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Abstract

The balancing technique, called 2D kinematic forward modelling, is a powerful tool to understand the kinematic
evolution of fold-and-thrust belts. This study presents a new 2D kinematic forward model for the westernmost Inter-
nal Jura fold-and-thrust belt (FTB), situated immediately adjacent to the Geneva Basin. The technique used not only
provides a new valid balanced cross-section but also offers new insights regarding the kinematic evolution of the
Western Internal Jura FTB. Our model proposes a pure thin-skinned style dominated by forward stepping deformation
accompanied by minor back-stepping thrust sequences. A first deformation step is attributed to the thrusting of the
Crét de la Neige Anticline, followed by the Crét Chalam Thrust and its imbrications. This is followed by thrusting along
the Tacon and the Bienne thrusts. Imbricate fault-bend folding explains the steep southern limb of the Crét de la
Neige and the Bellecombe anticlines. 2D kinematic forward modelling yields a total amount of shortening by 23.6 km
for the Western Internal Jura FTB. In addition to the primary décollement located at the base of the Keuper Group
evaporites, three other décollements are found within the marly layers of the Aalenian “facies de transition” units, the
Oxfordian “Couches d'Effingen-Geissberg” members and the Berriasian Goldberg formation. The multiple thrust hori-
zon approach is supported by new precise seismic interpretations. Our model provides a valid alternative to previous
models that either propose local thickening of the Triassic evaporites or inversion of normal faults in the basement.
This fully explains the elevated position of the Mesozoic cover in the Jura FTB.

Keywords Fold-and-thrust belt, Western Internal Jura, Balanced cross-section, 2D kinematic forward model,
Kinematics, Geneva Basin, Thin-skinned tectonics, Shortening

1 Introduction fault-related folding. These studies are based on assum-

Studies using retrodeformation methods in the Jura fold-
and-thrust belt (FTB) report shortening values up to
some 30 km (Laubscher, 1965; Philippe, 1995; Affolter
& Gratier, 2004), mostly achieved by thrusting and
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ing the presence of a main basal décollement horizon
where all thrusts root, and on proposing a general for-
ward propagating sequence from the internal parts
towards the frontal parts. Beyond this type of geometric
approach, unravelling the kinematic evolution of fold-
and-thrust belts is significant to understand the geody-
namic of orogenic wedges (Pfiffner, 2017; Poblet & Lisle,
2011). A particular balancing technique referred to as 2D
kinematic forward modelling is a powerful tool to assess
the sequence of deformation of fold-and-thrust belts.
Moreover, this method reveals the geometries of the geo-
logical features for each deformation step. Recently, 2D
kinematic forward models have challenged traditional

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s00015-023-00435-2&domain=pdf
http://orcid.org/0000-0002-9333-6392

10 Page 2 of 29

views in several regions in the Swiss parts of the Jura
FTB (Schori et al., 2015; Nussbaum et al., 2017; Rime
et al,, 2019; Schori, 2021). These models have shown
very different sequential developments between different
areas and also highlighted the importance of secondary
detachment levels. Forward stepping, as well as back-
ward stepping propagation of thrust-related folding can
be observed, sometimes in an oscillating sequence. The
highly deformed Internal Jura FTB north of the Geneva
Basin addressed by this study, offers an ideal setting to
assess the kinematic evolution using the 2D kinematic
forward modelling. Detailed tectonic observation, com-
bined with subsurface data, provide unprecedented
structural control on proposed models. In addition,
geothermal prospection in the canton of Geneva (Swit-
zerland) promoted and attracted new multidisciplinary
research projects (Moscariello et al., 2020). Studies about
the structural geology of the Geneva Basin focus on 2D
seismic interpretations (Allenbach et al., 2017; Carrier
et al.,, 2020; Clerc & Moscariello, 2020; Clerc, 2022; Hau-
vette et al., 2021), on fluid and fracture characterization
(Cardello et al.,, 2020; Do Couto et al., 2021; Guglielmetti
et al., 2022), on the stress field (Borderie et al., 2022), and
seismicity (Antunes et al., 2020). All these efforts provide
a wealth of information that allows for a re-assessment of
the structural geology of that part of the Jura FTB that is
immediately adjacent to the Geneva Basin.

The 2D kinematic forward model, proposed in this
study, starts from the Geneva Basin in the SE and reaches
the Bienne Valley (France), in the westernmost Inter-
nal Jura FTB, to the NW (Fig. 1a, b). A compilation of
existing stratigraphic works, new harmonised geologi-
cal maps, and a new tectonic map paying special atten-
tion on structural/kinematic links, all helped to construct
the shallow structures of the 2D modelled cross-section.
The deep structures have been constrained in the Geneva
Basin and in the Western Internal Jura FTB by seismic
lines converted to depth with a new velocity model. This
combination made it possible to elaborate a 2D kinematic
forward modelling approach. This modelling allows us to
present new insight into the relative timing of the fore-
land deformation and thrust and fold development of the
Western Internal Jura FTB (France).

2 Regional geology and tectonics

The north-western Alpine foreland includes two
domains. Both domains possess a different structural
style and are separated by an erosive boundary in map
view: the detached Molasse Basin to the south and the
strongly deformed Jura fold-and-thrust belt (FTB) to
the north (Fig. 1a—c). The Jura FTB itself, can be subdi-
vided into two distinct tectonic domains: the southwest-
ern Internal Jura characterised by intense thrusting and
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folding, and the more north-westerly located External
Jura, further subdivided into Plateaux zones with flat
lying strata and Faisceaux zones, i.e. narrow zones of
localised deformation (thrusting, folding and normal
faulting) (Fig. 1a and c).

This study focuses on the western Internal Jura FTB
at the north-western edge of the Geneva Basin, includ-
ing large areas located in the departments of Ain and Jura
within France. The Geneva Basin is part of the western-
most Molasse Basin (Fig. 1b). It is bordered to the west
by the NW-SE trending Vuache strike-slip Fault includ-
ing the Vuache mountain ridge, and in the south-east
by the NE-SW trending Mont Saléve ridge formed by a
major ramp anticline (Fig. 2). From south-east to north-
west, the cross-section presented hereafter crosses the
summits of the Crét de la Neige, the highest mountain of
the Jura FTB with its 1720 m a.s.l,, the Valserine Valley,
the Crét au Merle Mount, the Pesse Valley, and finally the
Bienne River (Fig. 2). The average elevation of the Geneva
Basin is around 500 m a.s.l., whereas in the Jura FTB the
anticlines have elevations between 1400 and 1720 m a.s.l.,
and the synclines, such as the Pesse Syncline investigated
here, at around 1200 m a.s.l.. This important differen-
tial topographic build-up implies substantial tectonic
thickening.

2.1 Stratigraphy

A uniform stratigraphic succession for neighbour-
ing regions (France and Switzerland) and the Geneva
Basin is proposed in a new stratigraphic chart (Fig. 3).
This homogenised chart summarises the compilation
of regional stratigraphic works (Guillaume et al.,, 1972;
Donzeau et al., 1997; Brentini, 2018; Charollais et al.,
2006, 2007; Egal, 2007; Nagel, 2007; Rusillon, 2017;
BRGM, 2020; Schori, 2021 and references therein).

In the study area, the sedimentary cover lies on top of a
Pre-Mesozoic basement composed of plutonic and met-
amorphic rocks as well as Permian and Carboniferous
continental sediments frequently found in graben sys-
tems. The oldest units of the Mesozoic sedimentary stack
are of Triassic age. They were formed in a continental and
restricted marine environment transgressing the Post-
Variscan peneplain. The oldest Triassic Buntsandstein
Group (or “Gres Bigarrés” in the study area) is composed
of red coarse sandstones and conglomerates (Rusillon,
2017; Brentini, 2018). The thickness of the Buntsand-
stein Group is 15 m (Rusillon, 2017; Sommaruga et al.,
2017). The overlying Muschelkalk Group is composed of
limestones and marls separated by evaporites and dolo-
mite layers (Anhydritgruppe). The average thickness of
the Muschelkalk Group, including the Lettenkohle units
(Jordan, 2016), is 135 m (Rusillon, 2017; Brentini, 2018).
The uppermost Keuper Group unit shows a thickness
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Fig.1  Overview map of the Northern Alpine Foreland Basin (a) by Schori (2021) located in France and Switzerland (b). The tectonic units of the

