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Tectono-metamorphic evolution of the Roignais-
Versoyen Unit (Valaisan domain, France)

SEBASTIEN CANNIC!, JEAN-MARC LARDEAUXZ,
JeaN-Louis MUGNIER! & JEAN HERNANDEZ?
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ABSTRACT

The Roignais-Versoyen Unit (Western Alps, France) offers the best preserved example of ultramafic-mafic
rocks affected by eclogitic metamorphism in the Valaisan domain during the Alpine orogenesis. The Roignais-
Versoyen unit is composed of the Valaisan flysch and the igneous sedimentary pile of the Versoyen (Versoyen
complex).

The Versoyen complex shows three metamorphic stages which are characterized by: (1) A high-pressure —
low-temperature (HP-LT) eclogitic stage giving rise to the development of omphacite + Fe-garnet + glaucopha-
ne 1 = zoisite + rutile + quartz in the metagabbros and Fe-garnet + jadeite + chloritoid in the metasediments.
(2) A blueschist stage producing the development of glaucophane 2 + phengite + zoisite-clinozoisite in the me-
tagabbros and glaucophane 2 + zoisite-clinozoisite + lawsonite in the metasediments. (3) A greenschist stage
corresponding to the growth of actinolite + albite + chlorite + Mn-garnet + stilpnomelane + quartz + tourmaline
and of prehnite + pumpellyite. Petrographical study allows to estimate the P-T condition of the eclogitic stage
and the retromorphic evolution under blueschist and greenschist facies conditions.

New structural data allow to precise a part of the tectonic evolution of the Roignais-Versoyen unit.
Stretching lineation, extensional crenulation cleavage and drag folds verging to the SE indicate a top to the SE
shearing under greenschist facies conditions. The location of the deformation allows to interpret the Versoyen
complex as a normal ductile shear zone. In the Versoyen complex, earlier (under pre-greenschist facies conditi-
ons) deformation has been observed: the distribution of the textures within the laccoliths indicates a succession
of normal and inverted limbs. This succession is explained by the presence of isoclinal folds verging to the NW.

We outline the relationships between the post-eclogitic evolution and the exhumation processes and we
discuss the significance of the eclogitic facies metamorphism in the metamorphic zoneography of the Western
Alps.

RESUME

L’unité¢ du Roignais-Versoyen (Alpes occidentales, France) représente le meilleur exemple de métamorphisme
éclogitique ayant affecté le domaine valaisan au cours de I'orogénése alpine. Cette unité est constituée du flysch
valaisan et de la série volcano-sédimentaire du Versoyen.

La série volcano-sédimentaire du Versoyen est affectée par un métamorphisme polyphasé de type éclogi-
tique, puis schiste bleu et schiste vert. Les paragéneses observées sont: (1) omphacite + grenat + glaucophane 1
+ épidote * rutile + quartz dans les méta-gabbros et grenat + jadeite + chloritoide dans les méta-sédiments pour

1 ERS CNRS 129, Institut Dolomieu, 15 rue M. Gignoux, F-38031 Grenoble CEDEX
2 URA CNRS 726, Université C. Bernard, Lyon I, F-69324 Villeurbanne CEDEX 07
3 UNIL Sciences de la Terre, Lab. de Micro Analyse Electronique, BFSH 12, CH-1015 Lausanne
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le fagies éclogitique, (2) glaucophane 2 + phengite + épidote + albite dans les méta-gabbros et glaucophane 2 +
épidote + lawsonite dans les méta-sédiments pour le fagies schiste bleu et (3) actinote + albite + chlorite + gre-
nat magnésien + stilpnomélane + quartz + tourmaline et prehnite + pumpellyite pour le fagiés schiste vert. Une
étude pétrographique a permis d’'évaluer les conditions P-T du stade éclogitique et de préciser 1'évolution rétro-
grade des métamorphismes schiste bleu et schiste vert.

De nouvelles données structurales ont permis de préciser I'évolution tectonique de I'unité du Roignais-
Versoyen. Une linéation d’étirement, des plans d’ECC (extensional crenulation cleavage) et des plis d’entraine-
ment indiquent une déformation en cisaillement contemporaine du métamorphisme schiste vert. La déforma-
tion localisée essentiellement au sein de la série du Versoyen, correspond a un jeu normal vers le SE. D’autre
part, au sein de la série du Versoyen, une déformation antérieure a cette déformation syn-schiste vert a été mise
en évidence: la répartition des textures magmatiques au sein des laccolithes de la série volcano-sédimentaire du
Versoyen démontre une alternance de polarité au sein de la série. Cette alternance pourrait étre expliquée par
un plissement isoclinal affectant la série.

Le jeu en faille normale de la zone du Versoyen permet ainsi d’expliquer une partie des processus d’exhu-
mation responsables de I'évolution P-T de la série du Versoyen. Cependant, I’existence d’un métamorphisme
éclogitique remet en cause les schémas métamorphiques classiques établis pour les Alpes occidentales.

