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A north-south section across the Queyras Schistes lustrés (Piedmont
zone, Western Alps): Syn-collision refolding of a subduction wedge

PIERRE TRICART! & STEPHANE SCHWARTZ?2

Key words: Structural geology, accretionary wedge, HP-LT metamorphism, thin-skinned thrusting, post-nappe folding, Piedmont Schistes lustrés, Western Alps.

ABSTRACT

The 10 km thick pile of Queyras Schistes lustrés has a complex structure, re-
sulting from successive deformation phases (D1 to D5). The tectonic history
starts with the building of a syn-subduction wedge through accretion of nappes
displaying oceanic and distal European margin series. We relate this early
wedging to primitive isoclinal folding (D1) associated with blueschist meta-
morphism in Paleocene-Eocene times. Variations in the P-T conditions allow
for distinguishing four early-formed regional-scale tectonic units. During sub-
sequent collision, the wedge continues growing through new shortening phases
(D2 to D4) while metamorphism evolves toward greenschist conditions, main-
ly during Oligocene times. Orogen-perpendicular F2 and F3 folds have oppo-
site facing directions. They still control most of the present-day multiscale
structure, which is best visible in an orogen-parallel section. Orogen-parallel
F4 folds produce most of the present-day westward dip of the tectonic pile.
Their western equivalents in the nearby Briangonnais zone correspond to the
classical back-movements. Extension (DS) prevails from the Miocene on-
wards, resulting in west-dipping detachment faults. The major structures asso-
ciated with D4 and DS are also better visible in an orogen-perpendicular sec-
tion. Special attention is paid to dolomitic and ophiolitic bodies presently scat-
tered amidst the Schistes lustrés structure. They may be of sedimentary or tec-
tonic origin and are again best visible along the proposed orogen-parallel
section.

RESUME

Les Schistes lustrés piémontais du Queyras, épais d’une dizaine de kilométres,
présentent une structure complexe, mise en place a la faveur de cinq phases de
déformation (D1 a DS5). L'histoire tectonique débute en contexte de subduc-
tion par I’accrétion a un premier prisme, de nappes pelliculaires provenant de
I'océan et de la partie distale de la marge européenne. Nous relions cette
construction a la phase D1, caractérisée par un premier plissement isoclinal as-
socié a un métamorphisme schistes bleus d’age Paléoceéne-Eocene. Une évolu-
tion dans les conditions P-T de ce métamorphisme HP permet de distinguer
quatre unités précoces d’extension régionale. La croissance de ce qui devient
un prisme de collision se poursuit au travers de nouvelles phases de raccour-
cissement (D2 a D4) alors que le métamorphisme évolue du faciés des schistes
bleus vers le faciés des schistes verts, essentiellement a I'Oligocene. Les plis F2
et F3, aux vergences opposées, ont leurs axes orientés normalement a I’allon-
gement actuel de la chaine. Ils commandent toujours I’essentiel de la structure
aux différentes échelles, ce qui apparait le mieux en construisant une coupe
longitudinale a la chaine. Les plis F4 sont parall¢les a la chaine et on leur attri-
bue I'essentiel du pendage ouest actuel de la pile tectonique. En zone brian-
gonnaise, voisine, cette méme génération de plis est associée aux rétro-mouve-
ments classiques. Enfin, de ’extension (D5) se développe depuis le Miocene,
responsable de failles de détachement a pendage ouest. Ces deux derniéres
phases se traduisent par des structures mieux visibles suivant une coupe trans-
verse a la chaine. Par ailleurs, une attention particuliere a été accordée aux
corps dolomitiques et ophiolitiques disséminés dans la pile des Schistes lustrés.
Leur double origine possible, sédimentaire et tectonique, apparait le mieux
suivant la coupe longitudinale proposée.

1. Introduction

The western Alpine arc formed in front of the Apulian-
African indenter through subduction-collision processes from
the Cretaceous onwards (see Schmid & Kissling 2000 for a re-
view). The present-day structure mainly derives from the Lig-
urian segment of the Mesozoic Tethys ocean and from its
European passive margin (e.g. Lemoine et al. 1986). In the
interior of the arc, repeated folding and thrusting of early-

stacked metamorphic nappes result in the complex structure
of the Briangonnais and Piedmont internal zones. The external
Dauphiné zone exhibits a comparatively simple structure due
to little accentuated shortening during a short tectonic history
(e.g. Tricart 1984). Here we focus on the Piedmont zone in the
central part of the arc (Fig.1) and, more precisely, on the Pied-
mont Schistes lustrés complex of the Queyras area, which is
located between the Briangonnais zone in the west and the
Dora-Maira crystalline massif in the east (Fig. 2). Detailed
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Fig. 1. Simplified structural map of the western Alps and location of Fig. 2.

mapping in the Queyras massifs and their surroundings on
both sides of the drainage divide of the range (Barfety et al.
1997; Gidon et al. 1994; Tricart et al. 2003) coupled with struc-
tural and metamorphic analysis, has led to a better under-
standing of the structural complexity and of the corresponding
tectonic scenario.

2. The Queyras Schistes lustrés contrasted mountains

The Queyras landscapes are famous for their monotonous
cliffs and slopes exposing a huge volume of metamorphosed
marl-rich sediments, the so-called Piedmont “Schistes lustrés”
(see Lemoine & Tricart 1986 for a review). Bodies of varied,
more resistant lithologies such as gabbros, basalts or dolomites
seem to be randomly inserted within these soft metasediments.
They range in size from less than one meter to a few kilome-
tres. Some of the largest bodies are isolated by erosion and de-
termine steep rocky peaks that contrast with the surrounding
gentle-relief mountains. This scattering is partly of sedimenta-
ry origin (e.g. Lagabrielle 1987) and partly of tectonic origin.
We will put emphasis on the second of these two processes.

