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Composite P-T paths in the Internal Penninic Massifs
of the Western Alps: Petrological constraints to their
thermo-mechanical evolution

ALESSANDRO BORGHI!, ROBERTO COMPAGNONI! & RICCARDO SANDRONE?
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Parole chiave: Traiettorie P-T, stime termo-barometriche, metamorfismo alpino, Massicci cristallini interni,
Alpi occidentali

ABSTRACT

This paper reports a summary of recent investigations focused on the reconstruction and interpretation of exhu-
mation P-T paths for the Internal Penninic Nappes (IPN) of the Western Alps.

These three tectonic units (Monte Rosa, Gran Paradiso and Dora Maira Nappes) exhibit a similar Alpine
metamorphic evolution marked by two main events. The older (early-Alpine) event occurred under LT eclogite
facies conditions (T = 500-550 °C and P = 11-13 kbar) and has been well described in the literature. The eclo-
gitic climax is followed by a retrograde decompressional evolution, developed at P-T conditions lower than the
garnet stability field. For the younger (late-Alpine) event a peak T = 500-550 °C and a peak P below 5 kbar
were estimated from Grt-Bt geothermometry and mineral compatibilities.

Therefore, the P-T paths of the IPN consist of two metamorphic peaks, which developed approximately at
the same T, but at significantly different P. The whole Alpine P-T path is characterized by a prograde evolution
up to the eclogitic climax, followed by a significant retrograde decompression, in its turn followed by a prograde
decompressional trajectory peaking at the greenschist — low-amphibolite facies boundary. The climax of this
low-P metamorphic event is followed by a continuous cooling under moderate decompressional conditions.
Consequently, the inferred tectono-metamorphic history of the Internal Penninic Nappes is characterized by a
geothermal gradient progressively increasing from 12 to 40 °C/km.

The prograde part of the early-Alpine trajectory is consistent with a process of subduction of oceanic
lithosphere; its decompressional part is compatible with a moderately rapid uplift, which occurred while sub-
duction of cold oceanic lithosphere was still active. The late-Alpine trajectory is consistent with the thermal re-
equilibration, consequent to the continental collision.

RIASSUNTO

In questo lavoro vengono riassunti i risultati di un progetto di ricerca finalizzato alla ricostruzione e alla inter-
pretazione tettonica delle traiettorie di esumazione alpina registrata in campioni provenienti da aree tipo dei
massicci cristallini interni (Monte Rosa, Gran Paradiso ¢ Dora Maira) delle Alpi occidentali. Queste tre unita
tettoniche mostrano un’evoluzione metamorfica alpina comune, caratterizzata da due distinti eventi. Il primo
evento, di eta eo-alpina, & avvenuto in condizioni eclogitiche di bassa T (T = 500-550 °C, P = 11-13 kbar). Suc-
cessivamente si ¢ sviluppata una paragenesi retrograda decompressionale a temperature inferiori al campo di
stabilita del granato.

! Dip. Scienze Mineralogiche e Petrologiche, Univ. Torino Via Valperga Caluso, 35, I-10125 Torino
2 Dip. Georisorse e Territorio, Politecnico Torino Corso Duca degli Abruzzi, 24, I-10100 Torino
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Il secondo evento metamorfico, di eta meso-alpina, si € sviluppato in condizioni prograde e decompressio-
nali, come testimoniato dalla successione delle paragenesi metamorfiche e dalle zonature delle fasi mineralo-
giche. Le stime termobarometriche hanno fornito T = 500-550 °C per P inferiori a 5 kbar.

La traiettoria di esumazione post-eclogitica ¢ quindi caratterizzata da un primo stadio decompressionale
associato ad una moderata diminuzione della T, seguito da un secondo tratto progrado e decompressionale ed,
infine, da un terzo tratto definito da un forte raffreddamento associato ad una moderata decompressione. La
traiettoria risultante & pertanto caratterizzata da due picchi termici, che hanno raggiunto approssimativamente
la stessa T a P molto differenti, che riflettono gradienti geotermici nettamente diversi.

11 tratto progrado della traiettoria eo-alpina ¢ consistente con un processo di subduzione di litosfera oceani-
ca, mentre il suo tratto decompressionale & compatibile con una esumazione di crosta continentale avvenuta in
condizioni di basso flusso termico.

La traiettoria meso-alpina &, invece, consistente con la riequilibrazione termica conseguente alla collisione
continentale tra il margine passivo paleo-europeo ed il margine insubrico, che ha portato ad un progressivo is-
pessimento crostale e all’interruzione della subduzione.

Introduction

During the last years, the reconstruction and the interpretation of the P-T paths recorded
by metamorphic rocks has contributed considerably to the understanding of orogenic
belts (e.g. Thompson & England 1984, Davy & Gillet 1986, Thompson & Ridley 1987).
Particularly, the retrograde P-T trajectories of high-P belts provide important constraints
on the tectonic evolution of convergent plate junctions (Ernst 1988).

For this reason, a petrographic and geo-thermobarometric study was performed on
selected samples of micaschists, orthogneisses and metabasites from the Monte Rosa, the
Gran Paradiso and the Dora-Maira Nappes (Internal Penninic Nappes of the Western
Alps) to better constrain their metamorphic evolution and, particularly, their P-T paths
exhumation (Borghi & Sandrone 1990; Sandrone & Borghi 1992; Borghi et al. 1994). It
was possible to recognize a relict assemblage of HP type and a later assemblage indicat-
ing lower pressure. We found it convenient to ascribe those assemblages to two meta-
morphic events, namely early-Alpine and late-Alpine.

