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Abstract

The western Alps form a geodynamically active mountain belt showing the typical features of an evolving orogenic
wedge with its pro-wedge geometry to the NNW and its retro-wedge structures to the SSE. Renewed tectonic underplating
of European continental crust occurred after the orogenic wedge underwent major dynamic disequilibrium following
the break-off of the southward subducting slab of the European passive margin. The most important of these basement
imbricates are the Mont-Blanc—Aiguilles Rouges and Gastern—Aar crystalline massifs, also forming the Alps’ highest
mountains. The upper plate—present-day orogenic wedge of the western Alps includes the Molasse basin and the Jura
fold-and-thrust belt, both decoupled from the basement over a basal décollement surface. The overall geometry of this
wedge appears to be strongly unstable according to simple wedge models. In its attempt to regain stability, out-of-sequence
thrusts form in the existing basement nappes; but also new basement nappes should develop beneath the southern portion
of the Molasse basin. New out-of-sequence thrusts in the cover, trigger higher than average uplift rates concentrated around
the newly forming structures and are accompanied by a concentration of earthquakes. Tectonic underplating is further
corroborated by neotectonics and the tectonic structures observed in the Préalpes, Molasse basin and Jura. Similarly, uplift
rates, and earthquakes along the southern edge of the Jura mountains seem to witness the development of a new/incipient
basement nappe at depth (partial inversion of former Permo—Carboniferous grabens in the basement). A possible spatial
coincidence of areas with strong earthquake activity and zones with uplift rates above surrounding values, suggest a
common mechanism for their origin in the western Swiss Alpine foreland. Combined with information from basement
geometry and wedge dynamics it is proposed that the common mechanism is the development of basement imbricates by
tectonic underplating. The proposed model for ongoing and possible future tectonic underplating beneath an active Alpine
orogenic wedge also allows to reconcile the models of basement/wrench-faulting in the Molasse basin and Jura with the
distant push theory, where the Molasse basin and Jura develop over a basal décollement horizon.
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1. Introduction

The Alpine orogen comprises a stack of strongly
deformed basement and cover nappes (Figs. 1-3)
as well as pieces of oceanic floor that progressively
accreted since Early Cretaceous times as the Alpine
Tethys was consumed and destroyed in a south-dip-
ping subduction zone and its associated accretionary
prism [1-3]. The subsequent transition from sub-
duction to collision occurred with the progressive
accretion and tectonic underplating of material from
terranes (e.g. Briangonnais) and from the passive
margins of the Alpine Tethys. Major geodynamic
changes, that eventually led to the formation of the
Alpine orogen, are linked to crustal decoupling dur-
ing the arrival of the unthinned Helvetic margin into
the subduction zone and finally to the break-off of
the subducting slab [4] around 35 Ma [5,6], which
is coincident with backfolding and backthrusting
(top-to-the SE) in the Penninic/Piemont domain [2].

The orogen today forms a tapered, doubly vergent
wedge geometry with a pro- and retrowedge respec-
tively to the NNW and SSE [2,7,8] (Fig. 3). It is pro-
posed here that the convergence in the Alpine orogenic
wedge is still ongoing and that the mountain range is
geodynamically active, as shown by the recent earth-
quakes [9-11], uplift-rates [12,13], and fission-track
studies ([14] and references therein). Though present-
day upliftinthe Alps has been thoroughly documented
[12], the cause of this uplift remains unknown. Vary-
ing depth of the Moho discontinuity below the Alps
[15] and tectonic processes resulting from the con-
vergence of Europe and Adria have been invoked
(see discussion and references in [16]). Modeling of
uplift as a result of isostatic rebound following the
Wirm Alpine deglaciation remained non-conclusive
[16]. The possibility that some or even a large part
of the uplift currently observed is caused by glacial
isostatic rebound cannot be ruled out.

