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Abstract

The migmatitic metapelites of the Lapland granulite belt (LGB) in the NE part of the Fenno-
scandian Shield represent an arc-related greywacke basin metamorphosed in the granulite
facies. Detrital zircons from migmatitic metapelites are derived from 1.94 — 2.9 Ga old ac-
id source rocks (U-Pb SIMS ages). The clustering of detrital zircon ages between 1.97 and
2.2 Ga is problematic, because abundant felsic crust of this age is absent in the shield. The
metasediments are characterized by Sm-Nd model ages of ca. 2.3 Ga. A younger, 1905 —
1880 Ma population of homogeneous zircons was formed during regional metamorphism.
The peak high-grade metamorphism took place at ~1900 Ma and the latest chronological
record from subsequent decompression and cooling phase is from ca. 1870 Ma.

The norite-enderbite series of the LGB represents arc-magmas, which were intruded in-
to the metasediments at ~1920 — 1905 Ma ago according to zircon U-Pb ages and were
probably an important heat source for metamorphism. Older, zoned zircon grains in a
quartz norite vein, initial €, values of 0 to +1 and the continuous spectrum of LILE enrich-
ment in the enderbite-series probably reflect assimilation of metasediments by magmas.
Monazite U-Pb ages of migmatitic metasediments in the range 1906 — 1910 £ 3 Ma over-
lap the late stage of enderbite intrusion and growth of early metamorphic zircons. Garnet-
whole rock Sm-Nd ages from leucosomes in the range 1880 — 1886 £ 7 Ma are concur-
rent with the growth of the youngest metamorphic zircons and probably indicate the crys-
tallization of leucosomes or the influence of a fluid liberated from them. Isotopic and pet-
rologic data reveal that the evolution of Lapland Granulite belt from the erosion of source
rocks to the generation of a sedimentary basin, its burial, metamorphism and exhumation
took place within ca. 60 Ma.
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|. Introduction

The Palacoproterozoic Lapland granulite belt (LGB)
forms an extensive, middle to lower crustal, granu-
lite-facies sequence in the NE Fennoscandian Shield
(Eskola, 1952; Merildinen, 1976; Korja et al., 1996).
Its petrology has been a subject of many studies dur-
ing the last 50 years (Eskola, 1952; Merildinen, 1976;
Hérman et al., 1980; Raith & Raase, 1986; Barbey
& Raith, 1990; Korja et al., 1996; Leibinger, 1996;
Perchuck et al., 2000) and has been recently revised
by Tuisku et al. (2006) who demonstrated a region-
al scale, clockwise PT evolution. Isotopic dating has
confirmed that the LGB is Palacoproterozoic in age
(Merildinen, 1976; Bernard-Griffiths et al., 1984;
Huhma & Merildinen, 1991; Bibikova et al., 1993;
Sorjonen-Ward et al., 1994; Tuisku & Huhma, 1998,
1999; Daly et al., 2001) and geochemical data sug-
gest that the igneous rocks of the belt were formed
in arc setting (Barbey et al., 1986; Bibikova et al.,
1993). Tectonically the LGB is thought to represent
a crustal scale, SW-directed thrust sequence (Mark-
er, 1988; Korja et al., 1996). Tuisku and Makkonen
(1999) found eclogite facies rocks in the SW margin-
al zone of the LGB suggesting that this could repre-
sent part of the NE-subducted slab. Hoffman (1989),
Bridgwater et al. (1990) and Hall et al. (1995) have
proposed a palacogeographic correlation of the LGB
with the Nagssugtoqidian orogen of Greenland and
~1.9 Ga orogenic belts of Baffin Island and Labrador
in the Canadian Shield.

The aim of this study was to connect the petrologic
and tectonic evolution of the migmatitic metapelites
of the LGB and their isotopic ages using SIMS U-Pb
zircon dating and other radiogenic isotope methods
(Tuisku et al., 2006). U-Pb zircon geochronology of
high-grade, partly melted rocks may give a wealth of
information on their evolution, because zircon may
partly inherit the old crystallization history and may
partly be overgrown or recrystallized during young-
er high-temperature events (Pidgeon & Aftalion,
1972). Leaching by fluids or some other mechanisms
may, however, lead to resetting of isotope systematics

(Pidgeon et al., 1966; Sinha et al., 1992). Such reset-

ting can make the application of ID-TIMS zircon U-
Pb dating methods problematic because meaningless
mixed ages may be obtained (Metzger & Krogstad,
1997). By the use of secondary ion mass spectrom-
etry (SIMS) the problem may often be resolved, be-
cause isotope ratios can be measured separately in dif-
ferent zones of zircon grown or annealed during dis-
tinct episodes (Williams, 1992). Consequently, SIMS
dating of zircon has been used successfully in areas
with complicated, high-temperature (HT) geologi-
cal histories. These include the resolving HT histo-
ry of migmatite, gneiss or igneous sequences (Oliv-
er etal., 1999; Vanderhaeghe et al., 1999; Nutman et
al., 1999; White et al., 1999), determining the rate of
orogenic events (Bodorkos et al., 2000), the source of
granitic rocks (Keay et al., 1999) and the provenance
of metasedimentary sequences (Murphy & Hamilton,
2000; Sircombe, 2000). Also, dating of lower T retro-
gression and fluid flow in metamorphic belts has been
successful (Williams et al., 1996). SIMS data are espe-
cially useful when the dating is combined with mor-
phological analysis of zircon grains using cathodolu-
minescence (CL) and/or backscattered electron imag-
ing (BEI) (Vavra et al., 1999).

In many cases, conventional U-Pb or other dating
methods (Pb-Pb, Sm-Nd) may also give important
information on the evolution of high-grade meta-
morphic belts, either used alone or combined with
the SIMS method (Buick et al, 1999; Chen et al.,
2000). Recently, especially monazite data have prov-
en useful in determining metamorphic and/or de-
formation phases (Bruguier et al., 1999; Crowley &
Parrish, 1999, Foster et al., 2000), thermal history
of metamorphic complexes (Aleinikoff et al., 2000;
Hawkins & Bowring, 1999) or their geodynamic re-
gime (Vavra & Schaltegger, 1999). One reason for
the increased utility of monazite in geochronology of
high-grade rocks is that monazite is apparently not re-
set and annealed as easily as earlier thought and may
resist fluids even more efficiently than zircon (Parrish
& Whitehouse, 1999; Schaltegger et al., 1999; Vavra
& Schaltegger, 1999).
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Our second objective is to clarify the possible con-
nection between the geotectonic evolution in the
NE part of the Fennoscandian Shield, including the
LGB, and the Svecofennian arc domain, now exposed
in the central and SW part of the Shield, as well as
clarify the nature of the proposed models invoking
divergent to convergent, ca. 2.0 - 1.8 Ga plate tec-
tonic processes in the Fennoscandian Shield (Gadl &
Gorbatschev, 1987; Korsman et al., 1997). Last, it is
extremely important to get precise provenance, dep-
osition and metamorphic evolution data on the LGB
for Proterozoic palacogeography and correlation of
the 1.8 - 2.0 Ga orogenic belts (Gadl & Gorbatscheyv,
1987; Hoffman, 1989; Bridgwater et al., 1990; Hall
et al., 1995)

2. Geological setting

The geological setting of the LGB is described in
more detail in the first part of this paper (Tuisku et
al., 2006). The LGB consists of metasedimentary
granulites, ranging in composition from psammitic to
pelitic and, noritic to enderbitic igneous rocks. Both
rock series are tectonized and are usually dipping gen-
tly to NE, except at the northeastern margin, where
the dips are steeply south-westwards. Anorthosites are
found as one major unit and some smaller concordant
sheets. According to available geochronological evi-
dence, most of the metapelitic, enderbitic and anor-
thositic rocks have an age range from about 2.0 to 1.9
Ga (Merildinen, 1976; Bernard-Griffiths et al., 1984;
Huhma & Merildinen, 1991; Sorjonen-Ward et al.,
1994; Daly et al., 2001).

The NE and SW sides of the LGB are bordered by
tectonized zones and thrusts (Marker, 1988; Korja et
al., 1996). The SW marginal series contains a tecton-
ic mixture of highly strained, banded, rocks which
were metamorphosed in relatively high-pressure of
12 kbar. This, together with the intensive transpo-
sition during the thrusting of the LGB, suggests that
the areas to the SW were included in the subducting
slab and formed a foreland area (Tuisku & Makko-
nen, 1999). Yet the areas to the SW contain Archae-
an gneiss complexes (3.1 - 2.6 Ga) and Palacoproter-

ozoic, greenstone-dominated supracrustal sequences
(ca. 2.3 - 2.0 Ga), which were folded before thrust-
ing of the LGB to the SW (Kréner et al., 1981; Kor-
jaetal., 1996; Braathen & Davidsen, 2000; Vaasjoki,
2001). In the NE, the LGB is bordered by a gneiss
complex, called the Inari Terrane, which is dominant-
ly composed of Neoarchaean basement but also con-
tains Palacoproterozoic plutons having an age of 1.95
- 1.9 Ga (Merildinen, 1976; Kesola, 1995; Korsman
etal., 1997). Younger ca. 1.77 - 1.88 Ga granitic plu-
tons intrude discordantly both the LGB and the com-
plexes to the southwest and northeast of it (Meriliin-
en, 1976; Huhma, 1986; Korsman et al., 1997).

3. Samples

Profile mapping was carried on throughout the ex-
posed section of the LGB. Two outcrops of migmatit-
ic metapelite were selected for isotopic work with the
SIMS. Different fractions, leucosomes, melanosomes
and mesosomes were collected separately in the field
and the work was later completed with the use of dia-
mond saw in the laboratory. In the other locality, a
narrow quartz norite vein was sampled. Also, three
enderbite bodies were sampled for conventional zir-

con U-Pb dating.

3.1. Migmatitic metapelites

Two migmatite outcrops were sampled for dating.
The first, I1 (Fig. 1) is from Kuttura Village, near
the southwestern margin of the LGB and represents
the lowermost structural unit of the belt just below
the first appearance of enderbite bodies in the sec-
ond unit (Korja et al., 1996). The other, I5 (Fig. 1) is
from the vicinity of Kaarle Kustaa gold mining shaft,
ten kilometres south of the Saariselki village and rep-
resents the third structural unit of the belt. A quartz
norite vein of the enderbite-norite series was also sam-
pled from the same outcrop (Fig.1).