This study reports a summary on the reconstruction and interpretation of the P-T his-
tory of the eclogitic Penninic Units of the Western Alps using geothermobarometers to
determine peak metamorphic conditions, garnet zoning modeling to derive P-T paths for
individual samples, and mineral textural relationships to relate these P-T paths to the se-
quence of tectonic events in the area.

Geological Setting

The Monte Rosa (MR), Gran Paradiso (GP) and Dora Maira (DM) internal Penninic
nappes (IPN) are three eclogitized continental crust units belonging to the Penninic Do-
main of the Western Alps. They crop out in the Pennine, Graian and Cottian Alps, re-
spectively (Fig. 1). They are the deepest tectonic element in the central sector of the
Western Alps, and crop out at large axial culminations, overthrust by various structural
elements of the Piemonte Zone and the Austroalpine Domain. They consist of a compos-
ite crystalline basement and a Permo-Liassic cover, which is preserved locally at the bor-
ders of the nappes.

The metamorphic basement consists of a polymetamorphic complex formed of pre-
Carboniferous metasediments and metabasites, and a monometamorphic complex com-
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Fig. 1. Simplified tectonic sketch map of the Western Alps.

posed of probably (Permo)-Carboniferous metasediments known as Furgg Zone in MR
(Bearth 1952), Money Complex in GP (Compagnoni et al. 1974) and Pinerolese Complex
in DM (Vialon 1966). Both complexes contain metaintrusives with granite to diorite com-
position. They are mainly regarded as Variscan (review and discussion in Hunziker et al.
1992). The sedimentary protoliths in the polymetamorphic basement are mainly repre-
sented by pelites with subordinate limestones (+ dolomitic) and basic intercalations,
whereas coarser clastic facies predominate in the monometamorphic basement, with
widespread metabasite and marble in the Furgg Zone.

The polymetamorphic nature of the first complex is illustrated by occasional relicts of
pre-Alpine parageneses in an amphibolite facies (Ms-Bt-Grt-Sil; mineral symbols are
from Kretz 1983), together with relicts of the original intrusive contacts with the late-Va-
riscan orthoderivates (MR: Dal Piaz, 1971; GP: Compagnoni & Prato 1969; Callegari et
al. 1969; DM: Sandrone et al. 1986, 1992).

The tectonic position of the IPN is uncertain. Classic paleogeographic reconstructions
usually place the internal crystalline massifs on the paleo-European edge of the Ligure-
Piemontese ocean. Recent work, however, has suggested a new model in which all the
eclogite units are restored on the same paleomargin in keeping with their common pre-
collisional metamorphism (Polino et al. 1990, and references therein).

The Internal Penninic Nappes of the Western Alps record an Alpine metamorphic
evolution characterized by two main events (MR: Frey et al. 1976; Chopin & Monié 1984;
Dal Piaz & Lombardo 1986; GP: Vearncombe 1983; Benciolini et al. 1984; Dal Piaz &
Lombardo 1986; Goffé & Chopin 1986; Pognante et al. 1987; Ballevre 1988; Biino & Po-
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gnante 1989; Massonne & Chopin 1989; Le Goff & Ballevre 1990, Borghi et al. 1994; DM:
Borghi et al. 1985; Pognante & Sandrone 1989; Cadoppi 1990): a low-T eclogite facies
“early-Alpine” event, usually regarded Cretaceous in age (review in Hunziker et al.
1992) and a low-P greenschist facies “late-Alpine” event of Late Eocene age (3743 Ma,
Ar/Ar plateaux ages) documented over the whole Pennine zone (Chopin & Maluski
1980; Chopin & Monié 1984; Monié 1985; Scaillet et al. 1990; Monié & Chopin 1991;
Scaillet et al. 1992).

The southern part of the DM also includes an ultra high pressure (UHP) tectonic unit
(Chopin et al. 1991) whose Alpine P-T trajectory is only partly similar to those discussed
in this paper (Compagnoni et al., in press).

Moreover, some radiometric data are recently found, which are in contrast with the
classic chronologic picture of high-P metamorphism in the internal Western Alps. Monié
& Philipphot (1989) found a middle Eocene (ca. 50 Ma) age for the high-P metamor-
phism in the eclogitized ophiolites of Monviso. Furthermore, Sm/Nd isotopic data of ec-
logitic metabasalts from the Zermatt — Saas Fee unit, suggest that the HP metamorphism
occurred at 52 + 18 Ma (Bowtell et al. 1994). Even in the continental crust of the UHP
unit of the southern Dora Maira Nappe ages of 38-40 Ma were found by Tilton et al.
(1989; 1991), in marked contrast with the Ar/Ar ages obtained by Monié & Chopin
(1991) and Scaillet et al. (1990; 1992), which support a Cretaceous age. Finally, an Eo-
cene age for high-P metamorphism in the Central Alps was found by Gebauer et al.
(1992) and Becker (1993).

If the above mentioned Tertiary ages will be supported by future radiometric works, a
critical revision of all geochronological data of the Western and Central Alps will be re-
quired.

The transition between the HP metamorphic event and the greenschist overprinting
at lower P is poorly constrained. The exhumation of the whole internal Pennine Zone is
generally thought to have proceded via a post-eclogitic isothermal decompression fol-
lowed by quasi-isobaric cooling (MR: Chopin & Moni¢ 1984; Monie 1985; Ellis et al.
1989; GP: Dal Piaz & Lombardo 1986; Ballevre 1988; Massonne & Chopin 1989; North-
ern DM: Pognante & Sandrone 1989; Southern DM: Chopin et al. 1991). The petrologic
results reported in this study indicate that an alternative P-T path involving a more com-
plex thermal evolution may also be considered, not only for selected areas of the DM
(Sandrone & Borghi 1992) and GP (Borghi et al. 1994) Nappes, but even for the MR
Nappe. Similar P-T-t trajectories were recently suggested for some tectonic units of the
Great St Bernhard nappe (Desmons 1992) and the Piemonte Zone (Desmons 1989; Mes-
siga & Scambelluri 1991).

