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[1] Widespread brittle extension occurs in the
internal zones of the southwestern Alps, forming
a dense fault network, which overprints the
compressional structures. The extension has been
followed by transcurrent motions. In terms of
paleostress this extension is radial to the belt close
to the Crustal Penninic Front and multidirectional in
the ecastern part of the internal zones. The
paleostress field of the strike-slip phase is coherent
with the extensional one and compatible with dextral
shear along longitudinal faults. Globally, we propose
that the internal zones of the southwestern Alps
underwent a single Neogene transtensive tectonic
regime. To strengthen our structural results, the
current tectonics has been analyzed using
seismotectonic tools. This approach allowed the
recognition of several active faults. Moreover, the
ongoing tectonics is coherent with the observed
brittle deformation. The fault network controls the
present-day seismicity. The combined seismotectonic
and structural approaches give coherency and
continuity from the Neogene to ongoing
extensional tectonics in the southwestern Alps. In
the framework of the whole western Alps a
synthesis of our results with neotectonic-related
data allowed us to provide an accurate map of the
Neogene to present kinematics of the belt.
Extension, which appears as a major feature of the
internal zones, has been coeval with the propagation
of thrusts in the outer zones during Neogene times.
The geodynamic processes, which rule this major
tectonic evolution of the belt, remain a matter of
debate.  INDEx TERMS: 7230 Seismology: Seismicity and
seismotectonics; 8010 Structural Geology: Fractures and faults;
8102 Tectonophysics: Continental contractional orogenic belts;
8107 Tectonophysics: Continental neotectonics; 8164
Tectonophysics: Stresses—crust and lithosphere; KEYWORDS:
western Alps, normal faulting, neotectonics, Neogene tectonics,
active faulting. Citation: Sue, C., and P. Tricart Neogene to
ongoing normal faulting in the inner western Alps: A major
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evolution of the late alpine tectonics, Tectonics, 22(5), 1050,
doi:10.1029/2002TC001426, 2003.

1. Introduction

[2] The western Alps result from the subduction of the
Tethyan Ocean and the subsequent collision between
European and African margins since the Late Cretaceous
[e.g., Trumpy, 1960; Lemoine et al., 1986; Dewey et al.,
1989; Laubscher, 1991; Schmid and Kissling, 2000]. Main
emphasis has long been placed on the detailed nappe
structure and the compressional nature of the chain. The
stacked nappes built a sedimentary, a crustal, and a litho-
spheric collision prism [Nicolas et al., 1990], arc-shaped
around the western edge of the Adria indenter, an African
northern promontory [Argand, 1924; Pavoni, 1961;
Tapponnier, 1977; Channel et al., 1979]. Nevertheless,
seismotectonic analyses have recently shown that the cur-
rent activity of the western Alps is dominated by radial
extension in their internal zones [Sue et al., 1999]. We focus
here on the South Pelvoux segment, a key area of the
southwestern alpine arc (French-Italian Alps, Figure 1
[Kerckhove et al., 1979]), characterized by the contrast of
the external and the internal arcs [7ricart, 1984; Tricart and
Lemoine, 1986; Frey et al., 1999]. This paper deals with the
late alpine tectonics in the internal arc to the present-day
tectonic regime. The aim is to link the ongoing active
extension to the late alpine brittle deformation.

2. Geological and Tectonic Setting

[3] In the South Pelvoux area (Figure 1) the internal
alpine arc consists of a pile of high-pressure/low-tempera-
ture metamorphic thrust sheets involving the basement and
its sedimentary cover. Deformation and metamorphism
increase toward the east across the Briangonnais and Pié-
mont zones. The Piémont zone originated as an accretionary
prism linked to the Late Cretaceous-early Tertiary subduc-
tion of the Tethys and of the lower European continental
margin. During the Eocene collision the prism grew west-
ward to involve the middle part of the margin. This formed
the Brianconnais zone. The internal arc basically originates
from this Paleogene, mainly Eocene, accretionary prism.
Along its western front, in the external domain (old upper
European continental margin), a flexural basin developed
with turbidites deposited in early Oligocene times (Champ-
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Figure 1.

DEM and tectonic sketch map of the western Alps between France, Switzerland, and Italy.

We focus in this paper on late alpine to present tectonics of the internal zones, made of the
Briangonnais zone (BrZ) and Piémontais zone (PmZ). The study area (frame) is located around and
south of the Briangon region, between the Pelvoux (Px), Viso (Vi) and Argentera (Ar) massifs. The
external crystalline massifs in black follow the arcuate geometry of the belt (Aa, Aar; Mb, Mont Blanc;
Bd, Belledonne). CPF is the Oligocene “Crustal Penninic Front”, by now reactivated as a crustal

detachment.

saur Sandstones, Annot Sandstones) due to the major
westward thrusting of the internal zones onto the external
domain along the Crustal Penninic Front (CPF). To the
north, along the deep seismic profile ECORS, this thrust
surface was interpreted as a lithospheric ramp, along which
the offset of the Moho would approach 80 km [Mugnier et
al., 1993].

[4] In the footwall of this Oligocene thrust, west verging
folds and thrusts formed to the external arc characterized by
radial directions of transport [Gratier et al., 1989; Vialon et
al., 1989]. Thin-skinned and basement-involved tectonics
corresponds to a general shortening that remains much
lower than in the internal arc and inversion tectonic style
(reactivation of former normal faults) still prevails in many
places [de Graciansky et al., 1989]. Shortening phases
accentuated during the Miocene [Tricart, 1984; Coward et
al., 1989], building the external arc that would remain
active today. Their effect was to push away the alpine front
beyond the limits of the old extended Tethyan margin
[Lemoine et al., 1986] and to uplift the basement in the
external crystalline massifs as shown by fission track
analyses [Seward and Manktelow, 1994; Fiigenschuh et
al,, 1999]. This uplift still remains active, as established
by leveling data [Levallois, 1972; Schaer and Jeanrichard,
1974; Fourniguet, 1977; Ménard, 1988].

[5] Up to now, the coeval evolution in the internal arc
was thought to be dominated by the general shortening,

generating east directed late structures (back thrusting/
folding). These are the Briangonnais backfolds and Piémont
backthrusts that constitute the eastern branch of the alpine
fan-shaped structure [e.g., Tricart, 1984]. This scenario
began to be questioned when ductile normal faults and
extensional detachments were discovered in the Piémont
zone [Ballevre et al., 1990; Philippot, 1990; Black and
Jayko, 1990]. Late alpine normal faults were then locally
described in the Piémont zone [Lazarre et al., 1994] and
Briangonnais zone [Virlouvet et al., 1996]. They actually
correspond to widespread structures that have now been
systematically analyzed in the whole area between Pelvoux,
Argentera, and Viso massifs [Sue, 1998].

[6] In the target region, late alpine normal faulting is
limited by the Penninic front; that is, it is restricted to the
internal arc. Locally, Sue and Tricart [1999] demonstrated
that the inversion of this major thrust as an extensional
detachment is connected with a brittle extension in its
hanging wall, itself connected to the regional-scale extension
in the internal arc. Recent preliminary thermochronological
data (fission tracks) indicate that the inversion of the
Penninic Frontal Thrust and the brittle extension in its
hanging wall in the target area (Briancon region) began in
the latest Oligocene and went on during the Miocene [ Tricart
et al, 2001]. Fission track analyses also indicate similar
results in the northwestern Alps [Seward and Manktelow,
1994; Fiigenschuh et al., 1999]. Finally, it was recently
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demonstrated that the seismicity in the internal arc corre-
sponds to an extensional tectonics [Sue et al., 1999]. On the
whole, the classic scenario was not addressing recent tec-
tonics, as the internal arc’s tectonics was dominated during
the Neogene by extension, when the external arc essentially
suffered westward propagation of the alpine compressive
front and a general accentuation of the fold-thrust structure.
In the following, we analyze this widespread Neogene
normal faulting in the internal zones along the South
Pelvoux segment, we constrain the corresponding stress/
strain field, and we demonstrate that this brittle extension
controls the present-day seismotectonic regime.

[7] Two main tectonic ensembles have been analyzed:

[8] 1. The Briangonnais sedimentary cover thrust sheets
are along the Durance and High Ubaye valleys [Barféty et
al., 1996; Debelmas and Lemoine, 1966; Gidon et al., 1994]
(for stratigraphic details, see Claudel and Dumont [1999]).
The main structure is a pile of small nappes, detached along
the Triassic evaporites, of Middle/Late Triassic dolomite-
rich platform carbonates forming a rigid sole (anterift).
Basal nappes are detached at the top of a thick carboniferous
coal-rich series, the rigid sole being made of 300 m of
Permian conglomerates and Early Triassic quartzites. Over-
lying Liassic to Dogger shales, marls, and limestones
(synrift) display a contrasted tectonic behavior. The postrift
sequence is made of Middle-Late Jurassic limestones and
marls and shales of Cretaceous/Eocene age forming a
homogeneous incompetent ensemble. From west to east
the tectonic style evolved from flat-lying superposed slabs
to recumbent folds sliced up into subunits in disharmonic
folds. The metamorphism associated with these Eocene
structures increases eastward from lawsonite bearing
greenschist to low-grade blueschist facies. Oligocene super-
imposed structures are new recumbent folds associated to
west verging thrusts and east verging long-wavelength
folds. This folded pile of nappes behaves as a highly
contrasted multilayer structure.

