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Abstract

The ~ 1.8 Ga Nattanen-type granites in the Finnish Lapland and western Kola Peninsula are
found as several relatively small, high-level, discordant plutons that are easily discernible as
weak maxima on aeromagnetic maps. We present U-Pb mineral isotope data on the Finn-
ish plutons. The concordia ages are in the 1.79—1.77 Ga range and there is little evidence
for inheritance. Initial radiogenic isotope compositions (our common-Pb data combined
with previously published whole-rock Nd and Hf data) imply a major, yet varying, Archean
source component. Elemental geochemical data on five Finnish intrusions (the Nattanen
stock, the Tepasto and Pomovaara complexes, the Riestovaara andVainospaa batholiths), as
well as, associated dyke rocks allow the Nattanen-type granites to be classified as oxidized
A-type granites. Their petrogenesis may be related to partial melting of the lower crust by
mafic underplating (extensional setting) or as a result of thermal relaxation in thickened
crustal setting.
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|. Introduction

Since their recognition in the 1920’s (Mikkola, 1928),
the Nattanen-type granites in northern Finland and
adjacent Russia have remained a rare example of
highly discordant, post-orogenic, high-level granite
plutons in the far north of the Fennoscandian shield.
These plutons (the Nattanen stock, the Tepasto and
Pomovaara complexes, the Riestovaara and Vainospii

batholiths on the Finnish side; the Juvoaivi stock and

the Litsa-Aragub complexes on the Russian side) are
younger (-1.77-1.80 Ga; Kouvo et al., 1983; Me-
rildinen, 1976, Vetrin et al., 2006; this study) than
their immediate country rocks and are found as
multiple intrusions within the Neoarchean and ear-
ly Paleoproterozoic metamorphic bedrock of Finn-
ish Lapland and vicinity. The Nattanen-type granites

are characterized by miarolitic cavities, evolved com-
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positions, and an oxidized redox budget (titanite and
magnetite as conspicuous minor phases) (Haapala et
al., 1987; Front et al., 1989; Lehtis, 1993). They are
also associated with evolved rhyolitic dyke rocks and
minor Mo-mineralization. Geochemically, the Nat-
tanen-type granites have previously been considered
mainly I-type, but some of the more evolved intrusive
phases of the plutons may show A- or S-type charac-
teristics (Front et al., 1989). Available isotope data
(Lu-Hf, Sm—Nd, Pb-Pb) imply a major Archean
source component for these granites (Patchett et al.,
1981; Kouvo et al., 1983; Huhma, 1986). In this pa-
per we present whole-rock and K-feldspar Pb-Pb as
well as zircon, monazite, and titanite U-Pb isotope
data on the Nattanen-type intrusions. We use these
data to examine the temporal evolution of the gran-
ites and refine their source model. We also elaborate
on existing whole-rock elemental geochemical data in
order to enhance their typological significance.

2. Geologic setting

The northern part of the Fennoscandian shield is
composed of several Archean crustal domains (Kare-
lia, Kola, and Norrbotten, inset in Fig. 1; e.g., Lahti-
nen et al., 2005) and intracratonic basins of Paleo-
proterozoic supracrustal rocks that were intruded by
several generations of mafic and felsic intrusive rocks
(e.g., Hanski & Huhma, 2005; Nironen, 2005). Ex-
tensional tectonics prevailed in the early Paleoproter-
ozoic, fracturing the Archean Karelian craton from ca.
2.45 Ga onwards and creating gradually deepening
basins that were subsequently filled with supracrustal
material (e.g., Lehtonen et al., 1998; Hanski & Huh-
ma, 2005). The long extensional period ended by ca.
1.93 Ga when the Karelia and Kola domains collided
(the Lapland-Kola orogeny) and the Lapland granu-
lite belt (LGB) was formed (Daly et al., 2001; Lahti-
nen et al., 2005 and references therein; Fig. 1). The
Lapland-Kola orogeny was followed by the collision
of Karelia with the Norrbotten domain (Fig. 1 in-
set) from the present northwest at ca. 1.92 Ga (Lahti-
nen et al., op.cit.). The Karelia-Norrbotten collision

thrusted the volcanic rocks of the Kittild group on to

the Karelian domain (Lehtonen et al., 1998; Hanski
& Huhma, 2005; Lahtinen et al., 2005; Patison et
al., 2006). The final major accretional event was the
formation of the Svecofennian domain in the south
(e.g., Lahtinen et al., op. cit.).

Several granitoid-forming events (most of them
collisional) have been recognized in the northern part
of the Fennoscandian shield (e.g., Nironen, 2005
and references therein). However, the oldest known
Paleoproterozoic granites of ca. 2.1 Ga age cannot be
connected to any presently known collision (Huh-
ma, 1986; Rastas et al., 2001; Ahtonen et al., 2007).
Granitoids with ages in the 1.95-1.91 Ga range (and
classified as preorogenic by Nironen, 2005) are known
within the Hetta complex (Fig. 1; Rastas et al., 2001)
as well as intruding the Kittild group (Huhma, 1986;
Rastas et al., 2001; Ahtonen et al., 2007), the Lap-
land granulite belt (LGB; Tuisku & Huhma, 2006),
and in the Inari complex (Merildinen, 1976). Synoro-
genic, ca. 1.89-1.86 Ga granitoids intruded the old-
er rock types mostly in Sweden and western Lapland,
and they are coeval with the Svecofennian granitoids
farther south (e.g., Lehtonen et al., 1998; Bergman et
al., 2001; Nironen, 2005). The last granite-forming
phase occurred between 1.80 Ga and 1.76 Ga, pro-
ducing the deformed migmatites, leucogranites, and
appinitic intrusions (Mutanen & Viininen, 2004)
of the central Lapland granitoid complex (CLGC;
the late-orogenic granites of Nironen, 2005; see also
Ahtonen et al., 2007), as well as the discordant Nat-

tanen-type granite plutons.

3.The Nattanen-type granites

The Nattanen-type plutons are found in western,
central, and northern Finnish Lapland. The location
of these granite plutons seems to be largely control-
led by crustal-scale fracture zones and they are found
in all three blocks of the Archean crust (Figs. 1 and
2). The following description of the Nattanen, Tepas-
to, Pomovaara, and Riestovaara intrusions is main-
ly based on Front et al. (1989) and concerning ore
minerals it is based on Lehtio (1993); the Vainospii
granite is described after Merildinen (1976) and the
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Fig. 1. Geological sketch map of northern Finland showing the location of the ~1.8 Ga Nattanen-type granites in
Finnish Lapland and far northwest Russia. Modified from Korsman et al. (1997),and Haapala et al. (1987). Key to the
intrusions: | = Tepasto; 2 = Pomovaara; 3 = Riestovaara; 4 = Nattanen; 5 = Vainospid; 6 = Juvoaivi; 7 = Litsa-Ara-
gub. Key to the crustal units: IC = Inari complex; LGB = Lapland granulite belt; KA = Kittild allochthon; HC = Het-
ta complex; CLGC = Central Lapland granitoid complex. Inset shows the location of the area relative to the Fen-
noscandian shield. KoD = Kola domain; KarD = Karelian domain; ND = Norbotten domain; SD = Svecofennian do-
main; TIB = Transscandinavian igneous belt; SSD = Southwest Scandinavian domain.
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Fig. 2. Aeromagnetic map of northernmost Finland based
on aeromagnetic data from the Geological Survey of Fin-
land (GTK).The Nattanen-type granites are marked by
moderate magnetic maxima. A-coded numbers denote
isotope sample locations of this study.

Nattanen-type granites in Russia after Vetrin et al.
(2006).

The Nattanen-type granites are typically unfoliat-
ed, medium- to coarse-grained monzogranites with
allanite, zircon, and titanite as typical accessory min-
erals (Mikkola, 1941). The granite types of the plu-
tons differ more in texture than in mineral composi-
tion. The main mineralogical and petrographic fea-
tures of the Nattanen-type granites are summarized
in Table 1.

3.1. Nattanen stock

The type intrusion of the Nattanen-type granites,
the Nattanen stock (Fig. 3a), is mainly hosted by the
LGB that is composed of alternating layers of psam-

mitic to pelitic migmatites and younger, ca. 1.92—
1.91 Ga rocks of norite-enderbite series (Tuisku &
Huhma, 2006; Tuisku et al., 2006). Most of the Nat-
tanen stock consists of coarse-grained biotite granite.
Medium-grained granite is found only in the south-
ern parts where the pluton intrudes garnet-horn-
blende gneisses instead of granulites. The stock is sur-
rounded and rarely cross-cut by numerous rhyolite
dykes with several textural variants from banded to
spherulitic.

3.2.Tepasto complex

The westernmost Nattanen-type intrusion, the Te-
pasto complex, is hosted by Paleoproterozoic gran-
ites and migmatites of the Hetta complex that are in
turn surrounded by the volcanic rocks of the Kittild
group (e.g., Lehtonen et al., 1985, 1998; Korsman et
al., 1997; Pakkanen, 1993; Rastas et al., 2001). The
Tepasto complex consists of several different granite
types that form a concentric stock (Fig. 3b). The bi-
otite-bearing coarse-porphyritic granite of the outer
part is intruded by biotite granite in the central part
of the pluton. The youngest phase is aplite granite
that cross-cuts and brecciates the other granite types.
Zircon U-Pb age of 1802+10 Ma (MSWD=7) was
reported for the coarse-porphyritic granite of the Te-
pasto stock by Rastas et al. (2001). Several small Mo-
and Cu-occurrences have been found associated with
the Tepasto complex. Most of them are in contact
with the aplite granite or in small greisens near them.
Ore minerals include molybdenite, bornite, covellite,
chalcopyrite, hematite, pyrrhotite, magnetite, pyrite,
sphalerite, ilmenite, and goethite.

3.3. Pomovaara complex

The Pomovaara complex in central Lapland comprises
three individual stocks: Lehtovaara, Pomovaara, and
Tenniovaara (Fig. 3¢; Front et al., 1989; Wenner-
strom & Airo, 1998). The Lehtovaara stock is main-
ly composed of coarse-porphyritic granite and minor
granite porphyry. The Pomovaara stock is a concen-
tric multiphase pluton with biotite-bearing porphy-
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Table I. Summary of the major granite phases of the Nattanen-type granites in northern Finland, their mineral-
ogy and main petrographic features.