detached Northern Alpine Foreland Basin (NAFB) consists of the Swiss Molasse Basin (Plateau and Subalpine Molasses), the Jura Fold-and-Thrust
Belt (FTB), The Ferrette Zone (FZ) and, the Vorfaltenzone (VZ). The tectonic units are fault bounded by thrusts and main faults except for the erosive
boundary between the Plateau Molasse and the Internal Jura. The Autochtonous Northern Alpine Foreland (NAF) consists of: the La Serre Horst
(LSH), Tle Crémieu (IC), the Massif Central, the Bresse Graben, the Haute-Saéne Plateau, the Upper Rhine Graben, the Vosges Massif, and the Black
Forest Massif. the Prealpine Klippen, the Subalpine, Helvetic and Ultrahelvetic nappes, and the External Crystalline Massifs (ECM) including the
Belledonne Massif (BE), the Mont-Blanc Massif (MB), the Aiguilles Rouges Massifs (AR), the Aar Massif (AM) and the Gotthard Massif (GM) comprise
the External Alps. The study area zoomed in Fig. 2, includes the Geneva Basin and the Internal Jura. The Western Alpine transect (c) modified after
Deville and Sassi (2006) and Schori (2021) represents the tectonic units in section view. CN. Crét de la Neige summit, G.F. Gros-Foug ridge
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of some 300 m, and contains the “Argiles a Esthéries”
and the “Grés Blonds” members (Rusillon, 2017; Bren-
tini, 2018). The Liassic units record a marine transgres-
sion, starting with a sandy limestone (member name:
“Calcaires gréseux a Chlamys”) overlain by a competent
limestone (“Calcaire a Gryphées” member), and marly
and argillaceous limestones (“Calcaire argileux a cassure
conchoidale”, “Marnes calcaires a belemnite”, “Marnes a
Amalthées’, “Marnes noires a nodule” members) (Rusil-
lon, 2017; Brentini, 2018). The uppermost Liassic units
present a succession of limestones and marls (“Dalle
échinodermique ferrugineuse”, “Schistes Cartons’, “Alter-
nances micacées a bancs durs” members) (Donzeau et al.,
1997; Rusillon, 2017; Brentini, 2018). The average thick-
ness of the Liassic units is 170 m (Donzeau et al., 1997).
The first Dogger unit is the 185 m thick Passwang For-
mation, which corresponds to the members referred to
as “Faciés de transition” to the “Alternances supérieures
de calcaires et marnes” The Passwang Formation is made
of sandy limestones and limestones with marly alterna-
tions (Rusillon, 2017; Brentini, 2018). The overlying
“Calcaires Terreux” and “Calcaires d’Arnans” members,
representing the Klingnau Formation and the Ifenthal
Formation, respectively, according to Rusillon (2017) and
Brentini (2018), together form a 100 m thick unit. The
Upper Jurassic series, mainly composed of limestone,
indicate a change in the depositional environment, from
deep marine to carbonate platform conditions. From the
base to the top, these series are the 330 m thick Villigen-
Wildegg Formation, the 245 m thick Etiollets Formation
and the 130 m thick Twannbach Formation. The 30 m
thick Goldberg Formation is made up of variable facies,
and marks the beginning of the Cretaceous series. The
overlaying Pierre-Chatel and Vions Formations form a
70 m thick unit. The upper limestones of the Chambotte
Formation and the Vuache Formation have 60 m thick-
ness. Above these units, the Grand Essert Formation has
an average thickness of 100 m. The “Gorges de 'Orbe”
(“Urgonien Jaune”) and the Vallorbe Formation (“Urgo-
nien Blanc”, “Calcaires marneux de la Riviere” mem-
bers) form one single 120 m thick unit. The only Upper

(See figure on next page.)
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Cretaceous formation preserved in the area is the “Perte
du Rhone” Formation with an average thickness of 50 m.
Two units of the Tertiary siliciclastic sediments are found
in the study area. The Lower Fresh Molasse lies in the
Geneva Basin and in the first syncline of the Jura FTB
in the Valserine Valley, while the Upper Marine Molasse
is only found within the Jura FTB synclines (Charol-
lais et al., 2006, 2007). The uppermost part of the strati-
graphic column are the Quaternary units which have
been deposited during the last glaciation and are ero-
sional remnants. These units are irregularly preserved
and are mostly very thin and have not been distinguished
in this study.

2.2 Main and secondary décollements

The deformation of the north-western Alpine foreland
has long been known to be detached along a main décol-
lement horizon, hosted in the Triassic evaporites and
rooting under the frontal thrust of the basement of the
External Crystalline Massifs ( Buxtorf, 1907; Laubscher,
1961; Burkhard, 1990; Jordan, 1992; Philippe et al., 1996;
Sommaruga, 1997; Burkhard & Sommaruga, 1998; Som-
maruga et al., 2017) (Fig. 1c). This main décollement has
been documented in tunnels, outcrops and drill cores
(for details see Malvésy et al., 2021). All main thrusts in
the Jura FTB branch off such a main décollement hori-
zon, which is either provided by the Triassic Keuper
Group in the case of the western Jura FTB or by the older
Muschelkalk Group in the case of the eastern Jura FTB
(Sommaruga, 1999; Sommaruga et al., 2017). Hence, in
the study area, it is located in the Keuper Group (Fig. 3)
as is demonstrated in the Humilly-2 deep well in the
Geneva Basin (Marti, 1969; Sommaruga, 1997; Rusil-
lon, 2017; Schori, 2021).

In addition, secondary décollements, which run over
several kilometres, follow clay-rich layers and lead to a
duplication of the Mesozoic cover (Laubscher, 1965; Zoe-
temeijer & Sassi, 1992; Noack, 1995; Medwedeft & Suppe,
1997; Schori et al.,, 2015; Malz et al.,, 2016; Rime et al,,
2019). These secondary décollements are potentially
following the Aalenian strata, the Oxfordian Couches

Fig. 2 Regional geological map of the Western Internal Jura, projected in the CH1903 + V95 coordinates system. A succession of major, large-scale
folds and ramp-flat thrusts, as well as major strike-slip faults can be recognized in the study area. Orientation of the strike-slip faults, thrusts and
fold axial traces between the Vuache Fault and St-Cergue-Morez Faults are summarized in the rose diagram. The ramp-flat thrusts and the axial fold
traces are oriented SSW-NNE. The strike-slip faults form a conjugate system with NNW-SSE sinistral faults and WNW-ESE dextral faults. Major dextral
faults are less developed in the study area but the dextral offset is accommodated by smaller and numerous strike-slip faults forming strike-slip
corridors. Oblique ramps are common in this area, per example, between the Crét Chalam Thrust and the Vuache-Forens-Les Bouchoux (VFB)

Fault. The VFB Fault and a curved Léaz-Sandézanne Axis define together a triangular zone in map view (the Léaz-Champfromier Relais) bounded

in the north by the Monnetier Backthrust. The localization of the detailed geological map (Fig. 5) and the trace of the initial and final cross-sections
(Figs. 7, 11) are represented by the black square and the black line. The sections cross 5 five major thrusts, from SE to NW, the Reculet Thrust, the
Crét Chalam Thrust, the Tacon Thrust and the Bienne Thrust. The section ends at the front of the Oyonnax Backthrust, which is considered to be the
boundary between the Internal Jura and the External Jura (Wildi & Huggenberger, 1993). £. Strike-slip Fault, T. Thrust, A. Anticline, S. Syncline, VFB

Vuache-Forens-Les Bouchoux Fault
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d’Effingen-Geissberg members, or the Berriasian Gold-
berg formation (Laubscher, 1965; Endignoux & Mugnier,
1990; Philippe, 1995; Philippe et al., 1996; Schori et al.,
2015; Aufranc et al., 2017; Nussbaum et al., 2017; Rime
et al.,, 2019; ) (Fig. 3). For simplicity and modelling pur-
poses, the décollements in the 2D kinematic forward
model are positioned at the base of the potential forma-
tions hosting the décollement (small arrows in Fig. 3).
Accordingly, and purely for modelling purposes, the
main décollement horizon that provides a broad zone of
distributed deformation was located at the base of the
salt rich series of the Keuper Group.

Implicitly, the Middle Triassic Muschelkalk Group
series, as well as the Lower Triassic Buntsandstein Group
are not included in the detached cover. They are part of
the Mechanical Basement (Fig. 4). The Seismic Near-Top
Basement horizon, described in this paper, corresponds
to the horizon of the basement interpreted on seismic
lines. The elevation of this seismic horizon contains
an uncertainty of 125 m according to our new seismic
interpretation (Fig. 4). The Near-Top Basement hori-
zon includes the crystalline Basement (Basement sensu
stricto), the Permo-Carboniferous sediments and prob-
ably the very thin Buntsandstein series that cannot easily
be discriminated on seismic lines (Fig. 4).

2.3 Kinematics and structural geology

The arcuate Jura FTB is part of and linked to the Alpine
orogeny. Most authors associate its development to the
exhumation of the External Crystalline Massifs (e.g.
Belledonne, Aiguilles Rouges, Mont Blanc, Aar Massifs,
Fig. 1) (Buxtorf, 1907; Laubscher, 1961, 2008; Boyer &
Elliott, 1982; Burkhard, 1990; Burkhard & Sommaruga,
1998) which initiated around 18 to 20 Ma (Seward &
Mancktelow, 1994; Bucher et al., 2003; Leloup et al,
2005; Bellahsen et al., 2014; Boutoux et al., 2016; Ric-
chi et al.,, 2019). The Jura FTB behaves like a narrow
mechanical wedge on top of a weak evaporite-rich
décollement (Davis & Engelder, 1985; Sommaruga et al.,

(See figure on next page.)
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2017). The main phase of the Jura FTB deformation has
been classically set during the Miocene period accord-
ing to U-Pb dating of calcite fibres (absolute timing),
chronostratigraphic works, and seismic interpretations
(relative timing) of the syntectonic Molasse units found
in the Jura synclines (Michel et al., 1953; Rangheard
et al., 1990; Deville et al., 1994; Sommaruga, 1997;
Beck et al.,, 1998; Becker, 2000; Looser et al., 2021).
The deformation of the Jura FTB is still tectonically
active (Becker, 2000; Lacombe & Mouthereau, 2002;
Madritsch et al., 2008) but the presently active style of
deformation is a matter of debate. Based on interpre-
tation of seismic data and suggestions that the tapered
wedge is, since around some 5 Ma, no more in equilib-
rium, several authors have discussed a transition from
an originally thin-skinned towards a thick-skinned style
deformation in localised parts of the northern Alpine
foreland basin (Guellec et al., 1990; Mosar, 1999;
Becker, 2000; Ustaszewski & Schmid, 2007; Madritsch
et al., 2008;Pfiffner, 2014; ). In the Central and Eastern
Internal Jura, studies on present-day seismicity argue
for still on-going thin-skinned deformation, possi-
bly decoupled from an active thick-skinned deforma-
tion (Lanza et al.,, 2022; Rabin et al,, 2018). According
to Lanza et al. (2022), the earthquakes of 2000 in St-
Ursanne, of 2017 in Grenchen and of 2021 in Neucha-
tel, are evidences favouring present-day thrusting
located within the Mesozoic cover of the Jura FTB.

