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Abstract This study focuses on the respective role of (&)dhcurrence and the nature of
evaporitic layers and (2) the fluid pressure caadg on the decollement processes and the
structure of the foreland fold and thrust beltlsd iWestern Alps. The decollement in the Jura
Mountains is predominantly localized in halite-begrlayers. Anhydrite-bearing units which
are not associated to halite are not hosting nageoollement. The shift of decollement level
between Mid-Triassic halite unit and Upper Triassadite unit has induced local tectonic
subtractions and, elsewhere, tectonic duplicatians depth. Available fluid pressure
measurements show that fluids are not overpressurethe Jura. Even below the salt
decollement, they remain in hydrostatic conditiddsuth of the Jura, the absence of halite is
correlated with no efficient role of the Triassayérs in terms of decollement. The available
pressure measurements show that the decollemeassisciated with high overpressure.
Because of the low friction of halite, the Jurautrwedge shows a narrow angle (3 to 4°).
The relatively high friction behavior of the de@tient south of the Jura is responsible for
stacks of tectonic units associated with a relgtivéde angle of the tectonic wedge (12 to
13°). The structural change between the ChartrandeVercors massifs is not controlled by
the properties of the decollement but by the chaoigthickness of the sedimentary pile
involved in the tectonic wedge. The change of théds is controlled by paleogeographic

heritage during Jurassic and Cretaceous times.
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1. Introduction

Despite a long history of geological studies, tleep structure of the tectonic front of the
Western Alps (Figs. 1, 2) remains poorly known, mhaibecause of the lack of available
published seismic reflection studies and becausenlyf few wells available providing deep
calibration. The published data which offers am&snformation along a full transect across
the foreland fold-and-thrust belt of the westerpsA{including Jura Mountains) was provided
by the research program ECORS-ALP of deep seisagjuisition (Guellec et al., 1990a and
b; Mugnier et al., 1990; Bergerat et al., 1990) d&ydthe processing of some industrial
seismic lines that gave information on a full trectsof the western Alps front along the
Chambeéry transect (Deville and Chauviere, 2000)s0Alfew seismic lines have been
punctually published in the Molasse Basin (Chaislland Jamet, 1990; Wildi and
Huggenberger, 1993; Gorin et al., 1993; Devillalet1994a and b; Beck et al., 1998) and in
the inner part of the Jura Mountains (Sommarugf7,12999; 2011; Sommaruga et al., 2012,
2017; Rime et al., 2019). Due to the lack of caistng subsurface data, several fundamental
structural problems remain still unsolvedotably, the former published structural cross-
sections show very different interpretations concgy the structure of the basement and its
possible involvement in thrust tectonics. Some Hlygges suppose a significant overthrusting
(several kilometers) involving the basement under Subalpine chains (Ziegler, 1994;
Menard and Mugnier, 1986; Thouvenot and MenardQ)19dost of the authors suppose that
the basement is not or only weakly involved untergole thrust of the detached sedimentary
cover, except locally in the form of tectonic ins®n of Carboniferous-Permian basins
(Guellec et al., 1990a; Pfiffner et al., 1997, 20Mnother, recumbent matter of discussion
concerns the exact location and the nature of #eoltement which has controlled the
structuration of the front of the Western Alps.the Jura Mountains, since Buxtorf (1907,
1916), it is generally considered that the deca#letis hosted within Triassic salt mainly of
late Triassic age (Keuper), and also in Mid-Triassilt layers (Muschelkalk) in north-eastern
Jura (Jordan and Nuesch, 1989a; Jordan et al.,; 1@®6an, 1992; Philippe et al., 1996;
Sommaruga, 2017; Fig. 2). Thrust fault throws amoba@ tectonic shortening are also
common subjects of debate. Some authors claimédhbahrust throws of the Alpine front
are very moderate (Gidon, 1981; 1988), whereas aiimhors considered that several tens of
kilometers of tectonic shortening have been reabrdihin the foreland fold-and-thrust belt
(FTB) of the Western Alps (Laubscher, 1972; Doudetnal., 1982; Guellec et al., 1990a;
Mugnier et al., 1990; Philippe et al.,, 1996; Masele al., 1996; Pfiffner et al., 1997;
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Sommaruga, 1999; Deville and Sassi, 2006). Thetivedion processes of the extension
structures of the rift system within the Alpineritas a subject which has been addressed only
punctually (Deville et al., 1994b; Philippe al.,98) Deville and Sassi, 2006). Also, the
timing of the deformation remains a constant tagidiscussion all along the Alpine tectonic
front facing the European foreland (see Granadd. €2016).

In order to provide a better knowledge of the dtres the tectonic processes and the timing
of deformation which have affected the Western A¢peland fold-and-thrust belt, a selection
of available industrial seismic data has been igEsed and reinterpreted integrating results
of well data in Central Jura and in the Subalpirf®irs. Beyond simple structural
descriptions, the purpose of this study focussethemnole of the nature and the thickness of
the sediments involved in the tectonic wedge anddatifying the nature and the position of
the decollement levels and their role in the globeformation of the thrust system. We
notably analyzed the information provided by selevalls cross-cutting the decollement
levels, especially the presence and the natureagfaitic levels and the role of fluid pressure
at the decollement level and below.

