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Sm-Nd isotopic data from 400 samples provide a view of the formation of the Ar-
chaean crust in Finland and the Fennoscandian Shield. Despite problems related
to secondary REE mobility, the Sm-Nd results show that a mantle reservoir with
time-integrated depletion in LREE was an important source of magmas already
during the Archaean. The data show that most Archaean felsic rocks in Finland
have depleted mantle model ages of ca. 2.8-3.0 Ga, suggesting, together with the
U-PDb zircon ages, that much of the Archaean consists of relatively juvenile crust.
This is particularly true for the Kuhmo area, whereas in Suomussalmi area, the
recycling of older crustal material is more pronounced. Throughout the Finnish
Archaean rocks with model ages in excess of 3.3 Ga are few. The 3.5 Ga Siurua
gneisses in Pudasjarvi, which are the oldest rocks recognized so far in the Fen-
noscandian Shield, have yielded the oldest reliable Sm-Nd model ages, up to ca.
3.7 Ga.
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INTRODUCTION

One of the applications of Sm-Nd isotope analy-
sis of rocks is that the results give constraints on
the average crustal residence time of the rocks
and their provenances. This is based on the as-
sumption that REE fractionation associated with
the crust generating processes are large compared
to fractionation during later processes within the
crust (McCulloch & Wasserburg 1978). A gen-
eral problem related to this approach, especially
with Archaean rocks, is the question whether the
Sm-Nd system has remained closed since their
formation. If metamorphic Sm/Nd fractiona-
tion has occurred, the results are obviously er-
roneous. Examples of clearly anomalous results
are often related to samples which have relatively
low abundance of REE and elevated Sm/Nd ra-
tio ("Sm/'"**Nd > 0.13). The calculated model
ages for such samples tend to be too old and do
not characterize true crustal residence ages. Most
of these problematic samples are relatively fine-
grained volcanogenic rocks and often related to
shear zones with associated high fluid flow. The
opposite case is also seen where some rocks have
very low Sm/Nd due to fractionation related to
partial melting, providing calculated model-ages
that are “too young” compared to the true pro-
tolith age.

This paper reports the Sm-Nd isotope results
from the Archaean crust in central Finland. The

main features of the Archaean bedrock in Fin-
land and the Fennoscandian Shield are provid-
ed by Sorjonen-Ward & Luukkonen (2005) and
Slabunov et al. (2006). The Archacan area can be
divided into a few main domains, which in this
paper are simply geographic areas: Pudasjirvi,
Suomussalmi/Koillismaa, Kuhmo, Ilomantsi
and Iisalmi (Fig. 1). Archaean rocks occur also
in Lapland, particularly in the Eastern Lapland
and Inari areas, but are not included here, since
this volume deals with the Archaean of central
Finland. The Sm-Nd data have been produced at
GTK since the early eighties, mostly from samples
which have been dated by U-Pb methods (A-series
samples), and which have been selected to repre-
sent significant lithological units. Some samples
reported in the Rock Geochemical Database of
Finland (Rasilainen et al. 2007) have also been
included. The Sm-Nd database consists of ~ 400
samples, from which ~ 100 have been previously
published elsewhere. These papers and the compi-
lation by Holtta et al. (this volume) provide more
detailed information of the rock types and their
geochemistry, but further studies are needed to
better combine the isotope results with the com-
prehensive geochemical information that exists.
In terms of rock types the samples comprise ~
250 granitoid, 60 mafic, 50 felsic volcanic and 40
sedimentary rocks (Appendix 1).

Sm-Nd METHODS

For whole-rock Sm-Nd analysis, 120-200 mg of
powdered sample was spiked with a *Sm-""Nd
tracer. The sample-spike mixture was dissolved
in HF-HNO, in sealed Teflon bombs in an oven
at 180 °C (felsic rocks) or in Savillex screw-cap
beakers on a hot plate (mafic rocks) for 48 hours.
Prior to dissolving the residue in 6.2 N HCI, the
fluorides were gently evaporated using HNO.,.
Conventional cation exchange chromatography
was used for separation of the light rare earth
elements and Sm and Nd were separated by a
modified Teflon-HDEHP (hydrogen di-ethylhex-
yl phosphate) method (Richard et al. 1976). To-
tal procedural blank was <0.5 ng for Nd. Isotope
ratios were measured on a VG Sector 54 TIMS
using Ta-Re triple filaments. Nd isotope ratios

were measured in dynamic mode and Sm iso-
topes in static mode. Nd ratios are normalized to
M6Nd/'"**Nd=0.7219. Based on several duplicate
analyses (Appendix 1), the error of the '¥’Sm/'*Nd
is estimated to be better than 0.4 %. The long-
term average '“Nd/'*Nd for the La Jolla stand-
ard is 0.511850£0.000010 (standard deviation for
220 measurements during the years 1996-2010).
Recent analysis on BCR-1 gave Sm=6.63 ppm,
Nd=28.88 ppm, "*Nd/"“*Nd=0.512640%0.000010.
The e was calculated using \'’Sm=6.54 - 10'*a",
WSm/*Nd=0.1966, and 3 Nd/'*Nd=0.512640
for the present CHUR. T, was calculated after
DePaolo (1981). Plotting and calculations of iso-
tope data were performed using the Isoplot pro-
gram (Ludwig 2003).
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Fig. 1. (a) Major Archaean tectonic domains of the Fennoscandian Shield. (b) Generalized geological map of central Fin-

land (after Kontinen et al. 2007, Korsman et al. 1997) showing the main Archaean units. OGB/SGB/KGB/TGB/IGB/KoGB=
Ojjarvi/ Suomussalmi/ Kuhmo/ Tipasjarvi/ llomantsi/ Kovero greenstone belt.
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ARCHAEAN MANTLE

Many attempts have been made to characterize
the Nd isotopic composition of the Archaean
mantle by analyzing mafic-ultramafic rocks (e.g.,
Dupre et al. 1984, Puchtel et al. 1998, Svetov et al.
2001). However, due to metamorphic REE frac-
tionation this has often turned out to be difficult,
e.g. the 2.8 Ga komatiites from Siivikkovaara in
Kuhmo belt have yielded a Sm-Nd age of ca. 1.8
Ga (Gruau et al. 1992). For those data the cal-
culated initial e 1(2300) values range from -9 to +1.

