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Abstract

Using the SIMS, ID-TIMS and Sm-Nd isotopic methods and the electron microprobe, we
have studied several differentiated mafic intrusions of the c. 2.2 Ga gabbro-wehrlite
association (GWA) from four Paleoproterozoic schist belts and the Archean Kuhmo Green-
stone Belt. Back-scattered electron images and electron microprobe analyses revealed
that zircon crystals vary from well-preserved to turbid and highly altered with individual
grains often displaying irregular, hydrated, CaO-bearing domains. In the most pristine
domains, suitable for establishing the crystallization ages, SIMS 2°"Pb/2°Ph ages fall in
the range of 2210-2220 Ma, which is consistent with the most concordant ID-TIMS U-
Pb ages. One of the studied intrusions that had previously yielded a conventional U-Pb
date of less than 2.0 Ga, could be shown by spot analysis to belong to the 2.2 Ga family.
In contrast to the well-preserved zircon domains, altered domains exhibit a variable and
often strong U-Pb discordance up to 70 % and have distinctly lower 2°"Pb/2°°Ph ages.
Some zircon grains record isotopic resetting at the time of the Svecofennian orogeny
(ca. 1.8-1.9 Ga), while the most discordant ones project in the concordia diagram to
late Paleozoic lower intercept ages indicating a relative recent Pb loss. The mineral che-
mistry of zircon suggests that the leakage of radiogenic Pb can be ascribed to an open-
system behavior related to hydrothermal alteration via action of CaCl -bearing fluids.

Common albitization of plagioclase in the GWA intrusions has caused this mineral to
behave as an open system with regard to the Sm-Nd isotopic systematics. Despite this
uncertainty, our Nd isotopic data indicate that the magma that produced the GWA in-
trusions in various parts of northern and eastern Finland was isotopically homogeneous
and had an initial € (2220 Ma) value of c. +0.6 precluding significant upper crustal
contamination upon emplacement and subsequent fractional crystallization.
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1. Introduction

One of the distinct phases of the Paleoproterozoic
mafic magmatism in Finland is represented by the
c. 2.2 Ga layered sills, which are widely spread in
eastern and northern Finland (Vuollo & Huhma,
2005). On the basis of the predominant rock types,
Hanski (1986a, b, 1987) assigned these intrusive
rocks to the gabbro-wehrlite association (GWA).
Later the rocks have also been called karjalites (Vuol-
lo & Piirainen, 1992).

Since the beginning of the 1970s, coarse-grained
or pegmatoidal gabbros in the upper parts of the
GWA sills have served as favorable targets for da-
ting purposes as they contain abundantzircon (Sak-
ko, 1971; Kouvo, 1977). Occasionally, baddeleyite
has also been found in these rocks (e.g. Hypponen,
1983; Perttunen & Vaasjoki, 2001). Hanski et al.
(2001) compiled available ID-TIMS U-Pb analy-
ses of zircon and baddeleyite from the dated GWA
sills from eastern and northern Finland. Even though
the apparent ID-TIMS ages of the dated intrusions
have a spread of more than 200 Ma, they conclu-
ded that the time interval of the magmatic event
that produced these rocks was probably conside-
rably shorter. The reason for this ostensible discre-
pancy is the fact that analytical data from indivi-
dual dating sites often display a considerable dis-
cordance on concordia diagrams (see figure 2 in
Hanski et al., 2001) and therefore the interpretati-
on of the isotopic results has not always been
straightforward. Under the microscope, zircon crys-
tals from the GWA intrusions commonly display a
very turbid appearance indicative of a high degree
of metamictization, and conventional ID-TIMS
studies have revealed that they often have high U
contents (e.g. Perttunen & Vaasjoki, 2001; Hanski
et al., 2001).

The high sensitivity and high spatial resolution
of the ion microprobe provides a powerful tool for
in situ dating of single zircon grains (e.g. Williams,
1998). By analysis of different domains within zir-
con crystals, this method allows primary crystalli-
zation ages to be determined also for the zircon
populations that have experienced various degrees
of radiation damage and subsequent partial open-

ing of the U-Pb isotopic system. Six samples from
northern and eastern Finland, five gabbros and one
granophyre, which differ from each other in terms
of the degree of post-magmatic alteration and the
geological environment, were selected for 77 situ zir-
con dating at the NORDSIM facility in Stockholm.
Zircon and/or baddeleyite in all these samples were
previously dated using the conventional multi-grain
method of isotope dilution thermal ionization mass
spectrometry (ID-TIMS). We also report ID-TIMS
U-Pb zircon data from two locations. In addition,
we used an electron microprobe to see how diffe-
rent domains within zircon grains, as revealed by
back-scattered electron (BSE) images, deviate che-
mically from each other. Only a limited number of
Nd isotopic data have so far been published from
the GWA intrusions (Huhma et al., 1990; Huhma
etal., 1996). In this paper, we present new Nd iso-
topic data from several intrusions.

2. General characteristics
of the GWA sills

Sill-like, gravity-differentiated intrusions of the
gabbro-wehrlite association have been found in
Karelian schist belts (Northern Karelia, Kainuu,
Kuusamo, Peripohja, Central Lapland) in eastern
and northern Finland. Typically the sills occur close
to the unconformity between the Archean granite-
gneiss basement and overlying Paleoproterozoic se-
dimentary and volcanic rocks, usually intruding
concordantly into “Jatulian” quartzitic metasedi-
ments but occasionally shifting their position to the
underlying basement (Vuollo & Huhma, 2005).
Individual sills may reach several hundred me-
ters in thickness and they can often be traced for
many kilometers along strike. The maximum length
of more than 100 km is attained by the Runkaus
sill in the Periipohja Belt. From the bottom upwards,
the layered sequence of the sills normally comprises
cumulates with the following cumulus mineral
assemblages: olivine, olivine—clinopyroxene, clino-
pyroxene, clinopyroxene—magnetite and plagiocla-
se—clinopyroxene—magnetite. Orthopyroxene may
be present in the olivine—clinopyroxene cumulates,
but its abundance is always low. The ultramafic
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cumulates characteristically contain magmatic ede-
nitic hornblende as poikilitic grains. Plagioclase in
gabbroic cumulates is commonly altered to secon-
dary albite, but more calcic ones with An up to 47
% have been discovered in some intrusions in Lap-
land (Hanski, 1987). The parental magma of the
GWA intrusions corresponded to hydrous, low-Al
tholeiite (Vuollo & Piirainen, 1992), which exp-
lains the late appearance of plagioclase as a cumu-
lus phase. The magma was characterized by a low
AlLO,/TiO, ratio (5-6) and differed in this respect
from other “Jatulian” mafic magmas. It was also
enriched in incompatible elements and had LREE-
enriched chondrite-normalized REE patterns with
(La/Yb) . of ~4-5 (Hanski, 1986a).

3. Description of sampling
sites and samples

Previously one GWA intrusion from the Kuusamo
Schist Belt has been dated using the SIMS method
(Evins & Laajoki, 2001). For our U-Pb and Sm-
Nd study, we chose samples from intrusions occur-
ring in four other Paleoproterozoic supracrustal belts
in northern and eastern Finland: the Central Lap-
land Greenstone Belt, Peripohja Schist Belt, Tah-
komiki-Kinahmi schist belt, and North Karelian
Schist Belt. In addition, we sampled c. 2.2 Ga int-
rusions found within the Archean Kuhmo Green-
stone Belt. The sampling sites are shown in Fig. 1
and described below in the order of their geographi-
cal position from north to south.

3.1.Silmdsvaara,
Haaskalehto, Ahvenvaara

There is a string of mafic—ultramafic bodies close
to the southern margin of the Central Lapland
Greenstone Belt (Fig. 1). Their occurrence can be
easily discerned on geophysical maps due to the
presence of magnetite-bearing gabbros and variab-
ly altered ultramafic cumulates in these bodies.
Among them are the Silmisvaara, Haaskalehto and
Ahvenvaara intrusions, which are included in the
present study. It is possible that these three intru-
sions originally belonged to the same sill-like intru-

sive body, which was injected concordantly into se-
dimentary rocks of the Sodankylid Group and was
later disrupted into separate blocks due to tectonic
movements (Hanski & Huhma, 2005).

The Haaskalehto intrusion is situated ~-20 km
west of Sodankyld. It can be regarded as the type
occurrence of the GWA in central Finnish Lapland
(Lehtonen et al., 1998). On aeromagnetic maps,
the Haaskalehto intrusion can be followed along
strike for ¢. 5 km and its thickness is estimated to
be c. 0.5 km. The rock sequence is reasonably well
exposed and comprises wehrlites, pyroxenites and
gabbros. Despite the fact that the sill is in contact
with an intrusive granite on its southern side, the
original magmatic mineralogy is usually well pre-
served (e.g. olivine Fo
Hanski, 1987).

The Haaskalehto intrusion was chosen for this

6816 plagioclase up to An o

study because its zircon grains are known to belong
to the least altered ones that have been encountered
in the GWA intrusions. Tyrviinen (1983) reported
a concordant ID-TIMS U-Pb zircon age of 2220 +
11 Ma for the gabbro sample A892. The same samp-
le was used for SIMS zircon analyses in this study.
In addition, we utilized three gabbroic samples,
A1408, 19.1-HSP-78, and 24-HSP-78, together
with separated minerals (plagioclase, clinopyroxe-
ne, amphibole) for Sm-Nd isotopic analyses.

The eastern end of the Silmdsvaara intrusion is
located c. 5 km WINW of the western end of the
Haaskalehto intrusion. The sill is c¢. 5 km long and
more than 0.5 km thick. The gabbroic rocks are
not as fresh as those at Haaskalehto, but the olivine
pyroxenites in the lower part of the intrusion con-
tain portions with original magmatic minerals still
abundantly present. Sampling for this study was
restricted to one olivine-bearing pyroxenite samp-
le, A1430, from which plagioclase and pyroxene
were separated for Sm-Nd isotopic analysis.