2. Geodynamic framework of the Western Alpstectonic front

As initially proposed by Buxtorf (1907) who firstitroduced the notion of decollement, the
deformation of the thrust wedge of the Jura Mounstathe Savoy and Swiss Molasse basin
and the Subalpine chains is resulting from a deowdht located within the sedimentary
formations and rooted within the Alps, the wholesteyn forming the tectonic front the
Western Alps. Following Buxtorf's hypothesis, itaammonly admitted that the thrust wedge
corresponds to deformed Mesozoic and Cenozoic sedary formations incorporated within
a classical foreland FTB which developed duringti@iey late Alpine collision stages at the
front of the tectonic thrusting of the Pre-Triadsasement of the External Crystalline Massifs
(ECM) of the Western Alps (Mont Blanc-Aiguilles Ryes-Belledonne massifs; Fig. 1)
(Laubscher, 1961, 1981; Doudoux et al., 1982; @uedlt al., 1990a and b; Mugnier et al.,
1990; Butler, 1992; Deville et al., 1994a and byibe and Sassi, 2006; Bellahsen et al., 2014
and many others). The Western part of the tect@munt of the Alpine collisional belt
propagated during Neogene times within the Europ&grine foreland which had been
already deformed at that time by the former extawai structures related to (1) the
development of the Mesozoic north Tethyan passigegm, and (2) the development of the

West European rift system during Late Eocene tdyBdiocene times (Laubscher, 1972,
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Philippe et al., 1996; Madritsch et al., 2008; Matzal., 2019; Fig. 1). The Alpine orogenic
front accommodates, within the sedimentary covehefAlpine foreland, the last frontal few
tens of kilometers of the several hundred kiloneetd#r NW-directed shortening recorded in
the lithospheric wedge of the Western Alps durirggtiairy times with the involvement of
wide mantle bodies (Thouvenot et al., 1990; Tardgl.e 1990; Deville, 2015; Cll and CIP in
Fig. 1B). As a main result of the ECORS-CROP Freltalan scientific program during the
80’s, it is now commonly admitted that the tectoinicolvement of the European continental
crust in a major thrusting structure is responsiblethe uplift of the External Crystalline
Massifs (ECM: Mont-Blanc-Aiguilles rouges-Belledamassifs) and for the deformation of
the sediments within the foreland associated wikctonic shortening of 30 to 35 km (Tardy
et al., 1990; Guellec et al., 1990; Mugnier et B990; Fig. 1B). The thrusting of the ECM is
very probably rooted within the mantle as suggesiedhe results of wide angle reflection
experiments (Thouvenot et al., 1990; Fig. 1B). Tikialso the case for the Penninic tectonic
front which separates the outer zones from therimomes of the Alps in which HP-LT
Tertiary metamorphic rocks are found (Tardy et 8090; Fig. 1B). The whole shortening
related to the collision between the Europe-Asietoi@ic plate and the Adria block is
responsible the development of a lithospheric rtotepth which is longer than 300 km
below the Po valley (Lippitsch et al., 2003; Huaakt 2017; Fig. 1B). A relatively moderate
deformation of the European crust NW of the ECMIgo responsible for inversion processes
of a Permian-Carboniferous basin the basement ana forobably newly-formed tectonic
layering of the lower continental crust visiblethle ECORS deep seismic data (Guellec et al.,
1990a; Fig. 1B).

In the study area of the Alpine foreland, above Rne-Triassic basement, after periods of
emersion during the Triassic associated locallyhwiite deposition of evaporites, marine
conditions prevailed during Mesozoic times, andesalvpaleogeographic domains developed
along NE-SW trending areas (Fig. 1). (1) The Juaasplatform (Jura, Molasse Basin and
Valence Basin) is characterized by thick JurassetdCeous platform carbonates. In the
western part of this domain, Tertiary erosion resaved the Cretaceous formations prior to
thrust tectonics, whereas these deposits arepsgerved under a platform facies in the
eastern area2) The intermediate Pre-Subalpine domain (inclgdihe outer parts of the
Bauges, Chartreuse and Vercors massifs; Char@taad., 1996). This intermediate domain
forms the transition zone (slope) between the piatfand the Subalpine basin. It corresponds
to the northeastern prolongation of the Ardéchegmawhich includes a fault system related

to the Lias-Dogger Tethyan rifting (Mascle et 41996; Bonijoly et al., 1996; Sanchis and
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Seranne, 2000; de Graciansky et al., 2011; Fig(3)The Subalpine basin (Bornes massif
and the inner parts of the Bauges, Chartreuse @&ncb¥s massifs) that corresponds to a thick
sedimentary area including the northwestern-mostddeic tilted-blocks of the Late Jurassic-
Cretaceous north-Tethyan passive margin. Duringtidrgr times, the paleogeography
changed in relation to the West-European rift demelent (Ziegler et al., 1994) and to Alpine
deformation. During Eocene to Aquitanian times, \est-European rift system developed in
the western area shown in Fig. 2, and erosion psaseoccurred due to the uplift of the
shoulders of the rift system (Bresse, Valence andhseast basin of France), whereas clastic
formations were deposited in the eastern partfe@léo the lithospheric flexure associated
with tectonic loading in the inner zones of the flguring the early stages of collision
between Adria and the Eurasian plate. Then, themegas progressively involved in the
Alpine thrust tectonics from the Subalpine domaithe Jura. The deformation of the FTB of
the Western Alps started in the inner SubalpineinshgBornes and Bauges) in Late
Oligocene-Early Miocene times by the tectonic eroghaent of the Prealps nappe (Fig. 2). It
is generally admitted that the whole Alpine frorttalust wedge has been mostly active during
Miocene times. During this period the whole tectomiedge has been detached above the
basement (Laubscher, 1972; Guekgal, 1990a; Burkhard and Sommaruga, 1998; Deville
et al., 1994a; Philippet al, 1996; Mascle et al., 1996; Affolter and Grat&d04; Deville and
Sassi, 2006). The deformation of the Subalpine ifisagss characterized by the stacking of
thrust sheets and the development of duplexes hasitbeen evidenced by drilling in the
Bornes massif (Charollais and Jamet, 1990, Guellead, 1990a; Deville and Sassi, 2006).
Thrust tectonics involved the Savoy Molasse Basid the inner Jura at least since the
Burdigalian andsyntectonic Burdigalian to Serravalian sedimentati@curred within the
piggy-back basins developed between thrust angisliof the Molasse Basin (Deville et al.,
1994a; Beck et al., 1998}.has been shown that the front of the Jura weslglerusted over
Uppermost Miocene (Messinian) sediments for seval@eters in the Bresse Basin (Michel
et al., 1953; Chauve et al., 1988). This timingdeformation is compatible with radiogenic
U-Pb dating of syntectonic veins in the decollemamte (Looser et al., 2021). However, the
complete timing of the propagation of the deform@atwithin the Alpine thrust system is not
fully constrained, as well as the late activationr@activation of most of the inner thrust
structure of the Alpine front. Notably, it has bestown that the last period of activation of
the subalpine front in the Bauges massif is latt @urt-of-sequence as the front of the Bauges
massif is thrusted over Langhian-Serralian sedim@miobable late Miocene to Pliocene re-

activation; Deville al., 1994a; Deville and Chauei¢ 2000). Similar period of tectonic
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activity at the Alpine front has been proposed by Hagke et al. (2012) and Mock et al.
(2020) in Switzerland.