We have also carried out Sm-Nd analyses on
samples from the Kuhmo belt, those which are
considered least altered. These samples include
ten komatiites or komatiitic basalts from the Si-
ivikkovaara-Pahakangas area (close to Kellojarvi
in Fig. 9), five komatiites/ komatiitic basalts from
other sites and four high-Cr basalts (Appendix
1). Our results are also scattered with a range in
initial e, values from -2.8 to +4.6 (Figs. 2
and 3). It remains difficult to evaluate for which
samples, if any, the Sm-Nd system has remained
closed since the formation of rocks. However,
excluding a few strongly deviating samples, the

data from the Pahakangas-Siivikkovaara area
tend to give initial e, values clustering close
to +0.5, which is particularly evident in the four
analyses on komatiitic metalavas from the Paha-
kangas profile (red triangles and isochron in Fig.
2). However, komatiitic basalts and two high-Cr
basalts from other areas in Kuhmo tend to give
higher initial values close to +2.5 (red squares and
isochron in Fig. 2). Clearly positive initial values
are also provided by three intrusive mafic rocks
from the Kuhmo belt, which also have been dated
by zircon U-Pb (A976, A1771, A1418, red circles
in Fig. 3). A very high €1112500) of +14 was reported
by Patchett et al. (1981) for zircon of the tholeiitic
gabbro A976.

Sm-Nd analyses on the LREE enriched ultra-
mafic rocks from the Ilomantsi belt (Fig. 1) are
also scattered with a range of e, values from
-7.6 to +3.4 (green circles in Figs. 2 and 3). In
contrast, the analyses on amphibolites associated
with the ca. 2.72 Ga Nurmes paragneisses (Fig.
1) give consistently positive initial values at about
+1.6 (Fig. 3, Kontinen et al. 2007). There are also

Archaean komatiites and related basalts
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Fig. 2. Sm-Nd isochron diagram for komatiites and basalts from the Pahakangas-Siivikkovaara area in the Kuhmo belt (red
and black triangles, n=13), komatiitic and high-Cr basalts from other areas in Kuhmo belt (red squares, n=5) and LREE en-
riched komatiites from the Ilomantsi belt (green circles). Analyses on komatiites from Kuhmo/Siivikkovaara (x) by Gruau et
al. (1992) and from Tipasjérvi (+) by Tourpin et al. (1991) are shown for reference.
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data on intrusive mafic rocks from Ilomantsi,
Suomussalmi and Pudasjirvi areas that support
clearly positive initial values. These include the
2866 + 4 Ma gabbro A1821 from the Tormua belt
(Suomussalmi), the 2802 = 5 Ma gabbro A1782
from the Oijarvi belt (Pudasjiarvi) and the 2756
+ 4 Ma gabbro from the Kovero belt (Ilomantsi)
and several amphibolites from the Iisalmi area
(Fig. 3). The newly discovered 2741 + 2 Ma old
Likaménnikko carbonatite and associated mafic
rocks in Suomussalmi (A1912 in Fig. 4, Mikkola
et al. 2011b) also strongly supports sources with
positive initial e, since the concentration of
REE in these rocks are high and the Sm-Nd sys-
tem is thus less sensitive to crustal contamination
or later disturbances (Fig. 3).

The results from several felsic rocks, especially
from the Kuhmo belt, also provide clearly positive
initial-epsilon values. Overall, the Sm-Nd data at-

test to the importance of a depleted mantle source
and that the model for the evolution of upper
mantle by DePaolo (1981) is a useful reference.

It is tempting to consider that the e, val-
ues of +0.5 obtained on many komatiitic sam-
ples from Kuhmo were primary signatures, which
with reference to the rocks with more positive
values, would suggest heterogeneity in the Ar-
chaean mantle. This speculation is consistent with
the conclusion by Maier et al (in prep), who con-
sider the geochemistry of the Kuhmo komatiites
to indicate their origin in an oceanic plateau set-
ting above a plume, derived from primitive upper
mantle, rather than in a NMORB-type setting
from a depleted, convecting mantle source. Other
mantle sources with close to chondritic initial e
values are evident e.g. for the 2610 = 4 Ma old
Siilinjérvi carbonatite with e, 2610) = 0 (Figs. 3 and
15, Appendix 1) and the 2712 £ 1 Ma old high

Archaean mafic-ultramafic rocks
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Fig. 3. Epsilon-Nd vs. age diagram for 60 Archaean mafic rocks in Finland (GTK data). Calculated initial epsilon values are
shown: Kuhmo komatiites/ komatiitic basalts and high-Cr basalts in the Siivikkovaara-Pahakangas-Naétaniemi area (red Xs
at 2.81 Ga, n=13), Kuhmo komatiitic and high-Cr basalts in other areas (red +s at 2.81 Ga, n=5), [lomantsi ultramafic-mafic
rocks (green circles at 2.75 Ga, n=10), 2741 £ 2 Ma Likaméannikko carbonatite (light blue diamonds), amphibolites associated
with paragneisses (at 2.72 Ga, n=7, six samples at +1.6) and the 2610 * 4 Ma Siilinjarvi carbonatite (diamonds). Symbols
with sample numbers denote gabbroic samples for which the age is based on U-Pb zircon dating (A1782 — Oijarvi belt; A1821 —
Suomussalmi/Tormua belt; A976, A1418, A1771 — Kuhmo belt, A1626 — Kovero belt, A1772 — Andkéinen high REE gabbro).
Also shown are the evolution lines for 12 other mafic samples (6 from the Pudasjarvi area, A1180 from the Suomussalmi belt,
A1764 from the Ilomantsi area and four amphibolites from the lisalmi complex). Depleted mantle evolution is according to

DePaolo (1981).
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REE alkali gabbro A1772 from Anikdinen with
€xaeny = 0 (Figs. 3 and 11, Appendix 1). Howev-
er, the observed clustering of &, results from

the Siivikkovaara-Pahakangas komatiites may be
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accidental, and rocks from other areas in Kuhmo,
with positive e, may better record the prima-
ry signature for the komatiitic magmatism.