The Ahvenvaara intrusion is located on the sout-
hern side of the Pyhitunturi Mountain c. 50 km
SSE of Sodankylid. On magnetic maps, it has an
appearance of a 2x3 km block that has been rotated
by c. 90° relative to the general strike of the sur-
rounding metasedimentary rocks. The exposed rock
types of the intrusion are limited to olivine pyroxe-
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Fig. 1. Map showing
sampling sites in
northern and eas-
tern Finland. 2.2 Ga
layered sills are
shown as black li-
nes. The base map
modified after Kois-
tinen et al. (2001).
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nites and pyroxenites. The Ahvenvaara intrusion
provided a fresh olivine pyroxenite sample, A1431,
and plagioclase and pyroxene separates for our Sm-
Nd isotope study. It is worth mentioning that Ri-
sinen and Huhma (2001) published a precise ID-
TIMS U-Pb zircon age of 2222 + 6 Ma for the
Harjunoja intrusion, which is a GWA-type sill lo-
cated geographically between the Haaskalehto and
Ahvenvaara intrusions.

3.2. Susivaara

From the Peripohja Schist Belt 14 samples have
earlier been used for conventional U-Pb dating of
the gabbro—wehrlite association (Perttunen & Vaas-
joki, 2001). For this study we chose one of these
samples, A865 from Susivaara, which was known
to display a significant spread in discordance bet-
ween separate zircon fractions. The Susivaara sill is
located in the western part of the Peripohja Schist
Belt, on the Tormisvaara map sheet described by
Perttunen and Hanski (2003). It forms a c. 100-m-
thick, weakly differentiated gabbroic body intru-
ded concordantly into quartzites and siltstones of
the Palokivalo Formation of the Kivalo Group. The
same metasediment unit hosts a larger, more typi-
cal layered GWA body, the Kivimaa sill, which has
also been dated (see below).

Earlier U-Pb isotope studies on the Susivaara
intrusion have revealed that zircon and baddeleyite
are discordant whereas sphene is concordant (Pert-
tunen & Vaasjoki, 2001). Two concordant analyses
on sphene together with three discordant analyses
of baddeleyite (z zircon intergrowths) provided an
upper intercept age of 2208 + 19 Ma. Perttunen
and Vaasjoki (2001) reported similar results for the
nearby Kivimaa sill: sphene yielded a concordant
U-Pb age of 2216 + 8 Ma, while zircon and badde-
leyite fractions were discordant though close to a
chord and indicated an age of c. 2215 Ma.

3.3. Rahasmdki

The Rahasmiki sill is located in the northern part

of the Tahkomiki-Kinahmi schist belt, which is a
small, 1.0-3.5-km-wide and c. 40-km-long, NS-

trending Karelian supracrustal belt surrounded by
Archean gneisses (Paavola, 1984). There are only a
few outcrops, but acromagnetic data show that on
the present erosion surface, the intrusion forms a
folded, U-shaped (synclinal), 100-200-m-thick
body emplaced concordantly into quartzites or
occurring partly in the Archean basement. The ex-
posed parts consist of coarse-grained metagabbro
and minor metapyroxenite.

Paavola (1984) published five U-Pb analyses on
zircon from a gabbroic sample, which yielded con-
cordia intercepts at 1967 + 24 Ma and 425 + 48
Ma. However, the data do not plot exactly on a
chord (MSWD = 30), which together with the geo-
logical setting of this intrusion and its lithological
characteristics resembling those of the GWA intru-
sions has caused some uncertainty on the real crys-
tallization age of the intrusion. In order to clarify
this question, we analyzed zircon grains by SIMS
from the same sample, A977, as employed by Paa-
vola (1984).

3.4. Ensilé

The presence of Paleoproterozoic mafic intrusions
within the Archean Kuhmo Greenstone Belt was
indicated for the first time by Hypponen (1983)
who published age determinations of two mafic di-
kes from this belt. However, the discordance of the
results precluded the calculation of precise crystalli-
zation ages. Later Hanski (1982, 1984) performed
a comparative study of the intrusive mafic—ultra-
mafic rocks in the Kuhmo Greenstone Belt and the
“Jatulian albite diabases” in the Koli area and came
to the conclusion that many “Jatulian” mafic intru-
sive bodies can be found within the Kuhmo Green-
stone Belt. For example, a continuous differentiati-
on series from amphibole-bearing olivine cumula-
tes to coarse-grained gabbros, analogous of that
displayed by the Koli sill, can be observed near the
Ensili farm, c. 30 km N'W of Kuhmo. In addition,
the GWA magmatism has generated flow-differen-
tiated mafic—ultramafic dikes within the greensto-
ne belt (Hanski, 1984). In the Ensili area, the ori-
ginally horizontal cumulate layering of the gravity-
differentiated bodies dip now by an angle of c. 45°
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demonstrating Paleoproterozoic folding of these
intrusions and the associated Archean greenstone
belt as well. It is peculiar that GWA intrusions have
been encountered within the relatively narrow, NS
trending greenstone belt, but so far not in the adja-
cent granitoid basement outside the greenstone bel.

Lithological and geochemical data on the GWA
sills in the Ensild area can be found in Hanski
(1984). The sills are spatially associated with the
Kellojirvi Ultramafic Complex (Tulenheimo,
1999). This complex was earlier thought to belong
to the GWA (Hanski, 1984), but was later shown
to be Archean in age and is probably related to the
komatiitic magmatism of the greenstone belt (Pa-
punen et al., 1998).

A coarse-grained metagabbro sample, A586, was
used for conventional zircon dating. The rock is
moderately altered; for example, ilmenomagnetite
is replaced partly by biotite and there are small gar-
net crystals enclosed in plagioclase. The same sample
was also used for SIMS dating. Sm-Nd isotopic re-
sults on GWA rocks from Kuhmo have previously
been reported by Tulenheimo (1999) and are in-
cluded in our Table 4. They contain eight whole-
rock analyses of wehrlites, metapyroxenites and
metagabbros from the Ensild area and one wehr-
lite (TTT-170-96) and its two pyroxene separates
from the Arola area, c. 15 km north of Ensili.

3.5. Koli

One of the best-exposed GWA sills in Finland can
be found in the Koli area, Northern Karelia. Detai-
led descriptions of the stratigraphic sections and
geochemical and mineralogical data of the Koli sill
have been published from different localities (Pii-
rainen, 1969; Hanski, 1982, 1984; Vuollo & Pii-
rainen, 1992). The sill can be followed for more
than 60 km along strike and has a maximum thick-
ness of 340 m. It is partly located in the Archean
basement following conformably the contact bet-
ween the Archean rocks and the overlying Jatulian
quartzites and partly emplaced into these quartzi-
tes. It cuts the two lowermost sedimentary litho-
stratigraphic units, the Koli Formation and Jero
Formation, but has not been observed to cut the

uppermost Jatulian formation, the Puso Formation
(Piirainen & Vuollo, 1991). Relatively good expo-
sure has facilitated determination of the detailed stra-
tigraphy of the Koli sill. From the bottom upwards,
the following zones have been recognized: wehrlite,
clinopyroxenite, magnetite clinopyroxenite, magne-
tite gabbro, coarse-grained gabbro, granophyre,
clinopyroxenite (the upper marginal zone) (Vuollo
& Piirainen, 1992).

Sampling for isotopic analysis was performed
at a segment of the Koli sill that was emplaced into
Archean gneisses. Three samples from three diffe-
rent localities were utilized: samples A587 and
A1182 from the main gabbroic cumulate at Savi-
lahti and Kaunislahti, respectively, and sample
A1096 from Kaunisniemi, representing granophy-
re from the most evolved part of the sill. Baddeleyi-
te was analyzed using ID-TIMS from sample A587
and zircon from samples A1096 and A1182. Zir-
con grains from the latter two samples were also
studied using the NORDSIM facility.

Five samples from the Koli sill were analyzed
for Sm-Nd isotopes. Whole-rock analyses were
performed for two gabbro samples, 48-JIV-85 and
A1182, and one granophyre sample labelled
A1096a. In addition, Sm-Nd isotopic compositions
were determined on plagioclase and pyroxene

separates from two clinopyroxenite samples, A1220
and A1221.

4. Analytical methods
4.1. U-Pb isotopic analyses

Procedures for conventional U-Pb analyses follo-
wed the method by Krogh (1973) and involved ali-
quoting the HCI solution and addition of ***Pb/
25U isotopic tracer. Measurements were made using
a VG Sector 54 mass spectrometer at the Geologi-
cal Survey of Finland (GSF), Espoo. The perfor-
mance of the ion counter was checked by repeated
measurements of a NBS 983 standard.

In situ U-Th-Pb analyses of zircons were car-
ried out using a Cameca IMS1270 ion microprobe
at the Swedish Museum of Natural History, Stock-
holm (the NORDSIM facility). The analytical pro-
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cedure is described in Whitehouse et al. (1997,
1999). The spot diameter for the 4 nA primary O,
ion was c. 30 mm, and oxygen flooding was used to
improve the ionization of Pb. Calibration of the U/
Pb ratio was based on analyses of the Geostandards
zircon 91500, which has an age of 1065 Ma (Wie-
denbeck et al., 1995). Correction of the measured
isotopic ratios for common Pb was estimated from
monitored ?**Pb counts and the terrestrial average
Pb isotopic composition at 1900 Ma was used for
this correction (Stacey & Kramers, 1975). Data
reduction was performed using the NORDSIM
software written by Martin Whitehouse, and data
regressions were carried out using the Isoplot/Ex
2.49 program of Ludwig (2001). Back-scattered
electron images were used to select targets for SIMS
analyses.