In the following | investigate the possibility that
an important part of this uplift is related to on-

going basement thrusting in the Alpine foreland.
This study discusses recent and present-day tectonics
highlighted by out-of-sequence thrusting (Préalpes
[17]; Molasse basin/Saléve [18]), earthquake activ-
ity, present-day uplift rates and basement topography
(Fig. 2— new compiled map) of the northern Alpine
foreland of western Switzerland in the perspective of
an active orogenic wedge that tries to achieve dy-
namic equilibrium.

Ongoing tectonic underplating and incipient, to
possible future, tectonic underplating will be consid-
ered the main mechanism by which the dynamic oro-
gen evolves. By tectonic underplating | refer to the
process of accretion of material from the lower, sub-
ducting plate into the upper plate orogenic wedge.
This tectonic underplating of sedimentary and/or
crustal material will thicken the orogenic wedge and
trigger a dynamic response in order to maintain its
internal stability [19].

The Alpine foreland lies beyond the topograph-
ically prominent part formed by the external crys-
talline massifs and the Helvetic nappes, and extends
to the north and northwest across the Préalpes klip-
pen belt and the Molasse basin into the Jura moun-
tain arc, as well as to the south towards the Po
Plain. The frontal (northwest and west) basal thrust
of the Jura décollement fold-and-thrust belt forms
the most external limit of the Alpine orogenic wedge
(Figs. 1 and 3c) with the youngest fold-and-thrust
activity [20-22]. In this outer domain two differ-
ent approaches to the development of the northern
Alpine foreland, i.e. the Molasse basin and the Jura
fold-and-thrust belt, have been debated [23,24]: on
the one hand the autochthonous folding of the Jura
cover due to basement thrusting and/or wrench-
faulting, and on the other hand the distant push
folding (‘Fernschub’) by which the Alpine foreland
(Jura and Molasse) deforms over a basal décollement
horizon (see discussion and references in [20,21]).
The data from studies on neotectonics and present-
day tectonics discussed in this paper allow us to

Fig. 1. (a) Structural map of the northwestern Alps. Paleo-stress from earthquakes in the northwestern Alps: [i] eastern Swiss Molasse
and Jura; [ii] central Molasse and Jura; [iii] western Molasse and Jura from [41]; [iv] earthquake focal mechanism solutions from [44,45]
in the Préalpes; [v] fault-striation paleo-stress analysis; [vi] fault-striation paleo-stress analysis [41]. (b) Upper-plate and lower-plate
configuration in the frontal northwestern Alps, with frontal thrust of the Alpine orogenic wedge in the western Alps and regions of

possible incipient basement nappes.
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propose a model based on tectonic underplating that
integrates the basement vs. cover approaches.

2. Tectonics of the western Alpsand the Jura
mountains

Nappe emplacement and backfolding in the cen-
tral part of the mountain belt (Helvetics and Pen-
ninic domains) accord with material flow in a wedge
([2,7], Fig. 3b,c). The northern part of the orogen
is formed by stacked cover and basement nappes.
The southern part of the Alps can be considered in a
transpressional stage of deformation. When the con-
vergent component of transpression is significant, as
is the case in the Alps, the retro-step-up shear may
act as a preferred plane for thrusting and strike-slip
movements ([25]; oblique slip may occur along a pri-
mary retroshear zone such as along the Insubric Line;
Fig. 3c). The orogeny develops due to the collision
of the Apulia/Adria plate with the European plate,
following the subduction of the Alpine Tethys and
the Valais Oceans, and involving the Adria/Apulia
and Europe passive margins, but also the Briangon-
nais microcontinent [1,3,6,26—28]. Tectonic features
in areas relevant to the interpretations of ongoing
geodynamic processes are discussed hereafter:

2.1. Jura fold-and-thrust belt

The Jura fold-and-thrust belt forms the arcu-
ate external northwestern and frontal part of the
Alpine orogenic wedge (Fig. 1). It deformed since
Late Miocene time (11 Ma) over a basal dé-
collement present in the Lower Triassic evapor-
ite ([20,21,29,30] and references therein). Much
attention has been given to the large sinistral
strike-slip/tear faults such as the Pontarlier fault [31]
(Fig. 1a). The orientation of these faults is radial with
respect to the Jura arc and changes from N-S to al-
most E-W. Some tear faults extend from the Molasse
basin into the Jura (such as the Vuache fault system
[32] and the Dent de Vaulion fault system) and

are conjugate with smaller SE-NW-striking dextral
faults. These fault systems form triangular-shaped
zones with frontal ramps and lateral tear faults, such
as in the Treycovagnes or the Dent de Vaulion area
(Fig. 1a). These faults may also act as lateral ramps
and transfer zones. Whether or not these faults root
in the basement beneath the basal décollement, and
if they are responsible for the observed fold develop-
ment [31,33] has long been debated, but is difficult
to resolve from existing seismic data when vertical
throw on the faults is less than 500 m, and no larger
offset has been documented yet.

It has been shown that folds and thrust in the
Molasse basin and the Jura develop above a basal
décollement [20-22,29,34]. The amount of shorten-
ing of up to max. 30 km requires thrusting above a
major décollement zone rooting beneath the external
crystalline basement of the Alps s.str. Thus inversion
of basement grabens and/or strike-slip faults (which
can account for only moderate displacement) can-
not explain the observed features (see discussion in
[34]). This does not exclude that some features in the
cover, accommodating minor displacement (<500
m), are related to faulting/inversion in the basement
after the main folding phase.

2.2. Basement topography under the Jura—Molasse
basin and Permo—Carboniferous grabens
(pertaining to the basement)

The basement topography beneath the Jura and
the Molasse basin (Fig. 2a, Fig. 3c) is smooth
and dips 1°-3° towards the southeast between the
Neuchatel Jura and the Lake Léman area [20-22,29].
In the Treycovagnes area a gentle structural high
develops, and below the Molasse basin near Lake
Léman, the basement rises from —4 km to —2.5 km
and merges into a structural high under the frontal
Préalpes (Fig. 2a, Fig. 3c).

The high topographic relief south of the Préalpes
in the Helvetic/Penninic domains is related to the
important stacking of cover nappes and basement
stacking/uplift which began in Oligocene time in

Fig. 2. (a) Basement morphology in the frontal portion of the western Alps. Based on various sources including industry seismic lines
from the Molasse Basin and the Jura, compiled and modified from: [14,20,21,49,56]. (b) Earthquake distribution map and energy release
per km? in the western Alps (compiled from [11,43]). (c) Present-day uplift rates in mm/year in the western Alps (data from [12,57]).
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the external basement massifs (Aiguilles Rouges,
Mont Blanc, Aar and Gastern massifs). The total
relief (~15 km with respect to the foreland) of
these massifs is probably due to combined influence
of stacking/tectonic underplating, continued conver-
gence, body forces (discussion in [14,34]).

Permo—Carboniferous half-grabens are found in
the folded Alpine cover-basement nappes, but also in
the external Alpine domain where they show minor
or no inversion. Other grabens are known from drill
cores at the southern edge of the Molasse Basin
near the intersection of the Chénes Subalpines and
the Chablais Préalpes [35] and are suspected from
seismic data [36,37]. Seismic investigation in the
Jura mountains has shown the existence of such
grabens in the eastern Jura [38]. Grabens seem to be
absent from beneath the Molasse basin between Lake
Neuchéatel and the Préalpes [21], though Permo-
Carboniferous sediments are known in the Dent de
Vaulion-La Sarraz area.

Seismic lines show a possible inversion of a
Permo—Carboniferous graben beneath the transition
from the Molasse to the Préalpes klippen (Subalpine
flysch) in the Rhdne valley area [20-22,37]. This in-
version has been related to the development of a new
thrust in the European basement below the frontal
Préalpes [28] (Fig. 3c).