[9] 2. The Piémont Schistes lustrés complex lies between
the Brianconnais nappes and the Monviso ophiolite (Che-
naillet massif, Queyras, High Ubaye valley). The Schistes
lustrés derive mainly from deep-sea marl-rich sediments
deposited in the Tethyan ocean or on the distal European
passive margin. They are highly foliated calcschists con-
taining some boudins of ophiolites and Triassic dolomites
[Tricart and Lemoine, 1986]. Imbricated thrust sheets built a
plurikilometric accretionary wedge that underwent at least
three phases of isoclinal folding mainly during the Paleo-
gene. The associated metamorphism evolves through time
from blueschist to greenschist conditions. With respect to
the late faulting, the general structure behaves as a unique
huge volume of not very competent but highly anisotropic
material. Some marker levels (e.g., Tithonian marbles)
allow the regional geometry to be partly understood
[Lemoine and Tricart, 1993]. The last phase of ductile
deformation corresponds to a regional-scale extension.
The ductile-brittle transition has been analyzed by Schwartz
[2002]. As extension went on, ductile to brittle transition
occurred during the Miocene, forming the widespread
normal faulting analyzed in this paper. Inside the regional
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flat-lying cleavage, a multidirectional extension developed,
characterized by chocolate tablet boudinage. On these
ductile extensional structures, conjugated micronormal
faults merged subsequently. Their directions also character-
ize an oblate strain ellipsoid. At the same period the regional
structure is tilted westward, in the western flank of the
Dora-Maira massif. Fission track analyses show that this
differential exhumation took place during the Miocene
[Schwartz et al., 2003]. Then, larger normal faults devel-
oped under brittle conditions. These last ones correspond to
the late evolution that we analyze here.

3. Brittle Deformation Analysis

[10] The studied area is carved by a dense fault network,
which corresponds to the last tectonic event in the alpine
history. Indeed, this fault network postdates all the alpine
compression-related structures such as nappe piles, folds,
and schistosities and cleavages related to the different
compressional phases. The late fault system is made of
normal faults, which locally bear witness of transcurrent
reactivation. They can be observed at every scale (kilo-
metric to centimetric) in the field. Some of the major faults
have already been described as wrench faults (e.g., the
Durance fault, see discussion by Tricart et al. [1996]),
although they are generally not shown on geological maps.

3.1. Late Alpine Fault Network: Regional-Scale
Analysis

[11] We first mapped the fault network in detail. To
achieve this map, we used field work, aerial photographs,
remote sensing and digital elevation model (DEM) analyses.
These analyses were possible due to interactions and feed-
back between the field and remote sensing work sessions.
The larger-scale analysis is provided by the SPOT satellite
view of the Briangon region. A couple of SPOT images
have been used to compute the DEM of the region with a
high spatial accuracy (down to 10 m) (Figures 2 and 3). At
the kilometric scale the main tool used was aerial photo-
graphs (Figure 4a). The morphotectonic interpretations of
these documents closely associated with field work allow
the precise mapping of the fault network (Figure 4a), which
is integrated in the southwestern alpine tectonic framework
on Figure 4b. These large-scale structural analyses allow the
accurate mapping of the geometry of the fault network at the
scale of the main alpine tectonic units (external zone,
internal Briangonnais and Piemontais zones, external crys-
talline massifs, Flysch nappes). The first striking character-
istic is the double family distribution of the faults (see white
arrows on Figure 3). The first fault family strikes longitu-
dinally (subparallel) to the belt arcuate structure, i.e., NNW-
SSE to NW-SE from the north to the south of the studied
area. The second fault family strikes transverse (radial) to
the belt’s structures. These two fault families are recognized
at every scale: Seen on larger SPOT scale, they are also
observable in the field (outcrop scale) and at smaller scale
by microtectonic measurements (slickensides on microfault
planes, several centimeters wide, see below). Their global
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Figure 2. Three-dimensional satellite view toward the northeast of the studied area (SPOT satellite
panchromatic orthophotography projected on the DEM). The Briangonnais zone in the vicinity of
Briangon (B) and Guillestre (G) towns and in the High Ubaye (U) massif, the adjacent Piémont zone in
the Queyras (Q) and Chenaillet (C) massifs, as well as the Embrunais (E) area are carved by a dense late
alpine fault network, which rules part of the present-day morphology of the region, particularly along the

High Durance valley (HDV).

and local crosscutting relationships show that they devel-
oped and worked simultaneously at the regional scale. The
longitudinal faults controlled the longitudinal strap-like
structure of the Briangonnais zone with numerous close
faults (Figure 4). On the contrary, the transverse faults are
distributed at pretty large intervals (several kilometers).
The main fault family in the Briangonnais zone seems to
be the longitudinal one. It is composed of long faults such as
the East Briangonnais fault or the Durance-Escreins-Serenne
fault, which can be followed along more than 50 km, across
the whole studied area, and to the north along the Valloire
fault. These two faults localized the longitudinal family into
the Briangonnais zone, eastward and parallel to the CPF.
One branch associated to the longitudinal fault veers off this
direction and strikes N-S across the CPF, in the flysch
nappes, to form the Parpaillon fault system. The transverse
fault family is also well developed in the Briangonnais as
well as in the Piemont zone. It locally crosscuts the CPF and
also affects the external zone and the flysch nappes in the
Embrunais region. To sum up, the late alpine fault network
is made of two fault families, which have worked simulta-
neously as normal faults under brittle conditions, in response
to the same extensional tectonic regime. Later, they have
locally been reactivated as transcurrent faults.

3.2. Late Alpine Normal Faulting: Typical
Outcrop Analyzes

[12] The overall faulting in this region can be illustrated
by some typical outcrops of the Briangonnais nappes
showing different kinds of late alpine faults (extensional

faults and strike slips) belonging to both fault families
(longitudinal and transverse). In close relationship to the
CPF, on the outcrops of the Fournel valley, normal faults are
extremely well developed and merge with the CPF at depth.
The relationships between the compressional structures of
the Briangonnais zone, the CPF, and the late alpine brittle
extension are clear in this area [Sue and Tricart, 1999]. The
same longitudinal faults occur in the Durance valley, i.c.,
following the main branch of the High Durance fault zone
(Figures 3 and 4). For instance, the Rocher Baron site
(Figure 5), south of Briancon in the Durance Valley, shows
longitudinal west dipping second-order normal faults (some
hundreds of meters) conjugated to the major east dipping
High Durance normal fault. The latter is one of the main
extensional structures and has a throw >1000 m. This site
allows the observation of longitudinal late alpine normal
faulting at many scales, from several hundreds of meters
down to the centimeter scale. Concerning the transverse
fault family, the Melezin site (Figure 6), SE of Briangon,
provides a nice example with a large-scale normal fault,
postdating the nappe tectonics, a large-scale drag-fold
anticline, conjugated microfaults with striae and calcareous
fibers, small-scale drag-folds postdating the schistosity,
etc. Figures 7 and 8 give an example of extensional
structures overprinting compressional structures in the
Chambeyron massif (High Ubaye), at mesoscale and nappe
scale, respectively. Locally, the normal faults have been
reactivated by strike-slip movements. The timing of the
normal displacement and the transcurrent one is clear
in the polyphased sites (i.e., where both normal and
strike-slip motions have been observed; see below for the



SUE AND TRICART: RECENT NORMAL FAULTING IN THE WESTERN ALPS

TAAON NOLLVAHTH "TV.LIDI( NOLLV.LAHAUELNT DINOLIILOHIHOWN ﬂr—..o.n— mv

‘J[NBJ QUUAIAS ‘IOS ‘IneJ 9[1snod ‘nod yney uoyredieq
‘red 9nej 2Aeq YSIH ‘qny 9nej [IND ‘Mo 9neq 9joueg Juoj ‘€S neJ SUIAIOSH Osy nej sreuniquig ‘quiyg ney
sreuuoduellq Jseq Iqg 9nej oourin YSIH ‘N e} XNAA [0D) XAD I[ne} IJ[[IeuUdy)) YInos ‘Sy) e synej siofewr jo
SOWRU [BIOT “(SJOqUIAS 9JIYM) MITA [ OJS Y} UO PaJedIpul oI P[o U} UO PIZIUF0I2I SI[NeJ [BNPIAIPU] "QUOZ STEUUOSUBLIG
oy Suore aSewr o pue N Y} U0 J[QqISIA [[om Afrenonted s1 sjnej [eurpmisuo] oY) 03 padul] aImonns ayI-dens ay [,
(LOSN—,0SN Pua:) duo 3s19AsuRn © pue (,0LIN—,0S N Pud1) AJIwe;y Jjney [eUIPMISUO[ B YIIM ‘UOISAI 9[0yM dY) JO J[BIS
o 18 wroped jney oY) 9ZLIdjoRIRYD A[9S10a1d 01 SN MO[[B SJUSWNIOP ASAY [, *os11adxa s1om Py pue (dewr 1[[ares [OdS
w (] pue ‘N W Q] uryy) Sursuos ojowal uiuIquuod ‘UodueLIg JO YIN0s UoI3al oy Jo sisAJeue 91u03odjoydiojN ¢ 3In3ig

ADVINI A LI'TITEALVS

e

A . -
1




internal zones

e °mcmai 1
Y&f oo Riémontais

SUE AND TRICART: RECENT NORMAL FAULTING IN THE WESTERN ALPS

=

6° 30'

/“external zone

10

30

20

»RUBUR

\

u
Barcelonnette

)/
//\

.45

6° 30'




SUE AND TRICART: RECENT NORMAL FAULTING IN THE WESTERN ALPS

Figure 5. ‘“Rocher Baron” site exhibiting longitudinal
west dipping second-order normal faults (some hundreds of
meters) conjugated with the major east dipping High
Durance normal fault. The normal faults in the Rocher
Baron site are well visible, being developed in Triassic
quartzites (strong lithology, basal Briangonnais nappe).
Moreover, microtectonic measurements (slickensides) agree
with the large-scale qualitative observations of longitudinal
faults (trending NNW-SSE). The data presented in the
stereonet (see also the section 3.3) exhibit mainly NNW-
SSE normal faults, with more or less the same number of
east and west dipping faults, and some transverse normal
faults oriented ENE-WSW. Note the transverse fault (Ft) to
the SE of the Rocher Baron site.

corresponding paleostress inversion). Strike-slip reactiva-
tion is particularly important along the High Durance
fault (Figure 9) and can be followed to the south along
the Escreins fault and the Serenne fault. Typically,
such reactivation has led to right-lateral motions along
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longitudinal faults and left-lateral motions along transverse
faults.