Recent chronostratigraphic and U-Pb calcite fibres
dating suggest a forward stepping thrust propagation in
the western and southern Jura FTB (Kalifi et al., 2021;
Smeraglia et al., 2021). However, studies based on kin-
ematic 2D forward model, absolute dating and thermo-
chronology, argue for a complex thrusting sequence
allowing for oscillating propagation sequences within the
Jura FTB and the overall northern Alpine foreland (von
Hagke et al., 2012; Schori et al., 2015; Malz et al., 2016;
Nussbaum et al., 2017; Rime et al., 2019; Looser et al.,
2021; Schori, 2021 and references therein).

Fig.3 Harmonised stratigraphic chart of the Western Internal Jura FTB showing potential décollements (white arrows) and the main décollement
(black arrow) based on Rusillon (2017) and Brentini (2018) (1), Strasky et al. (2016) (2), Donzeau et al. (1997) (3), Charollais et al. (2006) (4), Laubscher
(1965), Philippe et al. (1996), Schori et al. (2015), Aufranc et al. (2017), Sommaruga et al. (2017), Rime et al. (2019) (5). The stratigraphic compilation
allows to harmonise the existing and different geological maps of the study area and to propose a new detailed geological map (Fig. 5). This
harmonisation helped to constrain and build the shallow structures in the initial cross-section (Fig. 7) through the Western Internal Jura. The
stratigraphic log shows the lithologies and competences of each member, defined by the French terminology. The corresponding HARMOS
formations (Fm) grouping the French members are derived from Rusillon (2017) and Brentini (2018). Uncertainities of these correspondences are
specified by a question mark. The lithological legend used in the detailed geological map (Fig. 5) refers to the Harmos formations. The average
thicknesses (Av. thick.) used in sections and model building are the results of a stratigraphic compilation based on well data, outcrops and

stratigraphic works (Brentini, 2018; Charollais et al., 2007; Rusillon, 2017, and references therein). In the cross-sections and the 2D kinematic forward
model, thin layers were grouped together (per example, c1P-V with c1G). The older lithologies have been grouped by age due to the classification
uncertainty already mentioned in Rusillon (2017) and Brentini (2018). The section and model units are represented by the black separation lines. Per.
Period, Quat. Quaternary, Up-Low. Upper-Lower Cretaceous, Ceno. Cenomanian, Pliensb. Pliensbachian, Sine.-Hett. Sinemurian—Hettanginian, Alt. inf.
Alternances inférieures, Calc. Calcaire
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Fig.4 Basement terminology and the main décollement as used in the 2D kinematic modelling approach in this paper. The Basement Sensu
stricto refers to the Crystalline Basement. The Mechanical Basement is found under the cover, detached by the main décollement. In the study area,
multiple minor thrusts are known to affect the Keuper Group evaporites, forming a décollement zone. For model purpose, the main décollement
has been placed at the base of the Keuper Group. The Seismic Near-Top Basement as defined from seismic interpretation, is close to the top of the

Buntsandstein Group with an uncertainty of +£125m

The shortening accommodated by the Jura FTB has
been investigated in several works using retrodeforma-
tion methods (Laubscher, 1965; Philippe et al., 1996;
Affolter & Gratier, 2004; Schori, 2021). For the entire
Western Jura FTB (Internal and External), Affolter and
Gratier (2004) calculated a shortening of 26.3 km based
on map view block restoration. In the same area, Philippe
(1995) and Schori (2021) calculated a shortening of
32 km, based on cross-sections balancing and map view
block restoration.

In the study area (Fig. 2), a succession of major, large-
scale folds and thrusts with a ramp-flat geometry can be
recognised. These thrusts and the axial fold traces are
on average oriented SSW-NNE (Fig. 2). The first anti-
clinal range of the Jura FTB is called here the Crét de la
Neige Anticline. To the north-east, this anticline shows
a fault-bend fold geometry, which laterally evolves into a
fault-propagation fold geometry to the south-west, with
synclinal and anticlinal breakthroughs (Fig. 3). These
structures are developed in the hangingwall of the Recu-
let Thrust which abuts against the Vuache-Forens-Les
Bouchoux (VFB) Fault in the south-west (Figs. 2, 3). The
Bellecombe and les Molunes Anticlines form the sec-
ond range of the Internal Western Jura, and are associ-
ated to the Crét Chalam Thrust (Fig. 2). Oblique ramps
form at the transition with the VFB Fault (Fig. 3, see
Donzeau et al., 1997), but also with the smaller Molunes

Fault in the centre of our study area (Fig. 2). This latter
fault, although clearly located in the hangingwall of the
Crét Chalam Thrust, appears to have a continuation
in the footwall unit to the north, which is offset to the
north-east to form the Chaumont and St-Claude Faults
(Fig. 2). The Tacon Thrust, located north-west of the Crét
Chalam Thrust, terminates in the south-west against
the VFB Fault, and is offset in the north-east by the St-
Claude Fault. The Chaumont Fault is restricted to the
hangingwall of the Crét Chalam and Tacon Thrusts, and
terminates to the north into an oblique ramp-like seg-
ment. The Bienne Thrust, at the north-west termination
of our profile, forms an oblique ramp with the Molinges
Fault, and is offset by the Cuttura Fault in the north-east
(Figs. 2, 3). The major Oyonnax Backthrust with its top-
to-the-SE movement is situated at the north-west ter-
mination of our profile (Fig. 2). According to Wildi and
Huggenberger (1993), this backthrust is the prolongation
of the Syam Faisceau and is considered to form the tran-
sition from the Internal Jura to the External Plateau Jura
with its narrow ribbons of higher deformation known as
“Faisceaux” (Fig. 1; Laubscher, 1961; Chauve & Perriaux,
1974; Trampy, 1980; Philippe, 1995; Sommaruga, 1997; ).

Strike-slip faults, defining a conjugate fault system,
contribute to compartmentalise the whole area into dis-
tinct structural domains. SSE-NNW oriented strike-
slip faults are the Vuache-Forens-Les Bouchoux (VFB),
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the Molinges, the Molunes, the Cuttura, the St-Claude,
the Chaumont, the Lézat, and the Morez Faults (Fig. 2).
They display a sinistral offset. Conjugate discrete WNW-
ESE strike-slip faults (e.g. the Septmoncel Fault) are less
developed in the area of investigation. In the Internal
Jura, these faults show a dextral offset. In our study area,
this offset is accommodated by smaller and numerous
strike-slip faults (Fig. 2). To the south-west, the NW-SE
oriented Vuache Fault system (bounded by the Vuache-
Forens-Les Bouchoux Fault and the Léaz-Sandézanne
Axis) forms a major steep, oblique ramp with a dominant
sinistral strike-slip component (see Blondel et al., 1988
and Donzeau et al., 1998 for more details). It controls the
structural development of the western part of the Geneva
Basin and the transition to the Internal Jura FTB (Blondel
et al.,, 1988; Donzeau et al., 1998; Wildi et al., 1991). The
Molinges Fault is considered as the NN'W-SSE continu-
ation of the VFB Fault into the Jura FTB. According to
seismic interpretations and absolute dating, the strike-
slip faulting was coeval to the Jura thrusting and folding
(Looser et al., 2021; Smeraglia et al., 2021). Strike-slip
faults linked to inherited boundaries have also been reac-
tivated during and after the deformation of the Jura FTB
( Laubscher, 1961; Homberg et al., 2002; Giamboni et al.,
2004; Ustaszewski et al., 2005; Schori et al., 2021;).
Published balanced and non-balanced cross-sections
of the Western Jura FTB propose different interpreta-
tions of the subsurface structures (Guellec et al., 1990;
Wildi & Huggenberger, 1993; Philippe, 1995; Signer
& Gorin, 1995; Donzeau et al., 1998; Charollais et al.,
2007; Clerc & Moscariello, 2020; Moscariello et al., 2020;
Schori, 2021; ). Based on the ECORS seismic line cross-
ing the Geneva Basin and the Vuache strike-slip Fault,
Guellec et al. (1990) and Philippe et al. (1996) interpreted
a broad topographic high in the pre-Mesozoic basement
beneath the Grand Crét d’Eau Anticline (Fig. 2), south of
our study area. Guellec et al. (1990) argue that this topo-
graphic high could either reflect the inversion of Paleo-
zoic normal faults or a reactivation of a horst structure
formed during an Oligocene extensional phase recog-
nised in the Alpine realm. As for Philippe et al. (1996),
they proposed an inversion of Permo-Carboniferous gra-
bens. The detailed elevation map of the Pre-Mesozoic
basement of Schori (2021) also shows a structural high
attributable to a basement high, bound by normal faults
in the Oyonnax area (Fig. 2). An alternative solution is
proposed by Meyer (2000) and Cardello et al. (2020) who
suggest thickening of the Triassic series at the south-
eastern onset of the Western Internal Jura in order to
explain the topographically higher structures. In the
Western Jura FTB, north-west of our study area, Philippe
et al. (1996) proposed a cross-section in the Risoux area
with no inverted Permo-Carboniferous graben. Instead,
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a duplication of the Mesozoic cover, with a secondary
décollement is suggested, as was argued by Schori (2021),
Schori et al. (2015) and Rime et al. (2019) for the north-
ern part of the Jura FTB.

Data from hydrocarbon exploration campaigns help to
constrain the deep structures. In the Geneva Basin, prior
studies, based on seismic surveys have provided depth-
converted seismic models of the Molasse Basin (Som-
maruga et al.,, 2012; Clerc, 2016, 2022; Allenbach et al,,
2017; Hauvette et al.,, 2021; ), but not of the Western
Internal Jura FTB. A gap of seismic data remains between
the Geneva Basin and the Western Internal Jura FTB.
Several seismic lines located in the study area, had not
yet been converted to depth. They, are interpreted here-
after using a new velocity model.

3 Datasets and modelling

Compilation and harmonisation of the existing strati-
graphic data (Fig. 3) made it possible to elaborate a new
regional geological map (Fig. 2) and a new detailed geo-
logical map (Fig. 5) of the Western Jura FTB, to bet-
ter constrain the surface geological structures and the
regional kinematics. In addition, well data and new
depth-converted seismic interpretations helped to build
the deep geological structures further applied into the 2D
kinematic forward model.

