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Neo-Alpine structural features at the boundary
between the Penninic and Helvetic domains
(Pre S. Didiér — Entreves, Aosta valley, Italy)

P. PERELLO!, F. PIANAZ, G. MARTINOTTI?

Kev words: Neo-Alpine tectonics. Penninic frontal thrust. exhumation, ductile to brittle shear zones

ABSTRACT

A several-kilometres wide ductile to brittle shear zone (Courmayeur deforma-
tion zone. CDZ). between the Sion-Courmayeur Zone and the Mont Blanc
crystalline basement corresponds in the study area with the so-called Penninic
frontal thrust (PFT). The CDZ underwent a long deformational history char-
acterized by the development of a regional syn-metamorphic (greenschist fa-
cies) foliation (S2), which was successively reactivated by semi-brittle, trans-
pressive-dextral, NW-vergent shear zones. giving rise to a younger (S3) folia-
tion and often associated with large-scale open folds. NW-SE compression was
predominant during this deformational stage. Brittle tectonics was later super-
‘imposed on the S3-related structures. The onset of this later cataclastic defor-
mation is apparently not related with significant changes in the kinematics of
the CDZ and adjoining units, except for the development of a SE-vergent
back thrust which transported the Mt. Blanc crystalline basement onto the Ul-
trahelvetic covers.

The proposed kinematic interpretations are compared with the available
fission track ages of the main units at both sides of the Penninic frontal thrust
in order to suggest a possible model for the neo-Alpine exhumation of the
Mont Blanc and Mt. Chetif units. in the light of the kinematics of the contigu-
ous Rhone-Simplon Fault.

RIASSUNTO

Nell'area di studio affiora una zona di taglio fragile-duttile della potenza di al-
cuni chilometri (Zona di Deformazione di Courmayeur. CDZ). Questa zona di
taglio ¢ compresa tra la Zona Sion-Courmayeur ¢ il basamento cristallino del
Massiccio del Monte Bianco. e corrisponde al cosi detto Fronte Pennidico
(PFT). La CDZ ha registrato una lunga storia deformativa, caratterizzata dallo
sviluppo di una foliazione sin-metamorfica S2 (facies scisti verdi). La S2 ¢ stata
successivamente riattivata da zone di taglio semi-fragili transpressive destre
con vergenza NW, che hanno dato origine a una foliazione S3 piu giovane,
spesso associata a pieghe aperte. Durante quest’ultima fase di deformazione la
direzione di compressione principale aveva un’orientazione NW-SE. Defor-
mazioni di tipo fragile sono infine sovrapposte alle strutture sincinematiche ri-
spetto alla S3. Lo sviluppo di queste deformazioni cataclastiche apparente-
mente non ¢ da mettere in relazione con cambiamenti significativi nel cinema-
tismo della CDZ ¢ delle unita adiacenti. eccezion fatta per lo sviluppo di un re-
troscorrimento a vergenza SE che ha trasportato il basamento cristallino del
Monte Bianco al di sopra delle coperture Ultraelvetiche. Le interpretazioni ci-
nematiche proposte vengono confrontate con le eta delle tracce di fissione su
apatiti e zirconi delle principali unita localizzate su entrambi i lati del Fronte
Pennidico. nel tentativo di proporre un possibile modello per I'esumazione
neo-alpina delle unita del Monte Bianco ¢ del Mont Chetif, tenendo conto
anche della cinematica della adiacente Faglia del Rodano-Sempione.

1. Introduction

The tectonic boundary between the internal Penninic-Bri-
anconnais and the external Helvetic-Ultrahelvetic Alpine do-
mains has been considered as a thrust front (Penninic frontal
thrust. PFT), separating distinct Mesozoic paleogeographic
realms with different depositional history. These differences
have led to consideration of the PFT as an important suture of
the Alpine chain (Argand 1911, 1916).

The PFT also separates low-grade metamorphic rocks
bearing HP-LT remnants in the SE (Oberhinsli et al. 1996;

Goffé & Bousquet 1997). from very low-grade metamorphic
rocks which did not suffer HP-LT metamorphism in the NW
(Baggio 1964; Kiibler et al. 1979: von Raumer 1987). At depth
it corresponds to a lithospheric discontinuity dipping toward
the SE and well evidenced by reflection seismic profiles (Nico-
las et al. 1990). In the M. Blanc region the PFT separates a
complex of imbricated units belonging to the Paleogene
Alpine orogenic wedge from the allochthonous Mesozoic
cover of the M. Blanc massif, that was deposited onto the Eu-
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Fig. 1. Structural sketch map of the Northwestern
Alps. Redrawn after Steck & Hunziker (1994).

ropean plate (Polino et al. 1990: Roure et al. 1996). Since some
sedimentary units of the orogenic wedge (Pierre Avoie unit)
have been recently dated as Eocene (Bagnoud et al. 1998) the
activity of the PFT has been interpreted as post-Eocene (Fii-
genschuh et al. 1999).

