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The Svecofennian Orogen is in southern Finland characterized by two major
migmatite belts. These are the so-called Granite Migmatite Belt, in which Kfs-
rich leucosomes predominate, and the Tonalite-Trondhjemite Migmatite Belt,
which is characterized by Kfs-poor leucosomes and borders the former belt in
the north. The present paper deals with selected migmatitic rocks from the lat-
ter belt. It is aimed to study the temporal and structural relationships of the dif-
ferent leucosome generations, and to establish the pressure-temperature-time
paths of this belt.

The Tonalite-Trondhjemite Migmatite Belt consists mainly of migmatitic rocks
with various types of synorogenic granitoids and minor mafic and ultramafic
rocks. The mesosome of the migmatites consist of garnet-sillimanite-biotite-pla-
gioclase-cordierite-quartz assemblages with rare K-feldspar and late andalusite.
The oldest leucosomes are dominated by plagioclase and quartz, and the con-
tent of K-feldspar increases in later leucosomes. Microtextural analysis in con-
junction with THERMOCALC calculations and geothermometry shows that these
rocks were metamorphosed at peak conditions of 700-750°C at 4-5 kbar and
aH,0 = 0.4-0.7. The formation of cordierite coronas around garnet and the late
crystallization of andalusite suggest that the final stage of the P-T history was
characterized by decompression and cooling within the andalusite stability field,
estimated at 500-650°C and 3—4 kbar.

Detailed isotopic dating of mesosome and leucosomes of the migmatites was
undertaken by conventional U-Pb analyses on monazite and zircon, Sm-Nd anal-
yses on garnet, and ion probe dating on zircon. The monazites are nearly con-
cordant with an average age of 1878.5+1.5 Ma, and garnet-whole rock analyses
show that the concordant leucosomes and the mesosome are coeval within er-
ror margins having ages of 1893140 and 1871+14 Ma, respectively. However,
garnet in the discordant vein leucosome provides an age of 1843+11 Ma, which
is marginally younger than the age of the adjacent mesosome and the concord-
ant leucosome (1877+18 and 1880+23 Ma, respectively) and the age of mona-
zite. Zircons from the studied migmatites display complex zoning structures using
SEM-based CL-imaging. Most grains have distinct cores, clearly remnants of
original grains. The cores display various types of zoning but oscillatory zon-
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ing dominates. The cores are overgrown by one or two thin outer rims that are
of two types: i) unzoned outer rim, considered as overgrowth of new zircon dur-
ing a metamorphic event, and ii) weakly oscillatory zoned rim, considered as
typical of magmatic recrystallization. Ion probe dating of cores yielded slightly
discordant 27Pb/?°Pb ages of between 2866—2002 Ma, which are interpreted as
protolith age. Rims yielded two major age groups: the unzoned rims gave ages
of 1872-1886 Ma, whereas the rims with oscillatory zoning yielded ages of 1951—
1959 Ma. The youngest age group is consistent with the conventional Sm-Nd
dating on garnet and U-Pb dating on monazite and we suggest that the migma-
tites were metamorphosed at granulite facies conditions at ca. 1880 Ma. The
1951-1959 Ma age group yielded by magmatic zircon rims remains difficult to
interpret, but may reflect a magmatic event prior to the metamorphic one. This
magmatic event might be related to the rifting of a Svecofennian protoconti-
nent.
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INTRODUCTION AND GEOLOGICAL
FEATURES OF THE STUDY AREA

The Svecofennian Orogen is in southern Finland
characterized by the Tonalite-Trondhjemite Mig-
matite Belt with mainly psammitic palacosomes
and southwards from it by the Granite Migmatite
Belt with mainly pelitic palacosomes. In this pa-
per we will focus specifically on the Tonalite-
Trondhjemite Migmatite Belt characterized by
Kfs-poor leucosomes. Although the relative timing
of deformation and magmatism has been well es-
tablished in this belt, the exact age of the meta-
morphic events and melting processes have been
uncertain. The study aims at establishing the P-T
evolution of these migmatitic rocks, the relation-
ship between the different leucosome generations,
and their origin and the time scale of partial melt-
ing using conventional U-Pb and Sm-Nd methods
on monazite, zircon and garnet as well as ion
probe dating on zircon.

The Tonalite-Trondhjemite Migmatite Belt with
Kfs-poor leucosomes belongs to the Central Fin-

land Arc Complex (Fig. 1 and Korsman et al.
1997a). The belt is bordered in the south by the
Granite Migmatite Belt, where the age of meta-
morphism is 1.810-1.830 Ga, and in the north by
the Central Finland Granitoid Complex in which
the granitoids are 1.888-1.870 Ga old (Korsman
et al. 1997b). The granitoid complex is separated
from the trondhjemite migmatites by the Tampere
Schist Belt largely composed of 1.904-1.889 Ga
old arc-type volcanic rocks (Kidhkonen et al.
1989). The Tonalite-Trondhjemite Migmatite Belt
includes mafic and ultramafic metalavas that are
possibly close to the Haveri metabasalts of the
Tampere Schist Belt in age; Vaasjoki and Huhma
(1999) yielded whole rock Pb-Pb model ages of
1.9-2.0 Ga for the latter. These volcanic rocks
have been interpreted to represent a rifting stage
of a Svecofennian protocontinent prior to 1.91 Ga
(Lahtinen 1994). Arc-type volcanic rocks have not
been found within the migmatite belt, but nickel-
bearing mafic and ultramafic cumulates dated at
1.89 Ga do occur (Peltonen 1995). The migma-
tite belt and the Tampere Schist Belt comprise also
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tonalites, quartz diorites and granodiorites with U-
Pb zircon ages of 1.89-1.87 Ga (Nironen 1989,
Kilpeldinen 1998).

The Svecofennian crust is characterized by low-
pressure/high-temperature metamorphism (Glebo-
vitskiy 1970, Korsman 1977). Earlier, in the To-
nalite-Trondhjemite Migmatite Belt, the age of
metamorphism has been determined by studying
the relationships between growth of porphyro-
blasts, deformation stages and intrusion events of
granitoids dated by the U-Pb method on zircon
(e.g. Kilpeldinen et al. 1994). The age of the high-
temperature metamorphism has been considered

”j Central Finland Granitoid Complex

Archaean Greenstone Belt

[ ] Archacan TTG Crust

to be 1885 Ma. The low-P/high-T metamorphism
is caused by extensive magma underplating and
has taken place during and soon after subduction
and crustal thickening (Korsman et al. 1999).

SAMPLES AND PETROGRAPHY

The nomenclature proposed for migmatites by
Mehnert (1968), extended by Johannes and Gupta
(1982), and applied by Brown (1983) and Jones
and Brown (1990) is used in this paper. The stud-
ied migmatites are mainly metatexites and exhib-
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it a stromatic-banded structure: mesosome with
layers, veins and patches of leucosomes (Figs. 2a,
b and c). The migmatites are characterized by Kfs-
poor leucosomes with a slight increase in the pro-
portion of K-feldspar from Kfs-poor leucosome
through mildly Kfs-enriched type to granitic leu-
cosome.

This work focuses on two typical outcrops of
the Tonalite-Trondhjemite Migmatite Belt at Luo-
pioinen. The outcrops are largely composed of
banded palacosome with psammitic and, in places,
pelitic layers. Different types of anastomosing leu-
cosomes are identified on the basis of field rela-
tionships (Figs. 2a and b). These leucosomes (L1,
L2, L3 and L-granite, see below) are typical for
the whole Tonalite-Trondhjemite Migmatite Belt.

Mesosome

The mesosome is fine to coarse grained with equi-
granular texture and contains quartz, biotite, pla-
gioclase, garnet, sillimanite, cordierite, late mus-
covite, andalusite and chlorite together with rare
K-feldspar.

Biotite is abundant (34-36 vol%) (Table 1) and
occurs in two associations: i) with sillimanite in
the main foliation plane (Fig. 2d), and ii) as ran-
domly distributed in the matrix in association with
either cordierite and sillimanite (Fig. 2e) or quartz
and plagioclase. The biotite sometimes contains
zones of fine-grained opaque inclusions within
individual flakes and between adjacent flakes.
These features are similar to those noted in melt-
ing experiments (e.g. Busch et al. 1974), partial-
ly molten rocks and high-grade migmatites (e.g.
Brown 1979). This suggests instability and the
features appear to occur at the commencement of
biotite breakdown, possibly due to incongruent
melting (Brown 1983).

Garnet occurs as porphyroblasts (Figs. 2a and
b) and contains rare inclusions of quartz, biotite,
plagioclase and sillimanite. The garnet is often
rimmed by cordierite (Fig. 2d) which isolates it
from the main foliation composed of biotite and
sillimanite.