The Kuttura outcrop (I1) is a more than 1 km long
section in the Ivalojoki canyon. The rocks collected
here were earlier used for carbon isotope and elas-

tic studies (Korja et al., 1996; Seipold et al., 1998).
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Fig. 1. Geological map of the Lapland Granulite Belt in Finnish territory. The map shows major lithological subdivi-
sion of the LGB and location of samples used for isotopic dating. The inset shows the location of the study area
in the Fennoscandian shield and correlation in the North Atlantic Realm proposed by Hoffman (1988). Black are-

as in the inset are Karelian metasediments and grey areas in the checked area of the inset are Svecofennian meta-
sediments.
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The rock is partly banded, blastomylonite and partly
schlieren migmatite with well-developed neosomes.
This rock also has exceptionally graphite-rich por-
tions, which were used for carbon isotope measure-
ments (Korja et al., 1996). Although the banded type
prevails in the outcrop, the schlieren type was sam-
pled because mesosomes, melanosomes and leuco-
somes were casier to separate (compare Figs .4 and 6
in Part I, Tuisku et al., 2006)

Sample 11.3 (Nordsim number n273) was sepa-
rated from foliated mesosomes predominantly con-
sisting of fine-grained oligoclase-quartz matrix with
garnet porphyroblasts. Garnet contains inclusions of
quartz, sillimanite and rutile and is partially replaced
by biotite, sillimanite and plagioclase at the margins.
Accessory phases in the matrix are graphite, biotite,
sillimanite, rutile, orthoclase, pyrrhotite, chalcopy-
rite, and zircon. The amount of zircon is relatively
large but the grains are small, usually about 10 um
and rarely >100 pm, zoned and rounded. Some late
sericite and chlorite is encountered as alteration prod-
ucts of feldspars and biotite, respectively.

Sample I1.2 (Nordsim number n275) was separat-
ed from exceptionally well-developed melanosomes.
More than fifty percent of the rock is made of garnet
porphyroblasts, which are embedded in an oriented
sillimanite-biotite matrix, with lesser amounts of ru-
tile, quartz and locally oligoclase. Garnet contains in-
clusions of plagioclase, quartz, sillimanite, and rutile.
Also, some orthoclase-bearing enclaves with quartz,
plagioclase and myrmekite are found, probably repre-
senting leucosome material. Accessory phases include
graphite, zircon, sulphides, and monazite. Zircon
grains are small (<100 pm) and rounded. Some are
zoned; others are homogeneous or have a zoned core.
Monazite grains are optically homogeneous, rounded
and usually less than 200 pm in diameter.

Sample 11.1 (Nordsim number n274) was taken
from a medium- to coarse-grained leucosome. In the
outcrop, the leucosome seems to be pegmatitic and
massive, but under the microscope a clear foliation is
evident. Large orthoclase grains, up to 3 cm in diame-
ter, are partly granulated to fine granoblastic domains

giving the rock a mortar texture. Quartz domains up

to 3 cm long are elongated, granulated and quartz has
sutured margins and chessboard extinction. Also ol-
igoclase occurs as large granoblastic domains having
some larger relics. Both types of feldspar have a regu-
lar crystal orientation within their domains suggest-
ing that the texture was produced by granulation of
larger grains. Sub-idiomorphic garnet grains are 1 —
4 mm in diameter, contain a few inclusions of quartz
and are partly replaced by biotite. Neither monazite
nor apatite inclusions were found in garnet. Aggre-
gates of small sillimanite prisms occur sporadically
within granulated feldspars. Andalusite occurs as an-
hedral to subhedral grains, ca. 0.5 — 1 mm in diame-
ter and has sometimes a micropegmatitic rim of feld-
spar and quartz. Relatively large, optically homogene-
ous monazite grains, up to 0.5 mm in diameter, are
grown at the margin of leucosome and melanosome.
Other accessory phases include graphite and zircon.
Zircon grains are usually less than 100 pm in diame-
ter, may have a zoned core with a discordance of zon-
ing to the outer margin, and usually have an optically
homogeneous rim. Homogeneous round-shaped zir-
cons are also common.

The Kaarle Kustaa sampling site (I5) consists of
a small, >10 m wide quarry near an old gold min-
ing shaft with some separate, glacially eroded bedrock
surfaces nearby. The rock consists of a blastomylo-
nitic, strongly parallel-banded mesosome-leucosome
mixture with sparse, mm-wide darker melanosome
bands, which occur cither at the margins of meso-
somes or separately in leucosomes. Ten to fifty cen-
timeter thick layers of massive-looking, yellowish leu-
cosomes occur concordantly with the banded rock, as
does the quartz norite vein described above.

Sample 15.2 (Nordsim number n277) was tak-
en from the banded, heterogeneous part of the rock,
which contains both leuco-, meso- and melanosome
fractions. In the laboratory, the final sampling was
done to concentrate the meso- and melanosome part
for zircon separation, but because of the finely band-
ed structure the leucosome parts could not be avoid-
ed totally. Thus the sample is a concentrate of both
the meso- and melanosome but may also contain

small fraction of leucosome. The mesosome consists
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of a fine-grained, granoblastic plagioclase-quartz ma-
trix with abundant garnet porphyroblasts and a less-
er amount of biotite. Garnet contains inclusions of
biotite and quartz. Accessory phases include rutile,
small amounts of interstitial orthoclase, sporadic sil-
limanite and small, zoned and abraded zircons. The
melanosomes show variation but are usually enriched
in garnet, biotite, sillimanite, and rutile relative to
plagioclase and quartz. One type also contains pyr-
rhotite and chalcopyrite while the other contains spi-
nel. In the latter, spinel is found only as inclusions in
garnet and sillimanite while garnet is in turn replaced
by biotite-quartz-sillimanite symplectite at the rims.
Rounded zircon grains are relatively common. They
are usually less than 50 pm in diameter, and homoge-
neous, but also some zoned larger grains were found.

Sample 5.1 (Nordsim number n283) is from a
homogeneous, 50 cm wide leucosome. Macroscopi-
cally, the rock looks massive but is revealed to be line-
ated by rodded quartz. The leucosome consists of ex-
tremely stretched quartz rods and a fine-grained plagi-
oclase (An,) — orthoclase matrix, which has a grano-
blastic or aplitic texture. Flattened, larger porphyro-
clasts of orthoclase are granulated at the ends and em-
bayed by myrmekite from the flat sides. Round or
flattened garnet gains are abundant, three to ten mil-
limetres in diameter and contain a few inclusions of
quartz, biotite, rutile, zircon, pyrrhotite, chalcopy-
rite and ilmenohaematite. Monazite was not encoun-
tered as inclusions in garnet. Accessory phases in the
matrix are rutile, pyrrhotite, chalcopyrite, pyrite, and
zircon, which occurs as small, round-shaped grains
(<100 wm), is usually zoned in the core, and has a

wide homogeneous rim.

3.2. Norites and enderbites

Four norite-enderbite series outcrops were selected
for dating. Sample 15.3 (Nordsim number n276) was
taken from a narrow, 10 cm wide and conformable
quartz norite vein in a migmatitic metapelite near the
Kaarle-Kustaa shaft, where metapelites were also sam-
pled for dating (Fig. 1). The vein has knife-sharp con-
tacts and does not show the shearing seen in the sur-

rounding metapelite. The quartz norite is grey, rel-
atively fine-grained (0.5 mm) and foliated. Labra-
dorite (An,,) makes up about 60 % of the rock. Fine-
grained hypersthene, biotite and quartz are other ma-
jor minerals while accessory phases include apatite,
zircon, pyrrhotite, and chalcopyrite.

Two samples (A1681 and A1682) were taken from
the second structural unit of the LGB (Korja et al.,
1996). Sample A1681 is from a ca. 200 m thick,
conformable quartz-hypersthene diorite sill, which
is the second of eleven large intrusions in this unit.
The rock is strongly lineated, relatively fine-grained,
gneissic and consists of ca. 80 % of andesine (An, ),
10 % of hypersthene and 5 % of rodded quartz, and
accessory biotite, ilmenohaematite, magnetite, apa-
tite, antiperthite, and euhedral zircon. Sample A1682
is from a ca. 500 m thick enderbite sill, being the fifth
of the large intrusions of the second unit. The rock
varies from slightly to considerably lineated, is medi-
um-grained, and consists of 70 % of andesine (An,),
10 % of oriented hypersthene and 15 % of quartz.
Accessory phases include biotite, ilmenohaematite,
magnetite, apatite, orthoclase, and euhedral zircon.
In the footwall the sill changes to a garnet- and bi-
otite-bearing contact variety.

Sample A1683 was taken from a 100 m thick foot-
wall satellite of about 600 m thick enderbite intru-
sion in the fourth structural unit (Korja et al., 1996).
The rock is lineated, medium-grained, and consists of
75% andesine (An,,) with abundant antiperthite ex-
solutions, some quartz and hypersthene and accessory
biotite, clinopyroxene, apatite, anhedral zircon, and
ilmenohaematite, magnetite and pyrrhotite. In the
footwall the rock changes to norite, banded norite/
enderbite and finally to a garnet-bearing contact vari-
ety adjacent to the migmatitic metapelite.

4. Methods

After crushing to approximately 200 pm, zircon,
monazite and garnet separates were prepared from
each sample using magnetic and heavy liquid separa-
tion. The work was completed by hand picking.
Different morphological and variably coloured
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types of zircons were selected from each SIMS-sam-
ple by handpicking. Their internal structure and
morphology were studied by SEM-BSE imaging us-
ing JEOL JSM-6400 scanning electron microscope.
Approximately 400 grains were studied. U-Th-Pb
analyses of zircons were performed using the Came-
ca IMS1270 ion-microprobe at the Swedish Museum
of Natural History, Stockholm (NORDSIM facility).
The analytical procedure is described in Whitehouse
etal. (1997, 1999). The geostandard used was zircon
91500 having an age of 1065.4 + 0.3 Ma (Wieden-
beck et al., 1995). Oxygen flooding in the sample
chamber was used to improve the sensitivity of Pb.
Data reduction was performed by the Nordsim soft-
ware written by M.]. Whitehouse. A total of 68 zir-
con analysis points were measured from six rock frac-
tions and two geographic positions.