3. The main types of Queyras Schistes lustrés series.

Several types of series of Piedmont Schistes lustrés were iden-
tified in the Queyras area and its surroundings (Fig. 3, see
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Fig. 2. Structural sketch-map of the Queyras area and its surroundings (modi-
fied after Tricart et al. 2003). Main peaks and summits: A: Agrenier; BB: Bric
Bouchet; BF: Bric Froid: BR: Bric de Rubren: CL: Cima delle Lobbie: CR:
Chateau-Renard;: FS: Font-Sancte: GA: Grande Aiguillette; GG: Grand
Glaiza; P: Péouvou; PR: Pointe de Rasis; R: Rochebrune: RC:Roche des Clots:
S: Ségure; TC: Tre Chiosis; V: Viso; VM: Viso Mozzo. Main ophiolitic bodies:
CRB: Cascavelier-Rocher Blanc; E: Eychassier: F: Farnéiréta: G: La Gavie; L:
La Lauze; CP: Col de Péas; RB: Rocca Bianca; RN: Roche Noire: T: Téte des
Toillies; TP: Téte du Pelvas: TR: Tour Real. XX orogen-perpendicular section
and YY' orogen-parallel section of Plate 1.

THE PIEDMONT SCHISTES-LUSTRES
COMPLEX IN THE QUEYRAS AREA

Tricart et al. 2003 for a review). A first type characterizes the
nappes derived from the deep continental rift and from its suc-
cessor, the distal European passive margin (Piedmor t domain
sensu stricto). These nappes were detached within the Carnian
evaporites and contain at their base the disrupted remnants of
an up to 800m thick sole of Norian dolomites. The overlying
succession begins with dated Rhaetian and Early Jurassic beds
and ends with marls attributed to the Senonian (e.g., Roche
des Clots — Grande Hoche series: Lemoine et al. 1978). Well-
developed Lower and Middle Jurassic graded microbreccias
(“*synrift flysch”) resulted from erosion in the Briangonnais is-
land at a time when this domain represented a raised shoulder
in the pre-oceanic Tethyan rifi system (Lemoine et al. 1986).
Jurassic and Cretaceous marl-rich series globally exhibit a very
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Fig. 3. The two main types of Piedmont Schistes lustrés series in the Queyras
(after Lemoine et al. 2000, simplified and modified): continental margin-
derived series and Tethyan ocean-derived series. The Upper Jurassic lime-
stones in the ocean-derived series are at the origin of the “marbles™ repre-
sented in Plate 1.

ductile behaviour, and despite their initial modest thickness (a
few hundreds meters) they participate actively to the tectonic
thickening that is responsible for the present-day huge volume
of the Schistes lustrés complex.

The second type of Schistes lustrés series is derived from
the ocean (Ligurian or Ligurian-Piedmont domain sensu
Lemoine et al. 2000). Metasedimentary series usually start with
breccias reworking the ophiolites in-siru (e.g., Tricart &
Lemoine 1983; see Lagabrielle 1987 for a review). In particu-
lar, ophicalcites consist of gravels and blocks of serpentinized
peridotites embedded within a calcitic matrix. These breccias
are locally associated with pillow basalts and grade upward
into discontinuous radiolarian cherts that are locally dated as
Mid and Late Jurassic. This laterally variable old ocean floor is
overlain ty remarkably continuous, 1-10m thick pelagic lime-
stones attributed to the Late Jurassic (*Malm marbles™). Up
section, alternating limestones, black-shales and marls are at-
tributed to the Cretaceous (e.g. Lac des Cordes series: Dumont
et al. 1984a). In some series, the pelagic sediments enclose
giant blocks of ophiolites, up to kilometre-sized, resulting from
collapse along intra-oceanic fault-scarps (Lemoine & Tricart
1979). Initially these sedimentary series were only a few hun-
dreds of meters thick, but they are tightly folded and now con-
stitute the main part of the Schistes lustrés tectonic pile in the
Queyras area.

Besides margin-derived and ocean-derived series, some re-

constructed peculiar series are attributed to the Tethyan conti-
nent-ocean transition domain. Other peculiar series contain
chaotic breccias possibly formed at the foot of the major nor-
mal fault-scarps that bounded the Briangonnais rift shoulder
during the Jurassic and represented the Briangonnais-Pied-
mont transition domain (Lemoine 1967). All these very dis-
rupted series only occupy a modest volume within the Schistes
lustrés structure (see Tricart et al. 2003 for a review).

These different series of Schistes lustrés allow for identify-
ing early thrust-sheets that were stacked before the entire im-
bricated structure became folded. Ocean-derived series occupy
most of the Queyras area while margin-derived series domi-
nate along the western limit of the Piedmont zone, close to the
Briangonnais zone (e.g. Rochebrune nappe: Dumont et al.
1984b). A major pinched klippe of this type of nappe is pre-
served within the Briangonnais zone at Arvieux (see asterix in
Fig. 1; Debelmas & Lemoine 1966). Margin-derived nappes
also appear in windows beneath a thick pile of nappes originat-
ing from the ocean, to the north of the Queyras in Italy (Ses-
triere area in the Cottian Alps; Caron 1977). Locally, part of
the series originating from the continent-ocean boundary do-
main may be recognized in the tectonic slivers at the contact
between margin-derived nappes and ocean-derived nappes
(Cervieres window: Barféty et al. 1997). In the upper Ubaye
valley dismembered series originating from the Brianconnais-
Piedmont transition domain are inserted along the main tec-
tonic contact between the Brianconnais and Piedmont zones
(Fig. 2; Gidon et al. 1994).

4. Early shallow level thrusting in the ocean

The ophiolites of the Western Alps share most peculiarities
with the ophiolites in Corsica or in the Ligurian Apennines
(see Tricart & Lemoine 1991 for a review). These peculiarities
are attributed to a very slow-spreading ocean, a modern ana-
logue of which is found in the Atlantic or the SW Indian
oceans (Lagabrielle & Cannat 1990; Lagabrielle & Lemoine
1997). In the ultramafic massifs of the Queyras and Ubaye
area Tricart & Lemoine (1983) demonstrated that the early-
formed bottom of the ocean consisted of tectonically denuded
mantle peridotites with minor gabbroic intrusions. These peri-
dotites, which were transformed into serpentinite by oceanic
hydrothermalism, were widely caped by breccias derived from
them (ophicalcites) before localised and limited basaltic vol-
canic activity started. The sea bottom was carved out by faults
that resulted in a rough morphology. This relief controlled the
deposition of varied breccias that reworked the serpentinites,
gabbros and basalts in-situ. The radiolarian cherts represented
diachronous and lenticular deposits concentrated in the topo-
graphic lows. However, the overlying pelagic calcareous mud
draped the entire sea bottom structure, which resulted now in
a continuous marker layer (Malm marbles) at the base of the
Cretaceous metasedimentary series.