Petrography and mineral chemistry

To better constrain the whole P-T paths and, particularly, the relations between the two
Alpine metamorphic events, a petrographic and geo-thermobarometric study was per-
formed on representative samples from selected areas of the polymetamorphic complex
of the Monte Rosa, Gran Paradiso and Dora-Maira Nappes (Fig. 1 and Tab. 1).

The rocks discussed in this paper have been described by Borghi et al. (1985), Pog-
nante & Sandrone (1989), Borghi & Sandrone (1990), Sandrone & Borghi (1992), Borghi
et al. (1994) and Compagnoni et al. (1974). The petrographic characters of the main li-
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Tab. 1. Estimated modes of the analyzed rock-samples. Mineral symbols according to Kretz (1983).

sample| lithology locality QTZ | PL | MB |CHL| BT |GRT|CLD |AMP/| others

1 HP

MR 13 | micaschist | Stolenberg 35 10 | 30 | 10 - 10 5 -- Rt

2 LP

MR 14 | paragneiss | Alta Luce 25 20 [ 15 | 10 [ 15 | 10 -- 5 lim
(Hbh)

3

MR 16 | orthogneiss | Plateaux Lys| 35 15 | 15 -- 5 -- 5 = Kfs, Zo

4 HP

GP 664 | micaschist | V. Bardoney | 30 10 | 20| 15 -- 10 | 10 5 Rt, Pg
(Gin)

5 LP

GP 913| paragneiss | P. Tseseré 25 | 25 | 15| 10 | 10 | 10 - 5 lim
(Hbl)

6

GP 355 orthogneiss | Valnontey 35 | 30 156 | -- 5 5 - -- Kfs, Zo

7 HP

DM 10 | micaschist | Val Chisone | 20 | 15 | 25 | 15 -- 10 | 10 5 Rt
(Gin)

8 LP

DM 16 | paragneiss | Val Chisone | 25 25 | 20 -- 15 5 -- 10 lim
(Hbl)

8

DM 3 | orthogneiss | V. Bourset 35 30 | 15 -- 5 5 -- -- Kfs, Zo

thologies are very similar and can thus be briefly described for the three IPN as a whole.
The most widespread lithologies of the polymetamorphic complex are micaschists and
fine-grained gneisses, consisting of Qtz, phengitic mica, PIl, Chl, Pg, Cld, zoned Grt, Ky,
Bt, Zo, Rt, Gln, Ca-amph, Ilm and Ttn (Tab 1). Gln is usually replaced by pseudomor-
phic aggregates to Cam + Ab + Bt. Both micaschists and fine-grained gneisses exhibit a
well-developed HP-foliation defined by the preferential orientation of white mica, Chl I,
Cld, and by lens-like polycrystalline quartz aggregates. This schistosity is locally obliterat-
ed by the growth of albitic poikiloblasts with an oligoclase (Olig) rim (An up to 30%)
that have developed at the expense of the white mica.

Microprobe examination of di-octohaedral micas from both the late-Variscan ortho-
gneisses and the metapelites of the polymetamorphic complex showed the existence of
potassic white mica and sodic mica (paragonite). The former showed a zoned muscovite /
phengite composition with a Si content from 3.03 atoms p.f.u. in the rim up to 3.47 in the
core of single laminae.

In the MR nappe Ky + Grt + ClId aggregates after a Fe-Al silicate are present (Dal
Piaz 1971). Ky has also been observed in the GP nappe (Dal Piaz & Lombardo 1976).

Two garnet generations (Grt I and Grt II) with distinct microstructural relations and
chemical compositions have been recognised. The geometric relations between these two
generations, their inclusions, and their presence in the micaschists of the monometamor-
phic complex as well, enable them to be assigned to the Alpine metamorphism. Grt I oc-
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Fig. 2. High-P garnet I with inclusions of chloritoid and rutile anostomosed by schistosity defined by phengitic
mica and chlorite I. High-P micaschist from Monte Rosa polymetamorphic complex. MR 13. Only pol., scale
bar = 1 mm.

Fig. 3. Low-P garnet II of small dimension in equilibrium with biotite. Fine-grained paragneiss from the Gran
Paradiso polymetamorphic complex. GP 913. Only pol., scale bar = 0.5 mm.
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Fig. 4. Fe-rich rim of retrogred garnet I (light grey) overgrowth by new crystals of euhedral Grt II (dark grey).
In the upper part of the photo, an isolated Grt II crystal, with the same compositions of coronitic garnet II is
also present. Sample GP 967. Back-scattered microphotograph.

