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Abstract The Valais units in Savoy (Zone des Brèches de

Tarentaise) have been re-mapped in great detail and are

subject of combined stratigraphic, structural and petrological

investigations summarized in this contribution. The sedi-

ments and rare relics of basement, together with Cretaceous

age mafic and ultramafic rocks of the Valais palaeogeo-

graphical domain, represent the heavily deformed relics of

the former distal European margin (External Valais units)

and an ocean–continent transition (Internal Valais unit or

Versoyen unit) that formed during rifting. This rifting led to

the opening of the Valais ocean, a northern branch of the

Alpine Tethys. Post-rift sediments referred to as ‘‘Valais

trilogy’’ stratigraphically overlie both External and Internal

Valais successions above an angular unconformity formed in

Barremian to Aptian times, providing robust evidence for the

timing of the opening of the Valais ocean. The Valais units in

Savoy are part of a second and more external mid-Eocene

high-pressure belt in the Alps that sutured the Briançonnais

microcontinent to Europe. Top-N D1-deformation led to the

formation of a nappe stack that emplaced the largely eclog-

ite-facies Internal Valais unit (Versoyen) onto blueschist-

facies External Valais units. The latter originally consisted of,

from internal to external, the Petit St. Bernard unit, the Roc de

l’Enfer unit, the Moûtiers unit and the Quermoz unit. Ongoing

top-N D2-thrusting and folding substantially modified this

nappe stack. Post 35 Ma D3 folding led to relatively minor

modifications of the nappe stack within the Valais units but

was associated with substantial top-WNW thrusting of the

Valais units over the Dauphinois units along the Roselend

thrust during W-directed indentation of the Adria block con-

tributing to the formation of the arc of the Western Alps.

Keywords Alpine geology � Valais ocean �
Palaeogeography � Structural geology � Tectonics �
Metamorphism

Introduction

In Savoy, the tectonic units derived from the Valais pal-

aeogeographical domain, first defined by Haug (1909) then

revived by Trümpy (1955), mark the front of the Penninic
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nappes that bend around the northern part of the arc of the

Western Alps, connecting with the E–W striking Zone de

Sion-Courmayeur in adjacent Switzerland and ending in a

N–S striking segment south of our area of investigation

(Fügenschuh et al. 1999; Ceriani et al. 2001). Ophiolitic

rocks have been known for a long time to occur within the

Valais palaeogeographical domain in two key areas of the

Western Alps. One is located near Visp in Switzerland (e.g.

Dietrich and Oberhänsli 1975), the other, often referred to as the

Versoyen (Elter and Elter 1965), is object of this study (Fig. 1).

First, and most importantly, this contribution aims to sum-

marize and synthesize new unpublished data on stratigraphy

and structures (Dalla Torre 1998; Bucher 1999; Loprieno 2001)

as well as partly published findings on the metamorphic evo-

lution (Bousquet et al. 2002) obtained from the study area (see

also Fügenschuh et al. 1999 for a preliminary publication of

some of this work). Second, these findings will be discussed in

the context of recently renewed controversies regarding the

existence (e.g. Frisch 1979; Stampfli 1993; Stampfli et al. 1998)

or non-existence (e.g. Schärer et al. 2000; Manatschal 2004;

Beltrando et al. 2007; Masson et al. 2008) of a Cretaceous age

Valais ocean. Finally, we will briefly discuss the significance of

these new findings for the palaeotectonic and orogenic evolu-

tion of the Western Alps.

Geological overview

The area of investigation (Fig. 2) is located north of Bourg St.

Maurice (Val d’Isère, Savoy, France) and extends eastward

beyond the Col du Petit St. Bernard located at the French–Italian

border. Figure 2 presents a new tectonic map based on detailed

structural and lithological maps of the area at the 1:10,000 scale

(Dalla Torre 1998; Bucher 1999; Loprieno 2001).

The Valais units in the area, also referred to as Zone des

Brèches de Tarentaise (Antoine 1971), are bounded to the NW

by tectonic slices consisting of sediments derived from the

European margin, i.e. the Dauphinois realm. These tectonic

slices (Unité du Rocher du Vent and unité de la Crête des

Gittes; Eltchaninoff and Triboulet 1980) are thrust onto the

Mont Blanc massif including its thin sedimentary cover in

stratigraphic contact. The tectonic slices represent the root

zone of the Helvetic Wildhorn nappe exposed in Western

Switzerland (Trümpy 1951, 1963; Grasmück 1961; Epard

1990). The top-WNW Roselend thrust, also referred to as

Penninic Front (Ceriani et al. 2001), forms the tectonic

boundary of the Dauphinois with the overlying and more

internal Valais units. To the SE, the Valais units are separated

from the Zone Houillère by a late-stage normal fault (Fügen-

schuh et al. 1999) that reactivated a former frontal thrust of the

Zone Houillère (Bucher et al. 2003), i.e. the frontal part of the

Briançonnais derived from a microcontinent located between

the Valais and Piemont-Liguria branches of the Alpine Tethys

(e.g. Stampfli 1993; Froitzheim et al. 1996; Schmid et al.

2004). The Zone Houillère mainly consists of Carboniferous

and Permian sandstones, breccias and shales of continental

origin and contains only subordinate Early Triassic dolomites

and shales in the area of investigation (Bucher et al. 2004).

Further south and along strike, the Valais units, including

the Cheval Noir unit, wedge out in map view between the

Dauphinois realm and Zone Houillère (Fig. 1; Ceriani et al.

2001). The Cheval Noir unit represents the remnants of a

trench formed during the subduction of the Valais units and is

made up of a thick series of Tertiary (mainly Priabonian)

sediments (wildflysch, breccias and flysch), which rest on a

Briançonnais type substratum (Serre et al. 1985; Ceriani et al.

2001; Ceriani and Schmid 2004). Further south, Valais units s.

str. and Cheval Noir unit are ‘‘replaced’’ by the Subbrianç-

onnais units that are derived from a more external part of the

Briançonnais microcontinent (Fügenschuh et al. 1999). These

Subbriançonnais units consist of a stratigraphic sequence

starting with Late Triassic dolomites and shales and ending

with Oxfordian shales.
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Fig. 1 Location of the working area within the arc of the Western

Alps (after Schmid et al. 2004). Rectangle indicates the outlines of

Fig. 2
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All Valais units within the working area, with the exception

of the Petit St. Bernard unit, carry the same type of youngest

stratigraphic cover, classically referred to as ‘‘Flysch de

Tarentaise’’ or ‘‘Flysch Valaisan’’ (e.g. Antoine et al. 1992;

Fudral 1998) in France and called ‘‘Valais trilogy’’ in adjacent

Western Switzerland (Burri 1979; Jeanbourquin 1994). This

Valais trilogy consists of the Aroley, Marmontains and Saint

Christophe formations. These clastic post-rift sediments

(Fig. 2) are of Barremian-Aptian (Trümpy 1954; Elter and

Elter 1965; Sodero 1968) to probably Tertiary age and are

diagnostic for the Valais palaeogeographical domain. The

substratum onto which these post-rift sediments were laid

down is classically referred to as ‘‘Substratum’’ or ‘‘Complexe

Antéflysch’’ (Antoine 1971), depending on whether the post-

rift sediments were deposited onto Mesozoic sediments of

Permian to Early Jurassic age belonging to the distal European

margin (External Valais units) or onto black schists interca-

lated with mafic sills characteristic for the Valais ocean

(Internal Valais unit).

Below, we briefly introduce the main tectonic units of

the Valais palaeogeographical domain found within our

area, going from an originally more external (NW) to an

originally more internal (SE) palaeogeographical position.

Quermoz unit

This frontal most External Valais unit (Antoine et al.

1992), not subject of this study, reaches the westernmost

part of the area depicted in Fig. 2. There and further to the

SW, it forms a thin basal sliver of the Valais units. The

flysch-type sediments of the Quermoz unit, typically

breccias, are considered a very external part of the Valais

palaeogeographical domain and a lateral equivalent of the

Niesen nappe in Switzerland (Homewood et al. 1984).

Moûtiers unit

Antoine (1971) originally divided the Valais units into the

Moûtiers unit and the Roignais-Versoyen unit, a subdivi-

sion that remained unchanged since (Antoine et al. 1992,

1993). However, following Loprieno (2001), we draw the

boundary between these two units differently (compare

Fig. 2 with the tectonic map found in Antoine et al. 1992),

and we change the name ‘‘Roignais-Versoyen unit’’ into

Versoyen unit for two reasons. First, the boundary between

the External Valais units (Moûtiers unit) and the Internal

Valais unit (=Versoyen unit), as drawn in Fig. 2, follows

the palaeogeographical and stratigraphic scheme discussed

later (see Figs. 3, 4). We attribute those parts of the

post-rift sediments that we interpret to have been laid

down on the Permo-Mesozoic sediments of the conti-

nental margin, such as those found in the Roignais area,

to the Moûtiers unit that is a part of the External Valais

units. This results in a lager Moûtiers unit at the expense

of the former ‘‘Roignais-Versoyen unit’’ (compare Fig. 2

with the tectonic map in Antoine et al. 1992). Second, we

mapped the boundary between the Moûtiers and Versoyen

units by following the trace of a late-D1-thrust (‘‘late-D1-

thrust of Versoyen unit onto Moûtiers unit’’ in Fig. 2) that will

be described when discussing the structures of the area.

Roc de l’Enfer unit

The attribution of the Roc de l’Enfer unit (Barbier 1948;

Antoine 1971; Antoine et al. 1992, 1993; Fudral 1980, 1998)

was much debated in the literature. This unit overlies the

Versoyen unit along the late-D2 Leisette thrust, starts to

appear in map view near Bourg St. Maurice (Fig. 2) and

extends for some 30 km further to the SW to the area around

Moûtiers (Loprieno 2001). It predominantly consists of Car-

boniferous schists with occasional remnants of Mesozoic

sediments, structurally located between the Zone Houillère in

the hangingwall and undisputed parts of the Valais domain in

the footwall (External and Internal Valais units). Three dif-

ferent thrust-sheets were recognized within the Roc de l’Enfer

unit (Fig. 2; see Loprieno 2001 for more details). The thrust

sheet consisting of Carboniferous beds forming the main body

of the Roc de l’Enfer unit was also referred to as ‘‘Faisceau de

Salins’’ (Barbier 1948). Mapping (Fig. 2) revealed a new

subdivision of the Roc de l’Enfer unit, and, most importantly,

it revealed that the Carboniferous strata of this unit are

stratigraphically overlain by the Aroley Formation (post-rift

sediments) near the Col de Leisette (Fig. 2; Loprieno 2001),

i.e. a lithology that is diagnostic for the Valais units. Also, our

re-mapping revealed the existence of a small klippe of the Roc

de l’Enfer unit near the Pte. de la Terrasse peak (Fig. 2).

There, lithologies previously interpreted as belonging to the

Marmontains Formation (Antoine et al. 1992, 1993) turned

out to be Carboniferous schists preserved in a folded small

klippe of the Roc de l’Enfer unit.

In summary, the Roc de l’Enfer unit is made up by pre-

rift sediments (Carboniferous and more rarely Triassic) that

are stratigraphically overlain by post-rift sediments above

an angular unconformity near the Col de Leisette. The

stratigraphy is identical to that observed in the Moûtiers

unit (Loprieno 2001), and hence this unit is considered as

another part of the External Valais units. However, as will

be discussed later, the Roc de l’Enfer unit structurally

overlies the Versoyen (Internal Valais unit) along a late-D2

out-of-sequence thrust (Leisette thrust; see Fig. 2).

Petit St. Bernard unit

The Petit St. Bernard unit was originally, given its present-day

structural position, ascribed to the Subbriançonnais palaeo-

geographical domain (Elter and Elter 1957) and later regarded
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as a unit of uncertain palaeogeographical origin by Antoine

et al. (1992). The Petit St. Bernard unit is composed of a very

incomplete stratigraphic succession that particularly lacks the

sediments of the Valais trilogy (Fig. 4). The unit essentially

consists of a thick series of Liassic calcschists that differs from

the more purely calcareous facies typical for the Moûtiers unit.