2.3. Tectonics of the Préalpes

The Préalpes klippen are formed by a series
of nappes of which the most important are the
Préalpes Médianes. This nappe detached from its
Briangonnais homeland during its incorporation into
the orogenic wedge and was subsequently emplaced
towards the north-northwest onto the foreland dur-
ing and after the Early Oligocene (see [1,17,28]
and references therein). Most tectonic and all of its
very low-grade metamorphic features [39,40] were
acquired during the incorporation into the Alpine ac-
cretionary wedge between 45 and 27 Ma [28]. Some
out-of-sequence thrusting to the north and to the
west-nortwest (Préalpes and underlying Subalpine
Flysch), brittle faults cutting the whole nappe struc-
ture, and a high structural relief in the Préalpes to the
north and south of Lake Léman, have been linked to
events post-dating the emplacement of the Préalpes
onto the Alpine foreland [17,28].

Three brittle deformation events discriminate be-
tween the main emplacement and the post-emplace-
ment tectonics in the Préalpes (Fig. 1a). (1) De-
formation during pre- to syn-emplacement on the
Oligocene Molasse foreland led to the formation of
thrusts and tear-faults. Fault/striae sets show a NW-
SE compression and a horizontal NE-SW extension
consistent with thrusting and strike-slip movement
[41] (Fig. 1a, [vi]). (2) In the eastern Chablais
Préalpes, large-scale strike-slip faults cross-cut the
folds and thrusts, postdating the Oligocene emplace-
ment of the Préalpes klippen (e.g. NW-SE sinis-
tral Tanay—Tombeau des Allemands accident). The
fault/striae analysis shows a N-S compression and
a E-W extension acting upon two main fault sur-
faces oriented NW-SE and NE-SW, respectively
(Fig. 1a, [v]). (3) A third generation of brittle faults
can be seen in the Quaternary cover in front of the
Préalpes in the Chablais area [42]. The main fault
described in the Quaternary sediments (Bouchillon—
Evian accident) strikes NW-SE and has a normal
NE-downward offset. Raymond et al. [42] conclude
that this fault has been active into the present.

A unique feature in the western Préalpes Roman-
des (Switzerland) and the eastern Chablais Préalpes
(Switzerland and France), is the high structural re-
lief. The basal décollement surface of the Préalpes
Médianes shows an important change in depth along
strike of the regional fold trend from —1 km in the
western and eastern portions to +1 km in the central
Lake Léman area. This feature has been ascribed to
a structural high in the substratum, possibly a base-
ment nappe and/or inverted Permo—Carboniferous
trough [17,28] (Fig. 3c). Its formation postdates the
development of the other structures and is thus post-
Oligocene (post-emplacement).

3. Present-day tectonics and earthquake-activity
in the western Alps

The recent and present-day tectonic activity in the
western Alpine foreland is reflected by earthquake
activity, ongoing uplift, out-of-sequence thrusts (in
the Préalpes and the Molasse basin: Saleve) and
strike-slip faults and developing basement topogra-
phy (uplift of basement).



3.1. Uplift rates

Recent crustal movements in the Alps [12] show
that the main uplift (above 1 mm/year) is centered
in the western Alps south of the Rhdne valley, in the
Penninic domain (Fig. 2c). Uplift rates slightly above
those of the surrounding areas are also observed in
the Swiss internal Jura, in the Dent de Vaulion area
and in the external Préalpes nappes near the Lake
Geneva area (Fig. 2c).

Precise leveling in the French Alps and the Jura
[13] indicates regional vertical displacements. Uplift
is observed in the Subalpine Chain (Belledonne,
Aravis and external Bornes), in the Saléve area (in
the Molasse basin) as well as in the internal Jura
(Fig. 1a).