Cordierite (up to 2 mm in diameter) is observed
in two settings: i) as well-developed coronas to-

gether with plagioclase between garnet and silli-
manite-biotite (Fig. 2d) and ii) in garnet-free
microdomains together with plagioclase and con-
taining sillimanite and biotite inclusions (Fig. 2e).

Plagioclase is moderately abundant (15-30
vol%) and has been observed in four settings:
i) as rare and small inclusions in garnet, ii) in the
matrix as associated with cordierite, iii) in some
cordierite coronas, and iv) in the main foliation
plane with sillimanite and biotite.

K-feldspar occurs in the matrix as an intersti-
tial phase in equilibrium with plagioclase, but nev-
er in equilibrium with cordierite or garnet.

Leucosomes

The L1 leucosome occurs as layers parallel to the
mesosome layers (Figs. 2a and b) and varies from
I mm to 10 cm in thickness. The L1 leucosome
is deformed in places and characterized by low
abundances of K-feldspar (~ 1 vol%). The major
minerals are, in decreasing abundance (Table 1),
quartz with anhedral, sutured grain boundaries,
polygonal plagioclase, and subhedral grains of
biotite. In addition, rare rounded fragmented gar-
net develops at the boundaries between leucosome
and mesosome. In some microdomains silliman-
ite occurs as needles within plagioclase. Minor
components are opaque minerals, zircon, mona-
zite, secondary chlorite, and muscovite.

The L2 leucosome is slightly discordant with
respect to the country rock foliation (Fig. 2a). It
occurs as a vein ranging from a few cm to less

Fig. 2. a, b and c: Photographs showing field relation-
ships between leucosomes L1, L2 and L-granite and the
mesosome. d-h: Photomicrographs on textures within
mesosome and leucosomes, width of field 4 mm. d. Tex-
ture of mesosome showing garnet with inclusions of
quartz and surrounded by a corona of cordierite sepa-
rating it from quartz and the main foliation of
biotite+sillimanite. e. Cordierite in matrix with inclu-
sions of sillimanite and biotite. f. Garnet in discordant
leucosome vein (L2), surrounded by sillimanite+biotite
and with late muscovite and chlorite in fractures. g.
Large cordierite in cordierite-bearing leucosome (L3)
showing magmatic texture. h. Typical texture of leuco-
somes; plagioclase with crystal faces against quartz.
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Table 1. Modal proportions of different phases in the mesosome and leucosomes of the studied migmatites.

% Kfs % P1 % Bt % Qtz % Grt % Sil
Mesosome 1-5 14-29 34-36 34-39 1-2 1-3
Layered leucosome (L1) <1 40-45 4-6 44-46 c | 0
Leucosome vein (L2) 10-11 40-42 21-23 23-25 <1 c |
Crd-leucosome (L.3) 13-15 36-38 18-20 26-27 0 0
L-granite 42-44 23-25 24 26-28 0 <1

than 1 m in thickness and cuts across the L1 leu-
cosome and the mesosome. The texture is more
coarse grained and more inequigranular than in the
L1 leucosome. The L2 leucosome also contains
much more K-feldspar (10 vol%) than L1. Plagi-
oclase, quartz and biotite are the most abundant
phases (Table 1). Rare xenocrysts of garnet
(< 1 mm in diameter) occur, invariably in contact
with biotite, with very rare needles of sillimanite
and late muscovite (Fig. 2f). No cordierite coro-
nas were found around garnet.

The cordierite-bearing leucosome L3 is differ-
ent from the former types; it occurs as rare small
patches overprinting the main foliation. This leu-
cosome is characterized by polygonal plagiocla-
se, quartz and interstitial K-feldspar (13 to 15
vol%) together with magmatic cordierite (Fig. 2g)
commonly occurring as large (1 cm), optically
continuous poikiloblastic crystals.

The L-granite is rare and occurs as a ca. 50 cm
wide vein discordant with respect to the country
rock structures and cutting sharply across the mes-

osome and leucosomes L1 and L2 (Fig. 2a). The
texture is very coarse grained, almost pegmatitic
and is mainly comprised of large crystals of K-
feldspar (44 vol%) (Table 1), euhedral to subhe-
dral quartz, myrmekitic plagioclase, very rare
prisms of biotite and, thin needles of sillimanite.

All the leucosomes show similar microstruc-
tures, characterized by euhedral crystals of plagi-
oclase with crystal faces against quartz (Fig. 2h).
In addition, the L2 leucosome is characterized by
zoning of plagioclase. Textural features suggest
that the leucosomes L1, L2, L3 and L-granite crys-
tallized from melt (e.g. Vernon & Collins 1988).

Mineral chemistry

Representative analyses of minerals from the mesosome
and different types of leucosomes are listed in Tables 2 and
3. Mineral compositions were obtained with a Cameca-
Camebax SX-50 electron microprobe at the Geological
Survey of Finland and at the CAMPARIS centre (Univer-
sity of Paris VI). The operating conditions were 20 nA
beam current with an accelerating voltage of 15 kV and 1
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Table 2. Representative chemical compositions of biotite in the mesosome and adjacent leucosomes.

Biotite in the mesosome Btin L1 Btin L2 Bt in L-granite
Bt(f) Bt(ml) Bt/crdc Bt(m2) Bt(m2) core rim/grt Bt(m2) Bt(m?2)

SiO, 3494 3526 35.00 34.00 34.00 3400 3481 3439 3441 3492 34.19 34.01
TiO, 242 0.27 3.00 3.00 4.00 3.00 4.16 0.8 0.14 3.28 2.08 2.10
AL O, 19.72  21.34 19.00 19.00 19.00 18.00 19.14 20.79 21.69 18.51 20.53 20.01
Cr,0, 0.1 0.02 0.00 0.00 0.00 0.00 0.16 0.06 0.08 0.01 0.00 0.00
MgO 7.94 8.56 8.00 7.00 6.00 8.00 6.52 8.43 8.84 7.38 5.56 5.00
FeO 20.85 2098 21.00 22.00 22.00 22.00 2221 2098 20.74 21.11 23.61 24.60
MnO 0.09 0.04 0.00 0.00 0.00 0.00 0.05 0.1 0.12 0.17 0.31 0.34
CaO 0.01 0 0.00 0.00 0.00 0.00 0.01 0.02 0 0.01 0.01 0.02
BaO 0 0.07 0.00 0.00 0.00 0.00 0.39 0 0 0 0.00 0.00
Na,O 0.22 0.3 0.00 0.00 0.00 0.00 0.13 0.2 0.19 0.17 0.13 0.07
K,O 9.44 9.07 9.00 9.00 9.00 8.00 9.35 9.05 9.07 9.81 9.58 9.78
Sum 9573 9591 95.00 94.00 94.00 93.00 9693 94.82 9528 9537 96.00 95.93
Si 2.667 2.673 2.67 2.66 2,67 2.70 2.65 2645 2627 2.689 2.64 2.65
Ti 0.139 0.015 0.17 0.16 0.21 0.15 0.24 0.046 0.008 0.19 0.12 0.12
Al 1.774  1.907 1.73 1.76 1.72 1.71 1.72  1.885 1.952 1.68 1.87 1.84
Cr 0.006 0.001 0.00 0.00 0.01 0.01 0.01 0.004 0.005 0 0.00 0.00
Mg 0.903 0.967 0.89 0.82 0.74 0.89 0.74 0966 1.006 0.847 0.64 0.58
Fe, 1.331 1.33 1.35 1.43 1.44 1.43 1.41 1349 1324 1.36 1.53 1.60
Mn 0.006 0.003 0.01 0.00 0.01 0.01 0.00 0.006 0.008 0.011 0.02 0.02
Ca 0.001 0 0.00 0.00 0.00 0.00 0.00 0.001 0 0.001 0.00 0.00
Ba 0 0.002 0.01 0.01 0.00 0.00 0.01 0 0 0 0.00 0.00
Na 0.033 0.044 0.02 0.02 0.02 0.02 0.02 0.03 0.029 0.025 0.02 0.01
K 0.919 0.877 0.90 091 0.90 0.81 091 0.888 0.883 0.964 0.94 0.97
Sum 7.779 7.819 1.5 7.77 7.72 7.73 7.71 7.82 7.842 7.767 7.78 7.80
Xz, 0.596 0.579 0.600 0.640 0.660 0.620 0.656 0.583 0.568 0.616 0.705 0.734

Bt(f)= biotite in the foliation plane with sillimanite
Bt(m1)= biotite in the matrix with sillimanite+cordierite
Bt/crdc= biotite with cordierite corona

Bt(m2)= biotite in the matrix with plagioclase and quartz

to 15 mm beam widths depending on the minerals. Natu-
ral silicates and synthetic oxides were used as standards for
all elements, except for fluorine for which fluorite was
used.