KOILLISMAA & SUOMUSSALMI

To evaluate the sources and crustal residence
of the felsic rocks, Sm-Nd model ages (T,,) for
samples with “typical” upper crustal REE pat-
terns (YSm/'"“Nd< 0.16) have been calculated
using the model of DePaolo (1981). The Sm-Nd
data available on the Archaean rocks from the
Koillismaa area consist of 24 analyses of grani-
toids/gneisses, some of which were published by
Lauri et al. (2006) and Heilimo et al. (2013) (Fig.
4). Rocks in the western areas are mostly strongly
LREE enriched (low '’Sm/!'**Nd) and give model
ages in the range 2.9-3.1 Ga. In contrast, sam-
ples near the Russian border yield systematically
younger model ages of ca. 2.8 Ga (Fig. 5). Many
of these are included in the 2.72 Ga Kuusamo sa-
nukitoids (Heilimo et al. 2013).

In the Suomussalmi area, Sm-Nd analyses have
been made on samples from the granitoid areas
(32 granitoids and one mica gneiss) and from the
Suomussalmi greenstone belt (two mafic and 15
felsic rocks including at least three sedimentary
rocks).

Most of the granitoid data are adopted from
Mikkola et al. (2011a, b), and generally give T,
ages in the range 2.9-3.1 Ga. Many of these sam-
ples have yielded U-Pb zircon ages from 2.70 to
2.82 Ga (Mikkola et al. 2011a, b), and include
also the Kaapinsalmi tonalites, which have been
denoted as sanukitoids (EPHE samples in Fig.
4, Heilimo et al. 2013). Two gneisses, which have
older U-Pb ages, also yield older model ages at
3.28 Ga (A1856 Portinkuru) and 3.56 Ga (A79
Péivirinta). The Sm/Nd ratio in the migmatitic
gneiss A79 is, however, slightly higher than in
most other samples, possibly due to metamorphic
effects, and hence the system likely does not regis-
ter primary signatures. Replicate analyses on A79
and many other samples show that variation due
to analytical errors is not significant.

Most of the greenstone belt samples are from
fine-grained, felsic-intermediate volcanogenic
rocks. The Sm-Nd data include also five duplicate
analyses, which generally show good reproduc-
ibility (within 0.3 epsilon units in calculated initial
ratios, Appendix 1). The exception is A1593#2,
from which the analytical error is also larger than

in other data, and which also contained some
monazite resulting in possible nugget effect. It is
evident that some rocks are strongly altered and
the Sm-Nd system has been significantly dis-
turbed. Results from the Kuhmo greenstone belt
discussed above suggested that major REE frac-
tionation in the komatiites seems to coincide with
the Svecofennian regional metamorphism of the
Archaean craton as registered by Rb-Sr and K-Ar
isotope data (e.g., Kouvo & Tilton 1966, Kontin-
en et al. 1992). There are also investigations sug-
gesting late Archaean post-magmatic alteration,
including the Rb-Sr study on the Luoma Group
volcanic rocks by Martin and Querré (1984), who
acquired an age of 2.5 = 0.1 Ga. Also the Pb-Pb
isotope studies on whole-rock samples have pro-
vided scattered age results (Vidal et al. 1980, Vaas-
joki et al. 1999).

Two mafic volcanic rocks analyzed from the
Suomussalmi belt have nearly chondritic REE ra-
tios and initial isotopic compositions close to that
of coeval depleted mantle (A1180A Saarikyla,
A1821 Tormua, Fig. 6). Most of the analyzed fel-
sic rock samples are enriched in LREE similar to
upper crust (*YSm/"“Nd = 0.08-0.12) and should
thus be useful samples for crustal residence stud-
ies. The felsic samples consistently result in T,
model ages in excess of 3 Ga (Fig. 6). It is also ob-
vious that some samples provide meaningless re-
sults, particularly the felsic rock A1467, for which
the initial epsilon at 2940 Ma is -23 and T, ca.
7.5 Ga (also checked by duplicate analysis). This
sample has low REE contents (Nd<4 ppm) and
elevated Sm/Nd, being clearly unrepresentative of
the primary chemical composition. In a compari-
son with the bulk of the data, also samples A1192
(porphyry) and A1065A (fine-grained felsic rock
from drill-core KR-27) provide much lower initial
values and old model ages. All three of these sam-
ples are strongly altered, sheared, pale schists and
are distinct from the other samples in this study.
We consider that the Sm-Nd system in these sam-
ples has not remained closed since the formation
of the rocks.

In light of these observations, one may specu-
late whether the other samples have remained
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Fig. 4. Geological map of the Koillismaa-Suomussalmi area showing Sm-Nd sample sites. The size of the symbol denotes the
model ages divided in six categories: < 2.7 Ga (small), 2.7-2.85 Ga, 2.85-3.0 Ga, 3.0-3.15 Ga, 3.15-3.3 Ga, >3.3 Ga (large).
Model ages are not presented for mafic rocks which have ’Sm/'*“Nd> 0.16, and symbol for these is small black circle (A1821,
A1180A). The map is based on the 1: 1 000 000 geological map of Korsman et al. (1997), with the Suomussalmi greenstone belt
divided into three main rock types, mafic metavolcanic rocks (brown), ultramafic metavolcanic rocks (green) and intermediate-
felsic metavolcanic rocks (yellow). Rocks outside the greenstone belt consist of TTG's, intrusive rocks (stippled), amphibolites
(brown) and paragneisses (grey).
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Fig. 5. Sm-Nd model ages T, for Archaean whole rock samples from the Koillismaa-Suomussalmi area. Suomussalmi belt
volc= volcanogenic felsic-intermediate rocks.
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Fig. 6. Epsilon-Nd vs. age diagram for whole-rock samples from the Suomussalmi greenstone belt. In addition to evolution
lines, initial ratios are shown for samples, which have been dated using U-Pb: 2.82 Ga Mesa-aho porphyry (A1428), Kilpasuo
andesite (A1429), 2.87 Ga Tormua gabbro (A1821) and 2.94 Ga felsic volcanic rocks (A1593, A1192). The evolution of de-
pleted mantle is from DePaolo (1981). Note that samples A1192, A1065A and A1467 (outside the figure) are strongly altered,
pale schists and do not register primary isotope signatures.
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closed. The porphyry sample A1593, which pro-
vided a U-Pb monazite age of 2942 £ 3 Ma, is
texturally devoid of alteration such as seen in the
related, above-mentioned samples, and could thus
be assumed to preserve also its primary chemi-
cal characteristics. The Sm-Nd analyses of this
sample provide & (2942) of ~ -3 and a model age
T, of ca. 3.3 Ga. The three fine-grained, volcan-
oclastic rocks from the nearby Ala-Luoma site
give model ages of 3.2-3.4 Ga (A1191, A1179A,
A1179C), and the felsic volcanogenic rocks from
Mesa-aho, 2.5 km SSW of Ala-Luoma, yield T,
of 3.1-3.3 Ga (A1428, A1594, EJL-92-71, Figs.
12 and 13). Model ages in excess of 3.0 Ga are
also obtained from the three volcanic rocks ana-
lyzed from Kiannanniemi located 15 km SW of
Ala-Luoma (e.g. A1514 in Fig. 4), as well as from
sample A1429 at Tormua (Fig. 4).

