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Abstract: We interpret the strain and stress fields of the westemnfcentral Alpine arc on the
basis of 2.5 finite element modelling and a recent seismotectonic synthesis. Models have
fixed boundary forces and different crustal geometries, so that they respond to beoyancy
forces (variations in gravitational potential energies). The seismotectonic regime, characterized
by orogen-perpendicular extension in the high topographic core of the belt and local orogen-
perpendicular compressional /transpressional deformation in the external zomes, appears o
be very close to the modellsd gravitational regime. Rotation of A]‘ru]'iu has a minor effect on
the current strain or stress fields of the Alpine realm. Nevertheless, it could help o explan
the orogen-paralle] dextral faulting that is observed all along external zones, from the northern
Valais to the Argentera external crystalline massif. Our resalts highlight the consequences for
the Alpine realm of ongoing convergence between the African and European plates. Our
interpretation is that collision s no longer ongoing and that buoyancy-driven stresses dominate
the present-day geodynamics of the westem /central Alps,

The Alpine belt has resulted from Tertiary
collision between the Apulian micro-plate (con-
sidered as an African promontory) and the
European plate, following Late Cretaceous to
Focene subduction of the Alpine Tethys
{Coward & Dietrich 1989; Dewey er al. 1989,
Laubscher 1991; Stampfli er al. 1998; Schmid
& Kissling 2000). Whereas compressional struc-
tures, such as nappes. metamorphic zones and
phases of folding have been well documented
(e.g. Choukroune ef al 1986. Fry 1989
Burkhard 1990; Pognante 1991; Butler 1992;
Spalla er al. 1996; Duchéne et al. 1997; Burkhard
& Sommaruga 1998; Becker 2000) the current
tectonic context remains debatable. 1s collision
still active or has the Alpine belt come to the
end of its compressive history? The relatively
recent  discovery of extensional  tectonics,
through seismotectonic and structural analyses
(Mancktelow 1992; Maurer et ol 1997: Eva
el al. 1998; Figenschuh et al. 1999; Sue er al
1999; Bistacchi ef al. 2000, Kastrup 2002; Sue
& Tricart 2002, 2003, Champagnac ef af. 2003;
Champagnac et al. 2004) goes a long way
toward answering the question. Extensional
earthquakes have been known for a long time
(Pavoni 1961; Ahorner er al 1972; Fréchet
1978). The large-scale seismotectonic synthesis

of Delacow er al (2004) demonstrates that an
extensional regime operates throughout all the
internal zones of the belt. In addition, structural
analyses of fault slip data indicate that exten-
siopal tectonics have been prevalent in these
zones since at least Miocene times (Mancktelow
1992; Bistacchi er al. 2000 Tricart et al. 2001;
Sue & Tricart 2003; Champagnac et al in
piess). Extension is therefore a major feature of
the recent o present-day geodynamics of the
Alpine arc. Various contradictory models have
heen put forward to explain such intra-orogenic
extensional tectonics: (1) large-scale buckling
under compressive conditions combined wilh
outer-are  extension (Burg et al 2002), (2)
lateral extrusion in an active convergent belt
(Ratschbacher er al. 1991, Frisch er al. 2000,
Sachsenhofer er al. Z000), (3} slab break-off
re-cquilibration (Davies & von Blanckenburg
1995: Sue  1998), (4) rotational tectonics
(Calais er al. 2002; Collombet er al. 2002), and
(5) gravitational re-equilibration of an over-
thickened crust (Bada er al 2001). While
overall convergence between the African and
European plates is still ongoing at a rate of 3 to
8mma~! (Argus ef al. 1989; Demets er al.
1994: Albarello er al. 1995 Crétaux er al
1998: Noecguet 2002), the boundary conditions



around the Alpine belt, as estimated by recent
GPS results (Calmis ef ol 2002 Nocguet 2002:
Vigny er al. 2002; Nocquet & Calais 2003,
2004), reveal no clear relative movements
between the Apulian and European microplates.
Yelocities across the belt are between 1 and
2mma” " and they provide no clear indication
of convergence or divergence. At best, the GPS
data indicate anticlockwise rotation of Apulia
with respect to Europe at an angular velocity of
0.52°/Ma, about a pole near Milan (Calais
el al. 2002).