Relatively large, transparent, yellow monazite
grains were selected for conventional U-Pb analyses.
The methods for zircon and monazite follow the pro-
cedures by Krogh (1973). Crystals were washed in di-
lute HCI in ultrasonic bath and dissolved in HF and
HNO, at 200 °C for a few days in Teflon capsules
inside larger Teflon pressure vessels with a stainless-
steel jacket. After evaporation of fluorides the sam-
ple in HCI solution was aliquoted and a mixed **Pb/
25U (for monazite) or 2®Pb/**°U (for zircon) isotopic
tracer was added. For isotopic measurements Pb was
loaded on single Re filament with Si-gel and H,PO,,
and U on Ta-side filament of a triple filament assem-
bly using H,PO, Measurements were made using a
VG Sector 54 mass spectrometer. The performance
of the ion counter was checked by repeated measure-
ments of the NBS 983 standard. Programs by Ludwig
(1991, 2001) have been used for age calculations.

Garnet separates were further purified by hand-
picking and were followed by stepwise dissolution
method of DeWolf et al. (1996) involving crushing
of garnet in a boron carbide mortar and leaching in 6
M HCI. Samples were dissolved in HF-HNO, using
Savillex screw-cap teflon beakers (for garnet, 200mg)
and teflon bombs (for whole rocks, 150 mg) for 48
h. After careful evaporation of fluorides with HCIO,
and HNO, the residue was dissolved in 6 M HCl and

a clear solution was achieved. A mixed '*Sm-'""Nd
spike was added to the sample prior to the dissolu-
tion. Measurements were made in a dynamic mode
on a VG Sector 54 mass spectrometer using triple fila-
ments. Based on duplicate analyses, the estimated er-
ror in '"Sm/"Nd is 0.3-% (206). '*Nd/"*Nd ratio is
normalized to "“Nd/'*Nd=0.7219. The average val-
ue for La Jolla standard was '“Nd/'"“Nd=0.511852
+ 12 (standard deviation of 23 measurements, errors
in last significant digits). The blanks measured dur-
ing analyses were 30 pg for Sm, 100 pg for Nd and
30 pg for Pb.

5. Description of zircon
5.1. Migmatites

Zircon grains with different morphology, internal
structure, zoning, inclusion pattern and colour were
distinguished in the SIMS-samples. Each sample has
distinct zircon population but there are also similari-
ties between the samples. Back-scattered electron im-
ages were used for characterization of the zircons.

Three major and two minor types of zircon grains
are found. The first shows distinct concentric oscilla-
tory zones, sometimes interrupted by igneous resorp-
tion discordances. It often contains small inclusions,
and is similar to zircons typically found in silicic ig-
neous rocks (see e.g. Séllner et al., 1997). The grains
have always abraded margins, which are revealed by
discordance in crystal facets and a rounded or well-
rounded form of the grains (Fig. 2a-i). On a textural
basis, these grains are considered detrital.

The second type is otherwise similar to the first
one, but a homogeneous rim surrounds the zoned
part and is often separated from the core by tiny in-
clusions or a narrow crack. The external shape of
these grains is roundish, sub-spherical or oval (Fig.
2k-p). The homogeneous parts are interpreted to be
metamorphic overgrowths on detrital grains. Appar-
ently no replacement of the detrital core has usually
taken place, because the chain of inclusions is com-
mon between the two parts, the form of the cores is
similar to that of detrital grains and no embayments
of homogeneous material penetrate into the zoned
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part. A tiny embayment of homogeneous zircon into
azoned core was only observed along a crack in some
of the grains (e.g. Fig. 2n, top of the grain).

The third major type consists of homogeneous
grains, mostly with a roundish but sometimes em-
bayed external form (Fig. 2r-t). This type may show
faint sector zoning, generally lacks inclusions and is
usually much brighter in the BSE than the first type,

indicating higher heavy element concentrations.

The first of the minor types has an irregular,
patchy zoning. Sometimes the lighter parts show rel-
ict oscillatory zoning and the grains are interpreted as
metamictization products of detrital grains (Fig. 2j).
The reason for decomposition of these grains may
be an originally high concentration of heavy radio-
active elements, because the relict parts are usually
much brighter than the “normal” zoned grains. The

second minor zircon grain type consists of a homoge-

B (1.3) ci3) D (11.3) == E (1.2

P 1.1

o 1897 +/-12
=

Fig. 2. Backscattered electron (BSE) images of zircon grains form the LGB.The scale and exposure settings are sim-
ilar to better illustrate the variation in shape, zoning and total heavy element concentration, indicated by brightness
of the mineral (scale bar = 30 um). Grains A = I are detrital without metamorphic overgrowths. A — D are from
mesosome in Kuttura (sample I1.3, Pb-Pb ages: core of A 2146+12 (n273-02a) and tip 2144+12 Ma (n273-02b), C:
2058+10 Ma (n273-30) and D:2072+26 Ma [discordant] (n273-31)). E and F are from melanosome in Kuttura (sam-
ple 11.2, Pb-Pb age of E is 21 15+38 Ma [discordant] (n275-30)). G=1 are from leucosome in Kuttura (sample I1.1,
Pb-Pb ages of G 259318 Ma (n274-10) and H 1923%18 [discordant] (n274-03)). Grain } is inherited from quartz
norite in Kaarle Kustaa (samplel5.3). Grains K-Q are detrital with metamorphic overgrowths. K and L are from
meso-melanosome in Kaarle Kustaa (sample 15.2, Pb-Pb ages of L: core 2071122 Ma (n277-06b) and rim 1871+50
Ma [high common lead in rim] (n277-06a)). M and N are from leucosome in Kaarle Kustaa (sample 15.1, IPb-Pb
ages of N: core 1998+32 Ma (n283-17b) and rim 1894+60 Ma [high common lead in rim] (n283-17a)). O — Q are
from leucosome in Kuttura (sample I1.1, Pb-Pb ages: rim of O 1896120 Ma (n274-06), core of Q 2848+18 Ma [dis-
cordant] (n274-35b) and rim of Q 1755£38 Ma [discordant] (n274-35a)). R = T are homogeneous metamorphic
grains from leucosomes, without detrital cores. R and S are from Kaarle Kustaa (sample I5.1) and T is from Kut-
tura (sample 1.1, Pb-Pb ages: R 1864+16 Ma (n283-03) and T 189712 Ma (n274-20)). Grains U — X are synintru-
sive grains from quartz norite in Kaarle Kustaa (sample 15.3, Pb-Pb age of U 1906+4 Ma (n276-02)).
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neous core rimmed by a homogeneous part. The core
is usually much darker than the rim but in a couple
of grains almost as bright as the rim (e.g. Fig. 2q).
These cores are also interpreted to be detrital, but
their provenance is obviously different from that of
the major grain types.

Atboth sampling sites, Kuttura and Kaarle-Kustaa,
the zircon population in metapelites was similar, al-
though the sites represent different structural levels of
the LGB. The mesosomes are characterized by zoned
detrital zircon without any overgrowths (Fig. 2a-d) or,
to a lesser extent, detrital zircon grains with variable
overgrowths (Fig. 2k-1). The melanosomes are near-
ly similar containing purely oscillatory-zoned detrital
grains (Fig. 2e-f) or detrital grains with homogeneous
overgrowths. The leucosomes are different. Although
some of their detrital grains contains no overgrowths
(Fig. 2g-1), the majority of the detrital zircons have
well-developed homogeneous overgrowths (Fig. 2m-
q). Also, homogeneous zircons with no zoned cores

are abundant in leucosomes (Fig.2r-t).

5.2. Quartz norite vein

The zircon population in the quartz norite vein dif-
fers from that of any metapelite fraction. About 60 %
of the grains are heterogeneous, cither clearly oscil-

latory-zoned detrital grains or patchy-zoned grains
(Fig 2j). The oscillatory-zoned grains may rarely be
surrounded by a narrow homogeneous overgrowth.
Some grains are exceptionally dark in BSE, round-
ed and may contain a narrow overgrowth similarly to
oscillatory-zoned grains. About 40 % of the zircons
are extremely homogeneous and round-shaped, rarely
skeletal (Fig. 2u-x), which makes the zircon popula-
tion in the quartz norite in some respect similar to the
zircons from the leucosomes of the metapelites. How-
evet, in contrast to the leucosomes, the zoned grains
in the quartz norite lack broad overgrowths. The ho-
mogeneous grains in the quartz norite are translucent
and red-brown in colour contrary to all other zircons,

which are colourless and translucent.

6. Isotopic dating
6.1. Zircon U-Pb dating (SIMS)

The results from the Kuttura sampling site (I1) in Ta-
ble 1 are grouped according to the above petrograph-
ic classification. It is noteworthy that sorting was sole-
ly based on the petrographic distinction of the sample
type and zircon type. Homogeneous zircons grains
were analyzed both from the melanosome (n275)
and leucosome (n274) fractions of the migmatite.
Most analyses are concordant and provide *’Pb/**Pb

2000 | Pb-Pb_ age'distribution (Ma) from Kuttura (11) o
sampling site, samples n273, n274 and n275 Q
2700 1 - Concordant analysis 4p Discordantanalysis O |
S Homogeneous | . Zoned grains '
grains .
2300 -
ss®

A . QQO..§§*"“°'Q§§ ””””””””
1900 f—f—féf;&{{—of!t§ fffff B
1700 - é

Fig. 3. Distribution of 2’Pb/?%Pb-ages (with 20 error bars) of homogeneous and zoned zircon grains from Kuttura
sampling site, |1. Black diamonds indicate concordant determinations and white circles discordant.
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ages between 1889 + 18 and 1899 + 38 Ma (20) , as
seen from Table 1 and Fig. 3, where the results are ar-
ranged according to the zircon type and then in in-
creasing ’Pb/*Pb age. The heavy diamonds indi-
cate concordant (at 26 level) and the open circles dis-
cordant analysis. A weighed average age of 18956
Ma can be calculated for eight concordant analyses
(Fig. 3).