This thick succession of calcschists possibly indicates depo-

sition in a fault-bounded basin. This facies and the presence of

Late Triassic evaporites are characteristic for the Subbrianç-

onnais found further to the SW (Grand Moëndaz area; Barbier

1948; Ceriani and Schmid 2004). As will be discussed, the

Valais ocean opened later, i.e. during the Cretaceous, and

obliquely to pre-existing palaeogeographical domains like the

Subbriançonnais domain that came into being earlier, i.e.

during Early Jurassic rifting along the future continental

margins of the Piemont-Liguria ocean, and that are now found

near the ocean–continent transition formed during the opening

of the younger Valais ocean.

We attribute the Petit St. Bernard unit to the Valais units for a

number of reasons, the most important ones being (1) the

structural overprint and particularly the metamorphic history

(high-pressure overprint) of this unit are the same as that of the

other Valais units (see Fig. 7 discussed later) and (2) the retro-

deformation of post-nappe folding (D2), also discussed below,

reveals an original tectonic position of the Petit St. Bernard unit

in the footwall of the Versoyen unit (D1-thrusting). Both the

Petit St. Bernard unit and the Roc de l’Enfer unit were emplaced

onto the Versoyen only during late-D2 out-of-sequence

thrusting (see the Col des Rousses and Leisette thrusts in Fig. 2).

Internal Valais unit (Versoyen unit)

While Elter and Elter (1957) originally confined the term

Versoyen to a zone consisting of extensive and numerous

masses of ophiolites, accompanied by black fine-grained

detrital sediments, we also include those post-rift sediments

that stratigraphically cover the Versoyen in the sense of

Elter and Elter (1957), as well as the remnants of exten-

sional allochthons formed by granitoids and gabbros (Punta

Rossa Complex of Fig. 2) into our Versoyen unit. As will

be discussed later, the Internal Valais unit represents an

ocean–continent (Valais ocean) transition and is strati-

graphically covered by the same Valais trilogy also found

in the adjacent units of the External Valais units (Jeanbourquin

1995; Fügenschuh et al. 1999). The older pre- and syn-rift

lithologies that characterize the Versoyen, as discussed below

in more detail, dramatically differ from those found in all

the External Valais units. They consist of (see Fig. 2) the

following: (1) the Punta Rossa Complex; (2) the Brèches du

Collet des Rousses Formation; and (3) a lithological associ-

ation that predominantly consists of serpentinites and mafic

sills that intrude black schists (Complexe Antéflysch Forma-

tion, see below).

Stratigraphy and lithological compositions

Figure 3 provides a palaeogeographical overview of strati-

graphic successions that are characteristic for the main
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units attributed to the Valais domain, which departs in

some details from that previously published by Fügen-

schuh et al. (1999). Drawing of the sketch, which places

the profiles into their larger-scale palaeogeographical

context, is guided by two main hypotheses based on our

field data: (1) we assume that the rifting leading to the

opening of the Valais oceanic realm by oblique spreading

post-dates an earlier rifting event related to the opening

of the Piemont-Liguria branch of Alpine Tethys, fol-

lowing the ideas proposed by Frisch (1979) and Stampfli

(1993). Thereby an older rifted continental margin rela-

ted to the mid-Jurassic break-up of the Piemont-Liguria

ocean, i.e. the Briançonnais-Subbriançonnais domain,

was affected by a second pulse of rifting related to the

opening of the Valais ocean within the Subbriançonnais

realm, which occurred during Early Cretaceous times.

The term post-rift sediments refers to the second rifting

event since the break-up unconformity is of Early Cre-

taceous age, pre-dating the deposition of the oldest post-

rift sediments (Aroley Formation) in Barremian-Aptian

times. The age of the rarely preserved syn-rift sediments

(Early Jurassic vs. Early Cretaceous) is uncertain, how-

ever, as will be discussed later. (2) Due to a higher

density that led to complete subduction of large parts of

the Valais domain, we assume a very poor preservation

potential of the Valais oceanic domain in the present-day

nappe stack. Thereby the External Valais units would

represent the southeastern margin of the European con-

tinent that, in our area, also includes a part of the Sub-

briançonnais domain (pre-rift sediments of the External

Valais units), while the Internal Valais unit would

include series that represent the ocean–continent transi-

tion. Only small slivers of the Valais oceanic lithosphere

are preserved in the present-day nappe stack within our

area and elsewhere in the Valais units of the Swiss Alps

(e.g. Jeanbourquin and Burri 1991; Steinmann and Stille

1999). The rest of the Valais oceanic lithosphere and the

transition into the southeasterly adjacent Briançonnais

microcontinent has been subducted and/or omitted by

normal faulting; it is totally missing within the nappe pile

at the earth’s surface, except perhaps for the Pierre Avoi

slice found in adjacent Switzerland (Bagnoud et al.

1998).

Pre-rift sediments of the External Valais units

Figure 4 summarizes the stratigraphy found in the Moû-

tiers unit, with a palaeo-karst surface marking the end of

the pre-rift sequence in those rare places that preserve the

syn-rift sequences (column shown for the Moûtiers unit in

Fig. 3). Note that in most places within the Moûtiers unit,

the post-rift Valais trilogy rests unconformably on older

rocks (like in the Roc de l’Enfer unit; see Fig. 3). The

unconformity locally cuts down into Permian sediments

(and even into the Palaeozoic basement, as mapped near

Môutiers in an anticline at Hautecour southwest of our

area), pointing to substantial relief caused by rift-shoulder

uplift and leading to massive erosion in pre-Barremian

times. This erosion also eliminated much of the syn-rift

sediments whose probable age will be discussed below.

The Roc de l’Enfer unit is dominated by the Permian age

pre-rift formations, while syn-rift sediments are totally

missing. In the External Valais units in general the pre-

rift sequence, up to the relatively thick middle Triassic
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beds, has great similarities to that found in parts of the

adjacent Zone Houillère. The Late Triassic to Early

Jurassic sediments have a facies similar to that found in

the Subbriançonnais outcropping further to the SSW

along strike, i.e. south of Moûtiers (Grand Moëndaz area;

Barbier 1948).

The Late Triassic evaporites form an important

detachment horizon that served for the décollement of the

Petit St. Bernard unit. Apart from occasional cargneule and

gypsum sometimes associated with Late Triassic dolomite

(‘‘dolomies blondes’’) and black schists with Avicula con-

torta of Rhaetian age (Antoine 1971), the Petit St. Bernard

unit is almost exclusively made up of Jurassic deposits. The

Early Jurassic of the Petit St. Bernard unit starts with

cherty limestones, followed by a 800- to 1,000-m-thick

sequence of calcschists (Antoine 1971), interpreted to be of

middle Early Jurassic age because of the occurrence of

belemnites (Franchi 1900; Antoine 1971). The youngest

rocks are black schists whose attribution to the late Early

Jurassic (Antoine et al. 1992) is only based on lithostrati-

graphic evidence. These rocks acted as a décollement

horizon along which all the younger sediments, i.e. mostly

post-rift deposits, were detached during nappe stacking

(Fig. 4).

Magmatic and sedimentary rocks of the Internal Valais

unit (Versoyen unit) pre-dating the transgression

of the Valais trilogy

Our analysis (see Fig. 4 discussed later), as well as that of

many other workers in the area (i.e. Debelmas et al. 1991;

Fudral 1998), confirmed the observations of Antoine

(1971) who recognized the stratigraphic contact of the

younger Valais trilogy with a sequence of basaltic sills that

are gabbroic in the centre (‘‘Roches Vertes du Versoyen’’)

and that intrude the black schists. Tectonically emplaced

slices of serpentinite are also found; the largest slice crops

out at Mont Miravidi (Fig. 2). This series occasionally also

contains pillow lava and/or volcanic breccia, and in its

younger parts, carbonaceous schists referred to as ‘‘schistes

gris’’ by Loubat (1968) and Antoine (1971). Following

Loprieno (2001), we use the term Complexe Antéflysch

Formation (as mapped in Fig. 2) for this association of

magmatic and sedimentary rocks, a term introduced by

Antoine (1971) for the rocks that pre-date the Valais trilogy

in the areas he considered as being part of his Roignais-

Versoyen unit. This implies that Antoine (1971) used the

term Complexe Antéflysch also for some calcschists found

in our Moûtiers unit.

The pillow basalts and the cores of sills of the Complexe

Antéflysch Formation have flat REE patterns characteristic

of N-MORB and T-MORB, while the geochemistry of the

sill margins provides evidence for contamination caused by

the intrusion of hot mafic magmas into unconsolidated

sediments rich in water (Mugnier et al. 2008). This con-

firms earlier observations made by Loubat (1984), Loubat

and Delaloye (1984) and Schürch (1987) in the area. Note

that Kelts (1981) and Einsele (1985) drew attention to the

fact that such sill-sediment complexes are presently found

in the Gulf of California and that they may also occur in

orogenic belts where they indicate high sedimentation rates

during spreading within narrow oceanic pull-apart basins.

In his pioneering article, Kelts (1981) proposed to use the

Gulf of California as an actualistic example for the North

Penninic Valais trough of which the Versoyen in our area is

a part.

The black schists that are intercalated with the sills

comprise various types of argillites and siltstones that

occasionally contain thin carbonaceous or quartzarenitic

lens-shaped layers. The mineralogical composition of

the detritus consists of white mica, quartz, calcite,

clay minerals (now chlorite), tourmaline, oxides and

organic material. Antoine (1971), based on geochemical

analyses, proposed that the sediments of the Complex-

e Antéflysch Formation formed by erosion of a subaer-

ial domain located far from the site of deposition.

Up-sequence the black schists show a gradual trend

towards more carbonaceous schists (‘‘schistes gris’’ of

Loubat 1968; Antoine 1971). A gradual transition from

the sedimentation of the schists of the Complexe Ant-

éflysch Formation to that of the calcareous Aroley For-

mation is also evident from the detailed profile presented

in Fig. 5. Hence, the arguments for a stratigraphic con-

tact to the Aroley Formation are beyond any doubt also

for all previous authors, except Masson et al. (2008). The

Complexe Antéflysch Formation predates the Barremian-

Aptian (Aroley Formation) and post-dates conglomerates

of presumably post-Early Jurassic age described below

(Brèches du Collet des Rousses Formation of Fig. 2). In

accordance with the view of Antoine (1971), we assign

an Early Cretaceous age to this formation, on the basis

of arguments presented in the discussion of the data.

No radiometric ages could be obtained so far for the

mafic sills.

As observed by previous workers (e.g. Elter and Elter

1965; Loubat 1968; Dalla Torre 1998; Loprieno 2001),

the Complexe Antéflysch Formation stratigraphically

overlies the Brèches du Collet des Rousses Formation in

many places (Figs. 2, 3). Pieces of this sedimentary for-

mation occur as xenoliths within the immediately adja-

cent basalts (Loubat 1975; Schürch 1987; Dalla Torre

1998). The ‘‘brèches’’ du Collet des Rousses are in fact

matrix-supported conglomerates with well-rounded clasts

that mostly consist of Early Jurassic limestone pebbles

embedded in a belemnite-bearing matrix of calcschists.

This is why this formation was given a mid-Jurassic age
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by Antoine (1971). However, the real age of this post-

Liassic and pre-Barremian-Aptian formation remains

unknown.

The immediate stratigraphic base of the Brèches du

Collet des Rousses Formation is missing due to a pres-

ently overturned late-D1-thrust contact at the base of the

Versoyen marked by evaporitic horizons (Fig. 2). Lat-

erally, along the same thrust it is the Punta Rossa

Complex that forms the base of the overturned Versoyen

in the area of the Punta Rossa and the Aiguille du Clapet

(Fig. 2). This is the reason for interpreting the Brèches

du Collet des Rousses Formation as a fault-bounded

synrift formation, which pre-dates the Complexe Ant-

éflysch Formation (see schematic stratigraphic column

for the Versoyen in Fig. 3). In fact, the entire Punta

Rossa Complex, of which the Brèches du Collet des

Rousses Formation is a part (Fig. 3), pre-dates the

Complexe Antéflysch Formation and is of crucial

importance regarding the controversy about the age and

significance of the basalts of the Complexe Antéflysch

Formation.