4.2. Sm-Nd isotopic analyses

The Sm-Nd isotopic work was performed at the
GSF on a VG Sector 54 mass spectrometer using
the freshest samples available. Standard procedures
were used for crushing and separation of plagiocla-
se and pyroxene with final purification made by
hand-picking when necessary. For Sm-Nd analy-
ses, mineral concentrates were washed ultrasonical-
ly in warm 6 N HCl for 30 min and rinsed several
times in water. The samples (150-200 mg) were
dissolved in HF-HNO, using Savillex screw cap
teflon beakers or sealed teflon bombs (felsic whole
rocks) for 48 h. Mixed “Sm-"""Nd spike was ad-
ded to the sample prior the dissolution. After care-
ful evaporation of fluorides, the residue was dissol-
ved in 6N HCI and a clear solution was achieved.
Samarium and Nd were separated in two stages
using a conventional cation exchange procedure (7
ml of AG50Wx8 ion exchange resin in a bed of 12
cm length) and a modified version of the Teflon-
HDEHP (hydrogen diethylhexyl phosphate) met-
hod developed by Richard et al. (1976). The mea-
surements have been made in a dynamic mode using
Ta-Re triple filaments. "*Nd/"*Nd ratio is norma-
lized to Nd/"Nd = 0.7219. The average value
for the La Jolla standard is '*Nd/'"*Nd = 0.511850
+ 7 (1o, n = 70, triple filament measurements du-

ring 1995-2001). The Sm/Nd ratio of the spike
was calibrated against the Caltech mixed Sm/Nd
standard (Wasserburg et al., 1981). Based on dup-
licated analyses, the error in "/Sm/'"*¥Nd is estima-
ted to be 0.4%. Initial "“Nd/"**Nd ratios and €,
values were calculated with the following parame-
ters: A'7Sm = 6.54 x 107"2a7!, 7Sm/"Nd = 0.1966
and '"®Nd/'"Nd = 0.51264 for present CHUR.
Depleted mantle model ages (T-DM) were calcula-
ted according to DePaolo (1981). Measurement on
the rock standard BCR-1 provided the following
values: Sm = 6.58 ppm, Nd = 28.8 ppm, '¥’Sm/
14Nd = 0.1380, "*Nd/"Nd = 0.51264 + 0.00002.
The blank measured during analyses was: 30-100
pg for Sm and 100-300 pg for Nd. Programs by
Ludwig (1991, 2001) have been employed for age
calculations.

A few older Sm-Nd analyses measured using an
old technique and a non-commercial mass spectro-
meter (Huhma, 1986) are included in this paper.
Compared with more recent analyses, they tend to
yield slightly larger errors in "*Nd/'**Nd, but based
on duplicated newer analyses, are consistent within
error.

4.3. Electron microprobe analyses

In order to acquire preliminary data on the rela-
tionship between zircon chemistry and the obser-
ved U-Pb isotopic and BSE characteristics, diffe-
rent domains of a zircon grain were analyzed for
major (Zr, Si) and trace (Hf, Y, Ca, Fe, Mn, U, Th,
Pb) elements. Electron microprobe analyses were
performed by the wavelength dispersive technique
using a Cameca SX100 microprobe at the Geologi-
cal Survey of Finland in Espoo. The analytical con-
ditions were an accelerating potential of 20 keV, a
sample current of 30 nA, and a beam diameter of 1
pm. Synthetic cubic zirconia was employed as the
standard for Zr, Y, and Hf, while natural galena was
used for Pb, diopside for Si and Ca, rhodonite for
Mn, and almandine for Fe. The uranium and tho-
rium standards were pure metals. Back-scattered
electron images were obtained with a JEOL JCXA-
733 scanning electron microscope (SEM) at the
Department of Electron Optics, University of Oulu.
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5. Results

5.1. U-Pb geochronological results

Ion microprobe U-Th-Pb analytical data for zircons
are listed in Table 1 and plotted on concordia dia-
grams in Figs. 3, 6, 8, 10 and 13. In these figures,
the error boxes represent 26 errors of isotope ratios
and the uncertainties in the calculated ages are re-
ported at the 95 % confidence level. New conven-
tional ID-TIMS data are presented in Table 2 and,
together with the previously published ID-TIMS
data from the studied samples, are compared with
SIMS results in the above mentioned concordia dia-
grams.

5.1.1. Haaskalehto (A892)

The Haaskalehto intrusion represents one of the rare
locations of the GWA intrusions from which pre-
vious conventional U-Pb analyses on zircon plot
relatively close to the concordia curve and thus pro-

A892 Haaskalehto

N651-01a
2216 Ma

N651-03a
2207 Ma

vide a reliable age estimate (2220 + 11 Ma; Tyrvii-
nen, 1983). This is in harmony with the good preser-
vation of the zircon grains that is evident from the
BSE images taken of zircons from sample A892. As
shown in Fig. 2, the grains have a weak oscillatory
zoning and are remarkably clean without darker,
patchy alteration patterns displayed by metamict
zircons in the samples from the other study areas
(see below).

Four U-Pb analyses on four zircon grains made
by ion microprobe are all concordant and give an
age of 2211 + 6 Ma (Fig. 3) which overlaps the age
obtained by the conventional method. The analy-

ses show a low common lead but a fairly large range
in Th/U ratio (Table 1).

5.1.2. Susivaara (A865)

In terms of alteration, the studied zircon grains from
the Susivaara intrusion represent an extreme case.
Most of them are very dark brown and turbid. Back-

scattered electron images show complex alteration

N651-02a
2207 Ma

N651-04a
2211 Ma
A

Fig. 2. BSE images of zircon grains from
the Haaskalehto intrusion (sample
A892). Spots analyzed by ion micropro-
be are shown as white ellipsoids. All
annotated ages are 2°’Pb/?%Pb ages,
which may differ from upper intercept
ages depending on the degree of dis-
cordance.
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features in most zircon crystals. The altered parts of
the grains are characterized by a lowered BSE in-
tensity, i.e. a lower mean atomic number with res-
pect to the apparently unaltered domains (Fig. 4).
The BSE contrast between altered and more pristi-
ne domains is often obvious (for example, grains
n654-02 and n654-03 in Figs. 5 and 4B). Even using
the largest magnification of SEM, the darker, gray-
ish domains, such as shown in Fig. 4A, appear
homogeneous in BSE images without recognizable
intergrowths of zircon and other phases. Some
zircon crystals are completely altered to heteroge-
neous, spongy material (Fig. 4E). The altered do-
mains often contain tiny thorite grains standing up
as white specks in BSE images (see below).

Twelve conventional U-Pb analyses on the Su-
sivaara sample A865 published previously by Pert-
tunen and Vaasjoki (2001) are shown in Fig. 6. They
are widely scattered. The cleaner zircon fractions
and baddeleyite separates plot closer to the concor-
dia curve than the turbid zircon fractions. Two sphe-
ne analyses are nearly concordant. Perttunen and
Vaasjoki (2001) calculated an age of 2208 + 19 Ma
using baddeleyite and sphene fractions. Including
discordant zircon fractions does not change the age

8.2 8.6 9.0

error indication. Note that the sca-
le is different from the other con-
cordia diagrams.

but increases the error (2208 + 29 Ma, see Fig. 6).

Eleven analyses on eight zircon grains were ob-
tained by ion microprobe. The data are technically
good but scattered and discordant (Fig. 6). Interes-
tingly, the well-preserved zircon domains have iso-
topic compositions relatively close to the concordia
curve with 27Pb/**Pb ages of c. 2.2 Ga (n654-02a
and n654-03a, Fig. 6), whereas the altered zircon
zones exhibit strong U-Pb discordance with lower
27Pb/*Pb ages (ca. 1.7-2.0 Ga) n654-02b and
n654-03b, Fig. 6). The U-Th-Pb data show that
the altered domains tend to be enriched in Th. For
example, in analysis n654-02b the Th/U ratio is 11
(Table 1).

The five most pristine domains provide an
upper intercept age of 2198 + 24 Ma (lower inter-
ceptat 154 + 230 Ma, MSWD = 4.2, Fig. 6), which
can be considered the best estimate for magmatic
crystallization. The data on this sample do not
constrain the age of alteration. However, all analy-
ses on turbid zircon plot on the “younger side” of
the chord defined by pristine domains. This sug-
gests a multi-stage lead loss and possibility that major
alteration relates to the 1.8-1.9 Ga thermal pulse
(Hanski et al., 2001).
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Table 1. lon microprobe U-Th-Pb analytical data for zircons from 2.2 Ga mafic intrusions.

Sample/ [U] [Pb] | Th/U fek |2Pb/?*U | +G | Pb/*U | 0 rho | Disc.% | *'Pb/?%Pb | +G | 2'Pb/?U | +G 2%Pb/Z8U  +C
spot # ppm | ppm | meas. % % 20 limit | age (Ma) age (Ma) age (Ma)

A892, Haaskalehto, gabbro

n651-01a 574 | 334 | 0.88 0.02 | 8.073 1.9 0.4208 1.9 0.98 o 2216 6 2239 17 2264 | 36
n651-02a 533 265 | 0.14 *0.01 8.080 1.9 04234 1.9 0.99 o 2207 5 2240 17 2276 | 36
n651-03a 724 | 364 | 0.23 *0.01 7.984 1.9 0.4184 1.9 0.99 e 2207 4 2229 17 2253 | 36
n651-04a 693 451 | 1.57 0.03 | 8.026 1.9 04198 1.9 0.98 o 2211 6 2234 17 2260 | 36
A865, Susivaara, metagabbro

n654-01a 2547 1097 | 0.07 0.05 | 7.031 1.1 03721 | 1.1 0.98 -5.9 2190 4 2115 10 2039 18
n654-02a 1858 11282 | 2.51 0.01 7.112 1.2 0.3760 1.2 0.99 -4.8 2192 3 2126 11 2058 21
n654-02b 1498 654 1134 | 1.23 1.725 2.0 0.1231 1.6 0.81 -51.7 1655 21 1018 13 748 11
n654-03a 793 470 | 2.27 0.18 6.296 1.2 03312 1.2 0.96 -16.2 2201 6 2018 11 1844 19
n654-03b 1087 | 479 | 5.65 0.88 | 3.100 1.3 0.1976 1.2 0.88  -37.7 1860 11 1433 10 1163 12
n654-04a 608 280 | 1.45 0.78 5.162 1.0 0.2999 0.9 0.88 -16.3 2026 8 1846 8 1691 13
n654-05a 1062 | 289 | 1.05 2.67 | 3.191 1.2 0.1911 0.9 0.77 | -43.0 1973 13 1455 9 1127 9
n654-06a 1282 665 | 2.16 0.14 5.566 1.3 0.2978 1.3 0.98 -23.4 2171 4 1911 12 1681 19
n654-07a 1070 | 650 | 2.78 0.07 | 6.052 1.2 0.3233 1.1 098 | -17.3 2174 4 1983 10 1806 18
n654-07b 455 225 | 2.62 0.55 | 4.790 1.2 0.2761 1.1 092 -23.2 2040 9 1783 10 1572 16
n654-08a 617 | 230 4.75 1.64 | 2.340 1.8 0.1540 1.2 0.71 -46.1 1803 23 1225 13 923 11