Biotite in the mesosome and leucosomes is composition-
ally heterogeneous (Table 2, Fig. 3), Xy, ranges between
0.50 and 0.73 and TiO, between 0 and 4.16 wt%. Biotites
in the leucosomes are relatively higher in iron (X, = 0.60—
0.73) than those in the mesosome (X, = 0.50-0.60), where-
as Al,O; in all samples shows a similar range between 18
and 20 wt%. The TiO, content is slightly higher in leuco-
somes L1 and L2 (3—4 wt%) than in mesosome and L-gran-
ite (0-3 wt%). Small but significant differences in biotite
composition are found in mesosome and L2 leucosome.
Biotite inclusions in garnet have slightly lower X, (0.52—
0.54) than biotite associated with sillimanite and cordier-
ite in the matrix (X, = 0.56-0.58) and biotite in the main
foliation plane (X, = 0.59-0.60). Biotite from the L2 leu-
cosome is also heterogeneous in composition: biotite in
contact with garnet has X of 0.57-0.59, similar to that

of biotite in the mesosome, whereas biotite in the matrix
with plagioclase and quartz has higher X, of 0.60-0.62.

Garnet in both mesosome and leucosomes is almand-
ine rich with X, values ranging between 0.82 and 0.90
(Table 3 and Fig. 4). In both cases the garnets are charac-
terized by unzoned core with a slight enrichment in Fe to-
wards the rim and a depletion in Mg (Table 3). Such pat-
terns are typical of garnet in high-grade rocks indicating
that the garnets were primarily homogeneous, and that sub-
sequent diffusion at the rim has modified the composition
during retrogression (Spear 1993). The proportions of
spessartine and grossularite are very low (ca. 2.5 and 1.5
wt%, respectively). Garnet from the leucosomes is char-
acterized by a sharp increase in Mn on approaching the
edge (Fig. 4). This has been interpreted as back diffusion
(e.g. Selverstone & Hollister 1980). The similarity of gar-
net composition in both mesosome and leucosomes sup-
ports the idea that garnet was mechanically introduced into
the leucosomes.

Cordierite is compositionally heterogeneous (Table 3):
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Table 3. Representative chemical compositions of garnet and cordierite in the mesosome, adjacent discordant

leucosome vein (L2) and leucosome L3.

Mesosome Leucosome (L2) Crd in the mesosome Crd- L3

Core Rim Core Rim Crd corona/grt Crd with sill+Bt Crd/Pl-Kfs-Qtz
SiO, 36.82 36.53 3693 37.40 SiO, 4792 4831 4892 4839 4851 48.70
TiO, 0.02 0.03 0.00 0.02 TiO, 0.00 0.02 0.00 0.00 0.01 0.00
Al O, 20.53 20.50 20.82 20.75 AL O, 31.70 31.70 3226 32.05 31.83 33.19
Cr,0, 0.00 0.06 0.01 0.01 Cr,0,4 0.00 0.00 0.03 0.05 0.00 0.00
Fe,0, 0.50 0.06 0.91 0.00 MgO 6.04 6.58 7.30 7.01 6.89 7.61
MgO 4.04 227 3.64 2.88 FeO 11.53  10.85 9.33 9.82 9.92 9.03
FeO 3422 37.02 3498 37.07 MnO 0.24 0.14 C.18 0.20 0.20 0.01
MnO 1.23 1.29 1.06 1.21 CaO 0.01 0.00 0.02 0.02 0.03 0.00
CaO 1.03 0.89 1.15 0.91 Na,O 0.27 0.25 0.25 0.26 0.38 0.20
Na,O 0.01 0.03 0.01 0.01 K,O 0.01 0.15 0.03 0.00 0.00 0.00
K,O 0.00 0.01 0.03 0.01
Sum 98.40 98.69 99.54 100.27 Sum 97.72 98.00 98.32 97.80 97.78 98.75
Si 2.999 3.004 2983 3.015 Si 5.044 5.055 5.060 5.046 5.063 5.004
Ti 0.001 0.002 0.000 0.001 Ti 0.000 0.002 0.000 0.000 0.001 0.000
Al 1.971 1987 1983 1.972 Al 3933 3909 3933 3939 3916 4.019
Cr 0.000 0.004 0.000 0.001 Cr 0.000 0.000 0.002 0.004 0.000 0.000
Fe, 0.031 0.004 0.055 0.000 Mg 0.948 1.026 1.126 1.090 1.072 1.165
Mg 0.491 0.278 0.438 0.346 Fe, 1.015 0949 0.807 0.856 0.866 0.776
Fe, 2331 2.546 2363 2.499 Mn 0.021 0.012 0.016 0.018 0.018 0.001
Mn 0.085 0.090 0.073 0.083 Ca 0.001 0.000 0.002 0.002 0.003 0.000
Ca 0.090 0.079 0.100 0.079 Na 0.055 0.051 0.050 0.053 0.077 0.041
Na 0.002 0.005 0.002 0.002 K 0.001 0.020 0.004 0.000 0.000 0.000
K 0.000 0.001 0.003 0.001
Sum 8.000 8.000 8.000 7.998 Sum 11.01 11.02 11.00 11.00 11.01 11.00
Xre 0.826 0.902 0.844 0.878 XFe 0.51 0.48 0.41 0.44 0.44 0.40

the cordierite coronas around garnets are iron rich (Xg. =
0.48-0.51), whereas the cordierite containing inclusions of
sillimanite+biotite and the cordierite from the L3 leuco-
some have relatively low X, (0.40-0.45).

Plagioclases in the mesosome, L1 leucosome and L-
granite are homogeneous in composition, while in the L2
leucosome homogeneous and normally zoned plagioclase
grains are present. In the mesosome and in the L1 and L2
leucosomes X, varies over a large range (0.18-0.34). Pla-
gioclase from the L-granite is sodic with X, of 0.16 — 0.18.
Plagioclase inclusions in garnet are very low in X, (0.05).

REACTION TEXTURES AND CRYSTALLI-
ZATION CONDITIONS

Reactions

The textures observed in the mesosome and the
formation of the different types of leucosomes can
be explained by progressive partial melting reac-
tions during increasing temperature and decom-

pression. Garnet could have been formed at the
first stage of the melting process as follows:

(1) Pl + Qtz + Bt + Sil — Grt + melt.

The presence of rare remnant sillimanite, biotite,
quartz and albite-rich plagioclase inclusions within
garnet indicates that all these phases are involved
in this melting reaction. However, because garnet
is not abundant in the studied migmatites (1-2
vol%) and because the leucosomes are Kfs-poor
but plagioclase- and quartz-rich, we suggest that
melting reaction (1) involves mainly the two last
phases. Although biotite is considered as a minor
phase during this melting stage, K-feldspar is one
of the expected products, but has not been found
in equilibrium with garnet in the mesosome; it is
present in the leucosomes in different proportions
(Table 1). This could be explained by removal of
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K-component or mobilization at the scale of thin
section and crystallization within melt fraction.

The melt formed by reaction (1) could corre-
spond to the composition of the L1 and L2 leu-
cosomes since garnet is found in both leucosomes.
The conditions of the formation of the L1 and L2
leucosomes and the significance of the difference
in the proportion of K-feldspar in these two leu-
cosomes will be discussed in the next section.

The cordierite coronas around garnets could be
explained by the breakdown of garnet, silliman-
ite and quartz:

(2)  Grt+ Sil + Qtz + (Btl) — Crd + (Bt).

The rare small biotites associated with cordierite
could indicate either the breakdown of an early
biotite phase (Bt1) or the presence of K-rich fluid.

The cordierite in the matrix of the mesosome
and in the L3 leucosome patches differs in com-
position and texture from the cordierite in the co-
ronas. This cordierite could be a peritectic phase
formed by an incongruent melting reaction of bi-
otite at the final stage of partial melting:

3) P1 + Bt + Sil + Qtz — Crd + melt.

The melt composition in equilibrium with cordier-
ite could correspond to the composition of the L3
leucosome. K-feldspar is not observed in the ma-
trix of the mesosome, but occurs only in the L3
leucosome as an interstitial phase in equilibrium
with cordierite and in higher proportion (12—15
vol%) than in the L1 and L2 leucosomes. This
suggests removal of potassium component from
the mesosome during melting.