[13] To sum up, the qualitative kinematic analysis of the
fault network has shown that it formed the last alpine
tectonic phase. The fault network is made of two faults
families, one longitudinal and another transverse to the belt.
The two fault families are coeval. The fault network
developed under brittle conditions in response to an exten-
sional tectonic regime affecting the internal zones of the
western alpine arc. It is followed by transcurrent motions,
which are locally important. Thus, for the late alpine period,
after the last compressive alpine tectonic phase, the Brian-
connais zone overall underwent extensional tectonics asso-
ciated with transcurrent movements.

3.3. Paleostress Computation

[14] In this section, we address the problem of late alpine
tectonics in terms of paleostress analysis. This quantitative
approach is based on the measurements of faults planes and
associated slip directions. The direction of movement is
given by slickensides, striae, and grooves on the fault plane.
The sense of movement is generally given by calcareous
fibers (calcareous lithology), drag-folds, steps impressed in
the plane by striator objects, riedel criteria, etc.

3.3.1. Method

[15] We use the conventional notations o, 0,, and o3 for
the main stresses axes (maximal, intermediate, and minimal,
respectively) and ® = (0, — 03)/(0; — 03) the shape ratio of
the stress ellipsoid [e.g., Angelier, 1975; Angelier and
Mechler, 1977, Ritz, 1991; Ritz and Taboada, 1993]. The
inversion of microtectonic data provides the reduced stress
tensor, as the magnitudes of the stresses and the isotropic
part of the stress tensor cannot be reached using this kind of
inversion [Sassi and Carey-Gailhardis, 1987; Angelier,
1989]. The numerical methods for the paleostress tensor
inversion [e.g., Carey and Brunier, 1974; Angelier and
Goguel, 1979; Etchecopar et al., 1981; Angelier, 1984,
Pfiffner and Burkhard, 1987; Angelier, 1990] are based on
the Wallace [1951] and Bott [1959] principle, after which
the striae direction and the direction of the tangential stress
on the fault plane are parallel. It is necessary to make some
basic assumptions: the rock volume should be homoge-
neous and isotropic, the stress field should be uniform
(notion of “mean state of stress’’) and steady during a given
tectonic phase, slip along fault planes should be free,
deformations should be incremental, and rotation should
be negligible. These assumptions are not all verified in real
cases, particularly the state of stress varying with the
heterogeneity of the rocks. Nevertheless, the mean state of
stress is justified a posteriori by the coherency of the results

Figure 4. (opposite) (a) Fault network (not interpolated) surveyed in the Briangonnais-Ubaye-Queras area using field work
and remote sensing documents (aerial photography, DEM, SPOT view, see section 3.1 for the geometric description). The
sites surveyed in term of paleostress (see section 3.3) are plotted with their five-letter code (Table 1). (b) Interpolation of the
fault network mapped in Figure 4a in the southwestern alpine tectonic framework. The names of the main late alpine faults are
Arg, Argentera fault; Ber, Bersezio fault; Cer, Cervieres fault; Cha, Chaberton fault; ChN, north Chenaillet fault; ChS, south
Chenaillet fault; Cla, Clarée fault; CVx, Col Vieux fault; Dur, Durance fault; Ebr, East Briangonnais fault; Emb, Embrunais
fault; Esc, Escreins fault; Fsa, Font Sancte fault; Gui, Guil fault; GRc, Gran Roc fault; Hub, High Ubaye fault; Jan, Janus fault;
Mal, Malrif fault; Par, Parpaillon fault, Pou, Pousterle fault; Rbr, Roche Brune fault; Ser, Serenne fault; Val, Valloire fault.
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[Angelier and Mechler, 1977]. These methods are thus
applicable in a relatively small rock volume, homogeneous
enough to come close to the basic hypotheses. Here, we
applied the direct inversion method (INVD) developed by
Angelier [1990], which analytically solves the inverse
problem of the paleostress tensor. It is based on the
minimization of a function of the angle between the
measured striae and the computed one. The accurate anal-
ysis of each polyphased site (normal and strike-slip
motions) allowed the recognition in the field of the local
relative timing of the different sets of slickensides. Thus we
did not proceed to automatic classification of the data to
extract different tensor at a given site. From a numerical
point of view, each paleostress tensor inversion using the
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Figure 7. Example of small-scale extensional structure in
the High Ubaye area. The calcite vein gives the sense of
motion.

INVD method has been associated to a research of the
domains for o and o5 using the right diedra method. The
quality of each inversion is estimated by the statistical
parameters of the distribution of the angles between the
real striae (measured) and the computed one.
3.3.2. Data Analysis

[16] Typical paleostress tensors computed in the studied
area are plotted on Figure 10. Note that the histograms

Figure 6. (opposite) Melezin site, SE of Briangon provid-
ing a typical example of transverse normal fault and
associated structural objects. (a) Main structure of a major
normal fault showing a throw of several hundreds of meters,
which clearly postdates the nappe tectonics of the Brian-
connais zone as it affects the nappe contact between the
lower and the middle Briangonnais nappe, so-called
Champcella and Peyre Haute nappes, respectively. The
lower Triassic dolomite of the base of the Peyre Haute nappe
(to the south) is thus at the same level as the upper
Cretaceous calcsites of the Champcella nappe (to the north).
Another large-scale structural object showing the importance
of the normal displacement along this fault is a large
anticline drag-fold developed in upper Jurassic limestones of
the Champcella nappe, immediately to the north, below the
fault. Data collected in this area are shown on the stereonet.
They exhibit E-W trending normal microfaults (slickenside
measurements) and south dipping (as the major one) as well
as north dipping (conjugated planes). (b) These kinds of
mesofaults to microfaults (some centimeters to some meters)
also well developed in the calcschistes, where one can
observe conjugated E-W trending microfaults (western side
of the Melezin pike). The planes bear witness of normal
motion (striae, calcareous fibers). Small drag-folds are also
developed in the almost horizontal schistosity planes. These
small structures clearly establish the relative chronology
between the schistosity development associated to compres-
sional alpine phases (first) and the brittle extension (second).
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Fouillouse valley

Figure 8. Example of large-scale normal fault in the High
Ubaye area. The nappe-scale anticline is crosscut by the
normal fault, which shifts the fold axis.

(statistical distribution of the differential angle between the
measured striae and the computed ones) are important
quality estimators for each paleostress inversion. A good
inversion is characterized by angles lower than 20°. The
average angle and the standard deviation given on the top of
the histogram also allow judgment of the quality of the
inversion. The whole database of paleostress tensors used in
this study is shown in Figure 11. The corresponding
parameters are given in Table 1, including the quality
estimators: average angle and standard deviation. The
striated fault planes we studied on the field mainly exhibit
extensional and strike-slip movements. Thus our large-scale
qualitative observations are coherent with these microtec-
tonic quantitative results. Two main sorts of paleostress
tensors have been computed: extensive, respectively trans-
current, with oy, respectively o, close to the vertical axis.
The tensors presented in Figure 10 illustrate typical paleo-
stress tensors for the studied area along the Briangonnais
zone. The two first ones (codes NEUFC and TURGE)
belong to the extensive type of tensors, whereas the last
one (code PCHAT) belongs to the transcurrent type of
tensor. The NEUFC tensor, in the High Ubaye region,
exhibits a NW-SE o3 axis, which corresponds to normal
movement along longitudinal faults. The distribution of the
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strikes is pretty large, showing a well constrained tensor.
The quality of the inversion is good, with only two angles
higher than 20°. The TURGE site, located to the SE of
Briangon, shows a smaller distribution of fault directions,
around an E-W mean strike. Nevertheless, there is a good
agreement between the INVD inversion and the right diedra
method. Moreover, the histogram is very good, as are the
average value (8.8°) and standard deviation (6.3°). This
paleostress tensor is mainly controlled by transverse fault-
ing, which explains the N-S o3 orientation. The third tensor
in the PCHAT site (High Ubaye region) shows a bimodal
distribution of the fault directions, corresponding to the
longitudinal and transverse fault families. This transcurrent
tensor provides an E-W extension associated to a N-S
compression, which is characteristic of right-lateral motions
along the longitudinal faults conjugated with left-lateral
motions along the transverse ones. Here also, the quality
of the inversion is very good (average angle of 7.5° with a