The zoned grains analyzed from all three migm-
atite fractions yield an age range from 1922 + 14 to
2593 + 18 Ma (20), if the *’Pb/**Pb ages of the con-
cordant analysis spots are considered. The majority of
the 2”Pb/**Pb ages fall between 1980 + 8 and 2171
+ 10 Ma. Only one concordant grain has a younger
age 1922 + 14 Ma (n273-12a), and two were dated
older at 2469 + 4 and 2593 + 18 Ma. However, the
amount of common lead in analysis n273-12a is rel-
atively high and so its precise age is sensitive to com-
mon Pb correction.

At the Kaarle Kustaa sampling site (I5) the homo-
geneous zircons both in the leucosome, melanosome
and mesosome give slightly younger to similar 2’Pb/
26Pb ages as at Kurttura, ranging from 1864 + 16 to
1900 + 12 Ma (Table 2, Figs 4 and 5). For clarity, the
error ellipses are drawn at 16 level in Fig. 5; at 26 lev-
el most of the analyses are concordant. The young-
est 2’Pb/**Pb ages of the concordant zoned grains
at Kaarle Kustaa are 1937 + 8 Ma in the leucosome
fraction and 1956 + 20 Ma in the meso/melanosome
fraction. The majority of the *’Pb/?**Pb ages fall be-
tween 1.96 Ga and 2.1 Ga, only one slightly discord-
ant analysis yields an older *’Pb/**Pb age (ca 2.4
Ga). The age distribution of zoned zircon grains is
thus similar in both sites (Figs. 3 and 4).

The homogeneous zircons in the quartz norite
vein at Kaarle Kustaa (I5.3; n276) have very high U-
content and provide concordant U-Pb analyses yield-
ing an average *’Pb/**Pb age of 1906 + 4 Ma (Table
2, Fig. 5). Zoned grains in the quartz norite give old-
er and variable *”Pb/**Pb ages. The youngest of these
zircons has the same 2"Pb/**Pb age as the young-
est zoned grains of the migmatitic metapelites both
at this locality and Kuttura have. Two of the grains
are concordant at 2041 + 10 and 2114 + 24 Ma and

thus represent the same age group as the majority of
the zoned grains in the metapelites. Two of the grains

have an Archaean age.

6.2. Zircon U-Pb dating (conventionalllD-
TIMS)

Three samples of enderbite-norite series were dated
by the conventional multi-grain zircon U-Pb meth-
od. Samples I3 (A1681) and 14 (A1682) were tak-
en from the roadside outcrops between Kuttura and
Kaarle Kustaa sampling sites. The zircon grains in
both samples are euhedral and zoned, as is typical for
igneous rocks. Most grains are elongated, pale brown
or almost colourless, and clear, with shiny, resorbed
surfaces. The two U-Pb analyses of A1681 zircon are
nearly concordant and indicate an age of 1919 + 3 Ma
(Table 3, Fig. 6). The three zircon analyses of A1682
are also nearly concordant, and provide *’Pb/***Pb
ages of 1916 — 1921 Ma. More data would be need-
ed for determining the precise magmatic age, but very
likely the result is close to 1920 Ma.

The third sample, A1683, is from the northern
part of the LGB. Zircon grains in this enderbite are
rounded, transparent and have shiny surfaces. Some
of them contain discernible core and rim in trans-
mitted light. The two U-Pb analyses are slightly dis-
cordant and provide *’Pb/?**Pb ages of ca.1921 Ma
(Table 3, Fig. 6). This result is close to that from the
previous samples, but the precise magmatic age re-
mains uncertain. Compared to the quartz norite vein
at Kaarle Kustaa (I5.3), the U content in zircon is low
in these three enderbites.

In the 1970’s a number of U-Pb analyses on zir-
con were made on LGB. Those from quartz diorites
(A111 Akujirvi) provided nearly concordant data,
which suggested an age of 1925 + 12 Ma (Merildinen,
1976, Fig 60). Consequently, all zircon data from dis-
tant quartz-diorite/enderbite samples suggest an age
of ca. 1.92 Ga. The ultimate reason for the slight scat-
ter in the data within and between samples remains to
be solved by more detailed investigation of zircon in-

ternal structures and SIMS analyses.
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Pb-Pb age distribution (Ma) from Kaarle-Kustaa ‘sampling site
2900 4 |((I5), samples n276 (quartz norite), n277 and n283

Concordant analysis e Discordant analysis )
2700 1 Metapelite Quartz norite
2500 - Homogeneous Zoned L -

grains grains 3
2300 -
2100 + - 2
E $ & 0 3
« 33 E

1%mwii?fiii1{:— ——————————————————————————— LR B
1700 -

Fig. 4. Distribution of 27Pb/**Pb-ages (with 2G error bars) of homogeneous and zoned zircon grains in migmatic
metapelite and grains in quartz norite from Kaarle Kustaa sampling site, I5. Black diamonds indicate concordant de-
terminations and white circles discordant.

0.401

ZOGPB
238U

0.354

0.30¢

1700

to 2400 Ma

zu7Pb*/235 U 6.0

Fig. 5. A detail, between 1700 and 2200 Ma, of U-Pb isotope concordia diagram of zircons analyzed from different
rock fractions in Kaarle Kustaa sampling site (15). The color of 16 error ellipse shows the lithology: black are zircons
from leucosome (NORDSIM numbers n283), grey are from mesosome-melanosome fraction (n277) and light grey
are from quartz norite vein (n276). In BSE images, homogeneous and light colored zircons cluster around 1900 Ma
and especially those from quartz norite at 1906 Ma while zonal zircons cluster around 2000-2100 Ma, the young-
est giving concordant age of 1937+4 Ma (10). Note that all rock fractions have 2000-2100 Ma age group zircons.
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6.2. Monazite U-Pb dating

Monazite separates were obtained from both the leu-
cosome and melanosome from Kuttura (I1.1 and
11.2). Two conventional multi-grain U-Pb analyses
were made on both samples. The isotopic data (in Ta-
ble 3) provide concordant results and give an average
age of 1907 + 3 Ma. The monazite age thus seems to
be slightly older than the concordant age range de-
termined for homogeneous zircons of the same sam-
ples but, however, similar to the age obtained from
the homogeneous zircon of the quartz norite vein
(I5.3) at Kaarle Kustaa, some 50 km apart. The U-
Pb ages reported by Merilidinen (1976) for monazite
from several granulite samples are close to the age ob-

tained in here.

6.4. Sm-Nd results

In the granitic leucosomes, garnet is relatively in-
clusion-free. Nevertheless, all garnet separates were
ground and then leached in order to avoid possi-
ble monazite inclusions (DeWolf et al., 1996). Sm-

Nd analyses on garnet and whole rock were made
from the migmatite leucosome at the Kuttura sam-
pling site (I1.1) and leucosome and banded meso-
some-melanosome mixture at the Kaarle Kustaa site
(I5.1 and 15.2). The data are shown in Table 4 and
Figure 7. The three garnet-whole-rock pairs give ages
from 1880 + 7 to 1888 + 6 Ma, i.e. similar age, with-
in the 20 error, at both sampling sites and all parts of
the migmatite. This age range partly overlaps the U-
Pb age range obtained from the homogeneous zircon
grains in all parts of the migmatites at both sampling
areas, but is ca. 20 Ma younger than the age of ho-
mogeneous zircon in the quartz norite vein at Kaar-
le Kustaa.

The whole rock € ,(1900) values are -2.5, -2.3 and
-2.4 for the samples I1.1 (Kuttura leucosome), 15.1
(Kaarle Kustaa leucosome) and 15.2 (Kaarle Kustaa
meso/melanosome), respectively, and the depleted
mantle model ages T, range from 2.32 to 2.38 Ga.
Table 4 also shows the Sm-Nd data from the metased-
imentary granulites obtained earlier at the Geological
Survey (Huhma and Merildinen, 1991), which are

similar to the results of this work. The quartz norite
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Fig. 6. U-Pb isotope concordia diagram of zircon fractions from the norite-enderbite series samples A1681-3.



157

Evolution of Migmatitic Granulite Complexes: Implications from Lapland Granulite Belt, Part II: Isotopic dating

SIMOY ¢ papeiqe=y¢e

"SOET ger/qQdor “SA eer/Id oz 10J UORB[A1IO 10 (.,

*(GLG1 sIowery] 29 £90€1G) PES] UOWIWOD PAIE[AI 95E PUE YUB[Q "UONEBUONILIJ 10J P1D2110D soner o1do1osy (,,

0261 €061 /881 960  SI'0  [S/IT0 S0 €€ISS o TI0¥E€0 810 82901 80L <8I 850 YOTE €5+ DERITY
Te61 €061 9881 60 TO  FLITO 90  ¥9ISS <o I86E€0 610 peIe 19 81 £5°0 e €7+ VERITY
(08%'6LY 06T T9LL /50 €T6E) PIOlsI) 211qI9PU2 NALSIEANE] €8TV
L161 6061 1061 960  SI'0 B0 S0 €2SSS 0 TogKE0  TIo 8€8TI 709 <ol 95°0 81 Buoy ¢p+ 47891V
1261 €161 9061 960  ST0  S9LIT0 S0 S08SS <o T0FFE0  TI0 JATS A 89y 8l 90y Buo yoge ¢H+ DTRITY
9161 G161 c16l 60 TO  IELIT0 90 LS6SS o 965K€0 €10 96¢¢ LY Ul 95°0 Y€ €7+ V89TV
(09%'€6F€ /048685 /01 €18€) 1eu] "a11q19pua exeeyuiwolonA 89Ty
L161 1161 061 960  SI'0  €W/I10 S0 T89SC o 16§%€0  SI0 1€€9 yes Lyl €0 Y91® 001+ €7+ D189V
L161 <161 161 €60 TO  EHLIT0 90  8065°C o0 €55E0 1o 9¢/L1 €T 601 €60 YEe 001+ €5+ VISILY
(09%'¥8Y€ /0S6'685L /L0 £18€) 1eu “m01p xdo-zb ereearsdoy] 1891V
€¥8061 €161 L161 €60 910 69110 S0 6LLSS <o LE9¥E0  9LY WLIT  PPIS 806T 7€0  (990S1V) dwosourpw 7
TF 9061 TIGL 8161 860 TI'O 999110 S0 TSLSS O T99HE0 €8S 0050 9T€y 980 170 (VS0S1V) dwosouepuw g°[]
¢¥9061 1161 <161 880 670  699I10 90  £S9S'S O TESHED  6LS 98.€1 ylIS 95T €60 (VH0S 1Y) dwosodnaf[*[]
TFOI61 1161 TI6L L60  TI0  €69110 S0 €95's o 8ICKE0 <8¢ Z49 1Sy 961¢€ €20 (G50$ 1) dwosodnay[*[]
wOHMNNCOE N.:JH—SM