3. Material and methods

A selection of seismic profiles and available drdl results has been used to address the
structural problems mentioned above. Geophysici pgeesented in this study are based on
the processing of available industrial seismic diatdne Jura area and on non-exclusive IFP-
CGG acquired in the Chartreuse and Vercors ared (B#&SE and Chartreuse-Vercors 91
surveys). Some data has been partly published will®et al., 1994b and Deville, 2015. We
present also an interpretation of a composite dinthe French-Swiss border in the Jura area
which has been presented in Anna Sommaruga’s Phinferpreted section of plate 8A in
Sommaruga, 1997). The geophysical data presentdtisrstudy have been chosen where
well calibrations are available along the seisrmed in order to be able to propose reliable
structural interpretation and depth conversionddoetter definition of the structure of the
tectonic wedge, notably simply the geometry oftdqeer of the thrust wedge. Seismic data to
well data were tied using check-shots when avalail with synthetic seismograms made
from sonic and density electric logs (see suppleargmmaterial). These data were used for
time to depth conversion to draw geological craasions. As the discussion of this paper
focusses on decollement processes which occurrpref@ly in salt or clay-rich sediments,
detailed wells results deduced from cuttings hasenbpresented in figure 4 and available
electric logs have also been used to characteheerdcks specifically at and around the
decollement level. This has been done notably ¢atifiy the location and the nature of salt
units (see figures 4 and 6 where available gamragylogs are shown). Pressure
measurements issued from available drilling repbege been compiled on a selection of
wells (Table 1).

4. Interpretation of drilling and seismic data

Drilling results have demonstrated that the genglralcture of the Jura corresponds to a thin
tectonic wedge in the outer part (NW) and this weetldckens progressively toward the inner
part (SE). This is well illustrated in the seisndiata on which the tectonic wedge appears
relatively thin in the outer Jura (several hundmeeters; Fig. 3B) and thicker in the inner Jura

(> 2 km; Fig. 3C, D). The seismic data does notaxshny evidence for the involvement of the
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basement in the study area. The frontal part ofitira Mountains is characterized by mixed
compressional structures and passively transpatension structure inherited from the
rifting phase during late Eocene-Oligocene-Aquaaniimes (Michel et al. 1953; Philippe et
al., 1996). In the central Jura (Fig. 3A), two wdiave demonstrated that, at depth, around the
decollement level, the Upper Triassic is duplicaiadthe Valempoulieres area which
corresponds to a small gas field (Philippe et1#896; Fig. 3B), whereas it is missing in the
CHA-1 well (Fig. 3C). Drilling results are compdgbwith seismic data which indeed show
the duplication of the Upper Triassic where the &lppriassic sediments are overthrusted by
a complete series from the Lower Keuper salt toltirassic. The overthrusted Upper Triassic
forms a thin unit which is clearly visible on theismic data above the decollement (Fig. 3B).
Note also that disharmonic folding are common iraskic, Mid-Jurassic and Lower
Cretaceous formations and that secondary decollsmae known in the Jura Mountains,
notably in the inner Jura (high chain), at the d¢raon between the Jurassic and the
Cretaceous sequences. This transition correspands emersion period known in Western
Europe (Purbeck formation), in which marl, shalel avaporite are low resistance layers
prone to favor secondary decollement. Indeed, asodstrated by drilling data, the inner part
of the Jura (high chain) is characterized by smed#a overthrusting in the Risoux area which
is characterized by the duplication of the Juras&des (Winnock, 1961; Aubert, 1971,
Rigassi, 1977; Philippe et al., 1996; Sommarug8y/18ig. 3E).

South of the Jura, there is no available drillirrgadwithin the Chartreuse massif, only wells
located in the foreland west of the Chartreusetectfront which provide a calibration of the
seismic reflectors which are well visible in thediand (section-I', Fig. 5). These reflectors
can be followed in the seismic data toward theot@ct front. Notably, a set of about 0.1
STWT thick reflectors appears in the western pathe sectiorl-I' of figure 5 in the window
1.2 to 1.5 sTWT. These reflectors can be tied usielyjdata and seismic data (Fig. 6A). They
can be followed from the PA-1 well (in the autodribus foreland) all along the seismic
sectionl-I' of figure 5. The well calibration has shown tha¢gé reflectors correspond to
Triassic formations. This demonstrates that theskic is not involved in thrust tectonics
along the Chartreuse massif. The basal decollemetiie Chartreuse massif is thus located
above the Triassic, very probably within the bakthe Jurassic series (Lias and/or Dogger).
Within the tectonic front of the Chartreuse mag$ig integration of surface data and seismic
data is compatible with the stacking of severatamic units involving formations from the
Jurassic to the Miocene as shown in Deville ancsiS@906). The thrust faults within the

Chartreuse massif are secant on Lower Miocene sedémbut the thrust front of the
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Chartreuse massif is blind as it is covered byratsgtonic fan of Mid- to Late Miocene age
(Fig. 5A). The timing of the late throws of the ewnthrust in Chartreuse is not known
precisely but the thrust of eastern Chartreuseomected to the thrust of the front of the
Bauges massif which is known to be still activdeaist after the Serravalian (Deville et al.,
1994a; Deville and Chauviere, 2000; see abovedmg#ological framework).