Intrusion |Intrusion phase Petrography Mineralogy" References:
Nattanen | Coarse-grained Unfoliated, homogeneous and coarse-grained | Qtz, Kfs, Plg, Bt, Luukkonen, 1989;
stock granite monzogranite with rapakivi texture sensu lato. | Op, All, Apa, Zrc, Front et al., 1989;
Ms, Ser, Chl, Epi, Fl, | Lehtis, 1993
Mon, Ilm, Tit, Go
Medium-grained Unfoliated, homogeneous with miarolitic cav- | Kfs, Plg, Qtz, Bt, Op,
granite ities (@ = 1-2 mm). Zrc, Apa, All, Epi,
Ms, Chl
Tepasto Coarse-porphyritic | Slightly foliated monzogranite with euhedral | Kfs, Plg, Qtz, Bt, Front et al., 1989
complex | granite K-feldspar, plagioclase and quartz phenoc- +Hbl, Op, Tit, Apa,
rysts. Rapakivi texture in places. Zrc, Fl, All, Chl, Epi,
Ms, Ser
Biotite granite Even-grained, medium-grained monzogran- | Qtz, Kfs, Plg, Bt, Epi,
ite. Biotite and plagioclase are oriented along | Chl, Ser, Op, Tit,
a weak foliation. K-feldspar and plagiocla- Apa, Zrc, Fl
se show micrographic and myrmekitic inter-
growth textures.
Aplite granite Medium-grained and even-grained, homoge- | Qtz, Kfs, Plg, Bt, Ms,
neous, unfoliated monzogranite with a small | Op, Tit, Apa, Hem,
amount of micas. Plagioclase typically shows | Epi, Ms, Chl
myrmekitic texture.
Pomovaara | Porphyritic granite | K-feldspar and plagioclase megacrysts are Qtz, Kfs, Plg, B, Op, | Front et al., 1989
complex euhedral. K-feldspars show occasional rapa- | Tit, Epi, All, Apa,
kivi-texture. Matrix is medium-grained and Zrc, Chl, Ms, Ser
composed of feldspars, quartz and biotite.
Two-mica and Monzogranites with K-feldspar and plagiocla- | Qtz, Kfs, Plg, Bt =
biotite granites se phenocrysts. Matrix is unfoliated and me- | Ms, Op, Tit, Epi, All,
dium-grained in both granite types. Apa, Zrc, Chl, Ser
Riestovaara | Coarse-porphyritic | K-feldspar and plagioclase megacrysts. K-feld- | Qtz, Kfs, Plg, Bt Front etal., 1989
batholith | granite spar is perthitic and plagioclase shows myrme- | +tHbl, Mg, Tit, All,
kitic texture. Occasional rapakivi texture. Zrc, Apa, Epi, Chl,
Ms
Porphyritic granite | The amount of feldspar megacrysts varies (5— | Qtz, Kfs, Plg, Bt,
20 %). K-feldspar megacrysts are perthitic. Mgt, Tit, All, Apa,
Zrc, Mon, Fl
Medium-grained | Even-grained granite with micrographic inter- | Qtz, Kfs, Plg, Bt, Fl,
granite growths. Op, Tit, Apa, Zrc,
All, Chl, Ms
Vainospii Slightly foliated intrusion with two granite Kfs, Plg, Qtz, B, Merildinen, 1976;
batholith types: medium-grained, porphyritic type, and | Chl, Apa, Zrc, Op, | This study

coarse-grained, slightly porphyritic type. Pla-
gioclase is zoned and shows myrmekitic tex-
ture.

Tit, Fl, All, Preh, Car

! Accessory minerals are in italics. Mineral abbreviations: All — Allanite, Apa — Apatite, Bt — Biotite, Car — Carbonate, Chl

— Chlorite, Epi — Epidote, Fl — Fluorite, Go — Goethite, Hem — Hematite, Hbl — Hornblende, Ilm — Ilmenite, Kfs — K-feld-
spar, Mgt — Magnetite, Mon — Monazite, Ms — Muscovite, Op — Opaque minerals, Plg — Plagioclase, Preh — Prehnite, Qtz —
Quartz, Ser — Sericite, Tit — Titanite, Zrc — Zircon.
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Fig. 3. Lithologic maps of the a) Nattanen stock; b) Tepasto complex; c) Pomovaara complex; d) Riestovaara batho-
lith. The Nattanen-type intrusions modified from Front et al. (1989), country rocks adapted from Lehtonen et al.
(1998) and Korsman et al. (1997).
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ritic granite at the outer rim and biotite granite and
two-mica granite in the central part. The Tenniévaara
stock is composed of gray, porphyritic granite, which
shows a weak orientation. Some porphyritic granite
and aplite dykes are found outside the southern con-
tact of the Tenni6vaara stock. The Pomovaara com-
plex is hosted by quartz-feldspar gneisses that have
been considered to be Archean in age. However, the
gneisses chiefly show heterogeneous Paleoproterozoic
zircon populations, some of them with a rather well
constrained magmatic age of ca. 2.49 Ga (Manninen
et al., 2001). Minor Mo-mineralization is found in
the Pomovaara complex and is associated with aplite
and pegmatite dykes, quartz veins and mylonites.
Ore minerals in the Mo-occurences are molybden-
ite, chalcopyrite, pyrite, arsenopyrite, hematite, and

goethite.

3.4. Riestovaara batholith

The Riestovaara batholith (Fig. 3d) is the largest Nat-
tanen-type granite pluton on the southern side of the
LGB. It is hosted by Archean granitic gneisses in the
north and Paleoproterozoic quartzites, mica schists,
gneisses, and metavolcanic rocks (2454 + 5 Ma) in
the south (Front et al., 1989; Manninen et al., 2001;
Nironen & Minttiri, 2003). The batholith consists
of three granite types. Coarse-porphyritic granite is
the oldest phase and forms an incomplete rim around
the pluton. Most of the Riestovaara batholith consists
of porphyritic granite, which is cross-cut in the cen-
tral part of the intrusion by medium-grained gran-
ite. All granite types are biotite-bearing and unde-
formed, but magmatic foliation is observed in some
outcrops. The southern part of the Riestovaara batho-
lith hosts some granite porphyry dykes that are also
present within the host rocks. Quartz-feldspar por-
phyry dykes, aplite dykes, and granodioritic to quartz

dioritic dykes are also found.

3.5.Vainospdd batholith

The Vainospii batholith is the largest of the Nat-
tanen-type plutons in Finland. The thickness of the

batholith has been approximated to 6 km by three-
dimensional gravity modeling (Elo et al., 1989). The
batholith is hosted by the rocks of the Archean Inari
terrane, on the NE side of the LGB (Fig. 1). Merilii-
nen (1976) coined the intrusion the Kyyneljirvi-
Vainospdi granite and divided it into two sub-areas:
the southern, gray Kyyneljirvi granite and the north-
ern Vainospii granite. The latter consists of slight-
ly foliated, pink-gray, porphyritic granite and grey,

coarse-grained granite.

3.6. Nattanen-type granites in Russia

Several Nattanen-type granite plutons are also found
in the Russian territory east of the Vainospii batho-
lich and the Nattanen stock (Fig. 1; e.g., Vetrin et al.,
1975; Vetrin et al., 2006). The small Juvoaivi stock
that intrudes the rocks of the LGB on the Russian
side of the border was described and included in the
Nattanen-type group by Mikkola (1928). The larg-
er Litsa-Aragub complex farther north consists of at
least six intrusions covering an area of 900 km? along
a large fault zone that probably controlled their em-
placement. The Juvoaivi and Litsa-Aragub granites
show ages in the 1.79-1.76 Ga range (Vetrin et al.,
2006). The magmatic association in the Litsa-Aragub
complex forms a series from diorites to granites and

leucogranites.

4. Geochemistry

We have compiled 115 whole-rock geochemical analy-
ses of the Nattanen-type granites. The dataset con-
tains 75 previously unpublished major element analy-
ses from the Nattanen stock (Table 2), 25 major and
trace element analyses from all Nattanen-type rocks
from The Rock Geochemical Database of Finland
(Rasilainen et al., 2007; Appendix 1), and 15 select-
ed granite major element median compositions from
Front et al. (1989; Appendix 1). Samples of aplite
and rhyolite dykes from the Nattanen intrusion are

also included.
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Table 2. Major element and zirconium analyses of the Nattanen stock *).