The tectonic contact at the base of the ophiolite-bearing
thrust-sheets generally results from a decollement within the
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ophicalcite-rich breccias that caped the primitive ultramafic
seafloor. Uplifted faulted blocks and localised volcanoes seem
to have been truncated along their base. This peculiar type of
“scalp” tectonics (Tricart & Lemoine 1988) results in some of
the main ophiolitic massifs that are now scattered in the
Queyras area and that still retain their primitive sedimentary
cover. This process occurred during the closure of the ocean. It
explains why the stack of nappes originating from the ocean
mainly consists of ocean-derived metasediments (“Schistes lus-
trés”) with only limited remnants of oceanic basement pre-
served from place to place at their base.

By contrast, the Viso or Monviso massif located immedi-
ately east of the Queyras (Fig. 2) consists of a stack of thick
ophiolitic thrust-sheets with well-developed gabbros and
basalts, overlain by thin disrupted remnants of oceanic sedi-
mentary cover (Lombardo et al. 1978; see Phillipot 1988 for a
review). These ophiolites originate from accretion centres
within the ocean, where magmatic accretion relays the initial
tectonic mantle denudation as the main ocean spreading
process (Lagabrielle & Lemoine 1997). The decollement level
was located deeper in the oceanic basement, beneath thick
gabbroic intrusions and basaltic flows and at the top of serpen-
tinized peridotites. According to this interpretation, the vari-
able ophiolite/sediment ratio in the thrust-sheets closely results
from the variable depth of the primitive decollement level
within the oceanic basement, which is itself controlled by the
structure of this basement and the morphology of the sea floor.

5. Regional-scale boudinage

Major remnants of the oceanic basement are scattered within
the Schistes lustrés tectonic pile in the form of poorly de-
formed bodies of ophiolites up to a few kilometres in size. The
enclosing metasediments (“Schistes lustrés™) exhibit important
ductile deformations. Nevertheless, the primary contact be-
tween the ophiolites and their sedimentary cover is generally
preserved, even though a dramatic strain gradient may be ob-
served across the basal sediments, close to the contact. Disre-
garding late thrusts and faults, this sedimentary cover remains
continuous from one ophiolitic body to the next, even if they
are several kilometres apart. This was interpreted as regional-
scale boudinage (“megaboudinage”; Tricart & Lemoine 1986)
of the rather thin ophiolitic sole of each nappe within a pile of
nappes consisting essentially of ductile ocean-derived metased-
iments. Moreover, disruption between boudins may have been
prepared by the faulted structure of the oceanic basement, in
particular where fractures separating basaltic and/or gabbroic
blocks were injected by serpentinites (Tricart et al. 1985a,
1985b). In the absence of thick basalts or gabbros, the necking
of ophiolites, essentially composed of serpentinized peri-
dotites, resulted in the development of regional-scale (up to
1 km thick) pinch-and-swell structures, in the core of which
intra-oceanic textures (HT foliation, pyroxene layering) are
preserved. A comparable scenario was proposed for the
nappes derived from the margin. Their sole of Triassic
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dolomites also underwent megaboudinage between the under-
lying evaporites and the overlying Jurassic-Cretaceous ductile
sediments. It was locally demonstrated that the synrift (Lias-
sic) faulted blocks in the Triassic series were the precursors of
megaboudins (Tricart & Lemoine 1986). When unfolding the
final structure, both types of boudins appear to be arranged
along strings within which they remain connected by a long
thin “peduncle” of schists displaying the characters of a high
strain zone. Between the ophiolitic boudins these schists typi-
cally derive from serpentinite and ophicalcite. Between the
dolomitic boudins, they are everywhere associated with
cargneules. Megaboudinage occurred early in the tectonic his-
tory during the building of the oceanic accretionary wedge, by
stretching within S1 foliation (see section 6) under blueschist
facies metamorphic conditions (see section 8). Megaboudinage
was certainly accentuated during the ensuing syncollisional
growth of the wedge (F2 to F4 folding phases: see section 6)
but our structural data do not allow us to directly reconstruct a
multistage boudinage history.

6. The multistage folding-thrusting history

Detailed mapping and multiscale structural analysis allow for
identifying four main generations of folds and schistosities that
we relate to distinct tectonic phases D1 to D4 (see Fig. 4).
They predate densely spaced final extensional faulting (D5)
that we do not detail in this contribution (see Tricart et al.
2004).

The oldest phase (D1) is represented by widespread re-
cumbent folds (F1). These perfectly isoclinal folds with very
sharp hinges are visible at different scales, up to a regional one
(see the “sandwich marbles” in Plate 1). The associated schis-
tosity (S1) is a first general foliation developed under blue-
schist metamorphic conditions (see section 8), at least in the
ocean-derived series where this metamorphic facies may be
recognized. It was impossible to directly measure fold axes,
and due to severe overprinting the main direction of stretching
within these folds also remains uncertain. The boudins and
pinch-and-swell structures commonly appear within the S1 fo-
liation, partly resulting from stretching within F1 folds, and
partly from later reactivations. Considering its style and the
relative chronology, we relate this F1 folding phase to the ini-
tial stacking of the regional-scale thrust-sheets.

