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ABSTRACT

Garnet—chloritoid-bearing micaschists from the Gran Paradiso massif (Western Alps) contain evidence
of a polymetamorphic evolution. Detailed textural observations reveal that two stages of garnet
growth are present in the micaschists, interpreted as: (i) relics of an early metamorphism of pre-Alpine
age and (ii)) newly grown Alpine garnet, respectively. Both generations of garnet preserve growth
zoning. From THERMOcCALC-based numerical modelling of mineral assemblages in pressure—temperature
(P-T) pseudosections, we infer that garnet 1 grew at increasing temperature and slightly increasing
pressure, whereas garnet 2 grew at decreasing pressure and slightly increasing temperature. Estimated
P-T conditions are ~620 °C, 6 kbar for the peak of the pre-Alpine event, and of 490 °C, 18-20 kbar
for the pressure peak of the Alpine event. Modelling of the modal proportion and chemical
composition of garnet (i) shows that the subsequent decompression (to 14-15 kbar at 550 °C) must
have been accompanied by moderate heating and (ii) does not support a stage of final temperature
increase following decompressional cooling. This argues against a late thermal pulse associated with
mantle delamination. Preservation of growth zoning in both generations of garnet and the limited
amount of diffusive re-equilibration at the boundary between the two garnets suggests that the rocks
were subjected to fast burial and exhumation rates, consistent with data obtained from other internal
Alpine units.
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INTRODUCTION

Most collision zones involve slices of continental crust
that have been reworked during several, possibly
unrelated, episodes. During the later metamorphic
episodes, relics of the early history are progressively
erased. However, traces of earlier metamorphic stages
can be preserved either in low-strain domains, or
within relic prekinematic phases in high-strain do-
mains (e.g. garnet). Therefore, identification of several
growth stages of garnet porphyroblasts is a potential
tool for deciphering such complex histories.

Criteria for recognizing multi-stage garnet include:
(1) overgrowths on preexisting grains; (ii) a bimodal
grain-size distribution; (iii) differences in the geometry
and/or nature of phases included in the two types of
garnet; and (iv) chemical discontinuities at the
boundary between garnet cores and their overgrowths,
or systematic chemical differences between the two size
classes of garnet crystals within a single rock (Rumble
& Finnerty, 1974; Karabinos, 1984; von Raumer &
Schwander, 1985; Madhjoub et al., 1997; Dachs &
Proyer, 2001; Faryad & Hoinkes, 2003; Vry et al.,
2004; Faryad & Chakraborty, 2005). However, with
increasing temperature, intracrystalline diffusion
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within garnet (Tracy, 1982; Loomis, 1983; Robinson,
1991) tends to erase both the chemical difference be-
tween garnet grains and the chemical discontinuity
between garnet cores and rims. Moreover, inclusions in
the garnet may also be chemically re-equilibrated or
may react with their host (Whitney, 1991; Perchuk
et al., 2005).

In this study, we describe metapelite samples from
Gran Paradiso, in the internal zones of the Western
Alps. The samples contain multi-stage garnet that has
been previously used to infer: (i) a polycyclic history
of the Pennine basement, i.e. eclogite facies para-
geneses of Alpine age overprinting the earlier, pre-
Alpine (Variscan) assemblages and (ii) a late
temperature increase during decompression (Borghi
et al., 1985; Sandrone & Borghi, 1992; Borghi &
Sandrone, 1995; Borghi et al., 1996), potentially
caused by mantle delamination (Brouwer et al., 2004).
Our aim is (i) to assess how suitable multi-stage gar-
net is to yield information about the P—T evolution of
polymetamorphic rocks, and (ii) to better constrain
the shape of the pressure-temperature (P-7) path
followed by the Gran Paradiso rocks and the P-T
conditions of both metamorphic events using calcu-
lated phase diagrams.
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GEOLOGICAL SETTING

The Western Alps

The Western Alps result from the collision of a
southern (Adriatic) plate with a northern (European)
plate, initially separated by the Piemont-Ligurian
Ocean. After subduction of the oceanic crust, the distal
part of the European palacomargin (the Penninic
units), as well as slices of the Adriatic margin (the
Austroalpine units), were buried at moderate to great
depths. Consequently, eclogite facies metamorphism
took place in portions of both the Penninic and the
Austroalpine units, reworking the former pre-Alpine
basement. The overall pattern of the Alpine meta-
morphism is characterized by an eastward increase of
metamorphic grade (Bertrand, 1894; Ernst, 1973; Frey
et al., 1974; Desmons et al., 1999a).

Evidence for the polymetamorphic history of the
continental crust (Fig. 1) has been reported in several
units from the Western Alps. In the external zone,
most of the pre-Alpine basement is left undeformed or
was reworked along narrow shear zones taking place
at sub-greenschist to greenschist facies conditions
(Choukroune & Gapais, 1983; Leloup et al., 2005).
Consequently, the P-T history of the pre-Alpine
basement in the external zone is well understood, e.g.
in the Aiguilles Rouges massif (von Raumer & Bussy,
2004), the Belledonne massif, or the Argentera massif
(Rubatto et al., 2001).

Overprinting of the pre-Alpine metamorphism be-
comes more intense towards the East, in the internal
(Penninic and Austroalpine) Alpine zones. In the
external Penninic units (i.e. the Briangonnais—Grand
Saint Bernard), greenschist facies to blueschist facies
parageneses overprint the pre-Alpine basement. In
some cases, the pre-Alpine mineral assemblages are
well preserved (Desmons & Ghent, 1977; Desmons,
1992; Desmons et al., 1999b), like in the garnet—
staurolite-biotite-bearing metapelites from the Sapey
(Detraz & Loubat, 1984) and Mont Mort (Burri, 1983;
Thélin, 1992; Giorgis et al., 1999) areas. In some cases,
the Alpine metamorphic overprint is recorded by a new
stage of garnet growth, like in the Ruitor massif
(Desmons et al., 1977; Laduron & Desmons, 1981), the
Valsavarenche area (Malusa, 2005) and the Ambin
massif (Ganne et al., 2003).

In more internal Penninic units (Monte Rosa, Gran
Paradiso, Dora-Maira), eclogite facies parageneses
developed during the Alpine history (Dal Piaz &

Lombardo, 1986). Pre-Alpine relics are preserved ei-
ther in low-strain domains (Bearth, 1952; Dal Piaz,
1966; Compagnoni & Lombardo, 1974; Le Bayon &
Ballévre, 2006) or as prekinematic porphyroclasts in
high-strain domains. Multi-stage garnet has been re-
ported in some micaschists (Dal Piaz, 1963; Borghi
et al., 1985; Sandrone & Borghi, 1992; Bouffette et al.,
1993; Borghi et al., 1996; Matsumoto & Hirajima,
2000; Le Bayon, 2003).

Finally, in the Austroalpine basement, rare relics of
high-grade pre-Alpine rocks survived the Alpine
eclogite facies event (Compagnoni, 1977; Lardeaux
et al., 1982; Hy, 1984; Vuichard & Ballévre, 1988;
Lardeaux & Spalla, 1991; Rebay & Spalla, 2001) and
some micaschists display multi-stage garnet (Com-
pagnoni, 1977; Dal Piaz et al., 1983; Hy, 1984; Faryad
& Chakraborty, 2005).

The Gran Paradiso Massif

The Gran Paradiso massif (like the Dora-Maira and
Monte Rosa massifs) is a large tectonic window, which
consists of a subducted continental crust underlying
eclogite facies oceanic units. The northern part of the
Gran Paradiso massif consists of two main units, the
Money Unit and the overlying Gran Paradiso Unit
(Compagnoni et al., 1974; Le Bayon & Ballevre, 2006).