Crystallization conditions

In order to discuss the metamorphic evolution of
the studied migmatites, all the observed assem-
blages are represented in an appropriate thermo-
dynamic NKFMASH system (e.g. Powell & Hol-
land 1988). To interpret the observed melting re-
actions and to understand the relationships be-
tween leucosomes and mesosome, bulk composi-
tions of the L1, L2, L3 and L-granite leucosomes

® [ eucosomes-Grt
g 0.225 + © Mesosome-Grt
+
(]
g
% 0125 + Core Rim
@]
S
0.025 t t t }
0.8 0.82 0.84 0.86 0.88 0.9
Fe/(Fe+Mg)

Fig. 4. (Ca+Mn)/(Fe+Mg) vs. Xy, in garnets from the
mesosome and the discordant leucosome vein (L2).

are projected on the same compatibility diagram
with the mesosome paragenesis (Fig. 5). As a first
approximation, water is considered to be in excess
together with Pl, Sil and Qtz and all these phases
are used as projection phases to reduce the sys-
tem NKFMASH to KFM. The K/(Fe+Mg ) vs. Fe/
(Fe+Mg) diagram (Fig. 5) shows that, firstly, all
the observed reaction textures (1), (2) and (3) cor-
respond to continuous equilibria in the NKF-
MASH system. These equilibria are represented
by triangles in the compatibility diagram and cor-
respond to different P-T domains separated by
univariant reactions. Secondly, the L1, L2 and L3
leucosome compositions are in equilibrium with
the mesosome paragenesis and preclude equilib-
rium between the latter and L-granite. This could
indicate that L1, L2 and L3 originated from the
same source by in situ melting, whereas L-gran-
ite was formed either from the same source as L1,
L2 and L3, but at different P-T-aH,O conditions,
or represents an injection of melt from an exter-
nal source. The last hypothesis is consistent with
the sharp contacts of this vein (Fig. 2a). There-
fore, it is likely that there is no direct genetic link
between L-granite and the mesosome paragenesis.
Thirdly, garnet is in equilibrium with L1 and L2,
whereas cordierites in the matrix of the mesosome
and in the L3 leucosome patches are in equilibri-
um with the latter. Therefore, L1 and L2 can be
interpreted as resulting from the same reaction (1)
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Fig. 5. Compatibility diagram in the system NKFMASH,
projected from water, quartz, plagioclase and silliman-
ite, showing the phase relationships between the meso-
some paragenesis and melt bulk rock compositions
(leucosomes) and the interpretation of the observed re-
action textures.
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Fig. 6. Compatibility diagram in the system NKFMASH,
projected from biotite, quartz, plagioclase and silliman-
ite, showing the relationships between garnet and melt
bulk rock composition with respect to aH,O.

whereas L3 was formed by reaction (3). Fourth-
ly, garnet and cordierite coronas are not in equi-
librium with K-feldspar, which is consistent with
the textural observations.

The L1, L2 and L3 leucosomes are interpreted
as different P-T-aH,O stages of progressive in situ
melting of the same source. Thus the variation in
potassium content in leucosomes is not related to
the difference in the protolith composition, but it
is probably related to changing aH,O conditions
during melting. According to Patifio Douce and
Harris (1998), increasing aH,O in metasedimen-
tary rocks during melting experiments at T =
750°C and P = 6 kbar gives rise to K-poor melts,
whereas water-undersaturated melting generates
K-rich melts under identical P-T conditions and
bulk rock composition.

In order to check this hypothesis in the present
natural system, bulk compositions of leucosomes
L1, L2 and L3 as well as mineral compositions of
the mesosome were projected on the same com-
patibility diagram (Fig. 6). In this projection, bi-
otite is considered to be in excess instead of wa-
ter (H) and is used as a projection phase together
with quartz, sillimanite and plagioclase. Therefore,
NKFMASH system is reduced to H-K-FeMg and
represented by the H/(K+FeMg) vs. K/(K+FeMg)
diagram (Fig. 6). A water content of 2 wt%, cor-
responding to P-T conditions of 6 kbar and 750°C
according to the experimental data of Patifio
Douce and Harris (1998), was used to account for
the H,O released during crystallization. This pro-
jection shows, firstly, that the L1 leucosome gen-
erated by reaction (1) is projected at H/(K+FM)
> 1, whereas the L2 leucosome and the cordierite-
bearing L3 leucosome are projected at H/(K+
FM)< 1. Therefore, L1 (with 1 vol% of Kfs) could
have been formed in situ by melting reaction (1)
under water-saturated conditions involving mainly
plagioclase and quartz. Instead, L2 (10 vol% Kfs)
and L3 (15 vol% Kfs) could have been formed by
reactions (1) and (3), respectively, under water-
undersaturated conditions by melting mainly of
biotite + quartz. Secondly, the projection shows
that the L1 and L2 compositions preclude equi-
librium between garnet and L3 leucosome. This
also suggests that the same garnet-producing
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and Holloway (1988), P-T-X and
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reaction (1) formed L1 and L2, whereas L3 was
formed by the cordierite-producing reaction (3)
during decompression.

P-T path

The bulk rock compositions of the studied mig-
matites are close to those of Vielzeuf and Hollo-
way (1988). Therefore, the pseudosection for an
intermediate Xy, proposed by these authors can
be used to draw the P-T path followed by the
migmatites (Fig. 7). The divariant assemblages are
represented by single lines for clarity. The ob-
served textures can be explained by decompres-
sion from the peak conditions determined by melt-
ing reaction (1).

The P-T domain of the studied migmatites is
located on the low-temperature side of the fluid-
absent melting reaction Bt + Sil + Qtz — Grt +
Liq + Kfs (Fig. 7) since no K-feldspar has been
observed in equilibrium with garnet. The P-T po-
sition of this reaction is about 850°C at 6 kbar
(Vielzeuf & Holloway 1988), although the tem-
perature depends upon the occurrence and com-
position of plagioclase and to a lesser extent on
the Xy, of the rock. The addition of Na into the
KFMASH system shifts melting curves to lower

temperatures. For common plagioclase-bearing
metapelitic rocks, the above reaction is located at
about 750°C between 6 and 10 kbar (Le Breton
& Thompson 1988).

Metamorphic cordierite is usually not stable at
pressures higher than 6 kbar in most metapelites
(e.g. Aranovich & Podlesskii 1983). Therefore,
cordierite replacing garnet (reaction 2) indicates
that the peak event was followed by decompres-
sion. Moreover, reaction (3) has a relatively flat
slope (Vielzeuf & Holloway 1988) at about 4 kbar
between 700 and 750°C. Therefore, the cordier-
ite-bearing leucosome L3 could have been formed
during the decompression stage.

The P-T-aH,O conditions of the study area were
constrained by combining THERMOCALC calcu-
lation (Powell & Holland 1988, version 2.5) with
classical geothermometers and available experi-
mental data. Given the above discussion, calcu-
lations were performed at different aH,O using Bt-
Grt-Crd-P1-Sil/And-Kfs assemblages. The results
are shown in Tables 4 and 5 and in Fig. 8.

In order to estimate the peak metamorphic con-
ditions in the mesosome, THERMOCALC calcu-
lations were performed using core compositions
of different phases, and sillimanite instead of an-
dalusite. Calculations on average PT at different
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conflitions
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Fig. 8. THERMOCALC results for the peak and retro-
grade conditions. (1) metapelite-solidus and (2)
Bt+Sill+Qtz+Plg=Grt+Kfs+L after Le Breton and
Thompson (1988); (3) Qtz-Ab-H,O after Clemens and
Vielzeuf (1987). #— —= = range of solidus temperatures
for melting of plagioclase (an,-ang) + quartz at 5 kbar
after Johannes (1978), (a) AS-triple point of Holdaway
(1971).

aH,0 yielded an independent set of reactions in
all cases: with aH,O = 0 to 1, P is 3-5.5 kbar and
T = 600-800°C (Table 4).

To constrain the peak metamorphic tempera-
ture, an attempt of calculation was made on the
basis of the Fe—-Mg cation exchange between core

compositions of garnet and biotite using the cali-
brations of Ferry and Spear (1978), Hodges and
Spear (1982), Perchuk and Lavrentéva (1983), and
Williams and Grambling (1991). The results ob-
tained using the formulation of Ferry and Spear
(1978) and Hodges and Spear (1982) gave values
in the range of 710-775°C at 4.5-5 kbar whereas
the formulations of Perchuk and Lavrentéva
(1983) and Williams and Grambling (1991) gave
lower temperatures (< 700°C; Table 5). Temper-
atures lower than 700°C at such pressures are not,
however, considered realistic. According to Chi-
pera and Perkins (1988), the calibrations of the
garnet-biotite thermometer which use solely Fe-
Mg partition data yield more precise results than
those which incorporate the effect of other com-
ponents. However, the more recent reformulation
of the garnet-biotite thermometer by Bhattachar-
ya et al. (1992) also yields temperatures lower than
700°C. Such low values are probably the result of
not taking into account the effect of Ti in biotite.