A1096, Koli, granophyre

n655-01a 125 72 1358 059 4734 2.0 0.3051 1.6 | 0.81 -1.5 1841 21 1773 17 1716 | 25
n655-02a 1841 1307 1 2.03 | 0.18 | 7.310 23103928 23 | 098 o 2164 9 2150 21| 2136 | 42
n655-03a 735 |1 395 1099 | *0.01 7.142 1.1 03788 | 1.1 | 096 -3.7 2186 6 2129 10 2071 19
n655-03b 723 | 360 139 | 0.16 | 6.198 1.2 03376 | 1.1 | 095 -11.7 @ 2140 7 2004 11 1875 |18
n655-04a 1373 504 6.48 0.8 2.341 1.0 0.1628 0.8 | 0.78 -42.8 1703 12 1225 7 972 7

A1182, Koli, gabbro

n656-01a 364 | 245 2.68 | 097 | 6.651 1.4 03491 13 | 092 -113 2204 9 2066 12 1930 |21
n656-01b 250 79 11.60 |79 2.895 33 0.1972 1.3 | 041 -22.0 1740 54 1381 25 1160 | 14
n656-02a 1330 | 156 1 2.79 | 2.73 | 1.166 2.5/ 0.0683 0.7 029 -69.2 2012 41 785 14 426 3
n656-03a 638 | 396 1.87 | 0.02 | 7.029 2.0 03674 1.8 | 090 -5.3 2212 15 2115 18 2017 31
n656-03b 834 | 507 | 1.89 | 0.02 | 6.900 1.7/ 03588 1.6 | 093 -89 2221 11 2099 15 1977 |27
n656-04a | 2139 | 329 | 3.89 | 0.78 | 1.289 5.0 0.0928 49 | 098 -61.2 1637 20 841 29 572 |27

A977, Rahasmiki, metagabbro

n653-01a 764 | 438 0.68 | 0.14  8.118 1.4 04298 | 1.3 | 097 3.1 2190 5 2244 13 2305 |26
n653-02a 429 |1 152 | 0.21 | 0.58  4.588 1.5 0.3017 1.4 | 093 -29 1804 10 1747 13 1700 |21
n653-03a 2737 2073 13.38 | 0.23 | 2.750 3.9 02729 38 099 465 1016 13 1342 29 1555 |53
n653-04a | 3038 | 486 | 1.04 | 0.62 | 1.364 1.1 01130 09 | 078 -482 1372 14 873 7 690 6
n653-05a 462 | 405  4.67 | 051 | 5.545 1.3 0.3406 | 1.2 | 0.89 * 1927 10 1908 11 1890 |19
n653-05b 371 359 395 | 0.87 | 6.430 24103899 23 097 4.5 1950 11 2036 21 2122 42
n653-06a 649 | 460 439 53 4.575 3.0 02995 13 043 > 1812 49 1745 26| 1689 |20
n653-07a 570 | 396 3.86 | 0.56 @ 5.040 1.4 03102 13 | 089 -7.1 1924 12 1826 12 1742 |19
n653-08a 567 | 670 | 6.63 | 0.12 | 7.422 1.2 03974 1.2 | 097 > 2170 5 2164 11 2157 |21
n653-08b 607 | 510 721 | 051 @ 4.299 1.5 02660 1.3 | 085 -19.0 1914 14 1693 12 1521 |17
n653-09a 1899 2062 31.51 8.16 | 2286 147 0.2365 3.4 | 0.23 > 931 268 1208 109 1368 |42
n653-10a | 3642 2595 885  4.13 | 3.571 6.6 03068 3.0 @ 0.45 0.3 1302 111 1543 54 1725 | 46

A586, Ensild, metagabbro

n657-01a 560 | 217 1 0.33 | *0.01 5.060 1.4 03197 1.3 | 096 -22 1876 7 1829 12 1788 | 21
n657-02a 777 | 354 11.38 | 422 | 4.821 1.6 02599 1.1 | 0.69 -294 2158 21 1789 14 1489 |15
n657-03a 382 | 264 272 | 0.08 | 6.930 1.9 03615 19 | 097 -8.0 2215 8 2103 17 1989 |32
n657-04a 1381 | 825 2.10 | 0.02 @ 6.605 1.2 03468 12 | 098 -12.7 2204 4 2060 11 1919 |20
n657-05a 900 | 666 | 7.87 | 6.68 | 4.494 7.4 0.2496 0.8 | 0.11 -4.5 2106 123 1730 63| 1437 11
n657-05b 455 |1 252 | 312 | 248 4755 3.1 02597 2.6 | 0.85| -262 | 2135 28 1777 26| 1488 |35

f,,.%: Percentage of ***Pb contributed by common Pb, assuming Pb isotopic composition at 1.9 Ga (Stacey and Kramers, 1975).

£,,%: *0.01 - insignificant amount of common Pb.
Disc. %: Discordance of data (if >26 error of analysis). ** indicates that analysis is concordant within 26 error.

Sample coordinates: A892: X = 7488.49, Y = 3464.70; A865: X = 7345.14, Y = 2513.90; A586: X = 7132.99, Y = 4456.79; A977: X = 7020.02,
Y = 3548.98;

A1096: X = 6991.79, Y = 4498.06; A1182: X = 6992.35, Y = 4497.80.

Coordinates are presented in the Finnish kkj-coordinate system.
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A865 Susivaara

N654-03a
2201 Ma

- A 2
N654-06a ¢
2171 Ma . .

N654-03b N654-04a
1860 Ma 2026 Ma

B C

N654-07b
2040 Ma
N654-08a
1803 Ma

G\ N654-07a

N654-05a 2174 Ma
1973 Ma

Fig. 4. BSE images of zircon grains from the Susivaara sill (sample A865). All annotated ages are 2°’Pb/?°®Pb ages, which
may differ from upper intercept ages depending on degree of discordance.

A865 Susivaara

iR

All data (SIMS + ID-TIMS)
Intercepts at 2223 + 43 & 473 + 130 Ma
MSWD =38,n=17

0.45 T T T T
SIMS
Intercepts at 2198 + 24 & 154 + 230 Ma
MSWD=4.2,n=5 i
n654-01a
035 - =
A865 Susivaara
=
2 025 S E
=
H 24
1200 o
54-05a
ID-TIMS (Perttunen & Vaasjoki, 2001)
0.15 Intercepts at 2208 + 29 & 638 + 110 Ma
MSWD =86, n=12
5 ¥ § e zircon
N 654-02a Lo I 6004~ + baddeleyite + zircon
/ % sphene
2192 Ma 0.05 L7 . . .
0 2 4 6 8
W ph/ U

Fig. 6. Concordia plots of U-Pb data of sample A865 from
Fig. 5. Spots of electron microprobe analyses (see Table the Susivaara intrusion, Perapohja Schist Belt. SIMS
3) with red and green symbols representing “altered” and analyses shown as yellow error ellipsoids and ID-TIMS
“fresh” domains, respectively. analyses by blue symbols without error indication.
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5.1.3.Ensild (A586)

Most zircon grains in sample A586 from the Ensild
metagabbro are turbid, but BSE images reveal the
existence of grains that are less altered or even very
clean (Fig. 7). Magmatic zoning is still present in
some grains (Fig. 7C). In Fig. 7F is shown the BSE
image of an interesting grain having three different
types of material: a broad, light-colored, fractured
rim, representing the most pristine zircon, encloses
a non-fractured and obviously more altered interi-
or, which is composed of a complicated patchwork
of light-colored and dark-colored areas. The cent-
ral part of this grain shows that even though a BSE
image reveals two or more contrasting shades in
terms of BSE intensity, none of them necessarily
represents unaltered zircon.

Five conventional multi-grain U-Pb analyses
indicate rather high contents of common lead for

zircon in sample A586. The isotopic data are dis-
cordant and heterogeneous providing *’Pb/***Pb
ages from 1.95 to 2.12 Ga (Table 2, Fig.8). Also
shown in the diagram are U-Pb zircon data reported
by Hypponen (1983) for two gabbroic samples of
the same rock association, 12 and 15 km south of
our site, respectively (A491 from Hietaperd and
A910 from Petdjiniemi). These data are similarly
heterogeneous precluding precise age calculation.
The ion microprobe was used for six measure-
ments from five zircon crystals, but due to a high
amount of common lead, one analysis (n657-05a)
has been omitted from further discussion. Two ana-
lyses (n657-03a, n657-04a) from the well-preser-
ved and relatively clear, though unzoned zircon
grains yield moderately discordant data with *”Pb/
206Pb ages of c. 2.2 Ga, whereas two analyses (n657-
02a, n657-05b) from more altered zircon grains are
significantly discordant (Fig. 8). A discordia forced

AS586 Ensila

N657-02a, 2158 Ma

N657-04a
2204 Ma

N657-01a

N657-03a 1876 Ma

2215 Ma

N657-05b
2135 Ma

Fig. 7. BSE images of zircon grains from the Ensila gabbro (sample A586). All annotated ages are 2°’Pb/2°®Pb ages, which
may differ from upper intercept ages depending on degree of discordance. Note the central part of the zircon grain in

figure A, containing many thorite inclusions.
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4

0.32,n

Intercepts at 2232 + 19 & 291 + 150 Ma

MSWD

SIMS
A586 Ensila

ID-TIMS

© A910 Petdjaniemi (Hypponen 1983)
e A491 Hietapera (Hypponen 1983)

© A586 Ensila (this study)

207Pb/ 235 U

rusive rocks from the Archean Kuhmo Greenstone
Belt. SIMS analyses shown as yellow error ellipsoids

Fig. 8. Concordia plots of U-Pb data of three samples
(A491, A586, A910) from Paleoproterozoic mafic int-

1
o
S

04

0.0

and ID-TIMS analyses by blue and green circles wit-
through these four analyses gives an upper in-
tercept age of 2232 + 19 Ma. Analysis n657-
01la is clearly distinct from the other and provi-
des a nearly concordant *’Pb/**Pb age of c. 1.9
Ga. This analysis also has a lower Th/U ratio
(0.3) compared to other data (Table 1, Fig. 8).

hout error indication.