curs in deformed and fractured plurimillimetric porphyroclasts enclosing chloritoid, Rt,
Zo and lozenge-shaped Pg + Qtz pseudomorphs regarded as the metamorphic product of
an original sodic amphibole (Fig. 2). Grt II forms small (<100 um) idioblasts, whose rims
are in equilibrium with Bt (Fig. 3). These two generations sometimes coexist at the sin-
gle-specimen scale, where Grt II can grow as a narrow rim around the porphyroclastic
crystals of Grt I (Fig. 4). In the HP-micaschists, Grt I compositions are relatively uniform
considering its plurimillimetric dimensions. However, Grt I porphyroclasts are strongly
zoned, when they are associated with Grt II. In the garnet of Figure 5, the composition
varies progressively from Almez-Pyrs-Sps7-Grszs at the core to Almye-Pyrs-Sps7-Grsg at
the rim. This zoning, characterised by a strong increment of Fe coupled with a depletion
of Ca from core to rim, may be interpreted as a diffusion effect due to the post-eclogitic
retrograde compositional re-equilibration of the garnet I. The outer rim (few um wide)
consists of coronitic Grt II, with a quite different composition. Grt II shows often well-
developed concentric zoning with cores (Almeo-Pyrss-Spsas-Grsa4) notably enriched in
grossular component relative to the rim (Almz4-Pyrs-Spsi1.5-Grsi7.5), where there are more
abundant almandine and pyrope end members (Fig. 6). The Mg/(Mg + Fe) ratio increases
from core to rim. Continuous, smooth zoning profiles and the lack of retrograde diffusion
processes evidence, point to uninterrupted Grt II growth during a single prograde and
decompressional metamorphic event, which, in our opinion, can be attributed to the late-
Alpine event.
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X-RAY MAP OF MG. GP 9067 X-RAY MAP OF MN. GP 967

Fig. 5. Compositional X-ray map of an early-Alpine retrogred garnet porphyroblast for Fe (A), Ca (B), Mg (C)
and Mn (D) elements acquired with an EDS-microprobe and elaborated with the Photostyler software. The
garnet shows a marked Ca decrease and Fe and, subordinately, Mg increase from core to rim. The outer rim
(Few pm wide) consists of coronitic Grt II, with a quite different composition. Sample GP 967. The garnet I
width is 1.5 mm.
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X-RAY MAP OF FE. GP 913 X-RAY MAP OF CA. GP 913

Fig. 6. Compositional X-ray map of the late-Alpine garnet generation for Fe (A), Ca (B), Mg (C) and Mn (D)
elements acquired with an EDS-microprobe and elaborated with the Photostyler software. Garnet II exhibits a
well-shaped growth zoning, characterized by Fe and, with less evidence, Mg increase and Ca decrease from core
to rim. The Mn content remains constantly very low. Sample GP 913. Garnet dimensions are 60 vs. 80 um.
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Monte Rosa Nappe

Grtl (Grtil| Grt]l |Grtll| Ph Bt | Amp | Amp
core | core | rim rim core | rim

An.n’. 1 2 3 4 5 6 7 8
SiO, | 36.64 | 37.19|36.77 | 38.20 | 51.77 | 36.81 | 49.47 | 44.91
TiO, - - - -- 0.25 | 1.27 | 0.22 | 0.36
Al,03 |20.73|21.00|20.95|21.53|27.39|18.03 | 10.53 | 13.29
FeO |35.62|28.49(35.36(29.24| 1.98 | 19.21|15.49|15.93
MnO 217 | 1.46 | 0.22 | 0.27 - - - -

MgO 1.71 | 0.82 | 3.66 | 1.78 | 3.06 | 11.19( 11.37 | 10.08

Ca0O | 3.59 |11.28| 2.21 {10.30| 0.04 | -- | 8.27 |10.30
Na,O - - == - 1040|020 | 1.85 | 1.95
K>0 - - - - [10.34| 9.21 | 0.33 | 0.29
Total | 100.47 | 100.24 | 99.16 | 101.32 | 95.23 | 95.92 | 97.53 | 97.10

Si 296 | 297 | 297 | 3.00 | 6.88 | 554 | 7.11 | 6.55
Ti .00 - .00 - 03 | 14 | .02 | .04
Al IV .04 | .03 .03 | .00 | 112 | 246 | .89 | 1.45
AlVI 194 | 195|197 | 199 ( 3.29 | .74 | .89 | .83

Fe3 07 | .05 | .03 | .01 | .00 | - | .41 | .72
Fe2 | 234|184 236|191 | .22 | 242 | 1.24 | 1.22
Mn A5 [ 10| 02 | 02 | .00 | - | .00 | .00
Mg 21 | 10 | 44 | 21 | 61 | 251 | 244 | 2.19
Ca 31 | 96 | .19 | .87 | .01 - | 1.27 | 1.61
Na - - - - | 10| .06 | 52 | 55

K - - -- - 1.75 | 1.77 | .06 .05
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Gran Paradiso Nappe

Grtl (Grtll]| Grtl |Grtll| Ph Bt | Amp | Amp
core | core | rim rim core | rim

An.n". 1 2 3 4 5 6 7 8

SiO, |[37.39 | 36.62 | 36.84 | 37.47 | 51.06 | 36.64 | 47.95 | 44.12
TiO, - - - - | 0.00 | 1.55 | 0.00 | 0.00
Al,03 |20.73|20.59 | 20.41 | 21.03 | 12.13 | 19.43 | 12.13 | 14.86
FeO |32.07(31.70|32.92 | 33.03 | 15.07 | 19.78 | 15.07 | 16.65
MnO | 0.74 | 1.01 | 0.00 | 0.65 | - - - -

MgO | 252 | 1.09 | 1.84 | 1.93 |10.52| 9.29 | 10.52 | 9.01

CaO | 651|853 |653|598|866, — |8.66|10.50
Nay0 - - - - | 223 | - | 223 | 2.18
K»0 - - - - | 2.28 | 9.08 | 0.28 | 0.46
Total 99.97 | 99.54 | 98.54 | 100.13 | 97.83 | 96.68 | 97.83 | 97.79