Sample SiO, | TiO, | ALO, | FeOt | MnO | MgO | CaO [ Na O | K,O | PO, | Tot Zr Ga
(wt.%) (ppm) | (ppm)
Nattanen granite (coarse-grained)
4014-1 74.23 0.15 | 12.85 | 1.70 | 0.01 | 0.23 | 0.62 | 3.50 | 4.82 | 0.07 98.18| 189 24
4036 72.52 0.33 | 13.23 | 2.15 | 0.03 | 0.32 | 0.98 | 3.64 | 4.34 | 0.09 97.63 | 230 26
4038-1 72.52 0.27 | 13.23 | 1.71 | 0.03 | 0.27 | 0.78 | 3.50 | 4.70 | 0.07 97.08 | 179 27
4040 71.88 0.35 | 13.04 | 2.26 | 0.03 | 0.35 | 0.83 | 3.64 | 470 | 0.16 97.24 | 259 27
4042 74.02 0.20 | 12.85 | 1.58 | 0.02 | 0.17 | 0.57 | 3.64 | 470 | 0.05 97.80 | 172 29
4048 73.59 0.17 | 1323 | 1.95 | 0.03 | 0.32 | 0.74 | 3.64 | 5.06 | 0.07 98.80 | 218 25
4050-1 72.1 0.1 1342 | 1.32 | 0.01 | 0.18 | 0.76 | 3.77 | 4.70 | 0.14 96.50 | 117 28
4053 75.09 0.18 | 12.85 | 1.68 | 0.02 | 0.18 | 0.62 | 3.64 | 4.70 | 0.07 99.03 | 190 25
4055-2 73.81 0.18 | 13.98 | 2.22 | 0.02 | 0.36 | 0.64 | 3.50 | 4.82 | 0.09 99.62 | 270 22
4057-1 74.23 0.25 | 13.79 | 1.98 | 0.02 | 0.28 | 1.04 | 3.91 | 5.06 | 0.11 | 100.67| 199 26
4060-1 73.16 0.33 | 13.60 | 2.38 | 0.04 | 036 | 1.11 | 3.77 | 494 | 0.11 99.80 | 269 27
4061-1 75.3 0.25 | 13.79 | 1.76 | 0.02 | 0.3 092 | 391 | 506 | 0.11 | 101.42| 218 22
4062 74.88 0.28 | 13.60 | 1.80 | 0.04 | 0.3 092 | 391 | 5.06 | 0.11 | 100.9 243 30
4065-1 74.45 0.23 | 13.42 | 2.08 | 0.02 | 0.3 0.83 | 3.77 | 494 | 0.09 | 100.13| 233 30
4066-1 74.02 0.28 | 13.60 | 1.79 | 0.03 | 0.3 091 | 4.04 | 494 | 0.14 | 100.05| 208 25
4069-1 75.09 0.33 | 13.79 | 2.16 | 0.03 | 0.4 0.88 | 3.77 | 5.06 | 0.11 | 101.62| 266 26
4069-2 75.52 0.17 | 13.23| 1.54 | 0.01 | 0.15 | 0.46 | 3.50 | 4.82 | 0.02 99.42 | 200 25
4074-2 73.16 0.20 | 13.6 2.75 | 0.03 | 0.4 0.73 | 3.77 | 470 | 0.14 99.48 | 277 27
4075-1 75.09 0.25 | 1323 1.90 | 0.02 | 0.32 | 0.71 | 3.64 | 4.70 | 0.09 99.95| 216 26
4079-1 73.16 0.35 | 1398 | 2.13 | 0.03 | 0.33 | 0.99 | 391 | 458 | 0.21 99.67 | 218 25
4082-1 76.16 0.18 | 13.60 | 1.57 | 0.01 | 0.2 0.60 | 3.77 | 494 | 0.18 | 101.21| 185 25
4086 75.09 0.27 | 12.85| 1.63 | 0.02 | 0.23 | 0.76 | 3.37 | 470 | 0.18 99.10 192 22
4092 76.16 0.17 | 13.04 | 1.50 | 0.01 | 0.15| 0.76 | 3.64 | 4.82 | 0.23 | 100.48| 150 24
4112 75.3 0.15] 12.85] 1.25] 0.02 ] 0.15] 0.5 337 | 494 | 0.11 98.64| 150 25
4116 75.09 0.27 | 1342 | 1.67 | 0.02 | 0.25| 0.85| 3.64 | 4.58 | 0.09 99.88| 161 24
4122-1A 75.73 0.13 | 1379 | 1.17 | 0.01 | 0.18 | 0.74 | 3.64 | 470 | 0.25 | 100.34| 109 22
4128 75.09 0.27 | 13.79] 1.86 | 0.02 | 0.3 0.74 | 3.77 | 458 | 0.09 | 100.51 | 215 26
4131-1 74.02 0.27 | 13.42 | 1.89 | 0.02 | 0.28 | 0.87 | 3.77 | 4.58 | 0.11 99.23| 218 24
4133-1 74.23 0.33 | 13.04 | 2.25 | 0.02 | 0.33 | 0.77 | 3.64 | 458 | 0.11 99.30 | 235 23
4222-1 74.23 0.17 | 13.04 | 1.59 | 0.02 | 0.17 | 0.46 | 3.50 | 4.82 | 0.00 98.00 | 180 23
Nattanen granite (medium-grained)
4003-1A | 7552 | 017 ] 12.66 | 1.61 | 0.02 | 0.40 | 0.43 | 3.37 | 494 | 0.07 | 99.19| 201 | 23
4003-1B 7338 | 0.13 | 12.66 | 1.54 | 0.02 | 0.15 | 036 | 3.24 | 482 | 0.02 | 9632] 200 | 22
4005-1 7744 | 0.10 | 1266 | 1.07 | 0.01 | 0.10 | 0.41 | 3.50 | 494 | 0.18 | 100.41| 86 | 25
4011-1 7381 | 0.12 | 12.66 | 1.56 | 0.01 | 0.15 | 0.34 | 3.37 | 494 | 0.07 | 97.03| 200 | 22
4019-1 7573 | 0.08 | 12.85 | 0.99 | 0.01 | 0.05 | 0.34 | 3.24 | 5.18 | 0.02 | 9849 80 | 20
4028-1 7509 | 0.13 | 1247 | 1.61 | 0.01 | 0.18 | 0.66 | 3.49 | 458 | 027 | 9850 164 | 24
4041-1 7338 | 0.12 | 1247 | 1.59 | 0.01 | 0.15 | 0.41 | 3.50 | 470 | 021 | 96.54| 205 | 25
4090-1 7637 | 0.08 | 13.04 | 0.87 | 0.01 | 0.07 | 036 | 3.24 | 6.26 | 0.32 | 100.62| 66 | 28
Nattanen aplite dyke
4005-2 77.66 | 0.07 | 12.85 | 0.72 | 0.01 | 0.03 | 0.13 | 4.04 | 446 | 027 | 10024] 97 | 30
412222 77.02 | 0.07 | 12.85 | 0.66 | 0.01 | 0.10 | 0.43 | 3.77 | 446 | 032 | 99.69| 79 | 17
42222 7595 | 0.10 | 12.66 | 0.94 | 0.03 | 0.05 | 0.42 | 3.77 | 446 | 002 | 98.40| 90 | 24
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Table 2. (cont.)

Sample Sio, TiO, | ALO, | FeOt | MnO | MgO | CaO |Na,0 | K,O | P,0, | Tot Zr Ga

(wt.%) (ppm) | (ppm)

Nattanen rhyolite dyke

4093-1 77.23 0.08 | 13.04 | 1.07 | 0.01 | 0.05 | 0.48 | 3.50 | 5.18 | 0.27 | 100.91 95 27
4107 76.16 0.10 | 12.66 | 1.13 | 0.01 | 0.03 | 0.43 | 3.64 | 4.46 | 0.11 98.73 | 116 26
4111-2 74.66 0.08 | 12.85 | 1.04 | 0.01 | 0.08 | 0.35 | 2.97 | 5.06 | 0.21 | 97.31| 132 26
4138-2 75.3 0.10 | 13.23 | 1.23 | 0.03 | 0.05 | 0.53 | 3.77 | 470 | 0.11 | 99.05| 121 22
4138-3 76.37 0.10 | 12.66 | 1.49 | 0.02 | 0.08 | 0.60 | 3.91 | 4.46 | 0.16 | 99.85| 130 26
4140-1 76.59 0.08 | 13.04 | 1.05 | 0.01 | 0.03 | 0.41 | 4.18 | 434 | 0.25 | 99.98 93 22
4140-2 75.09 0.05 ] 12.85 | 1.14 | 0.03 | 0.03 | 0.52 | 431 | 434 | 0.14 | 98.50 79 31
4245-1 76.37 0.05 | 12.85 | 1.11 | 0.01 | 0.02 | 0.36 | 3.64 | 458 | 0.00 | 98.99| 100 25
4247-1 75.09 0.07 | 13.04 | 1.18 | 0.01 | 0.07 | 0.28 | 3.50 | 4.82 | 0.00 | 98.06| 100 22
4249-1 75.09 0.07 | 13.23 | 0.66 | 0.01 | 0.02 | 0.28 | 3.91 | 458 | 0.04 | 97.89| 100 25
4251-1 73.38 0.03 | 13.23 | 1.08 | 0.01 | 0.02 | 0.20 | 3.37 | 4.70 | 0.11 96.13| 110 31
4262-1 76.16 0.08 | 13.42 | 0.85 | 0.04 | 0.05 | 041 | 445 | 3.49 | 0.23 | 99.18| 100 24
4269-1 74.88 0.05 | 12.85] 0.93 | 0.01 | 0.02 | 0.21 | 3.64 | 434 | 0.05 | 96.98| 110 29
4271-1 74.23 0.05 | 13.04 | 1.20 | 0.01 | 0.07 | 0.35 | 3.24 | 494 | 0.05 | 97.18| 110 20
4289-1 74.23 0.08 | 12.85 | 1.32 | 0.01 | 0.08 | 0.32 | 3.24 | 494 | 0.05 | 97.12] 120 23
4291-1A 74.45 0.08 | 12.85 | 1.08 | 0.01 | 0.03 | 0.22 | 3.24 | 494 | 0.14 97.04| 110 21
4291-1B 75.30 0.07 | 12.85| 1.12 | 0.01 | 0.05 | 0.22 | 2.97 | 5.18 | 0.02 97.79 1 120 22
4293-2A 75.73 0.07 | 13.23 | 0.80 | 0.01 | 0.05 | 0.15 | 3.77 | 4.46 | 0.02 98.29| 110 29
4299-1 75.09 0.07 | 13.23 ]| 096 | 0.02 | 0.03 | 0.25 | 3.91 | 446 | 0.02 98.04 90 28
4304-1 74.02 0.03 | 12.85| 0.80 | 0.01 | 0.03 | 0.36 | 3.37 | 4.94 | 0.02 96.43 | 140 25
4306-3 73.81 0.12 | 13.23| 1.22 | 0.04 | 0.08 | 0.8 3.24 | 5.06 | 0.07 97.67| 160 20
4314-1 75.09 0.08 | 13.04 | 0.89 | 0.01 | 0.05| 0.31 | 3.37 | 5.18 | 0.05 98.07 | 140 23
4318-1 73.59 0.15 | 13.04 | 1.30 | 0.02 | 0.03 | 0.31 | 3.50 | 5.66 | 0.02 97.62| 120 21
4318-2 74.23 0.17 | 13.23| 0.62 | 0.01 | 0.03 | 0.38 | 3.77 | 4.82 | 0.02 97.28 | 140 22
4318-6 75.09 0.10 | 12.85| 1.04 | 0.01 | 0.05 | 0.31 | 3.24 | 482 | 0.05 | 97.56| 150 24
4235-1A 76.59 0.05 | 13.23| 0.84 | 0.06 | 0.07 | 0.17 | 4.04 | 434 | 0.00 | 99.39| 90 27
4235-1B 76.8 0.08 | 12.85| 1.11 | 0.03 | 0.05 | 0.46 | 3.37 | 458 | 0.00 | 99.33| 110 25
4235-2 74.88 0.07 | 13.04 | 1.26 | 0.03 | 0.10 | 0.41 | 3.10 | 542 | 0.00 | 98.31| 120 24
4231-1 75.09 0.08 | 12.47 | 1.16 | 0.01 | 0.10 | 0.35 | 3.10 | 4.82 | 0.00 | 97.18| 140 22
4278-1 75.73 0.10 | 13.04 | 0.85 | 0.01 | 0.15 | 0.17 | 3.37 | 434 | 0.07 | 97.83| 190 20
4312-2 76.16 0.07 | 13.23 | 0.40 | 0.01 | 0.03 | 0.17 | 3.64 | 506 | 0.3 99.07 | 140 23
4335-2A 75.95 0.10 | 12.85 | 1.14 | 0.01 | 0.15 | 0.13 | 2.70 | 4.46 | 0.09 | 97.58| 150 22
4363-2 75.3 0.05 ] 12.85| 093 | 0.01 | 0.08 | 0.11 | 3.24 | 482 | 0.07 | 97.46| 110 22
4371-1 75.09 0.03 | 12.85 | 0.58 | 0.01 | 0.05 | 0.21 | 4.04 | 4.10 | 0.07 | 97.03| 110 25

*) Methods for data: All major element samples were analysed by atomic absorbtion spectrophotometer (AAS) at Geological

survey of Finland (GTK).