The grain in question is relatively transparent
and, surprisingly, possesses a weak zoning pat-
tern. One possibility is that the grain is an out-
sider introduced by contamination during
sample preparation. On the other hand, it rep-
resents the heaviest zircon fraction in the sample
(d >4.2 g/cm?®), and the same features are ob-

vious from the conventional data, i.e. analysis

the lowest 2”Pb/?*Pb age and Th/U ratio (as
deduced from the 2*®Pb/?*°Pb data in Table 2).

A586A from the heaviest zircon fraction has

crystals were not analyzed by SIMS from sample
In summary, most of the multi-grain zir-

A586 as all the analyzed spots represent relati-

vely high-intensity BSE areas (see Fig. 7).
con fractions analyzed by the conventional

Note that dark, low-Z areas within the zircon
method plot within the area delineated by the
spot analyses (Fig. 8). The new data confirm
that the Ensild intrusion belongs to the c. 2.2
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Ga age group and suggest that the intrusive body
has undergone a multi-stage evolution including
significant resetting of the zircon U-Pb system at c.
1.8-1.9 Ga. This means that the surrounding
Archean greenstone belt has also experienced the
same tectono-metamorphic phenomena in the Pa-
leoproterozoic time.

5.1.4. Rahasmdiki (A977)

Zircons in the Rahasmiki intrusion are commonly
very turbid bug, as revealed by BSE images, some of
the grains still retain well-preserved zones (Fig. 9).
An interesting feature of the conventional data from
Rahasmiki, as published by Paavola (1984), is that
the heavier zircon grains (density 4.0-4.2 g/cm’)
have higher U contents and are more discordant
than the lighter ones (3.8-4.0 g/cm?®). Normally the
situation is reversed (see Table 2).

Twelve U-Pb analyses on ten grains were ob-
tained by ion microprobe. Three analyses with high
amounts of common lead (**Pb/**Pb <400) and
consequently large errors have been omitted from
the concordia diagram and further discussion. The
data as a whole are very scattered (Table 1, Fig. 10).
Four analyses plot close to the chord defined by the
conventional data of Paavola (1984), but two ana-
lyses from the most pristine zircon domains are near-
ly concordant at ¢. 2.2 Ga (n653-01a, n653-08a).
This difference is clearly seen between the two spots
in grain n653-08, which exemplifies the complica-
ted alteration pattern seen in BSE images of many
crystals (Fig. 9E). One analysis (n653-02a) is slightly
on the “younger side” of the chord, but analysis
n653-03a plots above the concordia with a *”Pb/
206Pb age of ¢. 1.0 Ga. The analysis indicates a very
high Th content (c. 4 %), and it is expected that

the analytical routine for normal zircon may not be

A977 Rahasmaki

N653-02a
1804 Ma

N653-01a
2190 Ma

N653-03a

N653-07a

1924 Ma N653-08a

2170 Ma

E

" N653-09a

Fig. 9. BSE images of zircon grains from the Rahasmaki sill (sample A977). All annotated ages are 2°’Pb/?°Pb ages,
which may differ from upper intercept ages depending on degree of discordance. Note the large, white baddelyite inclu-
sion in the smaller zircon grain in figure A. The largest inclusion in the zircon grain of figure B is thorite.
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I I I
n653-01a
220
0.4 ZSO}MS,% n653-05b
: Pb/™"Pb age 2190 + 10 Ma af n653-08a
Analysis n653-01la
1800 n653-05a
653-02
03+ 1680 a/ n653-07a -
- n653-03%
® n653-08b
S i 400 i
=
& 1200
s 02F A977 Rahasmiki 1
1000
[ 800 1
NE53-04a Fig. 10. Concordia plot of U-Pb
0.1 |- 600 ® ID-TIMS (Paavola, 1984) . g P
Intercepts at 1967 + 25 & 425 + 50 Ma data of sample A977 from the
| MSWD =30,n=5 i Rahasmaéki sill, Tahkomaki-
Kinahmi schist belt. SIMS ana-
0.0 . | ) I . | I lyses shown as yellow error
: 0 2 4 6 8 ellipsoids and ID-TIMS analyses
207 235 by blue circles (without error in-
Pb/~"U dication).

valid for such a composition. The white specks in
the photomicrograph of grain n653-03a (Fig. 9B)
are thorite grains which further highlights the comp-
licated isotopic history of the zircon grain.

In summary, the SIMS results from the Rahas-
miki sample suggest magmatic crystallization at c.
2.2 Ga, i.e. c. 200 Ma earlier than indicated by the
previous ID-TIMS data (1967 + 24 Ma), and a
major lead loss from zircon at c. 1.8-1.9 Ga.

5.1.5.Koli (A1096,A1182, A587)

Zircon in all samples is turbid. Especially in the gran-
ophyre A1096 it occurs as large, broken, very tur-
bid grains. As shown by the BSE images of Fig. 11,
zircon grains from sample A1096 are, together with
the A865 zircons from Susivaara, the most altered
with a particularly spongy internal texture. Zircon
crystals from the gabbro sample A1182 are notably
variable in terms of preservation. Some grains are
almost devoid of signs of alteration (Fig. 12C), some
are traversed by a distinctive alteration band (Fig.
12F), and there also exist grains that are heteroge-
neously but pervasively altered (Fig. 12B, D). In
Fig. 12E, the primary magmatic zoning is still re-

cognizable in a remnant of pristine zircon close to
the edge of the grain. The rest of the grain is com-
posed of an irregular network of light-colored and
grey secondary zircon enclosing a great number of
silicate inclusions.

Four conventional U-Pb zircon analyses from
sample A1096 are discordant and plot close to each
other yielding 2’Pb/**Pb ages of c. 1.96 Ga (Table
2, Fig. 13A). Air abrasion has no effect on the con-
cordance of analysis, which is understandable after
inspection of the BSE images (Fig. 11). Three ID-
TIMS analyses of baddeleyite from sample A587
are discordant with 2”Pb/?*Pb ages of c. 2.14 Ga
(Fig. 13B). A linear regression through these data
gives concordia intercepts at 2170 + 20 Ma and 253
+ 150 (MSWD = 1.3, n = 3). As shown in Fig. 13B,
the three conventional U-Pb analyses made on zir-
con from the gabbro sample A1182 are extremely
discordant and plot close to the chord defined by
the baddeleyite fractions.

Eleven spot analyses on zircon were performed
by SIMS from samples A1096 and A1182. Two of
the analyses (n656-01b and n656-02b) have large
proportions of common lead and thus large errors.
The data are heterogeneous and show a very large
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A1096 Kaunisniemi (Koli)

N655-02a
2164 Ma

N655-01a
1841 Ma

N655-03b

2140 M N655-04a

5, 1703 Ma

N655-03a
2186 Ma

Fig. 11. BSE images of zircon grains from granophyre of the Koli sill (sample A1096 from Kaunisniemi). All
annotated ages are 2°"Pb/2°°Pb ages, which may differ from upper intercept ages depending on degree of
discordance.

A1182 Kaunislahti (Koli)

N656-03b
2221 Ma

N656-02a
2012 Ma

N656-03a
2212 Ma

N656-01a
2204 Ma_, %

F nese01b
1740 Ma

Fig. 12. BSE images of zircon grains from metagabbro of the Koli sill (sample A1182). All annotated ages
are 2°’Pb/2%°Pp ages, which may differ from upper intercept ages depending on degree of discordance.
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variation in the discordance and U content. From
the BSE images it is clear that the least discordant
analyses (n655-02a, n655-03a, n656-03a and n656-
03b; Figs. 11, 12) with 2”Pb/**Pb ages approaching
2.2 Ga represent most pristine zircon domains.
Regression of four analyses from the granophyre
A1096 define intercepts at 2199 + 45 and 552 + 97
Ma (MSWD = 3.3, Fig. 13A). One SIMS analysis

gabbro A587 from Savilahti.

(n655-01a) as well as the conventional data plot
distinctly on the “younger” side of the chord, sug-
gesting significant influence of the 1.8-1.9 Ga ther-
mal fluids in zircon. In fact, analysis n655-01a sug-
gests complete resetting of the U-Pb system and/or
formation of new zircon at c. 1.9 Ga. This grain
also has a much lower U content than the other
grains, but surprisingly, in the BSE image (see Fig.
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Figure 14 displays the analytical data divided
into two groups that represent the “fresh” and “alte-
red” domains. One of the most striking features of
the altered domains is their elevated CaO content,
which can be used as a simple criterion for distinc-
tion between relatively fresh and altered parts of zir-
con (cf. Geisler & Schleicher, 2000). In the former
domains, the CaO content is always very low (<0.02
wt.%), approaching or being below the detection
limit of the electron microprobe, whereas in the al-
tered domains, CaO is commonly higher than 1.0
wt.% and reaches a maximum value of 3.6 wt.%
(Fig. 14B).

A characteristic feature of the altered domains
is the low analytical total varying from 90.0 to 93.5
wt.%. It is likely that the low totals are mostly
accounted for by the presence of a water species in
the damaged parts of the zircons (cf. Geisler et al.,
2003a). Because the Al,O, content was not analy-
zed by microprobe, we cannot know the exact
amount of H,O in zircons. However, later SEM-
EDS analyses of altered zircons in other samples

indicate approximate Al O, contents in the range
of 1-2.5 wt.%, which suggest that the water con-
centrations in altered domains can reach many per-
centages. The SiO, and ZrO, contents are lower in
the altered domains than in the fresh domains (Fig.
14A) and can be explained by a high degree of hyd-
ration. The atomic Si/(Zr+Hf) ratio in both zones
overlaps and approaches stoichiometric 1.0, though
on average it is slightly higher in the altered do-
mains (0.99-1.07) compared with the fresh domains
(0.95-1.03).