Other lithologies that are part of the Punta Rossa

Complex are quartzo-feldspatic gneisses in granulite

facies (?) mapped in the Punta Rossa area and referred

to as leptynites by Antoine (1971) because of their

porphyroblastic microstructure. These are covered by

siliciclastic synrift sediments including conglomerates

reworking this basement and grading upwards into the

black schists of the Complexe Antéflysch Formation

(Dalla Torre 1998). This provides clear evidence that

this quartzo-feldspatic basement here forms the strati-

graphic base of the Complexe Antéflysch Formation.

Recently, the intrusion age of these Punta Rossa grani-

toids was dated as Permian (267 ± 1 Ma; concordia age

determined by SHRIMP U–Pb dating of zoned zircons by

Beltrando et al. 2007). Interestingly, ortho- and clinopy-

roxene-bearing serpentinites, ophicarbonates and gabbros

are also found in the Punta Rossa area, spatially associated

with the Punta Rossa granitoids and/or their immediate

siliciclastic cover (see Dalla Torre 1998 for more details).

While the gabbros could perhaps also be interpreted as

manifestations of bi-modal magmatism of Permian age, the

serpentinites and ophicarbonates argue for denudation of

mantle rocks at the seafloor during Mesozoic rifting. Due to

intense deformation in the area, it is hard to decide which

of the contacts between serpentinites and granitoids are

related to Alpine deformation and which formed during a

rifting event that, according to our interpretation, led to

the denudation of subcontinental mantle rocks at the sea

floor.

The Aiguille du Clapet area exposes, apart from inter-

calated basalts and black schists attributed to the Complexe

Antéflysch Formation, an association of various rock types

that builds up most of the almost non-accessible Aiguille

du Clapet peak and that we associate with the Punta Rossa

Complex. This attribution is primarily based on the recent

SHRIMP U–Pb dating of a leuco-gabbro as part of a lay-

ered magmatic sequence found at the base of the Aiguille

du Clapet peak by Beltrando et al. (2007), which also

yielded a Permian age (272 ± 2 Ma). This indicates

bi-modal magmatism typical for Early Permian times

and found in many other parts of the Alps that expose

lower crustal rocks later exhumed near an ocean–continent

transition (Sesia zone: Rubatto et al. 1999; Ivrea zone:

Handy et al. 1999; Val Malenco area: Hermann et al.

1997; Engadine window: Froitzheim and Rubatto 1998;

Manatschal et al. 2006). Hence, it appears that the Permian

leuco-gabbros, together with the granitoids from the Punta

Rossa area, are part of a basement that is older than the

Complexe Antéflysch Formation and that predates the
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Antéflysch Fm.

2 m transition

 zone

2 m transition

 zone

2 m transition

 zone

Aroley Formation
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Fig. 5 Detailed profile of the transition zone between de Complexe

Antéflysch Formation and the Aroley Formation, evidencing the

stratigraphic nature of this contact. The section, taken from the

Versoyen unit some 150 m NE from Les Essies locality (French

coordinates 9450375/200810525), is overturned. Note that the same

section also contains mafic sills some 10 m further up-section

(stratigraphically down-section)
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intrusion of the mafic dykes so typical for the Versoyen.

The latter must be younger since they post-date both the

post-Early Jurassic Brèches du Collet des Rousses For-

mation and the Permian Punta Rossa Complex. Note,

however, that Schärer et al. (2000) dated other leuco-gab-

bros from the Aiguille du Clapet area with 309 ± 6 Ma,

while Masson et al. (2008) obtained an even older age of

337 ± 4.1 Ma. We will comment on these Carboniferous

ages that, according to the above-mentioned authors, prove

a Variscan age of the ‘‘Versoyen ophiolites’’, including

the Complexe Antéflysch Formation, in the ‘‘Discussion’’

section.

In summary, the substratum found below the Compl-

exe Antéflysch Formation in the Internal Valais unit does

appear to represent not only truly oceanic pieces of

lithosphere. Instead, we find a sequence that is typical for

the most distal part of a continental margin adjacent

to denudated subcontinental mantle (serpentinites) em-

placed during the formation of oceanic lithosphere within

the narrow Valais ocean. It is the serpentinites, like those

found near Mont Miravidi and within the Punta Rossa

Complex, that play a key role for our interpretation

discussed further after the presentation of the structural

data.

Syn-rift sediments of the External Valais units

The so-called Brèches du Grand Fond (Antoine et al.

1972; Fudral 1998) are bounded by two unconformities:

one at the base that post-dates Middle Liassic limestones

and one at the top that pre-dates the Barremian-age base

of the post-rift sediments (Aroley Formation). In general,

the Brèches du Grand Fond are characterized by clasts

consisting of all the lithologies found in the pre-rift

sediments (Carboniferous to Middle Liassic) and, addi-

tionally, crystalline basement rocks. In the area of the

External Valais units, perennial background sediments

are hardly noticed during this large time interval, which

must have been characterized by erosion as a conse-

quence of syn-rift faulting and tilting of pre-mid-Jurassic

formations. Moreover, these syn-rift sediments are totally

lacking in most areas of the External Valais units. Hence,

substantial erosion must also have occurred during and

after the final stages of rifting, but before the deposition

of the base of the post-rift sediments (Aroley Formation)

above an angular unconformity representing a break-up

unconformity (Fügenschuh et al. 1999). A detailed

analysis of the syn-rift deposits, referred to as Brèches du

Grand Fond Group, is found in Loprieno (2001). Two

distinct lithostratigraphic formations are locally divided

by yet another angular unconformity (Fig. 3): the older

Dent d’Arpire Formation discordantly overlies Permian

to Middle Triassic pre-rift sediments, while the younger

Pyramides Calcaires Formation either unconformably

overlies the Dent d’Arpire Formation (like in the area of

the Aiguille du Grand Fond, Fig. 2), or alternatively,

directly rests on Early- to Mid-Liassic pre-rift sediments

that are topped by palaeo-karst (such as in the high

Vallée des Glaciers and Pyramides Calcaires areas,

Fig. 2).

The Dent d’Arpire Formation is only preserved near the

Aiguille du Grand Fond and is characterized by a coarse

clast-supported conglomerate with an impure schistose

light-coloured matrix at the base and by a matrix-sup-

ported conglomerate with a pure, massive, light grey to

bluish limestone matrix at the top of the formation. A new

ammonite finding within the lower part of the Dent

d’Arpire Formation (Loprieno 2001) indicates a Toarcian

age for the base of this syn-rift formation; therefore, this

syn-rift formation must be related to the rifting that led to

the opening of the older Piemont-Liguria ocean. The top

surface of the formation is irregular due to the erosion

preceding or accompanying the deposition of the younger

Pyramides Calcaires Formation that predominantly con-

sists of brownish calcschists. Only in the Aiguille du

Grand Fond area is a characteristic facies preserved,

which is made up by a chaotic sequence of unbedded

gravity-flow deposits (Combe de la Nova section; Lopri-

eno 2001). In this sequence, the size of the unsorted clasts

and blocks ranges from a few centimetres up to 30 m.

Some of these clasts are large well-rounded boulders of

conglomerates resulting from the reworking of the lower

Dent d’Arpire Formation. Previous work in the Combe de

la Nova region referred to the Dent d’Arpire and the

Pyramides Calcaires formations as ‘‘ensemble conglom-

ératique inférieur et supérieur’’ (Antoine et al. 1972;

Fudral 1973).

The facies of the syn-rift sediments is very different in

the area of the Vallée des Glaciers where more distal and

fine-grained debris-flow deposits predominate. There, the

Dent d’Arpire Formation is totally missing and replaced by

a palaeo-karst surface. The Pyramides Calcaires Formation

consists of brownish calcschists, but also contains layers of

black shales, fine calcareous sandstone with quartz and

beds consisting of fine conglomerates in which Middle

Triassic dolomite clasts are predominant. The rhythmic

bedding and detrital nature of the rock types suggests

that the Pyramides Calcaires Formation here represents

a predominantly turbiditic series. Note that the Pyrami-

des Calcaires Formation in the Vallée des Glaciers was

described as ‘‘Complexe Antéflysch’’ by previous workers

and attributed to their ‘‘Roignais-Versoyen unit’’ (Antoine

1971; Antoine et al. 1972), while we attribute it to the

External Valais units, i.e. the Moûtiers unit. The Pyramides

Calcaires Formation in the Vallée des Glaciers forms

a continuous narrow band, which can be followed from
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Les Chapieux all the way to the Pyramides Calcaires.

Interestingly, some of the calcschists of the Pyramides

Calcaires Formation are very similar to carbonaceous

schists that occur in the youngest parts of the Complexe

Antéflysch Formation referred to as to ‘‘schistes gris’’ by

Loubat (1968) and Antoine (1971). Hence, these latter

possibly represent a very distal facies of the Pyramides

Calcaires Formation in the Vallée des Glaciers. Also,

according to similar observations made in the Internal

Valais units, the transition into the sediments of the post-

rift sequence starting with the Aroley Formation is gradual

in the Vallée des Glaciers and lacks the angular uncon-

formity that is so typical for the rest of the External Valais

units. At the Pyramides Calcaires locality, the base of the

Pyramides Calcaires Formation yielded Orbitolina sp.,

suggesting an Early Cretaceous age for the entire Pyrami-

des Calcaires Formation at this locality (Elter 1954, con-

firmed by this study). This indicates that the deposition of

the Pyramides Calcaires Formation in this particular area

immediately pre-dates that of the Aroley Formation.

It is tentatively proposed that the Dent d’Arpire and

Pyramides Calcaires formations were deposited during two

distinct events of rifting affecting the External Valais units

separated by an interval of erosion or non-deposition. The

first rifting event must have been related to the opening

of the Piemont-Liguria ocean given the Liassic age of

the Dent d’Arpire Formation. The age of the younger

Pyramides Calcaires Formation is unconstrained in most

places due to the lack of fossils, except for local findings of

Orbitolina sp., pointing to an Early Cretaceous age of at

least parts of this formation. This, together with the close

lithological similarities of some of the calcschists of the

Pyramides Calcaires Formation with the carbonaceous

schists that occur in the youngest parts of the Complexe

Antéflysch Formation, suggests that the Pyramides Calc-

aires Formation is made up of syn-rift deposits related to

the Valais rifting and may partly be coeval with the

deposition of the Complexe Antéflysch in the Internal

Valais unit.

Post-rift sediments of the External and Internal Valais

units (Valais trilogy)

The three mappable formations of the Valais trilogy (from

bottom to top: Couches de l’Aroley, Couches des Mar-

montains and Couches de St. Christophe, defined by

Trümpy 1951, 1954) are interpreted to represent a post-rift

sequence because they were deposited on oceanic to tran-

sitional lithosphere (Internal Valais unit, see Fig. 5) and

continental lithosphere (External Valais units) alike. The

relative age of the three formations is well-established and

undisputed, except for the differing view expressed by

Masson et al. (2008), since the oldest Aroley Formation

directly lies on the older Mesozoic cover of the External

Valais units above an angular unconformity (Fig. 3). The

biostratigraphic age of the three formations, however, is

only partly defined due to the paucity of fossils.

The sediments of the Aroley Formation of the External

Valais units mostly consist of massive conglomerates with

a grey to blue calcareous matrix, interpreted as submarine

mass flow deposits (Lomas 1992) interbedded with a few

and rather thin shale layers. The clasts are mostly derived

from Carboniferous to Early Jurassic lithologies but also

include pre-Carboniferous micaschists and granite. Sedi-

mentation starts with thick beds of generally clast-sup-

ported coarse conglomerates without size sorting. An

upward thinning and fining trend is observed, associated

with a trend towards matrix-supported fabrics.