The PFT merges with the Rhone-Simplon line (Fig. 1, 2), a
dextral transtensive fault of the Central Alps, dipping toward S
or SW. This fault is the Miocene-Recent expression of the Sim-
plon Shear Zone, an older discontinuity active from Early
Oligocene (Mancktelow 1985: Steck 1990: Steck & Hunziker
1994). It has therefore been suggested that the kinematics of
the Penninic Front during the Late Oligocene and Miocene
should be related to shearing along the Rhone-Simplon line
(Laubscher 1991).

In the Courmayeur-Mont Blanc region an increase in the
apatite fission track ages across the PFT has been reported
(Seward & Mancktelow 1994 and references therein). The PFT
footwall (NW) indicates 1.4-5 Ma ages, whilst the hangingwall
(SE) indicates 6-13 Ma (Fig. 2). This was interpreted by Hub-
bard & Mancktelow (1992) as due to an extensional reactiva-
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Fig. 2. Geological sketch map of the study area (inset) and
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tion of the PFT in the Neogene. which should have accommo-
dated the differential uplift of the two sectors it separates.

Since the structural setting of the PFT in the Courmayeur
zone is known to be very complex, it could be suggested that
several differently striking brittle structures could have driven
the uplift. The exhumation of the Mont Blanc Massif and ad-
joining units could have been driven by normal faulting or con-
versely by reverse faulting depending on the vergence of the
main brittle structures. For these reasons. detailed structural
analyses and mapping on 1:5,000-1:10.000 scale were carried
out in the Courmayeur-Mont Blanc region to better constrain
the structural evolution of the PFT zone.



2. Geological Setting

The studied area includes two main units (Helvetic-Ultrahel-
vetic Domain and Sion-Courmayeur Zone of the Penninic Do-
main), separated by a 3-4 km-wide tectonic slices zone roughly
corresponding to the PFT (Pl 1, Fig. 2).

The Helvetic-Ultrahelvetic Domain (HUD) is a strongly
transposed metasedimentary succession resting on the Mont
Blanc crystalline Massif. The Mont Blanc Massif is mainly made
up of pre-Permian schists, migmatites. granites. intruded by
Hercynian granitoids and acid volcanites (Baggio 1964: von
Raumer 1987). The sedimentary cover consists of Jurassic se-
quences of limestones. black schists and calcschists (Barbier
1948: Antoine et al. 1975). At present the cover and the base-
ment are separated by a tectonic contact and the original strati-
graphic relations are only locally preserved. Basement and
cover suffered an Alpine greenschist facies metamorphism that
in the Mont Blanc Massif is superimposed on pre-Alpine high
grade metamorphic assemblages (Baggio & Malaroda 1962).

The Sion-Courmayeur Zone (SCZ: Fig. 2) is a Cretaceous-
Paleocene turbiditic sequence (Breches de Tarentaise Auct.)
divided into three parts (Barbier 1948; Barbier & Trimpy
1955: Antoine 1972). The lowest part consists of calcareous
-breccias and calcarenites (Couches de I'Aroley). The interme-
diate one consists of siliciclastic sediments (quartzites and
schists) with minor calcschists, limestones and calcareous brec-
cias (Couches de Marmontains). The top part consists of calc-
schists, calcarenites and minor calcareous breccias (Couches
de Saint Christophe). The Sion-Courmayeur Zone also under-
went Alpine greenschists facies metamorphism, though rem-
nants of HP-LT parageneses have been recognized in some
places and are usually referred to early-Alpine subduction
(Oberhinsli et al. 1996).