Zr analyses were done by energy dispersive X-ray spectroscopy (EDX), and Ga analyses by optical emission spectrometry

(OES) at Geological Survey of Finland (GTK).



|6 E. Heilimo, J. Halla, L. S. Lauri, O. T. Rdmé, H. Huhma, M. I. Kurhila, and K. Front

4.1. Elemental geochemistry

4.1.1. General description

Figure 4 shows the major element composition of
the Nattanen-type granites of Finland. The granites
are alkali-calcic to calc-alkaline (Fig. 4a) and margin-
ally peraluminous (A/CNK between 1.0 and about
1.1; Fig. 4b). SiO, content is high (-70-78 wt.%)
and the Mg# (Fig. 4j) and MgO values are main-
ly low (0-39 and <0.09-0.76 wt.%, respectively).
The Nattanen stock and related aplite and rhyolite
dykes are the most evolved, whereas the Vainospii
and Riestovaara granites are the least evolved (Fig. 4).
TiO,, FeOt, MgO and CaO show a negative correla-
tion with SiO, (Fig. 4c—f). The Na,O (2.7-4.7 wt.%)
and K,O (3.5-6.5 wt.%) values are high, CaO values
are low (0.1-1.9 wt.%; Fig. 4). K, O/Na,O varies be-
tween 0.81 and 1.60 (average 1.25).

The Nattanen-type granites show generally high
average contents of the LIL elements (Ba 790 ppm,
Rb 208 ppm, Sr 153 ppm), Ga (27 ppm), Nb (15
ppm), Th (31 ppm), U (5 ppm) and Zr (219 ppm);
compatible trace elements are mostly below the de-
tection limit (Table 3). Figure 5a shows chondrite-
normalized REE distributions of the Nattanen-type
granites. Overall, the REE contents are rather high
for felsic rocks. The REE patterns are steeply fraction-
ated [(La/Yb) ~ 50 in average] with a moderate nega-
tive Eu anomaly (Eu/Eu* - 0.4). In primitive mantle-
normalized diagrams (Fig. 5b) all the Nattanen-type
granites show similar patterns: they are rich in incom-
patible elements and display negative Ta, Nb, Sr, P

and Ti anomalies.

4.1.2. Classification

In previous studies (Haapala et al., 1987; Front et al.,
1989), the Nattanen-type granites were considered

as I-type on the basis of mineral composition (mag-
netite and titanite as characteristic accessory min-
erals) and the currently available geochemical dis-
crimination criteria (high Na /K O, Fig. 6a; relatively
weak alumina saturation, Fig. 4b). The authors men-
tioned that some varieties of these granites show S-
type and A-type geochemical characteristics. In the
Rb vs. (Y+Nb) classification diagram of Pearce et al.
(1984) (Fig. 6b) the Nattanen-type granites plot in
the volcanic arc granite field; some of the Vainospii
and Riestovaara samples fall, however, into the syn-
collisional granite field. According to Pearce (1996)
post-collisional granites are difficult to classify with
the Rb vs. (Y+Nb) diagram because of their varia-
ble source.

In the new classification scheme of Dall’Agnol
& Oliveira (2007), designed to separate calc-alka-
line granites from A-type granites and oxidized A-
type granites from reduced A-type granites, the Nat-
tanen-type granites show a consistent A-type charac-
ter. In the CaO/(FeOt+MgO+TiO,) vs. CaO+AL O,
(Fig. 6¢) and CaO/(FeOt+MgO+TiO,) vs. AL O, dia-
grams (Fig. 6d), the Nattanen-type granites fall most-
ly in the A-type granite field and they differ clear-
ly from the calc-alkaline granites. However, it should
be noted that the Riestovaara and Vainospii gran-
ites show partly calc-alkaline (high CaO) character-
istics. In the FeOt/(FeOt+MgO) vs. AL O, (Fig. 6¢)
and FeOt/(FeOt+MgO) vs. Al,O,/(K,0/Na,O) dia-
grams (Fig. 6f), the Nattanen-type granites are tran-
sitional between reduced A-type granites, oxidized A-
type granites, and calc-alkaline granites, mostly be-
cause of their moderate enrichment in FeO relative
to MgO. The majority of the Nattanen-type granites
are oxidized A-type granites. Rhyolite dykes from the
Nattanen stock show strongest the FeOt enrichment
compared to MgO and the dykes show reduced A-

type characteristics. The Vainospii and Riestovaara

Fig. 4. Composition of the Nattanen, Tepasto, Pomovaara, Riestovaara, and Vainospda granites and related dyke rocks
shown in a) Na,O+K,O-CaO vs. SiO, (fields from Frost et al., 2001); b) A/CNK vs. SiO ; ¢) TiO, vs. SiO; d) FeOt
vs. SiO; e) MgO vs. SiO; f) CaO vs. SiO; g) Na,O vs. SiO; h) K,O vs. ALLO,; i) P,O, vs. SiO,; j) Mg# vs. SiO, (ex-
pressed as cationic proportions, Mg# = 100 X (Mg**/ (Mg** + Fe?*)) diagrams.
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Fig. 5. Trace element composition of representative analyses from Nattanen (92009683), Tepasto (93001676), Po-
movaara (92009552), Riestovaara (92009544), and Vainospaa (95001306) granites shown in a) chondrite-normal-

ized rare earth elements diagram; b) mantle-normalized spider diagram. Normalization values are from Sun and

McDonough (1989).

granites fall between the oxidized A-type and calc-al-
kaline classes. In the classification scheme of Whalen
et al. (1987), the Nattanen-type granites show clear
A-type characteristics and fall apart from the S-, M-,
and I-type granites, mainly because of their high Ga/
Al and Ce values. Obviously, the Nattanen-type gran-
ites can be rightfully considered as oxidized A-type

granites.

4.2. Zircon saturation thermometry

Zircon saturation temperatures (Watson & Harri-
son, 1983) calculated for the Nattanen-type granites
are in the 720-880 °C range (Fig. 7). Samples from

the granite plutons mostly show temperatures above

760 °C, whereas the temperatures calculated for the
thyolitic and aplitic dykes are somewhat lower in av-
erage. The U-Pb zircon data acquired for the Nat-
tanen-type granites (e.g., Merildinen, 1976; Rastas et
al., 2001; this volume) indicate that the amount of
inherited zircon is very small and thus the calculat-
ed zircon saturation temperatures may be considered
at least fair estimates of the actual crystallization tem-
peratures (e.g., Miller et al., 2001).

Zircon saturation temperatures after Watson and
Harrison (1983) from other geochemically A-type
granites in Finland give the following results: the
Honkajoki post-kinematic granite in the central Fin-
land granitoid complex 825-900 °C (Elliott, 2001),
the Bodom and Obbnis rapakivi granites in southern

Fig. 6. Classification diagrams of the Nattanen, Tepasto, Pomovaara, Riestovaara, and Vainospdi granites and related
dykes. a) Na,O vs. K O after White and Chappell (1983). b) Rb vs.Y+Nb after (Pearce et al., 1984), abbrevations
of the fields: Syn-COL = syncollisional granites; WPG = within-plate granites; VAG = volcanic arc granites; ORG
= ocean ridge granites. ¢) CaO/FeOt+MgO+TiO)) vs. CaO+Al,O,; d) CaO/(FeOt+MgO+TiO,) vs. Al,O,; e) FeOt/
(FeOt+MgO+TiO,); f) FeOt/(FeOt+MgO) vs. Al O /(K ,O/Na,0), figures c—f after Dell’Agnol and Oliveira (2007); g)
Zr vs. 10000 X Ga/Al; h) Ce vs. 10000 X Ga/Al;i)Y vs. 10000 X Ga/Al;j) Nb vs. 10000 X Ga/Al, figures g—j after
Whalen et al., (1987). Comparison fields after representative (SiO,> 65 wt. %) analyses of rapakivi granites from
Ramo (1991), Rieder et al. (1996) and Kosunen (1999) (from Wiborg, Bodom,and Obbnis) and representative (SiO,
> 65 wt. %) shoshonitic rocks after Rutanen et al. (1997) (from southern Finland and Russian Karelia).
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Finland 830-950 °C (Kosunen, 2004). These are of
the same order or slightly higher than the tempera-
tures calculated for the Nattanen-type granites.

5. Isotope geology

In the 1970’ isotope geological studies on the Nat-
tanen-type granites were performed at the Isotope
Laboratory of the Geological survey of Finland (GTK)
in association with a comprehensive dating project
(Merildinen, 1976). Some U-Pb analyses were made
already in the 1960’s on zircon, monazite, and titan-
ite using the borax-fusion method. These data, com-
prising 40 U-Pb and 30 Pb-Pb thermal ionization
single collector mass spectrometer (TIMS) analyses,

are reported in this paper.

5.1. U=Pb results

5.1.1. Nattanen-type intrusions south of the Lap-
land granulite belt

Twenty one U-Pb analyses on zircon and monazite
were made from five granite samples (A173, A266,
A527,A369, A417) of the Nattanen, Pomovaara, and
Riestovaara plutons located south of the LGB (Ta-

peratures calculated according to
Watson and Harrison (1983).

ble 3, sample locations in Fig. 2). The zircon popu-
lations in these samples are rather similar and con-
sist predominantly of euhedral, simple, short prisms.
The data show that the common Pb content is often
high and the results are discordant. All data for the
Nattanen-type granites, including two borax-fusion
analyses on monazite, plot roughly along a chord that
gives intercept ages of 121+43 Ma and 177510 Ma
(Fig. 8a). In the five samples analyzed, high MSWD
of 18 is indicative of substantial scatter in excess of
analytical error, which may partly be due to varying
zircon populations.