The FeO content in fresh domains is common-
ly less than 0.15 wt.% while in altered domains it is
higher and, excluding two analyses (ca. 6 wt.%),
falls in the range of 0.15-1.0 wt.% (Fig. 14C). The
MnO contents are negligible in fresh zones and also
low (<0.1 wt.%) in some analyses from altered
zones but rises to values between 0.25 and 0.53 wt.%
in some other parts of the altered zones (Fig. 14D).
The Y,O, content of the altered domains is com-
monly less than that in the fresh domains with the
averages being 0.37 wt.% and 0.96 wt.%, respecti-
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[ ] : .
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[ ]
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: ° L L
L ° %
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: °
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r o * 1 r o, ° 1 Fig. 14. Electron
I '. s o | 02 L ] mlcroprobe dat.a
>, R _ ] on a zircon grain
0.1 > E 0.1F a from the Susivaa-
E » B> » . el o - R
t C s ] : e e e e e ra sample A865
0.04 S 0.0 Lot B B ity gy (for location of
0 1 2 0.0 0.1 0.2 0.3 0.4 0.5 data points, see
Y,0, PbO Fig. 5).
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vely (Fig. 14C). No systematic differences as a fun-
ction of alteration have been observed in the con-
centrations ofoO2 (1.30-1.65 wt.%), TiO, (0.03—
0.09 wt.%), and PbO (0.08-0.46 wt.%). The UO,
content (0.00-0.35 wt.%) is often lower in altered
domains but in some spots it is higher than in fresh
domains.

SEM-EDS analysis was used to identify the
mineralogy of the distinct, bright specks, from a
few to 20 mm in size, which commonly occur wit-
hin altered domains (Figs. 4, 5, 7, 9, 11, 12). This
revealed mainly Th and Si (+ U, Zr, Ca) indicating
that these mineral grains are composed of thorite
(ThSiO,). A few of the high-BSE intensity crystals
turned out to be lead selenide (clausthalite). Bad-
deleyite was also found (Fig. 9A). A detailed study
on the numerous silicate inclusions in zircon grains
has not yet been carried out, but the currently avai-
lable data show the presence of Fe-rich chlorite and
sphene.

In summary, based on our limited electron
microprobe data, the degree of alteration in zircons
seems to correlate positively with measured CaO
and inferred H,O contents and less systematically
with concentrations of FeO and MnO. In additi-

on, altered zircon domains often contain tiny tho-
rite grains.

5.3.Sm-Nd results
5.3.1.Intrusions from Central Lapland

The three samples from the Haaskalehto intrusion
that were used for our Sm-Nd study are relatively
well-preserved gabbros. Some of the Sm-Nd isoto-
pic analyses of Table 4 showing relatively large
errors were made in the 1980s using an old techni-
que and a non-commercial mass spectrometer (Huh-
ma, 1986). Ten analyses including two whole rocks
(duplicated analyses on both) and clinopyroxene,
amphibole and plagioclase separates define an
isochron which gives an age of 2119 + 40 Ma with
an initial €, value of +0.8. The relatively large
MSWD value of 2.5 suggests some scatter in excess
of analytical error. If the two plagioclase analyses
are excluded, MSWD decreases to 0.9 and the age
from the slope, as defined largely by the pyroxene
analyses of sample 19-HSP-78, is 2187 + 44 Ma
(8 = +0.7, Fig. 15). This age is more consistent
with the U-Pb zircon age of 2220 + 11 Ma (Tyrvii-
nen, 1983).

Fig. 15. Sm-Nd isotope data for
whole-rock samples (gabbro) and

005138 K 1 I 1 I T I 1 I T I 1 1 T I 1 i

. Haaskalehto intrusion 19-HSP-78 cpx#3 ]

0.5133 - Age = 2187 + 44 Ma 7]
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mineral separates from the Haas-
kalehto intrusion. Analytical re-
sults on plagioclase are excluded
in regression.
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Table 4. Sm-Nd isotopic data on 2.22 Ga mafic intrusions (g, calculated at 2200 Ma).

Sample Wt/ Rock type Coordinates Sm Nd | "7Sm/'"Nd | "SNd/'"“Nd | 26 £
mineral X Y (ppm) (ppm)
Haaskalehto intrusion, Central Lapland
19.1-HSP-78 Wr Gabbro 7487.53 3466.63 2.70 9.71 0.1678 0.512240 34 0.4
19.1-HSP-78 Wr #2 Gabbro 7487.53 3466.63 2.63 9.45 0.1682 0.512267 11 0.8
19-HSP-78 Cpx #2 Gabbro 7487.53 3466.63 2.61 7.00 0.2255 0.513087 28 0.5
19-HSP-78 Cpx #3 Gabbro 7487.53 | 3466.63 2.63 6.70 0.2376 0.513267 10 0.5
24-HSP-78 Wr Gabbro 7487.89 3465.80 2.56 7.94 0.1946 0.512646 20 0.7
24-HSP-78 Wr Gabbro 7487.89 3465.80 2.51 7.75 0.1955 0.512660 10 0.7
24-HSP-78 Amph+Cpx | Gabbro 7487.89 3465.80 4.87 14.95 0.1968 0.512682 24 0.8
24.1-HSP-78 Plag Gabbro 7487.89 | 3465.80 0.58 3.48 0.0999 0.511379 60 3.0
A1408 Plag Gabbro 7488.00 3465.00 0.54 2.89 0.1124 0.511507 10 1.9
A1408 Amph Gabbro 7488.00 3465.00 4.92 14.51 0.2049 0.512778 10 0.3
Silmisvaara intrusion, Central Lapland
A1430 Wr Ol-pyroxenite = 7499.00 3440.30 1.88 5.65 0.2007 0.512698 10 0.0
A1430 Cpx" Ol-pyroxenite 7499.00 3440.30 2.01 5.93 0.2049 0.512751 10 -0.2
A1430 Plag? Ol-pyroxenite 7499.00 3440.30 0.10 0.72 0.0821* 0.510962 41 -0.1
A1430 Plag #2 Ol-pyroxenite 7499.00 3440.30 0.08 0.62 0.0814* 0.510988 21 0.7
Ahvenvaara intrusion, Central Lapland
Al431 Wr Ol-pyroxenite = 7429.99 3508.70 1.68 4.76 0.2130 0.512918 12 0.7
A1431 Cpx Ol-pyroxenite | 7429.99 3508.70 1.94 5.36 0.2192 0.513005 10 0.7
A1431 Plag Ol-pyroxenite | 7429.99 | 3508.70 0.09 0.63 0.0867* 0.511035 25 0.0
Al1431 Plag #2 Ol-pyroxenite 7429.99 3508.70 0.08 0.62 0.0827* 0.511014 10 0.8
Koli sill, Northern Karelia
A1220 Wr Pyroxenite 6991.97 | 4498.35 2.92 10.35 0.1706 0.512326 15 1.3
A1220 Wr #2 Pyroxenite 6991.97 4498.35 2.98 10.55 0.1709 0.512315 10 1.0
A1220 Cpx Pyroxenite 6991.97 | 4498.35 2.28 6.51 0.2121 0.512885 32 0.4
A1220 Plag Pyroxenite 6991.97 4498.35 0.40 2.88 0.0833 0.511224 35 4.7
Al1221 Wr Pyroxenite 6991.96 4498.41 2.67 8.63 0.1869 0.512607 46 2.1
Al1221 Wr #2 Pyroxenite 6991.96 4498.41 2.87 9.32 0.1858 0.512548 20 1.3
A1221 Cpx Pyroxenite 6991.96 | 4498.41 2.02 5.33 0.2288 0.513134 11 0.5
Al1221 Cpx #2 Pyroxenite 6991.96 4498.41 2.00 5.21 0.2323 0.513205 37 0.8
A1221 Plag Pyroxenite 6991.96 | 4498.41 1.28 8.69 0.0888 0.511334 24 5.3
48-JIV-85 Wr Gabbro 6991.81 4498.09 4.97 20.79 0.1447 0.511940 10 1.2
A1096a Wr Granophyre 6991.79 | 4498.06 7.59 36.10 0.1271 0.511663 10 0.8
Al1182 Wr Gabbro 6992.35 4497.80 5.02 19.18 0.1582 0.512122 10 0.9
Arola dike, Kuhmo Greenstone Belt
TTT-170-96 Wr Wehrlite 7149.00 | 4454.00 242 8.69 01681 | 0512271 10 | 09
TTT-170-96 Cpx? Wehrlite 7149.00 4454.00 1.91 5.74 0.2016 0.512742 10 0.6
TTT-170-96 Cpx #29 Wehrlite 7149.00 4454.00 2.27 7.13 0.1922 0.512599 10 0.5
Ensilid dikes, Kuhmo Greenstone Belt
TTT-82.1A-96 | Wr Wehtlite 713210 | 4456.10 19 661 01739 | 0512354 | 10 09
TTT-155-96 Wr Wehtlite 713070 | 445540 | 223 792 01702 0512290 | 16 = 0.7
TTT183.496 Wt Pyroxenite 713170 | 445420 349 | 1344 | 0.157 0512138 11 1.5
TTT-81.1A96 | Wr Pyroxenite 713210 | 4456.00 | 232 | 727 01926 | 0512554 10 0.5
TTT132296 Wt Pyroxenite 713190 | 445570 479 | 2053 | 0.1411 0511909 = 10 16
TTT-36-96 Wr Gabbro 713240 | 4455.10 33 1162 01719 0512311 | 10 06
TTT-89-96 Wr Gabbro 7132.50 | 445620 = 417 | 1621 0.1557 | 0512062 10 04
TTT-146.1A-96 = Wi Gabbro 713170 | 445580 445 | 1838 01462 0511962 = 10 | 12
Runkausvaara, Peripohja Schist Belt (taken from Huhma et al., 1990)
HH-19/82 Wr Gabbro 7329.80 | 2544.08 3.90 15.90 0.1505 0.511991 35 0.4
RF597/78 Wr Gabbro 7329.02 2563.48 4.80 20.50 0.1408 0.511854 46 0.4
RF742/78 Wr Wehrlite 7329.02 | 2563.48 2.30 9.06 0.1538 0.512039 40 0.4
RF753/78 Wr Gabbro 7329.20 2563.30 7.70 36.20 0.1287 0.511629 50 -0.5
A475 Sphene Gabbro 7334.15 | 2544.09 52.10 | 174.40 0.1807 0.512394 50 -0.3
A475 Plag Gabbro 7334.15 | 2544.09 1.42 5.74 0.1498 0.511833 45 -2.5

Appreviations: Wr = whole rock, Plag = plagioclase, Cpx = clinopyroxene, Amph = amphibole, Ol = olivine.
Notes on mineral separates: 1) density 3.3-3.4; 2) density 3.63-2.76; 3) magnetic fraction, density 3.25-3.33; 4) not handpicked, abrasion 30 min.