The PFT is interposed between the HUD and SCZ. It is
usually represented on geologic sketch profiles as a succession
of slices separated by repeated tectonic contacts dipping
40-50" toward SSE (Elter & Elter 1965). The tectonic slices
are made up of both HUD and SCZ rocks in addition to some
other elements of unknown provenance, such as the Mt. Chetif
slice (Fig. 2) and the Ferret Zone Auct. The Mt. Chetif slice
mainly consists of meta-granites and meta-rhyolites with a
strong mylonitic overprint. The Ferret zone Auct. is represent-
¢d by interbedded calcschists and thin mica levels and is re-
garded as a peculiar facies of the Bréches de Tarentaise upper
clement (Antoine 1972). Other tectonic slices of the PFT in-
clude metasedimentary rocks usually considered as the sub-
stratum of the SCZ turbidites. These slices consist of schists
and quartzites (Permo-Carboniferous). dolomites, dolomitic
limestones and breccias (Trias), calcareous breccias (Dogger),
graphitic schists and calcschists of unknown age (Barbier 1951;
Antoine 1972).

A large part of the PFT slice zone is also made up of gyp-
sum and anhydrite layers and cargneules (Trias). Some authors
(Elter & Elter 1965) assume that this Triassic layer of evapo-
rites is the main detachment level in the thrust zone.

Detailed structural studies are lacking for the study area.
The cross-sections proposed by Antoine (1972) and Elter &
Elter (1965) however suggest a relation between the shearing
along the PFT and the folding history in the adjacent units.
The large-scale NW-vergent antiforms of the SCZ are truncat-
ed at their base by shear zones related to the PFT.

In the HUD, too, NW-vergent shear zones parallel to the
PFT and related NW-verging drag folds have been observed
(Antoine et al. 1975).

This study uses new structural data to suggest that the pre-
sent-day structural setting of the slices zone referred to as Pen-
ninic Frontal Thrust in literature, is mostly the result of defor-
mational events post-dating and overprinting the structures de-
veloped during the main collisional Alpine phase.

The deformation belt situated between the HUD and the
SCZ is here called the Courmayeur Deformation Zone
(CDZ), to stress that, although it could be regarded as the PFT
surface expression, it does not strictly correspond to an indi-
vidual thrust surface. but to a ductile-brittle transpressive
shear zone which accomodated not only reverse movements,
but also consistent right-lateral displacement.

3. Structural Analysis

The detailed map of the Courmayeur-Mt. Blanc region (PI. 1)
shows that the main tectono-stratigraphic units (CDZ, HUD
and SCZ) are currently separated by the @1, ¢2 and ¢3 NW-ver-
gent shear zones and by the ¢4 SE-vergent shear zone. @1, ¢2
and @3 represent the main displacements delimiting different
portions of the CDZ, themselves internally deformed by minor
shear zones. @4 is a major thrust separating the Mont Blanc
basement from the HUD cover, which consequently can be con-
sidered as a distinct unit from the Mont Blanc Massif.

Schist levels act as a detachment zone (¢1) at the top of the
CDZ, separating it from the SCZ. At its base, the CDZ is
bounded by a brittle-ductile shear zone (¢3) that separates the
Mt. Chetif tectonic slice from the HUD folded rocks. These in
turn are overthrusted by the Mont Blanc Massif along the ¢4
Pavillon brittle back-thrust.

All the units separated by the ¢1-¢4 shear zones have their
deformational history recorded by the development of perva-
sive structural features. Structural correlations between them
have been sought by comparing these features.

The main foliation recognizable in all units is a regional
transpositional schistosity (here called S2) developed in re-
sponse to ductile deformation coeval with greenschist facies
metamorphism. Actually, S2 is not the oldest schistosity, since
an earlier one (S1) is recognizable in a few outcrops and at the
microscopic scale.

S2 was overprinted by a post-metamorphic deformation
which gave rise to a younger schistosity (S3. see below). S3 is a
penetrative feature locally recognizable in all the units and
seems to have originated from different but co-genetic post-
metamorphic deformations. It pre-dates the development of
the late @4 thrust system.

Neo-Alpine structures at the Penninic-Helvetic boundary 349
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S3 is differently expressed in different units. In the CDZ it
corresponds to cleavages and slip planes mainly originated by
brittle-ductile shear zones. whereas in the HUD and SCZ it
represents the axial plane foliation of prevalent folds.

3.1. Mesoscopic features

S2 and related structures

Sion-Courmayeur Zone (SCZ) — The oldest mesoscopic ele-
ment is a regional transpositional schistosity (S2) oblique to
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the bedding (SO) and to the pre-S2 foliation (Fig. 3d). S2 is
normally defined by the preferred orientation of layer silicates
in mica-bearing rocks and by a mineralogical layering in the
carbonatic rocks. The development of S2 is associated with
syn-kinematic greenschist facies metamorphism. (White mica,
Ep. Ab, Chl) and is followed by static recrystallization of al-
bite. S2 often corresponds at all scales to the axial plane folia-
tion of isoclinal folds. Elongated pebbles and minerals define
a stretching lineation (L2) coeval with the development of
the S2. The intersection between S2 and the compositional



Fig. 4. Rock sample showing the geometrical relations between the main foli-
ations. S2 intersects at low angle the lithological bedding (S0). These are both
deformed by later folds that develop a crenulation cleavage here indicated as
S3,

layering results in an intersection lineation parallel to fold
axes.