3.2. Earthquakes

The distribution of earthquakes [11] and the as-
sociated energy release [43] shows a higher density
in the central portion of the western Alps (Fig. 2b),
but also in the Treycovagnes—internal Jura (Dent
de Vaulion) area. Earthquake hypocenters below the
northern Alpine foreland are distributed throughout
the entire depth range of the crust down to 30 km,
with a higher density in the upper crust above the
brittle—ductile transition estimated at 20 km depth
(Fig. 3a). The presence of earthquakes below the
brittle—ductile transition in the northern Alpine fore-
land is linked to the presence of high-pressure fluids
[9]. A higher density of earthquakes is also observed
in the Préalpes klippen around the Lake Léman area
(Fig. 2b). Focal mechanisms from two earthquakes
in the Bonneveaux area (eastern Chablais) in 1968
and 1990 [44,45] show NE-SW extension along nor-
mal faults oriented NW-SE (Fig. 13, [iv]). The stress
orientation derived from earthquakes in the Molasse
basin and Jura [41] shows that compression changes
from a N-S orientation in the east progressively to
a NW-SE orientation in the west in the Geneva
(Saléve mountain)—Vuache fault area (Fig. 1a).

In the central Alps the earthquakes are related
to the tectonic activity in the upper crustal nappes
and the cover nappes (Fig. 3c). They are associ-
ated with the dynamic readjustments in the oro-
genic wedge [10]. The earthquakes in the Chablais
Préalpes may be inducing the movements along

steeply NE-dipping normal faults oriented NW-SE
with the NE-E compartment downthrown in Quater-
nary and probably glacial sediments in front of the
Préalpes (Bouchillion—Evian accident, [42]). Both
phenomena are possibly related to the development
of an inferred dome-shaped basement nappe at depth
(Fig. 2a, Fig. 3c). Deformation in the crust of the
Jura and Molasse basin is accommodated by sinistral
and dextral movements along NNE-SSW- and NW-
SE-trending faults, respectively, as seen from earth-
quake focal mechanisms. Wrench faults and thrusts
together define ‘blocks’ with a determined special
extension. For example, the Vuache Fault system
(Fig. 1a) is a major tectonic fault zone that links
the Subalpine Chains to the Jura mountains across
the Molasse basin [32]. Earthquake studies reveal
repeated activity along this major left-lateral strike-
slip fault [46,47]. Most of these earthquakes have
strike-slip focal mechanisms consistent with the geo-
logically inferred left-lateral displacement along the
fault. The depth of the earthquakes is in the range of
3 to 5 km, which places them in the upper portion
of the basement, below the basal detachment that
varies between 2 and 3 km [36,37]. Whether the
Vuache strike-slip fault is a tear fault/lateral ramp
fault affecting the Mesozoic sedimentary cover se-
quence above the basal décollement only [47] or also
affecting the basement [37,46] cannot be resolved
from the earthquake data alone.

4. Present-day orogenic wedge in the western
Alps

Based on deep seismic investigation, geophysical
data and projection of surface geology, a series of
cross-sections through the western Alps have been
proposed in Switzerland [3,22,26,27] and in France
[48]. The lithospheric scale cross-section presented
here is compiled and modified from [22,28] (Fig. 3c).
The deep crustal part beneath the Préalpes has been
modified from [49]. The deep reflectors between 20
and 40 km (reflectors 5S and 5T) attributed by [49]
to the lower crust, are reinterpreted as a tectonic
imbricate of lower crust (Fig. 3c,d), while the reflec-
tors at 10-18 km (reflector 5G) are interpreted to
correspond to a developing thrust zone in the upper
crust. In a similar approach [2] and [49] have de-



fined two new basement nappes under the Aiguilles
Rouges—Helvetic-Préalpes (Fig. 2c). Similar imbri-
cation of lower European crust has been described
in the Alpine foreland along the Central Alps—CROP
profile [50] and in the ECORS profile in France
[48]. In the Alpine foreland the Moho surface is
gently dipping to the southwest from some 26 km
in the northern Jura to 40—42 km under the southern
Préalpes [15].

If the Alps are considered from the point of view
of upper- and lower-plate geometry, one has to in-
clude the Molasse basin and the Jura mountains into
the upper-plate orogenic wedge (Fig. 3c,d). A criti-
cal Coulomb wedge model (Fig. 3a) can be applied
to explain the geometry of an accretionary wedge
and/or an orogen as a whole that deforms under
the appropriate upper crustal condition [51] and can
thus be applied in a first order approach to the Alps.
In such a configuration the geometry of this upper
plate wedge is not stable (Fig. 3e). The depth to
the deepest crustal faults can be estimated by the
depth of the earthquakes, the rheology/strength pro-
file of the lithosphere [52] (Fig. 3a), and the temper-
ature gradient in the crust (brittle—ductile transition
around 450°C). In the Alpine foreland, crustal faults
may be generated at a depth between 15 and 20
km and eventually propagate upwards as well as
downwards/horizontally (Fig. 3).