Based on these results and on the paragenetic
analyses, we conclude that the most likely range
for the peak metamorphic conditions is 700-750°C
at 4-5 kbar, implying aH,O in the range of 0.4—
0.7 (Table 5). Such aH,O conditions are consist-
ent with the recent data of Aranovich and New-
ton (1997). In addition, experimental data (Patifio
Douce & Harris 1998) have shown that K-poor
(trondhjemitic) leucosomes can be generated by

Table 4. Average P-T calculations using THERMOCALC calculation (Powell & Holland 1988) for the meso-
some and the discordant leucosome vein (L2) assemblages.

aH,0 Mesosome Mesosome Leucosome vein (L2)

without andalusite with andalusite (peak conditions)

(peak conditions) (retrograde conditions)

Av. T (°C) P (kbar) Av. T (°C) P (kbar) Av.T (°C) Av. P (kbar)

1 799+ 54 54+0.5 high fit 794 £ 55 S5E L5
0.9 784 £ 52 52:+0.5 high fit 770 £ 53 54+15
0.8 771 £ 51 51205 high fit 767 £52 52:+£1.5
0.7 756 = 49 5.0+£0.5 high fit 754 £ 50 5115
0.6 743 + 47 47+0.5 631 £ 23 3.6+0.6 741 £ 48 5.0 1.5
0.5 726 £ 45 45+0.4 631 %21 3506 725 + 46 48+£1.5
0.4 706 + 43 42+04 629 + 19 34104 705 + 44 46+14
0.3 679 = 40 39104 626 + 17 34104 679 41 44+14
0.2 642 + 36 3604 619 £ 17 33104 644 + 38 4014
0.1 584 + 33 3.1+04 604 + 17 33104 S87.+33 3414
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Table 5. Temperature estimates at 4 and 5 kbar in the mesosome and adjacent discordant leucosome vein (L2)
using Grt-Bt calibration: 1 = Ferry and Spear (1978), 2 = Hodges and Spear (1982), 3 and 4 = Perchuk and

Lavrenteva (1983), 5 = Williams and Grambling (1991).

Sample type Grt-Bt (core-core)

Grt-Bt (rim-rim)

Mesosome at 4kbar
1&2&5 T =710-770°C T = 491-565°C
3&4 T = 682-693°C
at Skbar
1&2&5 T =715=775°C
3&4 T = 680-686° C T = 494-557° C
Discordant at 4kbar
leucosome vein (L2) 1&2&5 T = 700-760°C T = 508-573°C
3&4 T = 668-676°C
at Skbar
1&2&5 T =702-763°C
3&4=> T = 665-669°C T = 527-568°C

melting of metasedimentary rocks at high aH,O
instead of generating K-rich (granitic) leucosomes
at conditions (P = 6 kbar, T = 750°C) similar to
the estimated peak conditions of the studied mig-
matites.

Using andalusite instead of sillimanite and rim
compositions instead of core compositions, aver-
age PT calculations using THERMOCALC yield
a complete set of independent reactions only for
a domain in which aH,O is between 0.1 and 0.6.
The average PT conditions are 3-3.6 + 1.5 kbar
and 619-631 = 50°C (Table 4). These results are
consistent with garnet-biotite thermometry rang-
ing between 500-630°C at 3.5-4 kbar.

AGE DETERMINATIONS

The mesosome contains monazite, garnet and zir-
con, while the granitic leucosome vein (L-granite
= sample 45) yielded only monazite. The samples
used for garnet and monazite dating are of two
types: i) a mesosome — L1 leucosome pair (sam-
ple 46) and ii) a mesosome — L1 leucosome — L2
leucosome triplet (sample 51) (Tables 6 and 7).
The cordierite-bearing L3 leucosome was not
dated by conventional methods because of its oc-
currence as small and rare patches makes it im-
possible to separate perfectly from the mesosome.

However, an attempt at age determination was
made by in situ dating on one zircon grain in a
polished thin section.

Review of minerals used and the problem
of closure temperature of garnet

Garnet is widely distributed in metapelitic rocks,
and crystallizes in response to changing PT con-
ditions. Chemical composition (including Sm-Nd)
is usually preserved intact during cooling because
cation diffusion rates in garnet are very slow. The
chemical composition of garnet can be used to
calculate the PT conditions of its growth which,
combined with age data, provides a method for
determining P-T-t paths for metamorphic terrains
(e.g. DeWolf et al. 1996). Diffusion rates of Nd
in garnet remain poorly known and the empirical
closure temperature for Sm-Nd is still debated
(e.g. Mezger et al. 1992, Ganguly et al. 1998).
Uncertainty about the absolute closure temper-
ature (Tc) arises because it is known to depend on
factors such as diffusion and cooling rate, grain
size, crystal geometry, composition, and thermal
history of the rock (e.g. Mezger et al. 1989). Low
Tc (< 700°C) have been proposed e.g. by Mezger
et al. (1992) and Burton et al. (1993) while some
other authors have shown evidence of higher tem-
peratures that could be at least 700°C (Hensen &
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Zhou 1995), about 760°C (Vance & O’Nions
1990) or more than 800°C (Cohen et al. 1988, Ja-
goutz 1988).

Depending on the closure temperature, garnet
is expected to date either the peak metamorphic
event or the cooling event. This most important
aspect of garnet Sm-Nd studies is still debated.
According to Patchett and Ruiz (1987), garnets
give Sm-Nd ages that reflect cooling events,
whereas Burton and O’Nions (1991) have pro-
vided examples of garnets that crystallized during
the prograde stage. Thus, garnet isotopic data
alone cannot discriminate between these two pos-
sibilities. For this reason, an isotopic study on
monazite as well as ion probe dating on zircons
were performed.

Monazite is a ubiquitous accessory mineral in
metamorphic rocks with various bulk composi-
tions and in granitic rocks (e.g. Parrish 1990, De-
Wolf et al. 1993, Nabelek et al. 1995). On the ba-
sis of several studies (e.g. Copeland et al. 1988,
Parrish 1990), the effective closure temperature for
monazite is about 720-750°C and an even higher
value was suggested by Spear and Parrish (1996).
However, the Tc of U-Pb system depends on sev-
eral variables such as the presence or absence of
fluid, the composition of fluid, and the strain rate
during cooling (Mezger et al. 1992).

Analytical methods

Mineral separation and chemical treatment were
done at the Laboratory of Mineralogy and the
Laboratory of Isotope Geology of the Geological
Survey of Finland, respectively. The measure-
ments were made in a dynamic mode on a VG
Sector 54 mass spectrometer using triple filaments
at the Geological Survey of Finland. Care was
taken in the field and laboratory in order to sam-
ple exclusively the mesosome and the different
types of leucosomes. About 2 kg of each sample
was crushed and ground. Samples were then sep-
arated on a shaking table and separation into mag-
netic and non-magnetic fractions was done with
a Carpco magnet separator. Subsequently, garnet,
monazite and zircon were separated by heavy lig-
uids and by magnetic separation using a Frantz

isodynamic separator. The final purification was
achieved by handpicking under a stereomicro-
scope.

Sm-Nd on garnet-whole rock

Recent studies by Sm-Nd methods (e.g. DeWolf
et al. 1996) have shown that the amount of Sm and
Nd in garnet can be affected by the presence of
microscopic inclusions of monazite and/or zircon.
In order to avoid such contamination, leaching of
garnet fractions was performed following the step-
wise dissolution method of DeWolf et al. (1996).
This method involves powdering of about 300 mg
of separated garnet in a boron carbide mortar for
ca. 30 minutes and leaching in hot 6N HCI for ca.
6 hours, followed by rinsing with deionized water.

One of the most critical steps in any isotope
work is the homogenisation of spike and sample.
This may be a problem especially for samples rich
in Al and cause biased Sm/Nd ratios. In this study
each garnet fraction was dissolved in two Savillex
teflon beakers in order to improve the dissolution.
After careful evaporation of fluorides (with HC10,
and HNO;) the residue was dissolved in 6N HCI.
Finally the solutions were combined and a mixed
149Sm-15°Nd spike was added into a clear solution
(no aliquoting). Estimated error in ’Sm/'*Nd is
0.4%, ' Nd/'*Nd ratio was normalized to “*Nd/
Nd = 0.7219 and the average value for La Jolla
standard was '*Nd/'*Nd = 0.511852+12 (SD, n=
20, errors in last significant digits).

The dissolution of monazite and zircon and
chemical separation of U and Pb were done fol-
lowing the method described by Krogh (1973).