The analysis from the Mesa-aho porphyry
A1428 shows high REE concentrations (Nd=52
ppm) with a very strong LREE enrichment
("Sm/"Nd = 0.068). Another sample (EJL-
92-71) a few meters north of the sampling site
of A1428 also has high REE contents but a

less fractionated, “typical crustal” REE pattern
(*Sm/'**Nd = 0.116). The Sm-Nd analyses from
these two samples suggest an age of 2.75 £ 0.05
Ga (epsilon -4), which is close to the U-Pb zir-
con age of 2.82 Ga for A1428. Provided that both
samples originated from the same chemically and
isotopically homogenous source, the result sug-
gests that the strong LREE enrichment in A1428
is probably related to the generation of the rock
at 2.82 Ga, and thus the model age of 3.08 Ga
for A1428 would be “too young” to depict the age
of the protolith. The model age of 3.26 Ga cal-
culated for sample EJL-92-71 likely reflects more
closely the age of the protolith.

In summary, excluding the strongly altered
samples, the bulk of the data from the Suomus-
salmi greenstone belt yield Sm-Nd crustal resi-
dence ages (T,,,) of 3.0-3.3 Ga. These old model
ages are supported by the inherited ca. 3.2 Ga and
3.53 Ga zircons found in the Saarikyld and Ki-
annanniemi samples (Huhma et al. this volume).
The results can be compared with the Sm-Nd data
available from the Archaean felsic rocks in Fin-
land (Fig. 7). Although most of these results come
from granitoids, some data from volcanic and

Suomussalmi greenstone belt compared with
Archaean rocks in Finland

A1192
3700 | s Ny ¢
°
o * W A260E
3500 Py X o
‘ W A1179C
© x x
3300 | X
E X ox o XKk X X
[— X X X
X
= 3100 < m x
X
X
X
P e %X% % x
X Z, g m Suomussalmi
X . .-
2700 x « oT(.)JottamanseII.(? |
# Siurua, Pudasjarvi
2500 . @ lisalmi
0.06 0.08 0.10 0.12 0.14 0.16

147Sml1 44N d

Fig. 7. Sm-Nd model age (T,,) vs. ’Sm/'**Nd diagram for Archaean felsic rocks in Finland. Blue squares denote samples
from the Suomussalmi greenstone belt. The reference data (X) are mostly from granitoids, but include also some volcanic
and sedimentary rocks (Jahn et al. 1984, Huhma 1986, O’Brien et al. 1993, Holtta et al. 2000, Halla 2002, Hanski et al. 2001,
Mutanen & Huhma 2003, Képyaho et al. 2006, Lauri et al. 2006, 2011, Kontinen et al. 2007, Mikkola et al. 2011a, b, Huhma
et al. this volume). Red triangles denote the average 'Sm/'*Nd ratios for bulk (0.1179) and upper (0.1053) crust by Rudnick

and Gao (2004).
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sedimentary rocks are also included. Although
some disturbance in the Sm-Nd system is appar-
ent, it is also clear that samples from the Suomus-
salmi greenstone belt have older crustal residence
ages than most rocks in other areas. Only sam-
ples from the ca. 3.5 Ga Siurua gneiss (Mutanen
& Huhma 2003, Lauri et al. 2011, Huhma et al.
this volume) and the 3.1-3.2 Ga gneisses from
Tojottamanselkd, central Lapland (Jahn et al.
1984, Hanski et al. 2001) and the lisalmi/Lapin-
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lahti area (Holtta et al. 2000) have yielded reliable
model ages in excess of 3.2 Ga. The old model
ages are consistent with the Pb-Pb and U-Pb re-
cord from the Suomussalmi greenstone belt sug-
gesting stronger involvement of older crustal ma-
terial than in other greenstone belts in Finland
(Huhma et al. this volume, Vaasjoki et al. 1999).
On the western margin of the Suomussalmi belt
relatively old crustal signatures are evident also in
the granitoids (A79, A1856, A1909).

KUHMO

The Sm-Nd data produced at GTK from the
Kuhmo area consist of 120 samples and cover
all three major rock units, i.e., the Kuhmo-Tipas-
jarvi greenstone belt (47 samples), granitoids (56
samples) and enclaves of Nurmes paragneiss (15
samples). Results from the Nurmes paragneisses
and associated amphibolites were published by
Kontinen et al. (2007) and half of the analyses on
granitoid samples by Kipyaho et al. (2006).

As discussed above, Sm-Nd studies on the
komatiites from the Kuhmo-Tipasjarvi green-
stone belt have shown major metamorphic dis-
turbances (Gruau et al. 1992, Tourpin et al. 1991,
this paper). Results from many mafic rocks, how-
ever, suggest a mantle source which had time-in-
tegrated depletion in LREE with &, of +2
(see above), providing a framework for crustal
residence studies.