Adooc/9d e Nsee/Adr Ose/Idone % WOT  qdoue/Iduc % WOT  Neee/Idue % WOT  (sse/Idone  OMuaBOIPET  pommseaw wdd Emmw
(07%) PN / STOV INTUVAAY O +SOLIVY D1dOLOSI 9door/Idsor dsor/Idoor  9d n odureg uonewojur ajduwreg

‘gD 9Y3 Ul UODJIZ puk dizeuow a3yl jo eiep 9dojos| qd-M AJ43dwoa1dads ssew UOPEBZIUO! [BWIAY | "§ d|qeL



158  PTuisku and H. Huhma

61TL 0=PNys1/PNoyi 03 PIZI[EUWIOU ST OIPEI PNy /PNy
(I661) USUIE[LIDIA 29 BWYNH ,

$60¢ <1 01000070 8081150 yero 68'%¢ Ir'L arorp z3renb TATg o]y |84
IS1¢ 1o 01000070 I8%11S°0 $€01°0 06°L1 90°¢ 2qIopus TABSTEAILE] €891V
yeie L0 01000070 GLSTISO 0601°0 €6°LT €Te 2qIopus ereeqUILILfmA 891V
L61T 00 01000070 0€9115°0 6SIT0 66°¢L 89°C aorp xdo-nb ereeAIsAy 1891V
L01CT 't 01000070 S69115°0 S911°0 0S' 11 we ur2A 110U Z3renb TRISTH] 9[Te)] (6061V) €761
0€$T 8¢ 01000070 ILY116°0 L8IT°0 €8'1C 6TY ss1pus-p1-113 USUEULIQT, 89TV
4374 LT 71000070 68CIIS0 $660°0 6981 e sstpus-p1-13 poferry «L1EV
8¥TC v 01000070 2001150 66200 €69 L8°0 sspug-p1o-118 13-ouy B[NE peiavay
€6¢T €T 01000070 YEYILS0 $601°0 8961 9¢°¢ sspuB-113 EIEPPIA LTV
07¢T (e 01000070 8¥CIIS0 €701°0 09°9C (454 sspu8-p1> y8| USUEULIQT, *489TV
°6TT L1- 01000070 €6ETIS0 0%01°0 10°¢¢ 809 sspu8-pio-13 TATE(UEES[UOY] «81EV
£10000°0 LT9LES°0 81C'C €81 899 001+ /ST"¢+ 113 WD TCI

18¢T v 010000°0 SLYIIS0 Iro 69°¢T Wy SWosourPW /0saW EEIST S[ITE (8061V) T¢I
91000070 GTEEES0 €L8'1 0¢'C 80°L crg+ s 1O 1761

4374 €T 1000070 GLETTSO 0S01°0 LE79€ w$9 SUIOSOoM[ BEISTI] I[TEEH] (£0S1V) 1°¢1
9€0000°0 90$97$°0 67T 7'l ore Ty0y s HD T

LI€ET ST 010000°0 16TI16°0 8560°0 66'8¢ 19 SWOSOoMI[ BImny| (F0STV) 1'11

(1861 "o[oed>() (%€"0 F) (wdd) (wdd) (ysow/Ayisuap)

(eN) WAL (006T)PN? wog PNyy1/PNert PNyy1/WS 51 PN ws 2dk spoy [EIRUTW/UOIIEI0T] apdureg

‘gD aY3 wody (349) 19u4es pue syooJ djoym eiep adolos| pN-WS *p d|qe.L



Evolution of Migmatitic Granulite Complexes: Implications from Lapland Granulite Belt, Part II: Isotopic dating

159

0.545 ,
Kaarle Kustaa site (15) wr-grt P
15.2 (n277) meso- and melanosome: _,/"/
1888 + 6 Ma, eps= -2.4 152 grt
05851 15.1 (n283) leucosome: ,|:|'|'5/ 't
o 1886 £ 6 Ma, eps=-23 -~ 9
q_z "/'
< o
=, 0525 -7 M grt
'c . e
ooz /"/
s P Kuttura site (11) wr-grt
0515 1 ‘/,/ 11.1 (n274) granitic leucosome:
ﬂ"/|5.2 1880 = 7 Ma, eps=-2.7
L Ei5.1
.1
0.505 L t L t L t t L t L t
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8

147Sm/144Nd

Fig. 7. Sm-Nd isochron of bulk rocks and garnets. Leucosomes and their garnets were analyzed from both Kuttura
and Kaarle Kustaa sites and meso-melanosome mixture from Kaarle Kustaa.

vein in Kaarle Kustaa in contrast to the metapelite,
has a positive €,(1900) value of 1.1 and a depleted
mantle model age of 2107 Ma. The initial €, for the

enderbites is close to zero.

7. Petrogenetic interpretation of the
results

7.1. Provenance and age of deposition of the
LGB metasediments

The Sm-Nd isotopic studies suggest a substantial Pal-
aeoproterozoic provenance for the metasediments of
the Lapland Granulite Belt. The average crustal res-
idence ages T, (DePaolo, 1981) are typically c. 2.3
Ga (Table 4 and 5 in this work; Huhma and Mer-
ildiinen, 1991; Daly et al., 2001), which is roughly
consistent with the U-Pb zircon data obtained in this
and previous studies (Merildinen, 1976; Bibikova et
al., 1993; Sorjonen-Ward et al., 1994).

Zoned zircon grains analyzed in this study are

mostly concordant or slightly discordant and yield
ages from ca. 1.93 to 2.9 Ga. They are interpreted to
represent detrital grains in the sedimentary protolith
of the metapelites. The rounded shapes and discord-
ance of zoning in the zircon grains provide textural
evidence for their detrital origin (Fig. 2). These zoned
zircon grains indicate the age distribution of silicic,
igneous source rocks of the metasediments, in con-
trast to the homogeneous grains, which are interpret-
ed to have formed during metamorphic evolution of
the rocks (Figs. 3 and 4).

Archaean cratons, which mostly consist of sili-
ceous rocks, formed only a minor source for the LGB
metasediments as only three analyzed grains in the
leucosome from Kuttura, one concordant and two
discordant, have an Archaean age. The ages of the
three Archaean zircons are similar to those of the Ar-
chaean granitoids in northern Finland (Hanski et al.,
2001). This may seem surprising because the LGB
is surrounded mostly by Archaean terrains and also
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the Proterozoic belts seem to have an Archaean base-
ment, as revealed by e.g. Sm-Nd data of granitoids
(Huhma, 1986; Hanski, 2001; Hanski et al., 2001;
and references in op.cit.). At least three explanations
may be presented. Firstly, the Archaean areas may not
have been exposed during the sediment supply or sec-
ondly, sedimentary material was supplied from dis-
tant sources across an only partially exposed Archae-
an basement. These seem to be improbable because
in almost all known Archaean-Proterozoic transitions
in Fennoscandia, a well-developed sub-aerial weath-
ering crust and regolith is found, having an approxi-
mate age of 2.45 — 2.33 Ga (Sturt et al., 1994). Third
possibility is that the LGB sediments were deposited
in a distal position relative to the Archaean basement
and are clearly allochthonous or even tectonically ex-
otic in its present position.

The majority of the detrital grains, both in Kut-
tura (I1: 19 grains) and Kaarle Kustaa (I5: 9 grains)
sampling sites range in age from 1.96 to 2.2 Ga, with
most between 2.01 and 2.04 Ga. These ages are com-
parable to the SIMS-results by Sorjonen-Ward et al.
(1994) and also consistent with the conventional zir-
con U-Pb results for the LGB paragneisses (Merildin-
en, 1976; Bibikova et al., 1993). Silicic igneous lithol-
ogies of this age are, however, unexposed in the Fen-
noscandian Shield. The Central Lapland Greenstone
Belt, situated SW of the LGB has similar age distribu-
tion, but is mainly composed of mafic volcanic rocks
and intrusions (Hanski et al., 2001). There are also
some acid porphyritic dikes among mafic meta-la-
vas, but they are only few metres wide and thus can-
not be the main source of the voluminous siliciclas-
tic metasediments of the LGB. Some marks of sil-
icic magmatism of ca. 2.0 age group are found in the
northern part of the shield, for example in the Kor-
kiavaara arkosite formation in the Peripohja Schist
Belt (Hanski et al., 2005) and in the Tersk Terrane or-
thogneiss (Daly et al., 2001). The 2.0 Ga age group
is common among the detrital grains in meta-grey-
wackes of the Svecofennian formations (Huhma et
al., 1991; Claesson et al., 1993; Lahtinen et al., 2002;
Rutland et al., 2004). In summary, the major prove-
nance of the LGB is from an unknown 2.0 — 2.1 Ga

siliceous igneous terrain suggesting that the LGB is
an allochthonous province.