Helvetic-Ultrahelvetic Domain (HUD) — As regards the S2,
the structural and petrographical features of the metamorphic
covers of this domain, are similar to those described for the
SCZ. In the Mont Blanc basement, mylonitic shear zones lo-
cally overprinted the older granoblastic assemblages and in-
duced a greenschist facies metamorphic re-equilibration. The
basement-cover relationships west of the study area (Val
Veny), are characterized by the presence of a S2 cleavage cut-
ting a pre-existing mylonitic foliation, both in basement
(migmatitic gneisses) and in cover (Jurassic limestones). Pre-
mylonitic brittle fabrics also occurred in the Mont Blanc Mas-
sif (Guermani & Pennacchioni 1997) and are interpreted as
markers of the early Alpine extensional tectonics.

Courmayeur deformation Zone (CDZ) — Here the main
planar feature observed is a transpositional (S2) or mylonitic

(Sm) foliation. In the metasedimentary cover rocks, the my-
lonitic foliation is often localized in more micaceous layers,
which behave as detachment levels because of their lower
competence with regard to the more massive carbonatic layers.
In the Mt. Chetif slice, part of the rock mass is mylonitized, but
less deformed lithons showing granoblastic structure are also
locally preserved.

Sm is considered as mainly coeval with S2 since it shows
metamorphic features similar to the S2 of the SCZ. Here S2 is
hardly discernable from the subparallel Sm, though it is pre-
served within lithons in some places.

Sm is associated with a stretching lineation (L2: Fig. 3c)
mainly defined by the elongation of quartz and feldspar aggre-
gates. At the micro-scale, grain reduction processes related to
recrystallization are widespread. In the schists of the cover suc-
cession, the mylonitic processes generated fine grained rocks
where all phyllosilicates display a strong preferred orientation.
In the meta-granitoid mylonites, the groundmass consists of
equidimensional grains of Qz, Ab, Musc and minor Ep and
Stlpn. Porphyroclasts are variously abundant and are repre-
sented by all the original magmatic phases, and are often re-
placed by porphyroblasts of Qz and Ab, which attest a post-
kinematic reequilibration under greenschist facies metamor-
phic conditions similar to those of the main mylonitization
event.

S3 and related structures

The S2 is locally intersected by a crenulation cleavage defining
a younger schistosity (S3, Fig. 4). Development of the S3 did
not induce widespread metamorphic recrystallization, but only
undulatory extinction in quartz and feldspars, together with
local recrystallization of quartz, chlorite and opaques.

S3 represents the axial surface foliation of tight asymmetric
folds developed in all three tectono-stratigraphic units. The
planar features here referred to as S3 cleavages show similar
morphology in rocks of similar rheological behaviour from
these units, suggesting that they formed under similar condi-
tions everywhere.

Sion-Courmayeur Zone (SCZ) — In this domain, the S3-re-
lated folds are cylindrical at the meso-scale and often parasitic
or larger-scale folds, which are roughly NE-SW trending. The
S3 corresponds to a spaced axial cleavage.

Mesoscale shear zones developed locally on the limbs of
S3-related folds, leading to the formation of co-genetic spaced
slip-cleavages (C) roughly parallel to and coeval with the S3
foliation. These slip-cleavages drag both S2 and S3 at the milli-
metric and centimetric scale, and originated S-C structures
where the “S” corresponds to the S2 or to the S3 (Fig. 3¢). The
S-C intersection angle spans from 30° to near 0°, where the S2
become parallel to the C planes, and acts as a shear plane it-
self.

Helvetic-Ultrahelvetic Domain (HUD) — In this domain,
the S3-related folds are usually tight and have induced trans-
position of the preexisting schistosity in the schistose rocks,

Neo-Alpine structures at the Penninic-Helvetic boundary 351



where S2 and S3 are commonly sub-parallel and cannot be
readily distinguished. At the meso-scale, these folds are both
cylindrical and non-cylindrical.