Results and interpretation
Sm-Nd on garnet-whole rock

Sm and Nd concentrations and Nd isotopic ratios
are given in Table 6 and plotted on a convention-
al isochron diagram (Fig. 9). The “’Sm/!'*Nd ra-
tios in garnet from the L1 leucosome (sample 51-
3B) are slightly lower than those in garnet from
the adjacent mesosome (sample 51-1A) and the L.2
leucosome (sample 51-1B). This is probably due
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Table 6. Sm-Nd data on garnet-whole rock from the mesosome and the leucosomes of the studied migmatites.

Sample Sm Nd 4Sm/'“Nd BNA/'"Nd £ 20 €4y(1900) T (grt-wr) (Ma)

(ppm) (ppm)

Sample 46A-B: mesosome-L1 pair
46B = mesosome

Whole-Rock 6.29 38.79 0.0980 0.511382+ 11 -0.5
Garnet 0.773 0.481 0.9744 0.522300 £ 230 1893 £ 40
46A = leucosome L1
Whole-Rock 4.97 28.40 0.1057 0.511430 £ 10 -1.4
Garnet 0.6 0.6 0.5146 0.516463 £ 26 1871 £ 14
Sample 51A-B: Mesosome-L1-L2 triplet
51-1A = mesosome
Whole-Rock 3.83 2325 0.0997 0.511408 + 12 -0.4
Garnet 0.10 0.093 0.6822 0.518603 + 60 1877 £ 18
51-3B = leucosome L1
Whole-Rock 5.55 31.90 0.1051 0.511450 £ 10 -0.9
Garnet 1.32 2925 0.3551 0.514543 £ 32 1880 £ 23
51-1B = leucosome L2
Whole-Rock 7.65 37.49 0.1233 0.511663 £ 10 -1.2
Garnet 0.85 0.62 0.8220 0.520134 + 33 1843 £ 11
0.526
WR - Grt ~
Leucosome:
468 - grt Sample 51 - 3B
0.522 A L1=1880+23Ma
“Nd / “Nd a1 18-t Sample 51 - 1B
O 12=1843+11Ma
51-1A-grt
0.518 Sample 46A
46A - grt O L1=1871+14Ma
51-3B-grt Mesosomes:
0.514 _|
% (sample 46B) = 1893 + 40 Ma
_ WR #* (sample 51-1A)=1877+18 Ma
0.510 ] ] | l
0 04 0.8 12 1.6

Fig. 9. Sm-Nd isochron diagram with anal-
yses of garnet (grt) and whole rocks (WR)
from leucosomes and mesosome.

to the persistence of monazite inclusions in spite
of leaching as also the Sm and Nd concentrations
are slightly elevated. The ¥7Sm/'*Nd ratio of the
unleached fraction is not considerably different
from that of the whole rock, whereas the leached

147 Sm/ l“Nd

garnet has a high ¥’Sm/'*Nd ratio. Also the Sm
and Nd concentrations are much higher in un-
leached garnet. The absolute garnet ages vary from
184311 to 1893440 Ma (Table 6). The data in-
dicate, however, that two marginally different age
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groups may be present: 1) The pairs mesosome —
L1 leucosome (samples 51-1A/51-3B and 46A/
46B) have ages ranging between 1871+14 and
1893+40 Ma (average 1880 Ma). 2) The L2 leu-
cosome (sample 51-1B) has an age of 1843+11 Ma
that is marginally younger than the age of the
mesosome — L1 leucosome pairs. Numerical anal-
ysis of the two age groups suggest that they are
statistically different, but caution must be exer-
cised in interpreting the geological significance of
this result, especially when the younger group is
defined by one analysis only.

If the Tc of Sm-Nd system is higher than
800°C, as it was suggested by Cohen et al. (1988)
and Jagoutz (1988), the group with average Sm-
Nd age of 1880 Ma could reflect the peak meta-
morphic event age since the Tc is higher than the
estimated peak conditions (700-750°C) in the
studied migmatites. In contrast, the Sm-Nd age of
1843+11 Ma obtained for the L2 leucosome vein
could be an artefact either due to the small size
and scarcity of garnet or due to Sm-Nd fractiona-
tion resulting from garnet dissolution during leach-
ing. Therefore, the difference in age between the
mesosome and L2 leucosome may not be real.

U-Pb on monazite

In all samples, the monazites from leucosomes
have higher U contents than those in the meso-

some. This is true especially in the L-granite (sam-
ple 45) in which the content reaches 16900 ppm
(Table 7). Monazites from the mesosome and leu-
cosomes are nearly concordant and yield an av-
erage age of 1878.5+1.5 Ma (Table 7, Fig. 10).
This result agrees within error with the age of the
group that has the average Sm-Nd age of 1880 Ma.
On the basis of microscopic observations, mona-
zites often occur in association with biotite-silli-
manite assemblage in the main foliation plane and
as inclusions in garnets and, therefore, they grew
before or at the same time as the garnets formed
by reaction (1) at peak conditions. The monazite
ages thus mark the peak metamorphic stage rath-
er than a cooling event. Therefore, Tc for the mon-
azites is slightly higher than the peak metamor-
phic conditions of 700-750°C reached by the
migmatites (cf. Spear & Parrish 1996). This is
consistent with the previous studies which show
that monazite may preserve ages corresponding to
peak temperatures up to granulite facies conditions
(DeWolf et al. 1993), and may record prograde
growth ages (Vry et al. 1996).

The fact that no difference in age is observed
between leucosomes L1, L2 and L-granite could
indicate that L1 and L2 were effectively formed
during the same low-pressure, high-temperature
event by in situ melting processes, while L-gran-
ite was injected into the system during the peak
metamorphic event.

Table 7. U-Pb data on monazite from the mesosome and the leucosomes of the studied migmatites.

Sample Measured " D b Age (Ma)
wt U Pb 20Pb/ 2BPLS  2%Phj WPb/ (25Pb/ 2Pb/ 2TPb/

(mg) (ppm) (ppm) 2()4Pb 206Pb 238U 235U 238U 235U ZOGPb
Mesosome-L1 pair
46B= mesosome 1.2 3600 4323 87106 3.0 0.33973 53822 1885 1882 1878
46A =L1 0.9 4720 5021 93335 2.5 0.34033 5.3931 1888 1884 1879
Mesosome-LI-L2 triplet
51-1A= mesosome 1.4 4752 4303 67232 2.0 033830 53602 1879 1879 1879
51-3B=L1 12 4984 4545 28540 2.0 033704 533512 1872 1874 1877
51-1B=1L12 1.8 6718 5915 27165 1.9 0.34332 54381 1903 1891 1878
L-granite
45 25 1.69% 1.11% 295146 1.1 034596 54818 1915 1898 1879

" Corrected for mass fractionation (0.1%/a.m.u.), blank (0.2 ng Pb) and common lead (Stacey & Kramers 1975).

2c-error estimates are 1.5% for Pb/U ratio in monazite.
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Figure 10. Concordia plot of ion probe and conventional analyses on zircons and conventional analyses on mon-
azites. The inset shows an enlargement of the lower part of the concordia; note that the zircon ages by conven-
tional method (squares) are more discordant than the monazite ages (circles) and are plotted in the same area
as the zircon ages from rims by ion probe. L1 = layered leucosome, L2 = discordant leucosome. The inset also
shows that the mixed and magmatic ion probe ages are slightly more discordant than the metamorphic rim ages.

U-Pb on zircon

The results of conventional U-Pb zircon analyses
are listed in Table 8 and illustrated in Fig. 10 to-
gether with monazite using the program ISO-
PLOT/Ex-1.00 (Ludwig 1998). The zircons are
slightly discordant and give 27Pb/?%Pb ages of
1992-2011 Ma in the mesosome, 1950 Ma in the
L1 leucosome and 1892 Ma in the L2 leucosome.
The latter is more discordant than the other anal-
yses. There are three possible explanations for the
discordance: i) large lead loss during a metamor-
phic event (e.g. Holmes 1954), ii) mixed age pop-
ulations (e.g. Gebauer & Griinenfelder 1979), and
iil) composite grains with several growth zones

(e.g. Kinney et al. 1988). In the studied migma-
tites, the ages obtained from the mesosome are
within the range found in Svecofennian metased-
iments which have been usually interpreted as a
mixture of Proterozoic and Archaean sources
(Huhma et al. 1991, Claesson et al. 1993). How-
ever, if compared with the average *’Pb/?%Pb ages
of the supposed sedimentary rocks which did not
undergo anatexis, the L2 leucosome dated at 1892
Ma is slightly younger. This is most likely due to
a large lead loss during the peak metamorphic
event dated at 1878 Ma by Sm-Nd and U-Pb meth-
ods on garnet and monazite, respectively.
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Table 8. U-Pb conventional data on zircon.