The Money Unit mainly consists of graphite-rich
metapelites and metaconglomeratic layers intruded by
the late Variscan Erfaulet granite. These rocks contain
exclusively Alpine metamorphic minerals, and pre-Al-
pine relics are lacking (Compagnoni ef al., 1974) with
the local exception of pre-Alpine garnet related to the
contact metamorphism associated with the intrusion of
the Erfaulet metagranite (Le Bayon & Ballévre, 2004).

The Gran Paradiso Unit essentially consists of au-
gen-gneisses derived from porphyritic granitoids of late
Palaeozoic age (Bertrand et al., 2000) intruded into
metasediments containing lenses of basic rocks deri-
ving either from pre-Alpine amphibolites (Compag-
noni & Lombardo, 1974; Battiston et al., 1984;
Benciolini et al., 1984; Dal Piaz & Lombardo, 1986;
Ballevre, 1988; Biino & Pognante, 1989; Brouwer
et al., 2002) or from late Variscan gabbros (Pognante
et al., 1987). The metasediments display relics of pre-
Alpine layering in low-strain domains and relics of pre-
Alpine metamorphic minerals in high-strain domains,
namely sillimanite inclusions in muscovite porphyro-
clasts and pre-Alpine garnet (Callegari et al., 1969;
Compagnoni & Prato, 1969; Compagnoni et al., 1974)

Fig. 1. Simplified structural map of the Western Alps, showing the distribution of pre-Alpine relics in continental basement units. In
the external Penninic units (Ambin, Vanoise, Grand Saint Bernard), Alpine metamorphism reaches the epidote blueschist facies
(Bocquet, 1974; Desmons et al., 1977; Desmons, 1992; Desmons et al., 1999a). In the internal Penninic Units (Monte Rosa, Gran
Paradiso, and Dora-Maira), the Alpine eclogite facies event overprints pre-Alpine, amphibolite facies assemblages: two garnet gen-
erations are therefore observed in most samples preserving relics of the pre-Alpine event. The same rule holds for the Austroalpine
Sesia zone, where the pre-Alpine (Permian) event reached amphibolite to granulite facies conditions (Lardeaux et al., 1982; Lardeaux
& Spalla, 1991; Rebay & Spalla, 2001). The various symbols (square, triangle and circle) represent the Alpine parageneses in rocks with

two generations of garnet.
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Fig. 2. Simplified geological maps of the northern part of the Gran Paradiso Massif, showing the location of the high-temperature
(pre-Alpine) mineral relics (a) and the main occurrences of key high-pressure (Alpine) mineral parageneses (b). The location of the
main studied sample (FICH3A; Alpe Fichelin, Valnontey valley) is also indicated. The garnet + albite-bearing “Tsésére micaschists’

are the band just above the thrust south of the Punta Tsésere.

(Fig. 2). The overprinting eclogite facies assemblages
of Alpine age are identified in both the metabasic and
the metasedimentary rocks of the Gran Paradiso Unit
(Compagnoni & Lombardo, 1974; Chopin, 1981; Dal
Piaz, 1993; Brouwer et al., 2002).

Most of the P-T estimates in the Gran Paradiso
Unit have been realized on these two lithologies.
Eclogites from the Gran Paradiso Unit yielded mini-
mum P-T conditions for the eclogite facies event of
~12-14 kbar, 500-550 °C (Benciolini et al., 1984;
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Ballevre, 1988; Brouwer et al., 2002). The Al- and Mg-
rich micaschists (the so-called ‘whiteschists’ or ‘silvery
micaschists’) display unusual parageneses, including
chloritoid, talc and phengite (Compagnoni & Lom-
bardo, 1974; Chopin, 1981; Meffan-Main et al., 2004).
They record eclogite facies conditions of the order of
21-23 kbar and 540-570 °C (Vidal et al., 2001; Wei &
Powell, 2003, 2004).

The rocks re-equilibrated during decompression at
~500-550 °C, 4-6 kbar (e.g. Ballévre, 1988; Borghi
et al., 1996; Brouwer, 2000; Brouwer et al., 2002).
However, some authors argue that rather than a simple
decompressional recrystallization, this re-equilibration
represents a late-Alpine metamorphic overprint, asso-
ciated with a temperature increase, that occurred after
an initial stage of cooling during decompression
(Borghi et al., 1996; Brouwer et al., 2002, 2004).

MULTI-STAGE GARNET IN GRAN PARADISO

In the Gran Paradiso Unit, Borghi et al. (1996) argued
that three garnet generations are present in the mi-
caschists, namely a pre-Alpine, an early-Alpine (i.e.
eclogitic) and a late-Alpine generation. Following a
detailed study of the northern part of the Gran Para-
diso massif (Le Bayon & Ballévre, 2006) including new
mapping at 1/25 000 scale, we have been able to
identify two main lithologies containing multi-stage
garnet.

Garnet—hloritoid-bearing micaschists have been
found in two valleys (Valnontey and Valeille) in the
Gran Paradiso massif (Fig. 2). These micaschists dis-
appear towards the south, because they are affected by
a kilometre-scale isoclinal fold with an east-west-
trending axis (Fig. 2). At outcrop to sample scale, the
garnet—chloritoid micaschists show two main phases of
deformation: (i) relics of an early, microfolded schist-
osity (Sa1) best displayed at sample scale in centimetre-
thick microlithons; and (ii) narrow, penetrative cren-
ulation planes (Sa,) that are parallel to the axial plane
of the main, kilometre-scale isoclinal fold (Fig. 3a).

Locally, narrow shear bands oblique to Sa, are ob-
served. In detail, the garnet—chloritoid-bearing micas-
chists have different appearance according to the
relative amount of quartz, white mica and chloritoid.
Some samples display a large amount of white mica,
numerous centimetre-sized garnet (0.5-1 cm) and a few
chloritoid crystals. Other samples have a higher
amount of quartz compared with white mica, and they
display conspicuous, centimetre-sized aggregates of
chloritoid (Fig. 3b). In both types, small, millimetre-
sized subhedral to euhedral garnet is present in the
matrix. Bimodal distribution of garnet size and narrow
overgrowths on large garnet grains suggest two stages
of garnet crystallization (Fig. 4a).

A layer of garnet—albite-bearing paragneisses is
mapped from the left bank of the Valnontey to the
right bank of the Bardoney valley (the so-called “Tsé-
sére micaschists’ of Borghi ef al., 1996; Fig. 2). These
paragneisses are characterized by conspicuous, centi-
metre-sized garnet in a matrix essentially consisting of
quartz, albite, white mica, biotite, chlorite and milli-
metre-sized garnet. As reported by Borghi et al. (1996),
the bimodal distribution of garnet sizes observed in
most samples suggests two stages of garnet growth.

Textural relationships in the garnet—chloritoid micaschists

In order to investigate the P-T history of the rocks
containing multi-stage garnet, several dozen samples
were examined, from which a few were selected for
mineral chemical analysis. The general characteristics
of the garnet—chloritoid micaschists are described be-
low, and best illustrated by the sample FICH3A
(Figs 3 & 4).

First, an early foliation (Sp;) is defined by the
alignment of quartz grains, white mica, chloritoid,
elongated rutile grains (surrounded by an ilmenite rim;
Fig. 4b) and rare chlorite crystals. This foliation is
microfolded with various intensity and a second
foliation (Sa2) develops in the axial plane of these
folds. In places, Sa; is a spaced cleavage that bounds

Fig. 3. Garnet—chloritoid-bearing micaschists (Pian di Ressello, Valnontey). (a) Folded schistosity (S;) in microlithons bounded by
narrow foliation planes (Sx»); (b) centimetre-sized chloritoid aggregates in the foliation plane (Sa»z).
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Fig. 4. Photomicrographs of sample FICH3A. (a) Two generations of garnet (garnet 1 and garnet 2) are suggested by the bimodal
distribution of grain size. Because the thin section is cut parallel to the stretching lineation, Sa; and S, are not distinguishable.
Alignment of white mica (Wm), chloritoid (Cld) and rutile (Rt) defines the foliation; (b) ilmenite (Ilm2) growth around rutile in the
matrix; (c) incipient biotite growth at the contact between garnet and phengite; (d) Grt-Cld-Wm foliation deformed by late, chlorite
(Chl)-bearing, shear bands.