Figure 9. Large fault plane in the Durance valley,
belonging to the High Durance fault zone. The fault plane
exhibits both quite large grooves, associated with the first
mainly normal displacements on the fault, and thinner
almost horizontal striates, posterior to the grooves,
associated to strike-slip reactivations. The sense of the
strike-slip movement is dextral. The stereonet gives the
measurements corresponding to the oblique normal grooves
(1) and to the horizontal dextral striates (2).
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Figure 10. Typical paleostress tensors computed in the
studied area (Schmidt stereonets, lower hemisphere). The
left stereonet represents the paleostress tensor computed
using the INVD method [4ngelier, 1990], with the faults
great circle projection and slip projection (arrows), and the
three main stress axes o;, 0,, 03, symbolized by the five-
branch, four-branch, three-branch stars, respectively. The
middle stereonet gives the right diedra result, with the same
fault and slip projection and the potential area for o, and o3
(dark gray and light gray respectively). The small stereonet
on the right gives the statistical distribution of the faults’
strikes, allowing estimation of the spatial repartition of the
database. The histogram gives the statistical distribution of
the angle between the measured striae and the computed
ones. This histogram is an important quality estimator for
each paleostress inversion.

standard deviation of 7.9°). In term of relative chronology,
the careful analysis of the 12 polyphased sites that we
studied on the field, has shown that the transcurrent motions
were younger than the normal ones. Nevertheless, this
relative chronology remains local, because the great major-
ity of the sites were not polyphased; that is, they exhibited
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only normal or transcurrent motions. The relationships
between the microtectonic measurements (paleostress inver-
sion) and the large-scale faults have been locally illustrated
by Sue and Tricart [1999, 2002]. A good example of close
relationships between large-scale structures and measure-
ments are the normal faults of the Rocher Baron (code
ROBAR) and Melezin (code MLZSU) sites presented above
(Figures 5 and 6). The corresponding faults/striac data are
inverted and reported in Figure 11 (tensors 52 and 45,
respectively). They exhibit good agreements with the large-
scale structures (see section 3.2). Thus regionally there is a
good coherency between the structures observed in the field
and the microtectonic measurements.

[17] Sixty-six paleostress tensors have been computed
over the whole studied area. They represent around 1300
data (fault/striae couple measurements). Each tensor can be
localized using the general map of the area Figure 4a. The
corresponding 66 stereonets, with the faults and slip pro-
jections and the paleostress axes representations (stars) are
plotted on Figure 11. We obtained classically a subvertical
stress axis and two subhorizontal ones. On the maps, we
only projected the subhorizontal ones, i.e., 03 and o, (03
and o, respectively) for the extensional (respectively trans-
current) regimes. The paleostress maps shown in Figure 12
give an overview of the regional paleostresses fields asso-
ciated to the normal (Figure 12a) and transcurrent
(Figure 12b) regimes, respectively. For clarity of the maps,
we separated the two subsets of tensors according to the
local relative chronology found in the 12 polyphased sites
(strike slip after extension).

[18] The horizontal axes of the tensors associated with the
extensional paleostress field (o, vertical) are plotted in
Figure 12a. The trend of o3 (extension) varies from E-W
along the western edge of the Briangonnais zone close to the
CPF to NW-SE in the central part of the Briangonnais zone
and in the Piemont zone. The longitudinal faults, which
were preponderant in the large-scale analysis, actually
control the E-W extension in the western part. In the central
and eastern sectors of the study area the transverses faults
seem to be preponderant in terms of paleostress analysis, as
they control the NW-SE trend of the extensional axes. The
longitudinal faults delimit strap-like zones, into which the
extension develops mainly along transverse faults. Overall,
at a regional scale, we obtain a multitrend extensional
regime. The quite low & ratios (0.35 of average value)
computed for these tensors can explain the important
variations found in the trend of o3. Actually, low @ ratios
can be associated to close 0, and o3 magnitudes, which
explains rapid spatial permutation between o, and o5 and
thus the observed regional paleostress field. Indeed, the
trends of o3 (0,, respectively) in the western part are close
to the trend of o, (03, respectively) in the central and eastern
sectors.

[19] The horizontal axes of the tensors associated to the
transcurrent paleostress field (o, vertical) are plotted in
Figure 12b. The trend of o3 appears very steadily NW-SE
to WNW-ESE. The ® ratios are higher than for the exten-
sional paleostress field (0.56 of average value). This paleo-
stress field is very homogeneous in the whole study area,
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Figure 11. The complete database of 66 paleostress tensors (direct inversion method, see section 3.3.1).
The stereonet numbers refer to the Table 1.
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Table 1. Parameters of the 66 Paleostress Tensors®

No. Site Code Latitude Longitude N o 03 03 P Gl T m SD
1 Barre du Treuil nord BDTNO 44°43 88'N 6°31.25'E 30 142.77  349.18 258.6 0.6 4.7 43
2 Barre du Treuil sud BDTSU 44°42 88'N 6°31.74E 25 108.83 356.3 265.6 0.4 4.8 32
3 Bersezio RUBUR 44°23 81'N 6°58.39'E 12 2.3 260.76 93.13 0.8 17.8 8.4
4 Bouchouse BOUCH 44°41.41'N 6°56.95'E 30 64.69 236.21 327.3 0.2 7.5 6.8
5 Cerviere CERVI 44°53.17'N 6°45.03'E 18 208.76 3134 44.14 0.3 9.7 9.8
6 Chaberton CHABE 44°58.38'N 6°45.54E 21 193.83 58.5 327.5 0.4 9.5 7.1
7 Chambeyron CHAMB 44°32.48'N 6°50.08E 23 32.67 214.23 124.1 0.3 11.4 6.9
8 Chenaillet nord CHENO 44°55.52'N 6°45.18'E 10 111.76 ~ 317.13 226.6 0.4 14.0 6.0
9 Chenaillet sud CHESU 44°54.74'N 6°45.16'E 10 261.73 97.17 5.4 0.3 11.0 6.0
10 Clot de Malamort MALAM  44°42.71'N 6°38.60'E 36 287.81 343 125.8 0.2 9.2 8.5
11 Col de la Ricelle COLRI 44°56.05'N 6°32.00E 19 23471 89.16 356.10 0.3 72 53
12 Col des Peygus PEYGU 44°49 51'N 6°44.42'E 13 66.78 182.5 273.11 0.2 14.6 9.2
13 Col du Longet LONGE 44°39.00'N 6°56.92'E 16 81.70 296.17  202.11 0.2 12.9 8.0
14 Col sans Nom COLSN 44°29.33'N 6°50.46'E 15 202.3 354.57 104.13 0.6 8.6 7.4
15 Collet du Peyron CPEYR 44°46.58'N 6°37.47E 30 84.82 247.7 3373 0.2 11.7 8.9
16 Créte desCrouzas CROUS 44°43.43'N 6°39.31'E 8 62.67 294.15 199.17 04 15.0 9.8
17 Créte desCrouzas CROUS 44°43 43'N 6°39.31'E 10 15.16 157.70  282.11 0.5 16.5 9.0
18 Croix de la Salcette CRXSA 44°50.18'N 6°33.05'E 19 143.82 327.8 237.1 0.4 10.3 9.8
19 Croix de la Salcette CRXSA 44°50.18'N 6°33.05E 20 169.32  353.58 260.2 0.5 7.3 7.9
20 Fouillouse FOUIL 44°33.22'N 6°48.02'E 11 130.82 4.5 274.6 0.4 10.4 7.0
21 Gros ouest GROOU 44°39.56'N 6°40.53'E 27  218.68 48.22 317.4 0.2 11.0 7.8
22 Gros ouest GROOU 44°39.56'N 6°40.53'E 27  219.39 37.50 128.1 0.8 11.3 9.6
23 Janus est JANES 44°56.03'N 6°44.31'E 11 236.70 53.19 143.1 0.5 5.0 2.8
24 Janus est JANES 44°56.03'N 6°44.31'E 8 172.4 43.83 262.5 0.7 14.5 9.2
25 Janus ouest JANOU 44°56.29'N 6°45.21'E 13 343.81 250.0 160.9 0.4 9.8 6.6
26 Lac des Cordes LCORD 44°50.46'N 6°46.13'E 13 204.84 77.4 347.5 0.4 10.5 7.7

27 Lac des Neuf Couleurs ~ NEUFC 44°34.28'N 6°46.35E 20  281.70 150.13 57.15 0.3
28 Lac des Neuf Couleurs ~ NEUFC 44°34.28'N 6°46.35'E 12 16.20 208.70 108.4 0.6

29 Lausette LAUSE 44°51.35'N 6°39.91'E 17 55.84 172.3 262.5 0.3

30 Laval LAVAL 44°56.10'N 6°52.64E 22 175.75 84.0 35415 04 11.7 7.5
31 Maison du Roy nord MROYN 44°41.54'N 6°43.78'E 10 32.18 204.72 301.2 0.8 9.4 9.7
32 Oréac centre ORECE 44°48.10'N 6°30.25'E 17 200.2 310.83 111.7 0.8 8.5 7.3
33 Oréac centre - a ORCEA 44°48.10'N 6°30.28E 23 195.77 3.15 93.4 0.3 12.0 9.2
34 Oréac centre - b ORCEB 44°48.10'N 6°30.26'E 16 199.75 2.14 93.4 0.1 .