In the case of the Internal Valais unit, the base of the

Aroley Formation is occasionally ill defined (Fig. 5); sed-

imentation of the Aroley Formation followed that of schists

of the Complexe Antéflysch Formation without any angular

unconformity. Moreover, the Aroley Formation of the

Internal Valais unit is dominated by a regular alternation of

calcschists with calcarenitic and argillaceous beds. Isolated

conglomeratic beds are found near the base but never at the

top of the formation. In a few places, massive grey lime-

stone was also observed. Also, the Aroley Formation of the

Internal Valais unit is characterized by an upward fining

trend.

A thinning and fining trend is also found in a lateral

direction, i.e. when going from the External Valais units

towards the Internal Valais unit. As recognized by Antoine

(1971), this indicates a more distal depositional realm for

the Internal Valais unit. Lomas (1992) infers a depositional

system in which debris shed by a rapidly eroding source

area to the west (External Valais units) were transported

directly to relatively deep water (Internal Valais unit). All

these points towards a systematic topographic gradient due

to rift-induced flank uplift in the External Valais units, a

gradient that persisted during the deposition of the Mar-

montains Formation.

The Aroley Formation was dated as Barremian-Aptian

based on Orbitolina sp. by Trümpy (1954) in the Val Ferret

in adjacent Switzerland. The same age was also proposed

by Elter (1951, 1954) who discovered small fragments of

Orbitolina sp. at the Pyramides Calcaires locality, imme-

diately below the base of the Aroley Formation. Finally,

Sodero (1968) found Orbitolina sp. and dasyclad algae in

the ‘‘Couches de l’Aroley’’ in the Aosta Valley, along

strike of the External Valais units of our area. Hence, we

regard the evidence for a Barremian-Aptian age for the base

of the ‘‘Couches de l’Aroley’’ as conclusive. Note, how-

ever, that this age was questioned by Antoine (1965, 1971)

who discovered a pyritized specimen of Globotruncana

lapparenti coronata, indicating a Turonian-Santonian age in
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sediments he believed to immediately underlie the Aroley

Formation in an intensely deformed area. A Barremian to

Aptian age for the Aroley Formation is additionally supported

by its close lithostratigraphic similarities with its equivalent,

the Tristelkalk Formation of Eastern Switzerland that was

dated as Barremian to Early Aptian (Schwizer 1983). In

the Tasna nappe of the Engadine window, the Tristelkalk

Formation, overlying a series of dark shales, which are very

similar to the Complexe Antéflysch, also seals an ocean–

continent transition at the margin of the Valais ocean (Florineth

and Froitzheim 1994).

The Marmontains Formation, although only a few tens

of metres thick, represents a key-horizon for establishing

the younging direction of the post-rift sequence and its

substratum. The Marmontains Formation consists of a

characteristic alternation of carbonate-free black shales and

green or brownish quartz-arenites. A coarse conglomerate

facies is occasionally found in the External Valais units,

typically towards the top of the formation (Fudral 1973).

This facies was referred to as the ‘‘Grès grossiers et con-

glomératiques’’ by Antoine et al. (1992). In the Internal

Valais unit, however, the Marmontains Formation exclu-

sively consists of black shales. Hence, also the Marmon-

tains Formation shows a transition to a more distal facies

towards the Internal Valais unit. The facies analogies of the

Marmontains Formation with similar lithologies found in

the Tasna, Falknis and Schams nappes of Eastern Swit-

zerland, the so-called Gault with black shales rich in

organic carbon, interbedded with ‘‘Oelquarzit’’ and ‘‘Plat-

tensandstein’’ (Hesse 1973; Rück 1995; Florineth and

Froitzheim 1994) are striking. Rück (1995) attributes these

lithologies to the ‘‘mid’’-Cretaceous anoxic event (Jenkyns

1980). In eastern Switzerland, Allemann (1957) dated the

top of this formation to be of Cenomanian age.

The youngest formation of the Valais trilogy, the St.

Christophe Formation is very thick (600–900 m according

to Antoine 1971) and intensely folded, forming the bulk of

the post-rift sediments. This monotonous alternation of

calcareous–arenaceous strata and black marls and schists is

interpreted as a turbiditic sequence and its facies is the

same in both the Internal and External Valais units. The

facies of the St. Christophe Formation is similar to that of

some of the ‘‘Bündnerschiefer’’ of the Valais units in

eastern Switzerland. The age of the St. Christophe For-

mation is unconstrained: sedimentation of these flysch-type

turbidites presumably reaches from the Turonian all the

way into the Palaeogene.

Tectono-metamorphic evolution

After peak-pressure conditions were reached during an

earliest stage of the tectonometamorphic evolution, three

major ductile deformation events (D1, D2 and D3; num-

bering is that used by Fügenschuh et al. 1999) visibly

affected all Valais units within our area. The traces of

related fold axial surfaces are shown in Fig. 6. A pre-D1-

event can be inferred only locally. An area at the NE edge

of the area (Tête du Chargeur; Bucher 1999) was affected

by post-D2 and pre-D3 ductile normal faulting (Pont

Serrand ductile normal fault), reworking the former thrust

of the Zone Houillère over the Valais units. A post-5 Ma

D4 brittle normal fault (Fügenschuh et al. 1999) again

reworks the same former thrust contact and defines the

present-day boundary between Zone Houillère and Valais

units everywhere within the area (Fig. 2).

Metamorphic evolution

The occurrences of HP index minerals in the Versoyen and

the Petit St. Bernard unit (Fig. 7) are well established since

the description of jadeite in granitoid lithologies at the

Punta Rossa locality (Saliot 1979; Fudral 1998), ompha-

cite-garnet-glaucophane in mafic rocks of the Complexe

Antéflysch at the Aiguille du Clapet (Schürch 1987; Cannic

et al. 1995), and of lawsonite-carpholite-chloritoid in me-

tasediments of the Petit St. Bernard and Versoyen units

(Goffé and Bousquet 1997).

Detailed observations of the mineralogy of HP minerals

from metapelites clearly show that carpholite later became

destabilized in favour of chloritoid and hence records an

earlier stage of the metamorphic evolution (Goffé and

Bousquet 1997). This indicates a poly-phase metamorphic

evolution for the Internal Valais unit (Versoyen) and the

internal most part of the External Valais units (Petit St.

Bernard unit). Metamorphic conditions during a first stage,

documented by occurrences of mineral assemblages with

carpholite and lawsonite, have been estimated at 17 kbar

and temperatures around 375�C (Bousquet et al. 2002). In

metapelites, a second HP stage is indicated by the growth

of chloritoid at the expense of carpholite crystals, and

additionally, by the findings of eclogitic rocks at the

Aiguille du Clapet. During this second HP stage, temper-

atures ranged between 450 and 500�C at somewhat lower

pressures around 15 kbar (Cannic et al. 1995; Bousquet

et al. 2002). This evolution is also documented by the

replacement of lawsonite by clinozoisite-epidote-phengite

in the presence of chlorite. The absence of kyanite or

pyrophyllite defines the P–T conditions above the equi-

librium Lw = Czo-Ky or Prl (*400�C at 8 kbar; Goffé

and Bousquet 1997) during this second HP stage.

While the HP evolution of the Versoyen unit and the

Petit St. Bernard unit is known since many years and was

included in many models, the description of HP minerals in

the External Valais units remained unrecognized until

fairly recently (Goffé et al. 2004; Oberhänsli et al. 2004).
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HP metamorphism in this zone is characterized by newly

discovered abundant occurrences of well-preserved carph-

olite crystals in different types of rocks (calcschist, breccia)

(Fig. 7). The stability of carpholite-phengite-chlorite

assemblages indicates pressures of 12–13 kbar for tem-

peratures of about 350�C (see discussion in Oberhänsli

et al. 2003). The retrograde evolution in the External Valais

units led to the breakdown of carpholite to pyrophyllite-

chlorite assemblages, stable at 8 kbar and 325�C (Fig. 7).

In summary, and most importantly, it recently became clear

that the entire Valais domain, including the External Valais

units representing the distal European margin, reached at

least blueschist-grade metamorphic conditions. In the

Versoyen unit and the internal most External Valais unit

(Petit St. Bernard unit), HP conditions are documented by

relic carpholite and lawsonite occurrences (Goffé and

Bousquet 1997). Well-preserved carpholite characterizes

the rest of the External Valais units (Goffé et al. 2004).

The metamorphic evolution of the Versoyen and Petit

St. Bernard units is unique in the Alps, in that a first HP

stage characterized by very low temperature conditions

(17 kbar, 350�C) was overprinted by eclogitic conditions

(15 kbar, 500�C) during a second stage. Hence, decom-

pression was associated with a considerable increase in

temperature. In contrast, the metamorphic evolution of the

External Valais units is characterized by cooling during

decompression (Fig. 7).

Pre-D1-deformation

According to microstructural analysis in metapelites, peak-

pressure conditions were reached before the first schistos-

ity S1 formed, since the first schistosity S1 is defined

by chloritoid, i.e. a break down product of carpholite

(Fügenschuh et al. 1999, their Fig. 6). Hence, D1 is only

associated with the second stage of the metamorphic evo-

lution associated with decompression and heating in the

Internal Valais unit, and there must be a pre-D1-deforma-

tion event that is associated with the subduction and the

shearing-off of the Valais units from their former crustal

and mantle underpinnings. However, no direct record of

this pre-D1-deformation is preserved by mesoscopic or

microscopic structures.

D1-deformation

D1 is associated with a second stage of the metamorphic

evolution linked to decompression and a considerable

increase in temperature in the case of the Versoyen unit

during the earliest stages of D1. The pervasive S1 foliation

is recognizable within all the Valais units. S1 is generally

sub-parallel to bedding, pointing to penetrative straining.

Elongated quartz or calcite minerals and long axes of

breccia components (in the Brèches du Grand Fond Group

and in the Aroley Formation) form a stretching lineation

(L1) within the S1 schistosity. Due to subsequent defor-

mations, the orientations of the L1 lineations exhibit con-

siderable scatter, but a general N–S trend, oblique to the

overall strike, is still discernable (Fig. 8a). This is mainly

due to the fact that D2 fold axes are sub-parallel to L1;

hence, intense D2 folding only had a minor effect in

reorienting L1 (compare Fig. 8a, b). However, reorienta-

tion of the L1 lineation during D3 and towards a SE–NW

strike is substantial in the NW areas close to the Roselend

thrust, where D3-deformation is particularly intense due to

F3 folding and thrusting (Fig. 8a). Rarely found F1 fold

axes (Fig. 9) are oriented sub-parallel to L1, which indi-

cates large non-coaxial strains during D1. Unfortunately, no

shear sense indicators unambiguously associated with L1

could be observed. However, large-scale tectonic consider-

ations discussed later indicate top-N shearing during D1.

Detailed mapping of the area by Loprieno (2001)

allowed to trace the axial planes of major F1 large-scale

folds (Fig. 2) based on the analysis of F2-facing directions

discussed below. Retrodeformation of subsequent defor-

mations, also discussed later, shows that D1 was associated

with the main nappe-stacking event, when the Internal

Valais unit (Versoyen unit) was thrust onto the External

Valais units (Moûtiers unit and Petit St. Bernard unit).

While D1-deformation post-dated peak-pressure condi-

tions, the temperature maximum was reached during the

initial stages of D1, i.e. during the early stages of decom-

pression associated with heating in the Versoyen and Petit

St. Bernard units (Bousquet et al. 2002). In the more

external parts of the Valais palaeogeographical domain (i.e.

the Moûtiers and Roc de l’Enfer units), however, the S1

foliation formed under greenschist-facies metamorphic

conditions (Gely and Bassias 1990).