Most granitoids analyzed from the Kuhmo
area yield T, model ages in the range 2.8-2.95
Ga, and only three samples unambiguously sug-
gest model ages older than 3 Ga (A404, A1706,
A1928, Figs. 8 and 9). Two of these gneissic gran-
itoids give U-Pb zircon ages older than the ma-
jority of the rocks of the Kuhmo domain, where
most granitoids have U-Pb zircon ages at 2.70-
2.75 Ga (17 samples) and a few at 2.79-2.83 Ga (3
samples). Most of these granitoids have positive
initial epsilon values, which together with the re-
sults on felsic volcanic rocks from the greenstone
belt (red triangles — Kellojarvi area, green circles
— Tipasjarvi in Fig. 8) clearly show that the bulk
of the crust in the Kuhmo domain had to be of
relatively juvenile nature. Also, most results from
the sedimentary rocks within the greenstone belt
(solid blue circles in Fig. 8) and Nurmes parag-
neisses (open blue circles) typically suggest a rela-
tively short crustal prehistory for their sediment
sources.

It should be noted that a few samples, for
which the calculated model ages are above 3 Ga,
were excluded from the discussion above. This is

because these samples have Sm/Nd slightly high-
er than typical crustal felsic rocks and thus may
not be relevant for T, calculations (e.g. grani-
toids 94003191 and A1183 and metasediments
1-KUH-88, 44-PGN-90, A1746 in Appendix 1).
The Naavala migmatitic gneisses provide a related
case requiring some special attention. The Naavala
gneisses were among the targets for crustal genesis
studies by Martin et al. (1983), who dated them,
using Rb-Sr whole rock method at 2.62 £ 0.07 Ga.
Subsequently GTK reported a much older U-Pb
zircon age of 2.75 Ga (Luukkonen 2001) for the
same rock. Sm-Nd analyses were also carried out
at GTK on nine samples from the Naavala site
representing the main rock types observed in the
Naavala gneiss domain. These include tonalite-
granodiorite mesosomes, different granitic dykes
or leucosomes and an amphibolite band (A1183
and Naa samples in Appendix 1 and Fig. 8). The
Sm-Nd results on these samples are strongly scat-
tered with e ,,5, values ranging from -3.9 to +2.3
(equivalent to T, model ages from 3.30 to 2.74
Ga). Duplicate analyses show good reproducibil-
ity and hence the reason for the scatter is related
to the complex geological history of the Naavala
gneiss. A particularly striking aspect is that a large
difference in the Sm-Nd isotope composition can
be observed even between the whole rock sam-
ple A1183 (T,,,=3.3 Ga) and a small piece taken
from the very same locality (A1183p, T =2.74
Ga). The REE abundance in most samples of
the Naavala gneiss is fairly low and Sm/Nd high
compared to typical granitoids. Thus it is also
likely in this case, that metamorphic effects are
mainly responsible for the scatter. However, one
of the leucosome dykes/bands (Naa4) has quite
high REE abundances and a T, age of 2.74 Ga,
which together with the other data, suggests that
material from distinct sources have contributed to
the Naavala gneisses.

The results from Naavala underscore the level
of caution which is needed when applying Sm-Nd
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data, particularly to rocks which evidently have
complex geological histories, such as polymig-
matitic rocks or rocks that have been subjected to
retrogressive metamorphic-hydrothermal events.
On the other hand, there are examples that for
even widely spaced samples from a well preserved,
non-retrogressed rock unit may yield results all
within analytical error. These include the Koitere
“sanukitoid” samples in the [lomantsi area (Halla
2005, Fig. 11), and the Kaapinsalmi and Kuusa-
mo “sanukitoids” discussed above (Heilimo et al.
2013, Appendix 1, Fig. 4).

The Sm-Nd results on mafic-ultramafic rocks
from the Kuhmo greenstone belt were discussed
above. Although the results are scattered due to
metamorphic effects, most komatiites and komati-
itic basalts from the Kellojarvi area give g 4800)
values of about +0.5 (red x in Fig. 10), whereas
mafic rocks from other locations tend to have
more positive &, values.

In order to evaluate the crustal residence time
and origin of felsic lithologies, whole rock Sm-Nd
isotope compositions were measured for some of
the samples which have been used for U-Pb dat-
ing. These samples were carefully selected to rep-
resent the lithological or stratigraphical units in
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question. The U-Pb age, if available, is used for
calculating the initial e, values (Fig. 10). As was
discussed above, there are some examples also in
felsic rocks, where metamorphic effects have se-
riously disturbed the Sm-Nd system, rendering
it impossible to get information on primary iso-
topic compositions. Typically, such samples tend
to show LREE depletion and generally have low
levels of REE. In our data set of felsic rocks, there
are two samples (A788 and A1746) which yield
very low apparent initial epsilon values (-22, -11)
and are also clearly LREE-depleted compared to
common felsic rocks (Nd 3-5 ppm). On the other
hand, the calculated initial ratio for the Hetteild
mica schist sample A1774 is anomalously high
(+4 at 2.74 Ga). The calculated initial ratios for
ancient rocks are very sensitive to even slight
changes in Sm/Nd, and in the case of this sample,
for example, an increase of Sm/Nd by 6% would
drop the epsilon value to +2.

In spite of these problems, the data as a whole
provide useful information. The samples analyzed
from the Kellojarvi area (A-series felsic volcanics
and gabbros) give clearly positive initial e, val-
ues from +1.2 to +2.4 and thus appear to repre-
sent largely juvenile crustal material. The Sm-Nd
results from the Tipasjarvi felsic volcanic rocks
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Fig. 9. Geological map of the Kuhmo area showing Sm-Nd sample sites. The size of the symbol denotes the model ages divid-
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of Korsman et al. (1997), with the greenstone belts divided into four main rock types, mafic metavolcanic rocks (brown), ul-
tramafic metavolcanic rocks (green), intermediate-felsic metavolcanic rocks (yellow) and metasediments (blue). Rocks outside
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Fig. 10. Epsilon-Nd vs. age diagram for whole-rock samples from the Kuhmo and Tipasjirvi belt, showing initial values for
A-series samples from the Kellojarvi area (filled red circles), komatiites and komatiitic basalts from Pahakangas-Siivikkovaara
(10 samples, red Xs), other areas from the Kuhmo (open red circles for A-series, red +s for basalts) and Tipasjirvi belts (green
diamonds). An age of 2800 Ma is used for A1503 and A1588, 2810 Ma for komatiites and basalts, and U-Pb zircon age for
other samples. Also are shown the evolution lines for three sedimentary rocks and the model depleted mantle (De Paolo
1981). The initial epsilon values for four granitoids (triangles) are shown for reference: A1086-Haasiavaara tonalite, A1705-
Viitavaara tonalite, A1702-Purnu tonalite and A402-Héarméjoki felsic dyke intruding the greenstones (Kédpyaho et al. 2006).

are similar. The three samples from the 2.82 Ga
Ruokojirvi volcanic unit are low in REE (Nd ~
6 ppm), but still show normal, LREE-enriched

chondrite-normalized REE patterns. They give
a small range of initial values from -0.8 to +0.8
(Fig. 10).