1. Introduction

Occurrences of eclogites are known for a long time in the Alpine belt (see for references
Droop et al. 1990). In the internal zone of the western Alps, eclogites and jadeite-bearing
rocks have been studied in details. Their formation is directly related to southwards and
eastwards subduction of an oceanic domain and to a collision between Eurasia and Afri-
ca (Ernst 1971; Dal Piaz et al. 1972, Caby et al. 1978, Lardeaux et al. 1982, Selverstone
1985, Goffé & Chopin 1986, Pognante 1989a, Polino et al. 1990, Miller 1990). This ocea-
nic closure led to the development of high-pressure (HP) assemblages in both oceanic
and continental crusts and related sediments (Chopin 1987, Ballevre 1986, Pognante
1989b, Lardeaux & Spalla 1991). This stage of the tectono-metamorphic evolution was
achieved during early Alpine times (Cretaceous to Eocene age; Dal Piaz 1974, Desmons
1977, Rubie 1984, Oberhinsli et al. 1985, Carpéna et al. 1986, Guillet et al. 1986, Hurford
& Hunziker 1989). The suture of the oceanic domain is exposed along the Piemont-Ligu-
rian domain as dismembered meta-ophiolitic suites i.e. Monviso and Rocciavré massifs,
Suza, Lanzo and Aosta valleys, Zermatt-Saas zone (Ernst & Dal Piaz 1978, Lombardo et
al. 1978, Pognante 1979, 1984, Barnicoat & Fry 1986, Colombi & Pfeifer 1986, Lardeaux
et al. 1987, Reinecke 1991, Messiga & Scamballeri 1991).

At the scale of the belt, eclogite-facies rocks including locally coesite-bearing assem-
blages, occur in the axial internal domain of the Alpine chain (i.e. Austroalpine and Pen-
ninic nappe systems). However, it must be underlined that eclogitized ultramafic-mafic
igneous rocks are not restricted to the Piemont-Ligurian domain but are also exposed in
the Valaisan domain (Schiirch 1986). The largest mafic body in this domain forms the
Roignais-Versoyen Unit (RVU, Mugnier et al. 1993).

The aim of this paper is to precise (i) the location and the characteristics of the dif-
ferent metamorphic parageneses of the RVU and (ii) the tectonic evolution of this unit
(particularly the part of tectonics in the exhumation processes of the eclogitic rocks). We
discuss the assemblages in terms of pressure-temperature (P-T) path of the RVU and the
tectonic implications at the scale of the Alpine belt.
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Fig. 1. Geological sketch map of the boundary of the Delphino-Helvetic zone, the Valaisan and Briangonnais
domains in the Western Alps. The “Aiguille du Clapet”, “Aiguille de Beaupré”, “Miravidi” and West of the
“Pointe Rousse™ are the sampling localities of the studied rocks. The locations of the geological sections repre-
sented in Figures 2 and 8 are shown by the lines A-A" and B-B’ respectively.
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Fig. 2. WNW-ESE geological cross section through the Valaisan domain modified after Antoine (1971), Lance-
lot (1979) and Baudin (1987).

2. Geological setting

In the Western Alps, the southern boundary of the Valaisan domain forms a thin belt
bounded to the east and to the west by two major thrusts which are the Frontal Briancon-
nais Thrust (FBT) and the Penninic Front (FP) respectively (Fig. 1).

The RVU is lecated in the vicinity of Bourg-Saint-Maurice (Savoie, France) across
the border between France and Italy. This unit is composed of the Valaisan series i.e., the
Valaisan flysch (or “flysch de Tarentaise*) and the igneous-sedimentary pile of the Ver-
soyen. The Valaisan flysch is characterized by the following succession from bottom to
top: The “Couche de I’Aroley”, the “Couche des Marmontains® and the “Couches de
Saint-Christophe” (Triimpy 1955, Antoine 1971, Fudral 1973). The age of the Valaisan
flysch is still debated, it could be Senonian to Campanian (Antoine 1971) or Priabonian
(Gely 1989). The Versoyen complex is composed of a succession of igneous rocks inter-
bedded with sediments or exceptionally intruded within a metamorphic basement
(Pointe Rousse area). This complex consists of mafic sills and laccoliths, basaltic dikelets,
pillow-basalts, mafic tuffs, serpentinized ultramafic rocks, black shales and gneisses (Lou-
bat 1968, Lasserre & Laverne 1976, Cannic et al. 1995). The age of the Versoyen complex
is not determined. Near the Petit-Saint-Bernard pass, the RVU is bordered by the Petit-



Evolution of the Roignais-Versoyen Unit 325

G2
Act+ChlAlb L O

Fig. 3. Magmatic (A) and eclogitic assemblages in the meta-igneous rocks (A, B and C) and in the metasedi-
ments (D and E). (A) Relic of augitic pyroxene (Aug) pseudomorphosed in glaucophane 2 (Gl 2). (B) High-P
assemblages in gabbros from group 1 with garnet (Grt) in equilibrium with sodic pyroxene (Omph) within an
actinolite (Act), chlorite (Chl), stilpnomelane (Stp) and albite (Alb) matrix corresponding to the greenschist fa-
cies; porphyroblast of glaucophane 2 grows after sodic pyroxene. (C) high-P assemblage in the gabbros from
group 2 with automorph and fine-grained glaucophane 1 (Gl 1). (D) Chloritoid (Chd), glaucophane 1 (Gl 1)
and jadeite (Jd) in the glaucophanitic schist. (E) Euhedral relictual lawsonite retromorphosed in phengite (Phe)
and chlorite (Chl).

Saint-Bernard unit. This unit is composed of Liassic calcareous slates and black shales
(Antoine 1971) wich are attributed to the Subbrianconnais domain (Fudral 1980).

At the scale of the belt, in the classical zonations of the Alpine metamorphism (see
Frey et al. 1974, BRGM 1980, Goffé & Chopin 1988, Hunziker et al. 1992), the metamor-
phism of the RVU is usually considered as greenschist facies. However, previous min-
eralogical investigations have shown the polyphased character of the metamorphic evol-
ution (Lasserre & Laverne 1976, Schiirch 1986). Blueschist and eclogite facies were iden-
tified in various exposures of the Versoyen complex, especially in the “Aiguille du Cla-
pet” and West of the “Pointe Rousse™ areas (Schiirch 1986).