3.1 Stratigraphic compilaton
The section trace of this study crosses two French geo-
logical maps with different lithological legends, requiring
stratigraphic harmonisation (Fig. 3). Recent harmonisa-
tion works (Rusillon, 2017; Brentini, 2018), were used to
correlate and homogenise lithological units, which were
previously separated in two different lithological leg-
ends from the BRGM French maps of the departments
of Ain (Egal, 2007) and Jura (Nagel, 2007). The legends
of the French maps ( Guillaume et al., 1972; Donzeau
et al., 1997; Egal, 2007; Nagel, 2007) were correlated and
adapted to the swiss HARMOS legend (Strasky et al,
2016; Rusillon, 2017; Brentini, 2018; ). In the French
legends, some HARMOS formations have not been dis-
tinguished. Thus, the Vallorbe and Gorges de I'Orbe for-
mations were grouped together, as well as the Vuache
and Chambotte formations. For the same reason, the
Pierre Chatel and Vions formations have been assem-
bled as well as the Villigen and Wildegg formations. The
older lithologies have been grouped by age due to the
classification uncertainty already mentioned in Rusillon
(2017) and Brentini (2018). This stratigraphic compila-
tion was implemented into the new detailed geological
map (Fig. 5).

The stratigraphic thicknesses are averages derived
from existing stratigraphic works (Guillaume et al.,
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1972; Deville, 1990; Donzeau et al., 1997; Charollais
et al., 2006; Rusillon, 2017; Brentini, 2018) from drill-
cores and databases (Charollais et al.,, 2007; Rusil-
lon, 2017; Brentini, 2018; BRGM, 2020; Schori, 2021
and references therein), from wells drilled by private
companies in the Pesse Syncline and, from the new
wells GEo-1 and GEo-2 in the Geneva Basin (Hydro-
Geo Environnement, 2018, 2020) (Fig. 3). These aver-
age thicknesses have been used for the construction of
a near-surface cross-section, a 2D kinematic forward
model and a final cross-section. Due to limitations of
the 2D kinematic forward modelling, the thicknesses
do not change along the cross-sections. Due to the
scale of our model and cross-sections, The Vions-Pierre
Chatel Formations have been grouped with the thin
Goldberg Formation. Similarly, the Ifenthal Formation
was grouped with the Klingnau Formation. The units
used in the 2D kinematic forward model and the cross-
sections are specified in Fig. 3 in the column “Model
and section units”.

3.2 Geological mapping

Based on the newly compiled stratigraphy (Fig. 3), we
developed a set of harmonised maps for the Western
Jura Mountains: a regional geological map (Fig. 2) and a
detailed geological map (Fig. 5), which are implemented
in a GIS database. We used the French harmonised vec-
tor maps of the departments of Ain (Egal, 2007) and
Jura (Nagel, 2007). The limits of the geological units
and the fault locations were ascertained in the study
area using the digital elevation models of France (RGE
ALTI V2.0) from IGN-F (2018), of Switzerland (Swis-
SALTI3D) from Swisstopo (2011) and of the Geneva
Canton SITG (2018) from SITG (2018). The bedding
data have been densified with new field measurements
as well as unpublished observations by David Polasek
(University of Geneva). Subsequently, we derived a
regional geological map (Fig. 2) where geological for-
mations were grouped by ages (Quaternary, Tertiary,
Cretaceous, Upper Jurassic, Middle-Lower Jurassic).
This map contains only the major faults and the loca-
tions of the fold axes. The structures were drawn based
on the dip data and morphologies observed on the digi-
tal elevation models. The naming of the main tectonic

(See figure on next page.)
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structures derives from Guillaume et al. (1972), Mudry
and Rosenthal (1977), Wildi and Huggenberger (1993),
Donzeau et al. (1998). The indicated strike-slip and
thrusting displacements are based on geological offsets,
supplemented by kinematic measurements and verified
on existing maps such as the Vuache map of Donzeau
et al. (1998) and the Jura tectonic map of Schori (2021).

3.3 Seismic data

The deep structures of the study area have been con-
strained by new interpretations of depth-converted
seismic lines, based on a refined multi-layered velocity
model (Table 1, Fig. 6).

We interpreted seven depth-converted seismic
lines (Fig. 7a, b). In the Jura area, these lines are from
1980s surveys (JU-01, 81-JU-06, and 82-JU-18) and
acquired by Celtique Energies Petroleum Ltd.. The lines
82GEX06, SJ1U3, 18SIG_003, and GG87-02 provided
by the Services Industriels de Genéve were used for the
Geneva Basin area (Fig. 7c).

The horizons of near Base Cenozoic, Near-Top Dog-
ger, Near-Top Keuper and Near-Top Basement, as well
as the fault lines have been interpreted and picked
along the two-way-traveltime (TWT) migrated seis-
mic profiles processed in the software Kingdom ver-
sion 2020. Due to the elevation differences between
the Geneva Basin and the Jura FTB, as well as, the
presence/absence of Molasse sediments, two differ-
ent datum planes (where the TWT=0 s) and distinct
replacement velocities were chosen (Table 1, Fig. 6b).

Although there is no direct line connection between
the Jura lines and the lines in the Geneva Basin, a con-
vincing correlation could be made by comparing and
correlating reflectors between the nearest seismic lines
and thus adjusting for datum plane shift. The veloci-
ties used in the depth conversion are the result of the
adjustment between the well data of Humilly-2 and
Faucigny-1 and the seismic lines. The multi-layered
velocity model applies three different velocities depend-
ing on the rheology and considers the duplication of
the Mesozoic cover. This method leads to more precise
depth converted profiles when compared to simpler
velocity models (Fig. 6a, b). As an example, a difference

Fig.5 Detailed Geological Map of the study area, projected in the CH1903 + LV95 coordinate system. Based on the stratigraphic compilation

(Fig. 3), the two existing vector maps of the BRGM (Egal, 2007; Nagel, 2007) have been harmonized. Based on Rusillon (2017) and Brentini (2018),
the lithological legend, used here, follows the swiss HARMOS formations. New dip data from fieldwork and wells used for building the cross-section
have been located on the map. The wells names are the: GEo-1, L-112, SPM-1, SPM-2, SPM-3, G1, F1, F2, F3. This resulting harmonization helped to
well constrain the surface structures of the initial cross-section (Fig. 7). The bold black line corresponds to the initial and the final cross-section of
this study (Figs. 7, 11). The section trace with a calculated best-fit orientation crosses four major thrusts (Reculet, Crét Chalam, Tacon and Bienne
Thrusts) and ends in the north-west at the front of the Oyonnax Backthrust. The cross-section avoids the major strike-slip faults in order to have a

balanced kinematic 2D forward model
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Table 1 Table of the conversion velocities of the new multi-
layered velocity model

Seismiclines  SRD Stratigraphic intervals Velocity [m/s]
[m a.s.l.]

Jura lines 1125 From SRD to Topography 4500
Cenozoic -
Cretaceous 5340
Malm 5340
Dogger 4520
Lias 4520
Triassic 5101
Basement 5000

Geneva lines 500 From SRD to Topography 3000
Cenozoic Upper Part 3000
Cenozoic Lower Part 4000
Cretaceous 5340
Malm 5340
Dogger 4520
Lias 4520
Triassic 5101
Basement 5000

SRD Seismic Reference Datum. Two different SRD have been applied for the
Jura domain and the Geneva Basin because of the elevation difference and
the absence or poorly amount of Cenozoic sediments in the Jura Mountains.
The conversion velocities derive from the adjustement between well data and
seismic lines

of 50 m at the Near-Top Basement horizon on the Jura
lines has been measured between a one-layer velocity
model and the multi-layered models (Fig. 6c).

The seven depth-converted seismic profiles with
their interpretations have been projected parallel to the
regional fold axial trend (axis oriented N35°) into the
initial cross-section (Fig. 7a, b).

3.4 2D kinematic forward modelling

We used a 2D kinematic forward modelling approach
to obtain a geometrically viable and balanced cross-sec-
tion and to propose a kinematic evolution of the West-
ern Internal Jura FTB. When applying the fault-related
fold theory (Brandes & Tanner, 2014; Suppe, 1983, and
references therein), this method does not only yield the
shortening induced by the thrusting and folding, but

(See figure on next page.)

A. Marro et al.

also gives a kinematically viable sequence of deforma-
tion. The methodology is based on the strategies pro-
posed by van Mount et al. (1990) and Nussbaum et al.
(2017). Compilations of all existing data allow us to
construct an initial hypothesis about the fold and fault
geometries. This compilation subsequently helps to
constrain a 2D kinematic forward modelling (Figs. 9,
10) as developed in the software Move™ version 2020.1
by Petroleum Experts. The trace of the 2D kinematic
forward model is oriented parallel to what is considered
the main regional tectonic transport direction (gener-
ally taken as perpendicular to fold axial orientations
and direction of main thrusts) and avoids the major
strike-slip faults. Therefore, the movements in and out
of the section is kept minimal and the model remains
balanced.

The tool “2D-Move on fault” displaces the sedimen-
tary cover and pre-existing structures with different algo-
rithms above a given fault geometry. The Fault-Bend Fold
(Suppe, 1983), the Trishear (Erslev, 1991; Allmendinger,
1998; Hardy & Allmendinger, 2011) and the Fault-parallel
Flow (Egan et al., 1997; Ziesch et al., 2014) algorithms were
used to forward model the hanging wall geometries at the
top of a pre-defined fault. We used the Fault-bend-Fold
algorithm to build the folds developing above flat-ramp-
flat thrusts. The Trishear algorithm has been applied to
develop the frontal limb of the folds and, the Fault-parallel
flow has been used above complex fault geometries.