35 Oréac est OREES 44°47.78'N 6°30.67'E 10 15.77 178.13 269.4 0.2 12.6 9.1
36 Oréac est OREES 44°47.78'N 6°30.67E 10 203.5 96.73 295.16 0.2 17.8 9.8
37 Oréac ouest OREOU 44°47 80'N 6°30.69E 26 192.15 18.75 283.1 0.5 13.5 8.8
38 Oréac ouest - a OROUA 44°47.71'N 6°31.29'E 31 122.80 343.7 252.6 0.3 9.5 8.5
39 Oréac ouest - b OROUB 44°47.71'N 6°31.28'E 32 144.75 0.12 268.8 0.2 11.2 79
40 Parpaillon PARPA 44°29.81'N 6°40.65'E 13 176.74  337.15 69.5 0.2 14.0 8.5
41 Petit Puy PTPUY 44°49.95'N 6°38.74'E 15 298.85 47.1 137.4 0.4 9.0 7.7
42 Pic de Beaudouis BEAUD 44°49.12'N 6°41.34E 26 142.80 41.2 310.1 0.3 15.5 8.1
43 Pic des Houerts HOUER 44°3526'N 6°46.95'E 16 207.29 62.56 304.18 0.7 14.8 10.4
44 Pic du Mélezin ouest MLZOU 44°50.53'N 6°37.91'E 30 91.52 23232 331.14 0.2 8.6 6.1
45 Pic du Mélezin sud MLZSU 44°49.96'N 6°38.18'E 12 97.62 25828 34928 0.1 9.0 7.2
46 Pic du Panestrel PSTRL 44°34.76'N 6°47.51'E 14 218.71 76.15 343.11 0.2 8.5 6.3
47 Pont du Chatelet PCHAT 44°32.40'N 6°4727E 29 210.69 64.18 330.11 0.1 14.3 8.8
48 Pont du Chatelet PCHAT 44°32.40'N 6°47.27E 15 187.2 13.69 278.2 0.4 7.5 79
49 Prorel PRORE 44°54.32'N 6°33.85E 20 15470  315.19 47.6 0.2 9.0 6.6
50 Roche Motte est RMOES 44°50.08'N 6°36.73'E 19 25272 102.16 10.8 0.2 7.7 7.4
51 Roche Motte ouest RMOOU 44°50.40'N 6°37.05E 26 24575 93.14 1.6 0.3 8.7 9.9
52 Rocher Baron ROBAR 44°48.48'N 6°34.19E 20 15.86 159.3 249.2 0.4 10.0 8.5
53 Rocher Blanc est RBLES 44°54.50'N 6°33.26'E 45 101.72  247.15 340.9 0.5 9.3 6.4
54 Rocher Blanc ouest RBLOU 44°54.50'N 6°32.54E 22 31271 50.3 141.18 0.4 9.7 6.7
55 Turge de la Suffie TURGE 44°49.73'N 6°46.84E 25 181.76 82.2 351.14 05 8.8 6.3

56 Val d’Escreins - Pégier ~ ESCPE 44°38.36'N  6°40.62E 25 16.10 118.60 27727 0.2
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57 Val d’Escreins - Rima ESCRI 44°38.57'N 6°41.39'E 34 20538 10.52 110.7 0.9 6.0 6.5
58 Val d’Escreins nord ESCNO 44°38.10'N 6°42.02'E 30 19.1 276.83 108.7 0.4 9.0 79
59 Val d’Escreins sud ESCSU 44°37.77'N 6°42.98E 29 15.2 111.73 284.17 0.4 7.3 5.5
60 Vallée de Freissinieres FREIS 44°45.65'N 6°32.14E 15 213.83 3293 59.7 0.3 15.8 9.4
61 Vallée du Fournel FOURN 44°47.77'N 6°32.66'E 25  290.80 33.0 113.10 0.4 11.7 7.8
62 Vallon de Baraigne BARAI 44°33.31'N 6°49.58'E 15 256.83 335 123.5 0.4 14.4 7.8
63 Vallon de Baraigne BARALI 44°33.31'N 6°49.58'E 21 21.33 188.57 287.6 0.7 15.7 9.1
64 Vallon de Mary VMARY 44°34.21'N 6°51.75'E 17 50.73 206.16 298.7 0.4 10.5 7.7
65 Vallon des Houerts VHOUE 44°34.73'N 6°49.45'E 17 24.40 203.50 293.1 0.8 9.8 5.6
66 Vallon Laugier VLAUG 44°35.67'N 6°45.05'E 6 325.79 89.6 180.9 0.4 10.3 6.2

“See Figure 11 for the corresponding stereonets: No., number of the tensor; site, name of the measurement site; code, five-letter code (see Figure 4 for
location); latitude and longitude of the site; N, number of fault/striac measurements; oy, 0,, 03, principal stress axes (azimuth, dip); ®, shape ratio of the
stress ellipsoid; Gl, local generation of the tensor; T, type of tensor (N, normal; D, strike slip); m, average value of the differential angles between measured
and computed striae; SD, standard deviation of the differential angles.
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from the Ruburent site to the south up to the Oreac area to
the north, although the two northernmost tensors (Croix de
la Salcette and Janus sites) have E-W trending o3. This
paleostress field is globally linked to the right-lateral trans-
current movements along the longitudinal faults conjugated
to the left-lateral transcurrent movements along the trans-
verse ones. They appear to be very important along the
Durance, Escrein, and Bresezio faults, which worked as a
major strike-slip fault zone in the western Alps, immediately
east of the CPF, in response to a remarkably homogeneous
paleostress field.

[20] Statistical analysis of the whole paleostress tensors
database allows precise comparison of the normal and
transcurrent regimes. The main stress axes of the tensors
are plotted on the stereonets in Figure 13. There is one
stereonet for each axis (o;, 0,, and 03) and for each kind
of tensor (normal and transcurrent). This statistical analysis
has been made using the STEM software, an improved
version of the Macschmidt software [Pécher, 1989]. Dis-
tribution of the normal tensors (o; vertical, stereonets A,
B, C) is bimodal considering the o, and o3 axes (stereo-
nets B and C, respectively). The axes are grouped in two
clusters drawn in gray and black, respectively. This corre-
sponds to the regional distribution observed in map (see
above). The B and C stereonets and the computed best
axes for the two o, and the two o3 clusters point out a
clear permutation between the o, and o3 axes of each
cluster. The best axes are (63, 1) and (340, 7) for o, and
(335, 3) and (254, 1) for o;. This permutation is probably
associated to the low values of the ® ratio concerning the
normal tensor (left histogram, Figure 13). It appears that a
multitrend extension controlled the tectonic extensional
regime, leading rapid spatial permutation between o, and
03. The transcurrent tensors (o, vertical, stereonets D, E,
F) exhibit a very steady distribution, linked to the higher ®
ratio values (right histogram, Figure 13). The associated o3
best axis is (286, 3). It is 30° far from the o5 distribution
of the normal tensors, although the corresponding maps
showed qualitatively a quite good correspondence between
them. The difference between the o3 best axes may come
from the regional statistics, which integrate the distribution
of o3 for the normal and transcurrent tensors over the
whole studied area. Actually, the o3 directions associated
with the normal and transcurrent tensors remain very
steady in given local areas where several polyphased sites
have been investigated, such as in the southern Ubaye
area. This suggests a strong tectonic relationship between
extensional and transcurrent regimes.

3.4. Extensional Versus Transcurrent Tectonics
in the Southwestern Internal Alps

[21] The combination of different scale analyses allowed
us to precisely characterize the late alpine brittle deforma-
tion. Note that the mapping of the fault network is consistent
with the outcrop analyses and with the paleostress inversion.
The direct inversion of microtectonic data allowed us to
constrain the paleostress fields over a wide area of the
southwestern Alps. We described a multitrend extensive
paleostress field, dominated by E-W and NNW-SSE exten-
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sion. The local transcurrent movements, corresponding to
reactivation of normal faults, bear witness to the WNW-ESE
o, direction. Actually, the transcurrent paleostress field is
closely linked to the normal paleostress field, considering the
geometry of the faults implied as well as the paleostress
field. A permutation between o; and o, axes roughly
allows shifting from the extensional paleostress field to
the transcurrent one. We propose that the extensive and
transcurrent paleostress fields resulted from the same single
tectonic regime, which is overall transtensive. Oscillations
and/or instabilities in space and time into this single global
transtensional tectonic regime may have led to such per-
mutation in the type of resulting deformation, from exten-
sion to transtension and then strike-slip motions. To
strengthen this interpretation, the analysis of the present-
day tectonics of this area points out mainly extensive
tectonics, with a small transcurrent component (see below).
The late alpine tectonic regime, resulting in the fault network
studied here, has probably been globally transtensive, with
oscillations between a more extensive and a more trans-
current strain-stress state.

4. Seismicity Versus Late Alpine Faulting

[22] A seismotectonic analysis of the western alpine arc,
based on the data of the alpine seismics networks (Sis-
malp, Grenoble Observatory, France, and IGG, Genova,
Italy), recently showed a large-scale active extension in the
whole internal zones of the belt [Sue et al, 1999]. Our
purpose is here to investigate the relationship between this
present-day active extension and the fault network recog-
nized on the field and to better characterize potential active
fault zones using these published data. The earthquakes map
(Figure 14a) displays the seismicity of the studied area during
the 1989—1997 period. This zone belongs to the Briangon-
nais seismic arc [Rothé, 1941], which is relatively active in
the alpine tectonic context, even if the magnitude of earth-
quakes remains quite low (magnitudes M, typically range
from 1 to 4; see Sue et al. [2002] for a statistical analysis of
this seismicity). Epicenters were computed using a modified
version of the HYPO71 software [Lee and Lahr, 1975] to
take into account secondary arrivals and station altitudes. S
wave readings were included when available. Only events
with root-mean-square (RMS) residual smaller than 1 s and
azimuthal gap smaller than 180° are plotted. The location
accuracies are around 1 km for the epicenters and 2 km for the
depth [Sue, 1998]. Given the great homogeneity of the
database in terms of stress analysis and following Amelung
and King [1997], we can address the problem of present-day
alpine tectonics using this database, although the associated
deformation remains low.