The RVU forms an imbricated thrust sheet within a SE dipping stack of nappes (Bar-
bier 1951, Triimpy 1955, Butler 1984). The most prominent compressional features are
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(Fig. 2): (1) numerous SE dipping planes (Antoine 1971) leading to the thrusting of the
calcareous slates of the Petit-Saint-Bernard above the Versoyen complex, (i) N 40° iso-
clinal folds verging to the NW (Lancelot 1979), (iii) foliation plane dipping to the SE
(from 20 to 45°) which corresponds to axial plane cleavage in the Valaisan flysch and in
the calcareous slates of the Petit-Saint-Bernard.

3. Petrography and bulk-rock chemistry

Different lithologies located in the Versoyen complex, have been studied. They are the
meta-igneous rocks (metagabbros, metadolerites, metabasalts) and the metasediments.
The metagabbros show good preservation of the primary gabbroic textures, but the mag-
matic assemblage is generally completely replaced with the exception of some augitic py-
roxene (Fig. 3a). Average bulk-rock compositions of the studied rocks are given in table
1. Although chemical redistribution may have affected these lithologies during the dif-
ferent metamorphic stages, the compositional characteristics tend to reflect the magmatic
origin for the protoliths of the igneous rocks (tholeiitic affinities, similar to T-MORB,
Lasserre & Laverne 1976, Schiirch 1986, Cannic et al. 1993). Chemical data allow two
groups of metagabbros to be separated. The group 1 rocks are depleted in Si and Al and
enriched in Fe, Ti and Ca with respect to the group 2 rocks. These features are consistent

Tab. 1. Representative bulk-rock analyses of the tholeiitic rocks and the metasediments.

Tholeiitic rocks Metasediments
Group 1 Group 2 Black shales (1) Glaucophanitic
schists (2)
Si02 49.81 51.06 55.42 49.52
Al203 13.51 14.86 20.92 18.58
TiO2 2.75 1.95 0.97 0.76
FeO tot 13.28 10.05 6.23 552
MnO 0.20 0.28 0.19 0.26
MgO 4.97 7.59 3.08 2.88
Ca0 8.53 4.49 1.63 4.55
Na20 4.44 554 1.26 7.19
K20 traces traces 5.13 0.31
P205 0.34 0.26 - 0.14
H20 - - - - 3.19
CO2 - - - 2.44

1: Lasserre & Laverne, 1976
2: Schiirch, 1987
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with the petrographic evidence which suggests that the group 1 rocks contain more rutile
and ferrostilpnomelane and are richer in Ti-augite relicts. On the other hand, the higher
Na values can be explained by differentiation processes and/or metamorphism in oceanic
environment (Lasserre & Laverne 1976).

The eclogitized mafic rocks crop out in several places in the Versoyen complex. Most
frequently, the eclogitic assemblages are observed in the largest mafic bodies (metagab-
bros in the thickest sills located in the **Aiguille du Clapet™, in the “Haut vallon de Beau-
pré” near the “Aiguille du Beaupré”, in the “Miravidi” or in the “Pointe Rousse”, refer
to figure 1 for location). These HP assemblages have been recognized in glaucophanitic
schists (in the “Aiguille du Clapet”, Schiirch 1986) and in the black shales (in the “Haut
vallon du Beaupré”). In the small mafic bodies (metabasalts and metadolerites), the ob-
served parageneses correspond to blueschist and greenschist facies.

3.1 Eclogitic stage

The metagabbros are the most suitable to describe the development of the HP minerals
in the tholeiitic rocks of the Versoyen complex. Omphacite + garnet + glaucophane 1 +
zoisite-clinozoisite = rutile + quartz are the common minerals in eclogitic metagabbros of
the group 1 (Fig. 3b). The main pseudomorphic replacements are (i) omphacite after
augite, (i1) Ca-Fe rich garnet after plagioclase and (iii) rutile after Fe-Ti ores. The aver-
age grain size of omphacite is 1-2 mm. Some of these have conserved the blasto-ophitic
structure of the augitic pyroxene. Garnet appears as cracked crystal, very rich in small in-
clusions of quartz, amphiboles, phengites. The grain size of glaucophane 1 is 2-4 mm.
The eclogitic paragenesis in the metagabbros of the group 2, is characterized by the as-
semblage omphacite + glaucophane 1 + zoisite-clinozoisite + quartz-rich. The large por-
phyroblasts of omphacite (3-5 mm) grow after the magmatic pyroxene and are generally
pseudomorphosed in glaucophane 2. Zoisite and small (<3 mm) glaucophane 1 are pre-
sent in the finely-recrystallized matrix (Fig. 3c).

The eclogitic paragenesis recognized in the glaucophanitic schists (metasediments),
see table 1 for the bulk rock composition (Schiirch 1986), is characterized by the assem-
blage garnet + jadeite + chloritoid surrounded by a fine-grained matrix (Fig. 3d). The
black shales exceptionally show some relicts of euhedral lawsonite pseudomorphosed in
phengite (Fig. 3e).