Sai-bearing microlithons (Fig. 3a), elsewhere Sa» more abundant where the development of S5 is more
entirely overprints Sa;. There is no mineralogical intense. Chlorite is also present in the narrow shear
difference between the two foliations, but chlorite is bands cross-cutting S, (Fig. 4d).

© 2006 Blackwell Publishing Ltd



MULTI-STAGE GARNETS IN GRAN PARADISO 483

Second, centimetre-sized oblate aggregates of chlor-
itoid crystals (Fig. 3b) are essentially made of pale,
pleochroic chloritoid containing a few rutile inclusions,
and some chlorite. The chloritoid plates are elongated
parallel to the early foliation S, that wraps around the
aggregates, and are gently microfolded by the crenu-
lation Sp,. Consequently, it may be suggested that the
aggregates represent pseudomorphs after a pre-Sx;
phase recrystallized during Sa;. Given the Al-rich
chemical composition of chloritoid, the pseudomor-
phosed phase could have been staurolite. Chloritoid
pseudomorphs after staurolite have indeed been found
in the pre-Alpine basement of the Grand Saint Bernard
area (Burri, 1983; Thélin, 1992), where the Alpine
overprint is less intense compared with the studied area.

Flattened chlorite—albite aggregates of variable
shape, 1-3 mm in size, are present in the matrix.
Although mineralogy suggests that they may represent
pseudomorphs after glaucophane, their shape is
inconclusive.

Third, two types of garnet grains have been observed
in these micaschists (Fig. 4a). (i) Large (0.5-1 cm)
rounded garnet grains are wrapped by the mica foli-
ation and display an inclusion-rich core and a narrow,
inclusion-poor rim. Inclusions within the garnet cores
consist of ilmenite, allanite, phengite and elongated,
subrectangular, aggregates essentially consisting of
ovoid to rounded rutile crystals and a few phengite
grains. The form of the rutile-phengite aggregates and

Table 1. Representative mineral analyses from sample FICH3A.

their chemical composition suggest that they may
represent pseudomorphs after ilmenite. Inclusions in
garnet cores are not aligned. The boundary between
garnet cores and garnet rims is marked by minute
quartz inclusions. Rutile inclusions are locally present
in garnet rims. Unlike rutile in garnet cores, the latter
forms individual prisms or needles rather than aggre-
gates with phengite. (i) Abundant small subhedral to
euhedral garnet grains (0.05-0.5 mm) are dispersed in
the matrix. They contain rare rutile inclusions and are
in textural equilibrium with white mica, quartz and
chloritoid in the foliation. Locally, biotite crystals
grow at the garnet—phengite interface (Fig. 4c), mainly
not only replacing phengite but also invading garnet,
suggesting that biotite formed at the expense of both
garnet and phengite.

Mineral chemistry

Chemical analyses of coexisting minerals in several
samples have been performed with a Cameca SX50
electron microprobe (Microsonde Ouest, Brest,
France). Operating conditions for spot analyses were
15 kV accelerating voltage, 20 nA sample current and
10 s counting time. Standards were albite (Na), or-
thoclase (K), corundum (Al), wollastonite (Ca, Si),
forsterite (Mg), MnTiO3 (Mn, Ti), Fe,O3 (Fe) and
Cr,03 (Cr). Representative mineral analyses are given
in Table 1.

Mineral: Phengite Phengite Phengite Paragonite Garnet 1 Garnet 1 Garnet 2 Garnet 2 Chloritoid Chlorite Ilmenite 2 Biotite Albite
Analysis: 168 167 2 265 298 54 28 10 86 143 117 91 133
Position: Matrix Matrix Grt inclusion Matrix Core Rim Core Rim Matrix Matrix Matrix Grt rim +chl
(core) (rim)
SiO, 50.64 47.29 50.78 47.40 36.58 35.69 36.50 36.44 24.67 24.10 0.00 34.36 69.29
TiO, 0.24 0.13 0.81 0.10 0.01 0.07 0.03 0.00 0.00 0.04 53.41 1.59 0.00
AlL,O3 27.05 34.23 26.12 39.03 20.98 20.61 21.26 21.21 40.66 2221 0.06 18.41 19.25
Cr,04 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.04 0.00
FeO* 2.67 1.95 2.67 0.53 33.73 38.49 3242 36.08 24.34 30.99 45.45 21.54 0.00
MnO 0.00 0.00 0.04 0.00 347 1.17 1.67 0.91 0.16 0.14 0.88 0.13 0.01
MgO 3.32 1.06 3.16 0.08 1.51 2.50 1.56 2.24 2.59 10.53 0.03 7.33 0.00
CaO 0.00 0.02 0.00 0.07 3.80 1.81 6.43 3.02 0.00 0.00 0.00 0.13 0.06
Na,O 0.26 1.07 0.24 7.04 0.02 0.05 0.00 0.02 0.02 0.02 0.00 0.14 11.57
K,0 10.84 9.94 10.33 0.89 0.01 0.00 0.00 0.00 0.00 0.01 0.00 7.75 0.04
Total 95.02 95.69 94.17 95.13 100.10 100.37 99.87 99.92 92.47 88.05 99.83 91.43 100.22
Oxygen 22 22 22 22 24 24 24 24 6 14 3 22 32
Si 6.80 6.27 6.86 6.06 5.94 5.84 5.90 591 1.02 2.61 0.00 5.48 11.97
Al 4.28 5.35 4.16 5.89 4.02 3.97 4.05 4.06 1.98 2.84 0.00 3.46 3.99
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Ti 0.02 0.01 0.08 0.01 0.00 0.01 0.00 0.00 0.00 0.00 1.01 0.19 0.00
Fe* 0.30 0.22 0.30 0.06 4.58 5.26 4.38 4.89 0.84 2.81 0.96 2.87 0.03
Mn 0.00 0.00 0.00 0.00 0.48 0.16 0.23 0.12 0.01 0.01 0.02 0.02 0.00
Mg 0.66 0.21 0.64 0.02 0.36 0.61 0.37 0.54 0.16 1.70 0.00 1.74 0.00
Ca 0.00 0.00 0.00 0.01 0.66 0.32 1.11 0.53 0.00 0.00 0.00 0.02 0.03
Na 0.07 0.28 0.06 1.74 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.04 3.94
K 1.86 1.68 1.78 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.58 0.03
Total 14.00 14.02 13.89 13.93 16.00 16.18 16.06 16.06 4.00 9.97 1.99 15.41 20.01
Xre 0.31 0.51 0.32 0.78 0.93 0.90 0.92 0.90 0.84 0.62 0.62
Xna/Xan 0.04 0.14 0.03 0.92 0.01
Alm 0.75 0.83 0.72 0.80
Sps 0.08 0.03 0.04 0.02
Prp 0.06 0.10 0.06 0.09
Grs 0.11 0.05 0.18 0.09

*All Fe is assumed to be divalent.
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Garnet

Both types of garnet are almandine-rich and strongly
zoned. However, differences in the zoning pattern al-
low an unequivocal distinction between the two types.
X-ray element maps for Ca, Mn, Mg, Fe and Ti real-
ized on several garnet crystals in several samples and
best illustrated in the garnet—chloritoid micaschist
sample FICH3A (Fig. 5a) show that: (i) the optical
discontinuity in large garnet porphyroblasts between
core (garnet 1) and rim overgrowths (garnet 2) coin-
cides with a strong chemical discontinuity; and (ii) the
small garnet crystals in the matrix have the same
composition as the narrow overgrowths around the
larger grains, corresponding therefore both to the same
garnet generation (garnet 2).