[23] Earthquakes affect the upper crust in its first 15 km
(brittle layer) and are concentrated in the 0—10 km depth
zone. To test the relationship between this upper crust
seismicity and the faults observed in the field, we super-
imposed the fault network on the earthquake map. It appears
that earthquakes cluster mainly along the longitudinal
direction, which strongly suggests the current activity of
this fault family. The map presents several elongated clus-
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Figure 13. Statistical distributions of the principal stress
axes for the (left) extensional tensors and (right) transcur-
rent tensors.

ters that can be related to surface-recognized faults:
Between Briancon and Guillestre, the Durance fault zone
appears to be quite active along a 20 km long segment; to
the east, the so-called east Briangonnais fault presents the
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same pattern of activity. South of Guillestre, an important
cluster develops along the Escreins fault and runs through
the Ubaye region, along the so-called Serenne fault. Notes
that clusters elongated along the longitudinal direction are
cut by some transverse alignments. This could signify that
both fault families are still active: They are seismic gaps
along the longitudinal faults (e.g., lack of earthquakes south
of Briangon and north of Guillestre), potentially favored by
transverse active faults (e.g., south and north of Guillestre).
From a seismotectonic point of view the precise location of
the local seismicity allowed recognition of three main
longitudinal active fault zones: the Durance fault zone,
which runs between the north of Briangon and the north
of Guillestre (N-S); the East Briangonnais fault zone, close
to the eastern limit of the Briangonnais zone, south of the
Chenaillet massif (N-S); and the Escreins-Serenne fault
zone, along more than 30 km southeast of Guillestre
(NW-SE).

[24] The present-day tectonic regime inferred from the 50
focal solutions computed by Sue et al. [1999] in the study
area (Figure 14b) is qualitatively very close to the late
alpine tectonics deduced from the fault network and paleo-
stress analysis presented above. The focal solutions are
mainly extensional in the whole study area, especially along
the Briangonnais zone (Briangonnais seismic arc). Only
seven transcurrent solutions have been computed, and three
reverse focal solutions have been computed in the south-
westernmost part of the map, at the external border of the
flysch nappe, in a zone probably under the tectonic influ-
ence of the external compressive and radial stress field [e.g.,
Pavoni, 1986]. In the studied area we establish a very good
agreement between the late alpine faulting (mainly exten-
sional, with some strike-slip reactivations) and the current
seismic activity (around 85% normal fault and 15% trans-
current focal solutions). Figure 14c presents the spatial
distribution of the whole P and T axes corresponding to
the focal solutions drawn on the map Figure 14b. The global
extensional regime is well illustrated by the distribution of
the 7 axes, lying exclusively close to horizontal position.
The best T axis is oriented (269, 5), showing a nearly perfect
E-W extensional direction. The P axes distribution also
exhibits the extensional feature of the data set, with a great
concentration of P axes around the vertical axis, the
corresponding best P axis being (40, 76). Only some P
axes are lying in a N-S almost horizontal direction. They
correspond to the few focal solutions associated to strike-
slip motions: in this case, both P and T axes are horizontal.
On the cross sections drawn through the Briangonnais
seismic arc (Figure 15), one can recognize the active
Durance fault (sections 1 and 2, see the location of the
sections CS1, CS2, CS3, CS4 on Figure 14b), East Brian-
connais fault (sections 1 and 2), and Escreins-Serennes fault

Figure 12.

(opposite) Paleostress maps for the (a) extensional tensors (o; vertical) and (b) transcurrent tensors (o,

vertical). In Figure 12a the extension appears regionally multidirectional, although close to the CPF it remains
perpendicular to this Oligocene thrust. In Figure 12b the paleostress pattern is highly consistent with transcurrent dextral
motions along the longitudinal fault system ““Durance-Serenne-Bersézio”. In Figure 12a the low @ ratios (plotted for each
tensor) corroborate the multitrend characteristic of the extension, whereas in Figure 12b, the ® ratios (above 0, 5) indicate
steady principal stress directions, consistent with the regular orientations of the tensors.
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Figure 15. Seismotectonic cross sections CS1, CS2, CS3 (see Figure 14 for location). The cross
sections illustrate the active faulting along the Durance (CS1 and CS2), East Briangonnais (CS1 and
CS2), and Escreins-Serenne (CS3) faults recognized in surface. These faults are mapped thanks to
elongated seismic clusters. On the right, the corresponding focal solutions (also view in cross section)

exhibit mainly normal faulting.

(section 3). The extensional focal solutions present often
focal planes compatible with the geometry of the faults
mapped at the surface, as they show numerous focal plane
trending N-S or NW-SE (longitudinal faults). Moreover, the
strike-slip focal solutions are well compatible with the
regional transcurrent tectonics inferred from the fault
analysis presented above, as they show longitudinal N-S
to NW-SE dextral motions conjugated with transverse E-W
to NE-SW sinistral motions.

[25] The study area allows comparison of active and late
alpine tectonics. We established an extensional tectonic
regime, lasting during the Neogene, and still active. Both
methods (structural geology and seismology) show mainly
extensional tectonics, with a few strike-slip components at
the regional scale, and no thrust or shortening tectonics.
There is a good coherency between these two complemen-
tary approaches, allowing us to propose a continuity

through time between the late alpine faulting and the
seismic activity. On cross sections the close relationship
between the structural and seismotectonic approaches is
underlined. Figure 16 presents thus three zoomed sections
perpendicularly to the belt’s trend, at three different scales:
the outcrop scale (field work, Figure 16a), the upper crust
scale (shallow seismotectonic cross section, Figure 16b),
and the crustal scale (40 km deep, along the ECORS-
CROP profile, Figure 16¢). The first section (Figure 16a)
in the Oreac area [Sue and Tricart, 1999] shows the
branching off of the normal faults on the CPF. The second
section (Figure 16b) corresponds to the section CS4 of the
Figure 14b through the Durance fault. Earthquakes cluster
pretty well along the track of the Durance fault, and the
three focal solutions present a focal plane that may fit the
dip of the Durance fault. Moreover, the seismic activity
seems to stop a the depth level of the CPF, suggesting

Figure 14.

(opposite) Seismotectonic maps of the studied area. (a) Relationship between the late alpine fault network (see

Figure 4) and the moderate seismicity of the Briangonnais seismic arc [Sue et al., 1999, 2002]. The High Durance Fault
Zone (HDFZ) along the Durance fault recognized in surface, East Briangonnais fault (EBF), and Escreins-Serenne fault
system (ESF) are active and in close relationship with the mapped structures. (b) Focal solutions after Sue et al. [1999]
showing mainly extensional focal mechanisms along the whole area, with some scarce strike-slip focal mechanisms. A
good agreement appears between the seismotectonic analysis and the structural analysis. (c) Statistical distributions of the P
and T axes of the plotted focal solutions. Best P axis (azimuth, dip), (40, 76); best T axis, (269, 5). The 95% confidence
cones are symbolized by the small circles. B, Briangon; G, Guillestre; E, Embrunais; Q, Queyras; U, Ubaye; CS1-4, cross

sections 1 to 4 (see Figures 15 and 16).
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control of the extensional faulting by this former thrust, as
in the case of the faults described in the Oreac area. The
third section (Figure 16¢) is a projection on the ECORS-
CROP profile of the focal solutions computed in the
northern part of the Briangonnais zone (to the north of the
studied area) close to the profile after Sue et al. [1999].
In this sector, the belt is quite cylindrical. At the scale of
the ECORS-CROP profile, i.e., of the alpine crust as a
whole, the control of the extension by the CPF geometry is
clear. The CPF is reactivated as a crustal extensional
detachment, as most normal focal solutions are projected
on the reflectors associated to this former thrust. Thus, at
every scale and using both structural geology and seismol-
ogy, we found the same kind of relationships between the
extensional tectonic regime and the CPF, which represent
the major inherited crustal discontinuity in this region.

[26] To sum up, our multidisciplinary approach allows us
to point out several active faults in the Briangon-Guillestre
region, mainly belonging to the longitudinal family.
Nevertheless, the transverse family may also control part of
the present-day regional seismic activity. This suggests that
the whole fault network studied in the field is still active and
controls the present-day tectonic activity of the region. One
of the major results raised by the combination of the
complementary seismotectonic and structural approaches
is the coherency and continuity we established between the
late alpine and the current extensional tectonics in the
southwestern internal Alps.

5. Neogene to Current Tectonics in the
Western Alps: An Attempt at Synthesis

[27] Several methods have been used in the Alps to
analyze the recent and current tectonics of the belt: fault
analyses, fission track, seismology, geodesy, etc. A global
view of the Neogene to current alpine tectonics must take
those various and complementary methods into account.
This synthesis is shown on Figure 17.

5.1. Brittle Tectonics

[28] To the east the brittle extension affected the Piemont
zone up to the Viso ophiolitic massif [Lazarre et al., 1994;
Schwartz, 2002]. In the Viso massif region the brittle
extension is linked and preceded by a ductile extension
(see section 2), which allowed the exhumation of the high-
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pressure/high-temperature units of Mont Viso and Dora
Maira massifs [Schwartz, 2002].