Measured " b H Age (Ma)
Sample wt U Pb 206ph/  208Ph/ 206Ph/ 207pp/  206ph/  207Ph/ 207Pp/
(mg) (ppm) (ppm) 204Pb 206Pb ZJBU 235U 238U 335U 206Pb
46A (leucosome L1) 2.6 603 200 10190 .06 32525 5.3637 1815 1879 1950
46B (mesosome) 2.6 535 198 10785 <17 .33047 5.5773 1841 1913 1992
51-1A (mesosome) 6.3 586 210 2413 A0 .32999 5.6315 1838 1921 2011
51-1B (leucosome L2) 6.7 1252 336 640 .04 .24743 3.9502 1425 1624 1892

" Corrected for mass fractionation (0.1%/a.m.u.), blank (0.2 ng Pb) and common lead (Stacey & Kramers 1975).
2c-error estimates are 0.1% for the 207Pb/2%°Pb ratio and 0.7% for Pb/U ratio in zircon.

Zircon structures revealed by CL-imaging

Handpicked zircon grains as well as a fragment
of a polished thin section containing zircon were
mounted in epoxy with the reference standard,
polished and coated with ca. 30 nm of gold for ion
microprobe dating. In order to avoid overlapping
of two or more distinct growth zones during anal-
ysis by ion microprobe, the grains were studied
by cathodoluminescence imaging (CL). This tech-
nique shows the internal structure of grains and
allows one to minimize the number of ion micro-
probe analyses.

CL-imaging revealed complex zoning structures
within the zircon grains in all the samples (Figs.
11 a-1). Some grains with rounded to subrounded
form display a distinct core which appears in some
zircons as a fragment of an original grain over-
grown by one or two thin outer rims. This sug-
gests a complicated growth history and more than
one episode of zircon crystallization. The rims are
characterized by two kinds of structures: i) well-
developed unzoned overgrowths about 10 to 25
wmm thick on an older broken oscillatory zoning
that displays a sharp contact against the core (Figs.
11 a—e, h, 1), and ii) weakly oscillatory zoned rims
which are overgrown mostly by a very thin outer
rim (< 10 pmm thick) (Figs. 11 f-1). The zoning
within these rims reflects the shape of the cores
and no major structural break is visible between
the central and outer parts of the crystals (Figs.
11 g, k, ). No systematic difference in form is
observed between the zircons from the samples of
the mesosome and L1, L2 and L3 leucosomes.

SIMS ion probe dating

Selected domains of zircon crystals were analysed
for U, Pb and Th isotopic composition using a
CAMECA SIMS 1270 ion microprobe at the
Swedish Museum of Natural History, Stockholm.
The operating techniques are described by White-
house et al. (1997). The ages reported here (Ta-
ble 9) are based on 2°’Pb/2%Pb as this ratio is more
sensitive than 2°Pb/?38U ratio for old ages.

The total of analyses is 18 points representing
four samples (mesosome, layered leucosome L1,
discordant leucosome vein L2 and cordierite-bear-
ing leucosome L3). Although the number of anal-
yses performed on single zircons is low, the se-
lected grains and the domains within these grains,
based on their internal structure revealed by CL-

Fig. 11. BS and CL images of single and in situ zircon
grains analysed by ion probe showing the ages and the
positions of analysed points. (a) and (b) are zircons
from the mesosome, (c) and (d) from leucosome L1, and
(e) from leucosome L2. These grains show unzoned
metamorphic rims around fragments of oscillatory
zoned old cores, note the sharp contact between the rim
and the core in each grain. The rims of these grains
give ages of between 1872—-1886 Ma. (f), (g) and (k) are
from leucosome LI and (j) from leucosome L2. These
grains show a thin unzoned rim of metamorphic origin
around an oscillatory zoned rim of magmatic origin. (h)
and (i) are BS and CL images, respectively, of in situ
zircon from L3 leucosome showing a well-developed rim
around an oscillatory zoned core. (1) shows a rim with
weak oscillatory zoning around a zoned core, note the
continuity between the core and the rim.
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Table 9. U-Th-Pb analytical data on zircons and derived ages.

derived ages (Ma)

elemental data

Sample/ sample spot 7P o 207Ph, to [U] [Pb] [Th] Th/U  Th/U
spot # type  position 2*Pb BU ppm  ppm  ppm calc. meas.
nl160-1b M core 2207 8 2184 23 190 102 127 0.706  0.666
n160-5b L1 core 2866 7 2815 41 482 331 131 0.245 0.272
n160-10 L1 core 2002 6 1914 19 529 208 89 0.157 0.169
n160-9b L2 core 2073 13 2024 19 108 51 63 0.591  0.581
nl182-0la L3 core 2087 20 1979 15 569 265 91 0.101  0.161
nl60-1a M rim 1872 9 1667 14 1426 433 22 0.004  0.016
n160-12 M rim 1886 8 1676 9 1648 524 228 0.107 0.135
n160-2a M rim 1907 8 1749 10 1058 351 38 0.017 0.036
nl60-5a L1 rim 1880 9 1729 24 695 223 8 -0.002 0.012
nl60-11 L1 rim 1915 9 1859 11 1234 457 3 0.013 0.025
nl160-7a L1 rim 1876 12 1814 39 846 309 138 0.120  0.163
nl160-6a L1 rim 1904 17 1733 28 863 281 119 0.115 0.138
nl60-3a L1 rim 1959 6 1596 11 2150 560 96 0.011 0.045
n160-4a L1 rim 1994 5 1843 10 991 365 222 0.173 0.224
nl160-8a L2 rim 1878 32 1768 23 411 161 80 0.132  0.194
nl160-13 L2 rim 1912 14 1702 24 434 142 145 0.260  0.335
n160-9a L2 rim 1951 44 1864 59 933 346 143 0.128 0.153
n182-03a L3 rim 1922 54 1668 35 379 124 89 0.141 0.235

M= mesosome

L1= layered leucosome

L2= discordant leucosome vein

L3= Crd-bearing leucosome (in situ analyses)

imaging, are considered representative enough to
constrain the time of migmatization events.

Concentrations of U and Th

The isotopic compositions of core-rim pairs of
four zircon grains and separate rims of nine grains
from different parts of the migmatites are present-
ed in Table 9. The diversity in types and styles
of zoning displayed by the zircon grains corre-
sponds to the diversity in composition. The most
striking chemical difference between the core and
rim of each analysed grain is in the content of U
and Th (Table 9 and Fig. 11). The U content is
higher and varies more in the zoned and unzoned
rims than in the core of the same grain, except for
the in situ zircon in polished thin section from L3
leucosome (Table 9, analyses 182-0la and 03a),
which shows a reverse correlation. The Th con-
tent varies in accordance with the internal struc-
ture of the rims. The unzoned overgrowth is char-
acterized by lower Th content than the core in the

same grain (Table 9, analyses 160-1a and b, and
160-5a and b). Instead, the weakly oscillatory
zoned grains (Table 9, analyses 160-9a and b,
Fig. 11i) show a reverse correlation and have high-
er Th contents than the unzoned overgrowths.
Low-Th and high-U rims are often considered to
be diagnostic of metamorphic overgrowths (e.g.
Jacobs et al. 1998), while high Th contents have
been noticed in zircons of magmatic origin (e.g.
Pidgeon & Wilde 1998). Therefore, this feature
could be interpreted to indicate a magmatic event
with later stages characterized by higher concen-
tration of Th in the melt.

207Pp2%Ph ages and concordia plot

The ion microprobe data of the zircons are plot-
ted together with the conventional U-Pb zircon and
monazite analyses on the concordia diagram in
Fig. 10. The data obtained from the cores are
slightly discordant probably because of the pres-
ence of inherited radiogenic Pb which is a com-
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monly reported feature (e.g. Pidgeon & Aftalion
1978). This indicates i) that it is possible for zir-
cons to remain undissolved in crustal melts
(Watson & Harrison 1983), and ii) that at temper-
atures attained by crustal melts (700-900°C) dif-
fusion of Pb in zircon is very slow (e.g. Paterson
et al. 1992). The cores yield high ages of between
2002%12 and 2866+14 Ma, with the oldest age
detected in zircon from the L1 leucosome. These
data are interpreted as the age of the detrital zir-
con of the protolith. The wide variation in the ages
of the cores indicates heterogeneous sources of the
detrital zircons (e.g. Williams et al. 1988, Chen
& Williams 1990).