The regression line tilted through the five analy-
ses of Nattanen sample A173 intercept the concordia
curve at 109+22 Ma and 1768+6 Ma (MSWD = 1.6;
Fig. 8a). The upper intercept relies heavily on a near-
ly concordant borax-fusion analysis on monazite. The
upper intercept age of the Nattanen sample A527 is
1789+5 Ma (MSWD = 2.2), if one analysis with a
high common Pb content is excluded. This result
is, however, much dependent on analysis A527D2,
which has been made from a zircon fraction leached
in cold HE and may thus be biased by unconstrained
fractionation. This may also be the case with the two
analyses from the Riestovaara (Roivanen) sample

A417 (Fig. 8a).
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Based on these data we conclude that the age of
the Narttanen-type magmatism south of the LGB is
ca. 177510 Ma in age. The best-fic age result for
the Nattanen stock obtained from sample A173 is
1768+6 Ma. The amount of possible xenocrystic zir-

con within Nattanen-type granitoids is very limited.

5.1.2.Vainospdd batholith

The U-Pb data on the Vainospii batholith (Fig. 1,
2) comprises 19 analyses on three samples (Table 3).

23

The analyzed zircon crystals are pale, euhedral, short,
and simple prisms. The analyses show that the com-
mon Pb content is typically high and the results are
very discordant (Fig. 8b). However, the two analy-
ses on titanite give concordant U-Pb results, yield-
ing an age of 1775+7 Ma. The eleven analyses on
sample A169 provide a chord that intercepts the con-
cordia at 346+34 Ma and 1784+20 Ma. The fairly
high MSWD of 7.9 suggests some scatter due to geo-
logical processes or underestimation of analytical er-

ror. Using all nineteen U-Pb analyses from samples
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A168, A169, A210 the intercepts are 34122 Ma and
1782+16 Ma (MSWD = 9.4; Fig. 8¢). From the con-
cordant results obtained for magmatic titanites we
conclude that the Vainospii granite crystallized at ca.
177547 Ma and that it does not contain appreciable

amounts of older xenocrystic zircon.

5.2. Pb—Pb results

Lead isotope analyses on whole-rock and K-feldspar
fractions were used to constrain the age and origin
of the granites. These data are presented in Table 4
and in the *’Pb/**Pb vs. 2°Pb/**Pb and 2**Pb/**Pb
vs. 2Pb/?*Pb in Fig. 9. The diagrams show the two-
stage model of the evolution of crustal lead by Sta-
cey and Kramers (1975) and selected model ratios
from the plumbotectonic model of Zartman and Doe
(1981).

The data on the Nattanen granites and porphyrit-
ic rhyolites (15 analyses on whole rocks, five on K-
feldspars) are scattered and do not provide a relia-
ble isochron. Particularly, the most radiogenic analy-
ses of the porphyritic rhyolites (Table 4) suggest late
open system behavior and are thus not plotted in fig-
ures. For the Nattanen stock, an age of 1719+200
Ma can be calculated from four whole-rocks and four
K-feldspar analyses (Fig. 9a). The Pb isotope analy-
ses on three whole rock— K-feldspar pairs from the
Vainospid granite yield an age estimate of 173387
Ma. The two analyses on whole rock and K-feldspar
from the Tepasto granite A184 are consistent with the
U-Pb zircon age of ca. 1.8 Ga (Rastas et al., 2001).

Because K-feldspar has a very low U/Pb-ratio and
no major metamorphic episodes have affected the
Nattanen-type granites since their crystallization, the
measured Pb isotopic ratios can be viewed as a reason-
able estimate of the initial isotopic composition of the
granite. In the case of Nattanen this is relatively un-
radiogenic (*Pb/**Pb=14.58, *’Pb/*Pb=14.85),
particularly in terms of 27Pb/?*Pb. The data clear-
ly show that the initial Pb isotope composition
(14.80, 15.00) of the Vainospii granite is distinct
from the Nattanen granite, but still relatively unra-

diogenic compared to average crustal lead at 1.7 Ga,

which, according to the model by Stacey and Kram-
ers (1975), has a 2°Pb/?*Pb of 15.57 and 2’Pb/>**Pb
of 15.28 (S&K 1.7 Ga in Fig. 9a). The K-feldspar
data plot slightly below (Nattanen) and above (Vai-
nospii) the Zartman and Doe (1981) plumbotec-
tonic model value for the unradiogenic lower crust
at 1.8 Ga. The initial isotopic composition of Te-
pasto granite is more radiogenic than of Nattanen
and Vainospid, but less radiogenic than the aver-
age terrestrial lead at 1.7 Ga. In the *®Pb/?Pb vs.
206Pb/2%Ph diagram (Fig. 9b), K-feldspars from Nat-
tanen and Vainospii plot near the Zartman and Doe
(1981) lower crust value, which confirms the lower

crustal lead isotope signature.

6. Discussion

6.1. Geochemical classification

A-type granites are considered to have crystallized
from hot, restite-free and relatively anhydrous mag-
mas (e.g. Loiselle & Wones, 1979; Eby, 1990). Their
conspicuous geochemical traits include high alkali
abundances, Fe/Mg, Ga/Al, Zr, Nb, Ga, and REE
and a negative Eu anomaly. The abundances of CaO,
MgO, Sc, Cr, Ni, Ba, Sr, and Eu are generally low
(0p. cit.). A-type granites are most often connected
to an extensional tectonic setting, although Whalen
et al. (1987) demonstrated that A-type rocks are also
found in active subduction zones and transcurrent re-
gimes. Experimental studies suggest that A-type gra-
nite magmas may be generated by fluid-absent partial
melting of intermediate-felsic rocks involving break-
down of halogen-rich mica and amphibole in mid- to
lower crustal pressures and high temperatures (Creas-
er et al., 1991; Skjerlie & Johnston, 1993). Thus the
melting process and source composition may be more
important in the genesis of A-type granites than the
tectonic setting in which the granites have been em-
placed.

The Nattanen-type granites are characterized by
high SiO,, Fe/Mg, LREE, and high contents of in-
compatible elements (K, Rb, Ba, Th, U). These fea-
tures point to a crustal source with very little mantle

involvement (Figs. 5, 6; Table 2; Appendix 1). This
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Table 4. Pb isotope data for Nattanen, Tepasto and Vainospii granites *.

Sample Location Wi/ |2Pb/  |*”Pb/ |*Pb/ |p,*** |Coordinates

Kfs** | 2*Pb 204ph 24Pb (WGS85)
Nattanen granite
Al73 Nattaset wr 18.61 15.28 41.31 68°7'26.712" N 27°21'40.569" E
A173Kfs Nattaset kfs 14.65 14.85 34.52 1.88 [68°7'26.712" N 27°21'40.569" E
A266Kfs Nattaset wr 14.58 14.83 34.48 68°7'13.745" N 27°22' 6.325" E
A349 Salmurinvaara | wr 24.51 15.83 48.59 68° 3' 24.374" N 26° 36' 22.904" E
A350 Lohijoki wr 18.78 15.33 41.71 67°57' 35.85" N 26° 58' 10.678" E
A351 Salmurinvaara | wr 21.30 15.44 45.71 68°2'42.681" N 26° 38' 20.049" E
A527/10 Nattaset wr 17.28 15.10 44.32 68°6' 23.456" N 27°23' 57.944" E
A527/10Kfs Nattaset kfs 14.58 14.84 34.39 1.93 |68°6'23.456" N 27°23'57.944" E
A52711 Nattaset wr 17.89  [15.19 [43.20 68°6'23.456" N |27°23'57.944"E
A527/12 Nattaset wr 18.05 1525 |47.14 68°6'23.456" N |27°23'57.944"E
A527/12Kfs Nattaset kfs 1456  |14.87 [34.49 1.93 |68°6'23.456" N |27°23'57.944" E
Nattanen porphyric rhyolite dykes
A307 Vuotso wr 21.98 |15.57 |45.44 68°7'4.703" N 27°16'37.4"E
A307Kfs Vuotso kfs 16.20  |15.05 |36.53 |7.85 |68°7'4.703" N 27°16'37.4"E
A345 Hangasoja wr 28.87 16.29 63.97
A346 Tanka-aapa | wr 23.62 15.86 |49.11
A347 Jaurijoki wr 40.67 17.03  [66.19
A352 lisinkimppd | wr 198.90 |31.48 130.4 68°7'23.149" N 26°19'21.954" E
A352/2 lisinkdmppd | wr 262.3  |37.02 162.87 68°7'23.149" N |26°19'21.954" E
A353 Vuomaspii | wr 16.72 15.14  |38.53
A354 Ukselmapdd | wr 26.50 16.23  |27.31
Tepasto granite
A184 Kotivaara wr 20.47  |15.73  |41.50 67°59'55.873" N |24°40'27.253" E
A184Kfs Kotivaara kfs 15.33 15.17 3497 |1.81 ]67°59'55.873" N |24°40'27.253" E
Vainospii granite
A168 Vainospid wr 21.00 15.65 43.63 69° 32' 6.656" N 28°39'49.136" E
A168Kfs Vainospid kfs 14.81 14.99 34.87 1.98 |69°32'6.656" N 28°39'49.136" E
A169 Vainospid wr 20.05 15.55 41.92 69° 32' 6.656" N 28°39'49.136" E
A169Kfs Vainospii kfs 14.79 14.98 34.86 1.98 |69°32'6.656" N 28°39'49.136" E
A210 Pikkevaara  |wr 1637  |15.16 | 44.79 69°33'39.338" N |29°4'11.673" E
A210Kfs Pikkevaara kfs 14.82 15.01 34.91 2.01 [69°33'39.338" N [29°4'11.673"E
*) Analyses were made in early 1970s in isotope laboratory of Geological Survey of Finland (GTK), for methods see Vaasjoki
(1977).
**) wr = whole rock fraction, kfs = K-feldspar fraction

***) After Stacey and Kramers (1975) two stage model

Isotopic ratios corrrected for fractionation using the CIT standard (Catanzaro, 1967), errors 0.2-0.3%.
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study shows that the Nattanen-type granites have a
high Fe/Mg ratio typical for oxidized A-type gran-
ites. The rhyolite dykes from the Nattanen stock are
more evolved and show reduced A-type characteris-
tics (Fig. 6 c—f; Dall’Agnoll et al., 2007). The up-to-
date analyses further allow us to use the classification
of Whalen et al. (1987) to confirm the A-type charac-
teristics of the Nattanen-type granites. High Zr satu-
ration temperatures and lack of significant inherited
zircon in the Nattanen-type granites also point to an
A-type character.

Geochemically, the Nattanen-type granites are sim-
ilar to the 1.65-1.54 Ga anorogenic, reduced A-type
rapakivi granites (e.g., Rimo & Haapala, 2005), and

the - 1.8 Ga post-orogenic shoshonitic rocks (e.g.,
Andersson et al., 2006) of southern Finland. Some
differences between these three granite groups can be
observed, however. For example, in the tectonic clas-
sification of Pearce et al. (1984; Fig. 6b), the Nat-
tanen-type granites and shoshonitic rocks differ from

the rapakivi granites in their lower Y+Nb values.