Chemical zoning in garnet 1 (Fig. 5b) is characterized
by a core-to-rim decrease in grossular (from 11 to 4—
5 mol.%) and spessartine contents (from 8-10 to
3 mol.%) compensated by an increase in the contents of
almandine (from 7075 to 83 mol.%) and pyrope (from
4-6 to 10 mol.%). Xg. [= Fe/(Fe + Mg)] decreases
smoothly from 0.94 to 0.89 (locally as low as 0.85).

Chemical zoning is also observed in garnet 2
(Fig. 5b, ¢). The innermost part of garnet 2 (Grt2a) is
characterized by a slight increase in grossular content
(from 15 to 18-20 mol.%) and a decrease of the Xp.
ratio (from 0.93 to 0.92). The transition towards the
outer part of garnet 2 is marked by a narrow zone
(~20 um) of strong but continuous decrease of Xp.
and the grossular content. The outer part of garnet 2
(Grt2b) is characterized by a low grossular content
(8 mol.%) and a low X%, ratio (0.90). The spessartine
content decreases smoothly from the core to the rim
(from a maximum of 8§ to 2 mol.%).

The transition from garnet 1 rims to the garnet 2
overgrowths is therefore marked by a sharp composi-
tional discontinuity, best exemplified by the jump in
grossular content from 4-5 to 15 mol.% (Fig. 5).
Figure 5b,c also documents the differences in diffu-
sional behaviour between different elements across the
boundary of garnet 1 and 2. Virtually no exchange is
observed for Ca, but Mn and X, display a re-equili-
bration across ~50 um. In agreement with other
studies (Hiroi & Ellis, 1994; Lanzirotti, 1995; Spear &
Kohn, 1996), this implies that whereas the grossular
content of garnet is a robust and reliable indicator of
the metamorphic evolution, the Xg. ratio and espe-
cially the spessartine content are more easily re-equi-
librated and therefore less useful for quantitatively
identifying P—T conditions.

Furthermore, X-ray element maps for garnet 1 have
revealed the occurrence of domains with compositions
similar to those of the inner part of garnet 2 (Figs 5 &
6). Such domains occur in two situations.

First, they define narrow, linear zones that end up at
the boundary with garnet 2 (Fig. 6). Optically, these
linear domains are only barely identifiable, except for
the alignment of a few minute inclusions (mostly tiny

(b)
100
00 L™ st st
S
. B,
80 [=2 st o
e . %ﬁ“’"@e@%@
— % A
g 70 7&§—Sealed
+ & ifractures
20L G | ~
BN
< O Grs 3
101, 4 s
i A - a
ol i Prp Sps -
0 500 1000 1500 2000 2500 3000
® um
()
100
QO [ . XFe&M«mm e
80 Lzt 0.2 0 B, SR TS S IP s PV
o y Alm :
% 70 W o
g = Grt 2 Grt 1 Grt2 —
20 G
Grs
S 5,

0 150 300 450 600 750

© um )

Fig. 5. Chemical composition of a large garnet in sample FI-
CH3A. X-ray element map for Ca (a) and chemical zoning
profile along a north—south line through the garnet core (b).

white mica). They are interpreted as former fractures
that cut across garnet 1, and were sealed during the
growth of garnet 2. Garnet composition in these frac-
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e
15 kV

Fig. 6. Detail of the garnet rim from Fig. 5. (a) Photomicrograph, (b) Ca X-ray map revealing the presence of sealed fractures.

tures is the same as that of the inner part of garnet 2
(especially for the high Grs content). These sealed
fractures imaged by the X-ray maps indicate that
garnet 1 experienced brittle deformation before the
new stage of growth.

Second, aggregates of rutile and phengite in garnet
cores are surrounded by a narrow, grossular-rich do-
main (Fig. 7), the composition of which is similar to
the Grs-rich garnet 2. This domain was connected via
the now sealed fractures to the matrix, as revealed by
X-ray element maps. Ilmenite inclusions found in
garnet cores and unaffected by the fractures are not
surrounded by such a Ca-rich domain. It is therefore

thought that the rutile—phengite aggregates derive
from former ilmenite inclusions that have been re-
equilibrated in an open system because of former
connections with the matrix.

Other minerals

Chemical composition of chloritoid is homogeneous
[Xge = 0.80-0.85;  Xmn = Mn/(Mn + Fe + Mg) =
0.009-0.01], and the crystals do not display chemical
zoning. Chlorite in the matrix displays a relatively
homogeneous chemical composition (Xg, = 0.57-0.59;
Xar12 = 0.64-0.68; Xy, = 0.001-0.004). Chlorite in

Ca kv 4

Fig. 7. Detail of the garnet core from Fig. 5, surrounding a subrectangular rutile (+ phengite) aggregate. (a) Microphotograph, (b) Ca
X-ray map revealing the presence of a Ca-rich zone at the contact between the former inclusion and the garnet host.
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Fig. 8. Muscovite composition. A negative correlation exists
between the Si-content (apfu) and the Xy, (= Na/Na + K)
ratio of muscovite. Cores of the crystals are systematically
more Si-rich and Na-poor. Muscovite recrystallized in
re-equilibrated inclusions of garnet 1 (garnet inclusions) have
the same composition as the cores of matrix crystals.

pressure shadows around garnet is more ferrous and
aluminous (Xg, = 0.62; Xa; 12 = 0.70; Xy, = 0.003).

Two types of white mica are present in the sample.
Matrix paragonite has a high Na content [Xn, =
Na/(Na + K) = 0.89-0.96] and a low Ca content
[Xca = Ca/(Ca + Na + K) = 0.001-0.006]. Para-
gonite inclusions in garnet have a higher X, (0.014).
Muscovite is phengitic and displays chemical zoning
(Fig. 8) with a decreasing amount of phengite substi-
tution and an increase in both Xy, and Xg, from core
(Si = 6.60-6.84 apfu; Xy, = 0.04-0.10; Xg. = 0.30-
0.45) to rim (Si = 6.26—6.42 apfu; Xna. = 0.13-0.17;
Xge = 0.50-0.56). Minute phengite inclusions in garnet
1 are located either along sealed fractures or in rutile
aggregates. In both cases, the inclusions have a high Si
content (Si = 6.65-6.86 apfu), their composition being
similar to the cores of matrix grains.

IImenite is present both in garnet 1 cores and in the
matrix. However, the chemical composition is homo-
geneous and independent of the textural position,
characterized by only limited amounts of the pyro-
phanite component (2 mol.%). Plagioclase is almost
pure albite (XA, < 0.01).

To sum up, two metamorphic events can be distin-
guished in the garnet—chloritoid micaschists (Fig. 9).
The first event is recorded by the cores of large garnet
(garnet 1). Inclusions of ilmenite (ilmenite 1) are the
only relic of the associated paragenesis (stage My).
Staurolite now replaced by chloritoid aggregates might
have been a member of this paragenesis. Metamorphic
evolution during this first metamorphic event is
recorded in growth zoning of garnet 1.

The second metamorphic event is recorded by the
crystallization of garnet 2 that overgrows garnet 1. The
early stage of this process is contemporaneous with
open-system re-equilibration of event 1 inclusions and
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Fig. 9. Paragenetic sequence in sample FICH3A deduced from
microtextural observations and microchemical analyses.

then sealing of garnet 1 fractures. This second
metamorphic event (M,) is characterized by the
assemblage garnet + chloritoid + phengite + paragonite +
chlorite + quartz + rutile. Chemical zoning of garnet 2
and the decrease of the phengite substitution in mus-
covite records the metamorphic evolution during this
event. Biotite growth at the expense of garnet and
phengite, replacement of matrix rutile by ilmenite
(ilmenite 2), and chlorite development in the shear
bands characterize the late metamorphic evolution of
the micaschists.