In this study we use numerical modelling and
the large-scale seismotectonic analysis of
Delacou er al (2004), to test the effects of
gravitational body forces, coupled with rotation,
on the current stress and strain fields of the
western/central Alps. MNumerical modelling
has proved to be a powerful tool for analysing
the geodynamics of different areas, such as the
Himalayas {Cattin & Avouac 2000; Cattin et al.
2001), New Zealand (Liu & Bird 2002), southern
Spain and northern Africa (Negredo et e, 2002),
the United States and Mexico (Bird 2002), the
Baikal rift zone (Lesne ¢t al 1998), the Basin
and Range province (Hassani & Chéry 1996)
and Central Europe (Griinthal & Stromever
1992; Golke & Coblentz 1996). Here, we use a
three-dimensional model of the Alps to study
the origins of the current stress and strain fields
of the western/central Alpine arc.

Seismotectonic data

We test our numerical models by comparing
calculated strain and stress fields with those
obtained from earthquake analyzis (Delacon
et al. 2004). Our database is a compilation of
389 reliable focal mechanisms (Ménard 1988;
Thouvenot 1996; Eva & Solarino 1998; Sue
et al. 1999; Baroux ef al. 2001; Kastrup, 2002),
covering the entire arc of the western/central
Alps, from eastern Switzerland to the Ligurian
margin (Fig. 1). Local magnitudes (MI) range
from 0.7 to 60, for earthquakes recorded
between 1969 and 2000, Foci are mainly in the
upper crust (first 20 km), especially in the core
of the belt where no deeper earthquakes have
occurred. There are a few exceptions in external
areas (30 km under the Swiss Molasse basin,
25 km under the western Po plain and 20 km
under the Ligurian margin).

Seismotectonic strain and stress fields

The strain and stress srates of the Alping realm
are defined via three parameters (Fig. 1): type
of deformation (compressional, extensional or

rranscurrent), principal directions of deformation
(P- and T- axes) and principal strezs axes (o],
o2, o3) obtained from inversion of focal plane
solutions.

We used the dips of P- and T-axes to calculate
an r-parameter (P-axis dip — T-axis dip) that
summarizes the type of deformation, that is,
compressional, extensional or transcurrent
{Delacou et al. 2004). In Figure 1 the r-parameter
is shown by coloured dots at epicentres, whereas
interpolation provides the background colour.
This large-scale regionalization reveals large
zones of homogeneous deformation. In the
internal zones, a continuous zone of extension
follows the crest line from the southern Valais
to the Argentera massif. Extension is also
found in eastern Switzerland, over topographic
highs, but continuity with the main zone is not
proven, because the Lepontine dome is almost
seismically active. Other notable features are
local zones of compressional/transpressional
deformation along the edges of the Alpine belt,
in the eastern Helvetic domain, the front of the
Belledonne massif, the front of the Digne
nappe and the western Po plain.

We made a map of P- and T-axis trajectories,
by projecting the axes onto a horizontal plane
and interpolating vectorially (Fig. 1). In internal
rones, orogen-perpendicular extension prevails,
T-axes striking N—3 in the Valais, E-W behind
the Pelvoux massif, and SW-NE behind the
Argentera massif. In external zones, P-axis
trajectories define a larpe-seale fan, convergent
toward the Po plain. Orogen-perpendicular com-
pressive axes swing through 120°, from a NNW
trend in eastern Switzerland, to NW in front of
the Belledonne massif, and SW in front of the
Digne nappe. This orogen-perpendicular con-
figuration confirms earlier results, which were
based on far fewer data (Fréchet 1978; Pavoni
1986).

Stress inversion methods have been applied to
subsets of the focal mechanism data, to constrain
the present-day stress field of the Alpine arc. For
details of the analysis and calculations, see
Delacou et al. (2004). The results (Fig. 1)
reveal a generalized extensional stress field in
the core of the belt. Orogen-perpendicular o3,
contrasts with localized zones of transpression
in external zones, where fan-shaped orogen-
perpendicular o1 converges toward the Po plain.
Strike—slip faulting occurs everywhere in the
belt, but is especially abundant in external zones.