The D2 phase is represented by F2 minor-major folds that
display “oak-leaf” geometry or a chevron geometry, depend-
ing on the lithological nature of the folded beds. Geometrical-
ly, they appear as north-facing recumbent folds with a closed
inter-limb angle rather than as perfect isoclinal folds. The S2
schistosity transposed the S1 foliation while the metamorphism
evolved from blueschist towards greenschist facies conditions
(see section 8). This S2 is reconstructed as a flat-lying schistos-
ity carrying a strong lineation (L2) that parallels the F2 folds
axes. This L2 is a stretching lineation that also may represent a
mineral lineation or a rod lineation, depending on the litho-
logy. Important accentuation of the boudinage occurred dur-
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and D4 deformation phases. For clarity, the origi-
nal flat-lying S1 foliation and the associated F1
isoclinal folds have been omitted (see “sand-
wiched marbles™ in section YY", Plate 1). As pro-
posed by Hansen (1971), arrows turning around
the fold axis symbols indicate the asymmetry pat-
terns of folds in terms of rotation of short limbs
relative to long limbs about their hinge lines, the
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of the main zone of accentuated D4 deformation, the earlier
regional formed schistosities become parallel to S4, result-
lineation ing in a single planar structure S*. The earlier
formed stretching L2 and L3 lineations rotate

— /L2 or L* within this plane S* and become paraliel to the L4

stretching lineation, resulting in a single very

strong stretching lineation L* of composite origin.
After a comparable rotation (arrows a and b in
the stereonet), the axes of the F2 and F3 folds
also become parallel to L* (coaxial folds). Anoth-
er consequence (not represented in the block dia-
gram) is that the axes of the F4 folds, dominantly
small-scale folds, leave their initial N-S hcrizontal
orientation and start rotating (arrows c in the
stereonet) within S4 toward the L4 direction of
stretching, resulting in axes with a planar disper-
sion and hinges with a non-cylindrical geometry.
In the stereonet, the dashed line (d) represents
the projection of the plane of the section YY’
(Plate 1). b: regional orientation of the dominant
schistosity and lineation (same structural sketch
map as in Fig. 2).

ing this D2 phase. These F2 fold axes were reconstructed to
have been originally oriented close to WNW-ESE in Eastern
Queyras and close to NW-SE in western Queyras (Caron 1977
Tricart 1980). Presently, these F2 folds remain most visible
everywhere in the Queyras area, and S2/L2 represents such a
prominent regional schistosity/lineation pair that it is often
difficult to detect the existence of earlier structures (see dis-
cussion in Caron 1977).

The D3 phase is represented by folds (F3) that display a
variable open to closed, almost isoclinal geometry with domi-
nant rounded hinges. Beside widespread isolated folds, tight

folding only develops from place to place. The F3 fold axes
generally trend WSW-ENE and are reconstructed as being
originally oriented close to this direction. The associated schis-
tosity (S3) is underlined by recrystallized greenschist minerals.
Originally S3 was subhorizontal or gently north-dipping. The
associated stretching direction is generally parallel to the fold
axes. Nevertheless, locally, the D3 phase ends with small top-
south thrusting (e.g., Rocca Bianca — Caramantran massif in
upper Aigue Blanche valley). There, F3 folds become strongly
asymmetrical and the stretching direction become oriented
close to N-S.
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The fourth phase (D4) is represented by folds that general-
ly retained their original N-S to NW-SE orientation (main di-
rection NNW-SSE). They parallel the general trend of the
mountain belt, which contrasts with the two previous genera-
tions of orogen-perpendicular folds. The associated schistosity
(S4) is a strain-slip cleavage within which some greenschist
minerals cristallize. This schistosity dips variably westward and
contains a direction of stretching that trends ENE-WSW. In
the more deformed areas, earlier-formed lineations, especially
L2, tend to become parallel with this new direction of stretch-
ing (Fig.4). Another consequence of this stretching is that
small-scale hinges of F4 folds may be curved while others ro-
tate, resulting in an important planar dispersion of the mea-
sured axes (e.g., Tricart 1975; Caron 1977). In the western
Queyras, tight major to minor F4 folding is closely associated
with the reversal of the westernmost Piedmont Schistes lustrés
toward the east, i.e. to backfolding (Tricart 1975; see section
10). In eastern Queyras, F4 folds are essentially asymmetrical
minor folds, and the dominant asymmetry is of “reverse limb”
type (Schwartz 2002). Our F3 and F4 folds were believed to
belong to the same tectonic phase by Caron (1977), which is
not confirmed here.

In some contrasting lithologies the last folding phase (D4)
is followed by small-scale boudinage within the main foliation
plane (S2 variably transposed into S3 or S4) along two direc-
tions, normal and parallel to the mountain belt. The resulting
chocolate tablet structure illustrates the ductile to brittle tran-
sition while the tectonic regime evolves into a multidirectional,
almost radial extension (Schwartz 2002). This boudinage is fol-
lowed by widespread normal faulting (D5 phase) also oriented
normal and parallel to the mountain belt, indicating that multi-
directional extension continues under purely brittle conditions
(Schwartz 2002). In the eastern Queyras faulting accompanies
the general tilting of the Schistes lustrés pile toward the west
(Tricart et al. 2004). Present-day seismicity indicates that this
normal faulting remains active (Sue & Tricart 2003).

This succession of ductile and finally brittle deformation
phases (D1 - DS) is common to all Piedmont Schistes lustrés
nappes in the Queyras area, regardless of whether they origi-
nate from the margin or the ocean.

7. Late Jurassic bands of “sandwiched marbles”

In the Queyras area isolated bands of white or light-grey mar-
bles, a few meters to several tens of meters thick, are repeat-
edly seen to run within the bulk mass of calcschists. They were
either interpreted as original sedimentary alternations within
the Cretaceous calcschists (see for example Lagabrielle 1987)
or as tectonic derivatives of the Late Jurassic (Malm) marbles
(Lemoine & Tricart 1993). Based on detailed mapping of the
entire area we will confirm and precise the second interpreta-
tion.

These marbles are typically inserted amidst the Early
Cretaceous formations that are represented by alternating
brown siliceous limestones and black shales or by dark-grey
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calcschists. They may be followed over great distances across
the Schistes lustrés structure in the Queyras and surrounding
areas. At a closer look, each marble band exhibits an internal
“sandwich” structure. Typically, two twin marble layers de-
rived from calcareous layers with opposite polarities are sepa-
rated by a film of asbestos- and talc-rich chlorite schists de-
rived from tectonised serpentinite or ophicalcite. This continu-
ous film is difficult to detect where it is only a few centimetres
thick and results in a discrete recessive at mid level in marble
cliffs. Nevertheless, from place to place, it swells into lenses
and bodies of basalt, gabbro and serpentinite, usually of metric
to decametric size, but more locally up to a kilometric size.