NUMERICAL MODELLING OF MINERAL
ASSEMBLAGES

P-T pseudosections were calculated with THERMOCALC
v. 3.25 (Powell & Holland, 1988) and the internally
consistent thermodynamic dataset 5.5 (Holland &
Powell, 1998: November 2003 upgrade) with two main
objectives: (1) to evaluate the record of the P-T history
of the micaschists provided by the multi-stage garnet;
and (2) to estimate the P-T conditions of the two
metamorphic stages. Two P-T pseudosections were
calculated in the model system MnNCKFMASH and
contoured with compositional isopleths of garnet and
muscovite. The bulk-rock compositions were calcula-
ted using the modal proportions (determined by point
counting) and chemical compositions of the minerals
present. Equilibration at the scale of the thin section
was assumed for the early metamorphic evolution of
the sample (FICH3A) — explored in the first pseudo-
section (Fig. 10). On the other hand, cores of large
garnet are known to strongly fractionate some
components and thereby modify the effective bulk
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Fig. 10. Calculated P-T pseudosection for
sample FICH3A contoured with composi-
tional isopleths of garnet [Xf, (= Fe/

(Fe + Mg) and mol.% of grossular and
spessartine] in order to interpret the zoning
recorded by garnet 1.The bulk composition
(in mol.%) was determined from the mode
and chemical compositions of the minerals,
assuming equilibration at the scale of the
thin section.

P (kbar)

composition available for later recrystallization. Con-
sequently, only the matrix phases, small matrix garnet
and the rims of large garnet (i.e. garnet 2) were
assumed in equilibrium and their mode used for cal-
culation of the effective bulk-rock composition in the
second pseudosection (Fig. 11) used to constrain the
metamorphic evolution of the sample after the cry-
stallization of garnet 1, during the second event.
Finally, as the amount of available H,O has a strong
influence on the retrograde paragenetic evolution of
rocks (e.g. Guiraud et al., 2001; Proyer, 2003), a
pseudosection with a fixed amount of H,O was cal-
culated in order to discuss the late evolution of the
studied sample (Fig. 12).

P-T conditions during garnet 1 growth

As a result of the lack of suitable inclusions in the cores
of large garnet, the preserved chemical zoning and the
possible pseudomorphs after staurolite are the only
indicators of the P-T evolution of the sample during
the first metamorphic stage (Fig. 10). The composition
of the garnet cores (Xg. = 0.94, Grs = 0.11, Sps =
0.09) implies that they equilibrated in the Grt-Chl-Bt-
Pl field, at ~5-6 kbar, 540 °C, where the correspond-
ing isopleths intersect (Fig. 10). The systematic
rimward decrease in X and in the proportions of Grs
and Sps components reflects a temperature increase.
Garnet 1 rims (Xg. = 0.85, Grs =4-5%, Sps =
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2-4%) equilibrated at ~620 °C, 6 kbar, in the Grt-St-
Bt-Pl1 stability field (Fig. 10b). This supports the
hypothesis that the chloritoid aggregates indeed rep-
resent deformed pseudomorphs after staurolite. Under
these P-T conditions, the calculated content of spes-
sartine (4-6%) is higher than that measured in garnet
1 rims. This results from the fact that progressive
fractionation of Mn into the crystallizing garnet has
not been taken into account. However, this has only a
negligible effect on the other compositional variables.

P-T conditions during garnet 2 growth

The second metamorphic assemblage consists of garnet
2, chloritoid, paragonite, phengitic muscovite, quartz,
rutile and rare chlorite. In the calculated pseudosection
(Fig. 11), the corresponding Grt-Cld-Pg-Chl (+ Ms-
Qtz) stability field spans 11-20 kbar and 460-580 °C
(Fig. 11). Because muscovite displays distinct chemical
zoning (Sicore = 6.6-6.8 apfu, Si,, = 6.3-6.4 apfu),
the pseudosection was also contoured for the amount
of Si in muscovite. Si(Ms) isopleths displaying a
slightly positive slope in the Grt-Cld-Chl-Pg stability
field allow good pressure estimation during the second
metamorphic event, yielding a minimum pressure of
18 kbar for the crystallization of the muscovite cores.
Taking into account the chemical composition of the
outer part of garnet 2 cores (Xg. = 0.92-0.93, Grs =
18-20%), P-T conditions of ~490 °C at 18-20 kbar
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Fig. 11. Calculated P-T pseudosection for
sample FICH3A, for a bulk composition
determined assuming that only the matrix
phases and the rims of large garnet (i.e.
garnet 2) were in equilibrium. Glaucophane
was not considered in the calculations (cf.
Fig. 13). Garnet being the only Ca-bearing
phase in the Grt-Cld-Chl-Pg field, the
isopleths of the grossular content (% Grs)
are parallel to the isopleths of garnet mode,
which increases with increasing temperature
(cf. Fig. 12). The orientation of the isopleths
reveals that garnet can only grow on
decompression if heating is involved. The
composition of muscovite cores is more
successfully reproduced in the Grt-absent
Cld-Lws-Pg+ Chl £ Jd fields. Open stars are
P-T conditions deduced from the intersec-
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eths. Accordingly, the sample recorded
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can be suggested for the formation of the Grt2a-Cld-
Chl-Pg (+ Ms-Qtz) paragenesis (Fig. 11). Table 2
documents that there is indeed a good agreement be-
tween the observed and modelled modes and chemical
compositions of these phases. These P-T conditions
also correspond to the conditions at which the sealing
of garnet 1 fractures was accomplished. Nonetheless,
the highest Si contents measured in the muscovite cores
and muscovite ‘inclusions’ in garnet are not modelled
in the pseudosection in the Grt-Cld-Pg-Chl field. These
values (Si > 6.8 apfu) require equilibration at lower
temperatures, in the Grt-absent Cld-Lws-Pg+
Chl+1Jd fields. Indeed, strictly speaking, there is no
evidence that muscovite cores and ‘inclusions’ equili-
brated with the garnet—chloritoid—chlorite-paragonite
paragenesis and their compositional range may reflect
a portion of the P—T path dominated by heating close
to the pressure peak. Additionally, such a P-T evolu-
tion is in agreement with the observed increase of the
grossular content in the cores of garnet 2.

The rim of garnet 2 (Grt2b) is also in equilibrium
with white mica, chloritoid, quartz and rare chlorite.
The composition of garnet 2 rims (X, = 0.90, Grs =
8-10 mol.%) and muscovite growth zoning (Si

decreasing to 6.4-6.3 apfu) suggest decompression
accompanied by moderate heating in the Grt-Cld-Pg-
Chl field to ~14-15 kbar, 540-550 °C (Fig. 11,
Table 2). During this evolution, the mol.% of garnet
and chlorite increases at the expense of chloritoid and
paragonite. Muscovite becomes less phengitic and
more sodic and there is again a good correlation
between the measured and calculated mineral compo-
sitions (Table 2).