Correlations with crustal thickness

We have used a Digital Elevation Model (DEM),
GTOPO30, to calculate average Alpine



Fig. 1. Seismotectonic overview of the study area (Delacou et af. 2004). Top. Left: Digital elevation model (DEM) and
geological contours. Note cormespondence between topographically high areas and extensional zones of deformation
(bottom map). Right: Regionalization of deformation draped on smeoth DEM (radius 25 km). Note extension in inner
areas that follows crest of belt and localized compressive/transpressive arcas at feet of wpographic gradients. Boltor.
Strain and stress fields of the Alpine realm. Backpround colour represents type of deformation, small coloured lines
represent earthquake P-axes (red) and T-axes (blue), black arrows are ol axes and white armows o3 axes, Note the

orogen-perpendicular pattern of both tensile axes (in the core of the belt) and compressive axes (in external areas).



topography, where each point of the grid
represents average altitude within a radius of
25 km (Fig. 1). This average topography pro-
vides a proxy for topographic loading at the
scale of the lithosphere, high average altitude
being associated with over-thickened crust. The
resulting map closely matches gravimetric
maps (e.g. Masson et al. 1999), high average
topography (higher than 2500 m) corresponding
to strong negative Bouguer anomalics (— 160 to
—220 mgal). On draping the map of regionalized
deformation over the average DEM (Fig. 1),
internal areas of high topography appear to
match closely with areas where the state of
strain/stress 15 extensional. In contrast, trans-
pressive external zones coincide with zones
of concave-upward curvature, between high
mountams and low foreland.

To explain the close correlation between areas
of large crustal thickness (directly correlated
with high average topography) and generalized
Alpine extensional tectonics, we favour a geody-
namic model, where the current Alpine regime
Is controlled, at least partly, by internal gravita-
tional body forces. In this model, gravitational
potential anomalies (GPA), driven by crustal
thickness heterogeneities between internal and
external zones, will induce extension in high
internal zones. In response to this extensional
regime, external areas  will undergo  com-
pression/transpression. This kind of model will
induce orogen-perpendicular extensional stress
axes in high imternal zones and  orogen-
perpendicular compressional stress axes in low
eyternal zones. In what follows, we use numerical
techniques to test this model of gravitational
re-equilibration, alone or combined with rotation.

2.5D finite element modelling

A numerical code (2.5 thin-shell finite element
code, SHELLS) has been used to model the stress
and strain field of the western/central Alpine arc.
Basieally, this code solves for stress equilibrium
and conservation of mass, given the rheology and
density at each point (Bird 1989, 1999 Kong &
Bird 1995). Modcls include threc-dimensional
variations in topography and thickness of crust
and lithesphere. Because the code solves a
momentum equation in a vertically integrated
form (two-dimensional approximation), it is
referred to as a 2.5D finite element method,
The thin-shell approximation yields only hori-
zontal components of the momentum equation
(the vertical component being replaced by an iso-
static approximation) and no vertical shear trac-
tion is considered on vertical planes (flexural
strength 18 ignored). Material behaviour is
assumed to be anelastic: thermally activated
non-linear dislocation creep in the lower crust
and mantle, and Mohr—Coulomb frictional plas-
ticity in the shallow parts of crust and upper
mantle {Table 1. Given values of initial surface
heat flow and steady thermal conduction are used
to compute a three-dimensional temperalure dis-
tribution with constant but distinct heat pro-
ductivity and conductivity for crust and mantle
(Table 1).

In summary, the assumptions and approxi-
mations of this method enable modelling of
large-scale  geodynamic systems over long
time-scales (given the anelastic assumption,
time-geales smaller than a few thousand years
are not adeguately modelled). For orogenic
systems like the one in this study, the thin-shell

Table 1. Thermal paramerers, densiries and rheological parameters of models. For dewiled descripion

af rhenlogical parometers, see Bird (1989)

Parameter Values (erust/mantle) Linits
Heat conductivity 27432 Jmig 'K
Hear prodociivity T2TE-T/3.2E-B Im= g
Mean densitiea (P =0 and T = 0) 2816,/3332 kgm "
Mohr—Coulomb frictionnal parameters
Fault friction coefficient 0,03
Continuum friction coefficient 0.85
Biot coefficient (cfficacy of pore pressure) 1
Dislocation-creep parameters
ACREEP (shear stress cocfficient) 2.3E9/9.5E4 Pas'?
BCREEP (temperature coefficient) 4000/18 314 4
CCREEFR,/G/p (pressure voellicient) 000171 KPa~!
DCREEF (max. shear stress) 5.00FE + 08 Pa
ECREEP (exponent) = 1/n 0.333333




code can efficiently model the response to gravi-
tational potential anomalies (GPA), but will not
account for flexural strength (or isostatic
rebound). However, even in processes such as
post-glacial rebound or erosional denudation,
where flexure is a significant component, the
madels would probably yield a stress pattern
that i1s close to the one indicated by earthquakes
{that is, extensional tectonics in internal uplified
areas). Another limitation of the 2.5D approxi-
mation is that decoupling of the stress field
cannot occur at depth. Thus, it is not possible
to model compression in the deep lithosphere
and simultaneons extension at shallower depths.
However, this limitation may not be serious,
because no vertically decouwpled tectonics of
this kind have vet heen identified at a large
scale in the Alpine arc.