The seismic line shot in the Isere valley betwdenGhartreuse and the Vercors massifs has
shown that the Mesozoic series is tectonically daptd at the structural front of this area
(sectionll-II" , Fig. 5B). Note that the structural image of theicural front is hampered in
this area due to glacial deep erosion during Qnatgr glaciations and subsequent thick
fluvial-lacustrine sedimentary deposition (> 0.5WMT in the seismic data). West of the
tectonic front, the tectonic thickening of the Mesi series is well characterized on the
seismic data and it is also associated to a stapingc thickening of the sedimentary series
(transition from the platform domain to the Pre-8pine and Subalpine domains). The
stratigraphic thickening is associated with a sadacies change characterized by a loss of
the seismic layering between the Jurassian platiordhthe Jurassic-Cretaceous formations of
the Subalpine basin. The stratigraphic thickenghgantrolled by the activity of normal faults
which were active during Mesozoic times. A modelatgersion process probably occurred
close to the Mesozoic fault system during Alpinenpoession (Polienas fault, sectibdl’ ,

Fig. 5B). Below the reflector assigned to the T8iasthe Pre-Triassic basement does not
show continuous reflectors except in the centraharhere some layered reflectors would
probably correspond to sedimentary formations (giotd Carboniferous-Permian basin).

The structure of the Vercors tectonic front is migad as an en-echelons fault and fold
system [lI-1II’, Fig. 5C). The seismic data tied to well results akihare available in the
Vercors area shows that the Late-Eocene to Aqaiteektension structures of the Valence
Basin (west European rift system) have been deforimeg the Miocene to recent time
processes of thrust tectonics related to the pmpayg of the Alpine front. Pre-existing
Eocene to Aquitanian normal faults have been pabsidisplaced above the basal
decollement of the Vercors thrust system and tlhete®@ grabens or half-grabens are today
incorporated within the core of ramp anticlinesniorg transported inversion structures
(Deville et al., 1994b; sectidhi-III’, Fig. 5C). Such structures are similar in the Shattier
and the Saint-Nazaire anticlines which suggestttivasst faults have been initiated along the
lower parts of the pre-existing normal faults. Wedita have shown that the decollement is
localized within Lias-Dogger formations (Fig. 6@s it is the case for the Chartreuse area

(see above), the Triassic is not involved in thtastonics in the Vercors massif. Notably, the
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anhydrite layers which are present within the Hiasre not hosting the decollement and
they do not show evidence of important deformatiig. 5 and 6). The thrust faults within
the Vercors massif are secant on Lower Miocenavszulis but the frontal thrusts in the Saint-
Lattier, in Saint-Nazaire and in Pont-en-Royansagarare blind as they are covered by syn-
tectonic sediments (piggy-back basin) of Mid- tad_Miocene age (sectidi-1lI’, Fig. 5C).
The timing of the late throws of the inner thrust¥/ercors is not known.

5. Discussion

Decollement processes in evaporites: halite veasisg/drite

The structural study of the geophysical data anill deta (final drilling reports supported by
cutting and electric logs analysis) has shown tiiatbasal decollement of the thrust wedge of
the Jura Mountains is located in halite-bearingsu(frig. 4). Indeed, the decollement in the
Jura Mountains is localized within two distinct peate units which contain halite: (1) the
Early Keuper (Carnian) and (2) the Mid-Muschelk@Maisian) halite-bearing units (Fig. 4).
In previously published works or during this studypwhere it has been possible to
characterize decollement processes in the Jura tdimsnin anhydrite which is not associated
to halite. The most intense deformation processkgtije shearing) which have been
characterized in anhydrite of the Jura were foumdanhydrite layers interbedded with
dolomite layers located directly above thick layefshalite (Jordan and Nuesch, 1989a;
Jordan et al., 1990; Jordan, 1992). Massive anteydgaring units which are not associated
to halite are not affected by long distance deoudlet tectonics. Indeed, Notably, the thick
Late Keuper (Norian) anhydrite-claystone unit h&a®ven no evidence for decollement
activity: It has been passively transported andlddl without evidence for significant
detachment processes or even significant changi@abkiness like other non-evaporite layers
(Fig. 4A and B). Similarly, the anhydrite layers ialin are locally present in Triassic
formations south of the Jura Mountains (in the Ya&basin or in the front of the Subalpine
chains) show no evidence for decollement (Fig. & @ These observations are consistent
with the fact that mechanical experiments have detnated that anhydrite-halite viscosity
ratio is very high (>8) especially at temperatumser than 120°C (Ross and Bauer, 1992,
Jordan, 1992), which is the case for temperaturasorements made while drilling in the
study area and which was very probably the casmgléectonic shortening in the Jura. As

such, halite is indeed much more favorable for Heewnt processes than anhydrite. In the
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study area, as well as in other parts of the &ea (otably Jordan and Nuesch, 1989b), halite
layers being closely interbedded with shale, thelliement is localized along planar zones of
deformation within the halite-bearing units. As deeld from the drilling results, these zones
of deformation are probably thinner than 20 to 30Tms is in agreement with the analysis of
the seismic data, where the thickness of thesematmn zones appears to be less than one
or two seismic phases. The halite-bearing uniteatshow evidence for massive processes of
viscous deformation like diapirism (no piercing paof salt, only salt pillow and salt-cored
anticlines). The area where halite has been mekiilthe most corresponds to the salt pillow
around the TLN-1 and LAV-1 wells (Philippe et d996; Sommaruga, 1997; Fig. 3 and 4).
No piercing salt diapir is known in the Jura Mounsa

Decollement processes in shale and marly shalévefiuids and passive fluids

The basal friction at the base of FTB is contrgllthe structures generated within the tectonic
wedges (King-Hubbert, 1951). The mechanical equiiib of a subaerial thrust system is
accomplished when the sum of the forces forming |t of the wedge and the shear
strength at the base of the wedge compensate dtwie force. The basal decollement of a
tectonic wedge must be weaker than the materidlinvithe wedge in order for sliding to
occur at the base. The simplified critical tapawaepn which describes the geometry of a thin

tectonic wedge can be written as (derived fidahlen, 1990

(1-p/p)B + 16(1-1v)
a+f =

1-o/p)+W
with a = wedge taper (in radiang},= dip of the decollement (in radiang)andp: are the

densities of the rocks arildiids, respectively, within the wedgs, = coefficient of friction of
the basal decollement, W= internal strength ofwleelge material\p = Ru/ov with Py = fluid
pressure at the decollement lexal = vertical stress.