Late P-T evolution

Local crystallization of biotite at the garnet—phengite
interface (Fig. 4c) suggests further decompression and
equilibration in biotite-bearing fields. Furthermore, it
is infered from the observed garnet resorption during
this stage, and the modelled slightly negative slope of
the isopleths of garnet mol.% (Fig. 12), that this
decompression was not accompanied by substantial
heating. On the contrary, we believe that cooling is
compatible with the very localized and incomplete re-
cord of this P-T stage. As availability of H,O is
essential for reaction during a P-T evolution involving
cooling (e.g. Guiraud et al., 2001; Proyer, 2003), the
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Table 2. Summary of measured modes (%) Calonlated
and calculated mol.% and selected compo- aleulate
sitional variables of phases crystallized dur- 19.5 kbar—492 °C 14.5 kbar—545 °C
ing the second metamorphic event (M;— P-T stage Measured (May) (Ma2)
Mao).
AZ) Phase Variable Mode Core rim/mx Mode Compo. Mode Compo.
Grt Xre 9.8 0.92 0.90 5.4 0.93 10.6 0.90
Xons 0.18 0.08 0.18 0.09
Xsps 0.06 0.02 0.07 0.04
cld Xiee 4.9 0.80-0.85 123 0.83 0.8 0.80
Xotn 0.01 0.01 0.00
Chl Xre 22 0.57 24 0.51 8.4 0.50
y 0.67 0.51 0.53
Ms Xe 52.8 0.30-0.45 0.50-0.56 52.1 0.45 54.3 0.48
Si(apfu) 6.60-6.80 6.26-6.42 6.72 6.30
Xna 0.04-0.10 0.13-0.17 0.06 0.14
Pg Xna 27.2 0.89-0.96 24.6 0.99 20.8 0.96
Quz 1.6 23 32
H20 0.9 1.9

Chlorite — y = X(ALT2) = (4 - Si)/2; Xy < 0.01.

P-T pseudosection of Fig. 11 was recalculated with a
fixed amount of H,O (Fig. 12). This amount was
estimated so that at peak temperature (inferred from
Fig. 11), the proportion of free fluid phase in the rock
did not exceed 2 mol.%. Compared with Fig. 11, water
undersaturation results in the absence of lawsonite and
clinozoisite and stabilization of biotite at low temper-
atures. Furthermore, the position of garnet mol.%
isopleths suggests that only limited garnet resorption
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results from cooling under water-undersaturated con-
ditions. Moreover, a P-T evolution involving cooling
would rapidly result in fluid-absent conditions, making
complete recrystallization of the rock difficult, which is
in agreement with the observations. Unfortunately, the
local character of recrystallization also implies very
small volumes of equilibration. Consequently, the
pseudosection calculated for a global bulk composition
(albeit without garnet 1) cannot be used rigorously



490 B. LE BAYON ET AL.

(e.g. for comparing the calculated and measured
compositions of late chlorite and biotite or under-
standing the local development of chlorite—plagioclase
aggregates) and can only yield qualitative insights into
the late stages of metamorphic evolution.

DISCUSSION

Role of glaucophane

The possibility that glaucophane was present in the
garnet—chloritoid micaschists cannot be discounted,
although conclusive evidence has not been found de-
spite the local presence of chlorite—albite aggregates.
However, the position of the glaucophane-in equilibria
in the calculated P-T pseudosections depends strongly
on the solid—solution model used (Fig. 13).

Using the model of Wei et al. (2003), glaucophane
appears by virtue of narrow di- and trivariant fields
equivalent to the subisobaric NCKFMASH reaction
Grt + Chl = GIn + Cld (+Ms, Pg, Lws/Zo, Qtz,
H,0) at ~18 kbar (Fig. 13a). This reaction controls
the development of glaucophane in most aluminous
pelitic lithologies, including sample FICH3A, project-
ing between chloritoid and the Grt-Chl joint in the
AFM-type diagram (cf. fig. 5 in Wei & Powell, 2006).
Consequently, moderate variations in bulk composi-
tion could not explain the absence of glaucophane at
pressures above this reaction. According to the posi-

tion of the compositional isopleths, muscovite and
garnet 2 cores would have equilibrated in the Grt-Cld-
Pg-Gln field at P-T conditions identical to those in-
ferred from Fig. 11 — about 18-20 kbar, 490-500 °C.
The small amount of glaucophane present at this stage
(~5 mol.%) could have easily reacted out during
subsequent evolution, identical again to that deduced
from Fig. 11.

On the other hand, if glaucophane is modelled using
the thermodynamic model of Dale et al. (2005), the
NCKFMASH reaction Grt + Chl = Gln + Cld
(+Ms, Pg, Lws/Zo, Qtz, H,O) has a strongly positive
slope (10 kbar at 440 °C, 18 kbar at 550 °C) and the
stability of glaucophane expands considerably towards
low pressures (Fig. 13b). In consequence, the stability
field of the main observed paragenesis Grt-Cld-Chl-Pg
shrinks to merely a narrow band just beyond the Gln-
in line. Moreover, the isopleths of Si(Ms) are shifted
towards high pressures and there is no intersection
between the isopleths corresponding to the composi-
tion of the cores of muscovite and garnet 2. Addi-
tionally, the highest values of Si-content measured in
the muscovite cores and muscovite ‘inclusions’ in
garnet are modelled in the pseudosection only at
extremely high pressures or low temperatures. In
consequence, it is difficult to interpret the observed
equilibrium relations in the framework of this diagram.

The presence of glaucophane in our samples is
uncertain and we believe that investigating the validity
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Fig. 13. P-T pseudosections from Fig. 11 recalculated for glaucophane-bearing equilibria using the glaucophane mixing model of (a)
Wei et al. (2003) and (b) Dale et al. (2005) and contoured with compositional isopleths. Using the model of Wei et al. (2003), the
inferred P-T evolution is identical to that of Fig. 11 (a). On the other hand, the new model strongly extends the glaucophane stability
field and results in a topology and position of the compositional isopleths incompatible with our observations (b). See text for more
detail.
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of various glaucophane models is beyond the scope of
this work. Figure 11 represents the possible case where
glaucophane-bearing equilibria appear only above
22 kbar. Nevertheless, Fig. 13a yields an identical P—T
evolution.

P-T evolution recorded by multi-stage garnet

Summarizing the data provided by the textural analy-
sis, the chemical composition of coexisting phases, and
the numerical modelling allows the following scenario
to be proposed (Fig. 14).

Garnet 1 and ilmenite are the only relics of a first
metamorphic stage, occurring at intermediate pressure
and relatively high temperature (5-7 kbar and 600—
650 °C). The zoning profile in garnet 1 preserved part
of the P-T evolution during this stage (a temperature
increase of ~70-100 °C). This high temperature stage
is attributed to a pre-Alpine (Variscan) event (My).

Alpine Event

3) Stage Ma1 - Garnet 2 growth
(+Cld, Pg, Chl)

4) Stage

Ma2
o &~

These inferred P-T conditions are located close to the
Ky-Sil transition in P-T space. Subsequent decom-
pression, possibly accompanied by moderate heating is
compatible with the observed presence of sillimanite in
other lithologies. No other estimation of the P-T
conditions of the pre-Alpine event is available in Gran
Paradiso. However, this result is compatible with those
obtained in other Penninic units, like the Mont Mort
area in the Grand Saint Bernard nappe (Thélin, 1992)
or in the Ambin massif (Ganne et al., 2003).