ILOMANTSI

The Ilomantsi area, south from the Kuhmo do-
main, covers the southernmost part of the Ar-
chaean bedrock in Finland consisting of grani-
toid areas and the Ilomantsi (Hattu) and Kovero
schist belts (Fig. 11). The Sm-Nd data available on
the Archaean rocks from the Ilomantsi area con-
sist of roughly 60 samples, which represent grani-
toids (27 samples), felsic and mafic-ultramafic
volcanic rocks (23) and metasediments. Some
of these results have been published in Huhma
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(1987), O’Brien et al. (1993), Halla (2005), and
Kontinen et al. (2007).

Most of the analysed granitoids have model
ages of 2.75-2.9 Ga, and only analyses from the
Silvevaara/Lehtovaara pluton give slightly older
T, ages of ca. 3 Ga (A339, A284, Fig. 12). This
2.75 Ga granodiorite also contains inherited zir-
cons older than 3 Ga (Sorjonen-Ward & Claoué-
Long 1993), and thus both Sm-Nd and U-Pb data
suggest involvement of older crustal material in
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Fig. 11. Geological map of the Ilomantsi area showing Sm-Nd sample sites. The size of the symbol denotes the model ages
divided into six categories: < 2.7 Ga (small), 2.7-2.85 Ga, 2.85-3.0 Ga, 3.0-3.15 Ga, 3.15-3.3 Ga two samples, probably neither
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geological map of Korsman et al. (1997), with the greenstone belts divided into three main rock types, mafic (and minor ultra-
mafic) metavolcanic rocks (brown), intermediate-felsic metavolcanic rocks (yellow) and metasediments (blue). Rocks outside
the greenstone belts consist of TTG’s, intrusive rocks (stippled), amphibolites (brown) and paragneisses (grey).
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the genesis of the Silvevaara pluton, as well as
in the case of nearby Vehkavaara dykes (A282,
A301, see Huhma et al. this volume). Also the
2.88 Ga felsic tuff A1627 from the Kovero schist
belt, and sample 93002466 give T, in excess of 3
Ga, but the latter has high Sm/Nd, and possibly
does not provide a relevant T, age.

As was discussed above, mafic and ultramafic
volcanic rocks from the Ilomantsi greenstone belt
yield a large range of initial-epsilon g (2750) val-
ues from -7.6 to +3.4 (Fig. 3), probably because of
serious modification in Sm/Nd by metamorphic-
hydrothermal fluids. The Sm-Nd results from the
felsic volcanic rocks are also scattered due to met-

amorphic effects (Fig. 12). Especially suspect are
the old calculated model ages for samples which
have relatively high Sm/Nd (A1038 and A1625).
A similar tendency towards elevated Sm/Nd and
T,,, ages is also obvious with the analyses on
some metasediments. Based on those felsic sam-
ples which have REE patterns close to average
crustal values (*Sm/'“Nd=0.09-0.12) we may
nevertheless estimate that the bulk the Ilomantsi
area contains relatively juvenile Neoarchacan
crust. This concerns particularly the granidoids
denoted as “Koitere sanukitoids” (Fig. 11), which
have yielded T, model ages of ca. 2.8 Ga (Halla
2005, Heilimo et al. 2013).
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Fig. 12. Sm-Nd model ages for the Archaean rocks in Ilomantsi. Solid triangles denote granitoids and open triangles rocks
from the Ilomantsi and Kovero schist belts. Blue circles are metasediments. Some samples have suffered secondary REE mo-

bility (at least those marked with “?”).
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PUDASJARVI

The Sm-Nd data available on the Archaean rocks
from the Pudasjirvi block consist of analyses
on 47 granitoids/gneisses, six mafic rocks, two
mica gneisses and a 2.82 Ga metadacite sample
(A1783) from the Oijarvi schist belt (Appendix
1). Some of these data have been published by
Huhma (1986), Mutanen and Huhma (2003) and
Lauriet al. (2011). Mafic rocks analysed include a
2.8 Ga gabbro (A1782) from the Oijarvi belt and
amphibolites/ mafic granulites in the granitoid
areas. These rocks mostly have relatively flat REE
patterns and yield positive initial epsilon values
suggesting origin from a depleted mantle source.

The Sm-Nd data on felsic rocks reveal a large
range of crustal residence ages with T model
ages up to 3.7 Ga (Fig. 13). An even older model
age (3.86 Ga) was obtained from one sample (TM-
04-9.1, Appendix 1, not shown in Fig. 13), but the
relatively high Sm/Nd and low REE in this sam-
ple probably indicate metamorphic disturbances.
The oldest reliable T, ages (3.67 Ga) were ob-
tained from the tonalitic Siurua gneisses relatively
devoid of granitic leucosomes. The old ages are

consistent with U-Pb zircon studies, which in ad-
dition to abundant 3.5 Ga zircon grains, have rec-
ognized a few old cores up to 3.7 Ga (Mutanen
& Huhma 2003, Lauri et al. 2011). The presence
of such very old material is also evident from the
Lu-Hf results (Lauri et al. 2011).

In addition to the classical Siurua outcrops,
Sm-Nd model ages above 3.3 Ga were obtained
also from migmatitic gneisses in Kolkkoaho, lo-
cated 20 km north of the Siurua locality (Fig. 14).
Rocks around the Siurua and Kolkkoaho sites
have generally yielded model ages between 3.0
and 3.2 Ga, whereas samples from other parts of
the Pudasjarvi area yield model ages mostly be-
tween 2.7 and 3.0 Ga.