D2-deformation

D2-deformation is predominantly characterized by intense

folding of D1-thrusts, the most prominent feature being a

regional scale F2 fold, the Versoye synform (Fig. 2). Major

D2-thrusts that we refer to as ‘‘late-D2-thrusts’’ formed as a

result of progressive deformation, i.e. late during D2. In the

internal parts of the Valais units, and only in a purely

geometrical sense, these thrusts post-date previously

formed F2 axial planes. Geometrically speaking, the large-

scale structure of the area is controlled by D2-deformation.

The S2 schistosity, often a crenulation cleavage, is

generally less pervasively developed compared to S1.

Spaced (1–5 mm) crenulation cleavage is typically devel-

oped in the hinges of F2 folds of Mesozoic pelitic and calc-

pelitic rocks (Fig. 10a) where phyllosilicates are missing;

S1 remains the dominant foliation in the hinge areas. In the
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F2 fold limbs, on the other hand, S2 is usually sub-parallel

to both S1 and bedding (Fig. 10b).

S2 dominantly dips towards E and ESE (pole figure in

Fig. 5). The dip generally increases from about 30�–40� in

the E and SE to values between 50� and 80� in the W and

NW part of the study area. This steepening of the S2

schistosity towards NW is due to overprinting by F3 folds

characterized by steep axial planes. The intensity of D3

strain increases when approaching the late-D3 Roselend

thrust located at the NW edge of the Valais units.

L2 stretching lineations definitely associated with the S2

cleavage could only occasionally be observed; they are

mostly observed in mylonites related to late-D2-thrusting

and will be described later. When S1/S2 overprinting cri-

teria were not observable, a definite attribution of the

stretching lineation and associated top-N shearing to either

D1- or D2-deformation was impossible. Since the D1-

strain is larger in general, the stretching lineations were

mostly ascribed to D1.

F2 similar folds are recognized on a metric (Fig. 10b)

scale. However, up to kilometre-scale parasitic F2 folds to

the main Versoye D2-synform refolding the entire nappe

stack derived from the Valais palaeogeographical domain

do also occur and will be discussed later. Dominantly,
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Fig. 8 Linear fabrics within the working area in map and pole figure

representation. a Azimuth and dip of L1 stretching lineations; mineral

lineations interpreted as stretching lineations (simple arrow); long

axes of breccia components (arrow with solid dot); b azimuth and dip

of second phase fold axes in the Valais units; c transport directions

during D2 inferred from sense of shear criteria; grey arrows point to

the sample locality and indicate the dip direction of the lineation,

black arrows indicate sense of movement; d D3 fold axes (small
arrow heads) and L3 stretching lineations (bold arrow heads) unit;

pole figure only shows the L3 stretching lineations
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F2 fold axes gently plunge towards the S (Fig. 8b), their

orientation being close to that of L1 (Fig. 8a). A plunge

towards 190�–220� dominates in the western and north-

western areas, turning more towards 180�–150� in the

eastern and southeastern part of the study area (Fig. 8b).

This change in orientation of the F2 fold axes is probably

due to overprinting by F3 folds. These data contrast with

the findings of Lancelot (1979) and Andrieux and Lancelot

(1980) who describe an abrupt change in the orientation of

the F2 folds axes that we cannot confirm. In the Tête de

Beaupré area (Fig. 2), where post-D2-overprint is less

pronounced, the S2 axial plane cleavage dips about 35�
towards E and SE, and the dip of F2 folds is towards 180�–

150� (Fig. 8b). Hence, it is proposed that the original ori-

entation of D2-structures is best preserved in this area.

Late-D2-thrusting is prominent in the southern part of

the study area, W and NE of Bourg St. Maurice (Fig. 2). In

a geometrical sense, a series of thrusts is seen to truncate

earlier-formed F2 fold axial planes. Stretching lineations

measured along these thrusts are sub-parallel to lineations

measured elsewhere within the S2 schistosity. This, and the

fact that F3 folds overprint these thrusts, ascribes them to a

Fig. 9 Photograph and line

drawing of F1 small-scale folds

overprinted by D2 folds in the

St. Christophe Formation of the

Versoyen unit (=Internal Valais

unit); Tête de Beaupré area

(French coordinates

9490150/200850750)

Fig. 10 Photographs and line

drawings of overprinting

relationships. a Sub-horizontal

S1 foliation preserved in

microlithons and sub-vertical

spaced S2 schistosity; Permian

conglomerates of the External

Valais units (Moûtiers unit) in

the Roselend pass area (French

coordinates 9400000/200850600);

b representative example of F2

fold style, characterized by tight

chevron-type similar folds; a

strong component of

homogeneous strain

superimposed onto originally

more open chevron folds is

interpreted to have led to the

observed similar fold geometry;

St. Christophe Formation of the

Internal Valais unit (=Versoyen

unit)
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late stage of D2. The major late-D2-thrusts mapped are the

Leisette thrust W of Bourg St. Maurice and the Col des

Rousses thrust NE of Bourg St. Maurice (Fig. 2). Due to

lack of outcrop, the continuity between these two thrusts

can only be suspected.

The late-D2 Leisette thrust defines the base of the Roc

de l’Enfer unit (Fig. 2) separating it from the underlying

Moûtiers and Versoyen units (Fig. 2). The Roc de l’Enfer

unit is subdivided into three different sub-units, separated

by minor late-D2-thrusts (see Loprieno 2001). The Leisette

thrust truncates the late-D1-thrust contact between Vers-

oyen unit and Moûtiers unit as seen in Figs. 2 and 6. In

fact, the Leisette thrust is largely responsible for the dis-

appearance of the Versoyen unit in map view towards the

S. There the Versoyen unit is buried underneath the Roc de

l’Enfer unit (Fig. 2), its disappearance in map view being

an apparent one.

The Col des Rousses late-D2-thrust (Fig. 2) is observed

within the basaltic volcanic rocks and associated sediments

of the Complexe Antéflysch of the Versoyen unit. Occur-

rences of evaporites mark the position of this thrust all the

way from the Tête du Chargeur area (Bucher 1999) to the

area near Bourg St. Maurice in the south (Figs. 2, 6). At the

Tête du Chargeur, the Col des Rousses thrust also cuts

across the earlier D1-thrust between Versoyen unit and

Petit St. Bernard unit (Fig. 2) and causes the northern

termination of the Petit St. Bernard unit in map view

(Fig. 2).

The gently SE-dipping late-D2-thrusts are associated

with mylonites that contain stretching lineations and

kinematic indicators such as shear bands or sigma clasts

(Fig. 11b) indicating top-N transport during D2 (Fig. 8c).

These mylonites, associated with the major late-D2-thrust

plane (Leisette and Col des Rousses thrusts), are discordant

to all older (D1 and early D2) planar structures preserved in

the footwall. This late-D2-thrusting is out-of-sequence in

the sense that the Leisette thrust carries the formerly more

external Roc de l’Enfer unit over the Versoyen unit. At a

regional scale, it also truncates the axial plane of the

Versoye synform as is seen in Fig. 2 (see Loprieno 2001

for details).

Post-D2 ductile normal faulting

Post-D2 folding and pre-D3 folding, characterized by sub-

horizontal axial planes, is only observed at the eastern tip

of the mapped area in the Valais units near Tête du

Chargeur (Fig. 2). This folding is genetically related to a

greenschist-facies ductile normal fault in the hangingwall

of this zone. This normal fault is referred to as Pont Ser-

rand normal fault zone and follows the contact between

Valais units and Zone Houillère further to the NE all the

way to Colle S. Carlo, NE of La Thuile (Bucher 1999;

Fig. 11 Sense of shear criteria: a Shear bands indicating top-N (left)
shearing in the Punta Rossa crystalline massif, shear bands and

foliation cannot be unambiguously attributed to either D1 or D2.

b Sigma clasts and folded relict S1 schistosity in the St. Christophe

Formation of the Forclaz thrust sheet (part of the Roc de l’Enfer unit,

Loprieno 2001) formed during late-D2 top-NNE (left) thrusting; c SE-

directed (right) shear bands in the Aroley Formation at the Colle San

Carlo (Italy), east of the working area depicted in Fig. 2, formed

during shearing associated with the post-D2 Pont Serrand ductile

normal fault; d Top-WNW (left) shearing in the late-D3 mylonites

along the Roselend thrust near Cormet de Roselend
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Loprieno 2001). Folding accommodates vertical shortening

(Froitzheim 1992), post-dates D2 folding and is overprinted

by D3 folding. SW of Tête du Chargeur, however, the contact

between Valais units and Zone Houillère is marked by a

younger (post-D3) brittle normal fault (Fügenschuh et al.

1999), which omits this older ductile normal fault zone.

Stretching lineations and kinematic indicators (Fig. 11c),

observed within mylonitized post-rift sediments of the

Versoyen unit, indicate top-ESE-directed normal faulting.

The fold axes and axial planes of related reclined folds in

the footwall of the mylonites gently dip towards SE; hence,

fold axes and axial planes are oriented parallel to sub-

parallel to stretching lineation and foliation of the overly-

ing mylonites (for more details see Bucher 1999; Loprieno

2001).

D3-deformation and structural relationships

with the underlying Dauphinois

Third-phase folding weakly affects most of the Valais units

but becomes much more intense towards the NE, finally

grading into mylonites formed during top-NW-directed

late-D3 thrusting along the Roselend thrust at its type

locality near Cormet de Roselend (Figs. 2, 6, 8d). This

Roselend thrust (Loprieno 2001; Ceriani et al. 2001;

Ceriani and Schmid 2004) forms the contact of the Valais

units with the underlying Dauphinois units and largely

coincides with the Penninic Front, also referred to as

Penninic Basal Contact (Ceriani et al. 2001). Note that the

trace of the Roselend thrust is oblique in respect of the strike of

the nappe contacts amongst the different units derived from the

Valais palaeogeographical domain (Fig. 2), and so are all the

mesoscopic D3-structures within the Valais units (Figs. 6, 8d).

In the SE part of the area, D3 is only weakly expressed

with the exception of the Punta Rossa area (Dalla Torre

1998). Further north-westward, large-scale D3 NW verging

F3 folds can be traced across the entire nappe pile of Valais

units (Fig. 6). The S3 schistosity, typically a crenulation

cleavage, and macroscopic axial planes are generally ori-

ented at a high angle to all the previous planar structures;

axial planes and the associated S3 crenulation cleavage

strike NE-SW and dip with about 60� (Fig. 8d) towards SE.

Such open F3 folds often produce type-3 interference

patterns (Ramsay 1967).

Further NW and approaching the Roselend thrust, F3

folds become near isoclinal. All older planar structures

(bedding, S1 and S2) merge into parallelism with the S3

foliation, which uniformly dips towards SE with a more

gentle dip, parallel to the mylonites of the Roselend thrust.

This late-D3 thrust forms the 1-km-wide NE–SW striking

mylonite belt consisting of intensely deformed rocks of the

Moûtiers unit and the underlying Dauphinois units. Along

strike and from SW towards NE (Fig. 2), the mylonitic

foliation defining the Roselend thrust systematically

becomes steeper. The dips increase from around 35� found

in the SW at the Cormet de Roselend, also typical for areas

even further SW (Ceriani et al. 2001), towards a sub-ver-

tical orientation in the NE (Pyramides Calcaires). This

steepening is due to late-stage folding that led to the upd-

oming and erosion-assisted exhumation of the Mt. Blanc

massif (Fügenschuh and Schmid 2003).

Numerous sense of shear indicators indicate top-WNW

thrusting along the Roselend thrust (Fig. 11d). In the

Pyramides Calcaires area, affected by subsequent steep-

ening of the mylonites, the measurements of L3 were

corrected by retro-rotation to the original dip and plotted

together with the other L3 lineations in the pole figure

shown in Fig. 8d (see Loprieno 2001 for details).

Figure 12 displays the view from Cormet de Roselend

towards the Pyramides Calcaires, illustrating how the

steeply dipping D3 foliation abruptly bends into parallel-

ism with the more gently SE-dipping late-D3 Roselend

thrust. The same observation can also be made in the

hangingwall a minor top-WNW-directed late-D3 thrust at

the base of the Pte. de Mya massif (Fig. 12) that is also

discordant to earlier-formed F3 folds. This clearly indicates

that the Roselend thrust developed during a late stage of D3.