When decollements are located in ductile layergd$l do not have a specific role for the
activity of the decollements except if the dehyiratof gypsum into anhydrite during burial
or tectonic processes induces overpressure. Ootkiee hand, in absence of evaporites, the
fluids play a very crucial role (Hubbert and Rubé&®59; Chapple, 1978; Byerlee, 1978;
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Daviset al.,1983; Dahlen et al., 1984; Dahlen, 1990; Cobbobkl.e2000). In the case study,
in a first approximation, the internal strengthtbé wedge can be considered as globally
equivalent all along the study area but drasticagka occur concerning the shear strength at
the base of the wedge due to very low coefficidnfriotion of halite-bearing units when
present and to fluid pressure condition when habteabsent. As mentioned above, the
decollement of the Alpine front, in the Jura aiedpcalized within the Triassic halite-bearing
units (mainly in the Early Keuper and locally irethlid-Muschelkalk; Fig. 4).

pb of halite is classically considered to be veny lnd wedges above thick salt decollement
are considered to hawet values of about 1° (Davis et al., 1983; Dahler@9This is the
case for instance of the Angolan gravity systemdgtuand Jackson, 2004), of the Nova
Scotia gravity system (Deptuck, 2009), or elseGléf of Mexico gravity system (Peel et al.,
1995; Trudgill et al., 1999). Similar angle is obh&s in the Zagros FTB which is also
detached above thick salt layers (Verges et al.1p0n the case studied here, the presence of
clay-bearing material interbedded with halite (aafemed notably with gamma-ray results;
Fig. 4) tends obviously to increagb and the shape of the wedge is actually tendingic

an angle between 3 and 4° in the Jura Mountains.

In absence of halitgyb remains high and it is the fluid pressure whiatofts low friction at
the decollement akb increases. In the case studied harg is comprised between 12 and
13° in Chartreuse and Vercors (Fig. 9), which iaralteristic of high basal friction wedges
detached in overpressured shale-rich layers (Devas, 1983; see below).

Fluid pressure condition in aerial systems caniio@ly characterized by the following ratio,

P

Pus g (z-h)

With P = fluid pressure at a depth z below soil surfgge fluid density within the sediments,
g gravitational acceleration, and h the depth eftdp of the hydrosphere below surface. If R
= 1 fluids can be regarded as being in hydrostatinditions, if R > 1 fluids are in
overpressure conditions. The excess of pressustvédrydrostatic condition is given By —
pPus § z Because all these parameters can be measure® th&o is providing a better
estimate of the fluid pressure conditions then= Bu/ov becauseo, cannot be easily

measured directly (just estimated).
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In the Jura thrust wedge, pressure measurements fewealed no fluid overpressure
conditions but, on the contrary, there are condgiof underpressure when referring to depth
below surface (Fig. 7A). The fluid pressure regiméhe formations located below the basal
halite-bearing decollement and those located abowdotally disconnected (Fig. 7; Table 1).
In the geological formations located below the dlecgent, in the halite-bearing uniisg. in

the Buntsandstein (Early Triassic) and the Musdiklk (Mid-Triassic), pressure
measurements are actually compatible with hydrestatndition of fluid pressure (R ratio
~1) with a linear fluid pressure gradiard@rsusdepth of 10.6 KPa/m and an equilibrium level
with atmosphere at 250 m of elevation above seal levhich is equivalent to the average
altitude of the Jura tectonic front (Fig. 8). Th@responds to normal hydrostatic condition of
salted water with an average density of 1.07 §/amhich is consistent with the available
salinity measurements of formation water below lhea decollement which exhibit values
reaching 304 g/l with an average value of 120 sgke(table S1 in supplementary material).
Obviously, there are therefore connections betweersalt Triassic aquifers and atmosphere.
Above the halite-bearing units, the pressuresraequilibrium at variable levels (depending
on local hydrodynamic conditions) without corresgioig to overpressure (Fig. 7). This
compartmentalization between aquifers located bedmd above the salt decollement is
locally responsible for inverse pressure gradientgably on the CHA-1 well (Fig. 7). As,
overall, no overpressure can be characterized enJtira area, fluids can be regarded as
passive and ineffective for the activity of the &adecollement.

In the southern part of the study area, in the Madebasin and in the front of the Subalpine
chains, overpressure conditions have been chameddrelow a fluid retention depth of 1000
m within the Mesozoic series (Fig. 7). Possibly dwerpressure generation was associated
with hydrocarbon generation which occurred at @@es time as thrust tectonics in the front
of the Chartreuse and Vercors massifs (Deville @aslsi, 2006). The overpressure is high in
the Vercors tectonic front (cf. well SL-2). In thaase, fluids clearly play a crucial role for the
activity of the decollement. Indeed, south of theaJMountains, the basal decollement of the
Subalpine chains is not localized within evaporgedimentary systems but in shale and
marly sediments of Lias-Dogger age (Fig. 5), pedgisn the levels where the highest
pressures were measured (Fig. 6). Therefore, weidemthat, in this case, the decollement is
controlled by high overpressure in clay-rich seditseinstead of being controlled by the
presence of halite like in the Jura.