Starting with an initial stage, the concept of second-
ary décollements ( Schori et al., 2015; Nussbaum et al.,
2017; Rime et al., 2019) and hypotheses about flat-ramp
thrusts geometries have been tested iteratively in order to
find viable solutions. During each iteration, we compared
the modelling geometries with the near-surface cross-
section. The fault geometries and the displacements have
been adapted until the 2D kinematic forward model fit-
ted with the shallow geological features (Fig. 7c).

4 Surface and seismic interpretations

The interpretation of the near-surface and deep geologi-
cal structures of the Western Internal Jura have been re-
assessed by updating and reprocessing the surface and
seismic data. These results help to constrain and validate
the 2D kinematic forward model.

Fig. 6 Differences between the single layer velocity model A and the multi-layered velocity model B on the seismic lines 81-JU-06 and 80-JU-01.
The seismic traces are localized on Fig. 7. The multi-layered velocity model considers the duplication of the Mesozoic cover by applying three
different velocities depending on the rheology. This method allows to have a more precise depth-converted seismic lines than simple conversion
model and to well constrain the elevation of the horizons. C The seismic lines have been converted into depth by the multi-layered velocity model.
50 m depth difference is observed at the Near-Top Basement horizon between the two models (B). In this study, the more precise multi-layered
velocity model has been used to interpret the seismic lines in the vicinity of the cross-section (Fig. 7). The major thrusts (Crét Chalam, Tacon and
Bienne Thrusts) have been built in the kinematic 2D forward model. Topo Topography horizon, NTDo Near-Top Dogger horizon, NTKeu Near-Top
Keuper horizon, m.d. main décollement, NTBas Near-Top Basement, InPal Intra-Paleozoic
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4.1 Seismic interpretations

In the Geneva Basin, flat reflectors, such as visible on the
GG87-02 line, are offset by subvertical faults (Fig. 7b).
Imbricates or/and thickening are also observed in the
Keuper Group. At the north-western front of the Geneva
Basin, reflectors are observed under the seismic Near-
Top Basement on the SJ1U3, GG87-02, 18SIG_003,
and 82GEXO06 lines (Fig. 7b). On the southern flanks of
the Crét de la Neige Anticline, reflectors of SJ1U3 and
82GEXO06 lines dip towards the south-east and subverti-
cal faults or SE-verging thrusts cut the entire Mesozoic
cover. In the same area, the Near-Top Basement horizon
shows small steps on the SJ1U3 line.

In the Jura FTB, under the Bellecombe Anticline, the
reflectors of the 82-JU-18 and 80-JU-01 highlight the
duplication of the Mesozoic cover and therefore, the
flat-ramp geometry of the Crét Chalam Thrust (Figs. 6,
7b). Below this thrust, we interpreted deep SE-verging
thrusts, folds in the Dogger units, and imbricate struc-
tures in the Keuper Group. The Bienne Thrust is visible
on the 81-JU-06 line, north-west of the Tacon Thrust.
Towards the west, the pop-up structure on the 81-JU-06
line (Fig. 7b), which is offset on the cross-section, rep-
resents the Oyonnax Syncline located west of the study
area (Fig. 2) and its SE-verging backthrust.

4.2 Near-surface cross-section

A non-balanced, near-surface cross-section (Fig. 7c)
including our new surface investigation, has been built
in order to better constrain the surface geometries of the
2D kinematic forward model, and to serve as a control
section.

In the Geneva Basin, the surface dip data and the data
of GEo-1 well suggest a large, low-amplitude anticline
(Fig. 7c). At the north-western edge of the basin, folds
may be associated with south-verging reverse faults,
interpreted on the lines SJ1U3 and 82GEX06 and sup-
ported by the L-112 drillcore showing a highly fractured
zone, indicated by steep dip measurements (Charollais
et al,, 2007).

Along the south-eastern foothill of the Crét de la Neige
Anticline, the Cretaceous strata dip 25° towards the
south-east, as measured in the SPM-1, SPM-2, SPM-3
drillcores, located at the anticline ramp (Charollais et al.,

(See figure on next page.)
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2007). Further north, at higher elevation, steeper bed-
dings (between 40° and 60°) suggest a bend that may be
related to the Reculet Thrust at depth. Molasse units
are outcropping in the Valserine Syncline. The Reculet
Thrust and its secondary branches breach the surface
along the meridional side of the valley, as can be seen in
the La Roche Franche outcrop (Fig. 5). Here, reverse and
steep bedding reveal an inverted anticlinal limb in the
hanging wall of the Reculet Thrust. To the north-east, a
small syncline of Cretaceous units near the town of Lélex
(Fig. 5) is also located in the hanging wall. Thus, the two
branches of the Reculet Thrust represent synclinal and
anticlinal breakthroughs. The following Bellecombe Anti-
cline initiates at the north-west side of the Valserine Val-
ley (Fig. 7c). At the top of the anticline, the Dogger units
reach the surface and exhibit a series of metric to deca-
metric minor folds within the fold core. In the valley of
Les Moussiéres (Fig. 5), at least three secondary thrust
faults have been observed and are interpreted to root in
the flat of the Crét Chalam Thrust. These imbrications
have also been mapped in the south-west by Donzeau
et al. (1997) near the Crét Chalam Mount. They typi-
cally are associated with small folds composed by Dogger
and the Oxfordian units seen on the field. South of Les
Moussiéres area, the Crét Chalam Thrust and its imbri-
cations form oblique ramps with the Molunes strike-slip
Fault (Figs. 2, 5). In the area of the section trace, the main
Crét Chalam Thrust overrides the Pesse Syncline and
completely covers the Molasse units.

Similarly to the cross-section proposed by Charollais
et al. (2006), the Pesse Syncline is considered as a box
fold in agreement with the steep beddings measured
north-west of the valley (Fig. 5). The subvertical beddings
rapidly turn horizontal and then gently dip to the north-
west to form a syncline in the hanging wall of the Tacon
Thrust to the north (Fig. 7¢). Following the suggestion of
Wildi and Huggenberger (1993), the hanging wall of the
Tacon Thrust is related to a shallow structure. Indeed, a
shallow flat of the Tacon Thrust north of the Pesse Syn-
cline is required to bring the Dogger and Liassic units to
the surface (see also Philippe, 1995; Schori, 2021). The
Tacon Thrust overrides the Cretaceous layers forming
the folded hanging wall of the north-westerly adjacent

Fig. 7 Near-surface cross-section with seismic interpretations. The cross-section derives from surface and well data. The section trace crosses

the Reculet Thrust, the Crét Chalam Thrust with its imbrications, the Tacon Thrust, the Bienne Thrust and terminates in the north-west at the front
of the Oyonnax Backthrust. The seismic lines have been converted with the new multi-layered velocity model (Fig. 6b). These seismic-depth
interpretations allow to position the horizons and the faults with more precision than simpler conversion models. The interpreted horizons and
reflectors of the seismic lines 81-JU-06, 82-JU-18, SJ1U3 and GG87-02 (b) have been projected on the initial cross-section (a) parallel to the regional
fold axial trend (N35°). The interpretations of the 81-JU-06 seismic line are offset due to the projection. A gap of seismic data exists between the
Geneva Basin and the Valserine Syncline. Despite this gap, the initial cross-section (a), the seismic horizons and interpreted faults and thrusts (b)
helped to have an insight of the deep structures with good accuracy for the forward modelling. The cross-section (black straight line) the wells (red
dots) and seismic lines (in black) are located on the small map (c). T. thrust, B-T. backthrust, S. syncline, A. anticline
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Grid of the pre-Mesozoic map (crystalline Basement + P-C. grabens) of Schori (2021)
Seismic Near-Top basement of Sommaruga et al. (2012)

Seismic Near-Top basement of Clerc (2016) and Allenbach et al. (2017)

——— Seismic Near-Top basement grid of Hauvette (2021)
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——— Seismic Near-Top basement horizon from seismic lines converted into depth by the multi-layered velocity model
——— Near-Top basement line used in the 2D kinematic forward model (fig. 9, 10) and the final cross-section (fig. 11)

I Discrepancy between the collected data
Fig. 8 Transect of the Near-Top Basement line used in the 2D kinematic forward model compared with existing data. This transect is located in
Fig. 1. Comparisons between well data and different seismic and elevation models (Sommaruga et al., 2012; Clerc, 2016; Allenbach et al., 2017;
Hauvette et al,, 2021; Schori, 2021) have been performed to have the most precise elevation of the Near-Top basement horizon for the 2D kinematic
forward model. The Near-Top basement line used in this study (black bold line) follows the seismic interpretations of Hauvette et al. (2021) and grids
converted by the new multi-layered velocity model. These data are compared with other studies by indicating the discrepancy between them. The
highest difference (400 m) is situated beneath the Crét de la Neige, where no seismic data has been recorded. The top of the basement under the
Jura FTB dips more gently than under the Geneva Basin. We interpret this change in angle as a preexisting normal fault with a supposed offset of

200 m beneath the SE flank of the Crét de la Neige

Bienne Thrust. No Tertiary Molasse series are known in
the footwall of the Tacon Thrust.

4.3 The Near-Top Basement horizon
The location of the Near-Top Basement horizon (Fig. 8) is
based on our new seismic interpretation, and on existing
data compilations (Sommaruga et al., 2012; Clerc, 2016;
Allenbach et al, 2017; Hauvette et al., 2021; Schori, 2021).
Comparisons between different published seismic and
elevation models have been performed in order to assess
the elevations of the Near-Top basement horizon. The
elevation of the Near-Top Basement horizon used in the
2D kinematic forward model (Fig. 8) is based on a combi-
nation of various sources of information. These comprise:

« the Pre-Mesozoic basement map of Schori (2021);

+ well data (Humilly-2 and Faucigny-1);

+ the seismic lines converted into depth by our new
multi-layered velocity model;

« the 3D seismic models, which are the horizons grids
from Hauvette et al. (2021), from the GeoMol (Clerc,
2016, 2022; Allenbach et al., 2017), and finally also

from the seismic Atlas of the Swiss Molasse Basin
(Sommaruga et al., 2012).