This film of chlorite schists bears witness of an early
decollement along the original boundary between (i) the ophi-
olites and derived breccias and (ii) their pelagic sedimentary
cover, mainly represented by the Late Jurassic limestones.
From place to place, this is confirmed by the occurrence of ra-
diolarian cherts inserted between the chlorite schists and the
marbles in their original stratigraphic position. The systemati-
cally observed symmetry results from perfectly isoclinal fold-
ing. Due to an extreme amplitude and the comparatively short
wavelength each band of these “sandwiched marbles” repre-
sents the two limbs of a particular fold. In the hinge zone the
marbles gradually thin out amidst the calcschists, and along the
S1 foliation. The sharpness of these hinges prevents their ori-
entation to be measured. Close stacking of hinges explains
that, locally, the apparent thickness of the marbles reaches sev-
eral hundreds meters while laterally they may be very attenu-
ated, only one meter thick or less. Beside these peculiar sand-
wiched marble bands, sedimentary recurrences of light-grey
limestones within the Early Cretaceous calcschists have been
recognized but they remain poorly developed (Tricart et al.
1982).

We interpret the alternating sandwiched marbles and Early
Cretaceous calcschists as piles of regional-scale recumbent fold
limbs. In the regional chronology they represent early folds
(F1) associated with the general blueschist foliation (S1). This
pile is clearly deformed by the north-vergent folds (F2). These
Malm marbles illustrate the extreme ductility of the “Schistes
lustrés” and bear witness of an early stage of formation of
the Queyras wedge. Moreover, they provide a key to under-
standing the regional-scale structure (see section 9, Plate 1 and
Fig. 5).

8. The metamorphic structure of the blueschist-bearing wedge

Along the Queyras transect, as in the rest of Alpine arc, the in-
ternal zones display a HP-LT metamorphic imprint attributed
to rapid tectonic burial of cold thrust-sheets in subduction dy-
namics (Oberhénsli et al. 2004; Goffé et al. 2004). In the west,
at the front of these internal zones, HP greenschist facies con-
ditions (B in Fig. 6a) were reported in the Briangonnais zone
(Goffé & Velde 1984; Goffé et al. 2004). Eastward, blueschist
facies conditions in the Queyras Schistes lustrés (e.g. Caron
1979) and eclogite facies conditions (V in Fig. 6a) in the Viso
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ophiolites (Lombardo et al. 1978; see Schwartz et al. 2000a for
a review) correspond to a general increase of the P-T condi-
tions from top to bottom across the tectonic pile (Schwartz
2002), also observed in the Cottian Alps just to the north
(Agard et al. 2001). Nevertheless, this increase does not ex-
tend farther east and down in the Dora-Maira crystalline base-
ment nappe stack taken as a whole, since varied HP to UHP
metamorphic facies conditions (D in Fig. 6a) were reported in
different units (e.g., Michard et al. 1993). South of the Queyras
area, in the Acceglio-Longet half-window beneath the Pied-
mont Schistes lustrés, the most internal Briangonnais series
(“Ultra-Brianconnais” series) display HT blueschist facies
metamorphic assemblages (AL in Fig. 6a; Lefevre & Michard
1965; Schwartz et al. 2000b).

The petrographic analysis of the Queyras meta-ophiolites
leads to the distinction of four metamorphic units (I - IV in
Fig. 6a) with distinct P-T paths. These regional-scale units are
roughly exposed as orogen-parallel bands that are a few kilo-
metres wide, but due to subsequent refolding their boundaries
are not easy to precisely follow everywhere. We describe them
from west to east, i.e. from top to bottom, across the structure.

Metamorphic unit 1. In this upper unit, the stable miner-
alogical assemblage of glaucophane, lawsonite and jadeite al-
lows for estimating T<350°C and 8<P<11 kbars (Caby 1996;
Schwartz 2002). These conditions are compatible with the

presence of fresh carpholite in the calcschists and with a Si**
phengitic substitution rate between 3.20 and 3.45 p.f.s (Agard
1999; Goffé et al. 2004). This corresponds to LT blueschist fa-
cies metamorphism.

Metamorphic unit II. The stable assemblage of glauco-
phane, lawsonite and albite and the absence of jadeite in the
mafic rocks allowed Schwartz (2002) for estimating a maxi-
mum temperature of 400°C at the same pressures as in meta-
morphic unit I.

Metamorphic unit 1II. The stable assemblage of albite,
zoisite and glaucophane, and the absence of lawsonite and
jadeite in mafic rocks allowed Schwartz (2002) for estimating
400<T<450°C and 9<P<11 kbars.

Metamorphic unit IV. In this eastern and lower unit the sta-
ble assemblage of jadeite, zoisite, glaucophane, omphacite and
paragonite, the absence of almandite rich-garnet in mafic rocks
and the content of jadeite (Xjd) in omphacites which varies
from 0.33 to 0.55, allowed Schwartz (2002) for estimating
400<T<475°C and 11<P<14 kbars. These conditions are consis-
tent with the observed chloritoid-phengite co-stability in the
metasediments associated with mafic rocks (Goffé et al. 2004).
These conditions are typical for the blueschist-eclogite transi-
tional facies.

In summary, the metamorphic P-T conditions in the
Queyras Schistes lustrés increase regionally toward the east,
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from LT blueschist conditions up to the conditions of the
blueschist-eclogite transition and consistently, further to the
east, all the metamorphic assemblages are eclogitic (V in
Fig. 6). This blueschist metamorphism in the Queyras area is
attributed to accretion at the base of an oceanic crustal wedge,
at 3040 km depth, coeval with our D1 deformation phase. The
small jumps in the P-T conditions between metamorphic units
are consistent with their successive accretion to the oceanic
wedge as independent tectonic slivers. The resulting regional-
scale zoning is the best witness of this early wedging stage in
the present-day structure. Everywhere in the Queyras ophio-
lites the retromorphic evolution remains within the field of the
chlorite-actinote-albite paragenesis (greenschist facies) with-
out any temperature increase while the D2 to D4 sequence of
deformation took place. The corresponding P-T paths exhibit
clockwise loops (Fig. 6b). These paths are regionally coherent
in all units (Schwartz 2002) including their northern extension
in Italy (Agard et al. 2002). Due to unfavourable lithological
compositions, the P-T conditions during peak metamorphism
could not be accurately determined in the margin-derived
Schistes lustrés units (1 in Fig.6a) that only display retromor-
phic greenschist facies assemblages.
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Schwartz et al. 2000a) and the Dora-Maira units
(Chopin et al. 1991; Michard et al. 1993).