The second metamorphic event, occurred at relat-
ively high pressure (~18-20 kbar and 490 °C). A sec-
ond stage of garnet growth (garnet 2) took place,
producing either overgrowths on pre-existing grains, or
new crystals in the matrix, in equilibrium with chlori-
toid, chlorite, paragonite, phengite and rutile. Because
of the high pressures attained, this event is attributed
to the continental subduction of early-Alpine age
(May). Estimates of the P-T conditions for the eclogite

Prealpine Event
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(+St, Bt, PI)
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Fig. 14. Schematic diagram showing the evolution of the multi-stage garnet from the Gran Paradiso garnet—chloritoid micaschists.
Garnet | records initial prograde growth during the pre-Alpine (Variscan) history, followed by partial dissolution and fracturing
(possibly during exhumation of the Variscan rocks). Garnet 2 represents a new stage of growth, which developed during subduction/
exhumation of the European continental crust in the convergent zone between Adria and Europe. Fractures are healed with garnet 2
and most inclusions are pseudomorphed by new minerals. Exhumation of the subducted crust has been accompanied by continued
garnet growth at slightly increasing temperature. Further exhumation, accompanied by cooling, resulted in limited garnet resorption
and local crystallization of biotite. The portion of the P-T path involving late heating at low pressures, proposed by Brouwer et al.
(2002), is indicated as a dotted line for comparison.
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facies event in the Gran Paradiso massif are not wholly
consistent with our calculations. The results obtained
by Brouwer et al. (2002) suggest significantly lower
pressures with respect to our results. However, this
arises from the fact that the method used by these
authors (Jd-Qtz-Ab geobarometry) is only able to yield
minimum pressure estimates in eclogites. Using the
whiteschists, Wei & Powell (2003, 2004), based on
previous studies by Chopin (1981), calculated higher
peak pressures (of the order of 21-23 kbar). However,
those samples were collected in the region of Bonneval,
in the south-westernmost part of the Gran Paradiso
massif, more than 30 km from our sample. Conse-
quently, the difference with our results probably
reflects the existence of a metamorphic field gradient in
the Gran Paradiso massif. Indeed, significant P-T
gradients are known to exist in other eclogite facies
units (e.g. Heinrich, 1986; Dale & Holland, 2003).

Continued garnet growth is recorded by the zoning
profile of garnet 2, and the calculated pseudosection
indicates that the zoning records decompression at
slightly increasing temperature to ~14-15 kbar, 540-
550 °C (Ma»). Further decompression and cooling led
to the development of lower pressure parageneses,
including biotite, chlorite, paragonite, Si-poor mus-
covite, ilmenite and locally albite. However, because
of incomplete re-equilibration, the shape of the P-T
path during this stage is poorly constrained. The
narrow, chlorite-bearing shear bands that represent
the latest increments of strain at the end of the
ductile deformation of the studied samples developed
during these waning stages of the metamorphic
history.

Two or three garnet generations?

The occurrence of multi-stage garnet has already been
described in the European continental basement from
the Western Alps (Fig. 1). In general, two garnet
generations have been recognized, namely a pre-Alpine
garnet (as large, relic grains), and an Alpine garnet (as
overgrowths or as small euhedral crystals). Locally,
however, three garnet generations have been described
in metapelites from the Dora-Maira massif (Borghi
et al., 1985; Sandrone & Borghi, 1992) and the Gran
Paradiso massif (Borghi ef al., 1996): they were as-
cribed to a pre-Alpine stage, an early-Alpine (high
pressure) and a late-Alpine (low pressure) stage,
respectively. Based on the interpretations of Borghi
et al. (1996), Brouwer et al. (2002) argued for a late
thermal pulse related to mantle delamination during
the late-Alpine tectonic evolution.

In this study, we have shown that large garnet grains
(garnet 1) are the main relics of the pre-Alpine meta-
morphic event, occurring at relatively low pressure and
high temperature. The low temperatures estimated for
the Alpine metamorphism (max. 500-550 °C) and the
short duration of the Alpine high-pressure stage (cf.
Rubatto & Hermann, 2001) may have prevented dif-

fusive re-equilibration of the pre-Alpine garnet.
Therefore, garnet 1 preserves its growth zoning and
displays features related to its partial dissolution be-
fore the growth of garnet 2, and even fractures sealed
by garnet 2. Fractures and dissolution may have been
accompanied by partial replacement of pre-Alpine
garnet by chlorite and/or biotite, as described in the
Ruitor and Grand Saint Bernard area (Burri, 1983;
Thélin, 1992). In these areas, the Alpine overprint oc-
curred at lower P-T conditions compared with Gran
Paradiso, and the pre-Alpine fractures were not sealed
during a second stage of garnet growth. The occur-
rence of sealed fractures in garnet has been observed in
other eclogite facies rocks, for example, in Proterozoic
granulites reworked during the Caledonian orogeny
(Erambert & Austrheim, 1993; Engvik et al., 2000).
Re-equilibration of inclusions has also been described
in garnet from medium- to high-grade rocks (Whitney,
1991), and has been reproduced experimentally (Per-
chuk et al., 2005). In both cases, the processes involved
some elemental exchange with the matrix.

Garnet 2 is characterized by a slightly zoned gros-
sular-rich (15-20%) core and a homogeneous grossu-
lar-poor (8%) rim. This pattern suggests that the rims
of garnet 2 represent a third generation of garnet
growth. However, careful observation of the narrow
transitional zone between garnet 2 cores and rims re-
veals a strong but continuous decrease of the grossular
content (Fig. 5c), unlike the truly discontinuous
transition between garnet 1 and garnet 2. No evidence
of garnet resorption is documented within garnet 2.
Accordingly, it is clear that only one generation of
garnet crystallized continuously during the second,
Alpine metamorphic event. The P-T evolution pro-
posed for this event in Fig. 11 would produce a smooth
core-to-rim decrease in grossular, rather than the ‘step-
like’ zoning pattern observed. However, as garnet is the
only Ca-bearing phase in the Grt-Cld-Chl-Pg field
(Fig. 11), garnet mol.% 1is directly related to the
grossular content. Consequently, an equilibrium cry-
stallization would yield the same smooth zoning pat-
tern for any P-T path involving continuous garnet
growth, whatever the exact shape of the path. It is then
necessary to call on kinetic factors to explain the ob-
served type of garnet 2 zoning. These may be related,
for instance, to an accelerated exhumation rate be-
tween M1 and M, when garnet growth failed to keep
pace with the evolution of P-T conditions.

The small garnet 2 crystals and overgrowths on
garnet 1 therefore record a P—T evolution at decreasing
pressure and slightly increasing temperature. This re-
sult is at variance with the P-T path proposed by
Ballevre (1988), who suggested a near-isothermal
decompression, as well as Borghi ez al. (1996), who
argued that two generations of Alpine garnet were
present, recording the pressure peak and a late tem-
perature increase, respectively, after initial decom-
pression and cooling. Two arguments against the latter
hypothesis are as follows.
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First, the evidence presented by Borghi ef al. (1996)
is open to question because the three garnet genera-
tions do not occur in the same rock. Specifically, the
authors recognized pre-Alpine garnet with Alpine
overgrowths in the Tsésere micaschists, an observation
confirmed by our study. Nevertheless, the third garnet
generation was found in another rock type, and its
identification is mainly based on its difference in
chemistry with respect to both garnet 1 and garnet 2.
We consider that this difference is due to the bulk-rock
chemistry, hence the different mol.% as well as
chemical composition of garnet. Several garnet gener-
ations cannot be distinguished using observations from
rocks with different bulk chemistries.

Second, on decompression, the mol.% of garnet in
the calculated pseudosection increases with increasing
temperature (Fig. 12). This means that: (i) any de-
crease in temperature during decompression would
have been accompanied by garnet dissolution and (ii)
any late increase in temperature, at pressures lower
than 10 kbar, would have been recorded by garnet as
well as biotite growth. However, biotite growth is
accompanied by a moderate dissolution (rather than
growth) of garnet in our samples.

The occurrence of two, rather than three, garnet
generations is consistent with studies in other Penninic
units, like the Dora-Maira (Matsumoto & Hirajima,
2000), where the samples studied are closely similar to
those used in the present study.

CONCLUSIONS

1 The garnet—chloritoid micaschists from the Gran
Paradiso Unit contain multi-stage garnet, with relics of
an early, high-temperature event of pre-Alpine age
present as cores of large garnet, later fractured and
partly dissolved, and narrow overgrowths and newly
grown garnet of small size, of Alpine age. This obser-
vation is consistent with previous reports in the Gran
Paradiso Unit (Borghi & Sandrone, 1995) as well as
many other pre-Alpine basements in the Western Alps
(Fig. 1).