Si 299 | 296 | 3.00 | 3.00 | 6.90 | 5.52 | 6.90 | 6.45
Ti - | —| - | - | 00| .18 | .00 | .00
AIIV | 01 | .04 | .00 | 00 | 1.10 | 2.48 | 1.10 | 1.55
AIlVI 196|196 | 196|199 | 97 | .96 | .97 | 1.00
Fe3 05 | 08| .04 | .01 | .70 .00 | .70 | .55
Fe2 | 209206220 (221111249 | 1.11 | 1.48
Mn 05 | 07 | 00 | 04 | - - ~ -
Mg 30 | 13 | 22 | 23 | 2.26 | 2.06 | 2.26 | 1.96
Ca 56 | .74 | 57 | 51 [ 134 | - | 1.34 | 1.64
Na - | — | —| — | 68 | 00| .68 | .62
K - | -] —| — | .05 | 1.74| .05 | .09
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Dora Maira Nappe

Grtl |Grtll| Grt]l |Grtll| Ph Bt | Amp | Amp
core | core | rim rim core | rim

An.n’. 1 2 3 4 5 6 7 8

SiO, | 37.71 | 37.90 | 37.53 | 36.77 | 50.50 | 37.16 | 56.39 | 50.68
TiO, - - -- - 0.24 | 0.37 | 0.05 | 0.06
Al,bO3 |20.89|20.80 | 20.91 | 20.75 | 28.59 | 20.53 | 4.05 | 11.95
FeO |33.53(31.92|35.80(36.75| 1.93 | 18.63| 7.63 | 12.16
MnO | 0.29 | 0.09 | 0.22 | 0.46 - - - --

MgO 275 | 2.01 | 3.17 | 2.48 | 3.31 |11.62|18.55| 12.16

CaO | 477 |7.32|3.00]| 292|000 -- [10.83] 8.99
Na,O | - - - - | 025015 1.23 | 2.31
K,0 - - - | - |975| 975|014 | 0.40
Total 99.94 | 100.04 | 100.63 | 100.13 | 94.57 98.21 99.87 98.71

Si 3.01 | 6.02 | 3.00 | 298 | 6.74 | 543 | 7.76 | 7.15
Ti - - - - | .02 | .04 | .01 | .01
AIlV | 00 | .00 | .00 | .02 | 1.26 | 257 | .24 | .85
AlVI | 1.97 | 1.96 | 1.97 | 1.96 | 3.24 | .97 | .12 | 1.14
Fe3 .03 [ .03 | .03 | .04 | .00 | .00
Fe2 | 221 (209|236 |246 | .21 | 228 | .88 | 1.43
Mn 02 | .01 | 45 | .03 | - - -- -
Mg 33 | .24 | .38 | .30 | .66 | 2.53 | 3.81 | 2.56
Ca 41 | 63 | 26 | 26 | .00 | -- | 1.60 | 1.36
Na -- - -- - | .06 | .04 | .33 | .63
K -] - - - | .00 | 1.82 | .02 | .07




P-T paths in the Internal Penninic Massifs 357

Ab/Olig, Ep, Ca-amph and Bt developed during the last metamorphic stage, which is
post-kinematic with respect to the main HP-foliation. The amphibole has a core of Mg-
Hbl and a rim of tschermakitic Mg-Hbl, while the Nam4 content decreases from the core
(0.69) to the rim (0.30). The amphibole thus displays prograde, decompressional zoning
of low to medium metamorphic grade.

Bt (homogeneous in composition) replaced K-white mica and grew in equilibrium
with Grt II (Fig. 3). One ripidolitic Chl generation is synkinematic with the regional
schistosity, another has grown subsequently at the expense of Grt I and Cld.

The associated metabasites are scattered through the Massifs as small lenses or bou-
dins enclosed in the micaschists. They usually show pervasive recrystallization in the
greenschist facies and eclogitic parageneses are only preserved in the core of 100 m-scale
bodies. The eclogitic paragenesis consists of Na-Cpx + Grt I + Zo + Rt + Ph, usually ret-
rogressed to a lower-P assemblage (Ca-amph + Chl + zoned Pl + Czo + Bt + Ttn and a
garnet probably corresponding with Grt II of the metapelites). The pyroxene may exhibit
a simplectitic rim and / or replacement by sodic amphibole, garnet shows coronas of Na-
amphibole and epidote. Actinolite is always variously rimmed by more tschermakitic am-
phibole or is transformed into a biotite-bearing symplectite, albite is occasionally sur-
rounded by a thin, An-richer rim. A more detailed description of metabasites is reported
in Pognante & Sandrone (1989).

The orthoderivates consist of Qtz, Ab/Olig (from An 0 to An 30), K-feldspar, phen-
gitic mica, Bt and Ep. They display a pervasive schistosity defined by the preferential or-
ientation of phyllosilicates and lenticular aggregates of granoblastic Qtz. The grain is het-
erogeneous by the presence of centimetric porphyroclasts of magmatic potassic feldspar.
The magmatic Pl has been partly recrystallised into small Ab granoblasts in the foliated
matrix.

Representative compositions of mineral phases from MR, GP and DM Nappe are re-
ported in Table 2a—c.

Metamorphic evolution

Metapelites and metabasites from all three IPN display a common Alpine metamorphic
evolution. The phases observed have been grouped into two parageneses on the basis of
microstructural relations. As can be seen from the blastesis-deformation relationships,
these parageneses represent the HP early-Alpine event, the subsequent retrograde de-
compressional stage, and the LP late-Alpine event (Fig. 7).