The youngest detrital grains can be used to con-
strain the age of deposition. In this study these in-
clude analyses, which provide *’Pb/**Pb ages of
1922 + 14 Ma, 1958 + 8 Ma (I1.3) and 1980 + 8
Ma in sample I1.3 (Kuttura), 1937 + 8 Ma in sample
I5.1 (Kaarle Kustaa), and 1956 + 20 Ma and 1960 +
20 Ma in sample 15.2 (Kaarle Kustaa) (Tables 1 and
2, Fig. 5). All these results are nearly concordant, but
the youngest of these is more suspect due to relative-
ly high amount of common lead in the analysis. It
seems reasonable to state that deposition took place
after ca. 1.94 Ga. The LGB palaeobasin was obvi-
ously buried as a tectonic mélange between conver-
gent plates before the c. 1.92 — 1.91 Ga intrusion of
enderbites (Tables 4 and 5 in this work; Meriliinen,
1976; Bibikova et al., 1993) The Sm-Nd and detrital
zircon U-Pb isotopic characteristics of the LGB meta-
sediments are quite similar with the major Svecofen-
nian and upper Kalevian metasediments in southern
Finland and Sweden (Huhma, 1987; Claesson et al.,
1993; Lahtinen et al., 2002). Thus, a correlation of
the LGB protolith with that of Svecofennian meta-
greywackes cannot be excluded.

7.2. Evolution and crystallization of the norite-
enderbite series magmas

Tri-modal major element composition of the LGB
is evident from the data presented by Eskola (1952),
Merildinen (1976) and Horman et al. (1980), and re-
flects the three major rock categories, i.e. the norite-
enderbite series, palacosome parts and granitic leu-
cosomes of the metapelites. This has probably led to
some misinterpretation, because the granitic rocks are
similar to rhyolitic volcanic rocks in their major el-
ement composition. No detailed trace element sur-
vey was included in our study, but it is useful to give
a short review of earlier studies on the norite-ender-
bite series (i.e. Barbey et al., 1986; Bibikova et al.,
1993). Part of their trace-element data on meta-ig-
neous rocks of the LGB, normalized to the primitive

mantle composition, is shown in Fig. 8. The metaig-
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neous rocks make up a continuous spectrum from
poorly to highly fractionated, which is probably best
seen from the norite data of Barbey et al. (1986) (Fig.
8d), where the Rb/YDb ratios vary from 1.5 to 70. The
heavy rare earth element (REE) contents are general-
ly similar to those of oceanic basalts. Large ion litho-
phile element (LILE) spectra range from values al-
most as low as those of N-type mid-ocean ridge ba-
salts to as high as those of alkali basalts (see data giv-
en by Sun & McDonough, 1989). In most of the pat-
terns there is a maximum at Ba, K, and Sr and often
also at Rb (Fig8a-d) and a clear minimum at Nb and
Ta. In many samples a minimum is also encountered
at Ti and P. Some samples, especially amphibolites,
analyzed by Bibikova et al. (1993) have a deep mini-
mum at Th and Hf (Fig 8b).

The high variation in the trace element patterns,
especially in the large ion lithophile element (LILE)
part, needs an explanation. Barbey et al. (1986)
thought that this variation reflects different kinds
of mantle sources partly metasomatized by light rare
earth-element- enriched fluids. Another possibility,
however, is considered more probable. We calculated
a simple mixing model containing enriched MORB
(Sun & McDonough, 1989: EMORB in Table 1) and
a typical metasediment of the LGB and found that ca.
15 to 40 % of mixing would alone explain even the
highest LILE enrichment in the norite-enderbite se-
ries. This would also explain the relatively large neg-
ative phosphorus anomaly in their mantle-normal-
ized pattern, which is atypical of mantle-derived but
a general feature of crustal rocks (Figs 8e-f). The nec-
essary amount of mixing with metasediments would,
of course, be smaller if possible fractionation and/or
some mantle heterogeneity were involved in addition
to assimilation.

Evidence of assimilation is also given by the Sm-
Nd data of the norite-enderbite series. Because the
T, ages of the series are ca. 2.1 — 2.2 Ga, apparent-
ly large amount assimilation has taken place in these
1.92 Ga old mantle derived rocks (Tables 4 and 5).
If we compare the Sm-Nd model age of norite-ender-
bite series with the age 2.3 — 2.4 Ga obtained for the
surrounding migmatites and suppose that the mag-

ma was derived from the mantle slightly before its
crystallization, ca. 40 — 50 % of mixing with Sm and
Nd from migmatites is necessary. 15 — 20 % of mix-
ing of metapelite material into the magma, having
a composition roughly that of mid-ocean ridge ba-
salts (MORB), would be sufficient for this. Assimila-
tion is probably a common feature in island arc mag-
mas. For example Chen et al. (1999) observed even
70 % of mixing of older material in the recent Unzen
magmas. Additional evidence for mixing in the LGB
is also given by the quartz norite vein at Kaarle Kus-
taa, which contains a substantial amount of inherited
zircon, ranging in age from Palacoproterozoic (1.96 —
2.2 Ga) to Archaean (Table 2). Finally, assimilation
is also strongly supported by direct field evidence. As
described before, the contacts between enderbites and
metapelites are often gradual and transitional rock
types often exist between metaigneous and metape-
litic rocks.

The two large intrusions are dated here to be ca.
1.92 Ga (Tables 3 and 5), which is close to the age
obtained by Merildinen (1976) and Bibikova et al.
(1993). The quartz norite vein studied by SIMS
seems to be slightly younger in age, viz ca. 1.91 Ga.
No grains giving the age of ca. 1.92 Ga were found
in the vein. All five homogeneous zircon grains dat-
ed in it are concordant, have small errors and give an
age of 1906 + 4 Ma. Because a similar, concentrated
age population was not obtained from the envelop-
ing migmatites, the age probably represents a process
that took place in the vein, but not in the migmatites.
We consider that the grains represent syn-intrusive
crystallization at granulite facies conditions. The ho-
mogeneity of these grains probably reflects their sta-
ble crystallization conditions in the lower crust dur-
ing high-grade metamorphism. Thus, the age of the
vein would represent the latest stage of intrusion of
the norite-enderbite series during the peak of granu-
lite-facies metamorphism of the LGB.

It is thus evident that a volcanic arc with variably
assimilated magmas existed at ca. 1.92 Ga between
the Karelian province, now in the south and south-

west, and the Kola Province, now in the northeast of

the LGB.
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7.3. Metamorphic evolution of the migmatitic
metapelites

The detrital zircon data of the LGB show, that the
deposition of the metasediments took place after ca.
1.94 Ga (Tables 1 and 2). As shown above and in part
I (Tuisku et al., 2006), norites and enderbites intrud-
ed into the metasediments ca. 1.92 — 1.91 Ga ago in

relatively high pressure. On the other hand, it seems
that the metapelites were heated during the burial be-
cause sillimanite is the prevailing prograde alumini-
um silicate (Tuisku et al., 2006). Considering these
observations, and taking into an account the great
volume of the igneous rocks in the LGB, the evolu-
tion of the metapelites may be explained by a model,
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where the pelites were buried deeply soon after dep-
osition and, at the same time, intruded and heated
by the norite-enderbite magma. If this model is ac-
cepted, the burial and heating took place within less
than ca. 20 — 30 million years from ca. 1.94 to 1.91
Ga, which is comparable to the time scale of similar
modern tectonic processes (Hsii, 1989; Wallis et al.,
1998). In summary, the progressive part of the met-
amorphism of the LGB was a combined process of
rapid burial and heating by magmas with volcanic arc
affinity. Most probably, this took place in a subduc-
tion setting, which could explain both the burial rate
of the sediments and arc affinity of the magmas.

Monazite and zircon U-Pb data from the me-
tapelites provide further evidence for metamorphic
evolution. The monazite U-Pb age of the metapelites
overlaps the intrusion age range (Merildinen, 1976;
this study, Table 3) and the crystallization of monazite
in migmatites may be connected with the prograde,
heating stage of regional metamorphism. When the
growth of monazite in leucosome walls is considered,
it apparently crystallized during dehydration melting
of the metapelites and early stage of leucosome and
anatectic dyke formation at ca. 1.91 Ga.

The homogeneous zircon grains and rims around
detrital cores in the migmatitic metapelites form a rel-
atively uniform 2Pb/**Pb age population between
1900 + 12 and 1864 + 16 Ma (Tables 1 and 2, Figs 3-
5). The granulite-facies metamorphic cycle of the me-
tapelites is the most probable process to have generat-
ed such zircon. The youngest zircon ages are obtained
especially for the leucosomes of the migmatites (Ta-
bles 1, 2 and 4, Fig. 5). We conclude that some of the
metamorphic zircon grains crystallized during the de-
compression and cooling of the migmatites, until the
leucosomes were completely solid at lower pressures
and temperatures as shown by Tuisku et al. (2006). It
is also possible that in the beginning of decompres-
sion more melt was being generated (i.e. Tuisku et al.,
20006: reactions 4-7; Whitehouse & Platt, 2003).

Monazite thus crystallized before zircon. Zircon
generally maintains the age of the first high temper-
ature crystallization regardless of the complexity of

the geological history of the rock, but may some-

times form even in a relatively low temperature in the
presence of proper fluid (Gebauer & Griinenfelder,
1976). Cooling, crystallization of leucosomes and lib-
eration of fluid in the end apparently had no effect on
the monazite U-Pb system. The closure of the mona-
zite U-Pb system has been a matter of debate (see e.g.
Villa, 1998) but many recent studies indicate that Pb
diffusion in monazite may be slow enough to the pre-
vent resetting up to temperatures of 820 °C (Spear &
Parrish, 1996; Parrish & Whitchouse, 1999; Schalteg-
ger et al., 1999; Vavra & Schaltegger, 1999; Jung and
Metzger, 2001).

The garnet-whole rock Sm-Nd data for migmatites
provide ages from 1880 + 7 to 1888 + 6 Ma (Table
4). Similar results were recently obtained by Daly et al
(2001), who reported a Sm-Nd garnet-whole-rock age
of 1870 + 7 Ma for a migmatite sample. It seems that
the leucosomes and garnet crystallized relatively late:
wet granite crystallization temperature at 2 kbar is
about 675 °C, which is about 175 °C lower than the
peak temperature of metamorphism in the LGB (Tu-
isku et al., 2006). The late crystallization of garnets of
the leucosomes is supported by textural evidence, as
they do not contain sillimanite inclusions despite of
ubiquity of this mineral, which is a rule in the palae-
osomes. This suggests that the majority of leucosome
material remained liquid for a relatively long time and
crystallized over ca. 10 to 30 Ma, undil the complete
solidification took place near the water saturated melt-
ing curve of granite around 1.88 Ga ago.