Between the wells of Faucigny-1 and the Humilly-2, the
average slope of the Near-Top Basement contact is tilted
by 3.3° towards the south-east (positioning uncertainty of
150 m, Fig. 8). The dip changes to 2.7° between the well
Humilly-2 and the northern end of the Geneva Basin. In
the latter area, the Near-Top Basement horizon reaches
an elevation of — 2200 m a.s.l.. Beneath the Crét de la
Neige Anticline, no seismic data are available. Between
the Pesse Syncline and the Bienne Valley, the Near-Top
Basement horizon dips at about 1.7° towards the south-
east at an elevation respectively between — 1900 m a.s.l.
and — 1300 m a.s.l.. A possible basement step interpreted
by Schori et al. (2021) is located in the area north-west
of the Bienne Thrust. Following the work Schori (2021)
and Schori et al. (2021), the change in angle between the
Geneva Basin and the Jura FTB domain, located approxi-
mately under the south-eastern flank of the Crét de la
Neige Anticline, is considered to be linked to a pre-exist-
ing normal fault in the basement, with a supposed offset
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of 200 m (Fig. 8). This well constrained Near-Top base-
ment horizon allows to build with precision the eleva-
tion of the Mesozoic cover in the 2D kinematic forward
model and the final cross-section.

5 2D Kinematic modelling results

Based on stratigraphic compilation, new maps, seismic
interpretation, near-surface cross-section, new inter-
preted Near-Top Basement horizon, we developed a 2D
kinematic forward model (Figs. 9, 10) resulting in a bal-
anced cross-section (Fig. 11) between the Geneva Basin
to the Bienne Valley.

5.1 Kinematic evolution of the Western Internal Jura FTB
Following a series of successive iterations, the best-fit 2D
kinematic forward model (Figs. 9, 10) has a thin-skinned
deformation style with multiple secondary décollements.
This solution proposes that the Western Internal Jura
FTB is built up by 4 major thrusts, which all show a com-
plex fault geometry and a forward stepping deformation.
In addition, these major thrusts are reactivated partly by
back-stepping sequences of thrust imbricates. The transi-
tion of the future Molasse Basin — Jura FTB is character-
ised by a step in the basement surface. This 2D kinematic
forward model yields a total of 23.6 km shortening from
the Geneva Basin to the Bienne Valley.

The initial stage shows the Alpine foreland basin prior
to folding and thrusting. The first deformation initiates
with the Reculet flat-ramp Thrust rooting in the Keuper
Group (Fig. 9, step 1). This thrusting displaces the Meso-
zoic cover of 4.5 km towards the north-west and forms
the initial Crét de la Neige Anticline. The second dis-
placement reactivates this flat-ramp thrust and develops
an imbricate. Both deformations result in the synclinal
breakthrough, observed east of the town Lélex, in France
(Fig. 9, step 2). Then, the north-westerly adjacent Crét
Chalam Thrust is initiated 10.6 km further north from
the tip of the Reculet Thrust (Fig. 9, step 3). It develops
a series of 3 ramp-flat segments. The deepest ramp seg-
ment of the modelled Crét Chalam Thrust shows a dip of
25° and ramps from the Keuper Group evaporites into the
Facies de Transition units of the lower Aalenian age. The
following 3 km long flat elevates and preserves the Val-
serine Syncline below the Reculet Thrust. At the end of

(See figure on next page.)
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this buried flat, the Crét Chalam Thrust is characterised
by another ramp segment. Then, the thrust follows a sec-
ondary décollement located at the base of the Cretaceous
Goldberg Formation, before reaching the surface. On the
shallowest flat of the Crét Chalam Thrust, four back-step-
ping imbrications raise the Dogger and Liassic units lying
nowadays at more than 1200 m a.s.l. in the core of the
Bellecombe Anticline (Figs. 9, 10, steps 4-7). The Crét
Chalam Thrust and its imbrications accommodate 6.4 km
of shortening. Due to the imbricate fault-bend folding,
the Reculet Thrust has been passively deformed above
the Crét Chalam Thrust. The next, younger Tacon Thrust
(Fig. 10, step 8) initiates in the Keuper Group 12.5 km
in front of the tip of the Crét Chalam Thrust. This flat-
ramp-flat thrust follows the secondary décollement in
the Effingen marls for 3.2 km to elevate and preserve the
Pesse Syncline between the Tacon and the Crét Chalam
Thrusts. At the end of this flat, the Tacon Thrust forms a
ramp and develops another flat in the marly layers of the
Goldberg Formation. The Tacon Thrust accommodates a
shortening of 8.2 km. Like the Reculet Thrust, the Crét
Chalam Thrust is passively deformed above the Tacon
Thrust due to the imbricate fault-bend folding. On the
shallow flat of the Tacon Thrust, a south-verging thrust
explains the steep beddings measured on the north-west
flank of La Pesse Syncline (Fig. 10, step 9). Finally, the
Bienne Thrust (Fig. 10, step 10) starts 11.5 km in front
of the tip of the Tacon Thrust. A displacement of 3.4 km
was necessary to raise the Dogger and Liassic units to the
surface, as observed in the field. The formation of small
imbricates in the Keuper Group are required to explain
the Triassic thickening and the folds observed on seismic
lines (Figs. 7b, 10, step 11).

5.2 Final cross-section
The final cross-section (Fig. 11) is a kinematically and
geometrical viable section of the Western Internal Jura,
from the Geneva Basin to the Bienne Valley, with deep
structures validated by 2D kinematic forward modelling
(Figs. 9, 10).

The multiple thrust horizon model, in addition to the
main décollement is in agreement with the structur-
ally and topographically higher position of the Valserine

Fig.9 Part 1 of the 2D kinematic forward model from the Geneva Basin to the Bienne Valley (deformation steps 0 to 5). In the individual
deformation steps, the active thrust is shown in black and inactive thrusts are coloured in red. The numbering of the faults corresponds to the
sequence of deformation. Step 0 corresponds to the Northern Alpine Foreland stage prior to the Jura thrusting and represents the initial layer cake
model supplemented by the information about the basement depth (Fig. 8). Step 1 indicates the first deformation and step 11, the last one. The
Mesozoic cover shown in the forward model, has been built on the Near-Top Basement line (Fig. 8). The 1st and 2nd deformation steps the folding
of the Crét de la Neige Anticline related to the movement along the Reculet Thrust. The steps 3 to 5 show the movement along the Crét Chalam
Thrust with its imbrication, leading to the Bellecombe Anticline. The algorithm used in Move'™ version 2020.1 with the resulting shortening is

detailed for each step
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Fig. 10 Part 2 of the 2D kinematic forward model from the Geneva Basin to the Bienne Valley (steps 6 to 11). Step 6 to 7 show the last imbrications
of the Crét Chalam Thrust. The step 8 and 9 are attributed to the Tacon Thrust and the smaller Tacon Backthrust. The Bienne Thrust is initiated at step
10. At the last step (11), we added Triassic thickening under the Jura FTB. The Triassic thickening is poorly time constrained (see discussion for more
details). The lithological legend can be found on Fig. 11
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Fig. 11 Final balanced cross-section from the Geneva Basin to the Bienne Valley. The section trace is located in Figs. 1, 2, 5 and 12. The surface
structures are constrained by the near-surface cross-section while the deep structures are based on the seismic data (Figs. 7, 8) and the 2D
kinematic forward model (Figs. 9, 10). Due to model limitations, some geological features have been modified or added to the section, such as
the subvertical faults, the Triassic thickening and, the Permo-Carboniferous graben in the Geneva Basin. The numbers on top of the thrusts (in
red) indicate the chronology of thrusting activity. The main décollement located at the base of the Keuper Group has been active during the all
deformation. This sequence illustrated by the black arrows shows a forward stepping deformation accompanied by minor back-stepping thrust
sequences. This multiple thrust horizon approach is an alternative to the thick evaporitic duplexes or basement highs solutions
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Syncline, the Bellecombe Anticline, the Pesse Syncline
and, La Rapine Syncline (see Fig. 2).

Due to model limitations, minor modifications of the
final step of the 2D kinematic forward model have been
done to match the surface structures of the initial non-
balanced cross-section, the well data and, the seismic
interpretations as closely as possible. These minor adjust-
ments are presented on the final cross-section (Fig. 11).
Since the horizons observed on the well GEo-1 well are
in a higher position (Fig. 7b) than in the proposed model
(Fig. 10), simple imbricates have been drawn within
the Keuper Group under the Geneva Basin in order to
elevate the overlying Mesozoic cover. In the southern
foothill of the Crét de la Neige anticline, we added two
south-verging reverse faults observed on the seismic
lines SJ1U3 and 82-GEX06 and the shallow well L-112
(Fig. 7a). The solution provided by the 2D kinematic for-
ward model suggests a longer flat of the Crét de la Neige
Thrust compared to the near-surface cross-section. The
longer flat allows to have a balanced anticline fitting
with the dip data and the geological outcrops. The fold
limbs in the hanging wall of the Reculet Thrust have been
slightly modified in the final cross-section to respect the
dip data measured in the field. The 2D kinematic forward
model proposes an additional imbrication of the Crét
Chalam Thrust. This imbrication allows to create a fold
limb observed in the field at the front of the Crét Chalam
thrust. The structures inside these imbrications, as well
as the south-eastern hinge of the propagation fold above
the south-verging Tacon Backthrust, have also been
adjusted to the dip data measured in the field (Fig. 5). The
modelling and balanced solution concerning the geom-
etry of the Tacon Thrust front shows, that the Dogger
units do not need to be tectonically duplicated as it has
been drawn initially on the near-surface cross-section.