The prograde part of the early-Alpine event is poorly constrained. The presence of
Zo, Cld and Na-amph (now pseudomophed) and the absence of Lws may indicate that
the upper part of the burial path was bounded by the thermal equilibrium curve of the re-
actions 3 and 5 of Figure 8. The early-Alpine event was marked by a thermal peak para-

Tab. 2. Representative microprobe analyses and atomic proportions of garnets (12 ox.) biotites (22 ox.), phen-
gitic micas (22 ox.) and Ca-amphiboles (23 ox.) of the Monte Rosa Nappe (A), Gran Paradiso Nappe (B) and
Dora Maira Nappe (C). Tab. 2a: an. 1-3-5 = MR 13, an. 2-4-6-7-8 = MR 14. Tab. 2b: an. 1-3-5 = GP 664, an. 2-4-
6-7-8 = GP 913. Tab. 2¢: an. 1-3-5 = DM 10, an. 2-4-6-7-8 = DM 16.
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Fig. 7. Mineral parageneses characteristic for the main metamorphic events of the evolution of the Internal
Penninic Nappes. 1 = metapelitic system, 2 = mafic system.

genesis with Qtz-Ab-Ph-Chl I-Grt I-Cld-Ky-Rt + Gln + Pg. Its metamorphic conditions
were constrained by the common Grt-Chl-Cld association, or, less frequently, by the Grt-
Cld-Ky association, and the absence of Tc (Fig. 8). Omphacitic pyroxene occurring in the
basic rocks indicates that the IPN attained eclogitic grade during the early-Alpine event.
The presence of chlorite I means that T did not exceed the upper limit of the Qtz + Chl
stability field (Massonne 1989). The Grt-Cld-Chl association is stable from approximately
4 to 18 kbar, as shown by its common occurrence in high-pressure metapelites (Vuichard
& Ballevre 1988 with ref.). The occurrence of Grt-Cld-Ky or Grt-Cld-Chl associations is
dependent on the bulk chemistry of the protoliths, though they are stable under the same

Fig. 8. Petrogenetic grid for the Monte Rosa (MR), Gran Paradiso (GP) and Dora Maira (DM) Nappes. The
Alpine P-T paths followed during post-eclogitic exhumation are dotted. The squares indicate the location of the
investigated area.

1: Cld + Tc = Grt + Chl (Chopin 1985); 2: Ab = Jd + Qtz (Holland 1980); 3: Lws + Ab=Pg + Zo + Qtz + V
(Heinrich & Althaus 1980); 4: isopleths of Si content in phengites (A: Si = 3.4 p.f.u., B: Si = 3.5 p.f.u.) (Mas-
sonne & Schreyer 1987); 5: Qtz + Gln + Cld = Alm + Pg + Tc + H20 (Holland & Powell 1990); 6: iso-Kp curves
for the Grt-Ph geothermometer (calibration of Green & Hellman 1982); 7: Cld + Qtz = St + Alm + V (Rao &
Johannes 1979); 8: iso-Kp curves for the Grt-Bt geothermometer (calibration of Perchuk & Lavrent’eva 1983);
9: Bt + Ms in (Nitsch 1970); 10: Olig in (Maruyama et al. 1983); 11: Act/ Hbl transition (Ernst 1979).
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Tab. 3. Thermobarometric estimates for the early-Alpine and the late-Alpine metamorphic events. Tempera-
tures are in °C. Reference P is 13 kbar for the early-Alpine event and 5 kbar for the late-Alpine event. GH =
Green & Hellman (1983), HS = Hodges & Spear (1982), PL = Perchuk & Lavrent’eva (1983), KR = Kleemann
& Reinhardt (1994). The first value represents the T average calculated for several pairs, the second value is the
standard deviation of the calculated T range. The T estimates obtained with KR calibration were calculated us-
ing the pairs 4-6 of the Tab. 2a—.

THERMOMETRIC ESTIMATES
Internal Penninic Massifs
early-Alpine event (Grt - Ph pairs at 13 kbar)

Grt | core - Ph Grtlrim - Ph
MR 546 + 21 518+ 10 (GH)
GP 546 + 21 518+ 10 (GH)
DM 533 + 12 537 +15 (GH)
late-Alpine event (Grt - Bt pairs at 5 kbar)

Grt Il rim - Bt
MR 494 +20 (PL) GP 527 +17 (PL) DM 515+ 9 (PL)

MR 531+50 (HS) GP 54620 (HS) DM 520%16 (HS)
MR 465 (KR) GP 494 (KR) DM 482 (KR)

P-T conditions (Vuichard & Ballevre 1988). Absence of Jd (or its alteration products) in
the late-Variscan orthogneisses offers further evidence that the Ab = Jd + Qtz curve was
not exceeded, as already shown for the IPN (MR: Dal Piaz 1971; GP: Dal Piaz & Lom-
bardo 1986 with refs.; Le Goff & Ballevre 1990; DM: Borghi et al. 1985), except for the
Bonneval zone in the GP (Saliot 1975).

Thermobarometric estimates for this event were obtained using the Grt-Ph geother-
mometer according to the calibration of Green & Hellman (1982) and the geobarometer
of Massonne & Schreyer (1987), which is based on the Si content of phengite. Grt I core
compositions of crystalls belonging to HP micaschist were used (MR 13, GP 664, DM 10).
The results of these calculations are plotted as lines of constant Kp in Figure 8 and re-
ported in Table 3. A range of 515-545 °C and 11-14 kbar was obtained. These values are
in agreement with those reported in the literature for the early-Alpine event (MR: Dal
Piaz & Lombardo 1986; Chopin & Monié 1984; GP: Massonne & Chopin 1989; Borghi et
al. 1984; DM: Pognante & Sandrone 1989; Cadoppi 1990). These values are also consis-
tent with Grt-Cpx geothermometry (Ellis & Green calibration) applied to metabasites of
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MR (Dal Piaz & Lombardo 1986), GP (Biino & Pognante 1989) and DM (Pognante &
Sandrone 1989).