3.2 Retromorphic stages

The earliest retromorphic assemblage, identified in the meta-igneous rocks, is: glauco-
phane 2 + zoisite-clinozoisite + phengite + paragonite + albite. Glaucophane 2 is different
from glaucophane 1: (i) glaucophane 2 grows at the expense of omphacite while the asso-
ciation of glaucophane 1 and omphacite is observed exceptionally, (ii) its grain size (5-8
mm) is longer than the grain size of glaucophane 1, (iii) optically, glaucophane 2 is
strongly zoned, with dark cores showing opaque oxide inclusions. The cores usually evol-
ve into blue and pale-blue margins. Glaucophane 2 may correspond to the low-pressure
(LP) glaucophane after Ernst (1968). In the metasediments, the retromorphic assemblage
is glaucophane 2 + zoisite-clinozoisite + phengite + paragonite. Small (less than 1 mm)
zoisite-clinozoisite grows at the expense of relictual lawsonite.
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Fig. 4. Average pyroxene and garnet compositions plotted after Essene & Fyfe (1967) and Coleman et al.
(1965), respectively. Pyroxene end-members are jadeite (Jd), augite (Aug) and acmite (Acm); garnet end-mem-
bers are almandine + spessartine (AL + SP), grossular (GR) and pyrope (PY). Also shown are the composition
fields (after Coleman et al. 1965) of garnets from eclogites associated with kimberlites and garnet peridotites
(group A), of garnets from eclogites associated with gneisses and migmatites (group B), and of garnets from
eclogites associated with blueschist (group C).

The end of the retromorphic evolution is characterized by the LP recrystallization
under greenschist facies conditions and finally, in very lower grade. The common assem-
blages are green-amphibole (actinolite-tremolite) + albite + chlorite + Mn-garnet + Fe-
epidote + stilpnomelane + quartz + tourmaline and prehnite + pumpellyite. Large por-
phyroblasts of actinolite grow after glaucophane 2 and small euhedral actinolites grow at
the expense of glaucophane 1 in the fine-grained matrix. The other retromorphic replace-
ments are: chlorite after actinolite and pumpellyite after clinozoisite and/or lawsonite.

In summary, considering the well preserved relictual assemblages, the metamorphic
history of the Versoyen complex is characterized by an eclogitic event followed by retro-
gression under blueschist and greenschist facies conditions.

4. Mineral chemistry and P-T path

The mineral chemistry has been studied in order to estimate the P-T conditions from the
metamorphic assemblages. Composition of the metamorphic phases were determined in
the Laboratoire de Micro Analyse Electronique, Université de Lausanne, with a CAME-
BAX microprobe operating at 15 KV, 15 nA and using natural minerals as standards.
The integration time was 20 s. Representative mineral compositions are listed in tables 2
to 6.
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Tab. 2. Representative analyses of clinopyroxene in the metagabbros and the glaucophanitic shists (formula
based on 6 oxygens).

Chloromelanite Omphacite Jadeite
93-43 94-82 94-90 94-90 740
Si02 54.53 55.53 53.78 53.90 56.97
Al203 5.89 11.08 9.25 9.87 19.68
TiO2 0.09 0.09 0.04 0.00 0.15
FeO 15.01 6.95 13.40 11.26 5.59
MgO 542 591 2.96 4.33 0.72
CaO 9.03 11.89 11.67 12.61 1.20
MnO 0.30 0.19 1.07 0.14 0.04
Cr203 0.00 0.03 0.00 0.00 _
NiO 0.00 0.01 0.45 0.00 _
Na20 9.08 7.64 1:35 7.13 1391
& 99.36 99.33 99.97 99.24 98.26
Si 1.99 2.00 1.98 1.98 1.99
ALIV 0.01 0.00 0.01 0.02 0.01
AlVI 0.24 0.47 0.39 0.41 0.80
Ti 0.00 0.00 0.00 0.00 0.00
Mg 0.29 0.32 0.16 0.24 0.04
Fe 3+ 041 0.06 0.15 0.12 0.14
Fe 2+ 0.05 0.15 0.26 0.23 0.03
Ca 0.35 0.46 0.46 0.50 0.04
Mn 0.01 0.01 0.03 0.00 0.00
Cr 0.00 0.00 0.00 0.00 _
Ni 0.00 0.00 0.01 0.00 _
Na 0.64 0.53 0.53 0.51 0.94
Jadeite 23.97 4721 39.13 40.07 79.94
Augite 36.31 46.47 46.95 50.04 6.29
Acmite 39.72 6.31 13.93 9.88 13.77

4.1 Clinopyroxene

Mineral compositions are given in table 2 and plotted in the Jd-Aug-Ac diagram (Fig. 4)
of Essene and Fyfe (1967). Generally, the analyzed clinopyroxenes are omphacite in me-
tagabbros of the group 1 and chloromelanite in metagabbros of the group 2. Jadeite con-
tents in omphacite, calculated according the method of Cawthorn and Collerson (1974),
range from Jds» to Jds47. Acmite contents range between 0 to 24% in the metagabbros of
the group 1 and between 19 to 34% in the more retromorphosed sample (metagabbros of
the group 2, 93-43). Chemical analyses of jadeite in metasediments studied by Schiirch
(1986), are presented in the same diagram.
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Tab. 3. Representative analyses of garnet in the metagabbros (formula based on 6 oxygens).