Control of heritage on the nature of the decollemen
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Data analysis suggests a major role played by isteiblition and nature of the evaporites
related to the Triassic paleogeographic heritagberstructure of the orogenic front and also
by the role of fluids during deformation. Indeedl,is possible to characterize different
deformation processes controlled by the initial epgkeography. For the same global
shortening recorded within the Alpine front (rouglkbrresponding to the shortening related
to the crustal thrust of the ECM.e. between 30 and 35 km; see above), very different
deformation processes occurred depending of thiereift paleogeographic areas of the
foreland. The role of the inheritance related ® tlature of the decollement levels has been
suggested several times (Deville et al., 1994b52@hilippe et al., 1996). It is possible to
highlight the role of the coefficient of basal fran (u) of the detachment level which is
particularly well illustrated if we compare, foraxple, the structure of the Jura (domain with
low basal friction coefficient linked to the preserof Triassic halite) and the structure of the
external Chartreuse (area with high basal frictidtmout the presence of Triassic halite) (Fig.
2). Indeed, in these two areas, the Alpine defaonaaffected very similar sedimentary
series, except the nature of the decollement Iéveinly Jurassic platform series) and,
however, they are showing very different structdealtures (Fig. 8), notably concerning the
general shape of the tectonic wedges. The ValermsenBand Subalpine chains have been
affected by a strong late uplift which was charazésl in the eastern Valence Basin by the
fact that marine Miocene sediments have been agliit least up to a present-day elevation
of 952 m. These sediments are preserved on topeoptesent-day erosional surface which
includes creeks and valleys which have locally lamaion lower than 190 m and line of Fig.
5B shows that locally erosion incised down to nitwn 0.5 sSTWT below surface (so several
hundred of meters below surface, meaning actualtally below sea level). The uplift is
probably related to important erosion processeshvhaifected the core of the Alps during
Late Miocene to Quaternary times (notably assodiate Messinian sea level drop in the
Mediterranean Sea and to Quaternary glacial peaod)which is responsible for important
isostatic re-equilibrium processes at lithosphegale due to unloading related to erosion.
Consideringa the average slope of the topography of the tectameidge an@ the slope of
the decollement (see abova)was lower an@ was higher during thrust tectonics because of
the tilt associated with the uplift. Therefore, 4dbeangles cannot be used directly as
geomechanical parameters to constraint the friciotme base of the wedge. However, it can
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be considered that the sumt3 forming the global angle of the wedge (tapgas similar
during thrust tectonics or slightly higher becaakerosion after thrust tectonics.

If we simply consider today’s angle of the tectonredge of the Jura massif, it corresponds to
a thin tectonic prism whewet3 is comprised between 3 and 4° (Davis and EngéR85;
Mugnier and Vialon, 1986; Philippe et al., 1996hisTlow angle corresponds to the fact that
the very low basal friction of the halite decollemhe the Jura made possible to propagate the
stresses to the Jura tectonic front very far adtosg$oreland forming a very thin almost ideal
Mohr-Coulomb prism with low friction at the baseddmigh strength of the wedge (Philippe et
al., 1996; van Hagke et al., 2014). Wedges wloog@ value is lower than 4° are indeed
characteristic of decollement in halite layers ldadtaic gravity system detached above salt
layer (see above).

The Chartreuse massif exhibits a characteristickst& thrust sheets (‘imbricated fan')
constituting a thick wedge with an angle3 between 12 and 13° and with a very strong
internal shortening (Fig. 8), of which the corojlas a moderate westward propagation of the
Alpine front with respect to the ECM indenter (488) compared to the Jura > 120 km or the
Vercors (> 50km; Fig. 2). This is linked to thetféltat the decollement is no longer located in
halite layers and, therefore, the friction at tlesd of the prism is higher than in the Jura
where the base of the prism tends to be viscous. drigle was probably even higher at the
time of the thrust propagation (Miocene) becausespaf the tectonic wedge have been
eroded since that time.

The Vercors massif is characterized by wedge geymeth an anglea+3 between 12 and
13° very similar to the Chartreuse wedge angle.(&8). This suggests similar basal friction
conditions in these two areas (the lithology indide wedge being very similar in these two
massifs).

Tapers higher than 4° are common in the fronts cafredionary prisms, FTB or gravity
systems which are detached in overpressured sbels (Dahlen et al., 1983; Suppe, 2007;
Tuitt et al., 2012; Morley et al., 2011; Yue andpfe, 2014; Yang et al., 2016). High taper
values, like those of the Chartreuse and Vercorssifsa are in the range of tectonic wedges
like the Barbados accretionary prism (8°; Casey-Maet al., 1988), the Sabah prism (10°;
Hall and Wilson, 2000), the Makran accretionaryspri (10°; Ellouz et al., 2007), the
Hikurangi accretionary prism in New-Zealand (10°prdy et al., 2010), or FTB like the
Papua-New Guinea thrust system (12°; Hill et &891), the Peruvian Sub-Andean thrust
system (10°; Baby et al., 2018), or else the clemdih system in NE Mexico (12°, Deville et
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al., 2020). Such high taper tectonic wedges arecesed with high pressure conditions in
overpressured shale at the decollement level ¢tosatural hydraulic fracturing conditions as
shown by pressure measurements coupled with nuahenmodeling in the Barbados
accretionary prism (Deville et al. 2010) or the PayNew Guinea FTB (Callot et al., 2020).
This interpretation is also consistent with thedsgtwof fluid inclusions in FTB like the
cordilleran system in NE Mexico (Deville et al.,2x).

Indeed, in the Vercors massif, drilling results dind interpretation of seismic data show that
the basal decollement is not located within haddgering Triassic layers, like it is the case in
the Jura, but instead it is located within Lias-Deg marly shale for which pressure
measurements have shown that they were still gl@adrpressured during drilling in 1959 at
well SL-2 (R ratio reaching values above 1.62 depth of 1708 m; Table 1; Fig. 7). These
high pressure values measured around the decoltdeesh in the Vercors tectonic front, in
the well SL-2, are approaching potential domains nattural hydraulic fracturing in
compressive contexte. potential minimum stress valuess). Indeed, this can be deduced,
for instance, if we estimate the minimum stressPa)versusdepth (in m) by the following
empirical relationship deduced from a worldwidedstwf the transition between maximum
pressure and minimum leak off pressure in actiotec areas of sedimentary basins
(Grauls, 1999; Fig. 7),

o5 = 0.0055 (z — H)

with n between 1.17 and 1.176 in thrust fault contextvben 1.156 and 1.162 in strike-fault
fault context, between 1.141 and 1.147 in normaltfeontext. This suggests that pressure
values around the decollement in the Subalpinenshaie indeed close to hydraulic fracturing
conditions (Fig. 7).

