a
LREE-enriched shoshonitic enclave with elevated Ni,
Cr, and LILE was observed in the Siikalahti pluton,
also suggesting multiple source components for that
pluton (Table 2). More mafic Loso suite and Kaar-
tojirvet gabbro have even higher contents of Cr, Ni,
and LREE, thus calling for a primitive, yet LILE en-
riched source. The enclaves indicate that the Cr, Ni,
LREE, and LILE enrichment of the Siikalahti and
Arola granodiorites could be due to the mafic-inter-
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mediate source component. The generally felsic na-
ture of the Arola granodiorite and Siikalahti granodi-
orite may be related to fractional crystallisation of this
parental mafic-intermediate source and/or contribu-
tion of the more felsic (perhaps TTG-like) source
component (cf. Stern & Hanson, 1992). However,
more detailed petrogenetic modelling is required to
test this hypothesis.

The LILE- and LREE-enriched mafic source com-
ponent associated with sanukitoids is often attributed
to a melting of subduction-metasomatised (enriched)
mantle (Shirey & Hanson, 1984; Stern & Hanson,
1991), which would also explain the elevated Ni, Cr,
and Mg#. Direct evidence for the presence of Ar-
chaean metasomatised mantle in the Fennoscandi-
an shield is provided by Archaean zircon xenocrysts

(up to 3.1 Ga) reported from the Palacoproterozoic

Jormua ophiolite (Peltonen et al., 2003). The Kaar-
tojirvet gabbro (A1146) with 52.9 wt.% SiO, and
Mg# of 68.4 shows Ba and Sr contents of 638 ppm
and 394 ppm, respectively (Table 2). These contents
correspond with the 3.0 Ga gabbros from the Malli-
na basin, NW Australia, which are considered as one
of the oldest examples derived from a LREE-enriched
mantle resulting from subduction of oceanic crust
and sediments (Smithies et al., 2004).

Archaean TTGs, in general, have lower Nb/Ta and
higher Zr/Sm than modern oceanic basalts and man-
tle-derived rocks, which is considered to reflect par-
tial melting of low-Mg amphibolite in a subduction
setting (Foley et al., 2002; Tiepolo et al. 2001). Ac-
cording to Foley et al. (2002), low-magnesium am-
phibolite may produce the low Nb/Ta and high Zr/
Sm, thus precluding rutile-bearing eclogites in the



Whole-rock geochemistry of some tonalite and high Mg/Fe gabbro, diorite, .. 137

lower parts of thick oceanic crust as potential sources.
However, Rapp et al. (2003) presented experimental
evidence of partial melting of hydrous basalt under
eclogite facies conditions, which yields Nb/Ta and
Zr/Sm distribution similar to those observed in Ar-
chaean TTGs.

On the Nb/Ta vs. Zr/Sm -diagram adapted from
Foley et al. (2002) most of the tonalites from the
Kuhmo district are situated in the lower right quad-
rant, whereas the sanukitoid suites from Kuhmo lie
close to, but still mostly on the right side of the Zr/
Sm —line defined by primitive mantle (Fig. 8a). The
Kuhmo sanukitoid suites have generally lower Zr/
Sm than the Kuhmo tonalites and TTGs reported in
the literature (cf. Rapp et al., 2003 and, references
therein). The distribution of Zr/Sm and Nb/Ta in the
Kuhmo sanukitoid suites is similar to modern bon-
inites, boninite series and rocks from mariginal ba-
sins as they all lie in the vicinity of the Zr/Sm line
for primitive mantle and have mainly sub-chondrit-
ic Nb/Ta values (for references see Rapp et al., 2003).
Although sanukitoid suites share many geochemical
features with adakites (elevated Mg# and enrichment
of LILE) (Fig. 3; Fig. 6), which are attributed to di-
rect melting of a subducted oceanic slab (Defant &
Drummond, 1990), they differ in being lower in Zr/
Sm than adakites (Fig. 6b). The higher Zr/Sm of the
eclogite-derived melts (Foley et al., 2002; Rapp et al.,
2003) compared to the sanukitoid suites from Kuh-
mo makes an eclogitic source improbable, whereas
the mantle source component is in accordance with

observed chemical characteristics.