Grt1l Grt2
94-90.18 94-89.05
Cores Rims Cores Rims
Si02 36.74 37.28 37.05 37.26 37.85 37.02 37.20 37.55
Al203 20.34 20.59 20.53 20.63 21.46 20.31 20.88 20.79
TiO2 0.08 0.13 0.17 0.20 0.22 0.31 0.16 0.15
FeO 22.44 22.21 19.91 20.16 17.82 17.87 19.44 20.17
MgO 0.15 0.15 0.16 0.12 0.34 0.17 0.24 0.27
CaO 13.41 14.29 15.64 15.63 16.96 17.18 15.80 15.38
MnO 6.82 5.92 5.93 6.03 6.58 7.12 6.29 5.89
Cr203 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00
NiO 0.00 0.00 0.04 0.00 0.06 0.14 0.03 0.03
Na20 0.00 0.01 0.02 0.01 0.02 0.03 0.04 0.00
K20 0.00 0.01 0.01 0.00 0.00 0.01 0.03 0.00
b3 100.00 100.60 99.46 100.05 101.33  100.18 100.12  100.24
Si 2.96 2.98 2.98 2.98 2.96 2.96 2.96 2.99
Al IV 0.03 0.02 0.02 0.02 0.04 0.04 0.03 0.01
Al VI 1.90 1.91 1.92 1.92 1.95 1.87 1.93 1.94
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.01
Mg 0.02 0.02 0.02 0.01 0.04 0.02 0.03 0.03
Fe 3+ 0.09 0.08 0.07 0.07 0.04 0.11 0.06 0.05
Fe 2+ 1.42 1.40 1.27 1.28 1.13 1.08 1.23 1.29
Mn 0.47 0.40 0.40 0.41 0.44 0.48 0.42 0.40
Ni 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
Ca 1.16 1.22 1.35 1.34 1.42 1.47 1.35 1.31
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
yA 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Y 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
X 3.06 3.05 3.04 3.04 3.03 3.07 3.05 3.03
% Alm  47.95 47.47 43.06 43.36 38.07 37.69 41.83 43.54
% Spe 14.76 12.83 12.98 13.13 14.24 15.21 13.72 12.88
% Gros 36.73 39.13 43.32 43.05 46.40 46.43 43.54 42.53
% Pyr 0.56 0.56 0.64 0.46 1.30 0.66 0.92 1.04
4.2 Garnet

Average garnet compositions are given in table 3 (according to the method of Rickwood
1968) and plotted in terms of mole per cent pyrope, almandine + spessartine and grossu-
lar in figure 4. The garnet compositions correspond to eclogitic garnets associated with
glaucophanitic schist (Coleman et al. 1965).

The garnets in the igneous rocks are almandine-pyrope grossular-spessartine solid so-
lutions with 37 to 47% almandine and 38 to 47% grossular. The chemical compositions of
the garnets allow to distinguish two types of garnets: the garnet 1 (94-90) is almandine
rich (Alm > 44%) with respect to garnet 2. Occasionally, the garnets 1 are zoned with al-
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Tab. 4. Representative analyses of sodic (formula based on 15 = total cations less (Ca+Na+K) and Fe* + = 46 -
sum of all cation charge assuming all iron as ferrous) and calcic amphiboles (formula based on 13 = total cations

less Ca, Na and K).

Metagabbros Metasediments Metagabbros
Glauco 1 Glauco 2
Cores Rims Cores Rims
Crossite Glauco Glauco Riebeckite Actinolite
Si02 52.21 53.23 54.03 56.09 55.64 53.48
Al203 10.87 8.18 10.17 11.14 1.43 2.05
TiO2 0.05 0.07 0.07 0.17 0.05 0.04
FeO 20.93 25.46 21.43 14.63 17.34 13.82
MgO 3.535 2.54 3.56 7.40 13.23 14.98
CaO 2.02 0.70 0.58 0.63 3.62 10.03
MnO 0.23 0.15 0.38 0.10 0.10 0.26
Cr203 0.00 0.00 0.01 0.02 0.02 0.02
NiO 0.07 0.05 0.02 0.05 0.00 0.00
Na20 6.12 6.47 6.61 6.92 5.81 2.01
K20 0.10 0.03 0.01 0.02 0.00 0.10
) 96.15 96.89 96.87 97.17 97.24 96.79
Si 7.66 7.87 7.86 7.87 7.64 172
AlIV 0.34 0.13 0.14 0.13 0.36 0.28
AlVI 1.54 1.29 1.61 1.71 0.39 0.07
Cr 0.00 0.00 0.00 0.00 0.01 0.00
Ti 0.00 0.01 0.01 0.00 0.01 0.00
Fe 3+ 0.55 0.69 0.38 0.26 1.57 0.51
Mg 0.77 0.56 0.77 1.55 1.98 3.22
Mn 0.03 0.02 0.05 0.01 0.04 0.03
Fe 2+ 2.10 2.44 2.18 1.44 1.00 1.15
Fe 2+ 0.00 0.00 0.04 0.01 0.00 0.00
Ca 0.32 0.11 0.09 0.09 0.54 1.55
Na 1.68 1.85 1.86 1.88 1.46 0.45
Na 0.06 0.00 0.00 0.00 0.15 0.11
K 0.02 0.00 0.00 0.00 0.00 0.02

mandine enrichment towards their cores and grossular enrichment towards their rims
(sample 94-90.18), then almandine and grossular display an antithetic pattern in the gar-

net 2 (sample 94-89.05).

4.3 Amphiboles

Alkali amphiboles, which are present in the igneous rocks and glaucophanitic schists

show a compositional evolution (Tab. 4 and Fig. 5).
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Fig. 5. Composition of the alkali amphiboles
from the metagabbros and the metasediments in
the Miyashiro-type diagram. Metagabbros: glau-
cophane 1 (cross symbols), cores and rims of
glaucophane 2 (open and full squares respect-
ively). Metasediments: cores of glaucophane 2
(open circles) and rims of glaucophane 2 (full
circles).

Tab. 5. Representative analyses of mica (formula based on 12 oxygens with 6 = total cation less Ca+Na+K).