The eclogitic peak was followed by strong decompression accompanied by moderate
cooling, which led to lower P-T parageneses. In the metapelites, Grt I and Cld were re-
placed by Chl II, phengitic mica by Ab, and Rt by titanite, while zoisite was transformed
into clinozoisite. The P-T conditions during this retrograde stage were lower than the Grt
stability field. Moreover, the development of Act at the expense of a previous Na-amphi-
bole in the metabasites suggests pressure values lower than 5 kbar, according to the equi-
librium curves of Ernst (1979).

The late-Alpine event, on the other hand, displays low- to medium-grade prograde
characters at LP conditions. In metapelites, it resulted in the development of an oligo-
clase rim around albitic poikiloblasts, crystallisation of Grt Il and calcic amphibole (both
with prograde zoning), and replacement of Chl by biotite. A T rise during this event is al-
so indicated by the microstructures observed in metabasites. Act is always more or less
extensively transformed at the rim by a Hbl or Bt - bearing symplectite and the Ab blasts
are sometimes surrounded by oligoclase rim (reaction 10 and 11 in Fig. 8). The physical
conditions reached during this event are therefore constrained by the thermal stability
fields of Grt II, Bt, calcic amphibole and oligoclase (Fig. 8).

The P-T estimates for this event were obtained with the Grt-Bt geothermometer and
with the Grt-PIl-Bt-Qtz geobarometer, applied to the parageneses re-equilibrated at low-
P conditions (MR 14, GP 913, DM 16). The calibration of Perchuk & Laurent’eva (1983)
and Hodges & Spear (1987) for T and of Ghent & Stout (1981) for P were used. Bt ma-
trix - Grt II rim couples gave mean T of about 500-530 °C for MR, 525-550 °C for GP,
and 515-520 °C for DM (Tab. 3). A lower T of about 30 °C with respect to Perchuk &
Lavrent’eva calibration was obtained applying the new geothermometer of Kleemann &
Reinhardt (1994) to the Grt II and Bt compositions reported in Table 2a, 2b, 2c. A P val-
ue of about 4.5 kbar for MR, 6.4 kbar for GP and 4.9 kbar for DM was obtained with the
Ghent & Stout (1981) geobarometer. The P-T estimates thus suggest that the thermal
conditions reached in the three IPN during this event were similar, and always consistent
with the petrological constraints imposed by the paragenesis observed.

Discussion and conclusion

The differences in composition between the garnet generations have been combined with
the petrological constraints imposed by the sequences of metamorphic parageneses to
construct a relatively complete Alpine P-T path for the Internal Penninic Nappes, which
can be used in the elucidation of the tectonic processes operative during orogenesis
(Spear et al. 1984).

The IPN of the Western Alps show a very similar Alpine exhumation trajectory,
which is significantly different from all the previously proposed paths for these tectonic
units (Fig. 8). The proposed post-eclogitic trajectory consists of an initial retrograde de-
compressional step, during which the eclogitic and blueschist parageneses were progres-
sively replaced by lower pressure greenschist facies associations. The second step is char-
acterised by a relatively late, decompressional prograde trajectory, as shown by the gar-
net-biotite-oligoclase assemblages and P-T data (P < 5 kbar and T > 500 °C). Lastly,
there is a marked fall in temperature accompanied by weak decompression. The possible
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Fig. 9. Alpine P-T path for the Internal
Crystalline Massifs. The V; curve represents
the subduction geotherm compatible with
the early-Alpine eclogitic peak. The V.
curve represents the undisturbed geotherm
of normal continental crust; the Ve curve
represents the maximum relaxed geotherm
after continental collision (from Thompson
& England, 1984). I = low-thermal gradient
field (subduction geodynamic range); II =
normal thermal gradient field (continental

1 collision geodynamic range); III = high-ther-
200 400 600 800 mal gradient field (extensional? geodynamic
range).

existence of this late thermal pulse in the IPN is also compatible with the isotopic data of
Scaillet et al. (1992).

Therefore, the inferred P-T path is characterized by two metamorphic peaks at ap-
proximately the same T but significantly different P, reflecting distinct geothermal gra-
dients and geodynamic conditions. Thus, the thermotectonic evolution of IPN is charac-
terized by a continuous decompression and by a more complex thermal evolution with a
progressive increase of the thermal gradient from early-Alpine peak (12 °C/km) to the
late-Alpine peak (ca. 40 °C/km).

In order to constrain the mechanisms which acted during the exhumation of these
rocks, the P-T paths obtained for the IPN have been compared with tectono-thermal
models for orogenic processes. The P-T histories of metamorphic rocks in subduction and
collisional zones show distinct differences. Whereas subduction-zone rocks show charac-
teristically high P/T ratio, and a retrograde P-T path nearly parallel to the prograde path
(Cloos 1982), metamorphic rocks in collisional orogens more commonly evolve towards a
Barrowian (medium P/T ratio) type, and the P-T path describes a loop following an iso-
thermal decompression path, or an increase in T as P decrease (Thompson & England
1984).