2 Growth zoning is preserved in both generations of
garnet, suggesting that garnet 1 grew at increasing
temperature and slightly increasing pressure, whereas
garnet 2 grew at slightly increasing temperature and
decreasing pressure. Estimated P—T conditions are of
~620 °C, 6 kbar for the peak of the pre-Alpine event,
and 490 °C, 18-20 kbar for the pressure peak of the
Alpine event.

3 No evidence for a third garnet generation has been
found in these samples. Interpretation of the growth
zoning of garnet 2 using calculated pseudosections
does not record an isothermal decompression (Balle-
vre, 1988) nor does it record decreasing temperature at
decreasing pressure, followed by a late, nearly isobaric,
increase in temperature suggested by Borghi er al.
(1996) and Brouwer et al. (2002). Our interpretation,
therefore, does not support the existence of a late
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thermal pulse due to mantle delamination proposed by
Brouwer et al. (2004).

4 Preservation of growth zoning in both generations of
garnet and the limited amount of diffusive re-equili-
bration at the boundary between the two garnets
indicate that either temperature was too low during the
Alpine history or that these rocks were subjected to a
fast burial and exhumation rate (cf. Faryad & Chak-
raborty, 2005).
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APPENDIX

Mixing models for solid-solution phases

Mineral mixing models and nonideality parameters are based on
Holland & Powell (1998) and Powell & Holland (1999) and extended
to the Mn-bearing system as described below. White mica are
modelled after Coggon & Holland (2002), plagioclase after Holland
& Powell (2003). The clinopyroxene (omphacite—jadeite) model,
based on the study of Holland & Powell (1996), is that used in Wei
et al. (2003).

Garnet

Variables: x(g) = Fe/(Fe + Mg); ca(g) = Ca/(Fe + Mg + Ca +
Mn); mn(g) = Mn/(Fe + Mg + Ca + Mn)
Structural formulae of end-members:
Almandine (alm): Fe3Al,SizOg

Pyrope (py): Mg;ALSi30g

Grossular (gr): Ca;Al,SizOg

Spessartine (spss): Mn;Al,Si;Og

Site fractions: X}t = x(1 - ca — mn); X}, = (1 -
XM =ca; XM =mn

Proportions: p(alm) = x(1 — ca — mn); p(py) = (1 —x) (1 —ca -
mn); p(gr) = ca; p(spss) = mn

Nonideality: symmetric formalism; w(alm,py) = 2.5 kJ, w(alm,gr) =
0 kJ, w(alm,spss) = 0 kJ, w(py,gr) = 33 kJ, w(py,spss) = 4.5 kJ
(Wood et al., 1994), w(gr,spss) = 0 kJ

x)(1 — ca — mn);

Staurolite

Variables: x(st) = Fe/(Fe + Mg); mn(st) = Mn/(Fe + Mg + Mn)
Structural formulae of end-members:

Fe-staurolite (fst): FesAl1gSi; sO43Hy

Mg-staurolite (mst): MgyAl5Si; sO45Hy

Mn-staurolite (mnst): MnyAl;gSi;. 5048H4

Site fractions: XM = x(1 — mn); XMg = (1 - x)(1 - mn); XM, = mn

Proportions: p(fst) = x(1 — mn); p(mst) = (1 — x)(1 — mn);
p(mnst) = mn
Nonideality: symmetric formalism; w(fst,mst) = -8 kJ, w(fst,mnst) =

0 kJ, w(mst,mnst) = 0 kJ

Chloritoid

Variables:
Mn)
Structural formulae of end-members:
Fe-chloritoid (fctd): FeAl,SiOs(OH),
Mg-chloritoid (mctd): MgAl,SiOs(OH),

x(ctd) = Fe/(Fe + Mg); mn(ctd) = Mn/(Fe + Mg +
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Mn-chloritoid (mnctd): MnA12S105(OH)2

Site fractions: X}’L = x(1 — mn); XMg =(1 - x)(1 - mn); XM Mp = Mmn

Proportions: p(fctd) =x(I —=mn); p(mectd) = (1 — x)(1 — mn);
p(mnctd) =
Nonideality: symmetric formalism; w(fctd,mctd) = 1 kJ,

w(fctd,mnctd) = 0 kJ, w(mctd,mnctd) = 0 kJ

Chlorite

Variables: x(chl) = bulk Fe/(Fe + Mg); mn(chl) = bulk Mn/
(Fe + Mg + Mn); y(chl) = X1} ; N(chl) = (XX}* —xXih)2
Structural formulae of end-members:

Al-free chlorite (afchl): MgsMgMg[Si,]Si,010(OH),

Clinochlore (clin): Mgs;MgAI[SiAl]Si,O,¢(OH),

Daphnite (daph): FesFeAl[SiAl]Si,O,o(OH)4

Mn-chlorite (mnchl): MnsMnAI[SiAl]Si,O;o(OH)4

Amesite (ames): Mg4AlAl[Alz]Si2O]0(OH)4

Site fractions: XM = x(1 — mn); X2 = (1 — x)(1 — mn); X2 =
mn; XM — 5~ N XM= (= mng(l -y + N M= (1% )

(—mm(—y+ N XM —mn(l =y + Ny, XM=+ N
Xmgzgl—x)(l—mn)(l— —N);XE:y XT—l—y
Proportions:  p(afchl) =1 -y - N;  p(clin) = 2N — 2x(1 — mn)

(3 = »)/5-2 mn(3 - »)/5; p(daph) = 2x(1
2 mn(3 - y)/5; p(ames) = y — N,
Nonideality: symmetric formalism; w(afchl,clin) = 18 kJ; w(afchl,
daph) = 14.5 kJ;  w(afchl,mnchl) = 0 kJ; w(afchl,ames) = 20 kJ;
w(clin,daph) = 2.5 kJ; w(clin,mnchl) = 0 kJ; w(clin,ames) = 18 kJ;
w(daph,mnchl) = 0 kJ; w(daph,ames) = 13.5 kJ; w(mnchl,ames) =
0kJ

— mn)(3 — y)/5; p(mnchl) =

Biotite

Variables:  x(bi) = bulk Fe/(Fe + Mg); mn(bi) = bulk Mn/
(Fe + Mg + Mn); y(bi) = XXI'; O(bi) = 3[x — (Fe/[Fe + Mg)™*]
Structural formulae of end-members:

Phlogopite (phl): KMgMg,[SiAl]Si,O,¢(OH),

Annite (ann): KFeFe,[SiAl]Si,0o(OH),

Mn-biotite (mnbi): KMnMn,[SiAl]Si,O;o(OH),

Eastonite (east): KAIMg,[Al,]Si,0,9(OH),

“Ordered biotite” (obi): KFeMg,[SiAl]Si,O,9(OH),

Site fractions: X3! = y; XM! = x(1 — mn)(1 — ») + 20(1 — mn)/3);
Xﬁé = (1 - x)(1 —mn)l - y) —20(1 — mn)/3); XM} = mn(l - y);
X = (v = 03)(1 —mn): X2 = (1 —x + Q3)(1 ~ mn); X2 =
mn XAl =1+ »)/2; XTl (1 -2

Proportlons p(phl) = (1 — x)(1 — mn)(1 — y) — 2 mny/3-2Q(1 — mn)/
3);p(ann) = (1 — mn)(x — Q/3); p(mnbi) = mn(3 - y)/3; p(east) = y;
p(obi) = Q(1 — mn) — xy(1 — mn)

Nonideality: symmetric formalism: w(phl,ann) = 9 kJ; w(phl,mnbi) =
0 kJ; w(phl,east) = 10 kJ; w(phl,obi) = 3 kJ; w(ann, mnbi) = 0 kJ;
w(ann,east) = —1 kJ;  w(ann,obi) = 6 kJ;  w(mnbi,east) = 0 kJ;
w(mnbi,obi) = 0 kJ; w(east,obi) = 10 kJ; DQF: %, = —10.73 kJ
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