Metagabb

Phengite

ros

Metasediments

93-34 93-21

93-09 94-94

Si02 55.58 54.19 50.74 51.11
ARR03 25.92 28.80 35.68 27.95
TiO2 0.14 0.06 0.21 0.17
FeO 2.75 2.87 0.79 2.42
MgO 4.01 2.89 0.91 3.10
CaO 0.00 0.00 0.02 0.02
MnO 0.00 0.00 0.00 0.02
Na20 0.04 0.31 0.92 0.25
K20 8.71 9.02 8.18 9.81
2 97.15 98.15 97.45 94.85
Si 3.51 3.43 3.21 3.37
AlIV 0.47 0.57 0.79 0.62
Al VI 1.47 1.57 1.86 1.55
Fe 0.15 0.15 0.04 0.13
Mg 0.38 0.27 0.09 0.30
Ti 0.01 0.00 0.01 0.01
Mn 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00
Na 0.00 0.04 0.11 0.03
K 0.70 0.73 0.66 0.83
Z 4.00 4.00 4.00 4.00
Y 2.00 2.00 2.00 2.00
X 0.71 0.77 0.77 0.86
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Tab. 6. Representative analyses of Lawsonite (formula based on 8 oxygens).

Lawsonite
93-07

SiO2 38.52 38.71
Al203 31.92 32.04
TiO2 0.10 0.00
FeO 0.51 0.47
MgO 0.04 0.00
Ca0 17.77 18.09
MnO 0.0 0.00
Na20 0.03 0.06
K20 0.00 0.00
z 88.89 89.37
Si 2.01 2.01
AlIV 0.00 0.00
Al VI 1.96 1.96
Fe2+ 0.02 0.20
Mg 0.00 0.00
Ti 0.00 0.00
Mn 0.00 0.00
Ca 0.99 1.01
Na 0.00 0.01
K 0.00 0.00

- 5.00 5.01

According to the classification of Leake (1978), the cores of the amphiboles are glau-
cophane and/or Fe-glaucophane in the schists and their rims show a range of composition
from riebekite to Mg-riebekite. The alkali amphiboles in the metagabbros are crossite in
the cores and glaucophane and/or Fe-glaucophane in the rims. The latter chemical evol-
ution could result from the retrogressive evolution during blueschist metamorphism.

Calcic amphiboles (actinolite and actinolite-hornblende) grow at the expense of the
alkali amphiboles. The replacement of Na by Ca within the B site of the amphiboles cor-
responds to the retrogressive evolution under greenschist facies conditions.

4.4 White mica

Phengite and paragonite are the most common micas observed in the RVU. Representa-
tive analyses are given in table 5. Large grain size (2—4 mm) porphyroblasts of paragonite
coexist with phengites which generally underline the foliation plane. The celadonite sub-
stitution in the analyzed phengites from the metasediments and from the metagabbros,
ranges between 3.08 and 3.61, with higher values for phengites from tholeiites (3.40 <
Si*+ < 3.56). In the black shales, phengites occurring as pseudomorphic crystals show
lower Si*+ values (3.08 to 3.40). These lower values can be the result of the particular
chemistry of the black shales which are alumina-rich (chloritoid and chlorite occurren-
ces). The association chloritoid-chlorite limits the celadonite substitution (Chopin 1981).
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Fig. 6. P-T path of the studied rocks. Glaucophane (Gl) stability after Maresch (1977). Pump+Act+Qz —
>Pr+Chl+H20 and Pump+Chl+Qz—>Czo+Tr+H>O after Nitsch (1971). Biotite (Bt) stability after Nitsch
(1970). Isopleths of Si‘+ content in phengite barometer after Massone & Schreyer (1987), Alb—>Jd+Qz and
stability of the omphacite (Jdso) after Holland (1980). Lawsonite-zoisite transition after Heinrich & Althaus
(1980) and Newton & Kennedy (1963). Jd+Ky—>Pa after Holland (1979). Tc+Ky—>Mg-Chl+Qz after Masso-
ne et al. (1981).

4.5 Lawsonite

Some relicts of lawsonite occur in the black shales. Representative analyses are given in
table 6. Two types of occurrences are distinguished: (1) fine-grained (less than 0.2 mm)
lawsonite with phengite in the matrix, (2) largest grain size (2-4 mm) euhedral relicts of
lawsonite which generally show their cores retromorphosed in zoisite and their rims
retromorphosed in phengite.
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4.6 P-T path of the Versoyen complex (Fig. 6)

In the meta-igneous rocks, the development of glaucophane in the eclogitic parageneses
suggests temperatures lower than 550°C. The eclogitic assemblage sodic clinopyroxene +
garnet + quartz allows the jadeite content in Na-pyroxene (Holland 1980, 1983) and the
Fe-Mg exchange equilibria between coexisting garnet-pyroxene pairs (Raheim & Green
1974, Ellis & Green 1979, Ganguli 1979, Saxena 1979, Powel 1985, Krogh 1988) to be
used for pressure and temperature determination respectively. The maximal jadeite con-
tent of omphacite indicates a minimal pressure of about 13 kb (Holland 1980). The con-
temporaneous development of garnet and omphacite porphyroblasts within the metagab-
bros allows the temperature of the eclogitic stage to be calculated. The range of X%, =
0.43-0.45 implies to choose the Krogh (1988) thermometer, which considers the parti-
tioning of Fe?+ and Mg?+ between garnet and clinopyroxene for the calculation of Kg.
Using this approach, the temperature estimates range between 425°C and 470°C. Ac-
cording to the experimental works of Massonne (1981) and Massonne and Schreyer
(1987), the Si*+ content of phengites found in the metagabbros (3.4-3.6) indicates a mini-
mal pressure range between 10 and 15 kb for a temperature lower than 500°C. This value
is consistent with the occurrence of chloritoid instead of straurolite in the metasediments.