Courmayeur deformation Zone (CDZ) — S2 and Sm are
folded by tight, non-cylindrical, drag folds that originated,
under plastic deformation regime, a crenulation cleavage here
called S3. Especially in the more external sector of the CDZ,
S3-related folds develop only at a metric to decametric scale,
and their limbs are eliminated by probably coeval shear bands
that are pervasive and more diffuse than the coeval S3 cleav-
ages. Thus some sectors of the CDZ consist of C-type shear
bands roughly coeval with S3, that cut and drag S2 and Sm and
merge into them locally (Fig. 5). This suggests that S2 and Sm
have also been reactivated as shear surfaces. The sense of
shear indicates NW-directed movements. As in the SCZ, de-
velopment of S3 is not related to recrystallization processes,
but with semi-brittle processes, such as frictional grain reduc-
tion and undulatory extinction.

Post-S3 brittle structures

Brittle structures did not develop penetrative cataclastic fab-
rics, but commonly consist of discrete shear zones and faults,
that locally reactivated or displaced the ductile structures
(Fig. 6).

The brittle shear zones gave rise to metric or decametric
fault breccias and gouges. At the micro-scale, brittle deforma-
tions are represented by grain size reduction processes, pres-
sure dissolution and cataclastic flow (Fig. 7).

Brittle shearing originated three types of structural associa-
tions:

a) low-angle conjugate brittle shear zones, locally reactivating
the S3. These structures reactivated or displaced the ductile
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Fig. 5. S-C type shear zone in the lower SCZ. “C”
planes drag the S2 foliation with reverse sense of
movement (top to NW: top to left in the figure).

shear zones respectively. They are usually related to the
development of cataclasites and breccias in the carbonatic
covers, and foliated cataclasites in the basement rocks. In a
few cases, brittle shear zones are observed in association
with open drag folds that deform the S3-related folds.

b) flexural slip folding at all scales, originating box or kink
folds, often characterized by spaced axial surface fracture
cleavages:

¢) high-angle fault systems, mainly left-lateral meso-scale E-
W faults and right-lateral NE-SW faults.

Kilometer-scale individual faults also crop out in the SCZ (Pré
St. Didier-Mont de Nona) and Mont Chetif. They consist of
plurimetric, segmented slip surfaces characterized by only
small displacements. Tectonic breccias are usually associated
with these faults.

Hydrothermal metasomatic bands occur in some places
within the brittlely reactivated plastic shear bands (Fig. 8). Flu-
orite is associated with the brittle shears along the northern
boundary of the CDZ, while post-kinematic micas and sul-
phides has been observed near the reactivated shear bands of
the Mt. Chetif slice. It has not yet been established whether the
hydrothermal processes are related to the S3-related semi-brit-
tle deformations or the later reactivation.

3.2. Map-scale structural setting

As already mentioned, the NW-vergent thrust systems (@1, @2,
©3) separate the HUD, SCZ and the interposed CDZ units. A
SE-vergent thrust (¢4), separates the M. Blanc Massif from the
HUD cover (PIL. 1).

The opposing dip of the S2 foliation shown in the NW-SE
cross sections of Figure 3 correlates with the opposite dip and



Fig. 6. Tectonic breccia in the Mt.Chetif tectonic slice.

vergence of the thrust systems. The present tectonic setting
thus consists of a post-metamorphic doubly-vergent deforma-
tion belt, mainly related to S3 tectonics (@1, ¢2. ¢3) and post-
S3 tectonics (@4). The S3-related deformation can be com-
pared in HUD. SCZ and CDZ. despite the present thrust dis-

section.

Syn-83 structures

In the SCZ the large-scale post-metamorphic geometrical fea-
tures are mainly controlled by the presence of km-scale NW-
verging S3-related antiforms (PI. 1) whose axes strike approxi-
mately NE-SW as deduced from both the meso-scale fold axis
measurements and the folded S2-schistosity (Fig. 91). The axial
surfaces and associated cleavages dip toward the SE (Fig. 91).
Reverse limbs of these folds are truncated by semi-brittle re-
verse shear zones (see 3.1) as indicated by foliation inflections.
Where not affected by large-scale S3-related folding the S2 fo-
liation generally dips to SE (Fig. 9h).

In the HUD, there are no evident large-scale S3-related
folds, because of the more penetrative character of S3. The dip
direction of S3 progressively rotates from SE to NW approach-
ing the Mont Blanc Massif. Metric to decametric S3-related
shear bands are locally a pervasive and common feature. De-
spite the presence of these shear bands, the HUD cover suc-
cession has not been included in the CDZ as it is still strati-
graphically homogeneous.