9. A general section oriented parallel to the mountain belt:
the importance of E-W trending folds

F4 submeridian folding, particularly prominent in the west,
and ensuing syn-faulting westward tilting, particularly promi-
nent in the east, both result in a present-day westward dip of
the entire Schistes lustrés pile of the Queyras area (Plate 1:
orogen-perpendicular XX section). This pile represents an
isoclinal structure, within which bedding parallels the S1 folia-
tion, the S2 schistosity and, more locally, the S3 and S4 schis-
tosities (Fig. 4). Within these planes, the main regional lin-
eation plunges toward the WSW nearly everywhere (Fig. 4).
This essentially results from the reorientation of L2 toward the
new direction of stretching (L4). This lineation roughly paral-
lels the direction of the F2 and F3 folds, which are nearly coax-
ial and plunge toward WSW. In consequence, the best section
plane to allow for representing the regional folded structure is
oriented NNW-SSE (N170°E), roughly normal to the trend of
the F2 and F3 axes. Section YY’ (Plate 1) was constructed by
directly projecting the mapped beds onto this plane. The direc-
tion of projection is the main direction of the regional stretch-
ing lineation, close to the axial direction of most F2 and F3
folds, i.e. NS8O°E with a plunge of 30° toward SSW. Because



the structures also evolve along the W-E direction (non-cylin-
drical structures) and because the beds are projected from a
variable distance, the section cannot provide an « exact »
geometry. Nevertheless, it allows for evocating the structural
style and its regional-scale variations. For that purpose, the
main effects of late normal faulting have been removed. The
major submeridian F4 folds (western Queyras, upper part of
the section) that trend nearly parallel to the plane of the sec-
tion are not represented.

The geometry of the structures evolves across the entire
Schistes lustrés pile, which is best visible along the orogen-par-
allel section (Y'Y’ in Plate 1). From west to east i.e. from top to
bottom in the pile, four main sets of structures may be distin-
guished (labelled 1 to 4 in Fig. 6a), each of them exhibiting its
proper tectonic style. These sets appear to be partly indepen-
dent from the four metamorphic units defined in the previous
section on the basis of the peak metamorphism conditions. We
explain this discrepancy by the polystage character of the tec-
tonic evolution.

(1) Megaboudins. Beneath the backthrusted eastern Briangon-
nais zone, a first set of structures corresponds to the west-
ernmost Schistes lustrés (e.g., T. de la Jacquette and S.
Jacquette in section XX’). This tectonic style is dominated
by the regional-scale boudinage of Triassic dolomites in
well-developed passive margin-derived series. A string of
gabbroic and basaltic boudins also develops in ocean-de-
rived series. These “mega-boudins” already described by
Tricart & Lemoine (1986) were not projected onto section
YY’ because the F4 orogen-parallel folds are too impor-
tant. Eastward in the map and downward in the section,
this first set of structures is limited by a west-dipping back-
thrust (D4 event), the surface of which is projected onto
section YY" as a horizontal line.

(2) Pinch-and-swell structures. A different tectonic style is il-
lustrated by the geometry of the major ophiolite bodies,
Roche Noire and Cascavelier - Rocher Blanc (labelled
“CRB” in the sections), which mainly consist of serpen-
tinites with minor gabbros and basalts. They represent the
boudinaged core of a major recumbent F1 fold. Above
and beneath, the sedimentary cover of these serpentinites
represents the two opposite limbs of the F1 fold. Region-
al-scale inhomogeneous stretching and necking results in
regional-scale pinch-and-swell structures. These twin
ophiolitic massifs are separated by a west-dipping exten-
sional detachment related to the late ductile to brittle ex-
tension (D5 event). This may explain the observed small
jump in metamorphic conditions (compare I and II in Fig.
6). E-W trending folds gently overprint these pinch-and-
swell structures with rounded hinges. Eastward in the
map and downward in the section, this second set of struc-
tures is limited by a west-dipping east-directed back-
thrust, associated with F4 folds. A major tectonic sliver
with giant fault-scarp breccias originating from the Bri-
an¢onnais-Piedmont transition domain (Fig. 2) is inserted
at this contact.

(3) Folded pinch-and-swell structures. The third tectonic style
is associated with a more complicated general structure re-
sulting from the development of E-W trending south-ver-
gent folds coeval with small south-directed thrusts (D3
event). They overprint a structure that is comparable to the
early structure partly preserved in the Roche-Noire and
Rocher Blanc massifs. This overprint results in the interfin-
gered geometry of the ophiolitic bodies, which consist of
serpentinites (Pic de la Farnareita: F in both sections) with
minor gabbros (Rocca Bianca: RB in Fig. 5) and basalts
(Téte des Toillies: T in both sections). In addition, and con-
trary to the Roche Noire and Rocher Blanc massifs, the
Cretaceous metasedimentary cover of the ophiolites con-
tains scattered ophiolitic blocks of varied size that should
not be confused with the boudinaged remnants of the ophi-
olitic substratum at the base of these series. A good exam-
ple of such a giant block is Le Rouchon summit (R in
Fig. 5). This third set of structures mainly derives from the
refolding of the early metamorphic unit III (see Fig. 6). Be-
neath it, in the south, appears the northern end of the Ac-
ceglio-Longet band of easternmost Briangonnais nappes
(“ultra-Briangonnais” half-window, ** in Fig. 2) that may
represent an F2 fold hinge. It has its own metamorphic his-
tory (AL in Fig. 6).