The early transition from lawsonite to zoisite (Heinrich & Althaus 1980) suggests that
the decompression is accompanied by a temperature higher than 400 °C. The transition
from glaucophane 2 to actinolite indicates a pressure decreasing from 7-8 kb to lower
than 4 kb. Using the Na (M4) contents in calcic amphiboles (Shido & Miyashiro 1959,
Brown 1977), the compositions of the actinolites suggest a pressure range between 6 to
2.5 kb and the assemblage prehnite + pumpellyite + actinolite + quartz indicates a tem-
perature range between 375° to 200°C (Nitsch 1971). The cation site occupancy thermo-
meter for chlorite and illite (Cathelineau & Nieva 1985, Cathelineau 1988, Schiffman &
Fridleifsson 1991) yields a temperature between 275 to 350°C for a pressure lower than 4
kb.

In summary for the eclogitic stage, the minimal pressure is estimated about 13-15 kb
for a temperature ranging between 425°C and 470°C. After a decompression without sig-
nificant temperature decrease, the P-T conditions are estimated 6-2.5 kb and lower than
375 °C for the greenschist stage and lower than 4 kb and 275°-350 °C for the lower grade
stage.

5. Tectonic evolution

This section focuses on finite strain markers corresponding to the normal ductile shearing
and to the earliest folding of the Versoyen complex.

5.1 Normal shearing in the Roignais-Versoyen unit

In the Roignais-Versoyen unit, the foliation plane dipping 20-45° towards the SE, is dis-
torted by a later planar fabric (Fig. 7). This SW-NE fabric dips about 40 to 60° towards
the SE and took place during the greenschist condition. This planar fabric corresponds to
an extensional crenulation cleavage (“ECC”; Platt & Vissers 1980). These ECC represent
the ductile microscale shear bands produced by a shearing strain along the axial plane
cleavage.
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Fig. 7. [A] Trajectories map of the extensional crenulation cleavage and orientation of the streching lineation
in the Roignais-Versoyen Unit. Stereogram of streching lineation (cross symbols), axial plane cleavage (open
squares) and extensional crenulation cleavage (full circles), lower hemisphere (equal area projection). [B]
Structural section showing the relation between the axial plane cleavage (S, full line) dipping 20-45° towards
the SE and the extensional crenulation cleavage (ECC, dashed lines) dipping 45-75° towards the SE.
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A stretching lineation striking N140 to N160° is marked by actinolite, chlorite and
phengite. Those minerals correspond to the retrograde greenschist facies metamorphism.
The stretching lineation occurs in the Versoyen complex, in the inverted limb of the
Valaisan flysch synform, in the black shales of the “Petit-Saint-Bernard” unit (in the
“Roc de Belleface™) and in the Carboniferous schist in the “vallée des Chapieux™ (Fig.
7a). The observation of the ECC in a plane oriented perpendicularly to the foliation
plane and parallel to the stretching lineation, allows to interpret this lineation as the
direction of movement during the shearing strain in greenschist condition.

The dip of the ECC is steeper than the foliation plane (Fig. 7b). The ECC reveal a re-
gional shearing corresponding to the displacement of the upper units towards the SE.
The displacement marks a normal movement along a shear plane dipping towards the
SE. The deformation, very strong inside the Versoyen complex, decreases in the Valaisan
flysch and in the Petit-Saint-Bernard unit. This finite strain gradient explains the de-
velopment of the stretching lineation inside the Versoyen complex and the tectonic trans-
position of the meta-igneous-sedimentary pile. Actually, the Versoyen complex can be
considered as a normal ductile shear zone. This movement also generates some N 20-40°
drag folds verging to the SE.

The meta-igneous rocks of the Versoyen, the sandstone beds in the Valaisan flysch
and the limestone beds in the calcareous slates of the “Petit-Saint-Bernard™ are affected
by a “chocolate tablet boudinage” (Ramsay & Huber 1987). This bed-thinning is com-
patible with the normal shearing strain.

The ECC presents the same orientation in normal and inverted limbs of the isoclinal
folds. This structural relationship between the ECC and the axial plane cleavage indica-
tes that the top to the SE shearing postdates the thrusting movement towards the NW. A
later brittle deformation is characterized by normal faults dipping towards the SE. This
brittle deformation succeeds the normal ductile shearing.

5.2 Isoclinal folds in the Versoyen complex

In spite of the tectonic transposition of the Versoyen complex, it is possible to recognize
earlier structural features: a NW-SE cross section through the Versoyen complex shows a
succession of laccoliths and black shales dipping to the SE. This succession although ap-
parently expressing the original sedimentary and magmatic pattern (Loubat 1984,
Schiirch 1986) is more complex (Fig. 8a). The polarity of the stratigraphic succession in
the Versoyen complex has been established using the distribution of textures within the
doleritic-gabbroic ultramafic-mafic laccolith and the shape of the pillows in the basaltic
flows. Where the undeformed laccoliths are thick enough to show gabbroic or ultramafic
composition, the polarity of the sequence is determined by the presence of cumulate
ultramafic-mafic rocks and/or intersertal gabbros located at the base of laccolith, just
above the lower chilled margin, while the uppermost part of the laccolith is composed of
dolerite with ophitic texture, located immediately beneath the upper chilled margin. This
distribution of textures reflects the evolution of bulk-rocks compositions within the
thickest laccoliths (Lasserre & Laverne 1976). Using this approach, the meta-igneous
rocks present a succession of normal and inverted stratigraphic polarity (Fig. 8b). These
sequences suggest the presence of 10 m to 100 m scale isoclinal folds verging to the NW
whose limbs and axes are difficult to observe. Nevertherless, an isoclinal fold is well ex-
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Fig. 8. [A] WNW-ESE cross section through the “Haut vallon du Beaupré” (Versoyen complex). [B] Sketch
across section showing the inferred fold axes.