The young zircon U-Pb and garnet-WR Sm-Nd
ages might also been caused by fluid liberated from
the leucosomes during crystallization. According to
the experimental data of Holtz et al. (2001), gra-
nitic melt may contain 4 to 5 % of water at 800 —
850°C and 6.5 — 8.5 kbar. Because the LGB leuco-
somes mostly crystallized below the stability curve of
reaction Ms + Qtz = Or + AlZSiO5 + vapor, all fluid
was liberated during the crystallization process (Tu-
isku et al., 2006). Definitively, the effect of fluid on
isotope systems would be seen first in leucosomes. It
has been observed that isotope systems of different
rocks obviously have been closed or reset in different

temperatures, which may vary according to the geo-
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logical history, rock type, grain size and fluid activi-
ty (Mezger et al, 1992; Burton et al., 1995; Jung &
Mezger, 2001; Théni, 2003). The garnet-WR Sm-
Nd age in the meso- and melanosome is quite similar
to those in leucosomes (Table 5). It is probable that
the fluid activity lead to resetting of the Grt-WR sys-
tem in these parts of the rock during leucosome crys-
tallization.

Zircon data also provide evidence for the origin
of leucosomes. There is no apparent difference in the
age range of zoned zircons between different fractions
of the migmatitic metapelite. This shows that granitic
material of leucosomes was derived, including inher-
ited detrital zircon, by melting and segregation from
the adjacent mesosomes. This is compatible with the
initial € -value, which is the same in leucosome and
melanosome (Table 4). In this case, zircon may clear-
ly be used as a tracer for the protolith of melts.

In the LGB, observations on zircon zoning com-
bined with isotope data are key to the history of iso-
tope systems. Zircons of the leucosomes have old de-
trital cores with variable U-Pb ages and shapes evi-
dently resulting from abrasion during sediment trans-
port. The rims seem to have grown over the cores,
separated from them by a sharp boundary and in
many cases by a mantle of inclusions. Thus the pop-
ulation of homogeneous zircon rims must obviously
have formed by crystallization from leucosome melt
or fluid, not resetting of previous zircons, which ev-
idently remained unaffected. It should also be noted
that the border of the core and rim is always sharp,
which has been used as a strong argument against
resetting by diffusion (Hawkins & Bowring, 1999).
Thus the ages of the homogeneous zircons may be in-
terpreted to represent a real crystallization age spec-
trum of new zircon, which most probably took place
during the cooling and crystallization process of the
leucosomes at ca. 1.90 — 1.88 Ga ago.

Figure 9 summarizes the evolution of the LGB.
The burial began after ca. 1.94 Ga and the belt was
intruded by arc magmas at ca. 1.92. The exhuma-
tion of the LGB from the site of high-grade metamor-
phism in lower crust into the upper crust, with cool-

ing from ca. 850 °C to less than 650 °C, took about

20 — 30 Ma from ca. 1.91 — 1.90 to 1.88 Ga. Differ-
ent isotope systems were closed due to mineral crys-
tallization in different T, P and fluid environment, ex-
cluding the fluid triggered resetting of the garnet-WR

Sm-Nd system of the palacosomes.

7.4. Metamorphism of enderbite-norite series

As described in part I (Tuisku et al., 2006), reac-
tion textures in enderbites and norites were generat-
ed due to decompression and cooling. Thermobaro-
metry, homogeneous minerals, lack of lower grade in-
clusions, rock texture and field relations also suggest
that the norite-enderbite series crystallized within the
same conditions where metapelites suffered the max-
imum temperature of metamorphism (Tuisku et al.,
2006). This is further supported by assimilation of
magmas, discussed above. Evidently, the igneous se-
ries subsequently shared the evolution with the me-
tapelites, cooling and decompressing together with
them in the following 30 million years. It seems that
the zircon U-Pb isotopic system in metaigneous rocks
records mostly the crystallization age of the intrusions
(i.e. ca. 1.92 — 1.91 Ga) and the long granulite-facies
and cooling history had little effect on it.

8.Tectonic consequences and corre-
lation

The Palacoproterozoic rocks in the Fennoscandian
Shield are divided into the Karelian and Svecofen-
nian formations (Korsman et al., 1997). The former
occupy the area south and southwest from the LGB,
together with Archaean basement blocks and some
Svecofennian formations. The Karelian formations
consist of intracratonic, rift and marginal ocean ba-
sin sediments with abundant, mostly mafic igneous
rocks. Volcanic rocks to the SW of the LGB give ages
from 2438 + 8 to 1880 + 8 Ma. The youngest ages
have been obtained from felsic metavolcanics with si-
multaneous quartz monzonite intrusions (Mannin-
en et al., 2001; Rastas et al., 2001). The youngest
detrital zircon grains in the Karelian metasediments

are about 1930 + 24 Ma old, while the oldest are Ar-
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nation.

chaean (Huhma et al., 1991; Claesson et al., 1993).
Based on the Sm-Nd isotopes, the mean crustal res-
idence age of these "upper Kalevian" metasediments
is similar to that of the metapelites of the LGB, being
about 2.2 — 2.3 Ga (Huhma, 1987; Huhma and Mer-
ildinen, 1991). This suggests that the sedimentary ba-
sin where the LGB greywackes accumulated could be
comparable to the ocean basins now expressed by the
presence of Outokumpu and Jormua 1.953 + 2 Ga
ophiolites (Huhma, 1986; Peltonen etal., 1998). The
Karelian rocks SW from the LGB were clearly folded
before, and the fold structures were transposed dur-
ing the thrusting of the LGB to the southwest (Kor-
jaetal., 1996).

The Svecofennian formations occupy the central
and southwestern part of the shield, more than 350
km SW from the LGB, and are considered a tectonic
collage of at least two juvenile arc complexes and a tur-
bidite dominated basin between them (Gadl & Gor-
batschev, 1987; Korsman et al., 1997). Sm-Nd and
SIMS zircon studies show that an Archaean compo-
nent may be found in the arc sediments and the ma-
jority of detrital zircons are older than 1.9 Ga (Huh-
ma, 1987; Huhma et al., 1991; Claesson et al., 1993;
Lahtinen et al., 2002; Rutland et al., 2004). This may
indicate a prolonged arc evolution already before 1.9
Ga or involvement of an unknown (orogenic?) sup-

ply. The age of the syntectonic igneous rocks in the
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Svecofennian domain varies from 1.93 to 1.85 Ga
but is weighted at 1.88 Ga (Huhma, 1986; Claes-
son & Lundgqvist, 1995; Romer & Ohlander, 1995;
Korsman et al., 1997), which means that the Sve-
cofennian igneous activity partly overlaps the activity
in the Karelian domain. The post-tectonic granitoids
are younger than 1.83 Ga. The greater part of these
young granitoids occurs in the area occupied by the
Karelian supracrustal sequences and they also cross-
cut the LGB and the Archaean basement areas (Mer-
ildinen, 1976).

The palaeobasin of the LGB pelite sequence was
active within a period between ca. 1.95 and 1.92 Ga
ago and the norite-enderbite series formed at ca. 1.92
— 1.91 Ga ago. The basin and igneous rock series may
thus be correlated chronologically with the early Sve-
cofennian sedimentary and igneous formations in the
southern and western part of the shield. The oldest
Svecofennian syntectonic plutonic rocks, represent-
ing the primitive calc-alkaline arc, are ca. 1.92 Ga
old, similar to the norite-enderbite series. In addi-
tion, the age distribution of LGB detrital zircons is
almost identical to that of some Svecofennian me-
tagreywackes. Thus the palacobasin evolution may
be correlated with Svecofennian tectonic, arc relat-
ed processes.

The major sediment supply into the LGB palaco-
basin was from 2.2 — 1.97 Ga old siliceous sourc-
es, which are practically unknown in Fennoscandi-
an shield. This source problem has also been encoun-
tered with the Svecofennian metagreywackes (Huh-
ma et al., 1991; Claesson et al., 1993; Lahtinen et al.,
2002) and metamorphosed sedimentary formations
in the other parts of the world (Friedl et al., 2000;
Lee et al., 2000; Murphy & Hamilton, 2000; Mapeo
et al., 2001; Scott et al., 2002). The 2.2 — 2.0 Ga
source could thus be traced in eastern North Ameri-
ca because it has been proposed that the ~1.9 Ga evo-
lution may be correlated on both sides of the Atlan-
tic Ocean (Hall et al., 1995). There are some rela-
tively small silicic units, mostly separate granitic in-
trusions of this age, in North Atlantic realm, like in
the basement of the Caledonides of Greenland and
in the southeastern Churchill Province in Labrador

(Kalsbeek et al., 1999; Wardle et al., 2002a). These
are too small in size to have been the major source
of supply for such a large basin as the LGB proto-
lith. Larger occurrences of silicic igneous rocks as
well as signs of high-grade metamorphism of this age
group are found elsewhere on the Earth, especially in
South America in the Transamazonian belts and relat-
ed belts in Western and Central Africa (Dada, 1998;
Feybesse et al., 1998; Hartmann et al., 1999; John et
al., 1999; Norcross et al., 2000; Pl4 Cid et al., 2000;
Nomade et al., 2002). Also, larger occurrences of this
age group are found in Eastern Asia in Korea and the
North China Craton (Cheong et al., 2000; Zhao et
al., 2000). Signs of ca. 2 Ga orogenic rocks are also
found in the basement of the East European Craton
(Claesson et al., 2001). The dominancy of the 2.2 —
1.97 detrital zircons in the LGB and Svecofennian
metagreywackes suggests that when making plate tec-
tonic reconstructions during basin filling at ca. 1.94 —
1.92 we should probably seek the proximity of some
of these areas to Fennoscandia, instead or in addition
to Greenland and eastern North America.