[29] To the north the inversion of the CPF as a normal
fault has been proposed by Ailleres et al. [1995], who
showed that a Neogene extension affected the “Briangonnais
Zone Houillere, ”” and Cannic et al. [1999], who pointed out
a ductile extension in the Valais units between the CPF and
the Briangonnais front. More to the north, using fission
tracks, Seward and Mancktelow [1994] and Fiigenschuh et
al. [1999] established that a Neogene extension could have
affected the SE side of the Mont Blanc external crystalline
massif and the internal zones. This extension is associated to
the uplift of the Mont Blanc massif [Levallois, 1972; Schaer
and Jeanrichard, 1974; Fourniguet, 1977]. In the Val
d’Aosta area, Bistacchi et al. [2000, 2001] also found
extensional faulting with a stretching direction parallel to
the belt, and they proposed an extrusion of this area toward
the SW. At the eastern tip of the internal penninic zones,
Mancktelow [1985, 1992] described the extension along the
Simplon fault zone (downthrow to the south), also affected
by transcurrent dextral motions [Burkhard, 1986; Hubbard
and Mancktelow, 1992].

[30] To the south of the western Alps, mainly in the
external zone, Labaume et al. [1989] have found two
faulting events posterior to the Miocene alpine shortening.
They described normal faults with an E-W extension to the
northwest and eastern sides of the Argentera external
crystalline massif. Strike-slip reactivation would have
affected the normal faults during the Quaternary, with
dextral motions along the longitudinal faults: Here, the
transcurrent tectonic regime becomes dominant (e.g.,
Bersezio fault, to the south of the Serenne fault). Westward
to the outer zone of the belt, they found a compression
perpendicular to the alpine front.

[31] To the west, in the external zone, the Neogene
tectonics is marked by thrusting at the front of the alpine
arc [Grellet et al., 1993], propagation of crustal thrust ramp
at the front of the external crystalline massifs and associated
with their uplift, and dextral transcurrent motions longitu-
dinal to the belt [Ménard, 1988], probably with conjugate
sinistral strike-slip motions radial to the belt [Thouvenot et
al., 1998]. Thrusts propagate radially to the outermost zone
of the belt (Plio-Quaternary deformation map of Grellet et
al. [1993]). Nevertheless, indications of active thrusting to
the front of the belt remain scarce (see below). Particularly,
in the Jura belt, to the northwestern tip of the alpine belt, the

Figure 16.

(opposite) Three imbricated multiscale cross sections, perpendicular to the belt’s trend (see insert for location).

Their comparison establishes the close relationships between late alpine and active faulting. Actually, the same basic
extensional tectonic features are found: (a) on the field (Oréac cross section [Sue and Tricart, 1999]); (b) at the upper crustal
scale with a seismotectonic cross section across the Durance Valley (CS4, see Figure 14 for precise location); (c) at the
ECORS-CROP profile scale [after Sue et al., 1999, Figure 4]. The distance from this cross section to the ECORS profile
ranges from 10 to 20 km, which justifies the projection in this part of the belt locally quite cylindrical. Extension develops
at every scale, and the normal faults such as the Durance fault are clearly still active (see also Figure 14 and 15). Moreover,
the CPF has a major role in this extension as it localizes the base of the normal faults. Actually, the CPF works as a basal
detachment with respect to the Neogene to current extensional regime, at least in the studied area. Note that the three cross
sections do not lay on the same transverse. Thus the boxes only give the equivalent position of the corresponding cross

section.
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main frontal thrust would be inactive since 5 Ma, and only
the southern Jura would be still thrusting [Jouanne et al.,
1998; Becker, 2000]. In this tectonic framework the Plio-
Quaternary tectonics of the outer arc of the western Alps
may work in the continuity of the Miocene compressive
radial tectonic regime.

[32] Extensional tectonics has been described in several
areas of the internal western Alps. The whole internal zones,
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from the Simplon fault to the back of the Argentera massif,
have undergone such extensional tectonics at least during
part of the Neogene. The CPF appears to have a major role
in the development of this extensional tectonic regime in the
internal zones, which worked coevally with the propagation
of the alpine front toward the outermost zones of the belt
and the foreland. Figure 17 presents a synthesis of the
Neogene tectonics in the belt (white arrows). The counter-
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clockwise rotation of the Apulo-Adriatic indenter may
account for the dextral transcurrent motions developed all
along the western and central alpine belt parallel to its trend
[Ménard, 1988; Vialon et al., 1989; Thomas et al., 1999;
Collombet et al., 2002]. At several places, these large
dextral faults crossed the CPF and died out in the external
zone (e.g., the Belledonne, Parpaillon, and Argentera
faults).

5.2. Seismicity

[33] The widespread Neogene extensional tectonic
regime of the internal zones of the belt is closely associated
with the widespread seismic extension established by Sue et
al. [1999]. This synthesis is aimed to specify the relation-
ship between the western European, the external alpine, and
the internal alpine stress fields (Figure 17).

[34] The western European stress field is characterized by
a NW-SE direction for the maximum stress due to the
converging European and African plates and to the pushing
of the North Atlantic mid-oceanic ridge [Zoback et al.,
1989; Zoback, 1992; Miiller et al., 1992; Griinthal and
Stromeyer, 1992; Rebai et al., 1992]. The mean direction
varies from NNW-SSE to NW-SE [Miiller et al., 1992] but
overall remains quite stable, except in the vicinity of the
alpine belts (Alps, Pyrénées, Apennines). In particular,
because of their arcuate geometry the western Alps are an
important perturbation within the far-field west European
stress field [Miiller et al., 1992; Rebai et al., 1992; Philip,
1987].

[35] The external western Alps stress field presents
globally a radial shape for the maximal stress axis inferred
from earthquake focal mechanisms at the scale of the arc as
a whole [e.g., Pavoni, 1986]. The northern part of the
western Alps, the Jura, the southern side of the Rhine
graben, show a NW-SE maximal stress direction compara-
ble to the western European stress. The earthquake-related
data are quite numerous in the external western Alps: P
axes focal solutions [4horner et al., 1972; Pavoni, 1980;
Nicolas et al., 1990; Roth et al., 1992; Delouis et al., 1993;
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Maurer and Deichmann, 1995; Baer et al., 1997; Eva et al.,
1997; Maurer et al., 1997; Pavoni et al., 1997; Eva et al.,
1998] and focal solution inversions [Carey-Gaihardis and
Mercier, 1992; Plenefisch and Bonjer, 1997; Sue et al.,
1999; Baroux et al., 2001; U. Kastrup et al., Stress field
variations in the Swiss Alps and the northern Alpine
foreland derived from inversion of fault plane solutions,
submitted to Journal of Geophysical Research, 2003, here-
inafter referred to as Kastrup et al., submitted manuscript,
2003]. In the Jura belt, where very few focal solutions are
available, in situ stress measurements exhibit mainly N-S
direction of Spmax [Becker et al., 1987; Becker, 1989,
Becker and Werner, 1995; Becker, 1999, 2000]. In this
area, it seems that the current state of stress is not affected
by the alpine dynamics, as it is fairly far from radial
compression. There would be a discrepancy between the
focal-solution-related stress field in the alpine realm and the
in situ stress measurements in the Jura belt, which can be
explained by the distance between the alpine orogen’s core
and the Jura. Nevertheless, using focal solutions in the outer
arc of the western Alps, from the Préalps to the Pelvoux
massif, the external alpine stress field appears to be dom-
inated by a compression radial to the arc [Ahorner et al.,
1972; Fréchet, 1978; Pavoni, 1986; Meénard, 1988; Miiller et
al., 1992]. The maximal stress would be deviated from the
global European direction by the Apulo-Adriatic indenter
[Pavoni, 1961; Tapponnier, 1977]. The focal solutions
available from the southern tip of the western external Alps
to the Ligurian sea show P axes directions from NW-SE to
E-W compatible with the radial compression to the front of
the belt and with the Europe-Africa convergence across the
western Mediterranean area [Bethoux et al., 1988, 1992;
Baroux et al., 2001]. Note that these maximal horizontal
stress directions are often associated with strike slip in terms
of deformation. Globally, the current stress field Sp,ax in the
external zone of the western Alps (front of the belt) and in
the near foreland is radial to the trend of the belt and
associated with transcurrent/transpressive deformation style.