posed at the "Pointe de 'Ermitte” (Lasserre & Laverne 1976), and numerous centime-
ters to hectometers scale i1soclinal folds have been observed within the adjacent Valaisan
flysch. The foliation plane dipping towards the SE observed in the black shales can be in-
terpreted as the axial plane cleavage of the isoclinal folds.

The lateral terminal tips of the laccoliths are intrusive within the sediments. Nonethe-
less, faults (or shear zones) parallel to the laccoliths cannot be precluded, as intense

cleavage is frequently observed, and as thrust contact is also observed (Lasserre & Laverne
1976).

6. Discussion and conclusions

6.1 Characteristics of the HP metamorphism

The HP assemblages observed in the tholeiitic rocks (metagabbros, metabasalts) and in
the metasediments (black shales, glaucophanitic schists) indicate that the eclogitic meta-
morphism was widespread in the different lithologies of the Versoyen complex. These
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eclogites have recrystallized under high pressure (> 13 kb) and very low temperature
(< 425-470°C). In the Western Alps, such characteristics are similar to the HP conditions
observed in some ophiolitic units and Penninic basement nappes (Rocciavré massif,
Pognante & Kienast 1987, Bouffette 1993; Monviso, Lardeaux et al. 1987; Vanoise mas-
sif, Platt & Lister 1985; Ruitor, Caby & Kienast 1989; Val Campiglia; Benciolini et al.
1984). The eclogite presents a lower temperature than the Zermatt-Saas ophiolitic suites
(Meyer 1983, Fry & Barnicoat 1987, Reinecke 1991). However, the age of the HP meta-
morphism of the Versoyen complex is still not determined.

6.2 Post-eclogitic evolution and exhumation processes

The post-eclogitic evolution is very well preserved in the Versoyen complex and suggests
a decompressional path without significant temperature decrease. The HP event has af-
fected the totality of the Versoyen complex; however, the later deformation under green-
schist facies conditions is very strong and the HP parageneses are only preserved in the
less deformed domains (i.e. the core of the thickest sills). The deformation under green-
schist facies conditions indicates a normal movement of the units towards the SE. This
normal fault is compatible with the distribution of fission-track ages in the external
crystalline massifs and the northern Penninic nappes that suggests an important normal
fault component during the Neogene (Seward & Mancktelow 1994). Such a tectonic
denudation could explain a part of the exhumation processes under greenschist and lo-
wer grade conditions. However, the deformation under eclogitic and blueschist condi-
tions have never been observed. In that case, the mechanism responsible for the pre-gre-
enschist exhumation of the HP rocks remains unknown.

Several models consider the Versoyen complex as a klippe of Piemont units (Schoel-
ler 1929, Bocquet 1974). These models suggest (1) an early eclogitic metamorphism of
the Piemont units, (2) a tectonic emplacement of the Piemont units above the Briangon-
nais and the Valaisan domains and (3) the thrusting of the Briangonnais and Subbri-
angonnais domains above the Versoyen complex. These models appear incompatible
with the retrotectonic evolution of the RVU as discussed here. Accordingly, the SE-dip-
ping normal fault and the burial of the Versoyen complex (from 50 to 60 km depth), may
indicate that the Versoyen complex was located below the Brian¢onnais domain before
the extension. South of Moutier, the FBT (so called “Faille des Encombres™), could cor-
respond to a normal fault (Ailleres et al. 1995). The F3 kilometer-scale folds observed in
the “zone Houillere” (Baudin 1987), could represent a roll-over structure induced by the
normal faulting (Ailleres et al. 1995). However, the roll-over style deformation can not
induce an important overtilting of the unit. In this case, the RVU can not correspond to
the inverted limb of the megascopic folds.

6.3 Significance of the HP metamorphism and the structural evolution

The Versoyen complex is bounded by the Valaisan flysch and the Calcareous slates of
the Petit-Saint-Bernard which are metamorphosed under very low P-T conditions. This
reflects a strong metamorphic gap within the RVU. Two hypotheses can explain this P-T
“jump”: (1) HP assemblages are also present in the bounded series, but they have never
been observed due to a strong retromorphic imprint. (ii) The Versoyen complex and the
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other series have recorded different P-T histories. However, the External Crystalline
massifs and the “Zone Houillére” are also metamorphosed under very low grade condi-
tion in Alpine time. In any case, the Versoyen complex, represents an eclogitic unit im-
bricated within a very low grade nappes system. The eclogite of the Versoyen complex
located just near the Penninic front, cannot be explained by the classical metamorphic
zoneography of the Western Alps which suggests a decrease in metamorphic intensity
from the internal to the external zones. Finite strain markers together with the metamor-
phic gaps suggest that the transitions RVU-“Zone Houillere” and RVU-“External
Crystalline massifs” could correspond to a major SE-dipping normal fault and a NW-di-
rected thrust respectively.

The late structural evolution and the metamorphic characteristics of the RVU under-
line the coexistence of SE dipping thrust and SE dipping normal faulting during the late
stage of the continental collision in the western Alps.
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