Given the assumplions, the models in this
study are limited to the analysis of the stress
or strain field generated by re-equilibration of
gravitational potential anomalies (GPA) and its
possible combination with rotational tectonics,

The boundaries of the models have been chosen
to reflect the limits of the western/central Alps, as
well as the limits of our seismotectonic study
(Fig. 2). In the north, the boundary follows the
outer edee of the Molasse Basin; in the northwest
and west, the outer edges of the Jura and Sub-
alpine chains; in the southwest, the lower Rhone
valley; in the south, the Ligurian margin; and in
the southeast, the Po plain. The eastern boundary
of the model is an arbitrary north-south line,
which is assumed to be [rictionless and that
limits our study arca to the western/central Alps.
The models in this study all have 295 cells, used in
the finite element technique (Fig. 2).

Another feature of the code SHELLS is that it
can take into account faults (Fig. 2, Table 1. In
the western/central Alps, the problem has been
to identify Jlarge faults that are potentially
active. Indeed, recognized seismically active
faults are scarce and of limited extents. More-
over, an exhavstive list of active faults is diffi-
cult to establish, as every new local seismic
swarm defines n new active fault system. In our
models, we have decided to take into account
large-scale inherited structures that are supposed
to play an important role in the current dynamics
of the studied area, these being the Pennine front
and the Insubric hine (Fig. 2).

Models with fixed boundaries

In order to test the effects of buoyancy forces
alone, models are assumed to have fixed

boundaries. The sirain/stress field is generated
only by contrasting gravitational potential anom-
alies (GPA) between the inner areas of thickenead
crust and external normal ones.

fsostatic model (model A)

As a first step, a simple three-dimensional model
has been constructed under the assumption of
isostatic equilibrivm (Figs 3 and 4). From the
surface topography (taken from the GTOPO30)
DEM data, smoothed at the mesh spacing size)
and the surface heat flow (compiled from the
European Geotraverse experiments; Blundell
et al. 1992), SHELLS calculates routinely the
three-dimensional structure of the crust and
the lithosphere that satisfies isostatic equili-
brium (Fig. 3) and steady-state thermal con-
duction, by taking into account the densities
and thermal properties of crust and mantle
(Table 1). We assume that all boundary nodes
are stationary.

For model A, the calculated stress field is
characterized by orogen-perpendicular extension
in regions of high topography in the core of the
belt and by orogen-perpendicular compression
in external zones (Fig. 4). This pattern results
from equilibration between regions of positive
GPA in the inner areas, where high topography
correlates with large crustal thickness (according
to the assumption of isostatic equilibrium) and
regions of normal GPA (near zero) in external
zones, where altiitudes are small and the Moho
is close to its normal depth (around 30 km).
This configuration results in an extensional
stress state in the core of the belt, tending to
reduce the over-thickened crust, and a compres-
sional stress state in external regions.

In terms of strain rate (Fig. 4), a belt of
horizontal streiching appears to follow the high
topography, especially on its external side,
from the Aar massif to the Argentera massif,
Extensional strain rates are between 1 and
Trlli™ g, Compressional strain rates are
about 2 % 107" 7" in external zones. They
seem (o0 be goided by the fixed boundaries of
the model, reaching a maximum in front of the
Jura, the Po plain and the Rhone valley. This
could be explained by GPA equilibration,
whereby crustal thickness decreases over the
whole system as far as the boundaries of the
model, where it creates compression. In reality,
external boundaries (that can be considered as
fixed, far away from the Alps) are not as sharp
as they are in our models, so that shortening
should be more distributed.
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Fig. 2. Grid and configuration in cur finite element medels. Models have 295 elements, regularly spaced in the area of
the western/central Alps. Bold lines inside madels represent faults: Pennine Front (PF), Simplon fault (Si) and
Periadriatic Line (PL). Aa, Azr extenal crystalling massif; Ar, Argentera external crystalline massif; B, Belledonne
external crystalline massif; Br, Briangonnais area; Di, Digne nappe; G, Grisons; H, Helvetic zones; J, Jura fold and
thrust belt; Le, Lepontine dome; Li, Ligurian margin: M. Molasse basin; Mb, Mont-Blanc external crystalline massif;
MY, Northern Valais, Fi, Piemontais arca; Pe, Pelvoux external crystalline massif, Po, Po plain; SV, Southern Valais.