The CDZ is a deformed belt that separates the SCZ and
HUD and is mainly characterized by diffuse shearing during
all the different stages of the tectonic evolution. It has been
subdivided into an upper domain and a lower domain separat-
ed by the @2 detachment level associated with gypsum and
carnioules. This subdivision is required because S3-related
shear surfaces are a very pervasive structural feature inside the
lower CDZ, and all the linear elements related to the S2 have
been strongly rotated (Fig. 9¢), whereas in the upper CDZ the
S2 transpositional fabrics are better preserved (Fig. 9b). Since
the two sub-domains display lithologies that can be referred to
different paleogeographic domains (PI. 1), the ¢2 could be re-
garded as the PFT in the strict sense.

The strike of the CDZ, as deduced from its map trace, is
approximately N60 (PL 1), the dip is to the SE at a moderate to
high angle. The orientation of the individual shear planes in-
side the shear zone is rather complex, since differently striking
minor planes are present.

In the upper CDZ, the S2 and Sm foliations dip more or
less regularly to SSE and the stretching lineation (L2) dips to S
(Fig. 9b), as in the SCZ, whereas in the Lower CDZ the dip di-
rection of the Sm locally inflect from S to E, while the associat-
ed stretching lineation Lext always strikes roughly E-W (PL. 1;
Fig. 9c).

The upper CDZ consists of several tectonic slices mainly
related to the syn-S2 and syn-Sm transposition and mylonitiza-
tion. Pluri-decametric S3-related shear zones and folds further
complicate this geometrical setting. As in the SCZ, these folds
have SE-dipping axial surfaces and NE-SW striking axes (Fig.
9¢). The S3-related shear zones are local features that develop
either along the reverse limbs of the folds or in mica-rich lev-
els, and reactivate or cut S2 at a low angle. S-C structures
mainly suggest reverse or oblique shearing along these shear
zones.

The southern boundary of the upper CDZ corresponds to
the @1 shear zone, which was reactivated during the S3-related
deformations as a detachment level of black micaceous schists.

Inside the lower CDZ, the S3-related shear surfaces merge
and diverge from each other at a metric to decametric scale,
creating a sort of anastomosing pattern (Fig. 3c: Fig. 3 sections
A and B). S3-related folds develop only on a metric to deca-
metric scale, since they are truncated by shear zones, and they
have scattered axes orientation (Fig. 9g).

Near the northern and southern boundaries of the lower
CDZ the Sm and S3 related shears are roughly parallel with
the @3 and @2 thrusts, whereas they bend to a N-S direction in
the central part of the shear zone (Fig. 9¢, 9n).
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Fig. 7. Cataclasite microtextures on the meta-
granitoids of the Pavillon thrust zone (20x). Cata-

clastic flow processes have been developed along

The kinematic indicators on the S3 shears (C surfaces)
mainly suggest dextral strike-slip and reverse movements (Fig.
10i). In the central portion of the lower CDZ. where the shear
surfaces strike N-S, the sense of movement is mainly reverse,
while in sectors where the shear surfaces strike E-W to NE-SW
the sense of movement is mainly dextral with local reverse
component (PL. 1).

Post-S3 structures

In the CDZ many semi-brittle S3-related shear zones have
been reactivated as brittle mainly reverse shear zones often as-

354 P. Perello et al.

mm-spaced shear zones.

Fig. 8. Brittlely reactivated NW-vergent ductile
shear zones in the lower CDZ. related to late hy-
drothermal alteration.

sociated with post-S3 NW-verging drag folds (Fig. 9¢. 90). Brit-
tle tectonics has also given rise to a SE-verging major thrust
(Pavillon brittle thrust. ¢4) overriding the Mont Blanc crys-
talline basement onto the HUD cover. The Pavillon thrust cor-
responds to a belt of foliated cataclasites which separates the
Mont Blanc Massif from the HUD cover. The thickness of this
belt is of the order of tens of meters. On map scale, the HUD
foliations are dragged toward parallelism with the Pavillon
thrust and show a progressive rotation from a SE to a NW dip
(Fig. 9a).