The two Archaean mica gneisses (A1814,
A1842) analyzed from the Pudasjirvi area have
model ages of 2.81 and 2.74 Ga and thus contain
relatively juvenile detritus strongly distinct from
the Siurua gneisses. The young model ages of the
mica gneisses are consistent with the U-Pb ages of
their detrital zircon grains, which are mostly less
than 2.75 Ga (Huhma et al. this volume).
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Fig. 13. Sm-Nd model ages T, from the Pudasjirvi area. The Sm/Nd ratios for average bulk and upper crust are from Rud-

nick and Gao (2004).
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Fig. 14. Geological map of the Pudasjérvi area showing Sm-Nd sample sites. The size of the symbol denotes the model ages
divided into six categories: < 2.7 Ga (small), 2.7-2.85 Ga, 2.85-3.0 Ga, 3.0-3.15 Ga, 3.15-3.3 Ga, >3.3 Ga (large). Model
ages are not presented for mafic rocks which have '’Sm/'"*#Nd> 0.16 (A1601, A1782). The map is based on the 1: 1 000 000
geological map of Korsman et al. (1997), where main units are the Oijarvi greenstone belt (brownish), granitoid areas and

paragneisses (grey).
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IISALMI, MANAMANSALO & CENTRAL PUOLANKA GROUP

Most of the 25 Sm-Nd analyses available from
the Iisalmi complex have been published by
Holtta et al. (2000), Halla (2005) and Lauri et
al. (2011). These results show that the 3.1-3.2 Ga
old rocks from the Lapinlahti site also give T,
model ages in the same range (Appendix 1, Figs.
15 and 16). The calculated model age for sample
A76 is clearly older, but the high Sm/Nd leaves
room for speculation of possible open system be-
havior. The Sm—Nd data on samples from other
localities in the lisalmi complex provide T, ages
generally in the range of ca. 2.75-2.82 Ga.

The nine granitoid samples from the Mana-
mansalo area, between the lisalmi and Pudasjarvi
terrains, display older average Sm-Nd model ages
than the samples from Iisalmi, Ilomantsi and
Kuhmo areas. Four analyzed volcanic rocks from
the Central Puolanka Group in the Kivesvaara
area, east from the Manamansalo granitoid-
gneiss complex (e.g. A1292 in Fig. 16), display
Sm-Nd characteristics typical for Archaean rocks
in Finland, suggesting Archaean ages for these
relatively well-preserved intermediate to felsic su-
pracrustal rocks.
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Fig. 15. Sm-Nd model ages for the Archaean rocks in the lisalmi (diamonds) and Manamansalo (triangles) areas, and four
volcanic rocks from the Central Puolanka Group (CPG, green squares).
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Fig. 16. Geological map of the lisalmi complex and Manamansalo areas showing Sm-Nd sample sites. The size of the sym-
bol denotes the model ages divided into six categories: < 2.7 Ga (small), 2.7-2.85 Ga, 2.85-3.0 Ga, 3.0-3.15 Ga, 3.15-3.3 Ga,
>3.3 Ga (large, only sample A76, likely not a primary signature). Model ages are not presented for mafic samples which have
47Sm/"*Nd> 0.16. The map is based on the 1: 1 000 000 geological map of Korsman et al. (1997), where the main rock types
consist of TTG’s, intrusive granitoids (stippled), and paragneisses (grey).
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DISCUSSION

The Sm-Nd isotopic data reviewed here provide a
general view of the formation of the 2.6-3.5 Ga
Archaean crust in Finland representing a large
part of the Fennoscandian Shield. However, the
picture provided is somewhat blurred as in many
places secondary effects on the Sm-Nd system
have been strong, resulting in compositions that
are virtually useless for evaluating primary signa-
tures. The main reason for post-formation open
system behaviour has in many cases traced back
to CO,-rich metamorphic-hydrothermal fluids,
which are able to dissolve and transport REE
(Tourpin et al. 1991, Gruau et al. 1992). Altera-
tion effects are most common in fine-grained
volcanogenic rocks, especially if the sample lo-
cations are close to fault/shear zones. Many of
the altered samples tend to have relatively low
abundances of REE and exhibit depletion in
LREE (Appendix 1). On the other hand, several
relatively little altered rock associations, e.g. the
Koitere granitoids in the Ilomantsi area provide
consistent results, which suggests that the Sm-
Nd systems have remained closed since the rock
forming events.

Despite of the problems introduced by meta-
morphic-hydrothermal modification, the Sm-Nd
results reviewed here clearly show that a mantle
reservoir with time-integrated depletion in LREE
and other incompatible elements was an impor-
tant source of magmas already during the Ar-
chaean time. This observation is supported by the
positive initial epsilon values obtained from the
Archaean mafic-ultramafic rocks on the Russian
side (e.g., Lobach-Zhuchenko et al. 1999, Puch-
tel et al. 1998, 1999, Svetov et al. 2001, 2004). It
is possible that komatiites in Kuhmo had more
primitive mantle plume sources with e (2800)
values of +0.5 (Fig. 18) than e.g. Kostomuksha
komatiites, but the secondary mobility of REE
leaves room for speculation. Existence of mantle
sources close to chondritic Nd-isotopic composi-
tion are supported by the 2609 * 3 Ma Siilinjarvi
carbonatite, whereas Sm-Nd results on the 2741
* 2 Ma old Likamannikko carbonatite imply that
some mantle source materials had positive e -
values. Given this strong evidence for depleted
mantle sources, we consider that the model of De-
Paolo (1981) is a useful reference when evaluating
the formation of the Archaean crust.

The Sm-Nd data on samples dated by U-Pb al-
low evaluation of the relative importance of crus-
tal growth versus crustal recycling. The results
provide a basis for comparison between various
Archaean provinces in Finland and Fennoscan-

dia (e.g. Lobach-Zhuchenko et al. 2000), and al-
low also comparison with other Archaean cratons
such as the Superior Province in Canada (Henry
et al. 2000). There are more than 200 Archaean
samples from Finland for which good-quality
U-PDb zircon ages are available, and more than 90
of these have also been analyzed for Sm-Nd iso-
topes.

In order to further analyse the petrogenetic
significance of the data reviewed above, they are
shown in Nd-epsilon versus age diagrams present-
ed in Figs. 17A-F. In the diagrams evolution lines
are shown for all granitoid samples, and when a
U-Pb age is available also an initial Nd-epsilon
value is shown by a point on that line. The age
considered in the diagrams is restricted between
2.6 to 3.2 Ga since only Siurua gneisses have
yielded older U-Pb ages, i.e. ca. 3.5 Ga (Fig. 17A).