6.2. Petrogenesis

The U-Pb isotopic age data (Table 3, Fig. 8) on zir-
con, monazite, and titanite indicate that the Nat-
tanen-type granites south of the LGB and the Vainos-
pdd granite were emplaced at ca. 1.78 Ga. This is con-
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sistent with the 1.80-1.76 Ga ages eatlier obtained
for the Nattanen-type magmatism in the Fennoscadi-
an shield (Vetrin et al., 2006; Rastas et al., 2001).

The whole-rock and K-feldspar Pb isotope results
(Table 4; Fig. 9) suggest that the source of the gran-
ites had resided in a relatively low U/Pb environment
such as Archean lower crust (Kouvo et al., 1983). The
Nattanen and Vainospii K-feldspars plot close to the
model Pb isotope ratios for the 1.8 Ga lower crust
after Zartman and Doe (1981). The Nattanen-type
granitoids are slightly less radiogenic than the Vaino-
spii granite. The K-feldspar data from the Nattanen
and the Vainospii plutons are homogeneous imply-
ing that Pb was derived from well mixed source be-
fore incorporating into the crystallizing rock.

Figure 10 show isotopic variations compared to
SiO, compositions of the Nattanen, Vainospid, and
Tepasto granites. The Nattanen granite shows the
strongest crustal isotopic signatures, (least radiogenic
initial Hf, Nd and uranogenic Pb isotopic composi-
tion) and the most evolved geochemical character. Ex-
perimental studies (Watkins et al., 2007) have shown
that partial melting of hornblende-bearing (tonalite-
trondhjemite-granodiorite) TTG in fluid-absent con-
ditions is capable of producing small amounts of per-
aluminous granitic melts with high SiO, and K,0/
Na,O at the temperature of <850 °C (0.8—1.2 MPa).

An increase in the temperature produces larger vol-

umes of melts of same granitic composition. Zircon
saturation temperatures (Fig. 7) for the Nattanen-
type granites are in the 720-880°C range, which fits
the experimental studies. The high temperatures may
have caused melting or resetting of inherited zircons
and homogenized Pb—Pb isotope signatures. We sug-
gest that the sources of the Nattanen granites are low-
er-crustal Archean hornblende-bearing TTG gneiss-
es. High-T melting of low-radiogenic TTG source
also explains the homogeneous Pb isotopic charac-
teristics.

Our Pb isotope data are supported by previous
Lu—Hf and Sm-Nd isotope studies. Patchett et al.
(1981) reported less radiogenic initial €, values for
the Nattanen granites (-12.1) than for the Vainospii
(-9.5) granites (Figs. 10b, 11b), and Huhma (1986)
reported lower initial €, values for Nattanen (-9.1)
than for Vainospid (-8.2; Figs. 10¢; 11a). The high-
est €, value was reported for Tepasto (-5.7; Figs. op.
cit.), which also shows the most radiogenic Pb isotope
compositions (Fig. 9a; Fig 10 a), indicating a small-
et proportion of Archean source component. The iso-
topic variation of the different Nattanen-type plutons
may be the consequence of varying amounts and na-
ture of source components (U/Pb, Lu/Hf and Sm/Nd
ratios and age). For example, Proterozoic metavolcan-
ic rocks in the mainly Archean lower crust could ac-

count for the more juvenile character of the Tepas-
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Fig. 10. Isotopic variation compared to average whole-rock composition showing differences of the Nattanen, Te-
pasto, and Vainospda granites, error bars are standard deviation G.a) Two stage common lead p, (Stacey & Kram-

ers, 1975) vs.SiO, b) €, vs. SiO,. ¢) g, vs. SiO,.
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to granite. This hypothesis is supported by the fact
that this batholith s, at the present erosion level, sur-
rounded by Proterozoic rocks (Fig. 1). In addition
to different isotopic compositions, some samples of
the Vainospii and Tepasto granite show calc-alkaline
geochemical features and elevated MgO, CaO and
lower SiO, than the Nattanen granite, which further
implies lithological differences in the source rocks.
In summary, the isotopic and geochemical charac-
teristics of the Nattanen-type granites were probably
derived from felsic Archean crustal sources (g, ca.
-13—10and €  ca. -12.1--9.5) with minor contribu-
tions from younger source components, possibly Pro-
terozoic crust (€, ca. -2.5-4.0; Fig. 11a).

A petrogenetic model for the Nattanen-type gran-
ites needs to explain their widespread occurrence
on both sides of the Kola—Karelia suture. The mod-
el should also account for the crustal source, high-
T melting conditions, and A-type geochemical char-
acter. Experimental studies on the melting of TTG
gneisses in high-T conditions (850 °C at 0.8-1.2

GPa) have produced granitic melts via the breakdown
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of amphibole after the exhaustion of biotite and mus-
covite at lower temperatures (e.g., Watkins ecal., 2007
and references therein) that fits well with the isotopic
data of the Nattanen-type granites. In here we discuss
two plausible tectonic environments that may have
produced Nattanen-type granites: extensional setting
(e.g. Rimé & Haapala, 2005), and melting of thick-
ened orogenic crust (Vorma, 1976; Windley, 1991).
In the case of extensional setting, mafic underplating
is the most prominent mechanism and involves heat-
ing by mafic mantle derived magmatism and result-
ing partial melting in the crust, forming the parental
magmas of the granites. Partial melting of the mantle
may be related to rifting, extensional collapse of oro-
gen, or deep mantle plumes (e.g., Haapala & Rims,
1999 and references therein). This model is support-
ed by the FIRE 4 seismic reflector profile in Lapland
that shows a strong reflection in lower crust (Patison
et al., 2006). Similar reflections have been described
related to the Finnish rapakivi granites and interpret-
ed as stretching and underplating (Korja & Heikki-
nen, 1995). This tectonic setting is often regarded as
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Fig. 11.a) An £, vs.age diagram illustrating the Nd isotope evolution of the Nattanen, Tepasto and Vainospéi gran-
ites. Figure redrawn after Huhma (1986), depleted mantle after DePaolo (1981). b) An '¢Hf/'”’Hf vs. age diagram
illustrating the Hf isotope evolution of the Nattanen and Vainospdi granites. Figure redrawn after Patchett et al.
(1981).The diagrams show that Nattanen-type granites represent mainly remelted Archean crust, with possible mi-
nor contribution from Proterozoic crust.
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the regime of A-type granites, but the post-orogenic
nature of the Nattanen-type granites (these rocks are
partly coeval with orogenic granites of the CLGC;
Ahtonen et al., (2007)) calls for also other regimes.
Another plausible tectonic environment, thick-
ened orogenic crust, may have lead to thermal relax-
ation and is associated with increased radioactive heat
production and normalization of the geothermal gra-
dient, leading to high-T partial melting in stacked
crust (e.g. Huerta et al., 1996; Vanderhaege & Te-
yssier, 2001). A recent study on the thermal evolu-
tion of stacked crust in southern Finland suggested
that the final products of crustal melting in thick-
ened crust should be geochemically A-type, as high-
er temperatures are attained in the lower crust, allow-
ing dehydration melting of amphibole to take place
(Kukkonen & Lauri, 2009). In the case of the Nat-
tanen-type granites the partial melting of interme-
diate-felsic crust, involving dehydration break-down
of amphibole during thermal relaxation in the lower
part of thickened crust is a plausible mechanism for
the petrogenesis of the granites, and explains also the
lack of observations of coeval, mantle-derived mafic
magmatism. The Nattanen-type granites may be ge-
ochemically classified as oxidized A-type granites de-
rived from e.g. amphibole-bearing, halogen-enriched
rocks of the lower crust, but their tectonic setting can

obviously be explained in more than one way.

6.3. Nattanen-type granites and tectonic
evolution of the Fennoscandian shield

The tectonic evolution of the Fennoscandian shield
was characterized by 2.5-2.0 Ga extension-dominat-
ed period in the Early Paleoproterozoic (Vuollo &
Huhma, 2005 and references therein). After 2.0 Ga
the dominant tectonic events were collisional and the
shield grew rapidly by voluminous silicic magmatism
that was coeval with the accretion of new terrains to
the Archean craton. The collisional period between
1.9-1.8 Ga was a time for extensive crustal growth
not only in the Fennoscandian shield but worldwide
(e.g., Condie, 2000). The 1.9-1.8 Ga tectonic events

have been assigned to the formation of a superconti-

nent (Columbia) that consisted of at least Fennoscan-
dia, Sarmatia, Laurentia, and Amazonia (e.g., Zhao et
al., 2002).

The Nattanen-type granites have been considered
as post-orogenic (Nironen et al., 2005) relative to the
~1.9-1.8 Ga orogenic activity in Lapland caused by
the collision of the Archean Norrbotten, Karelian,
and Kola cratons (Lahtinen et al., 2005). Some of the
deformed granites of the central Lapland granitoid
complex have ages that are similar to or even young-
er than those of the Nattanen-type granites (Ahtonen
et al., 2007), suggesting that the cessation of the col-
lisional tectonics during the emplacement of the Nat-
tanen-type granites was a more local phenomenon
than previously thought and that the orogenic activi-
ty was not completely over in Lapland by 1.8 Ga.

The situation is similar in southern Finland, where
minor shoshonitic post-orogenic granite magmatism
(Eklund et al., 1998; Viisinen et al., 2000) was at
least partly coeval with the voluminous Svecofenni-
an late-orogenic collision-related leucogranite event
between 1.85 Ga and 1.79 Ga (Kurhila et al., 2005;
Nironen & Kurhila, 2008). The shoshonitic granites
of southern Finland are geochemically similar to the
Nattanen-type granites (Fig. 6) and the differences in
the geochemistry of the two suites may be a conse-
quence of different sources. The Nattanen-type gran-
ites were derived from a dominantly Archean low-
er crust whereas the shoshonitic rocks of southern
Finland have a Paleoproterozoic lithospheric mantle
source. Crustal-scale fracture zones in stabilized crust
probably explain the locations of the post-orogenic
intrusions in the northern and southern parts of the

Fennoscandian shield.

7. Conclusions

1. Geochemically the Nattanen-type granites are oxi-
dized, A-type granites and they were derived from
a predominantly Archean lower crustal source.
They are post-collisional, not anorogenic.

2. U-Pb isotopic age data support the notion that
the Nattanen-type granites of Finland and Russia
were formed as a consequence of a single magma-
tic event at 1.80-1.76 Ga.
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3. Whole-rock geochemical and isotope geological
composition of the Nattanen-type granites sug-
gests derivation mostly from Archean TTG gneiss-
es, involving dehydration breakdown of amphib-
ole. Minor compositional and isotopic differences
between the Nattanen-type intrusions reflect vary-
ing proportions of different crustal materials in the
source.