This thrust has been interpreted by Butler (1985) as a pre-
existing normal fault backsteepened to the SE while the S3



HUD: S3 Upper CDZ: S2+ L2 (s) Lower CDZ: Sm/S2 (s) + Lext (@
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CDZ: Axes of S2-related folds CDZ: Axes of S3-related folds

SCZ (sector NW): S2 SCZ (sector SE) S2

cont. int. =

N= cont. int. =
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n) 0) Go
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Fig. 9. Lower hemisphere stereographic projection of the structural elements. See text for explanation. N: number of data. A: dip and dip direction of the fold
axes calculated from the cylindrical best fit of the foliation poles. In ¢ and n the curve arrows indicate the scattering related to the inflexion of foliations inside the
lower CDZ.
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Site 1 (Pré. S. Didier) Site 2 (Pré. S. Didier) Site 3 (Mt. Bardon)

Site 4 (Notre Dame de
la Guérison)

_ o Shortening axes contour S3-related shears
Site 7 (Torrente Fiabé) (all data)

h)

N=113 C.l. = 6.0 Sigma

Fig. 10. Lower hemisphere stereographic nets: a—g) Post-S3 faults: h) contour diagram for shortening axes of faults for the whole study area: i) projection of S3-
related shear planes with relative slip vectors (arrow). In all nets the arrows indicate the movement of the upper block, 1>2>3: principal shortening axes calculat-
ed with the Angelier & Mechler (1977) graphic method. Al: calculated main shortening direction. N: number of data. P: percentage of data fitting the calculated

strain axes.
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cleavag

Fig. 11. NW-dipping cataclastic spaced cleavage superimposed on the my-
lonite rocks of the Mt. Chetif tectonic slice.

foliation was backfolded. At any event, post-S3 contractional
tectonics is needed for backfolding of the HUD foliations.

Minor cataclastic NW-dipping shear zones and spaced
cleavage (Fig. 90) crosscutting the S3 have been observed in
the HUD near the top of the Mt. de La Saxe (Fig. 11). Drag-
ging of the foliation near these surfaces suggests reverse shear-
ing. also indicated by the presence of SE-verging open folds
and kinks (Fig. 90). NW-dipping cataclastic shear zones have
also been described by Bertini et al. (1985) in the southern sec-
tor of the Mont Blanc Massif.

The Pavillon thrust and its related brittle structures suggest
a NW-SE shortening. Anyway it cannot be extrapolated along
the entire contact between the Mont Blanc Massif and the
HUD cover. which is poorly exposed. More to the SW (Val
Veny) and outside the study area, the same contact corre-
sponds to an earlier ductile shear zone.

The fault slip data sets (Fig. 10a-10g) are instead consistent

with local ENE-WSW shortening directions (Fig. 10h). These
faults are mostly steeply dipping and have not significantly dis-
placed the structural setting imposed by the earlier ductile and
brittle deformations. They could represent a younger kinemat-
ic event whose age cannot be assessed, since precise timing
constraints are lacking. Even so, these data fit with the region-
al strain axes inferred from the fault plane solutions of some
recent earthquakes in this area (Eva et al. 1998).

4. Discussion

In the Aosta Valley and adjoining regions the PFT is regarded
as separating the Sion Courmayeur Zone from the Helvetic-
Ultrahelvetic Domain (Argand 1911; 1916; Polino et al. 1990).
The structural features of the arca examined in this paper sug-
gest that it corresponds indeed to a km-wide deformation belt,
here called Courmayeur Deformation Zone, involving differ-
ent tectono-stratigraphic units. This deformed belt underwent
a long deformational history.

Our reconstruction starts from the event which produced
the main regional foliation (S2), though structural remnants of
older ductile tectonic events are locally preserved. The CDZ is
a zone where the effects of the regional shearing were mainly
concentrated, starting from the syn-metamorphic S2 and Sm-
related deformation. The onset of the S2 regional foliation
should be related with the mesoalpine collisional tectonic.

A discontinuous static growth of albite marks the transi-
tion between the ductile S2-related deformation and the fol-
lowing semi-brittle events. These latters induced the develop-
ment of the S3 foliation and are recorded by NW-vergent tight
folds and S to SE dipping semi-brittle shear zones that reacti-
vated and/or displaced the syn-metamorphic fabrics. These
shear zones mainly developed within the CDZ, they are locally
associated with large-scale folds (S3-related structures of the
SCZ).