The analyses on zircon rims from all the sam-
ples show a complex scatter in Fig. 10. The rims
yield overlapping data points, which are slightly
more discordant than the cores showing evidence
of Pb loss. The 27Pb/?Pb ages are variable and
three groups may be present because a) zircon
rims record two geological events in accordance
with the internal structure of the grains and b) ion
microprobe beam straddles a boundary between
two zones of different ages.

A 27Pb/?%Pb age group of 1872-1886 Ma is
obtained from the unzoned distinct rim over-
growths on older broken oscillatory zoned grains
(Figs. 11 a—e). These rims are interpreted as
growth of new zircon during a metamorphic event
(e.g. Hanchar & Miller 1993, Hanchar & Rudnick
1995). Therefore, this age group could represent
a metamorphic event and explain the youngest and
discordant age obtained from the L2 leucosome by
conventional method on zircon. No difference in
age was noticed between the unzoned rim over-
growths from different leucosomes and mesosome
because all the analyses are coeval within the lim-
its of error. This suggests a rapid growth of meta-
morphic zircon within the different parts of the
migmatites. The data are consistent with the Sm-
Nd dating on garnet and U-Pb dating on monazite
and correspond to the oldest metamorphic event
in the Tonalite-Trondhjemite Migmatite Bellt.

207Pb/?%Pb ages of 1959+12 and 1951+£88 Ma
are obtained from two zircon rims with weak os-
cillatory zoning from the L1 layered leucosome
and the L2 discordant leucosome (Figs. 11 k and 1,

respectively). Oscillatory zoning is interpreted as
a feature of magmatic zircon rather than as an in-
dication of growth during metamorphism (e.g.
Pidgeon 1992, Hanchar & Miller 1993, Vavra et
al. 1996, Poller et al. 1997). Magmatic rocks of
this age have not been encountered in the studied
migmatite belt, but similar ages (1960+12 and
1953%2 Ma) are known in ophiolites occurring in
the Palaeoproterozoic cover on the Archaean in
eastern Finland (Fig. 1) (Peltonen et al. 1996).
Also, the 1954 Ma old Knaften granite has been
detected within the Svecofennian domain in north-
ern Sweden (Wasstrom 1993). It might be possi-
ble that the ages of 1959-1951 Ma from the To-
nalite-Trondhjemite Migmatite Belt record a real
magmatic event indicating a rifting stage of the
Svecofennian protocrust slightly earlier than pre-
sented by Lahtinen (1994).

The heterogeneous *’Pb/?%Pb age group be-
tween 1904434 and 1994+10 Ma (Table 9) is ob-
tained probably because the ion probe beam strad-
dled a zone boundary between two thin domains

* of different ages. The complex and asymmetrical

zoning of the grains (Figs. 11 f—j), the narrow
width of the rims (< 20 mm) and the problem of
not seeing a clear image of the in sifu zircon in
thin section, make it difficult to locate the ion
probe beam. Therefore, we suggest that the old-
est age of 1994+10 Ma could be a mixture of Ar-
chaean zircon in the core and Palaeoproterozoic
zircon in the rim (analysis 160-4a, Fig. 11j). The
207Pb/?%Pb ages of 1904434, 1915+18 and
19224108 Ma from L1, L2 and L3, respectively
(Figs. 11 f-i), could be interpreted as a mixture
of an outer thin metamorphic overgrowth (1872—
1886 Ma) and an intermediate rim of magmatic
origin (1951-1959 Ma). In comparison with these
results, the 1950-1992 Ma ages yielded by con-
ventional method (Table 8) are explicable as mix-
tures of the domains revealed by ion microprobe
and CL-images.

DISCUSSION

P-T-t evolution and melting processes

The P-T conditions yielded by combining THER-
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MOCALC calculations, conventional geother-
mometry and experimental data agree with the
metamorphic conditions and the P-T path deduced
from the paragenetic analyses. The absence of
early muscovite suggests that the stability field of
muscovite + quartz has been exceeded. The P-T
diagrams (Figs. 7 and 8) show that the peak meta-
morphic conditions were within the stability field
of sillimanite and above the H,O-saturated pelite
solidus (reaction curve 1 in Fig. 8). This field is
located within the range of solidus temperatures
for melting of plagioclase + quartz at 5 kbar (Jo-
hannes 1978). Thus metamorphism of the migm-
atites took place at temperatures of 700-750°C,
pressures of 4-5 kbar and aH,O of 0.4-0.5. The
formation of cordierite coronas around garnet and
the late crystallization of andalusite suggest that
the final stage of the P-T history was character-
ized by decompression and cooling to the anda-
lusite stability field at 500-650°C and 3—4 kbar.

The temperatures at which dehydration melting
starts are widely scattered because melting of
rocks may involve many phases and the effect of
the simultaneous presence of more than one com-
ponent is difficult to assess. The situation is made
more complex by the absence or presence of fluid,
its nature and the effect of fO,. On the other hand,
melt compositions are mainly controlled by source
composition (e.g. Patifio Douce & Beard 1995,
Korsman et al. 1999). However, Patifio Douce and
Harris (1998) have shown that changes in condi-
tions of melting may have effects on melt com-
position that are comparable in magnitude to the
effects of changing source composition. For ex-
ample, depletion in potassium content of leuco-
somes reflects the preferential destabilization of
plagioclase relative to mica with increasing ac-
tivity of H,O (e.g. Whitney & Irving 1994, Patifio
Douce & Harris 1998). As a consequence, the res-
idue is rich in mica and quartz but depleted in pla-
gioclase, a feature observed in the migmatites
studied here.

The genesis of the different generations of leu-
cosomes can be interpreted in relation to in situ
melting equilibria crossed during different stages
of the P-T-aH,O evolution. The L1 leucosome
with less than 1 vol% of K-feldspar and the L2

leucosome with about 10 vol% of K-feldspar are
interpreted to have been formed under the same
P-T conditions close to the thermal peak but at
different aH,O conditions. The layered leucosome
L1 probably formed at higher aH,O conditions
than the discordant leucosome L2. In contrast, the
cordierite-bearing L3 leucosomes with a relative-
ly high proportion of K-feldspar (15 vol%) are
interpreted to have formed during the decompres-
sion stage at relatively low aH,0O. The origin of
the leucosome vein L-granite remains obscure. On
the basis of phase relationships and field obser-
vations, this leucosome is more likely an injection
from an external source at peak metamorphic con-
ditions than a result of in sifu melting.

Timing

Isotopic dating on garnet-whole rock and mona-
zite as well as ion probe dating on single zircon
grains suggest that the migmatites were metamor-
phosed at ca. 1880 Ma during a single tectono-
metamorphic event. Since there is no evidence of
any earlier event in the study area, it is assumed
that 1880 Ma is the approximate age of the peak
metamorphic event. The fact that both convention-
al methods and ion probe analyses yielded the
same age within error margins indicates that par-
tial melting and formation of different leucosome
generations occurred within a short time interval.
Partial melting started under the peak conditions
of metamorphism together with crystallization of
garnet and growth of unzoned zircon rims, and
continued during the decompression stage simul-
taneously with formation of cordierite.

The core ages of different zircons are hetero-
geneous, which results in a migmatite with mixed
zircon inheritance. Such an inheritance has been
observed in several granitic rocks (e.g. Williams
et al. 1988, Chen & Williams 1990).

Geological implications

The weakly zoned rims of probable magmatic
origin yielded ages of 1951-1959 Ma. These ages
may reflect an early magmatic event prior to the
metamorphic events that was contemporaneous
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with the emplacement of the MORB-type meta-
volcanic rocks occurring in the Tonalite-Trond-
hjemite Migmatite Belt. In addition, the age of the
Knaften granite (195416 Ma) from a Svecofenni-
an volcanic belt in northern Sweden falls within
the same age group possibly indicating a rifting
episode of a Svecofennian protocontinent. How-
ever, given the complexity of zircon ages in these
migmatites and the limited number of analysed
grains, it is possible also that the ca. 1950 Ma ages
are fortuitous.

According to Patino Douce and Harris (1998),
migmatites with K-poor leucosomes may represent
the earliest appearance of melt during prograde
metamorphism in a thickening orogenic belt. This
is consistent with the studied rocks as they are
characterized by K-poor leucosomes and occur in
the Svecofennian domain with crust about 60 km
thick at maximum (Korsman et al. 1999). The lat-
ter authors suggested that extensive magmatic
underplating soon after subduction and crustal
thickening during the Svecofennian Orogeny was
the cause of the high-T/low-P metamorphism. The
rapidly evolved magmatic underplating was
caused by collision of the Svecofennian continent
with the Archaean continent at 1885 Ma, when
subduction was still going on in the southern Fin-
land arc.
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