4. The formation of Nattanen-type granites can be
explained at least in two ways:

A) Mafic underplating in an extensional setting
may have caused high temperature partial
melting in the overlying crust, forming the pa-
rental magmas of the Nattanen-type granites.

B) Postcollisional thermal relaxation, heat produc-
tion, and stabilization of the geothermal gradi-
ent may have led to high temperatures in the
thickened crust, and in the resultant formation
of the parental magmas of the Nattanen-type
granites.

5. In terms of tectonic evolution, the Nattanen-type
granites represent the last magmatic event related

to the Norbotten, Karelian, and Kola collision.
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Appendix |. Compiled dataset of previously published whole-rock elemental analyses from granitic samples
from Nattanen-type intrusions.

Analyses from The Rock Geochemical Database of Finland (methods are described in Rasilainen et al. (2007))

Intrusion Nattanen | Nattanen | Nattanen | Pomovaara | Pomovaara | Pomovaara | Pomovaara | Pomovaara | Riestovaara | Riestovaara | Riestovaara | Riestovaara
Sample 92009679 [ 92009683 | 92009691 | 92009552 | 92009555 | 92009559 | 92009561 | 92009629 | 92009672 | 92009569 | 92009705 | 92009544
SiO2 wt.% 74.7 74.4 74.4 73.1 75.1 72.7 72.1 76.2 74.5 73.8 76.0 71.2
TiO2 wt.% 0.19 0.17 0.17 0.20 0.04 0.34 0.43 0.12 0.21 0.30 0.04 0.38
Al203 wt.% 13.20 13.30 13.20 14.20 13.90 13.60 13.00 12.80 13.10 13.40 13.30 14.40
FeOt wt.% 1.35 1.20 1.31 1.42 0.63 2.09 3.26 0.92 1.24 1.64 0.42 2.14
MnO wt.% 0.02 0.02 0.03 0.04 0.02 0.04 0.08 0.03 0.04 0.02 0.02 0.04
MgO wt.% 0.18 0.14 0.46 0.33 0.01 0.50 0.74 0.10 0.20 0.31 0.02 0.76
CaO wt.% 0.69 0.66 0.78 1.26 0.76 1.53 1.17 0.64 0.79 0.90 0.67 1.20
Na20 wt.% 3.74 3.77 3.67 3.91 4.34 3.66 3.52 3.76 3.67 3.50 4.73 3.69
K20 wt.% 4.82 4.83 4.72 4.47 4.44 4.27 3.87 4.48 4.68 5.17 3.83 4.77
P205 wt.% 0.02 0.02 0.02 0.06 0.00 0.11 0.14 0.01 0.03 0.04 0.00 0.11
Ba_175x ppm 458 495 490 919 46.9 871 605 148 721 888 29.1 1130
CL175x ppm 179 134 179 141 <100 <100 104 <100 <100 102 <100 131
Cr_175x ppm <30 <30 53.1 <30 <30 <30 <30 <30 <30 <30 <30 <30
Cu_175x ppm <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Ga_175x ppm 30 28.3 28.7 25 29.6 30.8 29.2 33.1 27.7 24.8 19 38.8
Mo_175x ppm <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
Nb_175xppm | 22.1 20.1 20.2 22.7 17.4 18.5 39.4 16.6 17.4 24.6 34.2 17.6
Ni_175x ppm <20 <20 22.7 <20 <20 <20 <20 <20 <20 <20 <20 <20
Pb_175xppm | <30 30.4 32 41.8 48.8 34.7 39.7 38.6 <30 <30 42.9 <30
Rb_175x ppm | 178 194 191 206 244 170 269 275 211 180 331 154
S_175x ppm <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100 <100
Sc_175x ppm <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Sn_175x% ppm <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
Sr_175x ppm 26.4 48 48.2 169 25.9 188 128 44.4 76.7 106 15.5 203
V_175x ppm <30 <30 <30 <30 <30 <30 36 <30 <30 <30 <30 34.9
Y_175x ppm 27.6 23 22.5 31.2 17.2 19.2 30.7 15.2 24.9 31.1 15.8 27.7
Zn_175xppm | <20 <20 20.5 39.6 <20 43.2 80.8 <20 23.5 <20 <20 28.7
Zr_175x ppm 265 205 205 213 200 270 465 121 248 322 75.8 258
Al_511p ppm | 3510 3730 3600 4010 1860 5260 7580 2650 2990 3110 1790 5730
B_511p ppm <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Ba_5l1pppm | 31.6 35.8 41.7 44.3 16.2 77.4 72.3 18.5 39.4 57.4 14.5 79
Be 511pppm | <0.5 <0.6 <0.7 <0.8 <0.9 <0.10 <0.11 <0.12 <0.13 <0.14 <0.15 <0.16
Ca_511pppm | 1960 1400 1120 2240 582 2660 2110 1000 2030 1780 1260 2460
Cd_511p ppm <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Co_511p ppm <1 <1 1.81 2.68 <1 49 6.27 1.16 1.48 1.98 <1 5.96
Cr_51lpppm | 2.99 2.97 14.4 9.94 3.37 8.72 12.3 3.44 3.00 7.46 2.48 8.09
Cu_511p ppm 1.8 1.97 3.03 3.94 4.14 8.98 10.1 3.36 2.08 2.5 2.92 7.67
Fe_511p ppm | 13400 12000 11500 14500 6150 21000 29800 10000 12300 16700 4080 22100
K_511p ppm 1600 2170 1930 1840 863 3580 4420 1050 1220 2020 909 3040
La_511p ppm 115 54.6 60.6 69.3 7.5 89.6 87.6 52 97.3 148 14.1 94.5
Li_511p ppm 8.49 18.5 20.9 28.2 1.63 17.3 72.9 5.78 11.1 12.9 1.31 22.9
Mg 511pppm | 1210 1190 1670 1820 151 3290 4260 797 1350 1770 254 4770
Mn_511pppm| 993 95.9 157 340 150 327 413 130 171 150 76.4 262
Mo_511p ppm <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
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Tepasto | Vainospii | Vainospii | Vainospi | Vainospid | Vainospii | Vainospii | Vainospid | Vainospid | Vainospii | Vainospii | Vainospid | Vainospii

93001676 95001306 [ 95001302 [ 91011354 | 91011362 | 91011365 | 91011367 | 91011369 | 95001281 | 95001282 | 95001283 | 95001307 | 95001308

70.7 72.7 749 74.0 74.6 74.0 73.5 73.1 73.7 70.5 70.5 69.5 743

0.30 0.31 0.13 0.14 0.11 0.13 0.18 0.20 0.194 0.34 0.41 0.44 0.14

15.20 14.00 13.70 13.80 13.70 13.70 13.50 14.80 13.90 15.10 14.60 14.80 13.50

1.90 2.19 1.01 1.42 1.20 1.47 222 1.23 1.57 2.29 2.36 3.04 1.53

0.03 0.02 0.03 0.04 0.03 0.04 0.02 0.02 0.03 0.04 0.03 0.05 0.01

0.56 0.58 0.19 0.19 0.19 0.20 0.69 0.32 0.45 0.63 0.66 0.70 0.16

151 0.79 1.38 1.11 1.02 1.12 0.21 1.40 0.89 1.85 1.64 1.72 1.26

423 3.62 3.860 3.46 3.42 3.41 3.60 4.50 3.85 4.18 4.31 3.78 3.63

4.87 5.07 4.32 5.40 5.38 5.48 5.49 4.02 4.83 4.32 4.49 4.98 4.81

0.13 0.09 0.03 0.04 0.03 0.04 0.05 0.06 0.05 0.11 0.17 0.14 0.03
1068 1343 519 659 501 625 811 669 710 1223 1932 1540 1375
<100 130 <100 <100 <100 <100 <100 <100 <100 110 120 280 <100
<30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
<20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
25.9 27 26 29 27.1 21 25.3 222 26.1 26 69 30 29
<10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
<10 13 <10 14.3 <10 13.3 10.9 <10 14 18 14 28 <10
<20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
<30 36 58 58.6 62.8 67.1 38.2 37.4 41 47 36 48 41
173 164 197 274 252 251 197 115 242 184 152 246 150
<100 <100 <100 <100 <100 <100 <100 <100 <100 <100 210 120 <100
<30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
<30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
250 239 146 133 114 129 87.5 231 126 281 474 224 332
33 35 <30 <30 <30 <30 <30 <30 <30 44 44 45 <30
12 12 <10 24.3 17.5 22.2 18 <10 <10 17 <10 18 <10
34 23 28 50 44,9 47.2 33.4 50.7 30 46 22 78 <20
186 248 129 160 130 147 195 154 181 289 291 401 115
5600 5000 4000 5380 4910 5980 6240 5170 5400 8100 5200 10000 2600
<5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
58.5 29 23.2 26.7 15.8 23 19.9 25.5 30.5 87.5 45.1 133 54.7
<0.17 <0.18 <0.19 <1 <1 <1 <1 <1 0.6 <0.5 <0.6 <0.7 <0.8
2600 1200 1500 2010 1840 2050 801 1410 2000 4800 5500 4900 1800
<1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
4.8 43 1.9 2.13 1.86 2.62 5.22 3.08 2.6 5.1 5.9 5.8 1.9
7.30 6.90 4.70 4.00 5.08 5.63 4.64 4.65 5.50 7.60 12.20 13.10 3.60
9.1 9.9 2.9 3.31 3.87 3.7 4.08 5.09 2.6 6.4 3.6 9.5 2.5

18700 17600 9800 12600 11600 14700 19400 11900 13600 21000 22100 26600 13900

4100 800 2000 2490 1850 2920 899 2230 900 3100 800 5900 1000

46.1 68.9 44.5 05.6 39.5 70.2 33.2 28.6 60.6 115 121 164 423
36.9 8.5 18.8 46.8 10.5 25.2 8.99 11.5 10.4 15 7.5 22.9 7

3900 3500 1400 1380 1330 1630 4460 2180 2800 4100 4300 4600 1200
253 127 138 238 244 277 167 114 211 214 164 235 78.2

<5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
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Appendix 1. (cont.)