6 Discussion
6.1 Modelling limitations and modifications in the final
cross-section

The precision of the 2D kinematic forward model, allow-
ing to resolve some of the finer details in the structural
geometry, is limited by the algorithms and the scale of the
cross-section. We need to consider that the structures
produced by these algorithms have simple and idealised
geometries. They should be more complex in nature
(see Butler et al., 2018 for more details). The scale of the
model allows to construct the main thrusts and folds, but

(See figure on next page.)
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it does not allow to consider minor faulting and folding.
Moreover, the software only uses predefined thrusts, and
thus does not create new faults that may be otherwise
induced by the thrusting and folding. The stratigraphic
thicknesses are constant in the 2D kinematic forward
model. However, this does not mean that changes of lith-
ological thickness are not present in the region.

For these reasons, we modified the last minor step of
the 2D kinematic forward model in certain areas in order
to better fit the structures observed on the field and inter-
preted on the basis of non-balanced cross-sections and
of seismic lines (Fig. 7). The final cross-section (Fig. 11)
results from such minor adjustments.

The Triassic thickening observed in seismic data under-
neath the Jura FTB and the Geneva Basin has been mod-
elled during the last stage of our model but in this regard
the sequence of deformation remains hypothetical. In
fact, the existing data do not permit to constrain the tim-
ing of the deformation within the Triassic series of the
Keuper Group imbricates nor eventual thickening. How-
ever, the Keuper Group imbricates/thickening modelled
do have an influence on the folding geometries (Fig. 10).
The imbrication of Triassic series beneath the flat of the
Crét Chalam Thrust (Fig. 11) may explain folds observed
in seismic lines (Fig. 7b). In the same area, the seismic
interpretation shows south-verging faults to explain the
minor offset of the seismic horizons (Fig. 7b). In the 2D
kinematic forward model, we only considered the major
structures interpreted on seismic lines due to the scale
and the limitations of the available algorithms. The 2D
kinematic forward model starts with the Crét de la Neige
thrusting (Fig. 9) and does not consider the structures
south-east of this anticline. Therefore, In the Geneva
Basin, the Triassic imbricates and the two south-verging
faults, observed on seismic lines have been drawn manu-
ally in the final cross-section (Fig. 11). The south-verging
faults could either be reverse faults or inherited nor-
mal faults passively displaced and deformed by the Jura
thrusting. This question has not been addressed since it
was beyond the scope of this paper.

6.2 Regional tectonics & kinematics

Based on the regional geological map and on our struc-
tural/kinematic understanding, we can propose a sim-
plified map showing the main structural units and thus
derive the regional kinematics which link the different
faults, thrusts and fault-related folds of the study area

Fig. 12 a tectonic map with kinematic indicators showing the Jura nappes. The different coloured domains, NW of the Vuache Fault System in red,
are the 7 tectonic nappes separated by the main thrusts rooting in the main décollement. Major displacement or transport directions (black arrows)
are defined as being perpendicular to the fold and thrust orientations and depending on the sense of the thrust faults. The small white scheme on
the map shows the regional kinematics of the Western Internal Jura. b The simplified final cross-section shows the Jura nappes in section view with
their corresponding shortenings. Based on our 2D kinematic forward model, these values lead to a total shortening value of 23,6 km
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(Fig. 12). Major displacement or transport directions
(black arrows on Fig. 12) are defined as being perpen-
dicular to the fold and thrust orientations, and depend
on the sense of movement on the thrusts (NW-verging
thrusts or SE-verging thrusts). The major strike-slip faults
act as a conjugated fault system and constrain a general
shortening direction, oriented NW-SE with small local
deviations. The shortening direction is thus parallel to
the main transport direction.

The Vuache Fault System (VES) and its prolongation to
the north form the main strike-slip boundary to the west
of our area of investigation (Fig. 12), while the St-Cergue
— Les Morez Faults define the eastern boundary. The
eastern branch of the Vuache Fault system (VES) cuts
the Reculet Thrust and forms an oblique ramp with the
Crét Chalam Thrust. Further north, the Molinges Fault
which is considered as one of the en-échelon faults of the
VES, also forms an oblique ramp with the Bienne Thrust
(Donzeau et al., 1998). The St-Cergue and Morez strike-
slip Faults form the north-east boundary of the area.
Unlike these major bounding faults, strike-slip faults
such as the Haut-Crét or St-Claude Faults have a more
local influence and do not disturb the structural style and
the general thrust orientations of the area.

The Western Internal Jura thrusts and anticlines
between the VFS and the St-Cergue—Morez faults
which are two major domain bounding fault systems can
be subdivided into 7 distinct structural units (Fig. 12).
According to the definitions of Lugeon (1902), Termier
(1906), Tollmann (1973) (and references therein), we
propose that these units are small-scale tectonic nap-
pes, equivalent to the definition of “thrust sheets” after
Suppe (1985). They are bound by a major basal thrust
and laterally by steep faults (strike-slip faults), and show
important displacement in excess of several kilometres.
This concept of cover nappes is applied throughout our
study area, and has been already suggested or hinted at
in works by Rigassi (1962), Aubert (1971), Bitterli (1972),
Wildi and Huggenberger (1993), Philippe et al., 1996,
Aufranc et al. (2017) and Rime et al. (2019).

In the study area, the basal thrust of the 7 nappes root
in the primary basal décollement; they are from south to
north (Fig. 12): the Saléve Nappe, the Reculet Nappe, the
Crét Chalam Nappe, the Tacon Nappe, the Bienne-Morez
Nappe, the Nantua-Noirmont Nappe. The Syam Faisceau
domain pertains already to the External Jura. They show
a dominant top-to-the north transport and occasional
backthrusting. We thus have a tectonic setting showing
a thin-skinned style deformation, with stacking of nappes
in the Mesozoic cover series.
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6.3 Deep structures

The 2D kinematic forward model and the seismic inter-
pretations validate a thin-skinned deformation style with
multiple secondary décollements for the Western Inter-
nal Jura FTB (Figs. 7, 8, 9, 10). This solution is an alter-
native to the proposed thick evaporitic duplexes in the
Keuper Group (see Signer & Gorin, 1995; Meyer, 2000;
Morend, 2000; Charollais et al., 2007; Cardello et al.,
2020), or basement highs resulting from the inversion
of the Paleozoic basement structures such as inverted
Permo-Carboniferous grabens (Guellec et al, 1990;
Philippe et al., 1996).

Despite a seismic data gap under the Valserine Valley
and the Crét de la Neige summit, the change in inclina-
tion angle and elevation of the Near-Top Basement hori-
zon between the Geneva Basin and the Jura FTB can be
represented as a localised, discrete jump in the topog-
raphy of the décollement. Similar basement steps have
already been proposed in the vicinity of the study area
(Guellec et al., 1990; Philippe et al., 1996) and across
the Jura FTB (Chauve et al., 1988; Bergerat et al., 1990;
Wildi & Huggenberger, 1993; Martin & Mercier, 1996;
Philippe et al., 1996; Madritsch et al., 2008; Caér et al.,
2018; Schori, 2021; Schori et al.,, 2021; ). In some areas,
the geometry and orientations of the Jura FTB thrusting
and folding are significantly influenced by the topography
of the basement and the strike of basement faults (Stein-
mann, 1902; Boigk & Schoneich, 1974; Allenbach & Wet-
zel, 2006; Laubscher, 2008; Meier, 2010; Caér et al., 2018;
Schori, 2021; Schori et al., 2021). In the area of the VFS,
basement steps have been recognised from seismic inter-
pretations (Guellec et al., 1990). Schori et al. (2021) dem-
onstrate with analogue models that these basement steps
are inherited structures formed prior to the Jura FTB,
and not a late basement inversion as suggested by Guel-
lec et al. (1990) or Philippe (1995). Following the work
of Schori (2021), the step situated under the south-east
flank of the Crét de la Neige Anticline is interpreted, to
be a step due to a pre-existing, inherited normal fault in
the basement, with an offset of 200 m (Fig. 8). This fault
could correspond to the northern limit of a suspected
Permo-Carboniferous graben interpreted by Gorin et al.
(1993) and Clerc (2016), and reinterpreted on the depth-
converted seismic lines GG87-02, 82GEX06 and SJ1U03
(Figs. 7b, 11).

The interpretation of tilted seismic reflectors at the
southern end of our profile (Fig. 7b) has shown that
thickening of the Triassic units in the Geneva Basin can
be explained by the formation of imbricates and/or evap-
orite pillow structures. This thickening induces a gentle
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antiformal structure in the Mesozoic cover, similarly to
the low amplitude evaporite-cored anticlines interpreted
under the Swiss Molasse Basin (Sommaruga et al., 2012).
In the Jura FTB, large imbricates or pillows are observed
on the 80-JU-01, 81-JU-06 and 82-JU-18 seismic lines
(Fig. 7b). They significantly deform the overlying rock
units and are likely responsible for local south verging
thrusting along the main décollement as seen on seismic
line 80-JUO1 under the Bellecombe Anticline (Fig. 7b). In
the footwall of the Bienne Thrust, the folding of the Mes-
ozoic cover, interpreted on the 81-JU-06 seismic line, can
either be induced by an evaporitic pillow or, a basement
step (Figs. 7, 8). It must be emphasised that, alternatively,
the latter structure could also be a seismic processing
artefact. The zones showing thickening of the Keuper
Group evaporite-rich layers are difficult to balance and
therefore have been represented by small imbricate struc-
tures in the 2D kinematic forward model (Figs. 9, 10) and
on the final cross-section (Fig. 11). In the 2D kinematic
forward model, shortening of 600 m is accommodated
by these Triassic evaporites, although a higher amount
of shortening cannot be excluded, since more imbricates
could be interpreted in the décollement zone (Fig. 7).