A correlation of the Roselend thrust with structures observed

in the underlying tectonic slices made up of sediments attrib-

uted to the Dauphinois realm (unité du Rocher du Vent and

unité de la Crête des Gittes; Eltchaninoff and Triboulet 1980)

shows that activity along the Roselend thrust was contempo-

raneous with the formation of a local D2 penetrative cleavage,

which overprints an older D1-event in the Dauphinois realm.

D2 becomes gradually more intense towards higher structural

levels of the Dauphinois units, i.e., towards the Roselend thrust,

grading into a mylonitic foliation (Gourlay 1986; Loprieno

2001). This D2-deformation in the Dauphinois is also top-

WNW and hence correlates with D3 in the Valais units and

movement along the Roselend thrust. The first deformation

event that led to nappe stacking in the Dauphinois formed

in a scenario of sinistral transpression and is reported to be

top-NNW (Eltchaninoff-Lancelot et al. 1982; Gourlay 1986).

Hence, a similar change in the thrusting direction from a more

northerly towards a more westerly direction is observed in the

Dauphinois units. An evolution from top-NNW to top-WNW

thrusting is also reported from the Helvetic units of western

Switzerland (Ramsay 1989) and the Dauphiné units near the

Pelvoux massif (Dumont et al. 2008).

D4 late-stage brittle normal faulting

A SE-dipping late normal fault (Fügenschuh et al. 1999)

crosscuts all previous structures and can be followed

from Moûtiers, SW of our area, all the way to Bourg

St. Maurice and across the French-Italian border until
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La Thuile. In the field, it is marked by an up to 50-m-wide

steeply (70�–80�) SE-dipping entirely brittle fault zone.

This normal fault overprints the frontal thrust of the Zone

Houillère that represents the westernmost unit of the

Briançonnais (Bucher et al. 2004) as well as the earlier

Pont Serrand ductile normal fault. This brittle normal

fault presently forms the tectonic limit between the low-

grade metamorphosed rocks of the Zone Houillère and the

Alpine HP-LT rocks of the Valais units (Fig. 7; Bucher

and Bousquet 2004). However, since its vertical offset of

3–4 km according to fission track analysis (Fügenschuh

et al. 1999) is not sufficient to produce such a large jump

in grade of metamorphism, differential movement must

have taken place during earlier phases of deformation

(extrusion during D1 and/or D2; post-D2 Pont Serrand

ductile normal fault).

Large-scale structures and structural evolution

Large-scale structures

The WNW–ESE-oriented sections presented in Fig. 13

cross the three major Valais units, namely the Moûtiers,

Versoyen and Petit St. Bernard units. The sections show

considerable differences with respect to those proposed by

previous authors (Antoine 1971; Lancelot 1979; Antoine

et al. 1992; Fudral 1980; Spencer 1989), both in terms of

the stratigraphy outlined earlier and the major large-scale

structures.

The central portions of both sections, with the Moûtiers

unit underlying the Versoyen unit, are dominated by two

large-scale D3 antiforms (Fig. 14), the cores of which

expose the pre-rift sediments of the Moûtiers unit and are

Chalet de 
Plan Varraro

Aig. des Glaciers Mont BlancPte. de MyaCol de la Croix du Bonhomme Penninic Front

Chalet de la Raja

Les Pyramides
Calcaires

Dauphinois 

External Massifs:

Permian and Early Triassic quartzite

Middle Triassic dolomite

Early to Middle Liassic

Post-rift sediments,
Couches des Marmontains

D2 axial plane (black)
D3 axial plane (white)

Roselend thrust
Penninic Front (late-D3)

Dauphinois-Helvetic Valais units

Minor D3 thrust 
(coeval with the Penninic Front)

Younging direction

cover 

basement 

(distal european margin, Moûtiers unit)

W

Fig. 12 Photograph and line drawing of the Penninic Front taken from the Cormet de Roselend area towards the Mt. Blanc massif, i.e. towards

the NE
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also recognizable in map view (Fig. 2). These folds deform

all previous structures including the nappe contact with the

overlying Versoyen unit. In the WNW, near the Roselend

thrust, the F3 folds progressively become isoclinal and are

associated with minor D3 thrusts. Large-scale interference

patterns between F2 and F3 folds are recognizable in the

Grand Fond massif (profile A in Fig. 13) and in the Pt. de

Mya area (profile C in Fig. 13).

Prominent large-scale D2 folds are nicely depicted as

well, particularly ESE of Pte. de la Terrasse (profile A in

Figs. 13, 15a, b). These isoclinal D2 folds, whose axial

planes are more gently inclined compared to those of F3,

also affect the D1-thrust contact between the right-way-up

Moûtiers unit and the tectonically overlying and overturned

Versoyen unit (Fig. 15a, b). Note that, in both sections A

and B (Fig. 13), these F2 megafolds exhibit a vergence that

indicates a major synform further to the ESE, i.e. the

Versoye synform, whose axial trace is mapped in Fig. 2

and constructed in sections A and B of Fig. 13. Since the

nappe pile in the WNW part of the sections of Fig. 13 must

be right-way-up, given the fact that the Valais units must

have originally overlain the Dauphinois, the ESE part of

the Valais units must be overturned. Hence, the D1-thrust

contact between the Versoyen unit and the overlying

Petit St. Bernard unit, overprinted by late-D2-thrusting and

located in the upper limb of the Versoye synform, must have

been overturned by this D2 megafold. Isoclinal F2 folds with a

vergence opposite to that found in the lower limb of the

Versoye synform are indeed found in the Aiguille du Clapet

area (Fig. 15c, d; see also section B of Fig. 13). This change in

F2 vergence has been systematically mapped over the entire

area and allowed to locate the trace of the Versoye D2 fold

axial plane as shown in Figs. 2, 6 and 7. Near the ESE end of

both sections of Fig. 13, the upper limb of the Versoye syn-

form is followed by a D2-major antiform. This indicates that

the inverted nappe stack in the upper limb of the Versoye

synform eventually turns right-way-up, i.e. that the Versoyen

unit must have originally overlain the Petit St. Bernard unit.

Unfortunately, the upper limb of this D2-antiform and another

parasitic synform were cut out during D4 brittle normal

faulting, as is visible both in profile view (ESE edge of sec-

tions A and B in Fig. 13) and in map view (Fig. 2).

We conclude that, after retro-deformation of the Valais

units into their pre-D2-configuration, the Versoyen unit

(Internal Valais unit) must have overlain both the Moûtiers

and the Petit St. Bernard units (parts of the External Valais

units) that are connected around the hinge of the D2-Ver-

soye synform. Unfortunately, no remnants of the Versoyen

unit overlying the Petit St. Bernard unit are visible in map

view due to the combined effect of erosion and omission

along the D4 brittle normal fault. It is again emphasized

that the NW edge of the Zone Houillère (Houiller Front of

Fig. 2) does not represent the original D1 frontal thrust of

the Zone Houillère over the Internal Valais unit (Versoyen

unit).

Analysis of structural facing for inferring large-scale

D1-structures

Also D1-deformation, responsible for the nappe stacking

of Internal over External Valais units, was associated

F3

Middle Triassic
Early
Triassic

C. de l'Aroley

NW

Fig. 14 Large-scale F3 fold in the Moûtiers unit (External Valais

units) characterized by a steeply SE-dipping axial plane; 2 km SSE of

les Chapieux, western slope of the Vallée des Glaciers

Fig. 15 Panoramic views (photographs and line drawings) of: a,

b the thrust fault between the Internal and External Valais units,

isoclinally folded by a large-scale D2-parasitic fold exposed in the

cliffs SW of the Vallée des Glaciers between Les Chapieux and Bourg

St. Maurice; note that the sediments of the Moûtiers unit (External

Valais units) are right-way-up while those of the overlying Versoyen

unit (=Internal Valais unit) are overturned, and additionally, that the

vergence of the large-scale parasitic folds indicates the location of this

cliff section below the trace of the axial plane of the main Versoye

D2-synform (compare section A in the profile of Fig. 13); c, d the

Aiguille du Clapet—Tête de Beaupré area showing the asymmetry of

W-facing F2 folds (see inset in circle), compatible with this area

being located in the upper limb of the main D2-Versoye synform;

note D2 folding of a late-D1-thrust contact between Petit St. Bernard

and Versoyen units, also post-dating a D1-large-scale isoclinal fold

with the Brèche du Collet des Rousses in its core; the exotic position

of Late Triassic evaporites (tK) at the base of the Aiguille du Clapet

marks a late-D2-thrust contact within the Versoyen unit; see also

structural map of the same area depicted in Fig. 17a

c
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with large-scale isoclinal folding. However, such large-

scale isoclinal folds could only be seen in the SW slope

of the Aiguille Motte (Fig. 16). The panorama depicted

in Fig. 16 is an exception in that it exposes large-scale

F1 folds, overprinted by D2 and D3. In general, the

existence of F1 large-scale folds had to be inferred

Aiguille du Clapet

Col de Forclaz

Pte. du Lac sans Fond

Tête de Beaupré  

E W

C. des Marmontains C. de St. Christophe

C. de l'Aroley

Brèches du Collet des Rousses

Asymmetry of W-facing F2 folds

tK

1
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mafic rocks

2

2
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Black schists (b) and
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Complexe Antéflysch 

b 

m
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late-D2 thrust

folded late-D1 thrust

D1 fold axial trace

D2 fold axial trace

C. de St. Christophe

C. des Marmontains 

C. de l’Aroley 
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Le passeur de la Fia (2494 m)Aiguille de Praina (2607 m) Aig. du Terrassin (2836 m)
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3

3

3
3

SE NW
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C. de St. Christophe
of the Moûtiers unit
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via the analysis of structural facing, as is presented

below.

D1 folding must obviously have affected parts of the

area such as areas where the post-rift sediments of the

Versoyen unit are overturned and tectonically overlie the right-

way-up Moûtiers unit in the lower limb of the Versoye

synform (Figs. 13, 15a). This configuration in the lower

limb of the Versoye synform remains the same after retro-

deformation of D2 folding and hence must have been

caused by large-scale folding during the earlier D1-event.

The technique of observing and mapping reversals in the

polarity of structural facing associated with small-scale D2

folding allows the mapping of D1-thrusts and the axial

traces of major D1 folds and was also successfully used in

other complexly deformed areas (e.g. Schreurs 1995). Note

that the exact location of the D1-thrust in the lower limb of

the D2-Versoye synform remains macroscopically invisible

because it runs within parts of the St. Christophe Formation

found above and below the D1-thrust (Fig. 15a); also, the

hinges of major D1 folds remain invisible due to extremely

intense D1 folding that obscures all major large-scale fold

hinges in the area, with the exception of the Aiguille Motte

area.

Figure 17a displays the result of mapping the changes in

the facing direction (W versus E) obtained for N–S-oriented

D2 folds or D1/D2-intersection lineations. Note that in the

western part of the mapped area (lower left part of Fig. 17),

the right-way-up Moûtiers unit below the D1-thrust located

in the lower limb of the Versoye D2-synform exhibits

W-facing, while that of the overlying and overturned

Versoyen unit exhibits E-facing (see also facing directions

indicated in Fig. 15a). The change in structural facing

indicates the location of the late-D1-thrust folded by D2.

Moreover, the trace of a major D1 fold was mapped across

the St. Christophe Formation in the lower (=western) limb

of the Versoye D2-synform. The existence of this large-

scale F1 isoclinal fold indicates that the structurally higher

parts of the Versoyen unit in the lower limb of the Versoye

D2 folds are right-way-up. Since this D2-structural facing

remains unchanged eastward, i.e. across the axial trace of

the Versoye D2-synform, the majority of the Versoyen unit

within the upper limb of the Versoye synform is also right-

way-up. However, a narrow strip of the Versoyen unit in

the upper limb of the Versoye D2-synform and below the

late-D2-thrust at the base of the Petit St. Bernard unit

around the Aiguille du Clapet again exhibits E-facing, i.e.

became overturned by D1 folding. This points to the

existence of D1 folds in the upper limb of the Versoye

synform as well. The Petit St. Bernard unit, as well as the

Roc de l’Enfer unit, exhibit W-facing and are right-way-up.