The name of the rock type corresponds to the original, unmetamorphosed rock.

Error in 'Sm/'*Nd is 0.4%, except when marked by *, it is 2%.
Nd/'*Nd radio is normalized to “Nd/"*Nd = 0.7219, error is 2 standard error of the mean in the last sign. digits.
Error in e, is normally +0.4 units.

Coordinates are presented in the Finnish kkj-coordinate system.
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Microscopic observations reveal that plagio-
clase is turbid and yellowish and contains impuriti-
es, which were not possible to be removed by hand-
picking. It is conceivable that metamorphic effects,
which are common in Lapland, have also slightly
influenced the Sm-Nd system in plagioclase in spi-
te of the relatively well-preserved nature of the rocks
at the sampling site.

Mineral separation using well-preserved olivi-
ne pyroxenites from the Silmdsvaara and Ahvenvaara
intrusions yielded clean fractions of pyroxene and
plagioclase. Due to low concentrations of Sm and
Nd, the analytical error for plagioclase is relatively
large (Table 4). Four analyses from the Silmisvaara
sample A1430 give an age of 2185 + 35 Ma (g, =
0.0, MSWD = 1.07), and the result from Ahven-
vaara (A1431) is 2231 + 27 Ma (g, = +0.8, MSWD
= 1.5, Fig. 16). These ages are largely based on pla-
gioclase, since the Sm/Nd ratio in the whole-rock
samples is close to that of pyroxene. Compared to
Haaskalehto discussed above, plagioclase in the Sil-
misvaara and Ahvenvaara samples is very clear and
has likely remained closed since its magmatic crys-
tallization. The age of c. 2.2 Ga is compatible with
the U-Pb zircon age of 2222 + 6 Ma from the Har-

junoja gabbro (Risinen & Huhma, 2001), which
according to the acromagnetic map, probably be-
longed originally to the same intrusive body as the
Ahvenvaara intrusion.

5.3.2. Dikes in the Kuhmo
Greenstone Belt

A few Sm-Nd analyses have been made on mafic
dikes occurring in the Ensild and Arola areas in the
Archean Kuhmo Greenstone Belt. The samples are
classified into three groups, wehrlites, metapyroxe-
nites and metagabbros, which all contain largely a
metamorphic mineral paragenesis. The results of the
Sm-Nd isotope analyses are shown in Table 4. The
data are scattered probably due to metamorphic ef-
fects (Fig. 17). An attempt was made to use pyroxe-
ne to date a wehrlitic sample (TTT-170-96) from
Arola, but no pure fraction was possible to obtain
due to alteration of pyroxene. Nevertheless, two
analyses were made on altered pyroxene concentra-
tes, which together with whole-rock data yield a
date of 2120 + 86 Ma. The average € _,(2220 Ma)
value of +0.7 for the whole data set is similar to that
of other GWA intrusions (see below).
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= .. = Ahvenvaara (A1431) intrusions.
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regressed separately for both
intrusions.
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5.3.3.Kolissill (A1220,A1221)

The Sm-Nd studies from the 300-m-thick Koli laye-
red sill were focused on the Kaunisniemi section
described previously by Vuollo (1988). The mine-
ral separation from two pyroxenites yielded fairly
clean fractions of clinopyroxene, but albitic plagioc-
lase is generally turbid and yellowish. The Sm-Nd
data are shown in Table 4, which also includes some
older analyses having relatively large errors. The
twelve analyses available on five whole rocks and
mineral fractions do not define an isochron, as
shown by the calculated MSWD value of 30. If the
two analyses on albitic plagioclase are excluded, an
age of 2201 + 58 Ma and an initial €, value of +
1.0 can be calculated (Fig. 18). The slightly eleva-
ted MSWD value of 3.5 may be due to underesti-
mation of the analytical error (in old analyses), in-
clusion of samples from several locations in the same
regression or most likely due to opening of the Sm-
Nd system during metamorphism. The metamor-
phic effects on albitic plagioclase are obvious, as can
be seen from the Sm-Nd age estimate of c. 1.9 Ga
calculated for the whole rock-plagioclase pairs of
samples A1220 and A1221 (Fig. 18).

The analysis on granophyre provides an initial
€,,(2220 Ma) value of +0.8 which is similar to the

cumulates of the main series. This suggests that the
granophyre in the upper part of the sill was formed
from evolved magma without any significant con-
tamination from the adjacent Archean country
rocks.

6. Discussion and conclusions

6.1. Timing of the GWA magmatism

The previous age determinations using the conven-
tional U-Pb method have yielded dates from 1.97
to 2.22 Ga for intrusions that have petrological
characteristics and field relationships typical of the
gabbro-wehrlite association. This age range probably
reflects the degree of preservation of the dated zir-
cons and the GWA magmatism was not such a long-
lived event (Hanski et al., 2001), but rather could
have been even shorter in duration than the resolu-
tion of our dating methods. To reach this conclusi-
on has required a large number of conventional zir-
con analyses, supplemented by occasional badde-
leyites, from various parts of eastern and northern
Finland. The new data acquired by the SIMS techni-
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Fig. 18. Sm-Nd isotope data for

samples A1220 and A1221 from
the Koli sill. A linear regression of
analyses on whole-rock samples
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que, which is able to circumvent problems caused
by zircon alteration, has confirmed this view. These
results together with BSE images and electron
microprobe analyses provide us now with a clearer
understanding of the large variation of the U-Pb
isotopic disturbance in zircon shown by the previo-
us ID-TIMS studies. The most well-preserved zir-
con grains are found in the GWA intrusions in Cent-
ral Lapland, and hence the zircon U-Pb ages ob-
tained for the Haaskalehto and Harjunoja intru-
sions, 2220 + 11 Ma and 2222 + 6 Ma (Tyrviinen,
1983; Risinen & Huhma, 2001), can be taken as
the most representative determinations of the timing
of the GWA magmatism in Finland.

6.2. Alteration of zircon by fluids

Several mechanisms have been proposed to control
the degree of U-Pb isotopic discordance in zircon
(see the review by Gebauer and Griinenfelder,
1979). One of these is low-temperature hydrother-
mal alteration of radiation-damaged zircon as ori-
ginally put forward by Krogh and Davis (1975).
Several lines of evidence make the alteration model
most appealing in our case, including the high con-
tents of non-formula components (CaO, AL O,,

and clinopyroxene separates gives
an isochron age of 2201 + 58 Ma,
while plagioclase-whole rock pairs
yield ages of ¢. 1900 Ma.

FeO, MnO, H,0) in zircon grains, their inferred
hydrous nature, the general lack of magmatic zo-
ning features (cf. Connelly, 2001), and other phy-
sical indications of strong alteration. In Fig. 19, our
ion microprobe analyses have been divided into two
groups on the basis of the BSE intensity of the ana-
lyzed spots. There is an obvious relationship bet-
ween the average atomic number of zircon (degree
of hydration and related alteration) and the degree
of discordance as the domains displaying low BSE
intensities have experienced the largest amount of
Pb loss. Note that a high BSE intensity (light shade)
does not necessarily indicate a non-altered nature
of zircon. Recrystallized parts of the grains may be
even more light-colored than pristine zones. This is
well exemplified by Figs. 7F and 12E.

Geisler and Schleicher (2000) have studied the
relationship between the chemical composition of
some non-metamorphosed zircons and their age
discordance. They observed a negative correlation
between the CaO content and apparent U-Th-
total Pb ages with the highest, concordant ages ob-
tained for those zircon domains that had CaO con-
tents of less than 0.2 wt.%. In contrast, the dates
yielded by the domains having elevated CaO con-
centrations were drastically lower than the accepted
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Fig. 19. Concordia plot of the
SIMS U-Pb data divided into
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magmatic ages. Geisler and Schleicher (2000) attri-
buted the high contents of Ca and other non-for-
mula elements to ion exchange processes during
fluid-induced alteration processes that led to remo-
val of Zr, Si and Pb from the zircon lattice. Later
Geisler et al. (2001, 2002, 2003) demonstrated ex-
perimentally that in a large temperature range bet-
ween 175 °C and 650 °C, hydrothermal alteration
of partially metamict zircon through an interaction
of CaCl,-bearing solutions can generate zircon do-
mains with elevated CaO contents up to c. 2 wt.%.
In these experiments, addition of CaO was accom-
panied by extensive hydration of the mineral with
resultant H O contents reaching 8 wt.%. Both ex-
perimental data and natural examples show that,
due to the incompatibility of Pb** in the newly
grown zircon phase, radiogenic Pb is easily rejected
from the mineral grains during hydrothermal
annealing of partially metamict zones, resulting in
a strong disturbance of the U-Pb isotope system
(Pidgeon etal., 1966; 1973; Krogh and Davis, 1975;
Geisler et al., 2003a,b).

Based on our electron microprobe and SIMS
data from a single zircon grain from the Susivaara
sill, the same kind of relationship between the CaO
content and discordance, as observed by Geisler and

7 8

=

two groups on the basis of the
BSE intensity of the analyzed
spot.

Schleicher (2000), may be a general feature of altered
zircon grains in the GWA intrusions. We suggest
that the high CaO contents and high degree of
discordance are related to hydrothermal alteration
of the zircon grains by CaCl -bearing fluids and the
low analytical totals of the electron microprobe
analyses reflect high H,O contents of the altered
zircon domains.