6.4 Shortening in the Western Internal Jura

The best-fit 2D kinematic forward model (Figs. 9, 10)
yields a total amount of shortening of 23.6 km for the
Western Internal Jura, from the Geneva Basin to the
Bienne Valley. Previous kinematic models of the West-
ern Jura Mountains, including the External Jura, using
retrodeformation techniques, have been proposed by
Philippe (1995), Affolter and Gratier (2004) and Schori
(2021). Affolter and Gratier (2004) estimated a short-
ening amount of 26.3 km, Philippe (1995) and Schori
(2021) calculated a shortening amount of 32 km for the
entire Jura FTB (Internal and External). A cross-section
along a similar section trace yield an amount of short-
ening of about 19 km by Philippe (1995) (section cross-
ing the Mont Crét d’Eau). Similarly to our model, Schori
(2021) estimates a shortening of the study area of 20 km.
Shortening amounts of 2.7 to 10 km are thus accommo-
dated in the External Jura according to Philippe (1995),
Affolter and Gratier (2004) and Schori (2021). The val-
ues of shortening of Philippe (1995), Affolter and Gratier
(2004) and Schori (2021) are in the same order of magni-
tude as the shortening calculated in our study, but pos-
sibly underestimate shortening for the Internal Jura FTB
with a minimum difference of 3 km. This difference is
due to our multiple décollement approach. The flat of the
Crét Chalam Thrust under the Valserine Valley implies a
larger displacement of the detached cover than previous
solutions.

A. Marro et al.

6.5 Sequence and dating of thrusting deformation
Overall, the Jura FTB can be described as a mechanical
wedge propagating towards the northwestern foreland
to override the Bresse Graben rift shoulder in its outer
skirts. Internally, the mechanical wedge is achieving criti-
cality by adjusting to the external processes such as ero-
sion, changes in friction along the basal décollement, or
in the décollement geometry (inclination, upward and
downward steps) (Davis et al., 1983). This adjustment
conditions the wedge-internal thrust sequence (Fig. 11).
The 2D kinematic forward model developed in our study
offers the possibility to assess this internal sequence,
which has shown a possible general south-east to north-
west forward stepping sequence, with minor back-step-
ping sequences (Figs. 9, 10, 11). The minor back-stepping
sequences (Crét Chalam imbricates and the Tacon south-
verging Thrust) are interpreted to have occurred in order
to re-equilibrate the critically tapered wedge by creating
topography (Davis et al., 1983). Especially, the backstep-
ping sequence of the Crét de Chalam could be linked to
the need to build excess topography in order to overcome
the basement step below the present Molasse Basin—
Internal Jura transition.

Absolute dating, chronostratigraphy, sedimentological
analyses and seismic interpretations of angular onlap-
ping of the Molasse units, found in the Geneva Basin and
those on the Jura synclines, can be used to estimate the
ages of the tectonic structures. Growth strata geometries
and onlaps observed on seismic lines and in the field sug-
gest that the main phase of the Jura deformation started
during the Early Miocene (Rangheard et al., 1990; Deville
et al., 1994; Beck et al., 1998). Based on chronostratig-
raphy, angular unconformities observed in the field,
and on seismic lines of the dated syntectonic Molasse
sequences, Kalifi et al. (2021) suggested that the activa-
tion of the Saléve Thrust started at 18.05+0.25 Ma. Fur-
ther east, the activation of the Gros-Foug Thrust is dated
at 17.35+0.15 Ma. The thrusting in the more southerly
Jura FTB has been set approximately at 16.2 Ma by Kalifi
et al. (2021). These authors propose a forward stepping
sequence of deformation for the Southern Jura FTB.
Although, the link between the thrusts of our study area
and the Southern Jura FTB remains difficult to ascertain
because of the Vuache Fault System, this is in agreement
with our 2D kinematic forward model.

Our results show that the Crét de la Neige Anticline
and the Reculet Thrust are the first structures to develop,
prior to the Crét Chalam Thrust and associated topog-
raphy further to the north-west. This implies that the
main topographic ridge initiated at the present transi-
tion between Molasse Basin and the Internal Jura FTB.
The imbricate fault-bend folding developed beneath the
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Crét de la Neige explains the steepening of the ramp and
the bedding of the resulting anticline. This implies that
the Reculet Thrust developed first, before subsequently
being tilted. This agrees with Donzeau et al. (1998)
who suggest a kinematic evolution between the Vuache
Fault, the Reculet Thrust and Crét Chalam Thrust. The
Crét Chalam Thrust is connected in the present-day by
oblique ramps to the VFB Fault, despite of the Reculet
Thrust which stops abruptly against it (Figs. 2 and 3).
Considering a forward stepping deformation (from SE
to the NW), Donzeau et al. (1998) suggest that the Recu-
let Thrust formed first and was previously connected to
the VEB Fault by an oblique ramp. Later, this connexion
has been cut by the passive displacement of the Recu-
let nappe, induced by the Crét Chalam thrusting (Fig. 9,
steps 2 and 3) (Donzeau et al., 1998). If we consider a
forward stepping sequence, the Saleve Thrust, also situ-
ated in our study area, started before the Reculet Thrust.
According to the dating of Kalifi et al., 2021, the Recu-
let Thrusting must, therefore, have been activated after
18.05+0.25 Ma.

According to our 2D kinematic forward model, the
Crét Chalam thrust has been activated after the Recu-
let thrust. Charollais et al. (2006) dated the base of the
Molasse deposits in the footwall of the Crét Chalam
Thrust (Fig. 2) to the Late Burdigalian age and suggest an
Early Langhian age (16—14 Ma) for the summital unit. In
this case, the Crét Chalam thrusting over these deposits
must have taken place after the Early Langhian age.

The steepness of the Crét Chalam Thrust also implies
the formation of an underlying imbricate fault-bend fold-
ing, in this case the Tacon Thrust. The implication is that
the Tacon Thrust is the next major thrust developing in a
forward stepping sequence.

Similarly, the steep dip data of both the south-east
limb of the les Bouchoux Anticline (Fig. 2) and of the
Tacon Thrust imply the emplacement of a younger ramp
which in our case study is the Bienne Thrust. Additional
ages dating directly the deformation and derived from
calcite fibres U-Pb isotope, are available north-west
of the Bienne Thrust. Smeraglia et al. (2021) dated the
Molinges strike-slip Fault, near the Oyonnax Backthrust.
Their results show that the fault was active at 10.5+0.4,
9.1+6.5, and 7.3+1.9 Ma and reactivated in later stage
at 4.8+ 1.7 and at 0.72+4.5 Ma. Since these calcite fibres
are located northward of the Bienne Valley, the Bienne
Thrust possibly has been active prior to 10.5+0.4 Ma,
if we consider that this strike-slip fault was coeval to the
Jura thrusting and that we are still in a forward stepping
sequence. From thrusting on top of Tertiary sediments
in the Bresse Graben, we know that the deformation
reached the External Jura at around 5 Ma (Michel et al.,
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1953), confirming the overall progression of deformation
towards the foreland.

7 Conclusion
Recent works on the Geneva Basin area and in the adja-
cent Jura FTB made it possible to re-assess the structural
geology of the Western Internal Jura FTB. New fieldwork,
compilation and harmonisation of existing data, new
maps, and seismic interpretation allowed us to obtain a
new kinematically viable and balanced cross-section with
deep structures validated by forward modelling.

Based on our new structural analysis and interpretation
of subsurface structures and kinematic modelling, we
draw the following conclusions:

(a) Major strike-slip faults act as a conjugated fault
system. This system compartmentalises the whole
area into distinct structural domains and constrains
a general shortening direction, oriented N'W-SE
with small local deviations. The SSE-NNW ori-
ented strike faults display a sinistral offset, while
the WINW-ESE oriented strike-slip faults show a
dextral offset. Discrete WNW-ESE major and dex-
tral strike-slip faults are less developed in the area
of investigation, but the dextral offset is accommo-
dated by smaller and numerous strike-slip faults
forming strike-slip corridors.

(b) The major thrusts and strike-slip faults constrain
distinct tectonic domains, with a similar internal
structural setting, that can be considered as small-
scale tectonic nappes. Each of these nappes has a
displacement in excess of several kilometres. We
could identify 7 distinct nappes in the Internal Jura
FTB, in addition to the structural domain of the
Vuache Fault system and the Molasse basin domain.

(c) The Near-Top Basement horizon has been con-
strained with unprecedented accuracy by using
seismic and well data. Beneath the Jura FTB
domain, the Near-Top Basement horizon dips
1.3° to the south-east, whereas under the Geneva
Basin, this dip is between 2.7° and 3.3° towards the
south-east. This change in angle and also in altitude,
occurs under the south-eastern flank of the Crét
de la Neige Anticline and has been interpreted to
reflect and be associated with an inherited normal
fault with a supposed offset of around 200 m in the
basement.

(d) Our 2D kinematic forward model shows a thin-
skinned deformation style with the main décol-
lement situated at the base of the Keuper Group
evaporites and three secondary décollements in the
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marly layers of the Aalenian faciés de Transition
units, the Oxfordian Couches d’Effingen-Geissberg
members and the Berriasian Goldberg formation.
Using such a multiple thrust horizon approach
avoids having to introduce thick evaporitic duplexes
in the Keuper Group, high basement horst or
inverted Permo-Carboniferous graben structures to
explain the high topographic position of the West-
ern Jura folds. This hypothesis is supported by the
interpreted depth-converted seismic lines.

(e) The 2D kinematic forward model yields a total
shortening of 23.6 km for the Western Internal Jura,
and shows an overall forward propagation with a
locally oscillating thrust sequence. The first defor-
mation is attributed to the Reculet Thrust and its
secondary branch, possibly after 18 Ma. The sec-
ond main deformation is attributed to the Crét
Chalam Thrust, with back-stepping imbrications as
old as 14—16 Ma. The Tacon Thrust and the linked
south-verging thrust, are defined to be the third
main deformation event, occurred between 16 and
10 Ma. Finally, the last deformation of the Internal
Western Jura FTB is the Bienne Thrust, which has
possibly been active prior to 10 Ma.

(f) The oscillation of the Jura FTB thrust sequence is
driven by the distance to criticality of the low angle
alpine tapered wedge. The minor back-stepping
sequences (Crét Chalam imbrications and the
Tacon south-verging thrust) are thus interpreted to
occur in order to reequilibrate the critically tapered
wedge.
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