The surface velocity field also follows the Maotion on faults is mainly manifest as
shape of the model, velocities reaching about  extensional reactivation of the Pennine front
0.15 to 0.25 mm a~ ' in directions (NW to SW) Slip perpendicular to this fault zone reaches
that are perpendicular to the belt. In intemal 0.7mma™' on its northern segment and
zones, stretching leads to southeast-directed decreases progressively toward the south. Near
surface velocities, which reach 0.3mma ' in the Mediterranean, the fault appears o be

the northern part (Valais). locked. The Periadriatic line does not slip at all.



MODEL CONFIGURATIONS

ELEVATION HEAT-FLOW

LATITUDE

LATITUDE

ISOSTATIC MODEL FEALISTIC CRUSTAL MODEL
CRUSTAL THICKNESS CRUSTAL THICKNESS

LATITUDE
LATITUBE

Fig. 3. Model configuration. Elevation and surface heat flow are commen to all models. Note differences in crustal
thicknesses between isostatic models (models A and C), where Moho depih is directly related to wpography, and
realistic models (models B and D), characterized by a Moho dipping toward the E/SE on the European side of the bel,
and a complex geometry ot the eastern Po plain boundary. Moho geometry is taken from Waldhauser er al. (1998).
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Fig. 4. Maodel A: Model with isostatic three-dimensional crustal geometry (see Fig. 3) and fixed boundaries. This
slarting model represents tectonic response of Gravitational Potential Anomalies (GPA) in a simple model of the
western/central Alps (see text for explanations).
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Fig. 5. Model B: Model with realistic three-dimensional crustal geometry (see Fig. 3) and fixed boundaries. This
muelel exhibits  more complex tectonic response than model A, as a result of complex crustal geometry (see text
for explanation).



Realistic crustal model (maodel B)

For a more realistic three-dimensional crustal
structure, we have constructed a model (model
B, Fig. 5], where the Moho geometry (Fig. 3)
has been interpreted from wide-angle seismic
experiments (Waldhauser er all 1998), Given
the topography, surface heat flow and realistic
crustal geometry, lithosphere thickness is calcu-
lated, so as to respect the thermal properties
of crust and mantle (assuming steady thermal
conduction). This results in a complex three-
dimensional geometry (Fig. 3), where the
highest altitudes do not directly overlie the
crustal root. The latter reaches a depth of about
30-55 km at a point that appears to be shifted
toward the SSE with respect to large-scale
lopography. A consequence of such g setting is
that GPAs do not correlate in a simple manner
with topography (as they do in model A), but
depend on the whole three-dimensional crustal
structure, In regions of high topography and
relatively shallow Moho depth, the GPA is
positive and extension is expected in the anoma-
lous lithosphere, whereas in regions of deep
Moho and relatively moderate topography, the
GPA is negative and compression is expected.
Thus, the resulting stress field (Fig. 5), appears
o be more complex than in model A A
general trend, from inner extension to outer
compression, 5 stll present (as in model A),
but with regional variations. This is so in the
Jura, where extension now occurs in the northern
inner part, in the southwestern external Alps,
where there is a mix of compression and exien-
sion, and in the northwestern Po plain, where
extension is observed. These can be considered
as loeal effects of crustal thickness variations,
which were not present in model A. In the south-
western Alps, where focal mechanisms are of
mixed type (compressional, extensional and
transcurcnt), the model seems to fit the obser-
vations. In the northern part of the internal
zome, the general orogen-perpendicular exien-
sion is cross-cut by an E~W band of N—§ exten-
sion. This correlates with the northern edge of the
Apulian crustal wedge (Fig. 3), which may be
correlated to the Val d"Aosia extensional fanlt
rone (Bistacchi et al. 2001). Three bﬂu.ds of
high strain rate (up to 3 x 107" s 1) can be
recognized: a band of WNW - ESI: shortening
in the external zones beyond the Belledonne
and Mont-Blanc massifs, a band of fan-shaped
stretching  that follows the topographic high
(with two peaks in the Aar and Pelvoux
regions), and E-W shortening in the western
Po plain. These bands correlate fairly well with
the seismotectonic setting and the concentrations