(4) Isoclinal polystage folds. At the bottom of the Queyras
structure, lies a spectacular pile of E-W trending folds af-
fecting the particularly well-developed Malm sandwiched
marbles. These marbles are most deformed, and their ap-
parent thickness may exceptionally reach a few hundreds
of meters in the Créte de la Taillante massif (CT in Fig. 5).
Due to the shallower decollement in the oceanic series and
the stronger alpine stretching, the old ophiolitic substratum
is only represented in small and very disrupted serpen-
tinitic, gabbroic and basaltic bodies. An exception is the Pic
des Lauze ophiolitic massif (L in Fig. 5) with tightly folded
pillowed basalts, which are a few hundreds meters thick.
The most visible folds are closed chevron folds (F2). A
good example of kilometric-scale hinge is visible to the
south of the Costa Ciais (*** in both sections of plate 1).
Refolded hinges indicate the superimposition of coaxial
folds (F3). Many sharp lateral extremities of sandwiched
marbles bands, such as to the north of the small Créte de
I’Eychassier ophiolites (gabbroic dike complex within
serpentinite, location Fig. 5), represent the hinges of F1
intrafolial recumbent folds. As in the overlying set, numer-
ous ophiolitic olistoliths are imbedded within the Creta-
ceous pelagic series, but they are more flattened and
stretched. This fourth set mainly derives from the early
metamorphic unit IV (see Fig. 6). The upward convex bend
of the entire folded structure along section YY’ is an arti-
fact, resulting from the global curvature of the structure in
map view. Beneath this fourth set, and not represented in
section Y'Y, lies the stack of ophiolitic thrust-sheets, up to
5 km thick, that composes the Viso massif, where the ophi-
olite/metasediment ratio is inverted with respect to the
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Queyras. It has its own metamorphic history (V in Fig. 6).
Further down lies the pre-alpine basement nappe stack
of the Dora-Maira massif that is now exposed in the core
of the arc with a yet different metamorphic history (D in
Fig. 6).

In summary, the tectonic style dramatically evolves across the
nearly 10km-thick Schistes lustrés pile in the Queyras area.
This evolution is much better visible in a N-S section than in an
E-W section, which explains why it has not been described up
to now. From top to bottom across the structure, more flat-
tened and stretched ophiolites and more intense folding are
globally consistent with the increasing grade of metamorphism
documented in the previous section. The general structure we
describe here in the Queyras Schistes lustrés sensibly differs
from the structure proposed by Lagabrielle & Polino (1987,
1988) in terms of the number and limits of the main tectonic
units.

10. The regional tectonic scenario in the Alpine context

During the Paleogene, the building of an accretionary wedge is
related to subduction, successively affecting the oceanic do-
main and the most stretched part of the European margin.
Among the numerous K-Ar radiometric ages available in the
Queyras Schistes lustrés (Takeshita et al. 1994), those between
60 and 54 My (Paleocene) may be related to the blueschist
facies metamorphic crystallisations accompanying the primi-
tive accretion within the oceanic wedge (Schwartz 2002). This
age is consistent with the minimum age of 55 My proposed for
the same metamorphic event by Agard et al. (2002) in the Cot-
tian Alps further north. It is also consistent with the Late Cre-
taceous age proposed for the younger sediments in the
Queyras (Fig. 3; Lemoine et al. 1984). Just to the east, in the
Viso eclogitic ophiolites, radiometric ages at around 50 My in-
dicate that deep subduction was active during the Early
Eocene (Duchéne et al. 1997). Concurrently, the growth of the
Queyras wedge is supposed to have continued. However, our
data do not allow for detailing early deformation events within
what we here define as the initial tectonic phase (D1). In the
Brianconnais domain just west of the Queyras, the syntectonic
deposition of the “Flysch Noir” (Debelmas et al. 1988) records
the growth of the wedge during the Lutetian and Bartonian.
Cessation of sedimentation in the Briangonnais domain dur-
ing the Priabonian is explained by the accretion of the Bri-
ancgonnais nappes to the wedge. In the Queyras Schistes lustrés
no field observation allows us for proposing a direction of
thrusting. However, in an overall Alpine context, this direction
is likely to be toward the north or the NW (Schmid & Kissling
2000; Ceriani et al. 2001; Bucher et al. 2003 and 2004; Ceriani
& Schmid 2004).

After the Eocene, during the development of collision, the
external arc of the Western Alps is progressively tectonized.
Concurrently, in the internal arc, several new contractions
occur within the nappe stack, followed by the onset of an ex-
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tensional tectonic regime (e.g., Sue & Tricart 2002). Our post-
nappe folding phases (D2 to D4) in the Queyras were formed
in this context. To the east, E-W trending folds were initially
described within the Dora-Maira massif by Vialon (1966), who
considered a single “transverse” folding phase. In fact, accord-
ing to Mawhin et al. (1983), the north-facing folds concentrate
in the central and southern part of the massif (e.g., Val Lucer-
na) and predate the south-vergent folds such as those visible in
the northern part of the massif (e.g., Val Susa). We compare
them to our F2 and F3 folds respectively. West of the Queyras,
our F2 and F3 folds extend into the Briangonnais zone but
their axial direction exhibits an arcuate regional pattern, and
due to very different lithologies, the tectonic style also dramat-
ically changes (Tricart 1986). The last folding phase in the
Queyras (orogen-parallel F4 folds) is better developed in the
western Queyras. This phase is in fact most developed in the
Brianconnais zone and extends westward into the internal-
most fringe of the external zone. In all the internal zones, this
phase clearly represents the last alpine contraction, resulting in
east-vergent post-nappe folds and east-directed thrusts i.e. to
the so-called backfolds and backthrusts (see also Bucher et al.
2003). Even if alternative interpretations were proposed (e.g.,
Caby 1996), this phase is responsible for the major backfold
(“pli en retour” of the French geologists) that separates the
overturned internal Brianconnais nappe stack (eastern side of
the Briangonnais fan) from the rest of the Briangonnais zone
(see Tricart & Sue 2006 for a review).

The post-nappe folds are not directly dated in the Queyras
Schistes lustrés, and the correspondence with the polystage
structures dated further north in the Schistes lustrés of the
Cottian Alps by Agard et al. (2002) remains to be documented
since clear superimposition of four generations of folds and as-
sociated schistosities are not reported by these authors. Never-
theless, bracketing allows us for proposing an Oligocene age
for the F2 to F4 folding sequence. Indeed, fission-track analy-
ses in zircon and apatites show that the final exhumation of
the Queyras Schistes lustrés to upper crustal conditions widely
occurred in Miocene times (Schwartz 2002). The associated
brittle deformation is related to an ongoing extensional tecton-
ic regime affecting the entire Queyras-Briangonnais wedge
(Sue & Tricart 2003). Our D5 event represents this extension.