Apart from the loss of radiogenic Pb and gain
of Ca, hydrothermal alteration of metamict zircon
can result in significant changes in concentrations
of other minor or trace elements such as Sr, Ba, Al,
Fe, Mn, Y, REE, and most importantly from the
point of view of geochronology, U and Th (Krogh
and Davis, 1975; Geisler et al., 2003b). The beha-
vior of REE and Y during the alteration processes
may be complicated. For example, Geisler et al.
(2003b) observed a positive correlation between the
CaO and Y,O, contents in natural altered zircon
grains from an Egyptian granite, whereas in our stu-
dy, the altered domains show an Y,O, content of
about a half of that observed in the least altered
domains (Fig. 14C). Evidently, a more comprehen-
sive electron microprobe and LA-ICP-MS study of
zircon in the GWA rocks is needed.

High U and Th contents induce high a-decay
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doses and high degrees of metamictization and, con-
sequently, the altered zircon grains may exhibit a
positive correlation between the U and Th contents
and the degree of U-Pb isotopic discordance. Figu-
re 20 shows U concentrations as a function of *’Pb/
25U as determined by SIMS. Using the *’Pb/*°U
ratio as an index of discordance, it can be seen that
there is no clear correlation between U content and
degree of discordance. The same applies to the Th
content and Th/U which varies widely from lower
than 1.0 to higher than 10. Identification of inde-
pendent Th-rich mineral grains (thorite) in the low-
intensity BSE zircon domains is noteworthy in this
context as their presence indicates secondary mobi-
lity of Th and within the spot of the beam, they
may strongly affect the Th/U ratio and Th concent-
ration in the analytical results. The lack of correla-
tion between the U content and *’Pb/**U in seve-
rely altered zircons was regarded by Cherniak and
Watson (2000) as an indication of non-diffusional
processes, such as recrystallization and various fluid-
assisted processes that could significantly alter the
Pb isotope ratios and U content in zircon. It is note-
worthy that even though major loss of radiogenic
Pb from zircons and consequent decrease in **’Pb/
25U and *Pb/**U seem to have taken place in our

case, hydrothermal alteration may also have lead to
gain or loss of U and/or Th.

As plagioclase in the GWA intrusions is almost
ubiquitously albitized, the source of CaO of the alte-
red zircons could be envisaged to be the anorthite
component of plagioclase liberated during albitiza-
tion. This is consistent with the most well-preser-
ved and concordant zircon being found in the samp-
le from the Haaskalehto intrusion, one of the GWA
intrusions that have a relatively well-preserved pri-
mary magmatic mineralogy including labradoritic
plagioclase. The CaO released during albitization
of plagioclase could also have participated in the
change of ilmenomagnetite to sphene, a phenome-
non that is often observed in the GWA sills. Altera-
tion of ilmenomagnetite was accompanied by libe-
ration of Fe, which may have been partly consu-
med in the formation of secondary biotite, but could
also have been incorporated into other secondary
minerals including altered domains of zircon grains.

The more or less one-stage process described
above may seem reasonable, but it is not easily fit
with the observed U-Pb isotopic systematics of zir-
con and sphene. Taken together, the ID-TIMS and
SIMS analyses suggest a multi-episodic history for
the rocks. First, concordant ID-TIMS sphene ages
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of c. 2.2 Ga indicate that some alteration pheno-
mena were very early and took place perhaps alrea-
dy in the late-magmatic stage, though we must add
that in the GWA intrusions sphene is not exclusi-
vely concordant at 2.2 Ga but partially suffered from
later isotopic disturbances together with zircon (see
figure 3 in Hanski et al. 2001). Second, some SIMS
ages on zircon are nearly concordant at 1.8-1.9 Ga
suggesting a resetting event related to the Svecofen-
nian orogeny, which is also supported by our Nd
isotopic data on plagioclase from Koli and some
other zircon studies from northern Finland (Mer-
tanen et al., 1989). Third, some zircon grains give
very discordant SIMS results indicative of a very
recent Pb loss as these minerals contain sufficient
uranium to have developed higher **Pb/**U and
27Pb/*>U ratios over time had the major Pb loss
occurred much earlier.

6.3. Alteration event

Given a multi-episodic history of zircon in the GWA
intrusions, the large scatter in the lower intercept
ages of the discordias obtained in this and previous
studies becomes understandable. These ages range
from c. 150 to 960 Ma and appear to be geologi-
cally meaningless, which is in accord with the view
that the lower intercept ages in general have no geo-
logical significance (e.g. Mezger and Krogstad,
1997). However, lower intercept ages obtained from
spot analysis of zircon that contain a high concent-
ration of non-formula components (e.g. CaO) can
be sufficiently discordant (close to the lower inter-
cept with concordia) to precisely date a leaching
event and relate it to the regional thermotectonic
history (Geisler et al., 2001). For example, Geisler
etal. (2003b) obtained 100 % discordant SHRIMP
ages of c. 20 Ma for hydrothermally altered,
Ca-bearing zircons from a c. 620 Ma Egyptian gra-
nite mentioned above. They were able to link this
alteration event and similar fission track ages of
apatite to the mafic magmatism associated with the
main rifting phase of the Red Sea. The most discor-
dant analytical points of our SIMS study are not
sufficiently close to the concordia to yield a precise
time for the suggested relatively recent Pb loss event,

but nevertheless indicate a Paleozoic age of some
hundred million years.

It is worth noting that even though the variati-
on in discordance shown by our SIMS data is large,
it is not larger than that displayed by the previously
published zircon and baddeleyite ID-TIMS analy-
ses from the GWA intrusions (Hanski et al., 2001,
figure 2). Figure 21 exhibits all available SIMS and
ID-TIMS data on a concordia diagram. The whole
data set can be accounted for by various combina-
tions of ancient and relatively recent Pb loss. The
huge variation in the *’Pb/**U and ***Pb/**U
ratios generates a long array that converges towards
alower intercept age of c¢. 300 Ma. Some ID-TIMS
data points in this array even show a higher degree
of discordance than the most discordant iz situ
SIMS analyses. With the help of the ion micropro-
be, zircon grains from these most discordant bulk
samples could potentially be used to get more pre-
cise age constraints on the relatively recent Pb loss
deduced from the present zircon data.

Larson and Tullborg (1998) drew attention to
the fact that conventional U-Pb zircon data from
the Svecofennian domain in Sweden often record
late Paleozoic lower intercept ages, which fit with
the timing of intense regional Pb mobilization. Si-
milar lower-intercept ages are also common for
Paleoproterozoic rocks further east in Finland as
exemplified by ID-TIMS measurements from nort-
hern Finland in Fig. 22. Larson and Tullborg (1998)
attributed the relatively recent lower-intercept ages
in the crystalline basement of the shield to leaching
of zircons by low-temperature hydrothermal fluids,
whose generation was related to burial of the shield
beneath upper Paleozoic sedimentary rocks produ-
ced by rapid erosion of the Caledonides. Hogdahl
etal. (2001) observed an almost complete resetting
at c. 380 Ma of Paleoproterozoic zircon in a high-
grade deformation zone in central Sweden. They
suggested that this annealing event affected mostly
metamict zircon and was influenced by low-T sali-
ne fluids circulating in the basement due to the
Caledonian orogeny. Still one reason for heating of
the lithosphere of the Fennoscandian Shield in the
Paleozoic time may have been the (mantle plume-
related?) magmatic event that generated Devonian
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alkaline rocks in the eastern part of the shield (e.g.
Downes et al., 2005). It is unclear whether any of
the above-mentioned geological processes were
responsible for the wide-spread resetting of the U-
Pb system in the zircons of the 2.2 Ga GWA intru-
sions. Anyway, alteration and recrystallization of
partially metamict zircon by hydrothermal solutions
can take place at fluid temperatures lower than 200
°C and the former existence and timing of such a
thermal event may not be easily verified with other
isotopic methods than the U-Pb zircon dating,
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SIMS and ID-TIMS data on zircon and
baddeleyite of this study and previo-
us studies (after Hanski et al., 2001,
figure 2).

o

Fig. 22. Concordia-based lower-inter-
cept ages for ID-TIMS U-Pb zircon
dates of Paleoproterozoic rocks from
northern Finland. Also shown as a
yellow histogram is the distribution
of lower-intercept ages of U-Pb zircon
data from the Svecofennian domain
in Sweden as published by Larson
and Tullborg (1998).

6.4. Nd isotopic characteristics
of the GWA magmatism

Earlier Sm-Nd isotope data on the Runkausvaara
sill published by Huhma et al. (1990) yielded an
imprecise isochron with an age of 2205 + 220 Ma
and initial € of 0.1 + 1.4. Our new, somewhat
more precise isochron data give similar results with
the initial €, values being consistently between 0.0
and +1.0. Combining all relevant data of a total of
30 analyses gives an age of 2223 + 28 Ma and an
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initial isotopic composition corresponding to €,
of +0.6. This age is in good agreement with the zir-
con data and the initial €, value is thought to be
close to that of the parental magma. Figure 23 shows
a diagram of calculated initial £ (2220 Ma) values
vs. Sm/Nd ratios for mineral and whole-rock samp-
les, constructed using data from the present study
and Huhma et al. (1990). It is evident that plagioc-
lase data are very scattered, while pyroxenes and most
whole-rock samples give initial €, values close to
the above mentioned isochron-based, preferred va-
lue of +0.6.

The initial Nd isotopic composition of the
GWA magma with a slightly positive initial
€,,(2220 Ma) differs from that of the contempora-
neous depleted mantle reservoir (€, = ~+3) as de-
fined by the isotopic evolution of DePaolo (1981).
This deviation may have resulted from interaction
between the magma and crustal rocks. However,
our Nd isotopic data as a whole indicate that the
magma that produced the GWA intrusions in va-
rious parts of northern and eastern Finland was iso-
topically homogeneous and hence we conclude that

it did not undergo significant upper crustal conta-
mination upon emplacement and subsequent frac-
tional crystallization.
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