10

of epicentres (see Fig. 1). There are three zones
of high surface velocities: NW-directed velo-
cities of up to 0.75 mma~' in external zones,
E-directed velocities of up to 0.7 mm a~ ' in the
southern inner area, and a complex zone over
the Aar massif,

The pattern of slip along faults is more
complex than in nmdel A. Extensional fault slip
(up to L3mma 'Y occurs along the middle
segment of the Pennine front, whereas the north-
ern branch seems to accommodate complicated
loeal movernents, due to dexiral transtension in
the Simplon area and compression in the
Walais. The southern branch of the Pennine
front is now accommodatmg local thrusting
(less than 0.3 mma "), decreasing toward the
south to reach a locked state near the Argentera
massif. The Periadriatic ling is almost inactive,
except along its western segment, where dextral
slip rates reach 0.15 mm a~'.

Models with rotational boundaries

Rotation may have played an important role
in the dynamics of the western/central Alps,
gince at least Oligo-Miocene times (Gidon
1974: Anderson & Jackson 1987:; Ménard
1988; Vialon er af. 1989; Thomas er al. 1999;
Collombet et al. 2002). On the strength of GPS
monitoring, involving French, Swiss and Italian
stations (Calaiz er af. 2002), it is claimed that
the Apulian promontory is rotating anticlock-
wise with respect to stable Europe at a rate of
0.52°/Ma, around a pole located at 43.36°N/
9.10°8 (near Milan).

In order to test the effects of such a rotation on
the strain and stress field of the western/central
Alpine arc, boundary nodes for the Po plain
have been given appropriate velocities in model
C (same three-dimensional crustal structure as
model A) and model D (same three-dimensional
crustal structure as model B).

In terms of stress (Figs 6 and 7), results for
the rotation models appear to be quite similar to
those for fixed models at a lacge scale. Orogen-
perpendicular extensional stress is present in the
internal zones, and orogen-perpendicular fan-like
compression in the external zones {at least in
the northwestern part). Ounly the regional/local
pattern of stress axes is different from that of the
fixed models. Thus rotation induces frontal corm-
pression at the eastern edge of the SW Alps and
near the Po plain. This is especially true for
model C, where compressional axes follow the
rotational motion of boundary nodes. For model
D, stress axes deviave less than [for model C.
This may be because GPAs are more variable in
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Fig. 6. Model C: Model with isostatic three-dimensional crustal geometry and rotational Po plain boundary nodes. See
Figure 4 for comparison, Differences between models A and © are only due 1o roational Po plain boundary. Cuorved
arrow on surface velocity map indicates rotation pole (sce text for explanation).
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Fig. 7. Model D: Model with realistic three-dimensional crustal geometry and rotational Po plain boundary nodes, Sce
Figure 5 for comparisons. Differences between models B and D are only due to rotational Po plain boundary (see text
for explanation).



the non-isostatic model (model D), so that body
forces are more dominant,

In terms of strain rate, as well as stress, axes
are almost the same as for fixed models and
only small regional reorientations are observed.
The main differences are at boundaries. For
cxample, at the south Ligurian boundary, anti-
clockwise rotation induces large shortening,
Surface velocities of up to 1.4—1.5mma '
concentrate in internal zones and appear 1o be
strongly linked to the rotational boundary. Yelo-
city vectors follow this rotation, pointing more Lo
the south than for fixed models, Rotation seems
to have little effect on velocities of external
ZOnes.

Slip directions along faults are more south-
directed than those of fixed models. For the
Pennine front, this implies S-verging stretching
of up to 1.7mma " in the northem segment
{model C}), dexiral transtension n the middle seg-
ment (1.1 +2mma ' for model C, 2.1 mma '
for model D), and dextral transpression in the
southern segment (I 4mma~' for model C,
1.2 mm a—! for model D). Another major dilffer-
ence with fixed models is the small dextral motion
on the Periadriatic line (up to 0.22mma~" for
model C and 04 mm a ! for model D).