11. Conclusions

The huge volume of apparently monotonous calcschist-rich se-
ries exposed in the Queyras mountains does not derive from
thick deep-sea sedimentation (« Schistes lustrés trough ») but
mainly results from tectonic thickening through two distinct
processes: (1) stacking of thin-skinned nappes (D1 phase) dur-
ing the Paleocene-Eocene under blueschist facies metamor-
phic conditions, associated with the formation of a syn-subduc-
tion wedge, and (2) repeated folding of the nappe stack (D2
to D4 phases) during the Oligocene when metamorphism evol-
ved from blueschist to greenschist facies conditions, associated
with the growth of what has become a syncollision wedge. D4,



the last phase of contraction, is responsible for the general N-S

trend of the presently exposed structures. From the Miocene

onwards these structures were exhumed under brittle condi-
tions, and an extensional regime prevailed (DS phase, not de-
tailed here).

The general structure of the Piedmont Schistes lustrés has
been poorly investigated by earlier studies because of the mo-
notonous calcschist-rich series, which were believed to be
stratigraphically undecipherable. The peculiar style that we de-
scribe in the ocean-derived “Schistes lustrés” in fact results
from a conjunction of the following factors:

— Thin-skinned thrusting, resulting from shallow-level
decollement in the ocean (“scalp tectonics”) along the
widespread serpentinite-derived breccias that characterize
this very low spreading ocean.

- Regional-scale boudinage (“mega-boudinage™) of the thin
ophiolitic sole of the thrust-sheets during early stacking
and folding, favoured by the density of faults in the oceanic
basement and the ductility contrast between mafic and
ultramafic rocks.

— Intense multistage refolding of the nappe stack under
blueschist to greenschist facies conditions allowing for the
calcschist-rich series to remain remarkably ductile.

The scattering of ophiolitic bodies of varied size across the
Queyras Schistes-lustré pile could evoke the impression of a
tectonic melange, similar to those forming in subduction zones.
In fact, isolated ophiolitic bodies may have different origins:
(1) tectonic boudins derived from the detached oceanic sub-
stratum of the Schistes lustrés series, in the core of early re-
cumbent folds; (2) olistoliths still enclosed within their hosts
sediments and bearing witness of fault-scarp collapse during
ocean spreading; (3) tectonic lenses inserted within thrust sur-
faces and derived from either boudins or olistoliths.

But for the “scalp tectonics”, inherent to an oceanic origin,
a comparable scenario my be reconstructed. It involves with
early thin-skinned thrusting and megaboudinage, followed by
repeated folding of the entire nappe stack in the part of the
Queyras wedge which derives from the distal European mar-
gin and which was not detailed in this study (1 in Fig.5).

The formation of the Queyras Schistes lustrés complex
starts with the stacking of ocean- and distal margin-derived
thrust-sheets in an active margin context. This early structure
was essentially reconstructed through the analysis of the asso-
ciated HP-LT metamorphism, allowing for the identification
of different units that followed slightly different P-T paths. The
presently exposed structure essentially results from severe and
repeated refolding of the early accretionary wedge during con-
tinental collision. The complexity of this structure may be ex-
plained by the ductility contrast between calcschist-rich series,
Triassic dolomites associated with evaporites, and the basalts
and gabbros associated with serpentinites. This complexity
is best visible when observing the structures along a section
oriented parallel to the belt since the dominant fold system is
now oriented normal to this belt.
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Cross-sections in the Queyras Schistes lustrés complex (location in Fig. 2). The ophiolitic massifs with abbreviated names are located in Fig 2. The names of the
villages, peaks, summits, passes and old quarries are given in Fig. 5. The orogen-perpendicular section XX crosses the west-dipping Schistes lustrés tectonic pile
between the main Briangonnais nappe stack to the west and the Viso ophiolitic nappe stack to the east (after Tricart et al. 2003, slightly modified). Since the sec-
tion is nearly oriented E-W. it mainly displays the nearly N-S trending structures, which are also the latest ones: (i) the east-vergent folds (backfolds) and the as-
sociated thrusts (backthrusts, in black), resulting from the D4 deformation phase in the western part of the section, and (ii) the west-dipping extensional faults (in
red) resulting from the D5 phase. The orogen-parallel section YY" was constructed by projecting the mapped structures onto a vertical plane oriented N170°E.
The axis for projection is oriented N80°E, 30°W and corresponds to the mean axis of the F2 and F3 folds. The plunge of the projection axis results in a slight ver-
tical expansion of beds and structures in the section. The important vertical development (7.5 km) of the section was allowed by the remarkably constant west-
ward plunge of the F2 and F3 folds axes in the entire Queyras area. The section itself is represented with identical vertical and horizontal scales. Projection was
operated from the west into the upper part of the section and from the east into its lower part. Since the validity of the construction decreases with distance. the
projection plane was located in the eastern Queyras where the folded structure is most complex. The result of this general blind projection was only very locally
corrected by hand-made adjustments where the axial plunge value was modified by late flexures and fault-associated drag-folds and where the offset of beds along
late faults was too important (D5 event). The continuity of beds was extrapolated as little as possible, essentially where the structures are hidden beneath quater-
nary deposits.

Nevertheless the constructed structure is remarkably coherent at both regional and local scales. It is controlled by several generations of folds, identified as the F2
north-vergent recumbent folds and the F3 south-vergent folds, superimposed onto F1 perfectly isoclinal folds (“sandwiched marbles™ and/or ophiolitic bands with
opposite polarities). A vertical evolution in the general style of folding and boudinage is consistent with the regional west-to-east increase in the syntectonic meta-
morphic conditions. On the other hand, the submeridian F4 backfolds do not appear correctly (upper part of the section: compare with section XX") and the late
west-dipping tectonic contacts are projected as horizontal lines onto the section.
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