5. Discussion and conclusion

The existing data discussed here can be inter-
preted as the consequence of ongoing processes —
thrusting and faulting with associated earthquakes
and uplift — linked to recent and present-day/future
tectonic underplating in the northern foreland of the
western Swiss Alps. Present-day tectonic underplat-
ing in the Alpine orogenic wedge is interpreted here
to be a result of its unstable geometry. This may
lead to the development of décollement thrusting and
basement thrust/strike slip faults, which will help
reacquire a stable geometry.

The spatial coincidence of areas with strong earth-
quake activity (high strain energy) and zones with
uplift rates above surrounding values (Fig. 2b,c),
suggests a common mechanism for their origin. This
is further supported by the development of out-of-

sequence thrusts (in the Préalpes and in the Molasse
Basin). Information from basement geometry also
suggests that uplift can be related to the development
of basement thrusts/imbricates.

Four zones are of special interest to discuss the
proposed model of active and incipient tectonic un-
derplating in the western Swiss Alps in connection
with the observed features of the neotectonics and
the cover-structure (fold-faults): (1) the Préalpes in
the Lake Léman area, where we observe the de-
velopment of a basement high and lower crust im-
bricate, associated with Quaternary tectonics, high
earthquake activity and a uplift rate higher than sur-
rounding areas; (2) the Vuache strike-slip fault zone
associated with recent earthquake activity; (3) the
Vaulion—Pontalier area with its high uplift rate; and
(4) the Treycovagnes area with its high earthquake
activity and developing basement high.

These observations support the idea of active
tectonics involving the basement below the main
décollement level in the Molasse basin and the Jura
mountains, and under the Préalpes klippen.

The ongoing growth process of the Alpine oro-
genic wedge will eventually lead to the tectonic
underplating of new European crust. It is, however,
unlikely that the crust of the lower plate (European
plate) of the Alpine foreland will be involved as
a whole. Rather, the crust will be cut along strike
of the alpine arc into segments, most likely sepa-
rated by crustal strike-slip (tear) faults such as the
Vuache fault system (connecting Molasse and Jura)
that link up to incipient new frontal thrust ramps
(Fig. 1b). A candidate for a future basement imbri-
cate (nappe) is the Dent de Vaulion—Treycovagne
area with its triangular fault zones (Fig. 1b). The
present-day uplift and earthquake activity in the Jura
and in the Préalpes may then result from uplift
associated with these new basement thrusts. These
basement thrusts may locally invert former Permo—
Carboniferous basins as observed in other places
in the Alps, but the amount of displacement/uplift
remains modest.

The present-day geodynamic evolution of the
Alps is the continuation of a process that started in
the Cretaceous. It follows the major changes that oc-
curred during the Oligocene after arrival of the thick
European crust into the subduction zone and the sub-
sequent break-off of the deeper part of the subduct-
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ing slab. The ongoing and future tectonic underplat-
ing are a consequence of these important changes.
They led in the past to the final emplacement of the
Préalpine klippen, to the development of the Flysch
and Molasse basin in the Alpine foreland, and even-
tually to the development of the Jura fold-and-thrust
belt. They also triggered the backfolding of the inter-
nal units, and generated magmatic intrusions along
the peri-Adriatic lineament in the southern Alps. |
suggest here that this dynamic process is still going
on now, as the convergence of Africa and Europe
continues. The history of uplift post-dating the major
event is seen in the external crystalline basement of
the Alps [14]. This uplift corresponds to the accre-
tion of upper crustal material (detached above the
brittle—ductile transition) from the lower European
plate into the upper-plate/orogenic wedge. This tec-
tonic underplating is coincident with backfolding in
the more internal parts of the orogen (Penninic) and
consistent with the displacement of material in a
wedge (Fig. 3b,c). Thus the western Aar massif and
the eastern Mont Blanc massif, to the southeast of the
Préalpes klippen (Chablais and Préalpes Romandes),
are the portion of the external crystalline massifs that
have most recently crossed the isotherm of 120°C,
indicating the continuous development of basement
imbricates in this area of the western Swiss Alps.