7.3. Time-integrated evolution of the plutons

As noticed by Martin (1985) there appear to be some
systematic trends in the geochemical characteristics
of the plutonic rocks from the Kuhmo district. First-
ly, the 2.83 Ga and 2.78 Ga tonalites seem to have
lower (La/Yb), and Sr/Y than the > 2.75 Ga plutonic
suites, which could be related to a progressive increase
in the amount of residual garnet with time. However,
confirmation of this would demand detailed petroge-

netic modeling to estimate the role of fractional crys-

tallisation and contamination. Such task is, however,
beyond the scope of this study.

Secondly, the < 2.74 Ga sanukitoid suites show
deeper negative Nb-Ta anomalies than the preceding
tonalites. Negative Nb-Ta is often attributed to the
presence of a subduction component, due to prefer-
ential retention of Nb and Ta in the descending slab
instead of being released to the slab-derived fluid-
phase (e.g. Pearce, 1982). However, as noticed in sev-
eral papers the generation of sanukitoid suites is not
necessarily related to the subduction event itself, but
may also be a result of subsequent melting of subduc-
tion-modified enriched mantle (e.g., Stevenson et al.,
1999).

In general, the geochemistry together with availa-
ble U-Pb age data on plutonic rocks probably reflect
a transition in tectonic conditions at around 2.74 Ga,
which is marked the appearance of the LILE- and
LREE-enriched mafic source component of the mag-
mas. This phenomenon appears to be regional rath-
er than local as it has been recently demonstrated that
the period between 2.74 Ga and 2.70 Ga has been a
significant period of sanukitoid magmatism over a
large part of the Karelia craton (e.g., Samsonov et al.,

2004; Bibikova et al., 2005; Halla, 2005).

8. Summary

Whole rock geochemical data on the studied Ne-
oarchaean tonalites from the Kuhmo district indi-
cate variable sources. The 2.83 Ga Haasiavaara to-
nalites, which are metaluminous, slightly depleted in
HREE with minor negative Eu anomalies, were prob-
ably derived from a source, in which garnet was a sta-
ble, though relatively minor phase. The 2.78 Ga Vi-
itavaara tonalite comprise two types (I and II). The
type II does not necessarily demand derivation via
processes involving residual garnet fractionation,
however, pronounced negative Eu anomalies are in-
dicative of plagioclase fractionation, or retention in
the source region. The type I have only slightly lower
contents of HREE than the type II. The 2.75 Ga per-
aluminous Purnu tonalite shows strong fractionation

of LREE/HREE, thus requiring that a substantial
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amount of garnet remained in the source, as original-
ly suggested by the geochemical modelling by Martin
(1987). Variable compositions of the tonalites imply
that the sources of Archaean TTGs have a wide min-
eralogical compositional variation and tonalites with
low (La/Yb), such as type II of the Viitavara tonal-
ite, differ from Cenozoic adakites (cf. Martin, 1999;
Smithies, 2000). The type II is rather similar to the
low-Al TTDs, which are considered to represent low
pressure partial melts of a basaltic source (e.g. Drum-
mond et al., 1996). The Purnu tonalite has many ge-
ochemical charateristics similar to adakites.

The high Mg/Fe granitoid rocks from the Kuh-
mo district range from diorites and quartz diorites
to granodiorites. The geochemical characteristics of
these high Mg/Fe granitoid rocks differ from the to-
nalites in that they are enriched in LREE, Ba, Sr, Cr,
and Ni. Thus, these high Mg/Fe rocks are geochem-
ically similar to the other Archacan rocks belonging
to sanukitoid suites. The geochemical characteris-
tics of the sanukitoid suites could be attributed to
contribution of an enriched mantle source compo-
nent (cf. Stern & Hanson, 1991; Halla, 2005). LREE
and LILE enriched sources for the Kuhmo sanuki-
toid suites are supported by the presence of LREE-
and LILE-enriched latitic and shoshonitic enclaves
of the Arola and Siikalahti granodiorite plutons. Nb/
Ta and Zr/Sm distributions of the sanukitoid suites
correspond to rocks from mariginal basins, including
boninites (cf. Rapp et al., 2003), thus being different
from the tonalites of this study.
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