Geodynamic implications

Mumerical modelling and comparison with large-
scale seismotectonic analysis have shown that
body forces play a major role in determiming
the current stress field of the western Alpine
arc. Balance of GPAs explains the orogen-
perpendicular  contrasted  stress field in the
western/central Alps (extensional in the core of
the belt, locally compressional at the periphery).
The role of rotational boundary forces is less
obvious, as only local stress reorientations
appear in our models. Nevertheless, rotation
maodels seem svitable to explain dextral strike—
slip faulting along the external zones (from the
northern WValais to  the Argentera  massif),
In addition, our results arc consistent with GPS
studies (e.g. Calais ef al. 2002) that give velo-
cities of about 1 mm a~ ' within the Alpine realm,
compatible with velocities of 1-1.5mma '
obtained in the models of this study. More pre-
ciscly, GPS studies reveal extension in the core
of the belt, including lengthening of the line
Lyon—Turin (0.5 + 0.9 mm a~ ' to the SE at La
Feclaz  in the Subalpine chains  and
1.4 + 04mma " to the SE at Modane (in the
internal Vanoise area), This geodetic streiching
correlates well with the values obtained for the
core of the belt by seismotectonic analysis and
numerical modelling. Moreover, GPS results
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also indicate shortening in the western Po plain
(1.0-0.5 mma~' of E-W shortening between
Modane and Turin) and in Provence (]1.4-
0.5 mma ' of N=§ shortening between Grasse
and Turin). Despiie this qualitative agreement
with the results of our modelling and seismotec-
tonic analysis, more detailed comparisons cannot
be made, because the GPS data still have insuffi-
cient resolution.

This study addresses the consequences of
ongoing  convergence  between  Ewrope  and
Africa, The convergence velocity is estimated
at 3+ §mma~' in a N to NW direction at the
longitude of the Alps (Argus er al 1989,
Demets ef al. 1990; Demets ef al. 1994; Albarello
et al. 1995 Crétaux et al. 1998; Kreemer &
Holt 2001; Mocquet 2002). It could be taken up
in different areas between the European and
African stable continents, such as Northern
Africa, the Apennines, the Dinarides or the
Calabrian subduction zone. In the vicinity of
the western/central Alpine are, the interaction
between boundary forces and body forces is
still a matter for debate. Studies, such as the
ane by Thatcher ef al. (199%) in the Basin and
Range province, show that gravitational exten-
sional tectonics can interact with boundary
conditions, leading to reorientation of exten-
sional axes parallel to plate tectonic directions,
However, in our study, direct effects of plate
tectonics are less useful to explain the stress
field of the western/central Alps, which appears
to be controlled mostly by internal body forces.
A more detailed analysis of the possible inter-
actions between boundary forces and body
forces in the Alpine belt would require a detailed
three-dimensional geometry of the models
(accounting for lithospheric complexities), a
fully three-dimensional finite element code, as
well as more constraints on boundary conditions
between Apulian and Ewuropean microplates.
Recent tomographic studies (Lippitsch 2002)
have yielded a complex three-dimensional geo-
metry at great depth, which has been interpreted
in terms of lithospheric slabs, possibly detached
in the western Alps and subvertical under the
central  Alps. These lithospheric  structures
cannot be modelled by the technigques vsed in
this study. Their consequences for the currcnt
stress field and recent tectonics of the Alpine
arc remain to be analysed.

Conclusions

A seismotectonic investigation along the entire
arc of the western/central Alps has revealed
contrasting stress regimes. Within a zone of
extension that follows the arcuate crest line



from the southern Valais to the Argentera massif,
extensional axes are perpendicular to the orogen.
Compression is limited to the external zones,
where compressional axes are also perpendicular
to the orogen. Strike—slip faulting occurs in both
external and internal zones, but is particularly
abundant in the latter, where it is right-lateral,
all the way from the northerm Valais to the
Durance fault (northwest of the Argentera
massif). This well-defined seismotectonic stress
state, comparable to the ones computed with
2.5D numerical modelling, highlights the essen-
tial role of gravitational body forces, which are
able to produce orogen-perpendicular extension
in the topographic highs and resulting orogen-
perpendicular compression at the periphery.
The role of rotation, which has been tested in
our models, is more ambiguous, but could
explain the arcuate right-lateral faulting prevail-
ing in the external zones,

In a context of ongoing far-field convergence
between the Ewropean and African plates, no
direct evidence of collision has been found in
the Alpine realm, either by seismotectonic
analyses, numerical modelling, or GPS studies,
This suggests that the current stress field in the
western/central Alps is post-collisional.
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