Two new crustal nappes have been postulated at
depth below the Helvetic domain [2]. Their develop-
ment is coeval with the most recent backthrusts in
the Penninic domain. In this paper a new imbricate
in the lower crust has been interpreted from previ-
ous seismic data. The tectonic underplating of this
slice of lower crust is linked with the upper crustal
basement imbricates and the high structural relief in
the Préalpes klippen and a small possible Permo—
Carboniferous graben inversion beneath the southern
Molasse. The stacking also explains the higher earth-
quake activity under the Préalpes and a higher uplift
rate in the same area.

A simple first order analysis of the stability of
the whole Alpine orogenic wedge in terms of crit-
ical taper (Fig. 3b,e), including the Molasse basin
and the Jura fold-and-thrust belts, shows a thick
southern portion with a steep basal thrust (27°) and
a narrow frontal portion. The overall geometry is
unstable and to maintain stable conditions implies
self-similar growth by either frontal accretion or tec-

tonic underplating with frontal accretion favoured by
a weak décollement (the case of the Jura/Molasse
décollement fold-and-thrust-belt, [53]). This can be
accomplished by imbricating new basement nappes
from the European upper crust and creating a new
wedge geometry (with a basal thrust of some 11°
and a topography of some 2°, Fig. 3b,e). One such
incipient thrust is probably developing beneath the
Jura—Molasse transition, as indicated by earthquake
activity, uplift rates and fault development. The lo-
cation of the new incipient thrust that will lead to
the development of a new crustal imbricate, will be
at the brittle—ductile transition at the bottom of the
rheologically strong upper crust. The crustal faults
will generate at depth and subsequently propagate
upwards and/or horizontally. There is thus no re-
quirement for a detachment in the crust as proposed
by some authors [13,54] to explain the inversion
observed in the cover sequences. It is, however, un-
likely that the crust of the lower plate (European
plate) of the Alpine foreland will be involved as a
whole. Rather the crust will be cut along strike into
segments, most likely separated by crustal strike-slip
(tear) faults such as the Vuache fault system that
link to incipient new frontal thrust ramps. Another
candidate for a future basement imbricate (nappe)
is the Dent de Vaulion-Treycovagnes area with its
triangular zones.

Basement imbricates have also been demonstrated
to develop under the Chénes Subalpines (external
Bornes and Aravis) in the French Alps to the north-
west of the Belledonne massif. The tectonic activity
on these basement faults is corroborated by a thrust
component of earthquakes in the Bellodonne mas-
sif at a depth of some 10 km [55]. These authors
interpret this uplift as a consequence of present-day
active faulting in the crust/lithosphere.

The development of the Saléve mountain fault-
bend fold, popping up in the middle of the Molasse
basin, has been related to this new basement thrust
and has also been documented by seismic activity
[55].

The long standing debate opposing the ‘Fern-
schub’ hypothesis by which the Alpine foreland
(Jura and Molasse) deforms over a basal décollement
horizon and the theory by which folding is due to
inverted basement faults and/or strike-slip faulting
only, draws on data that are not mutually incompat-
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ible. On the contrary, the data, as discussed herein,
support a model with a continuous geodynamic de-
velopment through time of the Alpine foreland that
goes on at the present day. Thus the deformation of
the Jura fold-and-thrust belt and the Molasse basin
over a basal décollement is followed by the devel-
opment of new crustal imbricates and the associated
out-of-sequence thrusting to regain a stable orogenic
wedge geometry.
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