[36] The internal western Alps stress field is characterized
by a radial extension at the scale of the belt [Sue et al.,

Figure 17. (opposite) Neogene to ongoing tectonics in the western Alps: a geographical, temporal, and methodological
synthesis. Neogene tectonics is symbolized by the white arrows. In the external zone, westward propagation of the front of
the belt (thrusting) is the dominant tectonic feature [Grellet et al., 1993]. In the whole internal zones, extensional tectonics
is clearly dominant. Note the dextral strike-slip longitudinal to the belt [e.g., Ménard, 1988]. Current stress field inferred
from inversion of focal solutions is symbolized by black arrows. The external zone and foreland are characterized by
transcurrent to compressive stress fields, with Sy, radial to the belt, except in the Jura, where in situ measurements exhibit
N-S directed Spmax- On the contrary, the inner western Alps are characterized by a widespread extension radial to the belt.
The active strains measured using geodetic methods are represented by dotted symbols: the bold dotted arrows represent the
strain tensors obtained using the permanents GPS stations in vicinity of the western Alps [Calais et al., 2002]. The two
larges dotted arrows represent the GPS-Alps mean strain vector [Vigny et al., 2002]. Other local geodetic surveys are also
shown by the small dotted symbols. The complex alpine tectonic framework may emerge from interactions between forces
at the limits of the belt (alpine collision, block kinematics) and buoyancy forces in the root of the belt. Reference indexes
plotted inside small circles on the map are (1) Mancktelow [1992]; (2) Bistacchi et al. [2001]; (3) Seward and Mancktelow
[1994]; (4) Cannic et al. [1999]; (5) Ailleres et al. [1995]; (6) Sue and Tricart [1999]; (7) Schwartz et al. [2003];
(8) Labaume et al. [1989]; (9) Kastrup et al. (submitted manuscript, 2003); (10) Sue et al. [1999]; (11) Eva et al. [1997];
(12) Baroux et al. [20017; (13) Calais et al. [2000]; (14) Martinod et al. [1996]; (15) Sue et al. [2000]; (16) Jouanne et al.
[1998]; (17) Calais et al. [2002]; and (18) Becker [2000].
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1999, Kastrup et al., submitted manuscript, 2003]. This is a
major perturbation of the global European and alpine stress
fields. The extensional stress field develops up to the
northern tip of the internal western Alps [Maurer et al.,
1997; Eva et al., 1998, Kastrup et al., submitted manuscript,
2003]. In the northwestern Alps this extensional stress field
seems to coincide with the penninic nappes, especially in
the Briancon area [Sue et al., 2003]. In the southwestern
Alps it seems to end at the tip of Penninic nappes, where the
CPF meets the Ivrea body [Paul et al., 2001; Bethoux et al.,
2003]. The eastern boundary of the extension could be
associated to the western side of the Ivrea body and/or the
insubric line. The western boundary could be marked by the
CPF in a first approximation, except in the basement
between the Pelvoux and Argentera massifs, and other local
areas of the external crystalline massifs. Actually, the
western boundary could be the basement culmination line
(structure of Meénard [1979]) of the external crystalline
massifs. A synthetic view of the western alpine current
stress field is given Figure 17 (black arrows).

5.3. Geodesy

[37] In terms of vertical motions, accurate data are only
available for the Swiss Alps, where uplift rates reach up to
1.4—1.6 mm/yr in the Valais and High Grison areas [Gubler
et al., 1981]. In term of horizontal displacements, there
have been several recent geodetic campaigns in the western
Alps, using comparison between triangulation and GPS
measurements. All these geodetic surveys found small
strain rates and deformation velocities [e.g., Calais,
1999]. Local surveys often qualitatively agreed with
known tectonic and seismotectonic features of the area. In
the outer part of the southwestern Alps, Jouanne et al.
[2001] have proposed very moderate deformations in the
Digne nappe and the northern Valensole basin, compatible
with shortening at the front of the nappe and with
still active thrusting. In the Grenoble-Belledonne area,
Martinod et al. [1996] found mainly strike-slip motion
between Belledonne external crystalline massif and the
subalpine massifs (Chartreuse, Vercor), in good agreement
with the local seismicity [Thouvenot, 1996]. Jouanne et al.
[1998] also pointed out qualitatively such transcurrent
deformation associated with thrusting in front of the
subalpine Jura chain (deformation rate in the range of
3—4 mm/yr). In the southwestern Alps, Calais et al.
[2000] established a NW-SE to N-S compressive strain,
which is also in good agreement with the local seismicity
(deformation rate in the range of 2—4 mm/yr). In the
Briangon region (internal zone), Sue et al. [2000] found
locally extensive deformation (E-W extension of about
2—4 mm/yr) exactly at the place of intensive extensional
seismicity (see section 4), showing a remarkable agree-
ment between geological, seismological, and geodetic
approaches. Moreover, the reiteration of the GPS-Alps
(a temporary GPS network of 60 sites in the western
Alps) measurements (first measured in 1993, remeasured
in 1998) has recently shown the same kind of extensional
strain across the western Alps as a whole [see Vigny et
al., 2002, Figure 5 insert]. Another large-scale geodetic
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survey by Calais et al. [2002] has recently confirmed the
main part of extensional strain in the western Alps using
6 years of continuous geodetic measurements across the
whole belt (1 mm/yr of E-W extension in the central
western Alps, 1 mm/yr of N-S shortening in the south-
western Alps). Thus three independent geodetic surveys
have recovered the extensional active tectonics in the
inner western Alps. These result strengthen the seismo-
tectonic and structural approaches: Independent structural
and geophysical methods provided coherent results show-
ing recent and still active extensional tectonics in the
western Alps.

6. Discussion

[38] We characterized the tectonic evolution of a central
area in the internal western Alps using a multidisciplinary
approach. This area, in the core of the alpine arc, allows
better understanding of the neotectonic evolution of the belt.
An extensional tectonic regime developed here during the
Neogene. Extensional tectonics has been shown first to
develop in the internal zones of the western Alps and
second to also rule their present-day tectonics. This part
of the alpine evolution must now be considered as an
important aspect of the dynamics of the belt. The now
well-established extensional tectonics has such geographical
widespread and temporal duration that it should be invoked
as an important part of alpine geodynamics. Several inde-
pendent methods all provided coherent results, including
brittle deformation analysis, seismotectonics, strain mea-
surement (geodesy), and paleostress and current stress
fields. They allow the proposal of an overall continuity of
(1) Neogene tectonics with the development of normal
faults and related extensional structures and (2) present-
day tectonics dominated by a moderate seismicity due to
generalized extension in the internal zones of the belt. Part
of the deformation observed in the internal western Alps is
also associated with transcurrent motions. Strike slip also
affects the external zone, where the overall stress field
seems to be transpressive. To the north, normal faulting is
also often associated with transcurrent motions (e.g.,
Simplon area). Although extensional tectonics appears as
the major tectonic feature of the internal western Alps, we
can propose that the state of stress in the internal zone,
which controls the extensional tectonics, was actually
metastable and may switch from an extensional state to
a more transcurrent state. This instability could emerge
from interferences between driving forces for the extension
and counterclockwise rotational phenomenon in the west-
emn Alps [Gidon et al., 1964; Anderson and Jackson,
1987; Ménard, 1988; Vialon et al., 1989; Thomas et al.,
1999; Collombet et al., 2002].

[39] Beyond the data analysis, our results raise up major
issues in term of geodynamic interpretations. The discus-
sion about the driving forces for the extensional tectonics in
the Alps remains lively, and we still need additional data
strengthened by modeling to increase our understanding.
Nevertheless, several hypotheses can be advanced. Basi-
cally, three classes of dynamic models can be proposed:
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(1) complex block-kinematic related extension, (2) shallow
extension above an ascending deep indenter, and (3) buoy-
ancy forces related extension.

[40] 1. Block-kinematic models tend to explain the late
alpine extensional tectonics by transtension due to lateral
motions of homogeneous blocks in the belt in response to
Adria indentation [Bistacchi et al., 2000]. Such extrusion
tectonics, observed in the eastern Alps [Ratschbacher et al.,
1991], a priori lacks a free boundary in the western Alps.
An alternative model would be block rotation in the belt
in response to Adria counterclockwise rotation [e.g.,
Collombet et al., 2002], in which the rotation may induce
the extensional tectonics in the core of the belt [Calais et al.,
2002]. A major issue is that such models (lateral escape or
rotation) imply orogen-parallel extension, whereas radial
extension is observed in the western Alps through the
seismotectonic analysis.

[41] 2. Shallow extension above a deep indenter has been
proposed by Schwartz et al. [1999] to explain the ductile
then brittle extension, as well as the exhumation of high-
pressure rocks in the Piemontais zone. This model, which
depends on the deep structures of the belt [e.g., Kissling,
1993; Paul et al., 2001], would imply deep compressional
tectonics and overall shortening across the belt as a whole,
which is not still documented.

[42] 3. Buoyancy force related extension may be
observed in several geodynamic contexts that may corre-
spond at least partly to the western Alps: the collapse of an
overthickened crust [Molnar and Lyon-Caen, 1988],
although the depth of the alpine crustal roots remains
moderate [Waldhauser et al., 1998]; a slab break off
[Blanckenburg and Davies, 1995], implying rapid uplift
and heating, which are not observed in the Alps; and a
back-arc-like extension driven by subduction retreat
[Royden, 1993]. This last model meets the thermomechanical
model of Burov et al. [1999] and could explain the
decoupling between external and internal alpine arcs, but it
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implies adaptation of active margin dynamics to a collision
belt.

7. Conclusion

[43] To characterize the late alpine (i.e., Neogene) to
present-day tectonics in a key area of the southwestern
Alps, we used a combined approach with fault analyses
using structural geology and seismotectonics. We estab-
lished a complex tectonic regime, dominated by extension
but also showing strike-slip motions. Good coherency of the
brittle deformation observed on the field (Neogene tecton-
ics) with the seismotectonic observations (active tectonics)
has been established, which suggests a tectonic continuity
from the Neogene onward. This still active extensional
tectonics is characteristic for the Briangconnais-Ubaye-Quey-
ras area and developed in the whole internal zones of the
belt. Because of its widespread geographical distribution
and temporal duration this extensional phase appears now as
a major evolution of the alpine tectonics. Nevertheless, it
raises important issues about geodynamic models. The
complex tectonic framework of the alpine collision between
European plate and Adria indenter (block-kinematics, deep
indenter), possibly associated with buoyancy forces in the
root of the belt, may explain the observed Neogene to
current extensional tectonics in the core of the Alps.
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