Intrusion Nattanen | Nattanen | Nattanen | Pomovaara | Pomovaara | Pomovaara | Pomovaara | Pomovaara | Riestovaara | Riestovaara | Riestovaara | Riestovaara
Sample 92009679 | 92009683 | 92009691 | 92009552 | 92009555 | 92009559 | 92009561 | 92009629 | 92009672 | 92009569 | 92009705 | 92009544
Na_51lp ppm| 537 496 564 521 626 636 477 561 433 519 713 488
Ni_511p ppm <3 <3 11.4 5.38 <3 6.1 7.25 3.76 3.14 4.84 <3 5.57
P_511p ppm 81.3 72.9 69.6 225 <50 424 549 70 130 177 <50 469
Pb_511p ppm <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
S_511p ppm <20 <20 <20 <20 <20 249 23.5 <20 <20 <20 <20 155
Scsllpppm | 262 | 304 | 242 | 179 | 141 | 295 | 445 1.46 2.23 2.23 1.97 2.82
Srstlpppm | 188 | 24 | 246 | 732 | 229 | 766 | 562 | 256 | 419 43 <l 6.46
Th 511pppm| 415 28.8 27.5 29.8 59.2 35.8 64.9 58 37.6 35.9 37.4 31.5
Ti_511p ppm 160 351 391 638 227 1790 1680 328 730 1470 61.1 1620
V_511p ppm <1 3.23 4,14 11.8 <1 23 29.2 2.92 5.13 10.8 <1 28
Y_511p ppm 20.7 12.5 14.1 21.7 13.8 16.1 23.3 11.9 18.4 23.9 9.32 18.2
Zn 51lpppm| 7.62 5.19 14.6 31.7 8.03 39.6 65.8 11.5 20.4 9.29 8.22 25.5
Ag Slluppm| <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
As 511uppm | 0.333 0.515 0.548 0.785 0.833 0.409 <0.2 0.755 0.47 0.924 0.389 <0.2
Bi_511uppm | 0.0141 <0.01 | 0.0114 | 0.0159 | 0.0412 | 0.0159 | 0.0158 <0.01 0.022 <0.01 <0.01 0.0158
Sb_511uppm | <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Se_511uppm | <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Au_521u ppb <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Pd_521u ppb <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Te_521u ppb <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
E 7071 % 0.186 0.109 0.108 0.073 0.024 0.072 0.083 0.045 0.103 0.057 0.09 0.14
C_811ltot% | <0.01 0.013 <0.01 0.012 0.012 0.016 0.024 0.012 <0.01 0.014 <0.01 0.015
CO2_8161% | <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18
Cgraf_8161% | <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Ce_308m ppm 199 159 146 110 11 146 145 79.1 154 243 37.6 196
Dy_308m ppm | 4.33 3.22 3.61 4.26 1.74 3.08 4.26 1.7 3.28 4.95 0.844 4.92
Er_308mppm | 2.47 1.63 1.9 2.22 1.13 1.65 2.38 1.28 1.82 2.79 0.771 2.3
Eu_308m ppm | 1.14 0.873 0.825 0.611 0.269 0.8 0.811 0.349 0.88 1.21 <0.1 1.21
Gd_308m ppm | 7.45 5.19 5.14 5.1 1.56 5 5.87 222 5.21 8.67 0.946 6.69
Hf 308m ppm | 7.27 6.11 4.88 439 5.75 4.47 10.1 3.74 5.35 6.43 4.63 6.99
Ho_308m ppm | 0.834 0.579 0.655 0.818 0.401 0.576 0.881 0.378 0.703 1.08 0.221 0.85
La_308m ppm 118 83.5 75.5 63.5 5.32 78.2 83.1 48.9 90.9 157 16.9 113
Lu_308m ppm | 0.319 0.25 0.299 0.367 0.223 0.235 0.36 0.26 0.273 0.245 0.268 0.317
Nb_308m ppm | 27.6 16.2 13.5 16 10.7 14 29.6 14.6 16.8 18.6 22.8 14.3
Nd_308mppm | 72.9 54.3 49.8 37.9 5.5 44,6 50.6 21.2 50.2 82.4 9.19 64.7
Pr_308m ppm 22.9 17.2 15 11.9 1.46 13.5 16 7.63 16.5 27 3.52 21.2
Rb_308m ppm | 157 171 171 187 203 152 229 266 184 179 317 137
Sc_308mppm | 4.77 4.8 3.48 3.23 2.06 411 6.83 1.59 2.71 1.48 3.89 4.03
Sm_308m ppm | 10.2 7.29 7.05 6.28 1.81 6.26 7.35 2.78 7.12 10.7 1.19 8.19
Ta_308m ppm | 0.83 0.813 0.847 1.51 1.84 0.946 1.76 1.11 1.06 1.04 1.1 0.965
Tb_308m ppm | 0.936 0.663 0.731 0.827 0.239 0.654 0.86 0.326 0.743 1.08 0.15 0.925
Th_308m ppm | 27.2 28.1 23.3 21.2 47.9 23.9 50.9 46.7 25.9 23.9 323 26.3
Tm_308mppm | 0.349 0.255 0.267 0.339 0.213 0.269 0.392 0.191 0.276 0.38 0.174 0.379
U_308m ppm 3.1 2.94 243 3.18 11.8 2.74 4.93 8.6 3.13 2.12 12.6 2.16
V_308mppm | 1.79 4.01 6.35 11.7 1.13 18.9 26.2 4.32 5.14 7.97 1.61 25.5
Y_308mppm | 28.4 20.1 22 28.7 14.4 17.5 27.4 13.9 22.3 31 10.7 28.2
Yb_308mppm | 2.2 1.67 1.94 237 1.39 1.83 2.6 1.62 1.84 2.33 1.55 1.87
Zr 308mppm| 247 185 161 168 158 163 377 103 192 271 69.3 242
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Tepasto | Vainospii | Vainospid | Vainospii | Vainospii | Vainospai | Vainospii | Vainospid | Vainospii | Vainospdi | Vainospai | Vainospid | Vainospii
93001676 | 95001306 | 95001302 | 91011354 | 91011362 { 91011365 | 91011367 | 91011369 | 95001281 | 95001282 | 95001283 | 95001307 | 95001308
400 400 500 587 647 654 630 824 500 600 500 500 500
5 5 3.8 3.61 4.2 4.15 459 4.83 4 5.8 8.3 6.7 3.9
594 334 120 168 129 168 214 237 189 425 631 566 104
<30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30 <30
46 <20 <20 <20 <20 <20 <20 <20 <20 <20 318 134 <20
2.8 1.7 1.6 1.28 1.22 2.19 1.41 1.14 1.8 3.5 1.7 4.3 1.1
7.1 5.7 6.4 6.24 5.24 5.38 4.96 591 74 15.1 30.5 15.4 10.5
26 45 51 52.9 47.6 51.7 55.9 15.6 44 42 46 066 27
1760 384 565 647 549 780 179 801 728 1410 2250 1730 462
259 17.5 5.1 6.36 5.01 7.11 5.72 10.5 10.5 23.7 27.6 29 14.2
11.2 8.5 6.8 115 6.71 13.6 7.6 3.38 7.4 12,5 7.5 13.1 22
36 19.2 27.6 39.5 30.9 38.4 20.7 39.4 25.7 425 17.5 69.1 11.8
<0.1 0.18 <0.1 <0.1 <0.1 0.211 <0.1 <0.1 <0.1 0.44 <0.1 0.4 <0.1
0.9 0.6 0.6 0.255 0.359 0.321 <0.2 0.311 0.8 0.9 0.9 0.7 0.5
0.02 <0.01 <0.01 0.0826 | <0.01 <0.01 0.0252 | 0.033 <0.01 0.02 0.02 <0.01 <0.01
<0.03 <0.03 <0.03 0.0413 <0.03 0.0421 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
<0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
<0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
<5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
<10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
0.04 0.05 0.04 0.04 <0.02 <0.02 <0.02 <0.02 0.05 0.13 0.13 0.14 0.04
0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02
<0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18 <0.18
<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
84.5 143 71.1 111 09.4 116 147 474 98.5 196 204 299 71.1
2.57 2.16 1.39 2.63 1.53 2.74 2.11 0.942 1.74 2.81 1.71 3.26 0.65
1.15 0.99 0.6 1.37 0.808 1.34 1.05 0.361 0.73 1.3 0.7 1.23 0.2
0.69 0.85 0.53 0.517 0.376 0.545 0.464 0.402 0.58 0.91 1.2 1.12 0.45
33 3.97 2.99 3.99 2.68 4.43 3.78 1.72 3.56 5.49 443 7.64 1.39
5.29 5.68 3.34 4.53 3.97 445 4.89 3.57 4.43 5.99 5.61 10 3.61
0.48 0.37 0.24 0.473 0.314 0.562 0.413 0.132 0.27 0.5 0.28 0.56 <0.1
50.1 79.4 428 59.6 39.3 65.8 83.2 26.6 57.3 112 123 173 443
0.2 0.14 <0.1 0.201 <0.1 0.2 0.163 <0.1 <0.1 0.15 <0.1 0.13 <0.1
10.4 11.5 8.75 12.6 8.32 14.4 11.9 3.64 10 17.3 13 27.5 3.1
29.1 483 23.1 35.6 23.9 35.4 45.1 14.6 32.2 61.3 601.6 89.9 20.3
8.79 15.4 7.15 11.3 7.43 11.5 14.6 4.52 10.2 19.5 20.4 29.7 7.06
146 155 187 270 256 258 208 120 237 185 156 239 144
298 251 1.8 2.99 253 2.96 3.17 212 3.46 5.28 3.54 4.34 1.46
4.34 6.20 3.61 5.21 3.50 5.44 5.59 224 4.45 7.66 6.7 10.3 2.19
1.01 0.89 0.49 132 0.625 1.19 0.714 0.229 0.48 1.72 0.89 1.35 0.24
0.49 0.53 0.36 0.521 0.298 0.556 0.526 0.198 0.44 0.69 0.49 0.88 0.18
205 31.9 39.4 413 40.4 426 51.6 10.4 36 29.8 36 45 19.7
0.17 0.15 <0.1 0.205 <0.1 0.181 0.174 <0.1 <0.1 0.2 <0.1 0.15 <0.1
2.43 4.57 12.3 6.83 6.26 5.74 7.64 1.79 6.39 3.15 10.6 1.78 191
23.4 19.5 5.47 7.73 7.06 8.38 10 12.1 12.1 23.1 29.4 26.7 13.1
15.1 10.6 7.48 16 8.64 16.8 11.8 4.18 9.09 16.2 9.48 15.8 29
1.3 0.95 0.47 1.25 0.661 1.43 1.01 0.311 0.56 1.2 0.62 0.99 0.25
209 203 113 146 121 152 170 143 161 257 252 383 100
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