This information provided by the analysis of structural

facing is summarized in the form of a very schematic cross-

section in Fig. 17b.

Geometrical reconstruction and kinematic evolution

Figure 18 very schematically illustrates the geometrical

evolution; in particular, the evolving large-scale D1, D2

and D3 fold-interference patterns. Note, however, that

shearing during the D2-event was top-N, while shearing

during D3 was top-WNW (Fig. 8c, d), and hence that both

these shearing directions, as well as the N–S-trending D2

fold axes, are oblique to the section depicted in Fig. 18.
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Fig. 16 Panorama and line drawing of the SW slope of the Aiguille

Motte showing the axial trace of the large-scale F1 isoclinal fold and

the D1-thrust contact between External Valais units (Moûtiers unit)

and Internal Valais unit (=Versoyen unit); note that the post-rift

sediments forming the Aiguille Motte peak are in stratigraphic contact

with the Complexe Antéflysch formation further towards the SE as

depicted in Fig. 4
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Also, note that for the purpose of simplicity Fig. 18 does

not depict the effects of late-D2-thrusting that heavily

affect the inverted limb of the F2 Versoye synform, as

shown in the profiles of Fig. 13.

The first deformation event D1 started under peak-

temperature conditions (stable chloritoid replacing carph-

olite in S1), following pre-D1-deformation under slightly

higher pressures and particularly lower temperatures

(Bousquet et al. 2002) that did not leave a structural record

and led to the shearing-off of the Valais units from their

former lithospheric underpinnings during subduction. D1

led to the formation of an isoclinal fold, followed by late-

D1-thrusting of the inverted limb of the D1-isoclinal fold in

the Versoyen unit over the External Valais units (Fig. 18a).

Although top-N senses of shear that can unambiguously be

attributed to L1 are lacking, the parallelism of L1 and L2,

associated with top-N-shearing, strongly suggests top-N

nappe stacking amongst the Valais units during D1.

Concerning the metamorphic conditions, late-D1-

thrusting was responsible for the juxtaposition of the

Internal Valais unit that suffered temperatures up to 500�C

over the Petit St. Bernard and Moûtiers units where tem-

peratures never exceeded 400�C. This supports the view

that D1-deformation and nappe stacking within the Valais

units occurred during the exhumation of the high-pressure

Valais units during top-N thrusting (see Fig. 7 in Fügen-

schuh et al. 1999).

The second phase of deformation (D2) led to near-iso-

clinal folding of the D1-nappe stack consisting of the

Internal and External Valais units (Fig. 18b). Still later

not exposed
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Fig. 17 Results of the analysis of structural facing of D2-structures

(compare Fig. 18): a Detailed structural map indicating opposite-

facing directions of F2 folds pointing to the existence of a major D1-

thrust and D1-isoclinal folds in an area between Bourg St. Maurice

and the Collet des Rousses; grey areas encompass W-facing D2 folds

located in the normal limb of a F1 isoclinal fold while white areas
encompass E-facing D2 folds located in the inverted limb of a F1

isoclinal fold; b schematic profile depicting the macroscopic F1/F2

fold-interference pattern and based on the analysis of the map pattern

of D2-structural facing and D2 fold asymmetries; the changes in

facing are partly due to D1-thrusting (marked ‘‘tectonic contact’’)

between units A (Moûtiers unit and Petit St. Bernard unit) and

B (Versoyen unit) and partly due to the existence of a D1-isoclinal

fold within the Versoyen unit, with the Complexe Antéflysch

formation in its core; the effects of late-D2-thrusting at the base of

the Petit St. Bernard and Roc de l’Enfer units that partly obscure the

fold interference pattern were omitted in this schematic profile
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during D2, the structurally higher parts of the sketch shown

in Fig. 18b became heavily overprinted by late-D2-thrust-

ing that is unambiguously associated with top-N senses of

shear (not shown in Fig. 18b for simplicity). The main

effect of late-D2-thrusting was to finally emplace the Petit

St. Bernard and Roc de l’Enfer units onto the Internal

Versoyen along the Col des Rousses and Leisette thrusts,

respectively (Fig. 2). Hence, in map view, it is this late-D2-

thrusting that is held responsible for the disappearance of

the Versoyen unit towards the SW (Fig. 2). With the late-

D2-thrust cutting, the D2-axial planes at a shallower angle

the Versoyen unit simply becomes buried under the Roc de

l’Enfer unit and the more internal Zone Houillère (Ceriani

et al. 2001). In spite of the geometric superposition of

D1- by D2-structures, everywhere visible on a mesoscopic

and macroscopic scale, we interpret D2 folding and late-

D2-thrusting to represent the late stages of a continuous

kinematic evolution associated with top-N shearing,

decompression and nappe stacking within the different

Valais units already starting during D1. Post-D2 ductile

normal faulting, only locally observed along the SE rim of

the Valais units and not shown in Fig. 18, most likely

represents the final stages of this early kinematic evolution.

An important change in terms of kinematics occurred,

however, with the onset of D3 folding and top-WNW

late-D3 thrusting along the Roselend thrust (Fig. 18c).

The effects of D3 folding are very minor in the rear part of

the Valais units, strain continuously increasing towards the

Roselend thrust. This thrust brings the Valais units over the

Dauphinois-Helvetic units and is associated with the late-

stage formation of the arc of the Western Alps (e.g. Ceriani

et al. 2001).

Time constraints for the kinematic evolution

The fission track ages from within the area (Fügenschuh

and Schmid 2003) document late-stage cooling, tilting and

normal faulting rather well. Zircon central ages from the

Valais units show that cooling through the partial annealing

zone occurred between 17 and 9 Ma. The clear younging

trend of the zircon and apatite fission track ages, going

from ESE to WNW across the Valais units and adjacent

tectonic units, is interpreted in terms of thrust propagation

in the underlying units and associated progressive exhu-

mation of the hangingwall by erosion, associated with the

tilting of the Valais units in the back-limb of the culmi-

nation of the Mont Blanc External Massif (Fügenschuh and

Schmid 2003). The latter was thrust during the late Mio-

cene to early Pliocene onto the foreland (Leloup et al.

2005). This tilting also affected the D3 Roselend thrust that

progressively steepens along strike towards the Mont Blanc

area. This constrains D3 thrusting to have occurred before

some 17 Ma ago. Since D4 late-stage brittle normal

faulting offsets the apatite ages, it must be still younger

(\5 Ma; Fügenschuh et al. 1999; Fügenschuh and Schmid

2003).

Interpretation of the fission track data from the Cheval

Noir unit (Ceriani et al. 2003; Fügenschuh and Schmid

2003; Ceriani and Schmid 2004), which replaces the Valais

units along strike in the south, indicate that cooling of the

Penninic units in this area occurred as a consequence of

erosion of the hangingwall when top-WNW thrusting along

the D3 Roselend thrust started at around 32 Ma ago (see

discussion in Fügenschuh and Schmid 2003). This infer-

ence was recently confirmed by 40Ar/39Ar crystallization

ages obtained on syn-kinematic phengite formed in shear

zones within the Pelvoux basement (Simon-Labric et al.

2009). These shear zones are associated with top-WNW
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Fig. 18 Schematic SE–NW-oriented profiles across the Valais units

depicting the evolution of the D1-, D2- and D3-structures and the

complex geometrical relationships amongst the Versoyen, the Moû-

tiers and Petit St. Bernard units; arrows indicate younging directions;

note that the Moûtiers unit was originally connected with the Petit St.

Bernard unit and that the entire D1-nappe stack (Internal over

External Valais units) is overturned in the upper limb of the D2-

Versoye synform; the effects of late-D2-thrusting at the base of the

Petit St. Bernard and Roc de l’Enfer units were omitted in these

schematic profiles

123

Int J Earth Sci (Geol Rundsch) (2011) 100:963–992986



thrusting along the southern continuation of the Roselend

thrust, i.e. the ‘‘Penninic Front’’, that hence must have

occurred sometimes between 34 and 30 Ma. This is also in

agreement with stratigraphic constraints indicating post-

Priabonian thrusting along the Roselend thrust (Ceriani

et al. 2001). In the light of these findings, the few Ar/Ar

and Rb/Sr phengite ages available from the Valais units

within our area and ranging between 33 and 27 Ma (Cannic

1996; Freeman et al. 1998) are also best explained as

cooling ages induced by erosion of the hangingwall during

D3 thrusting.

The age of the top-N D1-nappe stacking that was

probably immediately followed by top-N near-isoclinal

folding of the nappe stack is only indirectly defined by

correlation with the immediately adjacent and more inter-

nal Briançonnais-derived units where new geochronologi-

cal data have been obtained (Bucher 2003). Correlation of

a local and well-dated deformation event D2 that is asso-

ciated with nappe stacking and exhumation in this more

internal area (Bucher et al. 2004, their Table 1) indicates a

probable age range between 42 and 35 Ma for D1- and D2-

deformation in the Valais units. An estimate of the age of

the pre-D1 pressure peak can be obtained by following the

high-pressure belt formed during the subduction of the

Valais ocean (Bousquet et al. 2008) further to the east into

Switzerland. There, an age of 42–40 Ma was recently

inferred from 40Ar/39Ar dating of white mica formed dur-

ing the high-pressure overprint of the Valais Bündners-

chiefer (Wiederkehr et al. 2009). In conclusion, pre-D1

subduction, top-N D1-nappe stacking and top-N D2-nappe

refolding probably occurred within a rather short interval

of time during the Late Eocene, i.e. between some 42 and

35 Ma.

Discussion and conclusions

Implications regarding the existence of a Valais ocean

and the timing of its opening

The idea that the Valais palaeogeographical units, origi-

nally defined by Haug (1909) taken up by Trümpy (1955),

merely represent a small basin floored by continental

crust that found its closure towards the southwest in the

Vocontian trough of the Chaı̂nes Subalpines as part of the

Dauphinois palaeogeographical realm is an old and deeply

entrenched one, particularly in the Italian and French lit-

erature (e.g. Lemoine 1985; Polino et al. 1990; Dercourt

et al. 1993; Lemoine et al. 2000). Often, the oceanic nature

of parts of the rocks of the Versoyen is either denied or

ignored; occasionally, it is recognized but interpreted as

representing slices of the Piemont-Liguria ocean, originally

thrust over the Briançonnais continental fragment and

caught later by an out-of-sequence thrust below the Bri-

ançonnais (e.g. Bocquet 1974). On the other hand, plate

kinematic (e.g. Frisch 1979; Stampfli 1993) and geological

data (e.g. Steinmann 1994; Florineth and Froitzheim 1994;

Stampfli et al. 1998; Steinmann and Stille 1999) indicate

that a second and northerly branch of the Alpine Tethys led

to the break-away of a Briançonnais microcontinent from

Europe along the Valais ocean, connected to oblique

spreading in the Bay of Biscay and the future Pyrenees that

significantly post-dates the mid-Jurassic opening of the

Piemont-Liguria ocean.

Recently, Masson et al. (2008) presented stratigraphic

and tectonic arguments from our area that apparently

denies the existence of a Valais ocean. According to these

authors, the ‘‘Versoyen ophiolites’’ simply represent a

piece of the Variscan orogen; the ophiolites would repre-

sent a Carboniferous-age complex that is in Alpine-tectonic

contact with the Valais trilogy. In contrast, our own

stratigraphic data basically confirm and consolidate those

of Antoine (1971) and Fudral (1998): the contact between

the Complexe Antéflysch and the Valais trilogy is clearly a

stratigraphic one (Fig. 5). Hence, the Valais trilogy repre-

sents the stratigraphic cover of both the Internal and

External Valais units that together represent an ocean–

continent transition zone. All the sediments of the Valais

units, particularly those of the Complexe Antéflysch For-

mation and the Valais trilogy, are intensely folded and

sheared; however, our mapping and structural analysis

revealed an orderly and consistent geometry of a multiply

folded stack of sediments within which there is no room for

a ‘‘Supra-Tarentaise wildflysch’’ supposedly marking a

thrust at the base of the Versoyen ophiolites, as claimed by

Masson et al. (2008; their Figs. 3, 4) at Mont Miravidi.