The basin development and sediment accumula-
tion in the palacobasin of the LGB must have been
fast because the youngest detrital grains are less than
1945 Ma old, and the basin was already tectonical-
ly buried and intruded by quartz noritic magma at
ca. 1920 Ma. The metamorphic evolution cycle of
the LGB, i.e. burial, heating, exhumation and cool-
ing was also fast. If we suppose that the burial began
atca. 1925 Ma, to let the source rocks of youngest de-
trital zircon grains to be exhumed and eroded and zir-
cons to be deposited, it took altogether ca. 45 Ma to
bury the rocks to a depth of twenty to thirty kilome-
tres, heat them up to 850 °C, and finally, exhume to
less than ten kilometres depth and cool to ca. 650 °C
at 1880 Ma ago. These features most probably im-
ply that the LGB sediments accumulated in a deep
marine trench basin in an active margin, were cap-
tured by the subducting plate, intruded by the en-
derbite-norite series arc magmas and finally exhumed
due to uplift and erosion of a mountain belt. Thus,
the evolution cycle of the LGB seems to have been

similar to in recent orogens whose evolution was driv-



168  PTuisku and H. Huhma

en by plate collision and associated tectonic process-
es (Daniel et al., 2003; Searle & Godin, 2003; Har-
ris et al., 2004).

The orogenic evolution of the LGB may be consid-
ered part of the Svecofennian orogeny, which had its
most active phase between 1.93 and 1.87 Ga in Fin-
land. The ca. 1.92 — 1.91 Ga norite-enderbite series
of the LGB has the same age as the pre- or syntectonic
tonalites of the primitive arc complex of Central Fin-
land, dated at 1.93 — 1.91 Ga (Vaasjoki et al., 2003).
The supracrustal sequences of the primitive arc are
considered 1.92 — 1.88 Ga old and the active arc-
continent collision phase 1.89 — 1.87 Ga old (Kors-
man et al., 1997 and 1999), which is similar to the
exhumation stage of the LGB, obtained in the pres-
ent study. The difference between the Svecofennian
orogen and the LGB is that the LGB evolved within a
relatively short period of time around 1.9 Ga. Its evo-
lution was terminated in an oblique continent-conti-
nent collision between the Karelian terrain and Kola
Peninsula terrain at the NE edge of Karelian terrain
(Korja et al., 1996), while the Svecofennian orogen
evidently was built up over a longer interval by accre-
tion of separate arc complexes at the SW edge of the
cratonic nucleus. There is not much evidence for con-
tinent-continent collision at this margin (Korsman et
al., 1997 and 1999).

During the last decades ideas of intercontinental
correlation from Torngat and Trans-Hudson orogens
in the Canadian Shield, through the Nagssugtoqidian
belt in Greenland to the so-called Lapland-Kola mo-
bile belt in the Baltic Shield have been presented (Hoff-
mann, 1989; Bridgwater et al., 1990, 1996; Connelly
& Mengel, 2000, see inset in Fig. 1.). In these mod-
els the LGB would be an internal part of the belt with
about 1.95 — 1.92 Ga calc alkaline arc magmatism,
and would be bordered by major thrust zone(s) of the
orogen (Bridgwater et al., 1996). Therefore, as men-
tioned in the introduction, it is extremely important to
obtain radiogenic isotope data from the LGB, and, also
to try formulating petrogenetic implication of the data
to see whether these kinds of models are justified.

The age of the norite-enderbite series of the LGB
is similar to 1.92 Ga Arfersiorfik quartz diorite and

Sisimiut charnockites of the Nagssugtogidian belt in
Greenland. Correlation of the igneous event of the
LGB to Greenland is thus justified on a geochrono-
logical basis (Kalsbeek & Nutman, 1996; White-
house et al., 1998). However, later tectonic and ther-
mal events evident in the Nagssugtoqidian belt are
lacking in the high-grade rocks of the LGB. The as-
sembling of Nagssugtoqidian took place at ca. 1850
to 1820 Ma (Kalsbeek et al., 1987; Kalsbeek & Nut-
man, 1996; Connelly & Mengel, 2000; Connelly et
al., 2000) and was considerably later than the 1910 —
1880 Ma assembling event in the LGB. The Green-
land events are thus not correlated to the thrusting
and exhumation event of the LGB, even if diachro-
nous assembling were to be considered, and it is ev-
ident that Hoffman’s (1989) construction needs re-
fining in this respect. It should be noted, that the
observations of Daly et al. (2001) in the Tersk Ter-
rane demonstrate a similar age of cooling in the Kola
Peninsula as in the LGB, and similarly show the dif-
ference between Greenland and the northern Fen-
noscandian Shield.

If we go further west to North America, and the
Canadian Shield (i.e. Torngat Orogen), it may be
stated that in relation to the LGB, the same applies as
with Greenland, which is closely correlated with east-
ern North America (Wardle et al., 2002b and refer-
ences therein). Ca. 1.9 Ga arc magmatism is wide-
spread in the Torngat Orogen and may be chronolog-
ically correlated to the LGB, but again, the orogenic
deformation is much younger in the Torngat than in
the LGB. According to Wardle et al. (2002b; and ref-
erences therein), even arc magmatism is considerably
younger, i.e. 1865 — 1800 Ma, in other orogens of the
eastern North America.

However, arc magmatism and deformation of
about the same age or slightly older as in the LGB are
found in the Taltson-Thelon magmatic zone in the
Western part of the Canadian Shield (Bostock & van
Breemen, 1994; Plint & McDonough, 1995; Ross et
al., 1995) and in the Aldan Shield (Frost et al., 1998).
In the western Canadian Shield, 2.3 — 2.0 Ga juve-
nile crust is present in the Wopmay orogen, which

could be potential a provenance for the sedimentary
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protoliths of the LGB metapelites (Hoffman, 1988).
Also, the first two arc episodes of the Wopmay orogen
overlap the arc and granulite-facies evolution of the
LGB (Bowring & Podosek, 1989; Bowring & Grotz-
inger, 1992). As proposed by Frost et al. (1998), the
Aldan and western Canadian Shields could be linked,
but, according to our data, the LGB could possibly
be added to that linkage. It is quite evident that the
intercontinental correlation of terranes having differ-
ent protoliths, different metamorphic and accretion
history is often possible only after their final juxta-
position during crustal assembly. Friend and Kinny
(2001) actually showed this for the Lewisian Com-
plex of Scotland. It is also evident that even if we have
terranes of approximately the same protolith or meta-
morphic age side by side in this kind of late assembly,
the age criteria alone does not prove their past close

relationship.

9. Conclusions

The geological history of the LGB is bracketed in this
work from deposition (1) to burial and HT metamor-
phism (2), and further to exhumation of the belt and
low-P crystallization of the migmatite leucosomes (3).
Important constraints for these are 1) the age of the
youngest detrital zircon grains (around 1.94 Ga); 2)
the age of the oldest metamorphic, homogeneous zir-
con grains and monazite grown during the high-tem-
perature metamorphism (around 1910 Ma) as well as
the age of the norite-enderbite series rocks (-1920 —
1906 Ma); and 3) the crystallization age of homoge-
neous zircons in the leucosomes (~1900 — 1880 Ma)
and their garnet-whole rock Sm-Nd ages (-1890 —
1880 Ma). Mineral assemblages and thermobarom-
etry determined the metamorphic conditions, viz. ~
850 °C and 6 — 8 kbar in HT stage (2) and ~650 °C
and 2 — 3 kbar in the LP stage of leucosome crys-
tallization (3). Our data also have implications for
the evolution of other decompressing granulite belts.
Crystallization of melts and cooling of the rocks un-
questionably takes time, especially if mantle derived
melts are important heat sources for the metamor-

phism. In the LGB, cooling lasted ca. 20 — 30 Ma,

during which the belt was exhumed from lower and
middle to upper crustal levels. A similar evolution has
also been demonstrated in other metamorphic belts.
Hawkins and Bowring (1999) showed that it took
ca. 20 Ma for the Palacoproterozoic migmatites of
Grand Canyon to cool ca. 150 °C from >700 °C to
ca. 550 °C and Oliver et al. (1999) concluded that
it took more than 20 Ma for the Halls Creek Oro-
gen migmatites in Western Australia to cool from ca.
800 °C to 650 °C. Although the LGB stayed a long
time at high temperature, we have not been able to
demonstrate any isotope system resetting, excluding
the fluid triggered resetting of garnet-wr Sm-Nd sys-
tem, during the lower and middle crustal residence.
Instead the age spectrum recorded by our mineral ge-
ochronology seems to reflect crystallization of miner-
als at different stages of the evolution of the LGB.
The generation of mantle-derived igneous rocks
and metamorphic evolution of the LGB is chronolog-
ically correlated with the adolescence of the Svecofen-
nian arc complexes. The exhumation of the LGB took
place during the time when granulite-grade meta-
morphism still took place in the Svecofennian orogen
(Korsman et al., 1997, 1999; Mouri et al., 1999).
Concerning intercontinental correlation and plate
reconstruction, for example to Greenland and Can-
ada, many questions remain open (cf. Hoffmann,
1989; Hall et al., 1995; Wardle et al., 2002a; 2002b).
Chronologically, the LGB is correlated with the arc
magmatism of the Nagssugtoqidian orogen in Green-
land and similar arcs in Canada (Kalsbeek & Nut-
man, 1996; Whitehouse et al., 1998; Wardle et al.,
2002b). Collision, deformation and metamorphic
events in the LGB took place in the beginning of
the Svecofennian orogeny and much earlier than the
collision events in Greenland and eastern Canadian
Shield. Also, because the major provenance is from
~2.2 — 2.0 Ga acid rocks, which are almost lacking
in the North Atlantic realm but much more abun-
dant in western Canadian Shield, South America, Af-
rica and East Asia, and probably also East-Europe-
an platform, the LGB seems to have more features in
common with these areas than eastern Canada and

Greenland. For example, the Aldan Shield records
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abundant 1.92 Ga arc magmatism and 1.9 Ga oro-
genic deformation, which all are features in common
with the LGB. In conclusion, neither provenance nor
accretion time show evidence for a close correlation
of LGB to Greenland and eastern North America at
ca. 1.9 Ga. Partially simultaneous arc magmatism in
the LGB and Greenland-North America plate at 1.91
Ga may only indicate existence of simultaneous arc
magmatism in different hemispheres of the globe.
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