Also, the influence of the thickness of the semethe deformation mechanisms is illustrated
if we compare the structure of the Alpine frontlre Chartreuse and Vercors areas. Between
these two massifs, the change of thickness in ¢dérgentary series is at the origin of the
structural differences of the alpine front (higipeopagation of the deformation front towards
the foreland in the Vercors, linked to thicker ssriand development of en-echelons folds;
Philippe et al., 1998).

Finally, the example of the tectonic front of thestern Alps illustrates how deformation of
FTB is influenced by heritage prior to the compressdeformations. In particular, this
example highlights how a single phenomenon (thevatein of a crustal thrusting in the
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ECM) can induce complex and various structurehénsedimentary cover which are largely

controlled by the nature of the decollement layerd the thickness of the sediments.

6. Conclusion

This study has shown how the initial contrasts Whi@re pre-existing before thrust tectonics
at the base of the Mesozoic series have contrdled drastic differences which have
developed within the FTB of the Alpine foreland idgr Miocene to recent late collision
stages. The presence of two Triassic halite lagendgrolled the position of the decollement
beneath the Jura (Mid-Muschelkalk and Early Keup€gen in the areas where anhydrite-
bearing sedimentary units are thick (notably théeli&euper anhydrite-bearing unit), they
have minor efficiency in terms of decollement pssas and they remain poorly deformed
with relatively constant thickness. The alternatasivity of two halite decollement levels in
the Jura favored the very large north-westward @ggagon of the tectonic front in the Jura
area. Changes of position of the decollement frol-Miassic to Late Triassic halite layers
linked with thrust tectonics involving former extgon structures are responsible locally for
tectonic subtraction during the Miocene compressivent. South of the Jura, in Chartreuse
and Vercors, the interpretation of the seismic well data has shown that the decollement is
located above the Triassic formations. This is tast with the fact that there is no massive
halite in these areas (the only evaporites beimgKleuper anhydrite-bearing levels which are
closely interbedded with clay-rich material). THere, the absence of halite is responsible for
a shift of the decollement level from the Triassiclura to Lias-Dogger overpressured shale
and marl in the Subalpine chains. The paleogeograpbundary form a halite-bearing
domain to a domain with no halite had an essemntfalence during the Alpine deformation
because it separated a northern area with a latioini decollement level from a southern area
with a high basal friction decollement. Such ariptetation is consistent with the available
pressure measurements. In the Jura area, fluideaadreverpressured (neither in the thrust
wedge nor below the decollement), whereas fluigscearly overpressured at depth at the
front of the Chartreuse and Vercors massifs (eitihéhe immediate foreland of the FTB or
within the frontal structures of the FTB). In therd, the low basal friction decollement is
directly related to the presence of the ductilet@édhyers in the Triassic. Fluids are not
contributing to the decollement process. WhereasChartreuse and Vercors, the pressure
conditions contribute to induce a decollement withias-Dogger shale and marls. This is

also consistent with the critical taper in the eliént parts of the front of the Western Alps.
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The thrust wedge of the Jura has a taper closé twh&h is common in salt decollement,
whereas it is around 12° in Chartreuse and Veratiish is characteristic of higher friction
conditions. These characteristics explain also wigyAlpine foreland fold-and-thrust belt is
much narrower in Chartreuse than what it is nortidwa the Jura where the Alpine tectonic
front has propagated much more within the forel@fid. 2). In the southernmost part of the
study area, the increasing thickness of the Mesozeries has favored the westward
propagation and the en-echelon geometry of thenectront of the Vercors massif. Finally,
seismic data has revealed the presence of sevemalthbrusts which have been active during
Miocene syntectonic sedimentation (Burdigalian-Uaag-Serravalian shallow marine

deposits) at the tectonic front of the Chartreusik\éercors Subalpine massifs.
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Figure 1. A. Location of the study area and location of theokpheric transect along the
ECORS-CROP deep seismic profile presented in FBy(RG: Rhine graben, BB: Bresse
Basin; VB: Valence Basin)B. Large scale structure of the Western Alps basedhen
compilation of studies of vertical and wide angdésmic reflection, and on tomographic study
of the P-Waves velocity. Line drawing modified frdweville (2015). Structural interpretation
modified from the interpretation Deville, Fudrahduvennot, Tardy published in Tardy et al.
(1990). Wide angle reflection P-waves data are flmouvenot et al. (1990). The mantle
structure is deduced from a tomographic study efRhwaves velocity from Lippitsch et al.
(2003) (projection along the ECORS-CROP profile)ABL lithosphere-asthenosphere

boundary. CIl: lower Ivrea mantle body, CIP: Mawnda mantle body.
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Figure 3. Seismic profiles in central Jura.

A. Structural sketch-map with location of the setstimes (A-A’: location of the Jura cross-
section presented in Fig. 8).

B. Seismic line illustrating the duplication of thadviTriassic in the Valempoulieres area.

C. Seismic line illustrating the substraction of Mel-Triassic in the Essavilly area.

D. Seismic line illustrating the pop-up structurdlod Chatelblanc area.

E. Seismic composite line illustrating the duplicatiohthe Mesozoic series in the eastern

high chain of the Jura.
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Late-Muschelkalk-Lettenkohle, EKH: Early Keuperitetbearing unit, MLK: Mid- to Late

Keuper including Late Keuper anhydrite-bearing imibrown, L: Lias, DM: Dogger-Malm.
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Figure 5. Seismic profiles acquired at the front of the Clearse and Vercors massifs.