Most of the dated Archaean rocks in Finland
have ages of 2.68-2.76 Ga (57%) or 2.79-2.84 Ga
(25%), and only few samples are older with some
clustering seen in ages at ca. 2.86 Ga, 2.95 Ga and
3.1-3.2 Ga (Huhma et al. 2011). Most of the re-
sults are from granitoids, and older rocks are typi-
cally TTG-gneisses, whereas the youngest group
consists of granodiorites and tonalites denoted as
sanukitoids (2.74-2.72 Ga), and leucogranitoids
and leucosomes in migmatite gneisses (e.g. Kapy-
aho et al. 2006). It has become evident that in
many areas the 2.7-2.8 Ga rocks give mostly posi-
tive initial epsilon values and represent relatively
juvenile Neoarchaean crust. The felsic rocks with-
in the Kuhmo greenstone belt represent a particu-
larly clear example of new crustal growth from
depleted mantle at ca. 2.8 Ga (Fig. 17D). This is
consistent with Patchett et al. (1981), who report-
ed an g, of +6 for zircon in the rhyolite A511
(Katerma). Many younger, 2.7-2.75 Ga granitoids
in Kuhmo may originate from this newly formed
crust. Recycling of significantly older crustal ma-
terials seems to be more pronounced in the gener-
ation of the 2.7-2.8 Ga rocks in the western Koil-
lismaa and Suomussalmi areas, where most initial
values are negative (Figs. 17B and C).

The difference between Kuhmo-Tipasjarvi and
Suomussalmi belts is emphasized in Fig. 18. The
crustal residence ages for the Suomussalmi sam-
ples are significantly older exceeding 3 Ga. No-
tably this concerns not only the 2.95 Ga rocks,
unique to the Suomussalmi belt, but also younger
2.82 Ga rocks.

The Sm-Nd model ages T, for all samples with
“typical” upper crustal REE pattern (**’Sm/"*#Nd<
0.16) have been compiled in a probability
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Fig. 17A. Epsilon-Nd vs. age diagram showing evolution lines (red — granitoids, green dotted — mafics, blue — mica gneisses)
for the Archaean rocks from the Pudasjarvi area. Diamonds denote initial values for granitoids (solid symbols) and Oijarvi
belt gabbro (A1782) and felsic volcanic rock (A1783, solid symbols) for which the ages are based on U-Pb zircon dating. DM
(in Fig. 17A-F) is the depleted mantle evolution according to DePaolo (1981). The T, model age is the intersection of sample
evolution with the DM curve. Samples which have T ,>3.05 Ga are all from the Siurua-Kolkkoaho zone, except A1742 and
L05028797.
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Fig. 17B. Epsilon-Nd vs. age diagram showing evolution lines for 24 Archaean granitoids from the Koillismaa area (six blue
lines represent Kuusamo “sanukitoids”near the Russian border, Heilimo et al. 2013). Solid squares denote initial values for
granitoids for which the age is based on U-Pb zircon dating.
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Suomussalmi
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Fig. 17C. Epsilon-Nd vs. age diagram showing evolution lines for 35 Archaean granitoids from the Suomussalmi area: seven
blue lines — Kaapinsalmi tonalites (Heilimo et al. 2013), four green lines — Likaménnikkd rocks (Mikkola et al. 2011b). Solid
squares denote initial values for granitoids for which the age is based on U-Pb zircon dating. Open squares show initial epsilon
values (no evolution lines) for the dated volcanic rocks from the Suomussalmi greenstone belt. Light blue diamonds are 2.74
Ga old carbonatite from Likamédnnikko (Mikkola et al. 2011b).

Kuhmo
4
c
o
0
o
e
§®)
2
-10 L 1 L 1 L 1 L 1 L 1 L

2600 2700 2800 2900 3000 3100 3200
Age (Ma)

Fig. 17D. Epsilon-Nd vs. age diagram showing evolution lines for 47 Archaean granitoid samples from the Kuhmo area. Solid
circles denote initial values for granitoids for which the age is based on U-Pb zircon dating. Open circles show initial epsilon
values (no evolution lines) for 14 dated volcanic rocks from the Kuhmo-Tipasjarvi greenstone belt.
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Fig. 17E. Epsilon-Nd vs. age diagram showing evolution lines for the Archaean granitoids from the Ilomantsi area (red, 27
samples). Evolution lines are also shown for two other samples with elevated Sm/Nd (A1038, A1625), which very likely do
not represent primary signatures. Solid triangles denote initial values for granitoids for which the age is based on U-Pb zircon
dating. Open triangles show initial epsilon values for the dated volcanic rocks from the Ilomantsi-Kovero greenstone belt.
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Fig. 17F. Epsilon-Nd vs. age diagram showing evolution lines for the Archaean rocks from the Iisalmi complex (28 samples,
red — granitoids, green dotted — four mafic rocks, blue — two metasediments, pink diamond at 2610 * 4 Ma — Siilinjirvi car-
bonatite) and Manamansalo area (9 samples, dark blue). Solid symbols denote initial values for granitoids for which the age
is based on U-Pb zircon dating.
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Kuhmo-Tipasjarvi & Suomussalmi greenstone belt
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Fig. 18. Epsilon-Nd vs. age diagram showing evolution lines for mostly felsic samples from the Tipasjarvi-Kuhmo-Suomussal-
mi greenstone complex. Initial values are shown for samples, for which the age is based on U-Pb zircon dating. Suomussalmi:
blue squares and dotted evolution lines. Kuhmo-Tipasjdrvi: red circles and solid evolution lines. Komatiites and komatiitic

basalts from the Pahakangas-Siivikkovaara area in Kuhmo: red

x at 2810 Ma, basalts from other sites in Kuhmo belt: red +.

DM is the depleted mantle evolution according to DePaolo (1981).

density diagram (Fig. 19). These results show that
80 % of the Archaean rocks in Finland have model
ages of ca. 2.75-3.15 Ga, suggesting together with
the U-PDb zircon ages that much of the Archaean
consists of relatively juvenile crust. It should be
emphasized that model ages