Several tectonic models were applied to explain the exhumation of H-P units of the
Western Alps. They are based on different mechanisms, implying that exhumation oc-
curred while convergence was still active: erosion and isostatic adjustement alone (Rubie
1984; Gillet et al. 1986; Hsii 1991), expulsion or extrusion (Merle & Guillier 1989), large-
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scale extension faults (Platt 1986; Avigad 1992), corner flow of low-viscosity material
(models of Cowan & Silling 1978 and Pavlis & Bruhn 1983, applied by Polino et al. 1990
and Michard et al. 1993).

From Figure 9 it is evident that different tectonic processes during Alpine exhuma-
tion of the continental eclogitic unit of the Penninic domain of the Western Alps must be
invoked to explain the shape of the inferred P-T paths. The Alpine P-T path of the IPN
consists of two main steps. The first step, early-Alpine in age, is characterized by a very
low thermal gradient (I in Fig. 9), whereas the second one, late-Alpine in age, shows a
higher thermal gradient and it may be divided into two stages (II and III in Fig. 9). The
first, early-Alpine, step (I) comprises the burial and part of the post-eclogitic exhumation.
[t plots over the normal continental crust geotherm (Ve), i.e. in the field typical for
oceanic lithospheric subduction regime. In particular, the geotherm (based on the equa-
tion for the thermal flux of Turcotte & Schubert 1982) consistent with the thermo-baro-
metric estimates attributed to the early-Alpine eclogitic peak, is characterized by a man-
tle heat flow (0.027 W/m?) lower than the value commonly assigned to the geotherm of
normal continental crust (0.030 W/m?),

The first stage of the second step (II in Fig. 9), corresponds to the prograde decom-
pressional path, and plots in the field bounded by the normal continental crust geotherm
(Ve) and by the maximum-relaxed geotherm after continental collision (Veo). This field is
commonly attributed to the tectonic regime of continental collision (Thompson & Eng-
land 1984). Finally, the last part of the second step (III in Fig. 9), plots below the Veo geo-
therm, in the field characterized by an high thermal gradient.

In Figure 9, the first exhumation trajectory (I) is nearly parallel to the burial path.
Such a result may be compared with a suggestion by Cloos (1982). According to this au-
thor, material moving in a mature flow melange will follow similar P-T paths during both
downward and upward transit. Thus, both the burial and exhumation metamorphic histo-
ries are similar but reversed. Because the rate of upward motion is slow, relative to the
rate of downward movement, the rising material would be closer to thermal equilibrium
with its boundaries than would be the underlying material moving downward in the
wedge. According to the corner flow model of Cowan & Silling (1978) and Pavlis &
Bruhn (1982), material can be uplifted in a flow melange because of the change of flow
direction within the wedge. In this case, during retrograde metamorphism, the rocks must
have traversed the same P-T path during prograde metamorphism, but in the opposite di-
rection.

The prograde part of the Alpine P-T paths for the IPN up to the high - P event,
therefore, is consistent with a subduction process of Tethyan oceanic lithosphere that in-
volves even part of the overriding continental crust (the future IPN) as proposed by Poli-
no et al. (1990) by means of tectonic erosion (e.g. Karig 1974) or ablative subduction
(Tao & O’Connell 1992) processes. Its post-eclogitic decompression is compatible with
an exhumation of continental crust with a low thermal flux from the mantle. The uplift
rate value was more than the value of erosional rate (0.1-0.5 mm/y, England & Thomp-
son 1984), even if it was not extremely high, because the P-T path would have been iso-
thermal. Other processes, of tectonic origin, are therefore necessarily involved in the ex-
humation of the IPN. Thus, it may be supposed that exhumation of the eclogitic nappes
started while the subduction of oceanic crust was still active, in agreement with the strati-
graphic and palaeontological data pointing to an Upper Cretaceous-Palaeocene sedimen-
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tation age for the calcschists (Lemoine et al. 1984). On the other hand, the 50 Ma Ar/Ar
plateaux ages from well preserved eclogites of the Monviso ophiolite unit suggests that
complete closure of the oceanic basin was not achieved until mid-Eocene times. H-P
rocks of the IPN, therefore, were buried and then at least partly exhumed early in the or-
ogenic history, before full collision occurred. This geodynamic setting inhibited not only
the geotherm uplift, but it produced a moderate cooling, favouring the conservation of
eclogitic parageneses, too.

The late-Alpine trajectory, however, was characterized by a higher geothermal gradi-
ent continuously growing up to the metamorphic peak, where it reached about 40 °C/km.
Several models have been proposed to explain such high-gradient conditions. The re-
quired abnormal amount of heat can be related to magmatic underplating of basic mag-
ma or by intrusion of granitic plutons, or by thinning of the crust during a regime of ex-
tensional tectonics (Lardeaux & Spalla 1990). For the late-Alpine event, this high ther-
mal gradient can be attributed to thermal re-equilibration due to the continental collision
between the Paleo-European and the Insubric margins. This event caused the interrup-
tion of oceanic lithosphere subduction and was responsible for the progressive thickening
of the continental crust. In this tectonic setting, in the heat flow equation of Turcotte &
Schubert (1982) the advection component (directly proportional to uplift rate) decreases,
while the heat conduction component (proportional to heat mantle flow) and, especially,
the heat production component (proportional to radioactive decay) increase.

In conclusion, the Alpine P-T paths for the IPN proposed in this paper are composed
of two strictly distinct parts showing different thermal gradients. These may be taken as
evidence of changing exhumation processes during uplift of these tectonic units. There-
fore, we suppose that different tectonic processes operate in different times during exhu-
mation of the Internal Penninic Nappes of the Western Alps.
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