A. Seismic line in the front of the Chartreuse massif.

B. Seismic line at the northern edge of the Vercorsgiha

C. Seismic line in the Valence basin and the frorthefVercors massif.

D. Structural sketch and location of the seismic lines
Note the spectacular stack of tectonic units inGhartreuse massif. Note also the important
Quaternary infill to the north-west of the Vercorspnsequence of a strong glacial
overcrowding.
1: Pre-Triassic basement; 2. Carboniferous-Perrbasins; 3. Mesozoic series ; 4. Eocene-
Aquitanian syn-rift series ; 5. Miocene-Pliocengese
Ra: Ratz thrust; E: Les Echelles thrust; DG: Edgax-Guiers thrust; Eg : Les Egaux thrust;
O : Outheran thrust; EC : Eastern Chartreuse thisis: Saint-Lattier thrust; SN: Saint-
Nazaire thrust; PR: Pont-en-Royans thrust; P: Ra$iethrust; R: Rencurel thrust; R:

Rencurelthrust; M: Moucherotte thrust.
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Figure 6. Information about the base of the Mesozoic serfesiged by wells drilled in the
Valence BasinA. Base of well PA-1B. Base of well BR-1C. Subsurface data in the area of
Saint-Lattier. C1: seismic profile of the Saintliat area; C2: Base of the well SL-1; C3:

Base of the well SL-2 (detailed well data availadtieww.infoterre.brgm.fy.
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Figure 7. A. Pressure measuremeneysusdepth below surface within the Jura Mountains,
Valence basin and Vercors thrust front. Global deenf minimum stress deduced from the
transition between maximum pressure measuremedtmanmum leak off pressure in active
tectonic areas are represented for normal faultesbn(yellow), strike-slip fault context
(orange) and thrust fault context (pink), worldwidempilation from Grauls (1999). Fluids
are underpressured in the Jura Mountains, wheleasetach elevated overpressure in the
Subalpine front in the condition of thrusting anécdllement tectonicsB. Pressure
measurementgersusmean sea level within the Jura Mountains. Therveses located below
the Jura decollement are regarded as being in &tatio condition (water column density
1.07 g/cni) with an equilibrium level with atmosphere at 2%0of elevation (R= 0.995).
Reverse pressure gradient is seen in the innebé&imaeen the fluids located above and below
the decollementC. Pressure measuremenersusmean sea level within the Valence basin

and Subalpine thrust front (Vercors).
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Figure 8. A. Comparison of the structure of the Alpine frontvbetn the Jura Mountains, the
Chartreuse massif and the Vercors massif (secbassed on the interpretation of available
seismic data; location of the sections in Fig.NWte that the Triassic along the Chartreuse
section is very thin at the scale of the sectionl(ided within the orange lineJhe low angle
wedge of the Jura Mountains is due to halite-begatinits at the basal decollement level
(cross-section modified from Deville, 2015). Thethiangle wedges of the Chartreuse and
Vercors massifs is linked to the absence of halitd a less efficient decollement level
associated with high pressure conditions (Crossesec modified from Deville and Sassi,
2006). Note that the locations these straight esessions are not fitting exactly the locations
of seismic lines shown in 3 and B. Comparison of the tapers between the Jura, Chadre

and Vercors massifs.
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Well acronym Longitude ['E) Latiitude ['N) Elevation [m) IF: age  epth below surface 1 Depih bsl [m) Pressure [MPa)

JURA
THv=1 ER- g ) 46.30TETEIT TO2.8 Lettenkohle 520 B =] 166
Mid-Muschelcall: 6501 527 302
Burits srdstein o0z 7 2939 5.86
EO-11 SEITES 46664751 535 Lemenkokle 660 L] 461
BD-105 5618421 46 BB45963 Az Lettenkakie 634 152 6.08
ET1 6.0034513 47 0074EEE 524 Burtsandstein 1230 T08 0.1
WAL 5.8752561 468174 53 Lettenkchle [upper unit] a7 214 6.38
Lettenkahie llower urs) oSz 433 1]
Burassndstein 1253 60D 343
VaL-3 58515241 4 B0E520Z 633 Lenerkohle [upper unit) s} e 547
Lettenkohle llower urit) 045 412 6.52
ESSA-101 E0TEIITES 46.To648488 T80 Hentangian 13245 5345 1262
Early Muschelcalk |Ns 025 =mn
CHA-1 10703218 4667872072 0216 Late Muschellal 2249 12274 1759
Late Muschellal 2230 12684 B2
Late Mhechelkal 2340 24 w2
Late Muschelcalk 2343 15274 1858
Earhy Muschellsk 2442 M4 B3I
Burtsandstein 2450 MiE4 1768
BLu-1 SBE154974 4659047377 80326 Late Mheschelkal 642 asy 21
Late Muschelcalk 16455 B4z 2 1213
Earhy Mhuschell sk BT B7sT 1283
Burts andstein s 5682 1534
Buraz andimen wHs gazz 1343
Buraz andstein BliT.e 045 1353
Burtsandsien |ns a2 1362
Buris srdstein BZZS o2 1373
CvT-1 5.5519854 460435148 a10.84 Burnsandsten 138 505.2 T.82
Bursandstein 1327 5E.% ES: 1
Basemern 1= S40.% Tia4

WALENCE BASIN - SUBALPINE CHAINS

Pa-1 554105476 454433155 43 Triassic 20875 1445 2129
Basemern Inas BIES g e |
ER-1 5 ENST248 45 34663088 35 LateLias 1605 1240 BS
Triazsic 1803 442 0.
Top basemenit 8 HWED 206
5L-1 S TMETEZE 4508733306 'Y Oligocens 468 284.3 343
Malm 120 h nw
SL-2 SITI83343 45.04842731 202 IMalm TIBE 364 T
Desgger T =05 ZT.TE
Dogger 708 1506 Z8.08
Rihetian 31 217 33
Triazsic 2350 M8 38,086

Table 1. Pressure measurements
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