The geometric and kinematic features of the lower CDZ
indicate that during the S3-related deformation a strain parti-
tioning occurred between E-W to ENE-WSW striking surfaces
accomodating a right lateral to oblique displacement. and
NNE-SSW shear surfaces accommodating a reverse displace-
ment. In the lower CDZ the extensional lineation (Lext), asso-
ciated with S2 and Sm strikes approximately E-W (Fig. 9¢), in
contrast with their N-S striking in other sectors (Fig. 9m). We
interpreted this as the result of rotation of the schistosity and
associated lineation induced by the dextral shearing that af-
fected the lower CDZ during the S3-related deformation. The
E-W trend of the Lext is in fact consistent with the E-W shear-
ing along the deformation belt. Alternatively, the E-W trend
of the Lext could be due to strike-parallel shearing in the lower
CDZ during the Sm development. In this case the lower CDZ
should have accomodated strike-slip displacement during both
the S2- and S3-related deformations. Strain partitioning consis-
tent with roughly NW-SE shortening should have occurred
within a transpressive shear zone (CDZ) during the S3- and
perhaps the S2-related deformation (Fig. 12).
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Fig. 12. Schematic block diagram of the study arca representing the main

structural features related to progressive Neogene transpressive tectonics.

Brittle tectonics is later superimposed on these S3-related
structures. The onset of cataclastic deformation does not seem
to be related to a change in kinematics of the CDZ and adjoin-
ing units. The kinematic indicators demonstrate that the reac-
tivation of the S3-shear surfaces is compatible with continued
NW-SE compression. SE-ward back-vergent structures con-
sistent with the NW-SE compression (Pavillon thrust) also de-
veloped during this event, probably because the NW-ward
propagation of the thrust system was hindered by the Mont
Blanc Massif.

We have therefore related these features to a progressive
structural evolution from a plastic to frictional deformation in
a dextral transpressive context that produced double-vergent
shear zones. Strain partitioning occurred within the CDZ since
both reverse and dextral shearing, consistent with tectonic
transports towards the western quadrants, can be observed.

Our kinematic interpretation should be compared with the
distribution of fission track ages reported by Seward & Manck-
telow (1994, Fig. 2) which indicates differential uplift across
the PFT. They found that neo-Alpine deformations induced
the Tortonian-Pliocene uplifting of the Mont Blanc basement
and Mt. Chetif slice and related it to the coeval transtensional
regime of the PFT in the Mont Blanc region, which is physical-
ly linked to the Rhone-Simplon transtensional fault zone.

Our data are instead consistent with exhumation of the Mt.
Chetif slices by squeezing or lateral block extrusions within the
transpressive CDZ. The Mont Blanc Massif may have been ex-
humated along @4-type thrust systems and along the opposing
verging thrust systems described by Bertini et al. (1985) at its
northern boundary.

Moreover the local transpression along the PFT predicted
by Hubbard & Mancktelow (1992) as due to strain partitioning
along the Rhone-Simplon Fault, can be seen as consistent with
the thrusting and right lateral transpression described in this

paper.
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5. Concluding Remarks

This work has led to a better understanding of the structural
evolution of the Penninic frontal thrust (PFT) across the Aosta
Valley traverse.

The post-metamorphic evolution of this major tectonic
boundary of the North-Western Alps is mainly related to a
continuous right-lateral transpression regime (Fig. 6) that led
to the development of progressive deformation concentrated
in narrow, strongly deformed belts and characterized by con-
stant NW-SE shortening directions.

This work suggests that this area cannot provide detailed
information about the early Alpine structural evolution of the
PFT. The metamorphic and paleogeographic break between
the Helvetic and Penninic domains here corresponds to a neo-
Alpine ductile to brittle shear zone.

The present interpretations identify the PFT as either a
large deformed belt interplaced between the Sion-Courmayeur
Zone and the Mont Blanc crystalline basement or as a narrow-
er (2-3 kilometers wide) shear zone (Courmayeur deforma-
tion zone, CDZ). To the NE, the neo-Alpine CDZ merges
with the Rhone-Simplon Fault zone (Fig. 1: Laubscher 1991),
which cuts across the Penninic zone, whereas to the SW it
probably continues into the Helvetic zone, between the Belle-
donne and Pelvoux Massifs (Hubbard & Mancktelow 1992).
Thus the CDZ-Simplon fault system and the PFT should be
considered as two distinct features that locally merge in a sin-
gle one.

There is thus a need to re-examine the PFT concept itself,
since it has been mainly postulated from the sharp tectonic
boundary between the Penninic and Helvetic Domains in the
Mont Blanc region. For instance, in the Gotthard-Ossola re-
gion the transition between Penninic and Helvetic domains
does not correspond to any major shear zone or main paleo-
geographic break. but to a gradual transition from less to more
deformed zones with an increasing metamorphic grade from
NW to SE (Steck 1990).
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Plate 1. Geological map of the studied area.
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