This contact at Mont Miravidi (see Fig. 2 for location)

simply represents an overturned stratigraphic contact bet-

ween Complexe Antéflysch Formation and Valais trilogy, as

previously recognized by Antoine (1971) and Fudral and

Guillot (1988). The downward younging direction within the

Complexe Antéflysch Formation at this locality, also chal-

lenged by Masson et al. (2008), is undisputable as can be

easily seen in less-deformed parts within the Moûtiers unit of

the External Valais units.

Moreover, in order to support their model of a tectonic

emplacement of the pre-Alpine ‘‘Versoyen ophiolites’’,

Masson et al. (2008) attributed the Brèches du Collet des

Rousses Formation to the Mesozoic cover of the Petit

St. Bernard unit. These authors did this in spite of (1) clear

evidence for a stratigraphic contact with the Complexe

Antéflysch Formation (Loubat 1975; Schürch 1987;

Dalla Torre 1998) and (2) clear indications for a tectonic

contact between Complexe Antéflysch Formation and Petit

St. Bernard unit, a contact often marked by evaporites

(Loprieno 2001). Hence, the stratigraphic and structural
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arguments presented in support of a pre-Alpine age of the

‘‘Versoyen ophiolites’’ by Masson et al. (2008) are in

strong contrast to virtually all the data presented in this

study.

The data on the age of mafic and felsic rocks found

within the Internal Valais unit, however, are problematic,

and hence our scheme regarding the distinction between

Complexe Antéflysch Formation and Punta Rossa Complex

presented in Fig. 3 merits a serious discussion and also

calls for further work. The ages published so far, all based

on U/Pb dating of zircons, range from 337 ± 4.1 Ma

(Masson et al. 2008) over 309 ± 6 Ma (Schärer et al.

2000) to 272 ± 2 Ma and 267 ? 1 Ma, respectively

(Beltrando et al. 2007). As a consequence, the important

question arises as to whether the dated mafics and grani-

toids, which are part of the Punta Rossa Complex, repre-

sent a piece of Variscan basement exhibiting pre-Alpine

deformation and metamorphism, or alternatively, post-

Variscan magmatic rocks of Permian age, deformed and

metamorphosed during the Alpine cycle. In the light of our

stratigraphic and structural data, as well as very detailed

mapping (Dalla Torre 1998), we prefer the second option

that would indicate bimodal magmatism typical for

Permian times and found in many other parts of the Alps

that expose lower crustal rocks, later exhumed near an

ocean–continent transition (Rubatto et al. 1999; Handy

et al.1999; Hermann et al. 1997; Froitzheim and Rubatto

1998; Manatschal et al. 2006).

We emphasize that the mafic sills and serpentinites of

the Complexe Antéflysch Formation still remain undated.

Their attribution to a pre-Barremian-Aptian rifting and

drifting event related to the opening of the Valais ocean

still needs to be tested. At this stage, this inference is pri-

marily based on, first, the presence of serpentinites, inter-

preted to have been emplaced on the ocean floor near an

ocean–continent transition in Cretaceous times as is doc-

umented for the Pyrenees (Lagabrielle and Bodinier 2008)

and the Valais units of the Alps (Froitzheim and Rubatto

1998; Manatschal et al. 2006), and second, on the geo-

chemical signatures of the mafic sills (Mugnier et al. 2008).

Based on these considerations, we propose that the

Valais units within the area represent the European distal

continental margin (External Valais units) adjacent to an

ocean–continent transition preserved in the Internal Valais

unit (Versoyen). Of course, the Internal Valais unit does

not represent a Cyprus-type ophiolitic sequence but a

magma-poor rifted margin associated with the exhumation

of subcontinental mantle so typical for Alpine ophiolites

and the Iberian margin (Manatschal 2004; Lagabrielle and

Bodinier 2008). The stratigraphic data from the External

Valais units also demonstrate that parts of the Valais pal-

aeogeographical domain in the sense of Trümpy (1955)

were definitely not floored by oceanic lithosphere. In our

area, it is only the Internal Valais unit that preserves

associations formed near the ocean–continent transition

during modest and oblique spreading in the Pyrenean-

Alpine realm in Cretaceous times (Frisch 1979; Stampfli

1993). These are topped by the deposition of post-rift

sediments of the Valais trilogy from the Barremian-Aptian

onwards.

Finally, we emphasize that Cretaceous age rifting and

drifting typical for the Valais domain affected a pre-

existing passive margin characterized by the typical Sub-

briançonnais facies. This margin obviously formed during

previous (i.e. Jurassic age) rifting that led to the opening of

the Piemont-Liguria ocean. Hence, the area must have

suffered two rifting events. Due to massive syn- and post-

rift erosion and poor dating, the evidence we provided

regarding the existence of two cycles of syn-rift sedimen-

tation preserved within the Brèches du Grand Fond Group

remains to be consolidated.

Implications on the orogenic evolution

of the Western Alps

The compilation of the metamorphic evolution presented in

Fig. 7 indicates that all the Valais units, including the

External Valais units, were affected by a high-pressure

overprint. However, there is a substantial gradient in the

peak pressures reached ranging between about 8 kbar in

the most external Moûtiers unit to some 17 kbar reached in

the most internal Petit St. Bernard and Versoyen units. The

latter two entered the eclogite field when they underwent

heating during the initial phases of decompression from

preceding blueschist-facies conditions. Hence, the Valais

units formed a second and more external high-pressure belt

in comparison with the Piemont-Liguria belt in the Alps

that evolved during the Middle Eocene, presumably around

42–40 Ma ago. This external high-pressure belt is sepa-

rated from the more internal suture zone that formed ear-

lier, i.e. at some 47 Ma (Bucher et al. 2003), along the

internal side of the Briançonnais microcontinent (Bousquet

et al. 2008; Wiederkehr et al. 2008, 2009) by the green-

schist-facies Zone Houllière (Fig. 7). It is important to

stress the fact that not only the ocean–continent transition

zone represented by the Internal Valais unit did go into

subduction, but also the distal European margin of the

External Valais units. This is similar to the findings in

Eastern Switzerland, where sediments of the distal Euro-

pean margin (Peidener Schuppenzone with Ultrahelvetic

facies) also suffered high-pressure overprint (Wiederkehr

et al. 2008).

The substantial pressure gradient within the Valais units

indicates that the difference in subduction depth between

Internal and External Valais units originally, i.e. before

the onset of D1-deformation, amounted to some 30 km.
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Differential exhumation during D1-nappe stacking practi-

cally eliminated this depth difference as is seen from the

sketch depicted in Fig. 18a. This is in line with the

microstructural inference that peak-pressure conditions

were reached before the onset of D1-deformation (Fügen-

schuh et al. 1999, see also their Fig. 7).

Late Eocene top-N D1-nappe stacking, immediately

followed by top-N D2 near-isoclinal folding of the nappe

stack (Fig. 18b, c), probably represent incremental steps

during a progressive deformation. D1 was associated with

erosional exhumation, and the emplacement of the Internal

Valais unit (Versoyen) onto the External Valais units. On

the scale of the arc of the Western Alps, this progressive

deformation must have occurred in a scenario of sinistral

transpression when the Adriatic microplate, moving north-

ward with respect to the European foreland (Handy et al.

2010 in press), caused sinistral transpression in the Western

Alps (Ricou and Siddans 1986; Schmid and Kissling 2000),

while the Central and Eastern Alps underwent head-on

convergence and collision with Europe at the same time

(Schmid et al. 1996). Top-N D1- and D2-deformation was

terminated by a first extensional event when the Pont

Serrand normal fault cut out units at the rear of the Valais

units, overprinting the former Briançonnais frontal thrust

(Bucher et al. 2004).

A major change was initiated with top-WNW D3-

deformation associated with the Roselend thrust after some

35 Ma (Ceriani et al. 2001). This led to a second stage of

arc formation that accentuated the arc of the Western Alps

as a consequence of the WNW-directed movement of the

Adriatic microplate by some 250 km (Handy et al. 2010 in

press). The latter was decoupled from the central and

eastern Alps along the Tonale-Simplon dextral shear zone

and from the Ligurian domain by a sinistral transfer zone

(Laubscher 1991; Schmid and Kissling 2000). The late-

stage Roselend thrust can be followed down to a depth of

almost 15 km before it flattens according to the interpre-

tation of the deep structure along the ECORS-CROP seismic

profile by Schmid and Kissling (2000). It delimits the base of

seismically highly reflective zone representing the subsurface

continuation of the Late Eocene Valais suture.

Late-stage tilting of the Valais units in the back-limb of

the culmination of the Mont Blanc External Massif

(Fügenschuh and Schmid 2003), thrust in Miocene to Early

Pliocene onto the foreland (Leloup et al. 2005), had little

effect on the internal structures found within the area and

merely led to tilting of the D3 Roselend thrust along strike

increasing towards the Mont Blanc area. Post-5 Ma brittle

normal faulting (Fügenschuh et al. 1999) caused further

tectonic omission at the rear of the Valais units, i.e. along

the contact zone with the Zone Houillère. Along strike and

further south also the Roselend thrust was overprinted by

Neogene to recent normal faulting (Sue and Tricart 2003).

Conclusions

We conclude that

(1) The Valais units in Savoy represent the heavily

deformed relics of the former distal European margin

(External Valais units), affected for the first time by

Jurassic rifting, and an ocean–continent transition

(Internal Valais unit) formed during a second Creta-

ceous age rifting that led to the opening of a northern

branch of the Alpine Tethys.

(2) The post-rift sediments of the Valais trilogy strati-

graphically overlie both the External and Internal

Valais units above an unconformity that formed in

Barremian-Aptian times, providing robust evidence

for the timing of the opening of the Valais ocean

immediately before Barremian-Aptian times.

(3) The Valais units in Savoy represent a second and

more external Mid-Eocene high-pressure belt in the

Alps that sutured the Briançonnais microcontinent

with Europe.

(4) Top-N D1 folding and thrusting led to the formation

of the original nappe stack, emplacing the Internal

Valais unit (Versoyen) that undergoes decompression

and heating onto the External Valais units, which

consisted of, from internal to external, Petit St.

Bernard unit, Roc de l’Enfer unit, Moûtiers unit and

Quermoz unit. Ongoing top-N D2 folding and D2-

thrusting substantially modified this nappe stack.

(5) Post-35 Ma D3 folding led to relatively minor

modifications within the Valais nappe stack but was

associated with substantial top-WNW thrusting of

the Valais units over the Dauphinois realm along the

Roselend thrust that accentuated the arc of the

Western Alps.
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Antoine P (1971) La Zone des Brèches de Tarentaise entre Bourg-

Saint-Maurice (Vallée de l’Isère) et la frontière Italo-suisse.
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Sciences de Strasbourg, 291 pp

Beltrando M, Rubatto D, Compagnoni R, Lister G (2007) Was the

Valaisan basin floored by oceanic crust? Evidence of Permian

magmatism in the Versoyen unit (Valaisan domain, NW Alps).

Ofioliti 32:85–99

Bocquet J (1974) Études minéralogiques et pétrologiques sur les
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Grenoble, pp 1–306

Fudral S, Guillot P (1988) Découverte de clastes à mariposite dans les
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palinspastiques de la Téthys ligure. Bull Soc Geol Fr Série 8

tome I/1:126–137

Lemoine M, de Graciansky P, Tricart P (2000) De l’océan à la chaı̂ne
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Oberhänsli R, Bousquet R, Engi M, Goffé B, Gosso G, Handy M,
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